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Abstracts (English and French) Long noncoding RNAs (lncRNAs) have emerged as key regulators of physiology and disease including human cancers. Thus, it is of utmost priority for the field to characterize these transcripts as potential new therapeutic targets. While there is a growing number of annotated lncRNAs, our knowledge of their mode of action is sparse. lncRNAs conserved throughout vertebrates represent a set of putatively functional lncRNAs, making them particularly interesting.

General Introduction

To understand the evolution and the functional contribution of conserved lncRNAs, we studied the cancer-associated Plasmacytoma variant translocation 1 (PVT1) lncRNA. The PVT1 locus first emerged as a site of translocations in human lymphoma and later has been reported to have oncogenic functions in a considerable number of human cancers. PVT1 has been found in all vertebrates based on its syntenic genomic position, downstream of the MYC protein-coding gene. PVT1 has been mostly studied in cancers, however, its function in vivo, in model organisms, remains unspecified.

Conserved lncRNA functions are often supported by sequence conservation. Mammalian PVT1 homologous transcripts share alignable sequence conservation. Outside of the mammalian class, the PVT1 homologous transcripts do not share sequence conservation. Nonetheless, we analyzed the sequence of PVT1 transcripts from multiple vertebrate species and identified a set of short, deeply conserved RNA motifs. Short RNA motifs emerged as a substitute for conserved sequences to drive conserved molecular functions. Thus, to determine their in vivo function, we genetically removed the regions containing these conserved sequence elements from the two zebrafish homologous transcripts. Zebrafish pvt1 mutants show multiple developmental defects and poor survival to adulthood. The onset of developmental defects is linked to the activation of the p53 pathway and correlated with an upregulation of the myc protein level. The truncated pvt1 transcripts were also upregulated, concomitant with the identification of myc and p53 binding sites in the vicinity of the zebrafish pvt1 promoters.

Similarly, to the mammalian transcripts, one of the two zebrafish pvt1 transcripts was upregulated upon DNA damage in a p53-dependent manner. Interestingly, independently of the developmental defects, zebrafish mutants developed anemia, which is consistent with the Pvt1 transcript mostly expressed in the erythroid lineage during mice development. Using the incPRINT technology, we analyzed proteins that bind specifically to the conserved RNA motifs of PVT1 and found that RAD51C and NUSAP1, two essential regulators of the DNA repair pathway, are specific binders to these motifs.

We report the first in vivo study of the lncRNA PVT1 and show that it has a function during development. We found that zebrafish and human pvt1 transcripts are under the control of the same transcriptional pathways. Overall, a better characterization of PVT1 function in developmental and physiological processes will help to establish the role of this lncRNA in cancer.

French version:

Les ARNs longs non-codant (lncARN) ont émergé comme des régulateurs clés dans la physiologie et les maladies, incluant les cancers chez l'homme. La caractérisation de ces transcrits comme potentiel cible thérapeutique est donc une priorité. Alors qu'il y a un nombre croissant de lncARN annotés, nos connaissances sur leur mode d'action restent limitées. Les lncARN conservés chez les espèces de vertébrés représentent un groupe d'ARNs potentiellement fonctionnel, ce qui les rend particulièrement intéressants.

Afin de comprendre l'évolution et la contribution fonctionnelle des lncARN conservés, nous étudions l'ARN associé au cancer Plasmacytoma variant translocation 1 (PVT1). Le locus PVT1 a d'abord été associé à des translocations dans les lymphomes humains puis il a été démontré que PVT1 a des fonctions d'oncogène dans un nombre considérables de cancers.

PVT1 est conservé dans toutes les espèces de vertébrés basées sur la conservation de position génomique, en aval du gène codant pour la protéine MYC. PVT1 a été principalement étudié dans le cancer, cependant son rôle in vivo, dans un organisme modèle, n'a pas été spécifié.

Les fonctions conservées des lncRNA sont souvent accompagnées d'une conservation de séquence. Les transcrits de mammifères homologues de PVT1 partagent une conservation de séquence alignable. En dehors de la classe des mammifères, les transcrits homologues de PVT1 ne partagent pas de conservation de séquence. Néanmoins, nous avons analysé la séquence des transcrits de PVT1 de plusieurs espèces de vertébrés et avons identifié un ensemble de motifs d'ARN courts, profondément conservés. Les motifs d'ARN courts sont apparus comme un substitut aux séquences conservées pour guider les fonctions moléculaires conservées. Pour déterminer leur fonction in vivo, nous avons retiré génétiquement les régions contenant ces éléments de séquence conservés des deux transcrits homologues du poisson zèbre. Les mutants pvt1 de poisson zèbre présentent de multiples défauts de développement et une faible survie à l'âge adulte. L'apparition des défauts de développement est liée à l'activation de la voie p53 et corrélée à une régulation à la hausse du niveau de la protéine myc. Les transcrits tronqués de pvt1 sont également régulés à la hausse, ce qui est concomitant avec l'identification de sites de liaison de myc et p53 à proximité des promoteurs de pvt1 chez le poisson zèbre. De la même manière que pour les transcrits de mammifères, l'un des deux transcrits pvt1 du poisson zèbre est surexprimé lors de dommages à l'ADN d'une manière dépendante de p53. De manière intéressante, indépendamment des défauts de développement, les mutants du poisson zèbre ont développé une anémie, ce qui est cohérent avec le transcrit Pvt1 principalement exprimés dans la lignée érythroïde pendant le développement de la souris. En utilisant la technologie incPRINT, nous avons analysé les protéines qui se lient spécifiquement aux motifs ARN conservés de PVT1 et avons découvert que RAD51C et NUSAP1, deux régulateurs essentiels de la voie de réparation de l'ADN, se lie spécifiquement à ces motifs.

Nous rapportons la première étude in vivo du lncARN PVT1 et montrons qu'il a une fonction au cours du développement. Nous avons constaté que les transcrits pvt1 du poisson zèbre et de l'homme sont sous le contrôle des mêmes voies transcriptionnelles. Globalement, une meilleure caractérisation de la fonction de PVT1 dans les processus développementaux et physiologiques aidera à établir le rôle de ce lncARN dans le cancer. [START_REF] Cobb | 60 years ago, Francis Crick changed the logic of biology[END_REF][START_REF] Crick | Central Dogma of Molecular Biology[END_REF]. This dogma, commonly abbreviated as "DNA makes RNA, and RNA makes proteins", is a framework to understand the transfer of information from DNA to protein. The proteins were, back then, thought to be the principal functional unit of the cell. DNA is therefore the carrier of the genetic information, which is translated into RNA, then the RNA molecule is used as a template for protein synthesis. Interestingly, contrary to general knowledge, Crick already suggested the possibility of RNA replication, RNA driving DNA polymerization, and DNA being directly the template for protein synthesis. Crick named them "special transfers" (Fig 1A) [START_REF] Crick | Central Dogma of Molecular Biology[END_REF].

GENERAL INTRODUCTION

In subsequent years, much effort has been made to elucidate the composition of the type of RNA molecules involved in the flow of information. Given its central role, messenger RNAs (mRNAs) have been largely studied since their discovery in 1961 [START_REF] Jacob | Genetic regulatory mechanisms in the synthesis of proteins[END_REF].

Alongside, non-coding RNAs (ncRNAs) were discovered, and their cellular roles clarified.

Such as ribosomal RNAs (rRNAs), first as part of the microsome [START_REF] Claude | Chemical Composition of the Tumor-Producing Fraction of Chicken Tumor I[END_REF], then as part of the ribosome [START_REF] Palade | A SMALL PARTICULATE COMPONENT OF THE CYTOPLASM[END_REF], transfer RNAs (tRNAs) [START_REF] Hoagland | A SOLUBLE RIBONUCLEIC ACID INTERMEDIATE IN PROTEIN SYNTHESIS[END_REF], and small nuclear RNAs (snRNAs) [START_REF] Hadjiolov | Ribonucleic acids fractionation by density-gradient centrifugation and by agar gel electrophoresis: A comparison[END_REF][START_REF] Weinberg | Small molecular weight monodisperse nuclear RNA[END_REF]). The remaining parts of the genome were then so-called "junk" DNA [START_REF] Ohno | So much "junk" DNA in our genome[END_REF], as these DNA fragments were thought to play no role in the fitness of the species.

It was not until the 1980s / l990s that a more complex view of the transcriptome appeared. With the discovery of the first regulatory ncRNA in E. coli [START_REF] Coleman | The use of RNAs complementary to specific mRNAs to regulate the expression of individual bacterial genes[END_REF], alongside the first identification of a non-coding locus, the PVT1 locus [START_REF] Graham | Chromosome 8 breakpoint far 3′ of the c-myc oncogene in a Burkitt's lymphoma 2;8 variant translocation is equivalent to the murine pvt-1 locus[END_REF], the first functional human long non-coding RNA (lncRNA) H19 [START_REF] Brannan | The product of the H19 gene may function as an RNA[END_REF], together with the discovery of the lncRNA Xist [START_REF] Brockdorff | Conservation of position and exclusive expression of mouse Xist from the inactive X chromosome[END_REF][START_REF] Brockdorff | The product of the mouse Xist gene is a 15 kb inactive Xspecific transcript containing no conserved ORF and located in the nucleus[END_REF][START_REF] Brown | The human XIST gene: Analysis of a 17 kb inactive X-specific RNA that contains conserved repeats and is highly localized within the nucleus[END_REF] and microRNAs (miRNAs) in C. elegans [START_REF] Lee | The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity to lin-14[END_REF]. These discoveries paved the way for a more complex role of the RNA molecule.

1.1.2 The human genome sequencing and annotation

The last two decades set the start of an explosive expansion in the understanding of the biological functions of these ncRNAs, alongside considerable improvement in technology. The sequencing of the human project took 13 years before the first publication of an "almost" complete genome [START_REF] Lander | Initial sequencing and analysis of the human genome[END_REF][START_REF] Venter | The Sequence of the Human Genome[END_REF]. With the advent of long-read sequencing, the human genome was completed this year [START_REF] Nurk | The complete sequence of a human genome[END_REF], even if the Y chromosome remains to be finished. Ultimately, with the emergence of RNA sequencing, large consortiums (ENCODE and FANTOM) multiplied the efforts to enable a comprehensive perception of the mammalian genome and transcriptome [START_REF] Carninci | The Transcriptional Landscape of the Mammalian Genome[END_REF][START_REF] Katayama | Integrated analysis of the genome and the transcriptome by FANTOM[END_REF]The ENCODE Project Consortium, 2007). These studies revealed that 80% of the genome is transcribed into RNAs whereas only 1% of the genome is transcribed as mRNA (Fig 1B) [START_REF] Djebali | Landscape of transcription in human cells[END_REF]. Even if a part of the genome can be supposedly transcribed due to transcriptional noise, this cannot explain the majority of the ncRNA transcription [START_REF] Ponjavic | Functionality or transcriptional noise? Evidence for selection within long noncoding RNAs[END_REF]. Moreover, the study of the human transcriptome identified between 20 000 and 60 000 potentially functional lncRNAs [START_REF] Hon | An atlas of human long non-coding RNAs with accurate 5′ ends[END_REF][START_REF] Iyer | The landscape of long noncoding RNAs in the human transcriptome[END_REF], whereas 20 000 to 25 000 protein-coding genes were identified [START_REF] Lander | Initial sequencing and analysis of the human genome[END_REF]. These analyses revealed the high importance of ncRNAs in the human genome. As previously described, the human transcriptome is composed of coding RNAs (mRNAs) and ncRNAs. The ncRNAs are essential in the fine-tuning of gene expression and protein functions.

They are the majority of RNAs in the transcriptome [START_REF] Djebali | Landscape of transcription in human cells[END_REF]. Interestingly, among the ncRNAs, we can find several subclasses: the housekeeping and the regulatory RNAs (Fig 2). The housekeeping RNA subclass is composed of RNAs essential for the maintenance of basic cell function. These RNAs are usually constitutively expressed. In contrast, regulatory RNA expression is spatiotemporally controlled. 

Housekeeping ncRNAs

Small nuclear RNAs (snRNAs) [START_REF] Hadjiolov | Ribonucleic acids fractionation by density-gradient centrifugation and by agar gel electrophoresis: A comparison[END_REF], are critical components of the spliceosome, catalyzing the splicing of RNA polymerase II transcripts. snRNAs associate with proteins to form RNA-protein complexes (snRNP) in the nucleus. snRNAs are often divided into two distinct groups with the Sm-class snRNAs (composed of U1, U2, U4, U4atac, U5, U7, U11, and U12) transcribed from the RNA polymerase II and processed in the cytoplasm before translocating into the nucleus. The Lsm-class snRNAs (U6 and U6atac) are transcribed by the RNA polymerase III and confined to the nucleus [START_REF] Kiss | Biogenesis of small nuclear RNPs[END_REF]. The snRNAs interact with consensus sequences on pre-RNAs by base pairing, and assist splicing events [START_REF] Jurica | Pre-mRNA Splicing[END_REF][START_REF] Morais | Spliceosomal snRNA Epitranscriptomics[END_REF]. Remarkably, there are two distinct spliceosome apparatuses with the major spliceosome composed of the snRNAs U1, U2, U4, U5, U6, and over 150 proteins [START_REF] Akinyi | At the Intersection of Major and Minor Spliceosomes: Crosstalk Mechanisms and Their Impact on Gene Expression[END_REF]. The minor spliceosome (much less common, ~0.5%) is composed of the U11, U12, U4atac, U5, and U6atac snRNAs and proteins [START_REF] Akinyi | At the Intersection of Major and Minor Spliceosomes: Crosstalk Mechanisms and Their Impact on Gene Expression[END_REF][START_REF] Turunen | The significant other: splicing by the minor spliceosome[END_REF]. The respective intron types spliced are called U2-type introns or U12type introns. The U2-type introns have GT-AG splice sites, and the U12-type introns have AT-AC splice sites [START_REF] Akinyi | At the Intersection of Major and Minor Spliceosomes: Crosstalk Mechanisms and Their Impact on Gene Expression[END_REF][START_REF] Turunen | The significant other: splicing by the minor spliceosome[END_REF]. Intriguingly, recent work showed the non-canonical function of the U1 snRNP involved in the chromatin retention of spliced RNAs by interacting with nuclear retention factors (Azam et al., 2019;Yin et al., 2020).

Ribosomal RNAs are the most abundant form of RNA in the transcriptome, accounting for approximately 80% of cellular RNAs. rRNAs are key components of the ribosome. It makes up 60% of the ribosome, complemented by 40% of proteins. They are essential for ribosome assembly and function, serving as ribosomal protein binding sites and contributing to the binding of extra-ribosomal factors. These assemblies result in the protein translation machinery in eukaryotes and procaryotes (Fig 3A) [START_REF] Noller | Ribosome structural dynamics in translocation: yet another functional role for ribosomal RNA[END_REF][START_REF] Simsek | The Mammalian Ribo-interactome Reveals Ribosome Functional Diversity and Heterogeneity[END_REF]. Ribosome biogenesis in eukaryotes begins in the nucleolus where three of the rRNAs (18S, 5.8S, and 28S) are transcribed by the RNA polymerase I as a long primary transcript. This transcript originates from tandem repeats of ribosomal DNA genes [START_REF] Grandi | 90S Pre-Ribosomes Include the 35S Pre-rRNA, the U3 snoRNP, and 40S Subunit Processing Factors but Predominantly Lack 60S Synthesis Factors[END_REF][START_REF] Henras | An overview of pre-ribosomal RNA processing in eukaryotes[END_REF][START_REF] Sakai | Human ribosomal RNA gene cluster: identification of the proximal end containing a novel tandem repeat sequence[END_REF]. In contrast, the 5S rRNA is transcribed by the RNA polymerase III from independent genes not localized in the nucleolus [START_REF] Ciganda | Eukaryotic 5S rRNA biogenesis[END_REF]. Following rRNA maturation, they interact with specific factors of the large ribosome subunit, named 60s Ribosomal Protein L (RPL), or the small ribosome subunit, named 40s Ribosomal Protein S (RPS). Interestingly, the 5S rRNA interacts with the RPL5 and RPL11 factors, forming the 5S ribonucleoprotein particle (RNP) [START_REF] Sloan | The 5S RNP Couples p53 Homeostasis to Ribosome Biogenesis and Nucleolar Stress[END_REF]. In conditions of ribosome biogenesis impairment, the 5S RNP interacts directly with the Mouse Double Minute 2 (MDM2) protein, a direct inhibitor of the Tumor protein 53 (TP53 / P53). This drives the activation of the P53 protein and limits proliferation [START_REF] Sloan | The 5S RNP Couples p53 Homeostasis to Ribosome Biogenesis and Nucleolar Stress[END_REF]. Thus, rRNAs are essential for ribosomal activity and are directly involved in stress signaling pathways to control the precise flow of genetic information.

Small nucleolar RNA (snoRNA) is a family of ncRNAs composed of C/D box snoRNAs and H/ACA snoRNAs (Fig 3B) [START_REF] Balakin | The RNA World of the Nucleolus: Two Major Families of Small RNAs Defined by Different Box Elements with Related Functions[END_REF][START_REF] Maxwell | THE SMALL NUCLEOLAR RNAs[END_REF]. These two classes of snoRNAs are defined by the boxes harbored on the transcript [START_REF] Balakin | The RNA World of the Nucleolus: Two Major Families of Small RNAs Defined by Different Box Elements with Related Functions[END_REF][START_REF] Maxwell | THE SMALL NUCLEOLAR RNAs[END_REF]. One well-studied function of the snoRNAs is their involvement in rRNA maturation, modification, and stabilization. The C/D snoRNAs are involved in the specific 2'-O-methylation of ribose [START_REF] Kiss-László | Site-Specific Ribose Methylation of Preribosomal RNA: A Novel Function for Small Nucleolar RNAs[END_REF][START_REF] Nicoloso | Intron-encoded, Antisense Small Nucleolar RNAs: The Characterization of Nine Novel Species Points to Their Direct Role as Guides for the 2′-O-ribose Methylation of rRNAs[END_REF][START_REF] Tycowski | A small nucleolar RNA requirement for site-specific ribose methylation of rRNA in Xenopus[END_REF], whereas the H/ACA snoRNAs catalyze the isomerization of uridine to pseudouridine (ψ) [START_REF] Ganot | Site-Specific Pseudouridine Formation in Preribosomal RNA Is Guided by Small Nucleolar RNAs[END_REF][START_REF] Ni | Small Nucleolar RNAs Direct Site-Specific Synthesis of Pseudouridine in Ribosomal RNA[END_REF] (Fig 3B). Most of mammalian snoRNAs are localized in the introns of other genes [START_REF] Kishore | Insights into snoRNA biogenesis and processing from PAR-CLIP of snoRNA core proteins and small RNA sequencing[END_REF]. These snoRNAs are excised from the pre-mRNA by exonucleolytic trimming and bound by proteins to protect them from degradation [START_REF] Kishore | Insights into snoRNA biogenesis and processing from PAR-CLIP of snoRNA core proteins and small RNA sequencing[END_REF].

Finally, tRNAs act as the link between nucleic acid and amino acids during protein synthesis.

They carry an amino acid on their 3' end and interact, in the ribosome, with the mRNA by base pairing (Fig 3C) [START_REF] Rich | Transfer RNA: Molecular Structure, Sequence, and Properties[END_REF]. tRNAs represent the most abundant gene family in the human genome, with about 500 tRNAs and tRNA-like genes. These genes are transcribed by the RNA polymerase III [START_REF] Abe | tRNADB-CE: tRNA gene database well-timed in the era of big sequence data[END_REF][START_REF] Parisien | Diversity of human tRNA genes from the 1000genomes project[END_REF]. Interestingly, while tRNAs are constitutively expressed, their cellular composition is tissue-specific [START_REF] Dittmar | Tissue-Specific Differences in Human Transfer RNA Expression[END_REF][START_REF] Ishimura | Ribosome stalling induced by mutation of a CNS-specific tRNA causes neurodegeneration[END_REF]. This highlights the complexity of tRNA regulation in the control of mRNA translation. Moreover, base modifications expand the complexity of tRNAs and are prominent in local environment adaptation to control tRNAs functionality [START_REF] Kirchner | Emerging roles of tRNA in adaptive translation, signalling dynamics and disease[END_REF][START_REF] Schimmel | The emerging complexity of the tRNA world: mammalian tRNAs beyond protein synthesis[END_REF]. Stress conditions can induce the fragmentation of tRNAs.

While these induced tRNA cleavages were first considered as translational inhibition mechanisms [START_REF] Levitz | The optional E. coli prr locus encodes a latent form of phage T4-induced anticodon nuclease[END_REF], tRNAs fragments were found in all domains of life where they act as signaling factors in the stress response [START_REF] Haiser | Developmentally regulated cleavage of tRNAs in the bacterium Streptomyces coelicolor[END_REF][START_REF] Hsieh | Abundance of tRNA-derived small RNAs in phosphate-starved Arabidopsis roots[END_REF][START_REF] Jöchl | Small ncRNA transcriptome analysis from Aspergillus fumigatus suggests a novel mechanism for regulation of protein synthesis[END_REF][START_REF] Thompson | tRNA cleavage is a conserved response to oxidative stress in eukaryotes[END_REF]Wang et al., 2013). These fragments are processed from tRNAs through different nucleases, driving the accumulation of different types of fragments [START_REF] Xie | Action mechanisms and research methods of tRNA-derived small RNAs[END_REF]. tRNAs fragments are directly involved in translation inhibition by (1) interacting with key translational factors such as the small ribosome subunit [START_REF] Gebetsberger | A tRNAderived fragment competes with mRNA for ribosome binding and regulates translation during stress[END_REF], or (2) forming G-quadruplex on mRNA, blocking the translational initiation factor complex [START_REF] Akiyama | Isolation and initial structure-functional characterization of endogenous tRNA-derived stress-induced RNAs[END_REF][START_REF] Lyons | Identification of functional tetramolecular RNA G-quadruplexes derived from transfer RNAs[END_REF]. Other fragments can directly regulate mRNA expression by acting as miRNA-like and interacting with Argonaute proteins to silence gene expression, including transposable elements [START_REF] Gagnon | Argonaute and the Nuclear RNAs: New Pathways for RNA-Mediated Control of Gene Expression[END_REF][START_REF] Sharma | Biogenesis and function of tRNA fragments during sperm maturation and fertilization in mammals[END_REF]. tRNA fragments can also act epigenetically, a 5' tRNA halve ranging from 30 to 34 nucleotides (nt) was found in the intergenerational inheritance of metabolic disorders (Chen et al., 2016). A more extensive view of tRNA fragment actions is described here [START_REF] Xie | Action mechanisms and research methods of tRNA-derived small RNAs[END_REF] These non-exhaustive examples of housekeeping ncRNAs highlight the essential role of ncRNAs in cellular functions. These RNAs are vital for the correct functions of the cell. They act in pre-mRNA maturation and protein synthesis. They are therefore essential to facilitate the transfer of genetic information from genes to proteins.

Regulatory ncRNAs

A tremendous effort has been put into the characterization and understanding of the regulatory ncRNAs. These RNAs are of utmost interest, especially for human health as evidenced by the large number of published reports linking miRNAs, and lncRNAs to human diseases such as cancers [START_REF] Bhan | Long Noncoding RNA and Cancer: A New Paradigm[END_REF][START_REF] Calin | MicroRNA signatures in human cancers[END_REF][START_REF] Capel | Cancer LncRNA Census reveals evidence for deep functional conservation of long noncoding RNAs in tumorigenesis[END_REF]. Regulatory RNAs miRNAs are small ncRNAs (19-24 nt), endogenous, and evolutionarily conserved. These RNAs associate with Argonaute (AGO) proteins, forming the RNA-Induced Silencing Complex (RISC), and act as post-transcription regulators of gene expression (Bartel, 2018;[START_REF] Lee | The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity to lin-14[END_REF]. miRNAs bind by base complementarity to their RNA targets and interfere with the translational machinery. In animal cells, most miRNA-RNA interactions are not complementary along the entire length of the miRNA. The pairing of the nucleotides 2-8 of the miRNAs, called seed, is critical for the stabilization of the RISC complex [START_REF] Bartel | MicroRNAs: Target Recognition and Regulatory Functions[END_REF][START_REF] Chandradoss | A Dynamic Search Process Underlies MicroRNA Targeting[END_REF][START_REF] Elkayam | The Structure of Human Argonaute-2 in Complex with miR-20a[END_REF][START_REF] Jo | Human Argonaute 2 Has Diverse Reaction Pathways on Target RNAs[END_REF][START_REF] Nakanishi | Structure of yeast Argonaute with guide RNA[END_REF][START_REF] Salomon | Single-Molecule Imaging Reveals that Argonaute Reshapes the Binding Properties of Its Nucleic Acid Guides[END_REF][START_REF] Schirle | The Crystal Structure of Human Argonaute2[END_REF]. Moreover, 3' sequences of the miRNA are also essential, to a lesser extent, for the stability of the miRNA-RNA interactions [START_REF] Broughton | Pairing beyond the Seed Supports MicroRNA Targeting Specificity[END_REF]. Because of their partial complementarity to their target, miRNAs regulate the expression of a multitude of targets. Following the binding of the RISC complex to the targeted RNA, the formation of the silencing complex begins with the recruitment of the GW182 family of proteins [START_REF] Fabian | The mechanics of miRNA-mediated gene silencing: a look under the hood of miRISC[END_REF][START_REF] Huntzinger | Gene silencing by microRNAs: contributions of translational repression and mRNA decay[END_REF]. These proteins act as molecular bridges between the RISC complex and effectors such as the deadenylase complex [START_REF] Fabian | The mechanics of miRNA-mediated gene silencing: a look under the hood of miRISC[END_REF][START_REF] Huntzinger | Gene silencing by microRNAs: contributions of translational repression and mRNA decay[END_REF]. Therefore, miRNA induces the destabilization of the targeted RNA by deadenylation, decapping, and degradation from the 5' part of the RNA, resulting in decreased gene expression (Alberti & Cochella, 2017;[START_REF] Jonas | Towards a molecular understanding of microRNAmediated gene silencing[END_REF]. miRNA functions highlight a perfect example of RNA regulation of the flow of genetic information. The tissue-specific expression of miRNAs allows local regulation of gene expression [START_REF] Ludwig | Distribution of miRNA expression across human tissues[END_REF]. Intriguingly, independent studies showed that miRNA stability can be impacted by the targeted RNA. This process, named Target Directed miRNA Degradation (TDMD), is driven by the near-perfect complementarity of the miRNA to its target RNA (Ameres et al., 2010;Bitetti et al., 2018;Kleaveland et al., 2018;[START_REF] Mata | Potent degradation of neuronal miRNAs induced by highly complementary targets[END_REF][START_REF] Marcinowski | Degradation of cellular mir-27 by a novel, highly abundant viral transcript is important for efficient virus replication in vivo[END_REF]Ulitsky et al., 2011). Remarkably, two independent studies showed that the ubiquitin ligase Zinc Finger SWIM-Type Containing 8 (ZSWIM8) drives TDMD, probably by directing proteasomal degradation of miRNA Argonaute complexes [START_REF] Han | A ubiquitin ligase mediates target-directed microRNA decay independently of tailing and trimming[END_REF][START_REF] Shi | The ZSWIM8 ubiquitin ligase mediates target-directed microRNA degradation[END_REF]. Therefore, miRNAs regulate the expression of mRNAs and lncRNAs, whereas a near-perfect complementarity of the miRNA to its target will trigger the degradation of the miRNA, adding a new layer of regulation.

Small interfering RNAs (siRNAs) (21-23 nt) were discovered in plants [START_REF] Hamilton | A Species of Small Antisense RNA in Posttranscriptional Gene Silencing in Plants[END_REF]. These RNAs have almost the same function as miRNAs, except that they have perfect complementarity to their target RNAs. This complementarity induces the cleavage of the targeted RNAs. The cleavage is performed by the catalytically active AGO2 protein in humans [START_REF] Matranga | Passenger-Strand Cleavage Facilitates Assembly of siRNA into Ago2-Containing RNAi Enzyme Complexes[END_REF]. siRNAs are endogenous in plants but are used exogenously in mammals to induce RNA interference (RNAi) [START_REF] Elbashir | Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured mammalian cells[END_REF]. Because of their perfect complementarity, siRNAs can regulate gene expressions of a single target. A few endo-siRNA have been identified in a variety of metazoan species [START_REF] Okamura | Endogenous small interfering RNAs in animals[END_REF]. Endo-siRNAs are derived from endogenous RNA precursors, processed by Dicer, and combined specifically with the AGO2 protein to cleave targeted RNAs. This class of RNA is mostly studied in C. elegans, drosophila, and mice [START_REF] Okamura | Endogenous small interfering RNAs in animals[END_REF]. The described endo-siRNAs act mostly by silencing transposable elements in the gonads and as an anti-viral response in stem cells [START_REF] Claycomb | Ancient Endo-siRNA Pathways Reveal New Tricks[END_REF].

Piwi-interacting RNAs (piRNAs) are another class of small ncRNAs (24-31 nt) [START_REF] Aravin | A novel class of small RNAs bind to MILI protein in mouse testes[END_REF][START_REF] Aravin | The Small RNA Profile during Drosophila melanogaster Development[END_REF][START_REF] Girard | A germline-specific class of small RNAs binds mammalian Piwi proteins[END_REF][START_REF] Grivna | A novel class of small RNAs in mouse spermatogenic cells[END_REF][START_REF] Lau | Characterization of the piRNA Complex from Rat Testes[END_REF][START_REF] Vagin | A Distinct Small RNA Pathway Silences Selfish Genetic Elements in the Germline[END_REF]. piRNAs interact with PIWI proteins, a germline abundant subclass of the Argonaute proteins to induce gene silencing. piRNAs are produced mainly from intergenic regions termed piRNAs clusters in a dicer-independent mechanism [START_REF] Vagin | A Distinct Small RNA Pathway Silences Selfish Genetic Elements in the Germline[END_REF]. These regions are principally composed of transposable elements. Thus, piRNAs act, by base complementary, to repress transposable element expression and activity. Some piRNA clusters can be singlestranded and are transcribed as precursors processed by the endonuclease Zucchini, located at the surface of the mitochondria [START_REF] Ipsaro | The structural biochemistry of Zucchini implicates it as a nuclease in piRNA biogenesis[END_REF][START_REF] Nishimasu | Structure and function of Zucchini endoribonuclease in piRNA biogenesis[END_REF][START_REF] Pane | zucchini and squash Encode Two Putative Nucleases Required for rasiRNA Production in the Drosophila Germline[END_REF].

The processed fragments are then loaded into the PIWI protein and translocated into the nucleus. Other clusters are dual-stranded, thus transcribed in both senses. In this case, two precursors are expressed and processed by Zucchini. Some processed piRNAs will be loaded into the PIWI protein, as previously described, and others will be loaded into the Aubergine protein. This last protein acts in a complementary fashion with the AGO3 protein to cleave sense and anti-sense transposon transcripts in the cytoplasm. This last biogenesis pathway, also known as the ping-pong pathway, is auto-sufficient, maintaining the production of piRNAs from expressed transposons [START_REF] Czech | One Loop to Rule Them All: The Ping-Pong Cycle and piRNA-Guided Silencing[END_REF]. After the nuclear translocation of the piRNA/PIWI complex, piRNAs direct the formation of heterochromatin by inducing the trimethylation of the histone 3 lysine 9 (H3K9me3) at the targeted transposon loci (le Thomas et al., 2013). Thereby, piRNAs regulate transcriptionally and post-transcriptionally transposon expressions and are the guardian of the genome during gametogenesis.

At last, the regulatory RNA group is also composed of lncRNAs. These transcripts are at least 200 nt long and transcribed by RNA polymerase II. LncRNAs are of great interest because of their functions. Short ncRNAs are specialized in the regulation of gene expression, and thus in the fine regulation of genetic information flow [START_REF] Bartel | MicroRNAs: Target Recognition and Regulatory Functions[END_REF]. In contrast, lncRNAs have diverse molecular functions and are direct effectors of this genetic information [START_REF] Constanty | lncRNAs in development and differentiation: from sequence motifs to functional characterization[END_REF][START_REF] Hansen | Natural RNA circles function as efficient microRNA sponges[END_REF][START_REF] Kopp | Functional Classification and Experimental Dissection of Long Noncoding RNAs[END_REF][START_REF] Kristensen | The biogenesis, biology and characterization of circular RNAs[END_REF]Marchese et al., 2017;[START_REF] Memczak | Circular RNAs are a large class of animal RNAs with regulatory potency[END_REF][START_REF] Statello | Gene regulation by long noncoding RNAs and its biological functions[END_REF]. This last group is the largest, consisting of different types of lncRNAs depending on their structures. There are two distinct structures of lncRNAs: circular and linear RNAs.

The circular lncRNAs (circRNAs) are produced from noncanonical splicing events, named backsplicing (the mechanism is reviewed here [START_REF] Kristensen | The biogenesis, biology and characterization of circular RNAs[END_REF]. The first identified circRNAs were the viroids, discovered in 1976 [START_REF] Sanger | Viroids are single-stranded covalently closed circular RNA molecules existing as highly base-paired rod-like structures[END_REF]. However, viroids are not formed through backsplicing. The first mammalian circRNA identified to have a possible function was from the sex-determining region (SRY) in mouse testis [START_REF] Capel | Cancer LncRNA Census reveals evidence for deep functional conservation of long noncoding RNAs in tumorigenesis[END_REF]. Then, different algorithms have identified circRNAs in all levels of eukaryotic life [START_REF] Ivanov | Analysis of Intron Sequences Reveals Hallmarks of Circular RNA Biogenesis in Animals[END_REF][START_REF] Jeck | Circular RNAs are abundant, conserved, and associated with ALU repeats[END_REF][START_REF] Salzman | Cell-Type Specific Features of Circular RNA Expression[END_REF]Wang et al., 2014;[START_REF] Westholm | Genome-wide Analysis of Drosophila Circular RNAs Reveals Their Structural and Sequence Properties and Age-Dependent Neural Accumulation[END_REF]. CircRNAs are expressed in a tissue-specific manner [START_REF] Maass | A map of human circular RNAs in clinically relevant tissues[END_REF][START_REF] Salzman | Cell-Type Specific Features of Circular RNA Expression[END_REF][START_REF] Xia | Comprehensive characterization of tissue-specific circular RNAs in the human and mouse genomes[END_REF]. Because of their circular form, circRNAs lack cap, and polyadenylated tail. They are globally located in the cytoplasm [START_REF] Hsu | Electron microscopic evidence for the circular form of RNA in the cytoplasm of eukaryotic cells[END_REF][START_REF] Jeck | Circular RNAs are abundant, conserved, and associated with ALU repeats[END_REF][START_REF] Memczak | Circular RNAs are a large class of animal RNAs with regulatory potency[END_REF][START_REF] Salzman | Circular RNAs Are the Predominant Transcript Isoform from Hundreds of Human Genes in Diverse Cell Types[END_REF]. An important fraction of studied circRNAs has been associated with miRNA interactions [START_REF] Hansen | Natural RNA circles function as efficient microRNA sponges[END_REF][START_REF] Memczak | Circular RNAs are a large class of animal RNAs with regulatory potency[END_REF][START_REF] Piwecka | Loss of a mammalian circular RNA locus causes miRNA deregulation and affects brain function[END_REF]Zheng et al., 2016). The most studied example is the interaction between the circRNA Cerebellum Degeneration-Related antigen 1 antisense (CDR1as) and miR-7 [START_REF] Piwecka | Loss of a mammalian circular RNA locus causes miRNA deregulation and affects brain function[END_REF][START_REF] Xu | The circular RNA Cdr1as, via miR-7 and its targets, regulates insulin transcription and secretion in islet cells[END_REF][START_REF] Yu | The Circular RNA Cdr1as Act as an Oncogene in Hepatocellular Carcinoma through Targeting miR-7 Expression[END_REF]. Interestingly, CDR1as is a brainenriched transcript harboring more than 70 binding sites of the miR-7 [START_REF] Piwecka | Loss of a mammalian circular RNA locus causes miRNA deregulation and affects brain function[END_REF].

In the brain, CDR1as acts as a positive regulator of the miR-7. Knock-out of CDR1as leads to the up-regulation of miR-7 target genes, and robust sensorimotor deficits phenotype [START_REF] Piwecka | Loss of a mammalian circular RNA locus causes miRNA deregulation and affects brain function[END_REF]. The interaction between CDR1as/miR-7 is a crucial regulator of synaptic transmission. It stabilizes or facilitates the transport of the miR-7 in neurons [START_REF] Piwecka | Loss of a mammalian circular RNA locus causes miRNA deregulation and affects brain function[END_REF]. Other specific functions of circRNAs have been demonstrated, with circRNAs interacting with proteins [START_REF] Dudekula | CircInteractome: A web tool for exploring circular RNAs and their interacting proteins and microRNAs[END_REF]. These interactions can lead to the sponging of the proteins [START_REF] Abdelmohsen | Identification of HuR target circular RNAs uncovers suppression of PABPN1 translation by CircPABPN1[END_REF][START_REF] Ashwal-Fluss | circRNA Biogenesis Competes with Pre-mRNA Splicing[END_REF], enhance proteins functions [START_REF] Li | Exonintron circular RNAs regulate transcription in the nucleus[END_REF][START_REF] Zhang | Circular Intronic Long Noncoding RNAs[END_REF], mediate enzymes/substrates complex formations [START_REF] Du | Foxo3 circular RNA retards cell cycle progression via forming ternary complexes with p21 and CDK2[END_REF][START_REF] Du | Induction of tumor apoptosis through a circular RNA enhancing Foxo3 activity[END_REF][START_REF] Zeng | A Circular RNA Binds To and Activates AKT Phosphorylation and Nuclear Localization Reducing Apoptosis and Enhancing Cardiac Repair[END_REF] or allow protein localization in specific loci in the nucleus [START_REF] Chen | A novel FLI1 exonic circular RNA promotes metastasis in breast cancer by coordinately regulating TET1 and DNMT1[END_REF]. Thus, circRNAs became essential regulators of a wide range of biological processes through a diversity of modes of action.

Linear lncRNAs are RNA polymerase II transcripts, capped, polyadenylated, and spliced [START_REF] Cabili | Integrative annotation of human large intergenic noncoding RNAs reveals global properties and specific subclasses[END_REF]Guttman & Rinn, 2012). Interestingly, some lncRNAs are not spliced nor polyadenylated, such as the Metastasis Associated Lung Transcript 1 (MALAT1) and the Nuclear Paraspeckle Assembly Transcript 1 (NEAT1). These RNAs are processed through an unusual Ribonuclease (RNase) P cleavage directed by the tRNA-like structure of the 3' part of these transcripts (Wilusz et al., 2012). Similar to the circRNAs expression pattern, early studies of linear lncRNAs revealed a specific expression pattern in specific tissues, cell types, and subcellular compartments [START_REF] Mercer | Specific expression of long noncoding RNAs in the mouse brain[END_REF]. Intriguingly, comparative studies have shown that linear lncRNAs are generally lowly expressed but highly tissue and cell-type specific whereas mRNAs are highly expressed but lowly tissue or cell-type specific (Cabili et al., 2011;Derrien et al., 2012;Ulitsky et al., 2011). Contrary to the circular form, linear lncRNAs are predominantly nuclear. Linear lncRNAs features and functions will be the subject of the next chapter.

Over the years, the view of the human, and more generally metazoan, transcriptome has become more complex. The discovery of canonical and non-canonical functions of housekeeping ncRNAs and the diversity of regulatory ncRNAs illustrate the great importance of ncRNAs as molecules for the proper functioning of the cell and the organism. Furthermore, this is supported by the association of ncRNA misregulation with human diseases [START_REF] Esteller | Non-coding RNAs in human disease[END_REF][START_REF] Lekka | Noncoding <scp>RNA</scp> s in disease[END_REF].

Linear long non-coding RNAs

Coding versus non-coding transcripts

Linear lncRNAs (hereafter referred as lncRNAs) are a complex class of ncRNAs. The main characteristic of lncRNAs is their inability to encode a protein or a functional protein. However, some transcripts that were previously described as lncRNA were recently shown to encode functional proteins. These observations open the door to debate about the ncRNA nomenclature.

The accurate identification of lncRNAs is essential, as is precise identification between coding and non-coding transcripts. LncRNAs share characteristics with mRNAs but do have unique features that allow them to be identified. Coding potential is the obvious feature that comes to mind. If a transcript does not contain an open reading frame (ORF), it is a non-coding transcript.

However, it was fast acknowledged that this feature alone was not stringent enough. The average size of lncRNA in vertebrates is ~1000 nt, so it is expected that it will by chance contain one or several ORFs [START_REF] Dinger | Differentiating Protein-Coding and Noncoding RNA: Challenges and Ambiguities[END_REF]. With the accumulation of annotated lncRNAs in a growing number of species, new characteristics have been identified to separate coding from non-coding transcripts, first bioinformatically and then experimentally.

Comparisons between mRNA and lncRNA sequences showed that lncRNA sequence evolve faster than protein-coding genes (Ulitsky & Bartel, 2013). Therefore, the general low sequence conservation can be used to separate them [START_REF] Sun | iSeeRNA: identification of long intergenic non-coding RNA transcripts from transcriptome sequencing data[END_REF]. An additional attribute is the nucleotide composition. Nucleotide frequencies in mRNA ORFs are dictated by non-random codon usage [START_REF] Grantham | Codon catalog usage and the genome hypothesis[END_REF]. Hence, nucleotide frequencies in putative ORFs can be an indicator of transcript coding potential. While this method effectively identifies potentially coding ORFs, its application is limited to small ORFs, which are the main types of ORFs found on lncRNA transcripts. The first algorithms developed to annotate lncRNAs rely on the aforementioned features to distinguish coding from non-coding transcripts [START_REF] Kong | Long noncoding RNA PVT1 indicates a poor prognosis of gastric cancer and promotes cell proliferation through epigenetically regulating p15 and p16[END_REF][START_REF] Liu | Distinguishing Protein-Coding from Non-Coding RNAs through Support Vector Machines[END_REF]Wang et al., 2013). Subsequently, additional layers were used to discriminate transcripts such as sequence similarity to known proteins, sequence similarities to known functional protein domains, and RNA structure [START_REF] Housman | Methods for distinguishing between protein-coding and long noncoding RNAs and the elusive biological purpose of translation of long noncoding RNAs[END_REF]. As with the protein-coding gene identification, lncRNA annotation in species can also be performed by genomic comparison (Hezroni et al., 2015). Interestingly, experimental tools have been used to evaluate the coding potential of lncRNAs. Several studies have used the ribosome profiling method to investigate the ribosome/lncRNA interactions to extract information about the coding potential of transcripts.

These studies first reported that the ribosome binds to mRNAs as well as lncRNAs. Ribosome occupancy is therefore not a unique feature of mRNAs [START_REF] Chew | Ribosome profiling reveals resemblance between long non-coding RNAs and 5′ leaders of coding RNAs[END_REF][START_REF] Guttman | Ribosome Profiling Provides Evidence that Large Noncoding RNAs Do Not Encode Proteins[END_REF]. However, ribosome releases can be used to differentiate between coding and non-coding potential. Indeed, protein-coding genes show ribosome release at the stop codon, whereas lncRNAs show no evidence of ribosome release for any known ORFs [START_REF] Guttman | Ribosome Profiling Provides Evidence that Large Noncoding RNAs Do Not Encode Proteins[END_REF].

In parallel, ribosomal profiling of lncRNAs during zebrafish development showed that lncRNAs interact with the ribosome but with different profiles than mRNA ORFs [START_REF] Chew | Ribosome profiling reveals resemblance between long non-coding RNAs and 5′ leaders of coding RNAs[END_REF]. Thus, computational and experimental strategies are complementary in assessing the coding potential of transcripts. To this end, some algorithms identify lncRNAs by integrating sequence-derived and experiment-based lncRNA features [START_REF] Hu | COME: a robust coding potential calculation tool for lncRNA identification and characterization based on multiple features[END_REF].

Bifunctional RNAs

It is important to note that lncRNAs can harbor small ORFs. Some lncRNAs can have therefore both coding and non-coding functions [START_REF] Dinger | Differentiating Protein-Coding and Noncoding RNA: Challenges and Ambiguities[END_REF]. Consequently, lncRNAs are considered to be a new source of micropeptides [START_REF] Bazzini | Identification of small ORFs in vertebrates using ribosome footprinting and evolutionary conservation[END_REF][START_REF] Housman | Methods for distinguishing between protein-coding and long noncoding RNAs and the elusive biological purpose of translation of long noncoding RNAs[END_REF][START_REF] Ruiz-Orera | Long non-coding RNAs as a source of new peptides[END_REF]. Although these micropeptides were initially considered the result of pervasive translations, resulting in not functional micropeptides [START_REF] Housman | Methods for distinguishing between protein-coding and long noncoding RNAs and the elusive biological purpose of translation of long noncoding RNAs[END_REF], an increasing number of lncRNAs have been shown encoding functional peptides. For instance, the steroid receptor RNA activator protein (SRAP) from the lncRNA SRA [START_REF] Chooniedass-Kothari | The steroid receptor RNA activator is the first functional RNA encoding a protein[END_REF], the 17 amino-acid micropeptide from the lncRNA MIR155HG [START_REF] Niu | A micropeptide encoded by lncRNA MIR155HG suppresses autoimmune inflammation via modulating antigen presentation[END_REF], the 87 amino-acid micropeptide from the circular form of the LINC-PINT [START_REF] Zhang | A peptide encoded by circular form of LINC-PINT suppresses oncogenic transcriptional elongation in glioblastoma[END_REF], and the 48 amino-acid micropeptide of TUNAR/MEGAMIND [START_REF] Li | A putative long noncoding RNA-encoded micropeptide maintains cellular homeostasis in pancreatic β cells[END_REF][START_REF] Senís | TUNAR lncRNA Encodes a Microprotein that Regulates Neural Differentiation and Neurite Formation by Modulating Calcium Dynamics[END_REF] (for a more extensive view, see Li & Liu, 2019). Therefore, experimental validations are required to determine whether the translated proteins by lncRNAs are functional. Intriguingly, some mRNAs have also been found to act as non-coding molecules in bacteria, plants, and animals [START_REF] Candeias | p53 mRNA controls p53 activity by managing Mdm2 functions[END_REF][START_REF] Kloc | Potential structural role of non-coding and coding RNAs in the organization of the cytoskeleton at the vegetal cortex of Xenopus oocytes[END_REF][START_REF] Kumari | cncRNAs: Bi-functional RNAs with protein coding and non-coding functions[END_REF][START_REF] Sousa | Translational and Structural Requirements of the Early Nodulin Gene enod40 , a Short-Open Reading Frame-Containing RNA, for Elicitation of a Cell-Specific Growth Response in the Alfalfa Root Cortex[END_REF]. With the most interesting example being the role of the P53 mRNA in the regulation of the MDM2 protein activity [START_REF] Candeias | p53 mRNA controls p53 activity by managing Mdm2 functions[END_REF]. The MDM2 protein directly interacts with the P53 mRNA, this impairs the binding of the MDM2 protein to the P53 protein, leading to the activation of P53 [START_REF] Candeias | p53 mRNA controls p53 activity by managing Mdm2 functions[END_REF]. Intriguingly, this interaction also leads to the translation of the P53 mRNA [START_REF] Candeias | p53 mRNA controls p53 activity by managing Mdm2 functions[END_REF]. These examples are still limited, but we cannot ignore their existence and the possibility that other examples will arise with an improvement in technical efficiency. These discoveries question the classical nomenclature of coding and non-coding RNAs. The RNAs classification could therefore be modified in the coming years, for example by separating non-functional and functional RNAs. The former being mRNAs with no obvious regulatory functions as an RNA molecule and the latter composed of RNA molecules with regulatory functions. The latter group can be further subdivided into protein-coding transcripts, micropeptide coding, or without evidence of functional peptides.

Genomic location

LncRNA is a highly heterogeneous class of ncRNAs. As the classification of RNA molecules has contributed to a better understanding of the different ncRNAs in metazoan transcriptomes, early studies attempted to classify the different lncRNAs by exploiting their genomic location (Fig 4). LncRNAs originate from an array of genomic locations. The first class is composed of lncRNAs that do not overlap protein-coding gene sequences, such as intergenic lncRNAs (Fig 4A). These RNAs are autonomously transcribed. This is the most studied subclass of lncRNA because their functional analysis is facilitated as mutations within the lncRNA locus do not affect the sequence of protein-coding genes. Therefore, the impact of the genomic mutations can be unequivocally assigned. Interestingly, intergenic lncRNAs are mostly enriched near transcription factors and developmental genes [START_REF] Amaral | Genomic positional conservation identifies topological anchor point RNAs linked to developmental loci[END_REF][START_REF] Herriges | Long noncoding RNAs are spatially correlated with transcription factors and regulate lung development[END_REF]Necsulea et al., 2014;Ulitsky et al., 2011). Moreover, studies in stem cell and progenitor cells showed an important number of intergenic lncRNAs specifically expressed in these cell types [START_REF] Guttman | Chromatin signature reveals over a thousand highly conserved large non-coding RNAs in mammals[END_REF]. This suggests that intergenic lncRNAs are important regulators of development in a tissue, cell type-specific manner. Another subclass is composed of lncRNAs in the vicinity of protein-coding gene but transcribed from the opposite direction (Fig 4B).

Bidirectional lncRNAs differ from intergenic lncRNA in that they share the same promoter as the protein-coding gene, thus exhibiting similar expression regulation. Intriguingly, lncRNAs can as well originate from the intron of protein-coding genes (Fig 4C), without overlapping the sequence of the host gene. These lncRNAs are named intronic, as the MEGAMIND lncRNA (Ulitsky et al., 2011). Some lncRNA transcripts overlap partially or completely the sequence of proteincoding genes in sense or antisense (Fig 4D). These lncRNAs are particularly challenging to study as genomic manipulation of the loci might impact sequences of the protein-coding gene.

These transcripts are widely present as 25-40% of protein-coding genes are estimated to be transcribed in antisense [START_REF] Engström | Complex Loci in Human and Mouse Genomes[END_REF][START_REF] Katayama | Antisense Transcription in the Mammalian Transcriptome[END_REF]. Due to the concordant or discordant expression between the sense and antisense transcripts [START_REF] Katayama | Antisense Transcription in the Mammalian Transcriptome[END_REF], the natural antisense transcripts (NAT) emerged as new therapeutical targets [START_REF] Schwartz | Antisense transcripts are targets for activating small RNAs[END_REF][START_REF] Wahlestedt | Natural antisense and noncoding RNA transcripts as potential drug targets[END_REF][START_REF] Wahlestedt | Targeting long non-coding RNA to therapeutically upregulate gene expression[END_REF]. In the case of discordant lncRNA, knock-down of their expression can lead to the upregulation of the protein-coding gene [START_REF] Katayama | Antisense Transcription in the Mammalian Transcriptome[END_REF][START_REF] Wahlestedt | Natural antisense and noncoding RNA transcripts as potential drug targets[END_REF]. On the contrary, the knock-down of concordant lncRNAs can lead to the reduction of the protein-coding gene expression [START_REF] Wahlestedt | Natural antisense and noncoding RNA transcripts as potential drug targets[END_REF]. Thus, protein-coding gene expression can be selectively regulated in human diseases with lncRNA-targeted strategies.

Recently, a new class of lncRNA emerged, originating from enhancers, named eRNAs [START_REF] De Santa | A Large Fraction of Extragenic RNA Pol II Transcription Sites Overlap Enhancers[END_REF]Kim et al., 2010) (Fig 4E). eRNAs are important epigenetic factors regulating chromatin accessibility, stabilizing enhancer-promoter loop in cis, and regulating chromatin landscape in trans [START_REF] Sartorelli | Enhancer RNAs are an important regulatory layer of the epigenome[END_REF]. These transcripts are associated to a rather low stability and a bidirectional transcription.

LncRNA evolution

Origin of lncRNAs

LncRNA evolution is particularly remarkable. While the majority of human lncRNAs are considered humans specific [START_REF] Ruan | In vivo functional analysis of non-conserved human lncRNAs associated with cardiometabolic traits[END_REF], it was determined, by genomic position conservation, that hundreds of lncRNA have homologs in vertebrates. Only 18 lncRNAs have been found conserved from humans to the sea urchin (Hezroni et al., 2015). The observation that most lncRNAs are poorly conserved outside the vertebrate subphylum and most of them are specie-specific shows that new lncRNA originate dynamically. Several mechanisms are at the origin of lncRNA appearance. Pseudogenization of protein-coding genes, in other words, loss of coding potential of the protein-coding gene, can lead to new lncRNAs. Mutations within protein-coding genes can drive the loss of the protein, if the transcript is still expressed and not destabilized by the mutation, then it can lead to new lncRNAs. Intriguingly, the Xist lncRNA evolved as an ncRNA by pseudogenization [START_REF] Duret | The Xist RNA Gene Evolved in Eutherians by Pseudogenization of a Protein-Coding Gene[END_REF]. Transposable elements (TEs) are also driving the formation of new lncRNAs. TEs are strongly involved in genome innovations in mammals [START_REF] Cordaux | The impact of retrotransposons on human genome evolution[END_REF]. TEs insertions containing functional promoters can drive the expression of new lncRNAs. This is sustained as 80% of lncRNAs overlap at least one TE [START_REF] Kapusta | Transposable Elements Are Major Contributors to the Origin, Diversification, and Regulation of Vertebrate Long Noncoding RNAs[END_REF]. TE insertions can also lead to new lncRNAs without insertions of functional promoters. Studies showed that transcriptions often occur in divergent directions from protein-coding genes and enhancers [START_REF] Seila | Divergent Transcription from Active Promoters[END_REF]. However, the products of these transcriptions are rapidly degraded. TE insertions can stabilize these cryptic transcripts leading to the appearance of new stabilized transcripts coding or non-coding [START_REF] Gotea | Bidirectional Promoters as Important Drivers for the Emergence of Species-Specific Transcripts[END_REF][START_REF] Wu | Divergent Transcription: A Driving Force for New Gene Origination[END_REF]. Remarkably, the annotation of coding or non-coding RNAs can change throughout evolution. Transcripts can arise as lncRNA in basal vertebrates and evolve into protein-coding in mammals, as the libra/Nrep transcript, non-coding in zebrafish, and protein-coding in mammals (Bitetti et al., 2018).

Conservation of lncRNAs in vertebrates

Shortly after the explosive dynamic of lncRNA identification in different species, studies of genomic comparison arose to achieve three goals: (1) to annotate and identify lncRNAs in vertebrate species;

(2) to elucidate the evolution of these transcripts;

(3) to discriminate from the pervasively transcribed genes using the evolutionarily conserved lncRNAs as an indicator of the functional significance. Annotation of conserved lncRNAs in vertebrate genomes was challenging as lncRNA evolution differs from protein-coding genes. The canonical view of gene conservation is based on sequence similarities. While useful for the identification of conserved protein-coding genes, this view turned out to not be fully applicable for the identification of lncRNAs. It became clear that lncRNA sequences are poorly conserved across species [START_REF] Wang | Neutral evolution of 'non-coding' complementary DNAs[END_REF]. Nevertheless, while lncRNAs sequence conservation is lower than protein-coding genes, it is higher than intron or intergenic regions [START_REF] Cabili | Integrative annotation of human large intergenic noncoding RNAs reveals global properties and specific subclasses[END_REF][START_REF] Guttman | Chromatin signature reveals over a thousand highly conserved large non-coding RNAs in mammals[END_REF][START_REF] Ponjavic | Functionality or transcriptional noise? Evidence for selection within long noncoding RNAs[END_REF], showing their putative role in biological processes. Only a few mammalian lncRNAs have been found to align with zebrafish lncRNAs but shared only patches of sequence conservation (Fig 5A) (Hezroni et al., 2015;Ulitsky et al., 2011).

Conserved lncRNAs across vertebrates were identified using new layers of conservation such as expression pattern, secondary structure, and chromosomic position (Fig 5) [START_REF] Amaral | Genomic positional conservation identifies topological anchor point RNAs linked to developmental loci[END_REF]Diederichs, 2014;Hezroni et al., 2015;Necsulea et al., 2014;Ulitsky et al., 2011).

LncRNA transcription and sequence evolved rapidly, however, tissue specificity is often conserved among primates and beyond (Necsulea et al., 2014). 47% of studied human lncRNAs shared tissue specificity in primates, and 28% had expression pattern conservation across eutherians (Necsulea et al., 2014). Moreover, some lncRNAs show a conserved expression pattern between mice and zebrafish (Fig 5B) (Bitetti et al., 2018) and among amniotes [START_REF] Chodroff | Long noncoding RNA genes: conservation of sequence and brain expression among diverse amniotes[END_REF].

Conserved RNA structure can also be a characteristic of evolutionarily conserved lncRNAs (Fig 5C). It is often hypothesized that the secondary and tertiary structures are subjected to selective pressure as it is supposed to carry the function of the RNAs (Diederichs, 2014;Guttman & Rinn, 2012;Wutz et al., 2002). The conserved structure is consistent with no conservation at the sequence level given that conservation of base-pairing properties matters more. Several studies highlighted functionally conserved RNA structure (Holmes et al., 2020;Uroda et al., 2019;Zhang et al., 2010). The identification of conserved RNA structures used to be challenging with the lack of efficient in silico tools. However, with deep learning more prediction tools arose [START_REF] Sato | RNA secondary structure prediction using deep learning with thermodynamic integration[END_REF] but their efficiencies are still limited. Experimental technics have been developed to assess, in living cells, the structure of lncRNAs [START_REF] Siegfried | RNA motif discovery by SHAPE and mutational profiling (SHAPE-MaP)[END_REF]Ziv et al., 2018) but their applications are still complex and requires complex downstream analysis.

Chromosomic position, also known as synteny, is the best approach to identifying putative conserved lncRNA across vertebrates (Fig 5D). It can be used as the first layer to identify conserved lncRNAs by genomic comparison before further validations. Interestingly, using this method hundreds of lncRNA have been found conserved among vertebrates (Hezroni et al., 2015) with some from humans to zebrafish (Ulitsky et al., 2011). The zebrafish and mammalian genomes were extensively rearranged during the >400 million years of separation, however, lncRNAs synteny conservation (33.9%) was significantly higher than protein-coding gene pairs conservation (14.7%) (Ulitsky et al., 2011). Hence only with annotated genomes, chromosomic position allows the identification of conserved lncRNAs across species.

It is often hypothesized that conserved lncRNAs share the same function in different species.

However, the subcellular localization of the lncRNA can differ between species [START_REF] Much | Evolutionary divergence of Firre localization and expression[END_REF], which can lead to different molecular function of the RNA. Moreover, a comparison between sequence and position conserved lncRNAs in mouse and human embryonic stem cells (ESCs) showed that different RNA processing can lead to different subcellular localization of lncRNA between species, leading to different molecular functions (Guo et al., 2020). Hence, the identification of conserved lncRNAs is not sufficient to infer the function of the homologous transcripts, further validations are required.

On the contrary, relatively similar biological processes are mediated by nonhomologous ncRNAs in distant species such as the sexual chromosome dosage compensation.

In Eutherian, the lncRNAs Xist randomly inactivate the second X chromosome by recruiting factors leading to the heterochromatinization of the X chromosome in females (Barr & [START_REF] Barr | A Morphological Distinction between Neurones of the Male and Female, and the Behaviour of the Nucleolar Satellite during Accelerated Nucleoprotein Synthesis[END_REF][START_REF] Brockdorff | Conservation of position and exclusive expression of mouse Xist from the inactive X chromosome[END_REF][START_REF] Brockdorff | The product of the mouse Xist gene is a 15 kb inactive Xspecific transcript containing no conserved ORF and located in the nucleus[END_REF][START_REF] Brown | The human XIST gene: Analysis of a 17 kb inactive X-specific RNA that contains conserved repeats and is highly localized within the nucleus[END_REF]. Interestingly, dosage compensation is also observed in flies with the involvement of the rox1 and rox2 ncRNAs [START_REF] Franke | The rox1 and rox2 RNAs Are Essential Components of the Compensasome, which Mediates Dosage Compensation in Drosophila[END_REF], leading to the increased transcription of the unique X chromosome in males [START_REF] Baker | DOSAGE COMPENSATION IN DROSOPHILA[END_REF]. In these two examples of sex chromosome dosage compensation, different mechanisms are employed, nevertheless, ncRNAs are central in their establishment.

LncRNA functions

LncRNA loci, regardless of their genomic location, can act by different molecular mechanisms.

LncRNA loci can have a function through (1) the presence of enhancers regulating gene expression;

(2) the act of transcription, and not the transcript per se;

(3) the transcript itself.

Interestingly, lncRNAs loci can carry one or several of these activities. The most interesting lncRNA loci are the ones where the function is carried by the transcript. LncRNA transcripts can act at different molecular levels [START_REF] Constanty | lncRNAs in development and differentiation: from sequence motifs to functional characterization[END_REF][START_REF] Statello | Gene regulation by long noncoding RNAs and its biological functions[END_REF].

They can interact with DNA, RNA, or proteins (Fig 6). The vast majority of lncRNAs interact with proteins, it is these proteins that confer the molecular function of the lncRNAs. Therefore, deciphering the functional determinants of lncRNA driving RNA/protein interaction is dynamically studied, as this could allow the prediction of lncRNAs activity. It was initially believed that RNA structure carried lncRNA functions (Diederichs, 2014;Guttman & Rinn, 2012;[START_REF] Smith | Widespread purifying selection on RNA structure in mammals[END_REF]Wutz et al., 2002). Conserved RNA structures carry the function of a few lncRNAs (Holmes et al., 2020;Uroda et al., 2019;Zhang et al., 2010). However, unbiased studies of RNA binding proteins (RBP) sequence and context binding sites have shown often low complexity and bi-partite RNA motifs (Dominguez et al., 2018). RBP binding specificity is, however, supported by the RNA local structure (Dominguez et al., 2018). These results

show that the molecular function of lncRNA transcript is driven by the primary sequence and their local structure rather than the global RNA structure.

The identification of short RNA motifs harbored by lncRNA transcripts has become crucial in the lncRNA field. These motifs are thought to be the primary functional determinant of lncRNAs. Therefore, the identification of RNA motifs would direct toward a specific function of the lncRNA. Second, with the accumulation of identified RNA motifs this could drive to infer the functions of uncharacterized lncRNAs. Several short RNA motifs have been found to drive the function of a vast number of lncRNAs acting in a wide range of biological processes.

These motifs were essential for lncRNA 3' end processing, R-loop formation, lncRNA subcellular localization, sequestration of proteins, lncRNA-proteins interactions, and regulation of miRNAs. This section is fully covered by the review [START_REF] Constanty | lncRNAs in development and differentiation: from sequence motifs to functional characterization[END_REF]. Please refer to it in the annex section.

Two algorithms have emerged to identify short RNA motifs, or k-mers, on lncRNA transcripts. The SEEKR (SEquence Evaluation for Kmer Representation) (Kirk et al., 2018) and the lncLOOM (Lncrna Linear Order cOnserved Motifs) [START_REF] Ross | Uncovering deeply conserved motif combinations in rapidly evolving noncoding sequences[END_REF] algorithms.

They allow the identification of RNA motifs on non-evolutionarily and evolutionarily conserved transcripts, respectively. These RNA motifs were shown to drive RNA-protein interactions (Kirk et al., 2018;[START_REF] Ross | Uncovering deeply conserved motif combinations in rapidly evolving noncoding sequences[END_REF]. Studying the molecular grammar of lncRNAs will greatly improve our capacity to infer lncRNA functions from the primary sequence and will contribute to a new classification of lncRNAs based on their functions.

The Plasmacytoma Variant Translocation 1 (PVT1) lncRNA

The PVT1 lncRNA was named based on the involvement of the genomic locus in variants translocation in plasmacytoma and Burkitt lymphoma [START_REF] Cory | Variant (6;15) translocations in murine plasmacytomas involve a chromosome 15 locus at least 72 kb from the c-myc oncogene[END_REF][START_REF] Graham | Chromosome 8 breakpoint far 3′ of the c-myc oncogene in a Burkitt's lymphoma 2;8 variant translocation is equivalent to the murine pvt-1 locus[END_REF][START_REF] Webb | Variant (6 ; 15) translocation in a murine plasmacytoma occurs near an immunoglobulin κ gene but far from the myc oncogene[END_REF]. This lncRNA is of great interest as its expression is associated with multiple human diseases [START_REF] Ghetti | Linear and circular PVT1 in hematological malignancies and immune response: two faces of the same coin[END_REF][START_REF] Guo | Aberrant expressions of MIAT and PVT1 in serum exosomes of schizophrenia patients[END_REF][START_REF] Hanson | Identification of PVT1 as a Candidate Gene for End-Stage Renal Disease in Type 2 Diabetes Using a Pooling-Based Genome-Wide Single Nucleotide Polymorphism Association Study[END_REF] including cancers [START_REF] Onagoruwa | Oncogenic Role of PVT1 and Therapeutic Implications[END_REF][START_REF] Tseng | PVT1 dependence in cancer with MYC copy-number increase[END_REF][START_REF] Tseng | The PVT1-MYC duet in cancer[END_REF]. Nevertheless, its molecular function remained not fully understood. In humans, PVT1 is located on chromosome 8, 50 kb downstream of the protein-coding gene MYC (Fig 7A). Interestingly, this specific genomic feature is conserved throughout vertebrates (Fig 7A) (Hezroni et al., 2015).

A complex genomic locus

The human PVT1 locus (~400 kb) is highly complex. PVT1 map at the 8q24 chromosomal band, a locus involved in Burkitt lymphoma translocation [START_REF] Davis | Chromosome translocation can occur on either side of the c-myc oncogene in Burkitt lymphoma cells[END_REF][START_REF] Graham | Chromosome 8 breakpoint far 3′ of the c-myc oncogene in a Burkitt's lymphoma 2;8 variant translocation is equivalent to the murine pvt-1 locus[END_REF]. In addition, recurrent translocations of PVT1 have been found in medulloblastoma, with the PVT1/MYC fusion observed in 60% of the analyzed samples [START_REF] Northcott | Subgroup-specific structural variation across 1,000 medulloblastoma genomes[END_REF]. PVT1 translocation was also found in multiple solid and liquid tumors as reviewed here by [START_REF] Tolomeo | PVT1: A long non-coding RNA recurrently involved in neoplasia-associated fusion transcripts[END_REF]. These examples show the PVT1 locus as a hot spot of gene translocation in human cancers.

At the sequence level, enhancers are located in the PVT1 locus regulating the expression of PVT1 [START_REF] Cho | Promoter of lncRNA Gene PVT1 Is a Tumor-Suppressor DNA Boundary Element[END_REF]. In cancer, the PVT1 promoter acts as a tumor suppressor DNA element by competing with the MYC promoter for interaction with these enhancers [START_REF] Cho | Promoter of lncRNA Gene PVT1 Is a Tumor-Suppressor DNA Boundary Element[END_REF]. Numerous mutations are spamming the PVT1 promoter in cancer, leading the enhancers to promote MYC expression, thereby promoting tumorigenesis [START_REF] Cho | Promoter of lncRNA Gene PVT1 Is a Tumor-Suppressor DNA Boundary Element[END_REF].

Interestingly, five miRNAs mapped within the PVT1 intronic sequences (miR-1204, miR-1205, miR-1206, miR-1207, and miR-1208) (Fig 7B) [START_REF] Huppi | The 8q24 Gene Desert: An Oasis of Non-Coding Transcriptional Activity[END_REF]. These miRNAs are conserved in mice. Studies of the function of these miRNAs are still ambiguous but showed that they act both as positive and negative regulators of tumorigenesis [START_REF] Chen | miR-1207-5p and miR-1266 suppress gastric cancer growth and invasion by targeting telomerase reverse transcriptase[END_REF][START_REF] Huppi | The Identification of MicroRNAs in a Genomically Unstable Region of Human Chromosome 8q24[END_REF]Li et al., 2019;[START_REF] Liu | miR-1204 targets VDR to promotes epithelial-mesenchymal transition and metastasis in breast cancer[END_REF]. Remarkably, it was described that miR-1205 suppresses gastric cancer growth by targeting the human telomerase reverse transcriptase (hTERT) [START_REF] Chen | miR-1207-5p and miR-1266 suppress gastric cancer growth and invasion by targeting telomerase reverse transcriptase[END_REF]. miR-1205 binds to the 3' UTR of the hTERT mRNA, regulating its expression. Moreover, miR-1205 upregulation inhibits the growth of transplants in mice [START_REF] Chen | miR-1207-5p and miR-1266 suppress gastric cancer growth and invasion by targeting telomerase reverse transcriptase[END_REF].

The linear lncRNA PVT1 is transcribed by the RNA polymerase II, capped, spliced, and polyadenylated. In humans, 183 linear variants are categorized in the Ensembl Genome Browser with multiple alternative transcriptional start sites (TSSs) and alternative polyadenylation (polyA) sites. The expressions of some variants have been validated

experimentally while others result from in silico predictions. The expression of different variants has been described in different cancer types [START_REF] Guan | Amplification of PVT1 Contributes to the Pathophysiology of Ovarian and Breast Cancer[END_REF][START_REF] He | Long noncoding RNA PVT1-214 promotes proliferation and invasion of colorectal cancer by stabilizing Lin28 and interacting with miR-128[END_REF][START_REF] Martínez-Barriocanal | PVT1 Long Non-coding RNA in Gastrointestinal Cancer[END_REF][START_REF] Pal | Population Differentiation at the PVT1 Gene Locus: Implications for Prostate Cancer[END_REF][START_REF] Pal | Copy number-based quantification assay for noninvasive detection of PVT1-derived transcripts[END_REF], making function comparison complex between studies. On top of linear variants, circular variants of PVT1 have been predicted in silico. While a vast number have been predicted, only one variant has been functionally studied: circPVT1 (410 nt). CircPVT1 shares the full length of the exon 2 sequence with the linear PVT1 (Fig 7B) (Wang et al., 2020). The linear and circular forms of PVT1 are expressed from different promoters, thus implementing independent regulation [START_REF] Verduci | The oncogenic role of circPVT1 in head and neck squamous cell carcinoma is mediated through the mutant p53/YAP/TEAD transcription-competent complex[END_REF].

Intriguingly, in mice, fewer mouse Pvt1 (mPvt1) linear variants have been described

with 10 variants in the Ensembl Genome Browser and three mainly expressed variants (Zheng et al., 2016). However, no circular mPvt1 forms have been described yet.

Finally, a tumor-enriched Human Leukocyte Antigen (HLA) ligand encoded by the lncRNA PVT1 was characterized in colorectal cancer [START_REF] Kikuchi | CD8+ T-cell Immune Surveillance against a Tumor Antigen Encoded by the Oncogenic Long Noncoding RNA PVT1[END_REF]. In their study, Kikuchi et al. showed the translation of a 10-mers micropeptide, named HF-10, from a cryptic ORF encompassing the exon 1 and 2 of the lncRNA PVT1 [START_REF] Kikuchi | CD8+ T-cell Immune Surveillance against a Tumor Antigen Encoded by the Oncogenic Long Noncoding RNA PVT1[END_REF]. The PVT1 antigen was able to induce cytotoxic CD8 + T-cell response showing its specific recognition by T-cells [START_REF] Kikuchi | CD8+ T-cell Immune Surveillance against a Tumor Antigen Encoded by the Oncogenic Long Noncoding RNA PVT1[END_REF]. In patients, neoantigen formations often arise from somatic mutations, thereby, most neoantigens are specific to individuals [START_REF] Rospo | Evolving neoantigen profiles in colorectal cancers with DNA repair defects[END_REF]. However, the PVT1 antigen is found in four out of six colorectal tissues tested [START_REF] Kikuchi | CD8+ T-cell Immune Surveillance against a Tumor Antigen Encoded by the Oncogenic Long Noncoding RNA PVT1[END_REF]. This is most probably due to the high expression of PVT1 in this cancer type [START_REF] He | Long noncoding RNA PVT1-214 promotes proliferation and invasion of colorectal cancer by stabilizing Lin28 and interacting with miR-128[END_REF].

The above examples illustrate the complexity of the PVT1 locus. This locus is a chromosomic translocation hotspot hosting five conserved miRNAs and one conserved lncRNA that has multiple variants.

1.3.2 PVT1 mode of action Over the years, several studies have focused on the function of the PVT1 transcript, mainly in cancer [START_REF] Onagoruwa | Oncogenic Role of PVT1 and Therapeutic Implications[END_REF]. A wide diversity of molecular mechanisms has been found in different models, resulting in a complex generalization of the functions of this lncRNA.

Moreover, the functions of the circular and linear variants of PVT1 can differ whereas in some cases both variants act on the same pathway, at different levels [START_REF] Ghetti | Linear and circular PVT1 in hematological malignancies and immune response: two faces of the same coin[END_REF][START_REF] Palcau | CircPVT1: a pivotal circular node intersecting Long Non-Coding-PVT1 and c-MYC oncogenic signals[END_REF][START_REF] Traversa | Unravelling similarities and differences in the role of circular and linear PVT1 in cancer and human disease[END_REF]. For clarity, and because there is no obvious information about the evolutionary conservation of the circPVT1, the next parts will focus on the linear variants of the lncRNA PVT1.

Oncogenic functions

The lncRNA PVT1 is upregulated in a wide range of cancer types [START_REF] Derderian | PVT1 Signaling Is a Mediator of Cancer Progression[END_REF][START_REF] Tseng | The PVT1-MYC duet in cancer[END_REF]. Interestingly, PVT1 is found alongside MYC in 98% of the 8q24 amplicons [START_REF] Tseng | PVT1 dependence in cancer with MYC copy-number increase[END_REF][START_REF] Tseng | The PVT1-MYC duet in cancer[END_REF]. It shows that both loci are preferentially amplified in cancer. Intriguingly, an extra copy of MYC alone or PVT1 alone is not sufficient to promote tumorigenesis whereas an extra copy of both loci is [START_REF] Tseng | PVT1 dependence in cancer with MYC copy-number increase[END_REF]. PVT1 and MYC expression are correlated in cancers [START_REF] Martínez-Barriocanal | PVT1 Long Non-coding RNA in Gastrointestinal Cancer[END_REF][START_REF] Tseng | The PVT1-MYC duet in cancer[END_REF].

These data show that PVT1 might act as a DNA element regulator by promoting MYC expression in cancer.

Specific downregulation of the lncRNA PVT1 considerably impacts tumor growth and cell proliferation (Guo et al., 2018;[START_REF] Tseng | PVT1 dependence in cancer with MYC copy-number increase[END_REF][START_REF] Wan | Downregulation of lncRNA PVT1 expression inhibits proliferation and migration by regulating p38 expression in prostate cancer[END_REF]Wu et al., 2019). This experiment demonstrates the relevance of the PVT1 transcript in tumorigenesis. Interestingly, high expression of PVT1 is an indicator of poor prognosis and poor survival of patients in a wide range of cancers, including prostate cancer [START_REF] Sun | Noncoding RNA PVT1 Promotes Prostate Cancer Metastasis by Increasing NOP2 Expression via Targeting Tumor Suppressor MicroRNAs<[END_REF], gastric cancer [START_REF] Kong | Long noncoding RNA PVT1 indicates a poor prognosis of gastric cancer and promotes cell proliferation through epigenetically regulating p15 and p16[END_REF], nasopharyngeal cancer [START_REF] He | Long non-coding RNA PVT1 predicts poor prognosis and induces radioresistance by regulating DNA repair and cell apoptosis in nasopharyngeal carcinoma[END_REF], breast cancer [START_REF] Liu | Long noncoding RNA PVT1 promotes breast cancer proliferation and metastasis by binding miR-128-3p and UPF1[END_REF], and in glioma [START_REF] Bi | LncRNA-PVT1 indicates a poor prognosis and promotes angiogenesis via activating the HNF1B/EMT axis in glioma[END_REF]. Diverse modes of action have been described for PVT1 in cancers, describing PVT1 as a proto-oncogene. PVT1 has been described to act as a competing endogenous RNA (ceRNA) in some diseases, cancer included [START_REF] Chen | Comprehensive analysis of miRNA-mRNA-lncRNA networks in severe asthma[END_REF][START_REF] Ogunwobi | Chemoresistance Mediated by ceRNA Networks Associated With the PVT1 Locus[END_REF][START_REF] Qian | Comprehensive Analysis of miRNA-mRNA-lncRNA Networks in Non-Smoking and Smoking Patients with Chronic Obstructive Pulmonary Disease[END_REF][START_REF] Tian | Construction of lncRNA-miRNA-mRNA networks reveals functional lncRNAs in abdominal aortic aneurysm[END_REF][START_REF] Yang | Long non-coding RNA PVT1 promotes autophagy as ceRNA to target ATG3 by sponging microRNA-365 in hepatocellular carcinoma[END_REF]. ceRNAs are RNA transcripts that compete with other RNAs for the binding of miRNAs. PVT1 is competing with the binding of different miRNAs, thereby preventing the degradation of the initially targeted mRNAs. These interactions promote tumorigenesis [START_REF] Conte | Role of the long non-coding RNA PVT1 in the dysregulation of the ceRNA-ceRNA network in human breast cancer[END_REF]. The miRNAs targeted by PVT1 are highly dependent on the cancer type studied. However, some common mechanisms have been found: (1) PVT1 leads to the upregulation of the Hypoxia-inducible factor (HIF) due to the sponging of different miRNAs in non-small cell lung cancer and gastric cancer, promoting tumorigenesis (Huang et al., 2017;[START_REF] Zhang | Comprehensive analysis of long non-coding RNA PVT1 gene interaction regulatory network in hepatocellular carcinoma using gene microarray and bioinformatics[END_REF]; (2) PVT1 regulates negatively the activity of the miR-200 family, known to prevent tumorigenesis, in breast cancer and clear renal cell carcinoma [START_REF] Paci | Computational analysis identifies a sponge interaction network between long non-coding RNAs and messenger RNAs in human breast cancer[END_REF]Yang et al., 2017). The relevance of such a mechanism is still debated but a vast number of papers relate the involvement of PVT1 as a ceRNA [START_REF] Derderian | PVT1 Signaling Is a Mediator of Cancer Progression[END_REF]Wang et al., 2019). However, none of the studies performed serious stoichiometry analysis to evaluate how the lowly expressed lncRNA PVT1 can sponge highly expressed miRNA families.

PVT1 is also known to drive tumorigenesis through protein interactions. Several main protein interactions have been described. However, these interactions have been shown in different cancer cell lines. In gastric cancer cell line (HGC-27), an RNA-protein pull-down assay showed the interaction between the Forkhead Box Protein M1 (FOXM1) and PVT1 (Xu et al., 2017). PVT1 stabilized FOXM1 post-transcriptionally (Xu et al., 2017). Interestingly FOXM1 promotes PVT1 expression, leading to a positive feedback loop (Xu et al., 2017). This mechanism promotes tumor growth and metastasis in a FOXM1-dependent manner (Xu et al., 2017). Several studies reported PVT1 binding to the Enhancer of Zeste Homolog 2 (EZH2), the catalytic subunit of the Polycomb repressive complex 2 (PRC2), in different cancer cell lines (Guo et al., 2018;[START_REF] Sun | Histone acetyltransferase 1 promotes gemcitabine resistance by regulating the PVT1/EZH2 complex in pancreatic cancer[END_REF][START_REF] Wan | Long Noncoding RNA PVT1 Promotes Non-Small Cell Lung Cancer Cell Proliferation through Epigenetically Regulating LATS2 Expression[END_REF]Yang et al., 2017;[START_REF] Zhang | Long noncoding RNA PVT1 promotes cervical cancer progression through epigenetically silencing miR-200b[END_REF][START_REF] Zhou | Long noncoding RNA PVT1 modulates thyroid cancer cell proliferation by recruiting EZH2 and regulating thyroid-stimulating hormone receptor (TSHR)[END_REF]. More particularly, in hepatocellular carcinoma PVT1 binds to EZH2 driving its stabilization (Guo et al., 2018). This leads to the binding of EZH2 to MDM2 protein, promoting tumor development by inhibiting P53 activity, inhibiting its effect on p53 (Guo et al., 2018). A similar mechanism was shown in lung adenocarcinoma where PVT1 has been found to bind and guide EZH2 to the Large Tumor Suppressor Kinase 2 (LATS2) promoter, a positive regulator of the P53 pathway, and represses its expression [START_REF] Wan | Long Noncoding RNA PVT1 Promotes Non-Small Cell Lung Cancer Cell Proliferation through Epigenetically Regulating LATS2 Expression[END_REF].

Nonetheless, it is known that EZH2 tends to bind to a wide range of RNAs without specificity, hence the EZH2/PVT1 interaction must be analyzed with caution. Alternatively, PVT1 has been found to bind directly to MYC protein in breast cancer cell lines [START_REF] Tseng | PVT1 dependence in cancer with MYC copy-number increase[END_REF]. PVT1

regulates MYC stability by protecting MYC from threonine 58 (T58) phosphorylation [START_REF] Tseng | PVT1 dependence in cancer with MYC copy-number increase[END_REF]. MYC T58 phosphorylation is associated with its degradation. Interestingly, MYC was found to promote PVT1 expression, leading to a positive feedback loop, promoting tumor progression [START_REF] Tseng | PVT1 dependence in cancer with MYC copy-number increase[END_REF]. Recent studies have shown that the MYC/PVT1 interaction appears to depend on the N6-Methyladenosine (m6A) modification of PVT1 [START_REF] Lee | N 6methyladenosine modification of lncRNA Pvt1 governs epidermal stemness[END_REF].

All these examples show the complex mechanism of PVT1 mode of action as an oncogene. PVT1 has been found to act at different level promoting tumor growth and metastasis progression. However, the PVT1 molecular function may vary dependent on the type of cancer and the isoforms expressed.

Tumor suppressor functions PVT1 was initially described as an oncogenic lncRNA. Nonetheless, recent studies showed the involvement of PVT1 as a tumor suppressor. A P53-binding site, located in the vicinity of an alternative PVT1 TSS leads to P53-dependant regulation of a specific PVT1 variant [START_REF] Barsotti | p53-dependent Induction of PVT1 and miR-1204[END_REF]). An extensive study showed that this P53-dependant PVT1 transcription is conserved in mice, driving the expression of an isoform called Pvt1b [START_REF] Olivero | p53 Activates the Long Noncoding RNA Pvt1b to Inhibit Myc and Suppress Tumorigenesis[END_REF].

Stress-induced conditions caused Pvt1b upregulation in a P53-dependent manner [START_REF] Olivero | p53 Activates the Long Noncoding RNA Pvt1b to Inhibit Myc and Suppress Tumorigenesis[END_REF]. Pvt1b accumulated at its transcription site, resulting in cis-repression of Myc [START_REF] Olivero | p53 Activates the Long Noncoding RNA Pvt1b to Inhibit Myc and Suppress Tumorigenesis[END_REF]. Remarkably, genetic ablation of the P53 binding site promoted tumor growth in vivo [START_REF] Olivero | p53 Activates the Long Noncoding RNA Pvt1b to Inhibit Myc and Suppress Tumorigenesis[END_REF]. This shows the specific mode of action of PVT1 acting as a tumor suppressor in a P53-dependant manner.

Non-cancer related functions

While PVT1 has been mostly studied in cancer, some studies were interested in PVT1 involvement in other diseases and physiological conditions.

PVT1 loss-of-function impaired the proliferation of trophoblast cells by increasing apoptosis (Xu et al., 2017). Conversely, increase expression of PVT1 promoted trophoblast proliferation (Xu et al., 2017). Trophoblast cells are extraembryonic cells essential for embryonic development, it is therefore not surprising that low PVT1 expression is associated with a higher abortion risk [START_REF] Qin | Plasmacytoma variant translocation 1 ( PVT1 ) regulates trophoblast viability, proliferation, and migration and is downregulated in spontaneous abortion[END_REF]Wang et al., 2019).

Single-cell RNA-sequencing (scRNA-seq) showed the involvement of mPvt1 in muscle atrophy [START_REF] Alessio | Single cell analysis reveals the involvement of the long non-coding RNA Pvt1 in the modulation of muscle atrophy and mitochondrial network[END_REF]. Interestingly, it was shown that mPvt1 regulates Myc T58 phosphorylation in muscle atrophy. Upregulation of mPvt1 promoted Myc stabilization, driving autophagy and muscle atrophy [START_REF] Alessio | Single cell analysis reveals the involvement of the long non-coding RNA Pvt1 in the modulation of muscle atrophy and mitochondrial network[END_REF]. However, no experiments such as RNA immunoprecipitation (RIP) or pull-down assay were performed, resulting in an incomplete interpretation.

mPvt1 was shown to govern epidermal cell differentiation through Myc/mPvt1

interaction [START_REF] Lee | N 6methyladenosine modification of lncRNA Pvt1 governs epidermal stemness[END_REF]. Ablation of mPvt1 impaired the self-renewal and wound healing capacity of skin cells [START_REF] Lee | N 6methyladenosine modification of lncRNA Pvt1 governs epidermal stemness[END_REF]. Interestingly, Myc/mPvt1 interaction was dependent on m6A modification of mPvt1 [START_REF] Lee | N 6methyladenosine modification of lncRNA Pvt1 governs epidermal stemness[END_REF]. Although this study showed a direct interaction between mPvt1 and Myc, the RIP was performed by mixing cell extracts and thus was not performed in cellulo.

PVT1 mode of action is highly complex. PVT1 locus act as a DNA regulatory element and as an active lncRNA. The transcript of PVT1 has been found to interact with different miRNAs and proteins. Generalization of the PVT1 mode of action is therefore challenging, mostly due to the different models studied. Interestingly, one mode of action seems to be generalized in cancer and non-cancer studies: PVT1 impacts MYC expression at the protein level. PVT1 acts as a scaffold for the acetyltransferase KAT2A, promoting the TIF1B/H3K9ac complex-mediated NF90 transcription, which regulates HIF-1a stability. Wang et al., 2020 Nasopharyngeal carcinoma PVT1 is highly expressed and associated with poor prognosis in patients.

PVT1 confers cancer cell resistance to radiotherapy by inhibiting apoptosis.

PVT1 expression sustain the DNA repair capability of the cells through the ATM-p53 pathway and impacted caspase activation. [START_REF] He | Long non-coding RNA PVT1 predicts poor prognosis and induces radioresistance by regulating DNA repair and cell apoptosis in nasopharyngeal carcinoma[END_REF] Multiple tissues PVT1 upregulation is associated with tumorigenesis.

PVT1 interacts with EZH2, driving epigenetics repression of transcription of specific locus. Guo et al., 2018;[START_REF] Sun | Histone acetyltransferase 1 promotes gemcitabine resistance by regulating the PVT1/EZH2 complex in pancreatic cancer[END_REF][START_REF] Wan | Long Noncoding RNA PVT1 Promotes Non-Small Cell Lung Cancer Cell Proliferation through Epigenetically Regulating LATS2 Expression[END_REF]Yang et al., 2017;[START_REF] Zhang | Long noncoding RNA PVT1 promotes cervical cancer progression through epigenetically silencing miR-200b[END_REF][START_REF] Zhou | Long noncoding RNA PVT1 modulates thyroid cancer cell proliferation by recruiting EZH2 and regulating thyroid-stimulating hormone receptor (TSHR)[END_REF] 

Thesis objectives

PVT1 is one of the first lncRNAs identified in the human genome. An exploding number of studies tried to determine its function. However, most studies focused on the involvement of PVT1 in cancer. Characterizing the PVT1 mode of action in cancer remains challenging. Thus, deciphering the PVT1 mode of action in other models will considerably help to better characterize its mode of action. PVT1 represents a compelling case of lncRNA evolution. It is conserved among vertebrates by genomic position conservation, located downstream of the MYC protein-coding gene (Hezroni et al., 2015). Interestingly, mammalian PVT1 homolog transcripts share alignable sequence conservation whereas outside of the mammalian class the sequence of the transcripts is not conserved. Thus, deciphering the conserved function of PVT1 in vertebrates will greatly improve the characterization of PVT1 function and shed light on conserved mechanisms of lncRNA across species without alignable sequence conservation. We are using the conserved characteristics of the zebrafish model to study PVT1. The zebrafish model is an excellent genetic vertebrate, non-mammalian, model. Its complete genome sequencing and annotation allowed the characterization of PVT1 homologous transcripts conserved through genomic position (Hezroni et al., 2015). Available molecular tools allow specific genome modification with the Clustered Regularly Interspaced Short Palindromic Repeats -CRSPR associated Protein 9 (CRISPR-Cas9) technology.

RESULTS

Functional characterization of the lncRNA PVT1 in vivo
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Introduction

Long non-coding RNAs (lncRNAs) emerged as key regulators of a wide range of biological processes, such as development and cell differentiation [START_REF] Constanty | lncRNAs in development and differentiation: from sequence motifs to functional characterization[END_REF]Marchese et al., 2017;Perry & Ulitsky, 2016;[START_REF] Statello | Gene regulation by long noncoding RNAs and its biological functions[END_REF]Ulitsky & Bartel, 2013).

Their expressions have been linked to a vast number of human diseases, including almost all types of cancer (Esposito et al., 2019;Gutschner & Diederichs, 2012;Huarte, 2015). Relevant lncRNAs in cancer are mostly studied in specific cancer cell lines, considerably reducing the extrapolation of their functions. While lncRNAs represent an untapped source of therapeutic targets, only a handful have been thoroughly studied, with their mode of action elucidated (Bitetti et al., 2018;[START_REF] Constanty | lncRNAs in development and differentiation: from sequence motifs to functional characterization[END_REF][START_REF] Ross | Uncovering deeply conserved motif combinations in rapidly evolving noncoding sequences[END_REF][START_REF] Statello | Gene regulation by long noncoding RNAs and its biological functions[END_REF][START_REF] Taiana | LncRNA NEAT1 in Paraspeckles: A Structural Scaffold for Cellular DNA Damage Response Systems? Non-Coding RNA[END_REF][START_REF] Tripathi | The Nuclear-Retained Noncoding RNA MALAT1 Regulates Alternative Splicing by Modulating SR Splicing Factor Phosphorylation[END_REF]Uroda et al., 2019;[START_REF] Ziv | Structural features within the NORAD long noncoding RNA underlie efficient repression of Pumilio activity[END_REF]. Deciphering the physiologic role of lncRNAs would help to characterize their deregulation in diseases. In vivo studies are of utmost importance to characterize the functionality of lncRNAs in physiologic conditions [START_REF] Andergassen | From genotype to phenotype: genetics of mammalian long non-coding RNAs in vivo[END_REF]Bitetti et al., 2018;Kopp et al., 2019;Nakagawa et al., 2012). Although these studies are limited to the evolutionarily conserved lncRNAs, hundreds of lncRNAs are conserved from humans to zebrafish (Hezroni et al., 2015). These represent a compelling source of lncRNAs to be characterized.

To understand the evolution and the functional contribution of conserved lncRNAs, we studied the cancer-associated Plasmacytoma variant translocation 1 (PVT1) lncRNA. This lncRNA, was identified as a locus involved in human lymphoma [START_REF] Cory | Variant (6;15) translocations in murine plasmacytomas involve a chromosome 15 locus at least 72 kb from the c-myc oncogene[END_REF][START_REF] Graham | Chromosome 8 breakpoint far 3′ of the c-myc oncogene in a Burkitt's lymphoma 2;8 variant translocation is equivalent to the murine pvt-1 locus[END_REF][START_REF] Webb | Variant (6 ; 15) translocation in a murine plasmacytoma occurs near an immunoglobulin κ gene but far from the myc oncogene[END_REF]. Its expression is upregulated in a wide range of human diseases [START_REF] Ghetti | Linear and circular PVT1 in hematological malignancies and immune response: two faces of the same coin[END_REF][START_REF] Guo | Aberrant expressions of MIAT and PVT1 in serum exosomes of schizophrenia patients[END_REF][START_REF] Hanson | Identification of PVT1 as a Candidate Gene for End-Stage Renal Disease in Type 2 Diabetes Using a Pooling-Based Genome-Wide Single Nucleotide Polymorphism Association Study[END_REF], cancers included [START_REF] Onagoruwa | Oncogenic Role of PVT1 and Therapeutic Implications[END_REF][START_REF] Tseng | PVT1 dependence in cancer with MYC copy-number increase[END_REF][START_REF] Tseng | The PVT1-MYC duet in cancer[END_REF]. PVT1 expression is associated with poor prognosis and poor survival of cancer patients [START_REF] Bi | LncRNA-PVT1 indicates a poor prognosis and promotes angiogenesis via activating the HNF1B/EMT axis in glioma[END_REF][START_REF] He | Long non-coding RNA PVT1 predicts poor prognosis and induces radioresistance by regulating DNA repair and cell apoptosis in nasopharyngeal carcinoma[END_REF][START_REF] Kong | Long noncoding RNA PVT1 indicates a poor prognosis of gastric cancer and promotes cell proliferation through epigenetically regulating p15 and p16[END_REF]Yang et al., 2017). PVT1 is located downstream of the MYC protein-coding gene in vertebrates (Hezroni et al., 2015). Intriguingly, PVT1 is deeply conserved in vertebrates without sequence conservation (Hezroni et al., 2015). Reports showed that PVT1 acts as an oncogene by interacting with miRNAs (Wang et al., 2019). Other more relevant studies showed that PVT1 interacts with proteins including the MYC proto-oncogene protein. This interaction protects MYC from degradation and promotes tumorigenesis (Guo et al., 2018;[START_REF] Tseng | PVT1 dependence in cancer with MYC copy-number increase[END_REF][START_REF] Tseng | The PVT1-MYC duet in cancer[END_REF]Xu et al., 2017;Xu et al., 2017;Yang et al., 2017;[START_REF] Zhou | Long noncoding RNA PVT1 modulates thyroid cancer cell proliferation by recruiting EZH2 and regulating thyroid-stimulating hormone receptor (TSHR)[END_REF]. Remarkably, recent studies showed that a specific variant of PVT1 act as a tumor suppressor in a p53-dependent manner, in human and mouse cells [START_REF] Olivero | p53 Activates the Long Noncoding RNA Pvt1b to Inhibit Myc and Suppress Tumorigenesis[END_REF].

Although PVT1 is the first ncRNA locus identified in the human genome and is a therapeutical target, its mode of action is still understudied.

In this study, we characterize the functional conservation of the lncRNA PVT1 in development.

We show that despite the lack of sequence conservation in vertebrate species, PVT1 homologous transcripts share two deeply conserved short RNA motifs. The genetic removal of these motifs from the zebrafish transcripts led to multiple developmental defects. The comprehensive study of zebrafish pvt1 gene regulation showed that the zebrafish and human pvt1 transcripts are under the control of the same transcriptional pathways.

Results

PVT1 transcripts harbor deeply conserved RNA-motifs

In vertebrates, PVT1 is located downstream of the protein-coding gene MYC (Hezroni et al., 2015). In zebrafish, due to a full genome duplication during teleost fish evolution, two PVT1 homologous genes were identified (Hezroni et al., 2015). These two lncRNAs are localized downstream of the myca and mycb genes, thus named lnc-myca and lnc-mycb respectively (Fig 8A). Interestingly, lnc-myca and myca expression were correlated during zebrafish development (SuppFig 8A). The correlation between lnc-mycb and mycb expression was not significant throughout development but we observed a correlation at specific developmental stages (SuppFig 8B). These suggest that pvt1 homologous genes share common DNA regulatory elements with the myc protein-coding genes in zebrafish. Since subcellular localization defines the molecular function of lncRNAs (Chen, 2016;Guo et al., 2020), we defined the sublocalization of the lnc-myc RNAs. Interestingly, as the human PVT1 [START_REF] Kong | Long noncoding RNA PVT1 indicates a poor prognosis of gastric cancer and promotes cell proliferation through epigenetically regulating p15 and p16[END_REF], both lnc-myca and lnc-mycb transcripts are predominantly present in the nucleus (Fig 8B,SuppFig 8C). This results in the possible conservation of molecular functions. Linear sequence conservation often supports conserved functions. However, mammalian and zebrafish homologous transcripts do not share alignable sequence conservation (Fig 8A) (Hezroni et al., 2015). Nonetheless, short RNA motifs (k-mers) emerged as an alternative to decode conserved molecular functions between fast-evolving transcripts (Kirk et al., 2018;[START_REF] Ross | Uncovering deeply conserved motif combinations in rapidly evolving noncoding sequences[END_REF]. Using the newly published lncLOOM algorithm [START_REF] Ross | Uncovering deeply conserved motif combinations in rapidly evolving noncoding sequences[END_REF] ). The specific removal of the RNA motifs in the zebrafish transcripts did not impact the expression of the myc mRNA (SuppFig 8I). These results show that the two identified motifs are not involved in transcript stabilization nor act as enhancers for myc expression during development.

Genetic ablation of the RNA motifs in zebrafish leads to multiple developmental defects

To eliminate any potential compensation by homologous transcripts, we generated double homozygous pvt1 mutants (SuppFig 8D-G). When crossing double heterozygous fish, the expected ratio is 1/16 of fish being Wild-Type (WT) and 1/16 of double homozygous mutants.

At the adult stage of at least 2-months, we repetitively retrieved (from 5 independent crosses) a lower number of double homozygous mutants. On average, we retrieved 1/50 double homozygous mutants (Fig 9A). The non-Mendelian distribution was specific to the double homozygous mutants and, to some extent, to the lnc-myca heterozygous and lnc-mycb homozygous mutants (Fig 9A). Mendelian distribution of the genotypes was observed at 2 days post-fertilization (dpf) but not at the adult stage (SuppFig 9A & B). Thus, the lnc-myc partial deletion impaired the survival of embryos to adulthood. Intriguingly, the impaired survival of the embryos was exacerbated as the parents were aging (SuppFig 9C). 3-months-old fish gave rise to a limited number of double homozygous mutant embryos surviving to adulthood, whereas 12-months-old fish did not give rise to double homozygous mutant adult fish (SuppFig 9C). This was also observed for the lnc-myca heterozygous and lnc-mycb homozygous mutants as their number considerably decreased in the progeny upon the aging of the parents (SuppFig 9C).

A fraction of double homozygous mutant embryos developed multiple developmental defects. They first appeared at 3 dpf, with pericardial edema, yolk retention, and general body misshape (Fig 9B,SuppFig 9D). At 6 dpf these embryos displayed aggravated developmental defects, with pericardial and yolk edema, eye edema, no inflation of the swim bladder, malformation of the head, eye, and jaw, and general body misshape (Fig 9B, SuppFig 9D). The pericardial, yolk, and eyes edema were not present in all embryos. Therefore, the other observed features were used to determine if the embryos had developmental defects (SuppFig 9D). Although not all double homozygous mutant embryos displayed these defects, an important proportion of embryos did, around 30 to 40% (Fig 9C). As expected, simple homozygous embryos did not display the same proportion of embryos with defects (~5-10%) (Fig 9C). Thus, there is a possible compensation mechanism between the two transcripts. From 3 dpf, two groups of embryos can be distinguished: embryos with developmental defects (named DD) and embryos with no developmental defects (named nDD).

The embryonic developmental defects are associated with an increase of the p53 pathway and apoptosis

To decipher the impact of the RNA motifs deletion at the molecular level, we analyzed the transcriptome of 1 dpf embryo by RNA-seq. At this development stage, no developmental defects could be observed at the organism level. However, we reasoned that the transcriptome could be impacted before the appearance of the first developmental defects. Because of the incomplete penetrance, we sequenced single embryos, 5 WT, and 14 double homozygous ). The p53 pathway is a regulator of the stress response, its activation is triggered by cellular stress. Among others, ribosome biogenesis stress is known to trigger the p53 pathway [START_REF] Golomb | p53 and ribosome biogenesis stress: The essentials[END_REF]. Intriguingly, p53 upregulation during zebrafish development is known to lead to developmental defects [START_REF] Chakraborty | Loss of Ribosomal Protein L11 Affects Zebrafish Embryonic Development through a p53-Dependent Apoptotic Response[END_REF][START_REF] Danilova | p53 Upregulation Is a Frequent Response to Deficiency of Cell-Essential Genes[END_REF][START_REF] Liu | Knockdown of Zebrafish Fancd2 Causes Developmental Abnormalities via p53-Dependent Apoptosis[END_REF][START_REF] Plaster | p53 deficiency rescues apoptosis and differentiation of multiple cell types in zebrafish flathead mutants deficient for zygotic DNA polymerase δ1[END_REF].

To determine the differentially expressed genes associated with the appearance of developmental defects, we performed an RNA-seq of embryos with developmental defects (DD) at 3 dpf (Fig 10F). Despite multiple developmental defects, we did not retrieve a considerable amount of misregulated genes in the DD embryos, with 499 (3,9%) genes upregulated and 937 (7,3%) genes downregulated (Fig 10G). This could suggest that specific pathways are impacted upon the deletion. The p53 pathway and apoptosis were upregulated in DD embryos (Fig 10H, SuppFig 10D-F). Interestingly, in the same embryos, we detected a downregulation of glycolysis and purine metabolism (SuppFig 10D-F). This is concordant with the p53 pathway upregulation as p53 is known to directly repress the transcription of glucose transporters (Schwartzenberg- [START_REF] Schwartzenberg-Bar-Yoseph | The Tumor Suppressor p53 Down-Regulates Glucose Transporters GLUT1 and GLUT4 Gene Expression[END_REF]. P53 also regulates glucose metabolism by direct or indirect regulation of key enzymes of the glycolysis pathway [START_REF] Bensaad | TIGAR, a p53-Inducible Regulator of Glycolysis and Apoptosis[END_REF][START_REF] Franklin | p53 coordinates DNA repair with nucleotide synthesis by suppressing PFKFB3 expression and promoting the pentose phosphate pathway[END_REF][START_REF] Jiang | p53 regulates biosynthesis through direct inactivation of glucose-6-phosphate dehydrogenase[END_REF][START_REF] Ros | 6-Phosphofructo-2-kinase/fructose-2,6-biphosphatase 4 is essential for p53-null cancer cells[END_REF]Wang et al., 2014;Zhang et al., 2014).

The downregulation of the purine metabolism could be interpreted by p53 inhibition of the pentose phosphate pathway (PPP) [START_REF] Jiang | p53 regulates biosynthesis through direct inactivation of glucose-6-phosphate dehydrogenase[END_REF], an essential precursor for the biosynthesis and metabolism of purines [START_REF] Xu | Rewiring of purine metabolism in response to acidosis stress in glioma stem cells[END_REF]. In order to evaluate the specificity of the p53 pathway upregulation with the appearance of developmental defects, we analyzed the These results highlight the specificity of the p53 pathway and apoptosis upregulation associated with developmental defects. These results are in accordance with previous findings that linked p53 and apoptosis upregulation to developmental defects in zebrafish [START_REF] Chakraborty | Loss of Ribosomal Protein L11 Affects Zebrafish Embryonic Development through a p53-Dependent Apoptotic Response[END_REF][START_REF] Danilova | p53 Upregulation Is a Frequent Response to Deficiency of Cell-Essential Genes[END_REF][START_REF] Liu | Knockdown of Zebrafish Fancd2 Causes Developmental Abnormalities via p53-Dependent Apoptosis[END_REF][START_REF] Plaster | p53 deficiency rescues apoptosis and differentiation of multiple cell types in zebrafish flathead mutants deficient for zygotic DNA polymerase δ1[END_REF].

Myc proteins level is upregulated at the onset of the developmental defects

The PVT1 gene is located downstream of the MYC protein-coding genes in vertebrates (Hezroni et al., 2015). LncRNAs are known to impact gene expression in cis [START_REF] Gil | Regulation of gene expression by cis-acting long non-coding RNAs[END_REF].

Thus, myc is a potential gene impacted by the pvt1 partial deletion in zebrafish. In addition, mPvt1 accumulates at its transcription site [START_REF] Olivero | p53 Activates the Long Noncoding RNA Pvt1b to Inhibit Myc and Suppress Tumorigenesis[END_REF], and binds to and control myc protein expression level [START_REF] Tseng | The PVT1-MYC duet in cancer[END_REF] The partial deletion of the lnc-myc RNAs had a limited impact on myc gene expressions.

At 1 dpf, mycb, but not myca, was upregulated in embryos of group 2 and no impairment of myc expression was observed in embryos of group 1 (Fig 11A). HOMER analysis revealed an enrichment of myc binding sites at the promoter of transcripts showing higher RNA levels in embryos from both groups of double homozygous mutants (SuppFig 11A). This suggests the transcriptional activity of myc proteins in both groups of mutants that was not accompanied by an upregulation of myc gene expression in both groups (Fig 11A). The protein level of myc was not quantifiable at 1 dpf by western blot due to the low protein yield at this developmental stage. MYC hyperactivity is often linked to increased translation and cell proliferation as MYC drives essential pathways like ribosome biogenesis [START_REF] Dang | MYC on the Path to Cancer[END_REF][START_REF] Mori | c-Myc overexpression increases ribosome biogenesis and protein synthesis independent of mTORC1 activation in mouse skeletal muscle[END_REF][START_REF] Poortinga | MAD1 and c-MYC regulate UBF and rDNA transcription during granulocyte differentiation[END_REF][START_REF] Poortinga | c-MYC coordinately regulates ribosomal gene chromatin remodeling and Pol I availability during granulocyte differentiation[END_REF], pathway found upregulated in both groups, at 1 dpf (Fig 10D &E).

With the appearance of the first developmental defects at 3 dpf, the myc protein level was upregulated in the DD embryos (Fig 11B-C). This upregulation was not along with an increase of the expression as myca and mycb expression were stable in DD embryos (SuppFig 11B & C). Interestingly, the myc protein level increased was accompanied by an upregulation of the truncated lnc-myc RNAs, specifically in the DD embryos (Fig 11D). Consistently, sequence analysis in the vicinity of the lnc-myc promoters highlighted the presence of a myc binding site (E-Box) localized at the promoter of lnc-myca and lnc-mycb genes (Fig 11E,SuppFig 11D & E). A p53 response elements (REs) was also found 3 kb downstream of the lnc-myca promoter (Fig11E, SuppFig 11D & E). To establish confidence in the functionality of the identified binding sites, we performed the same sequence analysis using the mouse Pvt1 promoter. We identified, with similar confidence, the presence of Myc and P53 binding sites, previously identified as functional [START_REF] Carramusa | The PVT-1 oncogene is a Myc protein target that is overexpressed in transformed cells[END_REF]Olivero et al., 2020) (Fig 11E, SuppFig 11D & E). This suggests that, as in humans [START_REF] Tseng | The PVT1-MYC duet in cancer[END_REF], zebrafish pvt1 expressions might be driven by myc.

Later in development, at 6 dpf, DD embryos have important developmental defects (Fig 9B). Interestingly at this developmental stage myc expression was downregulated in DD embryos at the RNA level (SuppFig 11F), accompanied by a significantly impaired protein level (SuppFig 11G & H). Because DD embryos are severely impacted at this development stage, cell proliferation and gene expression globally might be impaired.

In summary, our data show an upregulation, at the protein level, of the protein myc.

This upregulation happened at the onset of the developmental defects, with myc being transcriptionally active before the first appearance of the defects. Interestingly, the lnc-myc RNAs are also upregulated. This could be due to the transcriptional regulations of these genes by myc as myc binding sites are found at the promoters of these genes.

Zebrafish pvt1 homolog expression is induced by stress

Motifs analysis of the lnc-myc promoters identified p53 REs specifically in the vicinity of the lnc-myca promoter (Fig 11E,SuppFig 11D & E). Interestingly, this suggests that, as in mice and humans, the zebrafish transcript expression could be driven by p53 in stress conditions. To test this, embryos were treated with camptothecin (CPT), a topoisomerase I inhibitor, leading to the accumulation of single and double DNA breaks in the genome, which induces the p53 pathway [START_REF] Langheinrich | Zebrafish as a Model Organism for the Identification and Characterization of Drugs and Genes Affecting p53 Signaling[END_REF]. The embryos were treated with different concentrations of CPT, inducing the p53 pathway in a non-concentration-dependent manner (SuppFig 12A).

As expected, only the lnc-myca expression was responsive to CPT treatment and not the lnc- ). As anticipated, tp53 morpholinos injection did not impact lnc-mycb expression in stress-induced conditions (SuppFig 12F). These results show that the zebrafish pvt1 homologous transcript, lnc-myca, expression is induced upon DNA damages in a p53-dependent manner. P53 is a master regulator of stress, it is activated upon stress signal and acts to induce the expression of target genes to reduce cellular stress [START_REF] Williams | p53 in the DNA-Damage-Repair Process[END_REF]. Thereby, lnc-myca might act in the stress response pathway upon DNA damage.

Interestingly, these results are concordant with previously published results in humans and mice where PVT1 is involved in the stress response pathway in a p53-dependent manner [START_REF] Olivero | p53 Activates the Long Noncoding RNA Pvt1b to Inhibit Myc and Suppress Tumorigenesis[END_REF].

Partial deletion of pvt1 impacts the erythroid lineage

LncRNAs are known to be expressed in a tissue-specific manner. As such, we analyzed available scRNA-seq data across mice development [START_REF] Cao | The single-cell transcriptional landscape of mammalian organogenesis[END_REF][START_REF] Pijuan-Sala | A single-cell molecular map of mouse gastrulation and early organogenesis[END_REF].

Interestingly both available datasets, which include data from mice gastrulation and organogenesis (from E6.5 to E13.5) [START_REF] Cao | The single-cell transcriptional landscape of mammalian organogenesis[END_REF][START_REF] Pijuan-Sala | A single-cell molecular map of mouse gastrulation and early organogenesis[END_REF], showed that mPvt1 is specifically expressed in erythroid lineage during mice development (SuppFig 12G).

MYC is also expressed in the erythroid lineage, with reports showing that MYC expression is essential for erythropoiesis [START_REF] Guo | c-Myc-mediated control of cell fate in megakaryocyte-erythrocyte progenitors[END_REF] and other demonstrating that MYC downregulation is indispensable for terminal erythroid maturation [START_REF] Jayapal | Downregulation of Myc Is Essential for Terminal Erythroid Maturation[END_REF]. The correct erythroid formation is vital for oxygen transport in the organism, a lower rate of red blood cells could drive anemia. Double homozygous mutants showed a significantly higher proportion of larvae with lower hemoglobin staining (41% vs 17% in WT) at 2 dpf (Fig 12C & D). This could drive the development of anemia in double homozygous mutants. Erythroid are known as the sink of oxidative stress in the organism due to their primary function as oxygen transporter [START_REF] Kramer | TP53 Modulates Oxidative Stress in Gata1 + Erythroid Cells[END_REF][START_REF] Scott | Erythrocyte defense against hydrogen peroxide: Preeminent importance of catalase[END_REF]. We tested if oxidative resistance in the double homozygous mutants was impaired. To avoid any bias due to the developmental defects, we selected only nDD embryos at 3 dpf. nDD embryos were more sensitive to oxidative stress (Fig 12E) with roughly two times more embryos (38%) dying upon oxygen peroxide treatment than WT embryos (22%) (Fig 12E). These results show that nDD mutants, while not having visible developmental defects, are more susceptible to oxidative stress.

These results show that a larger proportion of double homozygous mutants might develop anemia and are sensitive to oxidative stress. Interestingly, the proportion of embryos with abnormal hemoglobin staining at 2 dpf (41%) is approximately equal to the proportion of nDD embryos with survival impairment upon oxidative stress (38%). The same observation can be made for the WT embryos (17% vs 22% respectively). This suggests that the embryos with lower hemoglobin staining at 2 dpf are not embryos that will specifically have developmental defects later in development. Thus, the erythroid impairment upon the RNA motifs deletion might be independent of myc and p53 upregulation.

Discussion

Here, we established the first in vivo model to study PVT1 lncRNA functionality in physiology.

We showed that vertebrate PVT1 homologous transcripts share two deeply conserved RNA motifs. Interestingly, these two motifs were present multiple times on the different PVT1 homologous transcripts showing their putative involvement as protein binding sites. While some motifs are distant, the secondary structure of the RNA might bring the motifs in the vicinity of each other. These conserved motifs could drive a conserved molecular function of PVT1 in vertebrates as no alignable sequence conservation is detected in vertebrate PVT1 homologous transcripts (Figure 13).

The specific genetic ablation of the region containing the motifs allows a minimally invasive approach. It is known that the 5' part of the PVT1 locus contains enhancers that drive MYC and PVT1 expression [START_REF] Cho | Promoter of lncRNA Gene PVT1 Is a Tumor-Suppressor DNA Boundary Element[END_REF]. Therefore, selectively impaired PVT1 expression without impacting MYC expression is challenging but our approach allowed it. Remarkably, the remaining parts of the transcripts are still expressed, indicating that the deletion did not impact the transcription of the locus. Surprisingly, we observed some variability in the number of retrieved fish at 2-months-old in each genotype, with the most variable genotype being the lnc-myca heterozygous and lnc-mycb homozygous mutants. This can be due to the difference in the parents' ages used for the independent crosses. Indeed, the impaired survival was dependent on the age of the parents.

It is known that lncRNAs are expressed in a tissue-specific manner. In this study, we did not determine the tissues where the lnc-myc RNAs were expressed in zebrafish. The relatively low expression of the lnc-myc RNAs made the detection of the transcripts, by in situ hybridization, challenging. Hence, scRNA-seq would be required to determine the tissue where these transcripts are expressed. While some scRNA-seq are available from different stages of zebrafish development, the lnc-myc genes are not annotated in the zebrafish latest genome release, limiting the use of these data. It can be surprising to observe multiple developmental defects in a multicellular organism upon the partial deletion of the zebrafish pvt1 lncRNAs.

Interestingly, previous reports already demonstrated that the upregulation of the p53 pathway and apoptosis during zebrafish development led to multiple developmental defects [START_REF] Chakraborty | Loss of Ribosomal Protein L11 Affects Zebrafish Embryonic Development through a p53-Dependent Apoptotic Response[END_REF][START_REF] Danilova | p53 Upregulation Is a Frequent Response to Deficiency of Cell-Essential Genes[END_REF][START_REF] Liu | Knockdown of Zebrafish Fancd2 Causes Developmental Abnormalities via p53-Dependent Apoptosis[END_REF][START_REF] Plaster | p53 deficiency rescues apoptosis and differentiation of multiple cell types in zebrafish flathead mutants deficient for zygotic DNA polymerase δ1[END_REF].

The observed phenotype might be therefore the consequences of the p53 pathway upregulation upon the partial lnc-myc deletion. Indeed, we observed an increase of the p53 pathway prior to the visible developmental defects. A rescue experiment, injecting tp53 morpholino, would be required to confirm it. This experiment was not performed in our study as we noticed that the proportion of double homozygous mutants with developmental defects was highly variable between the parents crossed, making the rescue experiments challenging. This variation could be due to the selection of escapees "resistant" to the p53 upregulation. We observed a sex ratio bias in the double homozygous mutants with a higher proportion of males than females at the adult stage. This is concomitant with previous results showing that upregulation of the p53 pathway and apoptosis during sex reversal led to a sex ratio bias in zebrafish towards males [START_REF] Rodríguez-Marí | Sex Reversal in Zebrafish fancl Mutants Is Caused by Tp53-Mediated Germ Cell Apoptosis[END_REF]. Suggesting that the fish recovered at the adult stage are escapees "resistant" to the upregulation of the p53 pathway leading to a higher proportion of embryos that do not have developmental defects in the progeny. Interestingly, we observed a correlation between the upregulation of the myc proteins level and the lnc-myc expression. However, a western blot of the myc protein in nDD embryos would be required to confirm it. This could be due to the induction of the lnc-myc expression by myc as we identified myc binding motifs at the promoters of the lncRNAs. Moreover, the lnc-myc transcripts may participate in the stabilization of the myc proteins. Indeed, it was previously shown that PVT1 stabilizes MYC at the protein level [START_REF] Alessio | Single cell analysis reveals the involvement of the long non-coding RNA Pvt1 in the modulation of muscle atrophy and mitochondrial network[END_REF][START_REF] Lee | N 6methyladenosine modification of lncRNA Pvt1 governs epidermal stemness[END_REF][START_REF] Tseng | PVT1 dependence in cancer with MYC copy-number increase[END_REF][START_REF] Tseng | The PVT1-MYC duet in cancer[END_REF]. Here we can suggest that the deletion did not impact the pvt1/myc interaction, showing positive feedback between lnc-myc lncRNAs and myc proteins as in human cancer [START_REF] Tseng | The PVT1-MYC duet in cancer[END_REF]. A complete inhibition of the zebrafish pvt1 expression would be required to confirm the involvement of the lncRNAs in myc proteins stabilization in zebrafish.

This study represents the first in vivo analysis of the physiological function of the cancerassociated lncRNA PVT1. Deletion of the deeply conserved RNA motifs leads to developmental defects. Interestingly these defects might be due to the higher myc proteins level in mutants and the p53 pathway upregulation. However, scRNA-seq would be required as conclusions from a multicellular organism are challenging. We found that features and function of the lncRNA PVT1 might be conserved from humans to the zebrafish with: (1) the presence of myc recognition sites at the promoters of the lnc-myc genes, showing the possible involvement of the lnc-myc RNA in the myc pathway; (2) the involvement of the lnc-myca transcript in the p53 pathway upon DNA damage; (3) the partial deletion of the lnc-myc RNA impacting the development of the erythroid lineage (Figure 13). Frequency of embryos with developmental defects or with no abnormalities in the given genotype, at 6 dpf. The total number of embryos analyzed is indicated underneath the respective genotype.

This observation was performed over 3 independent crosses of each genotype, SD represents the variability of frequency between the crosses. 

ADDITIONAL RESULTS

3.1

The deeply conserved RNA motifs drive the interaction of the PVT1 lncRNA with key DNA repair factors

We showed that vertebrate PVT1 homologous transcripts share deeply conserved k-mers.

These short RNAs motifs recently emerged as an alternative to sequence conservation driving conserved molecular mechanisms of lncRNAs across species [START_REF] Ross | Uncovering deeply conserved motif combinations in rapidly evolving noncoding sequences[END_REF]. LncRNAs act mostly through protein interactions and the identified k-mers on PVT1 could correspond to protein binding sites. Thus, to analyze the PVT1 protein interactome in vertebrates and the proteins that specifically interact with the identified k-mers, we used our newly published technology in cell protein-RNA interaction (incPRINT) (Graindorge et al., 2019).

incPRINT is a powerful tool that allows assessing the interaction between one RNA of interest and ~3000 proteins (Graindorge et al., 2019) Intriguingly, the decrease of the interaction score, for the first motif, was approximatively similar between the RAD51C and NUSAP1 proteins (Fig 14F). These two proteins are key regulators of the DNA repair pathway [START_REF] Kotian | NUSAP1 influences the DNA damage response by controlling BRCA1 protein levels[END_REF][START_REF] Somyajit | Distinct Roles of FANCO/RAD51C Protein in DNA Damage Signaling and Repair[END_REF]. The scrambling of both motifs also identified the specific binding of the UPF3B protein (Fig 14F & G). However, this protein is involved in the Nonsense-Mediated Decay pathway, occurring in the cytoplasm [START_REF] Cui | Identification and characterization of genes that are required for the accelerated degradation of mRNAs containing a premature translational termination codon[END_REF][START_REF] He | Upf1p, Nmd2p, and Upf3p are interacting components of the yeast nonsense-mediated mRNA decay pathway[END_REF]. PVT1 interactome analysis with incPRINT allowed the identification of protein interactors conserved from mice to zebrafish. Moreover, the specific examination of protein interaction driven by the RNA motifs showed that RAD51C and NUSAP1 interact specifically with the RNA motifs harbored on PVT1. Interestingly, since these two proteins are essential DNA repair factors [START_REF] Kotian | NUSAP1 influences the DNA damage response by controlling BRCA1 protein levels[END_REF][START_REF] Somyajit | Distinct Roles of FANCO/RAD51C Protein in DNA Damage Signaling and Repair[END_REF], it suggests a role for PVT1 in this process. This is concordant with previously published reports and our findings showing that PVT1 expression responds to DNA damages in a p53-dependent manner [START_REF] Olivero | p53 Activates the Long Noncoding RNA Pvt1b to Inhibit Myc and Suppress Tumorigenesis[END_REF]. These interactions would need to be confirmed through orthogonal methods like RNA immunoprecipitation. The graphs show the ratio of interaction score between the WT and scrambled motif 1 (F) and motif 2 (G). In red are highlighted the proteins where the interaction score is higher upon scrambling of the motifs and in blue are the protein where the interaction score is decreased upon scrambling of the motifs.
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PVT1 has a limited impact on pluripotency

The lncRNA mPvt1 was previously described as highly expressed in stem cells [START_REF] Tuck | Distinctive features of lincRNA gene expression suggest widespread RNA-independent functions[END_REF]. Moreover, scRNA-seq of mouse embryonic stem cells (mESCs) revealed the high heterogeneity of mPvt1 expression [START_REF] Tuck | Distinctive features of lincRNA gene expression suggest widespread RNA-independent functions[END_REF]. mPvt1 is highly expressed in a subpart of the mESCs population, associated with high pluripotency [START_REF] Tuck | Distinctive features of lincRNA gene expression suggest widespread RNA-independent functions[END_REF]. Thereby, we analyzed the involvement of mPvt1 in pluripotency and cell differentiation.

We used several approaches to inactivate Pvt1 in mouse ESCs. To avoid impacting Myc expression, located upstream, we first performed deletion of the 3' part of the transcript, with CRISPR-Cas9. Interestingly, while we were able to retrieve homozygous mutants, Pvt1 expression was not impacted, as the 5' part was still stably expressed (Fig 15A). Because we aimed for a full Pvt1 inactivation, we then pursue with termination signal insertion [START_REF] Anderson | Transcription of the non-coding RNA upperhand controls Hand2 expression and heart development[END_REF][START_REF] Ballarino | Deficiency in the nuclear long noncoding <scp>RNA</scp> Charme causes myogenic defects and heart remodeling in mice[END_REF][START_REF] Bond | Balanced gene regulation by an embryonic brain ncRNA is critical for adult hippocampal GABA circuitry[END_REF]Grote et al., 2013;Lavalou et al., 2019;[START_REF] Yamanishi | Collection of homozygous mutant mouse embryonic stem cells arising from autodiploidization during haploid gene trap mutagenesis[END_REF]. Interestingly, both BGH and SV40 polyA termination signal insertions did not impact the transcription as we observed readthrough (Fig 15B &C). Taken together, these results show that while being highly expressed in mESCs, Pvt1 does not seem to play a role in pluripotency. Moreover, cell differentiation did not show any differences between the WT and mutant cell lines, highlighting the limited impact of Pvt1 genetic manipulation on pluripotent stem cells. This limited impact can be due to the incomplete 

DISCUSSION AND PERSPECTIVES

Zebrafish as a model organism to study lncRNA functions

LncRNAs have emerged as major regulators of a wide range of biological processes [START_REF] Constanty | lncRNAs in development and differentiation: from sequence motifs to functional characterization[END_REF]Perry & Ulitsky, 2016;[START_REF] Statello | Gene regulation by long noncoding RNAs and its biological functions[END_REF]Ulitsky & Bartel, 2013).

With the discovery of the first non-coding transcripts with physiological functions [START_REF] Brockdorff | Conservation of position and exclusive expression of mouse Xist from the inactive X chromosome[END_REF][START_REF] Brockdorff | The product of the mouse Xist gene is a 15 kb inactive Xspecific transcript containing no conserved ORF and located in the nucleus[END_REF][START_REF] Brown | The human XIST gene: Analysis of a 17 kb inactive X-specific RNA that contains conserved repeats and is highly localized within the nucleus[END_REF][START_REF] Sleutels | The non-coding Air RNA is required for silencing autosomal imprinted genes[END_REF], an enthusiastic interest followed in the systematic identification of lncRNAs in different vertebrate species (Hezroni et al., 2015;[START_REF] Pauli | Systematic identification of long noncoding RNAs expressed during zebrafish embryogenesis[END_REF]Ulitsky et al., 2011), including mammals [START_REF] Carninci | The Transcriptional Landscape of the Mammalian Genome[END_REF][START_REF] Katayama | Integrated analysis of the genome and the transcriptome by FANTOM[END_REF]The ENCODE Project Consortium, 2007). These studies notably revealed the presence of thousands of lncRNA loci, some of which are being conserved from humans to zebrafish (Hezroni et al., 2015).

Studies of lncRNAs in zebrafish were first driven by the urge to decipher their evolutionary trajectory (Bitetti et al., 2018;Lin et al., 2014;Ulitsky et al., 2011). Then, following annotation of lncRNAs in vertebrate species, it was noticed that intergenic lncRNAs were mostly located near genes involved in transcription and development [START_REF] Amaral | Genomic positional conservation identifies topological anchor point RNAs linked to developmental loci[END_REF][START_REF] Herriges | Long noncoding RNAs are spatially correlated with transcription factors and regulate lung development[END_REF]Necsulea et al., 2014;Ulitsky et al., 2011). This suggested that these lncRNAs might have a role in developmental processes since lncRNAs can regulate gene expression in cis [START_REF] Gil | Regulation of gene expression by cis-acting long non-coding RNAs[END_REF]. This feature further put the spotlight on zebrafish as a relevant model to study lncRNA function. Indeed, due to their external fertilization and development, the zebrafish is an ideal model to study development (Goudarzi et al., 2019;Lavalou et al., 2019;Sarangdhar et al., 2018;Wu et al., 2019). Beyond being an appealing developmental model, the zebrafish can also be used to model human diseases [START_REF] Bradford | Zebrafish Models of Human Disease: Gaining Insight into Human Disease at ZFIN[END_REF][START_REF] Choi | Zebrafish as an animal model for biomedical research[END_REF], for protein-coding genes misregulated in human diseases [START_REF] Berger | Zebrafish models flex their muscles to shed light on muscular dystrophies[END_REF][START_REF] Guella | Mutational screening and zebrafish functional analysis of GIGYF2 as a Parkinson-disease gene[END_REF] but also for lncRNAs with potential pathological impact.

Similarly, a recent study led to the characterization of novel zebrafish lncRNAs with potential relevance for Alzheimer's disease in humans [START_REF] Banerjee | Genome-wide identification of novel long non-coding RNAs and their possible roles in hypoxic zebrafish brain[END_REF]. Therefore, the zebrafish studies considerably participate in lncRNA characterization in human diseases.

Developmental differences between zebrafish and mammals may also be of interest to addressing lncRNA function. In contrast to eutherians, zebrafish embryos develop externally, without extraembryonic tissues. While this may limit studying lncRNA functions in these specific tissues, it also allows overcoming spontaneous abortion that may result from essential lncRNA function in these tissues. It is therefore an attractive model to separate functional requirements in extraembryonic and embryonic tissues. In mammals, the PVT1 lncRNA has been shown to be essential for the viability and proliferation of the trophoblast, an extraembryonic structure that is vital for embryo implantation and the formation of a functional placenta [START_REF] Latos | From the stem of the placental tree: trophoblast stem cells and their progeny[END_REF]. Accordingly, PVT1 downregulation leads to spontaneous abortion and gestational diabetes [START_REF] Qin | Plasmacytoma variant translocation 1 ( PVT1 ) regulates trophoblast viability, proliferation, and migration and is downregulated in spontaneous abortion[END_REF]Wang et al., 2019). Thus, the zebrafish model allows studying PVT1 functionality using a straightforward genetic manipulation, whereas its study in mammals would require conditional genetic manipulations. During my PhD, I characterized the lncRNA pvt1 in zebrafish to study the evolutionarily conserved function of this lncRNA in a vertebrate specie. The absence of extraembryonic tissues was a notable advantage to generate and maintain mutant pvt1 colonies.

Nevertheless, despite the advantages of the zebrafish model, very few lncRNAs have been characterized in zebrafish so far. This can be explained by the lower number of lncRNAs that are conserved from humans to zebrafish than from humans to mice. Moreover, more molecular tools are available for studying lncRNAs in mice. However, the growing interest for using zebrafish in lncRNA studies will certainly promote in the coming years the implementation of state-of-the-art tools applicable to this model.

Short RNA motifs to predict lncRNA function

The function of lncRNAs is nowadays mostly described through loss-of-function genetic approaches, which can be challenging. First, the tissue specificity and low expression of lncRNAs [START_REF] Cabili | Integrative annotation of human large intergenic noncoding RNAs reveals global properties and specific subclasses[END_REF]Derrien et al., 2012;[START_REF] Mercer | Specific expression of long noncoding RNAs in the mouse brain[END_REF] complexify lncRNA studies, especially in multicellular organisms. It is essential to study the tissues where a lncRNA of interest is expressed, but identification of the expressing tissue might be difficult, as RNA-seq or scRNA-seq may not detect lncRNAs due to their low expression. Second, it is challenging to accurately associate lncRNAs with a molecular function, as they can act at different molecular levels, in cis, in trans, transcriptionally, post-transcriptionally, and posttranslationally [START_REF] Constanty | lncRNAs in development and differentiation: from sequence motifs to functional characterization[END_REF]Marchese et al., 2017;[START_REF] Statello | Gene regulation by long noncoding RNAs and its biological functions[END_REF].

For these reasons, efforts have been recently developed to try to identify specific molecular determinants that underlie the function of a lncRNA [START_REF] Ross | Discovering functional motifs in long noncoding <scp>RNAs</scp>[END_REF] and to further perform function prediction of uncharacterized lncRNAs, as it is done in proteins [START_REF] Loewenstein | Protein function annotation by homology-based inference[END_REF]. However, we are still in the early days of this type of approach.

Two main molecular determinants can be exploited to predict lncRNA functions: the primary sequence [START_REF] Constanty | lncRNAs in development and differentiation: from sequence motifs to functional characterization[END_REF]Kirk et al., 2018;[START_REF] Ross | Uncovering deeply conserved motif combinations in rapidly evolving noncoding sequences[END_REF], or the secondary and tertiary RNA structure (Diederichs, 2014;[START_REF] Graf | From structure to function: Route to understanding lncRNA mechanism[END_REF][START_REF] Smith | Widespread purifying selection on RNA structure in mammals[END_REF][START_REF] Zampetaki | Long Non-coding RNA Structure and Function: Is There a Link[END_REF]. It is also included that the function of lncRNAs can be driven by both the sequence and the structure of the RNA in synergy. We have already reviewed in Constanty & Shkumatava the predominant role that the primary sequence can play in lncRNA functions. However, since lncRNA sequence is less conserved than mRNA, it is unlikely that large domains can be identified. Nonetheless, the majority of described lncRNAs interact with proteins [START_REF] Constanty | lncRNAs in development and differentiation: from sequence motifs to functional characterization[END_REF][START_REF] Statello | Gene regulation by long noncoding RNAs and its biological functions[END_REF], and this property should help define functional protein binding motifs.

Binding motifs of RNA binding proteins are often degenerated and short (Dominguez et al., 2018;[START_REF] Taliaferro | RNA Sequence Context Effects Measured In Vitro Predict In Vivo Protein Binding and Regulation[END_REF]. Thus, two main algorithms have been developed to identify short RNA motifs within lncRNAs: SEEKR (Kirk et al., 2018) and lncLOOM [START_REF] Ross | Uncovering deeply conserved motif combinations in rapidly evolving noncoding sequences[END_REF]. The SEEKR algorithm identifies RNA motifs, or k-mers, on lncRNAs that are not evolutionarily conserved, from a user-defined group. SEEKR has previously allowed the identification of functional, degenerated RNA motifs, present in lncRNAs that are evolutionarily unrelated to Xist but harbor similar sequence motifs leading to similar functions (Kirk et al., 2018). In comparison, the lncLOOM algorithm identifies short k-mers on evolutionarily conserved lncRNAs from different species. This algorithm uses the syntenic conservation of short RNA motifs based on a graph representation of the input sequence. Thus, in this algorithm, the first uploaded sequence, called anchor, is essential as it will serve as a template for RNA motif discovery and evaluation. LncLOOM identifies perfectly conserved RNA motifs [START_REF] Ross | Uncovering deeply conserved motif combinations in rapidly evolving noncoding sequences[END_REF], even if proteins are known to bind degenerative sequences (Dominguez et al., 2018). This algorithm was successfully used on the CHASERR lncRNA, identifying two RNA motifs that were further shown to drive the interaction with the RNA helicase DHX36 [START_REF] Ross | Uncovering deeply conserved motif combinations in rapidly evolving noncoding sequences[END_REF]. These two algorithms demonstrated that primary sequence analysis of lncRNAs can successfully lead to the identification of functional RNA motifs. Thus, with the identification of motifs present on lncRNAs, a functional classification of lncRNAs by their k-mers content can be performed, to predict the function of uncharacterized lncRNAs (Kirk et al., 2018). However, because the identified motifs are relatively short (between 6 to 12 nt), they probably appear on RNA transcripts by chance, making challenging the identification of functional motifs on a single transcript. Thus, to characterize a lncRNA of interest, it is of utmost importance to use these algorithms with a group of lncRNAs to identify motifs that can be functional. The implementation of these algorithms will greatly improve the identification of the molecular grammar of lncRNAs, which should be followed by experimental approaches to associate motifs with specific functions. With the identification of more motifs, it may be possible to build a library to infer the function of uncharacterized lncRNAs.

In our study, I aimed to identify sequences that may underlie PVT1 function in vertebrates. I applied the lncLOOM algorithm to PVT1 transcripts from 11 vertebrate species and identified two deeply conserved RNA motifs. Interestingly, while the TGGATT motif is upstream of the TTTTTG motif in mammals, the synteny of these two motifs is inverted in other species, including the zebrafish. Since the lncLOOM algorithm is based on the synteny of motifs for their identification, these two motifs were identified using the human or the zebrafish lnc-mycb transcripts alternatively as anchors. The reasons for the inverted synteny among species are unknown. I found that these motifs are present multiple times in the PVT1 transcripts, reinforcing the idea that they could drive PVT1/protein interactions. In the longterm, the identification of proteins interacting with these motifs will be essential for understanding the function of the PVT1 lncRNA, but also of other lncRNAs harboring these motifs.

Genetic strategies to inactivate lncRNAs

Genetic manipulation of lncRNA genes is more challenging than protein-coding genes. While mutation of protein-coding genes can rely on small deletions or insertions (indels) to impair protein expression, inactivation of lncRNA expression requires invasive genetic manipulations [START_REF] Gao | Reverse-genetics studies of lncRNAs-what we have learnt and paths forward[END_REF]Lavalou et al., 2019). Moreover, different strategies to inactivate lncRNA expression can lead to divergent conclusions [START_REF] Anderson | Transcription of the non-coding RNA upperhand controls Hand2 expression and heart development[END_REF][START_REF] Han | The lncRNA Hand2os1 / Uph locus orchestrates heart development through regulation of precise expression of Hand2[END_REF]. One of the first in vivo lncRNA studies adopted a systematic deletion approach (Sauvageau et al., 2013). Although this was the best approach at the time, knowledge gained since then has shown the limitations of such deletions. Indeed, lncRNA loci harbor DNA regulatory elements like enhancers [START_REF] Cho | Promoter of lncRNA Gene PVT1 Is a Tumor-Suppressor DNA Boundary Element[END_REF]. In some cases, the transcription of the lncRNA, not the lncRNA transcript itself, carries out the function of the locus [START_REF] Anderson | Transcription of the non-coding RNA upperhand controls Hand2 expression and heart development[END_REF][START_REF] Furlan | The Ftx Noncoding Locus Controls X Chromosome Inactivation Independently of Its RNA Products[END_REF].

Several strategies have been developed, each with its advantages and pitfalls. Targeted deletion of the TSS can be used to abolish lncRNA transcription [START_REF] Alexanian | A transcribed enhancer dictates mesendoderm specification in pluripotency[END_REF]Lavalou et al., 2019). This minimally invasive strategy might lead to complete lncRNA inactivation in specific cell types or tissues. However, in other tissues, alternative TSSs might restore lncRNA expression, limiting its application in multicellular organisms (Lavalou et al., 2019). To overcome this issue of alternative TSS activation, insertion of premature polyadenylation cassettes was implemented [START_REF] Anderson | Transcription of the non-coding RNA upperhand controls Hand2 expression and heart development[END_REF][START_REF] Ballarino | Deficiency in the nuclear long noncoding <scp>RNA</scp> Charme causes myogenic defects and heart remodeling in mice[END_REF]Grote et al., 2013;[START_REF] Isoda | Non-coding Transcription Instructs Chromatin Folding and Compartmentalization to Dictate Enhancer-Promoter Communication and T Cell Fate[END_REF]Lavalou et al., 2019). Although this strategy minimally impacts the lncRNA locus and does not disrupt enhancers, transcription of the locus is interrupted, leading to confusion about the importance of the transcript or the transcription.

Knockdown strategies are good complementary strategies to confirm the function of a lncRNA transcript [START_REF] Gao | Reverse-genetics studies of lncRNAs-what we have learnt and paths forward[END_REF]. But this technology is limited to cell lines as knockdown strategies are poorly amenable in vivo, especially in zebrafish. Furthermore, antisense-mediated knockdown has been shown to trigger premature termination of transcription leading to the same issue as polyA insertions [START_REF] Lee | Antisense-Mediated Transcript Knockdown Triggers Premature Transcription Termination[END_REF], although this can be avoided by specifically targeting the 3' part of the lncRNA transcript with antisense nucleotides [START_REF] Lee | Antisense-Mediated Transcript Knockdown Triggers Premature Transcription Termination[END_REF]. Finally, the identification of lncRNA-associated small RNA motifs may allow for a more precise manipulation of lncRNA function, with minimal impact on the locus [START_REF] Ross | Uncovering deeply conserved motif combinations in rapidly evolving noncoding sequences[END_REF]. However, it is important to keep in mind that targeted alterations of small RNA motifs allow characterizing the functions of these RNA motifs, not of the full-length lncRNA transcript. Overall, no approach is perfect and thorough characterization of a lncRNA function should systematically rely on independent and complementary strategies.

The identification of deeply conserved RNA motifs within the PVT1 lncRNA allowed us to perform an educated genetic approach to try to decipher its function, by removing such conserved RNA motifs in zebrafish. Interestingly, as the motifs map to the 3' part of the lncmyc transcripts, their removal left intact the enhancers present in the 5' part of the pvt1 locus.

Additionally, this deletion did not impact the transcription of the locus, with the lnc-myc truncated variants being expressed. As a whole, such strategy allowed the functional characterization of the regions of the zebrafish pvt1 transcripts that contain the RNA motifs, specifically. However, complete inactivation of the zebrafish pvt1 would be necessary to better understand pvt1 function in vivo.

P53 upregulation leads to multiple developmental defects in zebrafish

The p53 pathway is a master regulator of cellular stress [START_REF] Harris | The p53 pathway: positive and negative feedback loops[END_REF]. Upon cellular stress, p53 is activated post-translationally and drives the expression of specific factors to reduce stress. If the stress fails to be reduced, p53 induces senescence or apoptosis [START_REF] Harris | The p53 pathway: positive and negative feedback loops[END_REF]. P53 expression is essential in embryonic development. Its balance is primordial for correct tissue development as downregulation or upregulation of P53 may lead to lethality or malformation [START_REF] Choi | p53 in embryonic development: maintaining a fine balance[END_REF]. Interestingly, exacerbated P53 activation led to developmental syndromes rescued by P53 loss-of-function in mice [START_REF] Bowen | The role of p53 in developmental syndromes[END_REF] and zebrafish [START_REF] Chakraborty | Loss of Ribosomal Protein L11 Affects Zebrafish Embryonic Development through a p53-Dependent Apoptotic Response[END_REF][START_REF] Danilova | p53 Upregulation Is a Frequent Response to Deficiency of Cell-Essential Genes[END_REF][START_REF] Plaster | p53 deficiency rescues apoptosis and differentiation of multiple cell types in zebrafish flathead mutants deficient for zygotic DNA polymerase δ1[END_REF].

In pvt1 zebrafish mutants, I observed multiple developmental defects in association with an increase in the p53 pathway and apoptosis. Importantly, double homozygous mutant embryos without developmental defects did not show such an increased p53 pathway.

Moreover, I described that the p53 pathway was upregulated before the appearance of the first developmental defects at 1dpf. These can suggest that the developmental defects arose from the specific upregulation of the p53 pathway. A p53 loss-of-function would be required to assert that p53 upregulation is responsible for the developmental defects, with for instance p53 morpholino injection. Unfortunately, this experiment was not performed due to the penetrance of embryos with developmental defects. Interestingly, since I observed myc being transcriptionally active as early as 1 dpf and upregulated at 3 dpf, it could be the cause of p53 upregulation. At 1 dpf, I observed increased ribosome biogenesis, a pathway regulated by MYC [START_REF] Poortinga | MAD1 and c-MYC regulate UBF and rDNA transcription during granulocyte differentiation[END_REF][START_REF] Poortinga | c-MYC coordinately regulates ribosomal gene chromatin remodeling and Pol I availability during granulocyte differentiation[END_REF], which can moreover trigger the p53 pathway [START_REF] Golomb | p53 and ribosome biogenesis stress: The essentials[END_REF]. Thus, myc loss-of-function in zebrafish would be required to assess if myc proteins could be responsible for activating the p53 pathway in our mutants.

PVT1 transcriptional regulation conservation in vertebrates

The gene expression program that establishes specific cell types and tissues in multicellular organisms is crucial for the correct formation of an individual. Misregulation of the transcriptional program can lead to diseases, cancer included [START_REF] Lee | The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity to lin-14[END_REF]. The basic concepts of transcriptional regulation were described 61 years ago [START_REF] Jacob | Genetic regulatory mechanisms in the synthesis of proteins[END_REF], with DNA sequence elements bound by transcription factors (TFs), recruiting the transcription apparatus. Nowadays the notion of transcriptional regulation has become more complex with the involvement of transcription factors, cofactors, and chromatin regulators [START_REF] Bannister | Regulation of chromatin by histone modifications[END_REF][START_REF] Bonasio | Molecular Signals of Epigenetic States[END_REF][START_REF] Fuda | Defining mechanisms that regulate RNA polymerase II transcription in vivo[END_REF][START_REF] Ho | Chromatin remodelling during development[END_REF][START_REF] Lee | The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity to lin-14[END_REF][START_REF] Roeder | Transcriptional regulation and the role of diverse coactivators in animal cells[END_REF][START_REF] Taatjes | The human Mediator complex: a versatile, genome-wide regulator of transcription[END_REF].

PVT1 expression is regulated by various transcriptional factors [START_REF] Olivero | p53 Activates the Long Noncoding RNA Pvt1b to Inhibit Myc and Suppress Tumorigenesis[END_REF][START_REF] Tseng | The PVT1-MYC duet in cancer[END_REF]Xu et al., 2017). Interestingly, two transcription factors known to regulate PVT1 expression in cancers, MYC [START_REF] Tseng | The PVT1-MYC duet in cancer[END_REF] and FOXM1 (Xu et al., 2017), interact with PVT1 and are stabilized by this interaction. This leads to positive feedback between the lncRNA expression and the transcription factors [START_REF] Tseng | The PVT1-MYC duet in cancer[END_REF]Xu et al., 2017). In homeostasis and cancer conditions, P53 induces the expression of a specific PVT1 variant through an alternative TSS [START_REF] Olivero | p53 Activates the Long Noncoding RNA Pvt1b to Inhibit Myc and Suppress Tumorigenesis[END_REF].

During my PhD, I analyzed TF binding motifs in the vicinity of the lnc-myc RNA promoters. I found, with high confidence, that an E box was downstream of the TSS of both zebrafish genes. Concordantly, lnc-myc expression was correlated with myc expressions across zebrafish development. However, scRNA-seq would be required to verify that both genes are expressed in the same cells. Our data may also suggest that the zebrafish pvt1 transcripts are involved in myc protein stabilization, as in humans. Indeed, I observed increased myc protein levels correlated with an upregulation of lnc-myc expression in embryos with developmental defects. To test this, complete inaction of pvt1 expression in zebrafish would be required.

However, inactivation of pvt1 expression is challenging. Therefore, genetic manipulation of the E-box at lnc-myc promoters might inhibit the pvt1 transcriptional regulation by myc. This manipulation could help to characterize the function of pvt1 in the myc pathway.

Promoter analysis also identified the presence of p53 REs, only in the lnc-myca locus.

Interestingly, p53 REs were identified 3 kb downstream of the TSS. This could suggest the presence of an alternative TSS, similar to the PVT1b variant in humans and mice [START_REF] Olivero | p53 Activates the Long Noncoding RNA Pvt1b to Inhibit Myc and Suppress Tumorigenesis[END_REF]. Analysis of transcriptome and TSS-associated histone marks, such as H3K4me3, at different developmental stages, did not support the presence of alternative TSS at the lnc-myca locus. However, the alternative lnc-myca might be visible only in stress conditions since this putative TSS contains p53 REs, although the equivalent Pvt1b variant in mice is detectable in homeostatic conditions [START_REF] Olivero | p53 Activates the Long Noncoding RNA Pvt1b to Inhibit Myc and Suppress Tumorigenesis[END_REF]. Therefore, it is more likely that the P53 REs is in the vicinity of the lnc-myca TSS by chromatin structuration. Interestingly, I showed that p53

REs may be functional: lnc-myca is upregulated upon DNA damage and its upregulation is inhibited in embryos injected with p53 morpholino. These discoveries show that the transcriptional regulation of the lncRNA PVT1 may be conserved from humans to zebrafish. I further described that one zebrafish pvt1 homolog transcript might be involved in the stress pathway, with lnc-myca and not lnc-mycb expression potentially regulated by p53. This could enlighten a separation of functions of the paralogous genes. The lnc-myca transcript might be functionally equivalent to the PVT11b variant in mice and humans, and the lnc-mycb transcript might be equivalent to the PVT1a variant.

PVT1 involvement in the erythroid lineage

Erythropoiesis is the process of producing red blood cells (RBCs), named erythrocytes or erythroid cells. Erythrocytes carry hemoglobin to supply all organs and tissues with oxygen. In vertebrates, erythropoiesis includes the synthesis of heme and hemoglobin, the clearance of organelles, and the remodeling of the plasma membrane. Interestingly, the molecular mechanisms involved in this process are highly conserved in zebrafish, positioning it as a model to study erythropoiesis [START_REF] Carradice | Zebrafish in hematology: sushi or science?[END_REF][START_REF] Kafina | Using the Zebrafish as an Approach to Examine the Mechanisms of Vertebrate Erythropoiesis[END_REF][START_REF] Kulkeaw | Zebrafish erythropoiesis and the utility of fish as models of anemia[END_REF]. Erythropoiesis takes place in the mesodermal germ layer, with two sequential waves. The primitive wave generates erythrocytes and macrophages during early development.

The definitive wave produces definitive hematopoietic stem cells that are able to differentiate in all blood cell types, maintaining homeostasis throughout life [START_REF] Kulkeaw | Zebrafish erythropoiesis and the utility of fish as models of anemia[END_REF].

In mice, the primitive wave occurs from E7.5 to E10, and the definitive wave from E11.5 [START_REF] Kulkeaw | Zebrafish erythropoiesis and the utility of fish as models of anemia[END_REF]. In zebrafish, the primitive wave takes place from 12 to 24 hours post-fertilization and the definitive wave starts around 2 dpf [START_REF] Kulkeaw | Zebrafish erythropoiesis and the utility of fish as models of anemia[END_REF].

Unlike mammals, both waves of erythropoiesis depend on erythropoietin (EPO) signaling in zebrafish [START_REF] Paffett-Lugassy | Functional conservation of erythropoietin signaling in zebrafish[END_REF].

Analysis of scRNA-seq across mouse development (from E6.5 to E13.5) showed that mPvt1 is essentially expressed in the erythroid lineage [START_REF] Cao | The single-cell transcriptional landscape of mammalian organogenesis[END_REF][START_REF] Pijuan-Sala | A single-cell molecular map of mouse gastrulation and early organogenesis[END_REF]. The function of PVT1 in the erythroid lineage has not been elucidated yet, even if PVT1 was previously shown to be expressed in in vitro differentiated erythroblasts [START_REF] Ghetti | Linear and circular PVT1 in hematological malignancies and immune response: two faces of the same coin[END_REF]. Accordingly, mPvt1 expression was triggered after EPO stimulation in the murine immature erythroid J2E cell line [START_REF] Gillinder | Direct targets of pSTAT5 signalling in erythropoiesis[END_REF]. These suggest a specific function of the lncRNA PVT1 in the erythroid lineage. In zebrafish, embryos deleted for the regions containing the RNA motifs had a lower number of active erythrocytes, a hallmark of anemia.

Moreover, I described that embryos without developmental defects were more susceptible to oxidative stress, highlighting the impact of the deletion on the erythroid lineage. Indeed, acute sensitivity to oxidative stress could be due to decreased numbers of active erythroid cells, since erythroid cells are the main cell type involved in reducing oxidative stress [START_REF] Kramer | TP53 Modulates Oxidative Stress in Gata1 + Erythroid Cells[END_REF][START_REF] Scott | Erythrocyte defense against hydrogen peroxide: Preeminent importance of catalase[END_REF]. Erythroid lineage impairment may be independent of p53 and myc upregulation, as embryos without developmental defects were impacted. These observations support the involvement of the lncRNA PVT1 in the erythroid lineage in vertebrates. Further studies are required to understand the PVT1 mode of action in erythroid development.

The zebrafish has become a model for the study of erythropoiesis and anemia [START_REF] Avagyan | Fish to Learn: Insights into Blood Development and Blood Disorders from Zebrafish Hematopoiesis[END_REF][START_REF] Kulkeaw | Zebrafish erythropoiesis and the utility of fish as models of anemia[END_REF][START_REF] Uechi | Zebrafish Models of Diamond-Blackfan Anemia: A Tool for Understanding the Disease Pathogenesis and Drug Discovery[END_REF][START_REF] Zhang | Using the Zebrafish as a Genetic Model to Study Erythropoiesis[END_REF]. Thus, studying the involvement of PVT1 in erythropoiesis could be furthered with our mutants.

Different tools are available. Transgenic zebrafish alleles were developed to study erythropoiesis, such as the gata1:DsRed that specifically marks gata1-positive erythroblasts and facilitates in vivo study of erythropoiesis at different developmental stages [START_REF] Kramer | TP53 Modulates Oxidative Stress in Gata1 + Erythroid Cells[END_REF]. Since erythropoiesis occurs in two waves [START_REF] Kulkeaw | Zebrafish erythropoiesis and the utility of fish as models of anemia[END_REF], it would be interesting to understand if PVT1 is involved in both. Moreover, it might be interesting to investigate the dependence of PVT1 action in erythroid lineage on EPO signaling.

Conserved PVT1 interactome

LncRNAs are regulatory factors that have essential functions in a wide range of biological processes, regulating gene expression, protein stability, and/or their activity [START_REF] Constanty | lncRNAs in development and differentiation: from sequence motifs to functional characterization[END_REF][START_REF] Statello | Gene regulation by long noncoding RNAs and its biological functions[END_REF]. LncRNAs act at different molecular levels by interacting with DNA, RNAs, or proteins. But lncRNAs are almost always bound by proteins [START_REF] Constanty | lncRNAs in development and differentiation: from sequence motifs to functional characterization[END_REF][START_REF] Statello | Gene regulation by long noncoding RNAs and its biological functions[END_REF]. Therefore, the molecular function of lncRNAs is defined by their interactions with proteins. Thus, the identification of lncRNA/protein interactions has become a major goal in the field to identify lncRNA functions.

Several methods have been developed, involving RNA-centric or protein-centric approaches [START_REF] Gräwe | RNA-Centric Methods: Toward the Interactome of Specific RNA Transcripts[END_REF][START_REF] Mchugh | Methods for comprehensive experimental identification of RNA-protein interactions[END_REF][START_REF] Ramanathan | Methods to study RNA-protein interactions[END_REF].

There is a wide variety of RNA-centric methods, all requiring mass-spectrophotometry to identify novel proteins binding to the RNA of interest. However, mass spectrophotometry identifies only highly expressed peptides and is based on already known peptides annotated in databases. Despite the variety of existing methods, it is challenging to identify the whole interactome of a specific transcript [START_REF] Gräwe | RNA-Centric Methods: Toward the Interactome of Specific RNA Transcripts[END_REF]. Protein-centric methods are based on the use of antibodies and sequencing of the transcripts that are bound to the protein of interest [START_REF] Hafner | CLIP and complementary methods[END_REF][START_REF] Mchugh | Methods for comprehensive experimental identification of RNA-protein interactions[END_REF][START_REF] Ramanathan | Methods to study RNA-protein interactions[END_REF]. While antibodies might not be available for the studied proteins, protein tagging emerged as an alternative for straightforward protocols, as antibodies against specific tags are more specific. However, an important caveat of protein tagging is the possible obstruction of the native form of the protein and its activity.

Thus, despite the variety of available methods to identify RNA/protein interactions, each has caveats. Moreover, the use of sequencing or mass spectrophotometry requires time and complex downstream analysis. A new high throughput technology to identify RNA/protein interactions has been developed in my host lab, the incPRINT technology (Graindorge et al., 2019). incPRINT is based on a library of ~3000 human proteins, and identifies interactions in cells, limiting in vitro artifacts (Graindorge et al., 2019) . Although the identification of protein interactors is limited to the proteins present in the library, it includes all major RNA binding proteins, transcription factors, and chromatin-associated proteins [START_REF] Baltz | The mRNA-Bound Proteome and Its Global Occupancy Profile on Protein-Coding Transcripts[END_REF][START_REF] Castello | Insights into RNA Biology from an Atlas of Mammalian mRNA-Binding Proteins[END_REF]Graindorge et al., 2019;[START_REF] Taipale | Quantitative Analysis of Hsp90-Client Interactions Reveals Principles of Substrate Recognition[END_REF]. Thus, this technology allows the identification of new protein interactors in record time (one week). Interactions then need to be confirmed through orthogonal methods (Graindorge et al., 2019).

To identify the interactome of the PVT1 transcripts, we relied on the incPRINT technology. To identify interactors that bind to mammalian PVT1, we used the mouse Pvt1a variant, as the human transcript could not be fully amplified. To identify interactors that bind to zebrafish transcripts, we used the lnc-mycb transcript as it contains both RNA motifs. We found 80 proteins that potentially bound mouse Pvt1 and 122 proteins that bound zebrafish pvt1. Of note, the protein MYC is not present in the incPRINT library. Comparing the proteins that bind to both zebrafish and mouse transcripts, we identified 32 common interactors, which represent putative conserved PVT1/protein interactions in vertebrates.

By scrambling the RNA motifs of the PVT1 transcripts, decreased interaction was observed for two DNA repair factors, RAD51C and NUSAP1 [START_REF] Kotian | NUSAP1 influences the DNA damage response by controlling BRCA1 protein levels[END_REF][START_REF] Somyajit | Distinct Roles of FANCO/RAD51C Protein in DNA Damage Signaling and Repair[END_REF]. This could be concordant with the role of the lncRNA PVT1 in p53-dependent stress response. Consistently, other conserved interactors were involved in DNA repair. Among these, the histone chaperone Structure Specific Recognition Protein 1 (SSRP1) subunit of the Facilitates Chromatin Transcription (FACT) complex did not specifically bind to the RNA motifs but bound to the full-length PVT1. The FACT complex promotes deposition of new H2A.X histone at DNA damage sites [START_REF] Piquet | The Histone Chaperone FACT Coordinates H2A.X-Dependent Signaling and Repair of DNA Damage[END_REF], being thus involved in DNA repair signaling [START_REF] Piquet | The Histone Chaperone FACT Coordinates H2A.X-Dependent Signaling and Repair of DNA Damage[END_REF]. These interactions need to be confirmed through orthogonal methods but may point to a role of PVT1 in the DNA damage repair pathway. An hypothesis would be that PVT1 may recruit repair factors, such as NUSAP1 and RAD51C, at DNA damage sites. Thus, it would be of high interest to assess if the PVT1 transcript colocalizes with DNA damage sites on chromatin (using combined RNA FISH and immunofluorescence).

Interestingly, mutations in RAD51C were linked to Fanconi anemia (FA) [START_REF] Somyajit | RAD51C: a novel cancer susceptibility gene is linked to Fanconi anemia and breast cancer[END_REF][START_REF] Vaz | Mutation of the RAD51C gene in a Fanconi anemia-like disorder[END_REF]. FA is a rare chromosomal-instability disease associated with a variety of developmental defects, bone marrow failure, and predisposition to leukemia and other cancer. FA pathway has been shown to be the main pathway involved in DNA interstrand cross-link repair (Kim & D'Andrea, 2012). As such, sensitivity to cross-linking agents is an absolute diagnostic of FA. Bi-allelic mutations in one of the 23 FA genes lead to the accumulation of DNA damages in Hematopoietic stem cells (HSC). This drive bone marrow failure due to the exhaustion of HSC and lead to the development of anemia [START_REF] Ceccaldi | Bone Marrow Failure in Fanconi Anemia Is Triggered by an Exacerbated p53/p21 DNA Damage Response that Impairs Hematopoietic Stem and Progenitor Cells[END_REF]. Since I showed that (1) the lncRNA PVT1 could potentially interact with RAD51C, (2) the zebrafish lncRNA is upregulated upon DNA damage in a p53-dependent manner, (3) mPvt1 is mostly expressed in erythrocyte progenitors during development, and (4) the zebrafish mutants develop anemia, it could be interesting to test whether our mutants are more sensitive to DNA crosslinking agents. Several studies were conducted using the zebrafish to model FAlike phenotype [START_REF] Botthof | Loss of the homologous recombination gene rad51 leads to Fanconi anemia-like symptoms in zebrafish[END_REF][START_REF] Ramanagoudr-Bhojappa | Multiplexed CRISPR/Cas9-mediated knockout of 19 Fanconi anemia pathway genes in zebrafish revealed their roles in growth, sexual development and fertility[END_REF][START_REF] Rodríguez-Marí | The Role of Fanconi Anemia/BRCA Genes in Zebrafish Sex Determination[END_REF]. Interestingly, these studies showed that mutations in FA genes such as fanco/rad51c led to sex ratio bias between males and females [START_REF] Botthof | Loss of the homologous recombination gene rad51 leads to Fanconi anemia-like symptoms in zebrafish[END_REF][START_REF] Ramanagoudr-Bhojappa | Multiplexed CRISPR/Cas9-mediated knockout of 19 Fanconi anemia pathway genes in zebrafish revealed their roles in growth, sexual development and fertility[END_REF][START_REF] Rodríguez-Marí | The Role of Fanconi Anemia/BRCA Genes in Zebrafish Sex Determination[END_REF], similar to what I noticed in the zebrafish pvt1 mutant. This highlights that our mutant could be a model to test the possible involvement of the pvt1 lncRNAs in FA pathway.

It is often supposed that lowly expressed lncRNAs cannot regulate important biological processes, due to the stoichiometry imbalance. However, several models recently reported substoichiometric action of lncRNAs, notably through phase separation [START_REF] Elguindy | NORAD-induced Pumilio phase separation is required for genome stability[END_REF][START_REF] Unfried | Substoichiometric action of long noncoding RNAs[END_REF]. Accordingly, mPvt1 was described, in a cell line, to form nuclear foci [START_REF] Olivero | p53 Activates the Long Noncoding RNA Pvt1b to Inhibit Myc and Suppress Tumorigenesis[END_REF] that might resemble membraneless structures. Therefore, PVT1 could act through such mechanism to regulate the DNA repair pathway. A fine quantification of the number of PVT1 transcripts per cell would be interesting to perform.

Inhibition of PVT1/protein interactions

The lncRNA PVT1 is overexpressed in all major human cancers, highlighting that PVT1 could be an interesting cancer biomarker, and maybe a therapeutical target. While most proteins associated with diseases are not druggable, RNA/protein interactions in diseases represent a promising set of therapeutical targets. Here, I showed that PVT1 may be related to the DNA repair pathway. Interestingly, it was suggested that PVT1 induces radioresistance by positively regulating the DNA repair capacity of cancer cells [START_REF] He | Long non-coding RNA PVT1 predicts poor prognosis and induces radioresistance by regulating DNA repair and cell apoptosis in nasopharyngeal carcinoma[END_REF]. In this study, downregulation of PVT1 led to a higher apoptosis rate of tumor cells [START_REF] He | Long non-coding RNA PVT1 predicts poor prognosis and induces radioresistance by regulating DNA repair and cell apoptosis in nasopharyngeal carcinoma[END_REF]. This shows that PVT1 might have a role in DNA repair in human cells. Therefore, the interactions between PVT1 and DNA repair factors might be targeted to enhance the sensitivity of cancer cells to treatments. incPRINT has recently been successfully used to identify small molecules inhibiting RNA/protein interactions, using an FDR-approved small molecules library (Sabate-Cadenas et al., in preparation). Small molecules inhibiting PVT1 interactions could be tested in zebrafish for toxicity and in vivo efficiency. The different developmental defects identified in this study could serve as a template to probe functional PVT1/protein interaction inhibition. However, the efficiency of such cancer treatment could be highly dependent on the cancer type: RNA motifs are present in specific PVT1 exons and PVT1 mode of action might vary depending on expressed PVT1 variant.

Discordant Pvt1 activity in mESCs

Although Pvt1 is highly expressed in mouse ESCs [START_REF] Tuck | Distinctive features of lincRNA gene expression suggest widespread RNA-independent functions[END_REF], our analysis did not show any impact of the Pvt1 TSS deletion in mESCs. Moreover, despite Pvt1 ΔTSS ESC lines displaying a significant reduction of Pvt1 levels (70%), Myc protein levels were not impacted. This observation is not concordant with previously proposed action of PVT1 as a binder and stabilizer of MYC [START_REF] Alessio | Single cell analysis reveals the involvement of the long non-coding RNA Pvt1 in the modulation of muscle atrophy and mitochondrial network[END_REF][START_REF] Lee | N 6methyladenosine modification of lncRNA Pvt1 governs epidermal stemness[END_REF][START_REF] Tseng | PVT1 dependence in cancer with MYC copy-number increase[END_REF][START_REF] Tseng | The PVT1-MYC duet in cancer[END_REF]. This suggests that Pvt1/Myc interaction may not exist in mESCs, and/or that redundant mechanisms are involved in Myc stabilization in this cell type, Myc being an important pluripotency factor [START_REF] Chappell | Roles for MYC in the Establishment and Maintenance of Pluripotency[END_REF].

The Pvt1 ΔTSS mESC model represents an opportunity to perform biochemistry experiments that are challenging to perform in vivo. Notably, Pvt1 ΔTSS cells could be used to confirm the involvement of Pvt1 in DNA damage repair. However, I did not observe cell proliferation defects in Pvt1 ΔTSS ESCs, which may exclude an accumulation of DNA damage in these cells, at least in normal conditions. This should be retested upon induction of DNA damage. Moreover, it is possible that Pvt1 might not act as a DNA repair factor in mESCs, as pluripotent stem cells rely on different DNA repair pathways than somatic cells [START_REF] Luo | DNA Repair in Human Pluripotent Stem Cells Is Distinct from That in Non-Pluripotent Human Cells[END_REF][START_REF] Wang | A novel lncRNA Discn fine-tunes replication protein A (RPA) availability to promote genomic stability[END_REF].

Overall, I was not able to decipher the role of Pvt1 in mESCs. Despite an important reduction of its expression, RNA-seq did not highlight important gene misregulation, and neuronal differentiation was also not impacted in Pvt1 ΔTSS ESCs. This could suggest that Pvt1 is highly expressed in mESCs due to the high expression of its neighbor gene Myc or that stress induction is necessary to decipher Pvt1 function in mESCs.

MATERIALS AND METHODS

Zebrafish maintenance and generation of mutant alleles

Deletion of the region containing the conserved motifs in the zebrafish was performed with coinjection of two single guide RNAs (sgRNAs) and cas9 protein (50 ng/µl, a gift from the Concordet Laboratory, Museum d'Histoire Naturelle, Paris) in AB zebrafish. sgRNAs were generated as described in Lavalou et al., 2019. Genomic DNA was extracted as described previously (Bitetti et al., 2018) and amplified by PCR to genotype the fish. All sequences of the relevant oligonucleotide sequences are listed in Supplementary Table 2.

All zebrafish were bred and maintained at Institut Curie, Paris. Animal care and use for this study were performed in accordance with the recommendations of the European Community (2010/63/UE) for the care and use of laboratory animals. Experimental procedures were specifically approved by the ethics committee of Institut Curie CEEA-IC #118 (project CEEA-IC 2017-017) in compliance with the international guidelines. Zebrafish were staged using standard procedures [START_REF] Kimmel | Stages of Embryonic Development of the Zebrafish[END_REF]. Double homozygous adult fish were obtained from double heterozygous crosses. The embryos analyzed were from double homozygous crosses.

Culture of mESCs and generation of mutant alleles

E14 mESCs were cultured in gelatin coated plates in GMEM media (sigma) supplemented with 15% FBS serum (Gibco Life Tech), 100mM MEM non-essential amino acids (Sigma), 1mM sodium pyruvates (Gibco Life Tech), 1mM L-Glutamine (Gibco Life Tech), 0.1mM Beta-Mercaptoethanol (Gibco Life Tech) and LIF (Mitenyi Biotech).

To generate the Pvt1 ΔTSS allele in mESCs, gRNAs were cloned into PX459 plasmid and transfected into the cells using lipofectamine 2000. Transfected clones were selected with 1µg/ml of puromycin. Genomic DNA was extracted and used for genotyping by PCR and sequencing to ensure the correct mutation. All relevant oligonucleotide sequences are listed in Supplementary Table 2.

RNA motif identification

RNA motifs harbored within the PVT1 transcripts were identified using the lncLOOM algorithm [START_REF] Ross | Uncovering deeply conserved motif combinations in rapidly evolving noncoding sequences[END_REF] with 10 000 iterations. 12 sequences from 11 species (see SuppTable 1) were used. The human PVT1 and zebrafish lnc-mycb transcripts were alternatively used as anchors. The sequences were generously provided by the Ulitsky laboratory, Weizmann Institute of Science, Israel.

RNA extraction and qRT-PCR

Total RNA from zebrafish embryos was extracted using the TRIzol/Chloroform (Invitrogen) according to the manufacturer's instructions, followed by DNAse treatment (ThermoFisher).

For embryos up to 3 dpf, the chorion was removed by pronase treatment (1 mg/ml) (Roche).

Each biological replicate was composed of 20 to 40 zebrafish embryos (unless indicated otherwise).

Total RNA from mESCs was extracted using TRIzol/Chloroform (Invitrogen) according to the manufacturer's instructions, followed by DNAse treatment (ThermoFisher).

Complementary DNA (cDNA) was produced from 500ng-1µg (250ng for sublocalisation experiment) of total RNA using oligo dT and random hexamer primers with the SuperScript TM IV kit (ThermoFisher). qRT-PCR reaction was prepared using Power SYBER TM Green PCR Master Mix (ThermoFisher). Gene expression was assessed using the Viia TM 7 Real-Time PCR System with 384-well Block (ThermoFisher). For each biological replicate, qRT-PCR reactions were performed in quadruplicates. The gene expression level was normalized to the eukaryotic translation elongation factor 1 alpha, like 1 (eef1a1l1) in zebrafish and to the Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) in mouse, using the delta CT method.

RNA-seq

Following total RNA extraction, the quality of the RNA was assessed using the 4200 Tape Station (Agilent). Only samples with a RIN >7 were used for RNA-seq.

Following RNA extraction of single embryo at 1 dpf, 30-100ng of total RNA was used for RNA-seq library preparation using Stranded Total RNA Prep ligation With Ribo-Zero Plus-Illumina following manufacturer's recommended protocol.

Following RNA extraction of embryos at 3 dpf, 1μg of total RNA was used for RNAseq library preparation using TrueSeq Stranded mRNA prep Ligation-Illumina following manufacturer's recommended protocol.

Following RNA extraction of mouse ESCs, 1μg of total RNA was used for RNA-seq library preparation using Stranded mRNA prep Ligation-Illumina according to the manufacturer's recommended protocol.

The libraries were sequenced on an Illumina NovaSeq. For analysis, reads were mapped to danRer11 or mm10. The sequencing was performed at the CurieCoreTech Next Generation Sequencing (ICGex) platform, Institut Curie, Paris, France.

The differentially expressed genes were analysed using DESeq2 (1.32.0) [START_REF] Anders | Differential expression analysis for sequence count data[END_REF] with default settings. Lowly expressed transcripts were removed from the analysis (sum of the number of counts in all samples <10). Significantly differentially expressed genes were defined as genes with log2 fold-change superior or inferior to 0.5 with an adjusted p-value < 0.05. Enrichments analyses were performed with ClusterProfiler (4.0.5) (T. [START_REF] Wu | clusterProfiler 4.0: A universal enrichment tool for interpreting omics data[END_REF] with an adjusted p-value, False Discovery Rate (FDR), at 0.05. The background used was all expressed genes of the dataset.

Promoter Motif Analysis

Promoter motifs enrichment was performed using HOMER (v4.11) [START_REF] Heinz | Simple Combinations of Lineage-Determining Transcription Factors Prime cis-Regulatory Elements Required for Macrophage and B Cell Identities[END_REF]. The list of genes analyzed was obtained from the differentially expressed genes.

Scanning of motifs present on the zebrafish and mice Pvt1 locus was performed using the FIMO algorithm [START_REF] Grant | FIMO: scanning for occurrences of a given motif[END_REF], using the default settings. The sequences analyzed were downloaded from the danRer11 and mm10 genome assembly. The p53 and Myc binding motifs were downloaded from the JASPAR motifs database.

Cytoplasmic/nuclear fractionation

3 dpf embryos were harvested and cells were dissociated as described [START_REF] Bresciani | An efficient dissociation protocol for generation of single cell suspension from zebrafish embryos and larvae[END_REF].

After filtration, we followed recommendations of previously published protocol [START_REF] Ron | Context-specific effects of sequence elements on subcellular localization of linear and circular RNAs[END_REF]. The cells were pelleted and resuspended in RLN buffer with 0.5% Triton X-100 and incubated on ice for 10 min. The composition of the cytoplasmic and nuclear fractions was assessed by qRT-PCR using eef1a1l1 to normalize. malat1 and gapdh were respectively used as nuclear and cytoplasmic control.

Western blot analyses

100 embryos at the desired developmental stage were collected and deyolked using the deyolking solution (55mM NaCl, 1.8mM KCl, 1.25mM NaHCO3). Embryos were washed and SDS sample buffer (63 mM Tris-HCl pH 6.8, 10% glycerol, 5% ß-mercaptoethanol, 3.5% sodium dodecyl sulfate) supplemented by 1x proteinase inhibitor (cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail, Roche) was added. The samples were boiled and spun down.

Mouse ESCs were spun down at 1000 rpm for 5 minutes to remove the supernatant.

Cells were resuspended in Radioimmunoprecipitation assay buffer (RIPA) buffer supplemented with 1x protease inhibitor (cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail, Roche). The samples were boiled and spun down.

Total protein concentration was measured by the Bradford assay (Bio-Rad). 10μg of total protein was loaded into a NuPAGE 4-12% Bis-Tris Gel (Invitrogen). The gel was run using the NuPAGE MES SDS Running buffer (Invitrogen). The proteins were then transferred using wet transfer to a nitrocellulose membrane (Amersham Protram 0.45 um NC). The membrane was blocked using 5% milk 1h at room temperature, and the primary antibody was incubated overnight at 4°C in blocking buffer. Secondary antibodies were incubated 1h at room temperature and ECL revelation (GE Healthcare) was performed using the ChemiDoc MP (Bio-Rad).

To differentially visualize Myc and γ-Tubulin in the zebrafish embryo blot, the blot was incubated first with the Myc antibody and revealed. Then the blot was incubated 10 min with 10% sodium azide to quench the signal and then incubated overnight in 5% milk, 10% sodium azide with the anti-γ-Tubulin antibody before revelation.

Western blot quantification was performed using the Bio-Rad Image Lab 6. All quantifications were normalized to the loading control, γ-Tubulin in zebrafish and GAPDH in mouse. The original Western blots are available in Supplementary Data 1.

TUNEL assay and immunofluorescence

Embryos at 3 dpf were fixed for two hours at room temperature in 4% PFA, followed by overnight incubation at 4°C in 30% sucrose. Embryos were embedded in OCT prior to cryosection. 15μm sections were obtained.

TUNEL assay was performed using the in-Situ Cell Death Detection kit, TMR red (roche) following the manufacturer's protocol.

For immunofluorescence, cryosections were permeabilized with 0,2% Triton 5 min at RT and blocked using 20% goat serum and 0.5% BSA 1h at RT. Primary antibody was incubated overnight in 0.5% BSA at 4°C. Then the slides were washed, and the secondary antibodies were incubated 1h at room temperature. Following washes, the slides were mounted using vectashield with DAPI (Vector) and visualized using inverted scanning confocal LSM780 -Zeiss.

Hemoglobin staining

Embryos were incubated in the staining solution (0.6 mg/ml o-dianisidine (sigma), 0,01M sodium azide, 0,65% H2O2, 40% ethanol) for 7 min before being rinsed twice in embryo water.

Erythroid staining used in this study is based on the reduction activity of the catalase of erythroid (O'brien, 1961). Embryos were then visualized using a stereo microscope and pictures were taken as previously described. The normal and abnormal staining was assessed visually.

incPRINT

Cloning of the constructs and full scale incPRINT was performed as described (Graindorge et al., 2019). The interactions between XIST(A) with eGFP and HNRNPC were used as negative and positive controls respectively (Graindorge et al., 2019). We established the threshold at two Relative Light Units (RLU) to select proteins putatively binding to the RNA of interest.

For lnc-mycb screen, we noticed a decrease of the global intensity, including the controls, for the second half of the screen. Thus, we established the threshold at 1.75 RLU for the second half of the screen.

The small scale incPRINT, with the 32 common proteins, was performed using the full scale incPRINT protocol, using 150 ng/ul of plasmid expressing the RNA and 75 ng/ul of plasmid coding for the protein of interest. The plasmids expressing mouse Pvt1 fragment with wt and scrambled motifs were synthetized from Genescript and cloned into a 6xMS2 plasmid.

All sequences of the relevant oligonucleotides are listed in Supplementary Table 2.

Enrichments analyses were performed with ClusterProfiler (4.0.5) (T. [START_REF] Wu | clusterProfiler 4.0: A universal enrichment tool for interpreting omics data[END_REF] with an adjusted p-value (FDR) at 0.05. The background used was all proteins present in the library.

Proliferation assay

30 000 cells were plated in a 6-well plate. At each time point the cells were gathered and proliferation was assessed by the number of cells. The cells were counted using the cell counter Vi-Cell XR (Beckman Coulter) according to manufacturer's protocol. The media was changed every day.

Neuronal differentiation

Prior to the neuronal differentiation, cell media was changed to DMEM/ F12 GlutaMax Neurobasal [1:1] (Gibco) media supplemented by 2i inhibitor (N2 and B27) (axon medchem) and LIF (Mitenyi Biotech). After several days, the cells were split at high density (5.10 3 /cm 2 ) [START_REF] Watson | Molecular Structure of Deoxypentose Nucleic Acids[END_REF], en s'appuyant sur les travaux de Franklin. Cette révolution en génétique ouvrait la voie sur la compréhension de la circulation de l'information génétique dans une unité biologique. Quatre ans plus tard, en septembre 1957, Francis Crick, lors de sa conférence, exposait les principes de ce qui deviendra la théorie fondamentale de la biologie moléculaire, en poussant plus loin son modèle de flux de l'information génétique [START_REF] Cobb | 60 years ago, Francis Crick changed the logic of biology[END_REF][START_REF] Crick | Central Dogma of Molecular Biology[END_REF]. Ce théorème peut être résumé par : « l'ADN dirige sa propre réplication en ADN identique, ainsi que sa transcription en ARN, pouvant ou non être traduit en protéines ».

Figures and statistical test

Primers qRT- PCR Zebrafish ZF lnc-myca 5' F GAAGAGGGCTCGAGACGAAG ZF lnc-myca 5' R GCATTCACCCCTAGCTCTGG ZF lnc-myca 3' F AGCGGAAATAAAAATTGCAATGC ZF lnc-myca 3' R TTCCCCTTCCAATAACACATG ZF lnc-mycb 5' F CCCAAGGCGTCCAAAAATGA ZF lnc-mycb 5' R TCAGGAAACAACAAGCTCCA ZF lnc-mycb 3' F CCTCTGTTGGCGGACTCAAA ZF lnc-mycb 3' R AGAGCACTGGTACACGTGTG ZF EIF1a F CTGGAGGCCAGCTCAAACAT ZF EIF1a R ATCAAGAAGAGTAGTACCGCTAGCATTAC ZF myca F CATGCTGGTCCTGGACACTC ZF myca R CCTCCTCTTCTTCCTCCTCCTC ZF mycb F CTCACGCTGACATCTGACCA ZF mycb R AGGGCTGGTAGGAGTCGTAG ZF tp53 F CTTGCCCCGTTCAAATGGTG ZF tp53 R GCTGATTGCCCTCCACTCTT ZF p21 F ACACTTGGCGACGTTCATGA ZF p21 R TGTGCACGTAAACTTTAAGCCT ZF Malat1 F CGTCACCTGAATGCAAGTGC ZF Malat1 R CCCCAAAATCCCCAGTCGAA ZF GAPDH F GTGGAGTCTACTGGTGTCTTC ZF GAPDH R GTGCAGGAGGCATTGCTTACA Mouse PVT1 A F CGAGCACATGGACCCACTG PVT1 A F AACATCCTTTCCACGCGGATAT PVT1 B F AGTAAGATGCAGTTTCCTGGGG PVT1 B R GTCCTTGTTTTCAGTGGGCATC 93 PVT1 C F TAAGCAGAACCTTGACCCCTTC PVT1 C R CCCCTTCTTTTTCACAAGCCAG GAPDH F ATCAAGAAGGTGGTGAAGCGGCA GAPDH R TGGAAGAGTGGGAGTTGCTGTTGA Myc F CTGTTTGAAGGCTGGATTTCCTTTG MYC R CTGGTGATAGAAATTCTCTTCCTCGTC Tuj1 F CATAGACCCCAGCGGCAA Tuj1 R AAAGGCGCCAGACCGAAC Nestin F CTCCTGTGACAGCCTTTCTGAAG Nestin AGGATAGGGAGCCTCAGACATAGG Oct4 F CCCCAATGCCGTGAAGTTG Oct4 R TCAGCAGCTTGGCAAACTGTT Primers Genotyping Zebrafish lnc-myca F AATCTTGTCTGTCCCTATAAACAACAGAAACT lnc-myca intern R ATGGTTGCTTGGTGCTGAAATCTGTCCTCTC lnc-myca R CGATATGTACAATGAATAGGTGTCCACATAGT lnc-mycb F CGGTGAGTTCATCTAAAAATCAATGACAATGT lnc-mycb intern R TGAGTTGTGGGAAAGTTGGCATTACAGGAGCG lnc-mycb R ATGAGTAAATGGAAATGAACATACTGTGAGCC Mouse mPVT1 TSS F CTTCTCTCCAGAACCACAGATGATGGATGGTAC mPVT1 TSS R CTAGATTGGGCAGGCAGACAGAAGGTCCCGGACATG G mPVT1 TSS intern F TGCAGGTCTCTGTTGAAGTGCATGTGGTAGGATGTTG IncPRINT construct mPVT1 F CGTGACGTCACGGGCCACCCGCCAGCCCCGCGCTCTA C mPVT1 R TGGTCAAATTGTTTTATTGAGCTTCATTACTTAATAAA GC lnc-mycb F TGCTGTGAGCACATGGAGGAGAGAGGACGTTCAC lnc-mycb R TTGGCAGTTTTGGTGTCACAGTTTGACTTAAC miniPVT1 1 Genscript miniPVT1 scr 1 Genscript minipvt1 2 Genscript miniPVT1
Ce dernier permit de comprendre le transfert de l'information de l'ADN vers la protéine, que l'on pensait être la seule unité fonctionnelle principale de la cellule. Ainsi, l'ADN est le support de l'information génétique qui est ensuite traduite en ARN. La molécule d'ARN est utilisée par la suite comme modèle pour la synthèse des protéines. Il est intéressant de noter que, contrairement aux connaissances générales, Crick avait déjà suggéré la possibilité que l'ARN se réplique, dirige la polymérisation de l'ADN et que l'ADN soit directement le modèle de la synthèse des protéines, les qualifiant de "transferts spéciaux" [START_REF] Crick | Central Dogma of Molecular Biology[END_REF].

Au cours des années suivantes, de nombreux efforts ont été déployés pour élucider la composition des types de molécules d'ARN impliquées dans le flux d'information. Comptetenu de leur rôle central, les ARN messagers (ARNm) ont été largement étudiés depuis leur découverte en 1961 [START_REF] Jacob | Genetic regulatory mechanisms in the synthesis of proteins[END_REF]. Parallèlement, des ARN non codants (ARNnc) ont été découverts et leurs rôles cellulaires précisés, tels que les ARN ribosomiques (ARNr) [START_REF] Palade | A SMALL PARTICULATE COMPONENT OF THE CYTOPLASM[END_REF], les ARN de transfert (ARNt) [START_REF] Hoagland | A SOLUBLE RIBONUCLEIC ACID INTERMEDIATE IN PROTEIN SYNTHESIS[END_REF], et les petits ARN nucléaires (snRNA) [START_REF] Hadjiolov | Ribonucleic acids fractionation by density-gradient centrifugation and by agar gel electrophoresis: A comparison[END_REF][START_REF] Weinberg | Small molecular weight monodisperse nuclear RNA[END_REF]. Les parties restantes du génome étaient alors appelées ADN « poubelle » [START_REF] Ohno | So much "junk" DNA in our genome[END_REF], car on pensait que ces fragments d'ADN ne jouaient aucun rôle dans l'espèce.

Ce n'est que dans les années 80/90 qu'une vision plus complexe du transcriptome est apparue.

Les nombreuses découvertes comme le premier ARNnc régulateur chez E. coli [START_REF] Coleman | The use of RNAs complementary to specific mRNAs to regulate the expression of individual bacterial genes[END_REF], la première identification d'un locus non codant, le locus PVT1 [START_REF] Graham | Chromosome 8 breakpoint far 3′ of the c-myc oncogene in a Burkitt's lymphoma 2;8 variant translocation is equivalent to the murine pvt-1 locus[END_REF], le premier long ARN non codant (lncARN) humain fonctionnel H19 [START_REF] Brannan | The product of the H19 gene may function as an RNA[END_REF], ainsi que le lncARN Xist [START_REF] Brockdorff | Conservation of position and exclusive expression of mouse Xist from the inactive X chromosome[END_REF][START_REF] Brockdorff | The product of the mouse Xist gene is a 15 kb inactive Xspecific transcript containing no conserved ORF and located in the nucleus[END_REF][START_REF] Brown | The human XIST gene: Analysis of a 17 kb inactive X-specific RNA that contains conserved repeats and is highly localized within the nucleus[END_REF] et les microARN (miARN) chez C. elegans [START_REF] Lee | The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity to lin-14[END_REF], ont ouvert la voie à un rôle plus complexe de la molécule d'ARN.

Les deux dernières décennies ont marqué le début d'une expansion dans la compréhension des fonctions biologiques de ces ARNnc accompagnée d'une amélioration considérable de la technologie. Le séquençage complet du génome humain a permis de mieux comprendre la structure de l'ADN chez l'homme [START_REF] Lander | Initial sequencing and analysis of the human genome[END_REF][START_REF] Venter | The Sequence of the Human Genome[END_REF][START_REF] Nurk | The complete sequence of a human genome[END_REF].

Enfin, avec l'émergence du séquençage de l'ARN, des grands consortiums (ENCODE et FANTOM) ont multiplié leurs efforts pour permettre une perception globale du génome et du transcriptome des mammifères [START_REF] Carninci | The Transcriptional Landscape of the Mammalian Genome[END_REF][START_REF] Katayama | Integrated analysis of the genome and the transcriptome by FANTOM[END_REF]The ENCODE Project Consortium, 2007). Ces découvertes ont révélé que 80% du génome est transcrit en ARN alors que seulement 1% du génome est transcrit en ARNm [START_REF] Djebali | Landscape of transcription in human cells[END_REF]. L'étude du transcriptome humain a identifié entre 20 000 et 60 000 lncARN potentiellement fonctionnels [START_REF] Hon | An atlas of human long non-coding RNAs with accurate 5′ ends[END_REF][START_REF] Iyer | The landscape of long noncoding RNAs in the human transcriptome[END_REF], sans inclure les autres classes d'ARNnc, alors que 20 000 à 25 000 gènes codants pour des protéines ont été identifiées [START_REF] Lander | Initial sequencing and analysis of the human genome[END_REF].

Ces analyses ont révélé la haute importance des ARNnc dans le transcriptome humain.

Le transcriptome est donc composé d'ARN codants et non-codants. Les ARN non-codants représentent la majorité des ARN présents dans le transcriptome [START_REF] Djebali | Landscape of transcription in human cells[END_REF]. Parmi les ARNnc, on peut trouver plusieurs sous-classes : les ARN domestiques et les ARN régulateurs. La sous-classe des ARN domestiques est composée d'ARN essentiels au maintien des fonctions cellulaires de base. Ils sont généralement exprimés de manière constitutive (comme les ARNr, les ARNt, les snoARN, les snARN). En revanche, l'expression des ARN régulateurs est contrôlée dans l'espace et dans le temps. Ces ARN sont essentiels à la finesse du réglage de l'expression des gènes et des fonctions des protéines (comme les miARN, piARN et lncARN).

Les ARN domestiques

-Les petits ARN nucléaires (snRNA) sont des composants essentiels dans l'épissage des pré-ARNm des transcrits de la polymérase II.

-Les ARNr sont la classe d'ARN la plus représentée dans le transcriptome, 80% des ARN sont des ARNr. Ces ARN sont les constituants principaux des ribosomes, composés à 60% d'ARNr et complétés avec des protéines. Le ribosome est la machinerie essentielle pour la traduction des ARNm en protéines.

-Les petits ARN nucléolaires (snoARN) sont une famille d'ARN jouant un rôle central dans la maturation des ARNr. Ces snoARN sont impliqués dans la maturation, la modification de base azotée et la stabilisation des ARNr.

-Les ARNt font le lien entre les ARNm et les acides aminée constituant les protéines.

Chaque ARNt est couplé à un acide aminé et s'apparie, dans le ribosome, sur l'ARN, par complémentarité de base. Les ARNt représentent la plus grande famille de gènes dans le génome humain, avec environ 500 gènes codants pour des ARNt.

Ces exemples non exhaustifs d'ARNnc domestiques mettent en évidence le rôle essentiel des ARNnc dans les fonctions cellulaires. Ces ARN sont indispensables au bon fonctionnement de la cellule, ils agissent principalement dans la maturation des pré-ARNm et la synthèse des protéines. Ils sont donc essentiels pour faciliter le transfert de l'information génétique des gènes aux protéines.

Les ARN régulateurs

Des efforts considérables ont été déployés pour la caractérisation et la compréhension des ARNnc régulateurs. En effet, ces ARN sont d'un grand intérêt notamment en santé humaine, comme le montre le nombre élevé de rapports publiés associant les micro-ARN, et les lncARN à des maladies humaines tel que le cancer [START_REF] Bhan | Long Noncoding RNA and Cancer: A New Paradigm[END_REF][START_REF] Calin | MicroRNA signatures in human cancers[END_REF][START_REF] Capel | Cancer LncRNA Census reveals evidence for deep functional conservation of long noncoding RNAs in tumorigenesis[END_REF]. Les ARN régulateurs sont classés en fonction de leur taille, en deux catégories : les petits ARNnc (<50 nt) et les lncARN (>200 nt).

-Les micro-ARN (miARN) sont des ARN endogènes et conservés dans toutes les espèces. Ces ARN régulent l'expression des gènes en interagissant avec eux par complémentarité de base et en induisant la dégradation de l'ARN ciblé.

-Les ARN interagissant avec les protéines PIWI (ARNpi) sont une classe d'ARN avec un mode d'action similaire au miRNA. Mais, ces ARN sont spécialement exprimés dans les gamètes. Ils sont donc les gardiens du génome des gamètes utilisées pour la reproduction.

-Les ARN longs (>200nt) régulateurs sont transcrits par l'ARN polymérase II. Les lncARNs présentent un grand intérêt en raison de leurs fonctions. Alors que les petits ARNnc sont spécialisés dans la régulation de l'expression des gènes c'est-à-dire dans la régulation fine du flux de l'information génétique [START_REF] Bartel | MicroRNAs: Target Recognition and Regulatory Functions[END_REF], les lncARN ont des fonctions moléculaires diverses et sont des effecteurs directs de cette information génétique [START_REF] Constanty | lncRNAs in development and differentiation: from sequence motifs to functional characterization[END_REF][START_REF] Hansen | Natural RNA circles function as efficient microRNA sponges[END_REF][START_REF] Kopp | Functional Classification and Experimental Dissection of Long Noncoding RNAs[END_REF][START_REF] Kristensen | The biogenesis, biology and characterization of circular RNAs[END_REF]Marchese et al., 2017 ;[START_REF] Memczak | Circular RNAs are a large class of animal RNAs with regulatory potency[END_REF][START_REF] Statello | Gene regulation by long noncoding RNAs and its biological functions[END_REF] [START_REF] Ruan | In vivo functional analysis of non-conserved human lncRNAs associated with cardiometabolic traits[END_REF], il a été déterminé, par conservation de la position génomique, que des centaines de lncARN ont des homologues chez les vertébrés. Seulement 18 lncARN ont été trouvés conservés de l'homme à l'oursin (Hezroni et al., 2015). L'observation que la plupart des lncARN sont peu conservés en dehors du sousphylum des vertébrés montre que les lncARN ont une origine dynamique. Plusieurs mécanismes sont à l'origine de l'apparition des lncARN. La perte du potentiel codant d'un gène codant peut conduire à l'apparition de lncARN. Les mutations au sein des gènes codants peuvent entraîner la perte de la protéine. Si le transcrit n'est pas déstabilisé par la mutation et que le gène reste exprimé, alors cela peut conduire à de nouveaux lncARN. Le lncARN Xist a évolué en tant qu'ARNnc par ce mécanisme [START_REF] Duret | The Xist RNA Gene Evolved in Eutherians by Pseudogenization of a Protein-Coding Gene[END_REF]. Les éléments transposables sont également à l'origine de la formation de nouveaux lncARN. Ils sont fortement impliqués dans les innovations du génome chez les mammifères [START_REF] Cordaux | The impact of retrotransposons on human genome evolution[END_REF]. Les insertions d'éléments transposables contenant des promoteurs fonctionnels peuvent conduire à l'expression de nouveaux lncARN. Ceci est supporté car 80% des lncRNAs chevauchent au moins un élément transposable [START_REF] Kapusta | Transposable Elements Are Major Contributors to the Origin, Diversification, and Regulation of Vertebrate Long Noncoding RNAs[END_REF]. Les insertions d'éléments transposables peuvent également conduire à de nouveaux lncARNs sans insertion de promoteurs fonctionnels. Des études ont montré que la transcription se produit souvent dans les directions divergentes des gènes codants et à partir des enhancers [START_REF] Seila | Divergent Transcription from Active Promoters[END_REF]. Cependant, les produits de ces transcriptions sont rapidement dégradés. Les insertions d'éléments transposables peuvent stabiliser ces transcriptions cryptiques conduisant à l'apparition de nouveaux transcrits stabilisés codants ou non codants [START_REF] Gotea | Bidirectional Promoters as Important Drivers for the Emergence of Species-Specific Transcripts[END_REF][START_REF] Wu | Divergent Transcription: A Driving Force for New Gene Origination[END_REF].

Il est remarquable que l'annotation des ARN codants ou non codants change au cours de l'évolution. Les transcrits peuvent apparaître en tant que lncARN chez les vertébrés basaux et évoluer en transcrits codants des protéines chez les mammifères ; comme le transcrit libra/Nrep, non codant chez le poisson zèbre, et codant chez les mammifères (Bitetti et al., 2018).

Conservation des lncARN chez les vertébrés

Peu après l'identification des lncARN chez différentes espèces, des études de comparaison génomique ont vu le jour pour atteindre trois objectifs : (1) annoter et identifier les lncARN chez les vertébrés, (2) élucider l'évolution de ces transcrits, et (3) utiliser les lncARN conservés comme indicateurs de leur importance fonctionnelle pour les distinguer des gènes transcrits de manière systématique.

La position chromosomique, également connue sous le nom de synténie, est la meilleure approche pour identifier les lncARN conservés chez les vertébrés. Elle peut être utilisée comme première couche pour identifier les lncARN conservés par comparaison génomique avant de validations plus poussées. Il est intéressant de noter qu'en utilisant cette méthode, des centaines de lncARN ont été trouvés conservés parmi les vertébrés (Hezroni et al., 2015), dont certains de l'homme au poisson zèbre (Ulitsky et al., 2011). Les génomes du poisson zèbre et des mammifères ont été largement réagencés au cours des 400 millions d'années de séparation, cependant, la conservation de la synténie des lncARN (33,9 %) est significativement plus élevée que la conservation des paires de gènes codants pour les protéines (14,7 %) (Ulitsky et al., 2011). Par conséquent, seule la position chromosomique d'un génome annoté permet d'identifier les lncARN conservés à travers les espèces grâce à la synténie.

Fonctions moléculaires des lncARN

Les loci de lncARN peuvent agir selon différents mécanismes moléculaires. Ils peuvent avoir

(1) une fonction par la présence d'enhancers régulant l'expression des gènes voisins, (2) une transcription, et non le transcrit, peut être impliquée dans la régulation de l'expression des gènes environnant, et (3) la fonction moléculaire peut être portée par le transcrit lui-même. Il est intéressant de noter que les loci de lncARN peuvent avoir une ou plusieurs de ces fonctions.

Cependant, les loci les plus intrigants sont ceux dont la fonction est portée par le transcrit. En effet, ces transcrits peuvent eux-mêmes agir à différents niveaux moléculaires [START_REF] Constanty | lncRNAs in development and differentiation: from sequence motifs to functional characterization[END_REF][START_REF] Statello | Gene regulation by long noncoding RNAs and its biological functions[END_REF]. Ils peuvent interagir avec l'ADN, l'ARN ou les protéines. La grande majorité des lncARN interagissent avec des protéines. Ce sont ces protéines qui confèrent la fonction moléculaire des lncARN. Par conséquent, le déchiffrage des déterminants fonctionnels des lncARN guidant l'interaction ARN/protéine est étudié afin de permettre la prédiction de l'activité des lncARN. On a d'abord supposé que la structure de l'ARN porte la fonction du lncARN (Diederichs, 2014 ;Guttman & Rinn, 2012 ;Wutz et al., 2002), alors que cela est le cas que chez quelques lncARN (Holmes et al., 2020 ;Uroda et al., 2019 ;Zhang et al., 2010). Des études non biaisées sur les sites de liaisons des protéines ont montré des motifs d'ARN souvent peu complexes et bipartites (Dominguez et al., 2018). La spécificité des liaisons de ces protéines est cependant soutenue par la structure locale de l'ARN (Dominguez et al., 2018). Ces résultats montrent que la fonction moléculaire des lncARN est portée par la séquence primaire et leur structure locale plutôt que par la structure globale de l'ARN. Plusieurs motifs d'ARN courts ont été découverts pour guider la fonction d'un grand nombre de lncARN agissant dans un large éventail de processus biologiques. Ces motifs se sont révélés essentiels pour le traitement de l'extrémité 3' des lncARN, les formations de Rloop, la localisation subcellulaire des lncARN, la séquestration des protéines par les lncARN, la régulation des interactions lncARN-protéines et la régulation des miARN [START_REF] Constanty | lncRNAs in development and differentiation: from sequence motifs to functional characterization[END_REF].

Le lncARN PVT1 (Plasmacytoma Variant Translocation 1)

Le lncARN PVT1 a été nommé d'après l'implication du locus génomique dans des translocations génomiques, dans le plasmocytome et du le lymphome de Burkitt [START_REF] Cory | Variant (6;15) translocations in murine plasmacytomas involve a chromosome 15 locus at least 72 kb from the c-myc oncogene[END_REF][START_REF] Graham | Chromosome 8 breakpoint far 3′ of the c-myc oncogene in a Burkitt's lymphoma 2;8 variant translocation is equivalent to the murine pvt-1 locus[END_REF][START_REF] Webb | Variant (6 ; 15) translocation in a murine plasmacytoma occurs near an immunoglobulin κ gene but far from the myc oncogene[END_REF]. Ce lncARN est d'un grand intérêt car son expression est associée à de multiples maladies humaines [START_REF] Ghetti | Linear and circular PVT1 in hematological malignancies and immune response: two faces of the same coin[END_REF][START_REF] Guo | Aberrant expressions of MIAT and PVT1 in serum exosomes of schizophrenia patients[END_REF][START_REF] Hanson | Identification of PVT1 as a Candidate Gene for End-Stage Renal Disease in Type 2 Diabetes Using a Pooling-Based Genome-Wide Single Nucleotide Polymorphism Association Study[END_REF] dont des cancers [START_REF] Onagoruwa | Oncogenic Role of PVT1 and Therapeutic Implications[END_REF][START_REF] Tseng | PVT1 dependence in cancer with MYC copy-number increase[END_REF][START_REF] Tseng | The PVT1-MYC duet in cancer[END_REF]. Néanmoins, sa fonction moléculaire reste mal comprise. Chez l'homme, PVT1

est localisé sur le chromosome 8, en aval du gène codant pour la protéine MYC. Il est intéressant de noter que cette caractéristique génomique spécifique est conservée chez tous les vertébrés (Hezroni et al., 2015). principalement dans le cancer [START_REF] Onagoruwa | Oncogenic Role of PVT1 and Therapeutic Implications[END_REF]. Il est intéressant de voir qu'une grande variété de mécanismes moléculaires a été trouvée, en fonction du modèle étudié, conduisant à une généralisation complexe de la fonction de ce lncARN. Pour des raisons de clarté, les parties suivantes se concentreront sur les variants linéaires du lncARN PVT1.

L'ARN PVT1 peut agir comme un oncogène. Il a été montré que l'expression de PVT1 pouvait être induite par les protéines FOXM1 (Xu et al., 2017) et MYC [START_REF] Tseng | PVT1 dependence in cancer with MYC copy-number increase[END_REF] dans différents types de cancer. Ces deux protéines peuvent également interagirent avec PVT1 ce qui les stabilisent et inhibent leur dégradation. Ceci montre un effet de boucle de régulation positive entrainant le développement de tumeur [START_REF] Tseng | PVT1 dependence in cancer with MYC copy-number increase[END_REF], Xu et al., 2017).

De façon étonnante, il a aussi été montré que l'expression de PVT1 peut être induite pour la protéine suppresseur de tumeur p53 [START_REF] Olivero | p53 Activates the Long Noncoding RNA Pvt1b to Inhibit Myc and Suppress Tumorigenesis[END_REF]. P53 induit l'expression d'un variant spécifique de PVT1 appelé PVT1b et son induction limite le développement tumoral [START_REF] Olivero | p53 Activates the Long Noncoding RNA Pvt1b to Inhibit Myc and Suppress Tumorigenesis[END_REF] (Hezroni et al., 2015). Néanmoins, les motifs ARN sont apparus comme une alternative pour décoder les fonctions moléculaires conservées entre les transcrits à évolution rapide, agissant comme des sites de liaison aux protéines (Kirk et al., 2018 ;[START_REF] Ross | Uncovering deeply conserved motif combinations in rapidly evolving noncoding sequences[END_REF].

Ainsi, nous avons utilisé le nouvel algorithme lncLOOM [START_REF] Ross | Uncovering deeply conserved motif combinations in rapidly evolving noncoding sequences[END_REF] uniquement autour du promoteur de lnc-myca. P53 est une protéine clé de la voie de régulation du stress. Son activité est induite par la détection de stress cellulaire. P53 induit l'expression de gènes essentiels à la régulation du stress ou à la mort cellulaire [START_REF] Williams | p53 in the DNA-Damage-Repair Process[END_REF]. Afin de tester la régulation de lnc-myca en condition de stress, nous avons placé les embryons de poisson zèbre en présence de camptothécine (CPT), un inhibiteur de topoisomérase, ce qui induit des cassures d'ADN. Les embryons traités avec le CPT présentent une surexpression de p53 et de lnc-myca mais pas de lnc-mycb, montrant la spécificité de l'expression lnc-myca qui pourrait avoir une fonction dans la voie de régulation du stress. Afin de comprendre si p53 induit directement l'expression de lnc-myca dans des conditions de stress, nous avons exposé des embryons préalablement injectés avec des morpholino inhibant l'expression de p53 au CPT. L'inhibition de l'expression de p53 proscrit l'activation de la voie de régulation du stress même en présence de CPT, ce qui inhibe l'activation de l'expression de lnc-myca. Ceci montre que l'expression de lnc-myca est spécifiquement induite par p53 en condition de stress chez le poisson zèbre. Par ailleurs, il a déjà été démontré qu'un variant spécifique de PVT1 chez la souris et chez l'homme est induit directement par p53 [START_REF] Olivero | p53 Activates the Long Noncoding RNA Pvt1b to Inhibit Myc and Suppress Tumorigenesis[END_REF], démontrant une conservation de fonction des transcrits homologues de PVT1 chez les poissons-zèbres dans la régulation du stress cellulaire via la voie p53.

7.2.6 La délétion partielle de pvt1 chez le poisson zèbre impacte les érythrocytes L'expression des lncARN est tissu-spécifique. Nous avons donc analysé les tissus dans lesquels est exprimé Pvt1 pendant le développement de la souris avec des séquençages ARN de cellules uniques déjà établies [START_REF] Cao | The single-cell transcriptional landscape of mammalian organogenesis[END_REF][START_REF] Pijuan-Sala | A single-cell molecular map of mouse gastrulation and early organogenesis[END_REF] [START_REF] Kramer | TP53 Modulates Oxidative Stress in Gata1 + Erythroid Cells[END_REF][START_REF] Scott | Erythrocyte defense against hydrogen peroxide: Preeminent importance of catalase[END_REF] régulateurs clés de la voie de réparation de l'ADN [START_REF] Kotian | NUSAP1 influences the DNA damage response by controlling BRCA1 protein levels[END_REF][START_REF] Somyajit | Distinct Roles of FANCO/RAD51C Protein in DNA Damage Signaling and Repair[END_REF].

De façon intéressante, ces résultats sont cohérents avec l'implication de PVT1 dans la voie de régulation p53. En effet, p53 est la protéine essentielle dans la voie de réparation de l'ADN.

Conclusion

Cette étude représente la première analyse in vivo de la fonction physiologique du lncARN Ceci pourrait justifier la fonction moléculaire conservée de PVT1 chez les vertébrés, régulant le développement embryonnaire via la réparation des cassures d'ADN.

Introduction

Thousands of genomic loci are transcribed into so-called long noncoding RNAs (lncRNAs) [START_REF] Rinn | Genome regulation by long noncoding RNAs[END_REF]. A fraction of these has been demonstrated to regulate a range of important biological processes, such as development and cell differentiation [START_REF] Mallory | LncRNAs in vertebrates: advances and challenges[END_REF]Perry and Ulitsky, 2016;Ulitsky and Bartel, 2013).

LncRNAs have also been linked to human diseases, including nearly every major cancer type as well as various neurological disorders [START_REF] Bian | Functions of noncoding RNAs in neural development and neurological diseases[END_REF]Esposito et al., 2019;Gutschner and Diederichs, 2012;Huarte, 2015;[START_REF] Li | Long non-coding RNA in neuronal development and neurological disorders[END_REF]. Although the annotation of lncRNAs and the identification of their biological functions has progressed over the past decade, lncRNAs are still poorly understood at the molecular level, partially due to the diversity of their modes of action and a lack of suitable molecular tools to dissect them. Three sub-groups of lncRNAs can be distinguished based on their molecular mechanisms of action: (1) lncRNA loci that contain enhancers regulating gene expression; (2) lncRNA loci for which the act of transcription but not the transcript per se is important for regulating neighbouring genes; and (3) lncRNA loci that carry out their cellular functions via lncRNA transcripts that interact with DNA, other RNAs and proteins (Marchese et al., 2017;[START_REF] Wang | Molecular mechanisms of long noncoding RNAs[END_REF]. Notably, some lncRNAs may belong to more than one of these subgroups. The lncRNAs in the final group share biogenesis pathways and post-transcriptional features with mRNAs, i.e. they are transcribed by RNA polymerase II and are capped, spliced and polyadenylated [START_REF] Cabili | Integrative annotation of human large intergenic noncoding RNAs reveals global properties and specific subclasses[END_REF]Guttman and Rinn, 2012). For these lncRNAs, the linear transcript sequence often defines function. Comparative analyses of lncRNAs in different vertebrate species has shown that lncRNA sequences undergo rapid evolutionarily turnover, resulting in their overall poor conservation (Hezroni et al., 2015;[START_REF] Kutter | Rapid turnover of long noncoding RNAs and the evolution of gene expression[END_REF]Necsulea et al., 2014;Ulitsky et al., 2011;[START_REF] Washietl | Evolutionary dynamics and tissue specificity of human long noncoding RNAs in six mammals[END_REF]. Nonetheless, signatures of primary sequence conservation have been detected in ∼100 lncRNAs conserved from mammals to fish and in ∼1000 lncRNAs conserved among mammals (Hezroni et al., 2015). For the majority of conserved lncRNAs, only short stretches of sequence are retained (Hezroni et al., 2015;Ulitsky et al., 2011). These short sequences may represent functional elements of lncRNA transcripts that facilitate interactions with other RNAs, proteins or genomic loci.

In addition to their linear RNA sequences, the secondary and tertiary structures of lncRNA transcripts have been proposed to be functional determinants (Diederichs, 2014;Guttman and Rinn, 2012;Wutz et al., 2002). Several functionally conserved RNA structure examples support this idea (Holmes et al., 2020;Uroda et al., 2019;Zhang et al., 2010). Moreover, recent development of new technologies to determine RNA structures in vivo have demonstrated that RNA structures can be engaged in important long-range interactions [START_REF] Lu | RNA duplex map in living cells reveals higher-order transcriptome structure[END_REF]Ziv et al., 2018). However, it is unclear how prevalent the impact of RNA structure on lncRNA functionality is [START_REF] Rivas | A statistical test for conserved RNA structure shows lack of evidence for structure in lncRNAs[END_REF]. Furthermore, the unbiased analysis of sequence and context preferences for multiple human RNA-binding proteins (RBPs), which are important drivers of lncRNA function, has demonstrated that RBPs bind short, often low complexity, RNA motifs (Dominguez et al., 2018). RBP-binding specificity is further supported by additional features, such as local RNA secondary structure and flanking nucleotides (Dominguez et al., 2018), suggesting that the functional elements controlling lncRNAs reside in their sequence and adjacent secondary structure motifs, rather than in their global tertiary structure.

In this Review, we discuss a set of vertebrate lncRNAs with characterized developmental, cell biological and physiological functions defined by specific lncRNA sequence elements (Table 1). We discuss how such sequence elements and motifs regulate the biogenesis, localization and interactions of lncRNAs.

In addition, we survey recent efforts to experimentally identify functional lncRNA motifs and highlight computational algorithms that have been developed to predict these functions based on lncRNA sequences.

The regulation of lncRNA biogenesis and processing by RNA motifs

To generate functional noncoding transcripts, tight regulation of lncRNA biogenesis is required. Although the majority of mature lncRNA transcripts are generated by the same biogenesis pathways as those regulating mRNAs, two particular lncRNA transcripts -MALAT1 (metastasis-associated lung adenocarcinoma transcript 1) and NEAT1 (nuclear enriched abundant transcript 1) -are processed in a manner that involves conserved motifs (Wilusz et al., 2012) (Fig. 1A).

Both MALAT1 and NEAT1_2 (the long isoform of NEAT1) are structural components of nuclear bodies, with MALAT1 localizing to speckles and NEAT1_2 to paraspeckles [START_REF] Clemson | An architectural role for a nuclear noncoding RNA: NEAT1 RNA is essential for the structure of Paraspeckles[END_REF][START_REF] Hutchinson | A screen for nuclear transcripts identifies two linked noncoding RNAs associated with SC35 splicing domains[END_REF][START_REF] Nakagawa | Paraspeckles are subpopulation-specific nuclear bodies that are not essential in mice[END_REF][START_REF] Sasaki | MENε/β noncoding RNAs are essential for structural integrity of nuclear paraspeckles[END_REF][START_REF] Sunwoo | MEN epsilon/beta nuclear-retained non-coding RNAs are up-regulated upon muscle differentiation and are essential components of paraspeckles[END_REF]. Whereas NEAT1_2 is essential for paraspeckle formation [START_REF] Clemson | An architectural role for a nuclear noncoding RNA: NEAT1 RNA is essential for the structure of Paraspeckles[END_REF][START_REF] Mao | Direct visualization of the co-transcriptional assembly of a nuclear body by noncoding RNAs[END_REF][START_REF] Naganuma | Paraspeckle formation during the biogenesis of long non-coding RNAs[END_REF][START_REF] Naganuma | Alternative 3′-end processing of long noncoding RNA initiates construction of nuclear paraspeckles: LncRNA processing for nuclear body architecture[END_REF][START_REF] Sasaki | MENε/β noncoding RNAs are essential for structural integrity of nuclear paraspeckles[END_REF], depletion of MALAT1 does not noticeably affect speckles (Nakagawa et al., 2012;[START_REF] Zhang | The lncRNA Malat1 is dispensable for mouse development but its transcription plays a cis-regulatory role in the adult[END_REF]. At the organismal level, Neat1 is required for normal mammary gland development, lactation and corpus luteum formation during the establishment of pregnancy [START_REF] Nakagawa | The lncRNA Neat1 is required for corpus luteum formation and the establishment of pregnancy in a subpopulation of mice[END_REF][START_REF] Standaert | The long noncoding RNA Neat1 is required for mammary gland development and lactation[END_REF]. By contrast, Malat1 does not appear to be required for normal development, as mouse and zebrafish null alleles of Malat1 do not exhibit any apparent morphological defects [START_REF] Eissmann | Loss of the abundant nuclear non-coding RNA MALAT1 is compatible with life and development[END_REF]Lavalou et al., 2019;Nakagawa et al., 2012;[START_REF] Zhang | The lncRNA Malat1 is dispensable for mouse development but its transcription plays a cis-regulatory role in the adult[END_REF]. However, in-depth analysis of one of the mouse null alleles has shown retinal vascularization defects [START_REF] Michalik | Long noncoding RNA MALAT1 regulates endothelial cell function and vessel growth[END_REF]. In addition, there is growing evidence that Malat1 plays an essential role in disease, affecting cancer progression and metastasis [START_REF] Arun | MALAT1 long non-coding RNA and breast cancer[END_REF].

During their biogenesis, MALAT1 and NEAT1 transcripts are processed by an unusual RNase P cleavage step directed by structured tRNA-like motifs (Wilusz et al., 2012). Upon RNase P cleavage, MALAT1, which is conserved from fish to human (Ulitsky et al., 2011), is stabilized by a highly conserved triple helical structure located immediately upstream of the RNase P cleavage site; this event prevents exonucleolytic degradation from the 3′ end of the transcript [START_REF] Brown | Formation of triple-helical structures by the 3′-end sequences of MALAT1 and MENbeta noncoding RNAs[END_REF]Wilusz et al., 2012) (Fig. 1A). The mammalian-specific NEAT1 locus encodes two lncRNA isoforms generated from the same promoter. Although the short isoform, termed NEAT1_1 (3.7 kb in humans), is produced by canonical cleavage and polyadenylation using an upstream polyadenylation signal, the long isoform, termed NEAT1_2 (23 kb in humans), is processed by RNase P cleavage and stabilized by a triple helical structure, similar to that regulating MALAT1 biogenesis (Fig. 1A). In both cases, the 3′-end stabilizing triple helical structure is generated by conserved motifs of ∼10 nucleotides (nt) in lengthtwo U-rich motifs and an A-rich tract [START_REF] Brown | Structural insights into the stabilization of MALAT1 noncoding RNA by a bipartite triple helix[END_REF][START_REF] Brown | Formation of triple-helical structures by the 3′-end sequences of MALAT1 and MENbeta noncoding RNAs[END_REF][START_REF] Wilusz | 3′ end processing of a long nuclear-retained noncoding RNA yields a tRNA-like cytoplasmic RNA[END_REF]Wilusz et al., , 2012) ) (Fig. 1A). This biogenesis mechanism remains a unique feature of MALAT1 and NEAT1, as no additional lncRNA transcripts processed by RNase P cleavage and harbouring similar triple-helix forming motifs have been identified so far.

Motifs and sequences that control the subcellular localization of lncRNA transcripts

The subcellular localization of lncRNAs is also tightly regulated and is an important determinant of lncRNA function (Chen, 2016;Guo et al., 2020). In the nucleus, lncRNAs regulate chromatin organization, transcription, RNA maturation and nuclear protein activity [START_REF] Sun | nuclear long noncoding RNAs: key regulators of gene expression[END_REF][START_REF] Wang | Molecular mechanisms of long noncoding RNAs[END_REF]. In the cytoplasm, by contrast, lncRNAs interact with microRNAs (miRNAs) and regulate translation efficiency and cytoplasmic protein activity [START_REF] Noh | Cytoplasmic functions of long noncoding RNAs[END_REF][START_REF] Paraskevopoulou | Analyzing MiRNA-LncRNA interactions[END_REF]. Notably, lncRNAs tend to be less enriched in the cytoplasm compared with mRNAs (Derrien et al., 2012;[START_REF] Mukherjee | Integrative classification of human coding and noncoding genes through RNA metabolism profiles[END_REF]. Specifically, for lncRNAs whose functions are linked to activities in the nucleus, repression of their export to the cytoplasm is required. Many nuclear lncRNAs have been studied in detail and specific RNA elements that facilitate their binding to proteins defining nuclear localization have been determined. Below, we highlight examples that illustrate the variety of different RNA elements and molecular mechanisms directing the nuclear enrichment of lncRNAs.

The nuclear localization of MALAT1 can be explained in part by the single-exon structure of its transcript, which does not engage with exon junction complexes promoting nuclear export [START_REF] Hutchinson | A screen for nuclear transcripts identifies two linked noncoding RNAs associated with SC35 splicing domains[END_REF]. In addition, two distinct sequence elements have been found to promote the specific enrichment of MALAT1 in nuclear speckles [START_REF] Miyagawa | Identification of cis-and transacting factors involved in the localization of MALAT-1 noncoding RNA to nuclear speckles[END_REF]. These nuclear retention sequences of ∼600 nt are bound in vitro by the nuclear speckle protein RNSP1. Depletion of RNSP1 and two other key nuclear speckle proteins, SRM160 and IBP160, leads to diffusion of MALAT1 into the nucleoplasm, suggesting that these proteins may drive the nuclear retention of MALAT1. However, sequence and structure conservation analyses did not detect any common motifs within the two MALAT1 nuclear localization elements [START_REF] Miyagawa | Identification of cis-and transacting factors involved in the localization of MALAT-1 noncoding RNA to nuclear speckles[END_REF].

In contrast to MALAT1, the lncRNA Firre ( functional intergenic repeating RNA element) is a spliced and polyadenylated nuclear transcript, the knockout of which leads to cell-specific defects in Table 1. Examples of lncRNA motifs with regulatory functions in development, cell differentiation and animal physiology hematopoietic populations in mice [START_REF] Lewandowski | The Firre locus produces a trans-acting RNA molecule that functions in hematopoiesis[END_REF]. Although Firre is syntenically conserved in almost all eutherians (Hezroni et al., 2015), its sequence comprising multiple repetitive elements of ∼150 nt, termed repeating RNA domains (RRDs), has diverged between primate and rodent lineages [START_REF] Hacisuleyman | Function and evolution of local repeats in the Firre locus[END_REF]. Despite this divergence in sequence evolution resulting in limited sequence similarity between primate and rodent RRD elements, orthologous RRDs share the same function and act as strong nuclear retention signals [START_REF] Hacisuleyman | Topological organization of multichromosomal regions by the long intergenic noncoding RNA Firre[END_REF][START_REF] Hacisuleyman | Function and evolution of local repeats in the Firre locus[END_REF]. RRDs drive nuclear retention of the Firre transcript and are sufficient to localize an otherwise cytoplasmic mRNA to the nucleus when added to the 3′ end of this mRNA [START_REF] Hacisuleyman | Function and evolution of local repeats in the Firre locus[END_REF]. Mechanistically, it has been proposed that RRD elements interact with the nuclear matrix protein HNRNPU, which insures correct localization of RNAs to the nucleus [START_REF] Hacisuleyman | Topological organization of multichromosomal regions by the long intergenic noncoding RNA Firre[END_REF][START_REF] Hacisuleyman | Function and evolution of local repeats in the Firre locus[END_REF].

The nuclear retention of the lncRNA MEG3 is also regulated by a linear sequence motif of 356 nt (Azam et al., 2019). Deletion of this nuclear retention element (NRE), which is bound by several components of U1 snRNP, effectively relocates MEG3 reporter transcripts from the nucleus to the cytoplasm (Azam et al., 2019). By contrast, the function of MEG3, which acts as a tumour suppressor that stimulates the p53 pathway and controls the cell cycle, is mediated by a tertiary structure that is conserved in mammals (Uroda et al., 2019).

The spliced and polyadenylated lncRNA BORG regulates BMPinduced differentiation of C2C12 cells into osteoblastic cells and is exclusively localized to the nucleus [START_REF] Takeda | Identification of a novel bone morphogenetic protein-responsive gene that may function as a noncoding RNA[END_REF]. The nuclear localization of BORG is mediated by a short AGCCC RNA motif. Although the mechanism of nuclear retention controlled by this RNA motif remains unknown, the motif was found to be present in multiple other nuclear lncRNAs as well as in protein-coding RNAs, indicating that nuclear localization motifs are shared between noncoding and coding transcripts (Zhang et al., 2014).

The 3′UTR of CTN-RNA, a polyadenylated transcript that localizes to paraspeckles under regular cellular conditions, DEVELOPMENT harbours another type of a NRE [START_REF] Prasanth | Regulating gene expression through RNA nuclear retention[END_REF]. This NRE consists of a ∼100 nt forward repeat and three inverted repeats originating from SINE retro-elements. Each of the inverted repeats can form a stem loop with the forward repeat. The stem loop serves as a target site for ADAR enzymes to catalyse adenosine-to-inosine (A-to-I) RNA editing [START_REF] Prasanth | Regulating gene expression through RNA nuclear retention[END_REF]. It has been proposed that the paraspeckle protein p54 nrb interacts with CTN-RNA at I-edited residues, triggering retention of the transcript in the nucleus. Under cellular stress conditions, CTN-RNA is released from the nucleus by cleavage of its edited 3′UTR, generating an mRNA that contains a 5′UTR and a coding region. This cleaved transcript is then transported to the cytoplasm, where it is translated into the mCAT2 protein that modulates cellular uptake of L-arginine [START_REF] Prasanth | Regulating gene expression through RNA nuclear retention[END_REF], demonstrating that tight regulation of CTN-RNA subcellular localization is essential during homeostatic and stress conditions.

From the few examples presented here, it is evident that the repertoire of RNA nuclear retention motifs and their associated interactors far exceeds the number of known protein nuclear localization signal motifs, presenting a major challenge in their identification. It remains to be seen whether individual transcripts adapted various nuclear retention mechanisms or whether common sets of lncRNA sequence elements execute their retention in the nucleus. High-throughput approaches (discussed below) have the potential to find common sets of motifs with similar functions and group them into mechanistically defined sub-classes.

Unbiased identification of lncRNA subcellular localization motifs

Identification of the aforementioned subcellular localization elements has been restricted to individual lncRNA and mRNA transcripts, and has been achieved using reporter constructs and classical genetics. However, with recent advances in comparative genomics, data analysis and systematic experimental approaches, several computational and high-throughput experimental strategies have been applied to unbiasedly decipher sequence elements dictating RNA localization.

To identify RNA motifs that drive nuclear localization, several independent studies have used a tiling-based strategy. In this approach, pools of thousands of tiled oligonucleotides covering human lncRNAs and selected 3′UTRs are evaluated for their ability to retain an otherwise cytoplasmic reporter transcript in the nucleus. The Ulitsky laboratory constructed a library of ∼5500 109-mers that tiled exons of 37 human lncRNAs and 13 3′UTRs of mRNAs enriched in the nucleus. The library was cloned into the 5′ and 3′ UTRs of a cytoplasmic GFP reporter and transfected into human cells; RNA from cytoplasmic and nuclear fractions was then sequenced and analysed for enrichment of sequence motifs. A 42 nt C-rich sequence element derived from an Alu-repeat named SIRLOIN was found to drive nuclear localization of a set of lncRNAs and mRNAs by interacting with the protein HNRNPK [START_REF] Lubelsky | Sequences enriched in Alu repeats drive nuclear localization of long RNAs in human cells[END_REF]. In parallel, the Rinn laboratory used a similar tiling array-reporter method to identify cis elements driving nuclear retention [START_REF] Shukla | Highthroughput identification of RNA nuclear enrichment sequences[END_REF]. The authors generated a pool of ∼12,000 110-mers tightly tiled across 38 lncRNAs with different subcellular localization patterns. Similarly, the oligonucleotides were fused to a cytoplasmic reporter transcript and the reporteroligonucleotide pool was transfected into human cells, which were subjected to subcellular fractionation and RNA-seq [START_REF] Shukla | Highthroughput identification of RNA nuclear enrichment sequences[END_REF]. This study identified 109 RNA elements, including a 15 nt Crich motif, that enriched the cytoplasmic reporter in the nucleus. Interestingly, the identified C-rich motif shows sequence similarities to the SIRLOIN motif [START_REF] Lubelsky | Sequences enriched in Alu repeats drive nuclear localization of long RNAs in human cells[END_REF][START_REF] Shukla | Highthroughput identification of RNA nuclear enrichment sequences[END_REF]. However, single-molecule in situ hybridization analyses showed that this short C-rich region alone is not sufficient to drive nuclear localization and requires a larger RNA element to retain the reporter transcript in the nucleus [START_REF] Shukla | Highthroughput identification of RNA nuclear enrichment sequences[END_REF]. Furthermore, the Shen team used a tiling-based approach to search for lncRNA sequence elements that can mediate chromatin enrichment and identified a short 7 nt motif that is essential for reporter RNA localization to chromatin. It has been proposed that this motif is recognized by U1 snRNP to tether lncRNAs to chromatin (Yin et al., 2020).

In addition to the systematic experimental approaches described above, several computational approaches have been developed to evaluate the subcellular localization of lncRNAs based on their sequences. One approach generated a map of transposable element (TE) insertions in lncRNAs and found that a set of evolutionarily conserved TEs functionalized to nuclear retention elements [START_REF] Carlevaro-Fita | Ancient exapted transposable elements promote nuclear enrichment of human long noncoding RNAs[END_REF]. Specifically, this study identified four TEs that significantly correlate with lncRNA nuclear enrichment, as well as a set of GC-rich TEs that correlates with lncRNA cytoplasmic localization [START_REF] Carlevaro-Fita | Ancient exapted transposable elements promote nuclear enrichment of human long noncoding RNAs[END_REF]. In addition, efficient splicing has been found to be one of the main predictive factors for lncRNA cytoplasmic localization, whereas inefficient splicing strongly correlates with nuclear enrichment [START_REF] Zuckerman | Predictive models of subcellular localization of long RNAs[END_REF]. Moreover, by training computational algorithms to compare sequences of lncRNAs with known localization and detecting a link between specific sequence motifs and subcellular localization, one can predict the subcellular localization of lncRNA transcripts [START_REF] Cao | The lncLocator: a subcellular localization predictor for long non-coding RNAs based on a stacked ensemble classifier[END_REF][START_REF] Su | iLoc-lncRNA: predict the subcellular location of lncRNAs by incorporating octamer composition into general PseKNC[END_REF]. Another approach used nuclear and cytoplasmic fractionated RNA-seq data to develop a deep learning algorithm that predicts lncRNA subcellular localization based on lncRNA sequences [START_REF] Gudenas | Prediction of LncRNA subcellular localization with deep learning from sequence features[END_REF]. Taken together, the ability to computationally predict and experimentally identify functional sequence elements that drive lncRNA subcellular localization is an important step towards understanding lncRNA functions.

Sequences that control the formation of lncRNA-DNA triplexes

Nuclear pyrimidine (T and C)-rich RNAs can interact with purine (A and G)-rich DNA via Hoogsteen-type hydrogen bonding to form RNA:DNA triple helices that may have regulatory functions (Fig. 1B) [START_REF] Felsenfeld | Studies on the formation of two-and threestranded polyribonucleotides[END_REF]. As triplex formation requires pairing between double-stranded DNA and single-stranded RNA, the formation of the triplexes depends on the lncRNA primary sequence [START_REF] Li | RNA-DNA triplex formation by long noncoding RNAs[END_REF]). Fendrr is one example of a nuclear lncRNA that forms RNA:DNA triple helices and plays a regulatory role during development. Loss of function of Fendrr, which is exclusively expressed in the lateral plate mesoderm during mouse embryogenesis, leads to embryonic lethality due to heart and body wall developmental defects (Grote et al., 2013;Sauvageau et al., 2013). Fendrr interacts with both PRC2 (polycomb repressive complex 2) and TrxG/MLL complexes in vivo, and its loss results in changes in epigenetic modifications and gene expression of mesoderm differentiation factors (Grote et al., 2013). A 40 nt sequence element of Fendrr RNA was identified in silico and validated experimentally to form triplexes with promoter regions of two targets of Fendrr, Foxf1 and Pitx2, resulting in increased PRC2 occupancy at these promoters and a subsequent inhibition of expression (Grote et al., 2013).

Although reports of DNA:lncRNA triplexes and their functional relevance have been restricted to specific examples, computational et al., 2012;[START_REF] Kuo | Detection of RNA-DNA binding sites in long noncoding RNAs[END_REF]. One algorithm, called TDF (triplex domain finder), enables retrieval and statistical ranking of sequence elements already known to form triplex structures, including characterized domains of the lncRNAs Fendrr, HOTAIR and MEG3 [START_REF] Kuo | Detection of RNA-DNA binding sites in long noncoding RNAs[END_REF]. Importantly, the TDF algorithm has also identified and ranked novel sequence elements with triplex-forming potential and detected previously unknown DNA-binding domains in MEG3 and in lncRNAs relevant to human cardiomyocyte differentiation [START_REF] Kuo | Detection of RNA-DNA binding sites in long noncoding RNAs[END_REF].

RNA motifs that mediate miRNA degradation

While RNA sequence elements of nuclear lncRNA transcripts have received a lot of attention, RNA motifs in cytoplasmic lncRNAs that have defined molecular mechanisms linked to cellular or developmental functions are as yet under-represented. One of the most studied interaction partners of cytoplasmic lncRNAs are miRNAs, which are small RNAs of ∼22 nt that regulate virtually every aspect of development and normal physiology by pairing with their targets (Alberti and Cochella, 2017;Bartel, 2018). Because one can easily predict miRNA interactions based on the presence of miRNA-binding sites in their target transcripts, miRNA-lncRNA interactions have been extensively investigated [START_REF] Ulitsky | Interactions between short and long noncoding RNAs[END_REF]. The majority of miRNA binding sites within vertebrate lncRNA transcripts are canonical miRNA sites with partial miRNA-lncRNA pairing complementarity (Fig. 1C), which can regulate lncRNA expression similar to miRNA-mediated regulation of mRNA transcripts. It has also been suggested that canonical miRNA target sites within lncRNAs can regulate miRNA activity via competition for binding sites [START_REF] Ulitsky | Interactions between short and long noncoding RNAs[END_REF].

In addition to the canonical miRNA-binding sites with partial complementarity, several independent studies have found lncRNAs that harbour miRNA-binding sites with extensive, near-perfect complementarity (Fig. 1D), which is rather unusual for animal miRNAs and has not been reported in endogenous transcripts before (Bitetti et al., 2018;Kleaveland et al., 2018;Ulitsky et al., 2011). By using these high-complementarity miRNA sites in artificially engineered targets and natural viral RNAs, it has been demonstrated that the extensive target-miRNA pairing triggers efficient degradation of miRNAs by shortening ('trimming') or untemplated lengthening 'tailing') the 3′ end of miRNAs, a phenomenon known as targetdirected miRNA degradation, or TDMD (Ameres et al., 2010;[START_REF] Mata | Potent degradation of neuronal miRNAs induced by highly complementary targets[END_REF][START_REF] Marcinowski | Degradation of cellular mir-27 by a novel, highly abundant viral transcript is important for efficient virus replication in vivo[END_REF].

More recently, an endogenous transcript that harbours a RNA sequence element conserved among all vertebrates that binds and specifically degrades miR-29b was discovered (Bitetti et al., 2018). The conserved RNA sequence element is part of the cytoplasmic lncRNA libra in zebrafish and the 3′ UTR of the protein-coding gene Nrep in mammals. Genetic scrambling of the miR-29 site resulted in ectopic accumulation of miR-29b in the brain, leading to abnormal animal behaviour, thus demonstrating that the miRNA sites embedded in genome-encoded lncRNAs have crucial in vivo relevance (Bitetti et al., 2018). A similar activity of the endogenous high complementarity miR-7 site (Ulitsky et al., 2011) was reported for the lncRNA Cyrano (Kleaveland et al., 2018). The miR-7 site embedded within the Cyrano transcript is conserved among all vertebrates and triggers efficient miR-7 degradation in vivo in mouse tissues and in human cells (Kleaveland et al., 2018). The biological relevance of miR-7 degradation by TDMD remains to be addressed, as genetic perturbations of Cyrano do not lead to obvious morphological defects in mice or zebrafish (Goudarzi et al., 2019;Kleaveland et al., 2018;Lavalou et al., 2019), in contrast to previous morpholino-based knockdown zebrafish studies (Sarangdhar et al., 2018;Ulitsky et al., 2011). Nonetheless, it is possible that additional lncRNAs contain high complementarity miRNA sites that control miRNA turnover and potentially have key biological functions. This is further supported by another finding of a high-complementarity miRNA site for miR-30 located in the 3′UTR of the Serpine1 [START_REF] Ghini | Endogenous transcripts control miRNA levels and activity in mammalian cells by target-directed miRNA degradation[END_REF]. Similar to libra/NREP and Cyrano, the endogenously encoded miR-30 site reduces levels of miR-30b-p5 and 30c-p5 by TDMD, regulating mitotic rate and apoptosis in mouse fibroblasts [START_REF] Ghini | Endogenous transcripts control miRNA levels and activity in mammalian cells by target-directed miRNA degradation[END_REF].

LncRNA motifs that sequester cellular proteins and regulate normal physiology

Although multiple lncRNAs have been shown to have regulatory functions, detailed structure-function analyses have been performed only for a few of them. One of the striking examples of a lncRNA for which specific RNA sequences have been assigned a function is NORAD (noncoding RNA activated by DNA damage). NORAD is an abundant cytoplasmic transcript present at 80-1400 copies per cell that shows sequence conservation across mammals and is upregulated upon DNA damage [START_REF] Lee | Noncoding RNA NORAD regulates genomic stability by sequestering PUMILIO proteins[END_REF][START_REF] Tichon | A conserved abundant cytoplasmic long noncoding RNA modulates repression by Pumilio proteins in human cells[END_REF]. Remarkably, NORAD contains at least 17 consensus binding sites for PUMILIO proteins (PUM1 and PUM2), which are highly conserved RBPs that bind to consensus motifs typically located in the 3′ untranslated regions (UTRs) of mRNAs, resulting in reduced translation and turnover of mRNA targets [START_REF] Miller | Roles of Puf proteins in mRNA degradation and translation[END_REF]. NORAD, with its multiple PUMILIO binding sites and high copy number, acts as a negative regulator of PUMILIO proteins by limiting their amount in the cell (Fig. 1E). NORAD-mediated limitation of PUMILIO modulates the abundance of PUMILIO targets, which are enriched for mRNAs with mitotic, DNA repair and DNA replication functions [START_REF] Lee | Noncoding RNA NORAD regulates genomic stability by sequestering PUMILIO proteins[END_REF][START_REF] Tichon | A conserved abundant cytoplasmic long noncoding RNA modulates repression by Pumilio proteins in human cells[END_REF]. As a result, NORAD loss of function leads to excess repression of PUMILIO targets, resulting in chromosomal instability, aberrant mitosis and aneuploidy in human cells [START_REF] Lee | Noncoding RNA NORAD regulates genomic stability by sequestering PUMILIO proteins[END_REF][START_REF] Tichon | A conserved abundant cytoplasmic long noncoding RNA modulates repression by Pumilio proteins in human cells[END_REF]. In mice, Norad deletion leads to genomic instability and mitochondrial dysfunction, with animals showing signs of premature aging; Norad null allele mice were found to have grey and thin fur, to show abnormal spine curvature characteristic of aging and to die earlier than wild-type mice (Kopp et al., 2019). While NORAD interacts with additional proteins [START_REF] Munschauer | The NORAD lncRNA assembles a topoisomerase complex critical for genome stability[END_REF][START_REF] Tichon | SAM68 is required for regulation of Pumilio by the NORAD long noncoding RNA[END_REF], a series of genetic experiments, including PUMILIO 2 overexpression in mice and NORAD expression in human cells deficient for NORAD, demonstrated that the aforementioned cellular and organismal phenotypes are linked to PUMILIO hyperactivity [START_REF] Elguindy | PUMILIO, but not RBMX, binding is required for regulation of genomic stability by noncoding RNA NORAD[END_REF]Kopp et al., 2019;[START_REF] Lee | Noncoding RNA NORAD regulates genomic stability by sequestering PUMILIO proteins[END_REF][START_REF] Tichon | A conserved abundant cytoplasmic long noncoding RNA modulates repression by Pumilio proteins in human cells[END_REF]. This example demonstrates the importance of clustered RNA motifs/ elements in establishing functional lncRNA-protein interactions that play key roles in cell biology and normal physiology.

LncRNA elements that mediate lncRNA-protein interactions

Interactions between lncRNAs and RBPs can lead to different molecular, cellular and developmental outcomes. Indeed, lncRNAs can interact with proteins to inhibit or enhance transcription [START_REF] Feng | The Evf-2 noncoding RNA is transcribed from the Dlx-5/6 ultraconserved region and functions as a Dlx-2 transcriptional coactivator[END_REF]Wutz et al., 2002), stabilize proteins (Zhao et al., 2018) or sequester them [START_REF] Kino | Noncoding RNA Gas5 is a growth arrest-and starvation-associated repressor of the glucocorticoid receptor[END_REF][START_REF] Lee | Noncoding RNA NORAD regulates genomic stability by sequestering PUMILIO proteins[END_REF][START_REF] Tichon | A conserved abundant cytoplasmic long noncoding RNA modulates repression by Pumilio proteins in human cells[END_REF], regulate translation efficiency [START_REF] Gong | A long non-coding RNA, LncMyoD, regulates skeletal muscle differentiation by blocking IMP2-mediated mRNA translation[END_REF], and/or regulate scaffold protein complexes [START_REF] Rinn | Functional demarcation of active and silent chromatin domains in human HOX loci by noncoding RNAs[END_REF]. Because RBPs tend to bind low-complexity sequences (Dominguez et al., 2018), it is often difficult to identify protein consensus binding DEVELOPMENT motifs within RNA transcripts; however, it is possible to attribute protein binding to specific lncRNA regions. Indeed, it has been shown that, while lncRNA transcripts can interact with multiple RBPs, often only a short RNA region, embedded in the long transcript and interacting with a specific RBP or with a specific set of RBPs, is sufficient and required to drive the biological function of a number of lncRNAs. One of the best characterized lncRNAs with a crucial developmental function is Xist (X-inactive specific transcript), which orchestrates transcriptional silencing of one of the female X chromosomes in placental mammals [START_REF] Borsani | Characterization of a murine gene expressed from the inactive X chromosome[END_REF][START_REF] Brown | XIST and the mapping of the X chromosome inactivation centre[END_REF][START_REF] Moindrot | RNA binding proteins implicated in Xistmediated chromosome silencing[END_REF], a process known as X-chromosome inactivation (XCI) [START_REF] Gendrel | Noncoding RNAs and epigenetic mechanisms during X-chromosome inactivation[END_REF][START_REF] Marahrens | Xist-deficient mice are defective in dosage compensation but not spermatogenesis[END_REF]. Xist knockout leads to loss of X-inactivation and female-specific lethality in mice [START_REF] Marahrens | Xist-deficient mice are defective in dosage compensation but not spermatogenesis[END_REF]. One of the conserved regions of Xist, named the A-repeat, is composed of repetitive sequence elements that are believed to be derived from TEs [START_REF] Elisaphenko | A dual origin of the Xist gene from a protein-coding gene and a set of transposable elements[END_REF] and is required for the initiation of XCI [START_REF] Nesterova | Characterization of the genomic Xist locus in rodents reveals conservation of overall gene structure and tandem repeats but rapid evolution of unique sequence[END_REF]Wutz et al., 2002). The A-repeat interacts with multiple RBPs (Chu et al., 2015b;Graindorge et al., 2019;[START_REF] Lu | RNA duplex map in living cells reveals higher-order transcriptome structure[END_REF][START_REF] Mchugh | The Xist lncRNA interacts directly with SHARP to silence transcription through HDAC3[END_REF][START_REF] Minajigi | Chromosomes. A comprehensive Xist interactome reveals cohesin repulsion and an RNA-directed chromosome conformation[END_REF][START_REF] Moindrot | A pooled shRNA screen identifies Rbm15, Spen, and Wtap as factors required for Xist RNAmediated silencing[END_REF][START_REF] Monfort | Identification of Spen as a crucial factor for xist function through forward genetic screening in haploid embryonic stem cells[END_REF], among which SPEN (also known as SHARP in human and MINT in mouse) is essential for initiating XCI in mouse embryonic stem cells (ESCs) and preimplantation embryos [START_REF] Carter | Spen links RNA-mediated endogenous retrovirus silencing and X chromosome inactivation[END_REF][START_REF] Dossin | SPEN integrates transcriptional and epigenetic control of X-inactivation[END_REF]. By specifically binding the Xist A-repeat region, SPEN recruits additional silencing factors to initiate XCI, bridging Xist RNA, transcription machinery and chromatin remodellers (Chu et al., 2015b;[START_REF] Dossin | SPEN integrates transcriptional and epigenetic control of X-inactivation[END_REF][START_REF] Mchugh | The Xist lncRNA interacts directly with SHARP to silence transcription through HDAC3[END_REF][START_REF] Minajigi | Chromosomes. A comprehensive Xist interactome reveals cohesin repulsion and an RNA-directed chromosome conformation[END_REF]. Interestingly, in mouse ESCs, Spen binds and silences endogenous retroviral element (ERV) RNAs that resemble the A-repeat of Xist [START_REF] Carter | Spen links RNA-mediated endogenous retrovirus silencing and X chromosome inactivation[END_REF]. Insertion of an ERV into an A-repeat-deficient Xist transcript rescues Xist-mediated gene silencing, suggesting that Xist might have adapted a functional TE RNA-protein interaction for dose compensation [START_REF] Carter | Spen links RNA-mediated endogenous retrovirus silencing and X chromosome inactivation[END_REF].

Braveheart is a mouse ∼590 nt lncRNA that carries out a regulatory function in cardiovascular lineage commitment [START_REF] Klattenhoff | Braveheart, a long noncoding RNA required for cardiovascular lineage commitment[END_REF]. It contains a short G-rich motif termed AGIL that is necessary for the differentiation of mouse ESCs to cardiomyocytes [START_REF] Xue | A G-rich motif in the lncRNA braveheart interacts with a zinc-finger transcription factor to specify the cardiovascular lineage[END_REF]. This motif interacts with the zinc-finger transcription factor CNBP/ZNF9 [START_REF] Xue | A G-rich motif in the lncRNA braveheart interacts with a zinc-finger transcription factor to specify the cardiovascular lineage[END_REF], a heart-specific transcription factor known to bind single-stranded Grich DNA and RNA motifs [START_REF] Calcaterra | CNBP: A multifunctional nucleic acid chaperone involved in cell death and proliferation control[END_REF][START_REF] Chen | The zinc-finger protein CNBP is required for forebrain formation in the mouse[END_REF]. It has been proposed that Braveheart and CNBP function together to regulate cardiac gene expression [START_REF] Xue | A G-rich motif in the lncRNA braveheart interacts with a zinc-finger transcription factor to specify the cardiovascular lineage[END_REF]. Thus, Braveheart directs cell fate via a short RNA motif that interacts with a tissue-specific transcription factor [START_REF] Xue | A G-rich motif in the lncRNA braveheart interacts with a zinc-finger transcription factor to specify the cardiovascular lineage[END_REF].

The lncRNA growth arrest-specific 5 (GAS5) is one of the first studied lncRNAs [START_REF] Schneider | Genes specifically expressed at growth arrest of mammalian cells[END_REF]. GAS5 regulates the survival of female germline stem cells in vitro [START_REF] Wang | Long noncoding RNA growth arrest-specific 5 promotes proliferation and survival of female germline stem cells in vitro[END_REF] and the self-renewal of human ESCs [START_REF] Xu | Long non-coding RNA GAS5 controls human embryonic stem cell self-renewal by maintaining NODAL signalling[END_REF]. In certain cases, GAS5 acts as a glucocorticoid receptor (GR) decoy [START_REF] Kino | Noncoding RNA Gas5 is a growth arrest-and starvation-associated repressor of the glucocorticoid receptor[END_REF], participating in the negative-feedback loop of activated GRs, directing cell fate and regulating transcription. The region implicated in this interaction is located in the last exon of the 12-exon GAS5 transcript and includes a motif that 'mimics' genomic GR-binding sites [START_REF] Hudson | Conserved sequence-specific lincRNA-steroid receptor interactions drive transcriptional repression and direct cell fate[END_REF]. Interestingly, a single nucleotide substitution is sufficient to abolish the GR-GAS5 interaction. Sequence alignment showed that this recognition site is conserved among the haplorhine lineage (a suborder of primates), suggesting that other RNAs containing this motif may also interact with GRs [START_REF] Hudson | Conserved sequence-specific lincRNA-steroid receptor interactions drive transcriptional repression and direct cell fate[END_REF].

Megamind (also known as Tunar) harbours a region of ∼200 nt that is deeply conserved among vertebrates (Lin et al., 2014;Ulitsky et al., 2011). Knockdown of Tunar in mouse ESCs inhibits their differentiation into neural lineages (Lin et al., 2014). It has been proposed that Tunar carries out its regulatory function in pluripotency through an interaction with a protein complex composed of PTBP1, HNRNPK and NCL. Specifically, RNA pulldown experiments have shown that the conserved sequence binds to PTBP1, HNRNPK and NCL proteins with an affinity comparable with that of the full-length Tunar transcript, whereas binding affinity of the proteins to a synthetic transcript without the conserved sequence is decreased. The conserved region of Tunar therefore appears to act as an RBP-binding platform driving cellular differentiation (Lin et al., 2014).

lncRNA-protein interactions that play regulatory functions in development and organ growth can also contribute to human diseases. For example, the ubiquitously expressed lncRNA Pint ( p53-induced noncoding transcript), which is under the direct control of p53 (Marín-Béjar et al., 2013), has been implicated in cancer. In mouse cells, Pint controls cell proliferation and survival by interacting with PRC2 and regulating the expression of hundreds of genes (Marín-Béjar et al., 2013). In line with this, it has been demonstrated that Pint -/-mice are noticeably smaller and have reduced body weight compared with wild-type mice (Sauvageau et al., 2013). Similar to mouse Pint, human PINT is regulated by p53 and interacts with PRC2. Of note, PINT inhibits the migration and invasion of cancer cells, and this function is carried out by a short sequence motif conserved in mammals that is required for the interaction between PINT and PRC2, and the downregulation of pro-invasion genes (Marín-Béjar et al., 2017).

Identifying RNA-binding proteins associated with lncRNA elements

As highlighted above, a number of lncRNA molecular functions are mediated by interactions with proteins. As such, reliable identification of lncRNA-associated proteins is key for delineating the molecular mechanisms of lncRNA action. Unbiased identification of lncRNA associated proteins is typically carried out by applying so-called RNA-centric approaches, which identify RBPs that interact with a specific RNA of interest. The most commonly used strategy relies on cross-linking and probe-based affinity capture of a test RNA followed by mass spectrometry-based identification of the co-purified proteins (Fig. 2A) (Chu et al., 2015a). Despite the high potential of this methodology, the identification of lncRNAprotein interactions via this approach remains technically challenging due to the general inefficiency of RNA pull-downs. Recently, an alternative approach termed incPRINT, which enables in-cell identification of protein interactions with any RNA of interest, was developed (Graindorge et al., 2019). This technique is based on screening a library of tagged proteins (including the majority of all known human RBPs, transcription factors and chromatin modifiers) with a test RNA that is tethered to a luciferase detector. Instead of pulling down the test RNA, high-throughput immunoprecipitation of thousands of tagged RBPs is performed followed by luciferase detection of their interactions with the test RNA (Graindorge et al., 2019;Sabaté-Cadenas and Shkumatava, 2020). incPRINT is suitable for the identification of in-cell RNA-interacting proteomes of fulllength transcripts of various endogenous abundancies, and for mapping proteins that bind to different regions of longer RNA transcripts (Graindorge et al., 2019).

An alternative method to identify proteins that bind to specific sequence motifs harnesses existing data from crosslinking and DEVELOPMENT immunoprecipitation (CLIP) assays. CLIP methods are based on chemical or UV crosslinking followed by immunoprecipitation of a test protein to identify all RNA fragments that crosslink to the protein of interest, which in turn is followed by sequencing [START_REF] Darnell | CLIP (cross-linking and immunoprecipitation) identification of RNAs bound by a specific protein[END_REF][START_REF] Jensen | CLIP: crosslinking and immunoprecipitation of in vivo RNA targets of RNA-binding proteins[END_REF] (Fig. 2B). Currently, the eCLIP data from the ENCODE project includes ∼150 RBPs (Van Nostrand et al., 2020a, 2020b) the binding sites of which can be mapped and analyzed in specific transcripts of interest. Although the application of CLIP data to an RNA of interest is limited by the number of proteins and cell lines for which the data are available (currently, predominantly K562 or HepG2 cells), it is powerful as an orthogonal approach for validating RNA-centric methods (Graindorge et al., 2019) and for mapping RBP-binding sites identified by eCLIP [START_REF] Van Nostrand | Robust, cost-effective profiling of RNA binding protein targets with single-end enhanced crosslinking and immunoprecipitation (seCLIP)[END_REF] to RNA sequence elements (Kirk et al., 2018;[START_REF] Lee | Noncoding RNA NORAD regulates genomic stability by sequestering PUMILIO proteins[END_REF][START_REF] Tichon | SAM68 is required for regulation of Pumilio by the NORAD long noncoding RNA[END_REF]. The identification of RNA motifs and their associated proteins can also enable the prediction of RNA-protein interactions based on lncRNA sequences, although this will require the development of algorithms that are able to detect short sequence homologies. These predictions can then be tested by the aforementioned RNA-protein interaction technologies.

RNA motif discovery as a starting point for lncRNA functional classification

One of the major bottlenecks in identifying physiologically important lncRNAs is the difficulty in establishing a connection between lncRNA sequence and function. Moreover, because even lncRNAs with well-characterized cellular and organismal functions represent a highly heterogeneous group, it is becoming increasingly important to classify them into functional subgroups. The identification of sequence motifs linked to specific molecular events, such as localization and protein binding, and the subsequent discovery of these motifs in other lncRNAs and/or mRNAs, might help in assigning specific functions to individual lncRNAs, as experimental interrogations are often tedious. Indeed, the comparative analysis of lncRNA sequences across different species (Fig. 2C) (Chen et al., 2016;Hezroni et al., 2015;Necsulea et al., 2014) can be a powerful approach for studying the functions and molecular mechanisms of action of lncRNAs, especially when followed by experimental validations. Such alignment-based comparative approaches have led to the identification of conserved sequence motifs within lncRNA transcripts such as Megamind, Cyrano, NEAT1, MALAT1, NORAD, PINT and many more [START_REF] Cornelis | Functional conservation of the lncRNA NEAT1 in the ancestrally diverged marsupial lineage: Evidence for NEAT1 expression and associated paraspeckle assembly during late gestation in the opossum Monodelphis domestica[END_REF][START_REF] Lee | Noncoding RNA NORAD regulates genomic stability by sequestering PUMILIO proteins[END_REF]Marín-Béjar et al., 2017;[START_REF] Tichon | A conserved abundant cytoplasmic long noncoding RNA modulates repression by Pumilio proteins in human cells[END_REF]Ulitsky et al., 2011;Wilusz et al., 2012). Moreover, uncovering RNA elements with known functions within as-yet uncharacterized lncRNA sequences can facilitate the discovery of novel lncRNA functions. For example, a SRA1-like (steroid receptor RNA activator 1) sequence element that mediates androgen receptor (AR) binding was found in the lncRNA SLNCR1 [START_REF] Schmidt | The lncRNA SLNCR1 mediates melanoma invasion through a conserved SRA1-like region[END_REF] and, based on the known function of this motif as a co-activator of hormonal pathways [START_REF] Lanz | DEVELOPMENT as an RNA and is present in an SRC-1 complex[END_REF][START_REF] Novikova | Structural architecture of the human long non-coding RNA, steroid receptor RNA activator[END_REF], it was possible to predict the function of SLNCR1. As predicted, targeting this specific binding site within SLNCR1 prevented its interaction with AR, leading to inhibition of melanogenesis [START_REF] Development Schmidt | Targeting the oncogenic long non-coding RNA SLNCR1 by blocking its sequence-specific binding to the androgen receptor[END_REF]. 

DEVELOPMENT

Although powerful, alignment-based approaches require relatively long stretches of sequence conservation between homologs. However, most lncRNAs lack long stretches with high sequence conservation. Detection of rather short, conserved sequence motifs within long and rapidly evolving transcripts would be an important step towards assigning sequences to biological and molecular functions. Application of the SEEKR algorithm, developed to detect the presence of similar short sequence motifs of three to eight nucleotides (termed k-mers), recently allowed the functional classification of lncRNAs with related functions (Kirk et al., 2018). Reasoning that lncRNAs with shared functions harbour a shared set of similar k-mers while lacking linear homology, SEEKR groups lncRNAs based on their k-mer profiles. Subgroups of lncRNAs with similar k-mer contents share biological properties, such as protein-binding and subcellular localization, even between groups with no apparent evolutionary relationships. Based on both computational data and experimental validation, it has been proposed that no linear sequence homology is required for lncRNAs to support conserved functions. Instead, lncRNA functions are driven by similar sets of short k-mer motifs that represent RNA-binding protein motifs (Kirk et al., 2018). The classification of lncRNAs into functional groups based on short motifs is very promising but there is a need for improved algorithms for unbiased identification of short conserved motifs within lncRNA transcripts across more distant species.

Conclusions and perspectives

The regulatory functions of the lncRNA sequence motifs discussed here demonstrate the importance of primary RNA sequences and the necessity of careful analyses of lncRNA sequence elements, as many of them are shared with protein-coding RNAs. RNA motifs regulate a range of different functions, including transcript biogenesis, subcellular localization and transcript interactions with proteins, DNA and other RNAs, such as miRNAs and protein-coding mRNAs. The identification and further characterization of regulatory RNA motifs will facilitate the prediction of lncRNA interactions and mechanisms of action. Establishing a database of functional RNA elements identified experimentally as well as RNA motifs determined by computational approaches would enable the classification of lncRNAs into functional subgroups. Because several thousand of lncRNAs have been annotated and it is likely that only a minor fraction of them are functional, the identification of conserved RNA motifs would help to prioritize lncRNAs for experimental interrogation to identify transcripts with important cellular functions.

The unbiased identification of regulatory sequence elements within lncRNA transcripts has demonstrated that some coding mRNAs employ the same regulatory RNA motifs. As such, the characterization of functional RNA sequence elements might also help us to understand regulatory sequences that are embedded in mRNA transcripts. Indeed, studying regulatory RNA motifs within mRNA transcripts is often challenging, because the impact of genetic manipulation of sequences located in untranslated regions of mRNAs cannot always be easily uncoupled from their impact on protein production and function. Hence, the characterization of RNA sequence elements in noncoding RNAs could provide a more accessible route and would allow predictions of mRNA regulation by these elements. Furthermore, regulatory RNA sequence motifs represent an untapped source of potential therapeutic targets. As the realization that RNA molecules are druggable targets [START_REF] Warner | Principles for targeting RNA with drug-like small molecules[END_REF], there has been an effort in the field to find small molecule inhibitors that target specific RNA transcripts. However, it is challenging to identify selective drugs that bind specific RNAs without broad effects. Targeting regulatory RNA motifs may provide this specificity. Furthermore, many proteins have been found to be undruggable [START_REF] Warner | Principles for targeting RNA with drug-like small molecules[END_REF]; thus, targeting RNA motifs that regulate the transcription, stability and/or translation of mRNAs impacting protein production could open the door to novel treatment strategies.
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1. 1

 1 Diving in the human transcriptome: the RNA molecule in the flow of genetic information 1.1.1 "Junk" DNA On April 25 th , 1953, Watson and Crick published the molecular structure of DNA (Watson & Crick, 1953), helped by the work of Franklin. This revolution in genetics opened the path to understanding the flow of genetic information in a biological unit. Four years later, in September 1957, Francis Crick gave a lecture in which he outlined the principles of what became the Central Dogma of Molecular Biology. The Dogma pushes further the model of the flow of genetic information (Fig 1A)
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 2 Figure 2: Non-coding RNAs classification
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 1 Figure 1: The modern view of the Central Dogma of Molecular Biology
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 3 Figure 3: Structure of housekeeping ncRNAs
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 4 Figure 4: Genomic localisation of lncRNAs
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 5 Figure 5: LncRNAs conservation
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 6 Figure 6: LncRNAs interactome
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 7 Figure 7: PVT1 genomic localization

  , two deeply conserved RNA motifs were identified (Fig 8C). Remarkably, these two k-mers were found in all species analyzed (11) (Supp Data 2). One k-mer is missing on the lnc-myca transcript (Fig 8C). These two 6-mers (TGGATT and TTTTTG) are present multiple times on the different PVT1 homologous transcripts (Fig 8C). To test their functionality in zebrafish, we performed genetic ablation of the regions containing the motifs using CRISPR-Cas9 (Fig 8C, SuppFig 8D-G). Genetic removal of these regions did not impact the expression of the lnc-myc transcripts. The remaining parts of both transcripts were stably detected by RNA-seq and quantitative real-time polymerase chain reaction (qRT-PCR) at different developmental stages (Fig 8D, SuppFig 8H

  mutants. While PCA analysis showed WT embryos clustering separately from the double homozygous mutants, two distinct clusters were observed among the double homozygous mutants (Fig 10A). The two groups were analyzed separately, with group 1 composed of 11 double mutant embryos (80% of the embryos) and group 2 with 3 embryos (20%) (Fig 10A). The proportion of embryos in group 2 corresponds to the proportion of embryos that develop developmental defects at later stages (Fig 9C & 10A). One pathway was commonly upregulated in both double mutant groups: ribosome biogenesis (Fig 10B-E, SuppFig 10A & B). Other misregulated pathways were specific to each group with the upregulation of the p53 pathway in the embryos of group 2 (Fig 10E, SuppFig 10C

  expression of the p53 pathway in nDD embryos. The p53 pathway was specifically upregulated in DD embryos and not in nDD embryos (Fig 10I). The increase of apoptosis was confirmed through Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay in the retina of embryos at 3 dpf. We found on average 11 apoptotic cells in DD embryos whereas an average of 2 apoptotic cells in WT was observed (Fig 10J & K). In nDD embryos, 1 apoptotic cell per retina was observed, on average (Fig 10J & K). These results show that the onset of developmental defects in embryos was specifically associated with the upregulation of the stress pathway. Zebrafish embryos develop externally, as such, they are more susceptible to their environment which can lead to DNA damage. Moreover, fast-dividing cells are more prone to DNA damage, which can lead to apoptosis. Thus, we tested if the increase of apoptosis in DD embryos was due to an accumulation of DNA damage in cells. We did not observe an increase in DNA damage sites in DD embryos, with an average of 3 γH2AX positive cells per retina whereas 2 γH2AX positive cells were found in WT, on average (Fig 10L, SuppFig 10G). However, these differences might be enhanced if the embryos are previously treated with a DNA damaged agent. nDD embryos had significantly more γH2AX positive cells (4 per retina on average) (Fig 10L, SuppFig 10G). This can be explained by the accumulation of cells with DNA damage throughout development due to the slightly lower rate of apoptosis in these embryos (Fig 10J & K).

  mycb expression (Fig 12A). tp53 morpholino were injected in embryos to determine if p53 directly induces the expression of lnc-myca in stress-induced conditions (SuppFig 12B). tp53 morpholino successfully limited p53 and p21 induction upon CPT treatment (Fig 12B, SuppFig 12C & D). lnc-myca induction was abolished with p53 knockdown in CPT-treated embryos (Fig 12B, SuppFigg 12E
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 8 Figure 8: PVT1 harbors two deeply conserved RNA motifs
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 89 Figure 9: Double homozygous mutants develop striking developmental defects

Figure 10 :

 10 Figure 10: The developmental defects are linked with the p53 pathway and apoptosis upregulation

Figure 11 :

 11 Figure 11: The increased myc protein level and lnc-myc lncRNA expressions were correlated with the onset of the developmental defects in mutants

  The lnc-myc expression might be driven by myc A. Recapitulative table of the promoter analysis of the genes significantly upregulated at 1 dpf in both groups. The table shows the transcription factor (TF), the P-value, and the enrichment over the background. B. Violin plot of the normalized counts from the RNA-seq of the myc transcripts at 3 dpf. C. qRT-PCR of the myc transcripts at 3 dpf in the different groups of mutants. Two-way ANOVA, multiple T-test with Dunnett correction. D. Sequences of the P53 and Myc binding motifs used in the FIMO algorithm. The motifs were downloaded from the JASPAR motifs database. E. Recapitulative table of the results obtained with the FIMO motifs scanning algorithm. F. qRT-PCR of the myc transcripts at 6 dpf in the different groups of mutants. Two-way ANOVA, multiple T-test with Dunnett correction. G. Western blot of the myc proteins in the WT and DD embryos at 6 dpf. The quantification of the myc band, normalized with the γ-Tubulin band, is indicated at the bottom. H. Quantification of the western blots, n=3 independent experiments. Welch T-test.

Figure 12 :

 12 Figure 12: Double homozygous mutants develop anemia

  lnc-myca expression is driven by p53 in stress-induced conditions A. qRT-PCR of tp53 and p21 transcripts at 30 hpf at the indicated conditions. Two-way ANOVA and multiple T-tests with Dunnett correction. B. Scheme representing the morpholino injection strategy. C-F. qRT-PCR of p21 (C), tp53 (D), lnc-myca (E), and lnc-mycb (F) at 30 hpf embryos mock or morpholino injected and treated with the indicated CPT concentration. Multiple T-test with Holm-Sidak correction. G. Violin plot of mPvt1 expression in the different cell types identified by scRNAseq. The graph was downloaded on https://marionilab.cruk.cam.ac.uk/MouseGastrulation2018/. The analyzed dataset is coming from Pijuan-Sala et al., 2019.

Figure 13 :

 13 Figure 13: Schematic representing the results of the study

  . We established the proteins interacting with the mouse Pvt1 transcript (Fig 14A) and the zebrafish transcript, lnc-mycb (Fig 14B). Common putative binders were found between the two transcripts (Fig 14C), allowing the specific identification of conserved interactors. In total, 32 proteins were identified to interact with both transcripts (Fig 14C). These proteins were enriched for functions that are mainly nuclear (e.g., chromatin organization, H3K9 methylation) (Fig. 14D & E), in accordance with the previously established subcellular localization of the mammalian and zebrafish PVT1 transcripts. In order to decrypt the specific interaction driven by the deeply conserved RNA motifs, we scrambled these motifs and analyzed the interaction score of the proteins identified (Fig 14F & G). The first motif, TGGATT was scrambled to GTATGT and the second from TTTTTG to TCGACG. Interestingly while both motifs are different, the highest drop in the interaction score upon the scrambling was associated with the same protein for both motifs: RAD51C (Fig 14F & G).
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 14 Figure 14: PVT1 RNA motifs interact with key DNA repair factors
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 15 Figure 15: Pvt1 genetic manipulation designs

  we performed a minimally invasive genetic removal of the TSS. Two alternative TSSs are observed in mice, hence we deleted both TSSs with a 2 kb deletion (Fig16A). The TSS deletion did not completely abolish Pvt1 expression but reduced its expression by at least 70%(Fig 16B). With this approach, we analyzed three independent Pvt1 ΔTSS cell lines. Pvt1 TSS deletion did not impact in cell proliferation (Fig 16C)and had a limited effect on gene expression (Fig16D). Indeed, RNA-seq of Pvt1 ΔTSS cells showed only 12 genes upregulated and 69 genes downregulated compared to WT cells. These misregulated genes were slightly impacted, with the most impacted gene being Pvt1 (Fig16D & E). We found that as in humans[START_REF] Cho | Promoter of lncRNA Gene PVT1 Is a Tumor-Suppressor DNA Boundary Element[END_REF], the TSS mutation of Pvt1 led to an upregulation of Myc expression at the RNA level (Fig 16F) but upregulation of Myc was not observed at the protein level (Fig 16G & H).

Figure 16 :

 16 Figure 16: Pvt1 mutation has a limited impact on mESCs pluripotency

  Stem cells have the unique capacity to differentiate into different cell layers. Thus, we initiated neuronal differentiation to analyze the function of Pvt1 upon differentiation. Pvt1 ΔTSS cells did not exhibit impairment in cell differentiation as we observed differentiation into neuronal progenitors, formation of rosettes, and neuronal networks (Fig 17A). Moreover, gene expression analysis by qRT-PCR of classical pluripotency and neuronal markers did not show any differences between Pvt1 ΔTSS and WT upon differentiation (Fig 17B-E).

Figure 17 :

 17 Figure 17: Pvt1 ΔTSS did not impact neuronal differentiation

All

  figures including PCA and scatter plots and statistical tests on differentially expressed genes were generated with R. The data are represented as mean ± SEM. ns: not significant, *: pvalue<0.05, **: pvalue<0.01, ***: pvalue<0.001.

  flux de l'information génétique Watson et Crick publiaient pour la première fois, le 25 avril 1953, la structure moléculaire de l'ADN

  Le locus PVT1 est d'une grande complexité. D'une taille d'environ 400kb, ce locus abrite plusieurs enhancers régulant l'expression de MYC et de PVT1. Ce locus code pour 5 miRNAs, et code pour de multiples variants linéaires du transcrit PVT1 et un variant circulaire. Cette grande complexité montre la difficulté d'établir de façon précise la fonction de ce locus. En effet, chaque variant peut avoir une fonction différente. Typiquement cet lncARN est un très bon exemple de locus fonctionnel dû à la présence d'enhancer et de transcrits fonctionnels. Au fil des années, plusieurs études ont été consacrées à la fonction du transcrit PVT1,

PVT1

  associée au cancer. La délétion des motifs ARN entraîne des défauts de développement sévères, montrant que PVT1 est impliqué dans le développement. Nous avons montré que les caractéristiques et la fonction du lncARN PVT1 pourraient être conservées chez l'homme et chez le poisson zèbre: (1) par la présence de E-box aux promoteurs des gènes pvt1 chez le poisson zèbre, montrant que myc peut réguler l'expression de ces gènes ; (2) ainsi que par l'implication du transcrit lnc-myca dans la voie p53, (3) et la délétion partielle des ARN lncmyc ayant un impact sur la lignée érythroïde ; lignée dans laquelle Pvt1 a été trouvé principalement exprimé pendant le développement des souris ; (4) enfin, par l'identification de deux protéines qui semblent se lier spécifiquement aux motifs ARN présents chez tous les transcrits PVT1 de vertébrés. Ces deux protéines sont impliquées dans la réparation de l'ADN.

Fig. 1 .

 1 Fig. 1. Functions of conserved lncRNA motifs. (A) Two U-rich motifs (red) and one A-rich motif (blue) are essential for the RNAse P-mediated cleavage and processing of the lncRNAs NEAT1_2 and MALAT1 (black). This event is also directed by structured tRNA-like motifs. (B) lncRNAs (black) can also act as guides during the formation of RNA-DNA triplex structures that interact with proteins (blue). (C) Canonical animal miRNA-binding sites (with partial miRNA-target RNA pairing complementarity) can regulate post-transcriptional target repression. (D) Nearly perfect miRNA-binding sites regulate miRNA decay through targetdirected miRNA degradation (TDMD). The vertical dotted lines represent wobble pairing. (E) lncRNAs (black) can also sequester proteins (blue) to inhibit their functionality.
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Fig. 2 .

 2 Fig. 2. Identifying lncRNA-binding proteins and conserved sequence elements. (A) RNA-centric approaches allow the identification of proteins that can bind to specific RNAs. In these approaches, probe-based affinity capture of a test RNA is performed after UV or chemical crosslinking and subsequent cell lysis. Following biochemical purification of RNA-protein complexes, RNA-binding proteins are identified by mass-spectrometry. (B) Protein-centric approaches enable the identification of RNAs bound by specific proteins. CLIP (crosslinking and immunoprecipitation) approaches use UV or chemical crosslinking to covalently bind protein-RNA complexes, allowing stringent purification of RNA-binding proteins with specific antibodies along with small fragments of RNA, which are amplified and sequenced. (C) Sequence comparisons of homologous lncRNAs enable discoveries of conserved sequence elements.
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				CD4 + T cells					Mesangial cells				Podocytes				Trophoblast cells
		syndrome patient.	salivary gland tissue of Sjögren's	PVT1 was found upregulated in the	correlated to CD4 + T cell activation.	PVT1 expression is positively		disease in type 1 and 2 diabetes.	associated with end-stage renal	hyperglycemic conditions and is	PVT1 level expression increase in	diabetic nephropathy in patients.	PVT1 high expression is linked to			preeclampsia, and multiple abortions.	to gestational diabetes mellitus,	Downregulation of PVT1 contributes
				activated CD4 + T cells.	proliferation in	Maintenance of the	factors.	extracellular matrix	expression of	was correlated with the	PVT1 high expression	induces apoptosis.	PVT1 expression			and migration.	viability, proliferation,	PVT1 promotes cell
	CD4+ T cell activation.	MYC expression to promote glycolytic metabolism upon	protein level. Therefore, it is suggested that PVT1 regulates	Moreover, PVT1 downregulated led to a decrease in MYC	lower activation of glycolytic genes upon T cell activation.	through the PI3K/AKT pathway. PVT1-depleted cells have a	The lncRNA PVT1 is a T cell receptor-responsive gene	TGFB, and PAI-1).	the expression and secretion of ECM factors (FN1, COL4A1,	Downregulation of PVT1 expression significantly impacted		through EZH2 interaction.	It was supposed that PVT1 regulates FOXA1 expression	the ANGPTL4 promoter.	EZH2. It is supposed that PVT1 may act by directing EZH2 to	PVT1 was described to interact with the epigenetic factor		influencing the PI3K/AKT pathway.	PVT1 overexpression led to AKT phosphorylation,
				Fu et al., 2020				DiStefano, 2011	Alvarez &		Liu et al., 2019		Xu et al., 2017				Wang et al., 2019
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			Gastric cancer				Gastric cancer				Breast cancer			Multiple tissues	adenocarcinoma	Fibroblast and lung				Skin
		prognosis in patients.	PVT1 expression correlated to poor			prognosis in patients.	with advanced progression and poor	High PVT1 expression is associated		development.	PVT1 upregulation promotes cancer		in tumorigenesis.	High expression of PVT1 takes part	tumorigenesis.	The specific PVT1b isoforms inhibit				capacity of the skin.	PVT1 regulates the wound-healing
	invasion	proliferation and	cancer cells	PVT1 enhanced gastric	and angiogenesis.	drives tumor growth	cell proliferation and	The lncRNA increases		proliferation	PVT1 sustains cells			cell proliferation	expression to repress	induces PVT1b	oncogenic stress	Genotoxic and	stemness in vivo.	and sustains epidermal	epidermal stem cells	colony formation of	PVT1 ensures the
		feedback loop.	FOXM1 induces PVT1 expression, leading to a positive	PVT1 directly binds to FOXM1, leading to its stabilization.		expression, leading to a positive feedback loop.	increases its transcriptional activity. STAT3 induces PVT1	PVT1 interacts with the activated STAT3 protein and	driving a positive feedback loop.	leads to MYC stabilization. MYC induces PVT1 expression,	phosphorylation, therefore its subsequent degradation. This	PVT1 interacts with MYC protein, inhibiting its	cancer type.	PVT1 interacts with different miRNAs, dependent on the		PVT1b indirectly suppresses MYC expression in cis				(m6A).	PVT1 interacts with MYC through its methylated sites
		Xu et al., 2017			Zhao et al., 2018			Tseng et al., 2014		Wang et al., 2019	2020	Olivero et al.,			Lee et al., 2021
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			carcinoma	Nasopharyngeal	
			with reduced survival of patients.	Upregulation of PVT1 was associated	
	xenografts.	tumorigenesis of mouse	formation, and	proliferation, colony	PVT1 promotes cell

Constanty et al., SuppFigure 5
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  . De plus, ce dernier groupe est le plus large car il est composé de différents types de lncARN. On peut trouver deux formes distinctes de lncARN, les ARN circulaires, refermés sur eux même, et les ARN linéaires. Au fil des années, la vision du transcriptome humain, et plus généralement des métazoaires, est devenue plus complexe. La découverte des fonctions canoniques et non-canoniques des

	ARNnc domestiques et la diversité des ARNnc régulateurs montrent l'importance des ARNnc
	en tant que molécules dans le bon fonctionnement de la cellule et de l'organisme.
	7.1.2 Les long ARN linéaires
	Les lncARN linéaires (ci-après dénommés lncARN) constituent une classe complexe
	d'ARNnc. La principale caractéristique des lncARN est leur incapacité à coder une protéine ou
	une protéine fonctionnelle. Cependant, il a été récemment démontré que certains transcrits,
	précédemment décrits comme des lncARN, codent des protéines fonctionnelles. Ces
	observations ouvrent la porte à un débat sur la nomenclature des lncARN.
	L'origine évolutive des lncARN
	L'évolution des lncARN est particulièrement remarquable. Alors que la majorité des lncARN
	humains sont considérés comme non conservés

  . Ceci montre deux effets contraires de l'ARN PVT1, agissant comme un oncogène et comme un suppresseur de tumeurs. Cette double fonction de PVT1 est dépendante du variant exprimé mais s'ajoute à la complexité du locus montrant la difficulté de l'étude de cet ARN. 7.1.4 Objectif de la thèse Bien que PVT1 soit l'un des premiers lncARN identifiés dans le génome humain et qu'un nombre important d'études aient tenté de déterminer sa fonction, la plupart des études se concentrent sur l'implication de PVT1 dans les cancers humains. La caractérisation du mode d'action de PVT1 dans le cancer est un défi. Ainsi, déchiffrer le mode d'action de PVT1 dans d'autres modèles aidera considérablement à mieux caractériser son mode d'action. PVT1 représente un cas fascinant d'évolution des lncARN. Il est conservé chez les vertébrés par conservation de la position génomique, situé en aval du gène codant pour la protéine MYC(Hezroni et al., 2015). Il est intéressant de noter que les transcrits homologues de PVT1 chez les mammifères partagent une conservation de séquence alors qu'en dehors de cette classe, la conservation de séquences n'est pas présente. Ainsi, comprendre la fonction conservée du lncARN PVT1 chez les vertébrés améliorera grandement la caractérisation de la fonction de PVT1 et fera la lumière sur les mécanismes conservés des lncARN sans conservation de

	séquences linéaires. C'est pour cela que nous étudions l'implication de PVT1 chez le poisson
	zèbre.
	7.2 Résultats
	7.2.1 Conservation de petits motifs ARN
	Chez le poisson zèbre, dû à une duplication complète du génome pendant l'évolution des
	poissons téléostéens, deux transcrits homologues au transcrit PVT1 humain ont été identifiés
	par conservation de position génomique, nommé lnc-myca et lnc-mycb. Parce que la
	localisation subcellulaire des lncARN est primordiale pour leurs fonctions (Chen, 2016 ; Guo
	et al., 2020), nous avons dans un premier temps, établi que les ARN du poisson zèbre sont tous
	deux enrichis au niveau nucléaire, comme le transcrit humain. Ainsi, la fonction moléculaire
	de PVT1 pourrait être conservée chez les vertébrés. La conservation de séquences linéaires
	supporte généralement la conservation fonctionnelle des lncARN. Cependant, les transcrits
	homologues des mammifères et du poisson zèbre ne partagent pas de conservation de
	séquences

  La voie de régulation du stress est importante lors du développement embryonnaire afin d'assurer le bon développement des tissus sans erreurs de divisions cellulaires. Cette surexpression spécifique des embryons présentant des défauts de développement montre que ces défauts sont associés à l'activation de la voie de régulation du stress. En cas de stress cellulaire telles que des cassures de l'ADN ou stress ribosomique, cette voie est induite afin de le réguler. Lorsque le stress persiste, la voie de régulation du stress entraine l'apoptose. Nous avons, en effet, observé un plus grand nombre de cellules apoptotiques chez les embryons avec des défauts de développement. Ceci démontre que la délétion des motifs ARN des transcrits lnc-myca et lnc-mycb entraine une susceptibilité accrue au stress entrainant la mort cellulaire.Le gène myc est situé en amont de PVT1 chez les vertébrés. Parce que les lncARN peuvent réguler l'expression des gènes en cis[START_REF] Gil | Regulation of gene expression by cis-acting long non-coding RNAs[END_REF], nous avons étudié l'impact de la délétion des motifs ARN sur l'expression de myc chez le poisson zèbre. L'expression de myc n'était pas impactée, au niveau de l'ARN, à 3 jpf. En revanche, au niveau protéique, myc était surexprimé chez les doubles mutants homozygotes. La surexpression de la protéine myc était corrélée avec une surexpression des transcrits tronqués de pvt1 chez le poisson zèbre, à 3 jpf.Ceci peut suggérer que la stabilisation de myc par les ARN pvt1 se produit également chez le poisson zèbre et suppose donc que la délétion des régions autour des motifs ARN n'impacte pas l'interaction PVT1/MYC. L'étude des motifs de liaisons protéiques présents au niveau des promoteurs des gènes pvt1 chez le poisson zèbre a montré la présence de E-box aux promoteurs de ces gènes, site de reconnaissance de la protéine myc. Myc pourrait donc induire leurs expressions. Ainsi, comme chez l'homme[START_REF] Tseng | PVT1 dependence in cancer with MYC copy-number increase[END_REF], les ARN pvt1 et la protéine myc chez le poisson zèbre pourraient être impliqués dans une boucle de régulation positive stimulant la stabilisation de la protéine myc et son activité.

	7.2.3 Les défauts de développement sont associés à une augmentation de la voie
	régulant le stress
	et identifier des
	motifs ARN conservés sur les transcrits de PVT1 chez les vertébrés. Nous avons découvert que En vue de déchiffrer l'impact de la délétion des motifs ARN, nous avons étudié l'expression 7.2.5 L'expression de pvt1 est induite par la voie de régulation du stress chez le
	deux motifs restent conservés sur tous les transcrits des espèces testés (11) TGGATT et des gènes chez les WT et les doubles mutants homozygotes à 3 jpf. Nous avons remarqué que poisson zèbre
	TTTTTG. Afin de comprendre l'implication de ces motifs chez le poisson zèbre, nous avons les mutants avaient un taux d'expression de la voie de régulation du stress plus élevé que chez
	utilisé la technologie CRISPR-Cas9, appelée également ciseaux moléculaires, pour retirer les régions entourant ces motifs du génome du poisson zèbre. 7.2.2 La manipulation génétique des motifs ARN entraîne de nombreux défauts de développement Afin d'éviter tout mécanisme de compensation des deux transcrits du poisson zèbre, nous avons généré des mutants doubles homozygotes pour les ARN lnc-myca et lnc-mycb. Pour obtenir ces mutants, nous avons croisé des poissons doubles hétérozygotes. Lors d'un tel croisement, nous nous attendons à obtenir 1/16 de poissons de type sauvage (WT) et 1/16 de doubles L'étude des motifs de liaisons protéiques au niveau des promoteurs des ARN pvt1 chez le les WT. C'est certainement l'accumulation de cellules apoptotiques qui entraine les défauts de poisson zèbre a également révélé la présence d'un site de reconnaissance de la protéine p53
	mutants homozygotes. Cependant, nous avons obtenu 1/50 de poissons doubles mutants développement.
	homozygotes à l'âge adulte (au moins 2 mois post-fertilisation) ; alors qu'à 2 jours post-
	fertilisation (jpf), nous avons retrouvé le bon nombre de doubles mutants homozygotes. Ceci 7.2.4 La protéine myc est surexprimée lors de l'apparition des défauts de
	montre que la manipulation génétique des motifs ARN entraine une faible survie jusqu'à l'âge développement
	adulte. Une certaine fraction d'embryon double mutant homozygote présente de sévères
	défauts de développement à 3 jpf. Ces défauts sont exacerbés à 6 jpf. Les embryons présentent
	un oedème péricardique et autour du vitellus, une malformation de la tête, des yeux et de la
	mâchoire. Enfin, ces embryons ne présentaient pas d'inflation de la vessie natatoire
	indispensable pour leur mobilité dans leur environnement en trois dimensions. Ceci montre que
	les motifs ARN présents sur les transcrits du poisson zèbre homologues au PVT1 humain
	peuvent être impliqués dans le développement embryonnaire. Les embryons mutants doubles
	homozygotes ne présentent pas tous des défauts de développement, environ 30% des doubles
	homozygotes mutants présentent ces défauts, visibles à partir de 3 jpf.

  . Les deux séquençages d'ARN étudiés montrent que Pvt1 est spécifiquement exprimé dans les progéniteurs des érythrocytes. Afin de comprendre l'impact de la délétion des motifs ARN des transcrits de pvt1 chez le poisson zèbre dans ce tissu, nous avons marqué les érythrocytes actifs chez les embryons WT et les doubles mutants homozygotes à 2 jpf. Les doubles mutants homozygotes présentaient un taux plus faible d'érythrocytes actifs que les WT. Les érythrocytes sont essentiels dans l'acheminement de l'oxygène vers les organes. Une baisse du taux d'érythrocytes actifs peut être engendrer de l'anémie. Les érythrocytes sont le type cellulaire majeur dans la prise en

	charge du stress oxydatif dans l'organisme, en raison de leur fonction principale de transporteur
	d'oxygène

  . Nous avons testé si la résistance oxydative chez les mutants doubles homozygotes était altérée. Cependant, pour éviter tout biais dû aux défauts de développement, nous avons sélectionné uniquement les embryons sans défaut de développement à 3 jpf. Les embryons homozygotes doubles mutants étaient plus sensibles au stress oxydatif, avec environ deux fois plus d'embryons qui mouraient après un traitement au peroxyde d'oxygène que les embryons WT. Ces résultats montrent que les mutants, bien que ne présentant pas de défaut de développement visible, sont plus sensibles au stress oxydatif. Ces résultats montrent qu'indépendamment des défauts de développement, les embryons doubles mutants homozygotes ont un taux d'érythrocytes actifs plus faible que chez les WT. Dans le but de décrypter l'interaction spécifique induite par les motifs ARN, nous avons crypté ces motifs et analysé le score d'interaction des protéines identifiées (Fig 13F & G). Le premier motif, TGGATT, a été remplacé par GTATGT et le second, TTTTTG, par TCGACG. Il est intéressant de noter que, bien que les deux motifs soient différents, la plus forte baisse du score

	d'interaction lors du remplacement des motifs est associée à la même protéine pour les deux
	motifs : RAD51C. De manière intrigante, la diminution du score d'interaction, pour le premier
	motif, était approximativement similaire entre les protéines RAD51C et NUSAP1, deux
	Comme chez la souris, pvt1 chez le poisson zèbre joue un rôle dans le développement des
	érythrocytes.
	7.2.7 Les transcrits de PVT1 interagissent avec des protéines essentielles dans la
	réparation des cassures d'ADN
	Nous avons montré que les transcrits homologues de PVT1 chez les vertébrés partagent des
	motifs ARN conservés. Ces motifs ARN sont récemment apparus comme une alternative à la
	conservation de séquences pour déterminer les mécanismes moléculaires conservés des
	lncARN entre les espèces (Ross et al., 2021). Les lncARN agissent principalement par le biais
	d'interactions avec les protéines et les motifs ARN identifiés sur PVT1 et pourraient
	correspondre à des sites de liaisons protéiques. Ainsi, nous avons analysé les motifs identifiés
	sur les transcrits de PVT1 afin de déterminer s'ils correspondent à des sites de liaisons
	protéiques. Pour analyser l'interactome de PVT1 chez les vertébrés, nous avons utilisé notre
	technologie incPRINT récemment publiée (Graindorge et al., 2019).
	IncPRINT a permis d'identifier des protéines qui se lient aux transcrits de souris et de poisson
	zèbre (lnc-mycb). 32 protéines interagissent de manière spécifique et similaire avec les
	transcrits des deux espèces. Ces protéines sont enrichies pour des fonctions nucléaires
	(organisation de la chromatine, méthylation de H3K9), conformément à la localisation
	subcellulaire précédemment établie des transcrits PVT1 de mammifères et de poissons-zèbres.

Remerciements

Acknowledgements

We thank all members of the Shkumatava laboratory and Dina Zielinsky for useful discussions.

Funding

The authors' research is supported by LabEx DEEP, France (ANR-11-LABX-0044 and ANR-10-IDEX-0001-02) and by a SDSV n°577, universitéPSL doctoral fellowship to F.C.

Supplementary Figure 9: Decreased survival to adulthood of the double homozygous mutants A-B. Frequency of WT and double homozygous mutants at 2 dpf (A) and 2-months-old (B). The number of embryos or fish is indicated in the bar plot. Fisher's exact test. C. Ratio of the number of fish retrieved over the number of fish expected upon aging of the parents, at the adult stage. The dotted line represents the ratio value where the retrieved and expected numbers of fish are equal. n=3 independent crosses of the same parents. D. Representative pictures of WT and double homozygous embryos at 1, 3, and 6 dpf. The scale bar is 0.54 mm.

Antibodies

The antibodies used in this study for the Western blot analyses are anti-γ-Tubulin (T6557, Sigma), anti-MYC (for zebrafish) (ARP30292_P050, aviva system biology), anti-GAPDH (GA1R) (MA5-15738, Invitrogen), anti-MYC (Y69) (for mESCs) (ab32072, Abcam). The secondary antibodies were HRP conjugated: anti-Mouse (W402B, Promega) and anti-Rabbit (W401B, Promega). The immunofluorescence was performed with the anti-H2AXS139ph (GTX127342, GeneTex) and the secondary antibody Alexa-Fluor 546 (A11010, Invitrogen).

Image analysis

All images from TUNEL assay and immunofluorescence were analyzed using the FiJi software.

Zebrafish images

All images of zebrafish embryos were acquired using Zeiss Stereo Discovery.V20 with a numeric camera AxioCam MRc (Zeiss).

Morpholinos

10ng of tp53 morpholinos (Gene Tools) were co-injected with 80 ng of H2B-RFP in vitro transcribed RNA as a microinjection tracer into the one-cell stage embryos. The in vitro transcription of the H2B-RFP transcript was performed using the HiScribe SP6 RNA synthesis kit and cap analog nucleotides (NEB).

Hydrogen peroxide treatment

3 dpf embryos were treated for 10 min with 100mM of hydrogen peroxide added to embryo water as described [START_REF] Reinardy | Changes in expression profiles of genes associated with DNA repair following induction of DNA damage in larval zebrafish Danio rerio[END_REF]. The survival of the embryos was assessed one day after incubation based on no heartbeat.

Camptothecin treatment

24 hpf embryos were incubated in embryo water with the indicated concentration of camptothecin (Sigma) at 28.5°C for 6h. The embryos were then collected. RNA was extracted as described above. in a 6-well plate. 48 h later the media was changed, and retinoic acid was added (1uM). After 24 h of retinoic acid treatment, cells were washed, and the media was changed without retinoic acid. The media was changed every day and the cells were gathered at specific time point up to 10 days of differentiation. The differentiation efficiency was assessed by qRT-PCR. All sequences of the relevant nucleotides are listed in Supplementary 
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ABSTRACT

The central dogma of biology "DNA makes RNA, and RNA makes protein" has been transformed by the human genome sequencing uncovering a large number of transcribed RNAs that do not generate proteins, called non-coding RNAs (ncRNAs).

We defined the function of the ncRNA PVT1, a transcript that misregulation is linked to human cancers. PVT1 transcript is present in all vertebrate species; by sequence comparison, we found conserved RNA motifs. Genetic removal of these motifs in zebrafish leads to developmental defects