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Functions of tRNA methyltransferases in the small non-coding RNA pathways and intellectual disability.

MATERIALS AND METHODS

Drosophila stocks

Primers and Probes

ABSTRACT -version Française

La 2'-O-methylation (Nm) peut affecter les ARNs de multiples façons et les enzymes qui déposent cette modification sont fortement conservées au cours de l'évolution et souvent liées à des cancers et des maladies du cerveau. Un excellent exemple est la protéine humaine FTSJ1 -une ARNt-methyltransferase (Nm-MTase) qui est conservée chez la levure et associée à la déficience intellectuelle (DI) chez l'Homme et la souris. Au cours de mon travail doctoral, j'ai contribué à élargir le portfolio évolutif de cette enzyme en démontrant la fonction moléculaire de ses homologues prédits de Drosophila (Trm7_32 et Trm7_34) en utilisant la technique de pointe RiboMethSeq , ainsi que le MALDI-TOF. J'ai également découvert de nouvelles cibles ARNt et potentiellement ARNm de FTSJ1 humain au sein des lignées cellulaires dérivées du sang de patients atteint de DI porteurs de diverses mutations dans FTSJ1 et au sein des cellules contrôles.

Une analyse de séquençage des petits ARN (ARNseq) a révélé une dérégulation de la population des micro-ARN (miARN) dans les cellules portant une mutation perte de fonction de FTSJ1, tandis que chez les mouches drosophiles, nos senseurs génétiques ont montré des dysfonctionnements dans les voies des piwi-interacting ARN et des miARN-dépendants-d'Ago2 en l'absence des orthologues de FTSJ1. Une analyse par northern blot a détecté l'accumulation de fragments d'ARNt spécifiques (tRF) dérivés de tRNA Phe (une cible majeure des enzymes en question). Aujourd'hui, nous examinons le potentiel de biomarqueurs de ces tRF et testons leur conservation dans les lignées cellulaires de patients souffrants de DI. Enfin, nous avons utilisé le RiboMethSeq pour évaluer tout changement dans les profils Nm de la population d'ARNm dans le contexte mutant FTSJ1, ouvrant ainsi de nouvelles possibilités d'une signification biologique de cette Nm-MTase. Les résultats de ces études fournissent des informations supplémentaires sur les voies moléculaires qui régissent la pathogenèse DI dépendante de FTSJ1.
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Gene expression regulation

Gene expression is a multi-step process by which the genetic information encoded in DNA molecules is transformed into complex phenotypic information. This process implies the transcription of parts of DNA into RNA molecules [START_REF] Gutierrez-Arcelus | Tissue-Specific Effects of Genetic and Epigenetic Variation on Gene Regulation and Splicing[END_REF][START_REF] Pope | Emerging Principles of Gene Expression Programs and Their Regulation[END_REF] . The transcriptome regroups the totality of RNA transcripts in a given cell type, tissue or organ. Its content is not fixed in time as it continuously adapts to programmed developmental changes as well as to unpredictable environmental variations. This flexibility is extremely important for regulating the production of proteins whose activity is needed for a brief period at specific time points such as growth factors and cell cycle progression control proteins. Transcriptomics is the study of the transcriptome in the goal of assessing the genes activity at their expression level, and today, it usually applies high-throughput approaches [START_REF] Kartan | Next Generation Sequencing & Applications[END_REF] .

The regulation of gene expression is what enables various cell types ( e.g. , neurons, muscle cells, blood cells) to exist in an organism, while carrying all the same set of genes (called genome). Some genes are expressed in certain cell types and not in others, and their degree of expression can vary too. Gene expression needs to be carefully controlled in order to maintain proper development of the organism, its homeostasis through life-time and adequate adaptational capacities towards the ever changing environment. This happens to a different extent at every step of it: from DNA, through RNA and until protein production and functioning. Usually a much larger amount of RNA transcripts than needed are produced in the cells. T he excess of transcribed RNA is afterwards managed by quality control mechanisms and by the small non-coding RNA (sncRNA) silencing pathways for gene expression regulation [START_REF] Morales | Epigenetic Regulation Mechanisms of microRNA Expression[END_REF][START_REF] Dexheimer | MicroRNAs: From Mechanism to Organism[END_REF] . Such a large production of mostly unused pools of transcripts may seem costly and unnecessary. However it is time-saving when fine tuning regulations and rapid adaptation to developmental and environmental changes are required.

In the last decades it has become clearer that the fate (degradation, localisation, translation, non-coding functions, etc.) of RNA transcripts is highly dependent on the grand variety of biochemical modifications that can appear on them. These modifications appear co-or post-transcriptionally and influence the function and interactions of the RNAs with other biological molecules. The study that focuses on these biochemical changes is called epitranscriptomics (in analogy to the name epigenetics) [START_REF] Zhao | Mapping the Epigenetic Modifications of DNA and RNA[END_REF] . RNA modifications can happen on all the types of RNAs including rRNAs (ribosomal RNAs), tRNAs (transfer RNAs), snRNAs (small nuclear RNAs), snoRNAs (small nucleolar RNAs), sncRNAs and mRNAs (messenger RNAs) and thus can impact gene expression and various disease conditions [START_REF] Barbieri | Role of RNA Modifications in Cancer[END_REF]Z. Dong and Cui 2020;[START_REF] Tsai | Epigenetic and Epitranscriptomic Regulation of Viral Replication[END_REF] .

During my PhD, I studied a particular epitranscriptomics circuitry and its relationship to diseases and to sncRNA silencing gene regulation.

RNA interference

Principle and conservation

The sncRNA silencing pathways represent an efficient strategy of most eukaryotic organisms for transcriptional and/or post-transcriptional gene expression regulation. The principle reposes on the sequence complementarity recognition of a target mRNA by a guide sncRNA which eventually leads to the translational repression or degradation of the concerned mRNA target. This mechanism is also called RNA interference (RNAi) and was first discovered in plants [START_REF] Napoli | Introduction of a Chimeric Chalcone Synthase Gene into Petunia Results in Reversible Co-Suppression of Homologous Genes in Trans[END_REF][START_REF] Hamilton | A Species of Small Antisense RNA in Posttranscriptional Gene Silencing in Plants[END_REF] and in Caenorhabditis elegans [START_REF] Lee | The C. Elegans Heterochronic Gene Lin-4 Encodes Small RNAs with Antisense Complementarity to Lin-14[END_REF][START_REF] Fire | Potent and Specific Genetic Interference by Double-Stranded RNA in Caenorhabditis Elegans[END_REF] in the 90's. A bit later, in fly gonads was discovered, a new class of small RNAs specialized into targeting transposable elements (TE) in particular [START_REF] Aravin | Double-Stranded RNA-Mediated Silencing of Genomic Tandem Repeats and Transposable Elements in the D. Melanogaster Germline[END_REF]Vagin et al. 2006) . Today, we know that most metazoans and plants have at least some form of RNAi and that the sncRNAs influence numerous biological processes including development, viral defense, TE control and chromatin dynamics. Small RNA silencing is found even in some budding yeast species such as Saccharomyces castelii and Candida albicans , but not in Saccharomyces cerevisiae which lacks putative homologs of the most important RNAi pathway proteins: Dicer (Dcr) and Argonaute (Ago). Interestingly, expression of S. castelii's Ago and Dcr in S. cerevisiae restores an RNAi mechanism [START_REF] Drinnenberg | RNAi in Budding Yeast[END_REF] . Finally, many archeal and bacterial species have Ago homologs capable of exerting RNAi even though differences have been revealed ( e.g. , preference for DNA rather than RNA guides and targets, variations in Ago structure and domains) compared to eukaryotic species [START_REF] Doxzen | DNA Recognition by an RNA-Guided Bacterial Argonaute[END_REF]Olina et al. 2018) .

The RNAi pathway starts with the biogenesis of a small RNA, which is produced from precursor transcript with the help of specific ribonucleases [START_REF] Dexheimer | MicroRNAs: From Mechanism to Organism[END_REF] . The small RNA is then loaded into an Ago family protein and together they form the so-called RNA-induced silencing complex (RISC) [START_REF] Kobayashi | RISC Assembly: Coordination between Small RNAs and Argonaute Proteins[END_REF][START_REF] Nakanishi | Anatomy of RISC: How Do Small RNAs and Chaperones Activate Argonaute Proteins?[END_REF]) . The RISC scans for target transcripts with the help of the small RNA complementarity and ensures their silencing with the Ago activity. Argonautes can accomplish this task through cleaving the target or through inhibiting its translation. In both cases, we talk about post-transcriptional gene silencing (PTGS). Some Argonautes, once charged with a guide small RNA, can enter the nucleus to target a transcript while it is being produced (nascent RNA) and silence it through inducing chromatin rearrangements. This is called transcriptional gene silencing (TGS). The general principle of RNAi seems quite universal and the major players of the sncRNA pathways are well conserved between species. However, some variations and specificities have appeared and we distinct three canonical sncRNA silencing pathways which differ in length and biogenesis of the small RNA, type of Argonaute protein, mechanism of silencing and target type [START_REF] Ghildiyal | Small Silencing RNAs: An Expanding Universe[END_REF] . These are the micro (mi-)RNA, the small interfering (si-)RNA and Piwi-interacting (pi-)RNA (where Piwi stands for P element-induced wimpy testis) pathways. However, the separation between these three canonical pathways is not always complete as they can interact with one another. In Drosophila melanogaster , for example, under certain conditions, miRNAs can be loaded into Argonautes from the siRNA pathway [START_REF] Förstemann | Drosophila microRNAs Are Sorted into Functionally Distinct Argonaute Complexes after Production by Dicer-1[END_REF]Carré et al. 2013) .

Also, small RNAs generated from unorthodox sources, such as tRNA fragments (tRFs) can join the canonical sncRNA pathways and interact with their major protein players ( e.g. , Dicers and Argonautes) [START_REF] Dou | Metazoan tsRNAs: Biogenesis, Evolution and Regulatory Functions[END_REF]) .

Argonaute proteins

A. Variety and classification of Argonautes

Argonautes are the only universal protein players of the sncRNA silencing pathways. Indeed, the si-, mi-and piRNAs have different biogenesis steps, however they eventually all get loaded into Argonautes for the effector step of the silencing. The first description of Argonaute mutants was in Arabidopsis thaliana : the mutant plants had very narrow rosette leaves which reminded of a small squid [START_REF] Bohmert | AGO1 Defines a Novel Locus of Arabidopsis Controlling Leaf Development[END_REF] . Thus, the authors of the study named the mutants argonautes after the group of pelagic octopuses from the genus Argonauta . According to their domain architecture, eukaryotic Agos are divided into four classes: AGO-like family, PIWI-like family, WAGO (worm-specific argonaute) family and Trypanosoma Ago family [START_REF] Swarts | The Evolutionary Journey of Argonaute Proteins[END_REF] . Humans have 8 different Argonaute proteins: 4 Ago proteins (hAGO1, hAGO2, hAGO3, and hAGO4) and 4 PIWI proteins (PIWIL1, PIWIL2, PIWIL3, and PIWIL4; where PIWIL stands for PIWI-like) [START_REF] Sasaki | Identification of Eight Members of the Argonaute Family in the Human Genome☆[END_REF] , while Drosophila melanogaster has five: 2 Ago proteins (Ago1 and Ago2) [START_REF] Okamura | Distinct Roles for Argonaute Proteins in Small RNA-Directed RNA Cleavage Pathways[END_REF]) and 3 PIWI proteins (Piwi,Ago3 and Aub; where Aub stands for Aubergine) [START_REF] Siomi | PIWI-Interacting Small RNAs: The Vanguard of Genome Defence[END_REF]Handler et al. 2013) . AGO clade proteins are ubiquitously expressed and assemble with si-and miRNAs. PIWI clade proteins are more specialized, as they are expressed mainly in the germline and load piRNAs which recognize TE RNAs.

The different types of PIWI-RISCs can be further specialized. For example, Drosophila Aub and Ago3 are found uniquely in the cytoplasm of the germ cells where they mediate, respectively, post-transcriptional silencing and amplifying the abundance of secondary piRNAs (the ping-pong cycle) (Brennecke et al. 2007;[START_REF] Yamashiro | PIWI-Interacting RNA in Drosophila: Biogenesis, Transposon Regulation, and Beyond[END_REF] . Piwi on the other hand is expressed in both somatic and germ cells of the gonads, and is present both in the cytoplasm (before piRNA loading) and in the nucleus (after piRNA loading) where the Piwi-RISC mediates transcriptional silencing via local heterochromatin formation.

B. RISC assembly

The general structure of an eukaryotic Ago comprises an N (N-terminal) domain, a PAZ (PIWI-Argonaute-Zwille) domain, a MID (middle) domain and a PIWI domain, along with two domain linkers, L1 and L2 (Fig. 1) [START_REF] Wu | Argonaute Proteins: Structural Features, Functions and Emerging Roles[END_REF] . Structural and biochemical studies have revealed the roles of these different domains in the gene silencing RISC whose formation is a multistep process rather than a simple interaction between an Ago and a small RNA. The first main step of RISC assembly is the small RNA duplex loading.

One of the two strands of the duplex is being "selected" as a guide strand, while the other one, called the "passenger" strand, is being ejected from the RISC during the final step of its maturation [START_REF] Nakanishi | Anatomy of RISC: How Do Small RNAs and Chaperones Activate Argonaute Proteins?[END_REF][START_REF] Kobayashi | RISC Assembly: Coordination between Small RNAs and Argonaute Proteins[END_REF] . A scheme of catalytically active Argonaute is shown containing a complete catalytic tetrad with two bound magnesium ions (shown as purple spheres) in the PIWI domain in complex with the guide nucleic acid (left) and after its binding to a target (right). The first 5'-end nucleotide of the guide strand is anchored in between the MID and PIWI domains and the 3'-end is docked in the PAZ domain (left). Adapted from (Olina et al. 2018) .

The RISC assembly of the si-and miRNA pathways is quite similar to each other and different from the one of the piRNA pathway. The main difference is that AGO clade proteins load ds (double stranded) si-or miRNA duplexes, while the PIWI clade proteins load single stranded (ss) primary or intermediate piRNAs. Another particularity of PIWI clade proteins is that they accommodate larger small RNAs (24-31 nts) comprared to AGO clade proteins (21-24 nts).

The small RNA duplex mechanism of loading into the AGO clade proteins has been well studied in the fly system. The so-called RISC-loading complex (RLC) composed of Dcr2 and R2D2 proteins is indispensable for Ago2-RISC assembly of the Drosophila siRNAs [START_REF] Tomari | A Protein Sensor for siRNA Asymmetry[END_REF][START_REF] Nishida | Roles of R2D2, a Cytoplasmic D2 Body Component, in the Endogenous siRNA Pathway in Drosophila[END_REF] . R2D2 recognises and binds to the less thermodynamically stable end of the small RNA duplex, while Dcr2 binds to the other one. This asymmetric binding of the RLC to the small RNA intervenes in the guide vs. passenger strand selection. The 5'-monophosphate and the base moiety of the 1st nucleotide at the thermodynamically less stable terminus of the duplex are anchored between the MID and PIWI domains of Ago2 [START_REF] Elkayam | The Structure of Human Argonaute-2 in Complex with miR-20a[END_REF][START_REF] Schirle | The Crystal Structure of Human Argonaute2[END_REF] . The strand to which this 5'-end nucleotide belongs will become the guide strand and its 3'-end is secured by binding of its sugar-phosphate backbone to the PAZ domain.

R2D2 also plays a role in avoiding the charging of siRNAs to fly Ago1, which is typically reserved for miRNAs [START_REF] Tomari | Sorting of Drosophila Small Silencing RNAs[END_REF][START_REF] Hartig | Loqs-PD and R2D2 Define Independent Pathways for RISC Generation in Drosophila[END_REF] . hAgo proteins do not have such a small RNA sorting system. More generally, in mammals the role of the RLC for Ago loading is extremely limited, however the thermodynamic stability differences between the two terminuses of the duplex is still important for the choice of guide strand (miRNA) vs. passenger strand (miRNA*) [START_REF] Wang | Structural Insights into RNA Processing by the Human RISC-Loading Complex[END_REF][START_REF] Betancur | Dicer Is Dispensable for Asymmetric RISC Loading in Mammals[END_REF][START_REF] Suzuki | Small-RNA Asymmetry Is Directly Driven by Mammalian Argonautes[END_REF] . Though, it should be noted that other factors, such as the nature of the first 5'-end nucleotide, can be determinant for the guide strand selection [START_REF] Takeda | The Mechanism Selecting the Guide Strand from Small RNA Duplexes Is Different among Argonaute Proteins[END_REF][START_REF] Okamura | Distinct Mechanisms for microRNA Strand Selection by Drosophila Argonautes[END_REF]) .

The passenger strand whose 5'-end is not recognized by the MID domain is ejected and the N-domain of the Ago protein plays a crucial role in the preparation of this step. The N-domain serves as a wedge to destabilize the base pairing between the 3'-end of the guide and the 5'-end of the passenger strands [START_REF] Kwak | The N Domain of Argonaute Drives Duplex Unwinding during RISC Assembly[END_REF] .

C. RISC activity

After the passenger ejection, the remaining guide strand and the Ago protein form the mature RISC which is now capable of recognising and silencing mRNAs. The target recognition happens through a seed region in the small RNA (positions [2][3][4][5][6][7][8] which is accommodated in the nucleic acid-binding channel of the Ago [START_REF] Elkayam | The Structure of Human Argonaute-2 in Complex with miR-20a[END_REF] .

However the base moieties at positions 2-4 are well exposed to the solvent and can thus scan for target mRNAs [START_REF] Chandradoss | A Dynamic Search Process Underlies MicroRNA Targeting[END_REF] . This seed region-based recognition is only true for miRNAs, as siRNAs depend on sequence complementarity with the target mRNA that is extended through their whole length and mismatches are badly supported [START_REF] Elbashir | Functional Anatomy of siRNAs for Mediating Efficient RNAi in Drosophila Melanogaster Embryo Lysate[END_REF] . The way piRNAs recognize their targets is not perfectly clear.

However, in C. elegans , they seem to stand somewhere in the middle as just like miRNAs, they have a seed region perfectly matching to their targets, but unlike miRNAs, their target recognition regions outside the seed region tolerate only a few mismatches [START_REF] Zhang | The piRNA Targeting Rules and the Resistance to piRNA Silencing in Endogenous Genes[END_REF][START_REF] Antoniewski | New Rules for Regulation of Genes by piRNAs in C. Elegans[END_REF] .

The active center of the Argonaute proteins is in the PIWI domain, which adopts a fold similar to the endoribonuclease RNase H and bears a conserved Asp-Glu-Asp-His/Asp (DEDH/D) tetrade. This amino acid tetrade, usually complete in PIWI subfamily proteins, coordinates two magnesium ions and is necessary for RNA cleavage (Fig. 1) [START_REF] Song | Crystal Structure of Argonaute and Its Implications for RISC Slicer Activity[END_REF][START_REF] Rivas | Purified Argonaute2 and an siRNA Form Recombinant Human RISC[END_REF] . However, many Ago proteins have a defective tetrade and are catalytically inactive. For example, in mammals, Ago2 is the only AGO clade member with a slicer activity [START_REF] Meister | Human Argonaute2 Mediates RNA Cleavage Targeted by miRNAs and siRNAs[END_REF][START_REF] Liu | Argonaute2 Is the Catalytic Engine of Mammalian RNAi[END_REF]) . The catalytically inactive Ago proteins can still silence their targets by recruiting downstream factors that mediate translational repression, deadenylation and/or mRNA decay [START_REF] Tritschler | Role of GW182 Proteins and PABPC1 in the miRNA Pathway: A Sense of Déjà vu[END_REF][START_REF] Huntzinger | Gene Silencing by microRNAs: Contributions of Translational Repression and mRNA Decay[END_REF] .

D. Argonautes and diseases

Argonautes play a central role in sncRNA induced gene silencing and their deregulation can affect a wide range of biological activities. It is thus not surprising that they have been related to various disease conditions, including brain disorders and cancers [START_REF] Pantazopoulou | From the Argonauts Mythological Sailors to the Argonautes RNA-Silencing Navigators: Their Emerging Roles in Human-Cell Pathologies[END_REF][START_REF] Proshkina | The Critical Impacts of Small RNA Biogenesis Proteins on Aging, Longevity and Age-Related Diseases[END_REF] . Human Ago2 accumulation has been detected in neurodegenerative diseases like Huntington's disease [START_REF] Pircs | Huntingtin Aggregation Impairs Autophagy, Leading to Argonaute-2 Accumulation and Global MicroRNA Dysregulation[END_REF] , while mutations in hAgo1 have been linked to intellectual disability (ID)/autism spectrum disorder [START_REF] Sakaguchi | Further Evidence of a Causal Association between AGO1, a Critical Regulator of microRNA Formation, and Intellectual Disability/autism Spectrum Disorder[END_REF] . Interestingly, Drosophila Ago2 mutants show a progressive and age-dependent memory impairment (Li et al. 2013) and dAgo1 interacts with dFMRP ( Drosophila Fragile X Mental Retardation Protein, encoded by the FMR1 gene) whose human homolog is linked to a large part of ID cases [START_REF] Ishizuka | A Drosophila Fragile X Protein Interacts with Components of RNAi and Ribosomal Proteins[END_REF][START_REF] Jin | Biochemical and Genetic Interaction between the Fragile X Mental Retardation Protein and the microRNA Pathway[END_REF]) . This interaction seems to be critical for the biological functions of FMRP in neural development and synaptogenesis. Another curious interaction, this time demonstrated in mouse forebrain, is the one between Argonautes and cytoplasmic FMR1-interacting protein 2 (CYFIP2), associated with early-onset epileptic encephalopathy, intellectual disability, and developmental delay (Lee et al. 2020) . When it comes to cancers, Ago are deregulated in many of them [START_REF] Völler | Argonaute Family Protein Expression in Normal Tissue and Cancer Entities[END_REF]) . An often elevated expression of Ago is reported in glioma [START_REF] Feng | Increased Argonaute 2 Expression in Gliomas and Its Association with Tumor Progression and Poor Prognosis[END_REF] , gastric [START_REF] Gao | PIWI-like Protein 1 Upregulation Promotes Gastric Cancer Invasion and Metastasis[END_REF] , colon [START_REF] Li | Argonaute Proteins: Potential Biomarkers for Human Colon Cancer[END_REF] , ovarian [START_REF] Vaksman | Argonaute, Dicer, and Drosha Are up-Regulated along Tumor Progression in Serous Ovarian Carcinoma[END_REF]) and other cancers. It is also worth mentioning studies linking human PIWI mutations to male infertility [START_REF] Gou | Ubiquitination-Deficient Mutations in Human Piwi Cause Male Infertility by Impairing Histone-to-Protamine Exchange during Spermiogenesis[END_REF][START_REF] Yan | piRNA-Independent PIWI Function in Spermatogenesis and Male Fertility[END_REF]) .

Canonical small RNA biogenesis and function

A. siRNAs

siRNAs can have an endogenous (endo-siRNAs) or exogenous provenance coming respectively from structured genomic loci, transposons and mRNAs or from pathogen RNA transcripts (Fig. 2). In both cases, they are produced from long dsRNA precursors by a Dcr RNase III ribonuclease which produces approximately 21-nt-long small RNA duplexes with 5'-monophosphates and two-nucleotide overhangs at the 3'-ends [START_REF] Bernstein | Role for a Bidentate Ribonuclease in the Initiation Step of RNA Interference[END_REF][START_REF] Lee | Distinct Roles for Drosophila Dicer-1 and Dicer-2 in the siRNA/miRNA Silencing Pathways[END_REF]) .

As mentioned earlier, in Drosophila , there is a specialized Dicer, Dcr2, that is dedicated to the production of siRNAs. As a general rule, siRNA duplexes are loaded into fly Ago2 with the help of the RLC, while miRNA duplexes produced by Dcr1 are loaded into fly Ago1 [START_REF] Liu | R2D2, a Bridge between the Initiation and Effector Steps of the Drosophila RNAi Pathway[END_REF][START_REF] Okamura | Distinct Roles for Argonaute Proteins in Small RNA-Directed RNA Cleavage Pathways[END_REF][START_REF] Tomari | Sorting of Drosophila Small Silencing RNAs[END_REF]) . In mammals, there is no such clear separation between the si-and miRNA pathways and both si-and miRNAs can be loaded into all the Ago proteins. A possible reason for flies to evolve siRNA specialized Dcr and Ago may be the great importance of the siRNA pathways for viral defense in this organism [START_REF] Gammon | RNA Interference-Mediated Antiviral Defense in Insects[END_REF] . Indeed, Drosophila doesn't have a sophisticated protein based immunity as mammals do. It is crucial then to have at all time an available already loaded in them. Mammalian piRNAs equally bear protective 2'-O-methylation on their 3'-end (Kirino and Mourelatos 2007;[START_REF] Ohara | The 3′ Termini of Mouse Piwi-Interacting RNAs Are 2′-O-Methylated[END_REF] . In plants, this is the case of siRNAs [START_REF] Yang | HEN1 Recognizes 21-24 Nt Small RNA Duplexes and Deposits a Methyl Group onto the 2′ OH of the 3′ Terminal Nucleotide[END_REF]) and curiously miRNAs (Yu et al. 2005) , and they are being modified before the formation of the RISC complex. It should be noted another distinction between plants and animals: Arabidopsis HEN1 seems to act on small RNA duplexes and deposits a 2'-O-methylation on the 3'-end of both strands [START_REF] Yang | HEN1 Recognizes 21-24 Nt Small RNA Duplexes and Deposits a Methyl Group onto the 2′ OH of the 3′ Terminal Nucleotide[END_REF] ; on the contrary, DmHen1/Pimet seems to act only on the single stranded guide small RNA (after RISC maturation) (Horwich et al. 2007) .

B. miRNAs

miRNAs are encoded into the genome and are transcribed by polymerase II (Pol II) into longer primary miRNA (pri-miRNA) transcripts with hairpin secondary structure (Fig. 3) . The endonuclease Drosha together with its partner DGCR8 (DiGeorge syndrome critical region gene 8; Pasha in Drosophila ) form the microprocessor that recognises and trims the pri-miRNA into precursor miRNA (pre-miRNA) hairpin [START_REF] Denli | Processing of Primary microRNAs by the Microprocessor Complex[END_REF][START_REF] Gregory | The Microprocessor Complex Mediates the Genesis of microRNAs[END_REF][START_REF] Siomi | Posttranscriptional Regulation of microRNA Biogenesis in Animals[END_REF][START_REF] Bartel | Metazoan MicroRNAs[END_REF] . This shorter pre-miRNA can be exported from the nucleus to the cytoplasm by the exportin 5 complex. Once, in the cytoplasm the pre-miRNA encounters endonuclease Dcr (Dcr1 in Drosophila ) which cuts the loop of the hairpin thus forming a miRNA duplex. The next step is loading of the miRNA duplex into Ago (Ago1 in Drosophila ) in order to form the RISC which is indispensable for the miRNA to exert its silencing function.

The majority of miRNAs bind to their target only with their seed region (nucleotides 2-8) and bear central mismatches, which increases considerably the number of different genes that a single miRNA can regulate. Plant miRNA are an exception as they bind to their targets with perfect complementarity. In flies, this is the case only for miRNAs loaded into Ago2 which participate in the Ago2-dependent miRNA pathway [START_REF] Czech | Hierarchical Rules for Argonaute Loading in Drosophila[END_REF]Carré et al. 2013) . Mismatches in the miRNA duplex itself also play a role in the sorting of fly miRNAs into Ago1, which determines target silencing through translation inhibition, unlike Ago2-RISC-mediated target slicing. tumors [START_REF] Ozen | Widespread Deregulation of microRNA Expression in Human Prostate Cancer[END_REF][START_REF] Backes | Specific miRNA Disease Biomarkers in Blood, Serum and Plasma: Challenges and Prospects[END_REF][START_REF] Fujii | MicroRNAs in Smoking-Related Carcinogenesis: Biomarkers, Functions, and Therapy[END_REF][START_REF] Lv | Circulating Exosomal miRNAs as Potential Biomarkers for Barrett's Esophagus and Esophageal Adenocarcinoma[END_REF] . Finally, many miRNAs represent potential targets for disease treatments. Several miRNA mimics and molecules targeted at miRNAs (anti-miRs) have shown promise in preclinical development and have even reached clinical development [START_REF] Rupaimoole | MicroRNA Therapeutics: Towards a New Era for the Management of Cancer and Other Diseases[END_REF] .

C. piRNAs

piRNAs are 24-31-nt-long small RNAs which are found only in animals and associate with PIWI proteins, which is the germline-specific clade of Argonautes. Most piRNA are generated from intergenic piRNA clusters and recognise TE sequences (Vagin et al. 2006) , however some piRNAs can also target protein-coding genes and regulate their expression [START_REF] Nishida | Gene Silencing Mechanisms Mediated by Aubergine piRNA Complexes in Drosophila Male Gonad[END_REF][START_REF] Saito | A Regulatory Circuit for Piwi by the Large Maf Gene Traffic Jam in Drosophila[END_REF][START_REF] Rouget | Maternal mRNA Deadenylation and Decay by the piRNA Pathway in the Early Drosophila Embryo[END_REF][START_REF] Nagao | Biogenesis Pathways of piRNAs Loaded onto AGO3 in the Drosophila Testis[END_REF]Rajasethupathy et al. 2012;[START_REF] Ishizu | Biology of PIWI-Interacting RNAs: New Insights into Biogenesis and Function inside and outside of Germlines[END_REF] . The role of piRNAs in TE repression is essential for maintaining genome integrity in the germline which transfers the genomic information to the next generation and has been extensively studied in the Drosophila melanogaster model system (Malone and Hannon 2009;[START_REF] Siomi | PIWI-Interacting Small RNAs: The Vanguard of Genome Defence[END_REF][START_REF] Sato | The piRNA Pathway in Drosophila Ovarian Germ and Somatic Cells[END_REF] .

Apart from being slightly larger than si-and miRNA, piRNAs have several other particularities such as the fact that they are processed from single-stranded precursor RNAs in a Dicer-independent manner. We distinguish two pathways for piRNA biogenesis: the primary piRNA pathway and the ping-pong pathway which produces and amplifies secondary piRNAs in the germ cells of the gonads (Fig. 4) [START_REF] Iwasaki | PIWI-Interacting RNA: Its Biogenesis and Functions[END_REF] .

In the primary pathway, long piRNA precursors are exported towards a non-membranous cytoplasmic structures located in the perinuclear regions: the Yb (or fs [START_REF] Darzacq | Cajal body-specific small nuclear RNAs: A novel class of 2 0 -O-methylation and pseudouridylation guide RNAs[END_REF]Yb for female sterile (1) Yb) body in the ovarian somatic cells (Olivieri et al. 2010;[START_REF] Hirakata | Requirements for Multivalent Yb Body Assembly in Transposon Silencing in Drosophila[END_REF] or its functional homolog, the "nuage" in the germ cells [START_REF] Liang | Localization of Vasa Protein to the Drosophila Pole Plasm Is Independent of Its RNA-Binding and Helicase Activities[END_REF][START_REF] Pek | piRNA Pathway and the Potential Processing Site, the Nuage, in the Drosophila Germline[END_REF] . This is the place where piRNAs are processed and loaded on Piwi (in ovarian somatic cells) or on both Piwi and Aub (in germ cells). Loaded Aub stays and acts in the cytoplasm through PTGS, whereas loaded Piwi is directed into the nucleus where it exerts TGS.

The ping-pong pathway on the other hand is a bit more complex and uses Aub-piRISC for its initiation. It takes place in the "nuage", where loaded Aub teams up with unloaded Ago3 for the slicing of transposon transcripts. As a consequence, sense they take part in functionally defining germinal piRNA clusters, thus enabling the further production of of piRNAs from these clusters (de [START_REF] Vanssay | Paramutation in Drosophila Linked to Emergence of a piRNA-Producing Locus[END_REF][START_REF] Szyf | Nongenetic Inheritance and Transgenerational Epigenetics[END_REF] .

Intriguingly, it seems that the need of maternally inherited piRNAs can be sometimes bypassed by environmental changes, as it was recently described in Drosophila by my colleague Karine Casier in [START_REF] Casier | Environmentally-Induced Epigenetic Conversion of a piRNA Cluster[END_REF] . Last but not least, a yet small amount of studies suggest that piRNAs and PIWI proteins are important for neuronal processes like axon regeneration, behavior and memory formation (Perrat et al. 2013;[START_REF] Kim | PIWI Proteins and piRNAs in the Nervous System[END_REF] .

Deregulation of neuronal piRNA pathways can result in neurodevelopmental and neurodegenerative diseases such amyotrophic lateral sclerosis (ALS), Alzheimer's disease (AD) and Parkinson's disease (PD) [START_REF] Wakisaka | The Dawn of Pirna Research in Various Neuronal Disorders[END_REF] .

Non-canonical sncRNA pathways

The three canonical sncRNA silencing pathways have distinct small RNA biogenesis steps and mechanisms of RISC action. However, the separation between them is not strict and sometimes they can cross roads with one another. A perfect example is the existence of an Ago2-dependent miRNA pathway in Drosophila . Although miRNAs in flies are typically loaded into Ago1, they can end up in Ago2 if for example present perfectly complementary duplexes [START_REF] Czech | Hierarchical Rules for Argonaute Loading in Drosophila[END_REF]Carré et al. 2013) .

Exceptions from the generalized rules exist also on the biogenesis level [START_REF] Miyoshi | Many Ways to Generate microRNA-like Small RNAs: Non-Canonical Pathways for microRNA Production[END_REF] . A classical miRNAs would require the microprocessor complex in the nucleus and the Dicer activity in the cytoplasm for its maturation into a miRNA duplex capable of forming a RISC [START_REF] Kim | Biogenesis of Small RNAs in Animals[END_REF]) . However, there is explicit evidence that both steps can be bypassed by some miRNAs [START_REF] Bartel | Metazoan MicroRNAs[END_REF] . The microprocessor activity is not necessary for some miRNAs that are encoded into debranched intronic regions (called mirtrons ) as they take advantage of the mRNA splicing machinery for the generation of a pre-miRNA [START_REF] Ruby | Intronic microRNA Precursors That Bypass Drosha Processing[END_REF][START_REF] Okamura | The Mirtron Pathway Generates microRNA-Class Regulatory RNAs in Drosophila[END_REF] . When it comes to Dicer which usually cuts the loop of the pre-miRNA in the cytoplasm, it can be replaced by the slicer activity of Ago after accommodating directly a pre-miRNA [START_REF] Cheloufi | A Dicer-Independent miRNA Biogenesis Pathway That Requires Ago Catalysis[END_REF][START_REF] Cifuentes | A Novel miRNA Processing Pathway Independent of Dicer Requires Argonaute2 Catalytic Activity[END_REF] .

Finally, miRNAs can be generated from unconventional sources such as snoRNAs [START_REF] Ender | A Human snoRNA with MicroRNA-Like Functions[END_REF][START_REF] Saraiya | snoRNA, a Novel Precursor of microRNA in Giardia Lamblia[END_REF] , endogenous short-hairpin RNAs (endo-shRNAs) [START_REF] Babiarz | Mouse ES Cells Express Endogenous shRNAs, siRNAs, and Other Microprocessor-Independent, Dicer-Dependent Small RNAs[END_REF] , tRNA precursors [START_REF] Bogerd | A Mammalian Herpesvirus Uses Noncanonical Expression and Processing Mechanisms to Generate Viral MicroRNAs[END_REF]) and others.

More and more interest is generated around tRNA derived small RNAs that have the capacity to bind to Argonautes [START_REF] Dou | Metazoan tsRNAs: Biogenesis, Evolution and Regulatory Functions[END_REF] . Their potential role in the sncRNA silencing pathways has been of great importance for my PhD project and for that reason I detail their biogenesis, known functions and implications in pathology below.

tRNAs -a novel source of small non-coding RNAs

A. General tRNAs biogenesis and maturation

tRNAs (15% of total RNA) are the second most abundant RNA molecules after rRNAs (80 %) and the most heavily modified RNAs (up to 30% of modified nucleotides on a single tRNA). They have been known for a long time for their classical amino-acid transfering function during translation. In the last decades, more and more evidence has been accumulating about new and diverse roles for tRNAs: such as priming reverse transcription of TE [START_REF] Marquet | tRNAs as Primer of Reverse Transcriptases[END_REF]Schorn et al. 2017;[START_REF] Schorn | Tie-Break: Host and Retrotransposons Play tRNA[END_REF] or serving as source of a new class of small non-coding RNAs (called tRNA fragments) [START_REF] Lee | A Novel Class of Small RNAs: tRNA-Derived RNA Fragments (tRFs)[END_REF]) .

tRNAs originate from specific genes with a length of approximately 70-100 nts present in multiple copies across the nuclear and mitochondrial genome. There are 625 tRNA genes in humans which greatly outnumbers the necessity for 64 anticodons (and 20 amino acids) [START_REF] Chan | GtRNAdb: A Database of Transfer RNA Genes Detected in Genomic Sequence[END_REF] . The reasons for this are not completely clear today but it may be a back up insurance of essential genes for an essential process such as translation. The tRNAs are classified in families according to the type of amino acid that they carry -we talk about tRNA isoacceptors (same amino acid, but different anticodon sequence). An additional classification regroups tRNAs that have the same anticodon sequence, but bear differences in the rest of the tRNA sequence -they are named isodecoder tRNAs (and originate from different genes) [START_REF] Goodenbour | Diversity of tRNA Genes in Eukaryotes[END_REF] .

tRNAs biogenesis is complex and implies various modification steps as well as back and forth transportation between the nucleus and the cytoplasm (Fig. 5) [START_REF] Chatterjee | tRNA Dynamics between the Nucleus, Cytoplasm and Mitochondrial Surface: Location, Location, Location[END_REF] . This maturation process is indispensable for tRNAs to pass through quality controls and obtain stability and functionality. tRNA genes are transcribed by RNA Pol III into large precursors (pre-tRNA) that carry 5'-leader and 3'-trailer extensions which are removed by RNase P and Elac2 (ElaC Ribonuclease Z 2; RNase Z) respectively [START_REF] Hopper | Cellular Dynamics of tRNAs and Their Genes[END_REF] . Intriguingly, the liberated 3'-trailer gives rise to a first class of tRFs, called

B. tRFs biogenesis and functions

tRFs are small non-coding RNAs of variable size (18-35 nts) that originate from both precursor and mature tRNAs [START_REF] Lee | A Novel Class of Small RNAs: tRNA-Derived RNA Fragments (tRFs)[END_REF]) . Although they have been identified for the first time in the early 1970's [START_REF] Yudelevich | Specific Cleavage of an Escherichia Coli Leucine Transfer RNA Following Bacteriophage T4 Infection[END_REF] , their biological role has been a mystery for a long time and the first functional studies on tRFs started appearing only in late 1990's [START_REF] Zhao | New role for tRNA and its fragment purified from human urinary bladder carcinoma conditioned medium: Inhibition of endothelial cell growth[END_REF] .

tRFs can be generated from the 5'-or 3'-end of the tRNA molecule under specific conditions ( e.g. , stress, hypoxia and aging) by RNA endonucleases, such as Dicer [START_REF] Babiarz | Mouse ES Cells Express Endogenous shRNAs, siRNAs, and Other Microprocessor-Independent, Dicer-Dependent Small RNAs[END_REF][START_REF] Cole | Filtering of Deep Sequencing Data Reveals the Existence of Abundant Dicer-Dependent Small RNAs Derived from tRNAs[END_REF] and Angiogenin [START_REF] Fu | Stress Induces tRNA Cleavage by Angiogenin in Mammalian Cells[END_REF][START_REF] Yamasaki | Angiogenin Cleaves tRNA and Promotes Stress-Induced Translational Repression[END_REF] , which can target for slicing different positions on tRNA, usually in relation to its modification profile (Fig. 6 -next page) [START_REF] Dou | Metazoan tsRNAs: Biogenesis, Evolution and Regulatory Functions[END_REF]Jehn and Rosenkranz 2019) . The resultant diversity of tRFs has been classified according to various factors: size, origin position on the tRNA, production initiating events, etc. Thus, today we can find in the literature various synonym terms like tRNA-derived fragments (tRFs), tRNA-derived small RNAs (tsRNAs), tRNA halves (tRH), tRNA-derived halves, tRNA-derived stress-induced small RNAs (tiRNAs) and even urinary bladder carcinoma RNAs (ubcRNAs). In the current thesis report, I will be using the abbreviated term tRFs as a general term encompassing all small RNAs deriving from tRNAs regardless of their size or origin.

Precisions will be provided if relevant concerning the position of origin on the tRNA and the nature of the source tRNA ( e.g. 5'-tRF-Phe).

Considering that most tRFs are coming from mature tRNAs, they usually lack introns, bear different modifications, and the 3′-CCA sequence in the case of 3'-tRFs.

Many tRFs seem to have 5′-terminal monophosphate (signature of RNase III family nucleases, e.g. , Dicer) as the canonical small RNAs [START_REF] Babiarz | Mouse ES Cells Express Endogenous shRNAs, siRNAs, and Other Microprocessor-Independent, Dicer-Dependent Small RNAs[END_REF][START_REF] Haussecker | Human tRNA-Derived Small RNAs in the Global Regulation of RNA Silencing[END_REF] , although there are also stress-induced tRFs that have a 5'-terminal hydroxyl (signature of RNase T2 or RNase A family nucleases, e.g. Angiogenin) instead [START_REF] Couvillion | A Growth-Essential Tetrahymena Piwi Protein Carries tRNA Fragment Cargo[END_REF] . tRFs have been shown to interact with Dcr and Ago proteins, the main effectors of the sncRNA silencing pathways that control gene regulation co-or post-transcriptionally.

Multiple studies have shown that once loaded in Ago, the tRFs can target specific genes or transposable elements for silencing [START_REF] Loss-Morais | Description of Plant tRNA-Derived RNA Fragments (tRFs) Associated with Argonaute and Identification of Their Putative Targets[END_REF][START_REF] Maute | tRNA-Derived microRNA Modulates Proliferation and the DNA Damage Response and Is down-Regulated in B Cell Lymphoma[END_REF]Kumar et al. 2014;Martinez et al. 2017;Schorn et al. 2017;[START_REF] Zhang | tsRNAs: New Players in Mammalian Retrotransposon Control[END_REF][START_REF] Kuscu | tRNA Fragments (tRFs) Guide Ago to Regulate Gene Expression Post-Transcriptionally in a Dicer-Independent Manner[END_REF] and can sometimes enter in competition with the canonical small RNAs for Ago or Dicer binding and deregulate them [START_REF] Haussecker | Human tRNA-Derived Small RNAs in the Global Regulation of RNA Silencing[END_REF]Durdevic et al. 2013;Genenncher et al. 2018a;[START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] . A good example of tRF sequence-specific and Ago2-dependent gene silencing was described in Drosophila , where specific 5'-tRFs were revealed to target key translational proteins ( e.g. , ribosomal proteins and translation initiation factors) [START_REF] Luo | Drosophila tsRNAs Preferentially Suppress General Translation Machinery via Antisense Pairing and Participate in Cellular Starvation Response[END_REF] . The same study demonstrated that these tRFs immunoprecipitated with Ago2 which strongly suggests an RNAi mechanism of silencing.

It should be noted though that tRFs can imply other mechanisms to influence translational efficiency and these are not related to excessive mature tRNA fragmentation, but rather to specific functions of the tRFs. They seem to be able sometimes to bypass Argonautes and bind directly to mRNA targets with sequence complementarity and influence the formation of secondary structures [START_REF] Deng | Respiratory Syncytial Virus Utilizes a tRNA Fragment to Suppress Antiviral Responses Through a Novel Targeting Mechanism[END_REF] . tRFs can even inhibit translation initiation in a sequence-independent manner. For example, a 5'-tRFs with 5′-terminal oligo guanine can form a quaternary structure with three other 5'-terminal guanine-containing tRFs which would have the capacity to displace the translation initiation complex (Ivanov et al. 2011) . Another specific set of 30-35-nt-long 5′-tRFs were found to associate with individual subunits of polysomes as well as with completely assembled polysomes underlining the versatility of mechanisms employed by tRFs for translation regulation [START_REF] Krishna | Dynamic Expression of tRNA-derived Small RNAs Define Cellular States[END_REF] . Studies in archaea, bacteria and yeast, revealed that 5'-tRF-Val can bind closely to the mRNA binding channel of the small 30S ribosomal subunit and thus prevents it from binding to mRNAs and initiating translation [START_REF] Gebetsberger | tRNA-Derived Fragments Target the Ribosome and Function as Regulatory Non-Coding RNA in Haloferax Volcanii[END_REF][START_REF] Gebetsberger | A tRNA-Derived Fragment Competes with mRNA for Ribosome Binding and Regulates Translation during Stress[END_REF] .

These few examples of tRF functions are far from being exhaustive, however provide a good appreciation of the multitasking abilities of tRFs and subsequent implications in multiple biological processes and diseases [START_REF] Soares | Discovery and Function of Transfer RNA-Derived Fragments and Their Role in Disease[END_REF] .

C. tRNA fragments and diseases

Abnormal tRFs levels have been associated with diseases, notably cancer and brain disorders in humans and animals (Anderson and Ivanov 2014) . Excessive tRFs production is often related to improper tRNA modificatione.g. , loss of m 5 C

(5-methylcytosine) or 2'-O-methylation (modifications that usually have a protective role against cleavage) [START_REF] Kanai | Current Advances in the Research of RNA Regulatory Enzymes[END_REF] . Thus, mutations in the NSun2 ( NOP2/Sun RNA Methyltransferase 2) gene which encodes a tRNA m 5 C methyltransferase, can cause hereditary intellectual disability and Dubowitz-like syndrome which is characterized by microcephaly [START_REF] Abbasi-Moheb | Mutations in NSUN2 Cause Autosomal-Recessive Intellectual Disability[END_REF][START_REF] Khan | Mutation in NSUN2, Which Encodes an RNA Methyltransferase, Causes Autosomal-Recessive Intellectual Disability[END_REF]Martinez et al. 2012) . A study in human cell lines and mice affirmed that lack of position-specific NSun2 modifications on tRNAs leads to increased cleavage by Angiogenin and accumulation of tRFs responsible for high apoptosis levels of cortical, hippocampal and striatal neurons (Blanco et al. 2014) . Also in mice, accumulation of specific tRFs generated from unspliced intron-containing pre-tRNA was associated with motor-neurons degeneration [START_REF] Hanada | CLP1 Links tRNA Metabolism to Progressive Motor-Neuron Loss[END_REF] . However all tRFs are not equal ! For proof, it was suggested that some Angiogenin-generated tRFs play a neuro-protective role (Ivanov et al. 2014) . In line with this hypothesis are the discoveries that impairment of Angiogenin's RNase activity is very common in ALS [START_REF] Greenway | ANG Mutations Segregate with Familial and 'Sporadic' Amyotrophic Lateral Sclerosis[END_REF][START_REF] Crabtree | Characterization of Human Angiogenin Variants Implicated in Amyotrophic Lateral Sclerosis †[END_REF]) and that Angiogenin treatment is able to protect stressed motor neurons from degeneration [START_REF] Kieran | Control of Motoneuron Survival by Angiogenin[END_REF][START_REF] Sebastià | Angiogenin Protects Motoneurons against Hypoxic Injury[END_REF][START_REF] Aparicio-Erriu | Molecular Mechanisms in Amyotrophic Lateral Sclerosis: The Role of Angiogenin, a Secreted RNase[END_REF][START_REF] Thiyagarajan | Structural and Molecular Insights into the Mechanism of Action of Human Angiogenin-ALS Variants in Neurons[END_REF] .

Losses of NSun2 and Dnmt2 (another m 5 C RNA methyltransferase) have been also linked to cancer in mice and humans [START_REF] Okamoto | Frequent Increased Gene Copy Number and High Protein Expression of tRNA (Cytosine-5-)-Methyltransferase (NSUN2) in Human Cancers[END_REF][START_REF] Elhardt | Somatic Cancer Mutations in the DNMT2 tRNA Methyltransferase Alter Its Catalytic Properties[END_REF] .

Deregulated expression of tRFs and their relation to proliferation and other cancer associated cellular processes were found in different tumours such as prostate and breast cancer [START_REF] Lee | A Novel Class of Small RNAs: tRNA-Derived RNA Fragments (tRFs)[END_REF][START_REF] Martens-Uzunova | Diagnostic and Prognostic Signatures from the Small Non-Coding RNA Transcriptome in Prostate Cancer[END_REF][START_REF] Honda | Sex Hormone-Dependent tRNA Halves Enhance Cell Proliferation in Breast and Prostate Cancers[END_REF][START_REF] Olvedy | A Comprehensive Repertoire of tRNA-Derived Fragments in Prostate Cancer[END_REF] . Importantly, tRFs were differentially expressed in patients with breast cancer and myelodysplastic syndrome according to their response to specific therapies [START_REF] Guo | Transfer RNA Detection by Small RNA Deep Sequencing and Disease Association with Myelodysplastic Syndromes[END_REF][START_REF] Sun | tRNA-Derived Fragments as Novel Predictive Biomarkers for Trastuzumab-Resistant Breast Cancer[END_REF]) . This reveals the potential utility of tRFs as cancer biomarkers or in clinical settings to select patients suitable for treatment. A crucial point here is that some tRFs are actually stable, abundant and detectable in human biofluids ( e.g. , blood plasma, urine and cerebrospinal fluid) which could be of great utility for disease diagnostics or prognostics [START_REF] Dhahbi | 5′ tRNA Halves Are Present as Abundant Complexes in Serum, Concentrated in Blood Cells, and Modulated by Aging and Calorie Restriction[END_REF][START_REF] Godoy | Large Differences in Small RNA Composition Between Human Biofluids[END_REF][START_REF] Umu | A Comprehensive Profile of Circulating RNAs in Human Serum[END_REF] .

Last, but not least, there is evidence in multiple cancer types: melanoma, medulloblastoma, thyroid carcinoma, breast, colorectal and bladder cancers, for tRFs with tumor-suppressive effects which also opens perspectives for using tRFs in therapeutic treatments [START_REF] Piepoli | Mirna Expression Profiles Identify Drivers in Colorectal and Pancreatic Cancers[END_REF][START_REF] Majid | MicroRNA-1280 Inhibits Invasion and Metastasis by Targeting ROCK1 in Bladder Cancer[END_REF]Goodarzi et al. 2015;[START_REF] Sun | Antitumor Activity of miR-1280 in Melanoma by Regulation of Src[END_REF][START_REF] Wang | A microRNA-1280/JAG2 Network Comprises a Novel Biological Target in High-Risk Medulloblastoma[END_REF][START_REF] Xu | Upregulation of miR-1280 Expression in Non-Small Cell Lung Cancer Tissues[END_REF][START_REF] Meng | MicroRNA-1280 Modulates Cell Growth and Invasion of Thyroid Carcinoma through Targeting Estrogen Receptor α[END_REF][START_REF] Huang | tRF/miR-1280 Suppresses Stem Cell-like Cells and Metastasis in Colorectal Cancer[END_REF]) .

Epitranscriptomics

RNA modifications

The recently re-emerged epitranscriptomics field focuses on the study of RNA modifications which affect the RNA functioning without modifying their sequences. More precisely, the RNA modifications are post-transcriptionally, or sometimes co-transcriptionally, added chemical modifications of the ribonucleosides. The first discovered, "mysterious" at the time RNA modification [START_REF] Cohn | Nucleoside-5′-Phosphates from Ribonucleic Acid[END_REF] , was 5-ribosyluracil [START_REF] Davis | Ribonucleic Acids from Yeast Which Contain a Fifth Nucleotide[END_REF] or pseudouridine (Ψ) which was detected in about 1-2% of "salt-soluble" RNA fractions (in fact tRNA) and in >1% of "salt-insoluble" fraction (in fact rRNA) [START_REF] Cohn | Pseudouridine, a Carbon-Carbon Linked Ribonucleoside in Ribonucleic Acids: Isolation, Structure, and Chemical Characteristics[END_REF] . Today there is a tremendous variety of RNA modifications that can play different functions and that are deposited by specific enzymes (Fig. 7) [START_REF] Grosjean | Modification and Editing of RNA: Historical Overview and Important Facts to Remember[END_REF][START_REF] Helm | Posttranscriptional RNA Modifications: Playing Metabolic Games in a Cell's Chemical Legoland[END_REF][START_REF] Pereira | Impact of tRNA Modifications and tRNA-Modifying Enzymes on Proteostasis and Human Disease[END_REF] . Today, the most extensively studied RNA modifications are m 6 A (N 6 -methyladenosine) and m 5 C, both of which, as well as the majority of RNA modifications, appear on the nitrogen base of the nucleoside.

However, the most abundant modifications are pseudouridylation ( ψ) and 2'-O-methylation (Nm), the latest appearing on the ribose moiety of the ribonucleoside ( i.e. , Gm and Cm below).

A single RNA molecule usually bears multiple RNA modifications whose addition may imply molecular circuitries in which some modifications require the presence of others in advance which is particularly common in tRNAs. The RNA-modifying enzymes can work alone, or in complexes with other proteins and/or small RNA targets in order to properly recognize the right position of an RNA molecule (Guy et al. 2012;[START_REF] Watkins | The Box C/D and H/ACA snoRNPs: Key Players in the Modification, Processing and the Dynamic Folding of Ribosomal RNA[END_REF] .

The roles of the RNA modifications are extremely versatile as they can affect different aspects of the RNA molecule such as its structure, its interactions and function [START_REF] Nachtergaele | The Emerging Biology of RNA Post-Transcriptional Modifications[END_REF] . Their biological importance is underlined by the high evolutionary conservation of many site-specific modifications. The loss of RNA modifications and/or RNA-modifying enzymes has been linked to the development of pathological conditions, especially cancers (Barbieri and Kouzarides 2020) and brain disorders [START_REF] Jung | Role of RNA Modifications in Brain and Behavior[END_REF] .
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INTRODUCTION

An estimated 1-2% of all genes in a given organism contribute to nucleic acid modification systems, suggesting biological importance of modified nucleotides (Grosjean, 2009). A classic example is the methylation of cytosine on DNA, which acts as a critical epigenetic regulator of gene expression (Bird, 2002). Additionally, current advances in RNA modification research report over 140 distinct post-transcriptional RNA modifications (Cantara et al., 2011;[START_REF] Machnicka | MODOMICS: a database of RNA modification pathways-2013 update[END_REF]. Initial knowledge has been derived from studies on abundant non-coding RNAs (ncRNAs), such as transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs), in prokaryotes and simple eukaryotes. These pioneer investigations described a diverse, chemically complex, and strongly conserved nature of RNA nucleotide modifications (Cantara et al., 2011;[START_REF] Machnicka | MODOMICS: a database of RNA modification pathways-2013 update[END_REF]. The most heavily modified RNAs in any cell type and organism are tRNAs. Up to 20% of nucleotides in mammalian cytoplasmic tRNAs carry modifications (Motorin and Helm, 2011;Pan, 2018). Modified nucleotides outside the anticodon loop of tRNAs occur non-randomly at conserved positions across diverse species and affect in general its stability (Helm, 2006;[START_REF] Motorin | tRNA stabilization by modified nucleotides[END_REF]. In addition, modifications in the anticodon loop can contributet o optimize mRNA decoding by directly affecting codon-anticodon interactions (Agris, 2008). Aberrant tRNA and rRNA modifications have been linked to various human disease syndromes and the phenotypes are often observed in specific tissues such as the gonads and the nervous system (Torres et al., 2014). Notably, increasing number of predicted human transfer RNA (tRNA) modification genes have been associated with neurological disorders, in particular with intellectual disability (ID) (for recent review see Bednárová et al., 2017). ID, or previously known as Mental Retardation (MR), is characterized by nonprogressive cognitive impairment and affects 1-3% of the general population (Daily et al., 2000). It is presently unclear whether all observed phenotypes are caused by aberrant tRNA modifications, by effects on unidentified other RNA substrates (see below) and/or by a modification-independent function of the involved enzymes (Guo and Schimmel, 2013;Genenncher et al., 2018). Likewise, it is unknown why some tissues, in particular the brain, are more sensitive to the loss of these modifications.

Importantly, besides the heavily modified tRNAs and rRNAs, mRNAs, small and long non-coding RNAs were also found to harbor post-transcriptional modifications. Recent technological advances that allowed mapping of selected RNA modifications on a transcriptome-wide scale revealed widespread distribution of N6-methyladenosine (m 6 A), pseudouridine ( )a n dr i b o s e 2 ′ -O-methylation (Nm) on mRNA (Dominissini et al., 2012;[START_REF] Meyer | Comprehensive analysis of mRNA methylation reveals enrichment in 3' UTRs and near stop codons[END_REF][START_REF] Carlile | Pseudouridine profiling reveals regulated mRNA pseudouridylation in yeast and human cells[END_REF]Schwartz et al., 2014a;Dai et al., 2017). The prevalence of some others, including N1-methyladenine (m 1 A) and 5-methylcytidine (m 5 C) is still debated (Dominissini et al., 2016;[START_REF] Li | Transcriptomewide mapping reveals reversible and dynamic N(1)-methyladenosine methylome[END_REF]Li et al., , 2017c;;Dominissini and Rechavi, 2017;[START_REF] Legrand | Statistically robust methylation calling for whole-transcriptome bisulfite sequencing reveals distinct methylation patterns for mouseR N A s[END_REF][START_REF] Safra | The m1A landscape on cytosolic and mitochondrial mRNA at single-base resolution[END_REF]. m 6 A, the most abundant mRNA modification, was shown to affect almost every step of mRNA biogenesis, including splicing, export, translation, and mRNA decay [START_REF] Lence | A fly view on the roles and mechanisms of the m(6)A mRNA modification and its players[END_REF][START_REF] Roignant | m(6)A in mRNA: an ancient mechanism for fine-tuning gene expression[END_REF]. It is thus not surprising that misregulation of m 6 A results in several physiological defects, including brain development abnormalities, obesity, cancer, and other diseases (Batista, 2017;Dai et al., 2018). In addition, the discovery of m 6 A RNA demethylases (Jia et al., 2011;[START_REF] Zheng | Single Modification at Position 14 of siRNA Strand Abolishes Its Gene-Silencing Activity by Decreasing Both RISC Loading and Target Degradation[END_REF]Jacob-Hirsch et al., 2018)a n dt h ei d e n t i fi c a t i o n of m 6 A-binding proteins (Dominissini et al., 2012)i n d i c a t e d that similarly to DNA modification, RNA methylation can be reversible and convey information via recognition of effector proteins.

Altogether these recent studies revealed an entire new layer of regulation of gene expression, which has been central to the development of a novel concept called "RNA epigenetics or epitranscriptomics" (He, 2010;[START_REF] Meyer | Comprehensive analysis of mRNA methylation reveals enrichment in 3' UTRs and near stop codons[END_REF]. However, the exact biological function of the majority of modified RNA nucleotides remains to be discovered. In this review, we will focus on several RNA modifications and will discuss their involvement in the development of the brain and neurological disorders.

5-METHYLCYTOSINE (m 5 C)

Cytosine can be methylated at the 5 th position of the pyrimidine ring to form 5-methylcytosine (m 5 C) (Figure 1). Various eukaryotic cytosine-5-RNA methyltransferases catalyze the formation of m 5 C at specific positions [START_REF] Motorin | Multisite-specific tRNA:m5Cmethyltransferase (Trm4) in yeast Saccharomyces cerevisiae:i d e n t i fi c a t i o n of the gene and substrate specificity of the enzyme[END_REF]Brzezicha et al., 2006;[START_REF] Sharma | Yeast Nop2 and Rcm1 methylate C2870 and C2278 of the 25S rRNA, respectively[END_REF][START_REF] Metodiev | NSUN4 is a dual function mitochondrial protein required for both methylation of 12S rRNA and coordination of mitoribosomal assembly[END_REF]Haag et al., 2015;[START_REF] Schosserer | Methylation of ribosomal RNA by NSUN5 is a conserved mechanism modulating organismal lifespan[END_REF]. The analysis of genetic mutations in two particular RNA cytosine-5 methyltransferase family members (Dnmt2/Trdmt and NCL1/TRM4/NSun2) has provided important insights into the biological effects of aberrant m 5 C deposition.

Dnmt2

Dnmt2 is a member of the most widely conserved eukaryotic cytosine-5-DNA methyltransferase protein family (Goll and Bestor, 2005). Despite this classification, only few studies reported Dnmt2-mediated DNA methylation (Hermann et al., 2003;[START_REF] Kunert | A Dnmt2like protein mediates DNA methylation in Drosophila[END_REF][START_REF] Phalke | Retrotransposon silencing and telomere integrity in somatic cells of Drosophila depends on the cytosine-5 methyltransferase DNMT2[END_REF]a n di ti st o d a y acknowledged that Dnmt2 functions mainly as a tRNA methylase [START_REF] Okano | Dnmt2 is not required for de novo and maintenance methylation of viral DNA in embryonic stem cells[END_REF]Schaefer and Lyko, 2010a,b;[START_REF] Raddatz | Dnmt2-dependent methylomes lack defined DNA methylation patterns[END_REF]. Dnmt2 methylation activity on position C38 of three tRNAs, which include tRNA Asp , tRNA Va l , and tRNA Gly , has been described in yeast, Drosophila, mouse, and human cells (Goll et al., 2006;Jurkowski et al., 2008;Schaefer et al., 2010). Knockdown of Dnmt2 in zebrafish embryos leads to differentiation defects in some organs, and notably, to abnormal neurogenesis in the hypothalamus and diencephalon [START_REF] Rai | Dnmt2 functions in the cytoplasm to promote liver, brain, and retina development in zebrafish[END_REF]. In Dnmt2 mutant flies, reduced viability under stress conditions was observed (Schaefer et al., 2010). This is in accordance with previous studies that suggest an increased tolerance for stress in Drosophila and Entamoeba upon Dnmt2 overexpression [START_REF] Lin | DNA methyltransferase gene dDnmt2 and longevity of Drosophila[END_REF]Fisher et al., 2006). Nevertheless, the majority of studies suggests that Dnmt2 mutation does not trigger strong detrimental phenotypes in yeast, Drosophila and mice (Wilkinson et al., 1995;[START_REF] Kunert | A Dnmt2like protein mediates DNA methylation in Drosophila[END_REF]Goll et al., 2006;Schaefer et al., 2010), which raises the question why zebrafish relies on Dnmt2 for proper development, whereas mice and flies do not. One possible explanation is that these organisms have redundant mechanisms that compensate for the loss of Dnmt2, which may be absent or less robust in zebrafish. Consistent with this possibility, it was shown that Dnmt2 mutant mice exhibit lethal phenotypes in the absence of a second m 5 Cm e t h y l t r a n s f e r a s e ,N S u n 2 ( Tuorto et al., 2012). In human, polymorphisms in DNMT2 have been associated with spina bifida, a congenital malformation of the central nervous system (Franke et al., 2009).

NSun2

Unlike Dnmt2, it has been established that mammalian NSun2 does not only modify tRNAs (Blanco et al., 2011;Tuorto et al., 2012) but also other small ncRNAs such as 7SK, vault, and Y-RNAs (Hussain et al., 2013;Khoddami and Cairns, 2013). Dnmt2 and Nsun2 double knockout mice showed a lethal phenotype. However, deletion of NSun2 alone (Blanco et al., 2011;Tuorto et al., 2012;Hussain et al., 2013)orincombination with Dnmt2 [START_REF] Rai | Dnmt2 functions in the cytoplasm to promote liver, brain, and retina development in zebrafish[END_REF]Tuorto et al., 2012) in specific tissues impairs cellular differentiation pathways in mammalian skin, testes, and brain. The function in the brain appears conserved as Nsun2 mutations are associated with ID and Dubowitz-like syndrome in humans [START_REF] Abbasi-Moheb | Mutations in NSUN2 Cause Autosomal-Recessive Intellectual Disability[END_REF][START_REF] Khan | Mutation in NSUN2, Which Encodes an RNA Methyltransferase, Causes Autosomal-Recessive Intellectual Disability[END_REF]Martinez et al., 2012), as well as with microcephaly in human and mice (Blanco et al., 2014). In addition, a recent study in human and mice neuron precursor cells showed that m 5 C deposited by Nsun2 regulates neural stem cell (NSC) differentiation and motility (Flores et al., 2017). This study thus provides some links between the failure of RNA m 5 C deposition and the associated brain development diseases.

It is intriguing that patient fibroblasts and Nsun2-deficient mice (Blanco et al., 2014), as well as Dnmt2 mutant flies (Durdevic et al., 2013), exhibit increase cleavage of tRNA, and elevated production of tRNA fragments (tRFs). This accumulation of tRFs reduces protein translation rates and increases oxidative stress as well as neuronal apoptosis. Interestingly, reducing tRNA cleavage in Nsun2-deficient brains is sufficient to rescue sensitivity to oxidative stress, implying that tRFs play a role in Nsun2-mediated defects.

(2 ′ -O)-METHYLATION (Nm) 2 ′ -O-methylation (Nm) is a common nucleoside modification of RNA, where a methyl group is added to the 2 ′ hydroxyl of the ribose moiety (Figure 1). Nm increases hydrophobicity, protects RNAs from nuclease attacks and stabilizes helical structures (Kurth and Mochizuki, 2009;Byszewska et al., 2014;Kumar et al., 2014;Yildirim et al., 2014). Nm is predominantly found internally in ribosomal RNAs and small nuclear RNAs as well as in tRNAs and in a number of sites on mRNA (Darzacq et al., 2002;Rebane et al., 2002;Kurth and Mochizuki, 2009;Zhao et al., 2012;Somme et al., 2014;Dai et al., 2017). This modification is also present at the 3 ′ -end of miRNAs and siRNAs in plants (Li et al., 2005;Yu et al., 2005), as well as in siRNAs and piRNAs in animals (Horwich et al., 2007;Saito et al., 2007). Nm methyltransferases acting on tRNAs are highly conserved from bacteria and archaea to humans (Somme et al., 2014)andusually target positions in the anticodon loop. For instance, TRM7 in S. cerevisiae modifies positions 32 and 34 of selected tRNA, amongst which is tRNA Phe (Pintard et al., 2002;Guy et al., 2012). Strikingly, FTSJ1, the TRM7 ortholog in human, methylates the exact same positions of the exact same tRNAs (Guy and Phizicky, 2015;Guy et al., 2015). Consistent with a conserved function, expression of human FTSJ1 can suppress the severe growth defect of S. cerevisiae ∆trm7 mutants (Pintard et al., 2002;Guy and Phizicky, 2015). Reduction of the modification level in tRNA Phe was reported in carcinoma and neuroblastoma in mice (Pergolizzi and Grunberger, 1980;Kuchino et al., 1982)a n di s associated with ID in human (see below).

FTSJ1

One of the best characterized associations between ID in human and mutations in a gene encoding for Nm is the one between non-syndromic X-linked ID (NSXLID) and mutations in the FTSJ1 gene (OMIM:300499) (Guy et al., 2015). One third of the X-linked ID (XLID) conditions are syndromic (S-XLID) and the other two thirds are non-syndromic (NS-XLID) [START_REF] Lubs | Fragile X and Xlinked intellectual disability: four decades of discovery[END_REF]. NSXLID is associated with no obvious and consistent phenotype other than mental retardation (IQ < 70), indeed NSXLID disorders are clinically diverse and genetically heterogeneous. FTSJ1 loss of function causes NSXLID retardation in males (Froyen et al., 2007;Takano et al., 2008). Heterozygous loss of function mutations in females do not cause the disease, which is probably due to inactivation of the affected Xc h r o m o s o m e . Several alleles of FTSJ1 from six independent families correlate with NSXLID. All of these alleles lead to a reduction in mRNA levels and/or protein function (Willems et al., 1993;Hamel et al., 1999;Freude et al., 2004;Ramser et al., 2004;Froyen et al., 2007;Takano et al., 2008;Guy et al., 2015; Table 1). Consistently with the 2 ′ -O-methyltransferase activity of FTSJ1 on tRNAs, Guy and Phizicky reported that two genetically independent lymphoblastoid cell lines (LCLs) of NSXLID patients with FTSJ1 loss of function mutations nearly completely lack Cm 32 and Gm 34 on tRNA Phe (Guy et al., 2015). Additionally, tRNA Phe from a patient carrying an FTSJ1-p.A26P missense allele specifically lacks Gm 34 ,b u th a sn o r m a ll e v e l so f Cm 32 . tRNA Phe from the corresponding Saccharomyces cerevisiae TRM7-A26P mutant also specifically lacks Gm 34 .A l t o g e t h e r , these findings strongly suggest that the absence of Gm 34 ,b u t not Cm 32 modification on tRNA Phe causes NSXLID in patients Willems et al., 1993;Hamel et al., 1999;Freude et al., 2004;Guy et al., 2015 SNPs Impact on general cognitive ability, verbal comprehension, and perceptual organization in males. [START_REF] Cavaillé | Identification of brain-specific and imprinted small nucleolar RNA genes exhibiting an unusual genomic organization[END_REF]Kishore and Stamm, 2006;[START_REF] Peters | Prader-willi and snoRNAs[END_REF]Sahoo et al., 2008;[START_REF] Sridhar | A computational screen for C/D box snoRNAs in the human genomic region associated with Prader-Willi and Angelman syndromes[END_REF][START_REF] Doe | Loss of the imprinted snoRNA mbii-52 leads to increased 5htr2c pre-RNA editing and altered 5HT2CR-mediated behaviour[END_REF]Duker et al., 2010 15q11-q13 Keller et al., 2011;[START_REF] Reitz | Genetic variants int h eF a ta n d Obesity Associated (FTO) gene and risk of Alzheimer's disease[END_REF]Choudhry et al., 2013;[START_REF] Melka | FTO, obesity and the adolescent brain[END_REF]Li et al., 2017a Mm KO Altered behavior (e.g., locomotion defects), abnormal electrophysiological response to cocaine (impaired dopamine type 2 and 3 receptor response) and enhanced consolidation of cued fear memory. carrying distinct FTSJ1 alleles. Nevertheless, the molecular consequences arising from the loss of this 2 ′ -O-methylation are not yet determined. Furthermore, it is noteworthy to mention two additional studies involving families from the Chinese Han population (Dai et al., 2008;Gong et al., 2008), where three single nucleotide polymorphisms (SNPs) in the FTSJ1 gene were analyzed. Authors found a positive association with occurrence of NSXLID (Dai et al., 2008)a sw e l la sw i t hg e n e r a lc o g n i t i v e ability, verbal comprehension, and perceptual organization in male individuals (Gong et al., 2008). Although it seems tempting to link the variance of FTSJ1 gene to general human cognitive ability, more profound studies are needed to support this idea.

TRMT44

TRMT44 is a putative 2 ′ -O-methyluridine methyltransferase predicted to methylate residue 44 in tRNA Ser (Leschziner et al., 2011). Mutations in this gene were identified as a causative mutation in partial epilepsy with pericentral spikes (PEPS), a novel mendelian idiopathic epilepsy (Leschziner et al., 2011). However, the underlying mechanisms are currently unknown.

Small Nucleolar RNAs (snoRNAs)

snoRNAs are a class of regulatory RNAs responsible for posttranscriptional modification of ribosomal RNAs (rRNAs). Two families of snoRNAs have been described, based on their structure and function: C/D box snoRNAs are responsible for 2 ′ -O-methylation (Cavaillé et al., 1996), whereas H/ACA box snoRNAs mediate pseudouridylation (Ganot et al., 1997 and see the following chapter in this review). In zebrafish, loss of three snoRNAs results in impaired rRNA modifications, causing severe developmental defects including growth delay and deformations in the head region [START_REF] Higa-Nakamine | Loss of ribosomal RNA modification causes developmental defects in zebrafish[END_REF]. In human, C/D box snoRNAs have been implicated in Prader-Willi syndrome (PWS), a complex neurological disease characterized with mental retardation, low height, obesity, and muscle hypotonia [START_REF] Sridhar | A computational screen for C/D box snoRNAs in the human genomic region associated with Prader-Willi and Angelman syndromes[END_REF][START_REF] Doe | Loss of the imprinted snoRNA mbii-52 leads to increased 5htr2c pre-RNA editing and altered 5HT2CR-mediated behaviour[END_REF]. In several independent studies, PWS was shown to be caused by the loss of imprinted snoRNAs in locus 15q11-q13. Large deletions of this region underlie about 70% of cases of PWS [START_REF] Peters | Prader-willi and snoRNAs[END_REF], whereas duplication of the same region is associated with autism [START_REF] Belmonte | Autism as a disorder of neural information processing: Directions for research and targets for therapy[END_REF][START_REF] Bolton | Chromosome 15q11-13 abnormalities and other medical conditions in individuals with autism spectrum disorders[END_REF][START_REF] Cook | Copy-number variations associated with neuropsychiatric conditions[END_REF]. Locus 15q11-q13 contains numerous copies of two C/D box snoRNAs-SNORD115 (HBII-52), and SNORD116 (HBII-85) [START_REF] Cavaillé | Identification of brain-specific and imprinted small nucleolar RNA genes exhibiting an unusual genomic organization[END_REF]. SNORD115 is believed to play key roles in the fine-tuning of serotonin receptor (5-HT2C) by influencing its pre-mRNA splicing [START_REF] Vitali | ADAR2-mediatededitingof RNA substrates in the nucleolus is inhibited by C/D small nucleolar RNAs[END_REF]Kishore and Stamm, 2006;Falaleeva et al., 2017), whereas SNORD116 loss is thought to contribute to the etiology of the PWS [START_REF] Cavaillé | Identification of brain-specific and imprinted small nucleolar RNA genes exhibiting an unusual genomic organization[END_REF]Sahoo et al., 2008;[START_REF] Duker | Paternally inherited microdeletion at 15q11.2 confirms a significant role for the SNORD116 C/D box snoRNA cluster in Prader-Willi syndrome[END_REF].

Hen1/Pimet

Hen1/Pimet is a conserved enzyme, which adds 2 ′ -O-methyl group to 3 ′ -terminal nucleotides of miRNAs and siRNAs in plants, and of siRNAs and piRNAs in animals. Addition of this modification protects these small non-coding RNAs (sncRNAs) from 3 ′ → 5 ′ exonuclease degradation (Li et al., 2005;Horwich et al., 2007;Saito et al., 2007;Terrazas and Kool, 2009;[START_REF] Ross | PIWI proteins and PIWI-interacting RNAs in the soma[END_REF]. In the absence of Hen1/Pimet, piRNA, and siRNA are destabilized and sncRNA silencing activities are compromised. Surprisingly, Hen1 mutant flies display neither increased lethality nor sterility under normal laboratory conditions but show however accelerated neurodegeneration (brain vacuolization), memory default, and shorter lifespan (Abe et al., 2014). This suggests a protective effect of Nm and small RNA pathways against age-associated neurodegenerative events. Accordingly, Drosophila lacking the siRNA effector, Argonaute 2 (Ago2), are viable but exhibit memory impairment and shortened lifespan (Li et al., 2013).

PSEUDOURIDINE (ψ)

Pseudouridine (also known as 5-ribosyluracil or ψ)i st h e first discovered [START_REF] Cohn | Nucleoside-5′-Phosphates from Ribonucleic Acid[END_REF]a n dm o s ta b u n d a n t RNA modification, present in a broad range of non-coding RNA, and was also recently detected in coding mRNA [START_REF] Carlile | Pseudouridine profiling reveals regulated mRNA pseudouridylation in yeast and human cells[END_REF]Lovejoy et al., 2014;Schwartz et al., 2014a;Li et al., 2015). The isomerization of uridine into ψ improves the base stacking in RNAs by the formation of additional hydrogen bonds, which influences RNA secondary structure and increases the stability of RNA duplexes (Arnez and Steitz, 1994;Davis, 1995). Pseudouridylation was shown to have a strong impact on different aspects of cellular processes, including translation efficiency, splicing, telomere maintenance, and the regulation of gene expression [START_REF] Mochizuki | Mouse dyskerin mutations affect accumulation of telomerase RNA and small nucleolar RNA, telomerase activity, and ribosomal RNA processing[END_REF][START_REF] Carlile | Pseudouridine profiling reveals regulated mRNA pseudouridylation in yeast and human cells[END_REF]Schwartz et al., 2014a). This base modification is catalyzed by pseudouridine synthases (Pus) that act on their substrates by two distinct mechanisms. One of those mechanisms is the guide RNA-dependent pseudouridylation, in which H/ACA box snoRNAs target RNAs for pseudouridylation via specific sequence interactions between the snoRNAs and the target RNA. A specific enzyme present in the snoRNP (snoribonucleoprotein) particule catalyzes the uridine modification (dyskerin in human, Cbf5 in yeast; Duan et al., 2009;[START_REF] Liang | Structure of a functional ribonucleoprotein pseudouridine synthaseb o u n dt o a substrate RNA[END_REF]. Alternatively, RNA-independent pseudouridylation requires stand-alone pseudouridine synthases (Pus) that directly catalyze ψ formation at particular target RNA (Yu et al., 2011;[START_REF] Carlile | Pseudouridine profiling reveals regulated mRNA pseudouridylation in yeast and human cells[END_REF][START_REF] Rintala-Dempsey | Eukaryotic standalone pseudouridine synthases -RNA modifying enzymes and emerging regulators of gene expression?[END_REF]. Each enzyme has a unique specificity for its target RNA and modifies uridine in a certain consensus sequence. Pus enzymes are present in all kingdoms of life, evolutionary conserved and are categorized into six families, based on their consensus sequences: TruA, TruB, TruD, RluA, and RsuA. The sixth family member, Pus10, is exclusive to eukaryotes and archaea [START_REF] Koonin | Pseudouridine synthases: four families of enzymes containing a putative uridine-binding motif also conserved in dUTPases and dCTP deaminases[END_REF]Kaya and Ofengand, 2003;Fitzek et al., 2018). Several pieces of evidence hint toward an implication of ψ in regulating neuronal functions. For instance, patients with mildto-moderate severity of Alzheimer's disease show significantly elevated levels of urinal ψ [START_REF] Lee | Increased urinary level of oxidized nucleosides in patients with mild-to-moderate Alzheimer's disease[END_REF]b u ti ti sc u r r e n t l y unknown whether there is a link between this increase and the Alzheimer's disease etiology. Furthermore, it has been suggested that pseudouridylation can serve as a direct indicator of oxidative stress, which in turn has been linked to an increasing risk of neurodegeneration [START_REF] Roth | Phytoestrogen kaempferol (3,4' ,5,7-tetrahydroxyflavone) protects PC12 and T47D cells from beta-amyloid-induced toxicity[END_REF]Uttara et al., 2009). Accordingly, in cells exposed to acute oxidative stress by H 2 O 2 treatment, Li and colleagues detected an elevation by ∼40-50% in mRNA ψ levels, demonstrating that mRNA pseudouridylation acts as a direct response to cellular stress (Li et al., 2015).

A recent report demonstrated a direct implication of ψ in neuronal disorders from patients with myotonic dystrophy type 2 (DM2) (Delorimier et al., 2017). DM2 is a neuromuscular disease characterized by severe gray matter changes, including neuronal loss and global neuronal impairment [START_REF] Minnerop | The brain in myotonic dystrophy 1 and 2: evidence for a predominant white matter disease[END_REF][START_REF] Meola | Myotonic dystrophies: an update on clinical aspects, genetic, pathology, and molecular pathomechanisms[END_REF]. DM2 patients have an increased binding of Muscleblind-like 1 protein (MBNL1) to CCUG repeats in an intron of the CNBP gene (Cho and Tapscott, 2007). Interestingly, it was recently reported that pseudouridylation within CCUG repeats reduces RNA flexibility and thus modestly inhibits MBNL1 binding (Delorimier et al., 2017). Similarly, ψ modification of a minimally structured model RNA resulted in an even more drastic reduction of MBNL1 binding to CCUG repeats. This study shows that ψ can reduce the diseasecausing binding of MBNL1 at extended CCUG repeats and offers a basis for future research in treating neurodegenerative diseases.

Pus1

Pus1 is a member of the TruA family that typically pseudouridylates tRNA but was also recently found to act on rRNA, snRNA, and mRNA (Schwartz et al., 2014a;Carlile et al., 2015). Mutations of Pus1 in human lead to mitochondrial myopathy and sideroblastic anemia (Bykhovskaya et al., 2004;Fernandez-Vizarra et al., 2007;Bergmann et al., 2010). Recently, a mild cognitive impairment was also characterized in a long-surviving patient with two novel Pus1 mutations (Cao et al., 2016). A different study demonstrated a Pus1dependent pseudouridylation of the steroid RNA activator (SRA). Pseudouridylated SRA acts as a co-activator of the nuclear estrogen receptor α (ERα) ( Zhao et al., 2004;Leygue, 2007). Given that ERα was shown to regulate neuronal survival (Gamerdinger et al., 2006;Foster, 2012), it is conceivable that one of the functions of Pus1 in brain activity is mediated via the control of the ER pathway.

Pus3

Pus3 is another member of the TruA family, which has a strong sequence homology to Pus1 but acts on distinct target RNA. In situ hybridization showed accumulation of Pus3 mRNA in the nervous system of mice embryos, suggesting a role of Pus3 in neural development (Diez-Roux et al., 2011). Accordingly, a truncated form of Pus3 accompanied by reduced levels of ψ U39 in tRNA was detected in patients with ID [START_REF] Shaheen | A homozygous truncating mutation in PUS3 expands the role of tRNA modification in normal cognition[END_REF]. Taken together, the discovery of impaired cognition caused by mutations of TruA enzymes emphasizes their importance in neuronal development and maintenance regulation.

Dyskerin and RluA-1

The pseudouridine synthase dyskerin is essential for the H/ACAbox mediated pseudouridylation in human (Heiss et al., 1998;[START_REF] Lafontaine | The box H + ACA snoRNAs carry Cbf5p, the putative rRNA pseudouridine synthase[END_REF]. Mutations of the dyskerin-encoding gene DKC1 causes X-linked recessive dyskeratosis congenita (DKC), a rare progressive congenital disorder that mostly affects highly regenerative tissues, such as the skin and bone marrow (Heiss et al., 1998;[START_REF] Mochizuki | Mouse dyskerin mutations affect accumulation of telomerase RNA and small nucleolar RNA, telomerase activity, and ribosomal RNA processing[END_REF]. Cells of the affected patients have decreased telomerase activity and thus reduced telomere length, which may be responsible for the disease [START_REF] Mitchell | A telomerase component is defective in the human disease dyskeratosis congenita[END_REF]. Interestingly, expression analysis of Dyskerin 1 showed a high level in embryonic neural tissue, as well as in specific subsets of neurons in the cerebellum and olfactory bulb of adult brains (Heiss et al., 2000). While the function of dyskerin in hematopoiesis has been studied intensively, we are yet lacking a detailed understanding about its potential nervous system function in adult brains. In Drosophila melanogaster, RluA enzymes modify uridines in rRNA and tRNA. In situ hybridization in embryos revealed a specific RluA-1 mRNA localization to dendrites of a subset of peripheral neurons, which also raises the question about the molecular function of RluA-1 and its target RNA in the peripheral nervous system during embryonic development (Wang et al., 2011).

N6-METHYLADENOSINE (m 6 A)

m 6 A is an abundant mRNA modification that regulates nearly all aspects of mRNA processing including splicing, export, translation, stability, and decay [START_REF] Meyer | Rethinking m(6)A readers, writers, and erasers[END_REF][START_REF] Roignant | m(6)A in mRNA: an ancient mechanism for fine-tuning gene expression[END_REF]Roundtree et al., 2017). This modification is catalyzed by a stable protein complex composed of two methyltransferases, Methyltransferase like-3 (Mettl3)and Methyltransferase like-14 (Mettl14) [START_REF] Sledz | Structural insights into the molecular mechanism of the m(6)A writer complex[END_REF]Wang et al., 2016a,b;[START_REF] Schöller | Interactions, localization and phosphorylation oft h e m6A generating METTL3-METTL14-WTAP complex[END_REF]. Additional proteins required for m 6 A deposition are Wilms' tumor 1-associating protein (Wtap) [START_REF] Liu | A METTL3-METTL14 complex mediates mammalian nuclear RNA N-6-adenosine methylation[END_REF][START_REF] Ping | Mammalian WTAP is a regulatory subunit of the RNA N6-methyladenosine methyltransferase[END_REF]Wang et al., 2014), Vir like m 6 Am e t h y l t r a n s f e r a s ea s s o c i a t e d( V i r m a ) [START_REF] Schwartz | Perturbation of m6A writers reveals two distinct classes of mRNA methylation at internal and 5' sites[END_REF]Yue et al., 2018), Zinc finger CCCH domaincontaining protein 13 (Zc3h13) [START_REF] Luo | Drosophila tsRNAs Preferentially Suppress General Translation Machinery via Antisense Pairing and Participate in Cellular Starvation Response[END_REF][START_REF] Knuckles | Zc3h13/Flacc is required for adenosine methylation by bridging the mRNA-binding factor Rbm15/Spenito to the m(6)A machinery component Wtap/Fl(2)d[END_REF]Wen et al., 2018), RNA binding protein 15 (Rbm15) and its paralog Rbm15B [START_REF] Patil | m(6)A RNA methylation promotes XIST-mediated transcriptional repression[END_REF]. Mettl3 has the catalytic activity and can accommodate the SAM substrate, while Mettl14 serves to stabilize the binding to RNA [START_REF] Sledz | Structural insights into the molecular mechanism of the m(6)A writer complex[END_REF]Wang et al., 2016a,b;[START_REF] Schöller | Interactions, localization and phosphorylation oft h e m6A generating METTL3-METTL14-WTAP complex[END_REF]. In vertebrates, m 6 Am o d i fi c a t i o ni sd y n a m i c a l l yr e g u l a t e d and can be reversed by two demethylases belonging to the family of α-ketoglutarate dependent dioxygenases, Fat mass and obesity associated protein (FTO) and ALKBH5 (Jia et al., 2011;[START_REF] Zheng | Single Modification at Position 14 of siRNA Strand Abolishes Its Gene-Silencing Activity by Decreasing Both RISC Loading and Target Degradation[END_REF]. Recent advances in techniques to map m 6 A modification in a transcriptome wide manner enabled identification of thousands of modified mRNAs and lncRNAs (Dominissini et al., 2012;[START_REF] Meyer | Comprehensive analysis of mRNA methylation reveals enrichment in 3' UTRs and near stop codons[END_REF]. While m 6 A has been involved in many physiological processes, increasing evidence suggests an importance of m 6 Am o d i fi c a t i o ni nb r a i n development and in the function of the nervous system. m 6 AWriterComplex m 6 A levels are particularly high in the nervous system, as shown in the developing mouse brain [START_REF] Meyer | Comprehensive analysis of mRNA methylation reveals enrichment in 3' UTRs and near stop codons[END_REF], and in heads of adult flies [START_REF] Lence | m(6)A modulates neuronal functions and sex determination in Drosophila[END_REF]. Furthermore, ar e c e n ts t u d yd e t e c t e dh i g h e rm 6 Ac o n t e n ti nt h em o u s e cerebellum and in neurons compared to glia (Chang et al., 2017). Using in situ hybridization in zebrafish embryos, Ping et al. showed that Wtap is ubiquitously expressed at 36 h postfertilization with enrichment in the brain region [START_REF] Ping | Mammalian WTAP is a regulatory subunit of the RNA N6-methyladenosine methyltransferase[END_REF]. Consistently, Wtap depletion using morpholino treatment resulted in severe developmental defects, including appearance of smaller brain ventricles and curved notochord at 24 h postfertilization. Importance of m 6 A during neuronal development was further demonstrated by depletion of METTL3 in human embryonic stem cells (hESC), which strongly impaired neuronal differentiation (Batista et al., 2014), as well as the formation of mature neurons from embryoid bodies (Geula et al., 2015). Notably, m 6 A mRNA modification is essential for mouse survival as mice lacking Mettl3 die at E6. 5 (Geula et al., 2015). However, two recent studies performed a conditional KO (cKO) of Mettl14 specifically in neurons and revealed an essential role of m 6 A in embryonic cortical neurogenesis (Yoon et al., 2017;Wang et al., 2018). Mettl14 cKO animals showed a decreased NSC proliferation and premature differentiation of NSCs (Wang et al., 2018), as well as delayed specification of different neuronal subtypes during brain development (Yoon et al., 2017). Yoon at al. further demonstrated that m 6 Am o d i fi c a t i o ni sr e q u i r e df o r timely decay of transcripts involved in stem cell maintenance and cell cycle regulation in cortical neuronal progenitors. This allows accurate progression of the cell cycle and in turn induces the spatiotemporal formation of different neuronal subtypes. Interestingly, the authors also observed that many transcripts linked to mental disorders (autism, schizophrenia) are m 6 A modified in human, but not in mouse cultures of neuronal progenitor cells (NPC), raising the possibility that m 6 Aregulates specifically these human diseases (Yoon et al., 2017). Consistent with this hypothesis, polymorphisms in ZC3H13 have been associated with schizophrenia [START_REF] Oldmeadow | Combined analysis of exon splicing and genome wide polymorphism data predict schizophrenia risk loci[END_REF].

Beyond the role in neuronal development, m 6 Amodification also plays a critical role in the process of axon regeneration in mature mouse neurons (Weng et al., 2018). Weng et al. showed that upon peripheral nerve injury m 6 Al e v e l so fm a n y transcripts in dorsal root ganglion (DRG) were elevated, which led to increased translation during the time of axon regeneration, via the specific m 6 A reader protein Ythdf1. Mettl14 and Ythdf1 conditional KO mice displayed strong reduction of sensory axon regeneration, resulting from reduced protein synthesis, revealing the critical role of m 6 A modification in response to injury (Weng et al., 2018).

In Drosophila, loss of components of the methyltransferase complex results in severe locomotion defects due to altered neuronal functions (Haussmann et al., 2016;[START_REF] Lence | m(6)A modulates neuronal functions and sex determination in Drosophila[END_REF]Kan et al., 2017). Mettl3 mutants display alterations in walking speed and orientation, which can be rescued by ectopic expression of Mettl3 cDNA in neurons. Whether a particular subset of neurons is responsible for the observed alterations awaits further investigations. Interestingly, another member of the m 6 A methyltransferase complex, Nito (RBM15 in human), was recently shown to control axon outgrowth, branching and to regulate synaptic bouton formation via the activity of the CCAP/bursicon neurons (Gu et al., 2017), providing first insights toward addressing this question.

m 6 AReaders

As mentioned above, most characterized functions of m 6 Ar e l y on the direct binding of the so-called m 6 A "reader" proteins to the modified site. The best-studied m 6 Ar e a d e r sa r et h eY T Hdomain containing proteins, which can specifically bind m 6 A via their YTH domain [START_REF] Luo | Molecular basis for the recognition of methylated adenines in RNA by the eukaryotic YTH domain[END_REF]Theler et al., 2014;Xu et al., 2014). RNA in situ hybridization of rat brain sections showed that one particular member of the YTH family, Ythdc1, is enriched in specific cells in the brain (Hartmann et al., 1999). Interestingly, in a yeast two-hybrid screen to identify Ythdc1interacting proteins, libraries from P5 and E16 brains were screened and the rat homolog of Sam68 was found as the main interactor (Hartmann et al., 1999). Sam68 is known to regulate neuronal activity-dependent alternative splicing events (i.e., of neurexin-1) (Iijima et al., 2011). In line with this function, in situ hybridization assays showed that Drosophila Ythdc1 localizes in the ventral neurectoderm and central nervous system of Drosophila embryos [START_REF] Lence | m(6)A modulates neuronal functions and sex determination in Drosophila[END_REF]a n dar e d u c e dl e v e lo f Ythdc1 was found to enhance SCA1-induced neurodegeneration (Fernandez-Funez et al., 2000).

Apart from the YTH-protein family of conventional m 6 A reader proteins, a number of other proteins that bind RNA in m 6 A-dependent fashion has been recently identified (Edupuganti et al., 2017). Among them, Fragile X mental retardation protein (FMRP, also known as POF; FMR1; POF1; FRAXA) was shown to preferentially bind an RNA probe containing m 6 As i t e s (Edupuganti et al., 2017). FMRP plays critical roles in synaptic plasticity and neuronal development. Its loss of function in human leads to the Fragile X syndrome, which is the most prevalent form of inherited ID and the foremost monogenic cause of autism (Bardoni et al., 2001;[START_REF] Lubs | Fragile X and Xlinked intellectual disability: four decades of discovery[END_REF][START_REF] Cai | Let-7a Inhibits Proliferation and Induces Apoptosis by Targeting EZH2 in Nasopharyngeal Carcinoma Cells[END_REF]Hagerman and Polussa, 2015). FMRP has a central role in neuronal development and synaptic plasticity through the regulation of alternative mRNA splicing, mRNA stability, mRNA dendritic transport and postsynaptic local protein synthesis ofa subset of mRNAs (Antar et al., 2006;Didiot et al., 2008;Bechara et al., 2009;Ascano et al., 2012;[START_REF] Guo | Transfer RNA Detection by Small RNA Deep Sequencing and Disease Association with Myelodysplastic Syndromes[END_REF]. Moreover, it represses mRNA translation during the transport of dendritic mRNAs to postsynaptic dendritic spines and activates mRNA translation of a subset of dendritic mRNAs at synapses (Bechara et al., 2009;Fähling et al., 2009). Consistent with a potential interplay between FMRP and m 6 A, a recent study found that m 6 A is present on many synaptic mRNAs that are known targets of FMRP protein (Chang et al., 2017). Future research will seek to further illuminate the potential role of FMRP within the m 6 A pathway. It is interesting to note that Nm also appears to contribute to FMRP-mediated translation regulation at synapses. FMRP can form a complex with the non-coding RNA, brain cytoplasmic RNA (BC1), to repress translation of a subset of FMRP target mRNAs (Zalfa et al., 2003). This interaction is modulated by the Nm status of BC1 RNA. In both nucleus and cytoplasm in the cell body, Nm is present on BC1,b u ti ti s virtually absent at synapses (Lacoux et al., 2012). The authors suggested that changes in the 2 ′ -O-methylation status of BC1 RNA contribute to the fine-tuned regulation of gene expression at synapses and consequently to neuronal plasticity by influencing FMRP local translational control. This example supports a likely combinatorial role of RNA modifications in the regulation of similar targets and/or processes during brain function.

m 6 AErasers

Two proteins in humans were reported to act as m 6 A erasers: (FTO) and AlkB homolog 5 (ALKBH5) (Jia et al., 2011;[START_REF] Zheng | Single Modification at Position 14 of siRNA Strand Abolishes Its Gene-Silencing Activity by Decreasing Both RISC Loading and Target Degradation[END_REF]. Both belong to the family of Fe 2+ -α-ketoglutarate-dependent deoxygenases and catalyze the removal of the methyl group of m 6 Abyoxidation.Interestingly, even though ALKBH5 is only moderately expressed in the brain, it has been associated with mental disorders. Du et al. found that certain polymorphisms within the ALKBH5 gene correlate with the major depressive disorder (MDD), suggesting an involvement of ALKBH5 in conferring risk of MDD (Du et al., 2015).

In comparison, FTO is highly expressed in the human brain, especially in the hypothalamus and the pituitary gland and displays dynamic expression during postnatal neurodevelopment. Polymorphic alleles of FTO in human were identified to increase the risk for hyperactive disorder (Choudhry et al., 2013), for Alzheimer's disease (Keller et al., 2011;[START_REF] Reitz | Genetic variants int h eF a ta n d Obesity Associated (FTO) gene and risk of Alzheimer's disease[END_REF] and to affect the brain volume [START_REF] Melka | FTO, obesity and the adolescent brain[END_REF]Li et al., 2017a). Molecular and functional studies have shown that FTO knockout mice display altered behavior, including locomotion defects, but also influences learning and memory. For instance, fear conditioned mice showed a significant increase in m 6 A intensity on several neuronal targets, and knockdown of FTO further enhanced consolidation of cued fear memory (Widagdo et al., 2016). In line with this finding, FTO deficiency reduces the proliferation and neuronal differentiation of adult NSCs, which leads to impaired learning and memory (Li et al., 2017a). Electrophysiological tests in FTO knockout mice demonstrated an impaired dopamine type 2 and 3 receptor response, resulting in an abnormal response to cocaine (Hess et al., 2013). Strikingly, arecentstudyinmouseembryonicdorsalrootgangliafoundthat FTO is enriched and specifically expressed in axons, influencing translation of axonal mRNAs [START_REF] Jiang | microRNA-363-3p Inhibits Cell Growth and Invasion of Non-small Cell Lung Cancer by Targeting HMGA2[END_REF]. This demonstrates the dynamic role of m 6 Am o d i fi c a t i o ni nr e g u l a t i n gl o c a l translation. However, it is important to stress that FTO was also demonstrated to additionally demethylate m 6 Am, which is present next to the 7mG cap modification [START_REF] Mauer | Reversible methylation of m(6)Am in the 5' cap controls mRNA stability[END_REF]. In comparison to m 6 A, m 6 Am also contains a methyl group on the ribose. As available antibodies recognize both modifications indistinguishably, it is currently difficult to assign their respective contribution in the context of brain activity.

CONCLUSION

The association of aberrant RNA modifications with various neurological disorders highlights the importance of these chemical moieties for proper brain development and cognition. However, today the role of RNA modifications in these processes is not completely understood. One of the current challenges lies in identifying the class and identity of RNAs that are targeted by RNA modification enzymes and are causative of the neurological defects. Common targets for many of these enzymes are tRNAs and rRNAs, thus it is likely that in many cases their dysfunction plays an important role in the etiology of the disease. Yet, this does not explain why the phenotypes observed upon mutations of these enzymes are often restricted to the brain. Some of these enzymes or snoRNAs are predominantly expressed in the nervous system, which indicates their importance in this tissue and suggests the existence of differentially modified ribosomes (also recently called specialized ribosomes) that may carry distinct functions (Briggs and Dinman, 2017;Sloan et al., 2017). However, other snoRNA or enzymes exhibit wider tissue distribution, suggesting that brain specific phenotypes may reflect a higher sensitivity to altered translation in this tissue compared to others organs. This would be consistent with other diseasecausing mutations in ribosomal proteins or tRNA synthetase genes that also manifest their effect specifically in the nervous system (Antonellis et al., 2003;Antonellis and Green, 2008; Ya o a n d F o x , 2 0 1 3 ; B r o o k s e t a l . , 2 0 1 4 ). What could be the reason(s) behind this increased sensitivity? It has been observed that tRNA level is in general higher in the brain compared to other tissues, suggestive of a bigger translational demand (Dittmar et al., 2006). This neuronal specificity may arise from the local translation that occurs at synapses upon environmental changes. In this context, RNA modifications represent an attractive system to regulate this acute need in a dynamic and flexible manner. However, other examples point toward a translation-independent mechanism. For instance, in the case of FTSJ1 mutations and the associated NSXLID, neither the amount, nor the charging of the concerned tRNAs appear to be affected (Guy et al., 2012(Guy et al., , 2015)), seemingly ruling out a general translation defect. Perhaps in this case, the absenceo f modification can stimulate tRNA cleavage and generate tRFs that can also interfere with translation. This increase in tRFs would not necessarily be associated with a corresponding reduction of the uncleaved tRNA since tRNA levels are tightly regulated (Wilusz, 2015). Alternatively, the absence of modification on the tRNA may affect its interaction with the ribosome and thus influence translation efficiency or fidelity. Therefore, careful examination at different molecular levels is required to appreciate the effect of tRNA and rRNA modification enzyme mutations on translation and their consequence on the neurological phenotype.

That being said, the general picture is probably more complex. For instance, recent reports show that tRFs not only interfere with translation but can also affect transposon regulation and genome stability (Durdevic et al., 2013;Martinez et al., 2017;Schorn et al., 2017;[START_REF] Zhang | tsRNAs: New Players in Mammalian Retrotransposon Control[END_REF]. This activity could in principle also contribute to neurological disorders as growing evidence suggests associations between (re)expression of transposable elements and the occurrence of neuropathies (Perrat et al., 2013;Krug et al., 2017;Zahn, 2017;Jacob-Hirsch et al., 2018). In addition, beyond tRNA and tRF, the recent studies on m 6 A clearly demonstrate the involvement of mRNA modification in different aspects of neuronal development and regulation. The large diversity of RNA processing events in the brain, including the high rates of alternative splicing and recursive splicing (Duff et al., 2015;[START_REF] Sibley | Recursive splicing in long vertebrate genes[END_REF], the inclusion of microexons (Irimia et al., 2014)a n dt h eb i o g e n e s i s of circular RNAs (cirRNAs) can all in principle be affected by RNA modifications. For instance, m 6 Am o d i fi c a t i o nw a s recently found on circRNAs, and enables their translation (Ya n g et al., 2017;[START_REF] Li | Base-resolution mapping reveals distinct m(1)A methylome in nuclearand mitochondrial-encoded transcripts[END_REF]. Given that misexpression of circRNAs has been associated with neurological disorders [START_REF] Shao | Roles of circular RNAs in neurologicdisease[END_REF]van Rossum et al., 2016;Li et al., 2017b), some of m 6 A brain functions may rely on circRNA-mediated regulation. Thus, because neurons face distinct challenges with regards to localisation of RNAs to distal processes and to localized translation it is likely that in the brain, more than in any other tissues, a combinatorial effect of RNA modifications on different classes of RNAs represents a critical informational Additional types with important functions may be modified as well.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org layer that dynamically fine-tunes gene regulation (Figure 2). Exciting discoveries are lying ahead for deciphering this intricate epitranscriptomics code.

tRNA -the most abundantly modified RNA molecule

The most abundantly modified molecules in the RNA world are the tRNAs with up to 20% of modified nucleotides in cytoplasmic mammalian tRNAs for example (Fig. 8) (Motorin and Helm 2011;Pan 2018) . They are an excellent demonstration on how RNA modifications can affect the stability and function of RNAs. Typically, modifications in and around the tRNA anticodon loop (residues [31][32][33][34][35][36][37][38][39] are related to tRNA functions related to translation, e.g. , decoding [START_REF] Murphy | The Role of Modifications in Codon Discrimination by tRNALysUUU[END_REF][START_REF] Agris | tRNA's Wobble Decoding of the Genome: 40 Years of Modification[END_REF] , charging by the cognate tRNA aminoacyl synthetase [START_REF] Muramatsu | Codon and Amino-Acid Specificities of a Transfer RNA Are Both Converted by a Single Post-Transcriptional Modification[END_REF][START_REF] Pütz | A Single Methyl Group Prevents the Mischarging of a tRNA[END_REF] , and/or frame maintenance [START_REF] Urbonavicius | Improvement of Reading Frame Maintenance Is a Common Function for Several tRNA Modifications[END_REF][START_REF] Bekaert | An Extended Signal Involved in Eukaryotic -1 Frameshifting Operates through Modification of the E Site tRNA[END_REF][START_REF] Waas | Role of a tRNA Base Modification and Its Precursors in Frameshifting in Eukaryotes[END_REF] . For example, a recent study demonstrated that Fournier 2002; Monaco et al. 2018) . Finally the presence of two small guide RNAs is required. These are C/D box containing snoRNAs that determine through sequence complementarity the methylation position on the rRNA [START_REF] Watkins | The Box C/D and H/ACA snoRNPs: Key Players in the Modification, Processing and the Dynamic Folding of Ribosomal RNA[END_REF] . The NOP56:NOP58 heterodimer forms two long alpha helices that are placed across the snoRNA:rRNA complex and contribute to locking FBL in its active position. rRNA: ribosomal RNA; snoRNA: small nucleolar ribonucleoprotein. Adapted from (Monaco et al. 2018) .

snRNAs are also subject to Nm modifications and it is an important part of their biogenesis. The mechanism by which they get modified is extremely similar to the one of rRNAs. FBL or FBL-like proteins target the snRNAs with the help of small guide RNAs.

Here, the role of guides is played by small Cajal body (sca-)RNAs that are practically indistinguishable from snoRNAs. The major difference between them is their subcellular localization, snoRNAs being localized in the nucleolus, and the scaRNAs, in the Cajal bodies (Meier 2017) .

It should be noted that rRNAs and snRNA are not the only targets of FBL as shown by a recent study that describes mRNA internal Nm modifications deposited by FBL with the help of guide snoRNAs (Elliott et al. 2019) . Importantly, the study revealed that these Nm sites can regulate mRNA and protein expression, which reinforced previous evidence for translation decrease of Nm-modified bacterial mRNA transcripts [START_REF] Hoernes | Nucleotide Modifications within Bacterial Messenger RNAs Regulate Their Translation and Are Able to Rewire the Genetic Code[END_REF] . pathological conditions already discussed with more details in the review and also add some updates from recent studies.

The loss of some specific C/D box snoRNAs ( e.g. SNORD115 and SNORD116 ) has been linked to Prader-Willi syndrome (PWS) (Cavaillé 2017) , a rare neurological condition, while the upregulation of others was recently reported in cardiovascular diseases [START_REF] Håkansson | Genetic Associations and Regulation of Expression Indicate an Independent Role for 14q32 snoRNAs in Human Cardiovascular Disease[END_REF] . FBL, the Nm-MTase that partners with C/D box snoRNAs, has been associated with systemic scleroderma (a severe autoimmune disease) (Zhou et al. 2001;[START_REF] Mendes | Clinical and Laboratory Features of African-Brazilian Patients with Systemic Sclerosis[END_REF] as well as tumorigenesis (Marcel et al. 2013) . FBL represents a very promising oncology target, although no associated medications or therapies have been developed so far [START_REF] Hassouni | Targeting the Ribosome Biogenesis Key Molecule Fibrillarin to Avoid Chemoresistance[END_REF] . A recent study shows a differential expression of FBL in different brain structures in Drosophila , more specifically an increased expression in the Mushroom body (MB -important for olfactory learning and memory) [START_REF] Baral | Nucleolar Stress in Drosophila Neuroblasts, a Model for Human Ribosomopathies[END_REF] . The study suggests a role for FBL in normal brain functioning and a possibility to study ribosomopathies in the fly model system. FBL regulation must be strict in the whole organism as higher levels of the protein induce susceptibility to bacterial infection in C. elegans [START_REF] Tiku | Nucleolar Fibrillarin Is an Evolutionarily Conserved Regulator of Bacterial Pathogen Resistance[END_REF] .

Disruption of the U2 snRNA gene leads to the development of pathological conditions such as cerebellar ataxia and neurodegeneration in mice (Jia et al. 2012) .

Decrease in C/D box scaRNAs (responsible for snRNA Nm-modification) has been associated with heart development defaults in humans and in zebrafish (Patil et al. 2015;Nagasawa et al. 2018) . It should not be forgotten that snRNA are extremely important for proper mRNA splicing and any deregulation in the first ones may affect the last ones.

Considering the self vs. non-self distinction role of Nm on the cap or internally of mRNAs, it is not surprising to find the loss of these modifications associated with immune reaction conditions. CMTR1, the gene responsible for cap1 2'-O-methylation, is upregulated in patients' with asthma exacerbations (Dahlin et al. 2015) and in Alzheimer's disease mice model with upregulated interferon-gamma signaling pathways in the brain (Boza-Serrano et al. 2018) .

Loss of the sncRNA Nm-MTase HEN1 in mice leads to infertility in males (Lim et al. 2015) , while in Drosophila melanogaster it increases neurodegeneration (Abe et al.

2014) .

Last but not least, proteins of the FTSJ/RrmJ (Ribosomal RNA methyltransferase J) family Nm-MTases have been related to different human pathologies. Numerous studies (detailed later in the manuscript) have linked FTSJ1's Nm-MTase loss of function on tRNAs with non-syndromic X-linked intellectual disability (NSXLID) (Freude et al. 2004;Ramser et al. 2004) . Recent evidence revealed a role for FTSJ1 in liver cancer [START_REF] Holzer | Nucleoporin Nup155 Is Part of the p53 Network in Liver Cancer[END_REF] and in non-small cell lung cancer (NSCLC) (He et al. 2020a) . Similarly, FTSJ2, a paralog of FTSJ1 acting on rRNAs, was also linked to NSCLC (Campbell et al. 2008;Lai et al. 2014;[START_REF] Liu | MiR-542-3p Exerts Tumor Suppressive Functions in Non-Small Cell Lung Cancer Cells by Upregulating FTSJ2[END_REF] . Finally, the other paralog of human FTSJ1: FTSJ3, was recently described as a corruptible source for HIV to Nm-modify its RNA in the goal to evade the host immune system (Ringeard et al. 2019) .

Introduction

1.1. What is Nm/2 0 -O-Methylation?
2 0 -O-methylation (or Nm, where N stands for any nucleotide) is a co-or post-transcriptional modification of RNA, where a methyl group (-CH 3 ) is added to the 2 0 hydroxyl (-OH) of the ribose moiety (Figure 1). 2 0 -O-methyl ribose can occur on any base and is an abundant and highly conserved modification found at multiple locations in transfer RNA (tRNA), ribosomal RNA (rRNA), and small nuclear RNA (snRNA) [START_REF] Darzacq | Cajal body-specific small nuclear RNAs: A novel class of 2 0 -O-methylation and pseudouridylation guide RNAs[END_REF][2][3]. Nm is also present in a number of sites on messenger RNA (mRNA) [4] and at the 3 0 -end of small non-coding RNAs (sncRNAs), such as microRNAs (miRNAs) and small-interfering RNAs (siRNAs) in plants [4][5][6][7][8], on Ago2 loaded si-and miRNAs in flies, and on PIWI-interacting RNAs (piRNAs) in animals [9,10]. Nm has the potential to affect RNAs in multiple ways as it can increase their hydrophobicity, protect them from nuclease attacks [7,11], stabilize helical structures, and affect their interactions with proteins or other RNAs [12][13][14]. For example, Nm increases the thermodynamic stability of RNA:RNA base pairs and stabilizes A-form RNA duplexes [15][16][17][18]. The addition of Nm modification can also disrupt RNA tertiary structures [19] and inhibit RNA-protein interactions through steric effects [20,21] or by impacting hydrogen bonding [22,23].

Nm Detection

Detection of Nm modification has been a challenge for a long time. For example, classical biochemical strategies like liquid chromatography coupled with mass spectrometry (LC/MS) [24] and two-dimensional thin-layer chromatography (2D-TLC) [25,26] can be extremely effective, but time and labor consuming. Multiple other methods exploit the capacity of Nm to protect the adjacent nucleotide bond from cleavage or to impede the reverse transcriptase at low dNTP concentrations. Most of these techniques, as well as their improved variations, have to compromise between sensitivity, difficulty of execution (e.g., requirement for large amount of starting material and purification of individual RNA populations), and applicability to only specific populations of RNAs (high-abundance RNAs) [4,[27][28][29][30][31][32][33]. RiboMethseq is a high throughput sequencing method for mapping Nm modifications that is based on the protection given by Nm against alkaline hydrolysis [34][35][36][37]. It seems to bring together most of the other techniques' advantages. The main limitation of RiboMethseq is that it cannot be applied on short RNAs (<50nt) like sncRNA, for instance. Fortunately, a method based on the finding that Nm at the 3 0 end of small RNAs can inhibit the activity of poly(A) polymerase was recently developed to detect such type of modification at this end position [38]. Although Nm-seq together with the RibOxi-seq methods [39] require bigger amounts of starting material than RiboMethSeq in general, they however all have the advantage of requiring a lower sequencing depth. For a recent comparison of sequencing-based Nm detection methods, see Reference [40].

It seems that we are finally well-equipped to detect and study Nm modification in a transcriptome-wide point of view.

Nm in tRNA

Transfer RNAs (tRNAs) are the most heavily modified RNA species and loss of certain modifications can cause deregulations in cellular processes and even diseases [41][42][43]. One of the most abundant modifications on them is Nm. Its function depends on the localization and as a consequence can be associated with general stability of the tRNA structure and/or proper translation [16,[44][45][46].

FTSJ1 Identity and Conservation

FTSJ1 (also known as MRX9, TRMT7, JM23) is a characterized human tRNA 2 0 -O-methyltransferase that targets the C 32 and N 34 positions in the anticodon loop of tRNA Phe (Figure 2) and tRNA Trp . It actually belongs to a large phylogenetically conserved superfamily of RNA methyltransferases, the RRMJ/fibrillarin superfamily [47,48]. FTSJ1 homologs in Escherichia coli and Saccharomyces cerevisiae are respectively FTSJ/RRMJ and TRM7 (tRNA methyltransferase 7).

Expression of the human FTSJ1 suppresses the severe growth defect of yeast TRM7∆ mutants [49]. In S. cerevisiae, TRM7 is the central component of a complex modification circuitry required for anticodon loop modification of target tRNAs. More concretely, TRM7 separately interacts with TRM732 and TRM734 partners to form Cm 32 and Nm 34 respectively, both of which are required on tRNA Phe for efficient formation of a third modification, the wybutosine (yW) at m 1 G 37 by other proteins [45,50,51]. Impressively, the same circuitry appears to be conserved in the phylogenetically distant yeast Schizosaccharomyces pombe [49]. This extremely conserved circuitry might be further extended in eukaryotes since suppression of the growth defect of S. cerevisiae TRM7∆ mutants by human FTSJ1 expression requires the function of TRM732 or its human homolog THADA to form Genes 2019, 10, 117 3 of 23 Cm 32 on tRNA Phe [49], and the formation of peroxywybutosine (o2yW 37 ) at m 1 G 37 is also affected in humans lacking FTSJ1.

Interestingly, FTSJ1 has two conserved paralogs: FTSJ2 (mitochondrial rRNA methyltransferase 2 [Mrm2] in S. cerevisiae) and FTSJ3 (suppressor of poly-A binding protein Pab1p (Spb1) in S. cerevisiae), they however target different RNAs: 21S rRNA [52,53] and 25S rRNA [54,55], respectively. Finally, the bacteria ancestor of those three proteins FTSJ/RRMJ is an RNA-binding heat shock protein that targets the 23S ribosomal RNA [47]. FTSJ2 and FTSJ3 are briefly discussed in the next chapters. 

FTSJ1 Link to Intellectual Disability

Intellectual disability (ID), or previously known as mental retardation (MR), is characterized by non-progressive cognitive impairment and affects 1-3% of the general population. X-linked genes seem to play a predominant role in ID as there are 10% more male than female ID patients cases reported [56]. One third of the X-linked ID (XLID) conditions are syndromic (SXLID) and the other two thirds are non-syndromic (NSXLID). As NSXLID has no obvious and consistent phenotypes other than mental retardation (IQ < 70), NSXLID conditions are clinically diverse and genetically heterogeneous disorders.

FTSJ1 gene is located on the small arm of chromosome X (Xp11.23), and accordingly, its loss of function has been identified as a cause for non-syndromic X-linked intellectual disability (NSXLID) [57][58][59][60][61][62][63][64]. Distinct alleles of FTSJ1 from six independent families and one microdeletion affecting FTSJ1 together with SLC38A5 (solute carrier family 38 member 5) are linked to NSXLID (see Table 1 and updated from Reference [65]). Also, novel FTSJ1 variations that appeared de novo in two other NSXLID patients are under investigation for further molecular details (Amélie Piton & Elise Schaefer Hôpitaux Universitaire de Strasbourg, personal communication and Ambry Genetics company reported in Clinvar). Heterozygous loss-of-function mutations in females do not cause the disease, which is most probably due to inactivation of the affected X chromosome [61,63]. Today, FTSJ1 represents one of the strongest links between ID and a tRNA Nm modification gene. Consistent with the 2 0 -O-methyltransferase activity of FTSJ1 on tRNAs, it was reported that tRNA Phe from two genetically independent lymphoblastoid cell lines (LCL) of NSXLID patients (family 6 and A3-see Table 1) with loss-of-function FTSJ1 mutations nearly completely lack Cm 32 and Gm 34 and have reduced peroxywybutosine (o2yW 37 ) [64]. Additionally, tRNA Phe from a patient carrying an FTSJ1-p.A26P missense allele (family 7, Table 1) specifically lacks Gm 34 , but has normal levels of Cm 32 and o2yW 37 . tRNA Phe from the corresponding S. cerevisiae trm7-A26P mutant also specifically lacks Gm 34 , and the reason is not a weaker TRM7/TRM734 interaction. These results strongly link defective Nm modification of the tRNA anticodon loop to the neurodevelopmental disorder observed in all patients that carry an FTSJ1 mutation. It also points to the Gm 34 of tRNA Phe as a critical modification [64].

It is interesting to mention two more studies. First, three single-nucleotide polymorphisms (SNPs) in the FTSJ1 gene showed a positive association with NSXLID [62]. Second, another analysis on the same three SNPs even suggests that genetic variations in FTSJ1 are related to general cognitive ability, verbal comprehension, and perceptual organization in male individuals [67]. Although it is tempting to make a link between FTSJ1 alleles and human cognitive ability, more profound studies are needed to support that idea.

Discussion on FTSJ1

Today, it is well established that mutations in the human tRNA 2 0 -O-methyltransferase FTSJ1 cause NSXLID. FTSJ1 is an S-adenosyl methionine (SAM) family methyltransferase and it is known that SAM has the ability to cross the blood-brain barrier [68]. SAM also serves as the sole methyl donor for methylation processes in the central nervous system [68], which makes the link between FTSJ1 loss and a brain disease less surprising. So far, low cerebrospinal fluid levels of SAM have been observed in several neuropsychiatric and neurological disorders, including depression, brain ischemia, and dementia [68].

FTSJ1 is generally widely expressed [60], though all mutations identified in NSXLID patients result in relatively "mild phenotypes" (lack of malformations or systemic breakdowns) that are essentially brain specific: delayed speech, concentration and learning difficulties, autistic behavior, motor tics, seizures, and others. It is possible that the activity of FTSJ1 is most critical during brain development, which is supported by the relatively high expression of FTSJ1 mRNA in the foetal brain [59]. It is also plausible that brain structures are more sensitive to defects in the translation machinery than are other organs, although the amount of mature tRNA, nor the charging of the concerned tRNAs does not appear to be affected in case of FTSJ1 mutations [64] and the same is valid in S. cerevisiae [50]. However, and surprisingly, it has been shown recently by the same group that in S. cerevisiae, TRM7∆ mutants and the equivalent in S. pombe, the cells constitutively activated a robust general amino acid control (GAAC) response, acting through Gcn2 (general control nonderepressible 2), which senses uncharged tRNA [69]. Alternatively, another protein may partially compensate for the loss of FTSJ1, thereby preventing FTSJ1 mutations from causing more severe disorders. As we will discuss later in this review, Nm enzymes seem to demonstrate certain flexibility when it comes to their targets. Thus, Nm enzymes, other than FTSJ1, may, in addition to their known targets, partially methylate positions C 32 and N 34 of tRNA Phe and tRNA Trp . Finally, mRNA levels of Gcn2-dependent GAAC-regulated genes, CTH and GADD153, were not conclusively upregulated in cells carrying a mutation in FTSJ1.

Finally, FTSJ1 function seems to be crucial for normal brain development, but the dosage control of its expression may be equally important. Some studies describe cases of ID in which the patients carry duplication in the Xp11.23 region. Those duplications include FTSJ1, but also other genes associated with ID [70,71]. That makes it impossible at the moment to conclude whether a supplementary dose of FTSJ1 causes ID, the same way as the loss of FTSJ1.

The association of FTSJ1 with mental retardation highlights the importance of the Nm modification of RNAs, specifically in brain development and cognitive processes [65]. Current studies (including our group) aim to further characterize the mechanism of action of FTSJ1 and the associated to its lack-of-function molecular phenotypes. Preliminary data of our group showed an accumulation of specific tRNA fragments (tRFs) in mutants of the Drosophila homolog of FTSJ1, which is in accordance with the nuclease protection that Nm usually confers to modified nucleotides (Angelova et al., in prep). We are currently investigating this molecular phenotype and its potential conservation in humans as it may have a role in the abnormal brain development in the FTSJ1 patients.

TRMT44 and Idiopathic Epilepsy

TRMT44 is a putative 2 0 -O-methyluridine methyltransferase predicted to methylate residue 44 in tRNA Ser [72]. Mutations in this gene were implicated in partial epilepsy with pericentral spikes, a novel mendelian idiopathic epilepsy. However, the underlying mechanisms that fails in those patients are currently unknown.

Nm in rRNAs

rRNAs are one of the most highly modified RNA species in the cell and definitely the ones that carry the most Nm modifications to date [34]. Those rRNA modifications are obtained at different stages of ribosome biogenesis and ensure efficiency and accuracy of the translation by stabilizing the rRNA scaffold [73,74]. There is also a certain heterogeneity in rRNA Nm modifications in disease that may alter ribosome function as a cause or as a consequence of the condition [75,76].

snoRNAs and Prader-Willi Syndrome

The Nm modification at each rRNA site is regulated by box C/D small nucleolar RNAs (snoRNAs) in association with fibrillarin methyltransferase (see next chapter). The snoRNA serves as a guide due to its sequence complementarity to the target rRNA and fibrillarin ensures the methylation reaction [77][78][79][80].

The essentialness of rRNA Nm modifications for vertebrate development has been exemplified in zebrafish. Loss-of-function of any of the following three snoRNAs: SNORD26, SNORD44, and SNORD78, leads to severe morphological defects and/ or embryonic lethality in this animal model [81].

Even stronger is the link between certain C/D box snoRNAs and Prader-Willi syndrome (PWS), a complex human neurological disease characterized with mental retardation, low height, obesity, and muscle hypotonia [82][83][84]. In several independent studies, it was shown that PWS is caused by the loss of imprinted snoRNAs in locus 15q11-q13. Large deletions of this region underlie about 70% of the PWS cases [85], whereas duplication of the same region is associated with autism [86][87][88]. Locus 15q11-q13 contains numerous copies of two C/D box snoRNAs: SNORD115 (HBII-52) and SNORD116 (HBII-85) [89,90]. SNORD115 is believed to play key roles in the fine-tuning of the serotonin receptor (5-HT2C) pre-mRNA [91,92], while SNORD116 loss is thought to contribute in the etiology of the PWS [89,93,94].

Fibrillarin and Diseases: Identity and Conservation

Fibrillarin (FBL) is a 34 kDa nucleolar 2 0 -O-RNA methyltransferase and is located in the dense fibrillar component of the nucleolus to whom it owes its name. It associates with the U3 snoRNA, a C/D box family member and together they have been involved in the processing of precursor rRNAs [95].

Human FBL is 70% identical to yeast NOP1 and they are functional homologues since either human or Xenopus fibrillarin can complement (at least partially) a yeast nop1 mutant. In yeast, Nop1 is an essential nucleolar protein that is associated with small nucleolar RNA and is required for ribosome biogenesis [96]. Fibrillarin-like proteins also occur in the domain of Archaea [97]. FBL's function in ribosome biosynthesis appears to be maintained from the archaebacteria, which lack a nucleus, to Giardia, which contains a nucleus but lacks a prominent nucleolus, to higher mammals, which have both a nucleus and nucleolus [98,99]. This strong evolutionary conservation suggests a high importance for this enzyme in ribosome biogenesis.

Therefore, FBL is an essential nucleolar protein that catalyzes the 2 0 -O-methylation of ribosomal RNAs. In addition, FBL participates in pre-rRNA processing [95] and it was also reported that it could regulate rRNA transcription via the methylation of a glutamine residue of histone H2A in plants, yeast, and human [100,101]. It can be expected that changes in the level of FBL expression would seriously affect the translation process, but a direct confirmation of this hypothesis was received only recently [76]. The downregulation of FBL in human cells alters the intrinsic capacity of ribosomes to initiate translation from internal ribosome entry site (IRES) elements in a manner independent of translation initiation factors [76]. As a result, FBL can affect the course of some cellular processes. Indeed, FBL is required for early development in mice and zebrafish [102,103]. Fibrillarin mutant mice are non-viable due to a massive apoptosis in early embryos [102] and FBL gene depleted zebrafish are severely affected in the optic tectum and the eye due to impaired neural differentiation, and again, massive apoptosis [103]. FBL is also highly expressed in pluripotent embryonic stem cells of mice, where it regulates stem cell pluripotency [104].

Being implicated in such important biological processes, it comes as no surprise that FBL loss is associated with different disease conditions, some of which have been recently reviewed in Reference [105].

Fibrillarin and Cancer

Increased ribosome biogenesis is typically required in tumors in order to meet the high demand for protein production in the rapidly dividing cells [106,107]. As FBL plays a role in rRNA production, it is not surprising to find it overexpressed in different cancers [108][109][110]. It was demonstrated that FBL quantitative distribution is directly related to RNA polymerase I transcriptional activity (thus, to rRNA production), and is inversely related to cell doubling time in cancer cells [111]. More concretely, the knock-down of FBL in human prostate cancer lines suppresses proliferation and reduces clonogenic survival [108]. Also, FBL overexpression is associated with poor survival in patients with breast cancer and promotes cellular proliferation and resistance to chemotherapy of MCF7 breast cancer cells [109].

Interestingly, the tumor suppressor transcription factor p53 represses the expression of the FBL gene by directly binding to it. The suppression of p53 expression in human mammary epithelial cells leads to modifications in the rRNA methylation pattern at the single nucleotide level, impairment of translational fidelity, and increased IRES-dependent translation of key cancer-related genes, such as andFGF1/2 [109]. On the other side, the oncogene transcription factor C-MYC binds to the 5 0 -upstream region of the FBL gene and stimulates its expression [108,112,113].

IGF-1R, C-MYC, VEGF-A,
Curiously, a few older studies revealed that patients with hepatocellular carcinoma (HCC), gastrointestinal, lung, and ovarian cancers have autoantibodies to FBL [114][115][116]. One could imagine that their production is an attempt of the immune system to fight the tumor through eliminating a target that is advantageous for cancer cells. Even if those autoantibodies have also been found in systemic autoimmune diseases (see below), fibrillarin may still be an interesting anti-cancer target in drug design and therapies. Today, fibrillarin has not been exploited yet as an oncology target, but a very recent review emphasizes its potential as a therapeutic target that could lower the genotoxic effects of anti-cancer treatment [117].

Fibrillarin and Autoimmune Diseases

One of the most characteristic serologic features of systemic sclerosis (scleroderma, SSc), a collagen vascular autoimmune disease, is the occurrence of autoantibodies against nuclear and most notably against nucleolar antigens (antinucleolar antibodies (ANoA)) [118]. Multiple old studies have identified fibrillarin as the third major nucleolar scleroderma autoantigen [119][120][121][122][123][124] and have concluded that anti-fibrillarin is a marker for severe SSc [125]. Those ANoAs do not seem to affect the survival rate of patients with diffuse cutaneous systemic sclerosis, one of the most severe complications, and the events that initially trigger their production are not known [126,127]. However, and curiously, a case of a 22-year-old woman was successfully treated with long-term plasma exchange whose beneficial effect persisted for two years [128].

Anti-fibrillarin antibodies have been detected in a variety of connective tissue patients like the mixed connective tissue diseases (60%), CREST syndrome (calcinosis, Raynaud phenomenon, esophageal dysmotility, sclerodactyly, and telangiectasia syndrome, 58%), systemic lupus erythematosus (39%), rheumatoid arthritis (60%), and Sjogern's syndrome (84%), in addition to SSc patients (58%) [129,130]. However, outside the connective tissue diseases spectrum, anti-fibrillarin antibodies are rarely seen.

Of course, in the case of autoimmune diseases, the development of autoantibodies against FBL is rather a consequence and not a cause of the pathology. Still, autoantibodies are expected to lead to a decrease in the protein levels of their target. It would be interesting to verify whether indeed FBL protein is less present in certain patient's tissues, as well as whether its targets lack Nm modifications, and look for related/correlated effects in terms of symptoms and aggravation of the disease.

Fibrillarin: Possible Link to Other Diseases

Among FBL's interaction partners is the survival of motor neurons (SMN) protein [131,132]. The SMN gene is the disease-causing gene of spinal muscular atrophy (SMA), a common and often fatal autosomal recessive disease, leading to progressive muscle wasting and paralysis as a result of degeneration of anterior horn cells of the spinal cord [133,134]. In human cell lines, the SMN protein localizes in gemini of Cajal bodies (gems), compartments frequently found near or associated with Cajal bodies (nonmembranous nuclear sub-organelles), in which FBL is found [135][136][137][138]. Among its other functions, SMN has been suspected to be involved in ribosome biogenesis [139], a cellular process in which FBL is strongly implicated. The exact role of SMN in SMA is not completely clear and it is unknown if its interaction with FBL is also involved. FBL immunofluorescence in Schwann cells revealed nucleolar segregation in a tellurium-induced demyelinating neuropathy rat experimental model [140]. It has not been excluded that FBL may play a role in that kind of disorder.

Finally, a recent study shows evidence of altered 2 0 -O-methylation of rRNA in 28S rRNA and increased levels of FBL expression in β-thalassemia trait carriers [141]. Today, thalassemia is the most important hematologic inherited genetic disease worldwide.

FTSJ2 and Cancer

Another enzyme involved in rRNA Nm modification is FTSJ2, one of the two paralogues of FTSJ1. As already mentioned, FTSJ2 is the human ortholog of the mitochondrial E. coli 23S rRNA 2 0 -O-methyltransferase (yeast's Mrm2) [52,142]. FTSJ2 has been implicated in cell proliferation and seen to be overexpressed in different cancer cell lines, especially in lung carcinoma cells [53]. Moreover, a later study found an amplification of the FTSJ2 genomic locus, as well as an increase in FTSJ2 mRNA levels in non-small cell lung cancer (NSCLC). Thus, FTSJ2 has been identified as a new lung cancer oncogene candidate, even if its role in the disease in not completely clear today [143]. Surprisingly, another study compared two lung adenocarcinoma cell sublines and demonstrated that FTSJ2 mRNA levels were lower in the more invasive one. In addition, an overexpression of FTSJ2 in the highly aggressive rhabdomyosarcoma cells (TE671) turned out to inhibit their invasion and migration capabilities [142]. This seems to contradict what was just stated, but it is speculated that FTSJ2 is advantageous for cancer cells only when they are in a less aggressive stage. FTSJ2 expression may provide a transient advantage for the tumor, and once a certain threshold in the malignancy development is exceeded, FTSJ2 may become a drawback and cancer cells try to eliminate it.

Nm in mRNAs

mRNAs can be co-or post-transcriptionally modified, which impacts their fine steady state level. When it comes to Nm modification, it has been mostly observed in the mRNA cap, but recently also internally in the coding DNA sequence (CDS). Indirect effects on mRNA expression can be observed when a lack of Nm affects the small nuclear RNA (snRNA)-regulated mRNA splicing.

mRNAs and Cap Protection

The cap structure is added to the 5 0 -end of eukaryotic and some viral mRNAs during transcription and is essential for mRNA stability, pre-mRNA processing, nuclear export, and cap-dependent protein synthesis [144][145][146][147][148][149]. The so-called "cap 0" (m7G(5 0 )ppp(5 0 )N) consists of a 7-methylguanosine addition to the first transcribed nucleotide (N1) [150]. Further 2 0 -O-methylation can be added on the N1 and often also on the N2 (second transcribed nucleotide); here we are talking about "cap 1" (m7GpppNmN-) and "cap 2" (m7GpppNmNm-), respectively (Figure 3). CMTR1 2 0 -O-methylates the N1 [151] and CMTR2 2 0 -O-methylates the N2 [152,153]. In general, higher eukaryotes have a "cap2" while lower eukaryotes have "cap 1" [12,154,155].

CMTR1 and Diseases

CMTR1 (ISG95, FTSJD2, KIAA0082) is the human 2 0 -O-methyltrasferase that modifies the N1 (first transcribed nucleotide) of the mRNA cap ([151] and Figure 3). Deregulation in CMTR1 expression have been linked to different disease conditions, mostly through mechanisms related to distinguishing self from non-self RNA [156]. This is expected as the Nm-modified N1 of the cap serves as part of the innate host defense mechanism. In contrast, uncapped RNAs, including viral transcripts, trigger an interferon-mediated antiviral response [157][158][159][160][161].

CMTR1 and Asthma

Inhaled corticosteroids (ICS) are the most effective controller medications for asthma, but some patients experience severe asthma exacerbations despite ICS treatment [162]. This variability in ICS response is due to genetic variations and the rs2395672 SNP in CMTR1 has been associated with increased risk of exacerbations. Moreover, CMTR1 mRNA was overexpressed in nasal lavage samples Genes 2019, 10, 117 9 of 23 from patients experiencing exacerbations in an independent microarray data set. These studies implicate CMTR1, an mRNA Nm methyltransferase, as a novel candidate gene with potential roles in the pathogenesis of asthma exacerbations [156]. The exact role of CMTR1 in asthma is not clear but could be related to the fact that the transcription of human CMTR1 is interferon-stimulated and CMTR1 participates in cellular defense mechanisms against viral infection [163,164]. It should be noted that respiratory viruses are major triggers of exacerbations and a major cause of morbidity and mortality in adults and children with asthma [156,165]. Thus, by regulating mRNA stability and transcriptional expression of interferon-induced genes, CMTR1 may play an important role in regulating genes involved in immune responses to viral infections.

CMTR1 and Alzheimer's Disease

Alzheimer's disease (AD) is the most common form of dementia [166], characterized by the formation of amyloid plaques (Aβ). Chronic activation of microglial cells creates a pro-inflammatory environment, which is believed to be central for the development of the disease as well as its progression [167]. There is an upregulation of immune system-related pathways such as interferon-gamma signaling pathways at 10 weeks old (versus 6 weeks old) in the brain of AD mice model (5xFAD mice). Interestingly, in those mice, CMTR1 was found among the 20 most upregulated proteins [168]. Again, we can imagine that CMTR1 supports the expression of genes associated with this innate immune response, and thus contributes to the development of AD. 

CMTR1 and Cancer

CMTR1 has not been directly linked to cancer, but multiple studies suggest a possible role in tumors. Microorganisms' DNA/RNA signatures and integration sites in the host genome are promising biomarkers for human oral cavity and oropharyngeal squamous cell carcinomas (OCSCC/OPSCC) diagnosis and prognosis. Genomic elements of the oncogenic John Cunningham (JC) polyomavirus are found in the chromosomes of OCSCC cells and among the concerned integration sites are intronic regions of CMTR [169]. It is possible that these insertions alter CMTR gene expression in a way that promotes oncogenesis. It would be interesting to deepen that study by applying the RiboMethSeq approach or others Nm detection methods to highlight any potential loss of CMTR-dependent Nm modifications in the concerned cancer tissues.

Mutations in Janus kinase 3 (JAK3) occur frequently in T-cell acute lymphoblastic leukemia (T-ALL) and are able to drive cellular transformation and the development of T-ALL in mouse models [170]. JAK3 is a tyrosine kinase that can control protein activity and is an attractive therapeutic target to help establish a more patient-specific therapy [171]. Curiously, CMTR1 phosphorylation is significantly increased upon inhibition of JAK3 activity [172]. Thus, CMTR1 activity seems to be affected in a cancer-associated mutant context and may be one of the downstream explanations for the JAK3 mutant cancer phenotype.

Finally, NSCLC (non-small cell lung cancer, already mentioned in the FTSJ2 section) accounts for approximately 80-85% of lung cancers and is a leading cause of cancer-related mortality in both men and women worldwide [173,174]. ALK gene rearrangements, producing fusion oncogenes, is a driving mutation underlying the development of NSCLC [175]. The EML4-ALK oncogene is already well described [176,177], but ALK can also form rearrangements with CMTR1. It is yet to be confirmed if the CMTR1-ALK fusion gene is also oncogenic and if it has a role in cancer drug resistance [178].

mRNA and Splicing

The removal of introns from the precursor mRNA (pre-mRNA), or the so-called splicing, is an essential step in the production and diversity of functional mRNAs transcripts. The process is ensured by the spliceosome machinery that contains small nuclear ribonucleoprotein (snRNP) units (reviewed in Reference [179]).

snRNAs

The RNA components of the spliceosome are the small nuclear RNAs (snRNAs), most of which possess multiple modified nucleotides, including Nm and pseudouridine (ψ) positions that support the strong secondary structure and protein-binding capacity of snRNAs. Many of those modifications are essential for spliceosome assembly or efficiency (reviewed in References [180,181]. For example, the 5 0 -end of U2 snRNA contains four specific 2 0 -O-methylated bases and each of them is required for splicing [182]. Importantly, U2 snRNA seems to play a role in alternative splicing in the brain as disruption of one of the U2 copies causes cerebellar ataxia and neurodegeneration in mice [183]. It would be interesting to know if the loss of individual modifications on snRNAs can be responsible for any disease conditions.

scaRNAs

The majority of modifications on snRNAs are applied in the Cajal bodies with the help of small Cajal body specific RNAs (scaRNAs) [184][185][186]. ScaRNAs are structurally and functionally indistinguishable from snoRNAs and can even interact with common enzymes like fibrillarin and dyskerin to guide the modifications on their target RNAs [187,188]. Their classification can be challenging but the conventional view is that they differ in their localization and type of targeted RNAs [189]. The role of scaRNAs in the maturation of spliceosomal snRNAs and the fact that alternative splicing is particularly prevalent in the brain suggest that neurons could be among the cell types most sensitive to disruption of scaRNA activity [190].

Alternative splicing also plays an important role in regulating mammalian heart development. The decreased expression of 12 scaRNAs was reported in congenitally abnormal human hearts with subsequent dysregulated alternative splicing of several genes associated with heart development [191]. Nine of the scaRNAs carry a C/D box and are predicted to participate in Nm modification of U2 and U6 snRNAs [191]. The phenotype seems to be conserved among vertebrates as a knock-down of the C/D box containing SNORD94 produces developmental abnormalities, including heart malformations, which is also found in zebrafish [192].

mRNAs and Internal Nm Modifications

Modification studies on mRNAs have been mostly limited to the abundant and easily detectable m 6 A modification until the discovery that tRNA modifying enzymes like pseudouridine synthases (Pus) can also target mRNAs [193][194][195].

When it comes to Nm modifications, the tRNA 2 0 -O-methyltransferase, TRM44 (mentioned in previous chapter 2.4) was found to associate with polyadenylated (poly(A)) RNA in yeast, suggesting it may also target mRNAs in addition to tRNAs [196]. It is actually not uncommon for RNA-modifying enzymes to have multiple RNA targets [43] and even C/D box snoRNAs, typically reserved for rRNA Nm modification, that can target tRNAs in Archaea [197]. Interestingly, this capacity of a C/D box RNA to target tRNA instead of rRNA seems to be conserved in human (Vitali and Kiss, personal communication).

In yeast, Spb1, the rRNA 2 0 -O-methyltransferase (mentioned in a previous chapter), was found not only to associate with mRNAs, but also to methylate specific positions, methylations that seem to maintain their steady state level [198]. The human ortholog FTSJ3 has also been found in the poly(A) mRNP (messenger ribonucleoprotein) interactomes in multiple human cell lines [196,199,200], and its capacity to Nm-modify mRNAs awaits confirmation [55]. However, very recently, FTSJ3 was shown to methylate viral HIV-1 RNA [201]. This Nm deposition by FTSJ3 on HIV-1 RNA seems crucial for the virus to evade innate immune recognition. Although a recent discovery, mRNA internal (outside the cap) Nm modifications are officially a fact in mammalian mRNAs. They are mostly found in CDS, and especially near splice sites, but also in 5 0 and 3 0 UTR (untranslated regions), as well as in introns (suggesting that Nm is installed co-transcriptionally in the nucleus), and a small fraction in alternatively spliced regions [4]. Moreover, Nm within coding regions of mRNA disrupts key steps in codon reading during translation. More specifically, Nm on mRNA CDS leads to excessive rejection of cognate aminoacylated-tRNAs, probably due to sterical perturbation of the ribosomal-monitoring bases with cognate codon-anticodon helices interactions [202].

As it took time to find Nm modifications in mRNAs due to the low abundance of mRNAs compared to other classes of RNA, related diseases have not been described yet. Still, as more and more tRNA and rRNA 2 0 -O-methyltransferases seem to also target mRNAs [198], the diseases associated to these enzymes may also be due to the effects on their mRNA targets.

Nm in Small RNAs Silencing Pathways

The small non-coding RNA (sncRNA) silencing pathways regulate gene expression transcriptionally or post-transcriptionally. There are three main classes of sncRNAs: mi-(micro), si-(small-interfering), and piRNAs (PIWI-interacting RNAs). Each of them partners with an endonuclease from the argonaute (Ago) family and guides through sequence complementarity the silencing of a target mRNA [203,204]. In order to escape poly-uridilation and subsequent exonuclease degradation, miRNAs and siRNAs in plants, and siRNAs and piRNAs in animals need to receive a 2 0 -O-methylation on their 3 0 -end.

HENMT1

The Nm modification at the 3 0 -end of the concerned small RNAs is catalyzed by HENMT1 (HUA enhancer 1, also known as pimet for piRNA methylase in animals), and is particularly important for the PIWI/piRNA pathway that protects gonadal cells from transposable elements (TE) insertional mutagenesis in animals [6,10,[205][206][207][208][209][210][211]. A recent paper investigating a Henmt1 mouse mutant demonstrated that HENMT1 methyltransferase is essential for mouse spermatogenesis [212]. Lack of HENMT1 and the associated reduction in methylation of the piRNA 3 0 -end led to piRNA instability and de-repression of TE in germ cells results in malformed spermatids and male infertility [212]. Consistent with HENMT1 having an important role in the human testis, mRNA HENMT1 is expressed in all germ cell types and HENMT1 proteins localized in the cytoplasm of all stages of germ cells (spermatogonia, spermatocytes, and spermatids), as well as Sertoli cells, with highest levels in spermatocytes [213]. Moreover, a pathological fusion transcript between regulator of chromosome condensation 1 (RCC1) and HENMT1 was identified in testicular germ cell tumors [214].

However, the ancestral role of the piRNA pathway does not seem to have been restricted only to the germline [215][216][217]. Small amounts of piRNAs have been found in epithelial cells in Hydra (Cnidaria phylum) [218] and seem to be common among the somatic lineage of the Arthropod phylum [219]. In Aplysia (Mollusca phylum), piRNAs were described in the central nervous system where they seem to play a role [220]. HENMT1 Nm methyltransferase being essential for piRNA stability in germ cells is also implicated in the somatic-piRNA related biological processes in Drosophila melanogaster. There is also evidence for somatic role of HENMT1 related to Ago2-loaded small RNAs, its other RNA targets in D. melanogaster. Indeed, fly mutants for HEN1 (pimet) show an accelerated neurodegeneration (brain vacuolization) and memory default [221], which are phenotypes common for Ago2 mutants [221,222].

Conclusions

This review aimed to synthesize most of the Nm related human diseases known to date in a systematic manner. However, the structuring task was hampered as, often, the same enzymes can modify different classes of RNAs, like SPB1 that acts both on mRNA and rRNA for example. Also, sometimes, small guide RNAs need to Nm-modify other small guide RNAs that will only then regulate gene expression, like in the case of scaRNAs and snRNAs. One could justifiably feel jealous of the multitasking capabilities that Nm enzymes and guides can have and of the interesting interplay as well as the extraordinary conservation (enzyme and targets) that exists between them.

In conclusion, Nm modification is a potent source for better disease understanding that has been shadowed for a long time by the difficulties in detecting it. With the latest technical advances toward Nm detection, we are awaiting more insights in the biological roles of the still mysterious and ancient 2 0 -O-methylation RNA modification. Finally, we want here to sincerely acknowledge all pioneers on RNA modifications discovery (mostly rRNA and tRNA at the time) that paved the road brick by brick for us in this re-emerging field of RNA modifications.

learning, and fine control of movement [START_REF] Maldonado | Physiology, Brain[END_REF] . The outer layer of the cerebrum is called cerebral cortex (or "grey matter") and is composed of neuron bodies that give its grey-brown color. The cerebral cortex plays a key role in attention, perception, awareness, thought, memory, language, and consciousness. It has many folds that start forming during fetal development and serve to increase its surface.

Beneath the cerebral cortex, is the so-called "white matter" (the color is given by the myelin around the axons), formed by the long axons of the neurons that ensure the interconnection between the different parts of the brain [START_REF] Stiles | The Basics of Brain Development[END_REF] .

Many other deep structures of the cerebrum play various and specific roles and some of them are shown in Figure 14B. The hypothalamus controls autonomic behaviors such as hunger, thirst, sleep and sexual response [START_REF] Dudás | The Human Hypothalamus: Anatomy, Functions and Disorders[END_REF] , while the thalamus is the connection center for almost all information that comes and goes to the cortex and intervenes in pain sensation, attention, alertness and memory. The amygdala controls emotional reactions, while the hippocampus is the master center for long-term memory formation [START_REF] Rajmohan | The Limbic System[END_REF] .

Inside the cerebrum, there is also a system of ventricles where the cerebrospinal fluid (CSF) is produced, then distributed in a way that it surrounds the brain and the spinal cord (they bath in the CSF which acts as a protective cushion) [START_REF] Shenoy | Neuroanatomy, Ventricular System[END_REF] .

Finally, the brain's protection against pathogens and toxins circulating in the blood is ensured by the blood-brain barrier (BBB). The BBB is composed of the highly selective and semi-permeable endothelial cells of the brain capillaries that are joined continuously by tight junctions [START_REF] Daneman | The Blood-Brain Barrier[END_REF] . They restrict the passage of pathogens and certain molecules (like the large and hydrophilic ones), while giving passage to ions and molecules that are essential for brain functioning such as glucose and amino-acids.

The BBB is functional by the time of birth but can become leaky under certain conditions at different stages of life [START_REF] Abbott | Structure and Function of the Blood-brain Barrier[END_REF] . Unfortunately increased permeability of the BBB is associated with inflammation and neurological diseases such as amyotrophic lateral sclerosis [START_REF] Brylev | Disruption of Blood-Brain Barrier in Amyotrophic Lateral Sclerosis: An Update[END_REF] , multiple sclerosis [START_REF] Alvarez | Disruption of Central Nervous System Barriers in Multiple Sclerosis[END_REF]) , epilepsy (van Vliet et al. 2015) , and even Alzheimer's disease [START_REF] Ujiie | Blood-Brain Barrier Permeability Precedes Senile Plaque Formation in an Alzheimer Disease Model[END_REF] .

Gene Expression Dynamics of the Brain

The human brain represents only approximately 2% of the adult body weight.

However it consumes around 20% of the total body oxygen and 25% of total body glucose (the glucose being its main source of energy). A decreased supply of O 2 and/or glucose can lead very rapidly to negative consequences for the brain, including permanent death of neurons. Probably one of the reasons for this high metabolic activity is linked to the higher gene expression levels and mRNA transcriptome complexity observed in the brain (together with the kidney and testes) compared to other tissues [START_REF] Ramsköld | An Abundance of Ubiquitously Expressed Genes Revealed by Tissue Transcriptome Sequence Data[END_REF][START_REF] De La Grange | Splicing Factor and Exon Profiling across Human Tissues[END_REF] . Similar enrichment in the brain tissue is also observed for some regulatory elements, such as lncRNAs and miRNAs. It is known that ncRNAs play key roles in neuronal differentiation, development, and synaptic plasticity.

The brain transcriptome is characterized by spatial and temporal dynamics [START_REF] Naumova | Gene Expression in the Human Brain: The Current State of the Study of Specificity and Spatiotemporal Dynamics[END_REF] . Different substructures of the brain express gene sets according to their anatomical and functional specificity [START_REF] Lockhart | DNA Arrays and Gene Expression Analysis in the Brain[END_REF][START_REF] Roth | Gene Expression Analyses Reveal Molecular Relationships among 20 Regions of the Human CNS[END_REF] .

Intriguingly, studies in animals show that in some brain substructures (cerebellum, amygdala, and hippocampus), there is a relation between gene expression sets and performances (on motor tasks for example) [START_REF] Nadler | Large-Scale Gene Expression Differences across Brain Regions and Inbred Strains Correlate with a Behavioral Phenotype[END_REF] .

Needless to say that the brain is a particularly complex and well regulated structure with huge energy demands, which makes it an immediate victim of any gene expression derangements and can provoke problems during neurodevelopment or in later stages of life.

Intellectual Disability

Intellectual disability (ID), previously known as mental retardation (MR), is a neurodevelopmental disease, defined by significant limitations both in intellectual functioning and in adaptive behavior, which covers a range of everyday social and practical skills. The disease onset is before the age of 18 years. The old term "mental retardation" has been replaced by the term "intellectual disability" by the American Psychiatric Association in 2013 (American Psychiatric Association 2013) and officially accepted by the USA Social Security Administration in the same year ("National Archives and Records Administration, Website," Document N°: 2013-18552) . The reasons for this change are that the term "mental retardation" had negative connotations and had become offensive for many people, while resulting in misunderstandings about the nature of the disorder.

The intellectual functioning includes the mental capacities for learning, reasoning and problem solving [START_REF] Browder | Book Review: Intellectual Disability: Definition, Classification, and Systems of Supports. 11th Edition[END_REF] . Today, it is measured by IQ (intelligence quotient) tests and a score around or below 70 is considered as indicative for limited intellectual functioning. When it comes to adaptive behaviour, various tests are used to evaluate three types of skills: 1) conceptual skills -language and literacy; money, time, and number concepts; and self-direction; 2) social skills -interpersonal skills, social responsibility, self-esteem, gullibility, naïveté (i.e., wariness), social problem solving, and the ability to follow rules, obey laws, and avoid being victimized; and 3) practical skills -activities of daily living (personal care), occupational skills, healthcare, travel/transportation, schedules/routines, safety, use of money, use of the telephone [START_REF] Vannest | AAIDD (American Association on Intellectual Developmental Disabilities) Classification Systems[END_REF] . The diagnosis of intellectual disability is a complex issue. It is done accordingly to the three above-mentioned major criteria: significant limitations in intellectual functioning, significant limitations in adaptive behavior, and onset before the age of 18. However, it is extremely difficult to design an intelligence test that is not biased by factors such as community environment typical of the individual's peers and culture; linguistic diversity; cultural differences in the way people communicate, move, and behavior [START_REF] Tassé | AAIDD Proposed Recommendations for ICD--11 and the Condition Previously Known as Mental Retardation[END_REF] .

FTSJ1-related Non-Syndromic X-Linked Intellectual Disability

A. First Evidence X-linked intellectual disability (XLID) is a genetically and clinically heterogeneous group of disorders of the brain and the nonsyndromic cases of XLID (NSXLID) account for approximately two-thirds of all cases. These are cases that can be challenging for diagnosis as they have no specific clinical, biochemical, or neurological features other than the intellectual disability [START_REF] Raymond | X Linked Mental Retardation: A Clinical Guide[END_REF] . Most genes underlying NSXLID remain unknown, however approximately 1/3 of all uncovered mutations cluster on the proximal short arm of the X chromosome [START_REF] Ropers | Nonsyndromic X-Linked Mental Retardation: Where Are the Missing Mutations?[END_REF] . The human FTSJ1 , encoding Ftsj RNA 2'-O-methyltransferase 1, is one of these genes and is located more precisely on the small arm of chromosome X (Xp11.23). Its loss of function has been strongly linked to NSXLID.

The first evidence for a link between FTSJ1 loss of function and NSXLID dates back to the early 90's. At the time the non-syndromic cases of ID were called nonspecific X-linked mental retardation (MRX) and there were no distinguishing features in the patients other than mental retardation (called intellectual disability today), which is still the case nowadays. The only way to distinguish the MRX families was by mapping studies which, in the past, were quite imprecise and shed doubts on the number of genes causing MRX. The story begins with a large Belgian family, classified as MRX9, and characterized by the mutation of a gene that was located in the pericentromeric region of the X chromosome at Xp21-q13 (Willems et al. 1993) . A later study refined the mapping of the MRX9 family to Xp11. 22-Xp11.4 (Winnepenninckx et al. 2002) . It took two more years to identify FTSJ1 as the gene that was affected in the MRX9 family (Ramser et al. 2004) .

Two other MRX families: MRX44 and MRX45, carrying a genetic defect localized to Xp11.3-p11.21 were described in the late 90's (Hamel et al. 1999;van Roosmalen et al. 1999) . Again, FTSJ1 was later identified as the affected gene in the MRX44 family, as well as in two other families: P48 and A3 (Freude et al. 2004) . Consistently with a role of FTSJ1 in intellectual development, this same study revealed increased mRNA levels of FTSJ1 in healthy foetal brain and in the healthy adult caudate nucleus (brain structure that plays a vital role in learning, specifically in storing and processing of memories) (Freude et al. 2004) . Finally other evidence for relation of FTSJ1 and NSXLID cases have appeared in the following years [START_REF] Bonnet | Pure de-Novo 5 Mb Duplication at Xp11.22-p11.23 in a Male: Phenotypic and Molecular Characterization[END_REF]Froyen et al. 2007;Takano et al. 2008;Dai et al. 2008;Gong et al. 2008;[START_REF] Hu | X-Exome Sequencing of 405 Unresolved Families Identifies Seven Novel Intellectual Disability Genes[END_REF]) . In addition, some studies focusing on patients with microduplications including FTSJ1 have revealed impaired cognitive ability and suggest a necessity of a fine regulation of FTSJ1 expression for normal brain functioning [START_REF] Bonnet | Pure de-Novo 5 Mb Duplication at Xp11.22-p11.23 in a Male: Phenotypic and Molecular Characterization[END_REF]Honda et al. 2010;[START_REF] El-Hattab | Microduplication of Xp11.23p11.3 with Effects on Cognition, Behavior, and Craniofacial Development[END_REF][START_REF] Nizon | Phenotype-Genotype Correlations in 17 New Patients with an Xp11.23p11.22 Microduplication and Review of the Literature[END_REF]Wang et al. 2019) .

B. FTSJ1 molecular function

FTSJ1 is a part of a large phylogenetically conserved family of RNA methyltransferases (Feder et al. 2003) . Its homolog in Escherichia coli is encoded by the 2′-O-rRNA methyltransferase FtsJ/RrmJ gene that targets the 23S rRNA by using SAM as a methyl-group donor [START_REF] Ogura | Structure and Function of the ftsH Gene in Escherichia Coli[END_REF][START_REF] Caldas | The FtsJ/RrmJ Heat Shock Protein of Escherichia Coli Is a 23 S Ribosomal RNA Methyltransferase[END_REF] . Interestingly, and importantly, SAM has the capacity to pass through the blood-brain barrier and is the sole methyl donor for many acceptors in the central nervous system (Chishty et al. 2002) . Also, a decrease of SAM levels in the cerebrospinal fluid or plasma has been linked to neurological disorders [START_REF] Bottiglieri | Ademetionine (S-Adenosylmethionine) Neuropharmacology: Implications for Drug Therapies in Psychiatric and Neurological Disorders[END_REF] , for example autism [START_REF] James | Metabolic Biomarkers of Increased Oxidative Stress and Impaired Methylation Capacity in Children with Autism[END_REF]) .

FTSJ1's counterpart in yeast is Trm7 who catalyzes the 2′-O-methylation of two nucleotide positions in the ACLs of various tRNAs (Pintard et al. 2002b) . The two enzymes are both part of the Trm7 subfamily of methyltransferases and share common tRNA targets, and most of what is known today for FTSJ1 has been inferred from discoveries in yeast.

Trm7 partners with Trm7-32 and Trm7-34 proteins to 2'-O-methylate positions 32 and 34 (the wobble position), respectively, in the anticodon loop (ACL) of tRNA Phe , tRNA Trp and tRNA Leu (Pintard et al. 2002b;Guy et al. 2012) . These two modifications (especially Nm 34 ) are a prerequisite for a third modification in the ACL specifically of tRNA Phe by another enzyme. More particularly, in S. cerevisiae and in Schizosaccharomyces pombe , Nm on position 34 is of great importance for the transformation of the m 1 G at position 37 into wybutosine (yW) (Noma et al. 2006;Guy et al. 2012;Guy and Phizicky 2015) , a molecular circuitry, conserved also in humans where m 1 G 37 becomes peroxy-wybutosine (o2yW) (Guy et al. 2015) . Indeed, as already mentioned earlier, FTSJ1 targets the same positions (32 and 34) in the same tRNAs (Phe, Trp and Leu) and is assisted by protein partners homologous to Trm7-32 (THADA in humans) and to Trm7-34 (WDR6 in humans) (Guy and Phizicky 2015;Guy et al. 2015;Kawarada et al. 2017;Li et al. 2020) .

Intriguingly, a recent studies reveals an even more complex circuitry of modifications interconnections in the ACL of tRNA Phe in human, as it turns out that the presence of m 1 G 37 is necessary for the 2'-O-methylation of positions 32 and 34 (Li et al. 2020) . Finally, it seems that in yeast positions 32 and 34 are themselves Nm-modified in an hierarchical order: Nm 34 is dependent on the forward deposition of Nm 32 [START_REF] Hirata | Structure of tRNA Methyltransferase Complex of Trm7 and Trm734 Reveals a Novel Binding Interface for tRNA Recognition[END_REF]) .

The high level of conservation between FTSJ1 and Trm7 is further undeligned by the fact that expression of human FTSJ1 can save the severe growth phenotype of Δ trm7 yeast (Guy and Phizicky 2015) . Interestingly, the slow growth phenotype of Δ trm7 yeast has been attributed to translation impairment (Pintard et al. 2002b;Han et al. 2018) and can be saved (both in S. cerevisiae and S. pombe ) by overexpression of tRNA Phe , but not of tRNA Trp , nor of tRNA Leu (Guy et al. 2012;Guy and Phizicky 2015) . Recently it became clear that Δ trm7 yeast constitutively activates a robust general amino acid control (GAAC) response which acts through GCN2 (General Control Nonderepressible 2), a sensor of uncharged tRNA (Han et al. 2018) . During the writing of my PhD manuscript, last June, it was reported that in human cells the loss of FTSJ1 leads to decreased translation efficiency of UUU codon by tRNA Phe(GAA) (which decodes both UUU and UUC codons) (Chan and Lowe 2016;Li et al. 2020) . In accordance with the NSXLID link of FTSJ1 loss of function, a bioinformatics analysis showed that around 40% of human genes carrying a TTT codon biase are actually implicated in brain functioning (Li et al. 2020) . Further insights into the molecular pathways in which FTSJ1 is implicated and the exact way its loss underlies NSXLID pathogenesis, are still lacking today.

During my PhD, I performed mechanistic studies on human FTSJ1 by using lymphoblastoid cell lines (LCLs) derived from blood samples of NSXLID patients ( vs. healthy individuals as controls). Since the discovery of the link between FTSJ1 and NSXLID, multiple LCLs have been established carrying different loss of function mutations in FTSJ1 and the known ones have been summarized in Table 1 in (Dimitrova et al. 2019) . A particularly interesting LCL is the one carrying a p.A26P mutation in FTSJ1 leading to the loss of 2'-O-methylation specifically on position 34 (wobble) of the targeted tRNAs, while Nm 32 is maintained. The important thing to note here is that Nm 34 seems to be the decisive modification relative to NSXLID pathogenesis as the loss of Nm 34 , even in the presence of Nm 32 , is sufficient to cause the disease (Guy et al. 2015) . Despite human FTSJ1 being a part of a highly conserved Trm7 Nm-MTase family, the possibility of modeling FTSJ1-related ID in animal models has emerged only recently. A study from last year reports on FTSJ1-deficient mice presenting impaired learning capacity altered behavioral features, thus recapitulating symptoms comparable to the intellectual disability and adaptational problems observed in NSXLID patients [START_REF] Jensen | A Mouse Model for Intellectual Disability Caused by Mutations in the X-Linked 2′-O-methyltransferase Ftsj1 Gene[END_REF] . This is encouraging in terms of the possibility to use an animal model to study FTSJ1-related NSXLID in vivo compared to using human cell lines.

Many unknowns remain today concerning the biological significance of human FTSJ1. The totality of FTSJ1's (t)RNA targets hasn't been addressed so far. Indeed, tRNA Phe , tRNA Trp and tRNA Leu are not the only human tRNA species with Nm 32 and Nm 34 and numerous others are uncharacterized [START_REF] Boccaletto | MODOMICS: A Database of RNA Modification Pathways. 2017 Update[END_REF] . It is possible that FTSJ1 can target additional tRNA species to the ones described so far and hypomodification of any of these potential unknown targets could contribute to ID. Finally, it is unclear how exactly the loss of FTSJ1 modifications provokes ID: tRFs accumulation? small RNA deregulation? translational problems? Questions that I tried to, at least to some extent, address during the second half of my PhD.

FTSJ1 in Cancers

Evidence for FSTJ1 implication in cancers

Epitranscriptomic signatures of RNAs in cancer cells are disrupted in a way to promote cancer-prone signatures. This has been well studied relative to m 6 A RNA modification [START_REF] Lobo | The Emerging Role of Epitranscriptomics in Cancer: Focus on Urological Tumors[END_REF][START_REF] Lian | Deciphering the Epitranscriptome in Cancer[END_REF] , however 2'-O-methylation itself has been linked to cancer, notably the one deposited by Fibrillarin (Marcel et al. 2013;Su et al. 2014;[START_REF] Lobo | The Emerging Role of Epitranscriptomics in Cancer: Focus on Urological Tumors[END_REF]) . FTSJ1, the focus of my PhD work, has never been clearly associated with tumorigenesis until two surprising recent studies on hepatocellular carcinoma and in non-small cell lung cancer (NSCLC).

The first of these two studies finds FTSJ1 entangled in a cancer-relevant regulatory network implicating the tumor suppressor protein p53 (or TP53 for tumor protein 53), p21 (or CDKN1A for Cyclin-dependent kinase inhibitor 1A) and Nup155 (Nucleoporin 155, a type of nuclear pore complex -NPC). It turned out that in murine and human hepatocellular carcinoma, Nup155 regulates transcriptionally FTSJ1, which in turn regulates translationaly p21. Interestingly, p21 is a key mediator of the p53 response and it seems that the later targets for repression Nup155 and FTSJ1 [START_REF] Holzer | Nucleoporin Nup155 Is Part of the p53 Network in Liver Cancer[END_REF]) . The second study found, in NSCLC tissues and cells, a decreased amount of 2ʹ-O-methyladenosine (Am) modification associated with decreased expression of FTSJ1.

Importantly, overexpression of FTSJ1 in vivo significantly suppressed the growth of NSCLC cells through silencing DRAM1 (DNA-Damage Regulated Autophagy Modulator 1) expression. These findings not only identify FTSJ1 as tumor suppressor in NSCLC, but also demonstrate a new target nucleotide for the enzyme: A (adenosine) (He et al. 2020a) .

Diving into mice studies from 40 years ago, bring actually to the surface an already revealed link between tRNA Phe 's Nm 32 and Nm 34 , and cancer (Pergolizzi and Grunberger 1980;Kuchino et al. 1982) , except that at the time the enzyme responsible for these modifications was unknown. tRNA Phe isolated from Ehrlich ascites tumor and neuroblastoma cells showed altered post-transcriptional modification profiles in the ACL.

They had whether a hypomethylated wybutosine at position 37 (mostly in Ehrlich ascites tumor cells) (Pergolizzi and Grunberger 1980;Kuchino et al. 1982) , whether had outright m 1 G 37 and no Nm on positions 32 and 34 (mostly in neuroblastoma cells) (Kuchino et al. 1982) . The common point in these two cancer cell lines is the loss of proper hypermethylation at position 37 and today we know that loss of FTSJ1 prevents the transformation of m 1 G 37 into 2oyW 37 (Guy et al. 2015) . This hypermodification of position 37 though is not executed by FTSJ1. Most of the Ehrlich ascites tumor cells have maintained Cm 32 and Gm 34 and their tumorigenesis is probably not mainly due to FTSJ1 loss (Kuchino et al. 1982) . In the case of most neuroblastoma cells however, Cm 32 and Gm 34 are both lacking and have instead C 32 and G 34 (Kuchino et al. 1982) which with today's knowledge on FTSJ1's function and targets, links directly the enzyme to this type of tumour. This FTSJ1 loss related tumorigenesis may be explained by the subsequent loss of 2oyW 37 . It is quite intriguing to find FTSJ1, an ID-linked gene, in relationship with a cancer type originating from cells of the nervous system. Other factors are probably implicated in the described tumorigenesis, as neuroblastoma is most often found in children and hasn't been reported so far in FTSJ1-lacking NSXLID patients.

Cancer Neuroscience

Cancer neuroscience is an emerging field that studies the newly appreciated bi-directional relationship between the nervous system activity and cancer formation and progression [START_REF] Monje | Roadmap for the Emerging Field of Cancer Neuroscience[END_REF][START_REF] Jung | Neuronal Signatures in Cancer[END_REF]) . The nervous system is the master regulator of diverse tissues and processes ( e.g. , development, homeostasis, plasticity and regeneration) and it seems that cancer cells do not escape the rule. Lately, it has become evident that the nervous system can interact with cancers in a way which can foster their growth [START_REF] Zahalka | Nerves in Cancer[END_REF][START_REF] Amit | Loss of p53 Drives Neuron Reprogramming in Head and Neck Cancer[END_REF]) and that tumor cells can exploit neuronal and neurodevelopmental pathways to thrive [START_REF] Jung | Emerging Intersections between Neuroscience and Glioma Biology[END_REF] . The concept of "Cancer Neuroscience" aims at explaining the basic biology and therapy resistance of primary and metastatic brain tumors, but also of tumors outside the brain [START_REF] Faulkner | Tumor Neurobiology and the War of Nerves in Cancer[END_REF][START_REF] Zahalka | Nerves in Cancer[END_REF]) .

The nervous system-cancer pathogenesis link is further highlighted by curious examples of relations between concrete neurological conditions and brain tumors. There is a growing suspicion that some brain diseases may be a predisposing factor for tumorigenesis. One such example are patients with Noonan Syndrome (a neurodevelopmental disease), who have a higher risk of developing different types of brain tumors (mostly high-grade gliomas) (El- [START_REF] Ayadi | RNA ribose methylation (2 ′ -O-methylation): occurrence, biosynthesis and biological functions[END_REF] . Also, the neurodegenerative Alzheimer's disease and malignant brain tumors have some deregulated genes in common and may share some environmental risks (Lehrer 2018) .

Similarly, NSXLID shares two common deregulated genes with cancers: the GDI ( GDP Dissociation Inhibitor ) gene [START_REF] D'adamo | Mutations in GDI1 Are Responsible for X-Linked Non-Specific Mental Retardation[END_REF][START_REF] Porter | Deregulation of Rho GTPases in Cancer[END_REF] , and FTSJ1 which was the focus of my PhD project [START_REF] Holzer | Nucleoporin Nup155 Is Part of the p53 Network in Liver Cancer[END_REF]He et al. 2020a) . Considering that glioma cells have quite similar miRNA expression profiles to embryonic and neural precursor cells (and different from adult brain cells) [START_REF] Lavon | Gliomas Display a microRNA Expression Profile Reminiscent of Neural Precursor Cells[END_REF] it would be interesting as well to explore if a neurodevelopmental diseases such as NSXLID shares common mRNA expression patterns with cancer. The recent findings on FTSJ1's role in cancer give us prospective molecular pathways for exploring this relation ( e.g. , p53 , p21 , DRAM1 , translation regulation etc.) [START_REF] Holzer | Nucleoporin Nup155 Is Part of the p53 Network in Liver Cancer[END_REF]He et al. 2020a) .

Considering the well-established role of FTSJ1 in neurodevelopment, the next step would be to examine the tumor-associated mechanisms in brain cancer context, where this enzyme is susceptible to play a particularly significant role.

Glioblastoma

A. General Presentation

Glioma is a common type of brain tumor that originates from the glial cells ( e.g., astrocytes, oligodendrocytes and ependymal cells) that provide support to the neurons.

The most aggressive type of glioma is glioblastoma multiforme (GBM) which is a high-grade (grade IV) astrocytoma (derived from astrocytes or oligodendrocytes more rarely). GBM is extremely rapidly growing and invasive and GBM patients have poor prognosis with median survival of ~10 months (Zhu et al. 2017) .

Inhibitors of various aberrantly expressed potential therapeutic targets (EphA3, EGFR, VEGF, PDGFR, and MET) have been used as anti-cancer therapies with limited clinical success so far [START_REF] Taylor | Glioblastoma Multiforme: An Overview of Emerging Therapeutic Targets[END_REF] . This underlines the need for better understanding of the basic biology of GBM in order to identify new therapeutic targets. Lately, epigenetic modulators, including miRNAs [START_REF] Banelli | MicroRNA in Glioblastoma: An Overview[END_REF] , have become targets for investigations because of the multiple aspects in which they can affect cancer [START_REF] Kelly | The Promise of Epigenetic Therapy: Reprogramming the Cancer Epigenome[END_REF][START_REF] Biswas | Epigenetics in Cancer: Fundamentals and Beyond[END_REF] . This is also true for RNA modifications (Delaunay and Frye 2019; Barbieri and Kouzarides 2020) . In the next section, I describe briefly various examples of miRNAs associated with glioblastoma, which will be relevant for the interpretation of some of the experiences reported in the RESULTS part of the current PhD manuscript.

B. Glioblastoma and small RNAs

miRNAs have a multitude of targets in a multitude of tissues, it is thus mostly impossible to determine a unique oncogenic or onco-protective role for each one of them. Such effects are context dependent according to the biological tissue and developmental stage concerned. Significant advances have been made into understanding the role of many miRNAs in glioblastoma [START_REF] Banelli | MicroRNA in Glioblastoma: An Overview[END_REF]) and many of them have biomarkers potential for diagnosis, prediction of outcome and for monitoring response to therapies.

Historically, the first oncogenic miRNA (oncomiR) that was found in glioblastoma was miR-21 which has the capacity to silence the expression of many oncosuppressor genes [START_REF] Chan | MicroRNA-21 Is an Antiapoptotic Factor in Human Glioblastoma Cells[END_REF][START_REF] Corsten | MicroRNA-21 Knockdown Disrupts Glioma Growth in Vivo and Displays Synergistic Cytotoxicity with Neural Precursor Cell-delivered S-TRAIL in Human Gliomas[END_REF]) . miR-21, together with miR-221/mir-222 and miR-335, has anti-apoptotic activity and is over-expressed in glioblastoma [START_REF] Papagiannakopoulos | MicroRNA-21 Targets a Network of Key Tumor-Suppressive Pathways in Glioblastoma Cells[END_REF][START_REF] Zhang | MiR-221 and miR-222 Target PUMA to Induce Cell Survival in Glioblastoma[END_REF][START_REF] Shu | Targeting Oncogenic miR-335 Inhibits Growth and Invasion of Malignant Astrocytoma Cells[END_REF] . miR-363 is another example of an upregulated miRNA in GBM and it's level of expression correlates with the grading of glioma cell cultures [START_REF] Conti | MiRNA Expression Profiling in Human Gliomas: Upregulated miR-363 Increases Cell Survival and Proliferation[END_REF] .

Moreover, the same study successfully increased the expression of the tumor suppressor GAP43 (Growth Associated Protein 43) and reduced glioma cell viability by transfecting the cells with a miR-363 inhibitor. miR-182 and miR-183 overexpression has been implicated in the progression of several human cancers [START_REF] Lu | miR-183 Induces Cell Proliferation, Migration, and Invasion by Regulating PDCD4 Expression in the SW1990 Pancreatic Cancer Cell Line[END_REF][START_REF] Suzuki | miR-182 and miR-183 Promote Cell Proliferation and Invasion by Targeting FOXO1 in Mesothelioma[END_REF][START_REF] Li | MiR-182 Inhibits the Epithelial to Mesenchymal Transition and Metastasis of Lung Cancer Cells by Targeting the Met Gene[END_REF] , including GBM [START_REF] Jiang | miR-182 as a Prognostic Marker for Glioma Progression and Patient Survival[END_REF][START_REF] Kouri | miR-182 Integrates Apoptosis, Growth, and Differentiation Programs in Glioblastoma[END_REF][START_REF] Pavlakis | Interaction between Transcription Factors PAX6/PAX6-5a and Specific Members of miR-183-96-182 Cluster, May Contribute to Glioma Progression in Glioblastoma Cell Lines[END_REF] . It was also later reported that miR-182-5p specifically promotes glioma tumorigenesis through targeting the tumor suppressor protocadherin-8 (PCDH8) [START_REF] Xue | miR-182-5p Induced by STAT3 Activation Promotes Glioma Tumorigenesis[END_REF]) .

On the other side, the let-7 miRNA family is considered as tumor suppressor because of the capacity its members have to inhibit glioblastoma cell proliferation [START_REF] Lee | Let-7 microRNA Inhibits the Proliferation of Human Glioblastoma Cells[END_REF][START_REF] Huang | Let-7c Inhibits the Proliferation, Invasion, and Migration of Glioma Cells via Targeting E2F5[END_REF]) . On molecular level, let-7 members interfere with the histone methyltransferase EZH2 (Enhancer of zeste homolog 2) [START_REF] Cai | Let-7a Inhibits Proliferation and Induces Apoptosis by Targeting EZH2 in Nasopharyngeal Carcinoma Cells[END_REF]) and inhibits MYC (c-myc) [START_REF] Sampson | MicroRNA Let-7a down-Regulates MYC and Reverts MYC-Induced Growth in Burkitt Lymphoma Cells[END_REF]) and K-RAS (Kirsten rat sarcoma viral oncogene homolog) oncogenes [START_REF] Johnson | RAS Is Regulated by the Let-7 microRNA Family[END_REF][START_REF] Wang | Overexpressed Let-7a Inhibits Glioma Cell Malignancy by Directly Targeting K-Ras, Independently of PTEN[END_REF] .

All members of the miR-181 family (including miR181a1, a2, b1, b2, c and d) are downregulated in GBM [START_REF] Yang | Role of the microRNA 181 Family in Glioma Development[END_REF] . There is evidence of miR-181 being able to inhibit GBM cell proliferation, invasion and migration when overexpressed [START_REF] Zhai | MicroRNA-181 Inhibits Glioblastoma Cell Growth by Directly Targeting CCL8[END_REF]) and for potential utility in predicting response to therapies [START_REF] Slaby | MicroRNA-181 Family Predicts Response to Concomitant Chemoradiotherapy with Temozolomide in Glioblastoma Patients[END_REF][START_REF] Zhang | MiR-181b-5p Modulates Chemosensitivity of Glioma Cells to Temozolomide by Targeting Bcl-2[END_REF] .

A study in a small cohort in GBM patients revealed that the levels of expression of miR-125b and miR-497 in their blood serum enabled the distinction between low-and high-grade glioma. These two miRNAs were more likely to be down-regulated in lower grade patients [START_REF] Regazzo | A Restricted Signature of Serum miRNAs Distinguishes Glioblastoma from Lower Grade Gliomas[END_REF] .

The list of examples for glioblastoma-related miRNAs can go on and on, but the point is that small RNAs, in particular miRNAs, certainly play a role in this disease and some of them have probably biomarker or even therapeutic potential.

Transition

Post-transcriptional RNA modifications (notably Nm), tRFs and sncRNA silencing seem to be entangled somehow in a manner that is relevant to disease conditions such as cancer and intellectual disability. This certainly complex link is not well explored yet and during my PhD work I attempted to address it both in the Drosophila model system and in human cell lines derived from blood samples of FTSJ1-related NSXLID patients. I took part in the molecular characterization of the fly Trm7_32 and Trm7_34 proteins -two Nm-MTases implicated in the sncRNA silencing pathways and also orthologs of the human FTSJ1, itself implicated in NSXLID and recently in cancers.

The conservation in humans of some of the phenotypes observed in Drosophila mutants for these enzymes, e.g. specific tRF accumulation, represents an interest in the diseases context. tRFs, as seen earlier, are good candidates for establishing biomarkers for diagnosis and prognosis of both cancers and brain-related FTSJ1 diseases. Finally, disruption of sncRNA silencing, which has versatile effects on gene expression regulation, was never reported before in FTSJ1 loss of function context. Addressing this matter could play a crucial role in deciphering FTSJ1-associated pathogenic molecular mechanisms.

RESULTS

Aims of the PhD project part I

At my arrival in the " Drosophila Genetics and Epigenetics " team, today " Transgenerational Epigenetics and small RNA biology ", I followed up on a project that was initiated by previous team members. My host team has been interested in the gene regulation expression mediated by the sncRNA silencing pathways for a long time and has used various biosensors to screen the Drosophila genome or parts of it for novel players of these pathways. CG7009 and its paralog CG5220 were two of these novel actors and shared an extreme similarity with one another on amino acid sequence level [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] . Their predicted function of tRNA 2'-O-methyltransferases (Nm-MTases) had raised the curiosity of all the team members and it has become my goal to characterize their molecular function and gain insights into their role in the sncRNA silencing pathways. Indeed, at the time, tRNA modifying enzymes were not typically expected to affect the sncRNA silencing.

It turned out that proteins with very similar amino acid sequence to CG7009 and CG5220 exist in Schizosaccharomyces cerevisiae (Trm7) (Guy et al. 2012) and the phylogenetically distinct Schizosaccharomyces pombe (Trm7) (Guy and Phizicky 2015) , as well as in humans (FTSJ1) (Pintard et al. 2002b;Guy et al. 2015) . These potential orthologs of CG7009 and CG5220 are all characterized tRNA 2'-O-methyltransferases with specific targets: positions 32 and 34 in the anticodon loop of tRNA Phe , tRNA Trp and tRNA Leu (Pintard et al. 2002b;Guy et al. 2015) . Both CG7009 and CG5220 have kept the amino acid sequence region that was predicted to bear the methyltransferase catalytic activity. Through techniques for Nm detection such as MALDI-TOF as well as the cutting edge Illumina-based RiboMethSeq (Marchand et al. 2016a) , me and another PhD student, Margarita Angelova, demonstrated the 2'-O-methyltransferase activity of these two Drosophila proteins. We also confirmed the conservation of their predicted tRNA targets and discovered novel ones, unreported so far [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] .

We observed through northern blot analysis an accumulation of specific 5'-tRNA Phe fragments (tRFs) in CG7009 mutant context [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] . At the time, tRFs were often considered as degradation products even though interactions with the main effector proteins of the sncRNA silencing pathways -the Argonautes (AGOs), were already reported [START_REF] Yeung | Pyrosequencing of Small Non-Coding RNAs in HIV-1 Infected Cells: Evidence for the Processing of a Viral-Cellular Double-Stranded RNA Hybrid[END_REF]) . As northern blot analysis showed no decrease in mature tRNA Phe in CG7009 mutant flies, we considered an actual function of the accumulated 5'-tRF-Phe. I hypothesized that in CG7009 mutant flies, the abundant tRFs bind to specific AGOs and saturate them, thus perturbing the canonical sncRNA silencing.

The Ago2-dependent miRNA pathway being the most clearly affected in CG7009 mutant flies [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] , I tested my hypothesis on Drosophila Ago2.

For this purpose, I performed RNA Immunoprecipitation (RIP) of Ago2-Flag recombinant protein from whole flies and used different strategies to detect the binding of the 5'-tRF-Phe to this protein. The preliminary results from a specific stem-loop RT-qPCR detection of small RNAs were in favour of this hypothesis: I found more 5'-tRF-Phe in Ago2 RIP samples from CG7009 mutant flies than from wild type flies. However, because of high background signal, I consider this data with precaution and I think that to date the experiment needs further set-up in order to be conclusive.

CG7009 and CG5220 mutant flies are viable and fertile, however their lifespan, body size and antiviral defenses are decreased [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] .

They also perform poorly in climbing assays when compared to control, which may be explained by motor neuron or brain issues (or both) [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] .

The lack of Trm7 in yeast and of FTSJ1 in humans, leads to slow growth phenotype (Pintard et al. 2002b;Guy et al. 2012;Guy and Phizicky 2015) and to Intellectual Disability (ID), respectively (Freude et al. 2004;Ramser et al. 2004;Froyen et al. 2007;Takano et al. 2008) . The yeast phenotype has been linked to perturbations in the translation regulation (Han et al. 2018) and we found translation related problems in the double CG7009, CG5220 mutant flies, especially in their heads. The exact molecular mechanisms underlying the FTSJ1-associated ID, on the other hand, are completely unknown today. I addressed this subject during the second half of my PhD and it will be discussed in detail in another chapter.

In addition, seventeen new genes, unreported so far as implicated in the Ago2-dependent miRNA pathway, scored positively in this genetic screen. CG7009, encoding an uncharacterized protein, was one of these genes and was also the central subject of my PhD research (Fig. 2; also see Fig. 1B (All we knew in the beginning…)

DataBases and alignments search on the uncharacterized CG7009 fly protein

FlyBase ( https://flybase.org/ ) is a database of Drosophila genes and genomes largely used in the fly genetics community. FlyBase described CG7009 (FlyBase ID: FBgn0038861) as a protein coding gene predicted to produce a rRNA 2'-O-methyltransferase with length of 320 aa (amino acids). An amino acid sequence alignment of CG7009 through blast showed more than 50% identity to proteins with already demonstrated 2'-O-methyltransferase function, actually targeting tRNAs and not rRNAs. The proteins in question are the human FTSJ1 (51% aa identity) and yeast Trm7 (52% aa identity) (Fig. 3A and3B). CG7009 also shares 63% of aa sequence identity with another uncharacterized Drosophila melanogaster protein: CG5220 (Fig. 3A and3B), which itself shares a high percentage of aa sequence identity with human FTSJ1 and yeast Trm7. It is common for paralogs not to keep identical functions due to decreased selective pressure on at least one of them and thus it was not disturbing that CG5220 was not detected in the initial automiG genetic screen in S2 cells. Curiously however, CG5220 had conserved the methyltransferase domain the same way as CG7009 so we took interest in both proteins.

Our team, in collaboration with Dr. Matthias Schaefer from the Medical University of Vienna, generated a catalytically dead mutant flies for CG5220 carrying a point mutation (K28>A, later call K>A) in the predicted active site of the methyltransferase domain by using the CRISPR-Cas9 technology. The CG5220 K>A mutant flies were then recombined with flies mutant for CG7009 (Piggybac insertion in the protein coding sequence) in order to obtain double mutants for these two genes [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF]) .

The prediction that CG7009 is an RNA methyltransferase was a surprising one.

What was even more surprising was that its putative orthologs in humans and in yeast target tRNA molecules. The link between a tRNA-modifying enzyme and the observed deregulation in the sncRNA silencing pathways was not evident.

Before going further in the characterization of the molecular function of CG7009, our team tested its implication in the other sncRNA silencing pathways. Finally, gypsy-LacZ (somatic piRNA specific) (Sarot et al. 2004) and burdock (germline specific) (Handler et al. 2013) measurements with my help. The adult male flies homozygous for CG7009, CG5220 double mutation had a statistically significant body weight decrease of 8% compared to control flies (heterozygous double mutant) (Fig. 6B and6D; also see Fig. 2A in [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] . In females, we observed an even more important drop in the body weight: 20,5% (Fig. 6A and5C; also see The same type of climbing assay can also be used for assessing proper motor-neuron functioning and spatial orientation in flies in addition to locomotion performances, even though the precise distinction between these phenotypes is not obvious. Considering the implication of human FTSJ1 in intellectual disability (ID), it is intriguing to find out if CG7009 and CG5220 mutant flies have brain related problems. The climbing assay is currently being adapted to approach this question by the addition of brain specific rescue fly lines using the UAS/ GAL4 system that allows a tissue and temporal specific expression of a rescue transgene in a mutant context. We are particularly interested in testing if the rescue expression of CG7009 solely in the neurons (by using Elav-Gal4) is sufficient to reverse the observed slow climbing phenotypes of the CG7009 mutant flies. A potential positive result would bring evidence for neuro-related issues in CG7009 mutant flies.

Why such an interest for CG7009 and not for CG5220? As it will become clear in the next RESULTS' section, Drosophila CG5220 methylates position 32 of specific tRNA targets and CG7009 -their position 34. In humans, FSTJ1 is the sole enzyme responsible for the methylation of both of these positions and its loss of function has been linked to NSXLID. There are, however, NSXLID patients bearing a specific mutation in FTSJ1 causing the loss only of position 34's methylation. Thus, the loss of FTSJ1-mediated modification on position 34 is sufficient for provoking intellectual disability symptoms and explains our particular interest towards Drosophila CG7009 in brain-related phenotype context.

Characterizing the molecular function of CG7009 and CG5220

My primary goal after starting my PhD was to characterize the molecular function of CG7009 and its paralog CG5220. Regarding the blast results that we generated (Fig. 3) and the literature, both proteins were predicted to have a 2'-O-methyltransferase activity and to act on nucleotides C 32 and N 34 of specific tRNA targets (tRNA Phe , tRNA Trp and tRNA Leu ) (Guy et al. 2012;Pintard et al. 2002b) . At first we focused on tRNA Phe as a test target for CG7009, as its sequence and modifications profiles are well described in several organisms including yeast, humans and flies [START_REF] Boccaletto | MODOMICS: A Database of RNA Modification Pathways. 2017 Update[END_REF] . We thus checked for Nm variations in tRNA Phe purified from CG7009 mutant vs. control (heterozygous CG7009 mutant) flies by Liquid Chromatography coupled to Mass Spectrometry (LC-MS/MS). The results were in favour of a Nm-MTase activity of CG7009 on a guanosine residue in tRNA Phe (data not shown), however as individual nucleosides are analyzed in LC-MS/MS, the method cannot give us the exact position of the modification. To unravel this important detail, we then performed an RNase digestion (with RNase A for guanosine analysis or RNase T1 for pyrimidines analysis) of purified tRNA Phe coupled to MALDI-TOF analysis, this time testing CG5220 and CG7009, CG5220 double mutants in addition to the CG7009 mutant flies. Fragments with different sizes were produced according to the methylation status of the nucleotides and deducing their m/z (mass-to-charge) ratio allowed us to precisely determine not only the nature, but also the position of the RNA modification (see Fig. S4B in [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] .

The results demonstrated that CG7009 2'-O-methylates position G 34, while CG5220 2'-O-methylates position C 32 of tRNA Phe (see Fig. 5A, 5B, S5A and S5B in [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] . This was a surprising discovery regarding the fact that in yeast and in humans, both positions C 32 and G 34 of tRNA Phe are modified by a single enzyme (Guy et al. 2012(Guy et al. , 2015) ) . LC-MS/MS and RNase digestion coupled to MALDI-TOF are well-established procedures in the mapping of RNA modifications by mass spectrometry. Both experiments were performed with the great help of our collaborators, Dr. Damien Brégeon and Mrs.

Catherine Goyenvalle from the IBPS team of Dr. Olivier Jean-Jean, as well as Mr. Vincent Guérineau from the ICSN Mass Spectrometry platform at Gif-sur-Yvette.

In addition, to support these results and to gain a wider overview on the tRNA targets of CG7009 and CG5220 in Drosophila , we performed a RiboMethSeq analysis (Marchand et al. 2016a) in collaboration with Pr. Yuri Motorin and Dr. Virginie Marchand from the University of Lorraine. The method combines random alkaline RNA fragmentation with high-throughput sequencing and allows simultaneous detection of multiple modification sites from small amounts of biological material. The principle is based on the ability of the 2'-O-methylation (Nm) to protect the phosphodiester bond at the 3'-end of the Nm-modified nucleotide against nucleophilic hydrolysis under alkaline conditions. This results in the exclusion of fragments starting or ending at the +1 nucleotide of a Nm modified residue from the sequencing libraries (Birkedal and Christensen-Dalsgaard 2015) . Thus, by analyzing the "gaps" of the mapped read ends profiles, the position adjacent to an Nm residue can be deduced at the nucleotide resolution (Fig. 9). We took advantage of the RiboMethSeq technique for the detection of Nm-modified nucleotides in all the tRNAs from flies mutant for CG7009, CG5220 and double CG7009, CG5220 mutant vs. control lines. The results confirmed the ones from the MALDI-TOF analysis: CG7009 and CG5220 Nm-methylate nucleotides G 34 and C 32 , respectively, in tRNA Phe-GAA . Importantly, the RiboMethSeq analysis also validated the conservation of another potential target: tRNA Trp-CCA (also targeted by yeast Trm7 and by

INTRODUCTION

The existence of RNA modifications has been known for over 50 years and many of the pioneering studies addressed the function of RNA modifications in abundantly expressed RNAs such as transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs). tRNAs are the most heavily modified RNAs (up to 25% nucleotides/tRNA, ( 1)). tRNAs are modified post-transcriptionally and the biosynthesis of modified nucleosides requires different modification enzymes acting sometimes sequentially at distinct steps of tRNA maturation (2,3). The complex mechanisms underlying the stepwise modification of tRNAs were largely deciphered in the yeast Saccharomyces cerevisiae, as well as in studies conducted in prokaryotes and Archaea.M o r er e c e n t l y ,s o m e of the seminal findings in single-cell organisms were revisited using multi-cellular models, including studies that aim at understanding how mutations in tRNA modification enzymes affect organismal development and disease etiology.

2 ′ -O-Methylation (Nm) is a common RNA modification. The addition of a methyl group to the 2 ′ hydroxyl of the ribose moiety of a nucleoside creates Nm (reviewed in (4,5)). Nm can occur at any nucleotide explaining the abundant nature of this modification. Nm residues are found at multiple and often highly conserved positions in tRNAs, rRNAs, and small nuclear RNAs (snRNAs) (6)(7)(8). In eukaryotes, RNA modification reactions resulting in Nm on rRNAs and snRNAs are frequently catalyzed by evolutionarily conserved C/D-box small RNAs (SNORDs) involving guide ribonucleoprotein particles (RNPs) which contain the Nm-methylase fibrillarin. Small nucleolar RNPs (snoRNPs) mediate the deposition of Nm at rRNAs (9)(10)(11)(12) while small Cajal bodies RNPs (scaRNPs) direct Nmmodification to snRNAs (13)(14)(15)(16)(17). In contrast, most of the Nm deposition occurring in eukaryotic tRNAs is mediated by stand-alone proteins without the need for guidance by small RNAs. However, recently it was reported that one snoRNA and one scaRNA can guide Nm deposition to tRNA Met in mammalian cells (18). Importantly, Nm deposition occurs also at 3 ′ -terminal nucleotides in small noncoding RNAs (sncRNAs) such as microRNAs (miRNAs) and small-interfering RNAs (siRNAs) in plants (19)(20)(21), in Argonaute-2 (Ago2)-loaded siRNAs and miRNAs in flies and in PIWI-interacting RNAs (piRNAs) in animals (22)(23)(24). More recently, Nm was also reported to be internally deposited in messenger RNA (mRNA) (25)(26)(27).

Nm can affect RNAs in multiple ways as it increases hydrophobicity, protects RNAs from nuclease degradation (18,24,28), stabilizes helical structures or modulates interactions with proteins or other RNAs (29)(30)(31)(32)(33)(34)(35)(36)(37)(38)(39)(40).

An important variety of tRNA modifications are deposited at the wobble position N 34 in the anticodon loop (ACL), and at the anticodon-adjacent position N 37 . Among the different tRNA isoacceptors, these two positions contain highly conserved modifications, which is suggestive of their physiological importance. Accordingly, it was shown that ACL modifications prevented frameshifting during translation (41,42) and are thus necessary for the correct decoding of genetic information (43).

The methyltransferase complex catalysing Nm formation in the ACL of mammalian and yeast tRNAs comprises the Nm-methyltransferases (Nm-MTases) FTSJ1 or TRM7, respectively. These enzymes associate with specific proteins: THADA/TRM732 for Nm 32 and WDR6/TRM734 for Nm 34 formation (2,44,45). Cm 32 and, more importantly Nm 34 , are required for efficient formation of a third modification, wybutosine (yW) at m 1 G 37 in tRNA Phe (46)(47)(48). The same sequential circuitry is conserved in the phylogenetically distant yeast Schizosaccharomyces pombe (45), while the formation of peroxywybutosine (o2yW) at position 37 is also affected in humans lacking FTSJ1 (45,49).

Several studies have uncovered crucial roles for FTSJ1/TRM7 in normal and pathological conditions (reviewed in (4,5,50)). While in S. cerevisiae and S. pombe, lack of TRM7 affected translational regulation and growth (48,51,52), FTSJ1 mutant mice showed impairment in their learning capacity, as well as significantly reduced pain sensing (hypoalgesia) and altered gene expression profiles (53). Similarly, in humans, several mutations in FTSJ1 were shown to be causative of a neurodevelopmental disorder known as Non-Syndromic X-linked Intellectual Disability (NSXLID) (49,(53)(54)(55). Importantly, expression of human FTSJ1 in yeast suppressed the severe growth defects observed in trm7∆ mutants, demonstrating that the TRM7 enzyme family and their RNA targets are highly conserved (45).

While the molecular function of yeast and human Nm-MTases acting on specific tRNAs has been established, the molecular mechanisms causing the complexity of observed mutant phenotypes have not been fully elucidated. Importantly, a tractable multicellular model system that would allow studying Nm-MTase function systematically and thereby bridge the growth phenotypes observed in trm7 deficient yeast with the complex phenotypes observed in FTSJ1-mutant human has been lacking.

In this report, we show that, in contrast to yeast and humans, Drosophila melanogaster has evolved two Nm-MTase genes, CG5220 and CG7009, whose products specialized their activity to respectively methylate positions 32 and 34 in the ACL of specific tRNAs. We demonstrate that the catalytic specificity of these Nm-MTases is dependent on the position rather than the identity of the ACL nucleotides. Importantly, lack of these proteins reduced Drosophila lifespan and impaired various cellular pathways, which employ small RNAs to achieve post-transcriptional silencing. Hence, CG5220 and CG7009 mutant animals were more sensitive to RNA virus infections and showed dysfunctional control of transposable elements, suggesting a molecular link between Nm RNA modifications and small RNA gene silencing pathways in Drosophila.

MATERIALS AND METHODS

Automig DRSC 2.0 genome-wide screening library

We screened 22.490 dsRNA of 400 bp length on average allowing the inactivation of 94.3% of all annotated Drosophila genes, including predicted genes (library version DRSC 2.0). About 13 900 genes are represented by the collection (∼66 assay plates), targeted on average by one to two dsRNAs per gene. More information about the DRSC Genome-wide RNAi Library (DRSC 2.0) can be found at the DRSC/TRiP Functional Genomics Resources. The recommended protocol was followed (56) on seven series of duplicated 384-well plates, which were screened over a period of three weeks. Briefly, 250 ng/well (5 l at 50 ng/l) of each dsRNAs were distributed into 384-well culture plates in 62 plates. One plate is organized in 16 rows (A-P) and 24 columns . Each well thus possesses a unique identification number consisting of the plate number followed by well coordinates. Each dsRNA has a unique identification number (DRSC#####). A WellMate dispenser (Matrix Technologies) was used to distribute the automiG S2R+ cell culture suspension into the 384-well plates (25.000 cells at a concentration of 2.5 × 10 6 cells/ml). After dsRNA internalization into the cells for one hour, 30 l of 10% heatinactivated fetal calf serum was added per well. The cells were incubated for 4 days with the dsRNA before the expression of automiG in order to allow the complete internalization of the dsRNAs, the degradation of the target mR-NAs and the catabolism of the corresponding protein. At day 5, automiG expression was induced with 600 M of CuSO 4 /well. After 24 h of automiG induction, the cells were imaged on an Opera confocal microscope (Evotec Technologies, Perkin Elmer) using an automated acquisition system allowing fast imaging of the epifluorescence in each well of a large number of plates. In addition, Analyst ® GT multimode reader (Molecular Devices) -a plate reader allowing the fast and sensible read-out of 40 plates per group was used.

A validation screen was performed in triplicate using the same conditions as those used in the primary screen described above. After a 48 hours incubation period, plates were centrifuged for one minute at 800 g and the culture medium was carefully removed. 25 l of cracking buffer (125 mM Tris pH 6.8, 5% ß-mercapto-ethanol, 2% SDS, 4 M urea) was added in each well and 8 l of protein extracts were analyzed by western blotting. Further information is available upon request and at the DRSC/TRiP Functional Genomics Resources, Harvard University.

Amino Acid conservation and phylogenetic analysis

Sequence alignments and visualization were performed in Kalign (www.ebi.ac.uk/Tools/msa/kalign/) and Unipro UGENE 1.32.0. Percentage of amino acid (aa) identities and coverages between CG7009, CG5220, TRM7 and FTSJ1 proteins were determined on the Ensembl project website (www.ensembl.org). For phylogenetic analysis, protein alignments were performed using mafft v7.407 with default parameters (57). Removal of positions with >50% of gaps was obtained by using trimal v1.4 (58). Phylogenetic analysis was performed using raxml v8.2.12 ( 59) under the PROTGAMMALG model by combining a rapid bootstrap analysis (100 replicates) and search for the best ML tree (-f aoption).

Total RNA extraction for MALDI-TOF and RiboMethSeq analysis

3-5 days old females and males were homogenized on a Precellys 24 ® tissue homogenizer (Bertin Technology) in 1 ml TRI-reagent/50 flies (Sigma Aldrich). Total RNA from 20 ml of fly lysates (1000 flies), was extracted with 8 ml of chloroform and precipitated with two-thirds volumes of isopropanol. The pellets were air-dried and resuspended in RNase-free water.

Purification of tRNA Phe(GAA)

Total RNA preparations (∼7 mg) were supplemented with LiCl to a final concentration of 0.8 M and incubated overnight at 4 • C to precipitate high-molecular mass molecules. The precipitate was eliminated by centrifugation and the supernatant was supplemented with two volumes of 100% ethanol and incubated at -20 • Cf o rt w oh o u r s to precipitate small RNAs. After centrifugation, pelleted small RNAs were washed twice in 70% ethanol and resuspended in one ml of RNase-free water. tRNAs were further purified using the NucleoBond RNA/DNA 400 kit (Macherey-Nagel) following manufacturer's instructions, except that the elution step was performed with 5 ml of 100 mM Tris-acetate (pH 6.3); 15% ethanol and 600 mM KCl. Eluted tRNA were ethanol precipitated and resuspended in one ml of RNase-free water. Purification of tRNA Phe(GAA) was performed using a 5 ′ biotinylated complementary oligonucleotide (5 ′ -biotin-TGGTGCCGAAACCCGGGA TTGAACCGGGG-3 ′ ) coupled to Streptavidin Magnesphere Paramagnetic particles (Promega). Annealing of specific tRNA was performed in 1× TMA buffer (Tris-HCl pH 7.5 10 mM, ethylenediaminetetraacetic acid (EDTA) 0.1 mM, tetramethylammonium chloride 0.9 M) after heating the mixture at 95 • C for 3 min followed by cooling to 60 • C for 30 min. Paramagnetic particles were washed three times with 1× TMA buffer and specific tRNA Phe(GAA) was recovered by heating the final suspension at 95 • C for 3 min. tRNA Phe(GAA) was desalted and concentrated four times to 50 l using Vivacon 500 devices (Sartorius; 2000 MWCO) using 100 mM ammonium acetate (pH 5.3) as a final buffer. The average yield obtained from 7 mg of total RNA was ∼2-7 g of purified tRNA Phe(GAA) .N o t e : If used for Ri-boMethSeq, LiCl was washed away because of its interference with adaptor ligation during the cDNA library preparation.

MALDI-TOF analysis of digested tRNA Phe(GAA)

For mass spectrometry analysis, ∼500 ng of tRNA Phe(GAA) were digested with 100 units of RNase T1 (Sigma) in a final volume of 10 la t37 • C for 4 h. RNase T1 cleaves the phosphodiester bond between the 3 ′ -guanylic residue and the 5 ′ -OH residue of adjacent nucleotides and generates 3 ′phosphate nucleosides. One microliter of digest was mixed with 9 l HPA (40 mg/ml in water:acetonitrile 50:50) and 1 l of the mixture was spotted on the MALDI plate and airdried ('dried droplet' method). MALDI-TOF MS analyses were performed directly on the digestion products using an UltrafleXtreme spectrometer (Bruker Daltonique, France). Acquisitions were performed in positive ion mode.

RiboMethSeq

RiboMethSeq analysis of D. melanogaster tRNAs was performed as described in (60). Briefly, tRNAs extracted from whole flies were fragmented in 50 mM bicarbonate buffer pH 9.2 for 15 min at 95 • C. The reaction was stopped by ethanol precipitation. The pellet was washed with 80% ethanol and sizes of generated RNA fragments were assessed by capillary electrophoresis using a small RNA chip on Bioanalyzer 2100 (Agilent, USA). RNA fragments were directly 3 ′ -end dephosphorylated using 5 U of Antarctic Phosphatase (New England Biolabs, UK) for 30 min at 37 • C. After inactivation of the phosphatase for 5 min at 70 • C, RNA fragments were phosphorylated at the 5 ′ -end using T4 PNK and 1 mM ATP for one hour at 37 • C. Endrepaired RNA fragments were then purified using RNeasy MinElute Cleanup kit (QIAGEN, Germany) according to the manufacturer's recommendations. RNA fragments were converted to library using NEBNext ® Small RNA Library kit (ref#E7330S, New England Biolabs, UK or equivalent from Illumina, USA) following the manufacturer's instructions. DNA library quality was assessed using a High Sensitivity DNA chip on a Bioanalyzer 2100. Library sequencing Downloaded from https://academic.oup.com/nar/article-abstract/48/4/2050/5707191 by BIUSJ (Paris 6) user on 30 July 2020 was performed on Illumina HiSeq 1000 in single-read mode for 50 nt. Primary analysis of sequencing quality was performed with RTA 2.12 software, to insure > Q30 quality score for >95% of obtained sequences.

Following SR50 sequencing run, demultiplexing was performed with BclToFastq v2.4, reads not passing quality filter were removed. Raw reads after demultiplexing were trimmed with Trimmomatic v0.32 (61). Alignment to the reference tDNA sequences was performed with bowtie 2 ver2. 2.4 (62) in End-to-End mode. Uniquely mapped reads were extracted from *sam file by RNA ID and converted to *.bed format using bedtools v2. 25.0 (63). Positional counting of 5 ′ -and 3 ′ -ends of each read was performed with awk Unix command. Further treatment steps were performed in R environment (v3.0.1). In brief, 5 ′ -and 3 ′ -end counts were merged together by RNA position and used for calculation of ScoreMEAN (derived from MAX Score described previously), as well as Scores A and B (64) and MethScore (65). Scores were calculated for two neighboring nucleotides. Profiles of RNA cleavage at selected (candidate and previously known) positions were extracted and visually inspected.

Northern blotting

For northern blotting analysis of tRNA, 10 g of total RNA from adult flies were resolved on 15% ureapolyacrylamide gels, transferred to Hybond-NX membrane (GE Healthcare) and EDC-crosslinked (Sigma Aldrich). The membranes were probed with 5 ′ -32 P end-labeled DNA oligonucleotides using T4 polynucleotide kinase (Fermentas). Hybridization was performed overnight at 38-40 • C in PerfectHyb Plus (Sigma) hybridization buffer. Probe sequences are available in the Primers and Probes section. More details on NB procedure are available in (66,67).

RNA interference in S2R+ cells

Double-stranded RNAs (dsRNA) were synthesized by in vitro transcription (MEGAscript ® T7 Kit, Ambion) of PCR products amplified from w 1118 genomic DNA using primers flanked by T7 promoters. Sequences of amplicon templates for dsRNA production are available from the Drosophila RNAi Screening Center (http:// www.flyrnai.org/cgi-bin/RNAi gene lookup public.pl,e . g . Ago2: DRSC10847, CG7009: DRSC39198). PCR products for T7 transcription of fushi tarazu (Ftz) and Firefly luciferase dsRNAs were amplified using primers: T7 Ftz FW and T7 Ftz Rev and T7 F Luc FW and T7 F Luc Rev, respectively (Primers and Probes section and ( 66)).

S2R+ cell transfection

100 l of cells at 10 6 cells/ml resuspended in Schneider's Drosophila medium (GIBCO, Invitrogen) were plated in 96-well plates. Cells were transfected with dsRNA or cotransfected with dsRNA and the corresponding sensor using Effectene (QIAGEN) following the manufacturer's instructions. Thirty minutes after transfection 50 l Schneider's Drosophila medium (GIBCO, Invitrogen), completed with 10% heat-inactivated fetal calf serum, 100 U/ml penicillin and 100 mg/ml streptomycin were added. Cells were grown at 23 • Cw i t h o u tC O 2 .A f t e r2 4 -4 8h ,C u S O 4 was added to a final concentration of 600 M and GFP fluorescence was followed using an inverted epifluorescence basic microscope. For Ago2-mediated miRNA pathway involvement (automiG), cells were co-transfected with 0.1 g of automiG-vector and 0.32 g of dsRNA targeting either Ago2, CG7009 or Ftz, Dcr1, Dcr2, Drosha, Ago1. Forty eight hours later, the automiG promoter was induced by adding CuSO 4 to a final concentration of 600 M (more details in ( 66)).

For the luciferase assay experiment, S2R+ cells were treated for 4 days with dsRNA inactivating specifically the indicated genes. Cells were co-transfected with two plasmids expressing the Firefly and Renilla luciferases in addition to a dsRNA against Firefly. Luciferases activities were measured 48 h after transfection. The averages of the activity ratios from Firefly/Renilla luciferases from three independent biological replicates were plotted normalized to the average of a control dsRNA (GFP) which was set to 1 (+/the standard deviations). * indicates P < 0.05 in a Student's t-test.

Western blotting

Expression of GFP was analyzed in automiG induced cells by western blotting using mouse anti-GFP (Roche ® ) and anti-Mbf1 antibodies (66) as loading and transfer control. Seventy two hours after the dsRNA transfection and au-tomiG vector induction, the culture medium was removed and 80 l of Sample Buffer Laemmli 2X (Sigma ® )w a s added in each well. The samples were boiled (95 • C) and 18 lwereloadedontoa4-20%Mini-PROTEAN ® TGX™ 12 well-gel (Bio-Rad). After transfer onto a PVDF (Amersham Hybond, GE Healthcare) or nitrocellulose membrane, membranes were blocked in 5% milk, dissolved in 1× TBS-T (20 mM Tris-Base, 150 mM NaCl, Tween-20 (Polyoxyethylene sorbitane monolaureate) to 0.05%) and incubated overnight with anti-GFP (1:2000) or anti-Mbf1 (1:10.000) antibodies diluted in the blocking solution. After three times 15 min washes, appropriate secondary antibody (1:10 000) coupled to alkaline phosphatase (Promega) was added and incubated for one hour at room temperature. Detection was performed using BCIP (5-bromo-4-chloro-3-indolyl-phosphate) and NBT (nitroblue-tetrazolium, (ThermoFischer) reagents diluted in AP buffer (100 mM Tris-HCl pH 9.5, 100 mM NaCl, 5 mM MgCl 2 ).

automiW

Experiments with the automiW eyes sensor were performed as described in (68). Eye images of the same aged flies were acquired with an Axio-ApoTome (Zeiss) and ZEN2 software or with a WILD M3Z (Leica) binocular combined with a Q IMAGING Color 12 bit (Q27959) camera and QCapture Pro software.

DCV injection

Flies with the following genotypes were subjected to intra-thoracic injection with the Drosophila C virus (DCV): CG7009 e02001 /+ (controls). CG7009 e02001 /CG7009 e02001 (CG7009 mutants). CG5220 K28A /CG5220 K28A (CG5220 catalytically dead mutant). Two to four days old flies were divided in tubes of 10 (5 males + 5 females) and 20 flies from each genotype were injected with DCV while 20 other flies were injected with adult Injection Buffer (controls), containing 10 mM Tris pH 6.3 and 1 mM MgCl 2 . Each fly was injected with 4.6 nl of DCV concentration of 2 × 10 6 PFU/ml (9.2 PFU/injection). Intra-thoracic injections were made using the Drummond Automatic Nanoliter Injector 'NANO-JECT II'. After injection, flies were kept at 25 • C. Three to four days after the injection and prior to death, three injected flies from each genotypes and conditions (+ or -DCV) were frozen at -20 • C. Two to three flies from each condition were then crushed with a pestle in TRI-Reagent (Sigma Aldrich) and total RNA was extracted as described above. DNase digestion and RT-qPCR were carried out as described with DCV FW and DCV Rev-specific primers and primers for Rp49 for normalization (Primers and Probes section).

CRISPR/Cas9-mediated genome editing and genotyping

Mutant alleles for CG5220 were generated using CRISPR/Cas9-mediated editing in Drosophila as previously described (69). The CG5220 K>A allele was obtained using the gRNA (guide RNA) sequence: 5 ′ -CTTCGAGCAACTTGAAGGCACTCC-3 ′ and a singlestranded DNA donor template ssDNA: 5 ′ -TTCATATATT TATTTACAATGGGGAAAACATCAAAGGACAAA AGAGATATCTATTACCGACAAGCCAAAGACGA AGGCTGGAGGGCGAGGAGTGCCTTCGCGTTGC TCCACGTGGACGAAGCCTACGGAATTCTAA-3 ′ for homology-dependent repair to obtain the K to A mutation in CG5220: Am i xo f1 5 0n g /l vector expressing the gRNA and Cas9 protein as well as 150 ng/l ssDNA were injected in pre-blastoderm w 1118 embryos. Screening for flies containing the substitution was carried out by PCR on genomic DNA from single F1 males derived from crossing of injected individuals with a balancer stock. The screened sequences correspond to genomic fragments covering 438 bp of the CG5220 gene. Fly stock denominations are CG5220 K>A . Visual sequence analysis was carried out using 4Peaks and ApE software.

RT-qPCR

RNA was extracted from whole flies or from dissected ovaries using TRI-Reagent (Sigma Aldrich). After DNase digestion of total RNA using the TURBO DNA-free™ Kit (Ambion), 500 ng were used in a reverse transcription reaction with Random Primers (Promega) and SuperScript ® II Reverse Transcriptase (Invitrogen). The cDNA was used to perform qPCR on a CFX96 Touch™ Real-Time PCR Detection System (Bio Rad) using target-specific primers. Rp49 was used for normalization (Primers and Probes section). The analysis was performed using Ct, on three biological replicates. Statistical analysis using a Student's ttest was performed and P-values were determined.

Production and affinity purification of recombinant fusion proteins

Glutathione S-transferase (GST) fusion constructs were generated by PCR amplification of full-length cDNAs of CG7009 available from BDGP (#SD16956) using standard PCR with VENT polymerase (New England BioLabs). Products were cloned between the EcoRI and NotI restriction sites of the pGEX-4T1 (GE Healthcare) vector using primers CG7009 EcoRI ATG and CG7009 NotI Stop. Amplification of full-length cDNAs of CG33172 (clone MIP10235 in BDGP) was performed using standard PCR techniques using Q5 high fidelity DNA Polymerase (New England BioLabs). Amplification products were cloned between the HindIII and NotI restriction sites of the pET-28a (Novagen) vector (modified to contain FLAG peptide) using the primers CG33172 Hind ATG and CG33172 NotI Stop. Competent bacteria TOP10 (Invitrogen) were transformed by heat-shock with 100-200 ng of plasmid DNA according to each manufacturer's instructions. After expression on the corresponding antibiotic resistance genes by incubation for 0.5-1.5 h at 37 • C under agitation of 250 rpm, 1/10 and 9/10 of the transformed bacteria were plated on LB agar plates, supplemented with the corresponding antibiotics. GST fusion proteins were expressed in Escherichia coli BL21 Star (DE3) (Invitrogen) or C41 (70) and purified over glutathione-coupled resin (Pharmacia) as previously described (71,72). The same protocol was used for purification of pET-28a Flag fusion proteins. Bound peptides were eluted with 400 g/ml Flag peptide (Sigma) in BC100 buffer for 20 min on ice.

In vitro interaction of GST-CG7009 and FLAG-CG33172

Briefly, GST-alone (control) or fusion proteins GST::G7009 (pGEX4T1-CG7009) and FLAG::CG33172 (pET28a-FLAG-CG33172) were co-expressed in C41 (70) bacteria and purified over Flag-coupled resin (Sigma). Bound proteins were washed three times in 500 mM KCl and eluted on Bio-spin disposable chromatography columns (Bio-Rad) with flag peptide as described in (72). Western blot of the immunoprecipitated recombinant proteins was performed as described in the above section using anti-GST HRP (horseradish peroxidase) conjugate (1:10 000 Amersham GE Healthcare) for 60 min at room temperature under agitation. HRP was detected by enhanced chemiluminescent (ECL).

RNA-seq on S2R+ cells

Knock downs for CG7009 and LacZ (control KD) in S2R+ were performed in a serum-free medium using 7.5 g of dsRNA per 10 6 cells and stopped 2 h after cell starvation with the addition of the serum-supplemented medium. dsRNA treatment was repeated after 48 h. Cells were collected and total RNAs were extracted 96 h after the first treatment. Libraries were prepared using the Illumina TruSeq Sequencing Kit by following the manufacturer's protocol for paired-end read mode and directional sequencing on an Illumina NextSeq 500 with a read length of 42 bp. 

Computational analysis of S2R+ RNA-seq experiments

Basecalling and demultiplexing were performed using bcl2fastq (v2.19). Individual samples were mapped using STAR ((73), v2.5.2b) against ensembl release 90 of the D. melanogaster genome (BDGP6). Gene counts were derived using featureCounts ((74), v. 1.5.1). RNA-Seq Analysis Differential expression analysis was performed using Bioconductor v2.38/ DESeq2 v1. 18.1 (75,76). Genes were called sig. diff. expressed with an FDR below 5%. The sample Ctrl 3 was excluded as an outlier from the differential expression analysis. The gene list deduced from this analysis is available online at NAR as supplementary material (excel file) and the corresponding libraries publicly accessible for download (see Data availability for detail).

Small RNA sequencing and computational analysis

Library preparation was performed at Fasteris (http://www. fasteris.com). Total RNAs from ovaries were size selected (18 to 30 nt) on denaturing PAGE. The small RNA fraction was then depleted from the 2S rRNA (30 nt) using ah i g h l ys p e c i fi cp r o b ed e v e l o p e db yF a s t e r i s .2 Sr R N Adepleted small RNAs were used to generate multiplexed libraries with Illumina TruSeq Small RNA library preparation kits. Libraries were sequenced using Illumina HiSeq 4000 platforms. Fastq sequence reads were trimmed of the adapter sequences (5 ′ -TGGAATTCTCGGGTGCCAAG-3 ′ ) and reads were mapped using Bowtie (77). Only 19-29 nt reads matching the reference sequences with zero or one mismatches were retained for subsequent analyses. For global annotation of the libraries, we used the release 6 of fasta reference files available in FlyBase, including transposon sequences (dmel-all-transposon 6.fasta) and the release 20 of miRBase (http://www.mirbase.org/). For library comparisons, read counts were normalized to the total number of small RNAs matching the D. melanogaster genome (release 6). Sequence length distributions and small RNA mappings were generated from bowtie alignments using Python and R (http://www.r-project.org/)s c r i p t s ,w h i c h were wrapped and run in Galaxy instance from ARTbio platform (http://artbio.fr/). Tools and workflows used in this study are available for download at NAR as supplementary material (.ga files). The small RNA sequencing data discussed in this publication are accessible at European Nucleotide Archive (ENA) at EMBL-EBI under accession number PRJEB35301 (https://www.ebi.ac.uk/ena/ data/view/PRJEB35301).

␤-Gal staining of dissected ovaries

Stainings of ovaries were performed as follows: specific sensor lines were crossed with respective RNAi lines for knockdown in germ cells (nanos-GAL4) or follicle cells (tj-GAL4) of the G1 female ovaries followed by ␤-Gal staining performed on 3-7 days-old females. Ovaries were dissected in cold 1× PBS, kept on ice, fixed in glutaraldehyde (0.2%)/formaldehyde (2%)/1× PBS at room temperature for 5 min followed by three washes in 1× PBS. Tissues were then incubated in freshly prepared staining solution (1× PBS pH 7.5, 1 mM MgCl 2 , 4 mM potassium ferricyanide, 4 mM potassium ferrocyanide, 1% Triton X-100, 2.7 mg/ml X-Gal) at 25 • C overnight for Gypsy::LacZ detection and for 90 min for burdock::LacZ detection. The staining solution was prepared with 8% X-Gal (as dimethylformamide solution). After staining, tissues were transferred into 50% glycerol/50% EtOH and mounted for imaging.

Imaging

Ovary and eye images were acquired with a WILD M3Z (Leica) binocular combined with a Q IMAGING Color 12 bit (Q27959) camera and QCapture Pro software. Ovary sizes (area) were calculated in pixels using ImageJ. An unpaired Mann-Whitney (Wilcoxon) test was performed to evaluate the significance of the area differences (P-value < 0.05) between mutant ovaries (n = 11) and genetic rescue ovaries (n = 10).

Weighing

Average weight for flies in milligrams (mg) was calculated for flies (3 days after hatching) measured on a precision balance (≥0.001 g) after heat dehydration at 95 • C(15mininan open 1.5 ml eppendorf tube) of frozen bodies (n ≥ 14, where each n is a batch of 10 flies). P-value < 0.001 in a Student's t-test.

Lifespan assays

2-3-day-old male flies Da-GS; UAS-RNAi CG5220, CG7009 were kept at 25 • C in vials with standard medium complemented (RU200) or not (RU0) with RU486. RNAi transgene induction using the Da-Gal4-GS (GeneSwitch) lines was described in (78). Briefly, the Gal4-GS protein is a GAL4 modified protein that recognizes and activates UAS-dependent transgenes only in the presence of RU486 added into Drosophila medium food. The number of flies tested was five times 30 flies. To monitor survival rates over time, flies were counted and transferred into new tubes every 2-3 days. Constitutive expression of CG5220, CG7009 KD transgenes was induced by RU486 exposure (20 mg/ml) during adulthood. The exact same protocol was followed for the genetic mutants with the exception of the RU486 exposure. The number of flies tested was five times 30 flies per genotype.

Climbing assays

Sixteen day-old flies were gender-separated and placed into measuring cylinders to assess their locomotion using the climbing assay reported previously (79). Briefly, flies were tapped to the bottom and the number of flies that climb over the 10 cm threshold in 10 s intervals were recorded and counted. Ten female or male flies were used per experiment. Shown data are an average of six independent experiments. *P < 0.01; ***P < 0.0001 in a Student's t-test. 

Drosophila stocks

RESULTS

An RNAi screen identifies CG7009 as regulator of small RNA-mediated silencing pathways

We previously developed and characterized a self-silencing genetic sensor (automiG) that combines the expression of GFP with two miRNAs, miG-1 and miG-2, targeting GFP mRNA (Figure 1A and ( 66)). AutomiG self-silencing reports on the activity of canonical miRNA biogenesis factors such as Drosha and Dicer1 (Dcr1), and the function of siRNA-induced silencing complex (siRISC) factors such as Argonaute2 (Ago2) and Dicer2 (Dcr2) (66). Impairing the function of miRNA biogenesis or Ago2 silencing activity thus causes the de-repression of automiG selfsilencing resulting in the expression of GFP. To identify additional regulators of these two RNA silencing pathways, a genome-wide RNA interference screen was performed in Drosophila S2 cells expressing the automiG sensor. Using a double-stranded RNA (dsRNA) collection library (the DRSC 2.0) allowed the down-regulation of 94.3% of all annotated Drosophila genes. The screen identified known regulators of miRNA biogenesis such as Drosha and Pasha, as well as siRNA pathway silencing key actors like Ago2 and Droj2 (80), demonstrating the validity of this approach. In addition, we identified to act in siRNA and/or miRNA pathways (Supplementary Figure S1A). Among those, CG7009 stood out as an uncharacterized gene with sequence identity to annotated Nm-MTases. RNAi-mediated inactivation of CG7009 in S2 cells expressing automiG resulted in increased GFP expression when compared to control constructs (Figure 1B), as well as in a decrease of Ago2-loaded miG1, but not Ago1loaded bantam miRNAs (Supplementary Figure S1B). In addition, a dual luciferase assay reporting specifically on siRNA pathway activity in S2 cells (81,82) confirmed that Dcr2/Ago2-dependent silencing was affected in cells with down-regulated CG7009 expression (Supplementary Figure S1C).

In order to obtain insights into the impact of CG7009 loss on gene expression control through Dcr2/Ago2-mediated post-transcriptional gene silencing, we performed a transcriptome analysis in Drosophila S2 cells upon knockdown (KD) of CG7009 expression. Surprisingly, KD of CG7009 led to the deregulation of only 110 genes (FDR < 0.01). Strikingly, the most statistically significant de-regulated gene (40% decrease, log 2 FC -0.7, FDR-adjusted P-value 7.73e -118 )w e r eAgo2 transcripts (Supplementary Figure S1D), suggesting that CG7009 may act upstream of the siRNA pathway by regulating Ago2 mRNA levels. The downregulation of Ago2 transcripts in Drosophila S2 cells KD for CG7009 expression was confirmed by RT-qPCR on four independent biological replicates (Supplementary Fig- ure S1E).

This genetic screen using automiG thus identified CG7009, a potential Nm-MTase, as a factor involved in miRNA biogenesis and/or Dcr2/Ago2-mediated posttranscriptional gene silencing.

CG7009 encodes a predicted Nm-MTase

Amino acid (aa) sequence analysis suggested that the protein encoded by CG7009 in D. melanogaster harbours a methyltransferase domain belonging to the conserved RlmE family and TRM7 subfamily of the class Ilike SAM-binding methyltransferase superfamily (48). Sequence alignment of the putative CG7009 protein with the yeast Nm-MTase TRM7 showed 52% aa sequence identity, including the conserved KDKE motif in the active site, with 66% aa coverage (Figure 1C). FTSJ1 is the human ortholog of TRM7 (49). CG7009 shares 51% aa identity and 86% aa coverage with FTSJ1 (Figure 1C). Surprisingly, further alignment of CG7009 protein sequence with proteomes of different Drosophila species uncovered an additional gene, CG5220, whose annotated protein in Drosophila melanogaster displays 63% aa sequence identity with CG7009 (Figures 1CandD).Lik eCG7009,CG5220 was an uncharacterized protein with an amino acid composition that clearly showed an Nm-MTase signature (Figure 1C). Importantly, it was previously reported that overexpression of Drosophila CG5220 rescued the growth phenotype observed in trm7∆ mutant yeast (45). As CG7009, CG5220 displays high sequence similarity to TRM7 (48% aa identity and 83% aa coverage) as well as to FTSJ1 (58% aa identity and 82% aa coverage, Figure 1C). These find-ings pointed to CG7009 and CG5220 as potential paralogs and conserved members of the TRM7 Nm-MTases family in Drosophila.

Mutations in CG7009 or CG5220 are viable and fertile

To i nve s t i g at e t h e f u n c t i o n o f C G 7 0 0 9 a n d C G 5 2 2 0 d u ring Drosophila development and to characterize the potential enzymatic activity of their gene products, we characterized existing mutations in CG7009, but also generated CG5220 mutant flies. For CG7009, one piggyBac transposon insertion line (CG7009 e02001 )a n dt w og e n o m i cd e l etion lines (Def3340 and Def9487) were obtained and precisely mapped at the molecular level (Supplementary Figure S2A-E). Both CG7009 e02001 homozygous mutants and trans-heteroallelic combinations with both deficiencies were incapable of transcribing CG7009 properly. In addition, a transgenic rescue line containing the CG7009 genomic locus was established through BAC transgenesis ( 83)r e s u l ting in an insertion of ∼20 kb genomic sequence in an ectopic genomic location (Supplementary Figure S2D,E). To address the function of CG5220, CRISPR/Cas9-mediated genome editing was used to create a CG5220 mutant allele (CG5220 K>A ), which substituted a conserved lysine at position 28 in the predicted catalytic domain with alanine (Figure 1C and Supplementary Figure S2F). The same substitution was reported to abolish the catalytic function of both yeast TRM7 and human FTSJ1 (49). Flies homozygous for either CG7009 e02001 or CG5220 K>A or transheterozygous CG7009 mutants, as well as CG7009 e02001 , CG5220 K>A double mutants survived until adulthood under standard conditions. We observed neither a major growth defect as reported for yeast (46,48) nor significant developmental delays in flies homozygous for either CG7009 e02001 or CG5220 K>A or trans-heterozygous CG7009 mutants. However, flies that were CG7009 e02001 ,CG5220 K>A double mutant showed a measurable reduction of size and weight when compared to controls (Figure 2A).

CG7009 and CG5220 contribute to efficient miRNA Ago2mediated RNA silencing in vivo

To a dd re s s wh e t h e r C G 7 0 0 9 a ff e c t e d s m a l l R NA s i l e n c i n g pathways in vivo,w ee x p r e s s e dt h eautomiW sensor, which is based on the knockdown of the white gene in the developing eye by means of white-targeting miRNAs loaded into Ago2 (68). Thereby, as automiG in cell culture, au-tomiW is reporting on both miRNA biogenesis and Ago2dependent silencing activities in flies. Combining this sensor construct with RNAi-mediated knockdown of CG7009 or CG5220, we observed increased eye coloration when compared to controls (Figure 2B). This result indicated that Ago2-dependent silencing or/and miRNAs biogenesis affecting this reporter was non-redundantly perturbed after knockdown of CG7009 or CG5220 expression, implicating thus both genes in general miRNA biogenesis and/or Ago2dependent small interfering RNA-mediated gene silencing in vivo in Drosophila. As small interfering RNA-mediated silencing is required for viral defence in Drosophila (84), we tested whether viral defence was impaired in CG7009 or CG5220 K>A adult mutant flies. To this end, purified Drosophila Cv i r u s( DCV)w a s injected into the thorax and the viral load was monitored by qRT-PCR 4 days after infection. The results of these experiments showed that flies lacking CG7009 or CG5220 function were significantly more sensitive to DCV infection when compared to control flies (Figure 2C). Furthermore, these results also suggested that CG7009 and CG5220 K>A mutants failed to initiate or maintain a proper response to viral infection which, together with the results of the au-tomiG, automiW and siRNA-activity reporter assays (Fig- ures 1B and 2B, Supplementary Figure S1C), strongly supported that both gene products were required for efficient Ago2-dependent small interfering RNA-mediated silencing activities in Drosophila.

To test whether Nm-MTase mutant conditions also affected other small RNAs, northern blotting was performed for interrogating the steady state levels of esi-2.1,anendogenous siRNA that depends on both Ago2 and Dcr2 activities (85). The results of these experiments showed that flies lacking CG7009 or CG5220 function displayed clearly reduced esi-2.1 levels when compared to control flies (Figure 2D).

piRNA-mediated RNA silencing is affected in CG7009 and CG5220 mutant flies

During the characterization of CG7009 mutants, we noticed that ovaries were significantly reduced in size when compared to BAC-rescued control flies (>10%; P < 0.05, Figure 2E). This ovarian size reduction was similar to previously described phenotype in several piRNA pathway gene mutants (86). Although the original automiG-based genetic screen was specifically designed to identify genes involved in miRNA biogenesis or Ago2-mediated silencing pathways, we tested whether CG7009 and CG5220 function also affected transposable element (TE) silencing through the piRNA pathway. To this end, the activity of a somatic piRNA-mediated silencing reporter (87)w a s monitored in adult ovaries. This reporter faithfully recapitulates the expression of the retro-transposon gypsy in ovarian follicle cells, in which abundant somatic piRNAs are produced in defence against mobile elements (87,88). Remarkably, piRNA-mediated silencing of this reporter was de-repressed in soma upon both, somatic follicle cellspecific knockdown of CG5220 and CG7009 expression, and also in CG7009 or CG5220 K>A mutants (Figure 2F). Furthermore, expression of both LacZ and endogenous gypsy mRNAs was elevated in CG7009 mutants (Supplementary Figure S3A). In addition, the activity of a second piRNA-mediated silencing reporter in adult ovarian germ cells ( 89) was de-repressed upon germline-specific knockdown of CG5220 and CG7009 expression (Supplementary Figure S3B). Finally, in addition to gypsy and burdock, the expression of additional TEs (Roo, Invader1 and R2) was elevated in CG7009 mutants (Supplementary Figure S3C). Taken together, these results suggested that both Nm-MTases contribute to piRNA pathway-mediated TE silencing in Drosophila.

Small non-coding RNA biogenesis is not globally affected in CG7009 mutants

To gain more insights into the observed de-regulation of small non-coding RNAs in Nm-MTase mutants, we performed a small RNA sequencing analysis in ovaries from CG7009 mutants and controls. The results showed that neither the sncRNA class distribution (Figure 3A) nor the TEderived sncRNAs size profile distribution (Figure 3B) was globally affected in CG7009 mutant ovaries when compared to controls.

However, when focusing the analysis on gypsy-derived piRNAs, we detected a decrease of both sense and antisense piRNAs targeting gypsy in CG7009 mutants when compared to controls (Figure 3C), which confirmed the gypsy de-repression observed when using a gypsy sensor line and RT-qPCR assays (Figure 2F and Supplementary Figure S3A).

Notably, the entire miRNA population was significantly (P < 0.05) decreased in CG7009 mutants when compared to controls (∼ 20% versus ∼30% respectively, Figure 3A) supporting the observed decrease of Ago2-loaded miR-NAs (miG1) after knockdown of CG7009 expression in automiG-expressing S2 cells (Supplementary Figure S1B).

Taken together, these small non-coding RNA sequencing analyses suggested that the de-regulation of small RNAmediated gene silencing observed in both CG7009 and CG5220 mutants (Figures 2D and F, was not caused by a global failure in small RNA biogenesis.

Mutations in CG7009 and CG5220 affect lifespan and mobility

Although a size and weight reduction of CG7009, CG5220 double mutant adult flies could be observed (Figure 2A), no other severe mutant phenotypes affecting adult fly mor- ← -------------------------------------------------------------------------------------------the indicated genotypes was performed using esi-2.1, bantam-specific probes and a 5S rRNA probe as loading and transfer control. nt: nucleotide. (E) The CG7009 mutation is associated with ovarian size reduction. The images show representative examples of ovaries from 4 days-old fertilized females raised on fresh yeast from trans-heterozygous CG7009 e02001 /Def9487 mutants (Mut CG7009) and Rescue CG7009 (BAC)/ +; CG7009 e02001 /Def9487 mutants (Rescue CG7009); n ≥ 10 for each genotype; Mut: mutant. An unpaired Mann-Whitney (Wilcoxon) test was used to calculate the significance of the ovary area differences between mutant and rescue genotypes. The percentage change from the mutant and the rescue genotypes represents a decrease of 10.5% with a P-value < 0.05 (W = 23, P-value = 0.02416). (F) CG7009 and CG5220 are involved in gypsy TE-repression in Drosophila ovaries. The Gypsy::LacZ sensor is silenced through tj>Gal4-mediated expression of an UAS-RNAi line (KD) against the white gene in follicle cells (R; tj>Gal4/ +; Gypsy::LacZ/UAS-white-RNAi). Gypsy silencing is disrupted using RNAi lines against Piwi (KD piwi), CG7009 (KD CG7009), CG5220 (KD CG5220) and CG33172 (KD CG33172). The Gypsy::LacZ sensor was also de-repressed in CG7009 null mutants (KO CG7009) and CG5220 K>A homozygous mutants (CG5220 K>A). KD: knock down; KO: knock out; no blue coloration = no ␤-Gal staining. phology was noticeable. Importantly however, using a druginducible UAS/GAL4 system ( 78),C G 7 0 0 9and CG5220 double knockdown flies displayed reduced lifespan when compared to controls of the same genetic background without induction of the KD transgenes. Indeed, double knockdown flies lived, on average, ∼25 days shorter than controls (Figure 4A). The CG5220 K>A , CG7009 e02001 double mutant flies also displayed reduced life span, confirming the effect of the KD experiments (Figure 4B). Lastly, homozygous CG7009 e02001 or CG5220 K>A mutant flies as well as CG7009 e02001 ,CG5220 K>A double mutants appeared sluggish and less active in a climbing assay (79), supporting the notion of general locomotion defects in flies with impaired Nm-MTase function (Figure 4C).

CG7009 and CG5220 are Nm-MTases acting on tRNAs

To test whether CG7009 is an Nm-MTase, recombinant proteins were expressed and purified from E. coli. In vitro methylation assays using in vitro-synthesized Drosophila tRNA Phe(GAA) did not reveal activity of recombinant CG7009 protein. In order to ascertain the predicted catalytic activities of CG7009 and CG5220, we analyzed the Nm methylation status of Drosophila tRNA Phe , which is a substrate of TRM7 in yeast and of FTSJ1 in human, using control, CG7009 e02001 and CG5220 K>A mutant flies. We performed sequence-specific purification of tRNA Phe using biotinylated DNA oligonucleotides coupled to streptavidin matrices followed by RNase digestion and MALDI-TOF mass spectrometry. RNase A has a preference for hydrolysis at pyrimidine residues, while RNase T1 is strictly guanosine-specific. Because Nm at a given nucleotide position (n) protects the adjacent 3 ′ -phosphodiester bond to the neighboring nucleotide (position n+1)againstn uclease attacks, various specific digestion products of Drosophila tRNA Phe can be expected as a result of RNase A or RNase T1 activities. In addition, according to the reported modification profile of Drosophila tRNA Phe [START_REF] Darzacq | Cajal body-specific small nuclear RNAs: A novel class of 2 0 -O-methylation and pseudouridylation guide RNAs[END_REF]90) which includes Nm at C 32 and G 34 , specific RNA fragments could thus be predicted (Figure 5A and Supplementary Figures S4A andB). First, we determined RNA fragments that were obtained after RNase A hydrolysis of tRNA Phe , which should provide information on the Nm-modification status at C 32 . MALDI-TOF analysis revealed almost no RNA fragment of 1327.2 Da (AGAC 32 p fragment) in control flies indicating that C 32 was modified with Nm thereby blocking RNase A activity at this position in tRNA Phe from control and rescue flies (Figure 5A and Supplementary Figures S5A andB). This fragment increased significantly in CG5220 K>A mutants suggesting loss of protection from RNase A activity in animals lacking CG5220. Interestingly, the increase in RNase A-mediated tRNA Phe fragmentation observed in CG5220 K>A mutants could only be moderately observed when using tRNA Phe from CG7009 e02001 ,CG5220 K>A double mutant flies (Figure 5A and Supplementary Figure S5A) indicating that C 32 protection from RNase A was largely independent of CG7009. In support of this notion, the CG7009 e02001 mutation alone did not affect the RNAse A digestion profiles when compared to control (Figure 5A and Supplementary Figure S5A) or BAC rescue CG7009 e02001 Phe(GAA) extracted from Drosophila adult heterozygous CG7009 e02001 mutants (Control), homozygous CG7009 e02001 mutants (CG7009 e02001), homozygous CG7009 mutants rescue (CG7009 BAC Rescue), homozygous flies (Supplementary Figure S5B). These results indicated that CG5220, but not CG7009, harbors an activity that protects tRNA Phe at C 32 against RNase A digest, therefore making CG5220 the main candidate for an Nm-MTase at this position in Drosophila.

Next, we obtained RNase T1 digestion profiles to deduce the G 34 modification status of tRNA Phe in both control and Nm-MTase mutant flies. MALDI-TOF analysis showed a ACm 32 UG 34 p fragment (1318,1 Da) that could not be detected in control flies indicating that G 34 was modified with Nm thereby blocking RNase T1 activity at this position in wild type tRNA Phe (Figures 5Aa n dB ) .T h i sf r a g m e n t increased significantly in CG7009 e02001 mutants suggesting loss of protection from RNase T1 activity in animals without CG7009. The RNase T1 digestion profiles from controls and CG5220 K>A mutant flies were comparable (Fig- ures 5A and B and Supplementary Figure S5B) indicating that CG7009 but not CG5220 is implicated in protecting G 34 from RNase T1 digestion in tRNA Phe .F i n a l l y ,d i g e s t of tRNA Phe from CG7009 e02001, CG5220 K>A double mutant flies with RNase T1 produced a fragment (AC 32 UG 34 p) that was completely unmodified (1304 Da) suggesting that CG5220 and CG7009 are the responsible Nm-MTase activities that modify C 32 and G 34 in tRNA Phe ,r e s p e c t i v e l y (Figures 5A andB).

Collectively, these data demonstrated that genetic mutation of two candidate Nm-MTases in Drosophila resulted in the reciprocal loss of two conserved ACL modifications in tRNA Phe strongly suggesting that CG5220 and CG7009 are indeed functional methyltransferases responsible for the deposition of Nm at C 32 and G 34 of tRNA Phe , respectively. Interestingly, our results also suggest that Drosophila melanogaster, and likely other Drosophila species, evolved two distinct TRM7 family members to ribose-methylate the ACL on substrate tRNAs (Figure 1D).

Methylation specificity of both MTases depends on nucleotide position

To obtain a comprehensive picture of the Nm-MTase specificity for CG7009 and CG5220 in vivo, we performed Ri-boMethSeq analysis on Drosophila tRNAs. RiboMethSeq allows RNA-wide Nm detection based on random RNA fragmentation by alkaline hydrolysis followed by library preparation and sequencing (64,65). The presence or ab-sence of Nm can be appreciated from characteristic coverage profiles of the 5 ′ -/3 ′ -ends of cDNAs. Since Nm residues protect the adjacent 3 ′ -phosphodiester bond to the neighbouring nucleotide from hydrolysis, a gap in the coverage at the n+1 position indicates the presence of a 2 ′ -O-methylated nucleotide at position n. When analyzing the 2 ′ -O-methylation status at position 34 for tRNA Phe in control individuals, reads at position 35 (equals n+1) were under-represented in regard to their direct nucleotide neighbors (Figure 5C and Supplementary Figures S6A andB). This demonstrated that, Nm was present at G 34 in Drosophila tRNA Phe as previously reported (90) and as shown by MALDI-TOF MS analysis (Figure 5A). Similarly, RiboMethSeq profile analysis of CG5220 K>A mutants indicated G 34 to be methylated (Supplementary Figures S6A and B). Importantly, the presence of Nm at G 34 in CG5220 K>A mutant confirmed that CG5220 was not involved in the formation of ribose methylation at this position. On the contrary, in two different CG7009 mutants, as well as in CG7009 e02001 , CG5220 K>A double mutants, protection against hydrolysis at position 35 was totally abolished when compared to the control heterozygote profile (Figure 5C and Supplementary Figures S6A andB), confirming that CG7009 is the Nm-MTase for G 34 of tRNA Phe in Drosophila and that CG5220 alone is not able to methylate this position. Importantly, the expression of an additional gene copy of CG7009 in the CG7009 e02001 mutant background (Rescue CG7009 (BAC)) rescued the lost protection against hydrolysis at G 34 of tRNA Phe (Figure 5C and Supplementary Figure S6B). In addition, RiboMeth-Seq analysis was performed for position 33 of tRNA Phe (n + 1t ot h ee x p e c t e dN ma tC 32 (Figure 5A and (90)), which confirmed that CG5520, but not CG7009, was responsible for ribose methylation at position 32 on tRNA Phe (Figure 5C and Supplementary Figures S6A andB).

Furthermore, RiboMethSeq analysis also identified other tRNAs potentially methylated by CG7009 and CG5220, some of which were already known as substrates of TRM7 orthologs in other species. For instance, we found CG7009-dependent methylation at position C 34 and CG5520-dependent Nm at position C 32 of tRNA Trp (Figure 5D and Supplementary Figure S7). Strikingly, the methylated nucleotide at position 34 in tRNA Trp of Drosophila is a cytosine, like in humans and in yeast [START_REF] Darzacq | Cajal body-specific small nuclear RNAs: A novel class of 2 0 -O-methylation and pseudouridylation guide RNAs[END_REF]45,48,49). Importantly, RiboMethSeq scores clearly showed that CG7009 ← -------------------------------------------------------------------------------------------CG5220 K>A mutants (CG5220 K>A), and double homozygous mutants CG7009 e02001 ,CG5220 K>A (Double mutant). (B)M A L D IT O F -M Ss p e c t r u m of fragments resulting from RNase T1 digestion of tRNA Phe-(GAA) originating from heterozygous adult CG7009 e02001 /+ mutants (Control), homozygous CG7009 e02001 mutants (Mutant CG7009 e02001 ), red line indicates the maximum value (1318 Da) and is depicted for better comparison between the 2peaksv alues .Homozy gousCG5220 K>A mutants (Mutant CG5220 K>A )anddoub lehomozy gousm utantsCG7009 e02001 ,CG5220 K>A (Double Mutant CG7009 e02001 ,CG5220 K>A ) as indicated. Relevant peaks are identified by their m/z values in Daltons (X-axis). (C)RiboMethSeqanalysisofNmatpositions C 32 and G 34 in tRNA Phe(GAA) from whole heterozygous adult CG7009 e02001 /+ mutants (Control), homozygous CG7009 e02001 mutants (CG7009 e02001 )and rescued CG7009 e02001 mutants (Rescue CG7009 (BAC)) as indicated. Normalized cleavage efficiencies, calculated from combined 5 ′ -and3 ′ -end coverage of tRNAs are shown for the neighboring nucleotides (+/-5 )o ft h er e s p e c t i v er i b o s em e t h y l a t i o np o s i t i o n .T h ep o s i t i o n so fi n t e r e s t ( C 32 and G 34 ) in tRNA Phe(GAA) are indicated by red arrows. Protection against cleavage is indicated (+): protected and as (-): not protected. Protection at Cm 32 in control flies was only moderate, indicating incomplete tRNA methylation (+low). (D)Meth yla tionscor es(MethScor e)f orfi v e2 ′ -O-methylated positions in tRNAs showing altered methylation in CG5220 and/or CG7009 indicated mutants. MethScore (Score C), representing the level of ribose methylation was calculated from protection profiles. Data are shown for positions 32 and 34 in different D. melanogaster tRNAs as measured in heterozygous adult CG7009 e02001 /+ mutants (control), homozygous CG5220 K>A mutant (mutant CG5220 K>A ), two independent genetic background mutants for CG7009 (homozygous CG7009 e02001 or trans-heterozygous CG7009 e02001 /Def3340 mutant), double homozygous CG7009 e02001 ,CG5220 K>A mutant and rescue BAC CG7009 e02001 /Def3340 flies (Rescue CG7009 (BAC)). Score at Cm 32 for tRNA Phe(GAA) in control flies is only moderate (not shown and Figure 5C), indicating incomplete tRNA methylation.

Downloaded from https://academic.oup.com/nar/article-abstract/48/4/2050/5707191 by BIUSJ (Paris 6) user on 30 July 2020 (and not CG5220) methylated this position (Figure 5D and Supplementary Figure S7) indicating that CG7009 can deposit Nm on G and C nucleotides. The same observation was made for CG7009-mediated methylation of C 34 in tRNA Leu(CAA) , which was in agreement with previous data showing that FTSJ1 was responsible for depositing Nm at f5C 34 /hm5C 34 in human tRNA Leu(CAA) (( 44) and Supplementary Figures S6C andS7). In addition, we identified previously unknown Nm-MTase substrate tRNAs. For instance, RiboMethSeq uncovered CG5220dependent methylation of tRNA Gln and tRNA Glu at position C 32 (Figure 5D and Supplementary Figure S7). 2 ′ -Omethylated C 32 in tRNA Glu(UUC) had previously been reported in Drosophila [START_REF] Darzacq | Cajal body-specific small nuclear RNAs: A novel class of 2 0 -O-methylation and pseudouridylation guide RNAs[END_REF]91). Interestingly, cytosine 32 was also reported to be 2 ′ -O-methylated in human tRNA Gln by a yet unidentified enzyme [START_REF] Darzacq | Cajal body-specific small nuclear RNAs: A novel class of 2 0 -O-methylation and pseudouridylation guide RNAs[END_REF]. Our data thus suggest that the human ortholog of CG5220, FTSJ1, may be the Nm-MTase responsible for the modification at this position.

Altogether, detailed RiboMethSeq analysis confirmed the MALDI-TOF MS results (Figure 5A, B and Supplementary Figure S5), demonstrating that CG5220 is specialized for depositing Nm at C 32 nucleotides while CG7009 is responsible for modifying the wobble position. Furthermore, the discovery of additional tRNA substrates (Figure 5D and Supplementary Figure S7) for both Nm-MTases suggested that their respective specificity is dependent on the position rather than on the nature of nucleotide (C, U or G).

CG33172 is part of the Nm-MTase complex

Yeast TRM7 associates with two distinct proteins that are required for its catalytic activity (45,46). Deposition of Nm at C 32 by TRM7 is supported by binding to TRM732 while the interaction with TRM734 is necessary for addition of Nm at position 34. THADA and WDR6 are the orthologs of TRM732 and TRM734 in humans, respectively, and their interactions with FTSJ1 are conserved (49). In Drosophila, CG15618, also known as DmTHADA (92), is the potential ortholog of TRM732 and THADA, while CG33172 is the putative ortholog of TRM734 and WDR6 (Figure 6A). Importantly, CG33172, TRM734 and WDR6 are members of the WD40-repeat-containing domain superfamily that contains also the human protein WDR4, another tRNA-MTase cofactor that, like FTSJ1, when mutated is associated with neurodevelopmental disorders (93,94).

The use of the automiW sensor combined with dsRNAmediated knockdown of CG15618 and CG33172 in the Drosophila eye recapitulated the Ago2-mediated small RNA silencing failure observed in CG7009 and CG5220 mutants (Figure 6B). Interestingly, dsRNA-mediated knockdown of CG33172 using the Gypsy-LacZ sensor also recapitulated the somatic piRNA-mediated silencing failure observed in both CG7009 and CG5220 mutants (Figure 2F), indicating genetic interactions between CG7009/ CG5220-mediated functions and these gene products.

In order to test for physical interactions between CG7009, CG15618 and CG33172, we cloned FLAG-tagged CG15618 and CG33172 with the aim of co-expressing these proteins along with GST::CG7009 in bacteria. While co-expression of FLAG::CG15618 was technically challenging due to the size of this protein (197 kDa), FLAG::CG33172 could be expressed and immunoprecipitated using anti-FLAG antibodies. The precipitate was tested for the presence of GST::CG7009 by using western blotting and anti-GST antibodies. The results showed that FLAG::CG33172 co-precipitated with GST-CG7009 but not GST alone indicating a direct interaction between these two proteins (Figure 6C). Collectively, these observations suggested the existence of an Nm-MTase complex containing CG7009 and at least one accessory protein, CG33172, which might be required for depositing Nm at position 34 on selected tRNAs.

Nm limits endonucleolytic cleavage of tRNA Phe and stabilizes tRNA Phe fragments

We next addressed the mechanisms underlying the defects in the Ago2-mediated small RNA silencing activity observed in Nm-MTase mutant flies. It has been reported that loss of m 5 C and Queuosine from specific tRNAs resulted in increased tRNA fragmentation in Drosophila (95) and mammals (96,97). Furthermore, it was proposed that tRNA fragments (tRFs) could affect small RNA silencing pathways through binding to Dicer and Argonaute proteins thereby reducing their activity (95,(98)(99)(100)(101). In addition, during the preparation of this manuscript, a study showed that Nm 34 protected tRNA Met(CAT) from endonucleolytic cleavage by stress-induced angiogenin in human cells (18). We therefore tested if lack of Nm at positions 32 and 34 of tRNA Phe affected its endonucleolytic cleavage during heat stress conditions. A heterozygous CG7009 e02001 mutant (control), a CG7009 transheterozygous mutant (CG7009 e02001 /Def3340)a n dt h er e scue line for CG7009 (Rescue CG7009)w e r ea n a l y z e db y northern blotting with a specific probe complementary to the 5 ′ -end of tRNA Phe before and after heat shock exposure. Two clear hybridization signals were observed, corresponding to mature tRNAs (∼70 nt) and tRFs (∼35 nt, Figure 7A). tRNA fragmentation increased significantly in CG7009 e02001 /Def3340 mutants. Importantly, increased tRNA fragmentation was rescued in Rescue CG7009 flies (Figure 7A), demonstrating that CG7009 function affected tRNA fragmentation of tRNA Phe .O fn o t e ,g l o b a l steady state levels of mature tRNAs were not affected in CG7009 e02001 /Def3340 mutants (Figure 7A), suggesting limited pan-translational defects in flies without functional CG7009, while not excluding defective translation of specific proteins. Interestingly, we did not observe heat stress-dependent effects on tRNA fragmentation in CG7009 e02001 /Def3340 nor in other CG7009 mutant combinations (Figures 7A andB), indicating that increased tRNA fragmentation in CG7009 mutants might be the result of increased tRNA Phe turnover. Furthermore, when compared to CG7009 single mutants, we did not observe increased tRNA Phe fragmentation in CG5220 K>A single nor in CG7009/CG5220 K>A double mutants (Figure 7B), suggesting that Nm at position G 34 , and not C 32 , limits fragmentation of tRNA Phe , while 3 ′ terminal Cm 32 might exert a stabilizing effect on tRFs (tRF Phe Cm 32 ) that were produced in CG7009 mutants. 

DISCUSSION

While performing an RNAi genome-wide screen for modulators of miRNA biogenesis or Ago2-dependent small RNA silencing in Drosophila, we identified a previously uncharacterized gene (CG7009) with sequence homology to Nm-MTases of the TRM7/FTSJ1 subfamily of MTase proteins. Surprisingly, through subsequent sequence analysis, we also identified CG5220 in Drosophila, which although sharing considerable sequence homology with CG7009 was not uncovered by the genetic screen in S2 cells. Furthermore, when re-testing (both visually and by western blotting) the automiG read-out (GFP expression) upon efficient CG5220 knockdown in S2 cells, we obtained variable and inconclusive results, which supported the fact that CG5220 was not uncovered as modulator of miRNA biogenesis or Ago2-dependent small RNA silencing by the original screen in S2 cells. However, since RNAi-mediated knockdown of CG5220 expression and a genetic mutation of the predicted catalytic motif in CG5220 (CG5220 K>A mutant) affected both the automiW sensor in adult Drosophila eyes and also sensors reporting on piRNA-mediated TE silencing in the germline, we believe that CG5220 function might be required only in certain tissues but not in embryo-derived S2 cells.

By characterizing the molecular function of these predicted Nm-MTases, we demonstrated that both genes encode RNA methyltransferases depositing Nm on tRNAs while displaying specialized activity at two distinct positions in the ACL. These findings reveal that, in contrast to yeast and humans, which encode only one Nm-MTase gene capable of methylating the ACL, D. melanogaster has evolved two distinct enzymes, each specialized in the methylation of only one position in the ACL of conserved tRNA targets. Interestingly, it appears also that other Drosophila species evolved and maintained these closely related TRM7/FTSJ1 paralogs. Mass spectrometry analysis and RiboMethSeq confirmed this peculiarity, raising the possibility that independent Nm deposition in the ACL of specific tRNAs by two enzymes, rather than one, might be functionally significant, in particular since expression and activity of both enzymes can be independently regulated. Importantly, our analysis also reports novel substrates of the TRM7 subfamily of Nm MTases. Interestingly, and in agreement with studies on various RNA modification enzymes in other organisms, Nm-MTases in Drosophila are not required for organismal viability or fertility. However, Nm-MTases mutants displayed reduced lifespan and behavioral phenotypes manifested as general mobility defects (Figure 4). Although the use of the genetic double mutants CG5220 K>A , CG7009 e02001 confirmed the outcome of the double KD experiments, it remains to be seen whether the effects on lifespan can be solely attributed to the loss of the catalytic function of CG5220 and not CG7009, because the genetic background of the presented experiments (Figure 4B) differed slightly in terms of generations times after isogenization.

Abolishing the catalytic function of both genes in the same animal did not reveal additional morphological mutant phenotypes with the notable exception of a reduction in size and weight, highlighting a potential role of these Nm-MTases in specific, but not general, translational control as previously reported for trm7 mutant yeast (46,48,51,52) and as recently highlighted for internally deposited Nm on specific mRNA in humans (27).

Nm modifications in the ACL of specific tRNAs can affect translational efficiency and fidelity (51,52,102). Consistently, Nm deposition in mRNA also affects translation through interference with tRNA decoding efficiency and thus can potentially rewire the genetic code (27,103,104). Interestingly, it was recently proposed that TRM7 can also methylate substrates that are not tRNAs including mRNAs in yeast (25) suggesting that TRM7 family members can act as multi-substrate Nm-MTases, thereby modulating translation through modification of codons (mRNA) and anticodons (tRNA). Importantly, loss of Nm at tRNA positions 32 and 34 in trm7 mutant yeast activated the general amino acid control pathway (GAAC, ( 52)), affected translation rates and, consequently, cell growth (46,48). Thus, the observed reduction of size and mass (Figure 2A) in flies without TRM7 family members supports the hypothesis that CG5220 and CG7009 mutations affect translational efficiency in Drosophila.

Importantly, a lack of Nm at the wobble position in CG7009 mutants affected tRNA fragmentation patterns. tRNA fragmentation is a conserved response to various stress conditions affecting protein synthesis, apoptosis signalling and the modulation of small non-coding RNA pathways (105-108). An influence of internal Nm modifications on tRNA stability has only been described very recently (18). In support of the notion that Nm in tRNAs might modulate their stability, we found that Nm 34 is protective against tRNA fragmentation in the ACL. However, in contrast to the increase in detectable tRFs in CG7009 mutants, the lower level of tRFs in CG7009, CG5220 double mutants suggests that CG5220 function affects tRNA fragment abundance positively once produced. Furthermore, since CG5220 mutants did not display tRFs, we propose that tRFs produced by ACL cleavage in CG7009 mutants may be stabilized through the existence of a 3 ′ terminal Nm at position 32 (likely deposited by CG5220). Since Hen1mediated deposition of Nm at RNA 3 ′ -termini (22,109)stabilizes small RNAs in various organisms, such a mechanism could explain the abundance and apparent stability of tRFs in CG7009 single mutants, in contrast to the low abundance of tRFs in CG5220 single and CG7009, CG5220 double mutants.

Importantly, loss of function of either CG7009 or both Nm-MTases impaired Ago2-as well as Piwi-dependent small RNA silencing pathways in vivo. Furthermore, DCV infection assays and lower esi-2.1 production in adult Nm-MTase mutant flies confirmed a function for CG7009 and CG5220 as regulators of siRNA pathway-mediated mobile element control. In addition, the observation that the total miRNA population was reduced by 10% in CG7009 mutants when compared to control (Figure 3A), indicated that Nm-MTases function affected small RNA silencing pathways in a pleiotropic fashion and suggested that these Nm-MTases genes could even act upstream of small RNA biogenesis and function. Indeed, both RNA and small RNA sequencing analysis suggested that the manifestation of these phenotypes could partially be due to the transcriptional downregulation of Ago2 mRNA in CG7009 mutant flies or after knockdown of CG7009 in S2 cells. On the other hand, tRFs can associate with Dicer, Argonaute and Piwi proteins (98)(99)(100)(101)110). One potential consequence of such interactions could be a reduction in the capacity of small RNA pathway components to process or bind to canonical RNA substrates. Indeed, tRF-mediated titration of proteins away from canonical substrates has been reported (95,(111)(112)(113).

Finally, our study identifies CG33172 as a binding partner of CG7009. Interestingly, the yeast ortholog of CG33172, TRM734, was reported to control the steady state levels of TE as does TRM7 (114). Here, we have shown that the Drosophila orthologs of TRM734 and TRM7 (CG331772 and CG7009, CG5220, respectively) also affected TEs through siRNA and piRNA-mediated silencing pathways. Furthermore, sncRNA pathways and TE expression (R2 and especially gyspy) in Drosophila glial and neuronal cells have already been associated with decreased lifespan as well as with the manifestation of neurodegenerative disease (115)(116)(117).

Importantly, mutations in human WDR4 impaired tRNA m 7 G 46 methylation and caused microcephalic primordial dwarfism (94). CG33172 belongs to the WD-Repeat (WDR) family of proteins and is the ortholog of human WDR6. Interestingly, both WDR6 and FTSJ1 were identified as principal human host restriction factors against vaccinia virus indicating that this Nm-MTase complex functions at the interface of host-virus interactions (118). In support of the notion that Nm modifications modulate mobile and repeat element control, human Nm-MTase FTSJ3 can be hijacked by HIV-1 to methylate viral mRNAs resulting in avoidance of being sensed by the host innate immune system (26).

Our study thus strongly supports the emerging notion that an important biological impact of Nm-MTase activ-ity is mobile element control affecting TEs and viruses. Importantly, our results in Drosophila also indicate that the molecular machinery necessary for depositing Nm in tR-NAs and the associated physiological importance are conserved throughout evolution.

In summary, this study provides a comprehensive in vivo characterization of two Nm-MTases and associated functions in D. melanogaster, demonstrating the importance of enzymes of the TRM7/FTSJ1 family in contributing to small non-coding RNA silencing pathways. The peculiarity of Drosophila species having evolved two TRM7/FTSJ1 gene products with specialized activity towards specific positions in tRNAs for D. melanogaster strongly suggests that Nm in other Drosophila species is deposited at ACLs by two TRM7/FTSJ1 enzymes. Importantly, our results also support the notion that the stability of particular tRFs could depend on their RNA modification status. Regarding the respective specificity of ACL methylation in the Drosophila clade, we propose to rename the identified Drosophila genes as dTrm7 34 (for CG7009) and dTrm7 32 (for CG5220). The implication of CG7009 and CG5220, two tRNA methyltransferases, in the sncRNA silencing pathways was curious. We concentrated first on CG7009 and reflected on different hypotheses in attempts to explain it. The most likely one to our view at the time was the one that we called "the saturation theory". From one side, the 2'-O-methylation has the capacity to protect the modified RNA molecules from nuclease attacks and from spontaneous hydrolysis, the latter of which takes place in alkaline conditions (Elliott and Ladomery 2013) . As a consequence, we would expect an increased fragmentation of CG7009 tRNA targets in the absence of this enzyme. From another side, tRFs have the capacity to interact with Argonaute proteins and to even act like canonical sncRNAs [START_REF] Kuscu | tRNA Fragments (tRFs) Guide Ago to Regulate Gene Expression Post-Transcriptionally in a Dicer-Independent Manner[END_REF]) . We, thus, hypothesized that a potentially increased number of tRFs in CG7009 mutants may interact with and saturate Argonautes, leading to the deregulation of their canonical small RNA partner pathways (Fig. 11 -next page). migrated the samples on denaturing urea polyacrylamide gel and performed northern blot analysis on them by using a radioactive ( 32 P) probe specific to the 5'-end of tRNA Phe . The mature tRNA was detected as a signal at around 70 nts length and its level of expression seemed intact in the mutant conditions when compared to control (Figure 12; also see Fig. 7 in [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] . The blot revealed a second signal that migrated at around 35 nts length. This signal was only slightly visible in the control condition, while in the mutants its intensity was significantly increased and then decreased back in the rescue line. We concluded that in CG7009 mutants, there is an accumulation of 35-nt-long tRNA fragments (tRFs) originating specifically from the 5'-end of tRNA Phe . It is possible that the Cm32 (still present in CG7009 mutants) exerts a protective effect against exonuclease attacks at the 3'-end of these 5'-tRF-Phe and thus stabilizes them [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] . 

C-2. Construction of suitable fly lines for the Ago2-Flag RIP experiment

The Ago2-Flag line that I used for the set-up of the IP was a control line that carries a wild type version of CG7009. In order to address the "saturation theory" in my experiment, I needed to create a similar strain that bears a mutant version of CG7009 . Also, in the initial Ago2-Flag line, the expression of Ago2-Flag construct adds up to the expression of the endogenous Ago2 gene. Such over-representation of Ago2 may compensate for the potential saturation of Ago2 that I am trying to test. To avoid this problem, I decided to combine the Ago2-Flag line with a previously characterized mutated version of the endogenous Ago2 gene: ago2 414 allele [START_REF] Okamura | Distinct Roles for Argonaute Proteins in Small RNA-Directed RNA Cleavage Pathways[END_REF]) . As the endogenous Ago2 and CG7009 are both located on the 3rd chromosome in Drosophila , I had to construct a strain carrying a recombination between the mutated Ago2 and mutated CG7009 genes before combining it with the Ago2-Flag line on the 2nd chromosome (Fig. 14).

testing different numbers of flies starting material per condition, I found 120 flies/condition to be the optimal amount that did not affect the quality of the experiment performance. My first attempt to visualize the Ago2-Flag associated RNA was by 32 P-γ-ATP labeling (unspecific detection of all RNAs marqued at 5'-end) as described in [START_REF] Miyoshi | Biochemical Analyzes of Endogenous Argonaute Complexes Immunopurified with Anti-Argonaute Monoclonal Antibodies[END_REF] .

The blot (data not shown) was difficult to interpret in terms of differences between mutant and control conditions, however gave me the confidence to proceed with the more time-consuming, but specific northern blot tRFs detection.

I resuspended the RIP samples in H 2 0 in order to measure the RNA concentration on nanodrop and adjust the quantity for charging in each well. Unfortunately, during that process, I lost a big amount of the already scarce samples. To avoid this, I tried dissolving the RIP directly in the loading buffer and load the totality of RIP samples. However this led to another issue: even though my starting material was equal in all conditions (120 flies/condition), the amounts loaded for the CG7009 mutant and control samples did not seem equal according to BrEt staining of the gel (data not shown). The reason is probably an accumulation of slight differences along the way of this multi-step experiment.

In order to decrease these differences, I decided to normalize the quantity of immunoprecipitated Ago2-Flag protein before proceeding to RNA extraction. For this purpose, I performed a semi-quantitative western blot and analysed the signals with the ImageJ software. I took advantage of the light and heavy chains signal of the anti-Flag antibody that I detected on this western blot: I start the IP with equal quantities of agarose beads/condition, that should be coupled (in theory) to equal quantity of anti-Flag antibody that I can later use as internal control for the efficiency of the IP.

Unfortunately this strategy was not sufficient to resolve the loading differences issue as seen by Et-Br (ethidium bromide) staining of the gel (Fig. 15B), thus the blot was not interpretable even though I clearly detected 5'-tRF-Phe in Ago2-Flag IP (Fig. 15A).

agarose beads are incubated with a lysate from a fly line not expressing Ago2-Flag).

Together with the high Ct value (around 32) at which I detected the 5'-tRF-Phe, I considered the results not sufficiently trustworthy. Thus, additional set-up would be necessary in order for this experiment to properly address the "saturation theory" hypothesis.

Implication of CG7009 and CG5220 in the translation process

A. Hypothesis: CG7009 and/or CG5220 loss of function affects the rates of translation in flies

At the beginning of my PhD it was known that yeast trm7 mutants grow slowly, a phenotype usually associated with translational problems (Pintard et al. 2002b) . Only recently, more robust and precise evidence appeared, implicating yeast Trm7 in the general amino acid control pathway (Han et al. 2018) .

I decided to test if any general translation deregulation was also present in flies lacking CG7009 and/or CG5220 activities. Such possibility would not be surprising considering that CG7009 modifies the wobble position 34 in its tRNA targets, a position whose modification state is of extreme importance for translation fidelity and efficiency [START_REF] Agris | Celebrating Wobble Decoding: Half a Century and Still Much Is New[END_REF] . I first addressed the question by a SUnSET (SUrface SEnsing of Translation) assay, based on puromycin incorporation in neo-synthesized proteins [START_REF] Goodman | Measuring Protein Synthesis with SUnSET: A Valid Alternative to Traditional Techniques?[END_REF] in whole flies.

More precisely, we observed lower levels of puromycin incorporation in heads from flies mutant for CG7009 or double mutant for CG7009, CG5220, in SUnSEt assay performed by Mira Brazane (Fig. 18A). This was revealing for a global translational decrease in the fly heads. Strikingly, such difference was not detected when analysing the whole body of the same flies (Fig. 18B). The different polysome complexes are separated inside the gradient according to their weight and collected in fractions at the corresponding retention times. Simultaneously, the absorbance at 254 nm is being measured and reveals the RNA quantity in each fraction. The light 40S and 60S ribosomal subunits, followed by the 80S monosome are found in the less dense parts of the sucrose gradient and collected first. The heavy polysomes (active translation) are in the dense part of the sucrose gradient and are collected last.

Adapted from [START_REF] Vyas | Genome-Wide Polysome Profiling Reveals an Inflammation-Responsive Posttranscriptional Operon in Gamma Interferon-Activated Monocytes[END_REF] .

With the help of Dr. Olivier Jean-Jean from IBPS, I first performed a polysome profiling on lysates from larval stage 2 (L2) Drosophila single mutant for CG7009 or CG5220 and larvae double mutant CG7009 , CG5220 vs . wild type. However the profiles were difficult to interpret on a technical level, probably due to the high fat content in the larvae lysates (data not shown). To solve this problem, I repeated the experiment but this time in adult flies, more precisely in adult flies heads. The reasons were technical (lower fat content than the whole body) and physiologically relevant as the brain is an organ extremely sensitive to translation deregulations and human FTSJ1 is linked to ID. The polysome profiles showed a drop in the levels of the monosomes (80S) in the heads of both male and female flies aged 1-6 days from CG7009, CG5220 double mutant background when compared to wild type flies (Fig. 20). This result reveals a translation deregulation in the double mutant's heads, probably due to instability or insufficient addressed in the Discussion part of this manuscript. The most exciting and surprising part for us though was that Ago2 was among the most deregulated genes ! (Fig. 21). The heat map shows the top 10 differentially expressed genes in S2 cells upon CG7009 KD versus control (LacZ KD) in a RNA sequencing experiment. log2 Fold Change is indicated (padj = FDR-adjusted p-value for Ago2 is 7.73e -118 ). Red to yellow heat map colored table (Red: most down-regulated; yellow, less down-regulated). KD of CG7009 led to the deregulation of 173 genes including 45 up and 128 down. 110 genes were deregulated with a corrected p-value (Benjamini and Hochberg, FDR) < 0.01. Adapted from [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] .

This result immediately reminded us of the multitasking capabilities of the Nm-MTase enzymes, recently emphasized in a study showing a transcription and translation regulation of the Pxdn (peroxidasin) gene mediated by 2'-O-methylation of its mRNA by human Fibrillarin which usually targets rRNAs (Elliott et al. 2019) . Plus, there is evidence that Trm7 (the yeast ortholog of CG7009) interacts in vivo with mRNAs, and seems to be responsible for Nm deposition on mRNAs in addition to its classical role as tRNA Nm-MTase [START_REF] Bartoli | Conserved methyltransferase spb1 targets mrnas for regulated modification with 2 ′ -O-methyl ribose[END_REF] . Is it possible that CG7009 2'-O-methylates Ago2 mRNA and thus, regulates its stability and by " ricochet " its translation rate ? We performed mRNA RiboMethSeq in humans cells lacking FTSJ1 (the human ortholog of CG7009) function vs. controls and the analysis of these data (in progress) will tell us if this enzyme is capable of 2'-O-methylating mRNAs. If this is the case in humans, the same experiment could be performed later in flies in order to assess such multitasking capability for CG7009 (and CG5220).

Nm modification on mRNAs can affect the decoding of the concerned codons by the cognate tRNAs anticodon (Choi et al. 2018) . Nm can also influence the translation when situated on the wobble position of the tRNA anticodon. A good example for the latter is human FTSJ1, whose inactivation in cells has been recently associated with an increased rate of TGA stop codon readthrough [START_REF] Trzaska | 2,6-Diaminopurine as a Highly Potent Corrector of UGA Nonsense Mutations[END_REF] . tRNA Trp normally decodes the TGG codon, but in the absence of FTSJ1-deposited Nm on the wobble position, it starts also recognizing the TGA stop codon, thus allowing the translation to continue in the 3'-UTR until the next in-frame stop codon [START_REF] Trzaska | 2,6-Diaminopurine as a Highly Potent Corrector of UGA Nonsense Mutations[END_REF] .

Intriguingly, human Ago1 , the closest human homolog of fly Ago2 (aa Identity: 278/839 (33%) and Similarity: 416/839 (50%)) can produce an extended isoform (Ago1-x) through readthrough [START_REF] Ghosh | AGO1x Prevents dsRNA-Induced Interferon Signaling to Promote Breast Cancer Cell Proliferation[END_REF][START_REF] Singh | Let-7a-Regulated Translational Readthrough of Mammalian AGO 1 Generates a Micro RNA Pathway Inhibitor[END_REF]) . Finally, it seems that mammalian Ago1-x can load miRNAs and target mRNAs without however causing post-transcriptional gene silencing, thus becoming a potential competitive inhibitor of miRNA pathway [START_REF] Singh | Let-7a-Regulated Translational Readthrough of Mammalian AGO 1 Generates a Micro RNA Pathway Inhibitor[END_REF] . Is CG7009 loss in flies causing Ago2 readthrough, which could eventually explain the already observed sncRNA silencing disruption in the mutant flies ? This question is part of the project of another PhD student in our team, Mira Brazane, who I co-supervised during her M2 internship and who helped me in the final stem-loop RT-qPCR experiments on Ago2-Flag RIPs and later took over the puromycin assay.

I did a bibliographic search on the top 10 deregulated mRNAs in CG7009 KD S2 cells (Fig. 21) and found out that the human homologues of most of them are implicated in diseases related to neuronal deregulations or cancers (Fig. 22 

Aims of PhD project part II

The second part of my PhD project concerned the human FTSJ1, a tRNA Nm-MTase whose loss of function has been strongly linked to Non-Syndromic-X-Linked Intellectual Disability (NSXLID) (Ramser et al. 2004;Freude et al. 2004;Froyen et al. 2007;Guy et al. 2015;Takano et al. 2008) .

At the beginning of my PhD, we demonstrated that the Drosophila CG7009 and CG5220 proteins are conserved functional homologs of the human FTSJ1 [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] . The fly mutants display striking molecular phenotypes, including specific 5'-tRF-Phe accumulation and deregulation of the sncRNA pathways [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF][START_REF] Mollà-Herman | tRNA Fragments (tRFs) Populations Analysis in Mutants Affecting tRNAs Processing and tRNA Methylation[END_REF] My first aim was to perform a RiboMethSeq on the LCLs lines available in our lab in order to find the totality of FTSJ1's tRNA targets before testing the accurate tRNA isotypes for fragmentation by northern blot analysis.

In the purpose of testing if FTSJ1 affects the sncRNA silencing, I used a small RNA sequencing approach to identify any deregulations in the miRNA populations in FTSJ1 loss of function context in LCL lines, as previously shown in flies [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] . As the results revealed a deregulation in the miRNAs population in the patients' cells compared to the healthy individuals cells, we hypothesized that the silencing of the mRNA targets of these miRNAs may be affected too. Plus, considering the implication of FTSJ1 in ID and cancer, it was probable that such silenced mRNAs encode brain or cancer related proteins.

In order to test this, the strategy was to perform an mRNAseq on the human LCLs, then to do a cross-analysis between the mRNAseq and the small RNAseq data. A Gene Ontology (GO) enrichment analysis and bibliographical search were used to identify the functions and molecular pathways implications of the affected genes.

Finally and excitingly, more and more studies are demonstrating the multitasking capabilities of Nm-MTases enzymes, in particular their capacity to methylate mRNAs and not only tRNA or rRNA (Beckmann et al. 2015;[START_REF] Bartoli | Conserved methyltransferase spb1 targets mrnas for regulated modification with 2 ′ -O-methyl ribose[END_REF] . Regarding our exciting results on the deregulation of an important number of mRNAs in FTSJ1 loss of function mutant cell lines, it was tempting to think that some of these mRNAs could be direct targets of FTSJ1. My ongoing RiboMethSeq analysis on mRNAs from the LCL lines available in the lab will soon identify the complete "Nm-ome" of human mRNAs, including potential FTSJ1 specific ones (see Dimitrova et al., 2020, in preparation, p.117).

Summary of PhD Project Part II

Many studies have linked Nm-modifying enzymes to various human diseases (for a recent review see (Dimitrova et al. 2019) ), and the human tRNA 2'-O-methyltransferase FTSJ1 is a well described example of this with its implication in NSXLID. Also, very recent studies have started to reveal a relationship of FTSJ1 to cancers too. One article shows a FTSJ1 regulation on DRAM1 oncogenic gene at the transcriptional level (He et al. 2020b) , the other one implicates FTSJ1 in the translational regulation of p21 kinase inhibitor, a key player of the p53 (" guardian of the genome ") regulation pathway [START_REF] Holzer | Nucleoporin Nup155 Is Part of the p53 Network in Liver Cancer[END_REF] .

Post-transcriptional RNA modifications in general are extremely important for the fate of all RNA molecules. For instance, methylation defects of transfer RNAs (tRNAs) have been linked to pathological conditions (Torres et al. 2014) and can lead to their fragmentation and thus, to the production of tRNA fragments (tRFs) (Schaefer et al. 2010) . Abnormal tRFs levels have also been associated with diseases, notably cancer and brain disorders (Anderson and Ivanov 2014) which reveals a potential utility of tRFs as biomarkers for human disease diagnosis. Moreover, tRFs have been shown to interact with Argonaute proteins (Ago), the main effectors of the small non-coding RNA silencing pathways that control gene regulation co-or post-transcriptionally. Once loaded in Ago, the tRFs can target specific genes or transposable elements for silencing [START_REF] Kuscu | tRNA Fragments (tRFs) Guide Ago to Regulate Gene Expression Post-Transcriptionally in a Dicer-Independent Manner[END_REF] . Sometimes the tRFs can enter in competition with the canonical small RNAs for the binding of Dicer proteins important for their biogenesis (Durdevic et al. 2013) . Misregulation of sncRNA silencing pathways has been correlated with neurodegenerative diseases and the progression of invasive tumors and metastasis. As a consequence, many studies have highlighted the benefits of using miRNAs as biomarkers of a variety of tumors [START_REF] Fujii | MicroRNAs in Smoking-Related Carcinogenesis: Biomarkers, Functions, and Therapy[END_REF][START_REF] Ng | Piwi-Interacting RNAs in Cancer: Emerging Functions and Clinical Utility[END_REF] .

For all these reasons it was crucial to test the molecular phenotype conservation in human NSXLID patients cells (sncRNA silencing pathways deregulation and accumulation of specific tRFs). Their potential conservation could provide a better understanding of the molecular pathways underlying the pathogenesis of NSXLID and a potential biomarker tRF candidates for earlier, easier and more accurate diagnosis. Indeed, gene sequencing based diagnosis is expensive but useful when detecting already known or obvious pathogenic mutations ( e.g. , truncated protein product). However, determining the effects on FTSJ1's activity of de novo point mutation for example can be challenging ( e.g. , missense mutation). In this case, disposing of a molecular indicator ( e.g. , accumulation of specific tRFs) of FTSJ1 loss of function could represent a great advantage for diagnosis at an early age. Indeed the WISC (Wechsler Intelligence Scale for Children) test can be used only for children above 6 years of age, plus in some regions, consultations on the child's development and demonstrated abilities by the clinical geneticist or pediatric neurologist are not possible/ available. I worked with 5 different Lymphoblastoid cell lines (LCLs) that have been derived from the blood of 5 NSXLID patients that carry various loss of function mutations in the FTSJ1 gene (Fig. 23 and also Materials and Methods in Dimitrova et al., 2020, in preparation, p. 117). I also used LCLs derived from blood samples of 4 healthy individuals as controls. More concretely the LCLs were obtained by selecting B lymphocytes from blood samples and immortalizing them through infection with EBV (Epstein-Barr virus) [START_REF] Frisan | Generation of Lymphoblastoid Cell Lines (LCLs)[END_REF] .

All subjects (patients and healthy individuals) are males as FTSJ1 is situated on the X chromosome and female carriers are healthy. The FTSJ1 mutations carried by most of the LCLs that I used for my project have already been described in the litterature; here, I present a brief description of them (Fig. 23). Line LCL11 has a deletion which, in addition to FTSJ1 ( FTSJ1Δ ), includes another gene -SLC38A5. Lines LCL65AW and LCL65JW originate from two related males (brothers), who bear the exact same splice site mutations at the exon 2/intron 2 boundary (IVS2+1delG) leading to the production of a predicted truncated protein through frameshift in the FTSJ1 mRNA and the use of a premature stop codon in exon 3 (Freude et al. 2004). Previous studies have shown that these three cell lines (LCL11, LCL65AW and LCL65JW) lack Nm on positions 32 and 34 of tRNA Phe (Guy et al. 2015). The LCL22 line on the other hand is more particular. It bears a well described point mutation (c.76G>C) which on protein level causes the substitution of an alanine amino acid with a proline at position 26, which is only two residues away from the predicted catalytic residue p.K28 (Guy et al. 2015). The resulting enzyme is no longer able to Nm-modify position 34 of tRNA Phe , while its action on position 32 is maintained (Guy et al. 2015). Finally, LCL-MM originates from a recently diagnosed NSXLID patient who carries a de novo FTSJ1 mutation, never characterized before. The exacte consequences of the mutation (a replacement of two A by a single T in the coding sequence of FTSJ1 ) on protein level are unknown today, but it is predicted to lead to the loss of exon 6 while causing a frameshift and resulting in a truncated protein. In the coming month of August, I plan to validate this prediction both at the mRNA level (by

INTRODUCTION

RNA modifications represent a post-transcriptional layer of gene expression regulation and are the focus of study of the emerging field of epitranscriptomics (Angelova et al. 2018;[START_REF] Zhao | Mapping the Epigenetic Modifications of DNA and RNA[END_REF] . Thanks to their variety and dynamic nature, RNA modifications provide the advantage to rapidly adapt gene expression in response to programmed developmental changes or to unpredictable environmental variations. One of the most abundant RNA modifications is the 2'-O-methylation (Nm) which can affect the RNA molecule in multiple ways ( e.g. , stability, interactions, function) (Kawai et al. 1992;Kurth and Mochizuki 2009;Lacoux et al. 2012) . Nm is mostly present on ribosomal RNAs (rRNAs) and transfer RNAs (tRNAs) (Erales et al. 2017;Marchand et al. 2017) , but can be found on any other type of RNA: small nuclear RNA (snRNA) [START_REF] Darzacq | Cajal Body-Specific Small Nuclear RNAs: A Novel Class of 2'-O-Methylation and Pseudouridylation Guide RNAs[END_REF]Dai et al. 2017a) , small non-coding RNAs (sncRNA) (Li et al. 2005;Yu et al. 2005;Horwich et al. 2007;Saito et al. 2007;Kurth and Mochizuki 2009) and even messenger RNA (mRNA) [START_REF] Darzacq | Cajal Body-Specific Small Nuclear RNAs: A Novel Class of 2'-O-Methylation and Pseudouridylation Guide RNAs[END_REF]Dai et al. 2017a;[START_REF] Bartoli | Conserved methyltransferase spb1 targets mrnas for regulated modification with 2 ′ -O-methyl ribose[END_REF] . Many Nm positions are conserved through evolution and their presence is essential for maintaining healthy physiological functioning. The loss of certain Nm modifications and/or Nm-modifying enzymes has been associated with various pathological conditions (reviewed in (Dimitrova et al. 2019) ), among which cancers [START_REF] Liu | MiR-542-3p Exerts Tumor Suppressive Functions in Non-Small Cell Lung Cancer Cells by Upregulating FTSJ2[END_REF][START_REF] Hassouni | Targeting the Ribosome Biogenesis Key Molecule Fibrillarin to Avoid Chemoresistance[END_REF]He et al. 2020b) and brain diseases (Jia et al. 2012;Abe et al. 2014;Guy et al. 2015;Cavaillé 2017) stand out the most.

FTSJ1 is a human tRNA 2'-O-methyltransferase (Nm-MTase) and a part of the large phylogenetically conserved superfamily of Rrmj/ brillarin RNA methyltransferases (Bügl et al. 2000;Feder et al. 2003) . It's homolog in Saccharomyces cerevisiae is called Trm7 (tRNA methyltransferase 7) and expression of human FTSJ1 suppresses the severe growth defect of yeast ∆trm7 mutants (Guy and Phizicky 2015) . A substantial part of the original knowledge on FTSJ1's molecular functioning has been acquired thanks to the studies done in yeast. In S. cerevisiae , Trm7 2'-O-methylates positions 32 and 34 in the anticodon loop of specific tRNA targets: tRNA Phe(GAA) , tRNA Trp(CCA) and tRNA Leu(UAA) (Pintard et al. 2002b;Guy et al. 2012) . To do so, TRM7 partners with two other proteins: Trm732 for the methylation of a cytosine at position 32, and with Trm734 for the methylation of position 34 (a cytosine or a guanine) (Guy et al. 2012;Li et al. 2020) . The presence of both, Cm 32 and Gm 34 on tRNA Phe(GAA) , are required for ef cient formation of a third modi cation, the wybutosine (yW) at m 1 G 37 by other proteins. This molecular circuitry is conserved from S. cerevisiae and Schizosaccharomyces pombe to humans (Noma et al. 2006;Guy and Phizicky 2015;Guy et al. 2015;Li et al. 2020) .

Recently, our team identified two non-redundant Drosophila melanogaster homologs of human FTSJ1 and yeast Trm7: Trm7_32 and Trm7_34, which modify respectively positions 32 and 34 in the anticodon loop of substrate tRNAs [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] . Along with the conserved tRNA targets, the Illumina-based RiboMethSeq approach that was applied revealed new ones: position 32 in tRNA Gln(CUG) and tRNA Glu(CUC) , described only in flies so far [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] .

Shortly after that, it was reported that in human HEK293T cells, similarly to flies, FTSJ1 modifies position 32 of another tRNA Gln isoacceptor: tRNA Gln(UUG) (Li et al. 2020) . The same study tested a selected subset of tRNAs and shows that position 32 of tRNA Arg(UCG) , tRNA Arg(CCG) and tRNA Arg(ACG) (tRNA Arg was also identified as target of fly Trm7_32 [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF]) ), as well as position 34 on tRNA Arg(CCG) and tRNA Leu(CAG) (so far only evidenced for tRNA Leu(CAA) in humans (Kawarada et al. 2017) and tRNA Leu(UAA) in yeast (Guy et al. 2012) ) are equally 2'-O-methylated by FTSJ1. To our knowledge, there is no study to date that has tested, in an unbiased manner, the totality of human tRNAs for potential targeting by FTSJ1, thus leaving the full spectrum of FTSJ1 tRNA substrates possibly unfully characterized.

With the growing knowledge on the biological importance of Nm and the already well-established link between FTSJ1's loss and non-syndromic X-linked intellectual disability (NSXLID) (Freude et al. 2004;Ramser et al. 2004;Froyen et al. 2007;Guy et al. 2015) , it is becoming urgent to reveal any "hidden" tRNA targets of this enzyme. Humans bearing loss of function mutations in the FTSJ1 gene suffer from significant limitations both in intellectual functioning and in adaptive behavior and similar phenotypes (impaired learning and memory capacity) were recently observed in mice [START_REF] Jensen | A Mouse Model for Intellectual Disability Caused by Mutations in the X-Linked 2′-O-methyltransferase Ftsj1 Gene[END_REF] . Mice lacking functional FTSJ1 had also a reduced body weight and bone mass, and altered energy metabolism [START_REF] Jensen | A Mouse Model for Intellectual Disability Caused by Mutations in the X-Linked 2′-O-methyltransferase Ftsj1 Gene[END_REF] . In flies, we showed that the loss of Trm7_32, Trm7_34 provokes a decrease in lifespan, body weight and antiviral defenses, which may be explained at least partially by the accompanying impairment of the sncRNA silencing pathways [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] . Finally, yeast ∆trm7 mutants grow poorly and it seems to be due to a constitutive general amino acid control (GAAC) activation as well as to the reduced available charged tRNA Phe (Pintard et al. 2002b;Guy et al. 2012;Han et al. 2018) . In humans, however, the evidence relating FTSJ1 to translation is yet scarce and one linking it to sncRNA silencing is simply missing. The molecular and cellular mechanisms underlying NSXLID pathogenesis are quite a mystery today.

In this study, we first aimed to identify the full panel of FTSJ1's tRNA targets in human lymphoblastoid cell lines (LCLs) derived from blood samples of NSXLID male patients' bearing various mutation in FTSJ1 vs.

healthy male individuals with intact FTSJ1 activity. The Nm profiles of the totality of human tRNAs was evaluated by the Illumina-based RiboMethSeq method (Marchand et al. 2016a(Marchand et al. , 2017) ) in FTSJ1 loss of function vs. functional FTSJ1 context and most of the previously reported substrates (tRNA Phe(GAA) , tRNA Trp(CCA) , tRNA Leu(CAG) and tRNA Arg(UCG) ) were confirmed with nucleotide position precision. Indeed, the enzymatic activity of FTSJ1 on these selected tRNAs has been revealed through HPLC (high-performance liquid chromatography) (Guy et al. 2015) or UPLC-MS/MS (ultra-performance liquid chromatography-mass spectrometry/mass spectrometry) (Li et al. 2020) , both of which techniques analyse individual nucleosides of selected tRNAs and thus, cannot provide the exact position of the modification. The location of the targeted nucleotides has been inferred from the available knowledge on tRNA sequences and modification profiles (Chan and Lowe 2016;[START_REF] Boccaletto | MODOMICS: A Database of RNA Modification Pathways. 2017 Update[END_REF] .

Thus, the contribution of the current report consists in the precise mapping of FTSJ1's-dependent Nm, while considering the totality of human tRNA isotypes and isoacceptors without any biais. An additional advantage of the RiboMethSeq technique for this study was that it enabled us to "scan" every nucleotide position on the tRNAs, thus revealing Nm modifications elsewhere than the known positions 32 and 34, and affirming the specificity of FTSJ1 for the latter two.

Our recent study in Drosophila melanogaster revealed tRNA substrates for Trm7_32 (C 32 in tRNA Arg , tRNA Gln(CUG) , tRNA Glu(CUC) and tRNA Val ) for which, at the time of publication, there was no experimental evidence identifying them as targets of human FTSJ1 or yeast Trm7 [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] . This, together with the additional freshly identified targets of human FTSJ1 by (Li et al. 2020) study, raised the suspicion for an expanded tRNA targets panel for these enzymes compared to what was previously known. Here we give reason to this suspicion by showing the conservation of C 32 in tRNA Gln(CUG) (reported only in Drosophila so far [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF]) )

as substrate of human FTSJ1, and also revealing an additional target: U 32 in tRNA Gly(CCC) , while confirming previously reported ones. Through NGS (next generation sequencing) transcriptome analysis we also report on mRNA and miRNA populations deregulations in FTSJ1-lacking NSXLD patients' LCLs. A cross analysis between these two datasets and experimental databases for miRNA targets identification showed many miRNA::mRNA target potential interactions in the NSXLID patients' LCLs. Considering the sncRNA

MATERIALS & METHODS

Cell lines culturing

The various lymphoblastoid cell lines (LCLs) were generated by using classical methods from blood samples of NSXLID male patients or healthy male individuals. The cells were cultured in RPMI-1640 medium with L-glutamine and sodium bicarbonate (ref. 

RT-qPCR

RNA was extracted from human LCLs using TRI-Reagent (Sigma Aldrich). After DNase digestion of total RNA using the TURBO DNA-free™ Kit (Ambion), 1 ug was used in a reverse transcription reaction with Random Primers (Promega) and RevertAid

Reverse Transcriptase (ref. EP0442,Thermofisher). The cDNA was used to perform qPCR on a CFX96 Touch™ Real-Time PCR Detection System (Bio Rad) using target-specific primers. hGAPDH was used for normalization ( Primers and Probes section ). The analysis was performed using ∆∆ Ct, on three biological replicates.

Statistical analysis using a Student's t-test was performed and p -values were determined.

Primers and Probes

Northern blot analysis was performed with the use of hsa-miR-181a-5p specific probes with the following sequences: 5'-AACATTCAACGCTGTCGGTGAGT-3' (sense probe) and 5'-ACTCACCGACAGCGTTGAATGTT-3' (antisense probe).

qPCR analysis (after an RT reaction performed with random primers) were performed with the use of primers with the following sequences:

Target Gene Primer's sense Sequence 

This section is in progress. The final list of primers and probes that will be used in the study will be presented as a table and placed in the Supplementary

Material section.

Only Cm 32 of tRNA Phe(GAA) made an exception and no detectable Nm variations between wild type and mutant FTSJ1 conditions were found. The analysis of this position was challenging due to low read numbers necessary for its quantification and we do not exclude the possibility that this may be a false negative result (Fig. 1c).

Our RiboMethSeq analysis did not detect variations in Cm 32 on tRNA Leu(UAA) , a supposed FTSJ1 target based on yeast rescue assays (expression of FTSJ1 from a high copy P GAL plasmid in S. cerevisiae trm7Δ ) (Guy and Phizicky 2015) and on RiboMethSeq data from Drosophila orthologue Trm7_32 [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF]) . However, we found a partial loss of Cm 34 on a specific subtype of tRNA Leu(CAG) in human LCLs lacking FTSJ1 function. This particular target was only very recently reported in humans by using HEK293T cells with FTSJ1 KO. We also found that FTSJ1 loss of function in human LCLs leads to almost complete loss of Cm 32 on tRNA Gln(CUG) (Fig. 1c), a recently discovered target of Drosophila Trm7_32 [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF]) which was not reported on the RNA modification database Modomics neither for yeast, flies, nor humans [START_REF] Boccaletto | MODOMICS: A Database of RNA Modification Pathways. 2017 Update[END_REF] . We also found a notable decrease in two other tRNAsone that was reported on Modomics, but the enzyme responsible for it was unknown, Um 32 on tRNA Gly(CCC) , and one that has been reported only very recently in humans, Cm 32 on RNA Arg(UCG) (Li et al. 2020) . Cm 32 on tRNA Arg(UCG) was importantly abolished in LCLs lacking proper FTSJ1 function, while Um 32 on tRNA Gly(CCC) was only partially but significantly affected (Fig. 1c).

Those experiments confirmed most of the already known target positions of human FTSJ1 on tRNAs and has uncovered novel unexpected targets (Fig. 1d -next page).

These data analysis on miRNA suggest that FTSJ1 may play a role in the miRNA pathway through an unknown yet mechanism that implicates the regulation of a large and specific miRNA population, possibly important for proper brain development and functioning.

FTSJ1 loss of function deregulates mRNAs steady state level

miRNAs have the ability to regulate gene expression post-transcriptionally through the small RNA silencing pathways, thus we hypothesized that the miRNAs deregulation in the NSXLID patients' cells may lead to a deregulation of the mRNA levels too. We performed a mRNA sequencing on our LCL lines which revealed a large number (686 in total) of significantly deregulated mRNAs, both up-and down-regulated (Fig. 3a, 3b and 3c). For SPARC, there is evidence for implication in both metastasis and tumour suppression [START_REF] Tai | SPARC in Cancer Biology: Its Role in Cancer Progression and Potential for Therapy[END_REF] and it showed significantly downregulated mRNA level in FTSJ1 mutant context in both experiments (Fig. 3c and3e).

These data are showing clearly a deregulation of certain mRNAs due to FTSJ1 loss of function in NSXLID patient's blood derived cells. Many of the deregulated genes have been linked to cancer and brain functioning.

FTSJ1 deregulated miRNAs target FTSJ1 deregulated mRNAs

As most of the FSTJ1 deregulated miRNAs and mRNAs are implicated in similar biological processes, we wondered if there is a miRNA::mRNA functional interaction between some of them. Using miRNet 2.0 [ https://www.mirnet.ca/miRNet/home.xhtml ], we performed a bioinformatics cross-analysis of our miRNAseq data and our mRNAseq data.

We found a subset of the FTSJ1 deregulated miRNA for which there is experimental evidence for interacting with some of the FTSJ1 deregulated mRNAs. The cross-analysis showed that the SPARC gene (down-regulated in LCLs from NSXLID patients' LCLs compared to healthy individuals) is a potential target of the mir-10a-5p (upregulated in LCLs from NSXLID patients' LCLs compared to healthy individuals), suggesting that SPARC downregulation may be due to increased silencing by upregulated miR-10a-5p in FTSJ1-lacking patient cells. Curiously, the cross-analysis also revealed that the BTBD3 gene is potentially targeted by miR-181a-5p, the two of which were upregulated in NSXLID patients'-derived LCLs, implicating a possible connexion between them that differs from the canonical miRNA silencing.

Note:

The cross-analysis is still in progress and other miRNA::mRNA couples will be brought out in the final version of the article manuscript. The hypothesis that I emitted and tested in order to solve the question asked by my second PhD project aim, have resulted in intriguing preliminary results and need to be further confirmed before publication.

Finally, when it comes to my last objective, concerning the human ortholog of the proteins studied in flies, I had the possibility to work in collaboration with two distinct sequencing platforms (one specialized in RiboMethSeq and one in small RNA sequencing). The analysis of the data generated with their help has enriched our knowledge on the disease-associated human ortholog and I regrouped it in a preliminary article version (included at the end of the RESULTS section) for journal submission in the months to come.

At the beginning, the focus of our team was directed towards the Ago2-dependent small RNA silencing in Drosophila . In flies, the general rule says that Ago2 is dedicated to the siRNA silencing, however certain miRNAs, in particular those forming perfectly complementary duplexes, are also loaded in this same protein. Our team screened 13 900 Drosophila genes in S2 cells with the automiG sensor which contains and auto-silences the GFP coding sequence through Ago2-dependent miRNA silencing (Carré et al. 2013) . The genes that scored positive were further tested with a dual Luciferase reporter for implication in the siRNA pathway (Ago2-dependent in flies). CG7009, an uncharacterized protein-coding gene was detected by both reporter systems and we revealed its surprising function as tRNA Nm-MTase [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] .

We equally identified a tRNA Nm-MTase function for CG5220, a paralogous uncharacterized fly protein, which was not uncovered in the automiG screen in embryo-derived S2 cells, however scored positive in the automiW sensor assay in adult flies, the same way as CG7009. In flies, the miRNA silencing is crucial during ) . In the fly system, there is one protein less to worry about, as only loss of

The missing link

The discovery of two tRNA Nm-MTases implicated in the sncRNA silencing pathways for gene regulation was more than surprising. The immediate thought was about 2'-O-methylation of the 3'-end of si-and piRNAs in Drosophila and a potential dual function of these enzymes (targeting not only tRNAs but also small RNAs). Indeed, targeting different RNA targets is not uncommon in the world of RNA modifications enzymes. However the enzyme responsible for the 3'-end Nm-modification of small RNAs is already known, DmHEN1, and there is no evidence for compensation by other enzymes in DmHEN1 mutant or KD flies. The second though was about a potential internal Nm modifications in small RNAs by CG7009 and CG5220, playing a role in the interactions of the small RNAs with their Argonautes or with their target mRNAs as previously shown in vitro for Nm at position 14 of siRNA [START_REF] Zheng | Single Modification at Position 14 of siRNA Strand Abolishes Its Gene-Silencing Activity by Decreasing Both RISC Loading and Target Degradation[END_REF] . As there was no evidence in vivo suggesting such a molecular mechanism, and as it is still difficult to answer this question technically, we focused on a third option concerning tRNA fragments, which at the time didn't seem evident either, yet, was backed up by some interesting literature reports (Durdevic et al. 2013) . tRFs can bind to Argonaute and to Dicer and can be massively produced in case of post-transcriptional modifications loss. We found an accumulation of 5'-tRF derived from one of the substrates of CG7009 and CG5220, tRNA Phe , in CG7009 mutant flies.

tRFs (not stress-induced) produced by Dicer (which is rare) ressemble canonical small RNAs. Plus, it is known that they can bind Ago, and my Ago2-Flag RIP experiments suggest that this is the case for 5'-tRF-Phe in CG7009 mutant flies in which the Ago2-dependent miRNA pathway is affected. It is possible that these tRFs saturate at least partially Ago2, and maybe Dicers (Dcr1 which is important for the miRNA biogenesis or Dcr2 which is important for small RNA loading in Ago2) (Durdevic et al. 2013) or even Asterix.

Asterix is a small zinc finger protein that can interact with Piwi and is essential for the primary piRNA transcriptional gene silencing machinery [START_REF] Dönertas | Drosophila Gtsf1 Is an Essential Component of the Piwi-Mediated Transcriptional Silencing Complex[END_REF][START_REF] Muerdter | A Genome-Wide RNAi Screen Draws a Genetic Framework for Transposon Control and Primary piRNA Biogenesis in Drosophila[END_REF][START_REF] Ohtani | DmGTSF1 Is Necessary for Piwi-piRISC-Mediated Transcriptional Transposon Silencing in the Drosophila Ovary[END_REF] , machinery which we found to be deregulated in CG5220, CG7009 mutant flies. Intriguingly, only months ago during the CSHL (Cold Spring Harbor Laboratory) Regulatory & Non Coding RNAs meeting, Jonathan Ipsaro from the Joshua-Tor lab, New York reported that both fly Asterix and its mammalian homolog Gtsf1 interact with mature tRNAs in vivo . They proposed that this interaction may play a role into the recognition for piRNA silencing of activated long-terminal repeat (LTR) retrotransposons which require tRNAs for priming their reverse transcription. It has been shown that tRFs can interfere with the priming of these TE by displacing the mature tRNAs from the primer binding site (PBS) (Schorn et al. 2017;[START_REF] Schorn | Tie-Break: Host and Retrotransposons Play tRNA[END_REF] . We can imagine that tRFs derived from the CG5220 and CG7009 tRNA targets may perform a similar job. However, if Asterix recognises them, then the piRNA-charged Piwi will be brought to transposons which are already being silenced (by the impossibility of the bount tRF to prime RT). If the tRFs are sufficiently abundant, this could also lead to saturation of both Asterix and the piRISC which won't be present anymore for the other non-silenced TE.

When it comes to Dicers, we do not have clear evidence today that the observed 5'-tRF-Phe in our fly mutants are generated by Dicer. However, very preliminary northern blot experiments of a previous PhD student, Margarita Angelova, showed a variation in the 5'-tRF-Phe patterns in CG7009 mutants, when Dicer 2 is also mutated (not shown).

The result suggested that Dicer2 may be partially implicated in the generation of the 5'-tRF-Phe. It is possible that Dicer1 is also implicated (not tested) and that both Dcr1 and Dcr2 can recognise tRNA double-stranded regions for slicing, as shown in mammals [START_REF] Babiarz | Mouse ES Cells Express Endogenous shRNAs, siRNAs, and Other Microprocessor-Independent, Dicer-Dependent Small RNAs[END_REF][START_REF] Cole | Filtering of Deep Sequencing Data Reveals the Existence of Abundant Dicer-Dependent Small RNAs Derived from tRNAs[END_REF][START_REF] Song | Molecular Mechanisms of Dicer: Endonuclease and Enzymatic Activity[END_REF] .

We do not exclude the option for an enzyme similar to mammalian Angiogenin ( aka ribonuclease 5) to also contribute to 5'-tRF-Phe production. Even if mammalian Angiogenin acts mainly during stress response, it is known to cut the tRNA in the ACL when certain chemical modifications are lacking as is the case in CG7009, CG5220 mutant flies. However, to date, no Angiogenin ortholog was reported in Drosophila even if intriguingly, directed expression of human Angiogenin in flies tissues is able to mediate the production of tRFs (Genenncher et al. 2018b) .

During my PhD, I explored the hypothesis of an Ago2 saturation by these The issues with detecting Ago2-Flag associated small RNAs were multiple. Firstthe limited quantity of RNA recovered from Ago2 IPs. Only a limited number of flies could fit in the 1,5 ml Eppendorf tubes, and a multiplying the number of tubes per condition has limits too, if we want to perform the experiment for all conditions simultaneously (with a greater number of tubes, the incubation times for each of them can dramatically increase due to increased pipeting time for the rest). A solution would be to pass into larger sample tubes (15ml) for which some equipment adjustments would be necessary.

Second, the RNA visualisation through northern blot had normalization issues -a proper signal was obtained only after resuspending the RNA pellet directly in the loading buffer with no possibility to measure and adjust the RNA concentration. Scaling-up the Ago2-Flag IP may actually allow to recover enough RNA even after losing a part of it for nanodrop measurements.

The stem-loop RT-PCR alternative for RNA detection had its issues too -low signal (Ct values around 32) for the tRFs and high background (Ct values around 34). The background issue may be solved by applying a more specific and "clean" elution with Flag-peptide of the Ago2-Flag IP. I am not completely excluding the possibility that the stem-loop RT primer may bind and amplify the whole mature tRNA instead of tRFs only.

The primers have been designed in a way that spatial obstruction by the loop should prevent binding to whole tRNAs, this however, has not been proven experimentally. It would be useful to test the stem-loop RT primers on purified whole tRNA vs. purified corresponding tRFs. Purifying whole tRNA has been done for our mass spectrometry assays through complementary DNA oligonucleotides, however purifying their corresponding tRFs would probably be more challenging. An oligonucleotide targeting a tRF would simultaneously recognize the tRNA from which it originated and a separation through urea-PAGE gel elution would be required. Fortunately, tRF purification has been elegantly performed recently by our collaborator Dr. Schaefer in Vienna [START_REF] Drino | Production and Purification of Endogenously Modified tRNA-Derived Small RNAs[END_REF] .

The low signal of tRFs in those stem-loop RT-qPCRs may be explained in two ways. First, by the limited amount of recovered Ago2-Flag-associated RNA or by low efficiency of the RT reaction. Stem-loop RT is efficient when applied to other small RNAs, so why would it be problematic to use it on tRFs ? The answer may lay in the highly modified nature of tRNA nucleotides. As already explained, tRNAs bear a large number of post-transcriptional modifications, so do their corresponding tRFs [START_REF] Cozen | ARM-Seq: AlkB-Facilitated RNA Methylation Sequencing Reveals a Complex Landscape of Modified tRNA Fragments[END_REF] .

Hence, these modifications may affect the binding of the stem-loop primer to the tRF and decrease the efficiency of the RT reaction itself, as this is already known to be the case in larger RNAs (Dong et al. 2012;[START_REF] Potapov | Base Modifications Affecting RNA Polymerase and Reverse Transcriptase Fidelity[END_REF] . Protocols are available for "stripping"

RNAs from post-transcriptional modification [START_REF] Cozen | ARM-Seq: AlkB-Facilitated RNA Methylation Sequencing Reveals a Complex Landscape of Modified tRNA Fragments[END_REF][START_REF] Bibliography A Alemu | ALKBHs-Facilitated RNA Modifications and de-Modifications[END_REF] , however their action do not take in charge 2'-O-methylation, which could potentially be an issue in the studied tRFs.

One additional problem with the stem-loop RT-qPCR may be coming from the fact that I designed the primers in a way to detect the entire 30-35 nt-long tRF. It is more likely that the tRF loaded in Ago2 has been shortened as Ago2 is known to bear 21-23-nt-long si-and miRNAs. We cannot exactly predict if the tRF would be shortened by the 5'-, 3'-or both ends. Thus, in the future, three versions of the stem-loop RT primer should be designed (targeting shorter variants of the 5'-tRF-Phe): one from the 5'-end, one from the 3'-end and one somewhere in the middle of the 5'-end tRF-Phe.

The Ago2-Flag RIP experiments in flies are paused for the moment. However, it may be useful to restart them with a bigger initial quantity of flies and the less-efficient but cleaner Flag-peptide elution, by testing the above-suggested "shorter" stem-loop RT primers. Also, Piwi-Flag fly lines in the Nm-MTases mutants have been constructed and potential tRFs in the Piwi protein may be more abundant and easy to detect. Indeed, Piwi accommodates small RNA of a size around 29 nts, while Ago2 only of a size of around 21nts. The tRFs that we observe in the northern blot are quite large -around 30-35 nts. In that case, Piwi may be the main carrier of tRFs in CG7009, CG5220 mutants flies and Ago2-dependent small RNA pathways may be affected on another level (ex: Dicer2, R2D2 saturation) and may bind tRFs only occasionally. Finally, it has been demonstrated that tRFs loading specifically in fly Ago2 (and not in fly Ago1) increases significantly with age [START_REF] Karaiskos | Age-Driven Modulation of tRNA-Derived Fragments in Drosophila and Their Potential Targets[END_REF] . Thus, another reason for my difficulties with detecting Ago2-associated tRFs may be that I performed my experiences in young flies (around 5-day old). It would be interesting to perform the Ago2-Flag RIP experience and subsequent stem-loop RT-qPCR in aged flies.

I would like to end this part of the discussion by mentioning that the implication of CG7009 in the Ago2-dependent miRNA pathway may not be related to its function on tRNAs, but rather on other yet unknown RNA substrates, for example: mRNA. Indeed, evidence strongly suggests that yeast Trm7 2'-O-methylates not only tRNAs, but also mRNAs [START_REF] Bartoli | Conserved methyltransferase spb1 targets mrnas for regulated modification with 2 ′ -O-methyl ribose[END_REF] . If that is also the case for CG7009, then these potential Nm sites on mRNAs can affect their interaction with the Ago2-miRISC and the silencing that is supposed to take place. Importantly, this hypothesis is supported by the decrease of Ago2 mRNA steady state level in S2 cells KD for CG7009 [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] .

Lost in translation ?

Preliminary results in fly heads show deregulated polysome profiles: mostly in the formation of a monosome. This is in line with previously described roles of tRFs in translation initiation blockage and with deregulated polysome profiles in yeast mutant for Trm7, although in S. cerevisiae , we see an issue with the polysomes rather than the monosome (Pintard et al. 2002a) . Also, translational issues may explain the reduced size and weight observed in the CG5220, CG7009 mutant flies. As obtaining proper polysome profiles even from wild type fly material is challenging, at this point, we consider our results as preliminary and intend to repeat the experiment in Drosophila S2R+ cell lines after KD of CG5220 and CG7009.

In perspectives, our lab is planning to test the polysome profiles in LCL cells with a similar technique (ribosome profiling: RiboSeq) which would enable us to see the concrete proteins whose translation is affected if this molecular phenotype is conserved in humans.

We are particularly curious to see if this assay will detect p21, a cancer-related gene whose translation efficiency was reported to be positively influenced by FSTJ1 [START_REF] Holzer | Nucleoporin Nup155 Is Part of the p53 Network in Liver Cancer[END_REF] . And of course, it would be more than interesting to see if, in the absence of FTSJ1 in NSXLID patients' LCLS, the potentially deregulated translation concerns proteins rich in the amino-acids carried by the affected tRNAs (Phe, Trp, Leu etc.), and if these are proteins important for brain development and normal functioning through life.

In line with this idea, a recent study stated that approximately 40% UUU codon-biased genes in the human genome are involved in the nervous system and brain function, UUU being one of the two codons (the other one being UUC) recognized by tRNA Phe(GAA) in yeast, flies and humans (Li et al. 2020) . The same study demonstrated that FTSJ1 KO in human HEK293T cells leads to a decreased translation efficiency of UUU codons of a transgene construction. Thus, our future RiboSeq experiment will be of great interest in order to verify if the translation of these UUU codon-biased genes is affected in the NSXLID patients-derived LCLs lacking FTSJ1.

Changes in codon recognition accuracy by cognate tRNA were reported when tRNA Trp(CCA) loses its FTSJ1-deposited Cm 34 in human cells [START_REF] Trzaska | 2,6-Diaminopurine as a Highly Potent Corrector of UGA Nonsense Mutations[END_REF]) . More particularly, in the absence of Nm at the wobble position, this tRNA recognises the UGA stop-codon in addition to the canonical UGG-Trp codon. This leads to a translational readthrough -a Trp is deposited in the polypeptide chain and the translation continues until another ("stronger") in frame stop-codon is reached. Strikingly, hAgo1 which is the closest human homolog of Drosophila Ago2, has a readthrough version: hAgo1-x, which binds miRNAs, but does not induce silencing of their targets [START_REF] Ghosh | AGO1x Prevents dsRNA-Induced Interferon Signaling to Promote Breast Cancer Cell Proliferation[END_REF][START_REF] Singh | Let-7a-Regulated Translational Readthrough of Mammalian AGO 1 Generates a Micro RNA Pathway Inhibitor[END_REF] . It seems that the Drosophila Ago2 has also the potential for generating a readthrough protein version, as its classical translation termination depends on a UGA stop-codon, and bears multiple others further in the 3'-UTR sequence. Today there is no experimental evidence showing a readthrough version of fly Ago2, however, its existence and potentially increased production in CG7009 mutant flies may be able to explain the disruption of the Ago2-dependent miRNA pathway through sequestering miRNAs into an Argonaute that is not fit for silencing (in analogy to hAgo1-x properties). My lab, in particular Mira Brazane, a second year PhD student, started to evaluate this Ago2 readthrough possibility in flies.

Finally, potential multitasking capabilities of the fly CG5220 and CG7009, implying Nm targeting of mRNA, could also interfere with translation efficiency. Indeed, 2'-O-methylation within coding regions of mRNAs has been demonstrated to disrupt tRNA decoding during translation elongation (Choi et al. 2018) and surprisingly increase the targeted mRNA steady state level (Elliott et al. 2019) . We can then expect that the loss of our two NmMTases of interest would have the opposite effect, which does not seem to be the case according to the results from our SUnSET and polysome profiling assays. This does not exclude the possibility for CG5220 and CG7009 to target mRNAs, simply makes it less probable for the precise consequences to be related to translation regulation.

tRNA Phe(GAA) . These tRFs are generated in the absence of CG7009 and the possibility that this molecular phenotype may be conserved in humans, gave birth to the idea for potential biomarkers for FTSJ1-related NSXLID. Indeed, the diagnosis of ID can be tricky and sequencing the whole genome of each potential patient can be laborious and expensive, plus, the functional consequences of de novo mutations are not always apparent. Thus, having at disposition a molecular indicator for the activity status of FTSJ1 could represent a great advantage to the diagnosis of NSXLID disease at a young age (<6 years old), which would enable taking in charge of the patients by the health care system as early as

possible. tRFs have a potential for such a role as they can be found in numerous tissues, including in the bloodstream, where they perdure stable and are detectable. It is among our objectives to identify specific tRFs if such accumulate in NSXLID patients' blood-derived LCLs. Considering the recently reported role of FTSJ1 in cancer, potential accumulation of specific tRFs could be used as a biomarker in some cancers too. Testing the tRF accumulation phenotype in human LCLs is currently being accomplished through classical northern blots with radioactive probes targeting the 5'-or 3'-end of known FTSJ1 tRNA targets. Before diving into this experiment, however, we wanted to make sure that we are familiar with the totality of FTSJ1 tRNA targets.

We thus performed RiboMethSeq on our NSXLID patients' LCLs carrying a FTSJ1 loss of function vs. healthy individuals' LCLs carrying intact FTSJ1. This is a site-specific and unbiased approach for two reasons. First, the technique is performed on total RNA extracts without any tRNA purification step implying specific DNA oligonucleotides, which could lead to contaminations with all other tRNAs carrying a close nucleotide sequence as well as the extremely abundant and 2'O-modified rRNAs. Second, with RiboMethSeq we can analyse the Nm status of the totality of tRNA species in the human cells and not just on a subset of tRNAs selected with criteria based on the current incomplete knowledge of FTSJ1 targeting mechanism. Further, RiboMethSeq mapps tRNA reads to the whole genome and thus, can identify variations in Nm with a single nucleotide resolution. In contrast, classical mass spectrometry based techniques, although very useful, require the hydrolysis of the tested tRNA into single nucleotides, thus the information for the position of these nucleotides in the whole molecule is lost. In order to recover the exact position of the modified nucleotides, these approaches count on the available knowledge on specific tRNAs sequences and modification profiles, listed in RNA modification databases.

Unfortunately the latter are not necessarily exhaustive yet as evidence for new modified RNA positions continue to appear regularly.

The results from the RiboMethSeq performed on LCLs confirmed the already known tRNA targets: Cm 32 and Cm 34 of tRNA Trp(CCA) and position 34 in tRNA Phe(GAA) and tRNA Leu(CAG) (and not tRNA Leu(CAA) ) of FTSJ1 and uncovered new ones. Cm 32 of tRNA Phe(GAA) , which is also a well known target of FTSJ1, made an exception and no variations between wild type and mutant FTSJ1 condition were detected for it. The analysis of this position was challenging due to low read numbers necessary for its quantification and we concluded that this is probably a false negative result. Also, we found no variations in Cm 34 of tRNA Leu(CAA) , which is probably another false negative considering that this target was previously reported in humans (Kawarada et al. 2017) and in flies [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] . The reason may be the hypermodified nature of this nucleotide position (f 5 C34/hm 5 C34 before methylation by FTSJ1 (Kawarada et al. 2017) ) which may have interfered with the random hydrolysis step of the RiboMethSeq and/ or the RT step, probably protecting the site even in the absence of FTSJ1. Instead we detected a FTSJ1-dependent Nm on C 34 of another isoacceptor: tRNA Leu(CAG) which was recently confirmed by another study (Li et al. 2020) . Finally, thanks to the RiboMethSeq we were able to uncover some novel and unexpected tRNA targets for FTSJ1: Cm 32 tRNA Arg(UCG) , Cm 32 tRNA Gln(CUG) and Um 32 tRNA Gly(CCC) .

In the case of tRNA Arg(UCG) it seems that we uncovered not only a new target for FTSJ1, but also an unknown modification as Cm 32 was reported on modomics database only for two other isoacceptors (tRNA Arg(CCU) and tRNA Arg(UCU) ) and not for tRNA Arg(UCG) .

Similarly, there was no evidence for a human Cm 32 tRNA Gln(CUG) and only the other isoacceptor tRNA Gln(UUG) was reported on modomix as 2'-O-methylated at C 32 . Still, Cm 32 on tRNA Gln(CUG) was recently discovered as a target of Drosophila Trm7-32 [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF]) . Among the new uncovered FTSJ1 targets Um 32 tRNA Gly(CCC) was the only one that has been identified by modomics, however the enzyme responsible for this modification was unknown until now.

Our data is still unpublished, however only weeks ago, a new study appeared and revealed by UPLC-MS/MS (Ultra performance liquid chromatography -tandem mass spectrometer) new tRNA targets for FTSJ1 after purifying a subset of tRNAs from human HEK293T cells KO for FTSJ1 vs. wild type (Li et al. 2020) . The results are mostly similar to our RiboMethSeq data, however there are some important differences.

The UPLC-MS/MS confirms the targeting of Cm 32 tRNA Arg(UCG) by FTSJ1, as revealed by our RiboMethSeq, but also detects FTSJ1-dependent Cm 32 tRNA Arg(ACG) and Um 32 and Cm 34 tRNA Arg(CCG) . In the case of Cm 34 tRNA Arg(CCG) , the authors of the study assume that it may be a false positive due to contamination by another isodecoder tRNA Arg(CCG)-2-1 (which has C 32 and high sequence similarity [START_REF] Maraia | Factors That Shape Eukaryotic tRNAomes: Processing, Modification and Anticodon-Codon Use[END_REF] . Thus the observed change on Cm 34 tRNA Arg(CCG) in FTSJ1 KO cells may come from C32 of tRNA Arg(CCG)-2-1 that seems to be modified by FTSJ1, which highlights one of the limitations of UPLC-MS/MS when compared to RiboMethSeq. (Li et al. 2020) study confirmed our positive result on Cm 34 tRNA Leu(CAG) , but did not test Um 32 tRNA Gly(CCC) , nor Cm 32 tRNA Gln(CUG) , instead they identified a FTSJ1-dependent Cm 32 tRNA Gln(UUG) .

It is important to note that UPLC-MS/MS studies are biased in their way of identifying the Nm sites and in their selection of potential tRNA targets; plus they can be sometimes compromised by contaminations of the purified tested tRNAs by other similar in sequence tRNAs (as well as the heavily Nm-modified rRNAs). However the RiboMethSeq showed most probably false negative results on Cm 32 of tRNA Phe(GAA) and on Cm 34 of tRNA Leu(CAA) . Thus, we do not exclude the possibility that there may still be other tRNA targets of FTSJ1 that were not uncovered by the RiboMethSeq. Some of them are probably reported in (Li et al. 2020) On another note, we tested an additional aspect of FTSJ1 function, more particularly its probable multitasking capacity inferred from a study on its yeast Trm7 homolog [START_REF] Bartoli | Conserved methyltransferase spb1 targets mrnas for regulated modification with 2 ′ -O-methyl ribose[END_REF] . We took advantage of the RiboMethSeq technique once again and analysed the entire mRNA Nm-ome in all the LCLs available in our lab (mutant or not for FTSJ1 ). This analysis is still ongoing, but when at term, will provide information on new Nm-modified sites on mRNAs, including ones potentially targeted by FTSJ1.

Preliminary results already reveal the existence of FTSJ1-dependent Nm sites on mRNAs. Recently, some studies have reported Nm on mRNAs, including on human mRNAs (Dai et al. 2017b;[START_REF] Hsu | Single Base Resolution Mapping of 2'-O-Methylation Sites in Human mRNA and in 3' Terminal Ends of Small RNAs[END_REF][START_REF] Tang | Identification and Exploration of 2'-O-Methylation Sites in rRNA and mRNA with a Novel RNase Based Platform[END_REF] . Those reports will be of great value to cross-check our freshly discovered Nm mRNAs candidates. In the future, it would be useful to evaluate the consequences of these Nm modifications on translational level, especially if the potentially targeted mRNAs by FTSJ1 encode brain-or cancer-related proteins. Finally, I want to make a quick mention of the fact that FTSJ1 is coming from an evolutionary conserved family of Nm-methyltransferases, in which many members target rRNA and not tRNAs. It is not excluded that FTSJ1 has kept the ability of its ancestors to target rRNA in addition to tRNA and mRNA. An idea that is suggested by our preliminary polysome profiling results in flies double mutants for CG7009, CG5220.

Indeed, in flies we detect a certain decrease in the monosome formation which may be due to improper Nm-modification of rRNA subunits.

Using patients' LCLs has given us useful information on the extent of FTSJ1 targeting and has opened new roads for examining molecular pathways potentially implicated in the pathogenesis of NSXLID. However, studying a neurodevelopmental disease in blood cells is not ideal. For that reason, our lab is setting-up a collaboration with neural-stem cells specialists. We want to differentiate iPS into neuronal precursors, then into more specialized neuronal cells while comparing the effects of FTSJ1 KD or KO onto these differentiation processes. We would use FTSJ1 CRISPR KO as well as the DAP molecule which targets FTSJ1's activity on position 34 of tRNA Trp(CCA) [START_REF] Trzaska | 2,6-Diaminopurine as a Highly Potent Corrector of UGA Nonsense Mutations[END_REF]) . Although, it should be noted that DAP specificity is limited, as it decreases the 2'-O-methylation not only on Cm 34 of tRNA Trp(CCA) , but also on Cm 32 of tRNA Gln(UUG) (recently identified target of FTJ1 by the (Li et al. 2020) study, but not confirmed by our RiboMethSeq in LCLs) and on Gm 18 of tRNA Ser(GCU) (deposited by TARBP1) [START_REF] Trzaska | 2,6-Diaminopurine as a Highly Potent Corrector of UGA Nonsense Mutations[END_REF] . Still, the use of DAP treatment is technically undemanding and time-saving compared to the generation of CRISPR mutants, and thus can be advantageous during the exploratory phase of our future study. In conclusion, we expect that all these experiments will give us a clearer view of which stage(s) of brain development exactly does FTSJ1 intervene and has a decisive role.

I would like to conclude by underlying the versatility of the Trm7 family members in terms of molecular pathways implication ( e.g. sncRNA silencing, translation, tRFs production, etc.). Most probably their loss leads to complex deregulations, whose biological consequences are strictly dependent on the tissue context specificity ( e.g., brain development and specific cancer types).

MATERIALS AND METHODS

Surface Sensing of Translation (SUnSET) assay

The SUnSEt assay was performed mostly as described in [START_REF] Belozerov | In Vivo Interaction Proteomics Reveal a Novel p38 Mitogen-Activated Protein kinase/Rack1 Pathway Regulating Proteostasis in Drosophila Muscle[END_REF] .

Approximately 5-day-old flies are starved for 6h, then fed with 3% ethanol, 5% sucrose solution supplemented with 600μM puromycin (an aminonucleoside antibiotic) (Invivogen)

for 22-24h. A first control group is fed with the same solution with 35mM cycloheximide (a protein synthesis inhibitor) in addition and a second control group -with non-supplemented 3% ethanol, 5% sucrose solution. Incorporated puromycin into nascent proteins was quantified by western blot on fly head or body proteins lysates with a mouse anti-puromycin antibody, 3RH11 (Kerafast) at 1/500 dilution, and normalized with anti-histone H3 mouse antibody (Diagenode) at 1/1000 dilution.

Polysome Profiling

The heads of 200 1-6-day-old flies per condition were dissected and homogenized in lysis buffer (25 mM Tris pH 7.4, 10 mM MgCl 2 , 250 mM NaCl, 1% Triton X-100, 0.5 mM DTT, 100 mg/ml cycloheximide). The OD 260nm of the lysates was measured and equal quantities of RNA were deposited for each condition on 15-45% sucrose gradient. The gradients were then centrifuged at 4°C and at high speed (39 000 rpm) for 3h. The molecular complexes were collected in fractions according to their molecular weights, while OD 254nm of each fraction was being measured progressively in order to generate the polysome profiles.

RNA Immunoprecipitation (RIP)

Ago2-Flag RIP was performed mostly as described by [START_REF] Miyoshi | Biochemical Analyzes of Endogenous Argonaute Complexes Immunopurified with Anti-Argonaute Monoclonal Antibodies[END_REF] 

Figure 1 .

 1 Figure 1. Mechanism of action of Argonaute proteins.A scheme of catalytically active Argonaute is shown containing a complete catalytic tetrad with two bound magnesium ions (shown as purple spheres) in the PIWI domain in complex with the guide nucleic acid (left) and after its binding to a target (right). The first 5'-end nucleotide of the guide strand is anchored in between the MID and PIWI domains and the 3'-end is docked in the PAZ domain (left). Adapted from(Olina et al. 2018) .

Figure 6 .

 6 Figure 6. Biogenesis of tRNA fragments. The trailer sequences from the 3′-end of the tRNA precursors give rise to tsRNAs of the tsRNA1 series (orange) after being cut off by RNase Z. Additionally, RNase P cuts off the leader sequence of the 5′-end of the tRNA precursor. The pre-tRNA is properly folded and extensively post-transcriptionally modified before it gets exported to the cytoplasm. Slicing of mature tRNAs by enzymes such as Angiogenin and Dicer produces tRNA halves and shorter tsRNAs. Depending on their derivation within the parental tRNA, these tsRNAs and tRHs are classified as 5′-tsRNAs/tRHs (dark green) or 3′-tsRNAs/tRHs (light green). Adapted from (Jehn and Rosenkranz 2019) .
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 1 FIGURE 1 | Some of the most common modifications in RNA.
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 2 FIGURE 2 | RNA modifications are implicated in various neuronal processes. Distinct RNA modifications of tRNAs, small RNAs and mRNAs are required for common biological processes during brain development (left),neuronaldifferentiation(middle),andproperfunctioningofindividualneuron(right),(seealsoTa b l e 1 ). N6-methyladenosine (m 6 A), pseudouridine ( ), 5-methylcytosine (m 5 C), and 2 ′ -O-methylation (Nm). The RNA classes in the brackets are the ones studied so far.

Figure 8 .

 8 Figure 8. Schematic representation of the tRNA secondary structure with respective tRNA-modifying enzymes and modifications (in parenthesis). Abbreviations: m 1 G, 1-methylguanosine; m 2 2 G, N2,N2-dimethyl guanosine; Cm, 2′-O-methylcytidine; m 3 C, 3-methylcytidine Gm, 2′-O-methylguanosine; ncm 5 Um, 5-carbamoylmethyl-2′-O-methyluridine; m 5 C, 5-methylcytosine; ncm 5 mU, 5-methoxycarbonylmethyluridine; mcm 5 s 2 U, 5-methoxycarbonylmethyl-2-thiouridine; Q, queuosine; s 2 U, 2-thiouridine τm 5 U, 5-taurinomethyluridine; τm 5 s 2 U, 5-taurinomethyl-2-thiouridine; I 6 A, N6-isopentenyladenosine; ms 2 t 6 A, 2-methylthio-N6-threonyl carbamoyladenosine; Ψ, pseudouridine; m 1 A, 1-methyladenosine. Source: (Pereira et al. 2018) .

  Figure 10. Schematic representation of the C/D box snoRNP complex. The substrate rRNA (in red) forms an RNA:RNA duplex with the snoRNA bearing C and D box consensus sequences. The catalytic sites of the fibrillarin (FBL) homodimer face the fifth nucleotide downstream of the D or D′ boxes (yellow star). The 15.5K protein specifically binds a k-turn motif.The NOP56:NOP58 heterodimer forms two long alpha helices that are placed across the snoRNA:rRNA complex and contribute to locking FBL in its active position. rRNA: ribosomal RNA; snoRNA: small nucleolar ribonucleoprotein. Adapted from(Monaco et al. 2018) .
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 1 Figure 1. 2 0 -O-methylated ribonucleoside (Nm): A -CH 3 group is replacing the -H at the position 2 0 in the ribose moiety. This modification can appear on any nucleotide regardless of the type of nitrogenous base (Base).

Figure 2 .

 2 Figure 2. Representation of the mature human tRNA Phe (76 nucleotides). The two Nm modifications in the anticodon loop, in C 32 and G 34 , are placed by the 2 0 -O-methyltransferase FTSJ1 and are annotated in red. Blue circles are for non-modified nucleotides, black circles mean modified nucleotides (adapted from http://modomics.genesilico.pl/).

Figure 3 .

 3 Figure 3. RNA cap structure: The cap0 structure consists of a guanosine residue, methylated in the N-7 position, which is bound to the terminal 5 0 -end nucleotide of the mRNA with a 5 0 -5 0 triphosphate bridge. Subsequent 2 0 -O-methylation in the ribose of the first, or both the first and the second, transcribed mRNA nucleotides leads to the formation of cap1 or cap2, respectively. This figure has been adapted from Reference [151].

  in (Angelova & Dimitrova Angelova et al. 2020) ). With its predicted function of RNA 2'-O-methyltransferase (rRNA-specific at the time and later tRNA-specific), CG7009 captured the attention of my team and resulted in a new project aiming at characterizing the molecular function of this protein. This work was initiated by a former PhD student Margarita Angelova (today postdoc researcher at Columbia University, New York), and later continued by myself. Margarita Angelova has characterized the mutant flies and performed most of the phenotypic assays with the help of the interns that she supervised and the team technician Bruno Da Silva. Later, Margarita Angelova and myself collaborated on unraveling the molecular function of CG7009 and its paralogue CG5220 (see below). The fruits of this work resulted in the publication of a scientific article, first deposited on the open source preprint server for biology bioRxiv.org in July 2019 under the title " tRNA 2'-O-methylation modulates small RNA silencing and life span in Drosophila " (Angelova et al., 2019) , then published in the peer reviewed journal Nucleic Acids Research in January 2020 under the title " tRNA 2'-O-methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila " (Angelova and Dimitrova et al. 2020) -see p. 88 for the full text). I took an active part during the revision process of this publication, which gained me the switch from second to co-first author in the final version of the article.

A

  blast alignment search (against the CDD v3.18 -55570 PSSMs database) for conserved domains within the CG7009 protein showed that it bears a conserved methyltransferase domain and is a SAM-dependent FtsJ-like methyltransferase from the RlmE (Ribosomal RNA large subunit methyltransferase E) family of RNA methyltransferases and the AdoMet_MTases superfamily (Fig.3C). Examples of other 2552)-2'-O)-methyltransferase from bacteria and archaea, and tRNA (cytidine(32)/guanosine(34)-2'-O)-methyltransferase/16SrRNA(uridine(1369)-2'-O)-methylt ransferase from eukaryote.

Figure 3 :

 3 Figure 3: CG7009 is part of a conserved methyltransferase protein family. A) CLUSTAL multiple protein sequence alignment of yeast Trm7, human FTSJ1, fly CG7009 and CG5220 by the MUSCLE 3.8 tool. Symbols under the aligned sequences indicate the degree of conservation of each amino acid respecting the following hierarchy: * (fully conserved residue) > : (strong similarity) > . (weak similarity). The color code represents the physicochemical property of the amino acid as follows: RED for Small (small + hydrophobic (incl.aromatic -Y)), BLUE for Acidic, MAGENTA for Basic -H, GREEN for Hydroxyl + sulfhydryl + amine + G, GREY for Unusual amino/imino acids etc. B) Amino acid identity between CG7009, CG5220, Trm7 and FTSJ1 ( www.ensembl.org ). C) Protein sequence blast for domain conservation ( https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi ) of CG7009 against the CDD v3.18 -55570 PSSMs database shows that it bears a RlmE domain and is part of the conserved AdoMet_MTases superfamily.
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 3 Both CG7009 and CG5220 are involved in the sncRNA silencing pathways CG7009 was discovered in a genomic screen for factors involved in the Ago2-dependent miRNA pathway in S2 Drosophila cells. Its role in this pathway was further confirmed in vivo in adult Drosophila melanogaster animals with the help of the automiW sensor (see Fig.2Bin[START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] ). In addition, a dual luciferase assay reporting specifically on siRNA pathway activity in S2 cells(Rehwinkel 2005; Rehwinkel et al. 2006) confirmed that Dcr2/Ago2-dependent silencing was affected in cells with down-regulated CG7009 expression (see Fig.S1Cin[START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF]) .

  sensors were used in Drosophila ovaries and demonstrated a role for CG7009 in the piRNA pathway (see Fig. 2F, S3A and S3B in (Angelova and Dimitrova et al. 2020) . During the revision process of our Nucleic Acids Research article, I strengthened the evidence of CG7009's contribution to piRNA pathway-mediated TE silencing in Drosophila by testing the expression levels of various TEs. For this purpose, I performed RT-qPCR on total RNA from CG7009 mutant vs. wild type fly ovaries and also used Moonshiner KD flies as positive control for TE deregulation.The results for some of the tested TEs were not conclusive (not shown), however three of them -Roo , Invader1 and R2 -were clearly upregulated in CG7009 mutant adult fly ovaries (Fig.4; also see Fig.S3Cin[START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] ).

Figure 4 .

 4 Figure 4. CG7009 regulates TE repression. RT-qPCR on ovaries from w1118 (Control), homozygous for CG7009 e02001 (Mut CG7009) or knockdown of Moonshiner (Mut Moon), using Roo, Invader1 or R2 specific primers. Error bars represent the standard deviation (s.d.) between three to four independent biological replicates. *p-value <0.05; **p-value < 0.01; ***p-value < 0.001 in a Student's t-test (see also (Angelova and Dimitrova et al. 2020) .

Figure 6 .

 6 Figure 6. Homozygous CG7009, CG5220 double mutant flies display reduced adult weight and size. Average weight of adult female (A) and male (B) flies in milligrams (mg) calculated for 3 days-old flies measured on a precision balance (n > 100 flies/ genotype; p-value < 0.001 in a Student's t-test) is indicated. The percentage change for female heterozygous CG7009 and CG5220 mutants versus homozygous CG7009, CG5220 double mutant represents a decrease of 20.5 %. The percentage change for male heterozygous CG7009, CG5220 double mutant versus homozygous CG7009, CG5220 double mutant represents a decrease of 8 %. In (C) images of adult females and males CG7009, CG5220 homozygous double mutants (homo) compared to heterozygous double mutants (hetero).

Figure 9 :

 9 Figure 9: General overview of the RiboMethSeq protocol. RNAs containing 2'-O-methylation residues are randomly fragmented, 5'-and 3'-ends are repaired and adapters are ligated to both extremities. After amplification and barcoding, amplicons are subjected to Illumina sequencing. HiSeq sequencing is generally performed in a single-read mode. Orientations and mapping of reads are indicated. The 2'-O-Me (Nm) residues protect the 3'-adjacent phosphodiester bond from cleavage, generating a typical gap in 5'-/3'-ends coverage profile. The +1 position indicates the +1 positions regarding the 2'-O-Me residues (position 0 corresponds to the 2'-O-Me residue). Adapted from (Marchand et al. 2016a) .
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Figure 1 .

 1 Figure 1.Identification of CG7009 and CG5220 as conserved TRM7 family proteins. (A)TheautomiG sensor. automiG carries a copper-inducible promoter (PMT) that drives the expression of two miRNAs (miG1 and miG2) and the GFP mRNA. Both miRNAs target the GFP mRNA with perfect complementarity. AutomiG repression is dependent on Ago2, Drosha, Pasha, Dicer-1 and Dicer-2 functions as reported previously(66). (B)CG7009function affects automiG repression. Cells were soaked with the indicated double-stranded RNA (dsRNA), followed by automiG induction using copper sulfate. GFP expression was analyzed by western blotting. The Mbf1 protein was used as loading control. dsRNA against Fushi tarazu (Ftz)andluciferase(luc) served as negative KD controls. kDa: kilo Dalton. (C)MultipleaminoacidsequencealignmentofCG7009,CG5220,TRM7(S. cerevisiae), and FTSJ1. The conserved predicted catalytic tetrad amino acids K-D-K-E are marked by red asterisks. Dark blue points to conserved amino acid in the three organisms. (D) Drosophila species evolved two TRM7 family proteins. Phylogenetic analysis of TRM7 and SBP1 MTases. The SBP1 family member RrmJ acting on rRNA was used as an outgroup. Color blue indicates TRM7 family proteins in Drosophila species other than D. melanogaster.R e di n d i c a t e s TRM7 family proteins in D. melanogaster.

Figure 2 .

 2 Figure 2. CG7009 and CG5220 affect small RNA silencing pathways. (A)HomozygousCG7009, CG5220 double mutant flies display reduced adult weight and size. Images of adult females and males CG7009, CG5220 homozygous double mutants (homo) compared to heterozygous double mutants (hetero). Below the images the average weight for flies in milligrams (mg) calculated for 3 days-old flies measured on a precision balance (n > 100 flies/ genotype; Pvalue < 0.001 in a Student's t-test) is indicated. The percentage change for female heterozygous CG7009 and CG5220 mutants versus homozygous CG7009, CG5220 double mutant represents a decrease of 20.5%. The percentage change for male heterozygous CG7009, CG5220 double mutant versus homozygous CG7009, CG5220 double mutant represents a decrease of 8%. (B) CG7009 and CG5220 modulate Ago2-dependent gene silencing in somatic tissues. The UAS>automiW construct is a sensor derived from automiG by which two miRNAs target the white gene (68). KD indicates eye-specific GMR-Gal4/UAS-RNAi-mediated inactivation of the respective genes (white, CG7009, CG5220 or Ago2). Canton-S was used as control for eye color determination. Darker eye coloration than Canton-S (top right) indicates that the white gene is not inactivated by Ago2-loaded miRNAs targeting white.Ima gesw er etak ena t the same age (5 days after hatching) for different genotypes. (C)T h es i R N A -d e p e n d e n tv i r a ld e f e n c ei sc o m p r o m i s e di nCG7009 and CG5220 mutants. RT-qPCR using Drosophila CVirus(DCV)-specific primers three days after injection with DCV solution or solution free of DCV as control (not shown) in heterozygous CG7009 e02001 mutants (Control) or homozygous CG7009 e02001 (Mut CG7009) and CG5220 K>A (Mut CG5220) mutants. Shown is DCV expression relative to Rp49.Errorbarsrepresentthestandarddeviation(s.d.)ofthemeanbetweentwo(n = 2) biological replicates (n is a mix of 2-3 flies). (D)Endo genoussiRN A(esi-2.1)e xpr essionisr educedinCG7009 and CG5220 mutants. Northern blotting on total RNAs extracted from adult flies of

Figure 3 .

 3 Figure 3. Small non-coding RNA biogenesis is not globally affected in CG7009 mutants. (A)ClassdistributionofovariansmallRNAs(19-29nt)matching the whole Drosophila genome reveals a significant decrease of miRNAs between control (Mut CG7009/ +) and CG7009 e02001 homozygous mutants (Mut CG7009). Circle circumference represents the depth of the library (indicated in million reads at the bottom right). n = 2l i b r a r i e sf o re a c hg e n otype: Mut CG7009: CG7009 e02001 homozygous mutant, while CG7009 e02001 / + represents the control heterozygous condition. Color code in the middle panel indicates each small RNA read matching to a category of Drosophila small RNA (miRNA: microRNA derived sequences, rRNA: rRNA derived sequences, snoRNA: small nucleolar RNA, gene indicated small RNA sequences derived from a coding genes, etc.). Sequencing of two CG7009 e02001 homozygous mutant libraries (M = 201490, SD = 21875.26) showed significantly decreased miRNA read numbers t(2) = 5.89735 when compared to the two CG7009 e02001 /+ control libraries (M = 307354, SD = 14248.2). The P-value is 0.04867. The result was significant at P < 0.05. (B)Sizedistrib ution (19-29 nt) of small RNA read counts matching TE-derived sequences in Drosophila ovaries. One experiment is shown for each genotype, Mut CG7009: CG7009 e02001 homozygous mutant, while CG7009 e02001 / + represents the control heterozygous condition. Horizontal grey line indicates the highest value and is depicted for better comparison between the two presented conditions. (C)SizedistributionofsmallRNAreadcountsfromovariesmatchinggypsy retro-element sequences reveals that 23-29 nt piRNAs against gypsy are reduced in CG7009 mutants compared to controls. Positive and negative values correspond to sense (red) and antisense (blue) reads, respectively. Horizontal grey lines indicate the highest values (sense and antisense) and are depicted for better comparison between the two presented conditions.
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 45 Figure 4. Mutations in CG7009 and CG5220 affect lifespan and mobility. (A)Sim ultaneousdo wnr egula tionofCG7009, CG5220 expression results in reduced lifespan. Survival curves of males expressing an RU486inducible RNAi transgene against CG7009 and CG5220 with (RU200) or without (RU0) RU486-mediated RNAi transgene induction. Constitutive expression (RU200) of CG5220, CG7009 KD transgenes was induced by RU486 exposure (20 mg/ml during adulthood). The curves represent the average values of five biological replicates of 30 flies per experiment. (B)Homozy gousdoublemutantCG5220 K>A , CG7009 e02001 results in reduced lifespan. Survival curves of indicated males homozygous mutant for CG5220 K>A (Mut CG5220), homozygous mutant for CG7009 e02001 (Mut CG7009), homozygous double mutant CG5220 K>A , CG7009 e02001 (Double Mut) and heterozygous CG7009 e02001 /+u s e da sc o n t r o lc o n d i t i o n (Control). The curves represent the average values of five biological replicates of 30 flies per experiment. (C)CG7009andCG5220contr olfl ybehavior. Bar graphs represent data of 16 days-old male or female flies (10 flies/experiment) that climbed over 10 cm in 10 s (≥6 independent measurements for each genotype) and the standard deviation of the mean. *P < 0.01; ***P < 0.0001 in a Student's t-test.

Figure 6 .

 6 Figure 6. CG33172 is a partner of the Nm-MTase complex in Drosophila.(A)Percentageofaminoacid(aa)identitybetweenCG15618,humanTHAD A and yeast TRM732, and between CG33172, human WDR6 and yeast TRM734 (RTT10). Alignment was performed using BLAST/ BLAT tool at www. ensembl.org.( B) CG33172 and CG15618 modulate Ago2-dependent silencing in adults flies. CG33172 and CG15618 expression was knocked down by using UAS-RNAi lines and eye-specific GMR-Gal4, [w-] driver (indicated as KD), as in Figure 2B. Canton-S (wild type, [w+]) and Ago2 KD were used as controls. A darker eye coloration than Canton-expressing automiW lines (top right) indicates that the miRNAs of the sensor are failing to inactivate the white gene through impaired miRNA biogenesis or/and Ago2-dependent silencing. (C)CG33172interactswithCG7009in vitro.Co-immunoprecipitation of recombinant and epitope-tagged CG7009 and CG33172 after co-expression in bacteria. Western blotting using anti-GST antibody on protein extracts from input fractions co-expressing GST::CG7009 and FLAG::CG33172 and after FLAG-IP; Lower panel, Anti-GST WB reveals a GST 'alone' signal in the co-expressed GST and FLAG::CG33172. Inputs correspond to 10% of 10 gofproteineluates .Theexpectedproteinsizesare26kDa(GST)and62 kDa (GST::CG7009). WB, western blot; kDa, kilodaltons.

Figure 7 .

 7 Figure 7. Nm limits endonucleolytic cleavage of tRNA Phe .( A)N o r t h e r n blot characterization of 5 ′ -t R N A Phe(GAA) -derived tRFs. Northern blot on total RNAs extracted from whole heterozygous CG7009 e02001 control flies (CG7009 e02001 /+), trans-heterozygous for CG7009 e02001 /Def3340 or rescued mutants for CG7009 (rescue CG7009) as indicated using a 5 ′ -tRNA Phe(GAA) -specific probe and a 5S rRNA probe as loading and transfer control. Mature tRNA Phe size is 73 nt (full length). 5 ′ -tRNA Phe -derived tRNA fragments (5 ′ -tRF Phe )w er edetecteda t∼35 nt (halves). The same experiment was performed on heat-shocked flies (one hour at 37 • C in a water bath), RNAs were extracted after 5 h at 25 • C(indicatedasHS,heat shock). nt: nucleotide. (B)ThesameexperimentasinFigure7Aabovewas performed on heat-shocked flies (one hour at 37 • C in a water bath). The same membrane as shown in Figure 2Dwasstrippedandreprobedwitha tRNA Phe(GAA) -specific probe. Figures 7Ba n d2D thus contain identical images (marked with *) for bantam, 5S and esi-2.1 for a better comparison. RNAs were extracted after 5 hours of recovery at 25 • C(indicatedas HS, heat shock) with indicated genotypes. Double homozygous mutant is indicated as CG7009 e02001 ,CG5220 K>A . Homozygous mutant for CG7009 is indicated as CG7009 e02001 .HomozygousmutantforCG5220 is indicated as CG5220 K>A . Trans-heterozygous mutants for CG7009 alleles are indicated as CG7009 e02001 /Def3340 and CG7009 e02001 /Def9487 nt: nucleotide.

Figure S7 .

 S7 Figure S7. Heatmap of normalized MethScores (ScoreC) for tRNA positions Cm/Um 32 and Cm/Gm 34 in different mutant backgrounds. Pink color corresponds to a high methylation compared to the average MethScores, blue or white color to lower methylation. Simplified genotypes are indicated in the middle (detailed genotypes in Figures S6B and S6C legends above), affected tRNA isoacceptors are given on the right. Scale of the color key (-1 to +1) is indicated at the top.

Figure 12 .Figure 13 .

 1213 Figure12. Nm limits endonucleolytic cleavage of tRNAPhe in flies. Northern blot characterization of 5'-tRNA-Phe(GAA)-derived tRFs. Northern blot on total RNAs extracted from whole heterozygous CG7009e02001 control flies (control), trans-heterozygous for CG7009 e02001 /Def3340 (CG7009 mutant) or rescued mutants for CG7009 (rescue CG7009) as indicated using a 5' tRNAPhe(GAA)-specific probe and a 5S rRNA probe as loading and transfer control. Mature tRNAPhe size is 73-nt (full length). 5'-tRNA-Phe-derived tRNA fragments (5'-tRF-Phe) were detected at ∼35 nt (halves). The same experiment was performed on heat-shocked flies (one hour at 37•C in a water bath), RNAs were extracted after 5 h at 25•C (indicated as HS, heat shock). nt: nucleotide. Adapted from[START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF]) .

Figure 19

 19 Figure 19. Schematic step-wise representation of the polysome profiling protocol. Drosophila larval lysates are treated with cycloheximide, deposited on sucrose gradient and then ultracentrifuged.The different polysome complexes are separated inside the gradient according to their weight and collected in fractions at the corresponding retention times. Simultaneously, the absorbance at 254 nm is being measured and reveals the RNA quantity in each fraction. The light 40S and 60S ribosomal subunits, followed by the 80S monosome are found in the less dense parts of the sucrose gradient and collected first. The heavy polysomes (active translation) are in the dense part of the sucrose gradient and are collected last.

Figure 21 .

 21 Figure 21. Ago2 mRNA is downregulated upon CG7009 KD.The heat map shows the top 10 differentially expressed genes in S2 cells upon CG7009 KD versus control (LacZ KD) in a RNA sequencing experiment. log2 Fold Change is indicated (padj = FDR-adjusted p-value for Ago2 is 7.73e -118 ). Red to yellow heat map colored table (Red: most down-regulated; yellow, less down-regulated). KD of CG7009 led to the deregulation of 173 genes including 45 up and 128 down. 110 genes were deregulated with a corrected p-value (Benjamini and Hochberg, FDR) < 0.01. Adapted from[START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF]) .

  -next page). This is a very exciting revelation considering the implication of human FTSJ1 in NSXLID, which was the focus of my work during the second part of my PhD. The next chapter of the current RESULTS section includes an mRNA sequencing analysis of FTSJ1 deficient human cells, similarly to what we did in fly S2 cells, and further describes my efforts to gain insights into FTSJ1's loss of function contribution to human pathogenesis.

Figure 22 .

 22 Figure 22. Table resuming human diseases associated with the homologs of the top 10 deregulated Drosophila genes (on mRNA level) in CG7009 RNAi KD S2R+ cells. An indication on the function of the encoded Drosophila proteins and the main molecular processes in which they are implicated is also provided. mt: mitochondrial.

  . It was thus crucial to interrogate in humans these molecular phenotypes that we discovered in Drosophila and this became my central goal during the second part of my PhD. A potential conservation of the sncRNA pathways deregulation could give us a better understanding of the molecular mechanisms underlying the disease development, while specific tRFs accumulation could have a biomarker potential for functional diagnosis in the future. I had the opportunity to perform my experiments directly in Lymphoblastoid cell lines (LCL) derived from the blood of patients suffering from NSXLID, and carrying various loss of function mutations in FTSJ1 .

Figure 3a .

 3a Figure 3a. FTSJ1 loss of function leads to mRNAs deregulation in NSXID patients. MAplot on data from sequencing of mRNAs showing multiple deregulated mRNAs.

Figure 3e .

 3e Figure 3e. FTSJ1 loss of function leads to mRNAs deregulation in NSXID patients. RT-qPCR analysis confirms deregulation in BTBD3 and SPARC mRNA expression levels. Normalized to hGAPDH steady state levels. n=3. p-values were calculated with t-test.

Figure 4 .

 4 Figure 4. FTSJ1 deregulated miRNAs potentially target FTSJ1 deregulated mRNAs for silencing. Cross-analysis between mRNAseq and small RNAseq datasets of LCLs derived from NSXLID patient's vs. healthy individuals shows that the SPARC gene is a potential target of miR-10a-5p and that the BTBD3 gene is a potential target of the miR-181a-5p. Red arrows indicate an upregulated status of the gene or miRNA in the sequencing results, while the blue arrow indicates a downregulated status.

  development and through the whole adult life, and the siRNA silencing is essential for antiviral defense and reverse transcribed transposable element (TE) control. Consistent with deregulation in gene silencing directed by these two small RNA species, the double mutant CG7009, CG5220 flies showed decreased lifespan and poor management of the Drosophila C virus viral load after infection[START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF]) .Additionally we noted a reduced ovarian size in CG7009-deficient flies, a phenotype previously observed in some piRNA pathway players. The piRNAs are the guardians of genome integrity against the reactivation of transposable elements in the germ line cells: both somatic and proper germinal ones. Hence, we used Gypsy-lacZ and Burdock genetic sensors to reveal a deregulation in the somatic and germinal piRNA pathways, respectively, in Drosophila ovaries upon CG7009 and CG5220 KD. These results were backed up by the detection of higher expression of some TE RNAs ( Roo , Invader1 and R2 ) in CG7009 mutant fly ovaries compared to control ones.Based on amino-acid sequence identity and molecular function conservation, we revealed that fly CG7009 and CG5220 are part of a large phylogenetically conserved family of Nm-MTases with Trm7 being their yeast ortholog and FTSJ1 the human representative. Trm7-deficient yeast grows slowly due to translation-related issues. We found similar phenotypes in CG7009, CG5220 double mutants: decreased weight and body size[START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] , and preliminary data showing translation deregulation in fly heads. The head-tissue specific phenotype is not surprising as FTSJ1 loss of function in humans is related to NSXLID, a neurodevelopmental disorder. The bad performance of CG7009, CG5220 mutant flies in climbing assay vaguely suggests brain-related, and more particularly motor-neuron, issues.Our recently published study in Nucleic Acids Research is the first one that identifies and characterizes in details the molecular function of those two 2'-O-methyltransferases and that shed light to the peculiarity of Drosophila species to have evolved two TRM7 family members which are clearly not redundant. More precisely, my work uncovered unexpected targets for CG5220, including positions C 32 in tRNAGln-CUG and in tRNA Glu-CUC (Fig.10from the RESULTS section ; also in[START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] ). Altogether, the analysis on the function of CG5220 in flies seems to reveal a specificity of this protein for ribonucleotides C at position 32, inside the AC loop on several tRNAs. CG7009 on the other hand is involved in the methylation of a C or a G at the wobble position 34 inside the AC loop. Thus, those newly described Drosophila mutants are ideal for future detailed studies on separate roles and functions of tRNA Nm 32 and Nm 34 .Both in yeast and in humans, positions 32 and 34 in the ACL of tRNA Phe , tRNA Trp and tRNA Leu are 2'-O-methylated by a single enzyme with the help of two respective protein partners. In Drosophila , we found not one, but two orthologs of FTSJ1 and Trm7, and each of them has specialized in the modification of a single position in the substrate tRNAs: 32 for CG5220 and 34 for CG7009. As we've seen with Dicer proteins, Drosophila has the habit to do more than the strict minimum ! Indeed, in flies we find two Dicer proteins: Dcr1 and Dcr2, specialized in the mi-and siRNA pathways respectively, while in mammals there is a single Dicer for both pathways. It is speculated that having a Dicer dedicated to the siRNAs provides a security from saturating this crucial protein for fly antiviral defence with other small RNAs. In the case of Trm7/FTSJ1, it is yet unclear why Drosophila has two homologs. Gene duplications can appear randomly through the course of evolution, still, organisms do not necessarily maintain them, unless they gain an advantage. CG7009 and CG5220 have evolved in a way that they share the efforts on a task usually performed by a single enzyme. The question that can be asked here is how 2'-O-methylating position 34 of target tRNAs independently from position 32 represents an advantage to flies ? The Nm status of position 34 may be particularly important in Drosophila , thus removing the prerequisite for Nm on 32 decreases the number of possibilities which can lead to loss of Nm 34 . Indeed, in yeast, the Nm-modification at position 34 can be lost because of mutation of Trm7 and/or its partner Trm734, but also because of mutation in Trm732 (the partner enabling modification at position 32)(Guy et al. 2012
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 5 -tRF-Phe leading to deregulation of Ago2-directed silencing. I met technical challenges and my final results are not yet conclusive, still in favour of the hypothesis which stays a valid one today.

  , however the FTSJ1 targets revealed in this study and not confirmed by RiboMethSeq should be considered with precaution because of the above-mentioned reasons. Still, our RiboMethSeq results performed on NSXLID patients' blood-derived LCLs have with confidence extended the panel of FTSJ1's tRNA targets, thus providing new potential biomarker sources ( i.e. , tRFs derived from those tRNAs) for diagnosis of FTSJ1-related NSXLID.Another major goal for us was to test if the sncRNA deregulation phenotype observed in flies lacking CG5220 and CG7009 is also conserved in humans lacking FTSJ1. As mentioned in the RESULTS section, transfecting LCLs with genetic sensors similar to automiG is technically challenging for the moment because of the particularities of this cell line (Dr. Jozef Gecz, personal communication). Also, testing the Argonaute saturation theory by tRFs would have been premature before actually detecting tRFs in humans lacking FTSJ1 or at least obtaining more conclusive results on this matter in Drosophila . Instead, we decided to evaluate the miRNA populations of these cells through next generation sequencing. Curiously and consistently with the known FTSJ1 implication with ID and cancer, we found 36 differentially expressed miRNAs, most of which were already associated with brain diseases/functioning and/or cancer. The most prevalent associated cancer types were the ones related to the brain tissues, which suggests a possible predisposition to brain tumorigenesis in NSXLID patients lacking FTSJ1.Consistently, we also found through mRNAseq and enrichment of brain morphogenesis-related differentially expressed mRNAs in FTSJ1 loss of function when compared to control LCLs. Strikingly, a cross-analysis of these two sequencing experiments revealed potential miRNA::target mRNA couples among the deregulated RNA populations. This is indicative of possible miRNA silencing changes in the absence of FTSJ1, similarly to what we report in fly mutants for CG5220 and CG7009. Of course the predicted miRNA::mRNA couples need to be further validated, although they were reported from a database ( https://www.mirnet.ca/ ) already including experimental evidence on them. The cross-analysis is still under progress, and a more detailed look at this should help us select the most relevant (in the context of NSXLID and probably glioblastoma) miRNA::mRNA targets and evaluate further their interactions and biological significance.

  with the following modifications. 120 flies/condition were homogenized in lysis buffer IP-NaCl-150 (30mM HEPES-KOH, pH 7.4, 150mM NaCl, 2mM Mg(OAc) 2 , 0,1% Nonidet P-40) (60 flies in 1ml buffer/1,5ml eppendorf tube) and incubated with anti-Flag M2 Affinity gel (SIGMA, cat.# A2220) (40μl per tube). All buffers were supplemented with protease inhibitor cocktail tablets (PIC)(cOmplete, Roche, ref. 11697498001) prior to usage. After multiple washes, first in IP-NaCl-150 buffer, then in IP-NaCl-800 buffer (30mM HEPES-KOH, pH 7.4, 800mM NaCl, 2mM Mg(OAc) 2 , 0,1% Nonidet P-40), a small fraction of the beads was separated, 10μl of Laemmli 2x were added to it and a western blot was performed with the help of anti-Ago2 antibody (9D6) non-diluted (source: Siomi's lab) or
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 Surface 

	Sensing of Translation (SUnSET) assay Polysome Profiling RNA Immunoprecipitation (RIP) Stem-loop RT-qPCR ubcRNA urinary bladder carcinoma RNA BIBLIOGRAPHY GCN2 GDI GFP GO HEN1 HIV HPLC HS ID iPS IQ KD KO K-RAS LCL LC-MS lncRNA luc m 6 A m 5 C MALDI-TOF MB MET MID domain miRISC miRNA MR mRNA MRX MTase MYC Nm NOP56/58 NPC NSCLC NSUN2 NSXLID Nup155 o2yW oncomiR PAZ domain ψ PCDH8 PIWI PIWIL PNS Pol II poly(A) tail pri-miRNA PTGS PWS Pxdn qPCR RIP RISC RLC RNA RNase RNAi RrmJ rRNA RNAseq RNP RPMI RT SAM scaRNA siRNA sncRNA snoRNAs snRNAs SPARC ssRNA SUnSET TE THADA tiRNA TGS TP53 tRF tRH Trm7 tRNA tsRNA UAS Piwi-interacting RNA P element-Induced WImpy testis PIWI-Like Peripheral Nervous System Polymerase II poly-adenosine tail primary miRNA Post-Transcriptional Gene Silencing Prader-Willi Syndrome Peroxidasin quantitative Polymerase Chain Reaction RNA ImmunoPrecipitation RNA-Induced Silencing Complex RISC-Loading Complex RiboNucleic Acid RiboNuclease RNA interference Ribosomal RNA methyltransferase J ribosomal RNA RNA sequencing RiBonucleoProtein Roswell Park Memorial Institute (medium) Reverse Transcription S-Adenosyl-L-Methionine small Cajal body RNA small interfering RNA small non-coding RNA small nucleolar RNA small nuclear RNA Secreted Protein Acidic and Rich in Cysteine single stranded RNA SUrface SEnsing of Translation Transposable Elements THyroid ADenoma-Associated protein tRNA-derived stress-induced small RNA Transcriptional Gene Silencing Tumor Protein 53 tRNA Fragment tRNA Halves tRNA (cytidine(32)/guanosine(34)-2'-O)-methyltransferase 7 transfer RNA tRNA-derived small RNA Upstream Activating Sequence UPLC-MS/MS UTR VEGF WAGO WDR6 WISC Ultra-Performance Liquid Chromatography-Mass Spectrometry/MS UnTranslated Region Vascular Endothelial Growth Factor Worm-specific ArGOnaute WD Repeat-containing protein 6 Wechsler Intelligence Scale for Children PD piRNA pre-miRNA precursor miRNA XLID X-linked intellectual disability

TABLE 1 |

 1 Proteins required for writing, reading, or removal of different RNA modifications and their mutations associated with altered brain functions.

	Modification	Gene	Organism	Defect	Effect/Disease	References
	m 5 C	Dnmt2/Trdmt	Dr	KD	Abnormal neurogenesis in the hypothalamus and	Rai et al., 2007
					diencephalon. Defects in retina and liver.	
			Dm	Lof	Decreased tolerance to stress (reduced viability	Schaefer et al., 2010
					under stress conditions).	
		NSun2/NCL1/TRM4	Hs	Lof	Autosomal-recessive ID, facial dysmorphism,	Abbasi-Moheb et al., 2012; Khan
					microcephaly and Dubowitz-like syndrome.	et al., 2012; Martinez et al., 2012
			Mm	Lof	Impaired cortical, hippocampal and striatal	Blanco et al., 2014; Flores et al.,
					expansion during development Microcephaly.	2017
					Decrease in neural stem cell (NSC) differentiation	
					and motility.	
			Dm	Lof	Severe short-term memory deficits.	Abbasi-Moheb et al., 2012
		Dnmt2, NSUN2	Ms	KO	Reduced proliferation rates, underdeveloped	Tuorto et al., 2012
		double mutant			pheno-type in several tissues, including thickness	
					and organization of the cerebral cortex.	
	Nm	FTSJ1	Hs	Lof	Nonsyndromic X-linked ID (NSXLID) in males.	

TABLE 1 |

 1 Continued

	Modification	Gene	Organism	Defect	Effect/Disease	References
		FTO (m 6 Aeraser)	Hs	SNP	Decreased brain volume, increased risk for	
					attention-deficit/hyperactivity disorder (ADHD) and	
					Alzheimer's disease.	

Table 1 .

 1 FTSJ1 mutations associated with NSXLID (ss: splice site mutation, >: substitution, del: deletion, c.xxx: indicating the nucleotide (xxx) mutated on the gene coding DNA sequence (CDS), p.ZxY indicating that amino acid Z is changed by Y in the mutant and x indicates the AA position on the protein. HUS: Hôpitaux Universitaire de Strasbourg.

	FTSJ1 Allele	Family	Mutation/Location	Effect	Reference
	Ftsj1∆	6 (AU)	Deletion of FTSJ1 and SLC38A5 Loss of FTSJ1	[61]
	FTSJ1-ss	A3	c.121 + 1delG, p.Gly41Valfs*10 (IVS2, G DEL, + 1)/ Exon 2	Significant reduction of FTSJ1 mRNA level (NMD)	[59]
	196C > T	P48	c.196C>T, p.Gln66*/ Exon 4	Almost undetectable FTSJ1 transcripts (NMD)	[59]
	655G > A	MRX44	c.655G > A, p.Glu191_Tyr218del/ Exon 9	Loss of exon 9, protein lacking 28 amino acids	[59]
	A > G	MRX9	c.192-2A>G, p.Gly65Cysfs*18 (IVS3AS, A-G, -2)/ Intron 3	Truncated protein	[60]
	G > A	MRW06	c.571 + 1G > A, p.Glu191Glyfs*44/ Intron 8	Significant reduction of FTSJ1 mRNA level (NMD)	[63]
	p.A26P	7	c.76G > C; p.Ala26Pro/ Exon 2	Altered FTSJ1 protein function	[64]
	A > T	de novo variation	c.362-2A > T, p.?/ Intron 5 of trascrit NM_012280.3	Unknown (probable loss of exon 6 of transcript NM_012280.3 causing a frameshift)	Amélie Piton & Elise Schaefer, HUS, personal communication
	Y > N	de novo variation	c.34T > A; p.Tyr12Asn/ Exon 2	Deposited as pathogenic	Ambry Genetics Clinvar NCBI [66]

  Downloaded from https://academic.oup.com/nar/article-abstract/48/4/2050/5707191 by BIUSJ (Paris 6) user on 30 July 2020

	A		Small RNA class distribution of total sncRNA % of reads	
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Total RNA Extraction for RiboMethSeq and small/mRNA sequencing analysis

  Cells were split at ½ dilution approximately 24h before being collected for RNA extraction with TRI-Reagent (Sigma Aldrich) following the manufacturer's instructions. C, 15 sec at 72 o C] x 13 cycles; 10 min at 72 o C) to create cDNA constructs. Amplified cDNA constructs of 20 to 40 nt were selectively isolated by acrylamide gel purification followed by ethanol precipitation. The final cDNA libraries were checked for quality and quantified using capillary electrophoresis and sequenced on the Illumina HiSeq 4000 at the Institut de Génétique et de Biologie Moléculaire et Cellulaire (IGBMC) GenomEast

	of RNA cleavage at selected (candidate and previously known) positions were extracted
	and visually inspected.
	mRNA sequencing
	R8758-500ML, penicillin-streptomycin (ref. P0781, SIGMA) at 37 °C with 5% CO 2 . SIGMA) supplemented with 10%FBS FTSJ1 loss of function LCL lines description LCL65AW & LCL65JW : Family A3 -LCLs for two affected males (brothers) (Gibco) and 1% carrying a mutation c.121+1delG; p.Gly41Valfs*10 retention of intron 2, significant reduction of FTSJ1 mRNA levels; predicted frameshift in FTSJ1 protein resulting in RiboMethSeq RiboMethSeq analysis of human LCL tRNAs was performed as described in (Marchand et al. 2017) . Briefly, tRNAs extracted from LCLs were fragmented in 50 mM bicarbonate buffer pH 9.2 for 15 minutes at 95°C. The reaction was stopped by ethanol precipitation. The pellet was washed with 80% ethanol and sizes of generated RNA fragments were assessed by capillary electrophoresis using a small RNA chip on Bioanalyzer 2100 (Agilent, USA). RNA fragments were directly 3'-end dephosphorylated using 5 U of Antarctic Phosphatase (New England Biolabs, UK) for 30 minutes at 37°C. After inactivation of the phosphatase for 5 minutes at 70°C, RNA fragments were phosphorylated at the 5'-end using T4 PNK and 1 mM ATP for one hour at 37°C. sequencing platform. mRNA sequencing was performed as in (Khalil et al. 2018) . 5 μg of total RNA For small RNA data analysis, adapters were trimmed from total reads using were treated by 1MBU of DNAse (BaseLine-Zero™ DNAse, Epicentre, USA) for 20 min at FASTX_Toolkit [ http://hannonlab.cshl.edu/fastx_toolkit/ ]. Only trimmed reads with a length 37 °C to remove residual genomic DNA contamination. RNA quality was verified by between 15 and 40 nucleotides were kept for the further analysis. Data analysis was PicoRNA chip on Bioanalyzer 2100 (Agilent, USA) to ensure RIN (RNA integrity number) performed according to published pipeline ncPRO-seq > 8.0. PolyA + fraction was isolated from 4.5 μg of DNAse-treated total RNA using [ https://www.ncbi.nlm.nih.gov/pubmed/23044543 ]. Briefly, reads were mapped onto the NEBNext Oligo d(T)25 Magnetic beads kit (NEB, USA), according to manufacturer's human genome assembly hg19 with Bowtie v0.12.8. The annotations for miRNAs were recommendations. PolyA + enrichment and the absence of residual rRNA contamination done with miRBase v21. The normalization and comparisons of interest were performed were verified using PicoRNA chip on Bioanalyzer 2100 (Agilent, USA). PolyA + fraction (1 using the test for differential expression, proposed by (Love et al. 2014) and implemented ng for each sample) was used for whole-transcriptome library preparation using in the Bioconductor package DESeq2 v1.22.2 [ http://bioconductor.org/ ]. microRNA target ScriptSeqv2 RNA-Seq kit (Illumina, USA). Libraries amplified in 14 PCR cycles were purified using Agencourt AMPure XP beads (Beckman-Coulter, USA), at a ratio 0.9x to prediction was performed using miRNet 2.0 [ https://www.mirnet.ca/miRNet/home.xhtml ]
	truncation at residue 49. ID mild to severe. Psychiatric features: Anger, aggression, End-repaired RNA fragments were then purified using RNeasy MinElute Cleanup kit remove adapter dimer contamination. Quality of the libraries was verified by HS DNA Chip
	anxiety, depression, schizophrenia requiring medication. Original description (Freude et al. 2004) . (QIAGEN, Germany) according to the manufacturer's recommendations. RNA fragments were converted to library using NEBNext® Small RNA Library kit (ref#E7330S, New on Bioanalyzer 2100 (Agilent, USA) and quantification done by Qubit 2.0 with appropriate RNA quantification kit. Sequencing was performed on HiSeq1000 (Illumina, USA) in Northern blotting
	LCL11 : Family A18 -LCL for one affected male carrying an interstitial England Biolabs, UK or equivalent from Illumina, USA) following the manufacturer's singleread SR50 mode. About 50 mln or raw sequencing reads were obtained for each For northern blotting analysis of tRNA, 5 µg of total RNA from human LCLs were
	microdeletion at Xp11.23. The extent of the deletion was subsequently delineated to instructions. DNA library quality was assessed using a High Sensitivity DNA chip on a sample. Adapter contamination was removed by Trimmomatic v0.32 (Bolger et al. 2014) resolved on 15 % urea-polyacrylamide gels for approximately 2h in 0,5xTBE buffer at
	about 50 kb by regular PCR and included only the SLC38A5 and FTSJ1 genes. qPCR Bioanalyzer 2100. Library sequencing was performed on Illumina HiSeq 1000 in and the resulting sequencing reads aligned in sensitive-local mode by Bowtie 2 v2.2.4 150V, then transferred to Hybond-NX membrane (GE Healthcare) in 0,5x TBE buffer for
	with the FTSJ1-ex3 primers is negative, thus demonstrating the complete deletion of single-read mode for 50 nt. Primary analysis of sequencing quality was performed with (Langmead and Salzberg 2012) to hg19 build of human genome. Differential expression 1h at 350 mA of current and EDC-cross-linked for 45 min at 60°C with a solution
	FTSJ1 locus. Moderate to severe mental retardation without dysmorphic features. RTA 2.12 software, to insure > Q30 quality score for > 95 % of obtained sequences. was analyzed using *.bam files in DESeq2 package (Love et al. 2014) under R containing 33mg/ml of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (Sigma
	Originals description (Froyen et al. 2007) . Following SR50 sequencing run, demultiplexing was performed with BclToFastq environment. Analysis of KEGG and Gene Ontology pathways for differentially expressed Aldrich), 11ng/ul of 1-methylimidazol and 0,46% of HCl. The membranes were first
	LCL22 : Family 7 (A26P) -LCL for one affected male carrying a missense mutation v2.4, reads not passing quality filter were removed. Raw reads after demultiplexing were genes was done under R environment. pre-hybridized for 1h at 42°C in a hybridization buffer containing 5xSSC, 7% SDS, 5,6mM
	c.76G>C; p.A26P in FTSJ1 , ID moderate. Psychiatric features: Mild anxiety and trimmed with Trimmomatic v0.32 (Bolger et al. 2014) . Alignment to the reference tDNA NaH 2 PO 4 , 14,4mM Na 2 HPO 4 and 1x Denhardt's solution. DNA oligonucleotide probes
	compulsive behaviors. Originals description (Guy et al. 2015) . LCL-MM : New Family -LCL for one male carrying a hemizygous variant sequences was performed with bowtie 2 ver2.2.4 (Langmead et al. 2009) in End-to-End mode. Uniquely mapped reads were extracted from *sam file by RNA ID and converted to were labelled with 32 P at the 5'-end by T4 polynucleotide kinase following manufacturer's small RNA sequencing and data analysis instructions (Fermentas). The membranes were hybridized with the labelled probes
	c.362-2A>T; p.? of FTSJ1 . Mutation predicted to disrupt the acceptor splice site of exon 6. This variant might cause a skipping of the entire exon in the mRNA leading to a frameshift and an early truncated protein. Mild ID with behavioral problems. Facial dysmorphia. Original descriptions from Dr. Amélie Piton & Dr. Elise Schaefer, Institut de Génétique *.bed format using bedtools v2.25.0 (Quinlan 2014) . Positional counting of 5'-and 3'-ends of each read was performed with awk Unix command. Further treatment steps were performed in R environment (v3.0.1). In brief, 5'-and 3'-end counts were merged together overnight at 42°C in the hybridization buffer, then washed twice for 15min in wash buffer A Small RNA-Seq libraries were generated from 1000ng of total RNA using TruSeq (3x SSC and 5% SDS) and twice in wash buffer B (1x SSC and 1% SDS) before exposure Small RNA Library Prep Kit (Illumina, San Diego, CA), according to manufacturer's at 80°C for variable time durations. Probe sequences are available in the Primers and instructions. Briefly, in the first step, RNA adapters were sequentially ligated to each end Probes section .
	Médicale d'Alsace, Strasbourg, unpublished results.

by RNA position and used for calculation of ScoreMEAN (derived from MAX Score described previously), as well as Scores A and B

(Birkedal et al. 2015) 

and MethScore

(Marchand et al. 2016b

) . Scores were calculated for two neighboring nucleotides. Profiles of the RNA, first the 3' RNA adapter that is specifically modified to target microRNAs and other small RNAs, then the 5' RNA adapter. Small RNA ligated with 3' and 5' adapters were reverse transcribed and PCR amplified (30 sec at 98 o C; [10 sec at 98 o C, 30 sec at 60 o
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PREAMBLE

During my PhD, I worked on a project that was divided into two interconnected parts. For simplicity reasons I describe them in two separate chapters in the current "RESULTS" section.

The first sub-project concerned the functional characterization of two Drosophila melanogaster RNA modifying enzymes (Trm7_32 and Trm7_34) that were originally found to be implicated in the sncRNA silencing pathways.

The second one focused on assessing the conservation of their mutant molecular phenotypes in human cell lines lacking the human ortholog (FTSJ1) of these Drosophila enzymes.

NB: Figures numbering in the RESULTS part is independent from figures numbering in the INTRODUCTION part, and thus starts from 1.

PART I

Two novel sncRNA silencing actors have a tRNA 2'-O-methyltransferase activity

Considering the ID implication of the human FTSJ1 (Ramser et al. 2004;Freude et al. 2004;Froyen et al. 2007;Takano et al. 2008) , it is intriguing to find that the R2 TE has been previously linked to brain aging in Drosophila through an increase expression in neuronal tissues (Li et al. 2013) .

Surprisingly, CG7009's paralog, CG5220, was not detected in the initial automiG genomic screen in S2 cells. However CG5220 KD in whole flies resulted in derepression of the automiW sensor, thus implicating this gene in the Ago2-dependent miRNA pathway (see Fig. 2B in [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF] . This contradiction between the S2 cells and the adult tissu results was raised as an issue during the revision process of our NAR publication by one of the referees. I took care of repeating the automiG sensor experiment in S2R+ cells by including an RNAi CG5220 KD condition. For this purpose, I established stable S2R+ cell lines expressing automiG sensor or Δ-Δ-automiG (a control construction lacking miG-1 and miG-2 and thus not repressing the GFP expression (Carré et al. 2013) ). I performed an RNAi KD of the following genes: CG7009 , CG5220 , Ago2 (a positive control) and luciferase (negative control), in automiG S2R+ cells and assesses the GFP protein levels by western blot analysis after induction of the metallothionein promoter with CuSO4. My results (Fig. 5A) confirmed the results from the original automiG screen: CG7009 scored positively (together with the positive Ago2 control), while CG5220 scored negatively (together with the negative luciferase control). However because of only partial KD efficiency of CG7009 (RT-qPCR data not shown) in this experiment, the GFP signal observed for the CG7009 RNAi condition was much weaker than the GFP signal observed for the Ago2 KD positive control. The negative GFP signal in the CG5220 KD condition, on the other hand, was not due to inefficient KD, as RT-qPCR analysis on total RNA from CG5220 RNAi treated S2R+ cells showed an important decrease in the expression level of CG5220 mRNA when compared to untreated cells (Fig. 5B). It is possible that CG5220 may be important for the Ago2-dependent miRNAs pathway only during specific stages of the Drosophila development. This could explain why CG5220 KD derepresses the automiW sensor in adult flies in vivo , but not the automiG sensor in S2R+ cells which have embryonic origins.

The details of the works that I summarized above can be found in my first co-author article (next page and available in open access online) that was accepted for publication in Nucleic Acids Research last January 2020 [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF]) and highlighted in a press release by the CNRS: ➜ Modification des ARN : un nouveau moyen de réguler l'expression des gènes http://www.cnrs.fr/sites/default/files/press_info/2020-01/CP%20Modification%20des%20ARN.pdf

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online. Conflict of interest statement. None declared.

C. Is 5'-tRF-Phe binding to Ago2 ?

Now that we had evidence for tRF accumulation in CG7009 mutant flies, we moved to the next step of testing the "saturation theory": testing the interaction between the accumulated tRFs and Argonaute proteins. I concentrated on Argonaute2 (Ago2) as it could explain the deregulation on both the siRNA and the Ago2-dependent miRNA pathways deregulation that we previously observed in CG7009 KD and mutants.

C-1. Ago2-Flag IP set-up

In order to test the tRF 5'-Phe/Ago2 interaction, I decided to perform an Ago2 RNA immunoprecipitation (RIP) from whole flies (mutant for CG7009 vs. control) followed by northern blot analysis for the visualisation of these Ago2-associated RNAs. As a starting point for the set-up of the experiment, I followed the protocol for Ago2 IP published by Pr. Mikiko Siomi's lab from Tokyo [START_REF] Miyoshi | Biochemical Analyzes of Endogenous Argonaute Complexes Immunopurified with Anti-Argonaute Monoclonal Antibodies[END_REF]) and used a home-made Ago2 antibody (9D6), kindly provided by that same lab. In order to obtain the best results in our lab conditions, I tested different IP beads: Sepharose and magnetic Dynabeads. I also decided to test in parallel the efficiency of agarose beads already coupled with anti-Flag antibody on a fly line carrying a tagged version of Ago2 (Ago2-Flag). I obtained the highest IP efficiency with that last strategy (Fig. 13). This together with their facility of manipulation (suppression of the beads-antibody incubation step) helped me to decide to continue working with the anti-Flag coupled agarose beads.

I evaluated the Ago2-Flag IP efficiency for each experiment by western blot after dissolving a small fraction of the beads directly in Laemmli 2x buffer. By performing such a harsh elution with Laemmli 2x I managed to recover most, if not all of the immunoprecipitated Ago2-Flag from the beads. We can detect on the western blot additional and very strong signals at around 25 and 50 kDa (Fig. 13). These correspond to the light and to the heavy chains of the anti-Flag antibody that has been recovered from the agarose beads and denatured by the Laemmli 2x buffer. I manage to detect them thanks to the anti-mouse secondary antibody that I use for the western blot (the anti-Flag antibody from the beads used was raised in mouse, same as the anti-Flag antibody used for detection in the western blot). I treated with proteinase K the remaining large fraction of the beads in order to assist the subsequent extraction of Ago2-Flag associated RNA. I designed RT primers specific to 5'-tRF-Phe carrying a stem-loop that has the role to elongate the RT product sufficiently for the subsequent PCR reaction (Fig. 16A).

Because of the spacial obstruction created by the RT primer's stem-loop, only tRFs and not mature tRNAs should be amplified. The next step was a classical qPCR with a forward primer specific to the 5'-tRF-Phe and reverse primer specific to the stem-loop (Fig. 16B).

PART II

New tRNA targets of the human FTSJ1 Nm MTase and involvement in the miRNA pathway

In the purpose of assessing potential tRNA fragmentation associated with FTSJ1 loss of function, I am currently finalizing northern blot analysis on FTSJ1's tRNA targets from LCLs total RNA extracts, experiments that were unfortunately delayed due to the Covid-19 pandemic.

I regrouped all these results in a pre-manuscript that can be found on p. 117 and that will be deposited on bioRxiv and submitted for peer-review in the following months.

All the details on the performed experiments in LCLs and their reasoning are explained in [START_REF] Angelova | tRNA 2′-O-Methylation by a Duo of TRM7/FTSJ1 Proteins Modulates Small RNA Silencing in Drosophila[END_REF], in preparation .

In perspective, our lab is planning on studying FTSJ1's related molecular mechanisms in a more "realistic", from an ID point of view, cell model system. IPS cells (induced Pluripotent Stem cells) and ES cells (Embryonic Stem cells) will be différentiated into neuronal precursors cells (NPC) and issues in their further differentiation into more specialized neuronal cells will be assessed in FTSJ1 wild type vs. loss of function context. Human FTSJ1 hasn't been implicated in any particular molecular processes other than the 2'-O-methylation of its known tRNA targets. Our findings for the fly orthologs CG7009, CG5220 and their implication in the sncRNA silencing pathways turned out to be useful in this matter. Through mRNA and small RNA sequencing in NSXLD patients'-derived blood cells, we assessed a deregulation in the populations of both mRNAs and small RNAs. Interestingly a Gene Ontology analysis showed an enrichment of brain morphogenesis related mRNAs among the deregulated ones (Li et al. 2020) and when it comes to miRNA, we found for most of them similar evidence in the literature [START_REF] Lau | Alteration of the microRNA Network during the Progression of Alzheimer's Disease[END_REF][START_REF] Kretschmann | Different microRNA Profiles in Chronic Epilepsy versus Acute Seizure Mouse Models[END_REF][START_REF] Ding | Identification of a Panel of Five Serum miRNAs as a Biomarker for Parkinson's Disease[END_REF][START_REF] Roser | Circulating miRNAs as Diagnostic Biomarkers for Parkinson's Disease[END_REF] . Curiously, many of the deregulated miRNAs were also cancer-related [START_REF] Lund | miR-10 in Development and Cancer[END_REF][START_REF] Watahiki | MicroRNAs Associated with Metastatic Prostate Cancer[END_REF]Li et al. 2015;[START_REF] Khuu | Anti-Proliferative Properties of miR-20b and miR-363 from the miR-106a-363 Cluster on Human Carcinoma Cells[END_REF][START_REF] Yang | The Dual Regulatory Role of MiR-181a in Breast Cancer[END_REF][START_REF] Jiang | microRNA-363-3p Inhibits Cell Growth and Invasion of Non-small Cell Lung Cancer by Targeting HMGA2[END_REF] and mostly reported in relationship to glioblastoma [START_REF] Gillies | Regulation of p27Kip1 by miRNA 221/222 in Glioblastoma[END_REF][START_REF] Shi | Hsa-Mir-181a and Hsa-Mir-181b Function as Tumor Suppressors in Human Glioma Cells[END_REF][START_REF] Lund | miR-10 in Development and Cancer[END_REF][START_REF] Conti | MiRNA Expression Profiling in Human Gliomas: Upregulated miR-363 Increases Cell Survival and Proliferation[END_REF] . This strengthens the recently described role of FTSJ1 in cancer [START_REF] Holzer | Nucleoporin Nup155 Is Part of the p53 Network in Liver Cancer[END_REF]He et al. 2020a) as well as the emerging link between neurology and cancer.

Importantly and excitingly, among the two deregulated groups of RNAs, we found pairs with reported miRNA::mRNA target interaction, thus raising the possibility of sncRNA silencing deregulation affecting brain-related genes expression in FTSJ1-deficient patients.

We decided to take full advantage of the NSXLID patients' LCLs and even performed RiboMethSeq on their mRNA populations. It was reported for the yeast ortholog Trm7 to interact with mRNAs and probably Nm-modify them [START_REF] Bartoli | Conserved methyltransferase spb1 targets mrnas for regulated modification with 2 ′ -O-methyl ribose[END_REF]) , so we hypothesized that human FTSJ1 may target mRNAs in addition to tRNAs too. The data from this RiboMethSeq experiment was only very recently generated and its analysis is under progress. However, the preliminary results seem to reveal already new Nm sites on mRNAs in FTSJ1 wild type LCLs and their abolishment in FTSJ1 loss of function LCLs.

It would be exciting to see if these potential new mRNA targets encode proteins important for brain development and/or functioning as well as for miRNA regulators.

Last, but not least, we detected an accumulation of 5'-tRNA-Phe specific fragments in flies lacking CG7009. Knowing that tRFs can interact with Argonautes, I tested a hypothesis in which tRFs would explain the sncRNA disruption in CG7009 mutant flies through Ago2 saturation. The results suggest an increased association of 5-tRF-Phe with Ago2-Flag, but are being taken with precaution because of background issues and therefore require further validation.

Human FTSJ1 and diseases

In humans, a specific point mutation in FTSJ1 (p.A26>P) leads to the loss of Nm only on position 34 in tRNA Phe(GAA) and is sufficient to cause NSXLID (Guy et al. 2015) .

Thus, when trying to decipher brain-related phenotypes in flies, we are particularly interested in CG7009 which modifies specifically the wobble position of tRNAs. For the moment, we have only clues about the molecular pathways that may be underlying the function of these proteins.

RT-qPCR on mRNA from CG7009 mutant vs. wild type adult flies showed an upregulation of the TE Roo , Invader1 and R2 . Considering the ID implication of the human FTSJ1 (Freude et al. 2004;Ramser et al. 2004;Takano et al. 2008;Froyen et al. 2007) , it is intriguing to find that the R2 TE has been previously linked to brain aging in Drosophila through an increase expression in neuronal tissues (Li et al. 2013) .

The climbing assay performed in flies showed a bad performance in CG7009 mutant flies which may be due to muscle or motor-neuron problems, and today we cannot make that distinction. For this reason, we are currently repeating the experience by adding fly strains with CG7009 rescue expression solely in the neurons, which would be expected to revert the slow climbing phenotype if it originates from poor motor-neuron or brain functioning.

Surprisingly to us, mRNAseq in CG7009 KD Drosophila S2R+ cells revealed that 8 out of the top 10 differentially expressed genes (compared to controls) were related to mitochondria ( e.g. , NADH dehydrogenases, cytochrome-c oxidases, ATPase6 and others). Strikingly, Gene Ontology analysis on mRNAseq results from human LCLs showed similarly an enrichment of mitochondrion-related biological processes terms ( e.g.

ATP synthesis coupled electron transport, oxidative phosphorylation, mitochondrial translation, etc.) among the differentially expressed genes in the FTSJ1-deficient cells.

Considering the immense energy demands of the brain, it seems natural that a deregulation in mitochondrial energy metabolism (even a small one relative to other tissues needs) could cause developmental intellectual issues. This is why, we find slightly puzzling the report that in mice, the loss of FTSJ1 leads to alterations in energy metabolisms, while keeping normal mitochondrial oxidative capacity [START_REF] Jensen | A Mouse Model for Intellectual Disability Caused by Mutations in the X-Linked 2′-O-methyltransferase Ftsj1 Gene[END_REF] .

One of the most interesting findings in Drosophila CG7009 mutant flies was the accumulation of 5'-end specific tRFs generated from one of CG7009 tRNA targets:

anti-Flag M2 antibody at 1/5000 to evaluate the IP efficiency. The rest of the beads were washed one last time in PBS1x and subjected to proteinase K treatment, then 1ml of Trizol reagent and Spike RNAs were per tube. Finally, the RNAs extraction continues by following the manufacturer's protocol of the Trizol reagent (invitrogen, cat.# 15596026 and 15596018), including the addition of 15μg of glycogen per tube during the precipitation step. The RNA was dissolved in H 2 O or in formamide-containing RNA loading buffer, respectively for stem-loop RT-qPCR or northern blot upstream application.

Stem-loop RT-qPCR

Reverse transcription was performed on the totality of Ago2-Flag IP RNA with the help of specific stem-loop primers as described in [START_REF] Chen | Real-Time Quantification of microRNAs by Stem-loop RT-PCR[END_REF] . These primers contain the following stem-loop structure, which remains the same for every RT stem loop