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Transposable elements are ubiquitous in genomes. Their successful expansion depends in part on their sites of integration in their host genome. In Saccharomyces cerevisiae, evolution has selected various strategies to target the five Ty LTR-retrotransposon families into gene-poor regions in a genome, where coding sequences occupy 70% of the DNA. The integration of Ty1/Ty2/Ty4 and Ty3 occurs upstream and at the transcription start site of the genes transcribed by RNA polymerase III, respectively. Ty5 has completely different integration site preferences, targeting heterochromatin regions. Here, we review the history that led to the identification of the cellular tethering factors that play a major role in anchoring Ty retrotransposons to their preferred sites. We also question the involvement of additional factors in the fine-tuning of the integration site selection, with several studies converging towards an importance of the structure and organization of the chromatin.

Introduction

Transposable elements (TEs) are mobile repeated DNA sequences present in almost all organisms, where they represent a significant, albeit variable, proportion of their genomes.

Although Britten and Davidson had already suggested in the late 1960s that TEs could drive the evolution of gene regulatory networks [START_REF] Britten | Gene regulation for higher cells: A theory[END_REF], these have long been considered as junk and selfish pieces of DNA that colonize host organisms and threaten genome integrity. TEs are indeed powerful mutagens that can affect host genomes upon insertion of a new copy or by recombination between existing copies leading to large-scale genomic rearrangements. New TE integrations can have multiple short-term deleterious effects on genetic integrity and are implicated in various human diseases [START_REF] Burns | Transposable elements in cancer[END_REF][START_REF] Hancks | Active human retrotransposons: variation and disease[END_REF]). Yet they also play a fundamental role in shaping genomes throughout evolution [START_REF] Chuong | Regulatory activities of transposable elements: from conflicts to benefits[END_REF]. Several iconic examples in plants, insects and mammals show that TEs can trigger phenotypic diversity and initiate new adaptive phenotypes through various genetic and epigenetic mechanisms [START_REF] Chuong | Regulatory activities of transposable elements: from conflicts to benefits[END_REF].

The consequences of a new TE copy for host biology and genome integrity is closely linked to its integration site. Broad patterns of non-random distribution have been recorded in many organisms indicating that TEs accumulate in specific regions of their host genome (for review [START_REF] Sultana | Integration site selection by retroviruses and transposable elements in eukaryotes[END_REF]). This genomic distribution of TEs results from the balance between two forces. On the one hand, well-known post-integration natural selection processes remove strongly deleterious new insertions and perpetuate beneficial ones. On the other hand, an active process targets most TEs to specific regions of the genome, as revealed by highthroughput profiling of de novo TE integration sites by next-generation sequencing. TEs exhibit a high level of diversity for their integration site preferences, which depend on a wide range of genomic features, from specific nucleotide sequences to 3D chromosomal organization. For a detailed description of the diversity of TE targeting, several studies can be consulted [START_REF] Cheung | Retrotransposon targeting to RNA polymerase III-transcribed genes[END_REF][START_REF] Cosby | Host -transposon interactions : conflict , cooperation , and cooption[END_REF][START_REF] Levin | Dynamic interactions between transposable elements and their hosts[END_REF][START_REF] Spaller | Convergent evolution of tRNA gene targeting preferences in compact genomes[END_REF][START_REF] Sultana | Integration site selection by retroviruses and transposable elements in eukaryotes[END_REF].

Retrotransposons, which replicate through an RNA intermediate, are the main active TEs in mammals and yeast and are structurally and functionally related to retroviruses. Investigation of the integration preferences of several retrotransposons and retroviruses has undoubtedly been instrumental in understanding the molecular basis of TE integration selectivity [START_REF] Bushman | Targeting survival: Integration site selection by retroviruses and LTR-Retrotransposons[END_REF][START_REF] Kvaratskhelia | Molecular mechanisms of retroviral integration site selection[END_REF][START_REF] Sultana | Integration site selection by retroviruses and transposable elements in eukaryotes[END_REF]. Taking advantage of the genetically easy-to-manipulate budding yeast Saccharomyces cerevisiae, the integration of the yeast Ty retrotransposons has been especially well studied, establishing some fundamentals of TE integration targeting.

Ty retrotransposons have acquired different integration strategies to avoid genes and propagate TE insertion patterns depend on complex interactions between the TE integration machineries and their host cellular environment. Integration preferences result from two opposing constraints that allow the subsequent expression and propagation of the newly inserted TE while avoiding the most detrimental consequences for the host genome. The sites targeted by the five Ty long terminal repeat (LTR)-retrotransposons in the genome of S. cerevisiae are a perfect example of such a compromise. The genome of S. cerevisiae is particularly compact with 70% open reading frames and few intergenic spaces, which is quite exceptional for an eukaryote [START_REF] Goffeau | Life with 6000 genes[END_REF]. In this organism, different strategies of Ty integration have evolved to avoid coding sequences and integrate into gene-poor regions. Ty5 integrates into silent chromatin at the silent mating loci HM and telomeres, where they do not disrupt essential functions [START_REF] Zou | The Saccharomyces Retrotransposon Ty5 Integrates Preferentially into Regions of Silent Chromatin at the Telomeres and Mating Loci[END_REF]. Ty1/Ty2/Ty4 and Ty3 target RNA polymerase III (Pol III)-transcribed genes, i.e. tRNA genes (tDNAs) and few additional non-coding RNA genes including 5S RNA, but interestingly do not compete for the same sequences around these genes. Ty3 has the most specific pattern of integration within 20 base pairs upstream of the Pol III transcription start sites, while Ty1 integrates into a larger one-kilobase window upstream of these genes [START_REF] Baller | A nucleosomal surface defines an integration hotspot for the Saccharomyces cerevisiae Ty1 retrotransposon[END_REF][START_REF] Chalker | Ty3 integrates within the region of RNA polymerase III transcription initiation[END_REF][START_REF] Devine | Integration of the yeast retrotransposon Ty1 is targeted to regions upstream of genes transcribed by RNA polymerase III[END_REF][START_REF] Mularoni | Retrotransposon Ty1 integration targets specifically positioned asymmetric nucleosomal DNA segments in tRNA hotspots[END_REF][START_REF] Patterson | Local features determine Ty3 targeting frequency at RNA polymerase III transcription start sites[END_REF]Qi et al., 2012). The integration preference of Ty2 and Ty4 for the same 1-kb window upstream of Pol III-transcribed genes were deduced from the distribution of their endogenous copies in the yeast genome [START_REF] Carr | Evolutionary Genomics of Transposable Elements in Saccharomyces cerevisiae[END_REF][START_REF] Kim | Transposable elements and genome organization: A comprehensive survey of retrotransposons revealed by the complete Saccharomyces cerevisiae genome sequence[END_REF]. Because tDNAs are in multicopy and thus individually nonessential, Ty1-Ty4 integration patterns minimize genetic damage to their host and yet allow these elements to replicate. More generally, TE insertions close to Pol III-transcribed genes have been described in other yeasts and organisms with compact genomes indicating that tDNAs are recurrent safe landing pads for TEs [START_REF] Cheung | Retrotransposon targeting to RNA polymerase III-transcribed genes[END_REF][START_REF] Neuvéglise | Genomic evolution of the long terminal repeat retrotransposons in hemiascomycetous yeasts[END_REF][START_REF] Spaller | Convergent evolution of tRNA gene targeting preferences in compact genomes[END_REF].

Transcription of Ty elements by RNA polymerase II (Pol II), mainly in haploid cells, is influenced by their location in the genome. Around 30 copies of Ty1 are present in the laboratory strain S288C. While these copies are constitutively expressed at relatively low levels in haploid cells [START_REF] Curcio | Posttranslational control of Ty1 retrotransposition occurs at the level of protein Posttranslational Control of Tyl Retrotransposition Occurs at the Level of Protein Processing[END_REF][START_REF] Morillon | Differential Effects of Chromatin and Gcn4 on the 50-Fold Range of Expression among Individual Yeast Ty1 Retrotransposons[END_REF], Ty1 RNA is abundant [START_REF] Curcio | Ty RNA levels determine the spectrum of retrotransposition events that activate gene expression in Saccharomyces cerevisiae[END_REF][START_REF] Elder | Studies on the transposable element Ty1 of yeast[END_REF]. Regarding Ty3, the transcription of the two endogenous copies is repressed by competing Pol III transcription of the adjacent tDNAs, resulting in extremely low level of expression [START_REF] Bilanchone | Positive and negative regulatory elements control expression of the yeast retrotransposon Ty3[END_REF][START_REF] Hull | tRNA genes as transcriptional repressor elements[END_REF][START_REF] Kinsey | Adjacent pol II and pol III promoters: transcription of the yeast retrotransposon Ty3 and a target tRNA gene[END_REF]. S. cerevisiae does not have a functional Ty5 element but the introduction of an active Ty5 element from S. paradoxus revealed that the heterochromatin targeted by the element repressed the transcription of de novo Ty5 insertions [START_REF] Ke | The pheromone response pathway activates transcription of Ty5 retrotransposons located within silent chromatin of Saccharomyces cerevisiae[END_REF]).

Yet, the expression of both Ty3 and Ty5 is strongly stimulated in haploid cells exposed to pheromones, allowing the transposition of active copies in particular conditions [START_REF] Bilanchone | Positive and negative regulatory elements control expression of the yeast retrotransposon Ty3[END_REF][START_REF] Ke | The pheromone response pathway activates transcription of Ty5 retrotransposons located within silent chromatin of Saccharomyces cerevisiae[END_REF][START_REF] Kinsey | Ty3 transposes in mating populations of yeast: a novel transposition assay for Ty3[END_REF]. Switching between repression and activation of Ty expression undoubtedly may help minimize the adverse effects of their propagation while maintaining a relatively low copy number in the cells. Noteworthy, Ty1 and Ty2 are the two most abundant Ty families in S288C [START_REF] Carr | Evolutionary Genomics of Transposable Elements in Saccharomyces cerevisiae[END_REF][START_REF] Kim | Transposable elements and genome organization: A comprehensive survey of retrotransposons revealed by the complete Saccharomyces cerevisiae genome sequence[END_REF], suggesting that their integration in a one-kilobase window upstream of Pol III-transcribed genes may have contributed to their successful propagation in the genome. Ty4, of which there are only defective copies located in the upstream region of the tDNAs, has not had the same success probably because of intrinsic transcription defects [START_REF] Hug | Yeast Retrotransposon Ty4 -The Majority of the Rare Transcripts Lack a U3-R Sequence[END_REF].

As Ty families are not constantly represented among the Saccharomyces genus (Bleykasten-Grosshans and [START_REF] Bleykasten-Grosshans | Transposable elements in yeasts[END_REF][START_REF] Neuvéglise | Genomic evolution of the long terminal repeat retrotransposons in hemiascomycetous yeasts[END_REF][START_REF] Souciet | Comparative genomics of protoploid Saccharomycetaceae[END_REF], it would be interesting to compare the insertion patterns of successful Ty elements in other Saccharomyces species.

Tethering factors dictate Ty1, Ty3 and Ty5 integration site preferences

Ty LTR-retrotransposons replicate by reverse transcription of their RNA genome into a cDNA that is next integrated into the host genome by their own integrase (IN). Their study has highlighted a conserved evolutionary strategy to target their integration in particular regions of the genomes: the specific interaction of IN with cellular tethering factors, mainly DNA or chromatin binding proteins, present at preferred sites (for review [START_REF] Kvaratskhelia | Molecular mechanisms of retroviral integration site selection[END_REF][START_REF] Sultana | Integration site selection by retroviruses and transposable elements in eukaryotes[END_REF]. Tethering factors have been identified for Ty1, Ty3 and Ty5 (Figure 1), as well as for the Tf1 retrotransposon of Schizosaccharomyces pombe [START_REF] Hickey | Single Nucleotide Specific Targeting of the Tf1 Retrotransposon Promoted by the DNA-Binding Protein Sap1 of Schizosaccharomyces pombe[END_REF][START_REF] Jacobs | Arrested replication forks guide retrotransposon integration[END_REF], the Murine Leukemia Virus (MLV) [START_REF] Gupta | Bromo-and extraterminal domain chromatin regulators serve as cofactors for murine leukemia virus integration[END_REF][START_REF] De Rijck | The BET Family of Proteins Targets Moloney Murine Leukemia Virus Integration near Transcription Start Sites[END_REF][START_REF] Sharma | BET proteins promote efficient murine leukemia virus integration at transcription start sites[END_REF] and the Human Immunodeficiency Virus (HIV) [START_REF] Cherepanov | HIV-1 integrase forms stable tetramers and associates with LEDGF/p75 protein in human cells[END_REF][START_REF] Llano | An essential role for LEDGF/p75 in HIV integration[END_REF]. Historically, Ty5 and Ty3 were pioneer models to understand the role of tethering factors in targeted integration.

-Ty5 targets silent chromatin by interacting with Sir4. Ty5 is probably the simplest model.

Precisely, Ty5 integration in heterochromatin requires an interaction between a targeting domain of six amino acids at the Ty5 integrase (IN5) C-terminus and the Sir4 heterochromatin protein [START_REF] Gai | A single amino acid change in the yeast retrotransposon Ty5 abolishes targeting to silent chromatin[END_REF][START_REF] Xie | Targeting of the yeast Ty5 retrotransposon to silent chromatin is mediated by interactions between integrase and Sir4p[END_REF]. When this interaction is abolished, Ty5 integrates randomly in genic regions and becomes mutagenic [START_REF] Gai | A single amino acid change in the yeast retrotransposon Ty5 abolishes targeting to silent chromatin[END_REF]. Moreover, the IN5-Sir4 interaction requires phosphorylation of a serine residue within the targeting domain, which is abolished by nutrient starvation, suggesting a control of Ty5 integration profile by stress [START_REF] Dai | Phosphorylation regulates integration of the yeast Ty5 retrotransposon into heterochromatin[END_REF]. The interaction with Sir4 is sufficient to dictate Ty5 integration sites, because artificially tethering of Sir4 to ectopic DNA sites creates new Ty5 integration hot spots [START_REF] Zhu | From the Cover: Controlling integration specificity of a yeast retrotransposon[END_REF]. Conversely, swapping the Ty5 targeting domain with peptides that recognize other protein partners directs Ty5 integration to the DNA sites bound by these protein partners [START_REF] Zhu | From the Cover: Controlling integration specificity of a yeast retrotransposon[END_REF].

-Ty1 and Ty3 interact with different Pol III transcription factors to achieve their specific

targeting. For the transcription of tDNAs, TFIIIC recognizes the A and B boxes of their intergenic promoter, and then recruits TFIIIB to the upstream promoter region (TATA box), which finally recruits Pol III (for review [START_REF] Acker | Yeast RNA polymerase III transcription factors and effectors[END_REF]). Both Ty1 and Ty3 require the prior recruitment of TFIIIC for their integration but they then achieve their specific targeting by interacting with different components of the Pol III transcription system [START_REF] Chalker | Ty3 integrates within the region of RNA polymerase III transcription initiation[END_REF][START_REF] Devine | Integration of the yeast retrotransposon Ty1 is targeted to regions upstream of genes transcribed by RNA polymerase III[END_REF][START_REF] Kirchner | Requirement of RNA polymerase III transcription factors for in vitro position-specific integration of a retroviruslike element[END_REF].

Ty3 integrase interacts with Pol III general transcription factors TFIIIB and

TFIIIC. TFIIIB has been identified as the Ty3 tethering factor. Two subunits of TFIIIB, Brf1 and TBP, are sufficient for Ty3 targeted insertion in vitro while, the third one, Bdp1, only increases its efficiency [START_REF] Qi | In vitro targeting of strand transfer by the Ty3 retroelement integrase[END_REF][START_REF] Yieh | The Brf and TATAbinding protein subunits of the RNA polymerase III transcription factor IIIB mediate position-specific integration of the gypsy-like element, Ty3[END_REF][START_REF] Yieh | Mutational analysis of the transcription factor IIIB-DNA target of Ty3 retroelement integration[END_REF]. Loss-ofinteraction mutants have not been characterized to definitively demonstrate the role of the interaction between TFIIIB and Ty3 integrase (IN3) in targeting the retrotransposon in vivo.

However, genome-wide analyses of de novo Ty3 insertions confirmed that Ty3 integration occurs at virtually all Pol III-transcribed genes and coincides with TFIIIB bound sites (Qi et al., 2012). Moreover, the Tfc1 subunit of TFIIIC interacts with IN3 by two-hybrid and in vitro, and the truncation of Tfc1 C-terminus led to Ty3 integration in a single orientation with respect to the direction of transcription of the targeted gene [START_REF] Aye | A truncation mutant of the 95-kilodalton subunit of transcription factor IIIC reveals asymmetry in Ty3 integration[END_REF]). Yet, Ty3 does not integrate into the extra-TFIIIC genomic sites from which TFIIIB is absent, indicating that TFIIIC primary role in the targeting of Ty3 is to recruit TFIIIB (Qi et al., 2012). However, this does not preclude a contribution from TFIIIC after Ty3 recruitment.

Ty1 integrase interacts with the AC40 subunit of RNA polymerase III. In the case of Ty1, it took much longer to identify a factor responsible for Ty1 targeting. In 1996, the complete sequencing of a S. cerevisiae genome revealed that most Ty1 sequences -solo LTR and full-length elements -were located upstream of the Pol III-transcribed genes, validating earlier observations made on a limited number of Ty1 endogenous copies [START_REF] Eigel | Ty1 and delta elements occur adjacent to several tRNA genes in yeast[END_REF][START_REF] Goffeau | Life with 6000 genes[END_REF]. The study of approximately 100 unselected de novo Ty1 insertions on chromosome III also suggested that this distribution resulted from an active integration preference for these regions rather than an evolutionary process occurring after Ty1 insertion [START_REF] Ji | Hotspots for unselected Ty1 transposition events on yeast chromosome III are near tRNA genes and LTR sequences[END_REF]. In the same decade, a very elegant study, based on the analysis of Ty1 integration events upstream of a reporter tDNA carried on plasmid, showed that mutation of the B box of the tDNA promoter prevented Ty1 integration [START_REF] Devine | Integration of the yeast retrotransposon Ty1 is targeted to regions upstream of genes transcribed by RNA polymerase III[END_REF]. This observation provided a first indication that one or more components of the Pol III transcription system could be involved in Ty1 integration targeting. A milestone was reached in 2012 by joint publications reporting similar approaches to set-up large-scale sequencing of de novo Ty1 insertion events. Both studies confirmed that the vast majority (90%) of insertions occurred in a 2-kilobase window upstream of Pol III genes [START_REF] Baller | A nucleosomal surface defines an integration hotspot for the Saccharomyces cerevisiae Ty1 retrotransposon[END_REF][START_REF] Mularoni | Retrotransposon Ty1 integration targets specifically positioned asymmetric nucleosomal DNA segments in tRNA hotspots[END_REF]. They also validated that the Pol III machinery was required at the site of integration, since tDNA genes that were poorly transcribed were not targeted. A major breakthrough followed with the description of a functional interaction between Ty1 integrase (IN1) and the AC40 subunit of Pol III that we discovered by serendipity in a two-hybrid screen with AC40 as bait [START_REF] Bridier-Nahmias | An RNA polymerase III subunit determines sites of retrotransposon integration[END_REF]. This screen also identified an interaction between AC40 and the integrases of Ty2 and Ty4 that display the same integration preferences as Ty1. AC40 is essential for yeast viability. Fortunately, AC40 ortholog in S. pombe, AC40sp, could be used as a loss-of-interaction mutant, since it complemented AC40 function in Pol III transcription but did not interact with IN1. De novo Ty1 insertions were thus compared genome-wide in strains containing either AC40 or AC40sp. The replacement of AC40 by AC40sp strongly affected Ty1 integration upstream of all Pol III-transcribed genes, but did not alter its integration frequency. Surprisingly, in the absence of IN1-AC40 interaction, Ty1 integration was not random but enriched in the subtelomeres, revealing Ty1 secondary preferred targets. Yeast subtelomeres lack essential genes but contain genes needed to respond to environmental changes [START_REF] Brown | Rapid expansion and functional divergence of subtelomeric gene families in yeasts[END_REF]. Targeting the integration of Ty1 in these regions could protect the yeast genome from Ty1 mobility, while facilitating yeast adaptation and gene innovation in response to stress. [START_REF] Vannini | Conservation between the RNA polymerase I, II, and III transcription initiation machineries[END_REF]). A recent proteomic screen to identify IN1 co-factors by mass spectrometry has recovered AC40 and four Pol III subunits (C25, C31, C34, C53) [START_REF] Cheung | Ty1-Integrase interacts with RNA Polymerase III specific subcomplexes to promote insertion of Ty1 elements upstream of Pol III-transcribed genes[END_REF]. Since Pol III is a stable complex, immunoprecipitation of a particular subunit results in the co-immunoprecipitation of the whole complex [START_REF] Oficjalska-Pham | General repression of RNA polymerase III transcription is triggered by protein phosphatase type 2A-mediated dephosphorylation of Maf1[END_REF], making it difficult to ascertain whether IN1 interacts directly with different Pol III subunits. A weak interaction was also detected in vitro between IN1 and Pol III specific subunits C31, C34 and C53 [START_REF] Cheung | Ty1-Integrase interacts with RNA Polymerase III specific subcomplexes to promote insertion of Ty1 elements upstream of Pol III-transcribed genes[END_REF]. The structure of the IN/cDNA pre-integration complex, referred to as the intasome, has been characterized for several retroviruses in the past years. These complexes contain a multiple of 4 INs, with structurally and functionally separate roles, combined to a single cDNA molecule (for review [START_REF] Lesbats | Retroviral DNA Integration[END_REF]). Although the structure of the Ty1 intasome has not yet been described, the assembly of at least four integrases on the Ty1 cDNA could explain the functionally distinct interactions of IN1 with different Pol III subunits. However, we showed that the co-immunoprecipitation of IN1 with Pol III in vivo was dependent on the IN1-AC40 interaction and that IN1 association with C34 and C53 could not be detected outside the Pol III complex [START_REF] Asif-Laidin | A small targeting domain in Ty1 integrase is sufficient to direct retrotransposon integration upstream of tRNA genes[END_REF]. This indicates that the interaction with C34 and C53 and probably C31 requires IN1 to be recruited by AC40 to Pol III first. Cheung et al. showed that thermosensitive mutants of C31, C34 and C53 decreased the integration of endogenous Ty1 elements upstream of the SUF16 reporter gene [START_REF] Cheung | Ty1-Integrase interacts with RNA Polymerase III specific subcomplexes to promote insertion of Ty1 elements upstream of Pol III-transcribed genes[END_REF]. The C31 and C34 mutants also slightly decreased the overall frequency of Ty1 integration, which is not the case for AC40-IN1 loss-of-interaction mutants, and the C53 mutants affected tDNA transcription efficiency. Thus, it cannot be excluded that these mutants alter the structure of Pol III and consequently the IN1-AC40 interaction or other steps of Ty1 integration that would depend on a fully functional Pol III.

A cryosensitive mutant of C53 (C53 ∆2-280 , slow growth at 20°C) has been studied in more detail to explore the role of this subunit in Ty1 integration [START_REF] Cheung | Ty1-Integrase interacts with RNA Polymerase III specific subcomplexes to promote insertion of Ty1 elements upstream of Pol III-transcribed genes[END_REF]. This mutant has an unexpected impact on Ty1 integration preferences. While the C53 ∆2-280 mutant led to a complete loss of integration of Ty1 elements upstream of an endogenous tDNA, it did not induce the redistribution of Ty1 integration events to subtelomeres, as observed in AC40-IN loss-of interaction mutants. However, C53 ∆2-280 mutant only marginally alters Ty1 integration frequency (80% from WT frequency). These different effects on Ty1 are difficult to reconcile.

Local chromatin features and 3D genome organization may influence Ty integration site selection

-The role of the chromatin structure at the site of integration is important but still poorly understood. Ty retrotransposons have preferences for particular chromatin configurations at the sites where they are recruited by their tethering factor. Ty5 preferentially integrates into nucleosome-free heterochromatin and euchromatin regions [START_REF] Baller | Access to DNA establishes a secondary target site bias for the yeast retrotransposon Ty5[END_REF]. The Pol III transcription start sites, which are targeted by Ty3, are also devoid of nucleosomes [START_REF] Kumar | A unique nucleosome arrangement, maintained actively by chromatin remodelers facilitates transcription of yeast tRNA genes[END_REF]. In contrast, Ty1 integrates into nucleosomes, stably positioned by the Isw2 chromatin-remodeling factor upstream of the genes transcribed by Pol III (Bachman et al., 2005;[START_REF] Gelbart | Genomewide identification of Isw2 chromatin-remodeling targets by localization of a catalytically inactive mutant[END_REF]. The preference of Ty3 and Ty1 for nucleosome-depleted and nucleosome-enriched regions, respectively, could explain in part their different profiles of integration at Pol III-transcribed genes. The Ty1 integration profile upstream of tDNAs shows a periodicity of 70 bp between each insertion hotspot, corresponding to two insertion sites per nucleosome [START_REF] Bachman | Local definition of Ty1 target preference by long terminal repeats and clustered tRNA genes[END_REF]. Comparison of these insertion sites with the position of the DNA in a nucleosome indicates that both sites are located on the same side of the nucleosome near the H2A-H2B interface [START_REF] Baller | A nucleosomal surface defines an integration hotspot for the Saccharomyces cerevisiae Ty1 retrotransposon[END_REF][START_REF] Mularoni | Retrotransposon Ty1 integration targets specifically positioned asymmetric nucleosomal DNA segments in tRNA hotspots[END_REF]. Ty1 preference for this nucleosomal position might be due to the greater extrusion of DNA or/and a lower energy barrier at this location, as suggested by structural studies of nucleosomebound intasome of the Prototype Foamy Virus (PFV) [START_REF] Maskell | Structural basis for retroviral integration into nucleosomes[END_REF][START_REF] Michieletto | Physical principles of retroviral integration in the human genome[END_REF][START_REF] Wilson | Retroviral integration into nucleosomes through DNA looping and sliding along the histone octamer[END_REF]. Furthermore, Ty1 integration sites are slightly offset from the dyad axis of symmetry of the nucleosome [START_REF] Baller | A nucleosomal surface defines an integration hotspot for the Saccharomyces cerevisiae Ty1 retrotransposon[END_REF][START_REF] Mularoni | Retrotransposon Ty1 integration targets specifically positioned asymmetric nucleosomal DNA segments in tRNA hotspots[END_REF]. This asymmetry could be due to the intervention of an as yet unidentified chromatin-remodelling factor in Ty1 integration or could be the consequence of the extrusion and sliding of the nucleosomal DNA induced by the integration reaction [START_REF] Wilson | Retroviral integration into nucleosomes through DNA looping and sliding along the histone octamer[END_REF].

The interaction with tethering factors does not fully explain Ty1, Ty3 and Ty5 integration profiles at the genome-wide level. For instance, nucleosome-free regions targeted by Ty5 do not systematically correspond to Sir4 binding sites [START_REF] Baller | Access to DNA establishes a secondary target site bias for the yeast retrotransposon Ty5[END_REF]. Similarly, AC40 and TFIIIB are present at most tDNA loci and yet Ty1 and Ty3 do not target all tDNAs with the same efficiency [START_REF] Bachman | Local definition of Ty1 target preference by long terminal repeats and clustered tRNA genes[END_REF][START_REF] Mularoni | Retrotransposon Ty1 integration targets specifically positioned asymmetric nucleosomal DNA segments in tRNA hotspots[END_REF][START_REF] Patterson | Local features determine Ty3 targeting frequency at RNA polymerase III transcription start sites[END_REF].

Comparison of hot and cold tDNAs for Ty3 targeting suggests that the curvature of the DNA upstream of the TSS could interfere with the integration [START_REF] Patterson | Local features determine Ty3 targeting frequency at RNA polymerase III transcription start sites[END_REF]. The dispersion of Ty1 insertion sites in the subtelomeres, when the interaction with AC40 is suppressed, is also suggestive of a special nucleosome configuration or a histone mark specifically enriched at this location that would help Ty1 integration [START_REF] Asif-Laidin | A small targeting domain in Ty1 integrase is sufficient to direct retrotransposon integration upstream of tRNA genes[END_REF][START_REF] Bridier-Nahmias | An RNA polymerase III subunit determines sites of retrotransposon integration[END_REF]. In these genomic regions, Ty1 insertion profile overlaps with the extended silent chromatin domains defined by overexpression of the Sir3 protein and characterized by a high occupancy of phosphorylated H2A (γH2A) and a low occupancy of K79 trimethylated histone H3 (H3K79me3) [START_REF] Hocher | Expanding heterochromatin reveals discrete subtelomeric domains delimited by chromatin landscape transitions[END_REF]. γH2A is also present at tDNAs, which are Ty1 preferred targets [START_REF] Szilard | Systematic identification of fragile sites via genome-wide location analysis of γ-H2AX[END_REF]. Several studies suggest that γH2A reduces nucleosome stability and makes the DNA double helix more accessible to other factors [START_REF] Downs | A role for Saccharomyces cerevisiae histone H2A in DNA repair[END_REF][START_REF] Sharma | PARP1 exhibits enhanced association and catalytic efficiency with γH2A.X-nucleosome[END_REF]. Nucleosomes containing γH2A could therefore facilitate Ty1 integration. On the other hand, genome-wide analysis of Ty1 de novo insertions also points to a correlation with sites enriched in H2A.Z, a signature also observed for several Ty1/copia like element in plants [START_REF] Mularoni | Retrotransposon Ty1 integration targets specifically positioned asymmetric nucleosomal DNA segments in tRNA hotspots[END_REF][START_REF] Quadrana | Transposition favors the generation of large effect mutations that may facilitate rapid adaption[END_REF]. However, H2A.Z relative occupancy could not explain Ty1 cold and hot Pol-III transcribed targets [START_REF] Mularoni | Retrotransposon Ty1 integration targets specifically positioned asymmetric nucleosomal DNA segments in tRNA hotspots[END_REF] and if H2A.Z was identified as necessary for Ty1 transposition in a genetic screen [START_REF] Dakshinamurthy | BUD22 affects Ty1 retrotransposition and ribosome biogenesis in Saccharomyces cerevisiae[END_REF], we were unable to reproduce the observation in independent htz1∆ reconstructed strains (unpublished data). At this time, we cannot conclude whether the presence of these histone marks at Ty1 insertion sites is causative or simply correlative. Several genes with functions related to chromatin modification or remodeling have been identified to regulate Ty1 retrotransposition efficiency in genetic screens (reviewed in [START_REF] Curcio | The Ty1 LTR-Retrotransposon of Budding Yeast, Saccharomyces cerevisiae[END_REF]). Among these genes, the role in Ty1 integration targeting was studied by genome-wide approaches for those encoding the Rtt109 histone acetyl-transferase (H3K79 and H3K9), the Hos2 histone H3 and H4 deacetylases or the Rad6 ubiquitin-conjugating enzyme [START_REF] Baller | A nucleosomal surface defines an integration hotspot for the Saccharomyces cerevisiae Ty1 retrotransposon[END_REF]. Only rad6∆ had a significant alteration in the integration profile with more Ty1 insertions in ORFs, without altering overall Ty1 integration at Pol III-transcribed genes. However, differences in Ty1 integration between tDNAs were not specifically investigated for all these mutants, as was done with Ty3 by [START_REF] Patterson | Local features determine Ty3 targeting frequency at RNA polymerase III transcription start sites[END_REF]. More resolutive analysis will be required to determine whether Rad6, along with other factors, contribute to the variation in Ty1 integration between Pol III-transcribed genes. Deciphering the molecular bases of Ty1 integration at subtelomeres would undoubtedly help to address the role of chromatin in Ty1 integration site selection.

Other aspects of the chromosome structure could also influence Ty1 integration. Indeed, Pol III-transcribed genes, as sites of strong transcriptional activity, have been described as cohesin binding sites [START_REF] D'ambrosio | Identification of cis-acting sites for condensin loading onto budding yeast chromosomes[END_REF][START_REF] Lengronne | Cohesin relocation from sites of chromosomal loading to places of convergent transcription[END_REF][START_REF] Ocampo-Hafalla | Cohesin loading and sliding[END_REF]. Cohesins are involved in chromosome compaction, mediate chromosome loop formation and hold sister chromatids during the G2 and M phases of the cell cycle [START_REF] Costantino | Cohesin residency determines chromatin loop patterns[END_REF][START_REF] Gligoris | Closing the cohesin ring: Structure and function of its Smc3-kleisin interface[END_REF][START_REF] Haering | The cohesin ring concatenates sister DNA molecules[END_REF]. Interestingly, the protease separase Esp1, which cleaves the cohesin complex at the anaphase onset allowing the sister chromatids to segregate into separate daughter cells, interacts physically with IN1 [START_REF] Ho | A Role for the Budding Yeast Separase, Esp1, in Ty1 Element Retrotransposition[END_REF]. Cohesin or Esp1 mutants that affect cohesin removal, decrease the frequency of Ty1 integration and its targeting upstream of the SUF16 tRNA gene [START_REF] Ho | A Role for the Budding Yeast Separase, Esp1, in Ty1 Element Retrotransposition[END_REF]. This observation suggests that the integration of Ty1 could be favored during the M phase, when cohesins are absent from tDNAs and would be consistent with the difference in retrotransposition frequency between mother and daughter cells [START_REF] Patterson | Preferential retrotransposition in aging yeast mother cells is correlated with increased genome instability[END_REF].

-Could the nuclear import of Ty1 IN:cDNA complexes and the integration process be coupled to promote integration at Pol III-transcribed genes? To complete their replication cycle, retroelements need to traffic in and out of the nucleus. The nuclear envelope is therefore a physical barrier to integrate a new copy into the host genome for all retroelements.

In particular, for lentiviruses, such as HIV-1, that infect non-dividing cells as well as for retrotransposons in yeasts, whose nuclear envelope does not break down during mitosis, Nuclear Pore Complexes (NPCs) are essential gatekeeper to control access to genomic DNA.

NPCs are large macromolecular complexes embedded within the nuclear envelope and built of multiple copies of about 30 different proteins, called nucleoporins (Nups), that are organized into modular subcomplexes (reviewed in [START_REF] Lin | The structure of the nuclear pore complex (An Update)[END_REF]). Not surprisingly, many links have long been noticed between the replication cycle of retroelements and NPCs (Figure 2A). Indeed, the NPC has been early described as the main route for the nuclear export of viral mRNAs and the nuclear import of pre-integration complexes (PICs) (reviewed in [START_REF] Molenberghs | Confined no more: Viral mechanisms of nuclear entry and egress[END_REF]). The role played by the NPCs and other cellular factors in nuclear import of HIV-1 PIC has been particularly well studied (reviewed in [START_REF] Bhargava | Let me in: Control of HIV nuclear entry at the nuclear envelope[END_REF]). On the contrary, only a few studies have investigated the nuclear import process of Ty retrotransposons. The nuclear localization signal driving PIC nuclear import has been identified in the C-terminal region of both Ty1 and Ty3 integrases [START_REF] Kenna | Invading the Yeast Nucleus: a Nuclear Localization Signal at the C Terminus of Ty1 Integrase Is Required for Transposition In Vivo[END_REF][START_REF] Lin | Integrase mediates nuclear localization of Ty3[END_REF][START_REF] Moore | A Ty1 Integrase Nuclear Localization Signal Required for Retrotransposition[END_REF]. In both cases, NLS have been characterized as bipartite NLS (bNLS) and IN1 has been demonstrated to be imported by the classical nuclear protein import pathway [START_REF] Mclane | The Ty1 integrase protein can exploit the classical nuclear protein import machinery for entry into the nucleus[END_REF]. Yet, the bipartite NLS of IN1 is atypical with a particularly long linker of 29 amino acids separating the two clusters of basic amino acids, as compared to the usual 9-12 amino acid long linkers. It has been shown that for such a long linker to be functional, its sequence and flexibility properties are of particular importance [START_REF] Lange | Expanding the definition of the classical bipartite nuclear localization signal[END_REF]. Interestingly, the targeting domain of Ty1 (TD1) is located within this unconventional linker [START_REF] Asif-Laidin | A small targeting domain in Ty1 integrase is sufficient to direct retrotransposon integration upstream of tRNA genes[END_REF]. We have shown that Ty1 nuclear import and integration targeting are two distinct functions but it is tempting to speculate on the evolutionary advantages that the combination of sequences required for PIC nuclear import and integration targeting could represent (Figure 2B). The binding of the two basic amino acid-rich regions of IN1 bNLS to the two NLS-binding pockets of importin-α [START_REF] Kosugi | Six classes of nuclear localization signals specific to different binding grooves of importinα[END_REF][START_REF] Lange | Expanding the definition of the classical bipartite nuclear localization signal[END_REF] could perhaps expose the TD1 to AC40. Once in the nucleus, the interaction with AC40 would help Ran-GTP to dissociate the IN1-importin-α/β complex [START_REF] Rothenbusch | Sumoylation regulates Kap114-mediated nuclear transport[END_REF]. This coupling between nuclear entry and Pol III interaction could promote Ty1 targeting to tDNAs.

In addition, evidence has accumulated that NPCs are key platforms in the 3D organization of the genome (reviewed in [START_REF] Canat | Genome anchoring to nuclear landmarks drives functional compartmentalization of the nuclear space[END_REF]). In yeast, an association of tDNAs with NPCs mediated by the nuclear basket nucleoporins has been reported during the peak of tDNA transcription (i.e. M phase) [START_REF] Chen | Coordination of tRNA transcription with export at nuclear pore complexes in budding yeast[END_REF]. A current model therefore suggests a direct role of Nups in coupling nuclear entry and integration of retroelements into genomic loci in the close proximity of NPCs. This model was mainly based on the study of HIV-1 integration preferences and their modification when the nuclear basket of the NPC was altered [START_REF] Lelek | Chromatin organization at the nuclear pore favours HIV replication[END_REF][START_REF] Lusic | Nuclear landscape of HIV-1 infection and integration[END_REF][START_REF] Marini | Nuclear architecture dictates HIV-1 integration site selection[END_REF]. Several Nups have been identified in large-scale screens as regulating Ty1 and Ty3 retrotransposition rate [START_REF] Curcio | The Ty1 LTR-Retrotransposon of Budding Yeast, Saccharomyces cerevisiae[END_REF][START_REF] Irwin | Retroviruses and yeast retrotransposons use overlapping sets of host genes[END_REF]. However, the association of tDNAs with NPCs suggests that, as with HIV-1, NPCs could also directly influence Ty integration preferences. Consistent with this, the alteration of the nuclear pore basket was recently shown to reduce Ty1 integration upstream of two distinct tDNAs [START_REF] Manhas | The yeast Ty1 retrotransposon requires components of the nuclear pore complex for transcription and genomic integration[END_REF]. This reduction in nuclear basket mutants, except nup60∆, was associated with some Ty1 integration events into subtelomeric loci, although less than in the case of IN1-AC40 loss of interaction. However, recent studies on the important role played by CPSF6 in HIV-1 integration patterns has questioned this model of coupling between PIC nuclear import and integration into genomic targets in the direct vicinity of the NPCs [START_REF] Achuthan | Capsid-CPSF6 Interaction Licenses Nuclear HIV-1 Trafficking to Sites of Viral DNA Integration[END_REF][START_REF] Bejarano | HIV-1 nuclear import in macrophages is regulated by CPSF6-capsid interactions at the nuclear pore complex[END_REF][START_REF] Buffone | Nup153 Unlocks the Nuclear Pore Complex for HIV-1 Nuclear Import in Non-Dividing Cells[END_REF]. Similarly, genome-wide analysis of a high number of Ty1 de novo integration events will be necessary to finally uncover the role played by the nuclear pore basket in Ty1 integration upstream of tDNAs.

Conclusion

As demonstrated by the study of the Ty retrotransposons, tethering factors undoubtedly play a fundamental role in the integration site selection of retroelements. However, it is quite obvious that other actors come into play to define locally the most accessible sites among the preferred targets. How Ty integrases interact with their tethering factors and how these interactions influence Ty integration at the target site has not been explored at the structural levels, yet. However, this would be informative, especially in the case of Ty1 to decipher the roles played by the different subunits of Pol III interacting with IN1 and to challenge the coupling model between nuclear import and interaction with AC40. Ty1 differs from Ty3 and Ty5, as it targets nucleosomal DNA. High-throughput sequencing of Ty1 de novo insertion events combined with high-resolution mapping of DNA binding sites for histone marks and chromatin factors will certainly give important insights into the chromatin factors participating to Ty1 targeting. Genome-wide approaches in different mutants affecting the NPC or cohesin functions will also help to understand their respective role in Ty1 integration targeting. Finally, the knowledge acquired in recent years with Ty retrotransposons raises new challenging questions about the ballet of players involved in integration targeting and definitely demonstrates how retrotransposons in yeasts remain relevant and powerful models to explore at the molecular levels the intimate relationship between TEs and their host.

IDEX-0005-02) and the Labex "Who am I?" (ANR11-LABX-0071). [START_REF] Aye | Host factors that affect Ty3 retrotransposition in Saccharomyces cerevisiae[END_REF][START_REF] Dakshinamurthy | BUD22 affects Ty1 retrotransposition and ribosome biogenesis in Saccharomyces cerevisiae[END_REF][START_REF] Griffith | Functional Genomics Reveals Relationships Between the Retrovirus-Like Ty1 Element and Its Host Saccharomyces cerevisiae[END_REF][START_REF] Irwin | Retroviruses and yeast retrotransposons use overlapping sets of host genes[END_REF][START_REF] Risler | Host cofactors of the retrovirus-like transposon Ty1[END_REF]. The nucleoporins for which mutation or deletion triggers a decrease in Ty1 integration upstream of two tDNAs without affecting Ty1 overall integration frequency [START_REF] Manhas | The yeast Ty1 retrotransposon requires components of the nuclear pore complex for transcription and genomic integration[END_REF], are underlined.

B.

Coupling the nuclear import of Ty1 IN:cDNA complex and Ty1 integration at Pol III transcribed genes. The presence of the targeting domain interacting with AC40 within the unusually long linker of the bipartite NLS of Ty1 integrase opens the possibility of coupling between pre-integration complex nuclear import and integration targeting. The binding of the two basic amino acid-rich regions of IN1 bNLS to the two NLS-binding pockets of importinα could expose the targeting sequence to AC40. Once in the nucleus, the interaction with AC40 would help Ran-GTP to dissociate the IN1-importin-α/β complex. This coupling between nuclear entry and Pol III interaction would also be reinforced by the recruitment of tDNAs to the nuclear pore to be transcribed.

  The key role of IN1-AC40 interaction has been further validated in a recent study, by the identification of the targeting domain of IN1 (TD1 for Targeting Domain of Ty1)[START_REF] Asif-Laidin | A small targeting domain in Ty1 integrase is sufficient to direct retrotransposon integration upstream of tRNA genes[END_REF]. This domain consists of a short sequence of 5 amino acids at the Cterminus of IN1, which is conserved in Ty2 and Ty4 integrases. The position of TD1 is strikingly similar to the targeting domain of Ty5 integrase. TD1 triggers the direct interaction between IN1 and AC40 in vivo and in vitro. Disrupting the AC40-IN1 interaction by using either AC40sp or single amino acid mutants of TD1 led to the same alteration of Ty1 integration pattern, namely the loss of integration upstream of Pol III genes and the redistribution of Ty1 insertions to subtelomeres, without affecting Ty1 integration frequency.Remarkably, replacing the targeting domain of Ty5 by TD1 into the Ty5 integrase was sufficient to trigger its interaction with AC40 and redirect Ty5 integration from heterochromatin to the region upstream of Pol III-transcribed genes. To the best of our knowledge, it is the first evidence that the targeting domain of a retroelement is functional to re-target another retroelement to specific sites. This could set the basis for engineering chimeric retroviral integrases that could integrate transgenes into safe and well-characterized genomic sites.-Is AC40 the only Pol III subunit involved inTy1 integration targeting? AC40 is common to Pol III and Pol I. In our recent study, we set up ChIP-seq conditions to survey all IN1 binding sites in the genome and showed that IN1 is present at all the sites naturally occupied by both polymerases (Asif-Laidin et al., 2020). IN1 was not detected at other regions of the genome, suggesting that IN1 binding to chromosomes is constrained to the regions where AC40 is present. A similar profile was observed for Ty5 integrase carrying Ty1 TD1, further demonstrating that binding to AC40 is sufficient for the recruitment to Pol I and Pol III occupied loci. However, the fact that Ty1 integrates only at Pol III-transcribed genes and not at Pol I-transcribed genes suggests that additional factors either prevent Ty1 integration at Pol I-transcribed genes or help it at Pol III-transcribed genes. Pol III is composed of 17 subunits. Ten have counterparts in the three RNA polymerases, two are shared with Pol I (AC40 and AC19) and have counterparts in Pol II (Rpb3 and Rpb11), and five are specific to Pol III and organized in two sub-complexes C82/C31/C34 and C37/C53 equivalent to TFIIE and TFIIF in Pol II transcription (for review
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High-throughput sequencing data of de novo Ty1 insertion sites would allow determining where Ty1 integrates in this mutant. It is therefore not clear at this time if and how, beside AC40, other Pol III subunits are involved in Ty1 integration targeting in vivo. Further studies, in particular structural analyses, will be necessary to address the role of the entire Pol III complex, and especially of C31, C34 and C53, in Ty1 integration.

-How does the interaction of Ty1 and Ty3 integrases with their respective tethering factors explain why Ty1 and Ty3 target non-overlapping genomic regions?

Most Ty3 insertions occur within 20 base pairs upstream of tDNAs. The tethering factor of Ty3, TFIIIB, binds tDNA promoters between positions -40 to -5 relative to the transcription start site (TSS) in a very stable manner and possibly remains bound throughout the transcription cycle [START_REF] Leśniewska | Novel layers of RNA polymerase III control affecting tRNA gene transcription in eukaryotes[END_REF]). This characteristic would allow Ty3 to integrate at any stage of the Pol III transcription. However, Pol III could interfere with the TFIIIB/IN3 interaction and Ty3 integration process, since Pol III and Ty3 binding to the TFIIIB complex share similarities and compete in vitro [START_REF] Connolly | RNA-Polymerase-III Interferes with Ty3 Integration[END_REF][START_REF] Yieh | Mutational analysis of the transcription factor IIIB-DNA target of Ty3 retroelement integration[END_REF]. The integration of Ty3 could thus be promoted by the structural changes induced at the elongation step, when TFIIIB remains bound to the promoter and Pol III moves on the gene, even though the two complexes remain associated. Unlike Ty3, the integration of Ty1 requires the presence of Pol III and takes place upstream of the region occupied by TFIIIB. AC40 is located on the surface of the Pol III complex, relatively close to the DNA that is upstream of TFIIIB binding, where Ty1 integrates. The C31, C34, and C53 subunits, which interact in vitro with IN1, are also well positioned in the Pol III structure to participate in the specificity of Ty1 integration upstream of Pol IIItranscribed genes. DNA-protein crosslinking studies and cryo-EM structures indicate that C34 contacts the promoter DNA and interacts with the Bdp1 subunit of TFIIIB [START_REF] Abascal-Palacios | Structural basis of RNA polymerase III transcription initiation[END_REF][START_REF] Brun | Dual role of the C34 subunit of RNA polymerase III in transcription initiation[END_REF][START_REF] Han | Structural visualization of RNA polymerase III transcription machineries[END_REF][START_REF] Vorländer | Molecular mechanism of promoter opening by RNA polymerase III[END_REF]. In addition, the 270 amino-terminal residues of C53, which seem to be necessary for in vivo targeting of Ty1 integration [START_REF] Cheung | Ty1-Integrase interacts with RNA Polymerase III specific subcomplexes to promote insertion of Ty1 elements upstream of Pol III-transcribed genes[END_REF], are involved in interactions with different Pol III subunits including C82 and C34, which could bring C53 close to the upstream DNA [START_REF] Wu | The TFIIF-like Rpc37/53 dimer lies at the center of a protein network to connect TFIIIC, Bdp1, and the RNA polymerase III active center[END_REF].