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Mre11-Rad50-Xrs2 (MRX) is a highly conserved complex with key roles in various aspects of DNA repair. Here, we report a new function for MRX in limiting transcription in budding yeast.

We show that MRX interacts physically and colocalizes on chromatin with the transcriptional co-regulator Mediator. MRX restricts transcription of coding and noncoding DNA by a mechanism that does not require the nuclease activity of Mre11. MRX is required to tether transcriptionally active loci to the nuclear pore complex (NPC) and also promotes large-scale gene-NPC interactions. Moreover, MRX-mediated chromatin anchoring to the NPC contributes to chromosome folding and helps to control gene expression. Together, these findings indicate that MRX has a role in transcription and chromosome organization that is distinct from its known function in DNA repair.

Introduction (1106 words)

Recent advances in genomics and high-throughput sequencing technologies have shown that transcription is not limited to annotated genes but is rather a pervasive process that initiates from proximal and distal regulatory sequences and occurs also on the antisense strand of genes [START_REF] Tisseur | Pervasive transcription -Lessons from yeast[END_REF]. The resulting pervasive non-coding transcripts, unlike coding transcripts, are often unstable due to their rapid degradation by nuclear and cytoplasmic RNA surveillance systems. Thus, they are barely detectable in normal cells but they accumulate if the degradation machineries are inactivated. Although pervasive transcripts were initially grouped in respect to the pathway mediating their suppression, they are exclusively transcribed by RNAPII and often result from divergent transcription at 5' and 3' ends of genes [START_REF] Jensen | Dealing with pervasive transcription[END_REF]. In eukaryotes, promoters frequently display divergent transcription where a typical stable mRNA is generated toward the gene body and an unstable non-coding RNA is synthetized in the reverse direction away from the gene [START_REF] Seila | Divergent transcription: a new feature of active promoters[END_REF].

The structure of chromatin generally prevents transcription by limiting the accessibility of DNA sequences to the transcriptional machinery [START_REF] Gasser | A glimpse at chromosomal order[END_REF]. This default repressive status maintains a low level of expression genome-wide, except at sites where positive regulatory sequences promote the initiation of transcription. This chromatinmediated transcriptional repression is relieved by chromatin remodelers and histonemodifying enzymes that alter nucleosome-DNA interactions [START_REF] Petty | Balancing chromatin remodeling and histone modifications in transcription[END_REF]. This is particularly the case at promoter regions, where remodelers create and stabilize nucleosomedepleted regions unmasking binding sites for transcription activators and promoting assembly of the pre-initiation complex that binds RNA polymerase II (RNAPII) [START_REF] Krietenstein | Genomic Nucleosome Organization Reconstituted with Pure Proteins[END_REF][START_REF] Li | The Role of Chromatin during Transcription[END_REF][START_REF] Parnell | The chromatin remodelers RSC and ISW1 display functional and chromatin-based promoter antagonism[END_REF]. RNAPII activation requires the co-regulator called Mediator, a complex that transduces signals from distant, enhancer-bound activators to the machinery at the transcription start site (TSS) [START_REF] Soutourina | Transcription regulation by the Mediator complex[END_REF]. Mediator also facilitates efficient nuclear export of mRNAs through its interaction with the transcription-coupled export complex TREX2 [START_REF] Jani | Structural basis for binding the TREX2 complex to nuclear pores, GAL1 localisation and mRNA export[END_REF][START_REF] Schneider | The Nuclear Pore-Associated TREX-2 Complex Employs Mediator to Regulate Gene Expression[END_REF]. The Mediator-TREX2 interaction anchors genes to the nuclear pore complex (NPC), also allowing optimal RNAPII loading and mRNA production [START_REF] Schneider | The Nuclear Pore-Associated TREX-2 Complex Employs Mediator to Regulate Gene Expression[END_REF].

The gene-NPC interaction can also enhance transcription initiation by relieving transcriptional repression [START_REF] Texari | The Nuclear Pore Regulates GAL1 Gene Transcription by Controlling the Localization 54 of the SUMO Protease Ulp1[END_REF]. Consistent with this, the NPC preferentially binds transcriptionally active genes [START_REF] Capelson | Chromatinbound nuclear pore components regulate gene expression in higher eukaryotes[END_REF][START_REF] Casolari | Genome-wide localization of the nuclear transport machinery couples transcriptional status and nuclear organization[END_REF][START_REF] Liang | Dynamic association of NUP98 with the human genome[END_REF]. Also, inducible genes relocate from the interior of the nucleus to the NPC upon activation; in most cases, however, association with the NPC is not required for activation but, rather, fine-tunes the level of expression [START_REF] Ahmed | DNA zip codes control an ancient mechanism for gene targeting to the nuclear periphery[END_REF][START_REF] Rohner | Promoter-and RNA polymerase II-dependent hsp-16 gene association with nuclear pores in Caenorhabditis elegans[END_REF][START_REF] Schmid | Nup-PI: the nucleopore-promoter interaction of genes in yeast[END_REF]Taddei et al., 2006a) . In yeast, anchoring of the galactose-induced GAL1-10 gene to the NPC [START_REF] Cabal | SAGA interacting factors confine sub-diffusion of transcribed genes to the nuclear envelope[END_REF] is associated with large-scale repositioning of chromosomal regions to the nuclear periphery [START_REF] Dultz | Global reorganization of budding yeast chromosome conformation in different physiological conditions[END_REF]. Mechanisms of gene recruitment to the NPC are not completely understood but involve physical interactions between transcription complexes and NPC components. The SAGA chromatin remodeler interacts with the NPC basket protein Mlp1 [START_REF] Luthra | Actively transcribed GAL genes can be physically linked to the nuclear pore by the SAGA chromatin modifying complex[END_REF], Mediator-TREX2 contacts the Nup1 subunit [START_REF] Jani | Structural basis for binding the TREX2 complex to nuclear pores, GAL1 localisation and mRNA export[END_REF][START_REF] Schneider | The Nuclear Pore-Associated TREX-2 Complex Employs Mediator to Regulate Gene Expression[END_REF] and the mRNA export receptor Mex67 associates with various NPC subunits [START_REF] Dieppois | Cotranscriptional Recruitment to the mRNA Export Receptor Mex67p Contributes to Nuclear Pore Anchoring of Activated Genes[END_REF]. Gene-NPC anchoring is also controlled by cis-acting sequences in promoters which are recognized by specific transcription factors [START_REF] Randise-Hinchliff | Strategies to regulate transcription factor-mediated gene positioning and interchromosomal clustering at the nuclear periphery[END_REF].

Chromosomes are organized and folded into subnuclear compartments, with active domains preferentially localized in the nuclear interior or to the NPC in contrast with repressed regions which are usually plastered against the inner nuclear membrane [START_REF] Akhtar | The nuclear envelope and transcriptional control[END_REF]. Chromosome regions in a domain preferentially self-interact over interactions with the neighboring domain. These contact domains are defined as topologically associating domains (TADs) or chromosomal interaction domains (CIDs) and conserved in many species [START_REF] Szabo | Principles of genome folding into topologically associating domains[END_REF]. TADs/CIDs are separated one from the other by boundary regions often found in active chromatin. Boundaries are defined by the strength of local insulation of a given domain with respect to neighboring domains. In S. cerevisiae, boundaries colocalize with highly expressed gene promoters, are enriched for the RSC chromatin remodeler and the cohesin loading factor Scc2 [START_REF] Hsieh | Mapping Nucleosome Resolution Chromosome Folding in Yeast by Micro-C[END_REF] whereas in mammals, most boundaries are enriched with CTCF and the structural maintenance of chromosome (SMC) cohesin complexes which are thought to promote the formation of chromosome loops [START_REF] Fudenberg | Emerging Evidence of Chromosome Folding by Loop Extrusion[END_REF].

The Mre11-Rad50-Xrs2 (MRX) complex is a key factor in the DNA damage response in yeast, where it has both catalytic and structural roles. At DNA double-strand break (DSB)s, the Mre11 subunit, which is a nuclease, initiates DNA-end resection [START_REF] Mimitou | Sae2, Exo1 and Sgs1 collaborate in DNA double-50 strand break processing[END_REF][START_REF] Stracker | The MRE11 complex: Starting from the ends[END_REF]. The Xrs2 subunit acts as an interaction platform that brings together the various components of DNA repair foci and promotes checkpoint activation [START_REF] Oh | Role of the Mre11 complex in preserving genome integrity[END_REF]). In the functionally equivalent complex in human cells, Xrs2 is replaced by Nbs1. The resulting MRE11-RAD50-NBS1 (MRN) complex recruits RNAPII to DSBs, facilitating RNA synthesis, which is required locally during the repair process [START_REF] Michelini | Damage-induced lncRNAs control the DNA damage response through interaction with DDRNAs at individual double-strand breaks[END_REF]. The Rad50 subunit is often considered a SMC-like factor due to its extensive structural homology with SMC proteins and the presence of an ATPase domain [START_REF] Oh | Role of the Mre11 complex in preserving genome integrity[END_REF]. The SMC family is crucial for long-range chromatin organization, chromosome segregation, condensation and repair [START_REF] Uhlmann | SMC complexes: From DNA to chromosomes[END_REF]. Like SMC complexes, MRX forms ring-shaped or higher order oligomeric structures able to hold together sister chromatids and DNA ends at DSBs [START_REF] Hohl | The Rad50 coiled-coil domain is indispensable for Mre11 complex functions[END_REF][START_REF] Seeber | RPA Mediates Recruitment of MRX to Forks and Double-Strand Breaks to Hold Sister Chromatids Together[END_REF]. Besides its well-characterized functions in the DNA damage response, limited evidence suggests that MRX might be involved in other processes. For instance, long-range clustering of the yeast mating type loci (HMR-HML) is lost in MRX mutants [START_REF] Kirkland | Long-range heterochromatin association is mediated by silencing and double-strand DNA break repair proteins[END_REF] and artificial tethering of Mre11 to DNA is sufficient to induce chromatin silencing of a reporter gene [START_REF] Kirkland | Heterochromatin formation via recruitment of DNA repair proteins[END_REF]. The mechanism by which MRX/MRN executes these functions has remained largely unexplored.

Here, we investigate whether MRX plays a role in chromosome organization and genome expression in yeast. We find that MRX and Mediator colocalize to intergenic regions throughout the genome and interact physically during normal growth conditions. We also report that MRX limits both coding and pervasive non-coding transcription independently of the nuclease activity of Mre11. The MRX complex physically interacts with the NPC protein Nup60 and anchors several inducible loci to the NPC. In addition, we report that MRX not only governs interactions between inducible genes and the NPC but also mediates genome-wide anchoring of chromatin to the NPC. Lastly, we show that MRX's association with promoters contributes to chromosome folding by insulating CIDs. These findings indicate that the structural features of MRX mediate higher-order chromatin organization at the genome-wide level.

Results

The MRX complex binds to intergenic regions

Previous studies have reported that the MRX complex associates with sites of DNA damage [START_REF] D'amours | The Mre11 complex: at the crossroads of dna repair and checkpoint signalling[END_REF][START_REF] Lisby | DNA repair: keeping it together[END_REF][START_REF] Seeber | RPA Mediates Recruitment of MRX to Forks and Double-Strand Breaks to Hold Sister Chromatids Together[END_REF][START_REF] Shroff | Distribution and Dynamics of Chromatin Modification Induced by a Defined DNA Double-Strand Break[END_REF] and with stalled replication forks [START_REF] Delamarre | Molecular Cell MRX increases chromatin accessibility at stalled replication forks to promote nascent DNA resection and cohesin loading[END_REF][START_REF] Tittel-Elmer | The MRX complex stabilizes the replisome independently of the S phase checkpoint during replication stress[END_REF], 2012), but the question of whether MRX might bind elsewhere in the genome when the DNA is intact has remained largely unexplored. To determine whether MRX binds chromatin in these circumstances, we analyzed the distribution of the HA-epitope tagged MRX subunit Rad50 by ChIP-seq in wild-type S. cerevisiae cells synchronized in G1 phase with α-factor so there is no ongoing DNA replication. This analysis revealed that MRX binds chromatin at multiple sites in the genome of undamaged, non-replicating cells (Figure 1A). Computational 'peak-calling analysis using MACS2' was then applied to identify areas of the genome that were enriched with aligned reads in the Rad50 ChIP-seq analysis. Since ChIP experiments sometimes generate artifacts, ChIP signals from a control yeast strain lacking the HA-epitope tag and from loci prone to artifacts [START_REF] Teytelman | Highly expressed loci are vulnerable to misleading ChIP localization of multiple unrelated proteins[END_REF] were discarded (Figure 1A, asterisk). This approach identified 540 MRX-binding sites in intergenic regions surrounding ORFs or on gene body (Table S1); some of these sites were validated with a robust enrichment of Rad50 by ChIP-qPCR (Figure 1B). To test if these MRX-binding sites correspond to sites of spontaneous DNA lesions, we first compared the distribution of Rad50 by ChIP-seq analysis to that of γ-H2A, a marker of DNA breaks and replication stress (Figure S1A). Globally, the distributions of Rad50 and γ-H2A correlated negatively (Figure S1B): 90% of Rad50-enriched regions (488 out of 540) were devoid of γ-H2A signal (Figure S1C and S1D). Then, we performed a GFP-Tel1 ChIP-qPCR in G1-arrested cells in wild-type and ku70 cells. As expected, we could readily recover Tel1 at eroded telomeres in the ku70 mutant but not at regular wild-type telomeres (Figure S1E and Hector et al. 2007). Tel1 did not accumulate either at active genes in G1arrested cells, regardless of the presence of Rad50 (Figure S1E). Lastly, we measured DSBs genome-wide in G1-arrested cells using quantitative i-BLESS (immobilized Breaks Labeling, Enrichment on Streptavidin and next-generation Sequencing, [START_REF] Biernacka | i-BLESS is an ultra-sensitive method for detection of DNA double-strand breaks[END_REF]). This analysis revealed that DSBs are very rare in G1 cells (~1 DSB/cell) in comparison to S-phase cells (~15 DSBs/cell) or to cells exposed to genotoxic drugs such as hydroxyurea (~150 one-ended DSBs/cell) or zeocin (~8 DSBs/cell, Figure S1F). In addition, DSB occurrence was very similar between loci enriched (cluster 1) or not (cluster 2) in MRX and Mediator (Figure S1G). Together, these results indicate that the bulk of chromatin-bound Rad50 is not located at spontaneous DSBs in G1-arrested cells.

To assess whether the MRX complex colocalizes with factors involves in transcription, we compared the distribution of the MRX subunit Rad50 to those of the Mediator subunit Med17 and the RNAPII subunit Rpb1, both components of the transcription machinery. First, we applied a MACS2 peak-calling analysis on the Med17 ChIP-seq which led to the identification of 728 areas of the genome that were enriched with the Mediator complex [START_REF] Eyboulet | Mediator links transcription and DNA repair by facilitating Rad2/XPG recruitment[END_REF]. Rad50-enriched regions overlapped 47.7% with Med17-enriched regions (Figure 1A,C and Figure S1H). Measuring the ChIP-seq enrichment of two Mediator subunits Med15 and Med17 at +/-10 kb from Rad50 peaks shows that both complexes bind to the same DNA region (Figure S1I). Metaplots of the distribution of Rad50 at RNAPII genes revealed enrichment upstream of transcription start site (TSS)s -especially at TSSs enriched in Med17 -and around transcription termination site (TTS)s (Figure 1D). As both Mediator and MRX complexes are mostly found together at only a subset of ORFs, we next sought to determine the characteristics of these ORFs. Thus, we grouped ORFs by k-means clustering (k=2) on the Mediator subunit Med17 ChIP-seq levels (Figure 1D). One ORF cluster (C1, n=656, Figure 1E and Table S2) includes all detectable Med17-bound loci, it is highly enriched in Rad50 and Rpb1, and is characterized by a high mRNA level whereas the other cluster (C2, n=3894, Figure 1E and Table S2) is weakly enriched in the three factors and 1.6-fold lower in mRNA level compared to Cluster 1 (Figure 1E). These data indicate that MRX colocalizes with Mediator upstream of highly expressed RNAPII genes and is also present at TTSs. Since MRX overlaps with Mediator at the promoters of many genes, we wondered whether these two complexes might interact physically. To address this possibility, we used a strain expressing HA-epitope tagged Mediator subunits Med17 or Med5 [START_REF] Eyboulet | Mediator independently orchestrates multiple steps of preinitiation complex assembly in vivo[END_REF] and FLAG-epitope-tagged Rad50. Immunoprecipitation of either of the tagged Mediator subunits co-immunoprecipitated Rad50-FLAG at well above control levels (Rad50-FLAG only strain, Figure 1F), independently of DNA (Figure S1J). These data indicate that these complexes interact physically and colocalize on chromatin at the promoters of highly expressed genes in G1-phase cells.

MRX limits transcription of non-coding sequences

Mediator plays a key role in transcription by enabling assembly of the pre-initiation complex and controlling global expression of RNAPII-transcribed genes [START_REF] Eychenne | Toward understanding of the mechanisms of Mediator function in vivo: Focus on the preinitiation complex assembly[END_REF]. Since we showed above that MRX interacts with Mediator, we wondered if MRX might also regulate transcription. To address this question, we performed strand-specific RNA-seq of G1-arrested cells in which MRX was inactivated by deletion of MRE11 (mre11) or RAD50 (rad50) and compared the RNAs to those in wild-type cells. We then quantified differentially expressed mRNAs and pervasive long non-coding RNA (lncRNA)s including cryptic unstable transcript (CUT)s [START_REF] Neil | Widespread bidirectional promoters are the major source of cryptic transcripts in yeast[END_REF][START_REF] Xu | Bidirectional promoters generate pervasive transcription in yeast[END_REF], stable unannotated transcript (SUT)s [START_REF] Xu | Bidirectional promoters generate pervasive transcription in yeast[END_REF], Xrn1-sensitive unstable transcript (XUT)s [START_REF] Van Dijk | XUTs are a class of Xrn1sensitive antisense regulatory non-coding RNA in yeast[END_REF][START_REF] Wery | Nonsense-Mediated Decay Restricts LncRNA Levels in Yeast Unless Blocked by Double-Stranded RNA Structure[END_REF] and divergent transcripts (Churchman and Weissman, 2011a;[START_REF] Marquardt | A chromatin-based mechanism for limiting divergent noncoding transcription[END_REF].

Comparative analysis of normalized read densities revealed a significant increase in the levels of lncRNAs and divergent ncRNAs in mutants lacking a functional MRX (mre11 and rad50when compared to wild-type cells (Figure 2A and S2A), regardless of ncRNA class (CUT, SUT, XUT or divergent Figure S2B). This is illustrated, for example, by the increased level of SUT743, which is transcribed from the PRM1 locus on the RNA-seq heatmap profiles (Figure 2B). The increase in the levels of lncRNAs was confirmed by RT-qPCR analysis of a subset of lncRNAs (Figure S2C). An increase in mRNA levels was also observed in rad50 and mre11 cells, but the increase was smaller than that seen for lncRNAs (Figure 2A andS2A).

We quantified the fraction of transcripts whose expression was altered in rad50 and mre11 mutants compared to wild-type cells by using differential gene expression. This led to the identification of 939 and 723 transcripts differentially expressed in rad50 cells and in mre11 cells, respectively, compared to wild-type (Figure 2C andS2D). Consistent with the global analysis above, transcript levels mostly increased regardless of their class (mRNAs, divergent RNAs and lncRNAs) in rad50 cells and in mre11 cells, whereas the levels of a minority of transcripts decreased (Figure 2D,S2E, Table S3 and Table S4). Moreover, a smaller proportion of lncRNAs were upregulated in mre11 cells (5.6%) than in rad50 cells (10.4%) (Figure 2D andS2E). The transcriptomes of both deletion mutants were very similar, however, revealing an upregulation of steady-state transcription at a subset of loci (Figure S2F, S2G, Table S3 and Table S4). Together, these data support a role for the MRX complex in repressing transcription of protein-coding genes and limiting pervasive transcription.

The transcriptional repression and DNA repair functions of MRX are distinct

The MRX complex has both structural and catalytic activities: at DSBs and at collapsed DNA replication forks it holds sister chromatids together structurally while its nuclease activity promotes DNA end resection [START_REF] Seeber | RPA Mediates Recruitment of MRX to Forks and Double-Strand Breaks to Hold Sister Chromatids Together[END_REF][START_REF] Tittel-Elmer | Cohesin Association to Replication Sites Depends on Rad50 and Promotes Fork Restart[END_REF]. To determine whether MRX-mediated transcriptional repression requires the nuclease activity of Mre11, we analyzed the transcriptome in the nuclease-dead mutant mre11-H125N [START_REF] Moreau | Overlapping functions of the Saccharomyces cerevisiae Mre11, Exo1 and Rad27 nucleases in DNA metabolism[END_REF].

Unlike mre11 cells, very few differences were found between the mre11-H125N and wildtype cells (Figure 2A, S2A, S2H, S2I, Table S3 andTable S4). This absence of transcriptional differences was confirmed by RT-qPCR for a subset of pervasive non-coding transcripts in two different nuclease dead mutants (Figure S2C). At DNA breaks, MRX recruits the Tel1/ATM kinase through its interaction with Xrs2 [START_REF] Nakada | ATM-related Tel1 associates with doublestrand breaks through an Xrs2-dependent mechanism[END_REF]. To assess the involvement of Tel1 signaling in lncRNA transcriptional control, we measured by RT-qPCR the level of pervasive ncRNA in tel1 and xrs2-11 mutants, which abrogate MRX-Tel1 interaction. Neither the absence of Tel1 nor the lack of interaction between MRX and Tel1 led to lncRNA accumulation (Figure S3A). Then, to rule out the possibility that the increased level of lncRNA observed in the absence of MRX is a general feature of DNA repair mutants, we also analyzed the transcriptome of ku70 mutants. In these cells, no transcriptional upregulation were detected by RNA-seq (Figure S3B). Finally, to exclude the possibility that pervasive transcription results from the persistence of unrepaired DNA lesions in the absence of MRX, we analyze the transcriptome of wild-type cells exposed to the DNA damaging agent MMS. As expected, MMS induced dramatic changes in the transcriptome profile (Figure S3B-E) [START_REF] Travesa | DNA replication stress differentially regulates G1/S genes via Rad53-dependent inactivation of Nrm1[END_REF]. Unlike the accumulation of transcripts observed in rad50 and mre11 cells, however, these changes included both increased and decreased expression of various transcripts (Figure S3C, S3D, Table S3 and Table S4). We conclude that the accumulation of mRNA and lncRNAs in the absence of MRX is neither due to loss of Mre11 nuclease activity, nor to the signaling or recruitment of Tel1. It therefore differs from the transcriptional changes associated with DNA damage.

MRX represses transcription near its binding sites

As shown above, MRX mostly associates with the Cluster 1 subset of ORFs that also have high levels of the Mediator complex subunit Med17 and the RNAPII subunit Rpb1, suggesting that it might control gene expression close to its binding sites. To investigate this possibility, we quantified the expression of mRNAs and divergent ncRNAs transcribed from Cluster 1 ORFs in rad50 cells relative to wild-type cells; as a negative control, we did the same analysis for Cluster 2 ORFs, with which MRX and Mediator do not associate. Upregulation of expression of divergent ncRNAs in rad50 cells, when compared to wild-type cells, was significantly higher at Cluster 1 ORFs than it was at Cluster 2 ORFs (Figure 2E). Strikingly, this was not the case for mRNAs, which were overexpressed at similar levels from both Cluster 1 and Cluster 2 ORFs (Figure 2F). A similar analysis in mutants in which lncRNAs are stabilized (rrp6, xrn1; Figure S3F) showed no significant difference between expression of divergent ncRNAs from the two clusters (Figure S3F). Moreover, wild-type cells treated with MMS (WT+MMS) and ku70 mutants showed no overexpression bias for the Mediator-MRX-enriched cluster 1 (Figure S3G). Together, these data indicate that the MRX complex limits divergent ncRNA transcription across the genome, especially near its binding sites.

MRX is required to anchor the GAL1-GAL10 locus to the NPC

Previous studies have found that tethering Mre11 to the HMR locus is sufficient to relocate this locus to the nuclear periphery and silence its expression [START_REF] Kirkland | Long-range heterochromatin association is mediated by silencing and double-strand DNA break repair proteins[END_REF] and also that localization of HMR at the nuclear periphery requires the nucleoporin Nup60 [START_REF] Ruben | Nucleoporin mediated nuclear positioning and silencing of HMR[END_REF]. Thus, we reasoned that the MRX complex might anchor other loci to NPCs. To test this hypothesis, we used the GAL1-GAL10 locus, which relocates to the NPC when its transcription is induced by galactose [START_REF] Drubin | Motion as a phenotype: The use of livecell imaging and machine visual screening to characterize transcription-dependent chromosome dynamics[END_REF][START_REF] Luthra | Actively transcribed GAL genes can be physically linked to the nuclear pore by the SAGA chromatin modifying complex[END_REF]. When the GAL1-GAL10 locus was repressed by glucose, by ChIP-seq we found no Rad50 (MRX), Med17 (Mediator) or Rpb1 (RNAPII) enrichment at the site (Figure 3A). Upon transcriptional activation of the locus with galactose, by contrast, we saw robust recruitment of Rad50 to GAL1-GAL10 genes body and terminators (Figure 3B, 90' galactose). Returning the cells to glucose disrupted the interaction between GAL1-GAL10 and Rad50 (Figure 3B, 2h glucose). To see whether the GAL1-GAL10 locus can relocate to the NPC in rad50 cells, we used a LacO/LacI-GFP tagging system in cells expressing a GFP-tagged Nup49 which allow to track a given locus position in the nucleus by fluorescent microscopy (Figure S4A; [START_REF] Heun | The positioning and dynamics of origins of replication in the budding yeast nucleus[END_REF]Taddei et al., 2006b;[START_REF] Texari | The Nuclear Pore Regulates GAL1 Gene Transcription by Controlling the Localization 54 of the SUMO Protease Ulp1[END_REF]. In wild-type cells grown in glucose, the GAL1-GAL10 locus is located mostly in the interior of the nucleus whereas when the cells are grown in raffinose (a non-repressive sugar) it is located more at the nuclear periphery; adding galactose to the cells for 90 minutes results in a yet larger proportion of the loci at the nuclear periphery (Figure S4B and see [START_REF] Green | A negative feedback loop at the nuclear periphery regulates GAL gene expression[END_REF]. Upon 2 hours of glucose-induced repression, the locus gets back in the interior of the nucleus (Figure 3C). In rad50 cells, by contrast, the GAL1-GAL10 locus did not relocate to the nuclear periphery when galactose was added for 90 minutes (Figure 3C). We note that the GAL1-GAL10 locus is already less peripheral in nonrepressive condition (raffinose) in rad50 in comparison to wild-type cells (32.1% vs 50.6% respectively, Figure 3C and Figure S4B). In fact, the absence of a functional MRX complex induces a nearly random nuclear position of the GAL1-GAL10 regardless of the sugar/transcriptional status (Figure 3C) and delays GAL10 mRNA accumulation (Figure S4C).

In this respect, rad50 cells resembled mlp1 mlp2 nuclear pore mutants (Figure 3C andS4C). Failure to relocate the GAL1-GAL10 locus at the nuclear periphery in rad50 cells was confirmed using ChIP-qPCR on two independent PK-tagged subunits of the nuclear pore complex, namely Nic96 and Nup84 (Figure 3D). Like the transcriptional function of MRX, this Rad50-dependent relocation does not depend on the nuclease activity of the complex since relocation of the GAL1-GAL10 locus to the nuclear periphery also occurs in an mre11-H125N mutant (Figure 3C). However, GAL1-GAL10 relocation to the nuclear periphery was abolished in a rad50-K40A allele, which is devoid of ATPase activity (Figure S4B). Lastly, we found that GAL1-GAL10 relocalization at the nuclear periphery neither involved Tel1/ATM signaling nor its recruitment by the MRX complex as both tel1 mutant and the xrs2-11 allele were proficient to relocate the GAL1-GAL10 locus to the nuclear periphery (Figure S4D andS4E).

These results suggest that the MRX complex is required to relocate the GAL1-GAL10 locus from the nuclear interior to the NPC, independently of Mre11 and Tel1/ATM activities.

Global chromatin-NPC interactions relies on the MRX complex

Since Rad50 is necessary to target the GAL1-GAL10 locus to the NPC, we investigated whether the MRX complex might be required in general for chromatin interactions with the NPC. To do so, we first compared MRX binding sites with sites of contacts with the NPC genome-wide.

Thus, we generated a map of NPC-chromatin interactions in G1-phase cells by using Mlp1 ChIP-seq, as previously described [START_REF] Casolari | Genome-wide localization of the nuclear transport machinery couples transcriptional status and nuclear organization[END_REF][START_REF] Casolari | Developmentally induced changes in transcriptional program alter spatial organization across chromosomes[END_REF]. This genome-wide map showed that Rad50 and Mlp1 associate with similar regions of chromatin in G1-phase cells, as shown, for example, on a region of chromosome IV (Figure S4F). To characterize further this association, we compared the genome-wide distribution of Mlp1 and Rad50 by using heatmaps and metagene analysis centered on the TSSs and the TTSs of annotated ORFs sorted and divided into Cluster 1 and Cluster 2 (Figure 4A), as defined above. This analysis found Mlp1 preferentially associated with ORFs in Cluster 1, which are enriched in Rad50 and Med17, but it was also found at a relatively large number of ORFs in the Rad50-Med17-poor Cluster 2 (Figure 4A and4B). Mlp1 bound to promoters and gene bodies whereas Rad50 was mostly found in intergenic regions (Figure 4A). Measuring the ChIP-seq enrichment of Mlp1 at Rad50 peaks shows that MRX-bound DNA regions are contacting the NPC (Figure S4G). Thus, we wondered whether these two complexes might interact physically. To address this possibility, we used a strain that expresses an HA-tagged Nup60 (a NPC protein) and a Myc-tagged Xrs2 (a MRX component). Immunoprecipitation of Nup60-HA co-immunoprecipitated Xrs2-Myc (Figure 4C). Together, these data indicate that the NPC and MRX complexes interact physically and that highly transcribed genes enriched in Mediator and MRX are contacting the NPC.

Because the MRX complex is required to anchor the GAL1-GAL10 locus to the nuclear periphery, interacts physically with the NPC and overlaps with Mlp1 on chromatin, we reasoned that MRX might play a role in chromatin anchoring to the NPC at MRX-binding sites.

To test this possibility, we first performed single-locus tracking by microscopy using LacO/LacI-GFP tagging system in cells expressing a fluorescently-tagged nuclear periphery. These loci include the constitutively expressed ribosomal protein gene RPL9A and three mating pheromone inducible genes (FIG2, PRM1 and FUS3). In wild-type cells, RPL9A colocalized with the nuclear periphery in ~ 60% of the cells and addition of mating pheromone induced repositioning of FIG2, PRM1 and FUS3 from the nuclear interior to the periphery (Figure 4D).

Loss of Rad50 blocked FIG2, PRM1 and FUS3 relocalization to the nuclear periphery in the presence of mating pheromone and decreased significantly the constitutive peripheral localization of RPL9A (Figure 4D). To extend our observations genome-wide, we next performed ChIP-seq using an antibody against Mlp1-GFP as an assay for chromatin-NPC interactions. We calculated the average Mlp1 signal intensity from all Mlp1-enriched loci in wild-type yeast and in a rad50 strain. The metagene analysis revealed that Mlp1 binding to chromatin was substantially reduced in cells lacking a functional MRX complex (Figure 4E and4F). Failure to anchor chromatin at the NPC in rad50 cells was confirmed by ChIP-qPCR for a subset of loci using an antibody against Nic96-PK, another NPC subunit (Figure S4H). The Mlp1 signal intensity in rad50 cells was significantly higher than in the signal obtained with the same antibody in a strain lacking a GFP epitope (unspecific control), however, indicating that a fraction of Mlp1 still bound to chromatin in the absence of Rad50 (Figure 4E and4F). This suggests that other mechanisms may also target chromatin to the NPC. To assess the involvement of MRX in the association of Mlp1 with chromatin, we sorted the Mlp1-enriched loci into five equal bins that differed in the amount of Rad50 associated with them (Figure 4G). In wild-type cells, Mlp1 enrichment was strictly proportional to Rad50 levels (Figure 4G).

Consistent with this, Mlp1 loss from chromatin in rad50 cells when compared to wild-type cells was exacerbated at loci with the highest level of Rad50 (Figure 4G and Figure S4I). Thus, we conclude that MRX is required to tether chromatin to the NPC, especially the chromatin near MRX-binding sites.

The interaction between genes and NPCs is not essential for their transcription but, rather, helps to fine-tune inducible gene expression [START_REF] Green | A negative feedback loop at the nuclear periphery regulates GAL gene expression[END_REF][START_REF] Rohner | Promoter-and RNA polymerase II-dependent hsp-16 gene association with nuclear pores in Caenorhabditis elegans[END_REF][START_REF] Taddei | Active genes at the nuclear pore complex[END_REF][START_REF] Texari | The Nuclear Pore Regulates GAL1 Gene Transcription by Controlling the Localization 54 of the SUMO Protease Ulp1[END_REF]. As shown above, the lack of MRX reduced chromatin-NPC interactions and led to the accumulation of numerous pervasive transcripts. To assess whether NPC tethering is important for repression of pervasive non-coding transcription, we measured the levels of lncRNAs in the mlp1 mlp2 NPC mutant, which failed to anchor chromatin. Consistent with the MRX mutants ncRNA accumulation phenotype, mlp1 mlp2 cells had higher and similar to rad50 cells steady-state levels of sense (CUT882 and CUT669) and antisense ncRNAs (as-PHO11), as determined by RT-qPCR, than had wild-type cells (Figure 4H). These data indicate that NPC-MRX-mediated anchoring of chromatin correlates with an optimal repression of pervasive non-coding transcription.

MRX promotes the establishment of chromosomal domains

In yeast, promoters highly enriched in Mediator form strong boundaries between CIDs [START_REF] Chereji | Mediator binds to boundaries of chromosomal interaction domains and to proteins involved in DNA looping, RNA metabolism, chromatin remodeling, and actin assembly[END_REF][START_REF] Hsieh | Mapping Nucleosome Resolution Chromosome Folding in Yeast by Micro-C[END_REF] and we show above that MRX colocalizes with Mediator at promoter regions of genes that interact with the NPC. Thus, we wondered whether MRX might also be enriched at CID boundaries. To investigate this possibility, we created a MicroC-XL chromosome folding map of the genome of wild-type yeast, from which we could identify CIDs [START_REF] Hsieh | Micro-C XL: Assaying chromosome conformation from the nucleosome to the entire genome[END_REF]. We sorted the CID boundaries according to their insulation strength (i.e. ability to block adjacent CID interactions) and plotted the enrichment of the MRX protein Rad50, as well as the Med17 subunit of Mediator, the NPC protein Mlp1 and a subunit of the RSC remodeler, Sth1, according to ChIP-seq data (Figure 5A). This analysis found that Rad50 was enriched at a subset of strong CID boundaries that also contains Med17 and Mlp1 (Figure 5A), consistent with colocalization of Mlp1 with the MRX complex. This indicates that Mediator, MRX and Mlp1 associate at boundaries in a strength-dependent manner. By contrast, Sth1 was found associated with all the CID boundaries identified (n= 1790; Figure 5A). To compare the relative insulation strengths of the boundaries enriched in Rad50, Med17 and Mlp1, with those that were not enriched in these proteins, we assigned each boundary to the closest ORF in Cluster 1 or Cluster 2, as defined above (Figure S5A). CID boundaries enriched in Med17, Rad50 and Mlp1 in Cluster 1 had more robust boundary activity than those in Cluster 2 (Figure 5B). This suggests that NPC-chromatin interactions may contribute to CID boundary insulation. If so, the insulation strength of boundaries should diminish in the absence of the MRX-mediated NPC-boundary interaction. To test this prediction, we generated Micro-C XL chromosome folding maps for paired rad50 and wild-type cells and found that Med17-Rad50-enriched boundaries (Cluster 1) were weaker in rad50 cells than in wild-type, whereas there was no effect of rad50 on the insulation score of Med17-Rad50poor boundaries (Cluster 2; Figure 5C). To verify this role of the MRX complex in boundary insulation strength, we first grouped CID boundaries into five equal bins each with different amounts of Rad50 (Figure S5B). In wild-type cells, we found the highest insulation score for boundaries with the most Rad50 (Bin 1; Figure S5B). Consistent with this, the presence of MRX promotes significant boundary activity only at boundaries associated with the highest level of Rad50 (Figure 5D and Figure S5C). Lastly, we checked if loss of CID boundaries activity had an impact on local transcription directionality by comparing the increase in divergent ncRNA level by RNA-seq in rad50/WT cells relative to the reduction of CID boundaries insulation strength by MicroC-XL in rad50/WT. This analysis did not reveal an obvious correlation between CID boundaries weakening and a loss of transcriptional directionality (Figure S5D). Separating CID boundaries in highly (n=180, 10%) and weakly (n=1611, 90%) Rad50-dependent for insulation strength revealed a similar and non-significant increase of divergent ncRNA accumulation when CID boundaries strength is weakened or not (Figure S5E andF). Thus, we conclude that weakening CID boundaries does not locally affect transcription directionality. Overall, our results indicate that MRX and Mlp1 associate with CID boundaries in yeast, and that the loss of MRX integrity decreases CID insulation. This supports our hypothesis that in the absence of MRX, chromatin architecture is less constrained genome-wide. coding RNAs that have been proposed to be required to complete the repair process [START_REF] Michelini | Damage-induced lncRNAs control the DNA damage response through interaction with DDRNAs at individual double-strand breaks[END_REF][START_REF] Pessina | Functional transcription promoters at DNA double-strand breaks mediate RNA-driven phase separation of damage-response factors[END_REF]. Although there is no doubt that MRX and MRN can stimulate transcription in specific contexts such as these, our study shows that the complex is dispensable for expression of the majority of genes in S. cerevisiae when cells are growing exponentially in rich medium. Instead, our data indicate that MRX limits the expression of a subset of noncoding and coding transcripts across the yeast genome.

Our study reveals a role for MRX in insulating CID from each other. MRX is present at the strongest CID boundaries, along with Mediator and chromatin remodelers. Moreover, the absence of MRX specifically weakens these boundaries leading to increased chromosomal contacts between adjacent CIDs. Consistent with this function, we found MRX upstream of the TSS and downstream of the TTS on genes that are highly enriched in Mediator and RNAPII in G1 phase cells and these very active promoters are known from previous studies to define boundaries between CIDs [START_REF] Chereji | Mediator binds to boundaries of chromosomal interaction domains and to proteins involved in DNA looping, RNA metabolism, chromatin remodeling, and actin assembly[END_REF][START_REF] Hsieh | Mapping Nucleosome Resolution Chromosome Folding in Yeast by Micro-C[END_REF]. Boundary establishment/maintenance require the presence of Mediator, the cohesin loader Scc2, the chromatin modifier Rpd3, and the chromatin remodeler RSC [START_REF] Hsieh | Mapping Nucleosome Resolution Chromosome Folding in Yeast by Micro-C[END_REF][START_REF] Rawal | SWI/SNF and RSC cooperate to reposition and evict promoter nucleosomes at highly expressed genes in yeast[END_REF]. Thus, our study adds the MRX complex to the list of factors implicated in the establishment/maintenance of many CID boundaries.

How MRX is recruited to intergenic regions of chromatin in G1 remains unclear. The physical interaction between MRX and Mediator that we show here might contribute to MRX localization, but other factors may also be involved. One of these factors might be the RSC remodeler, which localizes to promoters during vegetative growth and is known to stabilize MRX at DNA breaks [START_REF] Shim | RSC Mobilizes Nucleosomes To Improve Accessibility of Repair Machinery to the Damaged Chromatin[END_REF]. The single-stranded DNA binding protein RPA, which binds to stalled replication forks and DSB [START_REF] Seeber | RPA Mediates Recruitment of MRX to Forks and Double-Strand Breaks to Hold Sister Chromatids Together[END_REF], may also be relevant for MRX recruitment to chromatin in the absence of replication or DNA damage since highly transcribed genes were reported to be enriched in RPA [START_REF] Sikorski | Sub1 and RPA associate with RNA polymerase II at different stages of transcription[END_REF]. It is likely that several MRX recruitment mechanisms are involved in G1 according to the local genomic context.

A key question is how MRX is able to repress non-coding transcription in yeast.

Pervasive transcription originates from promoters and intragenic regions in actively transcribed chromatin. Cells control expression of noncoding transcripts both at the level of transcription and RNA stability; chromatin remodelers and histone modifying enzymes, for example, have essential roles in repressing pervasive transcription at the initiation step [START_REF] Bagchi | The Determinants of Directionality in Transcriptional Initiation[END_REF]. Here, we propose that the absence of MRX perturbs chromosome folding and positioning in the nucleus, which leads to enhanced ncRNA production. It is likely that the lack of MRX will also affects lower-order chromatin architecture at the nucleosome level which is of paramount importance to repel RNAPII and keep pervasive transcription in check. Indeed, several factors contributing to CIDs boundaries in yeast such as Rpd3 and RSC are also chromatin modifiers and remodellers which have been described to limit antisense transcription [START_REF] Churchman | Nascent transcript sequencing visualizes transcription at nucleotide resolution[END_REF][START_REF] Gill | Fine Chromatin-Driven Mechanism of Transcription Interference by Antisense Noncoding Transcription[END_REF][START_REF] Hsieh | Mapping Nucleosome Resolution Chromosome Folding in Yeast by Micro-C[END_REF][START_REF] Marquardt | A chromatin-based mechanism for limiting divergent noncoding transcription[END_REF]. The fact that transcription of ncRNAs was not affected when the nuclease activity of Mre11 was inactivated supports the idea that it is the structural activity of MRX that is required and the nuclease activity of MRX is dispensable for its repressive function. This and the lack of effect of DNA damage or inactivation of the DNA repair factor Ku70 on ncRNA production argues for a specific structural function of the MRX complex in ncRNA repression that is unrelated to its repair activity or to spontaneous DNA damage. In line with this model, we also demonstrate that ncRNA accumulation does not occur if the MRX complex is not able to interact with Tel1/ATM or in the absence of Tel1.

Our study documents an unanticipated role for MRX in targeting chromatin to the NPC.

A physical interaction between MRX and the NPC basket subunit Nup60 might contribute in part to this targeting but there are probably several mechanisms. A previous study, for example, reported that Mediator is required for gene-NPC contacts through an interaction with the nuclear export protein TREX2 [START_REF] Schneider | The Nuclear Pore-Associated TREX-2 Complex Employs Mediator to Regulate Gene Expression[END_REF]. Although MRX disruption abrogated relocation to the NPC of the GAL1-GAL10 galactose-inducible locus and the mating pheromone-inducible loci FIG2, PRM1 and FUS3, it only reduced constitutive NPC-chromatin interactions. This is consistent with the existence of multiple MRX-independent mechanisms targeting chromatin to the NPC [START_REF] Randise-Hinchliff | Strategies to regulate transcription factor-mediated gene positioning and interchromosomal clustering at the nuclear periphery[END_REF]. These mechanisms may target specific types of loci to the NPC. For example, MRX promotes anchoring to the NPC specifically of chromatin containing loci that are strongly enriched in Rad50.

Chromatin anchoring to the NPC appears to be crucial for preventing the accumulation of pervasive transcripts. Whereas in specific genomic contexts, such as subtelomeric regions, HMR/HML loci and ribosomal genes, chromatin anchoring to the NPC is associated with transcriptional silencing [START_REF] Gozalo | Core Components of the Nuclear Pore Bind Distinct States of Chromatin and Contribute to Polycomb Repression[END_REF][START_REF] Kirkland | Long-range heterochromatin association is mediated by silencing and double-strand DNA break repair proteins[END_REF][START_REF] Van De Vosse | Role of the nuclear envelope in genome organization and gene expression[END_REF], we show here that cells with deletions of the NPC genes MLP1/2 have generally higher levels of ncRNAs than have wild-type cells. Moreover, a majority of pervasive transcripts emanate from strong promoters and it is well established that most genes associated with NPCs are active genes [START_REF] Akhtar | The nuclear envelope and transcriptional control[END_REF]. NPC binding is not required for transcriptional activation of these genes [START_REF] Raices | Nuclear pore complexes and regulation of gene expression[END_REF], but rather the NPC is enriched in chromatin modifying and remodeling activities that favor optimal expression in response to environmental fluctuations. MRX-dependent anchoring of chromatin to the NPC unique environment may also act to repress pervasive transcription.

Our findings suggest that, in addition to regulating pervasive transcription, NPC-MRXchromatin interactions participate in establishing or maintaining CIDs/TADs boundaries and, more globally, chromosome organization in the nucleus. We show that NPC-bound chromatin correlates with strong CID boundaries in yeast. This is consistent with several previous studies showing NPC-chromatin interactions associated with the boundary/insulator effect in yeast [START_REF] Ishii | Chromatin boundaries in budding yeast: the nuclear pore connection[END_REF] and flies [START_REF] Kalverda | Chromatin organization in relation to the nuclear periphery[END_REF]; the fly NPC protein Nup98 interacts with the zinc-finger, DNA-binding protein CTCF, which organizes the genome in metazoan by delimiting TADs [START_REF] Cubeñas-Potts | Different enhancer classes in Drosophila bind distinct architectural proteins and mediate unique chromatin interactions and 3D architecture[END_REF][START_REF] Pascual-Garcia | Metazoan Nuclear Pores Provide a Scaffold for Poised Genes and Mediate Induced Enhancer-Promoter Contacts[END_REF][START_REF] Ramírez | High-resolution TADs reveal DNA sequences underlying genome organization in flies[END_REF], and binding sites for Nup93 on chromatin coincide with those for CTCF [START_REF] Phillips | CTCF: Master Weaver of the Genome[END_REF].

Moreover, another link between regulation of divergent transcription and TAD boundaries comes from a study proposing that CTCF binding to Cohesin upstream of the most active promoters restricts divergent transcription in human cells [START_REF] Bornelöv | Different distribution of histone modifications in genes with unidirectional and bidirectional transcription and a role of CTCF and cohesin in directing transcription[END_REF] and another showing that mammalian TAD boundaries are enriched in Cohesin and their formation requires both Cohesin and Mediator [START_REF] Phillips-Cremins | Architectural protein subclasses shape 3D organization of genomes during lineage commitment[END_REF]. We show here that MRX inactivation in yeast enhances pervasive transcription and interferes with chromatin-NPC interactions. Many of these pervasive transcripts are divergent lncRNAs. Thus yeast MRX might be the functional equivalent of mammalian Cohesin in this context, working in association with Mediator to promote transcriptional directionality.

Limitations and open questions

Our study reveals that loci exhibiting boundary activity between chromosomal interaction domains (CIDs) very often coincide with NPC, MRX and Mediator binding sites. Although this correlation supports the view that NPC-chromatin tethering contributes to chromosome folding and to boundaries insulation strength, our data do not formally prove it. Our work suggests that MRX helps organize the genome into chromosomal domains anchored to the NPC, independently of its DNA repair function. Adressing the functional and physiological consequences of this genome organization function would require separation-of-function mutants of MRX unable to interact with the NPC but fully proficient for DNA repair. Moreover, we have recently observed that the MRX complex can also modulate the structure chromatin at stalled replication forks, independently of Mre11 nuclease activity [START_REF] Delamarre | Molecular Cell MRX increases chromatin accessibility at stalled replication forks to promote nascent DNA resection and cohesin loading[END_REF].

It is therfore possible that MRX represses the expression of a subset of coding and non-coding transcripts not only by promoting CID insulation through its interaction with the NPC, but also by modulating the structure of chromatin locally. Further work is required to adress this possibility and to determine whether this novel role of MRX/MRN is conserved in multicellular organisms.

Figures legends

Figure 1: MRX interacts with Mediator and binds intergenes in vegetative growth (A) ChIPseq browser plots on chromosome IV of Rad50 (blue), Med17 (green, [START_REF] Eyboulet | Mediator links transcription and DNA repair by facilitating Rad2/XPG recruitment[END_REF] and Rpb1 (grey) in wild-type strain synchronized in G1 (Rpb1 and Rad50) or asynchronous (Med17). Signals are expressed as a ratio of the corresponding protein over input DNA, and for Rad50 ChIP minus the IP signal obtained in an untagged strain. ORF are indicated in black.

Peaks filtered out by MACS2 and loci prone to generate artifact [START_REF] Teytelman | Highly expressed loci are vulnerable to misleading ChIP localization of multiple unrelated proteins[END_REF] 
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jérôme Poli (jerome.poli@igh.cnrs.fr).

Materials availability

All unique strains generated in this study are available from the Lead Contact without restriction. Requests for strains donated by other laboratories should be directed to the specific laboratory from which they were received. This study did not generate new unique reagents.

Data and code availability

Sequencing data generated in this study are deposited on Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/) with the accession numbers: GSE148170; GSE136605 for γ-H2A) and on NCBI Sequence Read Archive (SRA) under the accession numbers SRP125409 (G1 phase) and SRP189465 (G1 + Zeocin (100ug/ml for 1h, S phase and S phase +200mM HU for 1h). RNA-seq data can be directly visualized on this website (http://vmgb.curie.fr/MRX/index.htm). Raw images for Figure 1F, 4C and Supplemental Figure S1J are deposited on Mendelay data (http://dx.doi.org/10.17632/3typz6j2hk.1).

Experimental model and subject details

All Saccharomyces cerevisiae strains used are haploid and derived from W303 or JKM179 (see Table S5).

Method Details

Yeast strains and cultures

All strains used are listed in Table S5. YEP medium was supplemented with 2% glucose unless otherwise indicated. MATa cells were synchronized in G1 by adding -factor (5 μg.ml -1 ) for 170 min at 25°C.

Chromatin immunoprecipitation (ChIP)

ChIP was performed as described in [START_REF] Delamarre | Molecular Cell MRX increases chromatin accessibility at stalled replication forks to promote nascent DNA resection and cohesin loading[END_REF] using anti-PK clone SV5-Pk1 (Serotec, MCA1360G), anti-RNAPII CTD 8WG16 (Abcam, ab817), anti-HA (Santa Cruz, SC-7392) and anti-GFP (ThermoFischer, A-11122) coupled to Dynabeads (Invitrogen, protein A and sheep anti-mouse M280 IgG). For quantitative PCR, background controls was determined using an untagged strain and enrichment was normalized to chromatin Input. Oligos used are listed in Table S6.

Genome wide profiling

ChIP sequencing libraries were prepared using ThruPLEX DNA-seq kit (Rubicon Genomics) Next generation sequencing was performed on a HiSeq4000 (Illumina). Single-end reads of 50 bp were aligned to S. cerevisiae genome (2011) sequence with Bowtie2, allowing only perfect matches. ChIP-seq profiles expressed as RPKM (Reads Per Kilobase per Million mapped reads) were obtained as a ratio of IP on Input reads. Profiles were generated with Deeptools2. Data are available on GEO (accession number GSE148170 and GSE136605 for γ-H2A).

RNA extraction, RT and RNA-seq

Total RNA was extracted from G1 synchronized cells using standard hot phenol procedure. RT-qPCR were performed from three independent biological replicates, starting with 3ug of RNA.

Strand-specific total RNA-seq libraries were prepared from rRNA-depleted total RNA preparation using biological duplicates of each strain with the TruSeq kit (Illumina) and sequenced by paired-end 2x50 bp. All bioinformatics analyses used uniquely mapped reads.

Tags densities were normalized using the size factors from the R package DESeq2 (function estimateSizeFactorsForMatrix(), run on the whole count matrix). Data can be directly visualized on this website (http://vm-gb.curie.fr/MRX/index.htm).

Co-Immunoprecipitation (co-IP)

Coimmunoprecipitation experiments for Mediator-Rad50 interaction were performed as previously described [START_REF] Eychenne | Functional interplay between Mediator and TFIIB in preinitiation complex assembly in relation to promoter architecture[END_REF]. Whole cell extracts were prepared by disrupting HA-tagged yeast cells in lysis buffer (50 mM Tris-HCl [pH 7.5], 15% glycerol, 5mM MgCl2 and antiprotease mix) in Mikro-Dismembrator S (Sartorius Stedim Biotech S.A.). After centrifugation at 13,000 × g for 20 min, the resulting supernatant plus 100 mM NaCl and Igepal 0.05% was used as input. Before immunoprecipation, the extracts were pre-cleared by incubation with beads (Pan mouse IgG, Invitrogen) for 30 min at RT. HA-tagged proteins were immunoprecipitated using HA isolation kit (Miltenyi Biotec), following the manufacturer's instructions. All washes were performed using the lysis buffer. The 12CA5 anti-HA antibodies were used against HA-tagged proteins and the M2 anti-Flag antibody (Sigma) were used against Flag-tagged proteins.

Cells were fixed in fresh paraformaldehyde (PFA) 4% w/v for 1 min, washed 3 times in PBS and then attached to a #1.5H (0.17 mm) glass coverslip using Concanavalin A. They were imaged by taking 50 z slices of 200 nm thickness. Two microscopes were used to acquire images (Note: each replica series was done on the same day on the same microscope). For the majority of the replicates an Olympus IX70 microscope equipped with a Andor Zyla 4. Huygens professional and the classic maximum likelihood estimate algorithm with a signal/noise ratio of 5, automatic background estimation and 40 iterations. Calculation of foci into nuclear zones was done as in [START_REF] Horigome | SWR1 and INO80 chromatin remodelers contribute to dna doublestrand break perinuclear anchorage site choice[END_REF] for at least 200 cells/condition.

ChIP-seq peak calling

Rad50 and Med17 ChIP-seq peaks were determined using MACS2 software [START_REF] Zhang | Model-based analysis of ChIP-Seq (MACS)[END_REF] with the following options "-gsize 9996000 -qvalue 10e-2 -mfold 500 -e100 -nomodel" and the corresponding input sample as a control. Peaks in proximity (d<1kb) were merged. This gave us a list of peaks significantly enriched for a given factor relative to the corresponding input DNA. For specificity control, we used MACS2 with the same parameters to find peaks in an unspecific IP (untagged strain). Peaks found in the unspecific IP that were also detected in the specific IP were discarded. Additionally, we also discarded peaks overlapping with regions prone to generate ChIP artifacts described in [START_REF] Teytelman | Highly expressed loci are vulnerable to misleading ChIP localization of multiple unrelated proteins[END_REF] For Med17, we only kept peaks identified in two independent Med17 IP from [START_REF] Eyboulet | Mediator links transcription and DNA repair by facilitating Rad2/XPG recruitment[END_REF]. Med17 & Rad50 peaks were intersected using bedtools_intersectbed/2.27.1 from samtools [START_REF] Quinlan | BEDTools: a flexible suite of utilities for comparing genomic features[END_REF] using the options "-v and a required overlap of 1bp".

Creation of ORFs clusters based on the level of Med17-Rad50

ORFs were split in two clusters based on Med17 level using computeMatrix and plotHeatmap softwares from Deeptools2 [START_REF] Ramírez | deepTools2: a next generation web server for deep-sequencing data analysis[END_REF]. First computeMatrix was used with the following input "Annotated_ORFs.bed (-R) and Med17 Bigwig (-S)" ; and the following options "-m 1000 -b 1000 -a 1000 -bs 50 --sortRegions descend --sortUsing mean --averageTypeBins mean --outFileSortedRegions". Then Matrix was used to perform heatmap and clustering using plotHeatmap software from Deeptools2 [START_REF] Ramírez | deepTools2: a next generation web server for deep-sequencing data analysis[END_REF] using following options "--kmeans 2 -outFileSortedRegions --sortRegions descend". This gave us a bed file: "ORFs_Med17_Sorted" containing all yeast ORFs sorted on Med17 level separated in two clusters (Med17-Rad50 enriched and Med17-Rad50 poor).

Heatmap & average profiles on ORF regions

Matrixes were generated using: computeMatrix with the following input "ORFs_Med17_Sorted.bed (-R)" and various Bigwigs (-S)" ; and the following options "-m 1000 -b 1000 -a 1000 -bs 50 --sortRegions keep --sortUsing mean --averageTypeBins mean --outFileSortedRegions". Then Matrix was used to perform heatmap and clustering using plotHeatmap software from Deeptools2 [START_REF] Ramírez | deepTools2: a next generation web server for deep-sequencing data analysis[END_REF] using following options "--sortRegions keep --averageType mean". Subsequent heatmaps were divided in two according to the number of genes in both clusters.

Average profiles were produced on each clusters. First, Matrixes were generated using computeMatrix with the following inputs "ORFs_Med17_Sorted_Cluster1.bed or ORFs_Med17_Sorted_Cluster1.bed (-R)" and various Bigwigs (-S)" ; and the following options "-m 1000 -b 1000 -a 1000 -bs 50 --sortRegions keep --sortUsing mean --averageTypeBins mean --outFileSortedRegions". Then, Matrix was used to perform average profiles using plotProfile software from Deeptools2 [START_REF] Ramírez | deepTools2: a next generation web server for deep-sequencing data analysis[END_REF] using following options "--averageType mean".

RPKM and violin plots on ORF regions (ChIP-seq)

RPKMs on ChIP-seq were generated using bedtools MultiCovBed [START_REF] Quinlan | BEDTools: a flexible suite of utilities for comparing genomic features[END_REF] with the following options "-f 1e-9 -r no -split no -q 0 -D no -F no -p no". As Mediator and MRX localize in intergenic regions, we measured RPKM signals from -500nt of the ORF TSS to +500nt of the ORF TTS. Violin plots and statistical tests were made using R with a homemade script.

Script code is indicated below: library("ggplot2", lib.loc="~/R/win-library/3.5") library(readr) Input <-read_delim("Input.txt", "\t", escape_double = FALSE, trim_ws = TRUE) #view(Input) #head(Input) Input$ID <-as.factor(Input$ID) #head(Input) Violin <-ggplot(Input, aes(x=ID, y=Score)) + geom_violin(trim=FALSE)+ geom_violin(trim=FALSE, fill='#A4A4A4', color="darkred")+ geom_boxplot(width=0.1, fill="white") VIOLIN_Input<-Violin + theme_classic() + scale_y_continuous(limits=c(according to input)) VIOLIN_Input u_Input<-unstack(Input) ##head(u_Input) wilcox.test(u_Input$CLUSTER1, u_Input$CLUSTER2) median(u_Input$CLUSTER1) median(u_Input$CLUSTER2) ggsave("Input.emf", width = 11, height = 8)

Density and violin plots (RNA-seq)

Ratios were generated on RPKM. Density plots were made using R with a homemade script.

Script code is indicated below: library(plotly) p <-ggplot(Input, aes(Score, color = ID)) + scale_color_manual(values=c("#ED0000", "#677179", "#0131B4")) + geom_density(alpha = 1) + theme(panel.background = element_rect(fill = '#ffffff')) + xlim(c(-5, 5)) + ylim(c(0, 1.5)) p RPKM were used to made violin plots using R with homemade following Script.

Violin <-ggplot(Input, aes(x=ind, y=values)) + geom_violin(trim=FALSE)+ geom_violin(trim=FALSE, fill='#A4A4A4', color="darkred")+ geom_boxplot(width=0.1, fill="white")+ labs(title="Violin",x="Conditions", y = "Transcription") Violin<-Violin + theme_classic() + scale_x_discrete(limits=c("x1", "x2")) + scale_y_log10(limits=c(0.01,100000))

Identification of CID boundaries and insulation score with MicroC-XL

MicroC-XL was performed as previously described in [START_REF] Hsieh | Micro-C XL: Assaying chromosome conformation from the nucleosome to the entire genome[END_REF]. MicroC-XL analyses were performed with Deeptools/Hicexplorer [START_REF] Wolff | Galaxy HiCExplorer: a web server for reproducible Hi-C data analysis, quality control and visualization[END_REF]. Fastq.gz were transformed with FASTQ Groomer (version 1.0.0). Mappings were done with BWA-MEM (Version 0.8.0) with the SacCer_Apr2011/sacCer3 as reference genome, with the following options "-p -k 19 -w 100 -r 1.5 -c 10000 -A 1 -B4 -O 6 -E 50 -L 0 -U 17 -T 30". Matrixes were generated using: hicBuildMatrix (Version 2.1.4.0) [START_REF] Wolff | Galaxy HiCExplorer: a web server for reproducible Hi-C data analysis, quality control and visualization[END_REF] with the following options "-bs 100". Then, Matrix was used to perform hicFindTADs [START_REF] Wolff | Galaxy HiCExplorer: a web server for reproducible Hi-C data analysis, quality control and visualization[END_REF] with the following options "-minDepth 500 --maxDepth 5000 -step 100 -thresholdComparisons 0.01 -delta 0.001". This allowed the identification of CID boundaries. To quantify CID boundaries strength, we generated RPKMs on MicroC-XL data using bedtools MultiCovBed [START_REF] Quinlan | BEDTools: a flexible suite of utilities for comparing genomic features[END_REF] with the following options "-f 1e-9 -r no -split no -q 0 -D no -F no -p no". This analysis gave a score for each CID boundary, which reflect the number of contacts through a given boundary that is proportional to its insulation potential. To assign CID boundaries in Med17-Rad50 ORFs clusters generated previously, and as CID boundaries are found in promoters, we determined the closest corresponding ORF.

Heatmap & average profiles around CID boundaries

For heatmaps around boundaries, matrixes were generated using: computeMatrix with the following input "Boundaries_Sorted_by_Strenght or Boundaries_SortedBy_Med_Level (-R)" and various Bigwigs (-S)" ; and the following options "-reference-point -b 10000 -a 10000 -bs 50 --sortRegions keep --sortUsing mean --averageTypeBins mean --outFileSortedRegions".

Then, Matrix was used to perform heatmap and clustering using plotHeatmap software from Deeptools2 [START_REF] Ramírez | deepTools2: a next generation web server for deep-sequencing data analysis[END_REF] using following options "--sortRegions keep --averageType mean". (A) ChIP-seq browser plots on chromosome IV of γ-H2A (red, [START_REF] Forey | Mec1 Is Activated at the Onset of Normal S Phase by Low-dNTP Pools Impeding DNA Replication[END_REF]), Rad50 (blue), Med17 (green, [START_REF] Eyboulet | Mediator links transcription and DNA repair by facilitating Rad2/XPG recruitment[END_REF]) and Rpb1 (grey) in wild-type strain synchronized in G 1 with α-factor (Rpb1 and Rad50) or asynchronous (Med17). Signals are expressed as a ratio of the corresponding protein over input DNA, and for Rad50 ChIP minus the signal obtained in unspecific IP (untagged strain). ORF are indicated in black. Peaks filtered out by MACS2 and loci prone to generate artifact [START_REF] Teytelman | Highly expressed loci are vulnerable to misleading ChIP localization of multiple unrelated proteins[END_REF] (A) LacO repeats were inserted upstream of GAL1 in order to visualize the locus in the presence of LacI-GFP. Three zones of equal surface were defined. Zone 1 corresponds to the nuclear periphery and zone 3 to the center of the nucleus.

RPKM and violin plots on CID boundaries (ChIP

(B) Distribution of GAL1-GAL10 locus in WT, rad50Δ and rad50-K40A strains when cells are grown in transcriptionally activable (raffinose), induced (galactose) or repressed (glucose) conditions. *** P-value < 10 -3 , by two-sided Fischer's Exact t-test; ns, not significant.

(C) RNA level of GAL10 determined by RT-qPCR from total RNA and normalized over ACT1 in WT, mlp1/2Δ and rad50Δ cells. Data are expressed as percentage of maximum induction measured at t=120' in presence of galactose.

(D-E) Distribution of GAL1-GAL10 locus in WT, tel1Δ and xrs2-11 strains when cells are grown in transcriptionally permissive (raffinose), induced (galactose) or repressed (glucose) conditions. *** P-value < 10 -3 , by two-sided Fischer's Exact t-test; ns, not significant.

(F) ChIP-seq browser plots on chromosome IV of Mlp1 (purple) and Rad50 (blue) in wild-type strain synchronized in G 1 with α-factor. Signals are expressed as a ratio of the corresponding protein over input DNA. The signal from an unspecific IP (untagged strain) was subtracted after the ratio IP/INPUT. ORF are indicated in black. Peaks filtered out by MACS2 and loci prone to generate artifact [START_REF] Teytelman | Highly expressed loci are vulnerable to misleading ChIP localization of multiple unrelated proteins[END_REF] (A) Boundaries from MicroC-XL were assigned in ORF cluster 1 or 2 generated above on Med17 (Mediator) levels (as in Figure 1D). Data are expressed as a ratio of the corresponding protein over input DNA. 

  are indicated by asterisks. (B) Rad50-HA ChIP-qPCR in G1 cells in the promoter region of: FIG2, GIC2, NRD1, ADH1 and FAR1 (negative control). Data are expressed as a fold enrichment over the untagged strain IP. SEM is indicated (2 biological replicates). (C) Venn diagram showing the overlap of Rad50 and Med17 peaks. (D) Heatmaps and average profiles of Med17, Rpb1 and Rad50 from -1 kb from TSS to +1Kb to TTS. ORF were sorted and separated in two clusters (C1=656 and C2=3894) based on the level of Med17 signal intensity. Data are expressed as a ratio of the corresponding protein over input DNA. (E) Violin plots of ChIP-seq signal (RPKM) in wild-type cells for Med17, Rpb1 and Rad50 or RNA-seq (mRNA) in each cluster. Median is indicated. *** P-value < 10 -3 , by two-sided Mann-Whitney paired test. (F) co-IP to test the interaction between Mediator and MRX. See also Figure S1 and TablesS1-S2.
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 2 Figure 2: MRX limits coding and non-coding transcription. (A) Density plots of RNA-seq signals

Figure 3 :

 3 Figure 3: Relocation of GAL1-GAL10 locus to the nuclear pore requires the MRX complex. (A)
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 4 Figure 4: Global chromatin-NPC interaction relies on the MRX complex. (A) Heatmaps and
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 5 Figure 5: MRX promotes chromosomal interaction domains (CID) insulation. (A) Heatmaps

Figure 6 :

 6 Figure 6: MRX tethers chromatin at nuclear pores and limits genome expression. The MRX

  2 Plus sCMOS camera, Marzhauser XY motorized stage, Prior Nano scan Z piezo, and a UPlan S APO 100x NA=1.4 oil objective was used due to the large field of view afforded by the sCMOS chip. GFP was excited using a Prior Scientific Lumen 200 Pro with a Semrock Brightline 485/20 filter and Pentaedge 4DB beamsplitter. Emission signals were captured through a 525/30 Semrock Brightline filter. In some instances, an Axioimager M1 microscope equipped with a Yokogawa CSU-X1 scanhead, Rolera Thunder Back illuminated EM-CCD (Q imaging), ASI MS-2000 Z piezo and a A plan-NEOFLUAR 100x NA=1.45 oil objective was used. GFP was excited with a Toptica iBeamSmart 488 laser with a Semrock Brightline Dio1 4DB dichroic filter. Emission signals were captured through a Chroma ET525/50nm filter. Fluorescence images were deconvolved using
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  Figure S2. The MRX complex limits transcripts accumulation, Related to Figure 2. (A) Violin plots of RNA-seq signals (RPKM) in WT, rad50Δ, mre11Δ and mre11-H125N cells for mRNA, divergent ncRNA and lncRNA. *** P-value < 10 -3 , by two-sided Mann-Whitney paired test; ns, not significant. (B) Density plot of RNA-seq signals expressed as a log2 fold-change ratio for rad50Δ over wildtype cells showing the 3 classes of unstable long non-coding RNA including CUT (n=914), SUT (n=831) and XUT (n=1786). (C) RNA level of CUT882 and CUT669 determined by RT-qPCR from total RNA and normalized over ACT1. (D-F) Scatter plot of RNA-seq tag density (log2) for mRNA (n=5639), divergent ncRNA (n=5213), lncRNA (CUT, SUT and XUT, n=3374) in WT versus mre11Δ cells (D) or rad50Δ versus mre11Δ cells (F). Transcripts differentially expressed between strains are circled in colors, unchanged transcripts are colored in grey. (E) Pie charts illustrate the proportion of transcripts differentially expressed in mre11Δ versus WT. (G) Venn diagram showing the overlap of transcripts upregulated in rad50Δ and mre11Δ versus WT. (H) Scatter plot of RNA-seq tag density (log2) for mRNA (n=5639), divergent ncRNA (n=5213), lncRNA (CUT, SUT and XUT, n=3374) in WT and mre11-H125N cells. Transcripts differentially expressed between mre11-H125N and WT are circled in colors, unchanged transcripts are colored in grey. (I) Pie charts illustrate the proportion of transcripts differentially expressed in mre11-H125N versus WT.

(

  Figure S4. MRX mediates chromatin-NPC interactions, Related to Figure 4.

  Figure S5. MRX promotes chromosomal interaction domains (CID) insulation, Related to Figure 5.

(

  B-C) Violin plots representing the wild-type MicroC-XL signals (B) or the MicroC-XL signal foldchange (rad50Δ/WT) (C) between adjacent CIDs through a given boundary in five bins define on Rad50 level at the boundary. The mean Rad50 level is indicated with a histogram in each bin. The median is indicated below each violin. *** P-value < 10 -3 , by two-sided Mann-Whitney; ns, not significant. (D) Scatter plot representing the divergent ncRNA level fold-change (rad50Δ/WT) versus the MicroC-XL across signal fold-change (rad50Δ/WT) across CID boundaries. The highly (orange, 10%, n=180) and weakly (grey, 90%, n=1611) Rad50-dependent CID boundaries for insulation strength are indicated. (E) Density plots of RNA-seq signals expressed as a log2 fold-change ratio for rad50Δ over WT cells for the highly and weakly Rad50-dependent CID boundaries. (F) Violin plots of divergent ncRNA transcription fold-change (rad50Δ/WT) in highly and weakly Rad50-dependent CID boundaries. The median is indicated below each violin. ns, not significant by two-sided Mann-Whitney paired test.

MRX repression defects is distinct from spontaneous damage or MMS-induced damage response, Related to Figure 2.

  SUT and XUT, n=3374) in WT versus WT + MMS 0.033% cells. Transcripts differentially expressed between WT + MMS 0.033% and WT are circled in colors, unchanged transcripts are colored in grey.(D) Pie charts illustrate the proportion of transcripts differentially expressed in WT + MMS 0.033% versus WT.(E) Violin plots of RNA-seq signals (RPKM) in WT, ku70Δ, and WT + MMS 0.033% cells for mRNA, divergent ncRNA and lncRNA. *** P-value < 10 -3 , by two-sided Mann-Whitney paired test; ns, not significant.
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Discussion (1365 words)

Using S. cerevisiae, we demonstrate a novel role for MRX in transcription control that is distinct from its role in DNA-damage and dependent upon the structural features of the complex, promoting chromatin-NPC interactions. We find that MRX is implicated in the establishment and/or maintenance of chromosomal domains, which repress a subset of noncoding and coding transcripts. Our work sheds light on a new function for the MRX complex and improves our understanding of how chromatin anchoring to the nuclear periphery can contribute to the accurate control of genome expression. The model in Figure 6 depicts the MRX complex recruited to highly transcribed gene promoters which also are strong CID boundaries. Through its interaction with the NPC protein Nup60, MRX contributes to the localization of certain loci to the nuclear periphery. This chromatin anchoring to the NPC may reinforce boundary activity which limits contacts between adjacent CIDs. The presence of the MRX complex favors directional initiation of transcription at promoters and limits the accumulation of unstable lncRNAs.

We report here that MRX limits the accumulation of numerous non-coding RNAs expressed from yeast promoters. This repressive function apparently contrasts with previous studies in which MRX and MRN have been implicated in transcription activation. For example, yeast mre11 mutants fail to express properly a set of meiotic genes during sporulation [START_REF] Kugou | Mre11 mediates gene regulation in yeast spore development[END_REF]. In human cells, MRN promotes the expression of an androgen-induced transcriptional program by allowing the activation of androgen receptors bound enhancers.

Androgen-induced enhancers are activated by a topoisomerase I-induced DNA nick which releases torsional stress. In this context, MRN-dependent DNA repair is thought to maintain enhancers activity [START_REF] Puc | Ligand-dependent enhancer activation regulated by topoisomerase-I activity[END_REF]. Moreover, MRN can act as a platform to recruit the preinitiation complex and the RNAPII machinery at DSBs, which results in local production of non-Author contributions JP, AL, PP, AM, MW, SMG, JS, OR, JC and KD designed the experiments. JP, AB, AL, MTE, MBB, NK, CD, AS, and KB performed the experiments. MS and KG did the libraries and sequencing. RF, US and MR did the bioinformatics. Supervision and Project administration: JP and AL. JP wrote the original draft. Writing, review, and editing: JP, AL, SMG, and PP.
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RPKMs on ChIP-seq were generated using bedtools MultiCovBed [START_REF] Quinlan | BEDTools: a flexible suite of utilities for comparing genomic features[END_REF] with the following options "-f 1e-9 -r no -split no -q 0 -D no -F no -p no". Violin plots and statistical tests were made using R with a homemade Script. Script code is indicated below: library("ggplot2", lib.loc="~/R/win-library/3.5") library(readr) Input <-read_delim("Input.txt", "\t", escape_double = FALSE, trim_ws = TRUE) #view(Input) #head(Input) Input$ID <-as.factor(Input$ID) #head(Input) Violin <-ggplot(Input, aes(x=ID, y=Score)) + geom_violin(trim=FALSE)+ geom_violin(trim=FALSE, fill='#A4A4A4', color="darkred")+ geom_boxplot(width=0.1, fill="white") VIOLIN_Input<-Violin + theme_classic() + scale_y_continuous(limits=c(according to input)) VIOLIN_Input u_Input<-unstack(Input) ##head(u_Input) wilcox.test(u_Input$CLUSTER1, u_Input$CLUSTER2) median(u_Input$CLUSTER1) median(u_Input$CLUSTER2) ggsave("Input.emf", width = 11, height = 8)

Creation of five ORFs and CID boundaries clusters based on Rad50 levels

RPKMs on Rad50 ChIP-seq were generated using bedtools MultiCovBed [START_REF] Quinlan | BEDTools: a flexible suite of utilities for comparing genomic features[END_REF] with the following options "-f 1e-9 -r no -split no -q 0 -D no -F no -p no".

ORFs or CID boundaries were sorted based on Rad50 levels and split in five clusters containing an equal number of genes.

Quantification and statistical analysis

All statistical tests and numbers of biological replicates are listed in the figure legends.

Standard error of the mean (SEM) is indicated for ChIP-qPCR and RT-qPCR data. Distributions were compared using Mann-Whitney paired test (RNA-seq, ChIP-seq, MicroC-XL) and mean values were compared by two-sided Fischer's Exact t-test (Microscopy experiments).

Supplementary Tables

Note: Supplemental tables 1 to 4 are provided as Excel files.

Table S1. MRX peaks coordinates (MACS2 peak calling), Related to Figure 1. Bowtie2