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The Secret Life of Chromosome Loops upon DNA Double Strand Break

DNA Double Strand Breaks (DSB) are harmful lesions that severely challenge genomic integrity and recent evidence suggests that DSBs occur more frequently on the genome than previously thought. These lesions activate a complex and multilayered response called the DNA Damage Response, which allows to coordinate their repair with the cell cycle progression. While the mechanistic details of repair processes have been narrowed thanks to several decades of intense studies, our knowledge of the impact of DSB on chromatin composition and chromosome architecture is still very sparse. However, the recent development of various tools to induce DSB at annotated loci, compatible with nextgeneration sequencing-based approaches, is opening a new framework to tackle these questions. Here we discuss the influence of initial and DSB-induced chromatin conformation and on the strong potential of 3C-based technologies to decipher the contribution of chromosome architecture during DSB repair.

The DNA Double Strand Break response and repair DNA Double Strand Breaks (DSBs) represent challenging lesions for cells, as they can lead to major genome rearrangement such as translocations, aneuploidy, and deletions/amplifications.

While previously considered to be almost exclusively induced by environmental agents (radiation, chemicals) with the exception of programmed induction by endogenous nucleases (during meiosis and Immunoglobulin loci rearrangement), it is now well admitted that DSBs are also regularly triggered during normal cell metabolism. More specifically, the development of DSB mapping technologies, such as BLESS, BLISS, DSBCapture, END-seq or BrlTL ( [START_REF] Yan | BLISS is a versatile and quantitative method for genome-wide profiling of DNA doublestrand breaks[END_REF][START_REF] Biernacka | i-BLESS is an ultra-sensitive method for detection of DNA double-strand breaks[END_REF][START_REF] Crosetto | Nucleotideresolution DNA double-strand break mapping by next-generation sequencing[END_REF][START_REF] Canela | DNA Breaks and End Resection Measured Genome-wide by End Sequencing[END_REF][START_REF] Shastri | Genome-wide Identification of Structure-Forming Repeats as Principal Sites of Fork Collapse upon ATR Inhibition[END_REF][START_REF] Lensing | DSBCapture: in situ capture and sequencing of DNA breaks[END_REF], reviewed in [START_REF] Puget | Non-canonical DNA/RNA structures during Transcription-Coupled Double-Strand Break Repair: Roadblocks or Bona fide repair intermediates?[END_REF]) have recently revealed insights on the distribution of endogenous DSBs across the genome. These genome-wide analyzes identified transcriptionally active loci and Transcription Start Sites (TSS) as particularly prone to breakage (for instance [START_REF] Crosetto | Nucleotideresolution DNA double-strand break mapping by next-generation sequencing[END_REF][START_REF] Lensing | DSBCapture: in situ capture and sequencing of DNA breaks[END_REF], reviewed in [START_REF] Puget | Non-canonical DNA/RNA structures during Transcription-Coupled Double-Strand Break Repair: Roadblocks or Bona fide repair intermediates?[END_REF][START_REF] Marnef | Transcription-Coupled DNA Double-Strand Break Repair: Active Genes Need Special Care[END_REF]). These studies also further revealed a compelling connection between DSB production and chromosome architecture, identifying binding sites for CTCF and cohesin (main genome organizers) as preferential damage sites due to Topoisomerase activity and/or fork collapse [START_REF] Shastri | Genome-wide Identification of Structure-Forming Repeats as Principal Sites of Fork Collapse upon ATR Inhibition[END_REF][START_REF] Canela | Topoisomerase II-Induced Chromosome Breakage and Translocation Is Determined by Chromosome Architecture and Transcriptional Activity[END_REF][START_REF] Canela | Genome organization drives chromosome fragility[END_REF][START_REF] Gothe | Spatial chromosome folding and active transcription drive DNA fragility and formation of oncogenic MLL translocations[END_REF][START_REF] Madabhushi | Activity-Induced DNA Breaks Govern the Expression of Neuronal Early-Response Genes[END_REF]. At loop anchors, Topoisomerase II recruitment could further trigger production of DSB, upon transcriptional activation of closeby genes [START_REF] Canela | Topoisomerase II-Induced Chromosome Breakage and Translocation Is Determined by Chromosome Architecture and Transcriptional Activity[END_REF][START_REF] Canela | Genome organization drives chromosome fragility[END_REF][START_REF] Gothe | Spatial chromosome folding and active transcription drive DNA fragility and formation of oncogenic MLL translocations[END_REF].

Beyond the influence of chromosome loops in DSB formation, supported by a growing body of evidence, an emerging concept is also that DSB formation further modifies chromosome architecture and organization in the nuclear space. Given the potential for unscheduled rejoining of two DSBs to trigger translocations, and the previously reported bias for translocation to occur in active loci in cancer cells, it is urgent to understand how DSBs modify chromosome organization and architecture and how this impacts genome (in)stability.

Various pathways contribute to repair DSB in eukaryotes, including Homologous Recombination (HR) and Non Homologous End Joining (NHEJ) (reviewed in [START_REF] Mladenov | DNA double-strand-break repair in higher eukaryotes and its role in genomic instability and cancer: Cell cycle and proliferation-dependent regulation[END_REF][START_REF] Scully | DNA double-strand break repair-pathway choice in somatic mammalian cells[END_REF]). HR entails processing of DNA ends in order to generate single strand DNA (resection) which will invade a homologous copy of the broken locus, further used as template for DNA synthesis.

NHEJ rather directly rejoins the two DNA ends. Mechanistically these two pathways are profoundly different and likely necessitate different chromatin composition and properties for proper execution. At a molecular level, ChIP-seq and imaging studies have started to determine the histone modifications landscape assembled at DSB, as well as their function in DSB repair (reviewed in [START_REF] Clouaire | A Snapshot on the Cis Chromatin Response to DNA Double-Strand Breaks[END_REF]). Yet the conformation of chromatin around DSBs and the chromosome organization in damaged nuclei have only recently started to be investigated.

One of the striking feature of the DNA Damage Response (DDR) is the assembly of microscopically visible foci in the nucleus, which display massive phosphorylation of the H2AX histone variant (H2AX) [START_REF] Rogakou | DNA double-stranded breaks induce histone H2AX phosphorylation on serine 139[END_REF], as well as accumulation of repair factors. Although efforts have been made to understand the protein content of these foci, their exact composition and conformation at the DNA level is still unknown. One of the main reasons for this scarcity of data stands in the long-lasted inability to control the position of induced DSB on the genome. Indeed, except in yeast where the ability of the HO endonuclease to cleave the MAT locus for mating type switching was utilized as a tool to investigate site-specific DSB repair, DSBs have routinely been induced by exposure to genotoxic (drugs and radiation) generating damage in a heterogeneous manner in the cell population and at unknown (but not necessarily random) positions, which precluded the use of Chromosome Conformation Capture (3C)-based methods to investigate chromatin conformation around DSBs. This has been solved recently thanks to the development of several tools to induce breaks at annotated positions, using restriction enzymes and homing endonucleases (e.g. AsiSI, I-PpoI), Zinc Fingers and TALE Nucleases, or the CRISPR/Cas9 system [START_REF] Mladenova | Novel biological approaches for testing the contributions of single dsbs and DSB clusters to the biological effects high LET radiation[END_REF]. With these novel experimental systems, the molecular characterization of DNA conformation around DSB and more generally the folding of damaged chromosomes within the nucleus is now within reach.

Two main questions should primarily focus our attention. First we need to understand how the initial chromosome conformation and organization in the nucleus may contribute to ensure proper DSB signaling and repair. Second, we shall wonder how this initial chromatin conformation is modified upon damage to participate in repair events safeguarding genome integrity.

How does initial chromatin architecture contribute to DSB signaling and repair?

The genomic localization of DSBs strongly impacts their signalization and repair. For instance, clear evidence suggests that DSB occurring in heterochromatin [START_REF] Fortuny | The response to DNA damage in heterochromatin domains[END_REF][START_REF] Lemaître | Double strand break (DSB) repair in heterochromatin and heterochromatin proteins in DSB repair[END_REF], rDNA [START_REF] Van Sluis | Nucleolar reorganization in response to rDNA damage[END_REF] or transcribed loci [START_REF] Marnef | Transcription-Coupled DNA Double-Strand Break Repair: Active Genes Need Special Care[END_REF] display specialized repair pathways. The chromatin composition of the broken locus (involving for example histone marks like H3K36me3 for Transcription-Coupled DSB repair [START_REF] Aymard | Transcriptionally active chromatin recruits homologous recombination at DNA double-strand breaks[END_REF][START_REF] Pfister | SETD2dependent histone H3K36 trimethylation is required for homologous recombination repair and genome stability[END_REF][START_REF] Daugaard | LEDGF (p75) promotes DNA-end resection and homologous recombination[END_REF]; or bona fide chromatin constituents such as KAP1 for heterochromatic repair [START_REF] Ziv | Chromatin relaxation in response to DNA double-strand breaks is modulated by a novel ATMand KAP-1 dependent pathway[END_REF][START_REF] Goodarzi | KAP-1 phosphorylation regulates CHD3 nucleosome remodeling during the DNA double-strand break response[END_REF]) as well as its spatial position within the nucleus (for instance, at the nuclear periphery [START_REF] Lemaître | Nuclear position dictates DNA repair pathway choice[END_REF]) have been clearly established as main contributors in determining which pathway should be used at each genomic location (a decision known as "DSB repair pathway choice") [START_REF] Clouaire | DNA double strand break repair pathway choice: a chromatin based decision?[END_REF]. However, at this stage it is not known whether, beyond the sub-nuclear localization of a locus and its chromatin composition, the chromosome conformation also plays a role in DSBs signaling and repair. Nevertheless, some hints suggest this is likely the case.

Initial chromatin conformation regulates HR.

The fact that chromosome conformation within the nucleus regulates HR is particularly evident from studies in yeast, showing that efficiency of sub-telomeric recombination is strongly affected by telomeres clustering and anchorage [START_REF] Batté | Recombination at subtelomeres is regulated by physical distance, double-strand break resection and chromatin status[END_REF][START_REF] Agmon | Effect of nuclear architecture on the efficiency of double-strand break repair[END_REF]. Beyond telomeres, moving an HO site at different positions along yeast chromosomes revealed a compelling correlation between the frequency of homologous recombination and the proximity with the homologous locus, observed by 3C before damage induction [START_REF] Lee | Chromosome position determines the success of double-strand break repair[END_REF]. Thus initial spatial proximity between the broken locus and a donor sequence is a key feature that determines the efficiency of homologous recombination.

Initial chromatin conformation could regulate H2AX spreading.

Evidence also suggests that chromosome architecture might control H2AX spreading (reviewed in [START_REF] Marnef | Organizing DNA repair in the nucleus: DSBs hit the road[END_REF][START_REF] Aymard | A TAD closer to ATM[END_REF]) (Figure 1). Indeed, H2AX mapping by ChIP-chip around multiple DSBs induced by the restriction enzyme AsiSI in human cells (the so called DIvA cell line for DSB Induced via AsiSI) revealed that H2AX spreads on 1-2 megabases surrounding DSBs, in a manner that is i) reproducible and constrained within boundaries, ii) not necessary symmetrical around the break and iii) uneven with peaks and valleys, suggesting that the surrounding epigenomic landscape and/or chromatin architecture may regulate H2AX spreading [START_REF] Iacovoni | Highresolution profiling of gammaH2AX around DNA double strand breaks in the mammalian genome[END_REF]. A follow up study uncovered a potential function for cohesins in regulating H2AX distribution and in insulating transcribed genes encompassed in H2AX domains from transcription extinction [START_REF] Caron | Cohesin protects genes against γH2AX Induced by DNA double-strand breaks[END_REF]. Moreover, by then, comparison of published Hi-C data generated in undamaged cells [START_REF] Lieberman-Aiden | Comprehensive mapping of long-range interactions reveals folding principles of the human genome[END_REF] with H2AX domains boundaries revealed a striking tendency of H2AX spreading to stop at Topologically Associating Domains (TADs) boundaries [START_REF] Caron | Cohesin protects genes against γH2AX Induced by DNA double-strand breaks[END_REF]. In agreement, the occupancy of the chromatin looping factor CTCF was found juxtaposed to γH2AX foci using super-resolution light microscopy [START_REF] Natale | Identification of the elementary structural units of the DNA damage response[END_REF]. Altogether, these results raise the exciting hypothesis that once bound to the DSB, the kinase(s) involved in H2AX phosphorylation allows H2AX spreading by modifying nucleosomes brought into spatial proximity thanks to the initial chromatin architecture surrounding the DSB (the "Intra-TAD model" [START_REF] Marnef | Organizing DNA repair in the nucleus: DSBs hit the road[END_REF][START_REF] Aymard | A TAD closer to ATM[END_REF]) rather than by linearly walking along the chromosome. This hypothesis is further supported in yeast, where H2A spreading was also found to occur in trans (on other chromosomes) when a DSB was induced close to a centromere, as a consequence of centromeres clustering within nuclei [START_REF] Lee | Dynamics of yeast histone H2A and H2B phosphorylation in response to a double-strand break[END_REF].

Initial chromatin conformation regulates production and repair of programmed DSB.

Beyond these evidences that pre-existing chromosome architecture contributes to DSB signaling and repair, chromosome organization is also likely a key feature in the repair of programmed DSBs induced during meiosis and immunoglobulin loci rearrangements (Figure 1). During the prophase of meiosis, chromosomes undergo profound reorganization which entails progressive condensation, loss of long-range inter-chromosomal contacts, TADs dissolution and the formation of arrays of chromatin loops anchored to a chromosomal axis [START_REF] Muller | Characterizing meiotic chromosomes' structure and pairing using a designer sequence optimized for Hi-C[END_REF][START_REF] Dekker | Capturing chromosome conformation[END_REF][START_REF] Patel | Dynamic reorganization of the genome shapes the recombination landscape in meiotic prophase[END_REF][START_REF] Schalbetter | Principles of meiotic chromosome assembly[END_REF][START_REF] Wang | Reprogramming of Meiotic Chromatin Architecture during Spermatogenesis[END_REF][START_REF] Alavattam | Attenuated chromatin compartmentalization in meiosis and its maturation in sperm development[END_REF]. Within this context, the topoisomerase-like Spo11 endonuclease induces DSBs in a tightly regulated manner, which are further processed and -for some of them-converted into mature crossovers, necessary to ensure chromosome segregation and completion of meiosis.

Importantly, crossover formation depends on the "homologous bias" that consists in choosing the homologous chromosome as a template over the sister chromatid (reviewed in [START_REF] Lao | Trying to avoid your sister[END_REF][START_REF] Borde | Meiosis: early DNA double-strand breaks pave the way for inter-homolog repair[END_REF]).

Notably, germ cells-specific chromosome architecture plays a critical role in both determining the distribution of DSBs along the chromosome and in the homologous bias. Indeed, in S.cerevisae, Spo11-dependent DSBs are being formed within DNA loops in a manner that depends on multiple axial factors such as the meiosis specific cohesin subunit Rec8 [START_REF] Blat | Physical and functional interactions among basic chromosome organizational features govern early steps of meiotic chiasma formation[END_REF][START_REF] Kim | Sister cohesion and structural axis components mediate homolog bias of meiotic recombination[END_REF], the Spp1 protein [START_REF] Sommermeyer | Spp1, a member of the Set1 Complex, promotes meiotic DSB formation in promoters by tethering histone H3K4 methylation sites to chromosome axes[END_REF], Red1 [START_REF] Blat | Physical and functional interactions among basic chromosome organizational features govern early steps of meiotic chiasma formation[END_REF], or the Spo11 accessory complex, RRM (Rec114-Mei4-Mer2) [START_REF] Panizza | Spo11-accessory proteins link double-strand break sites to the chromosome axis in early meiotic recombination[END_REF]. Additionally, components of the structural axis (such as Rec8 or Red1) are also strongly involved in regulating the homologous bias [START_REF] Kim | Sister cohesion and structural axis components mediate homolog bias of meiotic recombination[END_REF] and the axis further acts as a platform for recombination. This peculiar chromosome architecture that is assembled in meiotic cells hence displays a prominent role into DSB production and repair.

Programmed DSBs also occur at the Immunoglobulin (Ig) loci to ensure V(D)J recombination for antibody diversification and Class Switch Recombination (CSR) to generate different antibody isotypes. On the Ig heavy chain locus (Igh) productive CSR results in a deletion event after recombination between two Switch (SH) sequences, located up to 100kb apart. Here as well, the initial 3D chromatin conformation exerts a regulatory role on both break formation and repair ( [START_REF] Vian | The energetics and physiological impact of cohesin extrusion[END_REF][START_REF] Rocha | A Damage-Independent Role for 53BP1 that Impacts Break Order and Igh Architecture during Class Switch Recombination[END_REF] reviewed in [START_REF] Aiden | Somatic rearrangement in B cells: it's (mostly) nuclear physics[END_REF]). For instance, deletion of the CTCF-binding sites encompassed in the Igh Superanchor (SA), correlates with a decrease in cohesin-mediated loop extrusion (detected by "stripes" on Hi-C maps) and reduces CSR [START_REF] Vian | The energetics and physiological impact of cohesin extrusion[END_REF]. Similarly, V(D)J recombination, both on Ig and Igh loci, strongly relies on long-range chromatin interactions.

For instance, deletion of CTCF-binding sites in the Intergenic Control Region-1 (IGCR1) upstream the D segments on Igh locus, impairs normal V to DJ recombination and B cells development in a manner that coincides with modification of chromosomal loops [START_REF] Guo | CTCF-binding elements mediate control of V(D)J recombination[END_REF][START_REF] Jain | CTCF-Binding Elements Mediate Accessibility of RAG Substrates During Chromatin Scanning[END_REF].

Similarly, deletion of a specific enhancer-CTCF bound-element on the Ig locus perturbs the antibody repertoire in a manner that also correlates with the loss of long-range interaction [START_REF] Barajas-Mora | A B-Cell-Specific Enhancer Orchestrates Nuclear Architecture to Generate a Diverse Antigen Receptor Repertoire[END_REF].

It is hence clear from all these studies that the initial chromosome architecture contributes to DSB signaling, processing and repair. Yet, while our knowledge regarding the role of longrange chromatin interactions and TADs during repair of programmed DSBs quickly expands, our understanding of their function into repair of endogenous DSBs in somatic cells still lags behind and will necessitate future 3C-based studies using sequence-specific DSB induction systems.

How does Chromatin Architecture change post-damage in cis to DSB, within H2AX

domains?

Another important question that needs to be addressed is the nature of the changes in chromosome architecture following damage (Figure 2). Indeed, DSB-induced modifications in the size of DNA loops or the position of TADs boundaries could regulate chromatin flexibility (stiffness) thereby regulating the DSB mobility in the nucleus [START_REF] Herbert | Chromatin stiffening underlies enhanced locus mobility after DNA damage in budding yeast[END_REF]. This could also help to "burry" (ie. protect) the DSB from its environment which therefore may have profound impacts on translocation biogenesis, partner choice for homologous recombination and more generally on genome integrity. Plenty of evidence supports that chromatin in cis to DSB displays a different behavior in terms of mobility, rigidity and compaction (reviewed in [START_REF] Marnef | Organizing DNA repair in the nucleus: DSBs hit the road[END_REF][START_REF] Zimmer | Chromatin mobility upon DNA damage: state of the art and remaining questions[END_REF]). In particular, laser-mediated, localized damage triggers a rapid chromatin decompaction at the sites of breaks [START_REF] Luijsterburg | PARP1 Links CHD2-Mediated Chromatin Expansion and H3.3 Deposition to DNA Repair by Non-homologous End-Joining[END_REF][START_REF] Sellou | The poly(ADP-ribose)-dependent chromatin remodeler Alc1 induces local chromatin relaxation upon DNA damage[END_REF][START_REF] Burgess | Activation of DNA damage response signaling by condensed chromatin[END_REF], in agreement with observations that H2AX foci displays decondensedlike appearance [START_REF] Kruhlak | Changes in chromatin structure and mobility in living cells at sites of DNA double-strand breaks[END_REF][START_REF] Dellaire | High resolution imaging of changes in the structure and spatial organization of chromatin, gamma-H2A.X and the MRN complex within etoposide-induced DNA repair foci[END_REF], suggesting that indeed, a DSB induces dramatic changes in chromatin conformation in cis. However, nearly all studies were performed using imaging, and our current knowledge of DSB-promoted 3D changes at the level of DNA sequence remains incredibly sparse. The first experiment using 3C methodology to assess cis modification of long-range interactions was performed in yeast following induction of a single DSB within the MAT locus by the HO endonuclease [START_REF] Oza | Mechanisms that regulate localization of a DNA double-strand break to the nuclear periphery[END_REF]. Strikingly long-range contacts were dramatically reduced following DSB in asynchronous cells, while such a decrease was not observed in G1-arrested cells [START_REF] Oza | Mechanisms that regulate localization of a DNA double-strand break to the nuclear periphery[END_REF], suggesting that end-processing (which occurs specifically in S/G2) rather than H2A spreading and checkpoint activation (occurring all throughout the cell cycle) was responsible for decreased chromosomal contacts. Reduced chromosome interaction frequency was further shown to depends on Rad51 loading and attributed to the sequestration of the DSB at the nuclear periphery [START_REF] Oza | Mechanisms that regulate localization of a DNA double-strand break to the nuclear periphery[END_REF][START_REF] Nagai | Functional targeting of DNA damage to a nuclear pore-associated SUMOdependent ubiquitin ligase[END_REF] (see next section). However, this decrease in long-range interaction following DSB was not reported in human cells [START_REF] Aymard | Genome-wide mapping of long-range contacts unveils clustering of DNA doublestrand breaks at damaged active genes[END_REF]. Instead, by using Capture Hi-C in the DIvA system (in which ~100 DSBs can be induced at annotated loci ( [START_REF] Aymard | Transcriptionally active chromatin recruits homologous recombination at DNA double-strand breaks[END_REF][START_REF] Iacovoni | Highresolution profiling of gammaH2AX around DNA double strand breaks in the mammalian genome[END_REF])) it was shown that, in average, the DSB itself engages more long-range contacts with neighboring sequences encompassed in H2AX domains, than before break induction ( [START_REF] Aymard | Genome-wide mapping of long-range contacts unveils clustering of DNA doublestrand breaks at damaged active genes[END_REF], reviewed in [START_REF] Clouaire | Taming Tricky DSBs: ATM on duty[END_REF]). Contrary to yeast, DSBs have not been found to relocate to the nuclear envelope in mammalian cells, which may account for the discrepancy between both studies. Notably, enhanced interactions between the DSB and DNA loci embedded in H2AX domains, would be in agreement with the increased mobility of DNA ends reported in multiple studies (reviewed in [START_REF] Marnef | Organizing DNA repair in the nucleus: DSBs hit the road[END_REF][START_REF] Zimmer | Chromatin mobility upon DNA damage: state of the art and remaining questions[END_REF][START_REF] Smith | Poetry in motion: Increased chromosomal mobility after DNA damage[END_REF]).

Of note, the resolution achieved by Capture-HiC in the above-mentioned study [START_REF] Aymard | Genome-wide mapping of long-range contacts unveils clustering of DNA doublestrand breaks at damaged active genes[END_REF] was insufficient to draw conclusions regarding the DNA loops reorganization around DSBs. Interestingly, although this was not directly assessed using Hi-C or 4C experiment, strong evidence suggests that chromosome loops are reorganized in cis to DSB induced by Spo11 in yeast meiotic cells. Indeed, in a WT strain, DSB production by Spo11 is negatively counteracted in a ~100kb window around an initial Spo11-created break. Notably, this phenomenon, called negative interference, depends on the yeast ATM ortholog Tel1, one of the main kinase activated during DDR [START_REF] Garcia | Tel1(ATM)-mediated interference suppresses clustered meiotic double-strand-break formation[END_REF]. This led to the proposal that, in cis to an initial break, ATM/Tel1 activation could drive chromatin loops reorganization, themselves being required and targeted for DSB formation (see previous section), hence contributing to negative interference and ensuring a proper distribution of DSBs along meiotic chromosomes [START_REF] Garcia | Tel1(ATM)-mediated interference suppresses clustered meiotic double-strand-break formation[END_REF][START_REF] Cooper | Meiotic DSB patterning: A multifaceted process[END_REF].

It is likely that the usual suspects shaping chromosome architecture, i.e. the cohesin complex and CTCF, are involved in such DSB-induced DNA loops reorganization. Studies in both yeast and mammals have demonstrated that cohesins and their loaders/regulators are recruited at DSBs [START_REF] Caron | Cohesin protects genes against γH2AX Induced by DNA double-strand breaks[END_REF][START_REF] Potts | Human SMC5/6 complex promotes sister chromatid homologous recombination by recruiting the SMC1/3 cohesin complex to doublestrand breaks[END_REF][START_REF] Unal | DNA damage response pathway uses histone modification to assemble a double-strand break-specific cohesin domain[END_REF][START_REF] Ström | Postreplicative recruitment of cohesin to double-strand breaks is required for DNA repair[END_REF][START_REF] Bot | Independent mechanisms recruit the cohesin loader protein NIPBL to sites of DNA damage[END_REF][START_REF] Meisenberg | Repression of Transcription at DNA Breaks Requires Cohesin throughout Interphase and Prevents Genome Instability[END_REF][START_REF] Ström | Postreplicative formation of cohesion is required for repair and induced by a single DNA break[END_REF][START_REF] Kim | Involvement of the cohesin protein, Smc1, in Atmdependent and independent responses to DNA damage[END_REF][START_REF] Wu | Scc1 sumoylation by Mms21 promotes sister chromatid recombination through counteracting Wapl[END_REF][START_REF] Hellmuth | Local activation of mammalian separase in interphase promotes double-strand break repair and prevents oncogenic transformation[END_REF][START_REF] Oka | Recruitment of the cohesin loading factor NIPBL to DNA double-strand breaks depends on MDC1, RNF168 and HP1γ in human cells[END_REF][START_REF] Lightfoot | Loading of meiotic cohesin by SCC-2 is required for early processing of DSBs and for the DNA damage checkpoint[END_REF][START_REF] Kong | Distinct functions of human cohesin-SA1 and cohesin-SA2 in double-strand break repair[END_REF], and post-translationally modified following damage (for instance, [START_REF] Kim | Involvement of the cohesin protein, Smc1, in Atmdependent and independent responses to DNA damage[END_REF][START_REF] Wu | Scc1 sumoylation by Mms21 promotes sister chromatid recombination through counteracting Wapl[END_REF][START_REF] Yazdi | SMC1 is a downstream effector in the ATM/NBS1 branch of the human S-phase checkpoint[END_REF][START_REF] Unal | DNA double-strand breaks trigger genomewide sister-chromatid cohesion through Eco1 (Ctf7)[END_REF][START_REF] Mcaleenan | SUMOylation of the α-kleisin subunit of cohesin is required for DNA damageinduced cohesion[END_REF][START_REF] Heidinger-Pauli | Distinct targets of the Eco1 acetyltransferase modulate cohesion in S phase and in response to DNA damage[END_REF]). Strikingly, in yeast, DSB-induced cohesin binding takes place on a large chromosomal domain surrounding the break [START_REF] Unal | DNA damage response pathway uses histone modification to assemble a double-strand break-specific cohesin domain[END_REF][START_REF] Ström | Postreplicative recruitment of cohesin to double-strand breaks is required for DNA repair[END_REF], in contrast to mammalian cells, where it only occurs on few kilobases [START_REF] Caron | Cohesin protects genes against γH2AX Induced by DNA double-strand breaks[END_REF]. While cohesin loading has long been involved in sister chromatid cohesion during HR [START_REF] Ström | Postreplicative formation of cohesion is required for repair and induced by a single DNA break[END_REF][START_REF] Unal | DNA double-strand breaks trigger genomewide sister-chromatid cohesion through Eco1 (Ctf7)[END_REF][START_REF] Mcaleenan | SUMOylation of the α-kleisin subunit of cohesin is required for DNA damageinduced cohesion[END_REF][START_REF] Takahashi | The MCM-binding protein ETG1 aids sister chromatid cohesion required for postreplicative homologous recombination repair[END_REF][START_REF] Bauerschmidt | Cohesin promotes the repair of ionizing radiation-induced DNA double-strand breaks in replicated chromatin[END_REF][START_REF] Covo | Cohesin Is limiting for the suppression of DNA damage-induced recombination between homologous chromosomes[END_REF][START_REF] Sjögren | Sister chromatid cohesion is required for postreplicative double-strand break repair in Saccharomyces cerevisiae[END_REF][START_REF] Dodson | Increased sister chromatid cohesion and DNA damage response factor localization at an enzyme-induced DNA double-strand break in vertebrate cells[END_REF], in mammalian cells, it is also recruited at DSBs during G1 phase [START_REF] Caron | Cohesin protects genes against γH2AX Induced by DNA double-strand breaks[END_REF][START_REF] Meisenberg | Repression of Transcription at DNA Breaks Requires Cohesin throughout Interphase and Prevents Genome Instability[END_REF], suggesting that this complex exerts a function beyond sister chromatid cohesion at DSB. In agreement, cohesin regulates transcriptional repression of genes immediately in cis to DSBs [START_REF] Meisenberg | Repression of Transcription at DNA Breaks Requires Cohesin throughout Interphase and Prevents Genome Instability[END_REF], insulate the active genes located farther within the H2AX domain to maintain their transcription [START_REF] Caron | Cohesin protects genes against γH2AX Induced by DNA double-strand breaks[END_REF] and controls the NHEJ repair pathway [START_REF] Gelot | The cohesin complex prevents the end-joining of distant DNA double-strand ends in S phase: Consequences on genome stability maintenance[END_REF].

Similarly, CTCF has also been shown to be recruited at DSBs [START_REF] Lang | CTCF prevents genomic instability by promoting homologous recombination-directed DNA double-strand break repair[END_REF][START_REF] Hilmi | CTCF facilitates DNA double-strand break repair by enhancing homologous recombination repair[END_REF][START_REF] Han | CTCF participates in DNA damage response via poly(ADP-ribosyl)ation[END_REF] and to contribute to HR [START_REF] Lang | CTCF prevents genomic instability by promoting homologous recombination-directed DNA double-strand break repair[END_REF][START_REF] Hilmi | CTCF facilitates DNA double-strand break repair by enhancing homologous recombination repair[END_REF].

Beyond these well-known architectural proteins involved in chromatin looping, DSB repair factors may also contribute to shape chromatin 3D structure in cis to DSB. Among these, 53BP1 is an interesting candidate since it was shown to spread on entire H2AX domains [START_REF] Clouaire | Comprehensive Mapping of Histone Modifications at DNA Double-Strand Breaks Deciphers Repair Pathway Chromatin Signatures[END_REF] and to be a critical determinant of the architecture of the Igh locus, even before damage formation [START_REF] Rocha | A Damage-Independent Role for 53BP1 that Impacts Break Order and Igh Architecture during Class Switch Recombination[END_REF][START_REF] Feldman | 53BP1 Contributes to Igh Locus Chromatin Topology during Class Switch Recombination[END_REF]. Additionally, the 53BP1 effector Rif1, which is recruited at DSB to regulate resection [START_REF] Chapman | RIF1 is essential for 53BP1-dependent nonhomologous end joining and suppression of DNA double-strand break resection[END_REF][START_REF] Virgilio | Rif1 prevents resection of DNA breaks and promotes immunoglobulin class switching[END_REF][START_REF] Zimmermann | 53BP1 regulates DSB repair using Rif1 to control 5' end resection[END_REF] is also of interest, as it was recently shown by 4C-seq to be a main organizer of chromatin architecture in unchallenged cells [START_REF] Foti | Nuclear Architecture Organized by Rif1 Underpins the Replication-Timing Program[END_REF]. Importantly both factors are essential for productive CSR [START_REF] Chapman | RIF1 is essential for 53BP1-dependent nonhomologous end joining and suppression of DNA double-strand break resection[END_REF][START_REF] Virgilio | Rif1 prevents resection of DNA breaks and promotes immunoglobulin class switching[END_REF][START_REF] Manis | 53BP1 links DNA damage-response pathways to immunoglobulin heavy chain class-switch recombination[END_REF][START_REF] Bothmer | Regulation of DNA end joining, resection, and immunoglobulin class switch recombination by 53BP1[END_REF], which further highlight their potential role in organizing the 3D structure of DSB-surrounding chromatin.

Yet, despite all these studies, a clear picture of the DNA conformation within H2AX foci is still awaited. Mapping of architectural proteins using ChIP-seq as well as determining chromatin conformation by 3C-based approaches around annotated DSBs, will certainly help to better understand the nature and function of DSB-induced chromosome loops changes.

How does Chromatin Architecture change post-damage in trans to DSB, within the nucleus?

In addition to the changes in cis described in the previous section, damaged chromosomes also experience more global reorganization within the nucleus. This is particularly apparent in yeast and Drosophila, where persistent, heterochromatic and/or rDNA breaks are relocalized at the nuclear periphery ( [START_REF] Oza | Mechanisms that regulate localization of a DNA double-strand break to the nuclear periphery[END_REF][START_REF] Nagai | Functional targeting of DNA damage to a nuclear pore-associated SUMOdependent ubiquitin ligase[END_REF][START_REF] Ryu | Heterochromatic breaks move to the nuclear periphery to continue recombinational repair[END_REF][START_REF] Horigome | Ribosomal RNA gene repeats associate with the nuclear pore complex for maintenance after DNA damage[END_REF] reviewed in [START_REF] Marnef | Organizing DNA repair in the nucleus: DSBs hit the road[END_REF]). Similarly in mammals, DSBs induced in rDNA and  satellites are extruded at the periphery of the nuclear sub-compartment (nucleolus and heterochromatic focus respectively) [START_REF] Tsouroula | Temporal and Spatial Uncoupling of DNA Double Strand Break Repair Pathways within Mammalian Heterochromatin[END_REF][START_REF] Van Sluis | A localized nucleolar DNA damage response facilitates recruitment of the homology-directed repair machinery independent of cell cycle stage[END_REF][START_REF] Harding | ATM dependent silencing links nucleolar chromatin reorganization to DNA damage recognition[END_REF]. Beyond these large scale reorganizations, DSBs are also capable of clustering together (i.e.: regrouping in one visible focus) ( [START_REF] Aymard | Genome-wide mapping of long-range contacts unveils clustering of DNA doublestrand breaks at damaged active genes[END_REF][START_REF] Aten | Dynamics of DNA double-strand breaks revealed by clustering of damaged chromosome domains[END_REF][START_REF] Krawczyk | Clustering of double strand break-containing chromosome domains is not inhibited by inactivation of major repair proteins[END_REF][START_REF] Neumaier | Evidence for formation of DNA repair centers and dose-response nonlinearity in human cells[END_REF][START_REF] Cho | Interchromosomal homology searches drive directional ALT telomere movement and synapsis[END_REF][START_REF] Caron | Non-redundant Functions of ATM and DNA-PKcs in Response to DNA Double-Strand Breaks[END_REF][START_REF] Krawczyk | Chromatin mobility is increased at sites of DNA double-strand breaks[END_REF][START_REF] Schrank | Nuclear ARP2/3 drives DNA break clustering for homology-directed repair[END_REF][START_REF] Waterman | Live cell monitoring of double strand breaks in S. cerevisiae[END_REF] reviewed in [START_REF] Marnef | Organizing DNA repair in the nucleus: DSBs hit the road[END_REF][START_REF] Guénolé | A meeting at risk: Unrepaired DSBs go for broke[END_REF]). Using Capture Hi-C to map long-range interactions following induction of multiple annotated DSBs on the human genome, it was recently demonstrated that DSBs can cluster together if they occur in transcriptionally active, RNA Pol II-bound, loci [START_REF] Aymard | Genome-wide mapping of long-range contacts unveils clustering of DNA doublestrand breaks at damaged active genes[END_REF] (reviewed in [START_REF] Marnef | Transcription-Coupled DNA Double-Strand Break Repair: Active Genes Need Special Care[END_REF][START_REF] Clouaire | A Snapshot on the Cis Chromatin Response to DNA Double-Strand Breaks[END_REF][START_REF] Guénolé | A meeting at risk: Unrepaired DSBs go for broke[END_REF]). Of interest, clustering was mostly observed in G1 cells [START_REF] Aymard | Genome-wide mapping of long-range contacts unveils clustering of DNA doublestrand breaks at damaged active genes[END_REF][START_REF] Aten | Dynamics of DNA double-strand breaks revealed by clustering of damaged chromosome domains[END_REF] and coincided with delayed repair [START_REF] Aymard | Genome-wide mapping of long-range contacts unveils clustering of DNA doublestrand breaks at damaged active genes[END_REF], suggesting that it may contribute in "poising" DSB repair in order to ensure faithful genetic information recovery [START_REF] Aymard | Genome-wide mapping of long-range contacts unveils clustering of DNA doublestrand breaks at damaged active genes[END_REF][START_REF] Guénolé | A meeting at risk: Unrepaired DSBs go for broke[END_REF]. The mechanism(s) at work to ensure DSB clustering and other DSB mobility events are still under investigation but may rely on both active/directional and passive/diffusive movement (Figure 3).

Cyto and nucleo-skeleton networks.

Evidence suggests that DSB ends mobility and DSB clustering are mediated at least in part thanks to the cyto-and nucleo-skeleton network (reviewed in [START_REF] Guénolé | A meeting at risk: Unrepaired DSBs go for broke[END_REF][START_REF] Hurst | Nuclear Actin and Actin-Binding Proteins in DNA Repair[END_REF]). Indeed, formin 2, an actin organizer, as well as the Arp2/3 actin branching factor and the Arp2/3 activator WASP, are required for clustering in human cells [START_REF] Aymard | Genome-wide mapping of long-range contacts unveils clustering of DNA doublestrand breaks at damaged active genes[END_REF][START_REF] Schrank | Nuclear ARP2/3 drives DNA break clustering for homology-directed repair[END_REF] (Figure 3, left panel). Moreover, nuclear myosin 1 and actin were recently reported as mediating damaged-induced homologous chromosome pairing in G0/G1 cells, in a manner that depends on the ability of actin to polymerize (by the use of actin mutants) [START_REF] Evdokimova | Nuclear myosin/actin-motored contact between homologous chromosomes is initiated by ATM kinase and homology-directed repair proteins at double-strand DNA breaks to suppress chromosome rearrangements[END_REF]. Of importance, although nuclear actin filaments (F-actin) have been reported and involved in relocating heterochromatic DSBs in Drosophila nuclei [START_REF] Caridi | Nuclear Factin and myosins drive relocalization of heterochromatic breaks[END_REF], such actin filaments still remain to be observed in mammalian nuclei. Indeed, DNA damaging agents do induce nuclear F-actin [START_REF] Belin | DNA damage induces nuclear actin filament assembly by Formin -2 and Spire-½ that promotes efficient DNA repair[END_REF], but no clear link with damage sites were reported. More recently, actin was described to form foci colocalizing with H2AX rather than filaments following damage [START_REF] Schrank | Nuclear ARP2/3 drives DNA break clustering for homology-directed repair[END_REF]. Hence the contribution of nuclear F-actin during clustering still needs further clarification. On another hand, the microtubule (MTs) network may also contribute to DSB mobility and clustering. Perturbation of MTs using drugs impairs DNA ends mobility [START_REF] Lottersberger | 53BP1 and the LINC Complex Promote Microtubule-Dependent DSB Mobility and DNA Repair[END_REF][START_REF] Lawrimore | Microtubule dynamics drive enhanced chromatin motion and mobilize telomeres in response to DNA damage[END_REF], although this was not observed in other settings [START_REF] Waterman | Live cell monitoring of double strand breaks in S. cerevisiae[END_REF][START_REF] Amitai | Visualization of Chromatin Decompaction and Break Site Extrusion as Predicted by Statistical Polymer Modeling of Single-Locus Trajectories[END_REF]. Moreover, nuclear MTs were observed in yeast damaged nuclei and proposed to mediate directional movement [START_REF] Oshidari | Nuclear microtubule filaments mediate non-linear directional motion of chromatin and promote DNA repair[END_REF]. While DSB-induced nuclear MTs still need to be identified in other conditions and organisms, it is nevertheless clear from many studies that the LINC complex, embedded in the nuclear envelope and connecting the cytoskeleton (including cytoplasmic MTs) to nuclear lamina and chromatin, also controls DSB mobility and clustering ( [START_REF] Aymard | Genome-wide mapping of long-range contacts unveils clustering of DNA doublestrand breaks at damaged active genes[END_REF][START_REF] Lottersberger | 53BP1 and the LINC Complex Promote Microtubule-Dependent DSB Mobility and DNA Repair[END_REF], reviewed in [START_REF] Marnef | Organizing DNA repair in the nucleus: DSBs hit the road[END_REF][START_REF] Guénolé | A meeting at risk: Unrepaired DSBs go for broke[END_REF]). It was therefore proposed that the cytoskeleton may also contribute to DSB mobility and clustering by transmitting forces from the cytoplasm to chromatin through the nuclear envelope and the LINC complex ( [START_REF] Lottersberger | 53BP1 and the LINC Complex Promote Microtubule-Dependent DSB Mobility and DNA Repair[END_REF], reviewed in in [START_REF] Guénolé | A meeting at risk: Unrepaired DSBs go for broke[END_REF]) (Figure 3 middle panel).

Contribution of phase separation in compartmentalization.

It is also tempting to speculate that phase separation could contribute into DSB clustering, as reported for heterochromatin foci formation (Figure 3 right panel). Indeed, H3K9me3 covered chromatin tends to phase separate thanks to the contribution of Heterochromatin Protein 1 (HP1) [START_REF] Larson | Liquid droplet formation by HP1α suggests a role for phase separation in heterochromatin[END_REF][START_REF] Strom | Phase separation drives heterochromatin domain formation[END_REF]. In this respect it is of interest that HP1 is involved in DSB repair and recruited at DSB [START_REF] Oka | Recruitment of the cohesin loading factor NIPBL to DNA double-strand breaks depends on MDC1, RNF168 and HP1γ in human cells[END_REF][START_REF] Baldeyron | HP1alpha recruitment to DNA damage by p150CAF-1 promotes homologous recombination repair[END_REF][START_REF] Lee | HP1 promotes tumor suppressor BRCA1 functions during the DNA damage response[END_REF][START_REF] Wu | Interaction of BARD1 and HP1 is required for BRCA1 retention at sites of DNA damage[END_REF][START_REF] Alagoz | SETDB1, HP1 and SUV39 promote repositioning of 53BP1 to extend resection during homologous recombination in G2 cells[END_REF][START_REF] Luijsterburg | Heterochromatin protein 1 is recruited to various types of DNA damage[END_REF][START_REF] Ayrapetov | DNA double-strand breaks promote methylation of histone H3 on lysine 9 and transient formation of repressive chromatin[END_REF]. Moreover damage foci were found to form liquid-like compartments in a manner that is seeded by Poly-ADP-Ribose Polymerase (PARP) activity and by the formation of Poly-ADP-Ribose (PAR) chains [START_REF] Altmeyer | Liquid demixing of intrinsically disordered proteins is seeded by poly(ADP-ribose)[END_REF], as well as by the contribution of the low-complexity domains (LCDs) RNA binding proteins, such as FUS [START_REF] Singatulina | PARP-1 Activation Directs FUS to DNA Damage Sites to Form PARG-Reversible Compartments Enriched in Damaged DNA[END_REF]. Notably, a recent study reported that 53BP1 foci display droplet like behavior, and that their assembly, fusion and dissociation are phase separation dependent [START_REF] Kilic | Phase separation of 53BP1 determines liquid-like behavior of DNA repair compartments[END_REF]. Hence, the chromatin landscape established in cis to DSB (including histone modifications but also LCD-proteins, or other repair proteins recruitment at sites of damage), may contribute to compartmentalize DSBs repair sites through a phaseseparation driven mechanism.

Concluding remarks

While our knowledge of the nature and function of chromatin during DSB repair recently greatly expanded, more studies are now necessary to understand the nature and function of chromatin conformation in these processes. Importantly, modifications of chromosome looping likely display essential function in safeguarding genome integrity and driving genome evolution. For instance, chromosome architecture is strongly linked to the generation of translocation involving the Igh locus [START_REF] Zhang | Spatial organization of the mouse genome and its role in recurrent chromosomal translocations[END_REF] and DSB clustering is a key player in translocation biogenesis [START_REF] Gothe | Dynamics of Double-Strand Breaks: Implications for the Formation of Chromosome Translocations[END_REF]. In conclusion, time has now come to make use of the ever growing, sequencing-based, methodologies designed to investigate chromosome architecture at the highest achievable resolution, to tackle the function of chromatin conformation and looping in genome stability. Following DSB production and H2AX spreading, the 3D conformation of damaged TAD could also be modified, due to the binding of cohesin, CTCF or repair proteins with potential function in chromatin architecture such as 53BP1 and RIF1. The DSB-induced histones modifications (including H2AX spreading), nucleosome loss or/and generation of single strand DNA (resection) may also collectively change the dynamics of chromatin within TADs.

Altogether, these changes could translate in enhanced mobility and efficient DSB repair. 
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 1 Figure 1: Contribution of the initial chromatin conformation into H2AX establishment
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 3 Figure 3: Changes in chromosome conformation upon damage in trans such as during
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A. The initial chromosome conformation may dictate H2AX spreading following DSB induction. In this model, ATM, the main H2AX kinase is locally recruited at the DSB. Once bound, it is able to phosphorylate H2AX containing nucleosomes brought to its physical proximity, thanks to chromatin dynamics that takes place within the TAD. Sustained signaling and ATM activation eventually triggers the phosphorylation of H2AX on the entire TAD. In this model, H2AX distribution, as observed by ChIP-seq, should mimic the 3D chromatin conformation.

B. Chromosome conformation is critical during meiotic breaks formation by Spo11. During prophase, meiotic chromosomes are strongly reorganized with the formation of DNA loops anchored to a proteinaceous axis. Spo11 generates DSBs within DNA loops, which can further pair with the homologous chromosome in order to produce crossover and to complete meiosis.

The 3D chromatin structure and the chromosomal axis are required for both DSB production by Spo11 and to ensure the "homologous bias" (i.e. the choice of the homologous chromosome rather than the sister chromatid, as a template for HR) C. Chromosome conformation is also critical for the rearrangements that occur on immunoglobulin loci, in order to generate immunoglobulin isotypes (class switch recombination (CSR)) and the antibody repertoire (VDJ recombination). For example, during CSR (shown here), the long-range physical interactions between switch (S) sequences on the heavy chain locus (Igh) allows two DSBs to be rejoined.