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Introduction

Genome integrity is continuously challenged by different damaging sources that affect DNA stability by leading to various types of DNA lesions. Unfaithful DNA repair leads to genomic rearrangements such as chromosomal translocations, aneuploidy, and indels that can be the origin of many diseases including developmental disorders, premature aging and cancer [START_REF] Jackson | The DNA-damage response in human biology and disease[END_REF]. Several pathways have evolved to detect DNA damage and limit its oncogenic potential by mediating their repair through the concerted action of specific proteins. Double Strand Breaks (DSBs) are repaired by Non-Homologous End Joining (NHEJ) which religates DNA free ends and Homologous Recombination (HR) that relies on extensive resection of the break, corresponding to a nucleolytic degradation of the 5′-terminated strand by exonucleases, to generate single strand DNA that must be remodelled to load RAD51 in order to invade the sister chromatid and use it as a template to repair in an error-free manner [START_REF] Scully | DNA double-strand break repair-pathway choice in somatic mammalian cells[END_REF]. Other alternative mechanisms exist, which soften the distinction between these two major pathways: single-strand annealing (SSA) that requires resection but then uses a direct homologous sequence in cis for repair, and alternative NHEJ (Alt-NHEJ/ Microhomology-Mediated End Joining MMEJ) that requires short-range resection to mediate end-joining by microhomology. These pathways are highly mutagenic and are believed to be activated when the primary pathways are perturbed [START_REF] Ceccaldi | Repair pathway choices and consequences at the double-strand break[END_REF]. More recently, it has been proposed that RNA-templated repair also occurs in yeast and possibly in higher eukaryotes [START_REF] Meers | DNA repair by rna: Templated, or not templated, that is the question[END_REF]. The balance between these different pathways is tightly controlled, but the mechanism by which the balance is regulated in the nucleus is not well understood. The development of unique experimental systems to induce DSBs at specific genomic positions based on the use of restriction enzymes (as AsiSI), endonucleases (as I-SceI), Zinc Fingers, TALE Nucleases, and the CRISPR/Cas9 [START_REF] Mladenova | Novel biological approaches for testing the contributions of single dsbs and dsb clusters to the biological effects of high let radiation[END_REF] system as well as new sequencing-based techniques to detect and map DSBs, such as BLESS, BLISS, DSB-Capture and END-seq [START_REF] Biernacka | I-bless is an ultra-sensitive method for detection of DNA doublestrand breaks[END_REF][START_REF] Canela | DNA breaks and end resection measured genome-wide by end sequencing[END_REF][START_REF] Lensing | Dsbcapture: In situ capture and sequencing of DNA breaks[END_REF], have allowed a better understanding of the DSB landscape across the genome and their preferred mode of repair. Facilitated by these new technologies, many recent studies have identified key factors regulating the DNA repair pathway choice. These studies have largely revealed that transcription status, chromatin organization, 3D nuclear position and 3D genome folding [START_REF] Clouaire | A snapshot on the cis chromatin response to DNA double-strand breaks[END_REF][START_REF] Kalousi | Nuclear compartmentalization of DNA repair[END_REF]are major players in DNA lesion signalling and regulation of repair pathway choice.

Interplay between transcription and DNA repair

Endogenous DSBs preferentially occur in the transcriptionally active regions of the genome, most probably as a consequence of abortive topoisomerase activity or replication fork stalling and collapse, after colliding with R loops (three-stranded structures composed of DNA-RNA hybrid) and secondary DNA structures such as G quadruplexes [START_REF] Tubbs | Endogenous DNA damage as a source of genomic instability in cancer[END_REF]. DSBs at active genes lead to transient transcriptional repression that depends on ataxia telangiectasia mutated (ATM) signalling in response to clustered DSBs, or DNA-dependent protein kinase catalytic subunit (DNAPK) signalling in the case of unique non-clustered DSBs and promotes DNA repair by HR or NHEJ, depending on the cell cycle and chromatin remodelers recruited at the DSB site [START_REF] Abu-Zhayia | Cdyl1 fosters doublestrand break-induced transcription silencing and promotes homology-directed repair[END_REF][START_REF] Awwad | Nelf-e is recruited to DNA doublestrand break sites to promote transcriptional repression and repair[END_REF][START_REF] Caron | Wwp2 ubiquitylates rna polymerase ii for DNA-pk-dependent transcription arrest and repair at DNA breaks[END_REF][START_REF] D'alessandro | Transcription and DNA damage: Holding hands or crossing swords?[END_REF][START_REF] Jang | Atm modulates transcription in response to histone deacetylase inhibition as part of its DNA damage response[END_REF][START_REF] Kakarougkas | Requirement for pbaf in transcriptional repression and repair at DNA breaks in actively transcribed regions of chromatin[END_REF][START_REF] Pankotai | Dnapkcs-dependent arrest of rna polymerase ii transcription in the presence of DNA breaks[END_REF][START_REF] Shanbhag | Atm-dependent chromatin changes silence transcription in cis to DNA double-strand breaks[END_REF][START_REF] Ui | Transcriptional elongation factor enl phosphorylated by atm recruits polycomb and switches off transcription for dsb repair[END_REF][START_REF] Marnef | Transcription-coupled DNA double-strand break repair: Active genes need special care[END_REF]. Interestingly, transcriptional repression has also been proposed to be essential in suppression of chromosomal translocations [START_REF] Meisenberg | Repression of transcription at DNA breaks requires cohesin throughout interphase and prevents genome instability[END_REF] **.

Although the stability of the active genomic regions is in constant jeopardy, DSBs at transcriptionally active loci are mainly repaired by the error free HR in S/G2 phases of the cell cycle [START_REF] Aymard | Transcriptionally active chromatin recruits homologous recombination at DNA double-strand breaks[END_REF] (Figure 1). The mechanism underlying this preference involves the affinity of HR promoting factors like BRCA1 and CtIP interacting protein LEDGF to active chromatin marks (H3K14ac and H3K36me3 respectively). More recently, it was shown that R loops-resolving proteins such as senataxin, that unwinds R-loops, and RNAseH2, that degrades the RNA engaged in R-loops, stimulate Homologous recombination by either promoting the recruitment of RAD51(for senataxin) [START_REF] Cohen | Senataxin resolves rna:DNA hybrids forming at DNA double-strand breaks to prevent translocations[END_REF] or by directly interacting with BRCA2 (for RNAseH2) [START_REF] D'alessandro | Brca2 controls DNA:Rna hybrid level at dsbs by mediating rnase h2 recruitment[END_REF], revealing another way by which the error free HR is promoted by transcription. But what happens to transcriptionally active regions in G1 phase of the cell cycle when HR is suppressed? One proposed mechanism was that DSBs in these genes persist and relocate in clusters possibly waiting to be repaired in post replicative stages of the cell cycle [START_REF] Aymard | Genome-wide mapping of long-range contacts unveils clustering of DNA double-strand breaks at damaged active genes[END_REF] (Figure 1). Nevertheless, the repair process and kinetic of DSBs at active genes in G1 is still not well characterized. An arising concept is that RNA-templated repair, which does not necessitate homologous DNA template, may be used in G1 [START_REF] Meers | DNA repair by rna: Templated, or not templated, that is the question[END_REF]. Indeed, synthetic RNA oligonucleotides can act as templates for DSB repair in yeast and human cells [START_REF] Keskin | Transcript-rnatemplated DNA recombination and repair[END_REF]. Moreover, it was recently shown that DSBs can act as promoters leading to the transcription of non-coding RNAs [START_REF] Pessina | Functional transcription promoters at DNA double-strand breaks mediate rnadriven phase separation of damage-response factors[END_REF] **. It is therefore interesting to speculate that even transcriptionally inactive genomic locations may transiently become active to access the benefit of HR. Extensive further work is needed to understand the role of RNA in DNA repair.

DNA repair in Heterochromatin

Heterochromatin contains highly compacted regions, is considered transcriptionally inactive and enriched at the nuclear periphery, around the nucleolus and at centromeres. Heterochromatin is divided into facultative heterochromatin, which is more plastic and can be subjected to transitions between open and compact state according to cell state; and constitutive heterochromatin, which is always compact and enriched in repetitive, gene-poor and late replicating DNA sequences such as telomeres and centromeres.

These different chromatin structures are decorated by specific histone marks and bound by specific factors, which play a role in the choice of DSB repair. Constitutive heterochromatin is mainly composed of pericentromeric and centromeric repetitive sequences [START_REF] Janssen | Heterochromatin: Guardian of the genome[END_REF]. Because of the extreme compaction of the heterochromatin, it was hypothesized that repairing DSBs in this structure represents a challenge for access of repair factors. Therefore, heterochromatin may need to decondense to allow recruitment of the repair machinery. Although this was shown to be the case the mechanism by which it is achieved is not very clear. Some studies propose that Heterochromatin protein 1 (HP1) and other heterochromatin factors are released from heterochromatin in the presence of DNA damage [START_REF] Bolderson | Kruppel-associated box (krab)-associated co-repressor (kap-1) ser-473 phosphorylation regulates heterochromatin protein 1beta (hp1-beta) mobilization and DNA repair in heterochromatin[END_REF][START_REF] Kalousi | The nuclear oncogene set controls DNA repair by kap1 and hp1 retention to chromatin[END_REF][START_REF] Noon | 53bp1-dependent robust localized kap-1 phosphorylation is essential for heterochromatic DNA double-strand break repair[END_REF]. Other studies suggest that the chromatin expansion following DSBs can occur without the eviction of heterochromatin proteins or repressive marks [START_REF] Tsouroula | Temporal and spatial uncoupling of DNA double strand break repair pathways within mammalian heterochromatin[END_REF]. In agreement with the latter observation, several studies showed a local increase of H3K9me3 in chromatin surrounding a single DSB [START_REF] Ayrapetov | DNA double-strand breaks promote methylation of histone h3 on lysine 9 and transient formation of repressive chromatin[END_REF] , and recruitment of HP1s and the Kruppel-associated box (KRAB)-associated protein-1 (KAP1) at lesions involved for example in the stimulation of DNA end resection [START_REF] Soria | Differential contribution of hp1 proteins to DNA end resection and homology-directed repair[END_REF].

The spatial arrangement of DNA lesions in heterochromatin and their pathway of repair has also been extensively investigated. In Drosophila, pericentromeric DSBs induced by irradiation were observed to initially relocate to the periphery of the heterochromatin domains [START_REF] Chiolo | Double-strand breaks in heterochromatin move outside of a dynamic hp1a domain to complete recombinational repair[END_REF] and later to the nuclear envelope [START_REF] Ryu | Heterochromatic breaks move to the nuclear periphery to continue recombinational repair[END_REF] in a manner that depends on Suv39H1-mediated H3K9me3, on Slx5/Slx8 SUMO-Targeted Ubiquitin Ligation (STUbLs) [START_REF] Horigome | Polysumoylation by siz2 and mms21 triggers relocation of DNA breaks to nuclear pores through the slx5/slx8 stubl[END_REF] and on the actin and myosin network [START_REF] Caridi | Nuclear f-actin and myosins drive relocalization of heterochromatic breaks[END_REF]** (Figure 1). Since RAD51, the primary factor involved in homologous strand invasion, was shown to be recruited only after DSB relocation at the periphery of the domain and was mutually exclusive with HP1α [START_REF] Chiolo | Double-strand breaks in heterochromatin move outside of a dynamic hp1a domain to complete recombinational repair[END_REF][START_REF] Janssen | A single double-strand break system reveals repair dynamics and mechanisms in heterochromatin and euchromatin[END_REF], the hypothesis was that relocation is necessary to avoid recombination between repetitive sequences. More recently, our lab has demonstrated in mammalian cells that DSBs are positionally stable in G1 and recruit NHEJ factors, while in S/G2 phase, the use of HR involves the repositioning of the DSB at the periphery of the heterochromatin domain in a manner independent of chromatin relaxation [START_REF] Tsouroula | Temporal and spatial uncoupling of DNA double strand break repair pathways within mammalian heterochromatin[END_REF] (Figure 1), in contrast to what was observed in Drosophila [START_REF] Chiolo | Double-strand breaks in heterochromatin move outside of a dynamic hp1a domain to complete recombinational repair[END_REF][START_REF] Ryu | Heterochromatic breaks move to the nuclear periphery to continue recombinational repair[END_REF], but dependent on DSB end resection and active exclusion of RAD51 from the heterochromatin core [START_REF] Tsouroula | Temporal and spatial uncoupling of DNA double strand break repair pathways within mammalian heterochromatin[END_REF]. Interestingly, we showed that in centromeric heterochromatin, DSBs recruit both NHEJ and HR proteins throughout the cell cycle [START_REF] Tsouroula | Temporal and spatial uncoupling of DNA double strand break repair pathways within mammalian heterochromatin[END_REF], suggesting that although both structures are condensed, their unique chromatin modifications and histone variant composition might influence the outcome of DNA repair. Indeed, centromeres present H3K36me2 and H3K4me2 marks associated with active chromatin, that might render these regions permissive to resection in G1. It is reasonable to consider that following an extensive broken end resection, the single strand may anneal directly to an adjacent repeat thus generating a contraction (loss of repeat units) or, if the annealing disengage, a synthesis-dependent strand annealing can generate an expansion (gain of repeat units), both leading to deleterious outcomes. But because centromeres from different chromosomes do not cluster, homologous recombination or any of the above resectiondependent mechanisms has minimal risk of leading to chromosomal translocations.

rDNA DSB repair

The nucleolus is a sub-nuclear compartment, well characterized mainly for its function on ribosome biogenesis. Nucleoli serve as the sites of ribosomal DNA (rDNA) transcription, and their structure in human cells involves clusters of tandem repeats (300 repeats in a haploid genome) that are located on the short parms of the five human acrocentric chromosomes [START_REF] Awwad | Nelf-e is recruited to DNA doublestrand break sites to promote transcriptional repression and repair[END_REF][START_REF] Caron | Wwp2 ubiquitylates rna polymerase ii for DNA-pk-dependent transcription arrest and repair at DNA breaks[END_REF][START_REF] D'alessandro | Transcription and DNA damage: Holding hands or crossing swords?[END_REF][START_REF] Marnef | Transcription-coupled DNA double-strand break repair: Active genes need special care[END_REF][START_REF] Meisenberg | Repression of transcription at DNA breaks requires cohesin throughout interphase and prevents genome instability[END_REF]. The unique chromatin structure in combination with the high transcriptional activity of the nucleoli has made it a favourite model for the study of the response to DSBs induced on the rDNA repeats [START_REF] Floutsakou | The shared genomic architecture of human nucleolar organizer regions[END_REF][START_REF] Lindstrom | Nucleolus as an emerging hub in maintenance of genome stability and cancer pathogenesis[END_REF][START_REF] Mcstay | Nucleolar organizer regions: Genomic 'dark matter' requiring illumination[END_REF]. Initial studies, have showed that damage by IR was able to inhibit Pol-I transcription in an ATM dependent manner, which further led to nucleolar reorganization [START_REF] Kruhlak | The atm repair pathway inhibits rna polymerase i transcription in response to chromosome breaks[END_REF] in an NBS1/treakle -dependent manner [START_REF] Larsen | The nbs1-treacle complex controls ribosomal rna transcription in response to DNA damage[END_REF]. After transcription inhibition, the rDNA arrays segregate to the periphery of the nucleolus, forming the so called nucleolar caps, which are structures that contain nucleoplasmic proteins and in the field represent the rDNA DSB relocation. Recent studies have used the I-PpoI meganuclease, or CRISPR/Cas9 system to induce specific DSBs at the rDNA repeats, and both of them resulted in the reorganization of the nucleolus and nucleolar cap formation [START_REF] Larsen | The nbs1-treacle complex controls ribosomal rna transcription in response to DNA damage[END_REF][START_REF] Harding | Atm dependent silencing links nucleolar chromatin reorganization to DNA damage recognition[END_REF][START_REF] Pefani | Mst2 kinase suppresses rdna transcription in response to DNA damage by phosphorylating nucleolar histone h2b[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] Warmerdam | Breaks in the 45s rdna lead to recombinationmediated loss of repeats[END_REF].

Surprisingly, after the nucleolar caps formation NHEJ and HR can be activated both in G1 or S/G2 phases of the cell cycle [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] (Figure 1). A possible explanation is that undamaged rDNA repeats can be used as a template in cis, for the G1 cells, when the sister chromatid is not present in a similar to centromeres manner described above. Another interesting feature of nucleolar DDR is its failure to activate a strong checkpoint response and to inhibit cell cycle progression [START_REF] Korsholm | Using the CRISPR-Cas9 technology to induce DSBs at the rDNA repeats that are located in the nucleolus, the authors report a chromatin response that is dependent on the phosphorylation of TCOF1 by the ATM kinase and that MRN complex recruitment is dependent on NBS1[END_REF]**. Moreover, most DDR factors except NBS1 are mainly detected at the nucleolar caps after relocation [START_REF] Korsholm | Using the CRISPR-Cas9 technology to induce DSBs at the rDNA repeats that are located in the nucleolus, the authors report a chromatin response that is dependent on the phosphorylation of TCOF1 by the ATM kinase and that MRN complex recruitment is dependent on NBS1[END_REF]**. Although it was mainly assumed that the DSB relocation at the nucleolus is concomitant with the transcriptional inhibition, a recent study reported that relocation and transcriptional inhibition can be uncoupled and that cohesin and human silencing hub (HUSH) complex control transcriptional repression in response to DNA damage [51]**. In this process cohesin acts at an early step of the DSB response and HUSH, that is known to repress epigenetically retroviruses and LINES, is mediating H3K9me3 to ensure the complete transcriptional shutdown. Finally, there is evidence that as in DSBs [START_REF] Korsholm | Using the CRISPR-Cas9 technology to induce DSBs at the rDNA repeats that are located in the nucleolus, the authors report a chromatin response that is dependent on the phosphorylation of TCOF1 by the ATM kinase and that MRN complex recruitment is dependent on NBS1[END_REF]** induced in Drosophila heterochromatin, the actin network, has a role in ensuring the interaction of the rDNA DSBs with the nuclear periphery, and specially with the nuclear envelope (NE)(Figure 1). This interaction is mediated by NE invaginations, in a LINC (Linker of Nucleoskeleton and Cytoskeleton) complex dependent manner [39,51]**. More specifically, this event happens downstream of transcriptional repression, and is promoted by the SUN1 subunit of the LINC complex together with ARP3 and UNC-45, which are actin and myosin regulators [51]**. One has to point out that the NE invaginations are not DNA damage induced but rather constitutive and therefore the nuclear envelope might play a general role that is not only necessary in the presence of DNA damage.

Actin-myosin cytoskeleton involvement at the mobility of DSBs

A common feature of DSBs induced on repetitive regions, is their mobility to either the periphery of their domain or to the nuclear periphery. In all cases it was suggested that the DSBs need to relocate to undergo HR. The concept that the nuclear environment and position can dictate the DNA repair pathway choice and DSBs migrate between nuclear compartments to utilize specific DNA repair pathways raises the question of whether this is achieved by an active or passive mechanism. DSB movement was reported to play roles in homology search, DSB isolation in order to prevent deleterious repair outcomes [START_REF] Tsouroula | Temporal and spatial uncoupling of DNA double strand break repair pathways within mammalian heterochromatin[END_REF][START_REF] Ryu | Heterochromatic breaks move to the nuclear periphery to continue recombinational repair[END_REF], DSB clustering in repair centers to reinforce the recruitment of repair factors or clustering due to liquid droplet properties of repair foci [52]**. Another hypothesis is that targeting a DSB to the nuclear envelope could transmit signals to the cytoplasm in order to coordinate cellular responses such as apoptosis [START_REF] Gerlitz | The role of chromatin structure in cell migration[END_REF]. In yeast, it is well accepted that persistent DSBs move to cluster together in a single RAD52 repair focus [START_REF] Lisby | Colocalization of multiple DNA double-strand breaks at a single rad52 repair centre[END_REF]and can relocalize to the nuclear envelope [START_REF] Horigome | Polysumoylation by siz2 and mms21 triggers relocation of DNA breaks to nuclear pores through the slx5/slx8 stubl[END_REF][START_REF] Horigome | Swr1 and ino80 chromatin remodelers contribute to DNA double-strand break perinuclear anchorage site choice[END_REF][START_REF] Khadaroo | The DNA damage response at eroded telomeres and tethering to the nuclear pore complex[END_REF][START_REF] Nagai | Functional targeting of DNA damage to a nuclear pore-associated sumo-dependent ubiquitin ligase[END_REF][START_REF] Oza | Mechanisms that regulate localization of a DNA double-strand break to the nuclear periphery[END_REF][START_REF] Su | Regulation of recombination at yeast nuclear pores controls repair and triplet repeat stability[END_REF][START_REF] Swartz | A role for nuclear envelope-bridging complexes in homology-directed repair[END_REF]. Although in most of the studies DSB movement was attributed to passive diffusion, it was recently reported that they exert a non-linear directional movement [START_REF] Oshidari | Nuclear microtubule filaments mediate non-linear directional motion of chromatin and promote DNA repair[END_REF] and that microtubules' polymerization drives this process.

In higher eukaryotes, contradictory results have been published about DSB mobility for many years, most probably due to the variability of the position that the DSB was induced and the nature of DSB induction.

In several studies, resection has been shown to be a determinant prerequisite for DSB mobility in yeast [START_REF] Mine-Hattab | Increased chromosome mobility facilitates homology search during recombination[END_REF],

Drosophila [START_REF] Chiolo | Double-strand breaks in heterochromatin move outside of a dynamic hp1a domain to complete recombinational repair[END_REF] and in mammalian cells [START_REF] Tsouroula | Temporal and spatial uncoupling of DNA double strand break repair pathways within mammalian heterochromatin[END_REF], leading to the assumption that resected DNA ends are able to passively diffuse within the nuclear space. On the other hand, recent studies have highlighted the contribution of actin related proteins and nuclear actin polymerization in DNA end resection, relocation and clustering of DSBs or stalled replication forks [START_REF] Lamm | Atr and mtor regulate f-actin to alter nuclear architecture and repair replication stress[END_REF] through directed movement [39,51,64]**. More specifically in Drosophila, Arp2/3 or myosins are recruited to lesions in heterochromatin in an Smc5/6 complex-dependent manner and they subsequently move along the actin filaments to reach the nuclear pores In human cells, it has been shown that depending on the cell cycle phase, another factor other than Arp2/3, Formin 2, can promote actin filament assembly at DSB sites [START_REF] Aymard | Genome-wide mapping of long-range contacts unveils clustering of DNA double-strand breaks at damaged active genes[END_REF][START_REF] Belin | DNA damage induces nuclear actin filament assembly by formin -2 and spire-(1/2) that promotes efficient DNA repair[END_REF].

All together, these recent discoveries suggest that nuclear actin filaments can have distinct structures with specialized functions in response to DNA DSBs, depending on organism, cell cycle phase and chromatin organisation.

3D genome folding and looping

A key feature of the mammalian cell nucleus is the non-random arrangement of the chromosomes in nuclear space. Chromosomes are confined in discrete territories and within them further levels of spatial organization are imposed to chromatin. Recent studies have coupled 3C to high through put sequencing to assess genome folding in a genome wide scale and one of the most striking discoveries was the organization in distinct folded modules names topologically associated domains (TADs) whereby genomic interactions are strong within the domain and are sharply depleted across the boundary between two domains [START_REF] Szabo | Principles of genome folding into topologically associating domains[END_REF].

Is this spatial arrangement of the genome in 3D setting up the stage for DNA damage signalling and repair? Does it affect the DSB microenvironment? Recent studies have used super-resolution microscopy to resolve g-H2AX and 53BP1 foci upon Ionizing Radiation (IR) and have revealed that the foci are not homogenous structures they are rather divided in sub-structures that follow the TAD organization. More specifically, Natale F. et al. showed the existence of γΗ2ΑΧ chromatin nanodomains that are observed with a median length of around 75kb of the genome, and those γΗ2ΑΧ nano-foci formation seemed to depend on CTCF, a factor highly bound at TAD boarders [START_REF] Natale | Identification of the elementary structural units of the DNA damage response[END_REF]. Similarly, Ochs, et al. reported recently the existence of 53BP1 microdomains (53BP1-MDs). These 53BP1-MDs correspond to assemblies of 60-180nm nanodomains of damaged chromatin that is labelled by a ring of 53BP1. In this process 53BP1 is binding to compact chromatin sites, which colocalise with TADs, and this event is followed by RIF1 recruitment at the boundaries, to finally stabilize the 3D topology of the broken sites. In contrast, competitive resection promoting factors, such as BRCA1, are also recruited, but not co-localizing with 53BP1 and RIF1 as they are mutually exclusive. Finally, the stabilized TAD-sized structures are arranged in an ordered, circular way. A question arising from these data is why the existence of a structure like this is needed? One possible function for the 53BP1-MD may be to insulate the damaged from undamaged chromatin from adjacent lesions. This insulation would either reduce the risk of chromosomal translocations, or create a protective cave-like environment for the resected DNA by promoting local concentration of anti-resection proteins such as Shieldin components[69]**. Shieldin is recruited at the non-chromatinized ss-DNA overhangs at the moment where decision for the pathway choice is made. It is possible that the binding of Shieldin to the 3' overhangs serves to protect the 5' overhang from nucleases, or competes with RPA for ssDNA binding, or leads to restructuring of the DNA that blocks the access of helicases, as a step after resection initiation.

Alternatively, Shieldin counteracts resection through its interaction with CST/Pola/Primase leading to fill in synthesis at the DNA break.

Increasing evidence is arising on the regulation of γΗ2ΑΧ spreading by the initial chromatin conformation.

Chip-seq data by Legube and colleagues had already shown that γH2AX does not spread around a single DSB in a linear fashion but is characterized by mountains and valleys with the latter coinciding with CTCF binding possibly at TAD borders. Moreover, prior studies implicate involvement of cohesin and CTCF in the regulation of γΗ2ΑΧ spreading, suggesting that the pre-existing chromatin architecture surrounding a DSB promotes this process at nucleosomes that are brought into spatial proximity (Reviewed in [START_REF] Aymard | A tad closer to atm[END_REF][START_REF] Marnef | Organizing DNA repair in the nucleus: Dsbs hit the road[END_REF]).

Data from yeast models further support this hypothesis, as it was revealed that after a DSB is induced close to a centromeric cluster, γΗ2ΑΧ spreading occurs in trans, on different chromosomes [START_REF] Lee | Dynamics of yeast histone h2a and h2b phosphorylation in response to a double-strand break[END_REF]. The importance of the initial chromatin conformation on DSB repair, could also be relevant in other physiological processes of the cell, like the Class Switch Recombination (CSR) for the generation of antibody isotypes and the V(D)J recombination of the Immunoglobulin loci for antibody diversification, which both require programmed DSBs. Immunoglobulins' (Igs) and T cell receptors' (TCR) repertoire is produced by B and T cells respectively. In order to achieve different combinations of amino-acid sequences on their antigen binding regions, DSBs are induced next to the V(variable) D(diversity) J(joining) segments that are located at the Igs and TCR N-terminal regions. The segments that occur are fused using the NHEJ pathway, to be further processed by CSR. In both cases, a DSB is generated and 3D folding has a role in the long-range interactions and the recombination event that follows. Recently, Vian et al. showed a reduction in CSR after depletion of CTCF-binding sites at the igh SA locus of B-cells [START_REF] Vian | The energetics and physiological impact of cohesin extrusion[END_REF]. Concerning V(D)J recombination, a study by Mora et al. noted an enhancer-dependent framework in the igκ locus. In detail, this enhancer can regulate long-range chromatin interactions that connect sub TADS, which are finally shown to be important for the antibody repertoire production [START_REF] Barajas-Mora | A b-cellspecific enhancer orchestrates nuclear architecture to generate a diverse antigen receptor repertoire[END_REF].

All these studies provide strong evidence that chromatin architecture and TADs affect DSB repair, opening up a new era in the field, that needs to further be explored by 3C-based studies and super-resolution microscopy.

Conclusion and perspectives

It has become clear that the nuclear environment is an important determinant of DNA repair. Nevertheless, how this nuclear compartmentalization influences DNA repair pathway choice has to be further investigated. A concept that is arising is that the self-organizing properties of the nucleus might have a role.

There is increasing evidence that membraneless nuclear organelles like the nucleolus, chromocenters, Cajal and PML bodies have liquid-like properties, and they are suggested to be formed via liquid-liquid phase separation (LLPS) (reviewed in [START_REF] Alberti | Phase separation in biology[END_REF]), [START_REF] Larson | Liquid droplet formation by hp1alpha suggests a role for phase separation in heterochromatin[END_REF][START_REF] Strom | Phase separation drives heterochromatin domain formation[END_REF]. Interestingly, heterochromatic domains, enriched in H3K9me3 mark, like the chromocenters, are proposed to phase separate, through HP1 oligomerization [START_REF] Larson | Liquid droplet formation by hp1alpha suggests a role for phase separation in heterochromatin[END_REF][START_REF] Strom | Phase separation drives heterochromatin domain formation[END_REF]. Considering the suggested roles of HP1 in DSB repair, phase separation of heterochromatin could be a mechanism that would control the accessibility of those domains to DNA repair factors, either by retaining or excluding them from the domain. Moreover, as it was recently shown that histone modifications contribute to phase separation to regulate chromatin compartmentalization [START_REF] Wang | Histone modifications regulate chromatin compartmentalization by contributing to a phase separation mechanism[END_REF], these modifications could also facilitate the response to the DNA damage. Last but not least, there is growing evidence that DNA repair foci are phase separated after PAR-seeded liquid demixing [79]. More specifically, poly-ADP-ribose polymerase (PARP) is forming poly-ADP-ribose (PAR) chains which together with FUS and other disordered RNA-binding proteins give the LLPS properties to these foci [79]. This event could be further supported by the fact that PAR marks increase at sites of DNA damage. Two recent studies indicate that 53BP1 foci phase separate and behave like liquid droplets, by fusion and fission events in a highly dynamic way [52]**, which involves RNA molecules [28]**. It is possible that other DSB repair proteins are behaving in the same way and this could also explain their original exclusion from other LLPS compartments, like Rad51 from the heterochromatin domains. Obtaining more knowledge on this new topic will provide novel insights into fundamental questions on DSB repair. How important are the pre-existing biophysical properties of the nuclear compartments and the ones that are occurring after the DSB induction? An exciting question, which is gaining more and more attention and gives rise to a new era in the DNA repair field. note the importance of MRE11 and NBS1 for the formation of the nucleolar caps and they finally show that rDNA DSBs fail to activate checkpoint kinases and cell cycle progression. ** The authors are inducing DSBs at the rDNa repeats, and they make a link between the transcriptional repression and the nucleolar segregation that follow. The transcriptional repression occurs in a cohesin and HUSH dependent manner, and the event that follows is extended resection within the nucleolus and finally formation of the nucleolar caps. Last but not least they report that the DSB mobilization involves the LINC complex and the actin pathway, as well as invaginations of the nuclear envelop. ** In this paper the authors are using super resolution microscopy to show how 53BP1 and RIF1 stabilize the 3D chromatin topology at the sites of DNA damage. More specifically, they report the formation of 53BP1 microdomains. During this process 53BP1 is binding at chromatin sites which colocalise with TADs, and RIF1 is recruited at the TAD boundaries to stabilize the topology of the broken sites. Finally those stabilized structures are arranged in a circular way, creating a cave like environment.
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Altmeyer M, Neelsen KJ, Teloni F, Pozdnyakova I, Pellegrino S, Grofte M, Rask MD, Streicher W, Jungmichel S, Nielsen ML, Lukas J: Liquid demixing of intrinsically disordered proteins is seeded by poly(adp-ribose). Nat Commun (2015) 6(8088. Euchromatic DSBs occurring in G1 cluster to wait for post replicative phases for repair. DSBs in mouse heterochromatin in G1 are positionally stable. Euchromatic DSBs in S/G2 are mainly repaired by HR and cluster in an actin dependent manner. DSBs in heterochromatin in S/G2 relocate at the periphery of the HC domain or of the nucleus. In Drosophila this process is actin and myosin dependent. DSBs at the nucleolar repeats result in the nuclear cap formation and are mainly repaired by HR. Cytoplasmic actin network ensures the invagination of the nuclear envelop to further interact with the nucleolar caps. Chromosome architecture can regulate γΗ2ΑΧ spreading and DDR factors recruitment. In a presense of a DSB, γΗ2ΑΧ is spreading inside a TAD till it reaches its boundaries. 53BP1 is organised in several nanodomains, that correspond to TADs, it spreads into the surrounding chromatin and encircles the DNA lesion. RIF1 is then recruited at the border of the nanodomains and together with 53BP1 are vital for the built structure and for the protection of resected DNA ends inside this structure. Each 53BP1 focus is at the same time a liquid droplet due to the highly disordered properties of 53BP1 and the RNA binding proteins like FUS whose recruitment is regulated by Parylation.

[ 39 ]

 39 **, while in euchromatin, short nuclear actin filaments assemble at DSB sites but in order to promote the clustering of DSB foci, without requiring myosin [39,64]**. Formation of transient nuclear actin filaments was shown in the context of various cellular response including DSB damage signalling [51]**[65].
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Figure 1 DNA

 1 Figure 1 DNA repair pathway choice and spatial distribution of DSBs in Euchromatin, Heterochromatin and nucleolous in G1 and G2 phases of the cell cycle.

Figure 2 DSB

 2 Figure 2 DSB microenvironment in the context of 3D genome folding.