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Chromatin compartmentalization regulates the response to DNA damage

Every day, a cell maintains the stability of its genome by repairing spontaneous DNA damage, of which DNA Double-Strand Breaks (DSBs) are among the most toxic lesions. Due to secondary structures and topological constraints resulting from transcription, endogenous DSBs preferentially occur in active genes. It is therefore crucial that these lesions are properly addressed to the transcription-coupled DSB repair (TC-DSBR) pathway in order to maintain precise spatiotemporal gene expression and avoid cell death or the occurrence of mutations or chromosomal rearrangements, such as translocations. Thus, DSBs play a major role in many diseases, including cancer development and neurodegenerative diseases. Several steps have been identified in the TC-DSBR pathway such as transcriptional repression of the damaged gene, RNA:DNA hybrid resolution around DSB site and Homologous Recombination (HR)mediated repair. However, only a few proteins involved in this pathway have been identified, and moreover, these DSBs in active genes (TC-DSBs) have also a strong ability to move within the nucleus via an unclear mechanism.

The aim of my PhD thesis was to better characterize the TC-DSBR pathway by searching for new players and studying their role. For this purpose, we performed a multiple output screen on 130 candidate proteins and identified the PER complex, a core component of the circadian rhythm that is only expressed during the day. This rhythm, also known as the biological clock, regulates many biological processes (e.g. sleep/wake, hormone production, ...) with a 24-hour period (circa diem). To determine the role of the PER complex and the circadian Rhythm in the TC-DSBR pathway, I used RNA interference to deplete proteins of interest in the human DIvA cell line, which allows the induction of multiple annotated DSBs on the genome, mainly generated in transcriptionally active genes.

Our work show that the PER complex is recruited to DSBs occurring in transcribed loci to promote proper repair by HR. Indeed, PER proteins are required for DSB end resection, RAD51 loading, translocation inhibition and cell survival. We further demonstrated that TC-DSBs are targeted to the nuclear envelope where the SUN1 protein is their anchoring point. We found that PER proteins contribute to this targeting of TC-DSBs to the envelope, which avoids their clustering and thus prevents chromosomal translocations. In agreement with these results, we show through circadian rhythm synchronization experiments in DIvA cells, that TC-DSB anchoring to the nuclear envelope and the assembly of RAD51 for HR repair follow the circadian oscillations of PER proteins. Finally, we showed that Etoposide treatment, a chemotherapy drug that induces DSBs in active genes, increases the DSB biomarker γH2AX when PER proteins are less expressed, suggesting less efficient repair during the night. Thus, the response to TC-DBSs induced by Etoposide exhibits the same circadian oscillation as that observed in the DIvA system.

In conclusion, our study provides a direct link between the circadian rhythm and the repair of DSBs occurring in active genes, opening new chronopharmacological strategies for chemotherapies based on Etoposide-like topoisomerase poisons that mostly induce such DNA Damage. d) Other steps in gene expression regulation E. Spatio-temporal organization of the genome a) Topologically associating domains (TADs) b) A/B chromatin compartments 3. Circadian Rhythm and DNA repair A. Circadian rhythm and nucleotide excision repair (NER) B. Cell-cycle cross-talk with the circadian clock a) Cell cycle regulation by the circadian rhythm b) Circadian rhythm regulation by the cell cycle C. Circadian rhythm and DSB response a) Regulation of DSB signaling by the circadian rhythm b) Regulation of DSB repair by the circadian rhythm c) Circadian rhythm disruption and consequences on DSB response d) Role of the sleep in DSB repair e) Circadian rhythm regulation by DSB repair 4. Implication of circadian rhythm in pathology A. Circadian rhythm sleep disorders B. Cancer a) Genomic features b) Circadian rhythm disruption c) Chronotherapy C. Neurodegenerative diseases III. NUCLEAR ENVELOPE 1. Nuclear Envelope architecture A. Double membrane B. Nuclear pore complexes (NPCs) C. Nuclear lamina a) Lamins b) Lamina-associated domains (LADs) c) Lamin-associated proteins D. LINC complex a) SUNs b) Nesprins c) Roles of LINC complexes 2. Nuclear envelope and DSB repair A. Role of Lamins in DSB repair a) Lamin A/C b) Lamin B1 B. Role of nuclear pore complexes (NPCs) in DSB repair C. Role of the LINC complex in DSB repair 3. Nuclear envelope and Circadian Rhythm A. Rhythmic expression of Nuclear Envelop proteins B. Role of NE components in Circadian Rhythm 4. Implication in pathology A. Genetic disorders a) Laminopathies b) Other NE proteins involved in hereditary diseases B. Cancer C. Neurological disorders IV.

Chaque jour, la cellule maintient la stabilité de son génome en réparant les dommages spontanés qui surviennent sur l'ADN, parmi lesquels les cassures double-brin (DSBs) sont parmi les lésions les plus toxiques. En raison des structures secondaires et des contraintes topologiques occasionnées par la transcription, les DSBs endogènes se produisent préférentiellement dans les gènes actifs. Il est donc crucial que ces lésions soient prises en charge par la voie de réparation des DSBs couplée à la transcription (TC-DSBR) afin de maintenir une expression génique spatio-temporelle précise et d'éviter la mort cellulaire ou l'apparition de mutations ou de réarrangements chromosomiques, tels que les translocations. Ainsi, les DSBs jouent un rôle prépondérant dans de nombreuses maladies, notamment le développement des cancers et les maladies neurodégénératives. Plusieurs étapes ont été identifiées dans la voie TC-DSBR, comme la répression transcriptionnelle du gène endommagé, la résolution des hybrides ARN:ADN autour de la cassure et la réparation médiée par la recombinaison homologue (HR). Cependant, seules quelques protéines impliquées dans cette voie ont été identifiées, et de plus, ces DSBs dans les gènes actifs (TC-DSBs) ont également une forte capacité à se déplacer dans le noyau via un mécanisme peu clair.

L'objectif de ma thèse était de mieux caractériser la voie TC-DSBR en recherchant de nouveaux acteurs et en étudiant leur rôle. Dans ce but, nous avons réalisé un crible sur 130 protéines candidates et avons identifié le complexe PER, un composant central du rythme circadien qui est exprimé durant la journée. Ce rythme, aussi connu sous le nom d'horloge biologique, régule de nombreux processus biologiques (ex : sommeil/veille, production d'hormones, ...) avec une période 24 heures (circa diem). Pour déterminer le rôle du complexe PER et du rythme circadien dans la voie TC-DSBR, j'ai utilisé l'interférence ARN pour dépléter les protéines d'intérêt dans la lignée cellulaire humaine DIvA, qui permet l'induction de multiples DSBs annotées sur le génome, principalement générées dans les gènes transcriptionnellement actifs.

Nos travaux montrent que le complexe PER est recruté aux DSBs se produisant dans les gènes actifs pour promouvoir une réparation correcte par HR. En effet, les protéines PER sont requises pour la résection des extrémités des DSBs, le chargement de la recombinase RAD51, l'inhibition des translocations et la survie cellulaire. Nous avons également mis en évidence que les TC-DSBs sont dirigés vers l'enveloppe nucléaire où la protéine SUN1 est leur point d'ancrage. Nous avons découvert que les protéines PER contribuent à cette relocalisation des TC-DSBs à l'enveloppe, ce qui évite leur regroupement et empêche ainsi la formation de translocations chromosomiques. En accord avec ces résultats, nous montrons par des expériences de synchronisation du rythme circadien dans les cellules DIvA, que l'ancrage des TC-DSBs à l'enveloppe nucléaire et l'assemblage de RAD51 pour la réparation par HR suivent les oscillations circadiennes des protéines PER. Enfin, nous avons observé qu'un traitement des cellules par l'Etoposide, un médicament de chimiothérapie qui induit des cassures dans les gènes actifs, augmente le marqueur des DSBs γH2AX pendant la phase où les protéines PER sont moins exprimées, suggérant une réparation moins efficace durant la nuit. Ainsi, la réponse aux TC-DBSs induits par l'étoposide présente la même oscillation circadienne que celle observée dans le système DIvA.

En conclusion, notre étude fournit un lien direct entre le rythme circadien et la réparation spécifique des DSBs qui se produisent dans les gènes actifs, ouvrant de nouvelles stratégies chronopharmacologiques pour les chimiothérapies basées sur les poisons de la topoisomérase, de type Etoposide, qui induisent principalement ce type de dommages à l'ADN. Tout d'abord, je tiens à remercier les rapporteurs de ma thèse, Charlène Boumendil, Kiran Padmanabhan et Raphaël Ceccaldi, d'avoir accepté d'évaluer ce manuscrit. Merci pour vos commentaires bienveillants et constructifs. Merci particulièrement à Kiran dont le papier sur le complexe PER est à l'origine du sujet de ma thèse. Je remercie également les examinateurs Yea-Lih Lin et Patrick Calsou, ainsi que la présidente du jury Kerstin Bystricky d'avoir complété ce jury et apporté des questions originales sur mon travail durant la soutenance.
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INTRODUCTION

Since I joined the Gaëlle Legube's lab, in the first year of my Master's degree, I was interested in the identification of new players in the Transcription-Coupled DNA double-strand break repair (TC-DSBR). In the second year of my Master's degree, I contributed to a siRNA screen that identified that some proteins belonging to the circadian PERIOD complex were involved in this repair pathway. This led me to develop a research project on the role of the circadian rhythm in the repair of TC-DSBs. Thus, this thesis will consist of a first part on DSBs and their repair by the TC-DSB repair pathway and a second part on the circadian rhythm and its involvement in DSB repair. Finally, a third part will focus on the nuclear envelope since we have shown that TC-DSB repair is regulated by the PER complex through a mechanism involving the nuclear envelope.

I. DNA DOUBLE-STRAND BREAK REPAIR (DSBR)

1. Origins of DNA Double-Strand Breaks (DSBs)

DNA is the carrier of genetic information. This macromolecule is made up of nucleotides and is mostly in the form of a double-stranded helix. The sequence of these nucleotides constitutes the genes, ensuring the proper functioning of the cell. In humans, DNA is organised into 23 pairs of chromosomes, located in each cell nucleus and it is essential to ensure its stability in order to guarantee physiological functions and perpetuate the life of cells, organisms or species. DNA is also a marker of evolution, which is essential for the adaptation of organisms or species to an environment. It is therefore also essential to ensure a certain flexibility in its composition to guarantee evolution.

There are different ways to alter DNA, resulting in what we call "DNA damage". For example, there are base alterations, base mismatches, DNA adducts, intra-or inter-strand DNA crosslinks, single-strand breaks (SSBs)… But the most toxic lesions for a cell are DNA double-strand breaks (DSBs). This kind of damage cuts the DNA double helix into two pieces (Fig. 1). Of note, single unrepaired DSB can lead to cell death 1 , so cells have developed several DSB repair pathways to counteract this DNA damage threat. Therefore, the role of DNA repair is to ensure DNA maintenance to guarantee life, with a minimum of mutations to ensure evolution.

DSBs can result from different origins, among which we can distinguish exogenous and endogenous sources. 

A. Exogenous DSBs

Exogenous DSBs are induced by factors external to the cell (Fig. 1). Among these factors, we can distinguish ionizing radiation, chemotherapy drugs and molecular biology tools.

a) Ionizing radiation (IR)

IR, such as photon radiation (X-rays and γ-rays) and particle radiation (α-particle, carbon ions…) can induce DSBs among other DNA damage (Fig. 1).

DSBs produced by photon radiation may result from a direct effect due to the absorption of photon energy by the DNA and/or from an indirect effect by a cluster of free-radical (hydroxyl radical) close to the DNA, generated when photon meet water molecules 2,3 (Fig. 1). Of note, photon radiation induces a low quantity of DSBs compared to other DNA damage. Indeed, for each DSB, ~25 SSBs and ~4 damaged bases are also produced 2 .

Particle radiation induces clustered DNA damage: when the DNA absorbs the energetic particle, it can cause DSBs and other DNA lesions located at the impact site 4 .

On Earth, IR occurs naturally as cosmic radiation (solar energetic particles and galactic cosmic rays) or natural radioactive elements (radioactive isotopes), but it can also be artificial for medical purposes such as X-rays in radiology or γ-rays in radiotherapy which is used to treat cancer cells. In human cells, only a minority of the genome is actively transcribed and, because IR produces random damage on the genome, most of the IR-induced DSBs are supposed to be produced in intergenic regions or inactive genes 3 .

b) Chemotherapy drugs

Chemotherapy is the usage of drugs to inhibit cellular mitosis or to induce DNA damage (Fig. 1). One of the mechanisms of action of cytotoxic drugs used in chemotherapy to increase genetic instability in cancer cells which may lead to cell death or to stop cell proliferation.

Several chemotherapy drugs induce DSBs by different mechanisms:

• Bleomycin is a free-radical-based DNA cleaving agent. It acts by cleaving DNA, it binds DNA and induces hydrogen abstraction from DNA by chelating iron, which produce 10% of DSBs like IR with a majority of SSBs and damaged bases. Calicheamycin and Neocarzinostatin (Fig. 1) are related drugs belonging to enediyne anti-tumor antibiotics 2,3 .

• Etoposide and other topoisomerase poisons. DNA topoisomerases are enzymes that control the topological structure of DNA by generating transient cuts in DNA and catalysing the passage of DNA segments through these cuts before religating them. A transient SSB is produced by topoisomerase I while topoisomerase II produces a transient DSB. Some of topoisomerase inhibitors block the rejoining step, maintening the covalent crosslink that the topoisomerase established with the induced DNA break. Thus, topoisomerase II inhibitors, such as Etoposide (VP16) (Fig. 1), Teniposide or anthracycline drugs like Doxorubicin, stabilise DSBs 2,3 . Topoisomerases are essential enzymes in many molecular processes, including DNA replication, transcription, chromosome separation… Therefore, topoisomerase I inhibitor like Camptothecin can also produce DSBs during S-phase, due to collision of replication forks with topoisomerase I covalent complex 2,3 .

c) Environmental carcinogens

Many more molecules founded in our environment are carcinogens via the production of DSBs, for instance:

• Benzo[a]pyrene, found in cigarette smoke, grilled meats or exhaust fumes, induces DSBs by enhancing oxidative stress via the production of reactive oxygen species (ROS) 5,6 .

• Aflatoxin, present in the spores of Aspergillus fungi, also induces DSBs via ROS production 7 .

• Acetaldehyde, a metabolic product of ethanol, damages DNA leading to DSB production [8][9][10] .

d) Molecular biology tools

The most commonly used tools to induce DSBs in molecular biology are restrictions enzymes and clustered regularly interspaced short palindromic repeats (CRISPR) system (Fig. 1). They are both prokaryotic systems which use DSBs to provide defense against bacteriophages (bacteria and archaea viruses). Other artificial genetic tools also exist for genome editing such as zinc-finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs) which also generate site-specific DSBs 3 .

• A restriction enzyme (Fig. 1) is an endonuclease which recognizes its specific restriction site and induces a DSB. Usually, a palindromic sequence is recognized by the enzyme inducing a DSB with "sticky" ends or "blunt" ends. However, some enzymes do not recognize their sites if the DNA sequence is methylated. Many restriction enzymes are used in research to study DSB repair in mammalian cells such as I-SceI, I-PpoI and AsiSI 3 . I-SceI is an enzyme encoded in the mitochondria of Saccharomyces cerevisiae which recognizes a 18bp site, not found in the human genome. By adding this exogenous site in mammalian genome, I-SceI was used to study a single DSB in mammalian cells 11 . I-SceI is also the enzyme used in DR-GFP and EJ5-GFP reporter systems 3 to quantify Homologous Recombination (HR) and Non-Homologous End-Joining (NHEJ) respectively (see section on DSB repair). A similar system has been developed for I-PpoI which generates several DSBs into the endogenous human ribosomal DNA (rDNA) sequence 12 . In addition, another comparable system based on AsiSI has been developed in Gaëlle Legube's lab to study DSB repair in the human genome 13 . AsiSI is a methylation-sensitive restriction enzyme, which recognises multiple sites already present in the human genome (5′-GCGATCGC-3′). The DSB-inducible via AsiSI (DIvA) system 13 is largely used in the DSB repair field because the 174 AsiSI-induced DSBs are annotated on human genome and occur in various chromatin contexts. Of note, due to the decreased accessibility of compacted chromatin, restriction enzymes have difficulty to cut into heterochromatin 3 • With the CRISPR/Cas9 system (Fig. 1), based on a complementary RNA of the targeted DNA sequence complexed with the endonuclease Cas9, DSBs can be induced at annotated loci and in more regions than the restriction enzymes can access. Indeed, depending on the small guide RNA(s) used, this system can produce DSB(s) in rDNA, heterochromatin 14 or at multiple unique loci 3 . However, even if very powerful tools have been created with this system, such as lightinduced DSBs on the scale of one second 15 , Cas9-induced DSBs appear to direct DSB repair towards an alternative pathway rather than the canonical DSB repair, compared to endogenous DSBs 3,16,17 .

B. Endogenous DSBs

Concerning the endogenous origins of DSBs, we can distinguish programmed DSBs from spontaneous DSBs (Fig. 2).

a) Programmed DSBs

Programmed DSBs are essential for all cells during DNA metabolism, but also for organisms during immune response and reproduction (Fig. 2). Regarding the last two situations, DSBs are induced by specialized endonucleases, in specific tissues (e.g., B cells for class switching and gametes for genetic diversity), and appropriate mechanisms ensure adequate resolution of these necessary DNA breaks.

(i) DNA topoisomerase II-induced DSBs

As previously mentioned, DNA topoisomerase II (TOP2) resolves topological constraints and thus helps maintain genomic integrity. TOP2 enzymes are essential during transcription, replication, chromatin condensation among others, because these processes create a rotation of the DNA double-helix, which leads to super-helical stress in DNA that poses a threat to genome stability. TOP2 acts as a homodimer and use adenosine triphosphate (ATP) hydrolysis to catalyze cleavage and religation of a transient DSB (Fig. 2). Each monomer cleaves one DNA strand and forms a gate to pass the uncleaved DNA. TOP2 is temporarily attached to 5′ ends of cleaved DNA via covalent bonds which protect the cleaved DNA ends from being recognized by cellular DNA damage response (DDR) pathways. Once the strand passage is completed, DSB is religated and TOP2 dissociates from DNA (Fig. 2). Vertebrates have two paralogs of TOP2 genes, TOP2A which is essential during the mitosis for chromosome condensation and segregation and TOP2B which contributes to transcriptional regulation 18 . Of note, TOP2 can also induce other "non-transient" DSBs, indeed, DSBs can be induced by TOP2 to promote transcription. It was shown that TOP2 cleaves the DNA at the promoter of estrogen-inducible genes in response to estrogens, allowing remodeling of the chromatin around DSBs and promoting transcription of these genes 19,20 . Likewise, TOP2 induces DSBs in androgen receptor target genes which facilitates transcription 21 . These DSBs are quickly repaired by TDP2 and BRCA1: TOP2 is removed by TDP2 from the DSB site and BRCA1 is consequently recruited to the DSB for repair 22 . 

(ii) DSBs induced during meiosis

During meiosis, crossing-over between homologous chromosomes is crucial to guarantee proper chromosome alignment and segregation at the first division (Meiosis I) and to generate genetic diversity within gametes. Indeed, during early prophase I, DSBs occur at many genomic loci to initiate meiotic recombination (Fig. 2), whereby the pairing and reciprocal DNA exchange between homologous chromosomes promote their balanced segregation and genetic diversity 23 . These meiotic DSBs are catalyzed by SPO11 in a TOP2-like reaction where SPO11 stay covalently bound to 5′ end of the cleaved DNA 24,25 . After that, SPO11oligonucleotide complex is released by endonuclease 26 , then DSB processing and the search for a homologous chromosome occurs to provide a template for DNA repair [27][28][29] . That will form double Holliday junction joint molecules which will be resolved as crossovers during meiosis 30- 32 .

(iii) DSBs produced during lymphocyte maturation B lymphocytes play important role in immune response by producing immunoglobulins.

During the maturation, B cells undergo V(D)J recombination, after activation by antigen, mature B cells undergo Class Switch Recombination (CSR), and in some circumstances, Locus suicide recombination (LSR). These three processes require DNA DSBs induction (Fig. 2).

• The recombination of the V(D)J genes is a fundamental mechanism to produce antibody diversity in vertebrate immune systems (Fig. 2). The variable domain of the immunoglobulin heavy chain locus (IgH) is composed by multiple V (Variable), D (Diversity) and J (Joining) segments and the two-steps recombination process selects one of each V, D and J segment (Fig. 2). The process is initiated by RAG1-RAG2 complex which introduces a DSB at specific recombination signal sequences (RSS), in the vicinity of a randomly selected copy for each segment (Fig. 2). Then, the intervening DNA is deleted and the segments are joined via NHEJ, resulting in imprecise coding joints that contain added nucleotides ensuring the surprising immunoglobulin diversity 33 . For Immunoglobulin light chain locus (IgL), composed by only V and J segments, the same process occurs to randomly select a pair between V and J copies 33 .

I.

• Class-switch recombination (CSR) changes the production of immunoglobulin isotype, from IgM to another isotype, IgG, IgA or IgE (Fig. 2). During this process, the constant domain of the antibody heavy chain is switched which allows interactions with different effector molecules. CSR is a DNA deletional-recombination reaction that proceeds through the generation of DSBs in the switch (S) regions located upstream of each constant (C) gene. The activation-induced cytidine deaminase (AID) enzyme induces deamination of cytosine into uracil (U) in the S sequences (Fig. 2). Genomic uracils are normally processed by base excision repair (BER) or mismatch repair (MMR). However, the process of dense U residues spaced in opposite strands of S regions results in frequent double-strand breaks generated through BER or MMR patway. These DSBs are repaired by the canonical NHEJ pathway (cNHEJ) in case of blunt DSBs generated by BER, whereas alternative NHEJ (Alt-EJ) is favoured for staggered DSBs generated by MMR. The CSR mechanism allows to bring a selected distant C region directly downstream to the recombined VDJ sequence in order to produce a complete IgH gene composed by V, D, J and C segments 33 .

• Locus Suicide Recombination (LSR) is reported to eliminate the less efficient or inappropriately activated B cells which could trigger autoimmunity or inflammation. LSR is also characterized by a recombination involving S regions, like CSR. LSR is promoted by a similar mechanism as CSR: DSBs are initiated by AID and the Alt-NHEJ repair pathway finally deletes the whole IgH C region, terminating B-cell function which leads to cell death 33 .

b) Spontaneous DSBs

Unlike programmed DSBs, spontaneous DSBs occur randomly and must be handled properly to avoid loss of genetic information during DNA replication, active transcription or DNA looping of genome organization 34 .

(i) DNA replication

Most of the endogenous DSBs are produced during DNA replication 35 (Fig. 2). There are two ways to generate DSBs through DNA replication. On the one hand, a replication fork collapse can occur if a replicative DNA polymerase encounters a SSB in the template strand, which stalls the polymerase, leads to a collapse of the replicative fork and leads to a one-sided DSB formation 36 (Fig. 2). On the other hand, unusual DNA secondary structures can stall the replication forks (Fig. 2), such as thymine dimers, oxidized bases, bulky lesions, abasic sites, or as a result of collisions with transcription complexes and some DNA binding proteins [37][38][39] . Stalled replication forks may regress and partially displace newly synthesized leading and lagging strands, allowing them to anneal resulting in a "chicken foot" structure (Fig. 2), similar to a Holliday junction, which may be cleaved by resolvases, producing a one-sided DSB (Fig. 2) if the replication block is not removed 40 .

(ii) Common Fragile Sites

Common Fragile Sites (CFSs) are hotspots of DSBs induced during mitosis. These regions are found in very long genes which exhibit a slow replication. During cell division, DSBs can occur on unreplicated regions of CFSs, which occur especially when the cell is under a replicative stress that reduces the replication speed 41 .

(iii) Transcription

Accessible chromatin is also associated to a high frequency of DSBs around the transcription start site (TSS) of active genes 42,43 .

First, secondary structures that can occur during transcription, such as R-loops or Gquadruplexes, are potent inducers of DSBs in actively transcribed genes 44 . Because these structures are accumulating in TSS of active genes, it can entrain DSBs in these regions through a conflict with the replicative machinery, as previously mentioned. Moreover, these noncanonical DNA structures are targets for nucleases and DNA modification enzymes and can further be converted into DSBs during the replication. For example, R-loops formation behind transcription complex will exposes long stretches of ssDNA on the non-template strand. Rloops may be converted in DSBs through cleavage by TC-NER components XPF and XPG 45 . Also, transcription itself can obstruct the replication fork progression. The R-loop formation stabilizes the RNA Polymerase which promotes its backtracking 46 . Then a SSB can be produced when transcription and replication meet on the same DNA strand. In the end, this nick can be converted into DSB during subsequent replication.

Second, in physiological context, it has been shown that DSBs are induced in neural stem/progenitor cells at early-response genes following neuronal activity [47][48][49] . Indeed, these DSBs mostly lie within transcribed loci and involve a TOP2-dependent mechanism 50 (Fig. 2). It has been proposed that these activity-induced DSBs contribute to the expression of earlyresponse genes, although the precise mechanism underlying TOP2-induced DSB transcription activation in neurons remains elusive. Interestingly, two other studies have shown that, in certain situations, DSBs may promote transcription. DSBs are formed at estrogen-responding genes, in estrogen-responsive breast cancer cells, where APOBEC3B induces DSBs through cytosine deamination and BER pathway. These DSBs promote chromatin remodeling, resulting in RNA Polymerase II recruitment and increased transcription 51 . Furthermore, upon pathogen infection, DSBs can be triggered in response to an activated immune response and counteract the death of infected cells 52,53 .

(iv) Genome architecture Genomic regions involved in 3D genome looping, such as genomic elements bound by CCCTCbinding factor (CTCF) and cohesins are also associated with enhanced levels of DSBs 54 (Fig. 2).

As well as for replication and transcription, these regions are prone to topological stress caused by DNA supercoiling (Fig. 2). Thus, TOP2B has also been identified at these chromatin loop anchor regions to resolve torsional stress 55 , and as a result, these regions may accumulate TOP2-dependent DSBs 54 (Fig. 2).

Altogether, these mechanisms lead to the conclusion that endogenous DSBs preferentially occur in transcriptionally active regions, and hence in active genes.

DNA Damage Response (DDR)

In order to ensure an appropriate DSB repair, it is first necessary to recognize the break in order to signal it, which promotes the recruitment of repair factors at DSB site and also triggers a cell cycle arrest or delay, thus providing suitable time for DSB repair. Furthermore, in cases where damaged DNA is beyond repair due to too many DNA damage or persistent unrepaired DSBs, this signaling cascade can also trigger senescence or cell death by apoptosis. Thus, DNAdamage signaling, DNA repair and their consequences on the cellular response all belong to the so-called DNA damage response (DDR) (Fig. 3-5). 

A. DSB signaling

Following DSB induction, DNA ends are first recognized by sensors. Secondly, DNA damage signaling is amplified by mediators (Fig. 3). Then, transducers transcribe DNA damage signals to the effectors to trigger the cell cycle arrest (Fig. 3).

a) Sensors

In mammalian cells, when a DSB is created, it exposes DNA ends which are recognized by sensors such as the MRE11/Rad50/NBS1 (MRN) complex and the KU70/KU80 complex (Fig. 3).

In addition to their role in detecting DSBs, these proteins are also involved in the DNA ends processing as a start for DSB repair 56,57 .

The MRN complex recruits Ataxia-Telangiectasia-Mutated (ATM), while the KU70/80 complex recruits DNA-dependent Protein Kinase catalytic subunit (DNA-PKcs) 58 . Both ATM and DNA-PKcs belong to the phosphatidylinositol-3 kinase-related kinases (PIKKs) family, they are essential for initiating the DSB response through the phosphorylation of a large number of substrates (Fig. 3).

b) Mediators

Upon DSB formation, ATM is auto-phosphorylated and then phosphorylates its substrates such as NBS1, SMC1, CHK2, p53, BRCA1 and MDC1 59,60 , all of which are involved in the DDR (Fig. 3). Moreover, ATM and DNA-PKcs phosphorylate H2A.X, a histone H2A variant, on its serine 139 (γ-H2A.X) 61 , forming so-called "γH2AX" chromatin domains 62 (Fig. 3). γH2AX is a nice example of DDR amplification because this mark can spread over megabases of DNA around the DSB. MDC1 is recruited to γH2AX domains via BRCA1 63 that can further promote the accumulation and retention of active ATM and MRN at DSB sites [63][64][65][66] (Fig. 3). In addition, the cohesin complex (SMC1/SMC3/RAD21), involved in the establishment of topologically associating domains (TADs) by chromatin looping, is crucial for γH2AX spreading via mediation of loop extrusion on both sides of the DSB 67 (Fig. 3). Therefore, H2AX phosphorylation spans up to 1-2 megabases, throughout the damaged TAD, in an ATM-, MDC1-and cohesin-dependent manner triggering retention of a number of factors essential for DSB signaling, such as RING finger proteins RNF8 and RNF168, 53BP1 and BRCA1 68 , and thus leading to the generation of DSB foci (Fig. 3). As an example, 53BP1 is also a mediator with various roles including the recruitment of DSB repair and signaling factors, ATMdependent checkpoint signaling, DSB repair pathway choice and NHEJ-mediated repair 69 . Furthermore, following breaks, H2AX is dephosphorylated on its tyrosine 142 by EYA 70 which may enhance MDC1 and ATM recruitment to extend and maintain γH2AX phosphorylation 71 .

Maintaining the pre-existing H2AX tyrosine 142 phosphorylation by the tyrosine kinase WSTF is also critical for DNA damage-induced formation and retention of γH2AX foci after DNA damage 72 . After DSB repair, removal of γH2AX by PP2A and PP4 phosphatase [73][74][75] is required for appropriate DNA damage repair.

RNF8, RNF168 and BRCA1/BARD1 complex have been shown to play central roles in early signaling of DSBs via their E3 ubiquitin ligase activity 76,77 (Fig. 3). At DSB site, the newly phosphorylated MDC1 interacts with the E3 ubiquitin ligase RNF8 and recruits it to DSB site 78- 80 . Also, RNF8 collaborates with its E2 ubiquitin conjugation enzyme UBC13 to mediate K36linked ubiquitylation of H2A and H2AX at DSB site 81 (Fig. 3). These ubiquitylated histones serve to recruit another E3 ligase, RNF168 82,[START_REF] Stewart | The RIDDLE Syndrome Protein Mediates a Ubiquitin-Dependent Signaling Cascade at Sites of DNA Damage[END_REF] , that further polyubiquitylates H2A. Around DSB site, RNF168 modulates the chromatin structure, facilitating the recruitment of 53BP1 to H4K20me2 via its tudor domain. Polyubiquitylated H2A also serves to recruit RAP80 [START_REF] Wang | Ubc13/Rnf8 ubiquitin ligases control foci formation of the Rap80/Abraxas/Brca1/Brcc36 complex in response to DNA damage[END_REF] , which facilitates its recruitment to the BRCA1-A complex that also contains BRCA1, BARD1, ABRAXAS, BRCC36, BRCC45 and MERIT40 [START_REF] Wang | Ubc13/Rnf8 ubiquitin ligases control foci formation of the Rap80/Abraxas/Brca1/Brcc36 complex in response to DNA damage[END_REF] . Thus, ubiquitin is also involved in DSB foci formation, directly dependent on RNF8, RNF168 and BRCA1, which is itself a ubiquitin ligase (Fig. 3).

c) Effectors

To summarize, after detection of the DSB by MRN and amplification of the signal by γH2AX, 53BP1 and others, the next step is to recruit a large variety of proteins at the break to facilitate repair processes (Fig. 3). Also, the DNA damage signaling triggers a next-level response through a phosphorylation cascade, starting from ATM substrates, which also plays a central role in the activation of cell cycle checkpoints (Fig. 3).

In response to DSBs, activated ATM phosphorylates CHK2 and CHK1 (Fig. 3). Activated ATM, CHK2 or DNA-PKcs also phosphorylate p53, thereby increasing its stability and activation by protecting it from proteasomal degradation mediated by its E3 ubiquitin ligase MDM2. Then p53 transactivates the expression of a large number of genes, including the cyclin-dependent kinase inhibitor 1, also known as p21 (Fig. 3). Following that, p21 inhibits the G1 cyclindependent-kinases (CDKs), such as CDK2/cyclin E checkpoint, and delays the G1/S transition (Fig. 3). If the damaged DNA can't be repaired, p53 can promote apoptosis through transcription of its target genes including BAX, PUMA and NOXA [START_REF] Riley | Transcriptional control of human p53-regulated genes[END_REF] (Fig. 3), or senescence [START_REF] Carvajal | Another fork in the road -Life or death decisions by the tumour suppressor p53[END_REF] . Moreover, in response to DNA damage, CHK1 is essential for S and G2/M checkpoint activation (Fig. 3). Through CDC25A and WEE1 phosphorylation, CHK1 can inactivate CDK2/cyclin A checkpoint, thereby delaying intra-S phase [START_REF] Mailand | Rapid Destruction of Human Cdc25A in Response to DNA Damage[END_REF] . During G2 phase, CHK1 can also phosphorylate CDC25C and WEE1 resulting in the inhibition of CDK1/cyclin B activity and G2/M arrest. Moreover, during S and G2 phases, CtIP can be recruited at DSB site and collaborate with MRN to resect DSB ends, subsequently DNA2/BLM-complex and Exo1 further promote DSB end resection, leading to the generation of single stranded DNA (ssDNA). RPA binds to the ssDNA and induces Homologous Recombination (HR) repair, but also activation of ATR [START_REF] You | DNA damage and decisions: CtIP coordinates DNA repair and cell cycle checkpoints[END_REF] which can activate CHK2 and CHK1 in the same way as ATM.

In addition to the previous mechanism, ATM also targets proteins involved in DNA replication, such as MCMs, ORCs, RFC, GINS, TopBP1 and DNA polymerase complexes 60 , which contribute to replication fork stability and slow down DNA replication in response to DNA damage [START_REF] Branzei | Interplay of replication checkpoints and repair proteins at stalled replication forks[END_REF][START_REF] Lambert | Arrested replication fork processing: Interplay between checkpoints and recombination[END_REF] . Following the DSB recognition, DNA ends can be ligated by the Non-Homologous End Joining pathway (left panel) via XRCC4-LIG4 complex. The Homologous Recombination pathway (right panel) requires first a 3ʹ single-stranded DNA (ssDNA) generated by resection steps, triggering RPA and then RAD51 loading, and also a homologous sequence (e.g. the sister chromatid) to mediate strand exchange (Dloop formation) and allow DNA synthesis, and finally the newly synthetized strand is displaced and anneals with the other end of the break to complete repair. While the Non-Homologous End Joining is available throughout the cell cycle, the Homologous Recombination is restricted to S and G2 phase. Adapted from Scully et al. 2019 [START_REF] Scully | DNA double-strand break repair-pathway choice in somatic mammalian cells[END_REF] .

It is important to mention that DSB repair proteins are not only under the control of ATM, but are as well regulated by other cellular processes such as RNA splicing, chromatin remodelling, involving a multitude of transcription factors… which are also inherent to the DDR.

B. DSB Repair mechanisms

The two major DSB repair pathways in mammalian cells are the non-homologous end joining (NHEJ) and the homologous recombination (HR) [START_REF] Scully | DNA double-strand break repair-pathway choice in somatic mammalian cells[END_REF][START_REF] Hartlerode | Mechanisms of double-strand break repair in somatic mammalian cells[END_REF] (Fig. 4). Importantly, these pathways don't participate equally during the cell cycle, as NHEJ provides a repair mechanism throughout the cell cycle, but is particularly important for G0 and G1 cells [START_REF] Takata | Homologous recombination and non-homologous end-joining pathways of DNA double-strand break repair have overlapping roles in the maintenance of chromosomal integrity in vertebrate cells[END_REF][START_REF] Delacôte | Importance of the cell cycle phase for the choice of the appropriate DSB repair pathway, for genome stability maintenance: The trans-S double-strand break repair model[END_REF] , whereas HR is restricted to S and G2 phases (Fig. 4). Indeed, because of their physical cohesion, HR preferentially uses recombination between sister chromatids, the identical copies of a post-replicative chromosome [START_REF] Takata | Homologous recombination and non-homologous end-joining pathways of DNA double-strand break repair have overlapping roles in the maintenance of chromosomal integrity in vertebrate cells[END_REF][START_REF] Kadyk | Sister Chromatids Are Preferred Over Homologs as Substrates for Recombinational Repair in Saccharomyces cerevisiae[END_REF][START_REF] Johnson | Sister chromatid gene conversion is a prominent double-strand break repair pathway in mammalian cells[END_REF] .

Moreover, NHEJ joins two DNA ends with no or very limited base-pairing, up to 4 base pairs of 'microhomology' [START_REF] Pannunzio | Nonhomologous DNA end-joining for repair of DNA double-strand breaks[END_REF] , between the two processed DNA ends. In contrast, HR requires extensive sequence homology between the broken DNA and a donor DNA molecule in order to use it as a template (Fig. 4).

a) Non-Homologous End Joining (NHEJ)

Overall, the classic NHEJ pathway (cNHEJ) starts with DSB end recognition, then synapsis tethers the DSB ends together, processing ensures compatibility between DNA ends, and finally DSB resolution occurs through DNA ligation (Fig. 4).

cNHEJ is initiated by Ku70-Ku80 heterodimer binding to DSB ends [START_REF] Britton | A new method for high-resolution imaging of Ku foci to decipher mechanisms of DNA double-strand break repair[END_REF][START_REF] Cary | DNA looping by Ku and the DNA-dependent protein kinase (DNA repairatomic force microscopyelectron microscopydouble-strand break)[END_REF][100] . Of note, Ku70-Ku80 have high affinity for blunt DNA ends or ends with limited single-stranded DNA overhangs 101 . The Ku complex promotes the recruitment of other factors involved in cNHEJ, including the DNA-dependent protein kinase catalytic subunit (DNA-PKcs), DNA ligase IV (LIG4) and associated scaffolding factors, such as XRCC4, XLF and XRCC4/XLF paralogue (PAXX) 102-106 (Fig. 4).

In addition, Ku heterodimer promotes the kinase function of DNA-PKcs 107 , allowing its autophosphorylation and leading to an interaction between two DNA-PKcs molecules across the DSB, thereby forming a molecular synapse between the two DNA ends 108 . Indeed, Ku70-Ku80 in collaboration with DNA-PKcs establish a long-range synapsis of both DSB ends 109 , and subsequently to their recruitment to the DSB site, XRCC4-LIG4 and XLF mediate a closely aligned synapsis between DSB ends with the help of DNA-PKcs 110 (Fig. 4).

After the short-range synaptic complex, phosphorylated DNA-PKcs recruits Artemis and other end-processing factors, including DNA polymerases λ and μ. First, Artemis, which possesses 5′to-3′ exonuclease activity, as well as endonuclease activity capable of cleaving dsDNA-ssDNA transitions and DNA hairpins 111,112 , removes damaged nucleotides. Then, Polλ and Polμ, belonging to the X family of DNA polymerases, fill in DNA gaps potentially created by DNA end processing 113 . In order to ensure the compatibility between ends before the ligation, processing enzymes convert them to 5′-phosphorylated ends 114 (Fig. 4).

Finally, the short-range complex, XRCC4-LIG4 and XLF, carries out the ligation of the DNA ends to complete repair 115 . XRCC4 and XLF stimulate the ligase activity of LIG4 116,117 . Interestingly, this complex is also able to ligate across gaps of several nucleotides and can ligate some incompatible DNA ends with short overhangs 118,119 . Of note, XLF can be partially substituted by the RNA and DNA binding complex SFPQ/NONO to achieve cNHEJ 120 (Fig. 4).

Importantly, the cNHEJ pathway remains reversible until ligation is complete, suggesting broad regulation of this process. For example, DNA end resection disrupts cNHEJ.

b) Homologous Recombination (HR)

As previously mentioned, in mammalian somatic cells, the HR pathway uses the sister chromatid as a template, which restricts HR in post-replicative cells in S or G2 phases 121 , where the broken ends are kept in close proximity to the neighbouring sister chromatid by the cohesin complex (SMC1/SMC3/RAD21) 122 . While during meiosis, HR takes place between homologous chromosomes. This pathway also starts with recognition of DSB ends, then DNA end processing by resection creates a 3' ssDNA tail which allow invasion of a homologous DNA sequence and extension of a nascent strand. Finally, the extended strand from the first end anneals to the complementary ssDNA from the second end, and DSB resolution is achieved by gap-filling synthesis and DNA ligation (Fig. 4).

The very first event is the DSB recognition by the MRN complex. This complex also tethers DNA ends together in collaboration with RAD50 [123][124][125] (Fig. 4).

MRE11 makes a 'short-range' resection generating a 3ʹ single-stranded DNA (ssDNA) in association with CtIP 126 and BRCA1-BARD1 heterodimer 127 . The MRE11 endonuclease nicks the free 5' end of the DNA, up to 300 nucleotides from the DSB site, and its 3'-5' exonuclease activity extends the single-strand gap towards the DNA end. This processing step displaces Ku70-Ku80 from DNA ends and provides an entry point for 'long range' resection to form a long 3' ssDNA tail. During this 'long range' resection, Exonuclease 1 (EXO1), the Bloom syndrome helicase (BLM) and the endonuclease DNA2 mediate unwinding and 5′-to-3′ nucleolytic digestion of the 5´ strands [128][129][130][131] (Fig. 4).

Newly ssDNA is rapidly coated with the replication protein A (RPA) that isolates DNA to limit spurious interactions with ssDNA intermediates of other nuclear processes 132 . Of note, RPA must be displaced for DNA recombinase RAD51 loading in order to engage the HR 133 . After the recruitment of BRCA2 on the free 5′ end of a dsDNA-ssDNA junction via BRCA1/BARD1, BRCA2 catalyses the removal of RPA and the nucleation of RAD51 [134][135][136] . Once the RAD51 nucleofilament is assembled on the 3' ssDNA tail, it invades duplex DNA and searches for homology by facilitating base-pairing with complementary homologous DNA sequences. This nucleofilament forms a synaptic complex in a three-stranded DNA helix where there is a basepairing between the invading strand and the complementary strand of the invaded molecule 137 . Once a sufficient homology sequence is found, the synapse is stabilized and the non-complementary strand of the invaded DNA is displaced, forming a displacement loop (Dloop) driven by the RAD51 nucleofilament disassembly 138 . Also, BRCA1/BARD1 as well as SFPQ, probably as a homodimer, facilitate this RAD51-mediated homologous pairing [139][140][141][142][143] . Then, DNA polymerase δ (Polδ) or translesion DNA polymerases extend the invading strand using the template strand from invaded DNA 144 . Only one resected end of the DSB invades duplex DNA via RAD51 whereas the second resected end remains passive 145 (Fig. 4).

To resolve the HR process, the nascent strand is displaced from the invaded DNA and annealed with the second resected non-invading end. This last step, called synthesis-dependent strand annealing (SDSA), is the major HR mechanism in somatic mammalian cells, leading to a noncrossover product [START_REF] Scully | DNA double-strand break repair-pathway choice in somatic mammalian cells[END_REF]92 (Fig. 4,5).

By contrast, in meiotic cells, the D-loop is extended to capture the second DNA end and entails formation of a double Holliday junction (dHJ) 145 (Fig. 5). The dHJ resolution can result in a crossover or a non-crossover product, depending on the polarity of dHJ dissolution. Of note, BLM in association with TopIIIα/RMI1/RMI2 (BTR complex) promotes a non-crossover dHJ dissolution mechanism 146 , whereas MUS81-EME1 complex may cleave HJs to produce crossover products 147,148 .

c) Alternative DSB Repair pathways

In mammalian cells, NHEJ and HR are the two major DSB repair pathways, probably because they are conservative. However, alternative repair pathways exist and can take place when classical pathways are unavailable 149,150 (Fig. 5). These mechanisms share some similarities with HR or NHEJ but the most important difference is that they are mutagenic pathways.

(i) Alternative End Joining: Microhomology-Mediated End Joining (MMEJ)

The alternative end joining (aEJ/Alt-EJ) is defined as non-homologous end joining without use of classical NHEJ (cNHEJ) factors, such as Ku, XRCC4 or DNA ligase IV 151 . The prominent feature of this pathway is the microhomology-mediated end joining (MMEJ) in which DNA ends are processed for annealing of microhomologies, then gap filling completes ssDNA and DSB final resolution is obtained by ligation 150 (Fig. 5).

MMEJ requires a short-range resection performed by MRE11 and CtIP as described in HR pathway [152][153][154][155][156] in order to promote microhomologies between DNA ends. Therefore, MMEJ repair is more present in S and G2 phases 152 . Moreover, Poly ADP-ribose polymerase 1 (PARP1) promotes Alt-EJ by sensing, tethering DNA ends [157][158][159] and supporting annealing of microhomologies. When microhomologies are not directly at the 3' ends, heterologous 3' flaps must be removed to stabilize the annealed microhomologies and allow the extending by DNA polymerase theta (Polθ) in mammals 160 . In some cases, when DSB ends are incompatible, DNA sequences near the break may be copied or non-templated extension by the terminal transferase activity of Polθ may add additional nucleotides, resulting in insertions at the break point that promote microhomologies and base pairing 161 (Fig. 5). Once resected ends successfully anneal via complementary base pairing, Polθ copies DNA in a template-dependent manner 162 but because Polθ is deficient in proofreading, it stimulates DNA insertion (>10 nucleotides) 163 and other mutational signatures.

The ligation step by DNA ligase I (Lig1) or 3 (Lig3) completes the MMEJ pathway 157,164,165 .

Of note, NHEJ uses up to 4bp of microhomology, whereas alternative end joining (a-EJ) uses up to 20 bp of microhomology (most commonly 4-6 bp) 150 .

(ii) Single-Strand Annealing (SSA)

Single-strand annealing (SSA) shares some similarities with HR, in that this pathway requires extensive DNA end resection but it is a Rad51-independent mechanism that enables annealing of two homologous 3´-ssDNA ends often found in repeated sequences such as in tandem repeats. Thus, SSA is a non-conservative pathway which generates a deletion between the repeats or a translocation if this mechanism is involved to repair two DSBs 145 (Fig. 5).

SSA requires the long-range resection mediated by BLM, EXO1 and DNA2 which takes place after the short resection performed by MRE11 and CtIP (see section on Homologous Recombination) (Fig. 5). Indeed, SSA requires more sequence homology (>20 bp) than MMEJ, and thus a longer 3' ssDNA tail due to extensive resection 150,166 . Then, as in HR, RPA covers the entire ssDNA tail to prevent the formation of secondary structures (see section on HR). However, SSA is a RAD51-independent pathway that depends on sequence homology (>20 bp) between the two 3' ssDNA ends to form a stable annealing intermediate. In mammals, after the RPA displacement to reveal homologous sequences, RAD52 mediates the strand annealing between these complementary sequences (Fig. 5). In addition, to allow DSB resolution, unannealed non-homologous sequences are processed and removed by the nucleotide excision repair complex XPF/ERCC1 and the mismatch repair complex MSH2/MSH3 [167][168][169] .

(iii) Break-Induced Replication (BIR)

Break-Induced Replication (BIR) is a RAD51-dependent error-prone mechanism due to a failure in the HR termination and thus replication is induced in response to the strand invasion. Indeed, a failure to displace the nascent strand or to engage the second resected non-invading end for the DSB resolution by annealing leads to an extensive copying of the invaded DNA by an aberrant replicative response. Consequently, the BIR pathway may lead to non-reciprocal translocations and other mutational signatures 170,171 (Fig. 5).

Of note, this pathway is particularly involved in the repair of one-sided DSBs induced during DNA replication, for example by replication fork collapse (see section on spontaneous DSBs).

In this case, the absence of a second DNA end prevents end joining or HR by synthesisdependent strand annealing (SDSA), and thus BIR appears to be the only way to resolve this type of break in mammals 172 (Fig. 5).

Moreover, under specific conditions, there are other BIR-like processes in mammalian cells. These BIR-like mechanisms are RAD51-independent, such as mitotic DNA synthesis (MiDAS) to repair DSBs at common fragile sites (see section on spontaneous DSBs) 173,174 and alternative lengthening of telomeres (ALT) pathway to repair DSBs at telomeres 175 .

Transcription-Coupled Double-Strand Break repair (TC-DSBR)

Several DNA repair mechanisms are coupled to transcription, such as Nucleotide excision repair (NER), Base excision repair (BER) and the Legube's lab has shown that it is also the case for DSB repair. Cells use these pathways to repair DNA damage more rapidly on active genes than on inactive ones.

NER was first found to be coupled to transcription 176,177 : the elongating RNA polymerase II (RNAPII) stalls at the DNA lesion in the active gene, and then the CSB protein is recruited helping to recognize the DNA lesion and alter chromatin structure and transcription to promote the recruitment of DNA repair factors for NER-mediated repair 178 . Later on, BER was also found to be coupled to transcription 179 . Finally, observations support the existence of a "Transcription-Coupled DSB Repair" (TC-DSBR), where DSBs are repaired more rapidly at transcriptionally active genes in comparison to inactive genes, in yeast 180 and in human 181 .

A. TC-DSBR mechanism

TC-DSBR is a specialized repair pathway handling DSBs occurring in actively transcribed loci.

The study of this pathway is essential because endogenous DSBs frequently occur at genomic loci that are transcriptionally active [182][183][184] , so proper repair of these TC-DSBs maintains genome stability while avoiding severe consequences for cellular functions and viability. The involvement of TC-DSBR has been clearly established in human cells where transcriptionassociated histone H3K36me3 promotes the recruitment of DSBR factors to DSBs in active genes 185 . Furthermore, these same DSBs in active genes (TC-DSBs) exhibit more RAD51 recruitment and HR repair compared to silent genes or intergenic sequences 185 . The precise mechanisms involved in this pathway are still under investigation, but some steps are known, such as local transcriptional repression, involvement of RNA:DNA hybrids, chromatin-driven HR repair and DSB mobility (Fig. 6789).

a) Repression of damaged gene transcription

Following the DSB occurence, local and transient transcriptional repression of damaged gene is one of the earliest responses 186,187 (Fig. 6). This mechanism also occurs in genes close to the break, a few kilobases away from the DSB 188,189 . This mechanism facilitates repair by promoting accessibility of the repair machinery to the lesion and avoids truncated RNAs which could lead to undesirable functions [190][191][192][193] . Moreover, this process is essential to maintain the genome stability, in the case where transcriptional repression is impaired, this can promote chromosomal translocations 194 . 

(i) Transcriptional repression via RNA polymerase II regulation

RNA polymerase II (RNAPII) can be regulated at the initiation, elongation and termination of transcription, as well as for its degradation. Following TC-DSBs, this RNAPII transcription cycle is altered at each step (Fig. 6).

• Initiation: During the initiation, general transcription factors including Transcription factor IIA (TFIIA) and TATA-box binding protein (TBP) are assembled with RNAPII to form the preinitiation complex at the promoter 195 . Following DSBs, transcription is downregulated by TBPlike protein (TLP) which sequesters TFIIA, impeding the pre-initiation complex formation and thus transcription 196 . Moreover, RECQL5, a DNA helicase known to inhibit transcription initiation 197 and elongation 198 , is recruited to DSBs in a PARP1-dependent manner 199,200 .

• Elongation: During the elongation, the Negative elongation factor (NELF) complex, in charge of the promoter-proximal pause of the RNAPII 201 , is also recruited at DSB site via PARP1 to inhibit the release of the paused RNAPII 202,203 . More precisely, in the absence of DNA damage, NELF-E, a subunit of the NELF complex, undergoes PARylation (poly(ADP-ribosyl)ation) by PARP1 that antagonizes the pausing of RNAPII 190 . Upon DSB induction, PARylation of NELF-E is decreased, leading to a transcriptional inhibition by increasing RNAPII promoter-proximal pause 203 . In addition, RNAPII is also PARylated by PARP1 which increases NELF recruitment at damaged genes and leads to RNAPII pause 203 . Furthermore, the histone deacetylase SIRT6 also facilitates RNAPII pause by retaining NELF 204 and activating PARP1 205 (Fig. 6).

• Termination: Unlike the other two steps mentioned above, transcriptional termination is increased in response to DSBs. Indeed, tyrosine-1 phosphorylation at the Carboxy-terminal domain (CTD) of the largest subunit (RPB1) of RNAPII, in charge of the transcriptional termination 206,207 , is increased in response to DSBs. This post-translational modification is consistent with the concomitant decrease of RNAPII elongating form (phosphorylated on CTD serine 2) on gene bodies [208][209][210] .

• Degradation: In addition to the direct regulation of RNAPII during each transcription step, transcription is also repressed via the eviction or the disassembly of RNAPII. Following DSBs in active genes, RNAPII goes through proteasomal degradation. Indeed, DNA-PKcs and WWP2, the HECT E3 ubiquitin ligase, cooperate to polyubiquitylate RNAPII, leading to a proteasomal degradation and its eviction from gene body 211,212 . WWP2 is recruited to DSBs and interacts with DNA-PKcs, which facilitates the poly-ubiquitylation of RBP1 and its proteasomal degradation 211 . Moreover, the RNA exosome complex is recruited to degrade aborted pre-mRNAs and probably also for the transcriptional termination 213,214 (Fig. 6).

(ii) Transcriptional repression via chromatin modifications

Transcription can be repressed in response to DSBs via histone modification (Fig. 6), incorporation of histone variant and DNA methylation.

• Increase of repressive marks:

H2AK199ub: PRC1, a histone E3 ubiquitin ligase, collaborates with ATM and ATM's targets, as BAF180, subunit of PBAF which belongs to SWI/SNF chromatin remodeling family, and ENL, a component of the Super elongation complex (SEC) which facilitates RNAPII transcription elongation, to induce mono-ubiquitylation of H2AK119 [215][216][217] . In the absence of DNA damage, unphosphorylated ENL promotes transcription elongation, while in response to DNA damage, ENL is phosphorylated by ATM and interacts with PRC1 to deposit an ubiquitin on H2AK119 217,218 . In addition, PARP1 regulates the recruitment of ubiquitin ligases such as BMI1, MEL18 and FRRUC (FBXL10-RNF68-RNF2 ubiquitin ligase complex) that promotes the targeting of PRC1 to mono-ubiquitylates H2AK119 219 . Finally, Cohesin complex, a main player in chromatin architecture, is also required for this repression in an ATM-dependent manner for the deposition of H2AK199 mark 194 (Fig. 6).

H3K27me3: R-loops, formed via the hybridization of nascent mRNA with transcribed DNA, are normally stabilized behind a paused or a slowly moving RNAPII, but are also increased in damaged genes. These secondary structures have been implicated in PRC1 recruitment which represses transcription via H2A ubiquitylation 220 . Thus, ubiquitylated H2A recruits PRC2 which is also facilitated by PARP1 and its target CDYL1 221 . Then, PRC2 complex, via its component EZH2, deposits H3K27me3 mark in response to DSBs and thereby induce transcriptional repression 222 (Fig. 6).

H3K9me3: DSB-induced R-loops also recruit Suv39h1, a histone methyltransferase which leads to the transcriptionally repressive histone mark H3K9me3 223 . Indeed, this mark establishes repressive chromatin along with heterochromatin protein 1 (HP1) 224 (Fig. 6).

H2A.Z:

Histone variant H2A.Z is found to be accumulated at breaks due to the exchange of the H2AK119ub for H2A.Z at DSB site 219 .

DNA methylation: Moreover, DNA methyltransferases DNMT1, DNMT3A and DNMT3B are recruited to DSBs for DNA methylation of CpG islands which represses transcription [225][226][227] .

• Decrease of transcriptionally active histone marks:

Histone acetylation/crotonylation: HDAC1/2, SIRT1 and SIRT6, all involved in deacetylation of histones, are recruited to DSBs and deacetylate transcriptionally active marks such as H3K9, H3K56 and H4K16 225,[228][229][230][231][232][233][234] . The Nucleosome remodeling and deacetylase (NuRD) complex is also targeted to DSBs to repress transcription through H4 deacetylation via the recruitment of ZMYND8 and subsequently TIP60 222 (Fig. 6). Both acetylation and crotonylation of histones occur at the same sites on histones and are deposited and removed by the same enzymes 235 . Thus, H3K9cr also decreases upon DSB induction 236 .

H2BK120ub:

The deubiquitinase USP11 is also recruited to DSB sites via PARP1 in order to remove H2BK120ub mark 237,238 .

H3K4me2/3: KDM5A and KDM5B, two histone demethylases, are recruited to DSBs to demethylate the transcriptionally active mark H3K4me3 [239][240][241] . PARP1 facilitates KDM5A and KDM5B recruitment 240,242 . Moreover, the bromodomain protein ZMYND8 is recruited to DSB sites in active genes to recruit the histone demethylase KDM5A, which demethylates H3K4me3, and also the NuRD complex, which deacetylates histones 240,243 . Furthermore, LSD1 is also recruited at breaks during late S and G2 phases and promotes H3K4me2 demethylation 244 (Fig. 6).

Similar ATM-dependent processes occur in ribosomal DNA transcribed by RNAPI 245,246 . ATM promotes the phosphorylation of the histone H2B at serine 14 by MST2, that leads to a transcriptional shut down via RCC1 recruitment which promotes chromatin compaction 247 . Also, the cohesin complex recruits the HUSH complex which triggers the H3K9me3 deposition on the damaged rDNA 248 . In addition, other proteins are involved in this mechanism such as Treacle, a ribosomal DSB sensor, which allows MRN and TOPB1 recruitment, and subsequently ATR activation, to ensure this transcriptional inhibition 249,250 .

Once the DSB is repaired, transcription restarts to maintain cell fate. Indeed, transcription of the repaired gene is recovered independently of cell division 251 . It was shown that transcription is recovered within two hours following DSB induction and it requires deubiquitinylation of H2A at lysine 119 by USP16 252 .

b) Regulation of RNA:DNA hybrids at TC-DSBs

As mentioned earlier, RNA:DNA hybrids can arise during transcription, resulting from hybridization between the nascent RNA and the template DNA strand to generate the hybrid heteroduplex and a displaced single-stranded DNA, all of which form the R-loop structure (Fig. 7a). In response to DSBs, RNA:DNA hybrids accumulate in cis at DSBs and more broadly at TC-DSBs 253,254 (Fig. 7a). These structures are not specific of TC-DSBs but they are transcriptiondependent and play a role in the DDR.

(i) The origin of RNA:DNA hybrids at DSBs RNA:DNA hybrids can arise from different origins all dependent on transcription. It was suggested that RNAs which form hybrids may be produced de novo at DSB ends or formed from pre-existing transcription prior to DSB induction in active genes 220 (Fig. 7a).

• DSB ends as promoters (all DSBs): It has been proposed that DSB ends can act as promoters, where RNAPII is loaded and starts transcription to create de novo RNA. Indeed, it was shown that RNAPII is loaded onto DSB ends, via its recruitment by the MRN complex, for bidirectional transcription of damageinduced long non-coding RNAs (dilncRNAs) which contribute to the DDR 208,[255][256][257][258][259][260][261][262][263] (Fig. 7a).

Interestingly, DSBs in rDNA also trigger de novo RNA production at DSB sites via RNAPII. These transcripts are degraded or processed into damage-induced small RNAs (diRNAs) and may exert a function via loading Argonaute (AGO) complexes required for full DNA damage response 258 .

• Stabilisation of the pre-mRNA (TC-DSBs): Specifically for TC-DSBs, the pre-mRNA of damaged genes can be stabilized by transcriptional repression around TC-DSBs 254,264 (Fig. 7a). Indeed, these hybrids can arise from the local transcriptional inhibition due to an increase of the promoter-proximal pausing of RNAPII or premature transcriptional termination. Moreover, the accumulation of these hybrids at TC-DSBs also promote a bidirectional transcription around these breaks (not initiated from the DNA ends themselves) (Burger, K 2019) and the production of DNA-damage response RNAs (DDRNAs) (see below) was shown to be restricted to TC-DSBs 258 .

(ii) RNA:DNA hybrids in DSB Repair

At some level, hybrids contribute to the DDR by promoting signaling, the repair process or by being involved in an alternative repair pathway (Fig. 7b). However, an excess of these structures promotes genome instability and it is crucial in this case to remove RNA:DNA hybrids (Fig. 7b).

• RNA:DNA hybrids facilitate HR RNA:DNA hybrids contribute to the recruitment of DSBR factors to maintain genomic stability. For example, dilncRNAs form RNA:DNA hybrids at breaks and serve as a recruitment platform for repair/signaling proteins such as BRCA1, BRCA2, RAD51, which facilitate resection and ensure HR 261 . Moreover, Drosha and DICER, two proteins involved in biogenesis of miRNAs, process the dilncRNAs into mature DNA damage-response RNAs (DDRNAs) that amplify the DDR process 259,260 . Interestingly, the recruitment of Drosha also enhances the formation of RNA:DNA hybrids which promotes the recruitment of repair factors 265 . The formation of DNA:RNA hybrids around DSB sites is also enhanced by DDX17, facilitating DSB repair by recruiting DSB repair factors specifically at DNA:RNA hybrid deficient loci 266 .

On the other hand, R-loops can regulate resection by inhibiting the classical resection via EXO1 and BLM 267 and promoting a long-range non-canonical resection (Fig. 7b). Indeed, RNAPII pausing generates RNA:DNA hybrids that recruit RAD52, then the endonucleases XPF and XPG may excise RNA:DNA hybrids to form the ssDNA tail, thereby facilitating DSBR by HR 268,269 . Of note, XPG can simultaneously resolve RNA:DNA hybrids and promote resection. It was shown that hybrids can also stabilize the single-strand DNA during the resection and regulate RPA nucleofilament assembly 262 (Fig. 7b). RNA:DNA hybrids can as well promote HR via the formation of a "DR-loop", i.e. the invasion of RNA transcripts from the damaged gene into donor DNA on sister chromatid, which stimulate HR 270 .

• Regulation of RNA:DNA hybrids

Persistent hybrids can also act as roadblocks for DNA replication or DNA repair, so it is crucial to regulate these RNA:DNA hybrids at breaks. Indeed, numerous RNA:DNA hybrid removal factors are recruited to DSBs, including SETX 254 , RNase H1/2 261 , DDX1 271 , DDX5 272,273 , XPG 268 and EXOSC10 274,275 , in order to maintain genome stability by enhancing RAD51 focus formation and 'error free' HR repair (Fig. 7b). Additional factors, including DHX9, are also suspected to perform the same task [276][277][278] . For example, after the resection step, RNA:DNA hybrids remaining on the single-strand inhibit RAD51 loading. Physiologically, these structures are resolved by RNA/DNA helicases such as DDX1, DDX5 and SETX which promote HR, preventing genome instability and cell death by avoiding translocations 254,272,273,279,280 .

Moreover, R-loops can be a source of DNA damage by generating DSBs around the transcriptional termination region. These R-loops also recruit HR factors including BRCA1, which recruits SETX that removes RNA:DNA hybrids and thus associated DSBs 254,281 .

On the other hand, chemical modifications of RNAs, including 5-methylcytidine (m5C) and N6methyladenosine (m6A), regulate their stability at DSBs 282,283 . Notably, m6A-modified RNA:DNA hybrids, in an ATM-dependent manner, can recruit the m6A reader protein YTHDC1, which further stabilizes nascent RNAs that form the RNA:DNA hybrids, thereby accumulating these structures at DSB sites 282,284 Interestingly, it was shown in yeast that RNAs generated in trans (not at the damaged genes) can also serve as templates for HR-mediated DSBR 289 .

Of note, this pathway requiring RNA:DNA hybrid formation was proposed to occur at transcriptionally active loci in G0/G1 cells, where the absence of a sister chromatid compromises canonical repair by HR 290,291 .

✓ RNA:DNA hybrids promote BIR pathway

The BIR pathway, another alternative DSB repair pathway (see section on alternative repair pathways), was proposed to be regulated by persistent RNA:DNA hybrids. Indeed, in the absence of RNA:DNA hybrid removal at TC-DSBs, a Polδ subunit (POLD3) can initiate DNA synthesis and DSB repair via a BIR-like pathway in human cells 292 (Fig. 7b).

c) Chromatin-driven HR

Transcription and the associated chromatin landscape, established before and after DSBs in actively transcribed genes, play significant roles in TC-DSBR. Indeed, TC-DSBs are more prone to HR with a much higher level of RAD51 recruitment than DSBs induced at intergenic loci 185 (Fig. 8).

H3K36me3:

The histone mark H3K36me3, a modification associated to transcriptional elongation, exacerbates resection at TC-DSBs. Following TC-DSBs, H3K36me3 is recognized by LEDGF, a transcriptional co-activator, and its recruitment at TC-DSBs allows to further recruit the resection factor CtIP, promoting resection at those DSBs via MRN 185,293,294 (Fig. 8).

H4K16ac: Acetylated H4K16, a transcriptionally active chromatin mark established by Tip60 before DSBs, triggers the recruitment of the pro-resection factor BRCA1 by inhibiting the binding of the anti-resection factor 53BP1 to H3K20me2 295 (Fig. 8).

H2AK15ac: Similarly, H2AK15 acetylation by the Tip60 complex counteracts ubiquitylation of the same residue (H2AK15ub) and thus impedes 53BP1 recruitment to H2AK15ub 296 (Fig. 8).

H4K20me2: Low levels of H4K20me2 in open accessible chromatin decreases the ability of 53BP1 to be recruited at TC-DSBs, therefore potentiating resection 186 (Fig. 8).

Thus, the chromatin landscape established at actively transcribed loci prior to the appearance of DSBs makes these loci particularly prone to undergo resection and HR repair. Of note, the preference for HR repair of TC-DSBs compared to intergenic loci applies only to G2 cells, where the HR machinery is fully operational 185,268,297 . Interestingly, TC-DSB repair is delayed in G1 and G1-induced DSBs in transcribed genes persist as unrepaired much longer than DSBs induced in intergenic regions 297 (Fig. 8).

Moreover, DSBR factors require an open/decondensed chromatin to access the DSB site and around 298 . Particularly in HR, nucleosomes around DSB sites may serve as barriers to exonucleases, resulting in resection inhibition. Therefore, nucleosome disassembly around DSBs appears crucial in HR as it promotes resection 299,300 . The SWI/SNF complex is involved in chromatin remodeling to remove nucleosomes and open chromatin around DSBs. Indeed, SWI/SNF recruitment at DSBs can promote nucleosome eviction in the vicinity of the break, facilitating the recruitment of the MRX complex (yeast homologue of human MRN) and promoting HR by Ku displacement. SWI/SNF can also remodel nucleosomes on the invaded DNA during HR 301 . Furthermore, the chromatin remodeler CHD1 also removes nucleosomes around DSBs and enhances the recruitment of CtIP and, consequently, HR 302 . Another chromatin remodeler, RSC, can also help to remove nucleosomes at DSBs and promote HR 303 . Finally, the BRCA1/BARD1 heterodimer ubiquitylates H2A (H2AK125/127/129), promoting SMARCAD1 interaction with damage-proximal nucleosomes. Then, these nucleosomes interacting with 53BP1, are evicted by SMARCAD1 which promotes long-range resection by removing 53BP1 304 . 

d) TC-DSB mobility

Another feature of TC-DSBs is their ability to move within the nucleus. Different DSB motions have been observed, such as clustering between DSBs (Fig. 9) and targeting of DSBs to specific nuclear locations.

(i) DSB clustering

• Regulation and mechanism TC-DSBs have the ability to cluster together within larger repair foci known as 'DSB clustering'. This phenomenon occurs mainly in G1 305 and correlates with delayed repair 297 . The TC-DSB clustering depends on the MRN complex, ATM, the actin network and on the nuclear envelopeembedded LInker of Nucleoskeleton and Cytoskeleton (LINC) complex 297,306,307 . Following TC-DSBs, the actin-nucleating complex ARP2/3 and its activator WASP are recruited to promote nuclear actin polymerization at the vicinity of breaks, generating DSB clustering and HRmediated repair 306 . In addition, the actin organizer FMN2 also promotes this DSB clustering 297 , as well as NM1, a nuclear myosin/actin motor which contributes to this mechanism in G0/G1 cells 308 . The SUN2 protein, a component of the LINC complex, also sustains TC-DSB clustering 297 , but the mechanism involving the LINC complex remains unclear in mammals. On the other hand, fusion of DSB repair foci also occurs thanks to liquid-liquid phase separation mediated by 53BP1 309 (Fig. 9).

• Roles

• To delay repair: DSB repair pausing may be preferable to mutagenic repair, which could trigger abnormal gene expression or chromosomal rearrangement, which in human cells occurs primarily through XRCC4 and LIG4-dependent NHEJ 310 . As previously mentioned, active genes are more prone to be repaired by HR than other genomic locations (intergenic/silent genes) using preferentially NHEJ throughout the cell cycle, and HR usage at active genes is restricted to S/G2 phases 185 . Due to the lack of a sister chromatid to initiate HR, TC-DSBs tend to persist during the G1 cell cycle phase when compared to other DSBs 297 . Thus, TC-DSBs persist in G1 and clustering could contribute to create a repair compartment and/or sequester persistent DSBs from the nucleus pending the availability of HR in S/G2 to allow efficient, nonmutagenic repair of these breaks 311 (Fig. 9).

• compartment, named 'D compartment', in which clustered DSBs are in close contact with some undamaged genes that are upregulated following DNA damage 312 . Similar to the previous process, this DSB clustering-mediated D compartment would be required for optimal activation of a subset of genes involved in DDR (Fig. 9). Of note, the dark side of DSB clustering may be that bringing DSBs into close contact can elicit translocation 312 .

(ii) DSB relocation TC-DSBs induced in the rDNA also display mobility, as they are rapidly relocated to the periphery of the nucleolus, in "nucleolar caps", prior to RAD51 recruitment and repair by HR 248,[313][314][315] . This DSB targeting to the periphery of the nucleolus depends on the activity of ATM and ATR 313,314 , on the MRN complex, on the actin network and also on the LINC complex 248 . TOPBP1 recruitment at rDNA breaks also promotes nucleolar movements (C. Mooser 2020), probably by liquid-liquid phase separation 316 . Interestingly, nuclear envelope invaginations were also found to contact nucleolar caps formed after rDNA breaks, but the role of this contact remains unknown 248 .

Interestingly, persistent DSBs are targeted to the nuclear periphery in yeast and in Drosophila, however this event has not yet been observed in mammals and the contribution of TC-DSBs to this nuclear envelop targeting is unknown (see more details in section on Nuclear Envelope).

B. Implication of TC-DSBR in pathology

In human cells, the average number of spontaneous DNA lesions occurring per day per cell is about 10 5 317,318 . If this DNA damage is not rectified, it may cause mutations, transcription or replication blockage, or cellular toxicity, leading to a number of genetically inherited disorders, carcinogenesis, aging and other diseases. In particular, DSBs pose an immediate threat to the stability of the genome, potentially causing chromosomal rearrangements and disrupting gene structure and function. DSB repair aims to minimize genomic errors, thus a genetic disruption of any of the major DSB repair pathways results in genomic instability that increases cell death and can promote disease, for example, neuronal death can result in neurodegeneration. Indeed, DSBs and repair defects have been involved in aging 319 , neurological disorders 320,321 , immunodeficiency 322 , developmental disorders 323 , cancer development and inherited tumors [324][325][326] , hereditary syndromes including the above disorders 317 and finally, they are also a fundamental concern in cancer treatment 327 .

Importantly, endogenous DSBs preferentially occur in transcriptionally active genes [182][183][184] . Therefore, these TC-DSBs can be deleterious to the cells and that's why it is very important that this type of DNA damage is properly repaired by HR 185 in order to maintain accurate spatiotemporal gene expression. Thus, TC-DSBR takes place to maintain active genome integrity, the failure of which could lead to altered gene expression resulting in cellular pathologies/diseases. Moreover, many mutations of TC-DSBR factors have been involved in cancer development and neurological disorders, as well as in genetic diseases 317 , such as:

• ATM, kinase involved in several steps of the DDR, is mutated in the Ataxia telangiectasia (AT), characterized by a cerebellar degeneration with cerebellar ataxia, oculocutaneous telangiectasia, gonadal sterility, growth retardation, immunodeficiency, ionizing radiation sensitivity and cancer predisposition 328 (Fig. 10a).

• MRE11, DNA end sensor (MRN complex), is mutated in the Ataxia telangiectasia-like disorder (ATLD) characterized by a similar cerebellar degeneration as the Ataxia telangiectasia.

• NBS1, DNA end sensor (MRN complex), is mutated in Nijmegen breakage syndrome (NBS) Microcephaly growth retardation Immunodeficiency cancer predisposition

• SETX, involved in RNA:DNA hybrid resolution, is mutated in the Ataxia with oculomotor apraxia 2 (AOA2), characterized by cerebellar ataxia and other neurological symptoms, and also in the Amyotrophic lateral sclerosis (ALS), a neurodegenerative disease.

• BLM, involved in the long-range resection, is mutated in the Bloom syndrome (BS) characterized by growth retardation, immunoglobulin deficiency and predisposition to cancer.

• BRCA1, BRCA2 and other HR genes, involved in the HR pathway, are often mutated in hereditary tumors, and inherited alterations in BRCA1 or BRCA2 gene cause hereditary breast and ovarian cancer (HBOC) syndrome 326 (Fig. 10b). Interestingly, pathogenic attenuations in either BRCA1 or BRCA2 account for 25-40% of familial breast cancers and up to 10% of all breast cancers 326 (Fig. 10b). Moreover, HR deficiency (BRCA1/2 or other HR gene) account for around 52% of all ovarian cancers and 24% of all breast cancers 329 .

Of note, persistent R-loops and an increase of R-loop-mediated DSBs are also observed in neurological disorders such as ALS, caused by mutation of C9ORF72 330,331 , and Spinal muscular atrophy (SMA), caused by mutation of SMN1 332 .

II. CIRCADIAN RHYTHM

The circadian rhythm, also known as the biological clock, is composed of endogenous oscillators that regulate an organism's physiological and behavioural processes with a 24-hour period rhythm, including sleep/wake, feeding/fasting and hormone production. The term circadian is derived from the Latin roots 'circa', meaning 'about', and 'diem', meaning 'day', and literally means a cycle that lasts 'about a day'.

Physiological context

The circadian rhythm is inherent to the physiology of humans and other organisms.

A. Origin of circadian rhythm

The earth rotates on itself in 24-hours, resulting in cycles of light and darkness. In this environment, the adaptation of living systems and their physiology leads to the appearance of a rhythm in resonance with this 24-hour solar cycle on earth 333 . Thus, living beings have adapted behavioral changes to respond to and anticipate precise and regular environmental changes such as energetic demands in a daily cycle 334 . Maintaining a circadian rhythm in line with the rhythm imposed by the environment is a selective advantage 335,336 and explains why today many organisms have developed a circadian rhythm, including animals, plants, fungi and cyanobacteria.

B. A pervasive process

Core circadian clock genes are ubiquitously expressed in mammalian organisms, including mouse, baboon and human, and reflect the presence of circadian oscillators in virtually every tissue and cell in the body [337][338][339] . The circadian clock regulates pervasive targets, and thus, many circadian rhythms exist such as sleep/wake rhythm, feeding/fasting, body temperature, hormone production level, cellular metabolism, … Indeed, in the baboon, more than 80% of protein-coding genes are expressed in a 24-hour rhythm 338 .

C. Physiological synchronization

External cues, not only light, are important for synchronizing or entraining rhythms and are named "zeitgebers". In mammals, circadian clocks have a hierarchical organization in which the clock located in hypothalamic suprachiasmatic nucleus (SCN) acts as a master pacemaker to synchronize and/or entrain peripheral clocks distributed throughout the body 340,341 . However, SCN inputs are not required for maintaining circadian rhythm in other tissues [340][341][342] , and thus, all of these rhythms are regulated by an endogenous and autonomous oscillations in clock gene expression (Fig. 11). 

a) Central clock: suprachiasmatic nucleus (SCN)

The SCN is localized in the ventral hypothalamus and is composed of approximately 10,000 neurons in mouse 343 . The SCN receives different cues, such as light, through photosensitive retinal ganglion cells, or hormonal signals through organs and tissues, via external (e.g. food uptake, temperature) or internal (e.g. locomotion) cues. The SCN integrates all these cues to adjust the circadian rhythm throughout the body by promoting the release/production of hormones such as melatonin 340 (Fig. 11).

b) Light-induced synchronization

Light information is transmitted from the retina to the SCN by intrinsically photosensitive retinal ganglion cells (ipRGC), which contain the photopigment melanopsin, via the retinohypothalamic tract. Thus, these cells set the phase of the SCN 344 and, in response, circadian patterns of action potentials are generated by the SCN 342 . Almost all SCN neurons express the inhibitory neurotransmitter GABA 345 and there are two types of SCN neurons based on their expression of the neuropeptides arginine vasopressin (AVP) and vasoactive intestinal peptide (VIP). For example, synaptic inputs (glutamate) from the retinal ganglion cells are received by VIP-expressing neurons via their NMDA receptors and then promote calcium influx which triggers the activation of diverse signal transduction cascades, including calmodulin kinase II (CaMKII) and neuronal nitric oxide synthase (nNOS), leading to the transcription of the clock genes PER1 and PER2 and other target genes 346 . Thus, the response of VIP-expressing neurons but also other cell types within the SCN, such as astrocytes, play an important role in maintaining synchronisation within the SCN 347,348 .

D. Other biological rhythms

The circadian rhythm is one type of biological rhythms. Other biological rhythms are also based on biochemical oscillations with a period longer than one day, the infradian rhythms, or shorter than 24-hour, the ultradian rhythms. For instance, infradian rhythms include the human menstrual cycle (28-day period) and migration or reproduction in plants and animals (1-year period), whereas ultradian rhythms include REM cycle (90-minute period) and growth hormone production (3-hour period). Interestingly, marine life also follows the lunar rhythm (29,5-day period) and the tidal rhythm 349 .

Molecular mechanisms of the circadian rhythm

The circadian rhythm is ubiquitous across life forms and exhibits the same mechanism that is a negative feedback loop with a delay between expression and repression of clock gene transcription 350 (Fig. 12). In the core loop, the transcription factor CLOCK:BMAL1 complex promotes transcription of PERs and CRYs genes (via E-boxes in their promoters) during the activation phase. The expressed proteins accumulate and eventually interact, and then the PERs/CRYs complexes translocate into the nucleus to inhibit their own expression by a negative feedback loop. This loop results in rhythmic expression of PERs and CRYs genes. Additionally, PERs and CRYs protein levels are regulated by proteasomal-mediated degradation. The rhythmic BMAL1 level is provided by the REV-ERB/ROR loop via ROR binding elements (ROREs) upstream of the BMAL1 gene. In turn, REV-ERBs and RORs expression is regulated by the DBP/NFIL3 loop by binding to D-boxes. Finally, the circadian expression of Clock-controlled genes (CCGs) is under the control of these three interlocking transcriptional feedback loops via E-boxes, ROREs and D-boxes at their promoters, thus providing circadian outputs and rhythmic biological processes. From Takahashi 2017 350 .

Of note, clock genes are relatively well conserved in vertebrates and the main observable difference lies in the wakefulness period between diurnal and nocturnal animals. For instance, in human, a diurnal species, the expression of the clock genes is reversed compared to mice, a nocturnal species (Fig. 13).

A. Autoregulatory feedback loops

The 'core' clock genes include activators, CLOCK and BMAL1, and repressors, PER1/2 and CRY1/2, which are involved in the core loop that regulates other feedback loops and downstream output pathways. The core loop is composed of an activation phase and a repression phase. The activation consists in the transcription of the repressor genes by activator proteins, whereas the repression consists in the transcriptional inhibition of the repressor genes by their corresponding proteins 350 (Fig. 12).

a) Core loop BMAL1 (ARNTL gene) forms a heterodimer with CLOCK or its paralog NPAS2, which are basichelix-loop-helix (bHLH) -PER-ARNT-SIM (PAS) transcription factors 351,352 . Thus, CLOCK:BMAL1 complex promotes transcription of repressor genes by binding to E-boxes (CACGTG DNA motif) in PERIOD (PER1/2/3) and CRYPTOCHROME (CRY1/2) promoters [352][353][354] (Fig. 12). During the activation, PERs and CRYs accumulate and multimerize in the cytoplasm, where they are phosphorylated by CK1δ and CK1ε 355,356 , then they translocate to the nucleus, during the repression phase, in a phosphorylation-regulated manner to inhibit their own transcription via an interaction with CLOCK:BMAL1 357,358 (Fig. 12). As repression progresses, the transcription of PERs and CRYs decreases, as well as their protein levels via PER and CRY protein ubiquitination by specific E3 ligase complexes, and subsequent degradation by the proteasome 355,359 (Fig. 12). Once negative feedback repression is relieved by degradation of the repressor complex, CLOCK:BMAL1 can begin a new cycle of transcription. In primates, humans and baboons, PER1, PER2 and CRY2 genes are expressed during the day, whereas BMAL1 and NPAS2 are expressed during the night 338,339 (Fig. 13).

b) REV-ERB/ROR loop

In addition to the PER and CRY genes, CLOCK:BMAL1 also activates the transcription of nuclear receptors REV-ERBα (NR1D1 gene) and REV-ERBβ (NR1D2 gene), which then repress transcription of BMAL1 gene by binding to ROR binding elements (ROREs) in the BMAL1 promoter. Moreover, REV-ERB proteins compete at ROREs with RORα, RORβ and RORγ, and thus, REV-ERB proteins repress transcription whereas ROR proteins enhance transcription 360- 362 . This mechanism provides a rhythm in BMAL1 transcription that is in anti-phase with the expression rhythms of PER genes 360 (Fig. 12). 

c) DBP/NFIL3 loop

A third loop involves D-box binding protein (DBP), TEF and HLF, whose transcription are also driven by CLOCK:BMAL1. These proteins bind D-boxes on promoters which further enhance transcription of REV-ERB genes and ROR genes. Moreover, the NFIL3 repressor (also known as E4BP4), which is driven by the REV-ERB/ROR loop 363,364 , in turn represses DBP at D-boxes to induce a rhythm in the transcription of REV-ERB and ROR genes (Fig. 12).

d) Downstream output genes

Additional rhythmic output genes, called Clock-controlled genes (CCGs) are transcriptionally regulated by these three loops acting on E-box, RORE and D-box elements in the promoters and/or enhancers of target genes. The majority of genome-wide circadian gene expression is driven by this tripartite core circadian transcriptional feedback loop (E-box, RRE, D-box) (Fig. 12).

Together, these three interlocking transcriptional feedback loops can generate cycles of transcription with various phases of expression depending on the combination of cis-elements (E-box, RORE, D-box) in the regulatory regions of specific target genes 365 (Fig. 12).

B. Structure of the repressor proteins

The repressor complex is composed by PER and CRY proteins. Their structures allow a better understanding of their functions and the interactions with other clock components that may regulate their stability and/or function (Fig. 14).

a) PER proteins structures

Mammalian PERIOD proteins are mainly composed by PAS-A/PAS-B domains, kinase-binding SYQ/LT regions, and CRY-binding domain (CBD) 366 (Fig. 14).

(i) PAS domains

The N-terminus region of PERs is composed by a tandem of PAS domains, PAS-A and PAS-B domains, which are also found in other PAS proteins, including CLOCK and BMAL1 (Fig. 14).

These domains can interact with other PAS domains in other proteins, notably the PAS domains of CLOCK, BMAL1 and PERs are implicated in the recruitment of PER to the CLOCK:BMAL1 complex 367 . Moreover, PAS domains of PERs are identical to the PAS domains of BMAL1 368,369 , suggesting that PERs, without CRY, can interact with CLOCK and replace BMAL1 367 . Also, in vivo, PER proteins exist as homo-and heterodimers, with dimerization mediated by the PAS domains 370 (Fig. 14).

The PER2 PAS-A domain has an LXXLL motif involved in the interaction with REV-ERBα and other nuclear receptors 371 , and even if it is not a canonical LXXLL motif because it is partially hidden, it may regulate gene expression under the control of REV-ERBα and other nuclear receptors. The PAS-B domain comprises an active nuclear export signal (NES) 372 and could be involved in subcellular localization, but this NES appears to be inhibited by the interaction with the α-helical face of the PAS-B domain 369,373 .

PAS domains could also bind small molecules, but endogenous and exogenous ligands have not been yet identified for circadian proteins 366 . (ii) Disordered domains

The PAS domains are followed by a long, disordered C-terminus that contains binding sites for kinases and cryptochromes 374,375 . Thus, PER proteins are largely unstructured, which may give them a thermodynamic advantage by allowing them to adjust specificity and affinity for multiple partners 376,377 . In addition, short regions of order within these long stretches of disorder could contribute to the protein interactions 366 . These unstructured regions can also allow for post-translational modifications and rapid degradation when the proteins are not in complex with their binding partners 366 (Fig. 14).

(iii) kinase-binding SYQ/LT SYQ and LT motifs of PER proteins are binding regions for kinases CK1δ and CK1ε 374 and the multisite phosphorylation cassette, that controls subcellular localization of PERs, is located between these two motifs 378 (Fig. 14).

(iv) CRY-binding domain (CBD)

PER1 and PER2, but not PER3, harbor a conserved CRY-binding domain (CBD) at the extreme C-terminus, that is essential for the feedback loop 367,375,379 (Fig. 14). Thus, the absence of this motif in PER3 may explain the nonessential role of PER3 in the circadian feedback loop 380 .

b) CRY protein structures

Unlike the other core clock proteins, Cryptochromes lack PAS domains, but harbor a photolyase homology region (PHR) and a CC helix, both essential for CRY functions 366 (Fig. 14).

(i) Photolyase homology region (PHR)

Most of mammalian CRYs contain a photolyase homology region (PHR), in the N-terminus, that is strongly structurally similar to photolyases and harbors the canonical flavin-binding site 381 . Of note, in bacteria and plants, photolyases are involved in DNA repair, for processing of UV damage such as pyrimidine dimers, but CRYs do not have this function in mammals. Unlike in drosophila and plant, mammalian CRY1 and CRY2 PHRs weakly bind flavin adenine dinucleotide (FAD) because of structural variations that create a much shallower FAD pocket than photolyases 382,383 . Moreover, CRYs act as blue-light receptors in plants and insects, but perform light-independent functions in mammalian circadian clock. Interestingly, human CRY2 can function as a magnetosensor in a light-dependent manner 384 , but this function does not seem to be in relation with the clock (Fig. 14).

The PHR is involved in the interaction with the E3 ubiquitin ligase FBXL3. The C-terminal tail of FBXL3 is inserted into the CRY FAD-binding pocket, and thus promotes CRY degradation by its ubiquitination 382 . CRY can be stabilized by the exogenous molecule KL001 by competing with the FBXL3 for binding at the FAD pocket 385,386 , resulting in lengthening of the circadian period.

(ii) CC helix

The CC helix, a highly conserved helix, is localized just downstream of the PHR 387 (Fig. 14). The function of this helix is to facilitate interactions with its E3 ubiquitin ligase FBXL3 382 to regulate the stability of CRYs. Moreover, the ability of CRYs to repress the CLOCK:BMAL1 complex is mediated by this region 387 .

The interface loop, adjacent to the flavin-binding site, and the CC helix are needed for CRY functions in the clock 382,387,388 . The PER2 CBD 389 and FBXL3 382 competitively engage these motifs through the overlap of their binding sites on the CRY CC helix 390 . Thus, CRY is stabilized by the interaction with PER 357,391 , which prevents it from interacting with its E3 ubiquitin ligase 382 . CC helix mediates also the interaction with BMAL1 388 , and these same motifs are needed to regulate CLOCK:BMAL1 activity 387,392 .

In addition, like PER proteins, CRYs also interact with nuclear receptors, such as the glucocorticoid receptor 393 . CRYs mediate the inhibition of the transcription by the glucocorticoid receptor.

(iii) Disordered domains

Mammalian CRYs have C-terminal tails which are disordered 394 . These domains are dispensable for the feedback loop, but they are involved in the maintenance of a 24-hour period and amplitude 387,392 , probably because these regions possess several phosphorylation sites and a nuclear localization signal [395][396][397] .

C. Core loop associated factors

Across the circadian rhythm, transcriptional activation and repression are accompanied by dynamic chromatin remodeling of target genes that poise the genome for rhythmic expression.

a) The activator complex: CLOCK:BMAL1

CLOCK and BMAL1 bHLH domains allow them to bind DNA directly to E-boxes 366 in order to promote transcription.

(i) Transcriptional activation

• p300/CBP (histone acetylation): CLOCK:BMAL1 interact with the histone acetyltransferases (HAT) p300 to acetylate histones, and CBP to provide an accessible chromatin state for transcription [398][399][400][401] (Fig. 15). CLOCK can also acetylate H3K9 and H3K14 via its HAT activity 402 . Of note, BMAL1 is also acetylated by CLOCK promoting CRY1 recruitment 403 .

• MLL1 (H3K4me3): CLOCK:BMAL1 is also associated with the methyltransferase MLL1, which is important for the recruitment of CLOCK on the DNA 404 , and for the deposition of the rhythmic histone mark H3K4me3, a mark of active promoters 404 . MLL1 can be acetylated via CBP and deacetylated by SIRT1 across the rhythm, thereby affecting its methyltransferase activity and the rhythmicity of H3K4me3 on E-box promoters 405 .

• H2A.Z: Nucleosomes can be bound by CLOCK:BMAL1 that promote chromatin remodeling by increasing chromatin accessibility and incorporation of the histone variant H2A.Z 406 .

• JARID1a, LSD1, TRAP150 & MED1 (transcription activators): CLOCK:BMAL1 also interact with histone lysine demethylases JARID1a and LSD1, which promote the recruitment of the activator complex on promoters and enhance transcription 407,408 . CLOCK:BMAL1 binding to Ebox is promoted by TRAP150, a co-activator, which also links CLOCK:BMAL1 to MED1, a subunit of the Mediator complex, to recruit the general transcriptional machinery 409 .

(ii) Regulation of CLOCK:BMAL1

• SIRT1 (transcription repressor): SIRT1, a NAD+-dependent histone deacetylase (HDAC), can interact with CLOCK, BMAL1 and PER2 410,411 , and a circadian rhythm of NAD+ level is established by the expression of NAMPT, a CLOCK:BMAL1 target gene, leading to a rhythm in SIRT1 activity, which feeds back to inhibit the CLOCK:BMAL1 complex 412,413 .

• Degradation via the proteasome: CLOCK:BMAL1 is able to recruit the transcription machinery when BMAL1 is phosphorylated and monoubiquitylated. However, BMAL1 can also be subsequently polyubiquitylated, which targets the activator complex for proteasomal degradation. After the clearance of BMAL1-CLOCK from E-boxes, a new cycle of BMAL1-CLOCK association and transcriptional initiation can ensue 414 .

• CHRONO: CHRONO is another core clock component which interacts with BMAL1:CLOCK to repress transcription in a histone deacetylation (HDAC)-dependent manner [415][416][417] .

b) The repressor complex: Large PER complex

The repressor complex contains core components, such as PERs and CRYs, and other associated proteins which form the so-called "Large PER complex". Of importance, PER1, PER2, PER3, CRY1 and CRY2 can be present together in a same MegaDalton complex which form a structure of approximately 40nm 356 . The main role of the Large PER complex is to mediate transcriptional repression, either at promoters or at termination sites.

(i) Transcriptional repression at promoters

PER and CRY accumulate in the cytoplasm during the activation phase, then PER and CRY heterodimerize and translocate into the nucleus and start the repression by interacting directly with CLOCK:BMAL1 complex 357,418,419 . The large PER complex contains several proteins which have a wide range of actions on chromatin and transcription.

• NuRD complex (nucleosome remodelling and deacetylase): Initially, CLOCK:BMAL1 were associated with CHD4 and MTA2, two components of the nucleosome remodelling and deacetylase (NuRD) complex, whereas the PER complex contains other members of the NuRD complex, such as MBD2, GATAD2a, HDAC1 and RbAp48. During the activation phase, the NuRD complex is split between CLOCK:BMAL1 complex and PER complex, then, during the repression phase, NuRD components come together to form a reconstituted functional NuRD corepressor complex to inhibit transcription mediated by CLOCK:BMAL1. Thus, full repressor activity of the PER complex is only generated upon correct targeting of CLOCK:BMAL1 420 .

• Ddb1-Cullin-4 (histone ubiquitination): CLOCK:BMAL1 complex recruits the Ddb1-Cullin-4 ubiquitin ligase complex to promote monoubiquitination of H2B at E-box sites, which subsequently promotes association of the PER complex with DNA-bound CLOCK:BMAL1 to repress transcription and lead to CLOCK:BMAL1 dissociation from the E-box sites 421 .

• PRC2 (H3K27me3): CLOCK:BMAL1 also recruits the polycomb repressor complex (PRC2), leading to a CRY-dependent H3K27me3 deposition at target genes and thereby inhibiting gene expression 422,423 .

• SFPQ & SIN3-HDAC (histone deacetylation): During the repression, the large PER complex is also associated with SFPQ (also known as PSF) which recruits the transcriptional repressor complex SIN3-HDAC via the recruitment of SIN3A, the scaffold of the SIN3-HDAC complex. Thus, the PER complex rhythmically deacetylates histones H3K9 and H4K5 of target genes, thereby repressing transcription 424 .

• HP1γ-SUV39h (H3K9me2/3): HP1γ-SUV39h histone methyltransferase also contributes to the transcriptional repression several hours later than the others factors. Indeed, at early repression phase, the PER complex recruits HDAC1 to deacetylate histones such as H3K9, and then four hours later, the PER complex recruits the histone methyltransferase HP1γ-Suv39H, which also contributes to the transcriptional repression by H3K9me2/3 deposition 425 .

• YL1 and CTCF (H2A.Z): The H2A.Z-deposition chaperone YL1 is also a component of the PER complex, as well as CTCF protein, to mediate H2A.Z deposition at TSS and at CTCF binding sites at enhancers 426 . Thus, H2A.Z deposition by the PER complex participates in the negative feedback, as well as in the recruitment of BMAL1 and the transcription in the next activation phase, thereby contributing to determine circadian period 426 .

• NONO & WDR5: NONO, a protein involved in RNA processing, and WDR5, a component of a histone methyltransferase complex, are included in the large PER complex to enhance its transcriptional repression activity 427 .

(ii) Repression of transcriptional termination

The repression phase includes a direct control of transcriptional termination. During the negative feedback, the large PER complex is associated with active RNAPII large subunit (phosphorylated on CTD serine-2 and serine-5), elongation factors CDK9 and CBP80, PER and CRY pre-mRNAs, as well as with RNA helicases DDX5 and DHX9, components of the 3′ transcriptional termination complex, and SETX, a RNA:DNA helicase that is known to promote transcriptional termination (also involved in TC-DSBR). During the repression, the PER complex is recruited to the elongating RNAPII that accumulates at transcription termination sites of target genes (PER and CRY), and inhibits SETX action on transcriptional termination, impeding RNAPII release and thereby reducing the rate of transcription 428 .

Thus, the recruitment of all of these factors is necessary for PER and CRY-mediated transcriptional repression.

(iii) PER and CRY regulation

The stability of the PER complex is an important factor in the transcriptional feedback loop, which contributes to keep the 24-hour period rhythm. The stability of PER and CRY proteins is regulated by phosphorylation and ubiquitination mediated by E3 ligase complexes (Fig. 12).

• CK1: PER proteins can be phosphorylated on many sites by the serine/threonine kinases, casein kinase δ (CK1δ) and CK1ϵ, which promote many processes, including the nuclear localization of PERs and the transcriptional inhibition mediated by PERs 355 . The degradation of PER and CRY proteins are also regulated by CK1 355,[429][430][431][432] . Indeed, CK1 can induce two competing phosphorylations on PER2, determining whether PER2 has a fast or slow degradation rate, via its ubiquitination by the β-TrCP E3 ubiquitin ligase complex, and thus ensuring the period length 433 . The phosphorylation mediated by CK1 is reversed by phosphatase 1 (PP1) 434 , and moreover, the stoichiometry of PERs, CK1 and also PP1 is critical to ensure the 24-hour period rhythm 434 . Finally, CK1 has other substrates in the clock, such as BMAL1 which is also phosphorylated to increase its transcriptional activity 435 . Of note, PERs, CRYs and CK1δ, as well as CLOCK:BMAL1, can be present together in the same complex in the nucleus (during the repression phase), whereas PERs, CRYs, and CK1δ are distributed into several complexes in the cytoplasm 356 (Fig. 12).

• FBXL3 & FBXL21: stability of CRYs is regulated by the balance of the two paralogues, FBXL3 and FBXL21, which can form SCF E3 ligase complexes depending of the subcellular localisation of CRYs 436 . FBXL3 acts as the primary E3 ligase for CRYs in the nucleus, whereas FBXL21 has the same job only in the cytoplasm but induces a weak CRY degradation 436 . In the nucleus, FBXL3mediated CRY degradation is inhibited by FBXL21, where it does not form SCF E3 ligase, thus conferring a CRY stabilization in the nucleus 436 . Thus, stabilization of CRYs is mediated by FBXL21, leading to the accumulation of CRY proteins during the activation phase, whereas CRY proteasomal degradation is mediated by FBXL3 during the repression phase 437 . In addition, CRY ubiquitination by FBXL3 is triggered by AMPK, a central mediator of metabolic signals, providing a link with metabolism via nutrient-responsive AMPK activity 438 (Fig. 12).

D. Transcriptional architecture of the core circadian clock

The temporal and spatial architecture of both clock protein recruitment and establishment of chromatin marks associated with the core circadian clock components allows a detailed understanding of their role in the complex regulation of clock gene expression.

a) Genomic targets

Around 3,000 genes are targeted by CLOCK:BMAL1 complex in the mouse liver, and PER and CRY proteins are also recruited on most of these target genes 439 . However, PERs and CRYs can be recruited on the DNA independently of BMAL1. Indeed, around 30% of PER and CRY peaks on the genome are independent of CLOCK:BMAL1 recruitment, and around 50% of CRY peaks are independent of CLOCK:BMAL1 and PERs 439 .

b) Distinct roles for PERs and CRYs

In primates, humans and baboons, CRY1 is expressed later than PERs and CRY2, at the end of the day and beginning of the night 338,339 (Fig. 13). Indeed, depending on the combinatorial action of E-box, RORE and D-box, the phasing of CLOCK:BMAL1 occupancy (on E-box) is not always phase-locked with the RNA expression of their target genes [439][440][441] . The Cry1 gene is regulated by both E-box and RORE elements, which induces a delay in Cry1 expression compared to Per genes, which are only regulated by E-boxes 442 .

Moreover, CRY1 and PERs can interact alone with the CLOCK:BMAL1 complex 367,443 and have different mechanisms of CLOCK:BMAL1 inhibition. In mammals, PERs are involved in the displacement of CLOCK:BMAL1 on DNA 444 as in drosophila 445 , whereas CRY1 is able to repress CLOCK:BMAL1-mediated transcription without affecting its interaction on DNA 446 . Thus, the repression phase involves these two steps with an early repressive PER:CRY2 complex and a late repressive complex that contains CRY1 439 (Fig. 15).

c) Temporal regulation of transcription

Transcription factor occupancy, RNA polymerase II recruitment and initiation 439,447,448 , nascent transcription and chromatin remodelling are regulated by the circadian rhythm over a 24-hour period 350 . Thus, coordinated transcription of cycling genes occurs at the end of the activation phase, corresponding at the beginning of the night in mouse liver 439 , a nocturnal animal, and that can also fit in baboon, a diurnal animal, where cycling gene mRNAs are more present during the day 338 .

Thus, the circadian cycle has six distinct phases 350 (Fig. 15):

1-At the beginning of the cycle, CLOCK:BMAL1 bind to E-box sites, but this activator complex is poised by CRY1, resulting in a transcriptionally silent state. 2-Then, the level of CRY1 declines, inducing a derepression phase. 3-Next, CLOCK:BMAL1 occupancy peaks, as well as histone acetyltransferases p300/CBP, leading to the activation phase accompanied by H3K4me1 and H3K9ac. 4-Subsequently, RNAPII is recruited and pre-mRNA transcript expression peaks, leading to a temporally coordinated transcriptional activation phase. This phase is followed by deposition of histone H3K4me3 and H3K27ac marks. Of note, H3K4me3 promoter mark lags RNAPII occupancy by about 1 hour in cycling genes, and the H3K36me3 elongation mark lags about 3 hours, these marks are a consequence of RNAPII transcription. 5-Then, the repression phase takes place, during which PER1, PER2 and CRY2 occupancy peaks and transcription declines. 6-Before the beginning of the next cycle, the transition phase is mediated by the interaction between the co-activator CBP and the repressor PER2, which could maintain an open chromatin state before activation, and moreover CRY1 level increases to bridge this transition and interacts with CLOCK:BMAL1 to begin the next cycle. All expressed genes exhibit circadian rhythms in RNAPII occupancy and histone marks enriched at promoters, such as H3K4me3, H3K9ac and H3K27ac, even for non-cycling genes 439 . More precisely, RNAPII occupancy and H3K4me3 marks are highly dynamic and show circadian oscillations that peak at the end of the activation phase for all expressed genes, including cycling genes that form nascent transcription and non-cycling genes. However, other steps such as RNAPII pausing and elongation are not under circadian regulation, which explains why all genes are not cycling 439 .

This rhythmic gene expression on a daily basis is suggested to coincide with the daily metabolic demands and to optimize the metabolic cost of gene expression 449 .

d) Other steps in gene expression regulation

In addition to the direct regulation of transcription, RNA splicing 450 , polyadenylation 451 , miRNA-mediated regulation 452 and other post-transcriptional steps are also regulated by the circadian rhythm, which may explain that only ~20% of cycling mRNAs have a cycling nascent transcript 439,440 . However, all of these cycling mRNAs do not necessarily induce a rhythmic protein level, for example one-fifth of rhythmic polyadenylated mRNAs lead to rhythmic protein expression 451 . Finally, translation is also driven by circadian oscillations, and unrhythmic mRNAs can be rhythmically translated inducing oscillations at the protein level 453,454 . Thus, both transcriptional and post-transcriptional regulations play an important role for circadian gene expression.

E. Spatio-temporal organization of the genome

The organization of the 3D genome is regulated by the circadian rhythm and can be integrated into the 4D nucleome, which corresponds to the temporal changes of 3D genomic interactions 455 . Many circadian loci, including PER1, PER2, BMAL1, DBP, NR1D1 and Clockcontrolled genes (CCGs), and the whole genome, have been studied from the perspective of the genome organization (Fig. 16).

a) Topologically associating domains (TADs)

Circadian TADs have been identified as containing circadian regulated genes.

(i) Cis-interactions

Circadian TAD boundaries are stably maintained over time 456,457 , however, intra-TAD interactions and more specifically, enhancer-promoter interactions exhibit circadian rhythms (Fig. 16a).

• Core clock loci: The core clock loci are contacted by few genomic elements, but these interactions are highly dynamic during the circadian rhythm, increasing at peak transcription times 456 . Indeed, the promoters of core clock genes, including BMAL1, PER1 and PER2, are involved in 24-hour oscillations of promoter-enhancer loops which precede pre-mRNA synthesis 458 (Fig. 16a). • Output circadian loci: Output circadian loci (CCGs) have more interactions than core clock loci, and these interactions are also more stable over time 456,458 and they are BMAL1independent 458 (Fig. 16a).

• REV-ERBα: Enhancer-promoter looping between some REV-ERBα-regulated enhancers and circadian target gene promoters are abrogated by REV-ERBα, leading to a transcriptional inhibition 457 . To do so, REV-ERBα recruits NCoR-HDAC3 corepressor complex, deacetylates H3K27ac, and removes the elongation factor BRD4 and the looping factor MED1 (Fig. 16a).

• Cohesin: Interactions of a BMAL1-bound super-enhancer, upstream of NR1D1 locus (coding REV-ERBα), to CCGs are stable in the circadian cycle, but these interactions are required for the cyclic activation of transcription 459 . Cohesin, independently of CTCF, is required to drive the circadian gene expression of CCGs, by facilitating the enhancer-promoter looping (Xu et al., 2016) (Fig. 16a). On the other hand, Cohesin, this time in association with CTCF, insulates the phases of circadian genes by separating circadian TADs according to the acrophase 459 (Fig. 16b). In addition, circadian TADs isolate circadian genes with shared transcription time to express several circadian genes in the same circadian phase 456 (Fig. 16b). Output genes (CCGs) are proposed to be arranged in a chromatin hub of temporally co-transcribed genes 458,460 .

(ii) Trans-interactions

The dynamic of DBP gene interactome is also controlled by the core clock. Indeed, 15% of the interchromosomal interactions with DBP locus, a circadian gene controlled by E-boxes, are regulated by the circadian rhythm through BMAL1. Low Dbp transcription, corresponding to dissociated CLOCK:BMAL1 from E-boxes, is correlated with a decrease in Dbp gene interactome during the repression phase 461 (Fig. 16b).

b) A/B chromatin compartments

Some circadian TADs switch between the transcriptionally active A compartment and the inactive B compartment at different times of the day, which is correlated with the transcriptional activity and histone modification marks driven by the activation/repression phase 456 (Fig. 16b).

Circadian Rhythm and DNA repair

Many cellular processes are regulated by the circadian rhythm. In the context of DNA repair, and in particular DSB repair, it is important to note that the cell cycle is regulated by the clock (see below). Regarding DNA repair, although there are observations suggesting a link between the circadian rhythm and DSB repair, the most recognized evidence is that the repair of DNA damage induced by UV, and thus by sunlight, is regulated by this clock. 

A. Circadian rhythm and nucleotide excision repair (NER)

The NER pathway is involved in the removal of DNA damage induced by UV, cigarette smoke or the chemotherapy drug cisplatin. There are two NER pathways: the global genome NER (GG-NER), which deals with DNA damage in non-transcribed regions and the non-transcribed strand (NTS), and the transcription-coupled NER (TC-NER), which is specific to transcribed strand (TS) damage (Fig. 17).

Since mammalian CRYs evolved from bacterial light-activated DNA repair enzymes, called photolyases, it was first postulated that NER would follow a circadian rhythm due to the solar cycle and leading to UV-induced cyclic DNA damage. CRYs have lost their photolyase function, however, in mouse, the NER pathway is regulated by the circadian rhythm and exhibits a maximum activity in the afternoon/evening hours and a minimum activity in the midnight/morning hours [462][463][464] (Fig. 17). On the one hand, the NER factor XPA is clock controlled (CCG) and dictates the DNA repair, thus the XPA expression peak coincides with the maximum NER activity (~5:00 p.m.) 464,465 (Fig. 17). On the other hand, NER is also driven by the circadian transcription of the damaged genes. Indeed, non-transcribed regions and nontranscribed strand (NTS) are repaired by the GG-NER, with a peak at ~5:00 p.m., whereas the transcribed strand (TS) is repaired TC-NER 466 at specific times of the particular gene transcription 467 (Fig. 17). Interestingly, the oscillation of the NER activity is not restricted to skin cells that are physiologically in contact with UV, and thus, in mice, the NER activity in the brain and liver but not in testis also exhibit a circadian pattern 462,464,465,468 .

Furthermore, photocarcinogenesis is regulated by the clock. Indeed, UV-induced DNA damage can trigger mutagenesis and skin cancer, with higher susceptibility at the time when NER is less efficient. In mouse, chronic UV radiation in the morning accelerates the occurrence and number of skin cancers, compared to UV radiation in the evening 464 . Moreover, cell proliferation is also higher in the morning, which could contribute to UV-induced carcinogenesis in the morning.

In human, it is unclear whether photocarcinogenesis is controlled by the clock, but NER activity is in phase with BMAL1, which correlates with relaxed chromatin (histone acetylation), and the circadian rhythm of the NER activity is BMAL1-dependent 469 . Moreover, XPA protein level is inhibited by CRYs and REV-ERBs and an inhibition of these clock proteins promote the NER activity and cell cycle arrest 470 .

B. Cell-cycle cross-talk with the circadian clock

The cell cycle and the circadian rhythm share many similarities: both are cyclical, return to their initial state and have periodic phases of activation and repression. Moreover, in organisms from cyanobacteria to plants 471,472 , these cycles are coupled. In mammals, although one study suggests that the circadian rhythm could gate cytokinesis to defined time windows 473 , today, studies agree that if the two are not strictly coupled, there is a cross-talk between the circadian clock and the cell-cycle.

a) Cell cycle regulation by the circadian rhythm

Cell cycle progression and checkpoints are influenced by circadian factors, inducing a rhythmic transcriptional and posttranscriptional regulation of the cell cycle. For example, a large number of factors involved in cell cycle/checkpoint response are encoded by CCGs in mouse and baboon 338,463 , including p21, p53, MDM-2, Cyclin D1, Cyclin A, GADD45A, c-Myc and WWE1 474- 477 . Moreover, CHK1 and p53 phosphorylation follows a circadian pattern 478 .

• G1: Transcription of the cyclin-dependent kinase (CDK) regulator p21 is promoted by RORα/β and repressed by REV-ERBα, thereby regulating cell-cycle progression 474 . The CDK inhibitor p16 expression is regulated by the PER complex protein NONO, in a PER-dependent manner at the G1-S transition, causing cellular senescence 479 . Also, reactive oxygen species (ROS)-induced senescence is inhibited by BMAL1 480 . G1-S transition is inhibited by PER1 through its interaction with ATM and CHK2, facilitating CHK2 phosphorylation and causing cell-cycle arrest and apoptosis 481,482 . However, other studies have suggested that PER1 is antiapoptotic in hepatic and pancreatic tumors, probably via another mechanism 483 .

• S: Replication follows BMAL1-dependent temporal variations and preferentially occurs in the late night/early morning in different cell types in mice 463,464 . Furthermore, mammalian Timeless (TIM) is orthologous to the drosophila core loop protein which belongs the repressor complex PER/TIM, however, its role is provided by CRYs in mammals. Mammalian TIM can exhibit a circadian expression pattern 484 but it is not involved in the circadian feedback loop. TIM is a replisome component and interacts with TIPIN, together participating in intra-S phase checkpoint control 485 . Thus, genomic instability is supressed by TIM during the normal replication 486 as well as under a replicative stress 487,488 . TIM expression is also controlled by the cell cycle and TIM could connect the cell cycle with the circadian rhythm via its interaction with CRYs 478,489 . However, mammalian TIM is more related to the drosophila Timeout (tim-2) than to Timeless (tim) 490 , which could explain its role in mammals since Timeout is involved in genome stability 491 .

• G2/M transition: Transcription of the G2/M regulatory kinase WEE1 and CRY1 genes are enhanced by the binding of the transcription factor AP-1 in their regulatory regions, in a lightdependent manner (cells with a light-entrainable circadian rhythm), thus circadian clock and cell cycle share common regulatory pathways 492 . In addition, WEE1 is inhibited by CRY1, which promotes cell-cycle progression, and thereby induces mitotic entry 475 . WEE1, Cyclin B1 and Cdc2 are downregulated by PER1, leading to a growth inhibition 481 . The CLOCK:BMAL1 complex is recruited to the E-box on the WEE1 gene promoter, upregulating its transcription, which then inhibits the G2/M transition 493 . Moreover, mitosis is restricted by CRY1, modulating the ATR, CHK1-mediated G2/M transition by interacting with TIM in a circadian-controlled manner 478 .

b) Circadian rhythm regulation by the cell cycle

Conversely, the circadian clock is also modulated by the cell cycle regulatory machinery. p53 is a CCG antiphasic to PER2 and can be recruited to PER2 promoter, which blocks CLOCK:BMAL1 binding, repressing PER2 transcription, and thereby shifting the circadian rhythm 476 . Of note, p53-/-mice have a shorter period length and an overall unstable circadian rhythm 476,494 , suggesting that p53 plays an important role to set the circadian rhythm. Moreover, the circadian rhythm is controlled by the interaction between PER2 and PML, a tumor suppressor, which promotes nuclear localization of PER2 495 .

C. Circadian rhythm and DSB response

In the same way as for the cell cycle, there is a crosstalk between the circadian rhythm and the DSB response, which can therefore influence each other.

a) Regulation of DSB signaling by the circadian rhythm

The DSB response is regulated by the circadian rhythm, and more precisely, the expression peak of PER2 is associated with higher expression of p21, p53, c-Myc and better cell survival following IR 496 . Moreover, some circadian proteins are directly involved in DSBR by promoting DSB signaling:

• TIM: ATM/CHK2 pathway is activated by TIM in response to DSBs, protecting against doxorubicin cytotoxicity 497 .

• PERs: PER1 interacts directly with ATM/CHK2 and activates DDR in response to IR-induced DSBs causing cell cycle arrest and apoptosis 481,482 . IR-induced apoptosis is also enhanced by PER2, decreasing neoplastic growth and increasing mice survival 477,498 (Fig. 18b).

• BMAL1: IR-induced p53 activation is promoted by BMAL1, increasing cell-cycle arrest 499 .

b) Regulation of DSB repair by the circadian rhythm

The circadian clock may regulate DSB repair through circadian expression of DSB repair genes, such as CCGs, or through direct involvement of clock genes in DSB repair (Fig. 18).

(i) Circadian expression of DSB repair genes

In mouse, HR genes (RAD51, BRIP1, BRCA1/2) are expressed at higher levels during the light phase and IR-induced DNA damage seems to be better repaired during this phase 500 . In addition, E-Boxes in promoter regions of ATM and BRCA1/2 are bound by BMAL1 501 , which may explain the circadian pattern of their expression (Fig. 18a).

In baboon, many DNA repair genes, including those for NER (UV-induced DNA damage repair), BER (oxidative DNA damage repair), as well as HR and NHEJ (DSB repair) pathways, are CCGs and are preferentially expressed during the day, when PERs and CRY2 are expressed 338 . In human, BRCA1 and BRCA2 are expressed with a peak at midday and a lowest level at midnight, which correlates with variations in PER2 expression 502 (Fig. 18a).

(ii) Circadian factors in DSB repair

Some circadian factors have been involved in DSB repair (Fig. 18b):

• TIM: TIM is recruited to DSB sites in a PARP1-dependent manner and enhances PARP1 substrate recruitment to promote HR repair 503 (Fig. 18b). • REV-ERBα: REV-ERBα is recruited to DSB sites via its PARylation by PARP1 and inhibits DSB repair, both NHEJ and HR, increasing sensitivity to doxorubicin 504 (Fig. 18b). Moreover, high REV-ERBα expression is correlated with a good prognosis in breast cancer patients treated with chemotherapy 504,505 .

• BMAL1:CLOCK: the BMAL1:CLOCK complex is recruited to DSB sites. BMAL1 is also activated by ATM-mediated phosphorylation at S183, thus enhancing acetylation of histone H4 and DSB end resection, and hence HR-mediated repair 506 (Fig. 18b). However, some of these results, including the recruitment to DSB sites, were obtained under BMAL1 and CLOCK overexpression in cells, and it remains to be demonstrated that these observations exist with the endogenously expressed proteins.

• CRY1: CRY1 appears to play two antagonist roles in DSB repair. On one hand, CRY1 can bind to the promoters of HR repair genes, enhancing their expression in response to DSBs, and thus HR-mediated repair 507 (Fig. 18b). In addition, the expression of CRY1 is induced by androgens and CRY1 is associated with poor outcome in patients with androgen-dependent prostate cancer who have been treated by prostatectomy alone 507 . On the other hand, CRY1 can be recruited at DSB sites to retain the anti-resection factor CCAR2 at DSBs, thereby decreasing DNA end resection and HR-mediated repair 508 (Fig. 18b). In this study, resection and HR exhibit circadian oscillations and peak in the CRY1-depleted circadian phase (Fig. 18b). Moreover, high CRY1 levels in tumor cells are associated with a good prognostic in breast cancer patients treated with radiotherapy, consistent with a HR-deficient tumor response. Finally, a better prognostic was also observed in prostate cancer patients treated with radiotherapy in the afternoon, when CRY1 level increased and inhibited resection/HR, compared with patients irradiated in the morning 508 .

c) Circadian rhythm disruption and consequences on DSB response

Disruption of circadian rhythm by simulated shift work has also been documented in the literature:

• In drosophila, circadian disruption does not alter the usage of mutagenic NHEJ and SSA repair pathways to repair DSBs 509 .

• In mouse, IR-induced dermatitis 510 and cardiotoxicity 501 are enhanced by circadian clock disruption and correlates with a higher level of DNA damage.

• In human, circadian disruption causes circadian dysregulation of DNA repair gene expression, including RPA, H2AX, PARP1 and the NER factor XPA 511 , as well as lower levels of BRCA1, BRCA2 and PER2 502 . Moreover, circadian disruption is also correlated with high level of DNA damage in absence of exogenous damage as well as after IR 511 .

d) Role of the sleep in DSB repair

The circadian rhythm may also be related to sleep, although the following studies have not examined the contribution of the circadian rhythm itself in DSB repair. In flies and mice, wakefulness is associated with high level of neuronal DSBs whereas sleep is associated with low level of DSBs, an upregulation of DNA repair genes and a faster repair of IR-induced DSBs 512 . In the same way, zebrafish neurons accumulate DSBs during wakefulness and the amount of DSBs is reduced during the sleep, thanks to an increase of chromosome dynamics 513 . Moreover, sleep is triggered by different DNA damage, including TC-DSBs via etoposide treatment, and also, the DDR initiator PARP1 can promote sleep, facilitating DNA repair 513,514 .

e) Circadian rhythm regulation by DSB repair

As for the cell cycle, DNA damage and specifically DSBs can regulate the circadian rhythm.

(i) PER complex proteins stabilization

First, many studies have shown that circadian repressor proteins PER1, PER2, CRY1 are upregulated/stabilized following the occurrence of DSBs 477,481,498,507 (Fig. 18b) excepted for one publication which suggested that p53 downregulates PER2 transcription upon IR treatment 476 .

(ii) BMAL1:CLOCK dysregulation

The repressor complex BMAL1:CLOCK is regulated by the DNA repair factor CCAR2 in absence of DNA damage, specifically, BMAL1 gene transcription is repressed by CCAR2 through REV-ERBα 515 . Of note, CCAR2 also interacts with some PER complex proteins including DDX5, DHX9 and SFPQ, and is associated with the loss and the slowdown of CLOCK and BMAL1 oscillations 516 .

(iii) Circadian phase resetting

It has been showed that IR induces circadian rhythm as well as behavioral rhythm phase advance in a dose-, time-and ATM/ATR-dependent manner 517 . Moreover, phase shifting does not seem to be dependent on the expression of clock genes 517 . It is proposed that, upon DSB induction, CRY2 is degraded via FBXL3 interaction, and CRY1 is deubiquitinated by HAUSP, leading to its accumulation (Fig. 18b). The high CRY1/CRY2 ratio would lead to circadian phase advance in a HAUSP dependant manner 518 (Fig. 18b). TIM can also promote this IR-induced phase advance, probably by competing with PER2 to bind CRY1 484 .

Other DNA damage, including UV and oxidative damage, can also lead to a circadian phase advance 517,519 , but the mechanism remains unclear.

Overall, DNA damage could trigger phase resetting of the circadian clock, which could explain the interconnections between these two processes. UV-damage is physiologically induced during the light phase, due to the solar cycle, however this damage is restricted to skin and eye cells in humans and animals. It is unclear whether endogenous DSBs are preferentially induced in a specific circadian phase, however it has been shown that oxidative stress is clockregulated, and thus, ROS accumulate during the light phase in mouse 463 . DNA damage may therefore be considered as a zeitgeber.

Implication of circadian rhythm in pathology

In average, human circadian period length is about 24-hour, however due to genetic variations of circadian clock genes, as well as environmental factors and age, the period length can be shorter or longer than 24-hour. Thus, variation of period length as well as variations in phase can be observed between individuals. Moreover, individual preferences for sleep and activity times define the chronotype, which can be classified into three categories 520 :

• Morning-type, which exhibits an advanced sleep period and is most active in the morning,

• Evening-type, which exhibits a delayed sleep period and is most active in the evening,

• Neither-type, which concerns most of the population, shows intermediate characteristics.

More than genetic variations, mutations in the clock genes may be the cause of severe circadian disorders. In addition, the circadian rhythm is also affected by the environment and behaviors, which may lead to sleep disorders as well as circadian rhythm disruption. As it regulates most of the protein-coding genes, the circadian rhythm is also associated with the development of many diseases and their treatment. In particular, the main diseases for which there is a link between DSB repair and circadian rhythm are cancer development and neurodegenerative diseases.

A. Circadian rhythm sleep disorders

Circadian rhythm disorders are directly related to sleep disorders, and are therefore classified under the term "Circadian rhythm sleep disorders". These disorders fall into two categories:

• intrinsic type, including advanced sleep phase disorder (ASPD), delayed sleep phase disorder (DSPD), non-24-hour sleep-wake disorder, irregular sleep-wake disorder (ISWD),

• extrinsic type, including jet lag disorder and shift work sleep disorder 521,522 .

The etiology of circadian rhythm sleep disorders can be multifaceted and include the environment, such as light exposure or caffeine consumption, behaviors, such as sleep habits or travel, as well as gender, aging and medical conditions, including certain diseases and medications. Moreover, mutations in circadian genes cause familial advanced sleep phase disorder (FASPD), in which the sleep-wake cycles of affected individuals are shifted several hours earlier from normal 521 . Dominant mutations in PER2 and CSNK1D (CK1δ) have been shown to cause FASPD in humans 378,523 .

Jet lag and shift work sleep disorders are frequently encountered in our society and result from a desynchronization between the internal circadian clock and the external geophysical clock. Jet lag is a transient desynchronization, whereas shift-work disorder is a chronic desynchronization where temporal cues, specifically the day-night cycle and the time of work, compete over a long period of time. This form of circadian disruption may concern many professions, including nurses or firefighters, and importantly, can increase the risk of developing neurological (neurodevelopment), psychiatric (depression), cardiovascular (stroke), metabolic (diabetes and obesity), immune (COVID-19, asthma) disorders, as well as cancers [524][525][526] . Of note, the health hazards associated with circadian dysfunction, which were originally discovered in shift workers, can also be considered more broadly, such as social jet lag, which may represent a risk to a much wider segment of the population.

B. Cancer

In addition to gene expression, metabolism 527 and immune functions 528,529 undergo circadian oscillations. At the molecular and cellular levels, autophagy, cell growth, apoptosis and senescence, as well as the cell cycle and DDR, as previously mentioned, are strongly linked with the circadian clock. For example, both extrinsic and intrinsic apoptotic pathways are regulated by the circadian clock through TNFα by the regulation of the NF-κB signaling and p73 expression 530,531 . Of importance, there is also a cross-talk between the circadian rhythm and oncogenes/tumor suppressors, including c-Myc, p53, and Ras, all of which affect the circadian clock and inversely 532 . Thus, all of these cancer hallmarks are regulated by the clock 533 , so it seems interesting to connect cancer and circadian clock.

a) Genomic features

There are different layers to study genomic features associated with circadian genes in cancer, including mutations and expression patterns in tumors.

(i) Clock gene alterations in cancer

First, circadian clock genes are non-essential genes in mice, as BMAL1 and CLOCK deficient mice are viable with a reduced lifespan (>15%) 534,535 , whereas CRY1/2 and PER1/2 deficient animals have a normal lifespan. However, genetic alteration of circadian repressor genes promotes the development of various cancers. Indeed, Per2m/m, Per1-/-Per2-/-and Cry1-/-Cry2-/-mice develop lymphomas 477,536 , hepatocellular carcinomas 537,538 , lung tumors 539 and cholangiocarcinogenesis 537,540 . Of note, the circadian clock of Per1-/-Per2-/and Cry1-/-Cry2-/-mice is not functional.

In humans, metanalyses of several genome-wide association studies (GWAS) have revealed weak evidence for the association of human clock gene polymorphisms and the incidence of cancer 541,542 . Similarly, the Cancer Genome Atlas (TCGA) database also suggests that the mutation frequency of core clock genes in cancer is relatively low 543 . However, mutations in core clock genes have been associated with overall survival. More precisely, for breast cancer patients, PER1/2/3 genes have the highest mutation rate among core circadian genes. Moreover, mutations in core clock genes had worse overall survival than those without mutations, and even worse survival when PER1/2/3 are mutated 543 . To conclude, despite the evidence in mice, genetic alterations in human cancers are rare.

(ii) Clock gene expression in cancer

Changes in the expression of clock genes are more widespread than mutations in clock genes (Fig. 19a). Clock genes are globally dysregulated in cancer, the activator complex (BMAL1, NPAS2) seems to be upregulated whereas the repressor complex (PERs,CRYs) is clearly downregulated in various types of cancer 481,[543][544][545]). Moreover, a high expression level of activator genes, BMAL1, CLOCK and NPAS2, or conversely, a low expression level of repressor genes, including PER2, PER3 or CRY2, is associated with tumor progression and worse overall survival in different cancer types 543,546,547 . However, high level of CRY1 is correlated with tumor advancement, mestastasis and poor prognosis in colorectal, prostate and breast cancer 507,545,548 . Importantly, the degree of disruption in the expression of clock genes appears to correlate with the stage or aggressiveness of cancers. For example, the clock becomes disrupted at the advanced stage in Hodgkin lymphoma 549 , and more misexpression of clock genes is observed in triple-negative breast cancer, an aggressive tumor type, compared to other breast cancers 545 .

This clock gene misregulation in cancer can at least be explained by the hypermethylation status of circadian gene promoter in human cancers. Indeed, PER1, PER2, CRYs are frequently methylated in various cancers 550 . Interestingly, around 50% of the differential expression of the PER proteins in the breast cancerous tissues can be explained by promoter methylation of the PER genes 551 . Moreover, PERs are often downregulated by miRNA upregulation in cancer 550 .

Independently of their role in DDR, PER proteins are involved in other mechanisms promoting cancer. Thus, androgen receptor (AR)-mediated gene activation is inhibited by PER1, inhibiting prostate cancer cell growth 552 . In breast cancer cells, estrogen receptor- (ER) transcriptional activation is suppressed by PER2, resulting in growth inhibition and apoptosis induction 553 . In addition, PER2 may act as a negative regulator of epithelial-mesenchymal transition (EMT) 554 and is also associated with metastasis 546 . Globally, PER2 is involved in tumor suppression, by repressing expression of Ki-67, MDM2, c-Myc, Bcl-2, MMP2, and VEGF, and increasing expression of p53, Bax, and TIMP-2 555 .

Based on expression levels in cancer and on the role of PERs and other clock components in carcinogenesis, PERs and CRY2 seem to be tumor suppressor genes, whereas the activator complex as well as CRY1 seem to be oncogenes. Importantly, the clock gene expression profiles in a number of cancers may have prognostic value.

(iii) Circadian rhythm in cancer

Another layer of importance is to study the circadian profile of clock gene expression in cancer cells (Fig. 19b). The circadian rhythm of core clock genes, as well as CCGs, in cancer tissues can be arrhythmic [556][557][558] , or rhythmic but out of phase with normal tissue (or different in amplitude or only certain clock genes are altered) 549,[558][559][560] , or rhythmic and in phase with normal tissue 543,549,561 (Fig. 19b). Most of the time, the circadian rhythm appears to be impaired in tumors, however the underlying mechanism of the rhythm alteration in cancer is not known but it could depend on the tumor type, the tumor-forming organ or other factors (Fig. 19b).

It is unclear whether the alteration of clock gene expression and circadian rhythm are causes or consequences of the tumorigenesis. However, considering the role of the clock in cancer hallmarks, these results are consistent with the hypothesis that specific circadian disruptions are a common feature of cancer and may contribute to pathogenesis. 

b) Circadian rhythm disruption

In cell culture, chronic circadian desynchronization by adding the dexamethasone, a circadian synchronization drug which increases PER transcription, at non-24-hour intervals enhances cell proliferation 562 .

In mice, circadian rhythm disruption provoked by shifted lighting, simulating shift work, or by SCN ablation, enhances tumorigenesis via higher tumor growth rate, lower tumor latency as well as lower mouse viability in various tumor models including spontaneous hepatocellular carcinoma 464,536,538,539,[563][564][565]).

In humans, epidemiological studies show that the disruption of circadian rhythms by factors such as shift work is associated with increased risk of breast cancer 566,567 , in particular for longterm rotating night-shift work (20 years or more) since early adulthood is associated with a 2,15 increased risk of breast cancer 566 (Fig. 19c). Some evidence has been found for an association between other cancer type and shift work including colorectal, endometrial and prostate cancers [568][569][570] . Based on this evidence, the International Agency for Research on Cancer (IARC) has classified "shift work involving circadian rhythm disruption as probably carcinogenic to humans (Group 2A)" since 2007 [571][572][573]). However, this link remains controversial, partly because the definition of shift work differs from one study to the other, in particular regarding the time of day to be considered as shift work, the shift work duration per week and the duration of exposure.

Of note, the significant incidence of breast cancer is decreased, up to 57% in totally blind women 574 . Blind people maintain a circadian rhythm, however their rhythm is not driven by light, which regulates the secretion of melatonin. Furthermore, melatonin is involved in different anticancer mechanisms, including apoptosis induction, cell proliferation inhibition, reduction in tumor growth and metastases, reduction in the side effects associated with chemotherapy and radiotherapy, decreasing drug resistance in cancer therapy, and augmentation of the therapeutic effects of conventional anticancer therapies 575 . Thus, the increased risk of cancer development in shift workers/circadian disruption may be due to the shift in light signals, altering physiological and circadian pattern of melatonin secretion.

c) Chronotherapy

Chronobiological therapies are applied to prevent or treat circadian rhythm disorders 576 , as well as other related disorders, including cancer treatment 577 . These therapies based on the circadian rhythm, called chronotherapies, are classified into three categories 576 .

• Training the clock: These are interventions to enhance or maintain a robust circadian rhythm, including chrono-phototherapy, chrono-diet (time-restricted feeding) and chrono-exercise, all these elements seem to contribute to the improvement of cancer treatment 577 .

• Drugging the clock: It is the usage of drugs that directly target the circadian clock, including CK1s, REV-ERBs, RORs, CRYs modulators, as well as the melatonin and glucocorticoids (dexamethasone), all these drugs may play a role in tumorigenesis regulation 533,577 . The CRYs inhibitor KS15 inhibits the interaction between CRY1/2 and BMAL1:CLOCK, resulting in a non-transcriptional repression and thus in the increase of PERs and REV-ERBα mRNA levels 578 (Fig. 20). Interestingly, the sensitivity to doxorubicin, a TOP2 inhibitor and a DNA intercalant which leads to DSB induction, of some breast cancer cells is increased by KS15 treatment 579 (Fig. 20).

On the other hand, melatonin is physiologically released in the brain at night, and initially, this hormone was involved in the regulation of sleep/wake cycles and also has a role as antioxidant.

Melatonin is an effective anticancer hormone 580 and reduces chemotherapy-induced toxicity. More precisely, melatonin has been implicated in DSB response, thus melatonin pre-treatment before IR sensitizes breast cancer cells by decreasing cell proliferation, inducing cell cycle arrest, and downregulating proteins involved in DSBR, such as RAD51 and DNA-PKcs 581 (Fig. 20). Moreover, melatonin ingestion a few hours before irradiation causes a reduction in γH2AX foci 582,583 . Furthermore, DSB levels induced by radioiodine-131, a therapy for thyroid cancer and hyperthyroidism, are reduced by melatonin 584 . Thus, melatonin seems to regulate the DSB repair/response, however its mechanism remains unclear. Also, Cortisol is an endogenous glucocorticoid that peaks in the morning (6-8a.m.), it is a strong circadian cue to reset the circadian clock and has also other functions, including gluconeogenesis and anti-inflammatory effects. The dexamethasone, a cortisol analog (synthetic glucocorticoid), is used as a supportive care co-medication for cancer patients undergoing standard chemotherapies, and has been very effective in the treatment of some types of cancer 577 . Of importance, enhancing circadian clock function with dexamethasone in cancer cells inhibits tumor growth in mouse 585 (Fig. 20).

• Clocking the drugs: It is the optimization of the schedules of taking drugs, to the appropriate phase of the circadian rhythm in order to improve efficacy efficiency and/or reduce side effects. Indeed, the efficiency of an agent may vary depending on the time of day, depending on its mechanism of action, for example targeting an oscillatory process which exhibits a maximum effect at specific hours of the day. Moreover, pharmacokinetics and metabolism of agents including cytochromes P450 may vary with circadian phase 586 . Toxicity of agents may also vary depending on the time of day, thus it appears crucial to limit their toxicity on the healthy tissues around the tumor, as well as for the rest of the body, to limit side effects. As an example for chronochemotherapy, in rat plasmacytoma, doxorubicin is most effective and less toxic when it is administered near the end of the daily resting phase 587 . Although the clinical application of these chronotherapies to certain pathological conditions, such as asthma and cardiovascular disease, is clear, the same application to chronochemotherapy for cancer treatments has not produced sufficiently consistent results to justify a routine clinical application 532 . In addition to chronochemotherapy, the efficiency of radiotherapy could also oscillate (chronoradiotherapy), which is consistent with the very recent study showing a better prognosis for prostate cancer patients treated by radiotherapy in the afternoon compared to the morning 508 (Fig. 20).

Considering that:

-in baboons, more than 80% of protein-coding genes have a circadian expression in the whole organism 338 , -in mice, more than half of all genes have been found to cycle at the mRNA level 588 , -these cycling genes are enriched for drug targets, in particular the top selling drugs in the US have a circadian target gene 588 .

This emphasizes the importance of optimizing the timing of drug delivery for circadian drug targets. However, instead of empirically determining the optimal phase of chemotherapy and other cancer treatments, it would make sense to known the exact circadian profile of different types of tumors, as well as the precise moment where the sensitivity of cancer cells (in vitro), to different chemotherapy drugs, is maximal in order to propose epidemiological studies focused on the timing of interest, that would also improve the statistical power. 

C. Neurodegenerative diseases

Other common diseases between DSB repair/genomic instability and the circadian rhythm are neurodegenerative diseases. Indeed, patients suffering from neurodegenerative diseases, including Alzheimer's disease and related dementias, as well as Parkinson's disease, frequently experience circadian rhythm disruptions in a severe form, up to the loss of 24-hour rest-activity pattern. In addition to being a symptom of neurodegeneration, some evidence suggest that circadian rhythm disruptions might also be a potential risk factor for developing neurodegenerative diseases 589 . Because neuroinflammation, Aβ dynamics, blood-brain barrier, synaptic function, brain metabolism and oxidative stress are regulated by peripheral/neuronal/glial clocks and by sleep, a disruption of circadian clocks could promote toxic protein aggregation and neurodegeneration 589 .

Furthermore, the DSB repair factor FUS [590][591][592] , implicated in the pathogenesis of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) 593 , is also a CCG involved in the PER complex and enhancing the transcriptional repression of clock genes 594 . Therefore, FUS could provide an interesting link between PER complex, neurodegeneration and DSB repair.

Finally, ataxia symptoms in ataxia-telangiectasia (AT) patients, a rare neurodegenerative genetic disorder (without cure) which is caused by inherited mutations in the ATM gene (see section on DSB repair), are improved by a dexamethasone treatment, a drug regulating the circadian rhythm as we saw earlier 595 . Of note, this treatment has passed phase 2 clinical trials 596 . The mechanism involved in the improvement of symptoms might be due to the production of an alternative variant of the ATM protein, skipping the causative mutation, upon dexamethasone treatment, however, this mechanism is still being debated [597][598][599] . A second hypothesis is that dexamethasone treatment might also partially recover expression of genes that are usually dysregulated in AT patient, including DSB repair genes 600 .

III. NUCLEAR ENVELOPE

In eukaryotic cells, the nuclear envelope (NE) is a protective barrier for the genome and a communication interface between the nucleus and the cytoplasm. In addition, the NE also contributes to the genome organization, nucleus positioning and transmission of mechanical forces exerted on the plasma membrane. Failure of this barrier can result in protruding spherical structures called nuclear blebs, or even nuclear ruptures which can lead to micronuclei formation and hence massive genetic instability, by aberrantly exposing the DNA to the cytoplasmic environment. 

Nuclear Envelope architecture

The NE is composed of a double bilayers lipid membrane, comprising the inner nuclear membrane (INM) and the outer nuclear membrane (ONM), the nuclear lamina, the nuclear pore complexes (NPCs), as well as many other proteins on the nuclear or cytoplasmic side (Fig. 21).

A. Double membrane

The INM and the ONM are separated by the perinuclear space and the ONM is contiguous with the endoplasmic reticulum (ER) membrane in the cytoplasm 601 . The ONM is encompassed by several specific integral membrane proteins that bind to the INM and cytoskeletal components, as well as by ribosomes and proteins found in the ER. In turn, the INM contains several transmembrane proteins that are in close association with both chromatin and the nuclear lamina. Moreover, these two membranes are merged at numerous sites, giving rise to pores that are filled with nuclear pore complexes (NPCs) 602 (Fig. 21).

B. Nuclear pore complexes (NPCs)

NPCs are supramolecular structures with an outer diameter of ∼120 nm and a central transport channel of 40 nm in diameter. NPCs constitute the major gateways between the nucleus and the cytoplasm for the diffusion of small molecules, including metabolites and ions, as well as for the selective import and export of macromolecules, including proteins and RNAs [603][604][605] . Each NPC is composed of multiple copies of ∼30 different nucleoporins (Nups) arranged in octagonal rotational symmetry around the central transport channel which forms a protein complex of ∼120 MDa in mammals 602 (Fig. 22).

Depending on the subunit, nucleoporins can be imbedded either into the NPC scaffold and central channel, or into the cytoplasmic ring or filaments, in contact with the cytoplasm, or as nuclear ring and basket components, in contact with the nucleoplasm 606 . In fact, NPC subunits play different roles in bi-directional transport but also in replication, mitosis, transcriptional regulation, chromatin organization, telomere maintenance and DNA repair 607 . For instance, super-enhancers are contacted by Nup93 and Nup153, at the nuclear periphery, to regulate transcription as major chromatin regulators 608 . Through its interaction with CTCF and cohesin, Nup153 can regulate chromatin interaction and transcription 609,610 . The NE-imbedded NPC subunit Nup210 interacts with SUN2, another NE component (see below, section on LINC complex), to regulate the expression of mechanosensitive genes by disrupting heterochromatin spreading 611 . Nups can positively or negatively regulate gene expression through various interactions with chromatin components 612 . However, NPCs mainly interact with active open chromatin, and thus H3K27me2 and H3K9me2 heterochromatin histone marks are excluded at nuclear pores. Of note, NUPs are not only localized in the NE and can be localized within the nucleoplasm to exert unclear functions [613][614][615]23a). 

C. Nuclear lamina

The nuclear lamina is composed by Lamins and also INM transmembrane proteins which can both interact with chromatin, thus contributing at the NE integrity as well as other functions related to the chromatin interaction (Fig. 23b).

a) Lamins

A part of the nuclear lamina is a ∼30 nm thick network composed of A-and B-type Lamins, Vtype intermediate filaments, and Lamin-associated proteins on the nuclear side of the INM, providing structural, mechanical and functional support to the nucleus [616][617][618] . In mammals, Atype Lamins result from the LMNA gene alternative splicing, giving rise to both Lamin A and Lamin C isoforms, while B-type Lamins result from expression of two distinct genes, namely LMNB1 and LMNB2, leading to Lamin B1 and B2 isoforms, respectively. The A-and B-type Lamins are differentially matured, resulting in the tethering of the B-type Lamins to the INM whereas the A-type Lamins are not attached to the INM, and thus, A and C Lamins are found in the nuclear lamina, facing the nucleoplasm, as well as in the nucleoplasm 619,620 (Fig. 23b). Each Lamin isoform (A, C, B1, B2) is organized into distinct fiber meshwork 621,622 via the polymerization of homodimers into filaments 617 (Fig. 23a). Post-translational modifications of Lamins, including O-GlcNAcylation and acetylation, contribute to the functional stability of the Lamin network.

b) Lamina-associated domains (LADs)

Chromatin regions named lamina-associated domains (LADs) are directly contacted by the nuclear lamina (Fig. 23b). Both A-and B-type Lamins can bind directly to chromatin 623 or through interaction with transmembrane INM proteins (Fig. 23b). Since the domains range from 100 kb to 10 Mb, LADs collectively cover 40% of the mammalian genome [624][625][626] and particularly involve pericentromeric heterochromatin, a subset of telomeric regions and latereplicating DNA regions. Interestingly, the amount of LADs is not equivalent between chromosomes. Indeed, chromosome size correlated with LAD density, thus, larger chromosomes are preferentially located near the nuclear periphery 624,627 .

(i) Genomic features

LADs are associated with the H3K27me3 and H3K9me2/3 heterochromatin histone marks 624,628,629 , thus genes located in LADs are mostly weakly expressed 630,631 (Fig. 23b). In addition to histone methylation, repression of LADs-associated genes is also related to histone deacetylation, partly via A-type Lamins which bind SIRT1 and SIRT6 632 , thereby regulating expression of LAD genes 633 .

There are two types of LADs 634,635 :

• constitutive LADs (cLADs): cLADs are cell-type invariant, gene-poor and rich in LINE repetitive elements. • facultative LADs (fLADs): fLADs are cell-type specific, indeed, fLADs are detached from the NE during cell differentiation due to the gene activation 636 . They account for more than half of all LADs and are more gene-dense than cLADs.

Moreover, most LADs are dynamic and only intermittently contact the NE 637 , so in fine, only ∼15% of the genome is robustly anchored to the NE. In addition, most of Lamin A/C LADs and Lamin B LADs overlap, however, one fifth of the LAD genome coverage is unique to Lamin A/C and one third is unique to Lamin B 638 .

(ii) Euchromatic LADs

The nucleoplasmic pool of A-type Lamins is directly bound by LAP2α, exclusively within the nuclear interior 639 . Together, they interact with euchromatic LADs and regulate histone marks 640,641 . The Lamin A found in the nucleoplasm has also been involved in chromatin mobility regulation 642 . Of note, although B-type Lamins are supposed to be tethered to the INM, a small fraction of Lamin B, probably a nucleoplasmic fraction, has also been found to interact with genes expressed in euchromatic LADs 643 . However, the mechanism involved to generate Lamin B in the nucleoplasm remains unclear (Fig. 23b).

Thus, LADs are mainly composed of heterochromatin at the NE, however, a fraction of both types of Lamins may also modulate the organization of transcriptionally active euchromatin within the nuclear interior (Fig. 23b).

c) Lamin-associated proteins

At the INM, several proteins can bind A-and/or B-type lamins, cooperating with them to functionally organize chromatin (Fig. 23b).

• LEM proteins: Both types of Lamins are bound by INM proteins containing a LAP2-emerin-MAN1 (LEM) domain, such as Emerin, LEMD2, and MAN1 (also known as LEMD3), which also bind to chromatin 644 . In interaction with the histone deacetylase HDAC3, LAP2β and Emerin contribute to the repressive environment at the nuclear periphery [645][646][647] .

• LBR: Lamin B is specifically bound to the Lamin B receptor (LBR) which also interacts with the heterochromatin protein HP1 (also known as CBX5) via H3K9me3 binding 648,649 , providing a tether for heterochromatin at the NE 650 .

• LAP2β: B-type lamins are also bound by LAP2β, providing docking sites for chromatin via interactions with histones 651 , BAF 652 , and LAP2α related proteins 639 .

• Others: The INM also harbors other proteins including LUMA, LAP1, Nurim and dozens of NE transmembrane proteins (NETs) which contribute to genome localization at the nuclear periphery 653,654 . However, these proteins are not as well characterized as previous INM proteins.

Thus, the nuclear lamina, including Lamins and INM proteins, functions as a docking site for anchoring LADs enriched in heterochromatin. For instance, the loss of both LBR and Lamin A/C results in the inversion of chromatin with heterochromatin toward the nuclear interior 650 . To conclude, the nuclear lamina plays an important role in the structural organization of the nucleus and, in addition, is involved in the regulation of 3D genome organization, DNA replication, as well as in DNA damage repair (see below), in part via chromatin interactions 655 .

D. LINC complex

The NE is crossed by the linker of the nucleoskeleton and cytoskeleton (LINC) complex which is formed by SUN-domain proteins, named SUNs, and KASH-domain proteins, named Nesprins (SYNE genes) 656,657 (Fig. 24).

a) SUNs

In mammals, five SUN proteins have been identified. SUN1 and SUN2 are ubiquitously expressed, whereas SUN3, SUN4 and SUN5 are restricted to testicular tissue. The functions of SUN1 and SUN2 are partially redundant in several cellular processes 658 . Moreover, SUN2 proteins are organized into trimers whereas oligomerization of SUN1 is not limited to a trimer 659,660 . It is unclear whether SUN1 and SUN2 are forming homo-or hetero-oligomers, however SUN1-LINC complexes are biased toward the microtubule network, whereas SUN2-LINC complexes are biased toward the actin cytoskeleton network 661 . Moreover, SUN1 localizes closer to NPCs compared to SUN2 662 and directly interacts with Nup153 663 . Inside the nucleus, SUN proteins bind to Lamin A, which, in turn, anchors chromatin to the nuclear lamina. In addition, INM proteins, including Emerin and LUMA, as well as the chromatin protein LAP2α, are bound by SUN proteins 664,665 .

b) Nesprins

There are six KASH domain proteins that, depending on the isoform, interact with different cytoskeletal components. Nesprin-1 and Nesprin-2 are abundant in mammals and both directly bind actin or indirectly bind microtubules via Kinesin (Fig. 24). Nesprin-3 can bind to actin and intermediate filaments via Plectin (Fig. 24). Nesprin-4 is bound to microtubules via Kinesin (Fig. 24) and the fifth KASH protein, named KASH5, is germ-cell specific 658 .

c) Roles of LINC complexes

As noted above, SUN proteins cross the INM and are associated with both the nuclear lamina and chromatin, whereas Nesprins cross the ONM and are associated with cytoskeletal structures, including actin, microtubules and intermediate filaments (Fig. 24). In the perinuclear space, SUNs are bound to the tails of Nesprins. Thus, the LINC complex participates in nucleocytoplasmic communication by physically coupling the nucleoskeleton with the cytoskeleton, as well as with the chromatin, enabling the transmission of forces across the NE.

For instance, Keratin 8, in the cytoplasm, is complexed with SUN2 and Lamin A 666 . These types of connection are involved in diverse roles on the genome:

• Role in gene expression: Mechanical forces transmitted directly from the cytoplasm to the nucleus via the LINC complex can temporarily alter the conformation of the chromatin toward decompaction, resulting in increased transcription 667,668 (Fig. 24). • Chromosome alignment: During meiosis, the LINC complex is essential for chromosome recombination. During meiosis I, telomeres are attached to the LINC complex at the NE, which physically connects chromosomes to the cytoskeleton 669 . Then, propelled by cytoskeletal forces, the LINC complex mediates rapid prophase movements (RPMs) at the pole of the nucleus, assisting homolog pairing and resolving nonspecific associations between chromosomes that would otherwise result in ectopic recombination and chromosomal abnormalities 670,671 (Fig. 24).

Thus, the LINC complex is a structural support for the nucleus and also plays a mechanosensory role to rapidly translate mechanical cues and alterations in the extracellular matrix, including matrix stiffness, shear stress and stretch, to the nuclear lamina which directly regulates genome architecture and gene expression 672 . Of note, these mechanical stimuli are particularly involved in cardiomyocytes.

Altogether, NPCs, nuclear lamina and the LINC complex are main components of the NE, they are interconnected and participate in the nucleus shape, information/molecule transmission and genome organization. However, other ONM proteins exist and are particularly implicated in nuclear positioning in collaboration with previous NE components.

Nuclear envelope and DSB repair

NE proteins regulate chromosomal stability as they participate in genome protection/isolation, cell cycle progression, chromosome segregation during mitosis and nuclear envelope assembly post-mitosis [673][674][675] . NE proteins are also involved in DSB repair by importing repair proteins as well as via a direct contribution to the repair process (Fig. 25,26).

A. Role of Lamins in DSB repair

Both types of Lamins are essential to regulate DSB repair pathways (Fig. 25), as well as other roles that guaranty genome stability.

a) Lamin A/C (i) DSB repair

At basal level, 53BP1 is shielded by its interaction with Lamin A/C, inhibiting its proteasomemediated degradation 676,677 . Following DSB induction, 53BP1 dissociates from Lamin A/C and can form repair foci and promote NHEJ 676 . The 53BP1 nuclear level is also maintained by the Lamin A-dependent downregulation of Cathepsin L, that can degrade 53BP1 678 . Thus, a proper 53BP1 level, to form repair foci and promote NHEJ, is maintained by Lamin A/C. In the same manner, RAD51 proteasome-mediated degradation is inhibited by a direct interaction between RAD51 and Lamin A/C in the absence of DSBs, providing a reserve of RAD51 for use in HR 679 . Moreover, the expression of RAD51 and BRCA1 genes is maintained by Lamin A/C via an unclear mechanism 680 . In addition, Lamin A can interact with SIRT6, facilitating its recruitment to damaged chromatin, and consequently, SIRT6-dependent DNA-PKcs recruitment to chromatin, CtIP deacetylation, and PARP1 mono-ADP ribosylation in response to DSBs 632 . Of note, a defect in the Lamin A maturation, leading to pre-Lamin A accumulation, impairs nuclear import of 53BP1 by the NPC and, consequently, DSB repair 681 . RAD51 recruitment to DNA damage is also impaired in the absence of pre-Lamin A maturation 682 . Thus, both HR and NHEJ are promoted by Lamin A 632,676-680,683 (Fig. 25). 

(ii) Repair foci stabilisation

The positional stability of repair foci is maintained by the interaction between Lamin A and H2AX/γH2AX upon DSB induction in mammalian cells 684 . It has been suggested that A-type Lamins may serve as anchors for repair foci, thereby contributing to their positional stability 684 , however, the anchoring of DSBs to the NE has not been established in mammals (Fig. 25).

(iii) Nucleus shape

Interestingly, in absence of exogenous damage, the expression of Lamin A gene is maintained by ATM, that controls the nuclear deformability 685 . Furthermore, Lamin A has also a mechanosensing ability to protect the genome. The Lamin A level is increased by physical mechanic stresses on the cells, including matrix stiffness, which reinforce the NE, avoiding nuclear rupture and hence mis-localization of DNA repair proteins to the cytoplasm and an increase in DNA damage, including DSBs 686 . Interestingly, the nuclear response to mechanical stress consists of a reduction of lamina-associated heterochromatin, thereby decreasing nuclear membrane tension and increasing chromatin fluidity to prevent DNA damage 687 .

b) Lamin B1

mRNA and protein levels of several major DSB repair factors are maintained by Lamin B1 preventing numerous spontaneous γH2AX and 53BP1 foci 688 . In the absence of DNA damage, a reservoir of 53BP1 is provided by its retention to Lamin B1. This interaction is dissociated upon 53BP1 phosphorylation following the occurence of DSBs, allowing 53BP1 recruitment to DSBs and hence NHEJ-mediated repair 689 . Of note, acetylation of Lamin B1 at lysine 134 prevents lamina disruption during viral infection and also impairs the recruitment of 53BP1 to DSBs, which negatively regulates NHEJ 690 . Moreover, the proteasome-mediated degradation of RAD51 is prevented by RAD51 interaction with Lamin B1, leading to RAD51 stabilization and thereby regulating HR 691 . Thus, both HR and NHEJ are regulated by Lamin B1 (Fig. 25).

Of note, the activation of mobile transposable elements is repressed by both types of Lamins, thus Lamins could also regulate chromosomal instability, including DSBs, triggered by mobile transposable elements 692 . To conclude, genome stability is provided by both types of Lamins, however the contribution between NE and nucleoplasmic Lamins to the DNA damage response is unclear.

B. Role of nuclear pore complexes (NPCs) in DSB repair

NPCs are hubs of homology-directed repair activity for collapsed forks and eroded telomeres in humans, as well as for persistent DSBs, including DSBs that lack a donor template in yeast and DSBs in highly repetitive pericentromeric DNA in drosophila 693 .

• In yeast: Persistent DSBs move to the nuclear periphery to be anchored to NPCs in a Nup84 dependent manner 694,695 . This interaction occurs independently of cell-cycle phase and promotes non-canonical recombination and/or BIR-mediated repair 696,697 (Fig. 26). In yeast (top panel), persistent DSBs can be targeted the nuclear periphery via two separated pathways. While anchoring to the NPC provides BIR-mediated repair throughout the cell cycle, anchoring to the LINC complex seems to require resection and RAD51 loading to repair breaks at the nuclear periphery by HR-mediated repair in S and G2 phases. In drosophila (middle panel), persistent DSBs are anchored to both the NPC and the LINC complex, leading to HR-mediated repair. In mammals (bottom panel), the anchoring of DSBs to the nuclear envelope (NE) has not been demonstrated, however, both NPC and LINC complex components are involved in DSB repair by promoting HR/NHEJ or DSB mobility. Created with BioRender.com.

• In drosophila: Persistent DSBs are also anchored to the NPCs in a Nup107-, Nup160-and Nup153-dependent manner to promote HR 698,699 (Fig. 26).

• In human: DSB relocation to the nuclear periphery has not been observed. However, in humans, Nup153 participates in 53BP1 nuclear import and its sumoylation for optimal 53BP1 accumulation at DSBs [700][701][702] . Nup153 is also implicated in DDR regulation to promote both HRand NHEJ-mediated repair 701,702 . Moreover, DSB repair is also promoted by other nuclear basket components (NPC), indeed, TPR is implicated in NHEJ and HR, whereas Nup50 is only involved in NHEJ 701 (Fig. 26).

C. Role of the LINC complex in DSB repair

• In yeast: In addition to the anchoring to NPCs, persistent DSBs can also be anchored at the INM to SUN-domain proteins (Mps3 or Sad1) 696,703,704 . In contrast to DSB anchoring to NPCs which occurs independently of cell-cycle phase, the DSB anchoring to SUN-domain proteins is restricted to S/G2 phases 696,697,703 . Moreover, the association with the two different NE components requires distinct signalling mechanisms and leads to different repair outcomes. Indeed, while NPC-DSBs are repaired by non-canonical recombination, breaks associated with the SUN-domain proteins are repaired by the error-free HR pathway 696,697 . In addition, DSB anchoring to the LINC complex seems to be preceded by DSB end-resection and RAD51 loading 696,703 (Fig. 26).

• In drosophila: In the same manner as in yeast, pericentromeric DSB-ends are first resected and then DSBs relocate at the nuclear periphery where they bind the SUN-domain proteins (Koi and Spag4) and NPC components to further recruit RAD51 and complete HR 698,699,705 (Fig. 26).

• In C. elegans: HR-mediated repair is also promoted by a LINC component, the SUN1 protein homolog (UNC-84), probably by NHEJ inhibition mediated by the interaction between SUN1 homolog and Ku70/Ku80 706 .

• In mouse: 53BP1 repair foci mobility is dependent on LINC complex proteins (SUN1, SUN2, Nesprin-4) and on the cytoplasmic microtubule network, which promotes NHEJ-mediated repair of deprotected telomeres (one-sided DSBs) and IR-induced DSBs 707 (Fig. 26). It is suggested that the LINC complex, through the association of Nesprin with microtubules, allows transfer of cytoskeletal forces to the nucleus, which enhances 53BP1 repair foci mobility for an appropriate DSB repair 707 . Moreover, SUN1 and SUN2 interact with DNAPKcs and KU70/KU80 to promote activation of ATM and H2AX (γH2AX) 708 .

• In human: The formation of ALT-associated promyelocytic leukemia (PML) bodies, containing telomeric DNA as well as many DNA repair and replication proteins, is inhibited by telomere anchorage to SUN1, which may impede unappropriate telomere recombination 709 . On the other hand, rDNA DSB mobilization to the nucleolar periphery, to undergo HR, is also promoted by SUN1 protein, probably through nucleolus and envelope contacts via NE invaginations 248 . In addition, it was shown that TC-DSB clustering is dependent on SUN2 185 . Finally, the ONM part of the LINC complex, Nesprin-1, is also involved in DSB response in humans, providing an appropriate level of KU70 to presumably promote NHEJ repair 710 (Fig. 26).

Thus, the LINC complex is clearly involved in diverse types of DSB mobility across species. However, even if it is strongly hypothesized, the DSB anchorage to NE though NPCs or LINC complex components has not yet been observed in mammalian cells (Fig. 26).

Of note, based on systems that specifically induce DSBs at NPCs or nuclear lamina in human cells, while DSBs induced at NPCs can be repaired by both NHEJ and HR pathways in the same way as DSBs in the inner nucleus, DSBs induced at the nuclear lamina are only repaired by NHEJ/alt-EJ, partly due to chromatin compaction at LADs 711 .

Nuclear envelope and Circadian Rhythm

A. Rhythmic expression of Nuclear Envelop proteins

Interestingly, Lamin B1 and LBR are clock-controlled genes (CCGs) in mice 712 and many NE components, including all Lamins, LBR, NPC as well as LINC complex genes, are highly rhythmic at the mRNA level in baboons 338 . Of note, the cytoplasmic ring component, Nup107 gene, is pervasively expressed with a circadian pattern, in a wide variety of baboon tissues 338 (Fig. 27).

B. Role of NE components in Circadian Rhythm

Moreover, the circadian clock is regulated by Lamin B1, LBR and MAN1. Indeed, the depletion of any of these proteins lengthens the rhythm period in human cells, as well as in mice and flies 712 . In addition, core clock gene expression, including BMAL1 in mammals and PER and TIM in drosophila, is directly regulated by NE components [712][713][714] (Fig. 27).

• LBR: In drosophila, PER and TIM genes are repositioned close to the nuclear periphery by the PER protein, specifically during the repression phase in an LBR-dependent manner 713 . Indeed, in drosophila clock neurons, PER proteins are organized into highly dynamic foci which exhibit liquid-like properties (liquid-liquid phase separated condensates), probably due to its large, highly intrinsic disordered region. In this mechanism, following the nuclear translocation of the PER protein during the repression phase, PER is recruited at core circadian repressor genes, the drosophila PER and TIM genes, via CLOCK binding to their promoter. Then, PER proteins form liquid-like foci, which include CLOCK proteins and probably cluster all E-box-regulated circadian loci. Finally, these circadian loci are positioned close to the NE via the PER and LBR proteins, controlling the circadian rhythm 713 (Fig. 27). The mechanism involving PER-and LBRdependent circadian loci positioning to the NE, as well as the circadian loci anchoring to the NE via LBR remain unclear. Several nuclear envelope components are expressed with a circadian pattern and, in turn, Lamin B1, MAN1 and LBR contribute to the maintenance of the circadian period. Several circadian genes are rhythmically recruited close to the nuclear periphery via PARP1-CTCF interactions, where they can interact with LADs but are not contacted by Lamin B1 (upper left panel). The BMAL1 gene seems to be constitutively recruited to the nuclear periphery via MAN1, maintaining a basal level of BMAL1, whereas the PER gene (in drosophila) could be rhythmically recruited to MAN1, repressing its expression, and thus, regulating the circadian rhythm (right panel). In drosophila, PER and LBR cooperate to target core repressors genes at the nuclear periphery to inhibit their expression during the repression phase (bottom left panel). Created with BioRender.com.

• MAN1: In mammals, MAN1 is bound to the BMAL1 promoter to enhance its transcription, thereby maintaining a basal level of BMAL1 across the circadian rhythm, which further exerts an effect on the clock 712 . Thus, it is suggested that BMAL1 gene is spatially located at the NE via MAN1 (Fig. 27). Whereas in drosophila, MAN1 negatively regulates the transcription of PER gene independently of the activator complex 714 , probably by promoting the relocation of PER gene at the nuclear periphery, which could modulate its transcription during the circadian rhythm (Fig. 27).

• Circadian LADs: In mammals, circadian loci are rhythmically recruited close to the NE through PARP1 and its co-factor CTCF, in human cells 715 (Fig. 27). Indeed, circadian oscillations of PARP1-CTCF interactions is accompanied by an oscillating recruitment of circadian loci bound by PARP1-CTCF at the nuclear periphery. Moreover, the NE positioning of one CCG locus correlates with the following acquisition of H3K9me2 repressive mark and transcriptional attenuation 715 . It was suggested that circadian loci are recruited to the lamina, because these regions interact with LADs, however the majority of LADs are conserved during the circadian cycle in mouse 716 . Indeed, a very low proportion of Lamin B1-chromatin interactions exhibit a circadian oscillation. Moreover, this small population of periodic LADs is uncoupled from rhythmic gene expression within or in the vicinity of these LADs 716 . Finally, core clock genes are located megabases away from LADs throughout the circadian rhythm 716 (Fig. 27).

Thus, periodic LADs are not a dominant feature during the circadian cycle in mammals (Fig. 27). However, these observations do not exclude the possibility of an interaction between circadian loci and NE envelope components other than Lamin B1, including other Lamins as well as NPC or LINC complex components in mammals. Globally, the movement of the circadian loci to the nuclear periphery is clearly conserved across species, however the NE components as well as the mechanism involved in coupling positioning to the NE and circadian gene expression remain to be investigated.

Implication in pathology

Various genetic diseases, as well as tumorigenesis and other disorders, are associated with mutations or misregulations of NE envelope components. Here, only disorders related to DSB repair and/or circadian rhythm are discussed.

A. Genetic disorders a) Laminopathies

Numerous mutations in Lamin genes can lead to dysregulation of the expression or maturation of these proteins, resulting in many severe disorders named laminopathies, such as muscular dystrophies/cardiomyopathies, lipodystrophies, neuropathies and premature aging diseases. LMNA is more frequently mutated than the LMNB genes, and the most emblematic disease related to LMNA mutation is the Hutchinson-Gilford Progeria syndrome (HGPS), which is caused by the accumulation of an immature form of Lamin A, named Progerin, at the nuclear periphery 717,718 . HGPS exhibits symptoms which can be considered as accelerated aging and is strongly associated with inefficient DDR and defective DNA repair 719 . For instance, 53BP1 foci formation are decreased in HGPS patient cells 720 , probably due to a mislocalization of NUP153, which participates in 53BP1 nuclear import, following pre-Lamin A accumulation 681 . In addition, the restrictive dermopathy (RD) is also caused by the accumulation of pre-Lamin A and both syndromes are associated with aberrant nuclear morphology and DNA damage accumulation leading to persistent ATM-dependent checkpoint activation 721 . Interestingly, cells from centenarians elicit loss of heterochromatin as well as recruitment of the inactive form of 53BP1 due to the pre-Lamin A accumulation during aging 722 .

b) Other NE proteins involved in hereditary diseases

• LEMD2: One the genetic mutations of LEMD2, associated with severe cardiomyopathy in humans, was studied in a knock-in mouse model. These mice display nuclear envelope deformations as well as extensive DSBs, inducing p53-dependent cardiomyocyte apoptosis 723 .

• Nups: With their roles in the nucleocytoplasmic trafficking and chromatin organization, mutations in nucleoporins are involved in various disorders such as immune, neurological (including the amyotrophic lateral sclerosis) and cardiovascular disorders 724 . Among these disorders, the Triple A syndrome, characterized by adrenal failure and abnormal autonomic nervous system development, is caused by variants of the ALADIN (AAAS) gene 725 . ALADIN mutant proteins display a selective failure to import DNA repair proteins into the nucleus and, as a result, the deficient cells showed an accumulation of DNA damage leading to cell death 726 .

• LINC complex: Consistent with the important biological functions of the LINC complex in the mechanical stress response and in meiosis, mutations in different LINC complex components are associated with diseases of the heart/striated muscles that experience high levels of mechanical stress 727 , as well as with infertility. For example, mutations leading to the disruption of the LINC complex SUN1/KASH5 are found in non-obstructive azoospermia and premature ovarian insufficiency, which are the most severe forms of human infertility. Due to the lack of telomeres attachment to the NE, mutant spermatocytes are unable of repairing DSBs and undergoing meiosis [728][729][730] .

B. Cancer

Genes involved in the lamina as well as in the LINC complex are frequently mutated in cancer cells 731 . Indeed, Lamin genes are often amplified, for example, amplifications of LMNA are found in ∼40% of breast cancer patients and in ∼13% of all cancers. Moreover, Nesprin-1 gene is recurrently mutated across cancers, and thus, it accumulates the highest number of mutations among NE proteins 731 . The expression of A-and B-type Lamins is often deregulated in cancer cells which can alter nuclear morphology 732,733 , and this deformation is a characteristic of cancer cells. For instance, aberrations in nuclear morphology are mediated by the loss of Lamin A/C and other related proteins, this is also accompanied by an increased aggressiveness of cancer cells and a poor prognosis 731 . In addition, Nesprin-1 levels are strongly reduced in various tumor cell lines which is associated with high levels of DSBs 710 . Furthermore, Nup genes can also be mutated, up-or down-regulated and chromosomal translocations can generate fusion proteins between Nup genes and several partner genes producing diverse oncogenic fusion proteins 734 . Of note, the NUP98-HOXD13 fusion gene impaired lymphocyte differentiation and NHEJ-mediated repair, that may demonstrate that Nup98 plays a role in DSB repair 735 .

C. Neurological disorders

Neurological disorders are associated with an altered expression of Lamin genes. Indeed, Ataxia Telangiectasia, caused by mutations in the ATM gene, is associated with a high level of lamin B1 736 and Alzheimer's disease is associated with reduced expression of lamins B 737 , which can directly lead to age-related neurodegeneration.

Thus, both NE and DSB repair are involved in pathogenesis of various disorders. Since the links between NE and circadian rhythm have only been studied very recently, there is still no major evidence of their link in disease. However, since the circadian rhythm is synchronized by dexamethasone treatment and its use improves symptoms of ataxia-telangiectasia (AT) (see section on Circadian Rhythm), we can consider following studies which may put NE, DSB repair and the circadian rhythm on the same pathway. Indeed, in cells from AT patients following the dexamethasone treatment, the nucleoplasmic fraction of Lamin A/C and its interactions with its direct partner LAP2α are increased, resulting in the recruitment of Lamin A/C to the promoter of target genes, including BRCA1, to regulate their expression 738 . Interestingly, the expression of SUN1 is also increased following dexamethasone treatment 739 .

IV. DOES CIRCADIAN RHYTHM REGULATE DSB REPAIR IN ACTIVE GENES?

In this introduction, we have seen that TC-DSB repair is a major issue ensuring the genome stability and that it remains relatively poorly characterised since it has recently been identified. It therefore seems essential to identify new players in this pathway, which could lead to the identification of new therapeutic targets for many diseases.

Furthermore, we have seen that there is a cross talk between the biological clock and the DSB response and circadian rhythm dysregulation is associated with consequences that may result from a DSB repair defect. Thus, we may ask the question: Does the circadian rhythm regulate DSB repair? Of note, only one very recent study 508 (published on BioRxiv in 2023) has shown that HR is regulated by CRY1 during the circadian rhythm. It would therefore be important to know whether other clock proteins also regulate this repair and by what mechanisms. In addition, given that HR is mainly used to repair DSBs in active genes (TC-DSBs), we could also ask the question more precisely: Does the circadian rhythm specifically regulate the TC-DSB repair? And if so, through which mechanism? During my doctoral work, I focused on the PERIOD proteins, which through the large PER complex, are known to repress the transcription of clock genes.

Moreover, we saw that the nuclear envelope was intrinsically related to DSB repair as well as to the circadian rhythm. Indeed, we have seen that in Drosophila, PER protein can also regulate the movement of clock genes to the nuclear periphery. Since I have found that PER proteins are involved in DSB repair, further questions arose: Are these circadian-regulated DSBs relocated to the nuclear envelope in mammals? If so, which nuclear envelope proteins are involved in the anchoring of DSBs in human cellls? Finally, is this NE-relocated DSB repair mechanism specific to TC-DSBs?

RESULTS

Preface

I did my PhD work in Dr. Gaelle Legube's research group which focuses on the study of DNA double strand break (DSB) repair in the context of chromatin. In order to investigate more precisely the recently described DSB repair pathway that is linked to transcription of active genes (TC-DSB repair), we mainly used the DIvA (DSB-Inducible via AsiSI) system which was developed in Legube's lab. The DIvA cell model consists in the expression of the restriction enzyme AsiSI fused to an estrogen ligand binding domain (AsiSI-ER), stably inserted into the U2OS cell line (human osteosarcoma) 13 (Fig. 28). In these cells, AsiSI is constitutively expressed in the cytoplasm and relocates into the nucleus upon 4-hydroxytamoxifène (OHT) treatment, inducing around 100 DSBs at known and annotated sites on the human genome. Of importance, the majority of DSBs induced by this system are located in active genes (around 60%), mainly in promoters, which makes this cell line the best model to date for studying TC-DSB repair 13,238 (Fig. 28). Moreover, a related system, the AID-DIvA model, was also used in the study below. In the AID-DIvA cell line, an auxin-inducible degron (AID) has been added to the AsiSI-ER fusion, allowing the proteasome-mediated degradation of AsiSI upon auxin treatment, thus stopping the induction of DSBs 185 . The AID-DIvA system therefore allows us to properly study TC-DSB repair.

In order to identify novel TC-DSB repair actors, a mass spectrometry analysis of the chromatinbound complexes was performed in the lab, before and after DSB induction in DIvA cell line 248 . Interestingly, 130 candidate proteins have been identified as being preferentially associated with cohesin (SMC1 subunit), which was used as a DSB repair factor 67,122,194,740 , following the occurrence of DSBs. During my master internships, I contributed to the siRNA screen of these 130 candidate proteins to assess their contribution to TC-DSB repair. Through this siRNA screen, we have identified that several proteins belonging to the PER complex 424,427,428 might be involved in TC-DSB repair, including NONO, SFPQ, DDX5 and also the DDX5-paralog DDX17.

Of note, SETX is a protein already involved in TC-DSB repair 254 and has also been associated with the PER complex 428 . Therefore, I focused during my thesis on the study of this complex and more broadly on the role of the circadian rhythm in TC-DSB repair. Circadian PERIOD complex regulates TC-DSB repair through anchoring to the nuclear envelope.

Benjamin Le Bozec 1 , Laure Guitton-Sert 1 , Sarah Collins 

Main

DNA Double-Strand breaks (DSBs) are among the most toxic lesions that occur on the genome, given their potential to elicit large chromosomal rearrangements. Genome-wide mapping of DSBs established that endogenous DSBs mostly appear in transcriptionally active chromatin (TC-DSBs) [1][2][3][4] . While global genome DSB repair (GG-DSBR) mechanisms have been well characterized, a transcription-coupled arm of DSB repair (TC-DSBR) has only recently been identified 5 . TC-DSBR entails the transcriptional repression of the damaged genes via ATM and DNA-PK dependent mechanisms 5,6 which is necessary for the initiation of resection. In G2, TC-DSBs are further channeled to repair by HR thanks to transcription-associated chromatin marks such as H3K36 trimethylation and H4 acetylation for instance [7][8][9] , in a manner that also depends on Senataxin (SETX)-dependent removal of RNA:DNA hybrids that accumulate at TC-DSBs. In G1, TC-DSB repair is delayed 10 and may rely on CSB and RAD52 11 . The persistent TC-DSBs in G1 are prone to cluster in large subnuclear structures 10 , that we recently identified as a novel, DSB-induced, chromatin compartment, called the D-compartment 12 and which enhances translocation frequency. Additionally, when occurring on human ribosomal DNA, TC-DSBs are physically relocated at the nucleolar periphery where they can contact invaginations of the Nuclear Envelope (NE) 13 . Whether this also occurs at RNAPII-transcribed damaged loci is yet unknown, although such NE targeting of persistent DSBs has been previously reported in Drosophila and S. Cerevisiae [14][15][16][17] .

Multi-output screen to identify new TC-DSBR factors

In search of novel TC-DSBR players, we performed a siRNA library screen scoring multiple outputs (Fig. 1a) in the well-characterized human DIvA cell line, where 174 DSBs are induced in a temporally controlled manner at annotated positions, a large fraction of which occur in RNAPII-enriched (transcribed) loci 18,19 . The siRNA library comprised of 130 candidate proteins, previously found to be preferentially associated with the SMC1 cohesin subunit post-DSB induction 13 . The screen was designed to quantify the effect of candidate protein depletion on 1) H2AX foci intensity using high-content imaging, 2) cell survival using a cell proliferation assay, 3) chromosome rearrangement frequency using quantitative PCR and 4) DSB clustering using high content microscopy (Fig. 1a, Extended Data Fig. 1a). A positive control siRNA against SETX, previously involved in TC-DSBR 20,21 , triggered as expected increased H2AX foci intensity, translocation frequency and DSB clustering as well as decreased cell proliferation (Fig. 1b-e, red bars). We further validated our screening dataset with the candidate protein Periphilin (PPHLN1, Fig. 1b-e, green bars), an H3K9me3 reader of the HUSH complex that we previously involved in ribosomal DNA DSB repair 13 . Similar to the screen results, depletion of PPHLN1 triggered an increase in H2AX foci intensity and translocation frequency, and a decreased clonogenic potential (Extended Data Fig. 1b-e).

Importantly, two-parameter correlations established that H2AX intensity was inversely correlated with cell survival but positively correlated with translocation frequency (Fig. 1f-g), consistent with a decreased repair capacity respectively impairing cell proliferation and promoting genome rearrangement. Moreover, increased DSB clustering positively correlated with translocation frequency (Fig. 1h), and increased translocation inversely correlated with cell survival (Fig. 1i) in agreement with previous work 12,22 . Altogether, results from our siRNA screen establish that TC-DSBR deficiency severely affects cell survival and further confirm the relationship between DSB clustering and genome rearrangement as recently reported 12,22 .

The circadian clock PERIOD complex contributes to TC-DSB repair.

Interestingly, among the candidate proteins whose depletion gave similar phenotypes to SETX, we found NONO, SFPQ and DDX5 which all belong to the same complex, the mammalian PERIOD (PER) complex involved in the regulation of the circadian rhythm [23][24][25][26] . SETX itself belongs to the PER complex 25 and similar outputs were also seen for another candidate, the DDX5-paralog DDX17, both DDX5 and DDX17 being human orthologs of the Neurospora PRD1 protein involved in circadian rythmicity 27 and existing as a heterodimer 28 . Our screen indicated that the depletion of five distinct proteins within the PER complex triggered increased H2AX staining, decreased cell survival, increased chromosomal rearrangement and increased DSB clustering (Fig. 1b-e, blue bars). The circadian clock is molecularly controlled by the BMAL1/CLOCK transcriptional activator complex, which regulates the transcription of thousands of genes. Among those, the PER-CRY transcriptional repressor can downregulate BMAL1/CLOCK activity, creating a negative transcriptional feedback loop that ensures circadian oscillations 29 . In order to directly investigate whether the core clock components of the PER complex play a role in TC-DSBR, we depleted PER1 and PER2 proteins (Extended Data Fig. 2a). As found for DDX17, NONO, DDX5 and SETX (Fig. 1b), PER1 and PER2 knockdown increased H2AX foci intensity following DSB induction in DIvA cells (Fig. 2a) with no major changes in cell cycle distribution (Extended Data Fig. 2b). In agreement, PER2-depleted cells also displayed elevated H2AX levels detected by chromatin immunoprecipitation (ChIP) around DSBs (Fig. 2b). Moreover, PER1 and PER2 depletion increased translocation frequency (Fig. 2c) and impaired cell survival following induction of TC-DSBs in DIvA cells (Fig. 2d, Extended Data Fig. 2c) as similarly found for DDX17, NONO, SETX and DDX5 (Fig. 1c-d; Fig. 2c-d; Extended Data Fig. 2d). In contrast, depletion of the BMAL1 transcriptional activator had no effect on translocation frequency or cell survival post DSB induction (Fig. 2c-d, Extended Data Fig. 2d). Altogether, these data show that the PERIOD proteins PER1 and PER2, as well as other members of the PER complex, contribute in the response to DSBs induced in transcribed loci.

In order to determine whether the function of the PER complex is direct, we assessed the recruitment of PER complex proteins at DSBs using ChIP. PER2, DDX5 and DDX17 all showed significant recruitment at a TC-DSB induced in DIvA cells, while this was not the case for BMAL1 (Fig. 3a). We further performed ChIP-seq against PER2 and BMAL1 in damaged and undamaged DIvA cells. Both proteins displayed the expected pattern on the genome (see examples Extended Data Fig. 3a). Indeed, in absence of DSB induction, BMAL1 was enriched on genomic loci previously identified by BMAL1 ChIP-seq 30 (Extended Data Fig. 3b) and PER2 accumulated at promoters (Extended Data Fig. 3c) as expected for a transcriptional repressor and from previous studies 31 . Moreover, BMAL1-bound genes displayed significant enrichment for the "rhythmic process" GO term (Extended Data Fig. 3d). Post-DSB induction, we interestingly observed that PER2 accumulated at TC-DSBs (see an example Fig. 3b top panel, purple track) but not at a silent locus (Fig. 3b bottom panel), despite equivalent cleavage (BLESS tracks). In contrast, BMAL1 showed no accumulation at DSBs (Fig. 3b, blue tracks). On average, PER2 (left panel) was significantly targeted on ~2kb around DSBs, while BMAL1 (right panel) was not (Fig. 3c, Extended Data Fig. 3e).

We previously identified a subset of equivalently cleaved DSBs in DIvA cells with two distinct repair behaviors: the Non-Homologous End-Joining (NHEJ)-prone DSBs and the HR-prone DSBs with the latter having a tendency to locate within transcriptionally active loci (i.e. TC-DSBs) 8,18 . Importantly, here we found that PER2 preferentially accumulates at HR-prone TC-DSBs compared to NHEJ-prone DSBs (i.e. occurring in non-transcribed regions) (Fig. 3d).

Thus, in order to establish whether PER2 contributes to repair at HR-prone DSBs, we further investigated the effect of PER1/2 depletion on end-resection, by quantification of singlestranded DNA at various distances from DSBs (Fig. 3e left panel). siRNA depletion of both PER1 and PER2 triggered a moderate, yet significant, decrease of resection (Fig. 3e, right panel), although less pronounced than upon CtIP depletion. Moreover, PER2 depletion triggered a significant decrease in RAD51 binding at TC-DSBs (Fig. 3f). One of the first steps of TC-DSB repair is the transcriptional repression of nearby genes (including the damaged gene itself) which is essential for the proper execution of resection and HR repair 5 . Given that the PER complex is a transcriptional repressor, we envisaged that the PER complex could promote HR repair at TC-DSBs via a role in transcriptional repression. However, RT-qPCR analyses revealed that both PER2 and PER1 are dispensable for this transcriptional repression following DSB induction (Fig. 3g). Altogether these data show that the PER complex is recruited at TC-DSBs where it contributes to resection and fosters RAD51 recruitment, suggesting a direct function in TC-DSBR downstream of transcriptional repression.

TC-DSBs are targeted to the nuclear envelope via a SUN1-dependent mechanism.

The nuclear envelope (NE) contributes to the regulation of the circadian clock 32 and PER proteins have recently been involved in the physical targeting of clock-regulated genes to the NE in Drosophila 33 . Of interest, persistent DSBs were previously found to be relocated at the NE in yeast 14,16,17,34 , as were heterochromatic (HC) DSBs in Drosophila in order to complete HR 15,35 . While in mammalian cells, physical relocation of DSBs to the NE has not yet been documented, we previously observed that ribosomal DNA DSBs can contact NE invaginations inside the nucleoplasm 13 . Hence, we set out to determine whether TC-DSBs could be targeted to the NE. As a first approach, we performed fixed and live super-resolution imaging using Random Illumination Microscopy (RIM) 36 . We observed that H2AX foci can establish close contact with LaminB1 filaments (Extended data 4a). Live imaging after DSB induction in DIvA cells expressing 53BP1-GFP and mCherry-LaminB1, showed that such interactions between DSBs and nuclear lamina were rapidly established (<60s) and transient (Fig. 4a and Supplementary Videos 1-4). Contacts between repair foci and the nuclear lamina were further confirmed by Proximity Ligation Assay (PLA) performed between LaminB1 and 53BP1 (Fig. 4b) or between H2AX and LaminB1 (Extended Data Fig. 4b). In agreement, ChIP against LaminB1 (Extended Data Fig. 4c, top panel) also revealed that, in DIvA cells post-DSB induction, LaminB1 occupancy increased at TC-DSBs in contrast to a DSB induced in a silent locus and repaired by NHEJ (Fig. 4c). Taken together, these data suggest that TC-DSBs can be physically relocated at the NE in human cells.

Interestingly, we and others previously reported a function for SUN domain containingproteins, which are components of the Inner Nuclear Membrane (INM), in DSB mobility in mammals 10,37 . Moreover, SUN proteins orthologs in yeast and Drosophila (respectively Mps3, and Koi/Spag4) were also found as DSB anchoring points in the NE [15][16][17] . We thus investigated the potential involvement of the two main SUN proteins in mammals, SUN1 and SUN2, in targeting TC-DSBs to the NE. Interestingly, ChIP against SUN proteins (Extended Data Fig. 4c, middle and bottom panels) revealed that, upon damage, SUN1 displayed enrichment at TC-DSBs compared to NHEJ-DSBs (Extended Data Fig. 4d, top panel). Surprisingly, SUN2 rather showed decreased occupancy post-DSB induction (Extended Data Fig. 4d, bottom panel), suggesting that TC-DSBs are specifically interacting with SUN1 and not SUN2. To further investigate SUN protein recruitment at DSBs, we performed ChIP-seq against SUN1 and SUN2 before and after DSB induction in DIvA cells. Visual inspection and peak calling on SUN1 and SUN2 ChIP-seq datasets revealed that in undamaged conditions, both proteins are enriched on genes (Extended Data Fig. 4e-f), accumulated at promoters (Extended Data Fig. 4g) and largely overlapped on the genome (Extended Data Fig. 4h). Of interest, post-DSB induction, SUN1 (purple track), was recruited on approximately 1kb around the break, while SUN2 rather displayed eviction (blue track) (see an example Fig. 4d top panel, and average profiles at all DSBs Fig. 4e). Both SUN1 recruitment and SUN2 eviction at DSBs were statistically significant when compared to random, undamaged genomic positions (Extended Data Fig. 4i). Of note, as observed for PER2, SUN1 was specifically recruited at a TC-DSB (Fig. 4d top panel) but not at a DSB induced in a silent locus (Fig. 4d bottom panel). We then performed 3D-super resolution imaging by RIM to detect SUN1 and SUN2. Both proteins localized to the NE and displayed punctuated patterns (Extended Data Fig. 4j-k). Co-staining with H2AX enabled the detection of a significant colocalization (ICQ) with SUN1, but not with SUN2 (Fig. 4f). Van Steensel Cross-correlation function (CCF) analysis showed non-random overlap between H2AX foci and SUN1 while non-random exclusion was observed between H2AX foci and SUN2 (Fig. 4g, see examples on left panels, and quantification on the right panels).

Altogether these data suggest that in DIvA cells, TC-DSBs are physically targeted to the NE through an interaction with SUN1 and not SUN2. In order to determine whether NE-targeting of TC-DSBs is functionally relevant, we further determined the consequence of the depletion of SUN-domain proteins (Extended Data Fig. 4l) on cell survival and translocations frequency. Interestingly, depletion of SUN1 decreased cell survival post-DSB induction which correlated with an increased translocation rate (Fig. 4h-i). Of note, this was not the case when depleting SUN2, in agreement with the absence of SUN2 recruitment at DSBs. SUN2 depletion actually triggered an opposite behaviour, decreasing translocation frequency and increasing cell survival post DNA damage (Fig. 4H-I), suggesting that SUN1 and SUN2 competition for inclusion in the NE may regulate TC-DSB docking at the NE. Taken altogether, these data indicate that, similarly to HC breaks in Drosophila and persistent breaks in yeast, TC-DSBs also display targeting to the NE in mammalian cells, in a manner that depends on SUN1.

PER2 contributes in targeting TC-DSBs to the nuclear envelope

In order to evaluate the consequence of PER2 depletion on TC-DSB targeting at the NE, we performed LaminB1 ChIP in DIvA cells transfected with a PER2 siRNA. Of interest PER2 depletion triggered a decrease in LaminB1 recruitment at TC-DSBs (Fig. 5a). Additionally, PER1 or PER2-depleted cells also displayed decreased 53BP1/LMNB1 PLA signal post-DSB induction when compared to PER1/2-proficient cells (siRNA CTRL) (Fig. 5b, Extended Data Fig. 5a). In order to investigate a potential cell cycle dependency for PER2-mediated DSB anchoring to the NE, we then monitored H2AX/LaminB1 PLA signal combined with EdU incorporation by quantitative high throughput microscopy (Extended Data Fig. 5b). PER2 depletion triggered a decreased in PLA foci in G1, S and G2 cells (Fig. 5c). Given our above data on SUN1 recruitment at DSBs (Fig. 4d-g) and the consequences of SUN1 depletion on cell survival (Fig. 4h), we wondered whether SUN1 and PER1/2 would act in the same pathway. Importantly co-depletion of both SUN1 and PER1 or PER2 did not exacerbate the impaired survival observed upon depletion of PER1 or PER2 proteins independently (Fig. 5d). Taken together, these data suggest that the PER core clock components contribute in anchoring TC-DSBs to the NE-embedded SUN1 protein, in human cells.

PER2 depletion triggers increased DSB clustering and DSB induced-compartment formation.

In mammalian nuclei, Hi-C experiments revealed that chromatin compartmentalizes to form the so-called "A" and "B" compartments, with the B-compartment corresponding to microscopically visible heterochromatin foci 38 . Of interest, both experimental data and computational modeling of chromosome behaviour showed that targeting at the nuclear lamina prevents heterochromatin to coalesce into internal larger nuclear bodies 39 . The current model postulates that upon detachment of chromatin from the NE, phase separation allows multiple HC foci to cluster thus increasing B-compartmentalization. Importantly, we recently reported that upon DSB formation, another chromatin compartment forms, so called the D-compartment (for DSB-induced). This D-compartment, arising via DSB clustering, gathers H2AX-modified topologically associated domains (TADs) as well as additional undamaged loci, including a subclass of DSB-activated genes 12 .

Of interest, our siRNA screen indicated that the depletion of NONO, SETX and DDX17 all increased clustering (Fig. 1e) and we found that PER2 contributes in targeting DSBs to the NE (Fig. 5a-c). Hence, we set out to investigate whether PER2 depletion could also increase DSB clustering as a result of DSB detachment from the NE. To address this point, we performed Hi-C experiments before and after DSB induction in PER2-proficient and deficient cells. PER2 depletion did not drastically affect chromosome organization in undamaged cells (Extended Data Fig. 5c), nor the overall distribution of A and B compartments (Extended Data Fig. 5d). However, PER2 depletion triggered increased compartmentalization as visualized by increased A-A and B-B interaction, as well as decreased A-B interaction (Extended Data Fig. 5e). This is in agreement with the previously reported role of the PER complex in chromatin anchoring at the NE which would predict an increased compartmentalization upon NE detachment in PERdepleted cells. Upon DSB induction, we could recapitulate our previous finding showing DSB clustering (Extended Data Fig. 5f, arrows). Importantly, PER2 depletion increased DSB clustering as shown on individual events (Fig. 5e, Extended Data Fig. 5f), average aggregate peak analysis (APA) plots of inter-chromosomal or intra-chromosomal DSB-DSB contacts centered on all 80 best-induced DSBs (Fig. 5f, Extended Data Fig. 5g) and box plots quantifying the interactions between DSBs (Fig. 5g). Given previous findings showing that DSB clustering increases translocation rate 12,22,40 , these data also agree with the increased translocation frequency observed upon depletion of the PER complex proteins (Fig. 2c).

We further computed Chromosomal Eigen Vectors (CEV) using the first PC of Principal Component Analysis (PCA) on differential Hi-C matrices to identify the D-compartment as previously described 12 . As expected, we could recapitulate D-compartment formation upon damage in DIvA cells transfected with a control siRNA (Extended Data Fig. 5h). PER2 deficiency did not alter D-compartment detection on chromosomes previously found to display D-compartment (Extended Data Fig. 5h). Of interest, we could observe D-compartment formation on additional chromosomes upon PER2 depletion (Fig. 5h), in agreement with an increased DSB clustering. Taken altogether our data support a model whereby the PER proteins contribute in targeting TC-DSBs to the nuclear lamina, thereby preventing DSB clustering and D-compartment formation.

The circadian clock regulates the response to TC-DSBs and their anchoring to the NE.

Given that the PER complex is a core component of the circadian clock, we set out to investigate whether the circadian clock could also regulate the response to TC-DSBs. Dexamethasone treatment synchronized the circadian clock in both U20S and DIvA cells as expected, as assessed by the cycling expression of PER2, BMAL1 and CRY2 (Extended Data Fig. 6a-b). We further monitored H2AX foci formation in different cell cycle phases, at different time points after dexamethasone-mediated circadian clock synchronization by combining H2AX staining and EdU labelling, using quantitative high throughput microscopy in DIvA cells. In line with the results obtained with the depletion of PER2 by siRNA, our data indicate that H2AX foci intensity was increased post-DSB induction during the low-PER2 circadian phase (Fig. 6a, white bars) as compared to the high-PER2 phase (Fig. 6a blue bars). This was independent of the cell cycle phase. Moreover, increased accumulation of H2AX at TC-DSBs during the low-PER2 phase, was further confirmed by ChIP (Fig. 6b). Of importance the same holds true in S and G2 phases when DSBs were induced using etoposide, a topoisomerase II poison which preferentially induces DSBs in transcribing loci (Extended Data Fig. 6c, top panel). In contrast, the low-PER2 phase was not associated with enhanced H2AX foci detection when DSBs were induced using bleomycin, a radiomimetic inducing DSBs throughout the genome with no specificity for active loci (Extended Data Fig. 6c, bottom panel). To further reinforce the notion that the low-PER2 phase of the circadian clock impacts TC-DSB repair, we performed circadian clock synchronization and analyzed several outputs that were affected by the depletion of PER2.

First, given that our data indicated a role of PER2 in RAD51 assembly at DSBs (Fig. 3f), we assessed RAD51 recruitment using ChIP (Fig. 6c) and RAD51 foci formation using high throughput microscopy (Extended Data Fig. 6e) at different time points after dexamethasone treatment. Both experiments revealed impaired RAD51 recruitment during the low-PER2 phase. Second, the circadian clock did not alter transcriptional repression in cis to DSBs (Extended Data Fig. 6f) as expected (Fig. 3g). Third, as found using PER2 depletion (Fig. 5ac), the low-PER2 circadian phase reduced the recruitment of LaminB1 (Fig. 6d) and SUN1 (Fig. 6e) to TC-DSBs when monitored by ChIP-qPCR, suggesting that DSB anchoring at the NE is defective when the PER1/2 proteins are expressed at low levels. Fourth, quantitative high throughput microscopy further showed an increase in H2AX foci area during the low-PER2 phase which is in agreement with enhanced DSB clustering (Fig. 6f).

We previously reported that, in addition to H2AX domains, the DSB-induced chromosome compartment (D-compartment) also physically attracts additional loci including some, but not all, DNA damage responsive (DDR) genes, in order to potentiate their activation post-DSB induction 12 . Of interest we found that RNF19B, an upregulated DDR gene found within the Dcompartment, was significantly more activated post-DSB during the low-PER2 phase when compared to the high-PER2 phase (Fig. 6g). This is in agreement with an increased Dcompartment formation in absence of PER2 (Fig. 5e-h). Of importance, this was not the case for other DDR genes which are not targeted to the D-compartment (PPM1D, SLC9A1) 12 , or for other non-induced genes (LPHN2, UTP18). Altogether these data indicate that the circadian rhythm regulates the repair and signaling of TC-DSBs by controlling their PER2-dependent anchoring to the NE and, therefore, the formation of the D-compartment, further fine-tuning the response to DSBs.

Discussion

In this manuscript, we uncovered that the repair of DSBs occurring in transcriptionally active chromatin requires their anchoring to the NE, a process that is under the direct control of the PERIOD complex and is therefore sensitive to circadian oscillations (Fig. 6h).

Previous work uncovered that the maintenance of genomic integrity and cancer progression are tightly linked to the circadian clock [41][42][43] . In general, genes involved in DNA repair pathways are transcriptionally regulated by the circadian clock 42,[44][45][46][47][48][49] . Here we found that in human cells, the PERIOD complex is directly targeted at DSBs. In contrast to a very recent report 50 , we did not observe BMAL1 binding at TC-DSBs, although BMAL1 distribution on the genome behaved as expected. This difference may arise from analyzing overexpressed 50 versus endogenous (our study) BMAL1, or from the different DSB-inducible system used in both studies. We found that TC-DSBs occurring in RNAPII-transcribed loci are relocated to the NE, showing for the first time the repositioning of DSBs to the nuclear lamina in humans and expanding the list of DSBs that display this behaviour. This suggests that targeting persistent DSBs to this specific nuclear microenvironment is evolutionary conserved. Here we involved SUN1 as being the TC-DSB docking site at the NE and interestingly SUN1 also displays direct interaction with the Nuclear Pore Complex (NPC), as opposed to SUN2 51,52 . Hence, whether this specific involvement of SUN1 reflects a function for the NPC as a docking point for TC-DSBs will be worth investigating.

We found that upon PER1/2 depletion, as well as during the low-PER2 phase, H2AX level were increased while RAD51 assembly was reduced suggesting a decreased repair capacity. Of interest, in the accompanying paper, the Huertas lab, reports that CRY1 is also recruited at radiation-induced DSBs, where it directly represses resection and HR. Altogether our studies suggest a two-arm control of HR repair during the 24h circadian cycle, with minimum HR occurring at night. Indeed, large transcriptomic surveys, performed in baboon 44 and very recently in human 53 , allowed to carefully establish the transcriptional pattern of core clock regulators during the day. PERIOD genes Per1, Per2 and Cry2 display a maximum expression level around noon, while Cry1 expression peaks at sunset, in agreement with a PERIOD complex-independent function of CRY1. Altogether this allows us to propose the following model (Extended Data Fig. 6g): In the morning, the presence of the PERIOD complex (PER1/2 and CRY2) combined with the absence of CRY1, establishes an environment that favors HR repair of TC-DSBs by allowing resection to occur, DSB anchoring to the NE and RAD51 loading. Subsequently, the gradual increase of CRY1 during the afternoon causes minimum resection at night fall. The absence of PERIOD complex expression early at night establishes a second layer of HR repression during the night. The gradual decrease of CRY1, combined with the re-expression of PER proteins, then allows HR to resume the next morning.

Such a tight regulation of HR at TC-DSBs during the night may be functionally relevant for handling the repair of TC-DSBs produced in some specific contexts, such as in the brain following neuronal activity 54,55 . Sleep was found to regulate the repair of DSBs in neurons 56 . Hence circadian regulation may fine-tune the response to this specific class of endogenous DSBs.

In summary, our findings have implication for diseases etiology and treatment. Indeed, evidence suggest that a dysregulation of the circadian clock contribute to the progression of neurodegenerative disorders 57 and cancer initiation and progression 41,43 , both types of diseases being tightly coupled to DSB repair mechanisms and the maintenance of genome integrity. Moreover, importantly, topoisomerase II poison-based chemotherapies are first-line treatment against a number of cancers and given that these poisons mainly trigger DSBs in active chromatin, our finding that circadian rhythm regulates the repair of TC-DSBs may be an important feature to take into account for chronochemotherapy. a. Experimental scheme: DIvA cells allow to temporally induce, following treatment with 4hydroxytamoxifen (4-OHT), DSBs at annotated positions on the human genome, among which >50% fall in active loci (TC-DSBs). TC-DSB potential interacting partners were identified through a proteomic approach 13 . 130 proteins were further subjected to a multi output screen in AID-DIvA cells using a siRNA library, to score H2AX foci intensity, cell survival, chromosome rearrangement and DSB clustering after DSB induction by 4-OHT. Data are expressed normalized to the Control siRNA (CTRL, black). A positive control (SETX) was included in the experiment (red bar). PPHLN1 and PER complex siRNAs are highlighted in green and blue respectively. b. γH2AX foci intensity was scored in siRNA transfected cells, using quantitative high throughput imaging. c. Cell survival of siRNA transfected cells was quantified eight days after DSB induction, using a colorimetric assay based on mitochondrial dehydrogenase activity in viable cells.

d. DSB-induced rearrangement frequency t(MIS12;TRIM37) was analyzed by qPCR following DSB induction and repair.

e. γH2AX foci mean area was scored in siRNA transfected cells, using quantitative high throughput imaging. f-i. Scatter plots showing the correlations for each siRNA between H2AX intensity and cell survival (f); H2AX intensity and translocations (g); translocations and DSB clustering (h) and cell survival and translocations (i). The 95% confidence intervals and the coefficient of correlation (r, Pearson) are indicated. b. γH2AX ChIP-qPCR performed in DIvA cells before (-DSB) and after DSB (+DSB) induction at 28h and 40h after dexamethasone treatment (Dex) at three TC-DSBs (DSB1-3). Data were normalized to a control location devoid of DSB and expressed relative to DSB4-28h. Mean and SEM for n=5 biological replicates. P, paired t-test (two-sided).

c. RAD51 ChIP-qPCR performed in DIvA cells before (-DSB) and after DSB (+DSB) induction at 28h and 40h after dexamethasone (Dex) treatment at four TC-DSBs (DSB1-4) and two NHEJ-DSBs (DSB5-6). Data were normalized to a control location devoid of DSB and expressed relative to DSB4-28h. Mean and SEM for n=6 biological replicates. P, paired t-test (two-sided).

d. LaminB1 ChIP-qPCR performed in DIvA cells before (-DSB) and after DSB induction (+DSB) at 28h and 40h after dexamethasone (Dex) treatment at four TC-DSBs (DSB1-4) and DSB5 (DSB in silent locus). Data were normalized to a control location devoid of DSB and expressed relative to the undamaged condition. Mean and SEM for n=5 biological replicates. P, paired t-test (two-sided).

e. SUN1 ChIP-qPCR performed in DIvA cells before (-DSB) and after DSB induction (+DSB) at 28h and 40h after dexamethasone (Dex) treatment at four TC-DSBs (DSB1-4) and DSB5. Data are normalized to a control location devoid of DSB and further expressed related to data obtained in the undamaged condition. Mean and SEM for n =3 biological replicates. P, paired t-test (two-sided).

f. γH2AX foci mean area, measured by high content microscopy, in DIvA cells after DSB induction (+DSB 2h), in G1, S and G2 phase at different time points after dexamethasone (Dex) treatment. Data were normalized to the average. Mean and SEM (n=3 biological replicates) are shown. P, paired t-test (two-sided).

g. DSB responsive genes expression was measured by RT-qPCR before (-DSB) and after (+DSB) DSB induction in DIvA cells at 28h and 40h after dexamethasone treatment. cDNA level of a D-compartment DSB responsive gene (RNF19B), two non-D compartment DSB responsive genes (PPM1D and SLC9A1) and two control genes not regulated post DSB induction (LPHN2, UTP18) are shown. Mean and SEM for n=4 biological replicates. P, paired t-test (two-sided). h. Model. During the day (PER phase), the PERIOD complex is recruited at DSBs occurring in transcribed loci (TC-DSBs). This triggers the targeting of the TC-DSBs to the NE and their tethering to the SUN1 INM protein, further ensuring RAD51 loading and HR repair. During the night (BMAL1 phase), in absence of PER1/2, impaired TC-DSB anchoring to the NE leads to impaired RAD51 loading, and enhanced DSB clustering and D-compartment formation.

Methods

Cell culture and treatment

U2OS, DIvA (AsiSI-ER-U20S) 19 , AID-DIvA (AID-AsiSI-ER-U20S) 8 and 53BP1-GFP DIvA 58 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10%SVF (Invitrogen), antibiotics and either 1µg/mL puromycin (DIvA cells) or 800µg/mL G418 (AID-DIvA cells) or both puromycin and G418 (53BP1-GFP DIvA) at 37°C under a humidified atmosphere with 5%CO2. The cell lines were regularly checked for mycoplasma contamination. For AsiSI-dependent DSB induction, DIvA cell lines were treated with 300nM 4-hydroxytamoxifen (OHT) (Sigma, H7904) for 4h (unless otherwise indicated). For DSB induction in U2OS, cells were treated with 1µM etoposide (Sigma, E1383) for 2h or with 10µg/mL Bleomycin (Sigma, B8416) for 2h. To stop inducing AsiSI-DSBs, AID-DIvA cells were washed twice in pre-warmed PBS after OHT treatment and further incubated with 500µM auxin (IAA) (Sigma, I5148) for 2h (unless otherwise indicated). For circadian rhythm synchronization, cells were incubated for 1h with 500nM dexamethasone (Dex) Sigma, D4902), then the medium was replaced (time = 0h). Dex treatment was done every 2h during 24h and the DSB induction was started for all synchronized cells at the same time, 24h after the last Dex treatment, to obtain a full period circadian rhythm (analyses are shown from 24h to 46h post-Dex). To induce DSBs, synchronized cells are treated during 2h or 4h surrounding the synchronization timepoint (e.g., from 23h to 25h after Dex for a 2h treatment corresponding at the synchronized time = 24h).

Multi-output screen methodology

Each of the 130 SMARTpool siRNAs from the TC-DSBR-focused siRNA library (Extended Data Table 1) was transfected in 10 6 AID-DIvA cells as described below (siRNA and plasmid transfection section), always including a negative (CTRL) and a positive (SETX) control siRNAs. Transfected cells were plated (i) in 96-well Cell Carrier Ultra plates (20.000 cells/well in triplicates per condition) for γH2AX foci analysis (intensity and area) with quantitative high throughput imaging as described below (High-Content microscopy and Immunofluorescence sections); (ii) in 96-well plates (1000 cells/well in quadruplicates per condition for cell survival analysis as described below (WST-1 cell survival assay section); and in 10cm diameter dish for genomic DNA extraction and translocation frequency analysis as described below (DSB-induced rearrangement /Translocation assay section). All data from these different outputs post-DSB induction were expressed normalized to the negative control siRNA (CTRL) and compared to the positive control siRNA (SETX).

siRNA and plasmid transfection

siRNA transfections were performed using the 4D-Nucleofector and the SE cell line 4D-Nucleofector X kits (Lonza) according to the manufacturer's instructions. Briefly, 1-10µL of 100µM annealed siRNA was transfected in 1-20x10 6 cells with 20-100µL SE solution in Nucleocuvettes using the U2OS program CM-104. Subsequent cell treatments were performed ~42-48h post-transfection. Most siRNAs used in this study were siGENOME SMARTpools (Dharmacon) which are a mixture of 4 individual siRNAs, see Extended Data Table 1. Individual siRNA sequences (Eurogentec) were used for SUN1, SUN2 or RBBP8/CtIP (Extended Data Table 1). For all experiments, the control siRNA (CTRL) was the siGENOME Non-Targeting Control siRNA Pool #2 (Dharmacon), except for Fig. 4h and Fig. 4i where the control siRNA used with SUN1 and SUN2 siRNAs was Ctrl1 (Extended Data Table 1).

Plasmid transfections were performed using the 4D-Nucleofector and the SE cell line 4D-Nucleofector X S kit (Lonza) according to the manufacturer's instructions. Briefly, 0.5µg DNA was transfected in 10 6 cells with 20µL SE solution in Nucleocuvette strips using the U2OS program CM-104, and subsequent OHT treatments were performed 48h later. mCherry-LaminB1-10 plasmid was a gift from Michael Davidson (Addgene plasmid #55069; http://n2t.net/addgene:55069 ; RRID:Addgene_55069).

Immunofluorescence

Transfected 53BP1-GFP DIvA cells were grown on glass coverslips and fixed with 4% Paraformaldehyde during 15min at room temperature. After, 2 washes with PBS, the permeabilization step was performed by treating cells with 0,5%Triton X-100 in PBS for 10min, then cells were blocked with PBS-BSA3% for 30min. Primary antibody against γH2AX (Extended Data Table 4) was diluted in PBS-BSA3% and incubated with cells overnight at 4°C. After 3 washes for 5min in PBS-BSA3%, cells were incubated with anti-mouse secondary antibody (conjugated to Alexa594 or Alexa488, Invitrogen), diluted 1:1000 in PBS-BSA3%, for 1h at room temperature. After a Hoechst 33342 (Invitrogen) staining (5µg/ml for 5min at room temperature), Citifluor (AF1-25, Clinisciences) was used for coverslip mounting.

High content microscopy (QIBC)

U2OS, DIvA (AsiSI-ER-U20S) 19 , AID-DIvA (AID-AsiSI-ER-Transfected or Dexsynchronized DIvA and U20S cells were plated in 96-well Cell Carrier Ultra plates (Perkin Elmer). Prior to the end of OHT, etoposide or bleomycin treatments, cells are treated with 10µM EdU (Invitrogen, C10340) at 37 °C for 15min. For γH2AX staining, cells are fixed and permeabilized as described above. For RAD51 staining, buffer II pre-extraction (20mM NaCl, 0.5% NP-40, 20mM HEPES at pH 7.5, 5mM MgCl2, 1 mM DTT) was added to cells for 20min on ice followed by fixation in 4% Paraformaldehyde during 15min at room temperature and washed twice with PBS. Then EdU was labeled by Click-iT AlexaFluor 647 reaction (Invitrogen, C10340) according to the manufacturer's instructions (cells protected from light from now). Cells were washed twice for 5min in PBS-BSA3% and then blocked with PBS-BSA3% for 30min at room temperature. Primary antibodies targeting γH2AX or RAD51 (Extended Data Table 4) were diluted in PBS-BSA3% and incubated with cells overnight at 4°C. After 3 washes of 3min in PBS-BSA3%, cells were incubated with anti-mouse Alexa 488 secondary antibody (Invitrogen) diluted 1:1000 in PBS-BSA3%, for 1h at room temperature. After 3 washes of 3min in PBS, nuclei were labeled with 5µg/ml Hoechst 33342 (Invitrogen) for 30min at room temperature. The cells were then washed twice with PBS and stored at 4°C. γH2AX foci were further analyzed with an Operetta CLS High-Content Imaging System (Perkin Elmer) and Harmony software (version 4.9). For quantitative image analysis, ~20-80 fields per well were acquired with a 20X (for γH2AX circadian synchronization) or 40X objective lens to visualize >3000 cells per well in triplicate. Subsequent analyses were performed with Columbus software (version 2.8.2). Briefly, the Hoechst-stained nuclei were selected with B method, and the size and roundness of nuclei were used as parameters to eliminate false positive compounds. Then, the Find Spots D method was used (Detection sensitivity =0.2-0.4; Splitting coefficient =1; Background correction =0.5) to determine the number, mean area and intensity of repair foci in each nucleus. For cell cycle analysis, the sum of the Hoechst intensity and the mean of the EdU intensity were plotted in order to select G1, S, and G2 cells.

DSB-induced rearrangement/translocation assay

AID-DIvA cells were treated as indicated and DNA was extracted using the DNeasy kit (Qiagen). Illegitimate rejoining frequencies between different AsiSI sites, t(MIS12;TRIM37) and t(LINC00217;LYRM2), were analyzed by qPCR (in 3-4 replicates) using primers referenced in Extended Data Table 3 20 . Results were normalized using two control regions (Norm1 and Norm17) both far from any AsiSI sites and γH2AX domains (primers in Extended Data Table 3). Normalized translocation frequencies were calculated using the Bio-Rad CFX Manager 3.1 software.

WST-1 cell survival assay

Transfected AID-DIvA cells were plated in 96-well plates for each of the 3 conditions: -DSB, +DSB, +DSB+repair. 48h later, cells were treated or not with OHT for 4h and further incubated or not with IAA for 4h. Eight days after DSB induction, the medium is replaced by a mix of 100µl warmed medium + 10µl WST-1 ready-to-use solution per well and the cells were incubated for 2h at 37°C. The tetrazolium salts from Premix WST-1 Cell Proliferation Assay System (TAKARA) are cleaved by mitochondrial dehydrogenase in viable cells to produce formazan dye, which is quantified by measuring its absorbance at 450nm (Multiskan GO Microplate Spectrophotometer from Thermo Fisher Scientific). The percentage of viable cells is normalized to the undamaged cells and compared to the control condition.

Clonogenic assays

Transfected AID-DIvA cells were seeded, in duplicate, at a clonal density in 10cm diameter dishes and, 48h later, were treated or not with 4OHT for 4h and washed twice in prewarmed PBS and further incubated with auxin (IAA) for another 4h when indicated. Then, the medium was replaced for all cell dishes. After 8 days at 37°C under a humidified atmosphere with 5%CO2, cells were washed in PBS and stained with crystal violet (Sigma, V5265). Images of stained colonies were obtained using the White Sample Tray for the ChemiDoc Touch Imaging System (Bio-Rad) and colonies were counted using the Spot Detector plugin of Icy software, Version 2.0.2.0 (icy.exe program). Only colonies containing more than 50 cells were scored.

Western blots

DIvA cells were incubated in RIPA buffer (50mM Tris pH8.0, 150mM NaCl, 0.5% sodium deoxycholate, 1% NP-40, 0.1% SDS) on ice for 20 min. Samples were further incubated with 250 units of Benzonase (Sigma, E1014) per million of cells for 10 min at room temperature, then centrifuged at 13,000 rpm for 10 min at 4°C. The supernatants, containing soluble protein extracts, were then mixed with SDS loading buffer and reducing agent, and incubated 10 min at 70°C. Electrophoreses were performed using 4-12% NuPAGE Bis-Tris gels (Invitrogen) and semi-dry western blotting on nitrocellulose membranes (Bio-Rad) was done with the Trans-Blot Turbo System (Bio-Rad) according to the manufacturer's instructions. Membranes were incubated in TBS containing 0.1% Tween 20 (Sigma, P1379) and 4% BSA during 1h at room temperature for blocking, followed by overnight incubation at 4 °C using primary antibody diluted in TBS-Tween-4% BSA. The corresponding mouse or rabbit horseradish peroxidase-coupled secondary antibodies (Sigma, A2554 and A0545) were used at 1:10,000 to reveal the proteins, using a luminol-based enhanced chemiluminescence HRP substrate (Super Signal West Dura Extended Duration Substrate, ThermoScientific). Picture acquisition of the membranes was done using the ChemiDoc Touch Imaging System (Bio-Rad) and pictures were analyzed using Image Lab software (Bio-Rad). All primary antibodies used in this study are detailed in Extended Data Table 4. Note: although different conditions and several human PER1 antibodies were tested, none of them resulted in a ~140kDa signal corresponding to the PER1 protein on the western-blots.

RT-qPCR

Total RNA was extracted from U2OS and DIvA cell lines before and after DSB induction using homogenization with QIAshredder and the RNeasy kit (Qiagen) following the manufacturer's instructions. RNA was then reverse transcribed to cDNA using the AMV reverse transcriptase (Promega, M510F). qPCR experiments were performed to assess the levels of cDNA using primers referenced in Extended Data Table 3. cDNA levels were then normalized with GAPDH (Gene ID: 2597), TBP (Gene ID: 6908) and 18S (RNA18SN5, Gene ID: 100008588) cDNA levels using the CFX Manager 3.1 software (Bio-Rad).

Resection assay

Measure of resection was performed as described in 59 with the following modifications. Genomic DNA was extracted from transfected DIvA cells just after DSB induction using the DNeasy kit (Qiagen) without any vortexing step. 1 µg of DNA was incubated 20min at 37°C with 15 units of RNAseH1 (New England Biolabs) and first digested for 2h at 37°C with 35 units of AsiSI restriction enzyme (New England Biolabs). Then, 250ng of DNA were further digested overnight at 37°C using 10 units of BanI restriction enzyme, that cuts at 200bp and 1626bp from the DSB1, or of BanII restriction enzyme, that cuts at 1122bp from the DSB7 (Extended Data Table 2). Both enzymes were heat inactivated for 20 min at 80°C. Digested and undigested samples were analyzed by qPCR (10ng/well) using primers in Extended Data Table 3. ssDNA% was calculated with the following equation: Percent of ssDNA= 1/((PUISSANCE(2;(Ct Digested -Ct Non Digested) -1) + 0.5))*100.

Proximity Ligation Assay (PLA)

PLA experiments were performed using Duolink® In Situ Detection assay from Sigma-Aldrich according to the manufacturer's instructions. Primary antibodies used for PLA are detailed in Extended Data Table 4.

γH2AX-LaminB1 PLA. siRNA-transfected or Dexamethasone-synchronized DIvA cells were plated in 96-well Cell Carrier Ultra plates (Perkin Elmer). At the end of 4OHT treatment, cells are treated with 10µM EdU (Invitrogen, C10340) for 15min. Cells are fixed with 4% paraformaldehyde during 15min at room temperature. Permeabilization step was performed by treating cells with 0,5% Triton X-100 in PBS for 5min. Then EdU was labeled by Click-iT Alexa488 reaction (Invitrogen, C10340) according to the manufacturer's instructions. Cells were blocked with 1 drop of blocking solution provided with the Duolink® PLA Probes (DUO92002 and DUO92004, Sigma-Aldrich) for 1h at 37°C in a humid chamber. Primary antibodies targeting γH2AX and LaminB1 were diluted in the antibody dilution buffer provided with the Duolink® PLA Probes and incubated with cells overnight at 4°C. After two 5min washes in Duolink® In Situ Wash Buffer A (DUO82049, sigma-Aldrich), cells were incubated with anti-mouse plus and anti-rabbit minus probes for 1h at 37°C, under slow rotation. After two washes in wash buffer A for 5min, cells were incubated for 30min at 37°C in the ligation reaction mix from the Duolink® In Situ Detection Reagents Red (DUO92008, Sigma-Aldrich). The cells were washed again twice in wash buffer A for 5min and incubated for 1h40 at 37°C under slow rotation for the amplification step. Finally, after two 10min washes in wash buffer B (DUO82049, sigma-Aldrich), nuclei were stained in the staining solution from the Duolink® In Situ Microplate Nuclear Stain (DUO82064, Sigma-Aldrich) for 30min at 37°C and cells were kept in the Anti-Fade solution (DUO82064, Sigma-Aldrich) until image acquisition. For quantitative image analysis, images were acquired with a 40X objective lens to visualize >3000 cells per well in duplicate. Subsequent analyses were performed with Columbus software (version 2.8.2) to determine the numbers of PLA foci in each nucleus. G1, S and G2 nuclei were selected based on EdU and DAPI staining distribution in all cells.

53BP1-LaminB1 PLA. siRNA-transfected cells were seeded on 13mm coverslips and treated for 4h with 4OHT before fixation in 4%PFA. Slides were then processed as before, except that there were no EdU staining, and that at the end of the PLA procedure, after the two 10min washes in wash buffer B, cells were then washed for 1min in 0.01% wash buffer B and mounted on slides with Duolink® In Situ Mounting Medium with DAPI (DUO82040, Sigma-Aldrich). Image acquisition was done on Leica DM6000 at 40X objective lens to visualize >175 cells per experiment in triplicate. Subsequent analyses were performed with Cell Profiler software (version 4.2.4) to determine the numbers of PLA foci in each nucleus.

3D super resolution using Random Illumination Microscopy (RIM)

3D RIM two cameras setup. The 3D RIM home-made setup is coupled to an inverted microscope (TEi Nikon) equipped with 100x magnification, a 1.49 N.A. objective (CFI SR APO 100XH ON 1.49 NIKON) and two SCMOS cameras (ORCA-Fusion, Hamamatsu) mounted in an industrial apochromatic alignment module (abbelight SA). Fast diode lasers (Oxxius) with wavelengths centered at 488nm (LBX-488-200-CSB) and 561nm (LMX-561L-200-COL) are used for all experiments. The bandpass emission filters in front of the two respective cameras are FF01-514/30-25 for camera 1 and FF01-609/54-25 for camera 2. The binary phase modulator (QXGA fourth dimension) conjugated to the image plane combined with polarization elements are used to generate dynamic speckle on the object plane as described in 36 . The synchronization of the hardware (Z-platform, cameras, microscope, laser and SLM) is performed by an improved version of the commercial software INSCOPER.

Fixed 3D RIM acquisition and reconstruction. Two-color 3D RIM imaging was performed with the 3D RIM system. The acquisition of 40 planes was done sequentially with a 120nm step in the image plane. For each image plane, 400 speckles were used to increase the desired super-resolved 3D resolution (95nm,95nm,200nm). The image reconstructions were performed with the software (ALgoRIMhttps://github.com/teamRIM/tutoRIM). The Wiener filter used is 0.01, the deconvolution parameter is 0.02 and the regularization parameter is 0.02 for the first channel images. The Wiener filter used is 0.02, the deconvolution parameter is 0.03 and the regularization parameter is 0.02 for the second channel images. The misalignment between the two cameras and the residual chromatic aberrations are corrected using the SVI (Scientific Volume Imaging) software.

3D+t two colors RIM super-resolution acquisition and reconstruction. 3D+t RIM movies were performed on AID-DIvA cells expressing 53BP1-GFP and mcherry-LaminB1. 3D movies of 47min with 40sec intervals were made (60 times). The whole cell acquisition time was 6 seconds with 48 random patterns optimized for live cells for each plane. Image reconstructions were performed with the software (ALgoRIMhttps://github.com/teamRIM/tutoRIM). The Wiener filter used is 0.01, the deconvolution parameter is 0.151 and the regularization parameter is 0.08 for the first channel images. The Wiener filter used is 0.1, the deconvolution parameter is 0.25 and the regularization parameter is 0.08 for the second channel images. The misalignment between the two cameras and the residual chromatic aberrations are corrected using the SVI (Scientific Volume Imaging) software.

3D film editing.

Bleaching correction is performed after RIM reconstruction with the open-source FIJI 546 software (https://imagej.net/software/fiji/) based on an exponential FIT from the background. The FIJI 3D drift correction plugin is performed for 3D registration (https://github.com/fiji/Correct_3D_Drift). Rendering of 3D+t movies was performed with the VTK library implemented in ICY software (https://icy.bioimageanalysis.org/) from 3D CROP on 550 areas of interest. Chromatism correction was performed by Scientific Volume Imaging (SVI) software.

Colocalization analyses.

The colocalization analyzer from the Scientific Volume Imaging (SVI) software is used on fixed 3D RIM images to quantify the interactions of γH2AX nanofoci with those of SUN1 and SUN2.

Quantitative immunocolocalization (ICQ).

The intensity correlation quotient was defined in 60 by the following equation for each voxel "i":

(𝐼 𝑖 𝐷1 -𝐼 𝑎𝑣𝑔 𝐷1 )(𝐼 𝑖 𝐷2 -𝐼 𝑎𝑣𝑔 𝐷2 )
For a random or mixed interaction, this number will tend towards 0, and for a dependent correlation, it will tend towards +0.5. This parameter does not directly use the intensity of each pair of voxels and has the advantage of eliminating the bias towards particularly high or too low intensities.

Cross-correlation function CCF.

The Van Steensel cross-correlation function (VSCF) CCF is used to quantify interactions and has been described in 61 . It is obtained by calculating the Pearson coefficient after shifting the second camera image over a distance of Δx voxels.

Thresholding was carefully tailored for each image to reject the 10 th percentile of the lowest intensity value for both channels. The CCF was measured with the x-shift set to 940nm without rotation and the resulting three graphs were averaged and plotted with a 95 percentil. The Pearson coefficient is the classic equation below for each voxel "i":

𝑃 = ∑(𝐼 𝑖 𝐷1 -𝐼 𝑎𝑣𝑔 𝐷1 )(𝐼 𝑖 𝐷2 -𝐼 𝑎𝑣𝑔 𝐷2 ) √∑(𝐼 𝑖 𝐷1 -𝐼 𝑎𝑣𝑔 𝐷1 )(𝐼 𝑖 𝐷2 -𝐼 𝑎𝑣𝑔 𝐷2 )
with 𝐼 𝑎𝑣𝑔 𝐷1 and 𝐼 𝑎𝑣𝑔 𝐷2 the averages of camera 1 and camera 2 of the microscope.

For better visualization of the shape of the CCF function for each condition, we normalized the CCF function between 0 and 1 with the following normalization calculation:

𝑃 (0,1) = (𝑃-𝑃 𝑚𝑖𝑛 ) (𝑃 𝑚𝑎𝑥 -𝑃 𝑚𝑖𝑛 )
Negative values for ∆x indicate a shift in nm of the red image to the left, positive values indicate a shift to the right. Non-random overlap results in a peak at Δx=0 and non-random exclusion results in a dip at Δx=0. Uncorrelated distributions will not show any clear peak in the CCF.

ChIP-qPCR, ChIP-seq and data analysis

ChIP-qPCR. ChIP experiments were performed in DIvA cells according to the protocol described in 8,19 with 200μg of chromatin per immunoprecipitation. The quantity of primary antibodies used is detailed in Extended Data Table 4. qPCR experiments were performed on both IP and input samples to assess the percent of input DNA immunoprecipitated, using AsiSIinduced DSBs referenced in Extended Data Table 2 and primers detailed in Extended Data Table 3. When indicated in the figure legends, data are normalized to a control location devoid of DSB (Ctrl genomic locus) and could be further expressed related to data obtained at DSB4 or in undamaged condition.

Library preparation and sequencing. Multiple ChIP experiment samples were pooled and sonicated for 15 cycles (30 sec on, 30 sec off, high setting) with a Bioruptor (Diagenode), then concentrated with a vacuum (Eppendorf). 10ng of purified DNA (average size 250-300bp) was used to prepare sequencing libraries with the Next Ultra II Library Prep Kit for Illumina (New England Biolabs) using the application note for "Low input ChIP-seq", and subjected to 75bp single-end sequencing using Illumina NextSeq500 at the EMBL Genomics core facility (Heidelberg, Germany).

ChIP-seq data processing. ChIP-seq data processing was performed as described 18 . In brief, raw sequencing reads were aligned using bwa (https://bio-bwa.sourceforge.net/) to the human reference genome (hg19) and then, were sorted, deduplicated, and indexed using samtools (http://www.htslib.org/). Bigwig coverage tracks were subsequently extracted from the processed bam files using bamCoverage from deepTools (HYPERLINK https://deeptools.readthedocs.io/en/develop/), and were normalized by total read count to be used for downstream analyses.

DSB Average profiles and boxplots. Differential coverage tracks representing the log2 ratio between damaged and undamaged ChIP-seq samples were created using the bamCompare function of deepTools on default settings. These bigwigs were then used as input for the computeMatrix function of deepTools to calculate the coverage at DSBs using 200 bins covering either 10kb or 1kb as indicated on Figures. These matrices were then processed using a custom script in R with ggplot2.

Peak calling. Peak calling for ChIP-seq datasets (BMAL1, SUN1 and SUN2) was performed using MACS2 using -q 0.1 for BMAL1 resulting in 1776 peaks, and -q 0.005 for SUN1 and SUN2 resulting in 27326 and 14571 peaks respectively. Gene Ontology Analysis. Genes for BMAL1 GO analysis were selected if the identified BMAL1 peak was within a genes body or within its promoter region. The subsequent gene list was used to perform gene ontology analysis using the enrichGO function from clusterprofiler in R.

Peak annotation.

The genomic locations of SUN1 and SUN2 peaks were identified by using the ChIPseeker package in R, specifically the annotatePeak function to annotate the regions and plotAnnoPie for subsequent visualization. To calculate the coverage of SUN1 at SUN2 regions, the computeMatrix function of deepTools was used using 200 bins over a 10kb window. The matrix was then processed using a custom script in R with ggplot2.

Hi-C and data analyses

Hi-C libraries. Hi-C experiments were performed in DIvA cells following transfection with CTRL or PER2 siRNAs and with or without DSB induction as described in 62 . Briefly, 10 6 cells were used per condition. Hi-C libraries were generated using the Arima-HiC+ for HiC (Arima Genomics) by following the manufacturer's instructions. DNA was sheared using the Covaris S220 to obtain an average fragment size of 350-400pb. Sequencing libraries were prepared on beads using the Next Ultra II DNA Library Prep Kit for Illumina and Next Multiplex Oligos for Illumina (New England Biolabs) following instructions from the Arima-HiC+ for HiC (Arima Genomics). Hi-C data were processed as described in 12,62 see below.

Hi-C heatmaps. Hi-C reads were mapped to hg19 and processed with Juicer v2.0 using default settings (https://github.com/aidenlab/juicer). Hi-C count matrices were generated using Juicer at multiple resolutions: 100kb, 50kb, 25kb, 10kb, 5kb and 1kb. Hi-C heatmap screenshots were obtained using Juicebox (https://github.com/aidenlab/Juicebox/wiki/Download).

Aggregate Peak Analysis (APA).

APA plots of inter-or intra-chromosomal interactions of DSBs and control regions were created using the APA program of Juicer tools (https://github. com/aidenlab/juicer/wiki/APA) with a 10kb resolution -/+ 100kb.

Trans contact quantification.

To determine inter-chromosomal interaction changes (in trans), we built the whole-genome Hi-C matrix for each experiment by merging all chromosomechromosome interaction matrices using Juicer and R to obtain a genome matrix with 33kx33k bin interactions for 100kb resolution. Interactions between bins inside damaged TADs (240X240 for the 80 best-induced AsiSI DSBs) were extracted and counted for each condition, then log2 ratio was calculated on normalized count (cpm), and plotted as boxplots or heatmaps (https://github.com/LegubeDNAREPAIR/ATMcompD/blob/main/scriptR/Heatmap_D_trans. R).

A/B compartment. To identify A and B main chromosomal compartments, the extraction of the first Eigen vector of the correlation matrix (PC1) was done on the Observed/Expected matrix at 500kb resolution using juicer eigenvector command. The resulting values were then correlated with ATAC-seq signal in order to attributes positive and negative values to the A and B compartment, respectively, on each chromosome. The Observed/Expected bins were then arranged based on the PC1 values and aggregated into 21 percentiles, to visualize A-B interactions on the siPER2 and siCTRL experiments (saddle plots), and differences were computed between PER2 and control conditions for each percentile.

D-compartment.

For D-compartment identification, we retrieved the first component (PC1) of a PCA made on the differential observed over expected Hi-C matrix 𝑙𝑜𝑔2 ( 𝑑𝑎𝑚𝑎𝑔𝑒𝑑 𝑢𝑛𝑑𝑎𝑚𝑎𝑔𝑒𝑑 ) at 100kb resolution. Each matrix was extracted from the .hic files using Juicer and the ratio was computed bin per bin. Pearson Correlation matrices were then computed for each chromosome, and PCA was applied to each matrix. The first component of each PCA was then extracted and correlated with the position of DSBs. A PC1 showing a positive correlation with DSBs was then called D-compartment, and PC1 showing negative correlation with DSBs were multiplied by -1. We were able to extract the D-compartment on several chromosomes for +DSB/-DSB 12 . Dcompartment (first component of the PCA) was converted into a coverage file using rtracklayer R package. For analysis of DSB responsive gene expression by RT-qPCR, we used the previously determined D compartment genes as described in 12 .

Contact for Reagent and Resource Sharing

Further requests for reagents and resources should be asked to the lab PI, Gaëlle Legube (gaelle.legube@univ-tlse3.fr). DIvA cell lines are subjected to an MTA with the CNRS.

Extended Data

Circadian PERIOD complex regulates TC-DSB repair through anchoring to the nuclear envelope.

Benjamin Le Bozec 1 , Laure Guitton-Sert 1 , Sarah Collins 1 , Vincent Rocher 1 , Emmanuelle Guillou 1 , Charlotte Payrault 1 , Coline Arnould 1 , Aude Guénolé 1 , Marion Aguirrebengoa 2 , Anne Laure Finoux 1 , Thomas Mangeat 3 , Nadine Puget a. Schematic steps for multi-output screening of a TC-DSBR-focused siRNA library. 132 SMARTpool siRNAs (including one negative control and one positive control siRNAs) were transfected in AID-DIvA cells and four different outputs were analyzed before and after DSB induction (+OHT). The γH2AX signal was quantified with high-throughput microscopy and both the γH2AX foci intensity and the γH2AX foci mean area were measured in >5000 nuclei per condition to obtain respectively γH2AX intensity and DSB clustering data. Genomic DNA was extracted after DSB induction and repair (+OHT+IAA), and quantitative PCR was used to detect the illegitimate rejoining of two distant AsiSI sites and obtain the frequency of the t(MIS12;TRIM37) DSB-induced rearrangement. Eight days after DSB induction, the cells were incubated with tetrazolium salts (WST-1 cell viability assay) and formazan dye production formed by metabolically active cell was quantified by measuring its absorbance (450nm) to assess the cell survival. e. RAD51 foci intensity, measured by high content microscopy, in DIvA cells after DSB induction, at different time points after dexamethasone treatment (synchronization of the circadian rhythm). The heatmap representing PER2 cDNA levels and timings is indicated on the right. Data were normalized to the average (n=3 biological replicates). A representative experiment is shown.

f. RT-qPCR performed before (-DSB) and after (+DSB) DSB induction in circadian rhythm synchronized DIvA cells at 28h and 40h after dexamethasone (Dex) treatment, or in asynchronous DIvA cells (No Dex). cDNA levels of five genes carrying TC-DSBs (either in their gene body or promoter) were measured by qPCR and normalized to GAPDH and TBP and to the untreated sample (-DSB). Mean and SEM are shown for n=4 biological replicates. Pvalues, paired t-test (two-sided). g. Model. A two-arm control of HR repair during the 24h circadian cycle. Maximum PER1/2 expression is observed before noon in diurnal primates, while CRY1 expression peaks at sunset. The absence of CRY1 combined with the presence of PER complex ensures that TC-DSBs are resected and further repositioned to the NE to complete HR. At nightfall, resection drops at its minimum, and the absence of the PER complex further precludes TC-DSB tethering at the NE and RAD51 assembly, resulting in minimum HR during the night. 

Extended Data Tables Extended Data Table 1: siRNAs used in this study

Gene Symbol Gene ID Gene Accession Pool Catalog Number

Additional data

Following the results described in the previous manuscript, additional data I obtained are presented below and will be essential to the discussion in this thesis.

PER1 or PER2 depletion triggers decreased cell survival through increased DSB clustering.

As a reminder, we observed a decrease of cell survival in PER1 or PER2-depleted cells after DSB induction (Le Bozec et al. Fig. 2d, Extended Data Fig. 2c). To better understand this result, we performed additional experiments.

We know that SETX, a protein which may belong to the large PER complex 428 , has been implicated in TC-DSB repair through the resolution of RNA:DNA hybrids at breaks, which is necessary to avoid a severe cell death 254 . Moreover, it has recently been shown that a deleterious BIR-like pathway, dependent on BLM and POLD3, is triggered by the impairment of HR repair in the absence of RNA:DNA hybrids resolution at DSB sites. Indeed, upon accumulation of RNA:DNA hybrids, DNA synthesis is increased at TC-DSBs, promoting cell death in SETX-depleted cells 292 . In order to determine whether a similar mechanism is triggered by PER1 or PER2 depletion in DIvA cells, I quantified the amount of newly synthesised DNA around DSB sites by EdU pull-down, as it was done for SETX depletion 292 . Surprisingly, although SETX-depleted cells showed an increase in the amount of newly synthesised DNA around two TC-DSBs, reflecting a BIR-mediated repair as expected, PER1-or PER2-depleted cells showed no significant difference compared to the control (Fig. 29a). Therefore, we concluded that, unlike SETX, cell death in PER-deficient cells does not involve this type of BIR repair.

On the other hand, in order to determine the DSB signaling at a later stage in PER1 or PER2depleted cells. I measured the mRNA level of the DSB signaling effector p21 (CDKN1A gene), involved in the inhibition of cell cycle progression. Interestingly, following DSB induction, the level of p21 mRNA was increased in PER1-or PER2-depleted cells compared to PER1/2proficient cells (CTRL siRNA) (Fig. 29b). Finally, I wondered whether the decrease in cell survival in PER1-or PER2-depleted cells was due to increased DSB clustering. Since the DSB clustering is decreased by SUN2 depletion 297 , we investigated the consequences on cell survival of codepletion of SUN2 and PER1 or SUN2 and PER2. Interestingly, the decrease in cell survival upon DSB induction was rescued in SUN2 and PER1 or PER2-co-depleted cells compared to cells only depleted for PER1 or PER2 (Fig. 29c). Thus, the decrease in cell survival in PER-depleted cells does not seem to be explained by the use of a BIR-like pathway but by an increased in DSB clustering and associated DSB signaling. Since LBR is involved in the targeting of core circadian loci to the NE by PER in Drosophila 713 , I wondered whether LBR would act in the same pathway as PER1/2 for the TC-DSB targeting to the NE. First, as for PER1/2 depletion, LBR depletion slightly decreased cell survival after DSB induction (Fig. 30d). Furthermore, co-depletion of LBR and PER1 or PER2 did not exacerbate the impaired survival observed upon depletion of PER1 or PER2 proteins independently (Fig. 30d). These data suggest that LBR acts in the same pathway as PER proteins in TC-DSB repair.

Repair mechanism analyses following circadian rhythm synchronization.

Since some DSB repair genes have been shown to be rhythmically expressed with a circadian pattern in mammals 338,500,502 , I examined whether the genes encoding the DSB repair proteins ATM and RAD51 were rhythmically expressed during the circadian rhythm in DIvA cells. Interestingly, ATM and RAD51 did not appear to show a circadian rhythm at the mRNA level (Fig. 31a). Furthermore, since HR repair, DSB clustering and NE targeting are regulated by the cell cycle, I investigated whether the cell cycle was affected by dexamethasone-mediated circadian clock synchronization. Surprisingly, the high-PER phase (28h) was enriched in S/G2 cells whereas the low-PER phase was enriched in G1 cells (Fig. 31b). These results suggest that the phenotypes observed after circadian rhythm synchronisation could not be explained by rhythmic expression of the ATM and RAD51 genes, but may be partially explained by a mild synchronisation of the cell cycle.

Moreover, it has been shown that HR is downregulated by CRY1 during the circadian rhythm 508 , and furthermore, this same protein may be part of the PER complex 350 . Given the antagonistic function of PERs and CRY1 in the regulation of HR, I wondered whether PERs and CRY1 are expressed at different times during the circadian rhythm in DIvA cells. Interestingly, PER1 mRNA reached its maximum level at 26h, which is relatively close to PER2 peak of expression (28h) (Le Bozec et al. Fig. S6a), whereas CRY1 mRNA level reached its maximum level at 32h, i.e. 6 hours after PER1 acrophase (Fig. 31c). These data suggest that HR may be doubly regulated by PERs and CRY1 at different times during the circadian rhythm in human cells.

Since we associated the TC-DSB repair by HR during the high-PER phase (Le Bozec et al. Fig. 6c, S6e), I wondered whether cell survival after DSB induction was affected during the low-PER phase. Surprisingly, I did not observe any difference in cell survival between the high-and low-PER phases after DSB induction (Fig. 31d). This latter result could be explained by the use of another repair pathway than HR. I therefore measured the expression of the NHEJ repair genes XRCC4 and LIG4 (Ligase 4) during the circadian rhythm. The mRNA levels of XRCC4 and LIG4 did not show a circadian rhythm (Fig. 31e), which does not allow me to conclude whether NHEJ is effective during the low-PER phase. Furthermore, in order to investigate whether MMEJ was used to repair these DSBs, I used an olaparib treatment, that inhibits PARP1 and hence MMEJmediated repair. Of note, we didn't observe neither a relevant difference in cell survival between the high-and low-PER-phase upon DSB induction in olaparib-pretreated cells (Fig. 31f). Taken together, these data do not allow us to conclude that TC-DSBs are repaired by an alternative repair pathway to HR, during the low-PER phase. 

PER2 protein level is increased by TC-DSB induction.

Since it has been shown that circadian rhythm phase advance is triggered by IR-induced DSBs 517,518 , we wondered whether the circadian rhythm repressor protein PER2 was stabilised by DSB induction in DIvA cells. Surprisingly, in immunofluorescence microscopy analysis, PER2 was drastically increased after 4 hours of DSB induction compared to the control (Fig. 32a).

We further performed RTqPCR of PER1, PER2 and BMAL1 to determine whether their expression was affected by DSB induction. Although the amount of PER2 protein is increased after DSB induction, we did not observe any significant difference in the mRNA levels of PER2, as well as for PER1 and BMAL1, between the DNA damaged and control conditions (Fig. 32b).

Taken together, these results suggest that PER2 protein is stabilised following TC-DSB induction. 

DISCUSSION & PERSPECTIVES

During my PhD, we uncovered that the repair of DSBs occurring in transcriptionally active genes (TC-DSBs) requires the anchoring of broken DNA to the nuclear envelope (NE) in human cells, a process that is under the direct control of the PERIOD complex and is therefore sensitive to circadian oscillations.

We demonstrated that TC-DSBs are anchored to the NE via Lamin B1 and the LINC complex component SUN1. Interestingly, the LINC complex component SUN2 protein, which promotes the clustering of TC-DSBs, is evicted from these breaks.

Moreover, we showed that circadian PERIOD complex proteins are involved in TC-DSB repair, promoting cell survival and counteracting chromosome rearrangement. We found that some of these proteins are recruited to TC-DSBs, including PER2, SETX, DDX5 and DDX17. In addition, HR was shown to be enhanced by PER1 and PER2 that regulate the resection step and RAD51 loading. Interestingly, PERs are not involved in transcriptional repression of damaged genes, but are required for the anchoring of TC-DSBs to SUN1 at the NE, which prevents TC-DSB clustering. We also demonstrated that TC-DSB anchoring, as well as RAD51 assembly for HR repair, follows the circadian oscillations of PER proteins, and conversely, TC-DSB clustering is antiphasic to PER oscillations.

Finally, we showed that DSB response induced by chemotherapy drugs is regulated by the circadian rhythm and depends on DSBs localisation on the genome. Indeed, while TC-DBS response induced by Etoposide exhibits the same circadian oscillation as that observed in the DIvA system, the non-TC-DSBs response induced by Bleomycin, a radiomimetic drug, is antiphasic to previous circadian oscillations.

I. The circadian rhythm of the Homologous Recombination

Importantly, we co-submitted this study on the PER complex regulating TC-DSB repair with work from the lab of Pablo Huertas, published on BioRxiv in 2023 508 , which also shows that HR is regulated by the circadian clock, in their case through CRY1. Therefore, I will discuss about the PER complex in HR-mediated repair and also integrate both PERs and CRY1 into a broader model. Finally, I will discuss the purpose of HR repair regulation by the circadian rhythm. 

Role of PER proteins

Until now, PER complex was involved in the transcriptional repression of circadian genes 350 . In the context of DSBs occurring in active genes, we have shown that the transcriptional repression of the damaged genes is not regulated by PER proteins, however, TC-DSB anchoring to NE is regulated by PERs, enhancing HR repair (Fig. 33).

A. Promoting HR

We demonstrated that PER2 is preferentially recruited to TC-DSBs, and we think it is also the case for PER1 with other PER complex components, to enhance HR-mediated repair by promoting DNA end resection and RAD51 loading. Importantly, the assembly of RAD51 follows the PER2 circadian rhythm, and thus, HR repair exhibits a circadian pattern due to PER oscillations. Of note, it was shown very recently that overexpressed BMAL1 can be recruited at breaks 506 , however, in our experiments, endogenous BMAL1 is not recruited at DSBs. Thus, PER2 recruitment at DSB sites seems independent on BMAL1 recruitment, and this is consistent with previous data in mouse liver, where 30% of PER and CRY peaks on the genome are independent of CLOCK:BMAL1 recruitment 439 . It would be interesting to investigate how PER2 is recruited at DSBs. Given that PER1 can directly interact with ATM 481 , the recruitment of PER2 at breaks could be mediated by ATM, and could be studied by a ChIP experiment of PER2 under ATM inhibition.

B. TC-DSB targeting to NE

We further found that PER proteins are actors of DSB repositioning to the NE (Fig. 33). Of interest, in drosophila clock neurons, PER is organized into highly dynamic foci exhibiting liquid-like properties (liquid-liquid phase separated condensates), probably due to its highly intrinsic disordered region 713 . Mammalian PER2 also has highly intrinsic disordered domains 366 , however PER2 is not organized into foci and exhibits a diffuse nucleo-cytoplasmic pattern in human cells 741 (Fig. 32a). Thus, the mechanism involved to bring damaged loci at the NE via PER proteins remains unclear (see below the section on molecular motors), however it could be interesting to search for post-translational modifications of PER2, which may trigger PER2 foci formation in response to DSB induction.

Moreover, we showed that SUN1 acts as an anchoring point for TC-DSBs at NE and SUN1 depletion triggers similar phenotypes to those of PER depletion, including increased translocation and impaired cell survival. In our siRNA library screen, the depletion of Lamin B receptor LBR also exhibits these phenotypes. In addition, co-depletions of SUN1 or LBR with PERs show similar cell survival as depletions of PERs alone. Thus, SUN1 and probably LBR participate in the TC-DSB targeting to NE via PER proteins (Fig. 37).

It has been shown that the loss of the NE components LBR and Lamin A/C results in the detachment of LADs at NE, and hence inversion of chromatin with heterochromatin towards the nuclear interior 650 , which probably enhances compartmentalization driven by heterochromatin 742 . Our HiC data showed that an increase in genome compartmentalization is triggered by PER2 depletion, even in undamaged condition (data not shown). Therefore, this observation is consistent with a role for PER2 in tethering chromatin to the nuclear periphery, and it will be interesting to investigate the tethering of undamaged chromatin to the NE by PER2.

My doctoral work demonstrates that the movement of loci to the NE is also mediated by PERs in mammals, and thus, raises questions about their role in the mammalian circadian clock.

C. Inhibition of TC-DSB clustering

By promoting the NE targeting, PER2, and probably PER1, appears to counteract TC-DSB clustering as an antagonistic mechanism (Fig. 33). We have shown that PER depletion results in the lack of DSB anchoring to NE, enhancing DSB clustering, and hence translocations, presumably by bringing DSBs in close proximity 312,743,744 . Furthermore, the high level of translocations may explain the decrease in cell survival. In addition, we have shown that the survival of PER1/2 depleted cells is rescued by the co-depletion of the pro-clustering factor SUN2 297 , thereby counteracting the PER depletion-induced clustering and the associated cell survival decrease, probably by counteracting translocations. Of interest, while translocations and decreased cell survival are triggered by siRNA-mediated PER2 depletion, we did not observe a higher translocation rate (not shown) or decreased cell survival at low PER2 phase in circadian synchronized cells (Fig. 31d). This suggests that an additional mechanism restrains translocations within the D-compartment, enhanced in the low PER2 phase. Thus, by regulating the formation of the D-compartment, the circadian clock may fine-tune the DDR without affecting genome stability.

Interestingly, it was shown that 3D genome organisation follows a circadian rhythm in mammals 460 , and more precisely, one core circadian locus shows that intra-and inter-TAD interactions are mediated by BMAL1 461 . Indeed, PER2 phase was associated with lower interactions, which is consistent with our data showing that PER2 depletion increases DSB clustering and also genome compartmentalization, even in undamaged condition (data not shown). Further studies could thus investigate the role of PER proteins in the regulation of genomic interactions in contexts other than DSBs, such as circadian rhythm or others.

Role of CRY2

As part of the early repressive PER:CRY2 complex in the circadian rhythm 439 , it can be assumed that CRY2, as PERs, regulates resection, RAD51 loading and NE targeting with other PER complex components. Surprisingly, following TC-DSB induction in DIvA cells, we did not find that chromosome rearrangement and cell survival are regulated by CRY2 (data not shown), therefore we did not investigate more precisely CRY2 function in TC-DSB repair. However, DSB end resection seems to be promoted by CRY2, as for PER1,2,3 in Huertas's study 508 . Therefore, it would be interesting to study the contribution of CRY2 in TC-DSB repair and/or NE targeting to properly conclude that both early and repressive circadian complexes are conserved between the circadian clock and DSB repair. 

Distinct role for PERs and CRY1

As previously described, the Huertas lab showed that HR is inhibited by CRY1 during the circadian rhythm 508 (Fig. 18b). As our two studies simultaneously proposed a role for the circadian clock in the regulation of DSB repair by HR and provide complementary data, and furthermore, our model agrees with the model proposed by the Huertas lab, we therefore decided to co-submit our works. This allowed us to propose a model of HR repair doubly regulated by PERs and CRY1 throughout the circadian rhythm (Fig. 34). Indeed, while HR repair is promoted by DSB targeting to NE in a manner that depends on PER1/2 proteins, corresponding to morning or daytime in humans 339 , the anti-resection factor CCAR2 is retained at DSB sites by CRY1 508 , inhibiting HR repair at the end of the day/beginning of the nigh 339 (Fig. 34). Thus, the absence of CRY1 combined with the presence of PER proteins ensure a maximal HR activity during the day, whereas the presence of CRY1 and the absence of PER proteins result in a minimal HR activity at the beginning of the night (Fig. 34). These studies show that circadian clock is directly involved in the regulation of HR-mediated repair, and this is also consistent with the higher level of expression of HR repair genes during the day than at night in humans 502 , and in general, in primates 338 (Fig. 18a).

The distinct roles of PERs and CRY1 in the DSB repair can be related to their distinct roles in the circadian clock. Indeed, while PERs are involved in the displacement of CLOCK:BMAL1 on DNA 444 , CRY1 represses transcription mediated by CLOCK:BMAL1 without affecting its interaction on the DNA 446 (Fig. 15). Thus, transcription mediated by the CLOCK:BMAL1 complex is inhibited by two complementary mechanisms, providing a time-specific expression of E-box genes. The two-arm control of HR repair during the circadian cycle could also allow a precise temporal regulation of the HR activity. Moreover, our data indicate that PERs weakly regulate DSB end resection and more intensively regulate RAD51 loading, whereas CRY1 is specifically associated with the regulation of DNA end resection 508 . Thus, the regulation of these two steps of the HR process could be decoupled in time, providing a 24-hour HR repair cycle. Because resection is upstream to RAD51 loading, the maximal level of resection in the early morning, due to the absence of CRY1, could precede the maximal level of RAD51 loading around noon, due to a high level of PERs (Fig. 34). Thus, compared to the early and late repressive phases in the circadian rhythm 439 , the HR could be regulated by two separated phases, providing RAD51 assembly on all resected DSBs, leading to a particularly efficient DSB repair, based on a 24hour repair cycle.

Additional roles of the PER complex?

The large PER complex is composed by several proteins which are also known to contribute to the transcriptional repression step of damaged genes. However, because PERs are not involved in the latter mechanism, the recruitment of transcriptional repressor factors seems to be independent of PER proteins. Nonetheless, some PER complex components play a role in other

B. Chromatin histone marks

Interestingly, in mouse liver, RNAPII occupancy and histone marks that are enriched at promoters, such as H3K4me3, H3K9ac and H3K27ac, exhibit a circadian rhythm in non-cycling genes 439 . These histone marks are not known to directly contribute to HR repair, however, given that these marks are associated to active promoters, it would be interesting to investigate whether they contribute to TC-DSB repair regulation by the circadian rhythm (Fig. 35).

Moreover, it was shown in mouse that the pro-resection H3K36me3 histone mark 185,293,294 exhibits a circadian pattern in cycling genes 439 . It would therefore be interesting to study whether TC-DSB repair is more effective when the transcription of cycling genes is at the maximal level, as for TC-NER 467 , by inducing DSBs in cycling genes at different phases of the circadian rhythm.

Role of a rhythmic Homologous Recombination

The NER pathway repairs UV-induced DNA damage on a circadian cycle, which seems logical since UV radiation is naturally present in our environment during the day and afternoon. With respect to DNA breaks, we do not know whether DSBs are physiologically induced on a 24hour rhythm. We can therefore only assume a role for rhythmic HR-mediated repair.

A. Selection of PERs as actor of NE targeting?

Previous work showed that the circadian clock regulates 3D genome organization 460 and the repositioning of circadian loci to the NE, in drosophila 713 and human cells 715 , which are required for proper rhythmicity of circadian genes. Therefore, the evolutionary conserved NE targeting process of circadian genes may have indirectly selected PER proteins as actors of the DSB repositioning to the NE in order to undergo HR. Thus, the absence of the PER proteins overnight might lead to an unwanted DSB clustering which could enhance translocations due to the proximity between DSBs 312 (Fig. 33). Increasing translocation frequency during the night does not seem to be a reasonable evolutionary strategy, thus a mechanism ensuring chromosome stability at night should have been selected during evolution. It would be of very interesting to determine what this protective mechanism is. In any case, according to this hypothesis, the circadian rhythm of HR would not have been a chosen process.

However, several core clock components have already been involved in DSB repair 504,[506][507][508] and, very recently, an additional mechanism involving CRY1 to inhibit DNA end resection at nightfall seems to exclude this hypothesis 508 . Furthermore, as we will see below, there are several alternative hypotheses that can explain this tight regulation of the HR.

B. Physiological circadian induction of DSBs?

As a first hypothesis, I think that endogenous DSBs are probably produced cyclically over a 24hour period. Indeed, DSBs were reported to arise in neural stem/progenitor cells at responsive genes following neuronal activity [47][48][49] , in a TOP2-dependent mechanism 50 . In addition, while neurons accumulate DSBs during the wakefulness, DSB repair is promoted by sleep and this is highly conserved across species [512][513][514] . Thus, one can imagine that DSBs arising from transcription induced by neuronal activity during wakefulness could be repaired during sleep in a circadian cycle. This mechanism associated with awakening/sleep cycle seems to be specific to neuronal cells, however a similar mechanism probably occurs in other cell types. Indeed, in mouse liver, circadian gene transcription is relatively coordinated at the end of the activation phase, on the whole genome 439 . In a same manner in 64 baboon tissues, transcription also appears to exhibit circadian oscillations, which could also be at the maximal level at the end of the activation phase 338 , i.e. just before PER phase. Therefore, in humans, I think that HR-mediated repair could preferentially occur during the day, corresponding to the PER phase, to repair DSBs in active genes that were induced by the transcriptional peak on the genome (Fig. 36). According to this hypothesis, PERs could have two separated roles: first, they repress transcription induced by CLOCK:BMAL1, and second, they mediate TC-DSB anchoring to NE, repairing potential DSBs induced by the previous transcription, and preventing chromosome instability. We could investigate this hypothesis by measuring the DSB levels during the circadian rhythm.

C. Coordinated repair processes?

Another hypothesis could be that HR repairs DNA damage in a coordinated manner. In other words, HR repair is scheduled to take place every 24 hours. Thus, based on a 24-hour cycle, DSBs that need to be repaired by HR accumulate until they are all repaired at once. As an example, DSBs are accumulated during wakefulness in zebrafish neurons, and repair of breaks is delayed until sleep 513,514 . In our experiments, cell survival was not affected when DSBs are induced during low PER2 phase, corresponding to a low HR-mediated repair (Fig. 31d). Since NHEJ factors XRCC4 and LIG4 are not cycling (Fig. 31e), we have no evidence that HR could be replaced by NHEJ to repair TC-DBSs. Moreover, cell survival is not affected by PARP inhibitor treatment (olaparib) (Fig. 31f), suggesting that MMEJ is not involved neither to repair those breaks. Taking into account that HR-mediated repair is delayed in G1, by TC-DSB clustering 297 , the clustering that we observed during the low PER2 phase could also delay repair of breaks in this specific circadian phase. Thus, in the absence of PER2, the HR could be paused until DSBs are taken over by PER2 in the next circadian phase (Fig. 36). Restricting HR to a specific time of the circadian rhythm could avoid ectopic recombination events. We could investigate this hypothesis through DSB repair kinetic experiments comparing low-and high-PER phases.

Moreover, it has recently been proposed that another role of DSB clustering may be to increase DDR 309 , in part by increasing transcription of DDR genes relocated into D compartment 312 .

Here, my work showed that DSB signaling (γH2AX intensity) and D compartment gene expression are enhanced by DSB induction during the low PER2 phase (Le Bozec et al. Fig. 6g). Thus, whereas the PER2 peak would be associated with a maximal level of HR-mediated repair, the low PER2 phase might be associated with a higher level of DSB signaling, through H2AX phosphorylation and DDR gene transcription. Finally, I believe that two major TC-DSB repair phases can take place on daily rhythm: first, TC-DSBs may accumulate during low-PER phase, resulting in increased DSB signaling and hence DSB repair gene expression, and then, the second phase takes place to properly repair those breaks in a coordinated manner, with support from the previous phase (Fig. 36).

D. Temporal separation of NHEJ and HR?

It is possible that the NHEJ would also be rhythmic, in anti-phase compared to HR (Fig. 36). Indeed, DSBs induced by Bleomycin, a radiomimetic drug which induces DSBs in a random manner across the genome 3 , are mainly non-TC-DSBs which are preferentially repaired by NHEJ 185 . My results showed that γH2AX intensity reached its maximal level in response to Bleomycin during the high PER2 phase, suggesting that non-TC-DSBs are repaired during the low PER2 phase and that their repair could be delayed during the high PER2 phase, in contrast to TC-DSBs repaired by HR (Fig. 36). In addition, CRY1 has been shown to be phosphorylated by the NHEJ kinase DNA-PK 747 , enhancing its anti-resection role at nightfall 508 . Finally, even if XRCC4 and LIG4 are not rhythmically expressed in our study, NHEJ repair genes have been found to be expressed in a 24-hour period rhythm in diverse baboon tissues 338 . Furthermore, a different circadian regulation of the two UV-induced damage repair pathways, GG-NER and TC-NER, has already been demonstrated 467 (Fig. 17), thus it could be probably also the case for DSB repair. It would be interesting to show whether HR and NHEJ are anticorrelated by measuring HR and NHEJ efficiency throughout the circadian rhythm. This type of regulation could separate TC-DSB repair, mediated by HR, from non-TC-DSB repair, mediated by NHEJ, thereby impeding abnormal repair of TC-DSBs by NHEJ and conversely.

Furthermore, alternative repair pathways could also oscillate. There is no evidence showing a circadian regulation of MMEJ, promoted by PARP1 [157][158][159] , since my data showed that PARP inhibitor (olaparib) does not affect cell survival at the high and low PER2 peaks following TC-DSB induction (Fig. 31f). However, we do not exclude the possibility of such regulation in a specific context, such as HR-deficient tumors 748 , which could be indirectly regulated by the circadian rhythm of major repair pathways.

E. Circadian synchronization by DSBs?

It has been showed that a circadian rhythm phase advance is induced by DSBs 517 . This process does not rely on transcriptional regulation of clock genes but rather on protein stabilization, essentially CRY1 stabilization after IR-induced DSBs 517,518 . In the same way, our data showed a stabilization of PER2 protein following the occurrence of TC-DSBs, independent of the mRNA level (Fig. 32). I believe that an excess of TC-DSBs could trigger PER2 stabilization, mediating HR repair, whereas non-TC-DSBs could trigger CRY1 stabilization, impeding HR and maybe promoting NHEJ. This type of adaptation could explain the lack of cell survival defect related to TC-DSB induction during the low PER2 phase (Fig. 31d) and the very slight benefit of radiotherapy to treat tumors during the afternoon 508 . Moreover, in the case where endogenous DSBs (TC-DSBs) are preferentially induced at the end of the activation phase, PER2 might be stabilized in order to repair those breaks and contribute to synchronizing/entraining the circadian clock (Fig. 36). Thus, the relatively conserved stability of the genome over time might also indicate that DSBs are physiologically induced in a 24-hour rhythm, helping to explain the role of this cross-talk between DSB repair and circadian clock (Fig. 36). This bidirectional model, where DSB repair and circadian clock regulate each other might provide a nodal point for understanding why chronochemotherapy in cancer treatment has not (yet) produced sufficiently consistent results to justify routine clinical application (see below the section on medical relevance) 532 .

Importantly, all of these hypotheses are not mutually exclusive, and can therefore be imbed in a larger model in which all of these mechanisms could cooperate (Fig. 36).

II. TC-DSB anchoring to the Nuclear Envelope

Similar to persistent DSBs in yeast and drosophila [694][695][696][697][698][699]703,704 , our data show that TC-DSBs relocate to the NE to undergo HR-mediated repair in human cells. Given the repair-delayed nature of TC-DSBs in G1 297 , this suggests that targeting of persistent DSBs to this specific nuclear microenvironment is evolutionary conserved.

Molecular mechanism

Interestingly, we have found that TC-DSB anchoring to the NE appears to occur at all phases of the cell cycle, but preferentially in S/G2 (Fig. 30c), which correlates with HR repair and anticorrelates with DSB clustering that occurs preferentially in G1. Given that PERs are actors of this NE anchoring and since DNA end resection and RAD51 assembly are also dependent on PERs, these data could suggest that anchoring takes place before resection (Fig. 37), however, this remains to be demonstrated. Thus, the molecular pathway following the occurrence of DSBs would be (Fig. 37):

1-Transcriptional repression of damaged genes and probably resolution of RNA:DNA hybrids at breaks, as it is apparently independent of PERs. 2-NE anchoring via PERs, SUN1 and probably LBR, in S and G2 phases. Of note, TC-DSBs cluster in G1, delaying repair until S/G2. 3-DNA end resection, RAD51 loading and HR-mediated repair of DSBs at the NE complete this process.

As in yeast and drosophila, DSBs in human cells are repaired by HR via the anchoring to LINC complex components 696,698,699,703,704 (Fig. 26). In a same manner as in drosophila, HR progression is initially blocked before NE targeting (inside the heterochromatin domain), however, while RAD51 loading follows the anchoring, DNA end resection appears to be after the NE anchoring unlike in drosophila 698,699,705 . In human cells, it has been shown that the resection initiation can still occur at the nuclear lamina, thus, the NE remains a permissive environment for resection 711 . It will be therefore interesting to challenge this model by investigating whether DNA end resection is dependent on the anchoring to SUN1, by performing the resection assay in SUN1-depleted-cells. TC-DSB targeting to the NE and their anchoring to SUN1 could be promoted by PER and LBR proteins. Following the anchoring to SUN1, DSB ends are resected and RAD51 loading would direct repair to HR. TC-DSB anchoring to NE seems to preferentially occur in S/G2, mediating repair of breaks, whereas clustering preferentially occurs in G1, delaying TC-DSB repair. Created with BioRender.com.

A. Inhibition of TC-DSB clustering

Repair foci may adopt a similar behavior to the coalescence of heterochromatin towards the nuclear interior in LBR-and Lamin A/C-depleted cells 650 . Indeed, in the absence of DSB tethering to the NE, via depletion of SUN1, LBR or PER2, H2AX-covered chromatin domains further coalesce, triggering enhanced DSB clustering and D compartmentalization. Interestingly, we involved SUN1, but not SUN2, as a TC-DSB docking site in the NE (Fig. 37). In agreement, SUN1 and LBR, but not SUN2, deficient cells displayed increased translocations and decreased cell survival, indicating an impaired repair efficiency upon defective TC-DSB anchoring at the NE. Thus, TC-DSB anchoring acts as an antagonistic process to TC-DSB clustering (Fig. 37). Through its binding to various cytoskeletal networks or to the microtubule-bound kinesin motor, LINC complex could transmit forces from the cytoplasm pushing the NE towards the DSB. In the nucleus, unilateral cohesinmediated loop extrusion could bring the DSB to SUN1 anchor point at the NE. These two mechanisms, separately or in combination, may explain the formation of NE invaginations towards the DSBs. Created with BioRender.com.

B. Molecular motor?

As previously mentioned, PER was involved to mediate circadian loci anchoring to NE (Fig. 37), and it was suggested that PER could make phase separation, however the mechanism involved remains unclear 713 . As we know that the role of the LINC complex is to mediate mechanical force transmission between cytoplasm and nucleus 749 , some active mechanisms, from the nucleus or the cytoplasm, could be involved in this DSB-to-NE-relocalization process (Fig. 38):

Cytoplasm: Interestingly, in addition to the movement of DSBs to the NE, we also observed a number of movements from the NE to DSBs via transient NE invaginations. This indicates the presence of either an intranuclear motor "pulling on" the NE, or a cytoplasmic mechanism "pushing" the NE towards the DSB (Fig. 38). It was suggested that the LINC complex, through the association of Nesprin with microtubules, allows the transfer of cytoskeletal forces to the nucleus, which enhances 53BP1 repair foci mobility for an appropriate DSB repair 707 . Thus, cytoplasmic forces though cytoskeletal network, for instance kinesins and microtubules, could contribute to generate this NE invaginations (Fig. 38). According to this hypothesis, it will also be interesting to investigate the nature of the signal transmitted from the damaged DNA to the cytoplasm to induce forces from the cytoskeleton towards the DSB.

Nucleus:

The cohesin complex, known to mediate γH2AX spreading on both sides of the DSB via loop extrusion 67 , could also contribute to the NE anchoring. Indeed, as the DSB creates a roadblock for cohesin-mediated loop extrusion 67 , the extruding loop between the DSB and a LINC complex-anchoring point on the genome could actively move the DSB to NE (Fig. 38). It would be interesting to study the role of cohesins, nuclear actin or phase separation mediated by 53BP1 in this process, however, several of these factors have already been involved in DSB clustering 297,306,308,309 , which is an opposite mechanism, so DSB anchoring to NE is not expected to be mediated by the same components as for DSB clustering.

C. H2A.Z ?

In yeast and drosophila, additional factors are required for DSB anchoring to the NE, and thus could be investigated for TC-DSB anchoring. One of them, H2A.Z, may be related to PER2 function. Indeed, in yeast, H2A.Z incorporation by SRCAP (swr1) is essential for DSB relocation to NE 694,696 , and PER2 is known to mediate H2A.Z deposition via interaction with YL1, a component of SRCAP complex, participating in the circadian negative feedback 426 . Thus, TC-DSB anchoring mediated by PER complex could be dependent on H2A.Z incorporation, and this hypothesis could be tested by performing a ChIP experiment of SUN1 in H2A.Z or YL1-depleted cells.

Distinct role for SUN1 and SUN2

Interestingly, our work has revealed that SUN1 and SUN2 play opposite roles: SUN1 acts as a NE-docking site for DSBs, while SUN2 promotes DSB clustering in the nucleus 297 . We have shown that in undamaged condition, both proteins are on promoters of active genes (Fig. 30a,b) and following the occurrence of TC-DSBs, SUN1 is recruited to the breaks while SUN2 is

Other NE components?

Other NE components could be related to the anchoring of TC-DSBs (Fig. 40).

A. NPCs

In yeast and drosophila, NPCs are hubs for homology-directed repair 693 and also anchor points for persistent DSBs [694][695][696][697][698][699] . Interestingly, the nucleoporin ELYS (AHCTF1 gene) 750 has been identified by the mass spectrometry analysis of cohesin-associated proteins after TC-DSB induction 248 . However, in our siRNA library screen, which was done only once, ELYS depletion did not show relevant phenotypes. In addition, both SUN proteins can be incorporated in the LINC complex, but only SUN1 also displays direct interaction with NPCs 662,663 . Hence, whether the specific involvement of SUN1 observed at TC-DSBs reflects a function for the NPC as a docking point will be worth investigating by ChIP and RIM (microscopy) experiments (Fig. 40).

Finally, it was shown that DSBs induced at the nuclear lamina are only repaired by NHEJ/alt-EJ, whereas DSBs induced at NPCs can be repaired by HR in the same way as DSBs in the inner nucleus in human cells 711 . This provides evidence that the environment around NPCs remains favourable to HR.

B. LBR

As previously mentioned, PER and LBR collaborate to anchor circadian genes to the NE 713 , as well as here for survival at TC-DSBs in our experiments. It may be possible that DSBs are also anchored to the NE via LBR (Fig. 40), which is under investigation by ChIP experiment, or that LBR contributes to peripheral chromatin reorganization, since LBR could provide a tether for heterochromatin at the NE 650 .

C. LINC complex associated proteins

It would be interesting to know the exact composition of the LINC complex that anchors DSBs. Indeed, knowing which Nesprin isoform(s) or which cytoskeletal component(s) associate with these LINC complexes could allow the development of molecules that would precisely target the mechanism of anchoring DSBs to the NE. Interestingly, our mass spectrometry analysis of cohesin-associated proteins following the occurrence of TC-DSBs 248 has identified other proteins that are associated with the LINC complex.

Many keratins, intermediate filaments that are associated with the LINC complex 666,751,752 , have been identified by mass spectrometry, such as KRT1,2,3,5,6B,9 and 75, and interestingly, keratin 5 shows the same phenotypes as SUN1, PERs and LBR (Le Bozec et al. Fig. 1b-e). Other keratins do not show such notable effects, but this may be explained by compensation between isoforms or because the screen reflets only one experiment. The role of keratins in DSB-anchoring to the NE could then be verified. In addition, Plectin (PLEC gene), which interlinks intermediate filaments with Nesprin-3 (LINC complex) 751,753,754 , was also found by mass spectrometry, although it had no major effect in the screen. Thus, a LINC complex likely to be involved in TC-DSB anchoring would be SUN1-Nesprin3-Plectin-Keratins (Fig. 40).

Moreover, Kinesin 11 (KIF11 gene), a member of the kinesin family that connects microtubules to Nesprin-1,2 or 4 658,755,756 , has also been identified by mass spectrometry and shows one of the strongest phenotypes in the screen, consistent with SUN1, PERs and LBR (Le Bozec et al. Fig. 1b-e). Interestingly, the LINC complex, including SUN1 and Nesprin-4, as well as cytoplasmic microtubule network, has been involved in 53BP1 repair foci mobility 707 . Thus, a LINC complex involving SUN1-Nesprin4-Kinesin11-Microtubules could be also be considered a likely player in DSB anchoring to NE (Fig. 40).

Role of TC-DSB anchoring to NE

It was proposed that relocalization of persistent DSBs is drosophila promotes 'safe' HR while preventing aberrant recombination by isolating DSBs and their 'proper' templates away from ectopic sequences, before strand invasion 698,705 . Our results show that TC-DSB anchoring promotes HR-mediated repair and inhibits TC-DSB clustering, a mechanism at the origin of translocations 312 , then this assumption fits very well for TC-DSBs. In addition, the NE-anchoring could spatially decouple NHEJ and HR repair in the same way as in heterochromatin foci or in nucleolus, where DSBs relocate to the periphery of these foci to be repaired by HR 14,248 . It would be nice to find a way to quantify HR and NHEJ at the NE, as well as in the nucleoplasm, in order to compare the proportion of HR at the NE and the proportion of NHEJ in the nucleoplasm. Since SUN1 displays direct interaction with NPCs, NPCs could be an anchor point for TC-DSBs (left scheme), as in yeast or Drosophila. LBR could also be an anchor point for TC-DSBs, at the NE, as it contributes to this mechanism (middle left scheme). In addition to SUN1, some evidence suggests that the LINC complexes responsible for DSB anchoring are composed by Nesprin 3 linked to Keratins via Plectin (middle right scheme), and/or Nesprin 4 linked to Microtubules via Kinesin 11 (right scheme). Created with BioRender.com.

III. Medical relevance of my PhD work

Regulation of TC-DSB repair by the circadian clock is important for the etiology and treatment of diseases.

Etiology of cancer and neurological disorders

Several evidences show that a dysregulation of the circadian clock contributes to cancer initiation and progression 532 , with the main evidence remaining that shift work is associated with a higher risk of breast cancer 566,567 (Fig. 19c). Furthermore, progression of neurodegenerative disorders, including Parkinson's and Alzheimer's diseases 589 , as well as amyotrophic lateral sclerosis and frontotemporal dementia 594 , are related to circadian clock dysregulation. Interestingly, all of these diseases are tightly coupled to repair mechanisms and the maintenance of genome integrity 58,317,320,321,324,326 . Thus, tumorigenesis or neurodegeneration resulting from dysregulation or absence of the circadian rhythm could be due to a disruption of DSB and/or TC-DSB repair.

Chronochemotherapy

Topoisomerase II poison-based chemotherapy, including Etoposide, either alone or in combination, are first-line treatment against a number of cancers.

In tumors with a normal circadian rhythm: Given that topoisomerase II poisons mainly trigger DSBs in active genes 3 and that HR is less effective during low PER phase (Fig. 34), corresponding to night, topoisomerase II poison-based chemotherapy during night could improve the tumoral cell death and hence prognostic. Thus, based on this prediction, future clinical studies may focus on nighttime treatment, since most studies today focus on morning versus afternoon treatment. However, according to the above assumptions, i.e. HR repair delay until PER expression in the following morning, or cross-talk between DSB repair and circadian clock, no relevant difference could be observed so far in clinical studies, and thus, further in vitro studies will be needed to understand the molecular mechanisms underlying this process.

In tumors with circadian rhythm disruption: PER genes are often downregulated in various types of cancer (Fig. 19a) and the circadian rhythm appears to be impaired in most tumors 543 (Fig. 19b), so the previous prediction should be restricted to cancer types with an unaltered circadian clock. In the case of an altered circadian rhythm, chronotherapy to train the clock of or a study determining the timing of the low PER phase in the tumor should be additionally needed to use this method of treatment. Lengthening the period of the circadian rhythm, by drugging the clock, would also be interesting to extend the duration of the HR delayed phase. However, we could also consider chronochemotherapy as a way to reduce side effects 587 . Therefore, treatment during the day, when HR is fully operational in normal tissues, would reduce the side effects of chemotherapy, or allow an increase in the dose of topoisomerase II inhibitors.

Finally, we also observed that Bleomycin-induced DSB response oscillates (Le Bozec et al. Extended Data Fig. 6c). Thus, in addition to topoisomerase II poison-based chemotherapy, the cytotoxicity of radiomimetic drugs and probably all chemotherapy drugs could also be regulated by the circadian rhythm. Future studies may determine which treatment would be most appropriate based on the circadian profile of the tumor.

In order to systematically characterize chromosome behavior following DSBs, we analyzed 3D genome organization using Hi-C data generated in the human DIvA cell line, where multiple DSBs are induced at annotated positions upon hydroxytamoxifen (OHT) addition 18 . Our previous analyses using H2AX ChIP-seq and direct DSB mapping by BLESS identified 80 robustly induced DSBs in this cell line 5 . Using differential Hi-C maps, we found that intra-TAD contact frequencies were strongly increased within TADs that experience a DSB (i.e. damaged TADs, Fig. 1a, right panel red square) compared to undamaged TADs, while contacts with neighbouring adjacent domains were significantly decreased (Fig. 1a, right panel blue square, Fig. 1b). Interestingly, in some instances, the DSB itself displayed a particularly strong depletion of contact frequency with adjacent chromatin (Fig. 1c, black arrow), indicating that the DSB is kept isolated from the surrounding environment, outside of its own TAD.

We further investigated the contribution of PI3-Kinases involved in DSB response by performing Hi-C in the presence of ATM and DNA-PK inhibitors, which negatively and positively impact H2AX accumulation at DSBs respectively (in contrast to ATR inhibition, which does not noticeably alter H2AX foci formation in DIvA cells) 7,19 . Notably, DNA-PK inhibition further increased intra-TAD contacts following DSB induction, while ATM inhibition decreased these contacts (Fig. 1d, Extended Data 1a). TAD structures visualized in Hi-C maps are believed to arise due to cohesin-mediated loop extrusion 20 . Our previous work indicated that a bidirectional, divergent, cohesin-dependent loop-extrusion process takes place at DSBs 7 , which gives rise to a "cross" centered on the DSB on differential Hi-C maps (Fig. 1e). Notably, ATM inhibition impaired loop extrusion, while DNA-PK inhibition strongly increased it (Fig. 1e). Moreover, depletion of the cohesin subunit SCC1, which abolishes DSB-induced loop extrusion 7 , decreased the reinforcement of intra TAD-contacts in damaged, H2AX-decorated, chromatin domains (Fig. 1f, Extended Data 1b).

Altogether, these data indicate that ATM triggers cohesin-mediated loop extrusion arising from the DSB and the insulation of the damaged TADs from the surrounding chromatin.

Damaged TADs cluster within the nuclear space

We further analyzed Hi-C data 7 with respect to long-range contacts within the nuclear space. Hi-C data revealed that DSBs cluster together (Fig. 2a, red square away from the diagonal), as previously observed using Capture Hi-C 11 . The higher resolution of this Hi-C dataset enabled us to conclude that DSB clustering takes place between entire H2AX/53BP1-decorated TADs and can occur between DSBs induced on the same chromosome (Extended Data 2a) as well as on different chromosomes (Extended Data 2b). To further identify if DSB clustering holds true outside of the context of artificially induced DSBs, we mapped endogenous DSB hotspots in untreated DIvA cells using pATM ChIP-seq 7 (Extended Data 2c). Notably, we observed elevated trans chromosomal Hi-C contacts between pATM-enriched loci (endogenous DSBs) compared to random positions (Fig. 2b), showing that DSB clustering also occurs between physiologically induced DSBs.

Interestingly, our Hi-C data indicated that some H2AX domains, assembled post-DSB induction in DIvA cells, were able to interact with more than a single other H2AX domain (Fig. 2c, black arrows). This was also observed when performing live-imaging using random illumination microscopy (RIM) in 53BP1-GFP DIvA cells (Fig. 2d, Supplemental Movies S1-S3). Notably, this ability to form clusters of multiples TADs (also known as TAD cliques 21 ) upon DSB induction correlated with several DSB-induced chromatin features that occur at the scale of an entire TAD 5 , including H2AX, 53BP1 and ubiquitin chain levels as well as the depletion of histone H1 around DSBs as detected by ChIP-seq (Fig. 2e). Moreover, it also correlated with initial RNAPII occupancy prior to DSB induction, indicating that DSBs prone to cluster and form damaged TAD cliques are those occurring in transcribed loci (Fig. 2e). In agreement, we found that DSBs which are preferentially channeled to HR repair, and have previously been reported to be those induced in active loci 22 , displayed increased clustering abilities compared to DSBs repaired by NHEJ, despite equivalent induction levels as determined previously using BLESS 5 (Extended Data 2d).

In order to get additional insights into the mechanism that triggers DSB clustering, we further explored the hypothesis that clustering may occur through liquid-liquid phase separation (LLPS) as already proposed by others for radiation and etoposide-induced 53BP1 foci 15,23 . One of the characteristics of biomolecular condensates formed by LLPS is the presence of a barrier at the interface since molecules have to break interactions with their neighbours when leaving the condensate 24 . We thus sought to test if 53BP1 molecules preferentially diffuse within 53BP1 foci, which would signal the existence of such a barrier. For this, we performed half-FRAP that can detect the presence or absence of an interfacial barrier via a large or small intensity decrease in the non-bleached half, respectively 24,25 (Extended Data 2e). We first performed half-FRAP experiments on early 53BP1 accumulation induced by laser micro-irradiation (15min) which showed that the mobile 53BP1-GFP pool is constrained by an interfacial barrier, indicative of LLPS, and thus validated our ability to measure LLPS in our experimental conditions (Fig. 2f).

Half-FRAP experiments on 53BP1 foci in 53BP1-GFP DIvA cells showed that the decrease of intensity in the non-bleached half equaled that for freely diffusing molecules (Fig. 2g), indicating that there is no significant interfacial barrier for 53BP1 in these conditions. In addition, quantitative analysis of fusions of 53BP1 foci in DIvA cells showed that such fusions occur quite slowly and, most of the time, do not yield a spherical homogenous end product (see example Extended Data 2f, and Supplemental Movies 3-6). We determined the capillary velocity, a quantity that characterizes the fusion kinetics 25 , to be of 0.003 μm/s (Extended Data 2g), which is three orders of magnitude smaller than the values typically obtained for biomolecular condensates formed by LLPS 24,26 . Interestingly, detection of poly ADP ribose (PAR) chains using macro-mKate2, indicated that micro-irradiation sites displayed elevated levels of PAR at early time points following DNA damage, while late clusters of 53BP1 foci detected in DIvA cells were devoid of PAR (Extended Data 2h). Taken together, these results suggest that LLPS contributes to the early accrual of 53BP1 at sites of damage, which coincides with PAR accumulation, in agreement with the previously identified properties of PAR and 53BP1 15,27 . In contrast, the lack of an interfacial barrier at later time points when 53BP1 foci have clustered, favors a model where this clustering is driven by self-interactions among chromatin-bound 53BP1 molecules that mediate polymer-polymer phase separation (PPPS), a mechanism previously proposed for the assembly of heterochromatin foci 25 and cohesin-DNA clusters 28 .

ATM and cell cycle regulation of DSB clustering

epigenomic features revealed that these two spatially segregated compartments correspond to active (the "A" compartment or euchromatin) and inactive chromatin (the "B" compartment or heterochromatin) 31 . A/B compartment identification using our Hi-C datasets revealed that DSB induction does not trigger major changes in genome compartmentalization into euchromatin versus heterochromatin (Extended Data 4a). Saddle plots further confirmed that neither DSB treatment nor the inhibition of DNA-PK or ATM significantly modified the ability of the genome to segregate into active A and inactive B compartments (Extended Data 4b). Moreover, DSB induction did not generally lead to compartment switching of the underlying chromatin domain, except in very few cases: among the 80 DSBs induced by AsiSI, 58 DSBs localize in the A compartment and all remained in the A compartment following DSB induction (see an example Extended Data 4c top panel). Conversely, among the 22 DSBs induced in the B compartment, only 4 showed a shift from B to A (see two examples Extended Data 4c middle and bottom panels). Furthermore, DSB clustering was mostly detected for DSBs residing in the A compartment (Extended Data 4d).

Beyond the main classification between A/B compartments, sub-compartments have since been identified using higher resolution Hi-C maps, which correspond to subsets of heterochromatin (B1-B4) and of active (A1-A2) loci 32 . These sub-compartments also correspond to microscopically visible nuclear structures such as nuclear speckles (A1) 33 or Polycomb bodies (B1) 32 . Given that previous studies identified large, microscopically detectable H2AX bodies following DNA damage and that our Hi-C data revealed clustering of damaged TADs, we postulated that DSBs may also induce a sub-compartment, in particular within the A compartment (i.e., damaged-loci in A compartment that further segregate from the rest of the active compartment). In order to investigate this, we applied PCA analysis on differential Hi-C maps (i.e. contact matrices of +DSB/-DSB) on each individual chromosome. The first Chromosomal Eigenvector (CEV, PC1) allowed us to identify a DSB-induced chromatin compartment which was readily detectable on chromosomes displaying a large number of DSBs (chr 1, 17 and X) (Extended Data 5a, Fig. 3a,). Notably, a similar analysis on Hi-C maps generated upon DNA-PK inhibition, which impairs repair 19 and increases DSB clustering (Fig. 2), allowed the detection of this compartment on additional chromosomes (such as chr 6 for instance, Extended Data 5b, bottom track). This compartment displayed a very strong correlation with H2AX-decorated chromatin following DSB induction (Fig. 3a, Extended Data 5a-d) and was henceforth further named "D" compartment for DSB-induced compartment. Interestingly, further inspection revealed that the D compartment is not solely generated through the clustering of damaged chromatin (i.e. TADs that carry DSBs and are enriched in H2AX/53BP1). Indeed, we could identify chromatin domains devoid of DSBs and H2AX that associate with the D compartment after damage (blue rectangle Fig. 3b). After exclusion of H2AX-covered chromatin domains, correlation analysis indicated that the non-damaged loci that segregate with the D compartment are enriched in chromatin marks associated with active transcription, such as H2AZac, H3K4me3 and H3K79me2 (Extended Data 5e, Fig. 3b).

Conversely, these loci targeted to the D compartment displayed a negative correlation with repressive marks such as H3K9me3 (Extended Data 5e). A similar trend was observed when the D compartment was computed from the Hi-C data obtained in presence of DNA-PK inhibition (Extended Data 5e bottom panel). Altogether, our data indicate that upon DSB production on the genome, damaged TADs, covered by H2AX/53BP1, form a new chromatin compartment that segregates from the rest of the genome. Moreover, additional undamaged loci exhibiting chromatin marks typical of active transcription can be further targeted into this new D compartment.

DDR genes segregates with the D compartment

In order to decipher the nature of the active genes targeted to the D compartment, we further explored the DNA motifs enriched on genes recruited to the D compartment (or "D" genes), versus "non-D" genes that do not display targeting to the D compartment (discarding all genes directly comprised in H2AX domains). Notably, the top enriched motifs included OSR1, TP73, Nkx3.1 and E2F binding sites, which are tumor suppressor and/or known to be involved in the DDR (Extended Data 5f), suggesting that DDR genes could be directly targeted to the D compartment. In agreement, visual inspection revealed that some known p53 target genes which are upregulated following DSB induction were associated with the D compartment, even when located as far as >20MB from the closest DSB (see an example Fig. 3c with GADD45A). To test the hypothesis that DDR genes are recruited to the D compartment, we performed RNAseq before and after DSB induction and retrieved genes that are significantly upregulated following DSB induction. Notably, genes upregulated following DSB induction displayed a higher D compartment signal compared to genes that were not upregulated after DSBs (Fig. 3d, Extended Data 5g). RNAscope, which allows to localize transcription sites in nuclei, further confirmed that following DSB induction, PLK3 and GADD45A (identified in the D compartment) significantly colocalized more frequently with H2AX foci than four other non-D compartment genes (Fig. 3e; Extended Data 5h-j). Of note, we found that only a subset of DDR upregulated genes is targeted to the D compartment (58% of all upregulated genes). Importantly, the upregulated genes targeted to the D compartment were, in average, not closer to DSBs than the upregulated genes not-targeted to the D compartment (Extended Data 5k), ruling out a potential bias due to the genomic distribution of AsiSI DSBs. Altogether, these data indicate that DSB induction triggers the formation of a novel chromatin sub-compartment that comprises not only of damaged TADs decorated by H2AX and 53BP1 but also a subset of DDR genes upregulated following DNA damage.

Upregulated D-compartment genes display R-loops

Non-coding RNAs and R-loops, triple-stranded structures formed by the local retention of transcribed RNA within the DNA double-stranded helix, have been previously suggested as key regulators of long-range chromosomal contacts [34][35][36][37] and formation of nuclear substructures and chromatin compartments 38 . Moreover, local RNA accumulation at DSBs were recently proposed to foster self-segregation of 53BP1 foci 16 . We therefore examined the interplay between D compartment formation and R-loops. R-loop profiles, determined by S9.6 DNA:RNA hybrids immunoprecipitation followed by high-throughput sequencing (DRIP-seq) in DIvA cells after DSB induction 39 , showed some similarities with D compartment profile (Extended Data 6a). Of importance, for equivalent expression level (Extended Data 6b, green track), DDR upregulated genes targeted to the D compartment (see examples, GADD45A, PLK3 and JUN) displayed high levels of R-loops (Extended Data 6b, blue track) compared to genes that are not targeted to the D compartment (for instance, CDC42, LPHN2 and ITGB3BP). On average, genes exhibiting high R-loop levels showed higher D compartment signal (PC1 value) when compared to genes with low levels of R-loops (Extended data 6c). Vice-versa, the genes identified in the D compartment displayed increased R-loop levels compared to non-D genes (Fig. 3f). To carefully evaluate whether R-loops accumulate post-DSB induction on D compartment genes, we performed quantitative and strand-specific R-loop mapping (qDRIPseq 40 ) in undamaged cells as well as 4 h and 24 h after DSB induction. As observed using our previous DRIP-seq dataset, we observed high levels of R-loops on the GADD45A gene, in agreement with the GADD45A pre-mRNA hybridizing back to the DNA to form R-loops (Extended Data 6d, blue track). These R-loops accumulated at 4h and 24h after DSB induction (Extended Data 6d, Fig. 3g). This was not the case for CDC42, a highly expressed gene not targeted to the D compartment (Extended Data 6d, right panel; Fig. 3g bottom panel). On average, genes upregulated after DSB induction and targeted to the D compartment notably displayed higher R-loop levels as compared to upregulated genes not targeted to the D compartment, or to genes not induced by DNA damage (Fig. 3h). Of importance, these genes upregulated and targeted to the D-compartment, did not display in average elevated RNA-seq signal when compared to their counterparts not targeted to the D-compartment (Fig. 3i), suggesting that R-loop accumulation rather than transcriptional activity correlates with gene localization in the D-compartment. On these genes, R-loops, moderately but significantly, further accumulated post DSB induction (Fig. 3h). Of interest, ChIP-seq against Senataxin (SETX), a known R-loop binder in mammalian cells, revealed SETX accrual specifically at upregulated D compartment genes following DSB induction (Fig. 3g, orange and red tracks; Fig. 3j). Altogether, these data indicate that R-loop accumulation following induction of DSBs is a feature of upregulated DDR genes that are targeted to the D compartment.

R-loop contributes to the formation of D compartment

To investigate whether R-loops could contribute to D compartment formation, we first examined the impact of RNaseH1 overexpression on DSB clustering measured by high-content microscopy (as performed in 11 ) (Extended Data 7a). RNaseH1 overexpression increased the percentage of cells with a high number of small H2AX foci, a signature of decreased DSB clustering 11 (Extended Data 7b, Fig. 4a). Of note, RNaseH1 overexpression did not modify the cell cycle distribution (not shown), excluding an effect on DSB clustering through cell cycle changes. Conversely, and in agreement with a direct function of R-loop in fostering D compartment formation, depletion of RNaseH1 increased DSB clustering of AsiSI-induced DSBs (Extended Data 7c-d). Interestingly, the depletion of RNaseH1 also increased clustering of etoposide-induced DSBs (Extended Data 7e), suggesting that R-loop involvement in D compartment formation is not unique to restriction enzyme-induced DSBs.

Given that SETX is recruited at D compartment genes post DSB induction (Fig. 3g,j), we further investigated the consequences of SETX depletion on R-loop formation at genes targeted or not to the D compartment. DRIP-seq in SETX deficient cells 41 revealed an accumulation of R-loops on D compartment genes post DSB induction (Fig. 4b-c). In order to determine whether such R-loop accrual upon SETX depletion modifies D compartment formation, we performed Hi-C in SETX-depleted cells. SETX depletion triggered a strong increase of DSB clustering which was apparent on individual examples (Fig. 4d), on contact heatmaps (Extended data 7f) as well as on average when computing trans interactions between each damaged TADs (Fig. 4e).

Altogether, these data show that R-loop forming genes display an increased capacity to be relocated in the D compartment following DSB induction and that the accumulation of R-loops increases D compartment formation.

D compartment contributes in the DDR

Our above data suggest that DDR upregulated genes that accumulate R-loops display an intriguing ability to physically localize within the newly formed D compartment following DSB induction. We postulated that such a recruitment to the D compartment may contribute to their activation following DNA damage. We thus investigated the consequence of disrupting DSB clustering (and hence formation of the D compartment) by depleting the SUN2 component of the LINC complex, previously found to be a DSB-clustering promoting factor 11,13 . SUN2 depletion altered the transcriptional activation of genes found to be upregulated and targeted to the D compartment upon DSB induction (GADD45A, PLK3, RNF19B, Fig. 4f). Notably, SUN2 depletion did not alter the induction of other DDR genes (PPM1D and SLC9A1) that were not identified in the D compartment (Fig. 4f). Of importance, we could recapitulate these findings using etoposide as another source of DSB induction (Extended Data 7g). Altogether, these data suggest that the physical targeting of a subset of DDR genes, that accumulate R-loop post damage, to the D compartment, is required to ensure their optimal activation.

We further analyzed whether, conversely, enhanced D compartment formation could increase transcriptional activation of D-targeted, upregulated, DDR genes. To investigate this, we performed RNA-seq after DSB induction in SETX-proficient or deficient cells, given that SETX depletion triggered increased D compartment formation (Fig. 4d-e). On average, SETX depletion enhanced transcription of DDR upregulated genes (Extended data 7h-i). Importantly, the genes upregulated upon SETX depletion in undamaged cells did not display an increased D-compartment signal compared to genes unaffected by SETX depletion (Extended data 7j), suggesting that enhanced transcription in SETX-depleted cells is not responsible for targeting to the D-compartment, in further agreement with our above data showing that genes targeted to the D-compartment are not more expressed in average than their non-D counterpart (Fig. 3i). More importantly, SETX depletion selectively triggered enhanced expression of DDR upregulated genes identified as targeted to the D compartment compared to those not targeted to the D compartment (Fig. 4g). Combined, these data show that disruption of the D compartment impairs full DDR gene activation and that conversely, enhanced D compartment formation triggers hyper-activation of DDR genes. This suggests a role for the D compartment, i.e. DSB clustering, in the activation of DDR genes.

DSB-induced chromosome folding favors translocations

Importantly, while our above data suggest a beneficial role of DSB clustering in potentiating DDR gene activation, it may also be detrimental, since bringing two DSBs in a close proximity may foster translocations (illegitimate rejoining of two DSBs), as previously proposed 12 . In agreement, we previously reported that SETX depletion, shown above to enhance D compartment formation, increased translocation frequency 39 . We therefore assessed if altering DSB clustering and D compartment formation could affect the frequency of DSB illegitimate rejoining events occurring in DIvA cells post-DSB induction measured by qPCR. Notably, we show that DSB illegitimate rejoining events are increased in G1 compared to S/G2synchronized cells (Fig. 5a), in agreement with an enhanced DSB clustering also observed in G1 cells (Fig. 2j, Extended data 3f). Moreover, DNA-PK inhibition which increases D compartment formation (Fig. 2h, Extended Data 3c, Extended Data 5b) also increased illegitimate rejoining frequency (Fig. 5b). On another hand, depletion of 53BP1 (Extended Data 8a), previously proposed to mediate repair foci fusion 15 , decreased illegitimate rejoining (Fig. 5c). Similarly, depletion of factors reported to mediate DSB clustering 11,13,14 such as SUN2, member of the LINC complex and of ARP2, an actin branching factor (Extended Data 8a), decreased illegitimate rejoining (Fig. 5c). Surprisingly, depletion of the cohesin subunits SMC1 or SCC1 also decreased illegitimate rejoining frequency (Fig. 5d, Fig S8b). This was unexpected since SCC1-depleted cells do not display clustering defects (Extended Data 3a-b).

Given that our qPCR assay assesses two intra-chromosomal DSB illegitimate rejoining events (i.e.: rejoining of two distant DSBs located on the same chromosome) we hypothesized that illegitimate rejoining frequency at the intra-chromosomal level may also be regulated by the DSB-induced loop extrusion that depends on the cohesin complex. In order to investigate more broadly translocation events between multiple DSBs induced in the DIvA cell line (intra-and inter-chromosomal), we designed a novel multiplexed amplification protocol followed by NGS sequencing 42 . In control cells, we could readily detect increased translocation frequency upon induction of DSBs compared to control genomic locations (Extended Data 8c). Strikingly, depletion of SCC1 decreased the frequency of intra-chromosomal rejoining events, while leaving inter-chromosomal translocations unaffected (Fig. 5e). In contrast depletion of SUN2 and ARP2 decreased both intra-and inter-chromosomal rejoining events (Fig. 5f-g). Taken together, these data suggest that both the DSB-induced loop extrusion and the formation of the D compartment through clustering of damaged TADs display the potential to generate translocations.

Given our above finding that a subset of genes upregulated following DSB induction can be physically targeted to the D compartment (Fig. 3), we further hypothesized that such a physical proximity may account for some of the translocations observed on cancer genomes. We retrieved breakpoint positions of inter-chromosomal translocations of 1493 individuals across 18 different cancer types (from 43 ), and assessed their potential overlap with genes targeted to the D compartment. D-targeted genes were further sorted as either upregulated, downregulated or not significantly altered following DSB induction, and compared to their counterparts not targeted to the D compartment. We found that genes that are upregulated following DSB induction and that are targeted to the D compartment displayed a significant overlap with translocation breakpoints, in contrast to genes that are not targeted to the D compartment (non-D) (Fig. 5h). Altogether, these data indicate that the relocalization of DDR upregulated genes in the D compartment may account for some of the translocations detected on cancer genomes. Given that DDR genes comprise a number of tumor suppressor genes, such a physical proximity of these genes with DSBs within the D compartment formed in response to DNA damage may be a key mechanism driving oncogenesis, through fostering the instability of tumor suppressor genes.

Conclusion

Altogether, this work shows that DSB-induced changes in chromosome architecture is an integral component of the DDR, but also acts as a double-edged sword that can challenge genomic integrity through the formation of translocations.

Our data suggest that a new chromatin compartment (D compartment) arises when H2AX/53BP1-decorated domains, established by ATM-induced loop extrusion post DSB induction, self-segregate from the rest of chromatin. This may occur through a polymerpolymer phase separation mechanism (PPPS) 44 , which reorganizes the folding of damaged chromosomes via bridging interactions between 53BP1-decorated domains. Similar models have been recently proposed for the formation of cohesin-DNA clusters 28 and heterochromatin foci 25 . Notably, a polymer-polymer phase separation mechanism is also consistent with previous work reporting that 53BP1 can self-interact and that 53BP1 foci can fuse 15,23,45 . The properties of this DSB-induced D compartment, devoid of PAR, may therefore differ from the properties of DDR foci at early time points that are formed through PAR-and FUS-dependent LLPS 27,46 , within which 53BP1 accrual may indeed rely on its ability to phase-separate independently of a chromatin scaffold 15 (Fig. 2g).

This D compartment further recruits a subset of genes involved in the DDR, especially those prone to form R-loops, and subsequently contributes to their activation (Extended data 8d). While we identified these genes using Hi-C dataset analyses and further showed using RNAscope that GADD45A and PLK3 significantly colocalized with H2AX foci, additional live imaging of individual loci and high throughput immunoDNA-FISH, will further help to determine the prevalence and dynamics of their targeting to the D compartment.

This model is in agreement with previous work which identified 53BP1 to be critical for p53 target gene activation 47 and checkpoint activation 15 . It also agrees with the recent discovery that AHNAK depletion triggers an elevated p53 response due to enhanced 53BP1 chromatin binding and condensate formation 17 as does the loss of TIRR, a protein that regulates 53BP1 association to DSBs 48 . Interestingly, R-loop accrual fosters D compartment formation in agreement with recent data indicating (i) that non-coding RNAs and R-loops, are central regulators of chromosome architecture [34][35][36][37][38] and (ii) that DSB-induced non-coding RNA promotes 53BP1 foci formation and fusion 16 .

We propose that this physical targeting of R-loop-enriched DDR-activated genes to the D compartment allows to precisely fine tune the magnitude of the DDR with respect to DSB load and persistency. This provides a function for these enigmatically large H2AX/53BP1decorated chromatin domains and for DSB clustering. Furthermore, this observation may provide a rationale for why so many transcription factors (including p53) are recruited at DSB repair foci 49 . While initially thought to allow chromatin remodeling in order to enhance DSB repair, the recruitment of transcription factors to DSB repair foci may rather reflect the relocalization of DDR genes within the D compartment (hence at physical proximity of the DSB).

Yet, this comes at the expense of potential translocations, as both loop extrusion and coalescence of damaged TADs are able to bring linearly distant DSBs in close physical proximity (Extended Data 8d). Importantly, we found that the genes upregulated in response to DSBs and relocated to the D compartment displayed significant overlap with translocation breakpoints identified by whole genome sequencing in patient cancer samples. In agreement with an increased occurrence of structural variants on tumor suppressor genes 43 , we propose that the physical targeting of DDR genes to the D compartment, in close spatial proximity to DSBs, may occasionally trigger deleterious rearrangements on genes involved in the control of cell proliferation and apoptosis upon DNA damage, and may hence act as a critical driver of oncogenesis by disrupting the integrity of tumor suppressor genes. (a) qPCR quantification of DSB illegitimate rejoining frequency for two independent rearrangements following DSB induction in cells synchronized in the G1, S or G2 phase (N=4 independent replicates). (f) As in (e) but the quantification was performed in SUN2 depleted cells (N=4 independent replicates).

Figures Legends

(g) As in (e) but the quantification was performed in ARP2 depleted cells (N=4 independent replicates).

(h) Observed (green) and expected (grey, obtained through 1000 permutations) overlap between breakpoint positions of inter-chromosomal translocations identified on cancer genomes and genes targeted to the D compartment either upregulated, downregulated or not regulated following DSB induction (identified by RNA-seq) as indicated, compared to their counterparts not targeted to the D compartment.

CTCCATCATCGCACCCTTTG. Normalized illegitimate rejoining frequencies were calculated using the Bio-Rad CFX Manager 3.1 software.

RT-qPCR

RNA was extracted from fresh DIvA cells before and after DSB induction using the RNeasy kit (Qiagen). RNA was then reverse transcribed to cDNA using the AMV reverse transcriptase (Promega, M510F). qPCR experiments were performed to assess the levels of cDNA using primers targeting RPLP0 (FW: GGCGACCTGGAAGTCCAACT; REV: CCATCAGCACCACAGCCTTC), RNF19B (FW: CATCAAGCCATGCCCACGAT; REV: GAATGTACAGCCAGAGGGGC), PLK3 (FW: GCCTGCCGCCGGTTT; REV: GTCTGACGTCGGTAGCCCG), GADD45A (FW: ACGATCACTGTCGGGGTGTA; REV: CCACATCTCTGTCGTCGTCC). PPM1D (FW: CTTGTGAATCGAGCATTGGG; REV: AGAACATGGGGAAGGAGTCA), SLC9A1 (FW: TGTTCCTCAGGATTTTGCGG; REV: ATGAAGCAGGCCATCGAGC), LPHN2 (FW: CGATTTGAAGCAACGTGGGA; REV: TGATACTGGTTGGGGAAGGG), UTP18 (FW: TCCTACTGTTGCTCGGATCTC; REV: ATGAAGCAGGCCATCGAGC), IPO9 (FW: CACAGATGCCACTTGTTGCT; REV: TGCTGTACCACGGGAAAGAT) or PARP1 (FW: ATTCTGGACTGGAACACTCTGC, REV: CTGTTCCAGTTTGTTGCTACCG). cDNA levels were then normalized with RPLP0, then expressed at the percentage of the undamaged condition.

Immunofluorescence

DIvA cells were grown on glass coverslips and fixed with 4% paraformaldehyde during 15 min at room temperature. Permeabilization step was performed by treating cells with 0,5% Triton X-100 in PBS for 10 min then cells were blocked with PBS-BSA 3% for 30 min. Primary antibody against H2AX (JBW301, Millipore Sigma 05-636) was diluted 1:1000 in PBS-BSA 3% and incubated with cells overnight at 4°C. After washes in 1X PBS, cells were incubated with anti-mouse secondary antibody (conjugated to Alexa 594 or Alexa 488, Invitrogen), diluted 1:1000 in PBS-BSA 3%, for 1h at room temperature. After a DAPI staining, Citifluor (Citifluor, AF-1) was used for coverslips mounting. Images were acquired with the software MetaMorph, using the 100X objective of a wide-field microscope (Leica, DM6000), equipped with a camera (DR-328G-C01-SIL-505, ANDOR Technology). The spatial analysis (Ripley function) of H2AX spot distribution was performed as in 19 using the spot detector plug-in in Icy.

High content microscopy

Transfected DIvA and U20S cells were plated in 96-well Cell Carrier plates (Perkin Elmer). Cells were subjected to 4OHT or etoposide treatments and an immunofluorescence as described above using anti-mouse Alexa 488 secondary antibody (Invitrogen) for H2AX detection. Cells were stained with 5 µg/ml Hoechst 33342 (Invitrogen) for 30 min at room temperature. H2AX foci were analyzed with an Operetta CLS High-Content Imaging System (Perkin Elmer) and Harmony software (version 4.9). For quantitative image analysis, 81 fields per well were acquired with a 40X objective lens to visualize ~4000 cells per well in triplicate. Subsequent analyses were performed with Columbus software (version 2.8.2). Determination of the number (y axis) and size of H2AX foci (mean area on the x axis) in each nucleus has been used to infer clustering (clustering leads to a low number of large foci) (>8000 nuclei analyzed per sample). Scatter plots are divided into four quadrants on the basis of the median number and size of foci and percentages of cell populations that are cluster positive (lower right quadrant) or cluster negative (upper left quadrant) are determined.

3D RIM super-resolution acquisition and reconstruction 3D+t live Random Illumination Microscopy (RIM) was performed on AID-DIvA cells expressing 53BP1-GFP 19 using an upgrade of the system and method described in 51 . Briefly, 60 3D images were acquired during 47min using an inverted microscope (TEi Nikon) equipped with a 100x magnification, 1.49 N.A. objective (CFI SR APO 100XH ON 1.49 NIKON) and SCMOS camera (ORCA-Fusion, Hamamatsu). Temporal resolution of all supplemental movie is 40sec. A commercial acquisition software (INSCOPER SA) allows a whole cell single time point 3DRIM acquisition in only 6 s at low photobleaching regime (1W/cm²). Fast diode lasers (Oxxius) with the wavelengths centered at 488 nm (LBX-488-200-CSB) to produce TEM00 2.2 mm-diameter beam. The polarization beam was rotated with an angle of 5 degrees before hitting a X4 Beam Expander beam (GBE04-A) and produced a 8.8 mm TEM00 beam. A fast spatial light phase binary modulator (QXGA fourth dimensions) was conjugated to the image plane to create 48 random illumination by each plane as detailed in 51 . 3D Images reconstruction was then performed as detailed in 51 and https://github.com/teamRIM/tutoRIM.

3D film editing

Bleaching correction is done after RIM reconstruction with open-source FIJI software (https://imagej.net/software/fiji/) based on exponential FIT from background signal. 3D drift correction FIJI plugin is performed for 3D registration (https://github.com/fiji/Correct_3D_Drift). 3D+t movie rendering was made with VTK library implemented in ICY software ( https://icy.bioimageanalysis.org/) from 3D CROP on area of interest.

Fluorescence recovery after photobleaching (FRAP) measurements.

FRAP experiments were performed on 53BP1-GFP foci using a Zeiss LSM 710 confocal light scanning microscope (Carl Zeiss, Oberkochen, Germany) equipped with a 63x/NA 1.2 oil immersion objective. Typically, images were acquired at 512x256 pixels at a scan speed corresponding to 200 ms per image, and 300 images were acquired over 2 min, with an interval of 500 ms between subsequent images. Before photobleaching half of the foci, 3 images were recorded.

For each experiment, a custom R script was used to segment the image, track the bleached foci and retrieve the average intensity of the bleached half (IB), the non-bleached half (INB), and the rest of the nucleus (IREF), at each frame. These intensity values were used to calculate FRAP curves for the bleached half (FRAPB) and the non-bleached half (FRAPNB), according to: Here, tpre and tbleach are the acquisition times of the last frame before the bleach and the first frame after the bleach, respectively. The resulting FRAP curves are proportional to the ROI sizes and double-normalized. Finally, an additive offset was applied to the signal in the nonbleached half to normalize to unity before the bleach.

The resulting curves reflect the change of the number of labeled molecules in each half. In the presence of an "immobile" fraction of molecules that do not move during the course of the experiment because they tightly bind to "immobile" binding sites, the signal in both halves will not recover to the same level but there will be an offset between them that corresponds to the immobile fraction Ximmobile. To correct for those immobile molecules, the FRAP curves are modified according to:

𝐹𝑅𝐴𝑃 𝑁𝐵 𝑉 (𝑡) = 𝐹𝑅𝐴𝑃 𝑁𝐵 𝐼𝑉 (𝑡)-1 1-𝑋 𝑖𝑚𝑚𝑜𝑏𝑖𝑙𝑒 + 1 𝐹𝑅𝐴𝑃 𝐵 𝐼𝑉 (𝑡) = 𝐹𝑅𝐴𝑃 𝐵 𝐼𝐼𝐼 (𝑡) 1-𝑋 𝑖𝑚𝑚𝑜𝑏𝑖𝑙𝑒
Finally, to determine the presence or absence of an interfacial barrier in the foci, the curves were compared to half-FRAP experiments performed in a solution of freely diffusing polylysine-fluorescein (0.1 mg/ml). In this case, the maximum decrease of fluorescence to a value of 0.90 ± 0.03 indicates the absence of a barrier, and larger decreases indicate the presence of an interfacial barrier.

DNA damage induction by laser irradiation.

DIvA cells were transfected with a plasmid encoding the macro domain of macroH2A1.1 fused to mKate2 (macro-mKate) 52 and treated with OHT for 4h. For micro-irradiation, a circular spot with a radius of 1 µm was selected in the nucleoplasm where 53BP1-GFP foci were absent. Then, continuous illumination with a 405 nm laser at maximum power was applied for 1 minute. The recruitment of 53BP1-GFP and macro-mKate was observed during the following 10 minutes. half-FRAP experiments at these laser-induced 53BP1-GFP foci were performed as described above after 5 minutes of their formation.

53BP1 foci fusion quantification.

Fusion events were selected from the 3D images acquired by RIM microscopy. During the fusion, the foci were segmented and the normalized aspect ratio, or eccentricity, was calculated overnight incubation at 4°C using primary antibody targeting SUN2 (Abcam ab124916 1:1000), ARP2 (Abcam ab128934 1:1000), 53BP1 (Novus Biologicals NB100-305 1:1000), RNaseH1 (Invitrogen PA5-30974 1:1000), SCC1 (Abcam ab992 1:500), SMC1 (Abcam ab75819 1:1000) or Alpha-Tubulin (Sigma, T6199 1:10000). The corresponding mouse or rabbit horseradish peroxidase-coupled secondary antibodies were used at 1:10,000 to reveal the proteins (Sigma, A2554 and A0545), using a luminol-based enhanced chemiluminescence HRP substrate (Super Signal West Dura Extended Duration Substrate, Thermo Scientific). Picture acquisition of the membranes was done using the ChemiDoc Touch Imaging System and pictures were visualized using Image Lab Touch software.

RNA-seq

RNA-seq in DIvA cells was performed as described in 39 . Raw sequencing data were mapped in paired-end to a custom human genome (hg19 merged with ERCC92) using STAR. Count matrices were extracted using htseq-count with union as resolution-mode and reverse strand mode. Differential expression analysis was perfromed on the count matrix using edgeR with two replicates per condition (with or without 4 h 4OHT treatment) and differential genes were determined using log-ratio test (LRT). Whole genome coverage was computed using the bamCoverage command form deeptools in order to generate bigwig from bam files (without PCR duplicate suppression). Using a cutoff of 0.1 for the adjusted p-value and 0.5 log2 foldchange (~41% increase/decrease of expression), we were able to determine 286 up-regulated and 125 down-regulated genes with 11 of them directly damaged by a DSB. Differential coverage between two conditions was performed using BamCompare from deeptools with setting the binsize parameter at 50 bp. Log2FC was calculated by edgeR in differential expression analysis.

qDRIP-seq

qDRIP-seq was adapted from 40 . In brief, 2.5 × 10 

4C-seq

4C-seq experiments performed in synchronized cells, before and after DSB induction were performed as in 7 . Briefly, 10-15×10 6 DIvA cells per condition were cross-linked, lysed and digested with MboI (New England Biolabs). DNA ligation was performed using the T4 DNA ligase (HC) (Promega), and ligated DNA was digested again using NlaIII (New England Biolabs). Digested DNA was religated with the T4 DNA ligase (HC) (Promega) before to proceed to 4C-seq library preparation. 16 individual PCR reactions were performed in order to amplify ~800 ng of 4C-seq template, using inverse primers including the Illumina adaptor sequences and a unique index for each condition (Supplementary Table 2). Libraries were pooled and sent to a Nextseq500 platform at the I2BC Next Generation Sequencing Core Facility (Gif-sur-Yvette).

4C-seq data were processed as described in 7 . Briefly, BWA-MEM was used for mapping and samtools for sorting and indexing. A custom R script (https://github.com/bbcf/bbcfutils/blob/master/R/smoothData.R) was used to build the coverage file in bedGraph format, to normalize using the average coverage and to exclude the nearest region from each viewpoint. Differential 4C-seq data were computed using BamCompare from deeptools with binsize=50 bp. The average of total Trans interactions between viewpoints and DSBs were then computed using a 1 Mb window around the breaks (80 best) and after exclusion of viewpoint-viewpoint (Cis) interactions.

Hi-C

Hi-C data obtained before and after DSB induction and upon Ctrl or SCC1 depletion in DIvA cells were retrieved from 7 . Hi-C experiments with or without DSB induction and upon ATM or DNA-PK inhibition, or following transfection with Ctrl or SETX siRNAs were performed in DIvA cells as in 7 . Briefly, 10 6 cells were used per condition. Hi-C libraries were generated using the Arima Hi-C kit (Arima Genomics) by following the manufacturer instructions. DNA was sheared to an average fragment size of 350-400 pb using the Covaris S220 and sequencing libraries were prepared on beads using the NEB Next Ultra II DNA Library Prep Kit for Illumina and NEBNext Multiplex Oligos for Illumina (New England Biolabs) following instructions from the Arima Hi-C kit.

Hi-C data analyses

Hi-C heatmaps. Hi-C reads were mapped to hg19 and processed with Juicer using default settings (https://github.com/aidenlab/juicer). Hi-C count matrices were generated using Juicer at multiple resolutions: 100 kb, 50 kb, 25 kb, 10 kb and 5 kb. Hi-C heatmaps screenshots were generated using Juicebox (https://github.com/aidenlab/Juicebox/wiki/Download). Aggregate heatmaps were computed on a set of sub-matrices extracted from the originally observed Hi-C matrices at 50 kb resolution or 100 kb resolution. Region of 5 Mb around DSBs (80 best) were extracted and then averaged. Log2 ratio was then computed using Hi-C counts (+DSB/-DSB) and plotted as heatmaps.

Cis Contacts Quantification. For cis contact quantification interaction within H2AX domains (-0.5/+0.5 Mb around 80 best DSBs) were extracted from the observed Hi-C matrix at 100 kb resolution, and log2 ratio was computed on damaged vs undamaged Hi-C counts (+DSB/-DSB). Adjacent windows (-1.5 Mb-0.5 Mb and +0.5 Mb-1.5 Mb around 80 best DSBs) were retrieved to quantify interactions between damaged domains and adjacent undamaged domains. Boxplots: Centre line, median; box limits, first and third quartiles; whiskers, maximum and minimum without outliers; points, outliers. Significance was calculated using non-parametric Wilcoxon test.

Trans contact quantification. To determine interaction changes in trans (inter-chromosomal) we built the whole-genome Hi-C matrix for each experiment by merging together all chr-chr interaction matrices using Juicer and R. The result is a genome matrix with 33kx33k bin interactions for 100 kb resolution. Interactions between bins inside damaged TADs (240X240 for 80 DSBs) were extracted and counted for each condition, log2 ratio was calculated on normalized count (cpm), and plotted as boxplots or heatmaps. Boxplots: Centre line, median; box limits, first and third quartiles; whiskers, maximum and minimum without outliers; points, outliers. Heatmaps: Each tile corresponds to log2 (+DSB/-DSB) between DSB (100kb bins within +/-1 Mb regions were averaged). They were further sorted based on 53BP1 ChIP-seq level (Extended Data 7f), according to previously determined HR-prone and NHEJ-prone DSBs 5 (Extended Data 2d), or to the level of PC1 determined by applying PCA in Hi-C DIvA to identify A/B compartments (Extended Data 4d).

APA on endogenous breaks. Endogenous breaks were identified by calling peaks on pATM ChIP-seq data without OHT treatment 7 using macs2 with -q 0.01, giving 1206 narrowpeaks. Of these peaks, only inter-chromosomal pairs (trans) were kept using a BEDPE format file. Random positions were generated using the gkmsvm package and pairs of interactions were built following the same procedure. APA was then performed on these trans pairs using juicertools.

TAD Cliques. TAD Cliques were computed using the igraph R package on an undirected graph representing DSB clustering. This graph was computed on the differential Hi-C matrix (+DSB/-DSB) counts, at 500 kb resolution, considering a change of ~86% of interaction (0.9 in log2) between two DSBs as a node on the graph. Averaged ChIP-seq signal values (53BP1/H2AX/H1/Ubiquitin FK2) were then computed for each category of cliques using 500 kb windows around DSBs. For prior RNAP II occupancy, the signal was computed on 10 kb around DSBs.

A/B compartment. To identify the two mains chromosomal compartments (A/B), the extraction of the first eigenvector of the correlation matrix (PC1) was done on the Observed/Expected matrix at 500 kb resolution using juicer eigenvector command. The resulting values were then correlated with ATAC-seq signal in order to attribute positive and negative values to the A and B compartment, respectively, on each chromosome. The Observed/Expected bins were arranged based on the PC1 values and aggregated into 21 percentiles, to visualize A-B interactions on our experiments (saddle plots). Each matrix was extracted from the .hic files using Juicer and the ratio was computed bin per bin. Pearson Correlation matrices were then computed for each chromosome and PCA was applied on each matrix. The first component of each PCA was then extracted and correlated with the positions of DSB. A PC1 showing a positive correlation with DSB was then called D compartment and PC1 showing negative correlation with DSBs were multiplied by -1. We were able to extract the D compartment on chromosomes 1, 17 and X for +DSB/-DSB and chromosomes 1, 2, 6, 9, 13, 17, 18, 20 and X for +DSB/-DSB in the DNA-PKi condition. The D compartment (first component of the PCA) was converted into a coverage file using the rtracklayer R package. Using the same package, D compartment value were computed around DSBs and genes at 100 kb resolution, and plotted as boxplot. Boxplots: Centre line, median; box limits, first and third quartiles; whiskers, maximum and minimum without outliers; points, outliers.

Determination of D compartment genes. First, all genes embedded in H2AX domains (i.e. -1/+1Mb around the 80 DSBs) were removed from the gene set. In normal conditions (without DNA-PKi), on chr 1, 17 and X, N= 526 genes displaying a positive PC1 value in each of the 3 Hi-C replicates experiments were identified as "Genes in CompD" genes while N=346 genes displaying a negative value in each of the 3 Hi-C replicates experiments were labeled as "Genes not in CompD". In the presence of DNA-PKi where the D compartment was identified on chr 1, 2, 6, 9, 13, 17, 18, 20 and X, N=2161 were in Compartment D while N=2112 were not. The genes were further categorized according to their upregulation following DSB induction (FC>0. Transcription factor motif analysis. TF-binding motifs were extracted on the promoter regions (-500 bp/TSS) of genes with positive value of D compartment (2161) vs genes with negative value (2112) identified on chromosomes 1, 2, 6, 9, 13, 17, 18, 20 and X from the PCA analysis of HiC (+DSB+DNA-PKi/-DSB) using motifmatchr and TFBSTools R packages on JASPAR2020 database. Motifs were sorted by significance using Fisher exact test and adjusted with Benjamini-Hochberg procedure between motifs found on gene inside the D compartment versus genes outside D compartment.

Correlation with DRIP-seq or qDRIP datasets. To assess a correlation between R-loop accrual and D compartment formation, R-loop levels obtained from DRIP-seq experiments performed in DIvA cells 39 were computed on extended gene bodies (-2kb TSS/+2kb TTS) and plotted as box plot for categories (Fig. 3f, Fig. 4c). Conversely, to establish whether R-loop enriched genes, display higher levels of differential CEV (D compartment) signal (Extended data 6c), Rloop levels were computed on all genes of chromosome 1, 17 and X (-1 kb TSS/+1 kb TTS) and further categorized in 10 groups (based on percentiles). D-compartment signal was compared between the highest (N=180) and lowest (N=190) groups. We also computed R-loop levels from qDRIP experiments using narrow peak locations inside extended gene bodies (-2kb TSS/+2kb TTS) as boxplot for different categories (Fig 3h). Peak locations were selected using macs3 output and by taking only good quality peaks with a score (fold-change at peak summit) at least superior to 100. Using this threshold, we were able to identify 83 up-regulated peaks (15 genes) and 313 down-regulated/none (146) on D-compartment genes, and 30 up-regulated peaks (10 genes) and 457 down-regulated/none (119) on non-D compartment genes.

Correlation with SETX ChIP-seq data. ChIP-seq SETX data in DIvA cells were from 39 . To assess SETX accruals at R-loops, BigWig coverage files were used to get SETX ChIP-seq coverage on gene bodies (-2kb TSS/+2kb TTS) that overlap with qDRIP peaks (see above) (Fig. 3i).

Translocation breakpoints. For translocation breakpoints, data from 43 were retrieved, and only breakpoints for interchromosomal structural variants were selected (N=28051). Genes reproducibly enriched in the D compartment in the three biological replicates, on chr 1, 17 and X as well as genes not enriched in the D compartment were retrieved. The significance of the overlap between genes and breakpoints was determined using the regioneR package 58 by using resampling test with PermTest. Briefly, we selected 1000 times a control set of genes, with the same size and on the same chromosome as our original gene set. We tested the overlap between each gene and breakpoints in order to determine a distribution of the number of overlaps between control set and breakpoints. We further tested if the overlap between our gene set (D compartment or non-D compartment) and breakpoints was significant by counting the number of times more overlaps occurred in the control set than in our gene set.

and its relaxation was fitted to an exponential decay. A representative event for a condensate that relaxes to a round shape (top snapshots and green points) and for a condensate that does not relax to a round shape (bottom snapshots and red points) are shown. Bottom panel: The time constant for these decays is plotted against the size of the condensates to obtain the inverse capillary velocity (η/γ) that characterizes the fusion of these foci, N=5.

(h) Confocal images of 53BP1-GFP (green channel) and macro-mKate (macro-domain of macroH2A1.1 fused to mKate, PAR-sensor, red channel) accumulation at micro-irradiation sites 10 minutes after micro-irradiation (bottom panel) and 4h after OHT addition (top panel). Scale bar, 5 µm. (f) Genomic tracks showing the differential 4C-seq signal (log2 (+DSB/-DSB)) at the DSB located on chr17: 61 850 870 in G1 phase (blue), S phase (turquoise) and G2 phase (green) smoothed using a 10kb span The BLESS signal after DSB induction is also shown. 4C-seq was performed using a DSB located on chr17:57 168 614 as a viewpoint. One representative experiment is shown. (d) DSBs elicit profound changes in chromosome architecture that display both beneficial and detrimental outcomes. Left panel: Cohesin-dependent loop extrusion arising at DSBs ensures ATM-dependent phosphorylation of H2AX on an entire TAD, allowing fast establishment of a TAD-scale DDR focus. On the other hand, DSB-anchored loop extrusion also displays the potential to bring two DSBs which are located on the same chromosome into close proximity, which subsequently favor the occurrence of intra-chromosomal translocations. Right panel: Once assembled, the H2AX/53BP1-decorated damaged TADs can further fuse together, i.e. self-segregate, through polymer-polymer phase separation. This creates a new nuclear, DSBinduced compartment, the D compartment, in which a subset of the DNA Damage Responsive genes that display R-loop accrual, physically relocate, in order to achieve optimal activation. On the other hand, spatial proximity induced within the D compartment also increases the frequency of translocations between DSBs and DDR responsive genes.
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Introduction

DNA double-strand breaks (DSBs) are toxic lesions that are highly detrimental for the maintenance of genomic integrity, holding the potential to generate mutations, copy number alterations and translocations. DSBs are generally repaired by two groups of pathways: Homology-Directed Repair (HDR) and Non-Homologous End Joining (C-NHEJ and Alt-NHEJ). While C-NHEJ directly ligates the broken ends, HDR starts by a process known as resection, which generates single-stranded DNA necessary for the invasion of a homologous intact DNA copy of the damaged locus that is used as a template for DNA synthesis 1 .

In the past decade, transcription machineries and RNAs have emerged as key contributors during DSB repair (reviewed in 2,3 ). Initially, four reports identified non-coding RNAs (ncRNAs) emerging from break sites and a function of RNA interference pathways in regulating these DSB-induced ncRNAs [4][5][6][7] . Damage-induced ncRNAs were then identified in many experimental conditions, mostly using microscopy-based approaches. RNA molecules generated at the vicinity of the broken ends have the ability to hybridize to their complementary DNA strands leading to the formation of RNA:DNA hybrids (two-stranded structures) or Rloops (three-stranded structures with a displaced DNA strand). Indeed, several reports subsequently identified the presence of RNA:DNA hybrids or R-loops at sites of damage (reviewed in 8 ). The use of dedicated tools to probe R-loops and RNA:DNA hybrids (e.g.: RNaseH hybrid binding domain fused to a fluorescent protein or the S9.6 antibody directed against RNA:DNA hybrids) clearly established that RNA:DNA hybrids (or R-loops) accumulate at DSBs induced by laser micro-irradiation and nucleases such as HO, I-SceI, AsiSI or I-PpoI, in various organisms ranging from yeast to human (see for instance [9][10][11][12] ). Such damage-induced ncRNAs and RNA:DNA hybrids were proposed to function in DNA damage signaling and in Homologous Recombination (HR), by regulating resection 13,14 , the stability of the resected end 12 , the formation of the RAD51 nucleofilament 10 , and the strand invasion step 15 . On top of this, increasing evidence support a potential function of RNA as a template for DSB repair [16][17][18] . Altogether, this gave rise to the concept of RNA-Dependent DNA Repair (RDDR) 2 .

Despite the large number of studies highlighting the crosstalk between transcription and DSB repair in recent years, the precise nature and biogenesis of damage-induced ncRNAs and subsequent RNA:DNA hybrids is not fully understood. Previous work reported a direct recruitment of RNA Polymerase II (RNAPII) itself and the Preinitiation Complex (PIC) at sites of damage 12,[19][20][21][22] , while a latter study suggested that RNA Polymerase III (RNAPIII), and not RNAPII, is targeted to DSBs 23 . Irrespective of the identity of the RNA polymerase, these reports raised the possibility that damage-induced ncRNAs, responsible for RNA:DNA hybrid formation in cis to DSBs, arise from bidirectional de novo transcription mediated through a non-canonical recruitment of transcription machineries at DNA ends. This has been further supported by in vitro studies, showing that the purified MRN complex, a key sensor for DSB, considerably fosters RNAPII loading and transcription arising from DNA ends 24 .

Yet, genome-wide, sequencing-based studies globally failed to identify a general accumulation of ncRNAs and RNA:DNA hybrids at every types of DSBs. Rather, ncRNAs and RNA:DNA hybrids were mainly observed at breaks occurring within or at the immediate vicinity of a transcribed unit, or/and repeated sequences, known to be heavily transcribed (e.g. ribosomal DNA), and barely detectable at DSBs induced in intergenic and non-transcribed loci 10,[25][26][27] . This raised the question as to whether RDDR may not be a general feature of DSB repair but may rather correspond to a specialized pathway dedicated to handle Transcription-Coupled DSB (TC-DSB for DSB occurring in actively transcribed loci) 28 . Moreover, several studies established that DSB-induced RNA:DNA hybrids need to be further removed to allow faithful repair processes 10,12,[29][30][31][32][33][34] , raising the question as to whether RNA:DNA hybrids are bona fide repair intermediates or impediments that shall be eliminated 8,30 .

On another side, it is also widely accepted that upon DSB formation, the transcriptional activity of nearby genes is shut down (reviewed in 35 ). Intriguingly, in-cis transcriptional repression is tightly linked to the completion of HR, though the precise mechanism remains unclear [35][36][37] . DSB-induced transcriptional repression depends on ATM, DNA-PK and DYRK1B kinases activity and also relies on multiple chromatin modifiers such as the NuRD (Nucleosome Remodeling and Deacetylase) complex, SWI/SNF chromatin remodeling complex 38,39 , the histone H3 Lysine 4 demethylase KDM5A or the Polycomb repressive complex for instance 40- 45 . Such in-cis transcriptional repression has been difficult to reconcile with DSB-induced de novo transcriptional activity. Of interest, low RNAPII elongation rate, pausing and premature termination are well established as able to induce R-loop (for instance, [46][47][48], raising the interesting possibility that DSB-induced R-loops/RNA:DNA hybrids may in fact rather represent by-product of transcriptional repression at TC-DSBs (reviewed in 8,37 ).

Here, we undertook a careful examination of RNAPII and RNAPIII recruitment, as well as of the distribution and strand-specificity of RNA: DNA hybrids on a genome-wide scale following the induction of multiple DSBs in both active and intergenic loci. We provide evidence that RNA:DNA hybrids at sites of breaks arise from pre-existing RNA that hybridize with the single stranded DNA (ssDNA) overhang left by end-resection. The formation of these hybrids depends on the transcriptional repression established in cis to DSB following ATM activation, as well as Spindlin 1 (SPIN1), a reader of H3K4me3 that we identify as important for both transcriptional shut down and RNA:DNA hybrid accumulation. We propose a novel model whereby DSB-induced RNA:DNA hybrids only accumulate at TC-DSBs (i.e. DSBs that occur in transcribing RNAPII-enriched loci) as a consequence of the DSB-induced ATM/SPIN1dependent alteration of RNAPII processivity combined with DNA end resection. These RNA:DNA hybrids further foster short-range resection and thus promote RPA and RAD51 assembly at TC-DSBs. However, these repression-induced byproducts are globally detrimental and RNA:DNA hybrids need to be further eliminated to ensure cell survival and genome stability.

Results

RNAPII and RNAPIII are not loaded at DNA Double-Strand Breaks.

In order to establish whether de novo recruitment of RNAPII takes place at DSBs, we performed ChIP-seq against RNAPII in DIvA cells, where DSBs can be induced at annotated positions on the human genome thanks to a restriction enzyme (AsiSI) coupled to the ligand-binding domain of the estrogen receptor 49 . Using Breaks Labelling and Enrichment on Streptavidin and Sequencing (BLESS), we previously identified 80 robustly-induced DSBs following 4hydroxytamoxifen (4OHT) treatment of DIvA cells, a fraction of which are located within transcribing loci 50 . First, we validated our capacity to visualize RNAPII recruitment following DSB induction on DNA damage-responsive genes (CDKN1A encoding p21, and GADD45A) (Extended data Fig. 1a). However, such recruitment was not observed at DSBs post damage induction (Fig. 1a, Extended data Fig. 1b). This held true for both DSBs induced in silent loci (i.e., displaying negligible initial amount of RNAPII or RNA-seq signal in undamaged cells) (Fig. 1a, Extended data Fig. 1b, left panels) or for DSBs induced in transcribed loci, either located in promoters/5'ends or further downstream in gene bodies (TC-DSBs, displaying high amount of RNAPII and RNA-seq signals in undamaged cells) (Fig. 1a right panel, Extended data Fig. 1b middle and right panels), despite efficient DSB induction (see BLESS track). Rather, DSB induction triggers a reduction of RNAPII occupancy at DSBs displaying RNAPII enrichment prior damage induction (Fig. 1a, right panel), in agreement with the transcriptional repression observed in cis to DSBs (Fig. 1a right panel, Extended data Fig. 1b middle panel, see magnifications). Averaged profiles confirmed the absence of RNAPII accrual at the 80 DSBs that are efficiently cleaved in DIvA cells (Fig. 1b), irrespective of the initial amount of RNAPII before DSB induction (Extended data Fig. 1c). In order to rule out that ChIP-seq may not be sensitive enough to detect low level of RNAPII accumulation at DSB, we also analyzed ChIP experiments using quantitative PCR. As expected, before DSB induction, RNAPII was enriched on transcribed loci (RBMXL1, KDERL3, TRIM37, CDKN1A) but not at intergenic loci (Ctrl 2) or on silent gene (LUZP2) and moreover, RNAPII increased on the promoter of the DNA damage responsive gene CDKN1A post-DSB induction (Extended data Fig. 1d). Yet, RNAPII accrual was neither detected at TC-DSBs (DSB1-3) nor at a DSB induced in a silent locus (DSB4) (Extended data Fig. 1d). In contrast, and in agreement with DSB-induced RNAPII eviction 38,41,44 , RNAPII decreased on RBMXL1, KDERL3, TRIM37 post-DSB induction (Extended data Fig. 1d).

Given the previously reported RNAPIII recruitment at DSB 23 , we further performed ChIP-seq against two subunits of the RNAPIII machinery. Both POLR3A (the catalytic subunit, also named RPC1) and POLR3E (peripheric subunit) were massively detected at annotated loci encoding for tRNAs (see examples, Fig. 1c and average profile of all tRNAs, Fig. 1d). However, none of these subunits of RNAPIII displayed a recruitment at DSBs ((see examples on Fig. 1e and Extended data Fig. 1e, the latter includes three annotated AsiSI sequences previously shown to accumulate RNAPIII using ChIP-qPCR 23 ). On average, when taking into account all 80 bestinduced DSBs, RNAPIII enrichment was not detected at DSBs (Fig. 1f). Altogether, using highresolution ChIP-seq and highly sensitive ChIP-qPCR, we find no evidence of de novo targeting of RNAPII and RNAPIII to DSBs induced in human cells.

Phosphorylated RNAPII distribution is altered on transcribed genes experiencing damage.

To further deepen our analysis of RNAPII at DSBs, we then performed ChIP-seq against the different phosphorylated forms of RNAPII, i.e, phosphorylated on Serine 2, 5, 7, or Tyrosine 1 of the C-terminal repeat domain (CTD). Indeed, the transcription cycle comes along with changes in the CTD phosphorylation status, from the initiating RNAPII phosphorylated on S5/7 and enriched at 5'ends, to the elongating form of RNAPII phosphorylated on S2 that accumulates on genes bodies and 3'ends 51 . ChIP-seq profiles of each of these RNAPII phosphorylation on all human genes, displayed expected patterns (Extended data Fig. 2a), and phosphorylated RNAPII also accumulated at the DNA damage-responsive gene CDKN1A (p21) upon DSB induction (Extended data Fig. 2b), validating our ChIP-seq datasets. As observed with total RNAPII, none of these phosphorylated forms of RNAPII showed accrual at DSBs induced in silent loci despite robust DSB induction (Fig. 2a top panel), or at DSBs induced in genes bodies (Extended data Fig. 2c). Yet, their respective distribution was altered following DSB induction, across the bodies of genes either directly damaged or located in the immediate vicinity of the DSB. On average, RNAPII-S7P was globally unaffected, while RNAPII-Y1P, RNAPII-S5P and RNAPII-S2P increased at promoters/ 5'ends of damaged genes (Fig. 2b, see also an example on KLF7 Extended data Fig. 2c). In agreement, given that most TC-DSBs induced in DIvA cells are located at the 5' ends of genes, we could detect, on average, increased RNAPII-S2P, RNAPII-Y1P and RNAPII-S5P at TC-DSB (Extended data Fig. 2d). Importantly, such a transition of RNAPII-S2P from gene body to promoter has been previously associated with a decreased transcription elongation rate 52 . In addition, RNAPII-Y1P was found to be related to transcription termination 53 . Altogether, these data suggest that the transcription cycle of damaged genes (i.e.: genes subjected to a TC-DSB) undergoes significant changes leading to an altered distribution of phosphorylated RNAPII across genes bodies, in a manner that agrees with a decreased elongation rate and/or premature termination.

RNA:DNA hybrids form on the single stranded DNA after resection.

In order to further investigate the mechanisms that trigger the formation of RNA:DNA hybrids at DSBs, we next set out to establish their strand specificity by performing qDRIP-seq 54 , before and after DSB induction in DIvA cells. In undamaged DIvA cells, strand-specific qDRIP-seq was in good agreement with previously published qDRIP-seq in HeLa cells 54 with R-loops generated during transcription accumulating on the Crick strand for genes in the forward orientation (+) (Extended data Fig. 3a). We also confirmed our capacity to detect increased qDRIP-signal post-DSB induction on the GADD45A gene which is subjected to a strong transcriptional activation post-damage in DIvA cells (Extended data Fig. 3b). As previously reported using less resolutive classical DRIP-seq 10 , qDRIP signal increased at the 80-best induced DSBs (Fig. 3a, Extended data Fig. 3c). Importantly, these DSB-induced RNA:DNA hybrids display two striking features: i) a strong strand-specificity, and ii) an asymmetry with respect to the DSB (see an example Fig. 3b).

Since end-resection is a strand-specific process, we first assessed whether the strand specificity of our qDRIP-seq signals could be linked with resection. For this, we separated the qDRIP signals from the 5'-terminated DNA strands (which can undergo 5' to 3' resection, represented in brown on Fig. 3c) and 3' terminated DNA strands (which corresponds to the 3' overhang, represented in blue on Fig. 3c). For convenience, we summed the signals for each strand upstream and downstream of each DSB. Our data indicate that RNA:DNA hybrids are formed mainly on the non-resected strand rather than on the resected strand (Fig. 3c-d) (i.e.: the DNA moiety of RNA:DNA hybrids is preferentially the 3' terminated single-stranded DNA (ssDNA) overhang left after 5'-3'end resection). This result suggests that resection is a major determinant of RNA:DNA hybrid accumulation. In such a case, impairing resection initiation should negatively impact RNA:DNA hybrid. Indeed, we found that CtIP depletion (Extended data Fig. 3d) and inhibition of MRE11 nuclease activity by mirin, both required for resection 55,56 , significantly decreased RNA:DNA hybrids at DSBs (Fig. 3e-f). Altogether, these data agree with RNA:DNA hybrids forming through the hybridization of an RNA to the ssDNA 3'overhang generated by end resection.

In order to further investigate the relationship between R-loop formation and resection we performed i) RPA strand-specific ChIP-seq, ii) END-seq, and iii) qDRIP-seq at both 4 and 24h after DSB induction. As expected from previous studies, END-seq allows to detect bidirectional resection 4h after DSB induction 57 and END-seq signals strongly expanded at 24h after DSB induction in agreement with extended resection at late time points 58 (Fig. 3g, Extended data Fig. 3e, Extended data Fig. 3g). Similarly, strand-specific ChIP-seq also revealed extended, bidirectional and strand-specific binding of RPA at 24h compared to 4h post DSB, in a manner that correlated well with END-seq profiles (Fig. 3g, Extended data Fig. 3f, Extended data Fig. 3g), which is in agreement with RPA being recruited on ssDNA following resection. By contrast, RNA:DNA hybrid distribution only moderately resembled RPA and END-seq profiles at 4h and 24h (Fig. 3g, Extended data Fig. 3g), although we could detect mild spreading of RNA:DNA hybrid accumulation at 24h (Extended data Fig. 3g). This indicates that, while RPA binding strictly follows resection, in agreement with its capacity to bind ssDNA, RNA:DNA hybrids do not accumulate over the entire length of ssDNA. Moreover, long range resection, as measured by END-seq and RPA binding, did not display a bias towards RNA:DNA hybrid orientation (Fig. 3g, Extended data Fig. 3h).

Of interest however, individual DSB inspection revealed that RPA profiles resembled qDRIP signals at the immediate vicinity of the broken end (Fig. 3g, see arrows and magnification). This was more obvious when focusing on the 20 DSBs with the strongest enrichment in RNA:DNA hybrids for which DSB-proximal RPA accumulation (<500bp) strongly overlaps with RNA:DNA hybrid levels (Fig. 3h middle panel, note that DSB were oriented so that accumulation of RNA:DNA hybrids appears on the right side of the plot). Interestingly, ENDseq showed a similar directionality bias towards RNA:DNA hybrid orientation close to DSBs (Fig. 3h, bottom panel, arrow) suggesting that short-range resection is influenced by the formation of RNA:DNA hybrids.

To further evaluate the impact of RNA:DNA hybrids on short-range end resection we performed END-seq upon increased RNA:DNA hybrid levels thanks to the depletion of Senataxin (SETX), one of the main RNA:DNA hybrid helicase involved in resolving RNA:DNA hybrids at DSBs 10,58 . Notably, SETX depletion did not trigger an increase in the length of resection tracts (Fig. 3i, see arrows), indicating that RNA:DNA hybrids do not favor resection processivity nor speed. However, SETX depletion triggered an overall increase in resection signals (i.e., more cells in the cell population undergo DSB resection) (Fig. 3i), suggesting that RNA:DNA hybrids may potentiate resection initiation.

Altogether, our data indicate that i) R-loops detected at DSBs are in fact RNA:DNA hybrids that are composed of an RNA hybridized to the ssDNA overhang generated by end resection, and ii) RNA:DNA hybrids potentiate short-range resection and short-range single-stranded DNA binding by RPA.

DSB-induced RNA:DNA hybrids result from the hybridization of pre-mRNA to ssDNA following transcriptional repression in cis to DSBs.

So far, our observations revealed that while resection is clearly a bidirectional process (see symmetrical spreading of END-seq and RPA signals, Fig. 3g, Extended data Fig. 3e-g), RNA:DNA hybrid accrual is asymmetrical (Fig. 3b, Extended data Fig. 3g-h). We therefore further investigated the molecular determinants underlying this asymmetry. First, we observed that RNA:DNA hybrid production was hardly detectable at DSBs induced in intergenic or silent loci (Fig. 4a and Extended data Fig. 4a, left panels), while in contrast, RNA:DNA hybrids strongly accumulated at DSB in transcribed genes or TC-DSBs (Fig. 4a; Extended data Fig. 4a right panels). This prompted us to explore whether the accumulation of hybrids was linked with the directionality of the damaged gene. Our data indicate that RNA:DNA hybrid asymmetry agrees with gene direction (Fig. 4b). Altogether, this suggests that the RNA moiety engaged in the RNA:DNA hybrid that forms in cis to DSB mostly corresponds to the pre-mRNA exiting from the RNAPII and hybridizing with its template strand.

Given the above results, we hypothesized that the in-cis transcriptional repression elicited by DSBs may trigger increased retention of pre-mRNA on damaged genes, providing more opportunities for hybridization with the ssDNA overhang left after end-resection and therefore accounting for RNA:DNA hybrid accumulation near DSBs. Since the ATM kinase has been previously identified to be required for DSB-induced transcriptional repression 40 , we performed DRIP-qPCR to establish whether ATM is also required for RNA:DNA hybrid accrual in cis to DSB. As predicted from our hypothesis above, ATM inhibition impaired accumulation of RNA:DNA hybrids (Fig. 4c). NELF-E, a pausing factor for RNAPII, has also been reported to participate in DSB-induced cis transcriptional repression 59 . In agreement, NELF-E depletion (Extended data Fig. 4b) impaired the transcriptional repression observed at genes located at the immediate vicinity of TC-DSBs (Extended data Fig. 4c). NELF-E depletion also decreased RNA:DNA hybrid levels at TC-DSB as detected by DRIP-qPCR (Fig. 4d). Altogether, this suggests that transcriptional repression of DSB-surrounding genes contributes to the formation of RNA:DNA hybrids at DSBs. Our data therefore support a model where RNA:DNA hybrids form asymmetrically and in a strand-specific manner at TC-DSBs. Their formation is promoted by transcriptional repression which triggers a local retention of the pre-mRNA and thus favors its hybridization to the template strand which is then converted into a ssDNA overhang by DNA-end processing.

The H3K4me3 reader Spindlin 1 is a novel actor of TC-DSB repair, involved in transcriptional repression and RNA:DNA hybrid accrual

In order to further investigate the relationship between transcriptional repression and RNA:DNA hybrid accumulation, we set out to identify novel players in DSB-induced transcriptional repression. Since the cohesin complex was shown to be a key player in DSBinduced transcriptional shut down 60 , we mined data from a proteomic screen set to identify interactors of the SMC1 cohesin subunit before and after DSB 61,62 . This proteomic analysis identified 114 proteins specifically enriched upon damage, including three members of the Spindlin family 63 . In particular, Spindlin 1 (SPIN1) was reported both in vitro and in vivo to specifically recognize H3K4me3 [64][65][66][67] an histone modification previously involved in transcriptional repression in cis to DSBs 43 . Depletion of SPIN1 (Extended data Fig. 5a) decreased H2AX post-DSB induction (Extended data Fig. 5b), suggesting that SPIN1 is indeed involved in the response to DSB. In order to determine whether SPIN1 is directly targeted to DSBs, we performed ChIP using an antibody directed against SPIN1. ChIP-qPCR confirmed that SPIN1 was enriched at promoters when compared to an intergenic locus (Extended data Fig. 5c). Importantly, we found that SPIN1 is recruited at DSBs following damage induction (Extended data Fig. 5d). To determine the profile and specificity of SPIN1 recruitment at DSBs we performed SPIN1 ChIP-seq analysis both before and after DSB induction in DIvA cells. As expected 64,67 , SPIN1 distribution on the genome was highly similar to H3K4me3 (Extended data Fig. 5e) and its enrichment at promoters correlated with transcriptional activity (Extended data Fig. 5f) validating our ChIP-seq dataset. Of interest, increased SPIN1 recruitment was detectable at DSBs on approximately 1 kb on average (Fig. 5a, top panel). However, this recruitment was only observed at TC-DSBs (DSBs induced in active loci) (Fig. 5b, right panel) and not at DSBs induced in intergenic loci (Fig. 5b, left panel, see Extended data Fig. 5g). When sorting DSBs in two categories based on their initial RNAPII enrichment, we found that SPIN1 was significantly more recruited at DSB induced in loci displaying high level of pre-existing RNAPII (TC-DSBs) compared to those displaying low level of RNAPII (Fig. 5c). This enrichment of SPIN1 at TC-DSB was specific since it was not observed when considering all promoters post DSB induction (Extended data Fig. 5h). Altogether, our data identifies SPIN1 as a novel player in the repair of TC-DSBs.

Since SPIN1 is an H3K4me3 reader 65,66 , we further hypothesized that it could be involved in the transcriptional repression step of TC-DSBR. Indeed, SPIN1 depletion significantly impaired the transcriptional repression observed at 3 genes located at the vicinity of TC-DSBs (Fig. 5d). To establish whether SPIN1 displays this function through H3K4me3 binding, we used MS31, an inhibitor of SPIN1/H3K4me3 interaction 68 . MS31 treatment did not affect overall SPIN1 and H3K4me3 levels (Extended data Fig. 5i), yet ChIP-qPCR experiments revealed that it decreased SPIN1 enrichment (Extended data Fig. 5j) but not H3K4me3 occupancy (Extended data Fig. 5k) at promoters, validating MS31 as a compound inhibiting the recruitment of SPIN1 onto chromatin. Of interest, MS31 treatment, similarly to SPIN1 depletion, decreased H2AX accumulation around DSB and foci formation post-DSB induction (Extended data Fig. 5l-m). Additionally, MS31 treatment, similarly to SPIN1 depletion, impaired in cis transcriptional repression (Fig. 5e) further involving the SPIN1/H3K4me3 interaction in DSB-induced transcriptional shut down. Altogether, this suggests that SPIN1 is a novel TC-DSBR player, that regulate transcriptional repression though its ability to bind H3K4me3.

To further test our hypothesis that transcriptional repression is a required step for the formation of DSB-induced RNA:DNA hybrids, we performed qDRIP-seq in SPIN1-proficient and deficient cells before and after DSB induction. SPIN1 depletion triggered a reduction of the levels of RNA:DNA hybrids at TC-DSB (Fig. 5f, right panel) while no DSB-induced RNA:DNA hybrids were detectable at silent loci in both SPIN1-proficient or deficient cells (Fig. 5f, left panel). Decreased RNA:DNA hybrid accumulation upon SPIN1 depletion was also observed when computing strand-specific averaged profiles over all DSBs (Fig. 5g). In conclusion, our data suggest that SPIN1 recruitment at damaged promoters triggers transcriptional repression which further leads to the accumulation of RNA:DNA hybrids at the break sites.

Transcriptional repression-induced RNA:DNA hybrids at DSBs foster resection and are toxic

Given our above findings that RNA:DNA hybrid accumulation fosters short-range resection, we postulated that SPIN1 depletion by decreasing RNA:DNA hybrids could impair DSB endprocessing. In order to measure resection, we used a previously established assay 69 allowing quantification of ssDNA by qPCR following enzymatic digestion of genomic DNA (Fig. 6a). As expected, SPIN1 depletion or MS31 treatment triggered decreased resection (Fig. 6b-c) and reduced RAD51 loading at DSBs (Fig. 6d). We previously reported that excessive RNA:DNA hybrid accumulation at TC-DSB is toxic 10,58 . We thus investigated whether impairing DSB-induced transcriptional repression and therefore RNA:DNA hybrid accumulation could be beneficial for cell survival following TC-DSB induction. Indeed, SPIN1 depletion or MS31 treatment increased clonogenic potential after DSB induction (Fig. 6e-f), in agreement with the function of SPIN1 in RNA:DNA hybrid formation. Notably, MS31 treatment also potentiated cell survival following DSB induction using etoposide, a Topoisomerase II inhibitor which also induces TC-DSBs (Fig. 6g). Similarly, depletion of NELF-E, involved in transcriptional repression (Extended data Fig. 4b) also increased cell survival post-DSB induction, in agreement with a role of transcriptional repression in RNA:DNA hybrid formation at DSBs (Extended data Fig. 6a). Finally, we previously reported that SETX depletion, by impairing RNA:DNA hybrid removal, triggered increased cell death following TC-DSB induction 10 . SPIN1 depletion partially alleviated the toxicity of SETX depletion (Extended data Fig. 6b) as predicted if acting upstream RNA:DNA hybrid formation. Overall, these data suggest that the transcriptional repression induced in cis to DSB impairs cell survival in a manner that relies on the induction of RNA:DNA hybrids at DSBs. that RNAPII/III recruitment is specific for DSB induced in heterochromatin, which we did not investigate in our study.

However, while we did not observe total RNAPII/III recruitment, we found that the phosphorylation status of the RNAPII CTD is altered on the damaged genes post-DSB induction, with an increase of S2P, S5P and Y1P at promoters. Immunofluorescence showing RNAPII colocalization at DNA damage was essentially assessed for modified RNAPII (S5P and Y1P) 19,22,70 , which would be in agreement with our data showing an increase of both modified forms of RNAPII at damaged genes promoters. Such a modification of the transcription cycle and phospho-CTD status on damaged genes could have been mis-regarded as a de novo recruitment when analyzed by live imaging at laser-induced DNA damage.

Irrespective of the reason underlying such discrepancies, while RNAPII/III recruitment at DSBs was not observed, we readily detected RNA:DNA hybrid accumulation at DSBs as previously reported [9][10][11]14,15,23,30,33,58,72,73 . Of importance, these RNA:DNA hybrids not only form at DSB mostly located in RNAPII-bound loci (i.e.: transcribing loci, enriched in RNAPII prior to DSB induction; in agreement with 10,26,30 ), but their RNA moiety mainly corresponds to pre-existing RNAs transcribed from the damaged locus. Altogether, while we cannot formally exclude that a very transient recruitment of RNA polymerase at DNA ends could contribute to the formation of the RNA:DNA hybrids via de novo RNA synthesis, our data rather suggest that most of the RNA:DNA hybrids forming at DSBs arise from the hybridization of the preexisting RNA hybridizing to its template strand.

Transcriptional repression contributes to RNA:DNA hybrid accumulation

Our data also suggest that the transcriptional repression taking place at sites of damage potentiates the formation of RNA:DNA hybrids. Indeed, following DSB induction, an ATM-, DYRK1B-and DNAPK-dependent signaling pathway elicits rapid in cis inhibition of RNAPII transcription 40,41,45 . This transcriptional shut down comes together with a change in the RNAPII CTD phosphorylation status on the genes located at the vicinity of the DSB 40,74 . Here, we found that DSBs elicit an increase of RNAPII S5P, S2P and Y1P at promoters of damaged genes, which would be in agreement with a decreased RNAPII elongation rate, pausing and premature termination 52,53 . To a lesser extent we could also observe decreased total RNAPII occupancy (Fig. 1a-b), which agrees with the subsequent eviction/degradation of RNAPII previously reported in cis to DSBs 41,44 . Mechanistically, this DSB-induced gene repression pathway entails the recruitment of many factors such as NELF-E as well as changes in the histone modification landscape at 5'ends and promoters of the repressed genes, including KDM5A-mediated H3K4me3 demethylation 39,40,42,43,45,59,75 . Of interest, here we identified an additional player, SPIN1, previously reported to specifically interact with H3K4me3 65,66 . Interestingly, while H3K4me3 has long been considered to favor RNAPII initiation, it was recently showed that H3K4me3 is required for the efficient release of paused RNAPII from promoters and that acute loss of H3K4me3 triggers an increase of RNAPII S5P at promoters and a decreased elongation rate 76 . Altogether, these data converge toward a model where DSB-induced transcriptional shut down occurs, at least in part, through a H3K4me3/SPIN1-dependent pathway that induces promoter proximal pausing and decreased elongation rate at damaged genes. We propose that the retention of paused/slowed RNAPII at the vicinity of the break, in combination to the release of topological constraints 30 , then enhances the frequency of annealing of the pre-existing RNA to its template DNA strand thereby forming R-loops at sites of damage. These R-loops would be rapidly converted into more stable RNA:DNA hybrids, as soon as short-range resection takes place (Fig. 6h) (see below).

RNA:DNA hybrids promote short-range resection

We found that the DNA moiety of RNA:DNA hybrids mostly corresponds to the ssDNA overhang left by end-resection, in agreement with a recent report showing colocalization of both nascent RNA and ssDNA tracts 72 .

Notably, we also found that RNA:DNA hybrid accumulation stimulates resection and RPA ssDNA binding on a short scale (<1kb) around the DSB, in agreement with previous studies suggesting that R-loops potentiate resection (for instance, 13,33,73,77 ). We propose that transcriptional repression-induced R-loops, by displacing the 5'-terminated strand fosters shortrange resection through flap removal by endo-nucleolytic cleavage (Fig. 6h). This would simultaneously stabilize the RNA:DNA hybrid and produce a favored substrate for long-range resection nucleases (Fig. 6h). Of interest, it was previously proposed that XPG, the MRN complex and CtIP, carrying endo-nucleotytic activities 55,56,78 could mediate non canonical resection at sites of RNA:DNA hybrid accumulation 14,33,73 . Such a priming of resection could account for the long-observed link between transcriptional repression and resection/HR 37 . However, these transcriptional repression-induced RNA:DNA hybrids are toxic if left unremoved. In agreement excessive RNA:DNA hybrid accumulation at sites of damage has been associated with defective HR repair 10,29,30,32,33 , deletions that arise on the side of the hybrid 12,14,31,33,79 and an increase in translocation frequency 10 , likely accounting for the observed toxicity.

In summary, we propose that RNA:DNA hybrids form at sites of damage mainly due to the annealing of pre-existing RNA. While they can prime DSB for resection, they are globally detrimental for cell survival, and may rather represent by-products and impediments to the repair process.

Quantitative PCR was performed in a CFX384 real time system (Bio-Rad) using Bio-Rad CFX Manager version 3.1 software. IP efficiencies were calculated as the percent of input DNA immunoprecipitated and data were normalized to a control region far from any DSB induced by AsiSI without DSB induction. For ChIP-Seq, multiple ChIP experiments were pooled, sonicated for 10-15 cycles (30 sec on, 30 sec off, high setting) with a Bioruptor (Diagenode), then concentrated with a vacuum concentrator (Eppendorf). For SPIN1, H3K4me3, total RNAPII, RNAPII S2P, RNAPII S5P, RNAPII S7P, RNAPII Y1P, POLR3A and POLR3E ChIP-seq, about 10 ng of purified DNA was subjected to library preparation (NEBNext Ultra II DNA Library kit, New England Biolabs) and sequenced with single-end 75 bp sequencing reads (apart from SPIN1-ChIP-seq which was sequenced using paired-end 75 bp reads). For RPA-ChIP-seq, immunoprecipitated DNA was subjected to a strand-specific library preparation (Accel-NGS 1S Plus DNA library kit, Swift Biosciences) according to the manufacturer's instructions and sequenced using paired-end 75 bp reads). All ChIP-seq sequencing was performed on a NextSeq500 at EMBL GeneCore (Heidelberg, Germany). RNAPII and RNAPIIS2P ChIP-seq in undamaged condition were previously published in 10 .

DRIP-qPCR

DRIP assay was carried out as in 10 . Briefly, DIvA cells were treated with 300 nM 4-OHT for 4 h before and collected by trypsinisation. Genomic DNA containing R-loop structures were extracted with 0.5 % SDS /Proteinase K (Thermo Fisher Sciencitific, Waltham, MA) overnight treatment at 37°C. Total nucleic acids were recovered by phenol:chloroform extraction and ethanol precipitation. DNA was digested overnight at 37°C with a cocktail of restriction enzymes (20 units each of EcoRI, HindIII, BsrGI, XbaI from New England Biolabs) in 1X Cutsmart buffer in the presence 1 mM Spermine and 200 µg/ml BSA (New England Biolabs). Digested DNA was subjected to phenol:chloroform extraction and ethanol precipitation. 4 µg of digested DNA was diluted in 500 µL of TE buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA) and 50 µL was kept aside as the input for the qPCR. 50 µL of 10x IP buffer (100 mM sodium phosphate, 1.4 M sodium chloride, 0.5% Triton X-100) was added to the 450 µL of fragmented DNA together with 6 µg of S9.6 antibody (Antibodies Incorporated, Davis, CA, USA) and samples were incubated overnight at 4°C on a rotating wheel. Next, 50 µL of protein A/G Agarose beads (Pierce) were added to the samples and incubated for 2 h at 4 °C on a rotating wheel. Samples were washed three times for 5 min on a rotating wheel in 1× IP buffer at room temperature. After removal of the final wash, beads were resuspended in 250 µL of elution buffer (50 mM Tris-HCl pH8, 10 mM EDTA, 0.5% SDS, 0.3 µg/µL proteinase K) for 45 min at 55°C. Samples were then subjected to phenol:chloroform extraction and ethanol precipitation. Air-dried pellets were resuspended in 50 µL of RNase-free water. DRIP experiment was assayed by qPCR using appropriate primers (see Supplementary table 4). qDRIP-seq qDRIP-seq was adapted from 54 . In brief, 2.5x10 6 of OHT-treated or untreated DIvA cells were mixed 1.67x10 6 Drosophila S2 cells and lysed overnight at 37°C in TE buffer containing 0.5% SDS and 800 µg proteinase K (Roche, 03115828001). DNA was extracted by phenol:chloroform extraction followed by ethanol precipitation. DNA was resuspended on ice in 130 µl TE buffer before sonication in Covaris S220 microtubes (PN520045) to obtain ~300 bp DNA fragments (Covaris S220, 140W peak incident power, 10% Duty factor, 200 cycles per burst for 80 sec). Immunoprecipitation was performed in triplicate by incubating 4 µg of sonicated DNA with 10 µg of S9.6 antibody (Antibodies Incorporated) in 1x binding buffer (10 mM NaPO4, 140 mM NaCl, 0.05 % Triton X100) overnight and at 4°C. Agarose A/G beads (Thermo Scientific, 20421) we added to samples for 2 h at 4°C. Beads were washed 4 times in binding buffer followed by incubation with elution buffer (50 mM Tris pH 8, 10 mM EDTA, 0.5% SDS, 0.3 µg/µL proteinase K) for 45 min at 55°C. Samples were subjected to phenol:chloroform extraction and ethanol precipitation, and were resuspended in low EDTA TE (Swift Biosciences). Sequencing libraries were prepared using the Accel-NGS 1S Plus DNA library kit (Swift Biosciences) according to the manufacturer's instructions using 12 PCR cycles. Libraries were pooled at equimolar concentrations and sequenced via an Illumina NextSeq500 system using 75 paired-end reads at EMBL GeneCore (Heidelberg, Germany).

END-seq

END-seq was performed similarly to 81 . Briefly, 15x10 6 DIvA cells per condition were collected by trypsination. After 2 washes with 1X PBS, cells were embedded into two or three 0.75% agarose plugs (BioRad CHEF Mammalian genomic DNA Plug Kit). Agarose plugs were then transferred at 4°C for 1 h to allow polymerization. Plugs were then transferred into 15 mL tubes in which they were subjected to proteinase K treatment for 1 h at 50°C followed by 7 h at 37°C. All rinses and washes were performed in 15 mL. Plugs were then rinsed three times plug wash buffer (50 mM EDTA pH 8 and 10 mM Tris HCl pH 8) followed by two rinses with TE buffer (10 mM Tris HCl pH8 and 1 mM EDTA) and two 15 min washes with TE buffer on a rotating wheel. Plugs were next treated with RNAse A for 1 h at 37°C in TE buffer. Plugs were subsequently rinsed three times in plug wash buffer followed by four 15 min washes in plug wash buffer. Plugs were stored over the weekend at 4 °C in plug wash buffer. Next, plugs were rinsed twice in EB buffer (10 mM Tris HCl pH 8) followed by four 15 min washes in EB buffer on a rotating wheel. For the spike in DNA, 100 ng of the AsiSI digested "E171" plasmid (that contains a single AsiSI site) was also embedded into agarose plugs and subjected to the following steps. Plugs were subjected exonuclease VII digestion (NEB) for 1 h at 37 °C followed by two washes in 1x NEBuffer 4 before digestion with exonuclease T for 1 h at 25°C. Plugs were then washed three times for 15 min in EB buffer on a rotating wheel followed by two washed in NEBNext dA-Tailing buffer. Plugs were then treated Klenow fragment (3'-5' exo-) for 1 h at 37°C. After removal of the enzymatic mix, plugs were washed in 1X NEBuffer 2 for 15 min on a rotating wheel. After removal of the wash, plugs were subjected to ligation with the Quick Ligase (NEB) in the presence of 10 μM of pre-annealed END-seq adapter 1 (see 81 for sequence) for 1 h at 25°C. Plugs were washed twice in plug wash buffer before being decanted overnight in plug wash buffer. The next day, plugs were rinsed twice in TE buffer followed by four 15 min washes in TE buffer on a rotating wheel. Individual plugs were then melted for 2 min at 70°C followed by 5 min at 43°C. Beta-agarose was added and incubated for 45 min at 43°C. The entire DNA solution was then transferred onto a 0.1 μm dialysis membrane pre-equilibrated in TE buffer during 1 h at room temperature. DNA was next subjected to proteinase K digestion in the presence of SDS for 15 min at 50°C. The DNA was then transferred into Covaris S220 microtubes (PN520045) for DNA fragmentation (Covaris qDRIP-seq data were processed using a custom pipeline taking into account stranded and spikein library preparation. Briefly, reads were trimmed 15 bp using Trimmomatic 0.39 to remove remaining primers from the library according to the recommendations from the strand-specific library kit (Accel-NGS 1S Plus DNA library kit, Swift Biosciences). Trimmed reads were aligned to a custom reference genome merging hg19 (human samples) and dm6 (Drosophila spike-in) chromosomes and separate bam files were generated for reads mapping on hg19 or dm6. Stranded data were then generated using samtools view and merge with flags filters: 80;160 for reverse fragments, and 96;144 for forward fragments. Bigwig coverage tracks were then generated from the strand-specific bam files and were each normalized by the following scaling factor: 1,000,000 / number of reads mapped to dm6.

END-seq data processing

END-seq data were aligned to a custom reference genome merging hg19 and the sequence of the in vitro digested plamsid "E171" containing a single AsiSI site which was added as a spikein plasmid. Bam files were then generated with reads that exclusively mapped to the hg19 genome and bigwig files containing the total coverage were created as described above. In addition, strand-specific bigwig coverage tracks were generated using bamCoverage from deeptools using the "-filterRNAstrand" parameter.

Data visualization

Coverage matrices used for averaged profiles, heatmaps, and boxplots were generated using deeptools (https://deeptools.readthedocs.io/en/latest/) and further visualized using custom R scripts or deeptools. For each boxplot, the center line represents the median, box ends represent respectively the first and third quartiles, and whiskers represent the minimum and maximum values without outliers. Outliers were defined as below the first quartile -(1.5 × interquartile range) and above the third quartile + (1.5 × interquartile range). Values represent the total normalized read count in a specific genomic window. Matrices used for averaged metagene profiles were created using deeptools and further visualized using custom R scripts. In brief, the mean coverage of each gene was computed in 200 bp intervals including 3 kb upstream of the TSS and downstream of the TES. Second, gene bodies were divided into 100 equally sized bins, so average profiles could be computed as a percent of entire gene length. To classify DSBs based on transcriptional activity, total RNAPII ChIP-seq obtained in DIvA cells prior to DSB induction were computed on a window of ±5 kb around DSBs. DSBs were ordered based on their RNAPII enrichment and discriminated into three categories of 30 DSBs each (low, medium, and high).

Clonogenic assay

After siRNA transfection, 4000 DIvA-AID cells were seeded in 10 cm dishes. 48 h later, cells were treated with 300 nM 4-OHT for 4h followed by two washes with pre-warmed 1X PBS and, when indicated, incubated with 500µg/mL IAA (auxin, Sigma) for 4 h followed by two washes with 1X PBS. DMEM medium was then added back to the cells which were incubated for 10 days. In absence of siRNA transfection, 2500 DIvA cells were seeded in a 10 cm dish and treated the next day with 50 µM MS31 for 30 min prior to DSB induction with either 300 nM of 4-OHT for 4 h or with different concentrations of etoposide for 4 h. Cells were then washed twice in 1X PBS and incubated for 10 days in DMEM medium. After 10 days, cells were washed twice with 1X PBS and stained with crystal violet (V5265, Sigma). Plates were imaged with the ChemiDoc Touch Imaging System (Bio-Rad) and colonies were counted using the Spot Detector plugin in Icy.

RNA extraction and RT-qPCR

RNA was extracted with Qiagen RNeasy kit (Qiagen) following the manufacturer's instruction. 500 ng of RNA was reverse transcribed using AMV reverse transcriptase (Promega). cDNAs obtained were quantified by qPCR and normalized by RPLP0 cDNA levels. The primers used are listed in Supplementary Table 5. RNA-seq was performed as described in 10 and are described in 82 .

Resection assay

Resection assay was performed as in 58,69 . Briefly, cells were harvested by scrapping. Genomic DNA was extracted using the DNEasy kit (Qiagen) according to the manufacturer's instructions and quantified by NanoDrop. 500 ng of DNA was treated with 5 units of RNase H (NEB) for 15 min at 37°C. 200 ng of RNase H-treated DNA was either digested with 16 units of the restriction enzyme Ban I (NEB) or left undigested overnight at 37°C. To inactivate the restriction enzyme, samples were incubated at 65°C for 20 minutes. qPCR was performed using the following primers located at 200bp from the DSB2 (in KDERL3) FW: ACCATGAACGTGTTCCGAAT and REV: GAGCTCCGCAAAGTTTCAAG. The percentage of ssDNA was calculated by the following equation: %ssDNA = 1/(2(Ct digested -Ct undigested-1) + 0.5)*100 and normalized using the control sample after DSB induction.

Western Blot

Western blot analysis was performed with NuPAGE Bis-Tris 4-12% Gel or and reagents (Invitrogen) following manufacturer's instructions. Whole cell extracts were prepared by incubating cells in RIPA buffer (50 mM Tris pH8, 150 mM NaCl, 0.5% NaDoc, 1% NP-40, 0.1% SDS). Extracts were mixed with NuPAGE 4X LDS loading buffer and NuPAGE 10X reducing agent (Invitrogen) and samples are incubated for 10 min at 70°C. 20µL were loaded on a NuPAGE 4-12% Bis-Tris Gel or 3-8% Tris-Acetate (Invitrogen), resolved proteins were transferred onto PVDF membranes (Invitrogen) which were saturated for 30 min in TBS-T (1x TBS, 0,1% Tween-20) with 3% milk. Membranes were then incubated overnight at 4°C with the primary antibodies (see Supplementary table 2). Membranes were washed 3 times for 10 min in TBS-T, incubated with HRP-coupled secondary antibodies in TBS-T with 3% milk for 1 h at room temperature and washed again 3 times for 10 min in TBS-T. Signals were revealed by chemiluminescence (Super Signal West Dura Extended Duration Substrate, Thermo Scientific) and acquired using a ChemiDoc Touch Imaging System (Bio-Rad).

Immunofluorescence

Cells were plated into glass coverslips the day prior to the experiment. Following treatments, cells were fixed with 4% paraformaldehyde for 15 min and permeabilized with 0.5% TritonX-100 for 10 min at room temperature. Coverslips were blocked with 1X PBS-BSA 3% (Sigma) for 30 min and incubated overnight at 4°C with the appropriate primary antibody, detailed in 

Abstract

Every day, a cell maintains the stability of its genome by repairing spontaneous DNA damage, of which DNA Double-Strand Breaks (DSBs) are among the most toxic lesions. Due to secondary structures and topological constraints resulting from transcription, endogenous DSBs preferentially occur in active genes. It is therefore crucial that these lesions are properly addressed to the transcription-coupled DSB repair (TC-DSBR) pathway in order to maintain precise spatiotemporal gene expression and avoid cell death or the occurrence of mutations or chromosomal rearrangements, such as translocations. Thus, DSBs play a major role in many diseases, including cancer development and neurodegenerative diseases. Several steps have been identified in the TC-DSBR pathway such as transcriptional repression of the damaged gene, RNA:DNA hybrid resolution around DSB site and Homologous Recombination (HR)mediated repair. However, only a few proteins involved in this pathway have been identified, and moreover, these DSBs in active genes (TC-DSBs) have also a strong ability to move within the nucleus via an unclear mechanism.

The aim of my PhD thesis was to better characterize the TC-DSBR pathway by searching for new players and studying their role. For this purpose, we performed a multiple output screen on 130 candidate proteins and identified the PER complex, a core component of the circadian rhythm that is only expressed during the day. This rhythm, also known as the biological clock, regulates many biological processes (e.g. sleep/wake, hormone production, ...) with a 24-hour period (circa diem). To determine the role of the PER complex and the circadian Rhythm in the TC-DSBR pathway, I used RNA interference to deplete proteins of interest in the human DIvA cell line, which allows the induction of multiple annotated DSBs on the genome, mainly generated in transcriptionally active genes.

Our work show that the PER complex is recruited to DSBs occurring in transcribed loci to promote proper repair by HR. Indeed, PER proteins are required for DSB end resection, RAD51 loading, translocation inhibition and cell survival. We further demonstrated that TC-DSBs are targeted to the nuclear envelope where the SUN1 protein is their anchoring point. We found that PER proteins contribute to this targeting of TC-DSBs to the envelope, which avoids their clustering and thus prevents chromosomal translocations. In agreement with these results, we show through circadian rhythm synchronization experiments in DIvA cells, that TC-DSB anchoring to the nuclear envelope and the assembly of RAD51 for HR repair follow the circadian oscillations of PER proteins. Finally, we showed that Etoposide treatment, a chemotherapy drug that induces DSBs in active genes, increases the DSB biomarker γH2AX when PER proteins are less expressed, suggesting less efficient repair during the night. Thus, the response to TC-DBSs induced by Etoposide exhibits the same circadian oscillation as that observed in the DIvA system.

In conclusion, our study provides a direct link between the circadian rhythm and the repair of DSBs occurring in active genes, opening new chronopharmacological strategies for chemotherapies based on Etoposide-like topoisomerase poisons that mostly induce such DNA Damage.

  Repair mechanisms a) Non-Homologous End Joining (NHEJ) b) Homologous Recombination (HR) c) Alternative DSB Repair pathways 3. Transcription-Coupled Double-Strand Break repair (TC-DSBR) A. TC-DSBR mechanism a) Repression of damaged gene transcription b) Regulation of RNA:DNA hybrids at TC-DSBs c) Chromatin-driven HR d) TC-DSB mobility B. Implication of TC-DSBR in pathology activator complex: CLOCK:BMAL1 b) The repressor complex: Large PER complex D. Transcriptional architecture of the core circadian clock a) Genomic targets b) Distinct roles for PERs and CRYs c) Temporal regulation of transcription
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Figure 1 :

 1 Figure 1: Exogenous origins of DNA double-strand breaks. Schematic representation of a DNA double-strand break (DSB) (upper panel) and examples of DSBs produced by exogenous sources (lower panel) such as ionizing radiation, chemotherapy drugs and molecular biology tools. Adapted from National Institutes of Health and Vítor et al. 2020 3

Figure 2 :

 2 Figure 2: Endogenous origins of DNA double-strand breaks. DSBs produced by endogenous mechanisms can be distinguished as programmed (upper panel) or spontaneous DSBs (lower panel). Programmed DSBs include DSBs produced by DNA topoisomerase II, meiosis and lymphocyte maturation (e.g. V(D)J and Class Switch recombinations at IgH locus in B cells), whereas spontaneous DSBs may be produced by DNA replication, transcription or genome architecture. Adapted from Uusküla-Reimand et al. 2022 18 , Keeney et al. 2014 23 , Chaudhuri et al. 2004 757 and Bouwman et al. 2018 34 .

Figure 3 :

 3 Figure 3: DNA double-strand break signaling. DSBs are recognized by sensors, which transmit the DNA damage signal to mediators and to effectors. The DNA damage signal is amplified by sensors and mediators, through a phosphorylation cascade, thereby generating DSB repair foci and initiating DNA repair, whereas cell cycle arrest or apoptosis are triggered by effectors via cell cycle checkpoint activation or p53dependent apoptosis, respectively. Adapted from Clouaire and Legube 2019 758 .

Figure 4 :

 4 Figure 4: The two major DNA double-strand break repair pathways.

Figure 5 :

 5 Figure 5: Double-strand break repair pathway choice. The classic NHEJ pathway (top left scheme) requires no or very limited DNA end resection whereas the error-prone alternative End Joining pathway (a-EJ or MMEJ; top middle scheme) requires a short-range resection to repair the break involving PARP1 and microhomology between DNA ends (4-6 bp). On the other hand, following long-range resection, two homologous sequences on both 3´ single-stranded DNA ends can be annealed for DSB repair by the RAD52-dependent error-prone Single Strand Annealing (SSA) pathway (top right scheme). In the same step, RAD51 can be loaded onto the resected ends to induce repair by Homologous Recombination (middle bottom scheme) or result in the error-prone Break-Induced Replication (BIR) if HR termination fails (bottom right scheme). During meiosis (bottom left scheme), the second DNA end is captured, generating a double Holliday junction which can lead to a crossover. Adapted from Chang et al. 2017 150 and Scully et al. 2019 91 .

Figure 6 :

 6 Figure 6: Transcriptional repression of the damaged gene.On the one hand, transcription of the broken gene is repressed by RNA polymerase II (RNAPII) cycle modifications, including inhibition of the initiation and promotion of proximal pause, termination and degradation. On the other hand, transcriptional repression is also promoted by nucleosome and chromatin changes, including deposition of repressive histone marks and eviction of transcriptionally active histone marks. Adapted fromLesage et al. 2021 186 . 

Figure 7 :

 7 Figure 7: Role of RNA:DNA hybrids at TC-DSBs. a, RNA:DNA hybrids can be generated by RNA polymerase II transcription at DNA break (left) or by transcription before the occurrence of a DSB in the active gene (right). These hybrids can regulate DNA end resection and nucleofilament assembly, be involved in alternative repair pathways, or be processed to contribute to the DNA damage response. b, On the first hand, non-canonical resection is induced by the excision of RNA:DNA hybrid by XPG/XPF (left), promoting HR-mediated repair. On the other hand, hybrid removal by helicases promotes the nucleofilament assembly and hence HR (right). A failure to eliminate hybrids, resulting in persistent hybrids, can lead to error-prone repair, including the BIR pathway (center). Adapted from Lesage et al. 2021 186 and Marnef and Legube 2021 220 .

Figure 8 :

 8 Figure 8: Chromatin-driven Homologous Recombination (HR) at TC-DSBs. Resection is promoted by transcriptionally active histone marks, recruiting resection factors at TC-DSBs, and leading to HR repair in S and G2 phases of the cell cycle. Non-Homologous End Joining (NHEJ) is inhibited by the low level of repressive histone marks that impede 53BP1 recruitment. During the G1 cell cycle phase, Homologous Recombination is not available, delaying the TC-DSB repair until S/G2 phase. Adapted from Lesage et al. 2021 186 .

Figure 9 :

 9 Figure 9: TC-DSB clustering. The clustering of TC-DSB repair foci is dependent on the MRN complex, ATM, nuclear actin and liquid-liquid phase separation mediated by 53BP1. The clustering is also regulated by the LINC complex via an unclear mechanism. This process delays DSB repair in G1, until the Homologous Recombination is available, and enhances DNA damage response (DDR) by increasing repair factors concentration, as well as by upregulating the expression of DDR genes localized in the D sub-compartment. Adapted from Lesage et al. 2021 186 , Arnould et al. 2021 (BioRxiv) 312 .

  To enhance DNA Damage Response (DDR): DSB clustering orchestrates the DDR via cell cycle checkpoint activation and DDR gene expression. Clustering mediated by 53BP1 phase separation integrates localized DNA damage recognition and repair factor assembly with global p53-dependent gene activation and cell fate decisions 309 . Thus, such clustering potentiates repair by concentrating repair factors and activating cell cycle arrest by p53 activation. Moreover, Gaëlle Legube's lab has recently proposed that TC-DSBs form a new chromatin sub-

Figure 10 :

 10 Figure 10: DSB Repair-related genetic disorders. a, Major clinical features of the Ataxia telangiectasia (AT) disease, resulting from ATM gene mutation. b, Proportion of hereditary tumors in each cancer type (%) (center) and prevalence of the Homologous Recombination (HR) deficiency in hereditary tumors (pie charts), based on germline pathogenic variants observed in BRCA1/2 genes or in other HR-related genes (blue and violet). Adapted from Tiet et al. 2020 759 and Yamamoto et al. 2021 326 .

Figure 11 :

 11 Figure 11: The circadian rhythm at the whole-body level. The circadian rhythm is synchronized and/or entrained by external and internal inputs, including light/darkness alternation, feeding/fasting and exercise (left). All of these cues are integrated in the hypothalamic suprachiasmatic nucleus (SCN) central clock, which regulates peripheral clocks by modulating hormone production/release, body temperature as well as sympathetic and parasympathetic nervous system (SNS and PNS). In turn, the peripheral clocks (right) can also regulate other body clocks, including the central clock, through the same cues. Physiological and behavioral outputs are regulated by these clocks, and thus, exhibit a circadian rhythm. Adapted from Patke et al. 2020 760 and Masri et al. 2018 761 .

Figure 12 :

 12 Figure 12: Molecular mechanisms of the circadian clock.

Figure 13 :

 13 Figure 13: Circadian expression of main clock genes in mammals. Phase distribution of the main clock gene transcripts in mouse (upper panel), baboon (central panel) and human (bottom panel). The colored fractions correspond to the maximal expression phases of the different clock genes in RNA-seq. In the polar plots, phases have been converted to 24-hour time, and time runs clockwise. Human BMAL1 (ARNTL gene) circadian expression is shown as an example (bottom left). Adapted from Mure et al. 2018 338 and Talamanca et al. 2023 339 .

Figure 14 :

 14 Figure 14: Structure of core mammalian circadian clock proteins. Conserved domains are shown for the core loop proteins: top, the positive regulators, BMAL1 and CLOCK, and bottom, the negative regulators PERIOD (PER) and CRYPTOCHROME (CRY). The CLOCK, BMAL1 and PERs proteins are characterized by two protein-protein interaction domains, PAS-A and PAS-B. PERs proteins also exhibit SYQ/LT motifs, a multisite phosphorylation cassette (P) and a CRY-binding domain (CBD), whereas, CRYs proteins are characterized by a Photolyase homology region (PHR) and a CC helix (for E3 ubiquitin ligase interaction). Ordered and disordered regions in PER2 are indicated below and above the red dashed line, respectively, and regions exhibiting a high degree of conservation (Cons) between PER1 and PER2 are represented as black bars. Adapted from Gustafson and Partch 2015 366 .

Figure 15 :

 15 Figure 15: Transcriptional landscape of the core circadian clock. Circadian phase distributions of core circadian proteins and their associated chromatin factors are represented as percentages of cycling peaks. The five distinct phases of the circadian cycle are indicated above, as well as the distinct roles of BMAL1, CLOCK, PERs and CRYs. The transcription phase is represented by nascent transcription measured by the pre-mRNA/intron RNA signal. The mean circular phase of peak binding is indicated under the name. Adapted from Takahashi 2017 350 and created with BioRender.com.

Figure 16 :

 16 Figure 16: Circadian organization of the genome. a, Intra-TAD interactions and associated transcription of core and output (CCGs) circadian genes are regulated by REV-ERBα and the cohesin complex during the circadian cycle, activation (left) and repression (right) phases are indicated. b, Inter-TAD interactions, represented by the DBP E-box regulated gene (left), and A/B compartments oscillate during the circadian rhythm only for circadian TADs. Adapted from Furlan-Magaril et al. 2021 456 and created with BioRender.com.

Figure 17 :

 17 Figure 17: Circadian rhythmicity of the nucleotide excision repair. UV-induced DNA damage is rhythmically repaired by nucleotide excision repair (NER) mechanisms. The global genome NER (GG-NER) pathway reaches its peak around 5 p.m. in mice due to circadian expression of the NER factor XPA (bottom panel), whereas the transcription-coupled NER (TC-NER) pathway depends on the transcription level of the transcribed strand (TS). Adapted from Sancar and Van Gelder 2021 532 and Kang et al. 2010 465 .

Figure 18 :

 18 Figure 18: Circadian rhythm and DSB repair. a, DSB repair genes expression (at the mRNA level) exhibits a circadian pattern with maximal expression during the light phase in mice, baboons and humans. b, Role of core circadian components in DSB repair/response. The Homologous Recombination (HR) inhibition mediated by CRY1 (left) follows CRY1 circadian expression. Following DSB induction, PER1, PER2 and CRY1 are stabilized (bottom right) and circadian phase advance is mediated by CRY1. Created with BioRender.com.

Figure 19 :

 19 Figure 19: Circadian rhythm and cancer. a, Transcription of clock genes is often dysregulated in cancer (upregulation is shown in red and downregulation in blue). While core transcriptional repressor PERs and CRYs are frequently downregulated (top right), the core transcriptional activators BMAL1 (ARNTL gene) and NPAS2 are more often upregulated in cancer (center). b, Compared to non-cancerous cells, cancer cells can exhibit the same circadian pattern (left), an out-of-phase circadian rhythm (center) or be arrhythmic, which is the most common feature (right). Expression of cycling genes, including clock and clock-controlled genes (CCGs), are represented. c, Tumorigenesis is promoted by circadian rhythm disruption caused by shift work in humans, and by simulated shift work in mice. Adapted from Ye et al. 2018 543 and created with BioRender.com.

Figure 20 :

 20 Figure 20: Chronotherapy for DSB induction in cancer treatment.The inhibition of cancer cell growth mediated by chemotherapy-or radiotherapy/IR-induced DSBs is enhanced by the inhibitor of CRYs, KS15, by an unclear mechanism, and by melatonin, probably by decreasing DSB repair protein level. The circadian rhythm reinforcement by melatonin or dexamethasone treatment could explain why they impede cancer cell growth. In the case of prostate cancer, radiotherapy is more effective in the afternoon than in the morning. Created with BioRender.com.

Figure 21 :

 21 Figure 21: Nuclear envelope architecture.The nuclear envelope is composed by an inner (INM) and outer (ONM) nuclear membrane separated by perinuclear space (PNS) which is contiguous to the endoplasmic reticulum (ER) interior. This envelope is mainly composed of nuclear pore complexes (yellow and bottom rigt), nuclear lamina (pink) and additional INM transmembrane proteins facing the nucleoplasm, as well as LINC complexes interacting with cytoskeleton components (top right). Adapted from Ungricht and Kutay 2017.

Figure 22 :

 22 Figure 22: Nuclear pore complex. The nuclear pore complex (NPC) is composed of approximately 30 different nucleoporins (Nups) which are specifically assigned to different part of the complex, including the central pore and channel, the cytoplasmic ring and filaments, and the nuclear ring and basket (upper panel). While the central structural Nups of the NPC are very stable, the external Nups shuttle dynamically on and off the NPC. Role of the NPC and Nups in genome organization, chromatin and gene expression regulation (lower panel). Adapted from Buchwalter et al. 2019 762 .

Figure 23 :

 23 Figure 23: Nuclear lamina. a, A-and B-type Lamins form distinct filament networks in the nuclear lamina facing the nuclear interior. While NPCs are associated with euchromatin, the nuclear lamina is associated with a densely stained heterochromatin in electron micrograph, called lamina-associated domains (LADs). b, Classic LADs are localized at the nuclear periphery, as heterochromatin associated with other INM proteins such as LBR, MAN1 and others. The nucleoplasmic pool of both Lamin types can bind euchromatin regions, including active genes, in the nuclear interior, giving rise to euchromatic LADs. Adapted from van Steensel and Belmont 2017 763 , Briand and Collas 2020 655 and created with BioRender.com.

Figure 24 :

 24 Figure 24: LINC complex.LINC complexes are formed by SUN1 and/or SUN2 proteins which cross the INM and Nesprins which cross the ONM. While SUNs are associated with nuclear lamina, Nesprins interact with different cytoskeletal components, including actin, intermediate filaments and microtubules, providing a link between nucleoskeleton and cytoskeleton networks (upper panel). During meiosis, LINC complexes are attached to telomeres to align chromosomes assisting meiotic recombination (bottom left). This complex is also involved in the transmission of mechanical forces directly through the cytoplasm to the nucleus, leading to the expression of mechanical stress response genes (bottom right). Adapted from Link et al. 2015 764 and created with BioRender.com.

Figure 25 :

 25 Figure 25: Role of Lamins in DSB repair.Both types of Lamins are involved in HR and NHEJ by stabilizing RAD51 and 53BP1, upregulating RAD51 expression or providing an available pool of 53BP1. In addition, SIRT6 recruitment at the DSB site and repair foci stability are enhanced by Lamin A, and moreover, an appropriate level of several DSB repair factors is ensured by Lamin B1, which promotes DSB repair. Created with BioRender.com.

Figure 26 :

 26 Figure 26: Roles of NPC and LINC complexes in DSB repair.

Figure 27 :

 27 Figure 27: Role of the nuclear envelope in circadian rhythm.

Figure 28 :

 28 Figure 28: DIvA cell model.The DIvA (DSB-Inducible via AsiSI) system consists in the expression of the restriction enzyme AsiSI fused to an estrogen ligand binding domain stably inserted into U2OS cell line (human osteosarcoma). AsiSI is constitutively expressed in the cytoplasm and relocates to the nucleus upon 4-hydroxytamoxifène (OHT) treatment inducing around 100 DSBs, mainly in transcriptionally active chromatin (TC-DSBs), at known and annotated sites in the human genome. Adapted fromClouaire et al. 2018. 

  ). Here, using a screening approach scoring multiple outputs in human cells, we identified the PER complex, a key module ensuring circadian oscillations, as a novel TC-DSBR player. Circadian rhythm has been involved in repair of UV-induced DNA damage but very little is known about its contribution to DSB repair pathways. We show that the PER complex is recruited at DSBs occurring in transcribed loci and we further found that the core protein PER2 contributes to targeting TC-DSBs at the nuclear envelope (NE) and to foster RAD51-mediated repair. PER2 deficiency triggers decreased DSB anchoring to the NE, resulting in an increase of DSB clustering and translocation frequency. In agreement, we found that the circadian clock also regulates DSB anchoring to the NE and RAD51 assembly. In conclusion, our study provides a direct link between the circadian rhythm and the response to DSBs occurring in active genes, opening new therapeutic strategies for chemotherapies based on topoisomerase poisons that mostly induce DSBs in active loci.

Figure 1 :

 1 Figure 1: A multi-output screen for the identification of new TC-DSBR factors.

Figure 2 .

 2 Figure 2. PER proteins regulate γH2AX foci formation, translocation, and cell survival upon DSB induction a. γH2AX staining performed in control (CTRL), PER1 or PER2-siRNA transfected DIvA cells, before (-DSB) and after (+DSB) DSB induction. Quantification is shown on the bottom panel (>7000 nuclei, from a representative experiment). Center line: median; box limits: 1st and 3rd quartiles; whiskers: maximum and minimum without outliers. P, unpaired t-test. b. γH2AX ChIP performed in DIvA cells transfected with siRNA control (CTRL) or PER2 before and after DSB induction and analyzed by qPCR at two DSBs (DSB1-2). Data are normalized to a control location devoid of a DSB. Mean and SEM are shown for n =4 biological replicates. P, paired t-test (two-sided).

Figure 3 .

 3 Figure 3. PER2 is recruited at DSBs and promotes Homologous Recombination repair a. PER2, DDX5, DDX17 and BMAL1 ChIP efficiency (expressed as % of input immunoprecipitated) before (-DSB) and after (+DSB) DSB induction, at a control genomic locus devoid of DSB, a promoter (BTG2 or PER1 as indicated), and DSB1 or DSB-4. Mean and SEM are shown for n ≥10 replicates. P, paired t-test (two-sided). b. Genomic tracks showing RNA Polymerase II before DSB induction (RNAPII, green), BLESS after DSB induction (black), as well as BMAL1 (blue) and PER2 (purple) (log2(+DSB/-DSB)) at a TC-DSB (upper panel; chr21:460221789) and a DSB induced in a silent locus (lower panel; chr12:130091880). DSBs are indicated by arrows. c. Average PER2 (left) and BMAL1 (right) ChIP-seq profiles on a ±5 kb window centered on the eighty best-induced AsiSI-DSBs (top) or eighty random sites (bottom, no DSB). Data are presented in log2(+DSB/-DSB). d. Box plots representing Log2 (+DSB/-DSB) PER2 ChIP-seq count on a ±2kb at HR-DSB, NHEJ-DSB or random sites (30 in each category). Center line: median; box limits: 1st and 3rd quartiles; whiskers: maximum and minimum without outliers. P-values, Wilcoxon test. e. Resection assay. (Left) Schematic representation. (Right) quantification of single-strand DNA in control, PER1, PER2 or CtIP siRNA-depleted DIvA cells at two distances (200bp and 1626bp as indicated) from the DSB-1 and at 1122bp from DSB-7. Mean and SEM are shown for n ≥ 3 biologically independent experiments. *: P<0.05, **: P<0.01, ***: P<0.001, ns: not significant. Paired t-test (two-sided) f. RAD51 ChIP-qPCR in DIvA cells transfected with control or PER2 siRNA before and after DSB induction, at four TC-DSBs (DSB1-4) and one DSB in a silent locus (DSB5). Data are normalized to a control location devoid of a DSB, and further expressed relative to data obtained at DSB4. Mean and SEM are shown for n=3 biological replicates. P, paired t-test (two-sided).g. RT-qPCR performed before (-DSB) and after (+DSB) DSB induction in control (CTRL), PER1 or PER2 siRNA-depleted DIvA cells for six genes carrying TC-DSB (relative to untreated sample (-DSB)). Mean and SEM are shown for n=6 biological replicates. P, paired ttest (two-sided).

Figure 4 :

 4 Figure 4: TC-DSBs are targeted to the nuclear envelope through the Sun-domain protein SUN1 a. Super-resolution Live imaging performed using Random Illumination microscopy (RIM) in DIvA cells expressing 53BP1-GFP and mCherry-LaminB1, starting >1h after DSB induction. Arrows show the establishment of a contact between a focus and nuclear lamina. Images were acquired every 40s. Scale bar 1µM. b. Proximity Ligation Assay (PLA) performed using either 53BP1 antibody (top panels), Lamin B1 antibody (middle panels) or both 53BP1 and LaminB1 antibodies (bottom panels) before (-DSB) and after DSB (+DSB) induction in DIvA cells. PLA quantification is shown on the right panel. An average of 190 cells were analyzed per condition. Center line: median; box limits: 1st and 3rd quartiles; whiskers: maximum and minimum without outliers. P, non-parametric Wilcoxon test. c. LaminB1 ChIP-qPCR before (-DSB) and after (+DSB) DSB induction, at TC-DSBs (HR-DSBs, DSB1-4) and one DSB induced in a silent locus and repaired by NHEJ (DSB5). Data are normalized to a control location devoid of a DSB. Mean and SEM are shown for n≥3 biological replicates. P, paired t-test (two-sided). d. Genomic tracks of SUN1(purple) and SUN2 (dark blue) ChIP-seq (log2(+DSB/-DSB)) at a TC-DSB (upper panel; chr17:57184296) and a DSB induced in a silent locus (lower panel; chr12:130091880). e. Average profiles of SUN1 (left) and SUN2 (right) on a ±5 kb window centered on the eighty best-induced AsiSI-DSBs (top) or eighty random sites (bottom, no DSB). Data are presented as log2(+DSB/-DSB). f. H2AX staining combined with SUN2 (top panel) or SUN1 (bottom panel) performed in DIvA cells after DSB induction and acquired using 3D RIM Super-resolution microscope. The areas represented in yellow (ICQ > 0.45) correspond to a high non-random colocalization (see methods). g. Left panels: Magnifications of SUN2 (top panels) and SUN1 (bottom panels) staining in nuclear envelope (dotted line) together with H2AX foci. Arrows indicate sites of colocalization. Scale bar 1.5µM. Right panels: Cross Correlation Function (CCF) plots between H2AX foci and NE-embedded SUN2 (top panel, N=70 H2AX foci) or SUN1 (bottom panel, N=46 H2AX foci). CCF of bicolor 3D RIM images was determined by plotting the value of Pearson's correlation coefficient P[0.1] against ∆x for each voxel of the image (see methods). The arrows show a non-random exclusion between H2AX and SUN2 (dip at Δx=0) or a nonrandom overlap between the signals of SUN1and H2AX (peak at Δx=0).h. Clonogenic assays in AID-DIvA cells transfected with control (CTRL), SUN1 or SUN2-siRNA. Mean and SEM after OHT treatment (+DSB) and after IAA treatment (+DSB+Repair) are shown (n=5 biological replicates). P, paired t-test (two-sided). *: P<0.05, ns: not significant.

Figure 5 .

 5 Figure 5. PER proteins promote DSB nuclear envelope targeting and counteract DSB clustering a. LaminB1 ChIPqPCR before (-DSB) and after (+DSB) DSB induction in control and PER2 siRNA-depleted DIvA cells, at TC-DSBs (DSB1-4, HR-DSBs) and a DSB in a silent locus (DSB5, NHEJ-DSBs). Data are normalized to a control location devoid of DSB. Mean and SEM are shown for n=4 biological replicates. P, paired t-test (two-sided). b. Number of PLA foci (53BP1-LaminB1) in CTRL, PER1 or PER2-siRNA transfected DIvA cells as indicated, before (-DSB) and after (+DSB) DSB induction. Data were normalized to the untreated samples. Mean and SEM (n=3 biological replicates) are shown. P, paired t-test (two-sided). c. Number of PLA foci (H2AX-LaminB1) following DSB induction in DIvA cells transfected with CTRL or PER2 siRNA, in G1, S, and G2 cells determined by EdU and DAPI incorporation. >7000 nuclei were acquired in each condition for each biological replicates. Data were normalized to untreated cells (-DSB). Mean and SEM (n=3 biological replicates) are shown. P-values, non-parametric Wilcoxon test. d. Clonogenic assay in control, PER1, PER2, PER1+SUN1 and PER2+SUN1 siRNA transfected AID-DIvA cells after DSB induction (+DSB, left panel), and after DSB induction and IAA treatment allowing DSB repair (+DSB+repair, right panel). Mean and SEM are shown for n=4 biologically independent experiments. P, paired t-test (two-sided). e. Differential Hi-C contact matrix [(+DSB)-(-DSB)] on a region located on chromosome 2 at 25kb resolution in DIvA cells transfected with a control siRNA or a siRNA directed against PER2 as indicated. γH2AX ChIP-seq track (+DSB) are also shown (red).f. Interchromosomal DSBs interaction shown as aggregate peak analysis (APA) plotted on a 200kb window (10kb resolution) before (-DSB) and after DSB (+DSB) induction in control and PER2 siRNA-transfected DIvA cells for the eighty best-induced AsiSI-DSBs (left) or eighty random sites (right, no DSB). FC: Fold change calculated between the central pixel and a square of 3x3 pixels on the bottom left corner of the matrix. APAs show an increased signal at the center (DSB-DSB interaction) after DSBs induction only for DSB sites (FC= 3.49, compared to 0.89 for random sites)). The signal increases after PER2 depletion(FC= 3.85).g. Box plot showing the differential Hi-C read counts (as (log2 +DSB/-DSB)) between the 80 best induced DSBs (+/-500kb) (left) or 80 random sites (right) in control (CTRL, grey) and PER2 (purple) siRNA-transfected DIvA cells. Center line: median; box limits: 1st and 3rd quartiles; whiskers: maximum and minimum without outliers. P, non-parametric Wilcoxon test.

Figure 6 .

 6 Figure 6. The Circadian rhythm regulates TC-DSB targeting to nuclear envelope and RAD51 loading a. γH2AX foci intensity, measured by high content microscopy, in DIvA cells after DSB induction (+DSB 2h), in G1, S and G2 phases at different time points after dexamethasone (Dex) treatment (synchronization of the circadian rhythm). Bars at the different time points are colored according to the PER2 expression level (from highest in blue, to lowest in white). Data were normalized to the average. Mean and SEM (n = 3 biological replicates, with >3000 nuclei acquired per experiment) are shown.

Extended

  

b.

  Western blots after control (CTRL) or PPHLN1 siRNA knockdown in AID-DIvA cells (n=2). c. γH2AX foci intensity performed in control (CTRL) and PPHLN1 siRNA transfected DIvA cells as indicated, before (-DSB) and after (+DSB) DSB induction. A representative experiment (>7000 nuclei) is shown. Center line: median; box limits: 1st and 3rd quartiles; whiskers: maximum and minimum without outliers. P-values are indicated, unpaired t-test. d. Clonogenic assays in AID-DIvA cells transfected with control (CTRL) and PPHLN1 siRNA, before (-DSB) and after (+DSB) DSB induction and after IAA treatment (+DSB+repair) as indicated. Top panel shows a representative experiment and bottom panel shows the mean and SEM of cell survival (n=3 biological replicates). P-values, paired t-test (two-sided). e. t(MIS12;TRIM37) (left panel) and t(LINC00271:LYRM2) (right panel) rejoining frequencies after OHT and IAA treatment analyzed by quantitative PCR in AID-DIvA cells transfected with control (CTRL) and PPHLN1 siRNA. Mean and SEM (n≥3 biological replicates) are shown. P-values, paired t-test (two-sided). Extended Data Figure 2: PER complex protein knockdown decreases cell survival upon DSB induction. a. Left panel: cDNA levels analyzed by RT-qPCR in AID-DIvA cells transfected with a control siRNA (CTRL) and PER1 or PER2 siRNAs. Mean and SEM are shown for n=8 biological replicates. P-values, paired t-test (two-sided). Right panel: Western Blot after control (CTRL) or PER2 siRNA knockdown in DIvA cells (n=2). b. Cell cycle analysis of DIvA cells after transfection with a control siRNA (CTRL) and PER1 or PER2 siRNAs. Mean and SEM are shown for n=9 biological replicates. c. Clonogenic assays in AID-DIvA cells transfected with control (CTRL), PER1 or PER2 siRNA, before (-DSB) and after (+DSB) DSB induction and after IAA treatment (+DSB+repair) as indicated. A representative experiment is shown. d. Western Blots after control (CTRL) or BMAL1, DDX17, NONO and DDX5 siRNA knockdown in AID-DIvA cells (n=2). Extended Data Figure 3: PER2 binds to induced DSBs, unlike BMAL1. a. Genomic tracks showing ChIP-seq against BMAL1 (blue) and PER2 (pink) at NR1D1 (left panel) and PER1 (right panel) promoters before (-DSB) and after (+DSB) DSB induction. b. Average profile of BMAL1 ChIP-seq signal in absence of DSB induction, centered on BMAL1 peaks on a ±10kb window. c. Average profile of PER2 ChIP-seq signal across all protein coding genes on the genome (hg19) in absence of DSB induction. TSS: transcription start site; TES: transcription end site. d. BMAL1 ChIP-seq peak data in absence of DSB induction, analyzed for enrichment of Gene Ontology terms. Exact P-value (Fisher test) was adjusted (Benjamini-Hochberg correction).

e.

  Box plots representing BMAL1 (top panel) and PER2 (bottom panel) enrichment (log2(+DSB/-DSB)) from ChIP-seq signal in a 1kb window centered on the eighty bestinduced AsiSI-DSBs or eighty random sites (no DSBs). Center line: median; box limits: 1st and 3rd quartiles; whiskers: maximum and minimum without outliers. P-values, paired Wilcoxon test.Extended DataFigure 4: TC-DSBs interacts with LaminB1 and SUN1, but not SUN2. a. Super-resolution imaging, performed using Random Illumination microscopy (RIM), showing H2AX foci (white) and LaminB1 (purple) after DSB induction in DIvA cells. Arrows show close contact between DSBs and nuclear laminB1. Scale bar 5µm. b. Upper panels: PLA was performed using either LaminB1 antibody alone (left) or both LaminB1 and H2AX antibodies (right) before (-DSB) and after DSB (+DSB) induction in DIvA cells. Bottom panel: Box plots showing PLA quantification (center line: median; box limits: 1st and 3rd quartiles; whiskers: maximum and minimum without outliers). An average of 230 cells were analyzed per condition. P-values, non-parametric Wilcoxon test. c. LaminB1, SUN1 and SUN2 ChIP efficiency (% of input immunoprecipitated) before DSB induction in DIvA cells, at two LADs (Lamina-Associated Domains). ChIP without antibody (mock) are shown. Mean and SEM are shown for n≥3 biological replicates. d. SUN1 (upper panel) and SUN2 (bottom panel) ChIP efficiency before (-DSB) and after (+DSB) DSB induction, at four TC-DSBs (HR-DSBs; DSB1-4) and two NHEJ-DSBs (DSB5-6). Data are normalized to a control location devoid of DSB and further expressed related to data obtained in undamaged condition. Mean and SEM are shown for n≥3 biological replicates. P-values, paired t-test (two-sided). e. Genomic tracks showing normalized read count of ChIP-seq against SUN1 (purple) and SUN2 (blue) before (-DSB) DSB induction at CRIM1 (upper panel) and SYT2 (bottom panel) loci. f. Peak calling on SUN1 (left panel) and SUN2 (right panel) ChIP-seq data before DSB induction. The percentages on the pie charts show the genomic locations of SUN1 and SUN2 peaks. g. Average profiles of SUN1 (top panel) and SUN2 (bottom panel) ChIP-seq signal before DSB induction on a ±2kb window across all protein coding genes on the genome (hg19). TSS: transcription start site; TES: transcription end site. h. Heatmap representing the SUN1 ChIP-seq signal (normalized read count) on a 10kb window around SUN2 peaks, ordered based on the SUN2 ChIP-seq signal level, in DIvA cells before DSB induction. i. Box plots representing SUN1 (top panel) and SUN2 (bottom panel) ChIP-seq enrichment (log2(+DSB/-DSB)) in a 1kb window centered on the eighty best-induced AsiSI-DSBs or eighty random sites (no DSBs). Center line: median; box limits: 1st and 3rd quartiles; whiskers: maximum and minimum without outliers. P-values, paired Wilcoxon test. j. H2AX (white) and SUN1 (purple) staining performed in DIvA cells after DSB induction and acquired using RIM Super-resolution microscope. k. H2AX (white) and SUN2 (purple) staining performed in DIvA cells after DSB induction and acquired using RIM Super-resolution microscope. l. Western Blots after control (CTRL) or SUN1 (top panel) and SUN2 (bottom panel) siRNA knockdown in DIvA cells (n=2). Extended Data Figure 5: PER2 regulates close contact between TC-DSBs and nuclear envelope and decreases A/B compartmentalization. a. PLA was performed between LaminB1 and 53BP1 in Control (CTRL) or PER2 siRNA transfected DIvA cells as indicated, before (-DSB) and after (+DSB) DSB induction. A representative experiment is shown. b. PLA was performed between LaminB1 and H2AX (red foci) in Control (CTRL) or PER2 siRNA transfected DIvA cells as indicated, before (-DSB) and after (+DSB) DSB induction. The EdU incorporation (green nuclei) as well as DAPI staining (not shown) allows to determine G1, S, and G2 cells. A representative experiment is shown. c. HiC contact matrix obtained on chromosome 2 in undamaged DIvA cells transfected with a control siRNA (siCTRL) or a siRNA directed against PER2 as indicated. Top panel, 250kb resolution, bottom panel, 25kb resolution. d. Pearson correlation matrix (top panel) and Chromosomal Eigen vectors (CEV) showing A/B compartments (bottom panel), in undamaged DIvA cells transfected with a control siRNA (siCTRL) or a siRNA directed against PER2 as indicated. e. Differential saddle plot between siPER2 and siCTRL showing A-B interactions after DSB induction (100kb bin). f. Differential Hi-C contact matrix (+DSB)-(-DSB) on chromosome 17 (250kb resolution) in DIvA cells transfected with a control siRNA or a siRNA directed against PER2 as indicated. γH2AX ChIP-seq track (+DSB) are also shown (red). Examples of DSB clustering are shown (arrows). The magnification shows an individual DSB-DSB clustering event increasing after PER2 depletion. g. Intrachromosomal DSB interactions shown as aggregate peak analysis (APA) plotted on a 200kb window (10kb resolution) before (-DSB) and after DSB (+DSB) induction in control (ctrl) and PER2 siRNA-transfected DIvA cells, for the eighty best-induced AsiSI-DSBs (left) or eighty random sites (right, no DSB). FC: Fold change calculated between the central pixel and a square of 3x3 pixels in the bottom left corner of the matrix. APAs show an increased signal at the center (DSB-DSB interaction) after DSB induction only for DSB sites (FC=1.90, compared to 0.64 for random sites). The signal increases after PER2 depletion (FC=2.95). h. Genomic tracks of the H2AX ChIP-seq after DSB induction (red), and of Chromosomal Eigen vectors (CEV) obtained by the PC1 of PCA analyses performed on differential (+DSB/-DSB) Hi-C matrices. CEV obtained for the Hi-C performed in siCTRL (grey), siPER2 (blue) as well as upon DNA-PK inhibition (DNAPKi, black) are shown. D-compartment (D-Comp) are positive value, while negative values are non-D. Both siRNAs show D-compartment formation as already described in transfected DIvA cells (chromosomes 1 and 17 are shown). Extended Data Figure 6: Synchronization of circadian rhythm in human cells shows a rhythmic response to DSBs. a. Measure of PER2 and BMAL1 cDNA levels in circadian rhythm synchronized DIvA and U2OS cells after dexamethasone treatment. RT-qPCR results were normalized to GAPDH, TBP and 18S and to the average. n=3 biological replicates per cell line are shown. b. Western Blots of PER2, BMAL1 and CRY2 in circadian rhythm synchronized DIvA cells after dexamethasone treatment (n=2). c. γH2AX foci intensity, measured by high content microscopy, in U2OS cells after etoposideinduced TC-DSBs (top panel) or Bleomycin-induced DSBs (bottom panel), in G1, S and G2 phases at different time points after dexamethasone (Dex) treatment (synchronization of the circadian rhythm). The heatmap representing PER2 cDNA levels (PER2 exp level) all along circadian rhythm synchronization is shown on the right. Data are normalized to the average. Mean and SEM (n=3 biological replicates; >7000 nuclei acquired per condition) are shown. d. γH2AX staining in circadian rhythm synchronized DIvA cells following DSB induction (2h) at 28h and 40h after dexamethasone (Dex) treatment. A representative experiment is shown.

Figure 29 :

 29 Figure 29: PER1 or PER2 depletion triggers decreased cell survival through increased DSB clustering. a, Repair synthesis measured by EdU-pull down (expressed as % of input immunoprecipitated) in DivA cells before (-DSB) and after DSB (+DSB) induction (20 h DSB induction) in control, PER1, PER2 and SETX siRNA-depleted DivA cells, at a control genomic locus devoid of DSB (Ctrl) and two TC-DSBs (DSB2 and 4). Mean and SEM of a representative experiment of n=2 biological replicates is shown. P, unpaired t-test (two-sided). b, Measure of CDKN1A (p21) cDNA level after DSB induction in DivA cells transfected with a control siRNA (CTRL) and PER1 or PER2 siRNAs. RT-qPCR results were normalized to GAPDH and TBP and to the untreated sample (-DSB). Mean and SEM are shown for n=7 biological replicates. P-values, paired t-test (two-sided). c, Clonogenic assay in control (CTRL), SUN2, PER1, PER1+SUN2, PER2, and PER2+SUN2 siRNA transfected AID-DivA cells after DSB induction (+DSB), and after DSB induction and IAA treatment (+DSB+repair). Mean and SEM are shown for n=5 biologically independent experiments. P, paired t-test (two-sided).

Figure 31 :

 31 Figure 31: Repair mechanism analyses following circadian rhythm synchronization. a, Measure of ATM and RAD51 cDNA levels in circadian rhythm synchronized DIvA cells after dexamethasone treatment. RT-qPCR results were normalized to GAPDH, TBP and 18S and to the average. Mean and SEM are shown for n=3 biological replicates per cell line are shown. b, Cell cycle analysis of DIvA cells at different time points after dexamethasone (Dex) treatment (synchronization of the circadian rhythm). Mean and SEM are shown for n=3 biological replicates. c, Measure of PER1 and CRY1 cDNA levels in circadian rhythm synchronized DIvA and U2OS cells after dexamethasone treatment. RT-qPCR results were normalized to GAPDH, TBP and 18S and to the average. Mean and SEM are shown for n=3 biological replicates per cell line are shown. d, Clonogenic assays in AID-DIvA cells at 28h and 40h after dexamethasone treatment, before (-DSB) and after (+DSB) DSB induction and after IAA treatment (+DSB+repair) as indicated. A representative experiment is shown (left panel), mean and SEM are shown for n=3 biologically independent experiments (right panel). P, paired t-test (two-sided). e, Measure of XRCC4 and LIG4 (DNA ligase 4) cDNA levels in circadian rhythm synchronized DIvA cells after dexamethasone treatment. RT-qPCR results were normalized to GAPDH, TBP and 18S and to the average. Mean and SEM are shown for n=3 biological replicates per cell line are shown. f, Clonogenic assays in AID-DIvA cells at 28h and 40h after dexamethasone treatment, after (+DSB) DSB induction and after IAA treatment (+DSB+repair), both pretreated by olaparib (one-hour 10µM) as indicated. A representative experiment is shown (left panel), mean and SEM are shown for n=3 biologically independent experiments (right panel). P, paired t-test (two-sided).

Figure 32 :

 32 Figure 32: PER2 protein level is increased by TC-DSB induction. a, PER2 staining performed in DIvA cells, before (-DSB) and after (+DSB) DSB induction. Quantification of a representative experiment (>150 nuclei) of n=5 biological replicates is shown (bottom panel). P-values, nonparametric Wilcoxon test. b, Measure of PER1, PER2 and BMAL1 cDNA level before (-DSB) and after (+DSB) induction in DIvA cells. RT-qPCR results were normalized to GAPDH and TBP and to the untreated sample (-DSB). Mean and SEM are shown for n=3 biological replicates. P-values, paired t-test (two-sided).

Figure 33 :

 33 Figure 33: Model of TC-DSB repair regulation by the circadian PERIOD complex. During the PER phase (day), the PERIOD complex is recruited at DSBs occurring in transcribed loci (TC-DSBs). This triggers the targeting of the TC-DSBs to the nuclear envelope (NE) and their tethering to the SUN1 protein, further ensuring RAD51 loading and HR repair. During the BMAL1 phase (night), in absence of PER1/2, impaired TC-DSB anchoring to the NE leads to impaired RAD51 loading, and enhanced DSB clustering and D-compartment formation. From Le Bozec et al. in revision.

Figure 34 :

 34 Figure 34: Model of the two-arm control of HR repair during the 24-hour circadian cycle.Maximum PER1/2 expression is observed around noon in human, while CRY1 expression peaks at sunset. The absence of CRY1 combined with the presence of PER complex ensures that TC-DSBs are resected and further repositioned to the nuclear envelope (NE) to complete HR. At nightfall, resection drops at its minimum, and the absence of the PER complex further precludes TC-DSB tethering at the NE and RAD51 assembly, resulting in minimum HR during the night. Adapted from LeBozec et al. in revision and created with BioRender.com. 

Figure 36 :

 36 Figure 36: Integrated model of DSB repair and cross-talk with the circadian rhythm. The minimal efficiency of HR repair during the night could delay the TC-DSB repair until the expression of PER2 occurring the next morning. In contrast to the maximal repair of TC-DSBs by HR during the day, non-TC-DSBs would be repaired during the night by NHEJ and, on the contrary, if occurring during the day, their repair would be delayed. Circadian induction of TC-DSBs by global clock gene transcription on the genome, being maximum at the end of the activation phase, could precede TC-DSB repair and contribute to the increase of PER2 as well as to the regulation of the circadian clock. Created with BioRender.com.

Figure 37 :

 37 Figure 37: Model of TC-DSB anchoring to the nuclear envelope (NE).

Figure 38 :

 38 Figure 38: Forces involved in bringing TC-DSBs and NE together?

Figure 40 :

 40 Figure 40: TC-DSB targeting to other NE components in mammalian cells?

Figure 1 :

 1 Figure 1: Cohesin and ATM-dependent TAD reinforcement in response to DSBs (a) Differential Hi-C contact matrix (log2 (+DSB/-DSB)) in DIvA cells on chromosome 1 at 250 kb (left panel), 100 kb (middle panel) and 25 kb (right panel) resolutions. γH2AX ChIPseq (+DSB) is shown on the top panel. The red square highlights a damaged TAD, within which cis interactions are enhanced, while the blue square highlights decreased interaction between the damaged TAD and its adjacent TAD. One representative experiment is shown. (b) Differential Hi-C read counts (log2 (+DSB/-DSB)) within H2AX domains containing the 80 best induced DSBs (red) or between these 80 damaged domains and their adjacent chromatin domains (blue). Boxplot: Center line: median; Box limits: 1st and 3rd quartiles; Whiskers: Maximum and minimum without outliers; Points: outliers. P= non-parametric Wilcoxon test tested against =0. (c) Differential Hi-C contact matrix (log2 (+DSB/-DSB)) on a region located on chromosome 17 at 50 kb resolution. The contacts engaged by the DSB itself are indicated with a black arrow. γH2AX ChIP-seq track (+DSB) is shown on the top panel. One representative experiment is shown. (d) Differential Hi-C contact matrix (log2 (+DSB/-DSB)) without inhibitor (left panel), with DNA-PK inhibitor (DNA-PKi, middle panel) or with ATM inhibitor (ATMi, right panel). A damaged region of chromosome 1 is shown at a 25 kb resolution. γH2AX ChIP-seq track (+DSB) is shown on the side. (e) Averaged Hi-C contact matrix of the log2 (+DSB/-DSB) in untreated cells (left panel), upon DNA-PK inhibition (middle panel) or upon ATM inhibition (right panel), centered on the 80 best-induced DSBs (50 kb resolution on a 5 Mb window).(f) Differential Hi-C contact matrix (log2 (+DSB/-DSB)) on a region located on chromosome 1 at a 50 kb resolution in DIvA cells transfected with a control siRNA or a siRNA directed against SCC1.

Figure 2 :

 2 Figure 2: Cell cycle regulated, ATM-dependent but cohesin-and DNA-PK-independent clustering of damaged-TADs. (a) Differential Hi-C contact matrix (log2 (+DSB/-DSB)) and γH2AX ChIP-seq track (red) on a region of chromosome 1. One representative experiment is shown. (b) Aggregate peak Analysis of trans-chromosomal contacts between n=1206 endogenous DSB hotspots (top panel) or n=1206 random locations (bottom panel). (c) Hi-C contact matrix (log2 (+DSB/-DSB)) on chromosome 17. γH2AX and 53BP1 ChIP-seq (+DSB) tracks are shown. Black arrows indicate clustering of one DSB with other DSBs on the same chromosome. One representative experiment is shown.

Figure 3 .

 3 Figure 3. Formation of a DSB-specific compartment (D compartment) (a) Genomic tracks of γH2AX ChIP-seq (+DSB) and first Chromosomal eigenvector (PC1 CEV) computed on differential (+DSB/-DSB) Hi-C matrix on chromosome 1. Three biological replicates are shown as well as the CEV obtained upon DSB induction with DNA-PK inhibition (DNA-PKi, bottom track). (b) Genomic tracks of γH2AX (red), H3K79me2 (black) and H3K4me3 (yellow) ChIP-seq, and the PC1 CEV from differential Hi-C (blue). Brown rectangles highlight genomic regions present in the D compartment carrying a DSB and enriched in H2AX while blue rectangle shows a genomic region devoid in H2AX and DSB, but nevertheless found in the D compartment. One representative experiment is shown.(c) As in (a) but with a zoom on an undamaged region of chromosome 1 that displays a positive D compartment signal. The differential RNA-seq (log2 (+DSB/-DSB)) is also shown (green).(d) D compartment signal averaged from N=3 Hi-C replicates, on genes from chr1, 17, X that are not upregulated (grey) or upregulated following DSB induction (red). Boxplot: Center line:

Figure 5 .

 5 Figure 5. DSB-induced loop extrusion and D compartment formation drive translocations.

FRAPB

  and FRAPNB were multiplied by the size of their respective ROIs (NB and NNB, respectively) to obtain curves that are proportional to the number of particles in each half curves were normalized with respect to the number of bleached molecules :

D

  compartment. To identify the D compartment, we retrieved the first component (PC1) of a PCA made on the differential observed Hi-C matrix 𝑙𝑜𝑔2 ( 𝑑𝑎𝑚𝑎𝑔𝑒𝑑 𝑢𝑛𝑑𝑎𝑚𝑎𝑔𝑒𝑑 ) at 100 kb resolution.

  3, unexpressed genes filtered), giving four categories. Without DNA-PKi: upregulated/CompD (N=45); up-regulated/No CompD (N=32); down and not-regulated/CompD (N=481); down and not-regulated/No CompD (N=314). With DNA-PKi: up-regulated/CompD (N=223); up-regulated/No CompD (N=135); not-regulated/CompD (N=2013); notregulated/No CompD (N=1454).

Data 3 .

 3 Related to Figure 2. DSB clustering depends on ATM but not on DNA-PK and cohesin, and is enhanced in G1 (a) Top panel: Hi-C contact matrix of the log2(+DSB/-DSB) upon Ctrl (upper right) or SCC1 depletion (lower left). A region of chromosome 1 is shown at 250 kb resolution. The γH2AX ChIP-seq track following DSB induction is shown on the top and on the right. Bottom panel: magnification of the black squares, showing Hi-C contacts between the two H2AX domains. (b) Boxplot showing the quantification of the differential Hi-C read counts log2 (+DSB/-DSB) between the 80 most-damaged chromatin domains in control or SCC1-depleted conditions (cis contacts were excluded). P-values for each distribution, non-parametric Wilcoxon test tested against =0. P-value between two distributions, non-parametric Wilcoxon test. (c) Boxplot showing the quantification of the differential Hi-C read counts (log2(+DSB/-DSB)) between the 80 most-damaged chromatin domains (80 DSBs) or 80 random undamaged sites (no DSB (80 random)) in cells after DSB induction without inhibitor (red), in presence of ATM inhibitor (green), or DNA-PK inhibitor (grey) (cis contacts were excluded). P, non-parametric Wilcoxon test. (d) H2AX staining in DIvA cells after DSB induction without inhibitor, in presence of DNA-PK inhibitor, or with ATM and DNA-PK inhibitors, acquired using Random Illumination Microscopy (RIM). Magnifications are shown in the bottom panels. (e) Spatial analysis (Ripley) performed on H2AX foci in DIvA cells after DSB induction without inhibitor (N=18), in presence of DNAPK inhibitor (N=22), or with ATM and DNA-PK inhibitors (N=17).

Data 4 .

 4 Related to Figure 3. DSB induction does not trigger major changes of A/B compartmentalization (c) Box plot showing the quantification of the first chromosomal eigenvector (PC1) obtained from two Hi-C replicates (left and right panels) on genes that display a high R-loop level (top10%) or low R-loop level (bottom 10%) as indicated. P, non-parametric Wilcoxon test. (d) Genomic tracks showing qDRIP-seq data on the (+) strand (purple), and (-) strand (blue), before DSB induction, 4h after DSB induction and 24h after DSB induction (as indicated), on GADD45A (D compartment gene) and CDC42 (non-D compartment gene). Extended Data 7. Related to Figure 4: RNAseH and SETX regulate DSB clustering and D compartment genes (a) DRIP-qPCR performed in DIvA cells overexpressing RNaseH1 (pICE-RNaseH1-NLS-mCherry, red) or not (pICE-NLS-mCherry, blue), on a known R-loop enriched locus (RPL13) and a D-compartment gene (PLK3). N=3. P, paired t-test. (b) Left panel: H2AX staining and mcherry fluorescence signal after DSB induction in DIvA cells overexpressing RNaseH1 (pICE-RNAseH1-NLS-cherry) or not (pICE-NLS-mCherry). Right panel: Scatter plot showing the number of γH2AX foci (y axis) as compared to their average size (x axis) in each DIvA cell overexpressing RNaseH1 (pICE-RNaseH1-NLS-mCherry) (N=12446) or not (pICE-NLS-mCherry) (N=13414) after DSB induction. The scatter plot is divided into four areas based on the median foci number and the median foci size (dotted black lines). Cluster-negative cells correspond to the upper left area of the scatter plot (cells with high number of γH2AX foci with small average size) while cluster-positive cells correspond to the lower right-side area of the scatter plot (cells with low number of γH2AX foci of large size). The percentage of cells in each category is indicated in the corresponding areas. A representative experiment is shown. (c) Western blot of RNaseH1 and alpha-tubulin in DIvA cells transfected with control siRNA (Ctrl) and RNaseH1 siRNA. (d) As in (b) (right panel) but measured in DIvA cells after DSB induction and upon Ctrl (blue) or RNaseH1 (red) depletion by siRNA. A representative experiment is shown. Ctrl siRNA, N=13131; RNaseH1 siRNA, N=12171. (e) As in (d) but measured in U2OS cells after DSB induction by Etoposide treatment. A representative experiment is shown. Ctrl siRNA, N=10884; RNaseH1 siRNA, N=9039. (f) Differential Hi-C heatmaps (log2(+DSB/-DSB)) obtained in DIvA cells transfected with Ctrl (left panel) or SETX (right panel) siRNA, showing the contacts between each DSB (2Mb domain resolution), sorted by their level of 53BP1. -log10(p) are indicated, with negative fold changes (damaged<undamaged) in blue, positive fold change (damaged>undamaged) in yellow. (g) RT-qPCR quantification of the expression level of two up-regulated D compartment genes (PLK3 and RNF19B), two upregulated non-D compartment genes (PPM1D and SLC9A1) and two unregulated and non-D compartment genes (IPO9 and PARP1) before and after DSB induction by etoposide in U2OS cells transfected with Ctrl or SUN2 siRNA. N=4 independent experiments. Gene expression is normalized to RPLP0 gene expression. P, paired two-sided ttest. (h) Boxplots showing the log2 (SETX/Ctrl) RNA-seq read counts obtained following DSB upon Ctrl or SETX depletion by siRNA, computed on genes either upregulated or not upregulated as indicated. Center line: median; Box limits: 1st and 3rd quartiles; Whiskers: Maximum and minimum without outliers; Points: outliers. P, non-parametric Wilcoxon test. (i) Top panel: Genomic tracks showing the first Chromosomal eigenvector (CEV) computed on differential (+DSB/-DSB) Hi-C matrices. Two biological replicates are shown as well as the CEV obtained upon SETX depletion. Bottom panel: Two magnifications showing the log2 ratio of the RNA-seq obtained in SETX versus Ctrl siRNA transfected cells, after DSB induction. (j) D-compartment signal obtained in SETX-depleted cells on genes either upregulated upon SETX depletion as compared to CTRL siRNA transfected undamaged cells (blue), or not (white). Boxplot: Center line: median; Box limits: 1st and 3rd quartiles; Whiskers: Maximum and minimum without outliers; Points: outliers. P, unpaired non-parametric Wilcoxon test. Extended Data 8. Related to Figure 5: Translocations arise from loop extrusion and D compartment formation (a) Western Blot showing the efficiency of SUN2, ARP2 or 53BP1 depletion by siRNA. (b) Western Blot showing the efficiency of SCC1 or SMC1 depletion by siRNA. (c) Heatmaps showing the rate of translocations sequenced between five control undamaged regions and twenty DSB sites in the AID-DIvA cell line (log2 (+DSB /-DSB)). N=4 independent experiments.

Figure 1 :

 1 Figure 1: RNA polymerases II and III are not recruited at breaks post-DSB induction. (a) Genomic tracks of BLESS, RNAPII ChIP-seq and RNA-seq on a 100 kb window around two DSBs, either induced in a silent locus on chromosome 2 (top left panel) or in a transcriptionally active locus on chromosome 1 (top right panel) before (-DSB) or after DSB induction (+DSB). Bottom panels show the +DSB/-DSB ratio for RNAPII ChIP-seq and RNAseq signals on a close-up of 20kb window around each DSB. (b) Average profiles of the RNAPII ChIP-seq signal before or after DSB induction on a +/-5kb window around 80-best cleaved DSBs (top panel) and around 80 random sites (bottom panel). (c) ChIP-seq genomic tracks of the RNAPIII subunits POLR3A and POLR3E at two tRNA loci on chromosome 1 before or after DSB induction. (d) Average profiles of ChIP-seq signals for POLR3A (top panel) and POLR3E (bottom panel) on a +/-5kb window surrounding the TSS of tRNA loci before and after DSB induction. (e) POLR3A and POLR3E ChIP-seq tracks at two DSBs located on chromosome 13 and chromosome 1. (f) Average ChIP-seq profile of POLR3A (top panel) and POLR3E (bottom panel) RNAPIII subunits before or after DSB induction on a +/-5kb window around the 80-best cleaved DSBs.

Figure 2 :

 2 Figure 2: Profiles of RNAPII phosphorylated forms after DSBs induction. (a) Genomic tracks of BLESS and ChIP-seq against RNAPII phosphorylated on the C-terminal domain (CTD) on Tyrosine 1 (Y1P), Serine 5 (S5P), Serine 7 (S7P) and Serine 2 (S2P) before and after DSB induction as indicated. A DSB located in the transcriptionally silent gene LUZP2 (top panel) and in the transcriptionally active gene RBMXL1 (bottom panel) are shown. (b) Average ChIP-seq profiles for total RNAPII as well as Tyrosine 1 phosphorylation (Y1P), Serine 5 phosphorylation (S5P), Serine 7 phosphorylation (S7P) and Serine 2 phosphorylation (S2P) of RNAPII CTD at damaged genes (left panels), before and after DSB induction as indicated. The right panels show a magnification for +/-2 kb around the TSS of damaged genes.

Figure 3 :

 3 Figure 3: Strand-specific accumulation of RNA:DNA hybrids on single-stranded DNA left by DNA end resection. (a) Average qDRIP-seq profile before and after DSB induction as indicated, on a +/-5kb window around the 80-best cleaved DSBs. (b) Genomic tracks of strand-specific qDRIP-seq (Watson strand in purple and Crick strand in blue) before and after DSB induction at a TC-DSB induced in the BCKDHA gene. BLESS track is also shown. (c) Top panel: schematic representation of DNA end resection at DSB: resection triggers the elimination of the 5'terminated strand (represented in brown) leaving intact the 3'terminated strand (represented in blue). Bottom panel: heatmaps of the qDRIP-seq signal on 5' terminated strands (in brown, left panels, both sides of the DSB combined) and on 3'terminated strand (in blue, right panels, both sides of the DSB combined) before and after DSB induction as indicated for the 80 best-cleaved DSBs.

Figure 6 :

 6 Figure 6: SPIN1 contributes to DNA end resection and decreases cell survival. (a) Schematic representation of the resection assay. (b) Quantification of ssDNA following DSB induction in control or SPIN1 siRNA-transfected cells at 200bp away from a DSB. Mean and SEM for n=6 biologically independent experiments is shown. P values, paired two-sided t-test. (c) Same as (b) in untreated and MS31-treated cells at 200 bp away from the DSB, n=4 biologically independent experiments. P values, paired two-sided t-test. (d) RAD51 ChIP-qPCR efficiency (normalized to the no DSB, Ctrl locus) before (-DSB) or after DSB induction (+DSB) in control or SPIN1 siRNA-treated at 100 bp and 800 bp from 3 HR-prone DSBs and 2 NHEJ-prone DSBs 80 . Mean and SEM for n=3 biologically independent experiments are shown. P values, paired two-sided t-tests. (e) Clonogenic assay in control (Ctrl) or SPIN1 siRNA-treated DIvA-AID cells before DSB induction (-DSB), after DSB induction (+DSB) and after DSB induction and IAA treatment allowing DSB repair (+DSB +repair). Mean and SEM for n=6 biologically independent experiments are shown. P values, paired two-sided t-tests. (f) Same as (e) upon MS31-treatement, before DSB induction (-DSB) and after DSB induction (+DSB), n=3 biologically independent experiments. (g) Cell survival of DIvA cells treated with different doses of etoposide with or without MS31 as indicated. Mean and SEM of n=4 biologically independent experiments are shown. (h) Model for RNA:DNA hybrid formation at TC-DSBs. Upon DSB induction within a transcribing gene, an ATM-dependent pathway which requires the H3K4me3 reader SPIN1 triggers transcriptional repression through RNAPII slowdown and/or pausing. As a consequence, R-loops accumulate on the template strand of the damaged gene. The displaced single-stranded DNA further become of substrate for endo nucleolytic cleavage (flap removal), thus converting the R-loop into a more stable RNA:DNA hybrids and accounting for short range

  

  

  

  

  DNA hybrid by inverse strand exchange 286 . Then the translesion DNA Polζ directly uses the RNA transcript as a template to mediate DNA synthesis at DSB site285 . Of note, it was also proposed that other DNA polymerases can do this job, including Polθ 287 and Polη 288 .

• RNA:DNA hybrids in alternative repair pathways ✓ RNA-templated repair It was proposed that RNA:DNA hybrids can initiate an alternative repair pathway were RNAs support repair of their own DNA and named RNA-templated DSB repair 285 . This mechanism is RAD51-independent and requires RAD52 for annealing between RNA and DNA forming a RNA:
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TC-DSBR-focused SMARTpool siRNA library (siGENOME from Dharmacon)

  

	KHDRBS1 RHBDD2 Gene Symbol Extended Data	10657 57414 Gene ID	NM_006559 NM_001040456 Sense Strand Sequence M-020019-00 M-020778-01
	KIF11 RPL23	3832 9349	NM_004523 NM_000978	M-003317-01 M-013634-02
	KRT1 RPL28 Ctrl1	3848 6158	NM_006121 NM_000991 CAUGUCAUGUGUCACAUCU M-012865-02 M-011145-00
	KRT2 RPL29 SUN1	3849 6159 23353	NM_000423 NM_000992 GGACGUGCAAGUCAGAGAA M-011066-00 M-012979-00
	KRT3 RPS4X SUN2	3850 6191 25777	NM_057088 NM_001007 CGAGCCTATTCAGACGTTTCA M-012902-01 M-011138-01
	KRT5 RSF1 RBBP8/CtIP	3852 51773 5932	NM_000424 NM_016578 GCUAAAACAGGAACGAAUC M-011067-01 M-020374-00
	CTRL KRT6B RTCB	3854 51493	Non-targeting Control #2 NM_005555 NM_014306	D-001206-13 M-012117-02 M-017647-01
	SETX KRT75 RUVBL1	23064 9119 8607	NM_015046 NM_004693 NM_003707	M-021420-01 M-019835-01 M-008977-01
	AHCTF1 KRT9 RUVBL2	25909 3857 10856	NM_015446 NM_000226 NM_006666	M-013961-01 M-011068-01 M-012299-00
	ALB LBR S100A8	213 3930 6279	NM_000477 NM_002296 NM_002964	M-010989-01 M-021505-00 M-011770-02
	ALDH18A1 LMNA SEC61A1	5832 4000 29927	NM_001017423 NM_005572 NM_013336	M-006785-01 M-004978-01 M-021503-01
	ALDOA LMNB2 SF3B3	226 84823 23450	NM_000034 NM_032737 NM_012426	M-010376-01 M-005290-00 M-020085-01
	ALYREF LRRC59 SFPQ	10189 55379 6421	NM_005782 NM_018509 NM_005066	M-012078-01 M-010669-00 M-006455-02
	ATAD3A MAIP1 / C2orf47 SLTM	55210 79568 79811	NM_018188 NM_024520 NM_001013843	M-008191-01 M-014355-00 M-014434-01
	ATP5A1 MGST3 SMARCD2	498 4259 6603	NM_004046 NM_004528 NM_003077	M-017064-01 M-008382-00 M-011393-02
	ATP5C1 MRPS31 SNRPD2	509 10240 6633	NM_005174 NM_005830 NM_004597	M-012705-01 M-012111-00 M-013617-00
	BAG2 MSH6 SPIN1	9532 2956 10927	NM_004282 NM_000179 NM_006717	M-011961-01 M-019287-01 L-019983-02-0020
	BAZ1B MTA2 SPIN2B	9031 9219 474343	NM_032408 NM_004739 NM_001006681	M-006901-02 M-008482-00 L-034890-02-0020
	BCLAF1 MTCH1 SPIN3	9774 23787 169981	NM_001077441 NM_014341 NM_001010862	M-020734-01 M-007370-01 L-024685-00-0020
	CCAR1 NDUFA5 SPOUT / C9orf114	55749 4698 51490	NM_018237 NM_005000 NM_016390	M-013828-00 M-012000-00 M-010900-00
	CFH NDUFS8 SPTAN1	3075 4728 6709	NM_001014975 NM_002496 NM_003127	M-007920-02 M-019600-00 M-009933-01
	DDX17 NDUFV2 SRP14	10521 4729 6727	NM_001098505 NM_021074 NM_003134	M-013450-01 M-012589-01 M-017767-01
	DDX21 NOLC1 SSR4	9188 9221 6748	NM_004728 NM_004741 NM_006280	M-011919-01 M-019843-01 M-012264-01
	DDX47 NONO SUB1	51202 4841 10923	NM_016355 NM_007363 NM_006713	M-016299-00 M-007756-00 M-009815-02
	DDX5 NOP56 SUN2	1655 10528 25777	NM_004396 NM_006392 NM_015374	M-003774-01 M-019143-01 M-009959-00
	DEK PARP1 SUPT16H	7913 142 11198	NM_003472 NM_001618 NM_007192	M-003881-02 M-006656-01 M-009517-00
	DHRS2 PGAM5 THRAP3	10202 192111 9967	NM_005794 NM_138575 NM_005119	M-009581-01 M-015919-02 M-019907-01
	DHX15 PHB TIMM23B	1665 5245 653252	NM_001358 NM_002634 XM_003118952	M-011250-01 M-010530-00 M-039881-02
	DHX9 PHB2 TMTC3	1660 11331 160418	NM_001357 NM_007273 NM_181783	M-009950-01 M-018703-00 M-018618-01
	ERAL1 PHGDH TOP1	26284 26227 7150	NM_005702 NM_006623 NM_003286	M-012709-01 M-009518-01 M-005278-00
	ERH PHIP TOP2A	2079 55023 7153	NM_004450 NM_017934 NM_001067	M-012670-01 M-019291-00 M-004239-02
	FANCI PIGT U2AF2	55215 51604 11338	NM_018193 NM_015937 NM_001012478	M-022320-01 M-003691-01 M-012380-01
	FASN PLEC U2SURP	2194 5339 23350	NM_004104 NM_201378 NM_001080415	M-003954-04 M-003945-03 M-023607-01
	FBL PPHLN1 UQCRC2	2091 51535 7385	NM_001436 NM_001143787 NM_003366	M-011269-00 L-021306-02-0020 M-008334-02
	GAPDH PPP1R10 UTP15	2597 5514 84135	NM_002046 NM_002714 NM_032175	M-004253-02 M-011358-00 M-014796-01
	GLYR1 PRKDC VCP	84656 5591 7415	NM_032569 NM_006904 NM_007126	M-008332-01 M-005030-01 M-008727-01
	HMGA1 PRPF31 WDR43	3159 26121 23160	NM_145903 NM_015629 NM_015131	M-004597-02 M-020525-01 M-022651-01
	HNRNPA0 PRRC2C WTAP	10949 23215 9589	NM_006805 NM_015172 NM_152857	M-012314-01 M-014078-02 M-017323-02
	HNRNPA1 PSMC2 ZBTB20	3178 5701 26137	NM_002136 NM_002803 NM_015642	M-008221-02 M-008180-00 M-020529-01
	HNRNPA2B1 PSMD1 ZBTB24	3181 5707 9841	NM_002137 NM_002807 NM_001164313	M-011690-01 M-011363-00 M-006915-01
	HNRNPA3 PSMD2 Other SMARTpool siRNAs used (siGENOME from Dharmacon) 220988 NM_194247 5708 NM_002808	M-019347-01 M-017212-01
	HNRNPD QARS HNRNPDL RBBP4 CTRL HNRNPH2 RBM22 SETX HNRNPR RBM25 PER1 HNRNPUL2 RBM3 PER2 HRNR RBM39 ARNTL / BMAL1	3184 5859 9987 5928 3188 55696 23064 10236 58517 5187 221092 5935 8864 388697 9584 406	NM_001003810 NM_005051 NM_031372 NM_005610 Non-targeting Control #2 NM_001032393 NM_018047 NM_015046 NM_001102397 NM_021239 NM_002616 NM_001079559 NM_006743 NM_022817 NM_001009931 NM_004902 NM_001030272	M-008910-00 M-004079-01 M-012137-00 D-001206-13 M-012070-01 M-021186-00 M-021420-01 M-013245-01 M-021976-01 M-011350-00 M-010905-02 M-018969-01 M-012977-01 M-032789-01 M-027450-01 M-011965-00 M-010261-00
	ILF3 RFC1 Other siRNAs used (from Eurogentec) 3609 5981	NM_153464 NM_002913	M-012442-02 M-009290-00
	JUP RFC4	3728 5984	NM_002230 NM_002916	M-011708-00 M-008691-01
			148	

Table 2 : AsiSI-DSB sites used for qPCR in this study
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	Name	DSB repair	DIvA AsiSI site	Position (hg19)
	DSB1	HR	SITE657	chr22:38864101
	DSB2	HR	SITE379	chr17:57184296
	DSB3	HR	SITE600	chr20:30946312
	DSB4	HR	SITE526	chr1: 89458596
	DSB5	NHEJ	SITE72	chr11: 24518475
	DSB6	NHEJ	SITE622	chr21: 33245518
	DSB7	HR	SITE343	chr17:5390220

Table 3 : qPCR primers used in this study Name
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	(position/AsiSI)	Forward primer sequence	Reverse primer sequence	Panels
	Primers for ChIP-qPCR experiments		
	CTRL genomic locus	AGCACATGGGATTTTGCAGG	TTCCCTCCTTTGTGTCACCA	3a
	DSB1 (proximal)	CCGCCAGAAAGTTTCCTAGA	CTCACCCTTGCAGCACTTG	3a,3f,4c, E4d,5a,6c
	DSB1 (distal)	GGGTATGGAGCTGCCTCTAA	GGGTATGGAGCTGCCTCTAA	2b,6b
	DSB2 (proximal)	CCTAGCTGAGGTCGGTGCTA	GAAGAGTGAGGAGGGGGAGT	3f,4c,E4d, 5a,6c
	DSB2 (distal)	GTCAGTATGGCCCCAGAGTC	ACGGCTGATGGACTTAGACG	6b
	DSB3 (proximal)	ATCTCTTCAGGTCCAGCGCC	CCACCGTTCGCCCTACTTCT	3f,4c,E4d, 5a,6c
	DSB3 (distal)	TCCCAAGATCGCTTTGAACTAC	CCAGAAATCTGAATTGCTGCC	2b,6b
	DSB4 (proximal)	GATTGGCTATGGGTGTGGAC	CATCCTTGCAAACCAGTCCT	3a,3f,4c, E4d,5a,6c
	DSB5 (proximal)	TGAAGATACTCCTCGCTCCCAG	GCTGAATTTCATGCTGCTGCC	3f,4c,E4d, 5a,6b,6c
	DSB6 (proximal)	GGCACCTCAACAGGTAGCAT	GCCTCTCTTCGATGCTTTTG	E4d,6b,6c
	LAD#1	AGCACATGGGATTTTGCAGG	TTCCCTCCTTTGTGTCACCA	E4c
	LAD#2	AGAAACTCACAAACTCGCTGGA	GGAAATGATGGTGTAGGGTGC	E4c
	PER1 Promoter	TCTCCCTCTCTCCTCCCTTCC	CACTAAGGTCAGGGCTGTGTCAC	3a
	BTG2 Promoter	CAGGGTAACGCTGTCTTGTGG	CTCAGGAGGCTGGAGAGGAAG	3a
	Primers for RT-qPCR experiments		
	GAPDH	GACAGTCAGCCGCATCTTCT	GTTAAAAGCAGCCCTGGTGAC	3g,E6a,E6f
	TBP	TTCGGAGAGTTCTGGGATTG	GAAAATCAGTGCCGTGGTTC	3g,E6a,E6f
	18S	GGCGGCTTTGGTGACTCTA	GCCTTCCTTGGATGTGGTAG	3g,E6a,E6f
	PER1	CAGGATGTGGGAGTCTTCTATGG	CTTGGTCACATACGGGGTTAGG	E2a
				6a,6f,E2a,
	PER2	AAGCCACGAGAATGAAATCCG	CCGCCCTTTCATCCACATC	E6a,E6c,
				E6e
	ARNTL / BMAL1	ACCGCAAACGGAAAGGCAG	TATCCCGACGCCGCTTTTC	E6a
	ASXL1	CAGGAAAGAAGCCAGCACAG	CCCTATTCCCCAACCCCATT	3g
	KLF7	ATGACAGGAGGTGGTTGGAG	TGCTCTTTCCTGGAAGTCGT	3g,E6f
	MIS12	CAGGCCGTTGAACAGGTTAT	TCAGCTGCAAAAACAGTTGC	3g,E6f
	RBMXL1	GTGCTCCACTTACACGAGGG	TGCCAACCCTGTCACAACTT	3g,E6f
	SRSF6	CCTGATTGGCCTTGGCTTTT	ACTGCTGTATCCACCTCCAC	3g,E6f

Table 4 : primary Antibodies used in this study Target Protein Host Reference Application and quantity
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	53BP1	Mouse	BD biosciences 612522	PLA (1:1000)
	BMAL1	Rabbit	Abcam ab3350	ChIP (2 µg) WB (1:500)
	BMAL1	Mouse	Sigma MABE1886	WB (1:1000)
	CRY2	Rabbit	Proteintech 13997-1-AP	WB (1:500)
	DDX5	Rabbit	Bethyl A300-523A	ChIP (5 µg)
	DDX5	Mouse	Sigma 05-850	WB (1:5000)
	DDX17	Rabbit	Proteintech 19910-1-AP	ChIP (5 µg) WB (1:1000)
	GAPDH	Mouse	Sigma MAB374	WB (1:10 000)
	γH2AX	Rabbit	Abcam ab81299	ChIP (1 µg)
	γH2AX	Mouse	Sigma JBW301	IF (1:1000) PLA (1:2500)
	LAMIN B1	Rabbit	Abcam ab16048	ChIP (5 µg) PLA (1:4000)
	MYOSIN	Rabbit	Sigma M3567	WB (1:2000)
	NONO	Rabbit	Proteintech 11058-1-AP	WB (1:1000)
	PCNA	Mouse	Santa Cruz sc-56	WB (1:1000)
	PER2	Rabbit	Proteintech 20359-1-AP	ChIP (5 µg) WB (1:500)
	PER2	Rabbit	Abcam ab179813	WB (1:1000)
	RAD51	Rabbit	Santa Cruz sc8349	ChIP (3 µg) IF (1:200)
	SUN1	Rabbit	Sigma HPA008346	ChIP (5 µg) IF (1:500)
	SUN1	Rabbit	Abcam ab124770	WB (1:1000)
	SUN2	Rabbit	Abcam ab124916	ChIP (5 µg) IF (1:1000) WB (1:1000)
	α-Tubulin	Mouse	Sigma T6199	WB (1:10 000)

  All genes are normalized to RPLP0 gene. P, paired t-test.(g) Log2 (SETX/Ctrl) RNA-seq read count in Ctrl and SETX siRNA transfected cells after DSB, on genes in compartment D or not, and upregulated post DSB induction or not. Boxplot: Center line: median; Box limits: 1st and 3rd quartiles; Whiskers: Maximum and minimum without outliers; Points: outliers. P, non-parametric Wilcoxon test.

	80 damaged chromatin domains
	(80 DSBs), or 80 undamaged sites (no DSB (80 random)) in control (Ctrl) or SETX-depleted
	conditions. Boxplot: Center line: median; Box limits: 1st and 3rd quartiles; Whiskers:
	Maximum and minimum without outliers; Points: outliers. P, paired non-parametric Wilcoxon
	test.
	(f) RT-qPCR at seven genes (RNF19B, PLK3, GADD45A, SLC9A1, PPM1D, UPT18 and
	LPHN2) before and after DSB induction in DIvA cells transfected with control or SUN2 siRNA.
	N=5 independent experiments for RNF19B, PLK3, GADD45A and n=3 for SLC9A1, PPM1D,
	UPT18, LPHN2.

  Maximum and minimum without outliers; P-values, non-parametric Wilcoxon test tested against =0. intra vs inter-chromosomal, P, paired Wilcoxon test.

	P, paired t-test, * P<0.05, ** P<0.001, ***P<0.0005
	(b) qPCR quantification of DSB illegitimate rejoining frequency for two independent
	rearrangements following DSB induction with or without DNA-PK inhibitor (DNA-PKi). N=4
	independent replicates. P, paired t-test, * P<0.05, ***P<0.0005
	(c) qPCR quantification of DSB illegitimate rejoining frequency for two independent
	rearrangements following DSB induction in Control, 53BP1, SUN2 or ARP2 depleted cells.
	N≥3 independent replicates. P, paired t-test, * P<0.05, ** P<0.001.
	(d) As in (c) but upon Control, SMC1 or SCC1 depletion. N=4 independent replicates.
	(e) Intra-chromosomal rearrangements (blue) or inter-chromosomal translocations (yellow)
	between 20 different DSBs induced in the DIvA cell line, upon Ctrl or SCC1 depletion (log2
	siSCC1/siCtrl). N=4 independent replicates. Center line: median; Box limits: 1st and 3rd
	quartiles; Whiskers:
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To further investigate the SUN1 and SUN2 ChIP-seq experiments, we performed the average profile of these proteins on genes classified according to their level of RNA polymerase II. Surprisingly, both SUN proteins are significantly more enriched on high RNA pol II genes compared to low RNA pol II genes (Fig. 30a,b). These results suggest that highly expressed genes are physically connected to nuclear envelope-embedded SUN proteins.

To reinforce the idea that targeting of DSBs to NE is an opposite mechanism to DSB clustering, we performed PLA between γH2AX and Lamin B1 in the different cell cycle phases. As expected, the PLA signal was strongest in S/G2 (Fig. 30c) which correlates with HR repair, in contrast to DSB clustering, which occurs mainly in G1 297 . TC-DSB repair steps, which was not directly tested in our study, and may be regulated by PER proteins through the large PER complex.

A. Repression of transcriptional termination

In the circadian rhythm, DDX5, DHX9, SETX and RNAPII are also associated with the PER complex at transcriptional termination sites, during the repression phase 428 . Indeed, PER complex is recruited to the elongating RNAPII at termination sites of target genes (PERs and CRYs) to inhibit transcriptional termination mediated by SETX, impeding RNAPII release and thereby reducing the rate of transcription 428 .

Conversely to the circadian rhythm, the transcriptional termination is increased in response to DSBs 186 , and moreover, PER2 is not recruited at transcriptional termination sites of damaged genes (our ChIPseq data). Thus, the transcriptional termination of damaged genes, which in fact is not a predominant feature in TC-DSB repair, does not appear to be regulated by the PER complex.

B. RNA:DNA hybrids management

The large PER complex components SETX and DDX5 428 have been involved, by the Legube lab and others, in RNA:DNA hybrid resolution at DSB sites, enhancing RAD51 focus formation, and hence HR-mediated repair 254,272,273 . Moreover, the DDX5-paralog DDX17, a human ortholog of the Neurospora period-1 protein 745 , also contributes to DSB repair by promoting RNA:DNAhybrid accumulation around DSB sites 266 . Therefore, PER proteins could act as a recruitment platform for these RNA:DNA hybrid regulatory proteins. It would therefore be interesting to study the contribution of PERs, and the circadian rhythm, in RNA:DNA hybrid management at breaks, by DRIP experiments. However, we have shown that, in contrast to SETX depletion, the absence of PER1 or PER2 does not increase DNA synthesis at DSBs (measured by EdU-IP) (Fig. 28a), which should have revealed BIR-mediated repair in case of accumulation of RNA:DNA hybrids 292 . Thus, PER proteins do not seem to be involved in the resolution of RNA:DNA hybrids at breaks and the role of PERs in TC-DSB repair appears to be independent of SETX.

Moreover, given that SETX, DDX5 and other large PER complex components exhibit the same phenotype on cell survival and translocation as PERs, it will also be of great interest to study whether these proteins and especially DSB-induced RNA:DNA hybrids are involved in TC-DSB targeting to the NE.

C. H2A.Z deposition

On the one hand, it was shown that H2A.Z is deposited at TSS and CTCF binding sites at enhancers by the PER complex via the H2A.Z-deposition chaperone YL1 426 , thereby participating in the negative feedback loop as well as in the recruitment of BMAL1 426 . On the other hand, H2A.Z was also found to accumulate at DSB sites, in a PARP1-and TIMELESSdependent manner 219 , promoting HR repair 219,746 . Thus, it will be interesting to investigate by ChIP experiment whether H2A.Z is deposited at TC-DSBs by the PER complex, through YL1 (Fig. 35).

Other clock regulated processes?

Beyond the PER complex, other processes related to TC-DSB repair may be regulated by the circadian rhythm.

A. Role of PARP1

It was shown that PARP1 contributes to TC-DSB repair, in part via the transcriptional repression of the damaged genes 186 , and also to DSB repair by promoting circadian clock factor recruitment at breaks, including TIM and REV-ERBα 503,504 . Moreover, circadian loci are recruited at the nuclear periphery through PARP1-CTCF interactions based on a circadian rhythm, in human cells 715 . Therefore, it would be interesting to investigate whether TC-DSB targeting to the NE is controlled by PARP1 (Fig. 35). Interestingly, recruitment of circadian loci to the NE is counteracted by the inhibition of PARP activity, by olaparib treatment 715 . However, my data on synchronized cells showed that the cell survival to DSBs is not affected by PARP inhibition (olaparib) when I compared the high and low PER2 phases (Fig. 31f). Thus, the absence of effect on the survival when TC-DSB anchoring is at its maximum during the circadian rhythm may suggest that this mechanism is independent of PARP1. Histone modifications on expressed genes are regulated by the circadian rhythm, such as H3K27ac, H3K9ac and H3K4me3, and could contribute to the TC-DSB repair regulation. PARP1 may contribute to the circadian regulation of TC-DSBR as it is involved in both circadian clock and DSB repair. Finally, the HR regulation by the PER complex could be enhanced through the deposition of H2A.Z. Created with BioRender.com. evicted from this damaged region (Le Bozec et al. Fig. 4e,g). Thus, the role of SUN1 seems to be to catch damaged genes at the NE, while SUN2 may release damaged loci to promote clustering (Fig. 39). Depletion of SUN2 could destabilise the composition of LINC complexes, which would be composed only of SUN1 (in the INM part) and thus enhance anchoring. Conversely, in SUN1-depleted cells, the pre-existing interaction between SUN2 and active genes would favour clustering mediated by SUN2 detachment (Fig. 39). Given that anchoring occurs more in S/G2 while clustering occurs mainly in G1, SUN1 would likely be bound to active genes in S/G2 while SUN2 would be bound in G1, thus regulating both processes during the cell cycle (Fig. 39). Thus, it will be interesting to quantify the amount of SUN1 and SUN2 proteins during the cell cycle. Also, surprisingly, this work could demonstrate that active genes would be, in part, linked to the NE, probably at NPCs, as they are associated with superenhancers 608 . Some transcriptionally active genes are bounded by SUN1 and SUN2, probably at the NE (left scheme). DSB occurring in active genes at the NE would be released by SUN2, generating DSB clustering in G1 (middle scheme), while DSB in active genes in the nucleoplasm would be targeted to SUN1 in S/G2, resulting in HR-mediated repair (right scheme). Created with BioRender.com.

Appendices

During my PhD, I also contributed to other projects that are currently being published.

In the context of DSB clustering and D compartment formation (Arnould et al., accepted in Nature), to determine whether R-loops could contribute to D compartment formation, I analysed the impact of RNaseH1 overexpression, and its depletion, on DSB clustering, measured by high-content microscopy. While RNaseH1 overexpression decreased DSB clustering, RNaseH1 depletion increased DSB clustering of AsiSI-induced DSBs and etoposideinduced DSBs, suggesting that R-loop contributes to the formation of D compartment. Thus, in this paper, we demonstrated that R-loop-enriched DNA damage-responsive genes physically localize to the D compartment and this contributes to their optimal activation, providing a function for DSB clustering in the DNA Damage Response.

In the context of RNA:DNA hybrids accumulation at DSB site and HR-repair regulation, the H3K4me3 reader SPIN1 has been identify as a novel TC-DSB repair factor, through its role in mediating transcriptional repression in cis to DSBs (Lesage et al., submitted). Moreover, in order to investigate whether transcriptional repression is a required step for the formation of DSB-induced RNA:DNA hybrids, I performed a strand-specific RNA:DNA hybrids mapping by qDRIP-seq in SPIN1-proficient and deficient cells before and after DSB induction. Interestingly, SPIN1 depletion triggered a reduction of RNA:DNA hybrids level specifically at TC-DSB, suggesting that SPIN1 recruitment at damaged promoters triggers transcriptional repression which further leads to the accumulation of RNA:DNA hybrids at the break sites. Thus, in this paper, we provide evidence that RNA:DNA hybrids accumulate at DSBs occurring in transcribing loci as a result of DSB-induced transcriptional shut-down.

Abstract

The DNA Damage Response (DDR) is essential to safeguard genome integrity. While the contribution of chromatin in DNA repair has been largely investigated 1,2 the contribution of chromosome folding into these processes remains elusive 3 . Here, we report that upon DSB production in mammalian cells, ATM drives the formation of a new chromatin compartment ("D" compartment) through the clustering of damaged topologically associating domains (TADs), decorated with H2AX and 53BP1. This compartment forms by a mechanism that agrees with Polymer-Polymer phase separation (PPPS) rather than Liquid-Liquid phase separation (LLPS). The D compartment arises mostly in G1 phase, is independent of cohesin and enhanced following DNA-PK pharmacological inhibition or R-loop accumulation. Importantly, R-loop-enriched DNA damage-responsive genes physically localize to the D compartment and this contributes to their optimal activation, providing a function for DSB clustering in the DNA Damage Response. However, DSBinduced chromosome re-organization comes at the expense of an increased rate of translocations, also observed in cancer genomes. Overall, our work characterizes how DSB-induced compartmentalization orchestrates the DDR and highlights the critical impact of chromosome architecture in genomic instability.

Main

DNA Double-Strand Breaks (DSBs) are highly toxic lesions that can trigger translocations or gross chromosomal rearrangements, thereby severely challenging genome integrity and cell homeostasis. Chromatin plays a pivotal function during DNA repair, which is achieved by either non-homologous end joining or homologous recombination pathways 1 . Yet, little is known about how chromosome architecture contributes to these processes. DSBs activate the DNA Damage Response (DDR) that largely relies on PI3K kinases, including ATM and DNA-PK, and on the establishment of megabase-sized, H2AX-decorated chromatin domains that act as seeds for subsequent signaling events, such as 53BP1 recruitment and DDR foci formation 4,5 .

Importantly, H2AX spreading is largely influenced by the pre-existing chromosome conformation in topologically associating domains (TAD) [6][7][8] and we recently reported that loopextrusion, which compacts the chromatin and leads to TADs formation, is instrumental for H2AX spreading and DDR foci assembly 7 . Moreover, irradiation induces a general chromatin response reinforcing TADs genome wide 9 . At a larger scale, previous work in mammalian cells revealed that DSBs display the ability to "cluster" within the nuclear space (i.e., fuse) forming large microscopically visible structures, composed of several individual repair foci [10][11][12] . DSB clustering depends on the actin network, the LINC (a nuclear envelope embedded complex) 11,13,14 , as well as on phase separation properties of 53BP1 [15][16][17] . The function of DSB clustering has remained enigmatic given that juxtaposition of several DSBs can elicit translocation (i.e: illegitimate rejoining of two DNA ends) 12 , questioning the selective advantage of DSB clustering/ repair foci fusion.

ATM drives an acute reinforcement of damaged TADs

Chromatin compartmentalization was previously found to be independent of cohesin (and rather counteracted by loop extrusion 29,30 ). In agreement with this, inspection of individual DSBs indicated that SCC1 depletion by siRNA did not alter clustering (Extended data 3a). Quantification of trans interactions between all DSBs also indicated that SCC1 depletion did not modify the ability of damaged TADs to physically interact together (Extended data 3b).

If DSB clustering is mediated by the self-segregation of H2AX/53BP1-enriched TAD, we postulated that this process should depend on ATM activity which is required to establish H2AX/53BP1 domains 19 , but in contrast should be increased by impairing DSB repair (since persistent DSBs with sustained H2AX/53BP1 will have more time to self-segregate). Indeed, we found that inhibition of ATM, which abolishes H2AX domain formation 19 , compromised DSB clustering, whilst inhibiting DNA-PK activity, which severely impairs rejoining of AsiSIinduced DSBs without impairing H2AX establishment 19 , triggered a substantial increase in DSB clustering (Fig. 2h, Extended data 3c). Concomitant inhibition of DNA-PK in ATMi treated cells did not restored DSB clustering (Extended Data 3d-e), further suggesting that ATM activity is required to mediate DSB clustering, even in the presence of persistent DSBs.

We previously reported that DSBs induced in active loci, while being repaired by HR in G2, display delayed repair during G1 11 , prompting us to further examine DSB clustering in synchronized cells. DSB clustering (i.e. damaged TAD-TAD interaction) could be readily detected by 4C-seq when using a DSB as a view point, as shown by the increase of 4C-seq signal observed on other DSBs induced on the genome (Fig. 2i). We used five individual viewpoints: one control view point located on an undamaged locus, and four viewpoints at DSBs sites, with three of these being "cluster-prone" DSBs and one efficiently induced DSB which is unable to cluster with other DSBs. 4C-seq experiments performed before and after DSB induction in synchronized cells indicated that DSB clustering is readily detectable during G1 and is strongly reduced during the other cell cycle phases (see an example Extended Data 3f). G1-specific DSB clustering was observed only when using the "clustering-prone" DSBs as viewpoints, but not when using the undamaged control locus or the DSB unable to cluster (Fig. 2j).

Taken altogether, our results indicate that upon DSB formation, TADs that carry DSBs and that accumulate H2AX, 53BP1 and Ubiquitin chains, are able to physically contact each other in the nuclear space (i.e. cluster) in an ATM and cell cycle regulated manner. Our data are in agreement with a model whereby clustering occurs through self-segregation of TADs that are enriched in H2AX/53BP1/ubiquitin, via polymer-polymer phase separation. Consequently, DSB clustering is enhanced when DSBs, and therefore H2AX/53BP1, persist, such as during G1 and upon DNA-PK inhibition.

"D" compartment formation following DSB induction

Previous work identified the existence of two main, spatially distinct, self-segregated, chromatin "compartments" in mammalian nuclei 31 . These chromatin compartments were determined by Principal Component Analysis (PCA) of Hi-C chromosomal contact maps in which the first principal component allowed to identify loci that share similar interaction patterns, and that can be visualized linearly using eigenvectors. Further correlations with median; Box limits: 1st and 3rd quartiles; Whiskers: Maximum and minimum without outliers; Points: outliers. P, paired non-parametric Wilcoxon test.P-values for each distribution, nonparametric Wilcoxon test tested against =0. P-value between two distributions, non-parametric Wilcoxon test. (h) qDRIP-seq read count before and after DSB induction (4h or 24h) on genes that are not upregulated (grey) or upregulated following DSB induction (red) in the D compartment or not. P, paired non-parametric Wilcoxon test. Boxplot: Center line: median; Box limits: 1st and 3rd quartiles; Whiskers: Maximum and minimum without outliers; Points: outliers. P, paired nonparametric Wilcoxon test.

(i) RNA-seq read count of DDR upregulated genes in the D compartment or not. P, nonparametric Wilcoxon test. Box plot: Center line: median; Box limits: 1st and 3rd quartiles; Whiskers: Maximum and minimum without outliers; Points: outliers. P, paired non-parametric Wilcoxon test.

(j) SETX-ChIP-seq read count before and after DSB induction on genes that are not upregulated (grey) or upregulated following DSB induction (red), in the D compartment or not. Boxplot: Center line: median; Box limits: 1st and 3rd quartiles; Whiskers: Maximum and minimum without outliers; Points: outliers. P, paired non-parametric Wilcoxon test.P, paired nonparametric Wilcoxon test. 

Online Methods

Cell culture and treatments U2OS, DIvA (AsiSI-ER-U20S) 18 , AID-DIvA (AID-AsiSI-ER-U20S) 22 and 53BP1-GFP DIvA 19 cells were grown in Dubelcco's modified Eagle's medium (DMEM) supplemented with 10% SVF (Invitrogen), antibiotics and either 1 µg/mL puromycin (DIvA cells) or 800 µg/mL G418 (AID-DIvA and 53BP1-GFP AID-DIvA) at 37 °C under a humidified atmosphere with 5% CO2. To induce DSBs (see Table S1 in 5 for positions), U2OS cells were treated with etoposide (Sigma, E1383) for 4 h at 500nM and DIVA or AID-DIvA cells were treated with 300nM 4OHT (Sigma, H7904) for 4 h. For ATM or DNA-PK inhibition, cells were respectively pretreated for 1 h with 20μM KU-55933 (Sigma, SML1109) or 2μM NU-7441 (Selleckchem, S2638) and during subsequent 4OHT treatment. For cell synchronization, cells were incubated for 18 h with 2mM thymidine (Sigma, T1895), then released during 11 h, followed by a second thymidine treatment for 18 h. S, G2 and G1 cells were then respectively treated with OHT at 0, 6 or 11 h following thymidine release and harvested 4 h later. siRNA and plasmid transfections were performed using the 4D-Nucleofector and the SE cell line 4D-Nucleofector X L or S kit (Lonza) according to the manufacturer's instructions, and subsequent treatment(s) were performed 48 h later. siRNA transfections were performed using a control siRNA ( siCtrl 50 : CUGUCUUGCUGCCUGUACU. pICE-NLS-mCherry (referred to as pICE-empty in the text; Addgene plasmids #60364) and pICE-RNaseH1-WT-NLS-mCherry (referred to as pICE-RNaseH1 in the text; Addgene plasmids #60365) were respectively used as control and for RNaseH1 for over-expression (gifts from Patrick Calsou and Sébastien Britton).

Illegitimate rejoining assay

Illegitimate rejoining assays after siRNA transfection were performed at least in triplicate in AID-DIvA cells as described in 39 . Illegitimate rejoining assays in synchronized cells were performed in DIvA cells following a 4OHT treatment (n=4 biological replicates). Two different illegitimate rejoining between different AsiSI sites were assessed by qPCR using the following primers: #1Fw: GACTGGCATAAGCGTCTTCG, #1Rev: TCTGAAGTCTGCGCTTTCCA, #2Fw: GGAAGCCGCCCAGAATAAGA, #2Rev: TCCATCTGTCCCTATCCCCAA. Results were normalized using two control regions, both far from any AsiSI sites and γH2AX domains using the following primers: Ctrl_chr1_82844750_Fw: AGCACATGGGATTTTGCAGG, Ctrl_chr1_82844992_Rev:

TTCCCTCCTTTGTGTCACCA, Ctrl_chr17_9784962_Fw: ACAGTGGGAGACAGAAGAGC, Ctrl_chr17_9785135_Rev:

as ARnorm = (Rmax-Rmin)/(Rmax+Rmin), where Rmax and Rmin are the longest and shortest radius, respectively. Then, the aspect ratio over time was fitted with an exponential function with an additive offset to obtain the relaxation constant (tR) and the aspect ratio of the end product after fusion. tR values obtained from five different experiments were plotted versus the size of the respective foci after the fusion and fitted with a linear function, whose slope is the inverse capillary velocity.

RNAscope

RNAscope allows to visualize transcription sites 53,54 . DIvA cells were grown on Chambered Cell Culture Slides (Corning™ Falcon™ #08-774-25) and fixed with 4% paraformaldehyde during 15 min at room temperature. The RNAscope Assay was performed using the RNAscope® Multiplex Fluorescent Kit v2 kit (ACDBio #323100), following the manufacturer's instructions. Briefly, fixed cells were pre-treated with RNAscope® Hydrogen Peroxide for 10 min, then permeabilized with RNAscope® Protease III (1:15 diluted) for 10 min. Cells were then incubated with the probes RNAscope® Probe-Hs-GADD45A-C1 (ACDBio #477511) and RNAscope® Probe-Hs-CCL2-C2 (ACDBio #423811-C2) or RNAscope® Positive Control Probe-Hs-PPIB-C2 (ACDBio #313901-C2), or with the intronic probes RNAscope™ Probe-Hs-PLK3-intron-C1 (ACDBio #1263411) and RNAscope™ Probe-Hs-CDC42-intron-C2 (ACDBio #1263101) or RNAscope™ Probe-Hs-ADGRL2-intron-C2 (ACDBio #1263111) in a HybEZTM Oven at 40°C for 2 hours. Signal amplification steps were performed, followed by the development of the HRP-C1 and HRP-C2 signals, using Opal TM dye 620 and 690 (Akoya Biosciences) diluted to 1:750. Finally, an immunofluorescence was performed as described above, without additional permeabilization step and using H2AX (JBW301, Millipore) and DAPI staining. Images were acquired with the software Micro-Manager, using the 40X or 60X objective of a microscope CSU-W1 Spinning Disk/High Speed Widefield, equipped with a Andor Zyla sCMOS camera. The colocalization between H2AX foci and RNA foci was measured using Cell Profiler. Two foci were considered as colocalizing when part of their areas was overlapping and if their respective centroids were separated by less than 1μM.

Western Blot

AID-DIvA cells were incubated in RIPA buffer (50 mM Tris at pH 8, 150 mM NaCl, 0.5% deoxycholate, 1% NP-40, 0.1% SDS) on ice for 20 min and centrifuged at 13,000 rpm for 10 min. The supernatant, containing soluble protein extracts, was then mixed with SDS loading buffer and reducing agent, resolved on 3-8% NuPAGE Tris-acetate gels (Invitrogen) and transferred onto PVDF membranes (Invitrogen) according to the manufacturer's instructions. For RNaseH1 expression, 0.5x10 6 DIvA cells were incubated 15 min at room temperature with 625 units of GENIUS TM Nuclease (Santa Cruz Biotechnology, sc-202391) in SDS loading buffer. After adding a reducing agent, samples were heated at 95°C for 5 minutes and loaded on a NuPAGE 4-12% Bis-Tris gel in MOPS SDS running buffer and transferred onto PVDF membrane (Invitrogen) with a Trans-Blot Turbo Transfer System according to the manufacturer's instructions (Bio-Rad). PVDF membranes were incubated in TBS containing 0.1% Tween 20 (Sigma, P1379) and 3% nonfat dry milk for 1h for blocking, followed by PCR cycles. Libraries were pooled at equimolar concentrations and sequenced via an Illumina NextSeq500 system using 75 paired end reads.

qDRIP-seq data were processed using a custom pipeline taking into account stranded and spikein library preparation. Briefly, reads were trimmed using Trimmomatic 0.39 55 to remove remaining primers from the library. BWA-MEM was used for mapping reads to a custom reference genome merging hg19 and dm6 (spike-in) chromosomes. Samtools was used to generate bam files with reads based on their mapping location (hg19 or dm6). Strand-specific data were generated using samtools view and merge with flags filters: 80;160 for reverse fragments, and 96;144 for forward fragments. Bam files were then sorted, indexed and duplicates were removed. Bigwig files were generated on these data, normalized by total read count (CPM, count per million) or by the number or reads mapped on dm6 (spike-in). Differential coverage between two conditions was performed using BigWigCompare from deeptools with the substract setting 56 and with setting bin size parameter at 50bp. Narrow peaks were detected using macs3 callpeak algorithm 57 on qDRIP bams using -q 0.1.

DRIP-qPCR

DRIP-qPCR were performed as in 39 by using primers for RPL13A (FW: AATGTGGCATTTCCTTCTCG ; REV: CCAATTCGGCCAAGACTCTA) and PLK3 (FW: CGGAGCAGAGGAAGAAGTGA ; REV: CATGCATGAACAGCCCATCA).

Amplicon -seq

AID-DIvA cells were treated with or without 300 nM 4OHT for 4 h followed by treatment with indole-3-acetic acid (IAA) for 14 h to degrade AsiSI 22 . Cells were then lysed in cytoplasmic lysis buffer (50 mM HEPES pH7.9, 10 mM KCl2, 1.5 mM MgCl2, 0.34 M sucrose, 0.5% triton X-100, 10% glycerol, 1 mM DTT) for 10 min on ice, then washed once in cytoplasmic lysis buffer before lysis in genomic extraction buffer (50 mM Tris pH8.0, 5 mM EDTA, 1% SDS, 0.5mg/mL proteinase K). Lysate was incubated at 60°C for 1 h. Genomic DNA was then ethanol precipitated on ice for 1 h, pelleted at 19,000 g for 20 min and washed twice in 75% ethanol.

Genomic DNA was then used in a multiplex PCR reaction that amplified 25 target sites; 20 AsiSI cut sites and 5 uncut control sites (Supplementary Table 1). Amplicons were size selected using SPRIselect beads (Beckman, B23318) and subjected to DNA library preparation via the NEBNext Ultra II kit (NEB, E7645L). Libraries were pooled at equimolar concentrations and sequenced via an Illumina NextSeq 500 system using paired end 150 cycles. The data was analyzed via our custom tool mProfile, available at github.com/aldob/mProfile. This identified the genomic primers used in the original genomic PCR reaction to amplify each read in the pair. Translocated reads were therefore identified as those where each read in a pair was amplified by a different primer set, and this was normalized to the total reads that were correctly amplified by these primer sets. The heatmap of illegitimate rejoining/translocation events was made between 20 DSB by computing the ratio between the +DSB and -DSB sample for each pair of DSB and compared log2(ratio) distribution between each condition and control. Significance was computed using non-parametric Wilcoxon test. In the case of LLPS, the phase boundary will favor 53BP1 diffusion inside the foci and hinder its diffusion across the boundary. This leads to preferential internal mixing that can be observed as a decrease of the fluorescence in the non-bleached half (marked by a black arrow). In the case of PPPS, the phase separation of the foci is driven by the chromatin self-interactions. In the latter case, 53BP1 is recruited through binding without a phase boundary, and unbound 53BP1 molecules can diffuse between nucleoplasm and foci without restriction. Then, the recovery of fluorescence is primarily due to molecules entering from the nucleoplasm, and only a small intensity decrease in the non-bleached half is observed.

(f) 53BP1-GFP DIvA cells were filmed 4h after DSB induction using 4 min intervals for 1 h.

In this example the fusion does not trigger the formation of a round shape condensate.

(g) Quantification of fusions of 53BP1-GFP foci. Top/middle panels: The aspect ratio of the 53BP1-GFP condensates was determined during fusion events imaged on a RIM microscope, 2,6,9,13,17,18,20 and X in presence of DNA-PKi, bottom panel).

(f) Enrichment for transcription factor motifs was analyzed for genes that displayed a positive D compartment value, as compared with genes that displayed a negative D compartment value.

(g) Boxplot showing the quantification of the D compartment signal computed from Hi-C data (+DSB+DNA-PKi/-DSB) on genes from chr1, 2,6,9,13,17,18,20, X that 

Discussion

In this manuscript, we aimed at identifying the mechanisms responsible for RNA:DNA hybrid accumulation at DSBs. Altogether, our data showed that DSB-induced RNA:DNA hybrids 1) form on the ssDNA overhang generated by end-resection, 2) do not form at all DSBs but mostly at TC-DSBs (DSB generated in RNAPII-enriched loci, i.e.: undergoing transcription), and 3) form unidirectionally and preferentially in the direction of the nearby transcribed gene, suggesting that pre-existing RNA located at the damaged locus largely accounts for the RNA moiety of RNA:DNA hybrids. RNA:DNA hybrid accumulation is fostered by transcriptional repression that is in part dependent on the H3K4me3 reader SPIN1. While RNA:DNA hybrids promote short-range resection, their removal is further necessary to ensure cell survival (Fig. 6h).

DSB-induced RNA:DNA hybrids mostly originate from the hybridization of pre-existing RNA

De novo recruitment of RNAPII/III at DNA ends has been proposed to account for RNA:DNA hybrid formation at sites of DSBs 11,23 although the identity of the RNA polymerase involved is debated 20,21,23 . Here, by analyzing RNAPII and RNAPIII distribution at above a hundred annotated DSBs induced in euchromatin using high-resolution, genome-wide ChIP-seq, we failed to provide evidence for the recruitment of either RNAPII or RNAPIII at sites of damage although RNA:DNA hybrid accumulation was readily detectable ( 10,58 and this study). This findings are in agreement with previous studies 40,41,44 but contrasts with other reports 12,[19][20][21][22][23]70 , describing RNAPII or RNAPIII accrual at sites of DNA damage induced by micro-irradiation using imaging 20,22,23,70 or at nuclease-induced DSBs using ChIP 12,19,20,23,71 . Although the reasons for such discrepancies are yet unclear, we can envision several potential explanations. First, live-imaging at sites of micro-irradiation 20,23,70 , while providing valuable kinetic parameters, will be strongly influenced by the extent and variety of laser-induced DNA damage as well as overexpression of the fluorescently tagged protein. Furthermore, changes in protein dynamics (such as the decreased processivity or accumulation of specific phosphorylated forms described here for RNAPII) might be difficult to distinguish from de novo recruitment in such assays, which should thus be interpreted with caution. Second, RNA polymerase recruitment might be too transient for detection by ChIP-seq. Indeed, since AsiSI-induced DSB can be quickly regenerated upon faithful repair, ChIP-seq experiments on cell populations represent a mixture of events ranging from early cleavage to late repair. While this allows sampling of the various steps in the repair process, some transient states may remain below the detection threshold.

Although we cannot formally exclude it, we consider this possibility rather unlikely given that we also failed to detect RNAPII recruitment using quantitative PCR, a more sensitive assay able to quantify subtle differences on ChIP samples (Extended data Fig. 1), and that under similar experimental conditions, the transient binding of NHEJ factors such as XRCC4 and LIG4 is easily detectable by ChIP-seq at AsiSI-induced DSBs 49,50 . Third, it remains possible 
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Methods

Cell culture and treatments:

DIvA (AsiSI-ER-U2OS) and AID-DIvA cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with antibiotics, 10% FCS (Invitrogen) and either 1µg/mL puromycin (DIvA cells) or 800 µg/mL G418 (AID-DIvA cells) at 37°C under a humidified atmosphere with 5% CO2. AsiSI-dependent DSBs were induced by the addition of 300 nM 4-OHT (Sigma, H7904) into the medium for 4 h or 24 h. When indicated, AID-DIvA cells were washed 3 times with pre-warmed 1X PBS, followed by the addition of 500 µg/mL auxin (IAA, Sigma; I5148) for 4 h, allowing for the degradation of the AsiSI-ER-AID fusion protein and subsequent DSB repair. MS31 (MedChemExpress, HY-125837A) was used at 50 µM and added to the medium 30 min prior to 4-OHT treatment. Etoposide (Sigma, E1383) treatment was used at different concentrations for 4 h followed by 2 washes in pre-warmed 1X PBS. ATM inhibition was performed using KU-55933 (Sigma, SML1109) at 20 µM and added to the medium 1 h prior to 4-OHT treatment. siRNA transfections were performed using 4D-Nucleofector from Lonza either with the SE-small kit for 1x10 6 cells or SE-large kit for 5-20x10 6 of cells, according to the manufacturer's instruction. Cells were collected 48 h after siRNA transfection.

The siRNA used are listed in Supplementary Table 1.

Chromatin Immuno Precipitation

ChIP experiments were performed as in 49,80 . Briefly, cells were crosslinked with 1% formaldehyde for 15 min at room temperature and quenched with 0,125 M glycine for 5 min. Fragmented DNA was precipitated using ethanol and glycogen. Samples were resuspended into TE, and centrifuged again to remove any residual white pellet that would not correspond to DNA being precipitated. DNA is quantified and stored at -20°C. The next day, only 1/1000 of the "E171" plasmid DNA added to each condition for a spike in control. The fragmented DNA was the precipitated in 1X WB (5 mM Tris HCl pH 8, 0.5 mM EDTA, 1 M NaCl) using Dynabeads MyOne magentic C1 beads (ThermoFisher) for 30 min at room temperature. Beads were then washed three times with 1X WB, followed by two washes with EB buffer and once with 1x NEB T4 DNA ligase buffer. Samples were then incubated with an end repair a mixture of the large Klenow fragement, T4 PolI and T4 PNK for 30 min at 24°C. Beads were washed once with 1X WB, twice with EB buffer and once with 1X NEBNext dA-tailing buffer. After that, beads were incubated with the dA-tailing reaction mix containing the Klenow fragment (3'-5' exo-) for 30 min at 37°C. After removal of the dA-tailing reaction, samples were subjected to ligation with the Quick Ligase (NEB) in the presence of 0.5 μM of END-seq adapter 2 (see 81 for sequence) for 20 min at 25°C. The ligation reaction was inactivated with EDTA and beads were washed three times with 1X WB and three times with EB. The USER enzyme (NEB) was added to samples for 30 min at 37°C. 20 cycles of PCR reaction was achieved with NEBNext multiplex oligos for Illumina (E7335S, New England Biolabs) and PCR products were purified with SPRIselect or Ampure XP beads (Beckman Coulter) using first a size selection with a 0.6X beads-to-sample ratio followed by two consecutive purifications with a 0.9X ratio. Typically, 6-9 END-seq conditions were pooled in equimolar concentration for a single sequencing run of 50 bp paired-end reads on a NextSeq 2000 at EMBL GeneCore (Heidelberg, Germany).

High-throughput sequencing data analyses

The quality of each raw sequencing file (fastq) was verified with FastQC. All sequencing data were aligned using bwa-mem (https://bio-bwa.sourceforge.net/bwa.shtml) and further sorted and duplicates removed using samtools (http://www.htslib.org/). Bigwig coverage tracks for each file was generated using bamCoverage from deeptools (https://deeptools.readthedocs.io/en/latest/) and, unless specified, were normalized by the total read count for each sample. Differential coverage between two conditions was performed using BigWigCompare from deeptools with setting the bin size parameter to 50 bp and the operation parameter as either "log2" or "subtract". Further data analysis specifications for each sequencing protocol are outlined below.

ChIP-seq data processing

ChIP-seq data samples were aligned to the reference human genome (hg19) and processed as described above. In addition, strand specific library samples were processed using samtools view and merge with flags filters: 80;160 for reverse fragments, and 96;144 for forward fragments to generate strand-specific bam files which were then used to generate bigwig coverage tracks for downstream analysis.

qDRIP-seq data processing

Supplementary Table 2. Cells were washed three times in 1X PBS-BSA 3% and incubated with secondary antibodies for 1h at room temperature. Cells were washed three times in 1X PBS-BSA 3% and incubated for 15 min with Hoechst 33342 (Sigma, 1:1000). Cells were washed again two times in 1X PBS-BSA 3% before being mounted onto coverslips for image acquisition using MetaMorph on a DM6000 wide-field microscope equipped with a cooled charge-coupled device camera (CoolSNAP HQ2), using a ×40 objective. Images were analyzed using Columbus, the integrated software to the Operetta automated high-content screening microscope (PerkinElmer). 

Extended data Figures legends

Extended data