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Synthèse

Toutes les formes de beauté infinies et de complexité que l"on peut observer chez les organismes vivants voient leurs caractéristiques déterminées par leur contenu génomique. Le matériel génétique est le maestro de la symphonie moléculaire qui régit la plupart des aspects de la vie, dont le développement, l'homéostasie tissulaire, la fonction et la structure cellulaires. Si d'une part le maintien de la stabilité génétique est primordial pour le passage des informations héritées et la fonction cellulaire; d'autre part, la survenue de modifications doit être tolérée car les variations génétiques sont le moteur de la diversité et représentent une conditio sine qua non du processus évolutif. Par conséquent, l'équilibre subtil entre stabilité / variation génétique doit être étroitement régulé pour permettre la diversité / évolution génétique sans nuire à la santé individuelle.

L'instabilité du génome est étroitement liée à l'initiation de la maladie. De nombreuses maladies, comprenant entre autres les syndromes développementaux et les maladies auto-immunes, résultent de modifications génomiques non désirées [START_REF] Marson | Lessons from human progeroid syndromes[END_REF]Jackson et Bartek, 2009). Sans surprise, l'instabilité du génome est également une caractéristique du cancer (Negriini et al., 2010;Hanahan et Weinberg, 2011;[START_REF] Wei | Inactivation of exonuclease I in mice results in DNA mismatch repair defects, increased cancer susceptibility, and male and female sterility[END_REF]. L'instabilité chromosomique a été associée à la tumorigenèse bien avant que l'ADN ne soit reconnu comme la molécule responsable de l"héritage de l'information génétique. Au début du 20e siècle, Marcella O'Grady et Theodor Boveri ont proposé que le cancer émergerait d'anomalies chromosomiques créées par une mauvaise ségrégation chromosomique [START_REF] Boveri | Concerning the origin of malignant tumours by Theodor Boveri. Translated and annotated by Henry Harris[END_REF].

La prolifération cellulaire est essentielle au développement et à l'homéostasie tissulaire des organismes multicellulaires. Au cours d'une vie, le corps humain subit environ 10 16 divisions cellulaires [START_REF] Wei | Inactivation of exonuclease I in mice results in DNA mismatch repair defects, increased cancer susceptibility, and male and female sterility[END_REF]. Afin de maintenir l'intégrité du génome pendant ces innombrables divisions cellulaires, des voies moléculaires ont été sélectionnées au cours de l'évolution pour controler l'intégrité de l'ADN et éviter les modifications génétiques tout au long du cycle cellulaire. En effet, le génome des cellules eucaryotes est constamment exposé à des agents endommageant l'ADN qui peuvent provenir de l'environnement (ex.: Lumière ultraviolette, rayonnements ionisants et produits chimiques) ou du métabolisme cellulaire endogène (ex.: Réplication de l'ADN et espèces réactives de l'oxygène). Certaines voies de réparation de l'ADN détectent les ruptures de l'ADN, tandis que d'autres détectent ses changements de structure, fonctionnant comme un réseau interconnecté pour éviter l'instabilité du génome (Ciccia et Elledge, 2010). Une fois les dommages détectés, les senseurs de dommages à l'ADN induisent le recrutement d'autres protéines qui déclenchent la réponse aux dommages à l'ADN (de l"anglais -DNA damage response -DDR). La DDR coordonne de nombreux processus cellulaires pour empêcher l"expansion de variations génétiques nuisibles. Dans les cellules en prolifération, la DDR peut induire un arrêt du cycle cellulaire pour laisser le temps aux cellules de réparer leur ADN. Le DDR peut également inhiber la transmission de variants génétiques délétères par des mécanismes cellulaires autonomes et non autonomes selon le contexte et l"importance des lésions d'ADN, en induisant la mort cellulaire, la sénescence, ou encore en activant le système immunitaire (Ciccia et Elledge , 2010;Chatzinikalaou et al., 2014;Nakad et Schumacher;2016).

Le but de ma thèse a été de mieux comprendre le rôle de la recombinaison homologue (RH) in vivo chez la souris, un processus de réparation de l'ADN que l"on retrouve entre autre dans les cellules en prolifération pendant les phases S et G2.

La recombinaison homologue (HR) est une voie de réparation de l'ADN qui joue un (des) rôle (s) essentiel (s) dans la stabilité du génome (Mehta et Haber, 2014;Jasin et Rothstein, 2013). Notamment, HR est impliquée dans la réparation des cassures double brin de l'ADN (du anglaisdouble strand break -DSB), des liaisons croisées inter-brins d"ADN et, surtout, dans la protection et la reprise de progression des fourches de réplication qui ont été arrêtées (Mehta et Haber, 2014;Feng et Jasin, 2017;[START_REF] Ceccaldi | The Fanconi anaemia pathway: New players and new functions[END_REF]. La RH peut être schématiquement divisée en plusieurs étapes successives 1-résection des extrémités de l"ADN, qui est initiée par MRE11 / CtIP en association avec BRCA1, et qui génère un ADN simple brin 3' sortant qui est ensuite recouvert par RPA; 2-BRCA2 / PALB2 remplace RPA par RAD51 pour former un filament nucléoprotéique composé d"ADN simple brin et de RAD51 ; 3-le nucléofilament (filament RAD51) favorise la recherche d"un partenaire d"ADN homologue pour ensuite l"envahir et initier la synthèse d"ADN; 4-les intermédiaires formés sont ensuite résolus pour former différents produits de recombinaison. Par conséquent, le filament RAD51 peut être considéré comme l'espèce active de la RH. Il doit être correctement ordonnée pour son activité, et représente l'acteur pivot de RH.

En raison de son rôle dans le maintien de la stabilité du génome, la RH est considérée comme une voie de suppression de tumeur. Cette notion est conforté par le fait que de nombreux gènes RH sont dérégulés dans le cancer. Les mutations inactivantes de BRCA1, BRCA2, PALB2 et d'autres gènes RH confèrent une prédisposition au cancer héréditaire du sein et de l'ovaire et se retrouvent également dans des tumeurs sporadiques [START_REF] Lord | BRCAness revisited[END_REF]Bailey et al., 2018;Campbell et al., 2020). De plus, les gènes de la RH, BRCA1 (FA-S), BRCA2 (FA-D1), PALB2 (FA-N), RAD51C (FA-O) et RAD51 (FA-R) sont mutés dans l'anémie de Fanconi (du anglais -Fanconi anemia -FA), un syndrome genetique associé a des défauts de développement, certains phénotypes de vieillissement prématuré et une prédisposition au cancer (Nalepa et Clapp, 2018;Carrero et al., 2016). Curieusement, bien que RAD51 soit l'effecteur central de la RH, on ne trouve aucune évidence de son inactivation dans les cancers familiaux du sein et des ovaires ni dans les cancers sporadiques. De plus, contrairement à d'autres groupes FA, les cas déclarés de FA-R (RAD51) n'ont pas montré de prédisposition au cancer (Ameziane et al., 2015;Takenaka et al., 2019;Wang et al., 2015). Par conséquent, malgré des études approfondies, aucun lien n'a été établi entre l'inactivation du RAD51 et la carcinogenèse. À l'inverse, une surexpression de RAD51 a été rapportée dans différentes tumeurs (Maacke et al., 2000;[START_REF] Qiao | High-level expression of Rad51 is an independent prognostic marker of survival in non-small-cell lung cancer patients[END_REF]Welsh et al., 2009;[START_REF] Li | Elevated expression of Rad51 is correlated with decreased survival in resectable esophageal squamous cell carcinoma[END_REF]. Collectivement, ces données suggèrent que RAD51 représenterait un paradoxe dans le cancer comparé aux autres gènes la RH. Chez les mammifères, RAD51 est un gène essentiel; son inactivation conduit à une létalité embryonnaire précoce chez la souris (Tsuzuki et al., 1996;Lim et Hasty, 1996). Cela complique les analyses in vivo des fonctions RAD51, notamment pour répondre au paradoxe RAD51. Curieusement, malgré son rôle central dans la RH, les études in vivo de RAD51, utilisant des stratégies adaptées telles que l'inactivation en tissues spécifiques, restent à développer.

Il y a ete montré récemment qu'une forme dominante négative de RAD51 (SMRAD51) qui se lie à l'ADN simple brin et bloque l'activité d'invasion de brin d"ADN bloque également l'hybridation du brin complémentaire [START_REF] So | Mammalian RAD51 prevents nonconservative alternative end-joining and single strand annealing through non-catalytic mechanisms[END_REF]. Par conséquent, la formation d'un filament RAD51 pendant HR déclenche non seulement la recherche d'homologie et d'échange de brins, mais elle empêche également l'étape d'hybridation de SSA (du anglaissingle strand annealing) et A-EJ (du anglaisalternative end-joining), par occupation de l'ADN, sans nécessiter son activité catalytique de la RH (So et al.2019 ;[START_REF] Scully | DNA double-strand break repair-pathway choice in somatic mammalian cells[END_REF]. Par conséquent, l'abolition de l'expression de RAD51 ou de son chargement (via l'inactivation de BRCA2, par example) diminue l'efficacité de la RH, mais en parallèle, stimule des vois de reparation non conservatrices SSA et A-EJ [START_REF] So | Mammalian RAD51 prevents nonconservative alternative end-joining and single strand annealing through non-catalytic mechanisms[END_REF], tandis que l'expression SMRad51 inhibe HR mais empêche toujours le stimulation de l'SSA et de l'A-EJ [START_REF] So | Mammalian RAD51 prevents nonconservative alternative end-joining and single strand annealing through non-catalytic mechanisms[END_REF]. Les gènes de la RH inactivés dans le cancer sont des gènes impliqués dans le chargement et la stabilisation de RAD51 sur l'ADN simple brin. Ainsi, on peut se demander si les phénotypes observés résultent réellement d'un défaut de la HR ou d'une stimulation des voies mutagènes SSA et A-EJ. Cela rend compte du paradoxe RAD51. De plus, les effets de la perturbation fonctionnelle de RAD51 in vivo sont encore inconnus. Par conséquent, nous avons ici profité d'une chimère négative dominante RAD51 précédemment générée qui perturbe la RH sans augmenter SSA ou A-EJ pour évaluer in vivo la contribution spécifique de la fonction RAD51 à la réplication normale, ainsi que l'initiation et la progression de la tumeur, en utilisant la souris comme modèle.

Dans le premier chapitre de la section résultats, nous avons conçu deux modèles de souris pour évaluer les effets de la surexpression de RAD51 et de l'inactivation fonctionnelle de RAD51 in vivo. Dans le premier modèle, nous avons développé une souris qui permet l'expression d'une forme dominante négative de RAD51 sous la dépendance de la doxycycline (Dox). Cette forme dominante (SMRAD51) avait été précédemment développée et étudiée dans les cellules en culture (Lambert et Lopez, 2000). Cette chimère levure-souris permet l'inhibition de RH sans augmenter les voies de réparation non conservatrices du DSB (SSA et A-EJ) [START_REF] So | Mammalian RAD51 prevents nonconservative alternative end-joining and single strand annealing through non-catalytic mechanisms[END_REF]. Dans le deuxième modèle, nous avons développé une souris permettant l"expression exogène de la proteine native RAD51 également sous la dépendance de la Dox (ici appelé exMmRad51). Nous nous sommes d'abord efforcés de comprendre les mécanismes moléculaires par lesquels SMRAD51 inhibe l'activité de RAD51. Nous montrons que la proteine SMRAD51 se fixe sur l'ADN simple brin et forme des foyers lors de l'induction de dommages à l'ADN par un rayonnement ionisant. Cependant, SMRAD51 perturbe la structure du filament RAD51-ADN simple brin qui perd alors son activité d'échange de brins. J"ai pu montrer que l'expression de SMRAD51 dans les fibroblastes embryonnaires de souris en culture inhibe l"activité de « gene-targetting » de RH, induit un stress réplicatif et une instabilité génétique. Chez les jeunes souris en croissance, l'expression de SMRAD51 entraîne un stress réplicatif in vivo, une perte de poils, un arrêt de croissance, une réponse inflammatoire systémique et la mort au bout de quelques jours. Le traitement avec un anti-inflammatoire non stéroïdien réduit partiellement la mortalité des jeunes souris induite par le SMRAD51, mais n"affecte pas la perte de poils ni l'arrêt de la croissance, indiquant que ces derniers phénotypes sont indépendants de l'inflammation systémique. Ces données révèlent que la suppression de la RH in vivo chez les souris en croissance, c'est-à-dire lorsque la plupart des cellules prolifèrent, compromet l'homéostasie du progéniteur, mettant en danger la fonction tissulaire et induit une réponse inflammatoire qui exacerbe la mort de la souris.

Dans le deuxième chapitre de la section résultats, nous avons étudié les effets de l"inactivation de l"activité de RAD51 chez les souris adultes. De façon intéressante, nous montrons que l'expression de SMRAD51, mais pas la surexpression de RAD51, chez la souris adulte conduit à des phénotypes de vieillissement prématuré sans pour autant induire une prédisposition au cancer. En conclusion, ces données montrent que la perturbation de la fréquence cardiaque par une inactivation fonctionnelle RAD51 spécifique alimente la dégénérescence tissulaire sans augmenter la tumorigenèse.

Dans le troisième chapitre de la section résultats, nous démontrons que l'inactivation du suppresseur de tumeur TRP53 accélère la mort de la souris induite par l'expression de SMRAD51 chez des souris adultes. Il est important de noter que cette mort rapide de la souris n'est pas associée à la formation de tumeurs, ce qui met en évidence l"existence d"une interaction génétique unique entre l'inactivation fonctionnelle de RAD51 et la perte de TRP53.

Mécanistiquement, nous montrons que, dans les fibroblastes embryonnaires de souris en cultures, la perte de TRP53 abolit la sénescence cellulaire induite par l'expression de SMRad51. Cependant, bien que l'inactivation de Trp53 inhibe la sénescence, elle ne sauve pas les défauts de prolifération cellulaire observés lors de l'expression de SMRAD51. Ce dernier est probablement causé par une augmentation des dommages à l'ADN présent en mitose qui induisent des défauts mitotiques. Sur la base de nos résultats dans les MEF, nous proposons que, in vivo, l'inactivation de Trp53 augmente la perte de progéniteurs observée lors de l'inactivation fonctionnelle RAD51 et, ainsi, accélère la mort de la souris.

Dans le quatrieme et dernier chapitre de la section results nous montrons que l'inactivation fonctionnelle de RAD51 inhibe l'initiation, la croissance et la progression des tumeurs dans un modèle murin de cancer du sein. L'inactivation fonctionnelle de RAD51 augmente l'activation des dommages à l'ADN et la réponse au stress de réplication dans les lésions pré-néoplasiques et néoplasiques in vivo. En outre, les données obtenues dans des lignées cellulaires derivées de tumeurs mammaires de souris montrent que l'inactivation fonctionnelle de RAD51 provoque l'arrêt du cycle cellulaire en phase G2, la mort cellulaire et inhibe la prolifération cellulaire. Nous proposons que ces événements cellulaires autonomes déclenchés par l'inactivation fonctionnelle de RAD51 son responsable, au moins en partie, de l'inhibition de la croissance / progression tumorale observée in vivo dans les tumeurs mammaires.

Dans ce travail, nous démontrons que l'inactivation fonctionnelle in vivo de RAD51 conduit à une dégénérescence tissulaire et au vieillissement sans induire une stimulation de la tumorigenèse. La fonction des cellules et l'homéostasie tissulaire dépendent du maintien de la stabilité du génome. Au cours du développement chez les mammifères, les divisions cellulaires permettent l'expansion cellulaire qui transforme un zygote en un organisme, ainsi que le renouvellement et la régénération des tissus. L'instabilité génétique causée, par exemple, par des erreurs de réplication ou de ségrégation chromosomique, crée une accumulation de charge mutationnelle au fil du temps qui peut contribuer à la perte de la fonction cellulaire et induire le vieillissement et peut également directement entraîner la tumorigenèse. Au cours de leur odyssée vers la transformation cancereuse, les cellules doivent contourner plusieurs étapes qui servent de barrières sélectives à la tumorigenèse. La résistance au stress de réplication (1), le maintien d'une prolifération illimitée (2) et le scape de la surveillance du système immunitaire (3) sont des caractéristiques que doivent acquérir les cellules cancereuses au cours de la tumorigenèse (Macheret et Halazonetis, 2015;Hanahan et Weinberg, 2011). Je propose que l'inhibition fonctionnelle de RAD51 ait des effets opposés. D'une part, il augmente l'instabilité du génome qui peut alimenter la génération de variants génétiques pro-tumorigènes, et d'autre part, il augmente la pression sélective qui a lieu au cours des trois étapes précitées nécessaires à l'initiation de la tumeur. Dans ce cas, l'augmentation de la pression sélective s'accompagne d"un vieillissement prématuré créé par un stress de réplication chronique.

Nous avons pu montrer que l'inactivation fonctionnelle de RAD51 diminue l'initiation de la tumeur dans un modèle de cancer du sein. L'ensemble des données indiquent que l'inhibition de RH n'est pas en soi pro-tumorigène, et qu"au contraire l'inactivation fonctionnelle de RAD51 peut bloquer la tumorigenèse.

En se basant sur le fait que le SMRAD51 bloque la RH sans augmenter les vois alternatives mutagènes (SSA et l'A-EJ) et n"induit pas de tumeurs, je propose que la stimulation de ces voies qui a lieu lorsque le chargement de RAD51 est inhibé, soit la cause de l'initiation de tumeurs chez certains sujets déficients en RH.

En utilisant la chimère de levure-souris SMRAD51 précédemment développée par notre groupe, nous avons montré que l'inactivation fonctionnelle de RAD51 inhibe la croissance et la progression tumorales dans un modèle murin de cancer du sein. Cette caractéristique anti-tumorale peut être utilisée dans le développement d'une thérapie génique anti-cancéreuse en utilisant la protéine SMRAD51. Nous explorons actuellement cette idée excitante et développons des vecteurs viraux afin d"administrer SMRAD51 dans les tumeurs in vivo. De façon intéressante, il semble que grâce à la construction SMRAD51, nous avons créé une nouvelle logique pour le traitement du cancer qui vise à inactiver de façon concomitante la RH et des voies mutagènes alternatives. La recherche par molécules uniques ou la combinaison d'inhibiteurs qui inhiberaient ces voies en même temps serait d'une grande valeur dans l"avancée du traitement du cancer.

Il me semble que les nouvelles pistes d'étude générées par cette thèse sont d'un grand intérêt scientifique et public et apporteront des contributions importantes dans les domaines de la réparation de l'ADN, de l'inflammation, du vieillissement ainsi que de l'initiation et de la progression de la tumeur.
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Introduction 1. Genome Stability

All the endless forms of beauty and complexity observed in living organisms have their characteristics determined by their genomic content. The genetic material is the maestro of the molecular symphony that governs most aspects of life, including development, tissue homeostasis, cell function and structure. If on one hand the maintenance of genetic stability is of ultimate importance to the passage of inherited information and cell function; on the other hand, modifications must be allowed since genetic variants drive diversity and are a conditio sine qua non for the evolutionary process. Therefore the fine balance between genetic stability/variation must be tightly regulated to allow genetic diversity/evolution without harming individual health.

Genome instability is closely related to disease initiation. Many diseases, including developmental syndromes and autoimmune diseases arise from unwished genomic modifications [START_REF] Marson | Lessons from human progeroid syndromes[END_REF]Jackson and Bartek, 2009). Not surprisingly, genome instability is also a hallmark of cancer (Negriini et al., 2010;Hanahan and Weinberg, 2011;[START_REF] Wei | Inactivation of exonuclease I in mice results in DNA mismatch repair defects, increased cancer susceptibility, and male and female sterility[END_REF]. Chromosome instability has been associated to tumorigenesis long before DNA was recognized as the molecule responsible for the passage of hereditary information. In the beginning of the 20th century Marcella O'Grady and Theodor Boveri proposed that cancer would emerge from abnormalities in chromosomes created by chromosomal misegregation [START_REF] Boveri | Concerning the origin of malignant tumours by Theodor Boveri. Translated and annotated by Henry Harris[END_REF]. Somatic cell division is defined as the process by which a mother cell generates two daughter cells. Although differences between species are observed, some characteristics are universal: DNA replication is necessary for the generation of two cells with identical genomic content and various mechanisms evolved to ensure that genome stability is maintened. DNA is duplicated during the synthesis phase (S) of the cell cycle, and during mitosis (M) the sister chromatids are segregated from each other and delivered to each daughter cell. In between, two gap phases are observed: gap1 (G1) between M to S transition and gap2 (G2) between S and M (Alberts et al., 2014).

Cell proliferation is essential for development and tissue homeostasis in multicellular organisms. During a lifetime, the human body experiences about 10 16 cell divisions [START_REF] Wei | Inactivation of exonuclease I in mice results in DNA mismatch repair defects, increased cancer susceptibility, and male and female sterility[END_REF]. In order to keep genome integrity during these numberless cell divisions, molecular pathways were selected through evolution to verify DNA integrity and avoid genetic modifications throughout the cell cycle. Indeed, the genome of eukaryotic cells is constantly exposed to DNA damaging agents that may originate from the environment (ex.: ultra violet light, ionizing radiation and chemicals) or from endogenous cellular metabolism (ex.:

DNA replication and reactive oxygen species). Some DNA repair pathways detect breaks in the DNA, while others detect changes in the DNA structure, working as an interconnected network to avoid genome instability (Ciccia and Elledge, 2010). Once the damage is detected, DNA damage sensors induce the recruitment of other proteins that initiate the DNA damage response (DDR). The DDR coordinates many cellular processes to prevent the insurgence of harmful genetic variations. In proliferating cells, it can induce cell cycle arrest to allow time for DNA repair. The DDR can also inhibit the passage of deleterious genetic variants by cell autonomous and non-autonomous mechanisms depending on the context and extension of the DNA lesions, by inducing cell death, senescence, as well as, by activating the immune system (Ciccia and Elledge, 2010;Chatzinikalaou et al., 2014;Nakad and Schumacher;2016).

In my thesis, I focused on the understanding of the role of homologous recombination (HR) in vivo in mice, an evolutionary conserved DNA repair process that takes place in proliferating cells during S and G2 phases. This pathway plays a major role in the repair of one of the most harmfull lesions to the genome: double-strand breaks (DSB).

Mechanisms of Double-strand Break Repair

Double-strand breaks

Double-strand breaks are highly toxic lesions to cell viability and genome stability. Exogenous factors, such as ionizing radiation, chemotherapy agents, such as topoisomerase inhibitors and DNA crosslinking chemicals, can generate DSB. It can also be generated during normal cell metabolism when, for example, replication forks encounter blocking lesions in the DNA (reviewed in [START_REF] Mehta | Sources of DNA double-strand breaks and models of recombinational DNA repair[END_REF]So et al., 2017). DSB repair is essential for the maintenance of DNA integrity but can also generate profound genomic rearrangements, including translocations, inversions, duplications, and deletions. Conversely, DSBs can also produce genetic diversity in essential biological processes, such as V(D)J recombination, class switch recombination and meiotic recombination, which use programmed DSB to increase genetic diversity. Programmed DSB usually employ mechanisms of break coupled repair to avoid uncontrolled genomic rearrangements. In this case, the enzymes that catalyze the DNA breaks are directly associated to the DNA repair machinery used for each recombination process (reviewed in [START_REF] Mehta | Sources of DNA double-strand breaks and models of recombinational DNA repair[END_REF]So et al., 2017;Bétermier et al., 2019).

Double-strand break repair

In somatic eukaryote cells, two main strategies are employed to repair DSB: homologous recombination, also known as homology directed repair (HDR), and end-joining (EJ). HR requires sequence homology between DNA molecules. EJ ligates the DNA ends without the need of DNA sequence homology. End-joining is separated into canonical non-homologous end-joining (cNHEJ) and alternative end-joining (A-EJ), which also comprises microhomology-mediated end-joining (MMEJ) and backup non-homologous end-joining (B-NHEJ) (Le Guen et al., 2014;So et al., 2017).

RAD51-Dependent Recombination

The initial step of any DSB repair DNA breaks sensing. During HR repair, the MRN complex (MRE11/RAD50/NBS1) recognizes the DSB ends and in cooperation with the ATM (ataxia-telangiectasia mutated) kinase, initiates events that culminate in DSB repair by HR. Changes in the chromatin structure promote protein recruitment and chromatin decondensation (Price and d'Andrea, 2013;[START_REF] Harding | BRCA2 deficiency instigates cGASmediated inflammatory signaling and confers sensitivity to tumor necrosis factor-alpha-mediated cytotoxicity[END_REF]. Of particular relevance is the phosphorylation of histone variant H2AX in the vicinity of the lesion [START_REF] Rogakou | DNA doublestranded breaks induce histone H2AX phosphorylation on serine 139[END_REF]. H2AX phosphorylation on serine 139, also known as γH2AX, orchestrates the recruitment of additional repair factors to the damaged site, including MDC1, which directly interacts with γH2AX (Stucki et al., 2005). MDC1 stabilizes the MRN complex, and its accumulation leads to chromatin remodelling catalyzed by the ubiquitin ligases RNF8 and RNF168 (Price and d'Andrea, 2013;Mayland et al., 2007;Scycher et al., 2008). After DSB recognition and chromatin remodeling, the next steps of HR can be summarized as follows: 1) resection of the DSB generating a 3" ssDNA stretch; 2) RAD51 loading on the ssDNA; 3) search for homology and strand invasion, creating a homologous duplex DNA catalyzed by the RAD51-ssDNA filament; 4) DNA synthesis primed on the invading 3" end and resolution [START_REF] Mehta | Sources of DNA double-strand breaks and models of recombinational DNA repair[END_REF][START_REF] Jasin | Repair of strand breaks by homologous recombination[END_REF]Guirouilh-Barbat et al., 2014) (Figure 1).

Figure 1.

Homology-dependent double-strand break repair. Upper panel, RAD51 recruitment to the double ended DSB: After DSB recognition by the MRN complex, 5" to 3" resection starts through the exonuclease activity of MRE11 in association with BRCA1 and CtIP. The double ended resected DNA can be repaired by single-strand annealing (SSA) where the 3" resected stretches use sequence homology to anneal and repair the break. 3" flaps generated by SSA are then cleaved and the gap is fulfilled by ligases. For RAD51-mediated repair, after the formation of a 3" stretch, the BRCA1-BRCA2-PALB2 complex work as a platform for RAD51 filament formation onto the ssDNA. The RAD51 filament then catalyzes recombination using homologous DNA as template. All these pathways are started by strand invasion and D-loop formation. Left panel, double Holliday junction: the RAD51 coated singlestranded 3′-tail invades a homologous, template double-stranded DNA, catalyzing D-loop formation and creating heteroduplex intermediates. The 3" ssDNA end primes DNA synthesis, which fills in the DNA gap created by the DSB. Completion of synthesis and second end capture create cruciform junctions (double Holliday junctions, dHJ) that can be dissolved by BLM or resolved by MUS81-EME1, SLX1-SLX4 or GEN1 resulting in gene conversion either with or without crossing over. Middle panel, SDSA: the first steps of SDSA are similar to double Holliday junction but in this case, the invading is rejected after synthesis and re-anneals to the second end of the breaken DNA molecule. Right panel: RAD51-dependent break-induced replication (BIR). This subtype of DNA repair can be performed in double ended and single ended DSB. The synthesis continues over longer distances on the chromosome arms, even reaching the end of the chromosome. In this case, there is no resolution or crossover (adapted from Guirouilh-Barbat et al., 2014).

Step 1: Resection

To generate the 3" ssDNA overhang, cells use endonucleases and helicases in a process called resection (reviewed in [START_REF] Ronato | Limiting the DNA Double-Strand Break Resectosome for Genome Protection[END_REF]. During DSB recognition and chromatin remodelling, BRCA1 is recruited to the DSB site via its interaction with the NBS1 component of the MRN complex. BRCA1 is a HR mediator that plays a role in multiple steps of repair and DDR (Moynahan et al., 1998;[START_REF] Jasin | Repair of strand breaks by homologous recombination[END_REF]. During DSB repair by HR, BRCA1 plays an important role in two keys steps, in the initiation of resection and, after, in the loading of RAD51 [START_REF] Zhao | The BRCA tumor suppressor network in chromosome damage repair by homologous recombination[END_REF]. Resection is performed in a two step fashion: initiation and extension. Initiation is catalysed by the MRE11 component of the MRN complex in association with the endonuclease CtIP. As highlighted before, BRCA1 plays a central role on resection. BRCA1 forms a heterodimer with its BARD1 cofactor, which possesses a RING domain and provides E3 ubiquitin ligase activity to the BRCA1/BARD1 complex. This complex is recruited to the DSB site and ubiquitinates the CtIP nuclease (exonuclease activity in the 3" to 5" direction) that cooperates with MRE11 to initiate DSB resection [START_REF] Yu | BRCA1 ubiquitinates its phosphorylation-dependent binding partner CtIP[END_REF]Rass et al., 2009;[START_REF] Bennardo | Alternative-NHEJ is a mechanistically distinct pathway of mammalian chromosome break repair[END_REF].

The enzyme MRE11 has both an endonuclease and a 3"-to-5" exonuclease activity. The interaction between CtIP and MRE11 stimulates the endonuclease activity of MRE11, which creates an incision in the DNA that is followed by MRE11 3"-to-5" exonuclease degradation away from the nick site. The endonuclease activity of CtIP on 5" flap structures is stimulated by MRE11 activity. Next, exonuclease 1 (EXO1) and/or the BLM/DNA2 complex ensures the elongation of ressection extending the 3" overhang (Nimonkar et al., 2011;Mimitou and Symington, 2008;[START_REF] Zhu | Sgs1 Helicase and Two Nucleases Dna2 and Exo1 Resect DNA Double-Strand Break Ends[END_REF]Cerjka et al., 2010). Finally, the 3" ssDNA stretch created by resection is protected and stabilized by the replication protein A (RPA).

Step 2: RAD51 Loading RAD51 is a protein with DNA-dependent ATPase activity. The resected ssDNA is coated by RPA. RAD51 loading into ssDNA is performed by the BRCA2-PALB2 complex. This protein complex interacts with BRCA1 in the DSB region and catalyzes the replacement of RPA by RAD51 in the 3" ssDNA stretch, creating the RAD51-ssDNA presynaptic complex (Guirouilh-Barbat et al., 2014;[START_REF] Jasin | Repair of strand breaks by homologous recombination[END_REF][START_REF] Mehta | Sources of DNA double-strand breaks and models of recombinational DNA repair[END_REF].

Step 3: Search for Homology

The RAD51 protein scans the DNA in the search for homology in nucleotide triplets [START_REF] Lee | ATM activation by DNA double-strand breaks through the Mre11-Rad50-Nbs1 complex[END_REF] and in vitro studies suggest that RAD51 can catalyze HR in a 9-base homologous pair (or three RAD51 molecules) and, in this case, it would accept a maximum of 1 nucleotide of mismatch [START_REF] Qi | DNA Sequence Alignment by Microhomology Sampling during Homologous Recombination Article DNA Sequence Alignment by Microhomology Sampling during Homologous Recombination[END_REF]. However, in vivo, the minimium amount of homology necessary for HR rises considerably, as in yeast it requires about 70 bases of homology and in mammals about 90-200 bases (Ira and Haber, 2002;[START_REF] Haapaniemi | Lack of chromosome territoriality in yeast: Promiscuous rejoining of broken chromosome ends[END_REF][START_REF] Rubnitz | Oxidant Hypersensitivity of Fanconi Anemia Type Cdeficient Cells Is Dependent on a Redox-regulated Apoptotic Pathway[END_REF][START_REF] Waldman | Two decades beyond BRCA1/2: Homologous recombination, hereditary cancer risk and a target for ovarian cancer therapy?[END_REF][START_REF] Lopez | Directional recombinatior is initiated at a double strand break in human nuclear extracts[END_REF]. Once the homologous complementary template is found, the RAD51 filament promotes an exchange of base pairs, leading to the formation of a displacement loop (D-loop) (Guirouilh-Barbat et al., 2014;[START_REF] Jasin | Repair of strand breaks by homologous recombination[END_REF][START_REF] Mehta | Sources of DNA double-strand breaks and models of recombinational DNA repair[END_REF].

Since HR relies on the use of an intact duplex DNA partner sharing long sequence homologies, the search of homology and strand exchange steps are the pivotal points. Note that it is performed by the RAD51-ssDNA filament, which must be well ordered and structured. Therefore, the RAD51-ssDNA filament plays a central role and is the pivotal step of HR (Figure 1).

Step 4: DNA Synthesis and resolution

The D-loop catalyzed by the presynaptic complex needs to be stabilized to allow repair, otherwise it can be rejected by the activity of different DNA helicases, including BLM, RECQ1 and RTEL1 (Pizza et al., 2019;[START_REF] Bachrati | Mobile D-loops are a preferred substrate for the Bloom"s syndrome helicase[END_REF][START_REF] Barber | RTEL1 Maintains Genomic Stability by Suppressing Homologous Recombination[END_REF][START_REF] Bugreev | RECQ1 possesses DNA branch migration activity[END_REF]. Once the D-loop is stable, DNA polymerases are recruited and use the invading strand as a primer to extend the 3"-OH end. Many polymerases can participate in this process; although Polhas a primary role [START_REF] Mcvey | Eukaryotic DNA Polymerases in Homologous Recombination[END_REF]. The protein complex HROB-MCM8-MCM9 and HELQ are proposed to have redundant helicase functions essential for DNA synthesis during HR [START_REF] Hustedt | Control of homologous recombination by the HROB-MCM8-MCM9 pathway[END_REF].

DNA heteroduplex formation after strand invasion creates the so-called Holliday junction (HJ), in which the two homologous DNA duplexes are connected by the ssDNA invasion. During homologous recombination, a second end capture in opposite DSB end can generate a double Holiday junction (dHJ).

These recombination repair intermediates are toxic and must be resolved. The structure specific resolvases MUS81-EME1, GEN1 or SLX1-SLX4 specifically recognize dHJ structures and resolve dHJ. Those events restore DNA linearity and can generate crossing-over, exchanging genetic material between homologous chromosomes, or not. dHJ can also be resolved by the "dissolvasome" complex, where BLM-TOP3A catalyzes the dHJ convergent migration, then TOP3A in association with RMI1 and 2 stimulates the dHJ dissolution and, in this case, crossing overs are not formed (reviewed in Guirouilh-Barbat et al., 2014;[START_REF] Jasin | Repair of strand breaks by homologous recombination[END_REF][START_REF] Mehta | Sources of DNA double-strand breaks and models of recombinational DNA repair[END_REF].

BLM participate in many steps of HR, including end resection, D-loop rejection and dHJ resolution [START_REF] Croteau | Human RecQ helicases in DNA repair, recombination, and replication[END_REF]. Increased sister chromatid exchange, the outcome of crossover, is a hallmark of BLM deficient cells and likely reflect a essential role of BLM on dHJ [START_REF] Chaganti | A manyfold increase in sister chromatid exchanges in Bloom"s syndrome lymphocytes[END_REF]. However, the effects of BLM inactivation in overall HR efficiency is not clear and may depend on the cell type, as some reports show a decrease in HR upon BLM inactivation [START_REF] Langevin | Mechanisms of Recombination between Diverged Sequences in Wild-Type and BLM-Deficient Mouse and Human Cells[END_REF][START_REF] Adams | Drosophila BLM in double-strand break repair by synthesis-dependent strand annealing[END_REF][START_REF] Mcvey | Formation of deletions during double-strand break repair in Drosophila DmBlm mutants occurs after strand invasion[END_REF] and others an increase [START_REF] Patel | BLM helicase regulates DNA repair by counteracting RAD51 loading at DNA double-strand break sites[END_REF][START_REF] Wang | Possible association of BLM in decreasing DNA double strand breaks during DNA replication[END_REF][START_REF] Chu | BLM has early and late functions in homologous recombination repair in mouse embryonic stem cells[END_REF]. DSB can also be repaired by HR without the second end capture and dHJ formation in a process called synthesis-dependent strand annealing (SDSA). In this case, HR repair by SDSA have the same initial steps as dHJ, but when the invading strand is synthetized, the D-loop is unfolded and the DNA re-anneals to the adjacent DNA end of the broken DSB, fulfilling the DNA gap (reviewed in Guirouilh-Barbat et al., 2014;[START_REF] Jasin | Repair of strand breaks by homologous recombination[END_REF][START_REF] Mehta | Sources of DNA double-strand breaks and models of recombinational DNA repair[END_REF].

RAD51 accessory proteins

RAD54, which is a member of the SWI2/SNF2 protein family, interacts with RAD51 and in vitro studies have proposed as an important RAD51 cofactor [START_REF] Mazin | Rad54 protein is targeted to pairing loci by the Rad51 nucleoprotein filament[END_REF][START_REF] Crickard | Rad54 Drives ATP Hydrolysis-Dependent DNA Sequence Alignment during Homologous Recombination[END_REF][START_REF] Van Komen | Functional cross-talk among Rad51, Rad54, and replication protein A in heteroduplex DNA joint formation[END_REF]. RAD54 catalyses the branch migration dissociating recombination intermediates (Burgreev et al., 2007). In addition, during HR repair, the invading 3' ssDNA enables the priming of DNA synthesis, this priming displaces the complementary strand, creating a D-loop, which can be then captured by the adjacent broken DNA end. RAD54 also stabilizes the D-loop [START_REF] Wright | Rad54 Functions as a Heteroduplex DNA Pump Modulated by Its DNA Substrates and Rad51 during D Loop Formation[END_REF].

A family of six proteins (RAD51B, RAD51C, RAD51D, XRCC2, XRCC3, and RAD51AP1), known as the RAD51 paralogs (i.e., proteins that share sequence homology with RAD51 in a given species), has been identified.

Genes encoding these paralogs may have derived from RAD51 gene duplication and share at least 20% amino-acid identity with RAD51 [START_REF] Sullivan | RAD-ical new insights into RAD51 regulation[END_REF]. Two distinct complexes have been identified: RAD51B-RAD51C-RAD51D-XRCC2 (BCDX2) and RAD51C-XRCC3 (CX3) [START_REF] Sullivan | RAD-ical new insights into RAD51 regulation[END_REF][START_REF] Masson | Identification and purification of two distinct complexes containing the five RAD51 paralogs[END_REF]. The early role of the RAD51 paralogs in HR is to promote the formation and stabilization of the RAD51 nucleoprotein filament, most likely by counteracting the disruption of the filament by the helicases. In transformed human cells, loss of RAD51 paralogs decreases the recruitment of RAD51 to DNA damage sites and HR [START_REF] Garcin | Differential requirements for the RAD51 paralogs in genome repair and maintenance in human cells[END_REF]. In addition, the RAD51 paralogs influence gene conversion tract length [START_REF] Nagaraju | Differential Regulation of Shortand Long-Tract Gene Conversion between Sister Chromatids by Rad51C[END_REF][START_REF] Nagaraju | XRCC2 and XRCC3 Regulate the Balance between Short-and Long-Tract Gene Conversions between Sister Chromatids[END_REF]. Moreover, they can bind to Y-shaped replication-like intermediates and synthetic HJs, suggesting a role for the RAD51 paralogs in DNA repair during replication and the resolution of HR intermediate structures [START_REF] Liu | RAD51C Is Required for Holliday Junction Processing in Mammalian Cells[END_REF]. The SWSAP1 protein, which presents a highly divergent RAD51 sequence homology but, similar to RAD51, contains the Walker A and B motifs, was also identified as a non-canonical paralogue of RAD51. This protein forms the so-called SHU complex when associated with SWS1 (SWSAP1-SWS1), interacts with RAD51 and regulates its function [START_REF] Sullivan | RAD-ical new insights into RAD51 regulation[END_REF].

Break-Induced Replication

Single ended DSB can be repaired by break-induced replication (BIR), a DSB repair pathway that plays an important role in the restart of collapsed replication forks and during alternative lengthening of telomeres (ALT). BIR shares the strand invasion and D-loop formation steps with dHJ and SDSA, however it does not show second end capture as observed in dHJ or D-loop rejection as in SDSA, and, thereby, BIR catalyze DNA synthesis of long DNA stretches (Figure 1). DSB repaired by BIR are usually not resected, indicating that ssDNA 3" stretches are already present in these DSB. Two different mechanisms can trigger BIR, a RAD51-dependent and another RAD52dependent. In this last one, RAD52 itself catalyze the strand invasion using short homologous sequences (reviewed in Guirouilh-Barbat et al., 2014;[START_REF] Mehta | Sources of DNA double-strand breaks and models of recombinational DNA repair[END_REF]Kramara et al., 2018) (Figure 1).

RAD51-mediated recombination can increase genome instability

RAD51 may also catalyze recombination events using microhomology to initiate DNA synthesis, which can generate translocations, deletions, amplifications or inversions. These events are proposed to originate complex chromosome rearrangements observed in cancer cells (Guirouilh-Barbat et al., 2014;So et al., 2017;[START_REF] Stark | Pathology of familial breast cancer: Differences between breast cancers in carriers of BRCA1 or BRCA2 mutations and sporadic cases[END_REF]Guirouilh-Barbat et al., 2019).

Single-Strand Annealing

Single-strand annealing is a homology-dependent process that occurs after DNA end resection (reviewed in [START_REF] Bhargava | Regulation of Single-Strand Annealing and its Role in Genome Maintenance[END_REF]. This process is usually dependent on RAD52 [START_REF] Bhargava | Regulation of Single-Strand Annealing and its Role in Genome Maintenance[END_REF]. In this case, the presence of homologous regions in the resected ends will lead to the annealing of complementary ssDNA ends in a RAD51-independent manner. The sequence in between the homologous region is deleted; therefore, SSA necessarilly provoke loss of genetic information. Additionally, SSA can create translocations when it occurs in ectopic sequences generated by two non-adjacent breaks [START_REF] Lin | Model for homologous recombination during transfer of DNA into mouse L cells: role for DNA ends in the recombination process[END_REF][START_REF] Haapaniemi | Lack of chromosome territoriality in yeast: Promiscuous rejoining of broken chromosome ends[END_REF][START_REF] Riaz | Frequent chromosomal translocations induced by DNA double-strand breaks[END_REF]Guirouilh-Barbat et al., 2014) (Figure 1).

Canonical Non-Homologous End-Joining

In a simple way, cNHEJ can be seen as a process by which cell religated double stranded DNA ends. cNHEJ is commonly described as an errorprone process; however, it is now well-documented that this affirmation is not always correct. cNHEJ can repair DSBs with complementary 5"-POO-OH and 3"-OH ends, such as those produced by nucleases, without leading to genetic modifications. DSB repair by cNHEJ starts when the heterodimer KU70-KU80 recognizes DNA ends and recruits DNA-dependent protein kinase catalytic subunit (DNA-PKcs). Then, DNA-PKcs triggers the recruitment of the protein ligase 4 (LIG4) as well as its cofactors XRCC4 and XLF to seal the DNA ends.

When the DSB ends are not complementary or there is a processing of DNA extremities, cNHEJ is mutagenic, creating deletions and other rearrangements (reviewed in [START_REF] Chang | Non-homologous DNA end joining and alternative pathways to double-strand break repair[END_REF]Bétermier et al., 2014) (Figure 2).

Alternative End-Joining

A-EJ is a mutagenic DSB repair pathway that takes place after DSB endressection (Guirouilh-Barbat et al., 2004;Rass et al., 2009). It is a PARP1dependent event that may use or not use microhomology (a few nucleotides, 2-4 bp) to start the DNA annealing step and, thereafter, the ligation of the repair intermediate by ligase 3 or ligase 1 [START_REF] Audebert | Involvement of poly(ADP-ribose) polymerase-1 and XRCC1/DNA ligase III in an alternative route for DNA double-strand breaks rejoining[END_REF]Audebert et al., 2006;[START_REF] Wang | PARP-1 and Ku compete for repair of DNA double strand breaks by distinct NHEJ pathways[END_REF][START_REF] Simsek | DNA ligase III promotes alternative nonhomologous end-joining during chromosomal translocation formation[END_REF]. Because A-EJ only occurs after resection is initiated, MRE11 and CtIP are essential, while KU70-KU80 and other cNHEJ are oppositional factors (Guirouilh-Barbat et al., 2004;[START_REF] Guirouilh-Barbat | Defects in XRCC4 and KU80 differentially affect the joining of distal nonhomologous ends[END_REF]Rass et al., 2009). The outcomes of A-EJ are usually deletions at the DSB repair junctions. A-EJ can also lead to DNA translocations and rearrangements by joining non-adjacent DSB ends (reviewed in Bétermier et al., 2014;So et al., 2017) (Figure 2). 

The two step model for DSB repair

As discussed above, cells can use different pathways to repair DSBs. In the past two decades researchers uncovered the mechanisms of DSB repair choice that allowed the stablishment of the two-step model (Rass et al., 2009;Bétermier et al., 2014). In this model, the first alternative (step) is the choice between cNHEJ and the initiation of the resection and the second alternative (step) is the competition of HR versus A-EJ (Figure 3). The end-joining DSB repair pathways are intrinsically distinct. cNHEJ does not need end resection and is not intrinsically mutagenic. Meanwhile, A-EJ depends on DSB end resection and is highly mutagenic. The ATM protein kinase is recruited to the DSB sites upon its interaction with the MRN complex [START_REF] Lee | ATM activation by DNA double-strand breaks through the Mre11-Rad50-Nbs1 complex[END_REF]Paull, 2015;Blackford and Jackson, 2017). Both the MRN complex and ATM are important for the cNHEJ and A-EJ and its inactivation decrease the frequency of both DNA repair processes (Rass et al., 2009). KU80/70, which is essential factor for cNHEJ, protects the DNA end-resection and conteracts A-EJ (Guirouilh-Barbat et al., 2004). The absence of XRCC4 inhibits cNHEJ, but the KU70/80 complex is still present and able to repress A-EJ (Bétermier et al., 2014;[START_REF] Guirouilh-Barbat | Defects in XRCC4 and KU80 differentially affect the joining of distal nonhomologous ends[END_REF]. Therefore, even in the absence of downstream effectors of cNHEJ, KU70/80 protects the DNA ends and opposes A-EJ. The second step is the choise between A-EJ and HR. In this step, the formation of the presynaptic complex by RAD51 favors HR and opposes SSA and A-EJ (Figure 3). Recently, So and colleagues showed that inhibition of RAD51 filament formation by RAD51 knockdown or BRCA2 inactivation increases the frequence of A-EJ and SSA. On the other hand, expression of a dominant negative form of RAD51 that coats ssDNA but does not catalyze recombination, blocks A-EJ and SSA [START_REF] So | Mammalian RAD51 prevents nonconservative alternative end-joining and single strand annealing through non-catalytic mechanisms[END_REF]. Therefore, the formation of a RAD51 filament is not only essential for search for homology and strand invasion, but also to inhibit mutagenic alternative repair pathways in a noncatalytic manner (Figure 3). 

Control of DNA End Resection

To resect or not to resect, that is the question Recombination and end-joining are both double edged swords that protect the genome against highly toxic lesions but can also jeopardize genome integrity (Bétermier et al., 2014;Guirouilh-Barbat et al., 2014). Therefore, these events must be tightly regulated. Initiating resection or not is an essential step to the decision-making between DSB repair pathways. This step is essential to genome stability and is controled by the cell cycle checkpoints that limit DSB end resection to the phases S and G2 (Hustedt and Durocher, 2016). The cyclin-CDK complexes are master regulators of cell cycle transitions and their activity has been reported to directly influence whether cells would choose to resect DSB ends or not. During S and G2, CtIP phosphorylation by CDK2 is stimulated by CtIP interaction with MRE11 and is necessary for CtIP interaction with BRCA1 and CtIP-mediated resection [START_REF] Anand | Phosphorylated CtIP Functions as a Co-factor of the MRE11-RAD50-NBS1 Endonuclease in DNA End Resection[END_REF][START_REF] Anand | NBS1 promotes the endonuclease activity of the MRE11-RAD50 complex by sensing CtIP phosphorylation[END_REF]Huertas and Jackson, 2009). CDKs phosphorylation of NBS1, a member of the MRN complex, has also been reported as a stimulatory event for resection (Falk et al., 2012). Importantly, Cyclin-CDKs activity can directly influence RAD51dependent recombination events, since BRCA2 phosphorylation by CDK2 stimulates homologous recombination [START_REF] Esashi | CDK-dependent phosphorylation of BRCA2 as a regulatory mechanism for recombinational repair[END_REF].

The protein complexes 53BP1-Shieldin (53BP1-REV7-SHLD1-SHLD2-SHLD3) and BRCA1-BRD1 have key functions in the switch between DSB end resection and cNHEJ stimulation [START_REF] Setiaputra | Shieldinthe protector of DNA ends[END_REF]Tarsounas and Sung, 2020). Histone H4 methylation at lysine 20 has been proposed to control the balance between BRCA1 or 53BP1 recruiment to DNA breaks [START_REF] Bartke | A chromatin-based signalling mechanism directs the switch from mutagenic to error-free repair of DNA double strand breaks[END_REF]. In the G1 phase of cell cycle, most H4K20 is dimethylated (H4K20me2), while in S-phase it is not methylated (H4K20me0).

BRCA1 triggers end resection and HR, which must be restricted to S-G2, and shows preferential binding to H4 unmethylated on lysine 20 (H4K20me0). In opposition, 53BP1 (TP53BP1 in humans and TR53BP1 in mice), which counterposes DSB end resection and stimulates cNHEJ, shows preferencial binding to H4K20me2 sites. Therefore, histone modifications throughout the cell cycle may also influence the DSB repair pathway decision [START_REF] Pellegrino | Replication-Coupled Dilution of H4K20me2 Guides 53BP1 to Pre-replicative Chromatin[END_REF][START_REF] Nakamura | H4K20me0 recognition by BRCA1-BARD1 directs homologous recombination to sister chromatids[END_REF]. 53BP1 is not essential for V(D)J recombination in vivo in mice (Irene et al., 2004;Many et al., 2004). However, in the context of BRCA1 inactivation, 53BP1 plays a major role in stimulating end-joining [START_REF] Bunting | 53BP1 inhibits homologous recombination in brca1-deficient cells by blocking resection of DNA breaks[END_REF][START_REF] Chapman | BRCA1-associated exclusion of 53BP1 from DNA: Damage sites underlies temporal control of DNA repair[END_REF]Zimmerman et al., 2013).

Complex molecular machineries have been evolutionarily selected to protect cells against the danger of DSBs. In physiological conditions, genome duplication during S-phase is the main source of DSB and genome stability.

RAD51, homologous recombination and DNA replication

DNA Replication

In metazoans, the G1 phase of the cell cycle is the separation point between cell cycle exit, quiescence and cell cycle re-entry. If cells choose to engage in a new cell division, the preparation for DNA replication must be settled. In this case, future origins of replication regions are established when the pre-replication complex (pre-RC) formed by ORC1-6 binds the DNA areas where synthesis can be initiated. This process allows replication licensing and, thereby, DNA synthesis initiation. Note that, in eukaryotes, many more replication forks are licensed than fired and non fired licenced forks can be used as flexible backup replication origins. To avoid DNA under-replication or rereplication, it is essential that a specific number of origins are fired, allowing full genome duplication, only once per cycle. Additionally, in metazoans, replication must adapt to the modifications in the chromatin topology and architecture associated with cell type specification (reviewed in [START_REF] Fragkos | DNA replication origin activation in space and time[END_REF][START_REF] Boos | Origin firing regulations to control genome replication timing[END_REF].

Several levels of control allow the precise replication of the genome. The origin recognition complex binds to DNA at the origins of replication and serves as a recruitment platform for additional CDC6 and CDT1 proteins that, in association with the protein helicase complex (MCM2-7: mini chromosome maintenance 2 to 7), form the pre-replication complex. During DNA replication,

The MCM helicase unwinds DNA to expose the template for DNA polymerases and the topological torsions created by the unwinding are resolved by topoisomerases.. The pre-replication complex is activated in the S phase by many cell cycle regulators, such as the protein kinases CDK2 and CDC7. This allows the replication fork firing events to begin, including DNA duplex opening by the helicases and recruitment of polymerase subunits like Polε and PCNA.

To prevent DNA re-replication, replication licensing is limited to the G1 phase of cell cycle. If replication forks are blocked/stalled, only the already licensed replication forks can be fired as a backup to rescue blocked/stalled forks [START_REF] Boos | Origin firing regulations to control genome replication timing[END_REF][START_REF] Fragkos | DNA replication origin activation in space and time[END_REF][START_REF] Técher | The impact of replication stress on replication dynamics and DNA damage in vertebrate cells[END_REF].

After DNA replication starts, cells must precisely regulate the speed of replication, otherwise cells experience replication stress. For this reason, the availability of limiting factors for replication must be tightly controlled. One example of replication stress induced by the unavailability of limiting factor is when the ribonucleotide reductase (RNR) enzyme, which catalyzes the production of deoxynucleoside triphosphates (dNTPs), is inhibited. RNR inhibition can decrease or even block replication fork progression [START_REF] Wilhelm | Spontaneous slow replication fork progression elicits mitosis alterations in homologous recombination-deficient mammalian cells[END_REF]. A similar effect is observed when DNA polymerase activity is inhibited or when DNA repair factors are inactivated (Wilhelm et al., 2014;[START_REF] Koundrioukoff | Stepwise Activation of the ATR Signaling Pathway upon Increasing Replication Stress Impacts Fragile Site Integrity[END_REF].

Replication Stress and DNA Damage Response

Many endogenous and exogenous sources of DNA damage can trigger replication stress [START_REF] Magdalou | The causes of replication stress and their consequences on genome stability and cell fate[END_REF][START_REF] Técher | The impact of replication stress on replication dynamics and DNA damage in vertebrate cells[END_REF][START_REF] Zeman | Causes and consequences of replication stress[END_REF]. Loss of function of DNA repair genes, chemical agents, UV light and by-products of cellular metabolism are among the events that can trigger replication fork collapse, slowing or stall during replication, which culminate in the formation of ssDNA stretches, the hallmark event of replication stress [START_REF] Magdalou | The causes of replication stress and their consequences on genome stability and cell fate[END_REF][START_REF] Técher | The impact of replication stress on replication dynamics and DNA damage in vertebrate cells[END_REF][START_REF] Zeman | Causes and consequences of replication stress[END_REF].

The formation of long stretches of RPA coated ssDNA serves as a platform for the recruitment of other accessory proteins (e.g. RAD9, ETAA1 and TOPBP1) that enable ATRIP-ATR complex activation. The ATRIP-ATR complex is the central player on replication stress response. Along with its downstream effector CHK1, these protein kinases phosphorylate hundreds of substrates to control cell cycle arrest, DNA repair and/or cell death (Saldivar et al., 2017;[START_REF] Magdalou | The causes of replication stress and their consequences on genome stability and cell fate[END_REF][START_REF] Zeman | Causes and consequences of replication stress[END_REF] (Figure 4A).

Replication stress does not refer to the formation of DSB, but these events are closely related, since replication fork collapse and reversion trigger DSB formation. Collapse of replication forks generates DSBs when singlestrand nicks in the leading strand are reached by a replication fork. The regression of stalled replication forks create so-called "chicken foot" structures with double strand ends that can be recognized as DSB. When replication forks are stalled and regressed they form Holliday junction-like structures, which can be cleaved by the structure specific endonucleases MUS81-EME1, SLX4-SLX1 or GEN1, generating a DSB. As discussed in the previous chapter, all the DSB generating events can culminate in the activation of the ATM kinase, which regulates cell cycle and apoptosis through CHK2 and/or p53, for example, or chromatin remodeling and DNA repair by BRCA1 and/or H2AX phosphorylation (Maréchal and Zou, 2013;Blackford and Jackson, 2017) (Figure 4B).

p53 and DNA damage response

The tumor suppressor p53 (TP53 in humans and TRP53 in mice) is the most frequently mutated gene in human cancer and plays a central role in the context of genome integrity (Holstein et al., 1991;[START_REF] Joerger | The p53 Pathway: Origins, Inactivation in Cancer, and Emerging Therapeutic Approaches[END_REF].

p53 was first described in end of the 1970"s in studies with the oncovirus simian virus 40 (SV40) [START_REF] Kress | Simian virus 40-transformed cells express new species of proteins precipitable by anti-simian virus 40 tumor serum[END_REF][START_REF] Lane | T antigen is bound to a host protein in SY40transformed cells [19[END_REF]Lizer and Levine, 1979). It is well documented that p53 can be activated in cellular contexts of stress, including DNA damage. The stabilization of the protein p53 is regulated by post-translational modifications. p53 interacts with MDM2 or MDM4 proteins that regulate p53 protein degradation. Following p53 phosphorylation or acetylation in different residues, its interaction with MDM family members is lost, and p53 is stabilized and translocated to the cell nuclei, acting as a transcription factor [START_REF] Aubrey | How does p53 induce apoptosis and how does this relate to p53-mediated tumour suppression?[END_REF][START_REF] Joerger | The p53 Pathway: Origins, Inactivation in Cancer, and Emerging Therapeutic Approaches[END_REF]. During DNA damage checkpoint, p53 may be phosphorylated by ATR, ATM, CHK1 and/or CHK2 (Blackford and Jackson, 2017;[START_REF] Hafner | The multiple mechanisms that regulate p53 activity and cell fate[END_REF][START_REF] Lakhani | The pathology of familial breast cancer: Predictive value of immunohistochemical markers estrogen receptor, progesterone receptor, HER-2, and p53 in patients with mutations in BRCA1 and BRCA2[END_REF].

Once stabilized, p53 control the expression of genes involved in DNA repair, cell cycle arrest, senescence and/or apoptosis [START_REF] Aubrey | How does p53 induce apoptosis and how does this relate to p53-mediated tumour suppression?[END_REF][START_REF] Hafner | The multiple mechanisms that regulate p53 activity and cell fate[END_REF]. p53 activity extend beyond transcriptional control. It has been shown that p53 also have transactivation-independent functions that modulate homologous recombination [START_REF] Bertrand | p53"s double life: Transactivationindependent repression of homologous recombination[END_REF]Gottifredi and Weissmuller, 2018). In this scenario, p53 directly interact with homologous recombination factors, such as RAD51 and RPA, inhibiting its function [START_REF] Saintigny | Mutant p53 proteins stimulate spontaneous and radiation-induced intrachromosomal homologous recombination independently of the alteration of the transactivation activity and of the G1 checkpoint[END_REF][START_REF] Bertrand | p53"s double life: Transactivationindependent repression of homologous recombination[END_REF][START_REF] Linke | Characterization of a 54K Dalton cellular SV40 tumor antigen present in SV40-transformed cells and uninfected embryonal carcinoma cells[END_REF][START_REF] Romanova | The interaction of p53 with replication protein A mediates suppression of homologous recombination[END_REF]. or ETAA1 bind ATR triggering its autophosphorylation. Activated ATR, then, phosphorylate its downstream targets that include the protein kinase CHK1. (B). The MRN (MRE11-RAD50-NBS1) complex recognize the DSB. ATM is recruited to the DSB site and binds the MRN complex, which leads to ATM activation. ATM then phosphorylates its downstream targets, including CHK2 and p53 during the canonical DNA damage response (DDR) and/or H2AX (adapted from Ragu et al., 2020).

RAD51, Homologous Recombination and DNA Replication

Pioneer work in yeast from Hastings and colleagues in 1976, suggested the existence of DNA repair pathways that would protect eukaryotic cells against endogenous replication errors independently of DNA polymerase exonuclease activity. In this study, the authors directly implicated the ionizing radiation sensitive yeast mutant rad51-1 as a member of this anti-mutagenic pathway (Game and Mortimer, 1974;[START_REF] Harding | BRCA2 deficiency instigates cGASmediated inflammatory signaling and confers sensitivity to tumor necrosis factor-alpha-mediated cytotoxicity[END_REF]. This loci rad51-1 was later described as the rad51 gene, which was indicated to control recombination in mitotic and meiotic cells [START_REF] Morrison | Characterization of the mutator mutation mut5-1[END_REF][START_REF] Saeki | Genetic control of diploid recovery after γirradiation in the yeast Saccharomyces cerevisiae[END_REF]. Only more than a decade later, rad51 was shown to be the E. coli RecA homologous in yeast [START_REF] Aboussekhra | Semidominant suppressors of Srs2 helicase mutations of Saccharomyces cerevisiae map in the RAD51 gene, whose sequence predicts a protein with similarities to procaryotic RecA proteins[END_REF][START_REF] Shinohara | Rad51 protein involved in repair and recombination in S. cerevisiae is a RecA-like protein[END_REF].

The function of homologous recombination players during replication in mammalian cells has been extensively studied in the past years. Although the mechanisms of RAD51 function on replication are still not completely understood, it is clear that RAD51 plays pleiotropic functions that can be recombination-dependent and independent. After replication fork stall, RAD51 participates in replication fork regression and protects regressed replication fork against exonucleolytic degradation. In addition, RAD51-dependent recombination promotes replication fork restart by template switch (reviewed in Ait [START_REF] Saada | Preserving replication fork integrity and competence via the homologous recombination pathway[END_REF]Bhat and Cortez, 2018;Feng and Jasin, 2017).

Recombination-independent functions of RAD51: fork regression and protection

The regression of stalled replication forks creates a so-called "chicken foot" structure. In mammals, fork regression can be catalyzed by multiple factors, including the protein helicase FBH1 and by the SNF2 family translocases, ZRANB3 and SMARCAL1 [START_REF] Vujanovic | Replication Fork Slowing and Reversal upon DNA Damage Require PCNA Polyubiquitination and ZRANB3 DNA Translocase Activity[END_REF][START_REF] Kolinjivadi | Smarcal1-Mediated Fork Reversal Triggers Mre11-Dependent Degradation of Nascent DNA in the Absence of Brca2 and Stable Rad51 Nucleofilaments[END_REF][START_REF] Fugger | FBH1 catalyzes regression of stalled replication forks[END_REF]. The function of RAD51 on fork regression is still to be fully characterized. Although RAD51 may directly catalyze fork regression [START_REF] Zellweger | Rad51-mediated replication fork reversal is a global response to genotoxic treatments in human cells[END_REF], its cooperation with other fork regression factors is still unclear (Figure 5). Fork regression does not dependent on BRCA2 and two non-excluding scenarios have been proposed to explain how RAD51 would trigger fork regression [START_REF] Kolinjivadi | Smarcal1-Mediated Fork Reversal Triggers Mre11-Dependent Degradation of Nascent DNA in the Absence of Brca2 and Stable Rad51 Nucleofilaments[END_REF][START_REF] Mijic | Replication fork reversal triggers fork degradation in BRCA2-defective cells[END_REF]. When replication forks are blocked, ssDNA gaps are generated by the unfinished replication of the lagging strand. In the first case, the ssDNA gaps generated by replication fork stall would be too small (<8 bases) for RPA to bind, but not RAD51, which would directly associate with these small ssDNA gaps without RPA competition and would catalyze fork regression (Bhat and Cortez, 2018).

Another hypothesis involves the MMS22L-TONSL complex. The protein complex MMS22L-TONSL is recruited to blocked replication forks and its inactivation decreases survival after replication fork stall (O" [START_REF] Donnell | The MMS22L-TONSL complex mediates recovery from replication stress and homologous recombination[END_REF][START_REF] Piwko | RNAi-based screening identifies the Mms22L-Nfkbil2 complex as a novel regulator of DNA replication in human cells[END_REF][START_REF] Pittman | The MMS22L-TONSL heterodimer directly promotes RAD51-dependent recombination upon replication stress[END_REF]. This complex plays a role during replication stress mediated homologous recombination and gene conversion [START_REF] Duro | Identification of the MMS22L-TONSL Complex that promotes homologous recombination[END_REF][START_REF] Donnell | The MMS22L-TONSL complex mediates recovery from replication stress and homologous recombination[END_REF][START_REF] Pittman | The MMS22L-TONSL heterodimer directly promotes RAD51-dependent recombination upon replication stress[END_REF]. Additionally, MMS22L-TONSL directly binds to RAD51 and MMS22L-TONSL inactivation decrease RAD51 recruitment to blocked replication forks [START_REF] Pittman | The MMS22L-TONSL heterodimer directly promotes RAD51-dependent recombination upon replication stress[END_REF].

Taking these data into account, it was proposed that MMS22L-TONSL would load RAD51 to the ssDNA regions on blocked replication forks, replacing RPA in a BRCA2-PALB2-independent mechanism [START_REF] Pittman | The MMS22L-TONSL heterodimer directly promotes RAD51-dependent recombination upon replication stress[END_REF]Bhat and Cortez, 2018).

Two modes of fork degradation after replication fork stall have been found: 3"-5" degradation by MRE11 and a 5"-3" degradation by DNA2. In the current model, after replication fork stall, replication fork regression would create a 3" ssDNA stretch coated by a RAD51 filament, which protects the ssDNA against MRE11 3" to 5" exonucleolytic degradation. Longer periods of replication fork stall would lead to the degradation of the complementary DNA strand, catalyzed by DNA2, even when the RAD51 filament is intact (Schlacher et al., 2011;[START_REF] Schlacher | A Distinct Replication Fork Protection Pathway Connects Fanconi Anemia Tumor Suppressors to RAD51-BRCA1/2[END_REF]Bhat et al., 2018;Zadorozhny et al., 2017;[START_REF] Masani | Redundant function of DNA ligase 1 and 3 in alternative end-joining during immunoglobulin class switch recombination[END_REF] (Figure 5).

In opposition to fork regression, replication fork protection is dependent on BRCA2, BRCA1 and BARD1, as well as Fanconi anemia pathway members (Schlacher et al., 2011;[START_REF] Schlacher | A Distinct Replication Fork Protection Pathway Connects Fanconi Anemia Tumor Suppressors to RAD51-BRCA1/2[END_REF][START_REF] Billing | The BRCT Domains of the BRCA1 and BARD1 Tumor Suppressors Differentially Regulate Homology-Directed Repair and Stalled Fork Protection[END_REF]. RAD51 filament formation and stability are essential for fork protection as the inactivation of RAD51 loading factors (BRCA1, BRCA2 or BRD1) or RAD51-filament destabilization leads to MRE11-dependent fork degradation (Schlacher et al., 2011;[START_REF] Schlacher | A Distinct Replication Fork Protection Pathway Connects Fanconi Anemia Tumor Suppressors to RAD51-BRCA1/2[END_REF]Bhat et al., 2018;Zadorozhny et al., 2017). Inhibition of fork regression blocks fork degradation, indicating that the formation of the "chicken foot" structure by fork regression is essential for fork protection [START_REF] Vujanovic | Replication Fork Slowing and Reversal upon DNA Damage Require PCNA Polyubiquitination and ZRANB3 DNA Translocase Activity[END_REF][START_REF] Kolinjivadi | Smarcal1-Mediated Fork Reversal Triggers Mre11-Dependent Degradation of Nascent DNA in the Absence of Brca2 and Stable Rad51 Nucleofilaments[END_REF]. Defects in replication fork protection increase genome instability, but its relevance in physiological conditions is still unclear (Schlacher et al., 2011;[START_REF] Billing | The BRCT Domains of the BRCA1 and BARD1 Tumor Suppressors Differentially Regulate Homology-Directed Repair and Stalled Fork Protection[END_REF]. Using a separation of function Bard1 mutation mouse model, Billing and colleagues showed that fork protection-deficiency does not change development, life span or tumorigenesis in mice [START_REF] Billing | The BRCT Domains of the BRCA1 and BARD1 Tumor Suppressors Differentially Regulate Homology-Directed Repair and Stalled Fork Protection[END_REF].

Recombination-dependent functions of RAD51

Stalled forks can be rescued by firing new adjacent replication forks or by RAD51-mediated activity. RAD51 function after replication blockage in mammalian cells was first demonstrated by Saintigny and colleagues (Saintigny et al., 2011). In this study, the authors showed that long-term replication blockage generate DSBs that was associated with RAD51 foci and induced RAD51-mediated gene conversion (Saintigny et al., 2011). Later on, Petermann and colleagues extended this analysis and suggested that RAD51 participates in two modes of replication restart, a DSB-independent replication fork restart that would drive replication repriming and a second DSB-dependent repaired by HR and triggered by long term replication blockage [START_REF] Petermann | Hydroxyurea-Stalled Replication Forks Become Progressively Inactivated and Require Two Different RAD51-Mediated Pathways for Restart and Repair[END_REF].

Although the mechanisms that control RAD51-dependent repriming are not completely elucidated, data from Mason and coleagues suggests that RAD51 D-loop activity is essential for replication restart after the formation of DSB, but not to DSB-independent replication restart [START_REF] Masani | Redundant function of DNA ligase 1 and 3 in alternative end-joining during immunoglobulin class switch recombination[END_REF]. As highlighted before, RAD51 activity can increase genome instability due to ectopic recombination in repeated sequences [START_REF] Saada | Preserving replication fork integrity and competence via the homologous recombination pathway[END_REF]So et al., 2017;Guirouilh-Barbat et al., 2014). In mammals, RAD51-activity in stalled replication forks is regulated by RADX, which antagonizes aberrant RAD51-dependent fork-remodeling [START_REF] Dungrawala | RADX Promotes Genome Stability and Modulates Chemosensitivity by Regulating RAD51 at Replication Forks[END_REF].

It is nowadays clear that RAD51 plays important roles on replication, but since most studies in mammals were performed using transformed cell lines its function in normal unchallenged replication awaits investigation. 

Consequences of replication stress to mitosis

The cell cycle is often seen as an ordered series of events with welldefined checkpoints that serve as filters throughout its different steps. However, in low replication stress conditions, cells can escape the S-M and the G2 checkpoints and progress from S-phase to mitosis with under replicated DNA (reviewed in Mankouri et al., 2013;Fragkos and Naim, 2017;[START_REF] Gelot | Replication stress in mammalian cells and its consequences for mitosis[END_REF]. This phenomenon has been seen in many low replication stress conditions, such as treatments with drugs that slow replication velocity, inactivation of DNA repair pathways and oncogene-induced replication stress (Mankouri et al., 2013;[START_REF] Gelot | Replication stress in mammalian cells and its consequences for mitosis[END_REF].

Mitosis is divided into four phases: prophase, metaphase, anaphase, and telophase. During prophase the chromosomes are condensed to be after aligned during metaphase. In anaphase, the spindle fibers generated by the two centrioles are attached to the chromosomal kinetochores and pull the sister chromatides in opposite directions allowing chromosomal segregation. After chromosomal segregation is finished, the nuclear envelope is rebuilt during telophase and the cell membrane start to divide in order to generate the two daughter cells (Alberts et al., 2014).

Unresolved DNA structures from S-phase, such as ssDNA gaps and unresolved repair intermediates lead to chromosomal bridge formation during metaphase (Mankouri et al., 2013;Fragkos and Naim, 2017;[START_REF] Gelot | Replication stress in mammalian cells and its consequences for mitosis[END_REF].

In mammals, a special mitotic DNA repair pathway called mitotic DNA synthesis (MiDAS), a RAD52-dependent and RAD51-independent synonymous to BIR avoids chromosomal segregation problems after replication stress [START_REF] Minocherhomji | Replication stress activates DNA repair synthesis in mitosis[END_REF][START_REF] Bhowmick | RAD52 Facilitates Mitotic DNA Synthesis[END_REF]. By using MiDAS, cells fulfill under-replicated DNA gaps during early mitosis (prophase and pro-metaphase) to avoid DNA bridges and other segregation errors. Knockdown of BRCA2 or RAD51 increases MiDAS and DNA segregation errors [START_REF] Bhowmick | RAD52 Facilitates Mitotic DNA Synthesis[END_REF]Feng and Jasin, 2017). Additionally, induction of replication stress by chemotherapic drugs or functional inactivation of RAD51 increases multipolarity and centriole disengagement (Wilhelm et al., 2014;Wilhelm et al., 2019). All these events triggered by replication stress account for chromosomal missegregation and micronuclei formation.

In the next chapter I explore the relations between HR-deficiency and cancer and discuss the contribution of mouse models to our knowledge on the mechanisms of tumorigenesis caused by HR-deficiency.

RAD51, homologous recombination and cancer

Homologous recombination and human tumorigenesis

The tumorigenesis Odyssey

In the Odyssey, the Greek poet Homer describes the 10 years quest of Odysseus to return home after the war in Troy. On his travel back home Odysseus had to overcome many different obstacles. Cancer cells have a shared narrative with Odysseus and must defeat many challenges on their way to malignant transformation. Progenitors and stem cells acquire their identity throughout development. This road towards cell specification is essential to preserve tissues identity and functionality. In some adult organs, proliferation is continuous and essential to tissue renewal. In those, cell expansion and differentiation are meticulously balanced. Tissue stem cells must keep their identity and many obstacles are imposed to avoid over-proliferation and unwished migration. In the cell"s Odyssey towards malignant transformation, genomic instability acts as a fuel by creating genetic variants that may faster cells" travel towards cancer initiation and progression (Hanahan and Weinberg, 2011).

Studies on the genetic basis of ovary and breast hereditary cancer were essential to stablish a connection between homologous recombination and cancer. The French physician Paul Broca was the first to describe the association of breast cancer and familial predisposition. In his work "Traité des tumeurs" from 1866, Paul Broca studied his own wife"s families and observed that four generations with breast cancer could be identified on the family"s pedigree, including his own wife. It was only more than a century later that the molecular basis of this observation could be identified. In the beginning of the 1990"s, investigations on chromosomal variants driving familiar breast cancer led to the discovery of "BReast Cancer" genes (BRCA1 and BRCA2) and the relation of their genetic variants with cancer predisposition [START_REF] Miki | Mimitou EP, Symington LS. Sae2, Exo1 and Sgs1 collaborate in DNA double-strand break processing[END_REF][START_REF] Wooster | Localization of a breast cancer susceptibility gene, BRCA2, to chromosome 13q12-13[END_REF][START_REF] Wooster | Identification of the breast cancer susceptibility gene BRCA2[END_REF][START_REF] Lenoir | Familial breast-ovarian cancer locus on chromosome 17q12-q23[END_REF][START_REF] Hall | Linkage of early-onset familial breast cancer to chromosome 17q21[END_REF].

In association with the functional characterization of BRCA1 and BRCA2 during homologous recombination these data created a directly associated HR and tumorigenesis [START_REF] Snouwaert | BRCA1 deficient embryonic stem cells display a decreased homologous recombination frequency and an increased frequency of non-homologous recombination that is corrected by expression of a Brca1 transgene[END_REF][START_REF] Moynahan | Brca1 controls homologydirected DNA repair[END_REF]Moynahan et al., 2001a;Moynahan et al., 2001b).

Women with BRCA1 mutation show a 44% risk to develop ovarian cancer, while BRCA2 mutations lead to a 17% risk [START_REF] Kuchenbaecker | Risks of Breast, Ovarian, and Contralateral Breast Cancer for[END_REF]. In the case of breast cancer, BRCA1/2 mutations lead to about ~70% life-time risk [START_REF] Kuchenbaecker | Risks of Breast, Ovarian, and Contralateral Breast Cancer for[END_REF]. Mutations in other HR related genes also increase the predisposition for cancer. That is the case of PALB2 in breast cancer and RAD51C in breast and ovarian cancers [START_REF] Antoniou | Breast-cancer risk in families with mutations in PALB2[END_REF]Coulet et al., 2015;[START_REF] Ducy | The Tumor Suppressor PALB2: Inside Out[END_REF]. In heterozygosity, these mutations are dormant, however, tissue-specific loss of heterozygosity or new somatic mutations that inactivate the wild type allele create a homozygous genetic inactivation that disrupt homologous recombination. The reason why these genetic events are selected or performed in a tissue specific manner is still a puzzling unsolved question.

BRCA1 participates in many biological processes, controlling, for example, DNA damage, chromatin remodeling and transcription; while BRCA2 works almost exclusively in DNA repair [START_REF] Prakash | Homologous recombination and human health: The roles of BRCA1, BRCA2, and associated proteins[END_REF]Tarsounas and Sung, 2020). In this context, although BRCA1 and BRCA2 breast tumors are normally highly proliferative and poorly differentiated, they do not present the same histopathological characteristics [START_REF] Stark | Pathology of familial breast cancer: Differences between breast cancers in carriers of BRCA1 or BRCA2 mutations and sporadic cases[END_REF]. BRCA1, but not BRCA2, mutations often give rise to basal-type triple negative breast cancer (TNBC), lacking expression of the estrogen receptor (ER), progesterone receptor and human epidermal growth factor receptor, and show increased lymphocytic infiltration [START_REF] Lakhani | The pathology of familial breast cancer: Predictive value of immunohistochemical markers estrogen receptor, progesterone receptor, HER-2, and p53 in patients with mutations in BRCA1 and BRCA2[END_REF][START_REF] Stark | Pathology of familial breast cancer: Differences between breast cancers in carriers of BRCA1 or BRCA2 mutations and sporadic cases[END_REF]. p53 inactivation have been often associated to the BRCA tumorigenesis in preclinical models (Dine and [START_REF] Saia | Mouse models of BRCA1 and their application to breast cancer research[END_REF]. Indeed, hereditary BRCA breast tumors present increased incidence of p53 mutations then sporadic tumors [START_REF] Lal | Comprehensive genomic characterization of breast tumors with BRCA1 and BRCA2 mutations[END_REF][START_REF] Peto | p53 mutation with frequent novel condons but not a mutator phenotype in BRCA1-and BRCA2-associated breast tumours[END_REF]. BRCA1 and BRCA2 deleterious genetic variants also increase the risk of ovarian tumors, which show similar histopathological features, generating serous carcinomas in a high frequency (Girolimetti et al., 2014;[START_REF] Mavaddat | Pathology of breast and ovarian cancers among BRCA1 and BRCA2 mutation carriers: Results from the consortium of investigators of modifiers of BRCA1/2 (CIMBA)[END_REF]. Of note, patients with BRCA2 ovarian cancers have better prognosis than BRCA1 (Girolimetti et al., 2014).

The importance of homologous recombination for cancer initiation and progression is not restricted to germ-line driven genetic modifications. The advances in the DNA sequencing techniques allowed large-scale evaluation of genetic variation in sporadic cancers. The association of genetic variations and other clinical features, led to the creation of the BRCAness concept. BRCAness refers to tumors that phenocopy the BRCA1 and BRCA2 hereditary tumors [START_REF] Turner | Hallmarks of "BRCAness" in sporadic cancers[END_REF][START_REF] Lord | BRCAness revisited[END_REF][START_REF] Byrum | Defining and Modulating "BRCAness[END_REF]. BRCAness can be caused by a spectrum of events, that include somatic mutations in HR regulatory genes BRCA1, BRCA2, NBS1, ATM, RAD51C etc, or even by epigenetic modifications as observed when tumors present increased methylation in RAD51C and BRCA1 promoters [START_REF] Turner | Hallmarks of "BRCAness" in sporadic cancers[END_REF][START_REF] Lord | BRCAness revisited[END_REF][START_REF] Byrum | Defining and Modulating "BRCAness[END_REF]. Genomic modifications (called genomic scars) are another method to define BRCAness. It has been shown that HRdeficient tumors can be predicted accordingly to the tumor"s profile of mutations and rearrangements [START_REF] Lord | BRCAness revisited[END_REF][START_REF] Davies | HRDetect is a predictor of BRCA1 and BRCA2 deficiency based on mutational signatures[END_REF][START_REF] Nik-Zainal | Mutational processes molding the genomes of 21 breast cancers[END_REF][START_REF] Watkins | Genomic scars as biomarkers of homologous recombination deficiency and drug response in breast and ovarian cancers[END_REF]. HR-defects in BRCA tumors was also explored for its treatment, these tumors are more sensitive to DNA crosslinking agents, e.g. platinum-based compounds are the standard treatment for BRCA1/2 tumors (Tung and Gaber, 2018;Girolimetti et al., 2014).

PARP inhibition in homologous recombination deficient tumors

Poly(ADP-ribose) polymerases (PARP) proteins plays important roles during single strand break repair and participate in the recruitment of the repair machinery after breaks [START_REF] Gupte | Parps and adp-ribosylation: Recent advances linking molecular functions to biological outcomes[END_REF]O'Sullivan et al., 2019). HR-deficient cells are hypersensitive to PARP inhibition and this characteristic has been explored for BRCA-/HR-deficient cancer treatment [START_REF] Bryant | Specific killing of BRCA2deficient tumours with inhibitors of poly(ADP-ribose) polymerase[END_REF][START_REF] Farmer | Targeting the DNA repair defect in BRCA mutant cells as a therapeutic strategy[END_REF][START_REF] Noordermeer | NORDENSON I. Effect of superoxide dismutase and catalase on spontaneously occurring chromosome breaks in patients with Fanconi"s anemia[END_REF]. PARP activity is essential for the ligation of Okazaki fragments during normal S-phase and stabilizes blocked replication forks [START_REF] Hanzlikova | The Importance of Poly(ADP-Ribose) Polymerase as a Sensor of Unligated Okazaki Fragments during DNA Replication[END_REF][START_REF] Ray Chaudhuri | The multifaceted roles of PARP1 in DNA repair and chromatin remodelling[END_REF]. Additionally, PARP inhibitors trap PARP protein to the damage sites, creating a physical impediment for fork progression and DNA repair [START_REF] Murai | PARP Trapping Beyond Homologous Recombination and Platinum Sensitivity in Cancers[END_REF]. After the publication of the synthetic lethality of PARP inhibitors and HR-deficient cells in 2005, PARP inhibitors started to be used in clinical trials and in 2014 it was approved for maintenance monotherapy in BRCA ovary tumors that responded to platinum-based treatment [START_REF] Lord | BRCAness revisited[END_REF]. However, acquired resistance has been a major issue to the use of PARP inhibitors in the clinic [START_REF] Lord | BRCAness revisited[END_REF][START_REF] Noordermeer | NORDENSON I. Effect of superoxide dismutase and catalase on spontaneously occurring chromosome breaks in patients with Fanconi"s anemia[END_REF], because PARP inhibitors create a selective pressure to new mutations that restore HR and, thereby, new clones are able to proliferate in presence of PARP inhibitors and reconstitute tumors [START_REF] Noordermeer | NORDENSON I. Effect of superoxide dismutase and catalase on spontaneously occurring chromosome breaks in patients with Fanconi"s anemia[END_REF][START_REF] Gogola | Resistance to PARP Inhibitors: Lessons from Preclinical Models of BRCA-Associated Cancer[END_REF]. Secondary BRCA mutations restoring HRactivity is a common pathway driving PARP resistance [START_REF] Noordermeer | NORDENSON I. Effect of superoxide dismutase and catalase on spontaneously occurring chromosome breaks in patients with Fanconi"s anemia[END_REF][START_REF] Gogola | Resistance to PARP Inhibitors: Lessons from Preclinical Models of BRCA-Associated Cancer[END_REF]. Also, recent studies have described additional modes to restore replication fork stability and/or HR in chemoresistant BRCA cells [START_REF] Noordermeer | NORDENSON I. Effect of superoxide dismutase and catalase on spontaneously occurring chromosome breaks in patients with Fanconi"s anemia[END_REF][START_REF] Gogola | Resistance to PARP Inhibitors: Lessons from Preclinical Models of BRCA-Associated Cancer[END_REF][START_REF] Chaudhuri | Replication fork stability confers chemoresistance in BRCA-deficient cells[END_REF]. Not surprisingly, BRCA1 and BRCA2 tumors do not develop the same mechanisms of resitance to PARP inhibition [START_REF] Noordermeer | NORDENSON I. Effect of superoxide dismutase and catalase on spontaneously occurring chromosome breaks in patients with Fanconi"s anemia[END_REF][START_REF] Gogola | Resistance to PARP Inhibitors: Lessons from Preclinical Models of BRCA-Associated Cancer[END_REF]. Mutations in the 53BP1-sheldin-RIF1-REV7 pathway members have been shown to generate PARP inhibitor resistance in BRCA1, but not BRCA2 cells [START_REF] Bunting | 53BP1 inhibits homologous recombination in brca1-deficient cells by blocking resection of DNA breaks[END_REF][START_REF] Dev | Shieldin complex promotes DNA end-joining and counters homologous recombination in BRCA1-null cells[END_REF][START_REF] Noordermeer | The shieldin complex mediates 53BP1-dependent DNA repair[END_REF][START_REF] Chapman | RIF1 Is Essential for 53BP1-Dependent Nonhomologous End Joining and Suppression of DNA Double-Strand Break Resection[END_REF][START_REF] Bouwman | 53BP1 loss rescues BRCA1 deficiency and is associated with triple-negative and BRCA-mutated breast cancers[END_REF].

Another mechanism of acquired resistence to PARP inhibition is through inactivation of poly(ADP-ribose) glycohydrolase (PARG), which have oppositional enzymatic function in relation to PARP, catalyzing PARP poly(ADP -ribose) degradation [START_REF] Kassab | Targeting dePARylation for cancer therapy[END_REF]. PARG loss has been described as a mode of resistance to PARP inhibition in human serous ovarian and triplenegative breast cancers [START_REF] Gogola | Selective Loss of PARG Restores PARylation and Counteracts PARP Inhibitor-Mediated Synthetic Lethality[END_REF].

The RAD51 paradox in cancer

RAD51 is the central player of HR and since HR deficiency fuels tumorigenesis one would expect to find RAD51 mutations associated to cancer predisposition. However, although many studies have tried to establish a correlation between RAD51 mutations and hereditary cancer predisposition, the evidence suggests that RAD51 deleterious mutations are not causal [START_REF] Calvez-Kelm | RAD51 and Breast Cancer Susceptibility: No Evidence for Rare Variant Association in the Breast Cancer Family Registry Study[END_REF][START_REF] Lose | Variation in the RAD51 gene and familial breast cancer[END_REF]. On the opposition, a RAD51 mutation (hRAD51.G151D) that increases HR has been found in a patient with breast cancer [START_REF] Chen | Tumor-associated mutations in a conserved structural motif alter physical and biochemical properties of human RAD51 recombinase[END_REF]Marsden et al., 2016). Another piece of data supporting the notion that RAD51 is not commonly mutated in tumors comes from the cancer genome atlas (TCGA), where 10.202 genomes from different types of cancer were analyzed and RAD51 mutations were found in only a small portion of these tumors, while BRCA1, BRCA2 and PALB2 were often mutated (Figuire 6). Therefore, RAD51 mutations probably do not provide selective advantages in cancer development, although the reason why is unknown. While RAD51 mutations are not often present in cancer, RAD51 overexpression has been found in different tumors and histopathological analysis have associated RAD51 overexpression with bad patient prognosis (Maacke et al., 2000;[START_REF] Qiao | High-level expression of Rad51 is an independent prognostic marker of survival in non-small-cell lung cancer patients[END_REF][START_REF] Söderlund | The BRCA1/BRCA2/Rad51 complex is a prognostic and predictive factor in early breast cancer[END_REF]Welsh et al., 2009;[START_REF] Li | Elevated expression of Rad51 is correlated with decreased survival in resectable esophageal squamous cell carcinoma[END_REF][START_REF] Nagathihalli | RAD51 as a potential biomarker and therapeutic target for pancreatic cancer[END_REF]. In addition, it has been shown that RAD51 overexpression stimulate DSB repair by HR (Lambert and Lopez, 2000;[START_REF] Richardson | Rad51 overexpression promotes alternative double-strand break repair pathways and genome instability[END_REF][START_REF] Vispé | Overexpression of Rad51 protein stimulates homologous recombination and increases resistance of mammalian cells to ionizing radiation[END_REF]. Although these data indicate that RAD51 overexpression may provide a selective advantage during malignant transformation, it is not clear whether it can fuel tumorigenesis and/or tumor progression in vivo. In an attempt to answer this question, Bertrand and colleagues evaluated the effects of RAD51 overexpression in tumor formation/progression by injecting chinese hamster ovary (CHO) cells overexpressing RAD51 in immonocompromised "nude" mice [START_REF] Bertrand | Overexpression of mammalian Rad51 does not stimulate tumorigenesis while a dominantnegative Rad51 affects centrosome fragmentation, ploidy and stimulates tumorigenesis, in p53-defective CHO cells[END_REF]. The authors did not find differences in tumor growth between control cells and cells overexpressing wild-type RAD51, suggesting that, at least in this cell type, RAD51 overexpression does not fuel tumor progression [START_REF] Bertrand | Overexpression of mammalian Rad51 does not stimulate tumorigenesis while a dominantnegative Rad51 affects centrosome fragmentation, ploidy and stimulates tumorigenesis, in p53-defective CHO cells[END_REF]. Given all the unknowns above mentioned, investigations on the in vivo RAD51 function on tumorigenesis and tumor progression are promising areas of research. 

Mouse models of homologous recombination defiency

Soon after the discovery of the BRCA genes, many mouse models of germline genetic inactivation of Brca1 and Brca2 using different gene targeting strategies have been generated (Table 1) (Hakem et al., 1996;[START_REF] Liu | Inactivation of the mouse Brca1 gene leads to failure in the morphogenesis of the egg cylinder in early postimplantation development[END_REF][START_REF] Loveday | Targeted mutations of breast cancer susceptibility gene homologs in mice: Lethal phenotypes of Brca1, Brca2, Brca1/Brca2, Brca1/p53, and Brca2/p53 nullizygous embryos[END_REF][START_REF] Gowen | Brca1 deficiency results in early embryonic lethality characterized by neuroepithelial abnormalities[END_REF][START_REF] Shen | A targeted disruption of the murine Brca1 gene causes γ-irradiation hypersensitivity and genetic instability[END_REF]Bennet et al., 2000;Suzuki et al., 1998;[START_REF] Sharan | Embryonic lethality and radiation hypersensitivity mediated by Rad51 in mice lacking Brca2[END_REF]Ludwig et al., 1998) and in all cases homozygous mice were embryonic lethal. Consistently, mouse germline inactivation of other key HR genes were also embryonic lethal, including Rad51 (Table 1). These evidences are in agreement with the fact that homozygous inactivation of BRCA1 and BRCA2 are also proposed to be embryonic lethal in humans [START_REF] Judkins | Application of embryonic lethal or other obvious phenotypes to characterize the clinical significance of genetic variants found in trans with known deleterious mutations[END_REF]. These data from mice and humans show that HR is essential for cell proliferation and that complete HR-deficiency is incompatible with life. Such conclusion is important when comparing mice to other model organisms. Yeast cells can survive when HR is abolished and genetic inactivation of Rad51 in zebra fish (Danio rerio) and flies (Drosophila melano) is not embryonic lethal (Karpenshif and Karpenshif, 2012;[START_REF] Rodríguez-Marí | Roles of brca2 (fancd1) in oocyte nuclear architecture, gametogenesis, gonad tumors, and genome stability in zebrafish[END_REF][START_REF] Botthof | Loss of the homologous recombination gene rad51 leads to Fanconi anemia-like symptoms in zebrafish[END_REF][START_REF] Staeva-Vieira | An essential role of DmRad51/SpnA in DNA repair and meiotic checkpoint control[END_REF]. Another important issue raised from transgenic mouse models is that some HR genes, including Rad54, are not essential for mouse development and may have compensatory or redundant functions (Table 2).

Based on these above mentioned phenotypes, here I define "essential" HR factors that when inactivated lead to embryonic lethality in mice (Figure 8). In humans, most of the patients with cancer related BRCA1 and BRCA2 genetic variants are heterozygous, while Brca1 or Brca2 heterozygous mice are not prone to develop tumors. This highlights the limitations of these pre-clinical models. More complex strategies needed to be developed to establish a direct relation between HR inactivation and cancer predisposition in vivo.

Mice with partial loss-of-function of HR genes have been developed and showed that HR inactivation also drive tumorigenesis in mouse. Soon after the discovery of the BRCA1 gene, a homozygous frameshift mutation on BRCA1 called BRCA1-AA 2800 that potentially create a truncated protein of 900 amino acids was reported in a patient with breast cancer [START_REF] Boyd | A human brca1 gene knockout[END_REF]. Since null alleles for Brca1 are embryonic lethal in mice, Ludwig and colleagues generated a humanized mouse model of the BRCA1-AA 2800 called Brca1 tr . Brca1 tr/tr mice showed normal embryonic development and developed a variety of tumors in adulthood, with a high frequence of lymphomas, but also late onset breast carcinomas/adenomas [START_REF] Ludwig | Tumorigenesis in mice carrying a truncating Brca1 mutation[END_REF]. This study was a proof-of-concept that germline Brca1 mutations could lead to the formation of breast cancers in mice without additional concomitant genetic manipulations (e. g. Trp53 inactivation). It also highlights that the mechanisms of BRCA1-related tumorigenesis in mouse does not mirrors the human ones, which is evidenced by the fact that Brca1 tr/tr mice develop a variety of cancer types not found in BRCA1-AA 2800 human carriers. Many other mouse models of germ-line partial loss-of-function of Brca1 and other HR genes have been generated (Table 3) and these studies have established the importance of HR for tumor suppression in vivo. Adult mice present hyperplasia in the gynecologic system, thymic lymphoma and mammary gland hyperplasia with very dense branches and hyperplasic and/or neoplastic foci.

Kim et al., 2006

Brca1 Brca1

SF

Targeted mutation generating a serine to phenylalanine mudification at position 1598, disrupting the BRCT phosphoprotein binding domain.

Increased tumor incidence. Shakya et al., 2011 Brca1 Brca1

FH-I26A

Targeted mutagenesis generated the isoleucine codon for residue 26 was substituted with an alanine. In addition, an oligonucleotide sequence (FH) that encodes an artificial initiator methionine and an N-terminal tag comprised of FLAG and HA protein was inserted immediately 5 of the natural Brca1 translation initiator codon in exon 2.

Normal development, no increased tumor incidence. [START_REF] Reid | E3 ligase activity of BRCA1 is not essential for mammalian cell viability or homology-directed repair of double-strand DNA breaks[END_REF]Shakya et al., 2011 Brca1 Brca1

S971A

Targeted mutagenesis generated a serine to alanine modification at position 971. This mutation inhibits CHK2-dependent BRCA1 phosphorylation.

Females develop uterus hyperplasia and ovarian abnormalities by 2 years of age; increased tumor incidence after treatment with DNA damaging agents. [START_REF] Kim | Uterus Hyperplasia and Increased Carcinogen-Induced Tumorigenesis in Mice Carrying a Targeted Mutation of the Chk2 Phosphorylation Site in Brca1[END_REF] Table 3: HR alleles associated with partial loss-of-function.

Brca1 Brca1

S1152A

Targeted mutagenesis generated a serine to alanine modification at position 1152. This mutation inhibits ATM-dependent BRCA1 phosphorylation.

Some mice exhibit aging-like phenotypes including growth retardation, skin abnormalities, and delay of the mammary gland morphogenesis. Aging-unaffected 18-month-old female show mammary gland abnormalities. Increased tumor incidence after lowdose γ-irradiation. [START_REF] Kim | Impaired skin and mammary gland development and increased γ-irradiation-induced tumorigenesis in mice carrying a mutation of S1152-ATM phosphorylation site in Brca1[END_REF] Brca1 Brca1 cc CRISPR-Cas9 mutagenesis generated a inframe deletion of amino acids 1361-1363 on the coiled coil domain. This transgene is proposed to disrupt RAD51 loading by inhibiting the BRCA1-PALB2 interaction.

About 15% of the expected number of embryos reaches birth. The mice who survive until adulthood show developmental features of Fanconi anemia and T cell acute lymphoblastic leukemia.

Nacson et al., 2020

Brca1 Brca1 lp

Targeted mutagenesis generated a leucine to proline modification at position 1363 on the coiled coil doman. This mutation is proposed to disrupt RAD51 loading by inhibiting the BRCA1-PALB2 interaction.

The mice born with the expected Mendelian frequency. These mice show developmental features of Fanconi anemia and T-lymphoblastic lymphoma/leukemia.

Park et al., 2020

Brca2 Brca2 tm1Cam

Targeted mutagenesis generated an insertion of the -geo cassette into exon 11 and the deletion of Brca2 nucleotides 4668-4989. The BRCA2 protein is predicted to be truncated in exon 11 at amino acid 1492, at 45% of the length of wild-type protein Mice are born in submendelian ratios. The extent of embryonic lethality is dependent on the genetic background. The mice who survive until adulthood presented multiple developmental and growth defects, in addition to the development of thymic lymphomas between 12 and 14 weeks of age. Targeted mutagenesis generated an insertion of a neo r cassette at position 6038 on exon 11.

Mice are born in submendelian ratios. The extent of embryonic lethality is dependent on the genetic background. The mice who survive until adulthood presented multiple developmental and growth defects, in addition to the development of thymic lymphomas. Connor et al., 1997 Brca2 Brca2

G25R

Targeted mutagenesis generated a single base substitution G to A the 6th nucleotide of exon 3 to change codon 25 glycine to arginine. This mutation is proposed to decrease, but not abolish, the interaction between BRCA2 and PALB2

Aged mice present increased incidence of B-cell lymphoma and other cancer types.

Hartford et al., 2016

Brca2 Brca2

D27

Cre-mediated exon 27 deletion. This modification leads to COOH-terminal domain deletion, which disrupts BRCA2 binding with RAD51

Mice are born in submendelian ratios. The ones that survive until adulthood show an increased incidence of a variety of tumors, including carcinomas, adenomas, lymphomas, and sarcomas.

McAllister et al., 2002

Palb2 Palb2 cc6

Targeted mutagenesis generated a 6 nucleotide modification at the coiled coil domain. This mutation disrupts the interaction between PALB2 and BRCA1.

No somatic phenotype. [START_REF] Simhadri | Male fertility defect associated with disrupted BRCA1-PALB2 interaction in mice[END_REF] Tissue-specific inactivation of HR genes has been a powerful tool for cancer research. Brca1 inactivation in breast progenitors leads to breast tumor formation [START_REF] Xu | Conditional mutation of Brca 1 in mammary epithelial cells results in blunted ductal morphogenesis and tumour formation[END_REF]. p53 loss fuels Brca1 tumorigenesis in mice (Liu et al., 2007). Importantly, Brca1 and p53 double inactivated tumors share histopathological characteristics with human BRCA1 breast cancers, as they are highly proliferative, ER-negative carcinomas with a high degree of genomic instability, pushing borders, and expression of basal epithelial markers (Liu et al., 2007). For this reason, mouse models of tissue specific Brca1 and p53

inactivation have have been extensively used in pre-clinical investigations (Dine and [START_REF] Saia | Mouse models of BRCA1 and their application to breast cancer research[END_REF][START_REF] Drost | Preclinical mouse models for BRCA1-associated breast cancer[END_REF][START_REF] Puppe | EZH2 is overexpressed in BRCA1-like breast tumors and predictive for sensitivity to high-dose platinum-based chemotherapy[END_REF][START_REF] Van De Ven | BRCA1-associated mammary tumorigenesis is dependent on estrogen rather than progesterone signaling[END_REF][START_REF] Kersten | Genetically engineered mouse models in oncology research and cancer medicine[END_REF].

Transgenic mouse models have also revealed a different landscape of tumor predisposition depending on the step at which HR is disrupted. For most of the "essential" HR-genes, including Brca1, Brca2, Rad51, Palb2, Rad51c and Rad51l1/Rad51b, germline co-inactivation of Trp53 delays mouse death in a few days but it is still embryonic lethal [START_REF] Loveday | Targeted mutations of breast cancer susceptibility gene homologs in mice: Lethal phenotypes of Brca1, Brca2, Brca1/Brca2, Brca1/p53, and Brca2/p53 nullizygous embryos[END_REF]Lim and Hasty, 1996;[START_REF] Shu | Disruption of muREC2/RAD51L1 in Mice Results in Early Embryonic Lethality Which Can Be Partially Rescued in a p53-/-Background[END_REF][START_REF] Kuznetsov | Loss of Rad51c leads to embryonic lethality and modulation of Trp53-dependent tumorigenesis in mice[END_REF][START_REF] Bouwman | Loss of p53 partially rescues embryonic development of Palb2 knockout mice but does not foster haploinsufficiency of Palb2 in tumour suppression[END_REF]. The knockout of the RAD51 paralog Xrcc2 is an exception. Even though mouse embryonic fibroblasts derived from Xrcc2-deficient mice are severely deficient on HR [START_REF] Deans | Homologous Recombination Deficiency Leads to Profound Genetic Instability in Cells Derived from Xrcc2-Knockout Mice[END_REF], embryonic lethality upon XRCC2 loss occurs at later stages compared to other "essential" HR genes (Table 1). Developmental defects in the brain are a major characteristic of XRCC2 loss, which is caused by ATM-independent and TRP53-dependent progenitor apoptosis [START_REF] Deans | Xrcc2 is required for genetic stability, embryonic neurogenesis and viability in mice[END_REF][START_REF] Orii | Selective utilization of nonhomologous end-joining and homologous recombination DNA repair pathways during nervous system development[END_REF]. Double inactivation of Xrcc2 and Trp53 rescue embryonic lethality, but lead to the development of multiple tumor types, including lymphoma, skin tumor, sarcoma and medulloblastoma, during early adulthood (~10 weeks) [START_REF] Orii | Selective utilization of nonhomologous end-joining and homologous recombination DNA repair pathways during nervous system development[END_REF]. Other studies using models of BRCA2 partial loss-of-function also show increased tumorigenesis, with a particular predisposition to lymphomas (table 3). Recently, two papers have reported the development of Brca1 mouse models that disrupt the interaction of BRCA1 and PALB2 [START_REF] Nacson | BRCA1 Mutational Complementation Induces Synthetic Viability Short Article BRCA1 Mutational Complementation Induces Synthetic Viability[END_REF][START_REF] Park | Ablation of the Brca1-Palb2 interaction phenocopies Fanconi anemia in mice[END_REF]. These mutations disrupt the RAD51 loading function of BRCA1, while maintain the BRCA1-dependent control of DSB resection intact. These mice showed a particular predisposition for the development of lymphomas. Therefore, inactivation of Xrcc2, Brca2 or RAD51 loading function of Brca1 leads to the formation of different types of tumors compared to Brca1 mouse models that disrupt DSB resection, highlighting that different modes of tumorigenesis exist depending on how HR is disrupted. Finally, these evidences also point to a particular anti-tumor function of RAD51 loading/filament formation in mouse, but not in human, lymphocytes.

The analysis of the genetic interactions of "essential" components of HR also evidenced that different modes of tumorigenesis are observed depending on the step of which HR is disrupted (Table 4 and5). The seminal work of Cao and coleagues provided the basis of the understanding of BRCA1 and 53BP1 functional interaction in DNA end resection. Using the Brca1 11 mouse model (Table 1), the authors showed a unique genetic interaction between Brca1 and

Trp53bp1. Brca1 11 homozygous mice are embryonic lethal, a phenotype that is completely abolished by concomitant Trp53bp1 deletion. Moreover, these double inactivated mice present normal HR-efficiency, normal development and do not show increased tumorigenesis (Table 5).

This study also raized a puzzling question: TR53BP1 conteracts DSB end resection, but not the RAD51 loading function of BRCA1, therefore, the fact that inactivation of Trp53bp1 rescue the developmental issues and HR-deciency of Brca1 11 mutants means that BRCA1 is not essential for RAD51 loading in mouse cells? More recent studies investigating the genetic interaction between Rescue the embryonic lethality. These mice present features of premature aging, including decrease in skin tickness, kyphosis, decrease in bone density and intestinal violli atrophy. In addition to enhanced cancer prevalence, including mammary and ovary tumors in high frequency. EJ and SSA, it suggests that these pathways participate on breast cancer tumorigenesis [START_REF] Reczek | The DNA resection protein CtIP promotes mammary tumorigenesis[END_REF]. However, an important issue when analysing these results is that CtIP participation on DSB repair extends beyond its function on S and G2, where HR is functional. For example, CtIP plays a central role in end joining pathways in G1 (Yun and Hiom, 2009;Biehns et al., 2017). New models that allow evaluating the contribution of the balance between HR and the alternative non-conservative pathways SSA and A-EJ on tumorigenesis are still to be developed.

In the next chapter I continue exploring the effects of homologous recombination inactivation in vivo by discussing the relation between disruption of HR and the human developmental syndrome Fanconi anemia.

RAD51, homologous recombination and Fanconi anemia

Fanconi anemia and DNA crosslink repair

Fanconi anemia (FANC) is a heterogeneous rare genetic human syndrome with a prevalence of 1 every 100,000 births first described by Guido Fanconi in 1927 [START_REF] Kee | Molecular pathogenesis and clinical management of Fanconi anemia[END_REF]Kottemann and Smogorzewska, 2013). The inability to repair DNA interstrand crosslinks is the main shared cellular feature of Fanconi anemia patients. Cells from Fanconi anemia patients have increased chromosomal breaks upon induction of DNA crosslinking; a characteristic that has been used for Fanconi anemia diagnosis [START_REF] Auerbach | Fanconi anemia and its diagnosis[END_REF]. Fanconi anemia is a progeroid syndrome in which the most common clinical feature is bone marrow failure, which affects about 80% of the cases (Carrero et al., 2016;[START_REF] Kutler | A 20-year perspective on the International Fanconi Anemia Registry (IFAR)[END_REF][START_REF] Niedernhofer | Nuclear Genomic Instability and Aging[END_REF]. Although most patients have congenital defects, such as skeletal malformations and growth delay, about 25%-40% are physically normal (D"Andrea, 2010). In addition to its developmental issues, Fanconi anemia patients have high risk of developing childhood hematological malignancies and solid tumors that usually arise by the second and third decade of life [START_REF] Kutler | A 20-year perspective on the International Fanconi Anemia Registry (IFAR)[END_REF][START_REF] Kee | Molecular pathogenesis and clinical management of Fanconi anemia[END_REF].

The molecular characterization of Fanconi anemia patient" cells brought important contributions to understanding DNA repair, especially to the repair DNA crosslink specimens through the characterization of often called Fanconi anemia/BRCA pathway [START_REF] Ceccaldi | The Fanconi anaemia pathway: New players and new functions[END_REF]. Interstrand crosslink can be generated by exogenous sources, such as psoralen and platinum agents applied in chemotherapy and endogenous byproducts of cellular metabolism, such as acetaldehydes and malondialdehydes. Mutations in 22 genes were found to cause Fanconi anemia, all of them participate at least in one step of DNA interstrand crosslink repair, which can be didactically divided into four phases in replicating cells: (i) recognition, (ii) incision, (iii) lesion bypass and (iiii) lesion repair. (i) FANCM is a protein helicase that is proposed to be the sensor of interstrand crosslink upon ATR phosphorylation. This protein serve as a platform to the recruitment of the Fanconi anemia core complex (FANCA, FANCB, FANCC, FANCE, FANF, FANCG, FANCL, FANCM, FANCT, FAAP100, MHG1, MHF1, MHF2, FAAP20 and FAAP24), that interacts with multiple proteins and works as ubiquitin ligase for the FANCD2 and FANCI heterodimer. Once ubiquitinated, the FANCD2-I complex is then able to recruit SLX4, a scaffold protein for structure specific endonucleases. (ii) SLX4 can lead to the activation of different nucleases, including ERCC4 (FANCQ)-ERCC1, MUS81-EME1 heterodimers and SLX1. In addition, FANCD2 directly interacts with the nuclease FAN1 that also plays a role in interstrand crosslink repair.

These (reviewed in [START_REF] Davies | HRDetect is a predictor of BRCA1 and BRCA2 deficiency based on mutational signatures[END_REF][START_REF] Ceccaldi | The Fanconi anaemia pathway: New players and new functions[END_REF][START_REF] Niraj | The Fanconi Anemia Pathway in Cancer[END_REF] (Figure 8). 

Homologous recombination and Fanconi anemia

BRCA1 (FANCS), BRCA2 (FANCD1), PALB2 (FANCN) and RAD51C (FANCO) mutations in Fanconi anemia and Fanconi anemia-like patients

As discussed in the previous chapter, heterozygous deleterious pathogenic genetic variants of multiple central HR factors increase the predisposition to familiar cancers [START_REF] Vaz | Cancer suppression by the chromosome custodians, BRCA1 and BRCA2[END_REF][START_REF] Prakash | Homologous recombination and human health: The roles of BRCA1, BRCA2, and associated proteins[END_REF][START_REF] Waldman | Two decades beyond BRCA1/2: Homologous recombination, hereditary cancer risk and a target for ovarian cancer therapy?[END_REF]. Anemia-like clinical features carried a pathogenic hereditary BRCA1 variant that predisposed their family members to breast and ovarian cancers [START_REF] Domchek | Biallelic deleterious BRCA1 mutations in a woman with early-onset ovarian cancer[END_REF][START_REF] Sawyer | Biallelic mutations in BRCA1 cause a new Fanconi anemia subtype[END_REF]Freire et al., 2017). Two of these three BRCA1

(FANCS) patients developed early-onset breast or ovary cancer, in addition to developmental disabilities that included growth defects, neurodevelopmental delay and microcephaly [START_REF] Domchek | Biallelic deleterious BRCA1 mutations in a woman with early-onset ovarian cancer[END_REF][START_REF] Sawyer | Biallelic mutations in BRCA1 cause a new Fanconi anemia subtype[END_REF]Freire et al., 2017). A more recent study reported another 4 patients from 2 different consanguineous families [START_REF] Seo | Mechanism for survival of homozygous nonsense mutations in the tumor suppressor gene BRCA1[END_REF]. All patients showed congenital malformations and two patients developed patient developed T-cell acute lymphoblastic leukemia and died at age 5 and another developed neuroblastoma at 2 years old [START_REF] Seo | Mechanism for survival of homozygous nonsense mutations in the tumor suppressor gene BRCA1[END_REF]. All BRCA1 (FANCS) patient"s cells displayed the essential diagnostic characteristics of Fanconi anemia, i.e.

increased chromosomal breaks and radial figure formation after treatment with DNA crosslink agents; but did not show bone marrow failure or anemia.

BRCA2 (FANCD1) mutations are found in 2%-3% of Fanconi anemia patients, being the most prevalent HR gene mutated in this syndrome [START_REF] Auerbach | Fanconi anemia and its diagnosis[END_REF][START_REF] Niraj | The Fanconi Anemia Pathway in Cancer[END_REF][START_REF] Howlett | Biallelic inactivation of BRCA2 in Fanconi anemia[END_REF]. It leads to a severe form of Fanconi anemia associated to growth defects and multi-organ malformations, including microcephaly and, most notably, cancer development in the first decade (Meyer et al., 2014;[START_REF] Hirsch | Association of biallelic BRCA2/FANCD1 mutations with spontaneous chromosomal instability and solid tumors of childhood[END_REF]Alter et al., 2006).

While, in average, Fanconi anemia patients usually start to develop solid tumors only in the second or third decade of life onwards, BRCA2 (FANCD1) patients have a high incidence of solid tumor development in their first years of life (Meyer et al., 2014;Alter et al., 2006). Brain, mainly medulloblastoma, and kidney Wilm"s tumors are the most common solid tumors associated to BRCA2 (FANCD1). High incidences of acute myeloid leukemia are also observed in these patients (Meyer et al., 2014;[START_REF] Hirsch | Association of biallelic BRCA2/FANCD1 mutations with spontaneous chromosomal instability and solid tumors of childhood[END_REF]Alter et al., 2006).

Fanconi anemia patients carrying mutations in the BRCA2 partner PALB2 (FANCN) mirrored the above clinical features, highlighting its common etiological origins [START_REF] Xia | Fanconi anemia is associated with a defect in the BRCA2 partner PALB2[END_REF][START_REF] Reid | Biallelic mutations in PALB2 cause Fanconi anemia subtype FA-N and predispose to childhood cancer[END_REF].

RAD51C (FANCO) is the only RAD51 paralog with reported mutations in patients with Fanconi anemia-like clinical features [START_REF] Vaz | Cancer suppression by the chromosome custodians, BRCA1 and BRCA2[END_REF]. In a consanguineous Pakistani family, homozygous deleterious RAD51C (FANCO) mutations led to severe developmental malformations, miscarriage and early child death (first year of life), within four of their five children [START_REF] Vaz | Cancer suppression by the chromosome custodians, BRCA1 and BRCA2[END_REF].

One patient has survived until the age of 10 years old and did not develop hematopoietic defects [START_REF] Vaz | Cancer suppression by the chromosome custodians, BRCA1 and BRCA2[END_REF].

RAD51 (FANCR) mutations in Fanconi anemia patients

The RAD51 filament catalyzes the pivotal step of HR, strand exchange.

In addition to their known functional relation, cells from Fanconi anemia patients with mutations on central players of homologous recombination BRCA1

(FANCS), BRCA2 (FANCD1), PALB2 (FANCN) and RAD51C (FANCO) have defective RAD51 foci formation [START_REF] Sawyer | Biallelic mutations in BRCA1 cause a new Fanconi anemia subtype[END_REF][START_REF] Vaz | Cancer suppression by the chromosome custodians, BRCA1 and BRCA2[END_REF][START_REF] Reid | Biallelic mutations in PALB2 cause Fanconi anemia subtype FA-N and predispose to childhood cancer[END_REF][START_REF] Xia | Fanconi anemia is associated with a defect in the BRCA2 partner PALB2[END_REF][START_REF] Godthelp | Impaired DNA damage-induced nuclear Rad51 foci formation uniquely characterizes Fanconi anemia group D1[END_REF]. In 2015, two papers identified RAD51 (FANCR) mutations in patients with Fanconi anemia-like clinical features (Ameziane et al., 2015;Wang et al., 2015). Although Fanconi anemia is known as an autosomal recessive genetic disorder, these patients presented de novo heterozygous dominant negative mutations (Ameziane et al., 2015;Wang et al., 2015). The common clinical features observed in the atypical form of Fanconi anemia caused by RAD51 (FANCR) mutations were growth retardation, neurodevelopmental defects associated with learning disabilities and skeletal malformations, but without bona fide clinical features such as bone marrow failure or malignancies (Ameziane et al., 2015;Takenaka et al., 2019;Wang et al., 2015).

Ameziane and collegues, described a mutation that led to a single amino acid substitution HsRAD51.A293T, in a RAD51 region responsible for protein monomer-monomer interaction site, adjacent to the L2 loop related to DNA binding (Ameziane et al., 2015). Interestingly, a mutation in the homologous region of the yeast Rad51, ScRad51.P351T was previously described and also showed dominant negative effects [START_REF] Chanet | Semidominant mutations in the yeast Rad51 protein and their relationships with the Srs2 helicase[END_REF]. In primary fibroblasts isolated from this patient, the mutant protein represented about 32% of the total RAD51. The purified mutant protein presented decreased ATP hydrolysis in basal conditions or stimulated by ssDNA and showed decreased dsDNA and ssDNA biding affinity. HsRAD51.A293T was not capable to perform strand exchange on D-loop assay and formed abnormal filament on dsDNA. The authors also reported a dominant negative effect on the wild type HsRAD51 ability to bind dsDNA in vitro. Although patient cells with HsRAD51.A293T mutation had increased sensitivity to MMC, camptothecin and PARP inhibition;

it was not shown whether these cells were still able to performed homologous recombination or not (Ameziane et al., 2015). Additionally, the formation of radial chromosomes after the treatment with DNA crosslink agents, the classical diagnostic feature of Fanconi anemia, were not reported in patient"s cells (Figure 9).

A more insightful characterization was performed by Wang and colleagues, where they characterized another RAD51 mutation that generated a single amino acid replacement HsRAD51.T131P in the Walker A domain, responsible for ATP binding and hydrolysis. The patient"s cells heterozygous for the HsRAD51.T131P mutantion presented mild increase radial chromosomes formation and DNA breaks after treatment with DNA crosslink agents. The cells from this patient showed decreased IR induced RAD51 foci formation, increased sensitivity to DNA crosslink agents (MMC, diepoybutane and cisplatin) and to PARP inhibition. The authors used the fact that these cells did not display increased sensitivity to IR, even when cNHEJ was inactivated by DNA-PKcs inhibition, and that they observed no difference in HR by gene conversion assay to suggest that HR was not affected on these patients. Using a purified recombinant protein, they found that HsRAD51.T131P had enhanced ATPase activity that is not stimulated by ssDNA. HsRAD51.T131P showed decreased binding affinity to ssDNA and dsDNA compared to HsRAD51 and, although it binded DNA, it was unable to perform strand exchange in complementary ssDNA in vitro or D-loop assay. In addition, they demonstrated that HsRAD51.T131P have a dominant negative effect on the strand exchange activity of wild-type HsRAD51 in D-loop assay, but only in high concentrations (more than 68% of the mixture). The authors used this in vitro data to explain the lack of effects on HR (gene conversion) or ionizing radiation sensitivity, since in patient cells the mutant protein was about 20% of total RAD51 (Wang et al., 2015) (Figure 9).

Recently, a third RAD51 mutation in a patient with atypical clinical features of Fanconi anemia has been reported. This mutation generated a single amino acid variation (HsRAD51.G242A) on PALB2 interaction domain.

The patient cells had increased breaks after mitomycin C (MMC) treatment, but no functional characterization of the RAD51 mutation was reported (Takenaka et al., 2019) (Figure 9). 

Lessons from mouse models

Human cells derived from Fanconi anemia patients have being important tools to decipher the molecular origins of the disease. However, the use of human samples on the research of Fanconi anemia developmental malformations has been challenging. Most Fanconi anemia patients have fewer bone marrow stem cells, which do not generate progenitors in vitro [START_REF] Ceccaldi | Bone marrow failure in fanconi anemia is triggered by an exacerbated p53/p21 DNA damage response that impairs hematopoietic stem and progenitor cells[END_REF]. Additionally, cells from Fanconi anemia patients are refractory to reprogramming and often do not generate induced pluripotent stem cells (iPSC)

unless disease causing mutations is corrected [START_REF] Bharathan | Generation of an induced pluripotent stem cell line that mimics the disease phenotypes from a patient with Fanconi anemia by conditional complementation[END_REF][START_REF] Gao | Cyclic [G(2 ,5 )pA(3 ,5 )p] is the metazoan second messenger produced by DNA-activated cyclic GMP-AMP synthase[END_REF]Muller et al., 2012). Mouse models have provided important insights on the Fanconi anemia developmental malformations, although they usually do not fully recapitulate the clinical features observed in humans, including bone marrow failure and hematopoietic malignancies [START_REF] Bakker | Learning from a paradox: Recent insights into Fanconi anaemia through studying mouse models[END_REF][START_REF] Dubois | Les modèles animaux de l"anémie de Fanconi: Ou comment les différences peuvent être aussi précieuses que les similitudes⋯[END_REF][START_REF] Parmar | Mouse models of Fanconi anemia[END_REF].

In mice, germline homozygous inactivation of Brca1, Brca2, Palb2, Rad51C and Rad51 are early embryonic lethal (Table 1). Mouse models for BRCA2 (FANCD1) have been particularly important to the understanding of Fanconi anemia. Inactivation of c-terminal Brca2 (Brca2 27/27 ) abolishes BRCA2 interaction with FANCD2 and partially phenocopies the developmental defects observed in FANCD1 patients [START_REF] Mcallister | Cancer susceptibility of mice with a homozygous deletion in the COOH-terminal domain of the Brca2 gene[END_REF][START_REF] Atanassov | Homozygous germ line mutation in exon 27 of murine Brca2 disrupts the Fancd2-Brca2 pathway in the homologous recombination-mediated DNA interstrand cross-links" repair but does not affect meiosis[END_REF]. These mice show growth defects and, although they do not present aplastic anemia, hematopoiesis is dysfunctional and solid tumor formation is increased [START_REF] Mcallister | Cancer susceptibility of mice with a homozygous deletion in the COOH-terminal domain of the Brca2 gene[END_REF][START_REF] Navarro | Hematopoietic Dysfunction in a Mouse Model for Fanconi Anemia Group D1[END_REF]. Although Brca2 27/27 mice do not present brain malignancies as observed in FANCD1 patients, it has been shown that conditional inactivation of Brca2 in neural progenitors and

Trp53 co-depletion lead to brain tumor formation, including medulloblastoma [START_REF] Frappart | BRCA2 is required for neurogenesis and suppression of medulloblastoma[END_REF].

As highlighted before, apart from BRCA2 (FANCD1) and PALB2

(FANCN) mutations, Fanconi anemia-like patients with mutations in HR genes do not present the classical hematopoiesis defects features, but show unusual spectrum of clinical manifestations that are often associated with body and organ growth defects. BRCA1 (FANCS) has been extensively studied in vivo.

By using hypomorphic mutations or conditional inactivation, many studies showed that BRCA1 inhibits tumorigenesis and controls tissue development and homeostasis (Table 1 and3) (Dine and [START_REF] Saia | Mouse models of BRCA1 and their application to breast cancer research[END_REF]Evers and Jonkers, 2006;[START_REF] Drost | Preclinical mouse models for BRCA1-associated breast cancer[END_REF]2009;Diaz-Cruz, 2010). Tissue specific Brca1 inactivation increase DNA damage and progenitor and stem cells renewal [START_REF] Pao | N. Nucleophagy: from homeostasis to disease[END_REF]Mgbemena et al., 2017;Sotiropoulou et al., 2013). In agreement with the clinical features observed in BRCA1 (FANCS) patients, Brca1 conditional inactivation in neural progenitors lead to DNA damage accumulation, progenitor loss and microcephaly [START_REF] Pao | N. Nucleophagy: from homeostasis to disease[END_REF]. Curiously, different from what was seen after BRCA2 loss, Trp53 and Brca1 co-depletion fully rescued the phenotypes of Brca1 inactivation alone and the authors did not report brain tumors [START_REF] Pao | N. Nucleophagy: from homeostasis to disease[END_REF]. These evidences reinforce the different modes of tumor initiation depending on the step on which homologous recombination is affected, as discussed in the previous chapter, and shows a special function of BRCA2 on the inhibition of brain tumor development.

Recently, two indepent groups developed Brca1 mouse models disrupting the interaraction between BRCA1 and PALB2. These mice developed bone fide Fanconi anemia developmental manifestations, including bone marrow failure and hematopoietic malignancies [START_REF] Nacson | BRCA1 Mutational Complementation Induces Synthetic Viability Short Article BRCA1 Mutational Complementation Induces Synthetic Viability[END_REF][START_REF] Park | Ablation of the Brca1-Palb2 interaction phenocopies Fanconi anemia in mice[END_REF]) (Table 3).

Mouse models of atypical Fanconi anemia caused by RAD51C (FANCO) and RAD51 (FANCR) mutations are still unavailable. It has been particularly challenging in the case of RAD51 (FANCR) because these patients show heterozygous dominant negative mutations.

On the origins of developmental defects in Fanconi anemia

The mechanisms that drive bone marrow failure have been extensively studied in Fanconi anemia patients and animal models. It has been shown that mice and human hematopoietic cells defective in FANC genes have increased DNA damage. This triggers the activation of the DNA damage response, cell death and senescence, which are proposed to drive bone marrow failure [START_REF] Vinciguerra | Cytokinesis failure occurs in Fanconi anemia pathway-deficient murine and human bone marrow hematopoietic cells[END_REF][START_REF] Ceccaldi | Bone marrow failure in fanconi anemia is triggered by an exacerbated p53/p21 DNA damage response that impairs hematopoietic stem and progenitor cells[END_REF]. As discussed previously in this chapter, FANC genes play a central role in the repair of DNA crosslink and accumulation of DNA crosslinking agents derived from ethanol metabolism can enhance cytoxicicity in Fanconi anemia patients [START_REF] Garaycoechea | Alcohol and endogenous aldehydes damage chromosomes and mutate stem cells[END_REF]Hodskinson et al., 2020;[START_REF] Garaycoechea | Genotoxic consequences of endogenous aldehydes on mouse haematopoietic stem cell function[END_REF][START_REF] Garaycoechea | Alcohol and endogenous aldehydes damage chromosomes and mutate stem cells[END_REF][START_REF] Van Wassenhove | Aldehyde dehydrogenase 2 in aplastic anemia, Fanconi anemia and hematopoietic stem cells[END_REF]. The enzyme aldehyde dehydrogenase (ALDH) catalyzes the transformation of ethanol derived aldehyde metabolites into carboxylic acids inhibiting its toxicity [START_REF] Vandenabeele | Aldehyde dehydrogenases: Not just markers, but functional regulators of stem cells[END_REF]. Therefore, loss of ALDH increase ethanol derived aldehydes that crosslink DNA. In this context, double inactivation of Fancd2 and Aldh2 or Aldh5, in mice, drive progenitor loss and bone marrow failure that are associated with aplasic anemia and leukaemia, all clinical features found in FANC patients [START_REF] Pontel | Endogenous Formaldehyde Is a Hematopoietic Stem Cell Genotoxin and Metabolic Carcinogen[END_REF][START_REF] Langevin | Mechanisms of Recombination between Diverged Sequences in Wild-Type and BLM-Deficient Mouse and Human Cells[END_REF]. Similar evidences have been observed in humans. About half of Japanese population carries an ALDH2 dominant-negative allele (rs671) that accelerates bone marrow failure in Fanconi anemia patients [START_REF] Hira | Variant ALDH2 is associated with accelerated progression of bone marrow failure in Japanese Fanconi anemia patients[END_REF]Yabe et al., 2016). Altogether, these results highlight that byproducts metabolism can play an important role on the extension of the effects in hematopoiesis in Fanconi anemia patients. The relevance of these observations for the clinical features of BRCA1 (FANCS), RAD51C (FANCO) and RAD51

(FANCR) is still to be determined, since the reported patients did not present bone marrow failure so far.

Oxygen metabolism and the formation of reactive oxygen species also contribute to the phenotypes observed in FANC cells. It is long known that oxygen metabolism can affect the frequency of endogenously produced DNA breaks in primary FANC cells [START_REF] Jackson | Oxygendependence of chromosomal aberrations in Fanconi"s anaemia[END_REF]Nordenson, 1977). Indeed, hematopoietic progenitors from human and mouse FANC cells have an enhanced sensitivity to treatment with oxidazing agents [START_REF] Pagano | Oxidative stress as a multiple effector in Fanconi anaemia clinical phenotype[END_REF][START_REF] Du | Oxidative stress in fanconi anemia hematopoiesis and disease progression[END_REF]Kottemann and smogorzewska, 2013;Saadatzadeh et al., 2004) and double inactivation of superoxide dismutase and Fancc (Fanc -/-; Sod1 -/-) showed defective hematopoiesis and decreased the number of hematopoietic progenitors [START_REF] Hadjur | Defective hematopoiesis and hepatic steatosis in mice with combined deficiencies of the genes encoding Fancc and Cu/Zn superoxide dismutase[END_REF]. Inflammatory factors, such as the tumor necrosis factor α (TNFα), can enhance the production of reactive oxygen speicies. Many inflammatory factors are upregulated in the bone marrow of FANC patients and mouse models, enchanceing DNA damage and cytotoxicity [START_REF] Rosselli | Abnormal lymphokine production: A novel feature of the genetic disease Fanconi anemia. II. In vitro and in vivo spontaneous overproduction of tumor necrosis factor α[END_REF][START_REF] Li | TNF-α induces leukemic clonal evolution ex vivo in Fanconi anemia group C murine stem cells[END_REF][START_REF] Du | TNF-α signaling in Fanconi anemia[END_REF]Dufor et al., 2003). This pro-inflammatory activation can also account for progenitor loss and senescence [START_REF] Zhang | Inflammatory ROS promote and cooperate with the Fanconi anemia mutation for hematopoietic senescence[END_REF][START_REF] Bagby | Recent advances in understanding hematopoiesis in Fanconi Anemia[END_REF]. Therefore, byproducts of organismal metabolism, intracellular metabolism and inflammation can intensify the phenotypes observed in Fanconi anemia patients. Aging can be defined as an irreversible functional decline of physiological processes that affect tissue and organs integrity accompanied by increased mortality [START_REF] Gasser | BRCA-associated ovarian cancer: From molecular genetics to risk management[END_REF][START_REF] Gompertz | On the Nature of the Function Expressive of the Law of Human Mortality, and on a New Mode of Determining the Value of Life Contingencies[END_REF]López-Otín et al., 2013). Throughout history, aging was thought to be an inevitable condition of human experience. However, the mechanisms that govern the physiological decline have been better characterized in the past decades and nowadays many authors see biological aging as a disease [START_REF] Bulterijs | It is time to classify biological aging as a disease[END_REF][START_REF] Caplan | Death as an unnatural process. Why is it wrong to seek a cure for aging?[END_REF]. Indeed, aging is not only a generalized metabolic decline, but is also accompanied by age related diseases, such as Alzheimer"s disease, chronic obstructive pulmonary disease, maculopathy, osteoarthritis, rheumatoid arthritis and others [START_REF] Franceschi | The continuum of aging and age-related diseases: Common mechanisms but different rates[END_REF]López-Otín et al., 2013).

When described as a multisystem integrative issue, the biological processes associated to aging can be separated into three intrinsically related categories: 1. Primary, processes related to cellular damage that are primary causes of cellular function loss, such as DNA damage, telomere attrition, epigenetic alterations and loss of proteostases; 2. Antagonistic, cellular processes that can have a positive response to stresses, but when deregulated lead to loss of cellular and tissue function. Among those we find, nutrient sensing, mitochondrial metabolism and cellular senescence. et al., 2013). These hallmarks are not solely the cause cell and tissue fitness declines, as they are also associated to the raising of age related diseases [START_REF] Franceschi | The continuum of aging and age-related diseases: Common mechanisms but different rates[END_REF]López-Otín et al., 2013). Here I will focus on how DNA damage and its outcomes are a driving force of aging.

Genome (in)stability, DNA repair and aging

The maintenance of genome stability plays a prime role in cell and tissue homeostasis. Somatic cell division allows zygotes to develop into organisms, as well as tissues to renew and regenerate. Genetic modifications occurring from errors during replication, chromosomal segregation and/or DNA metabolism, account to the formation of a mutational load over time and many theories use this fact to explain aging and loss of cellular functioning. By assuming that, 'biological aging' starts from the first zygotic division, where de novo genetic variants can be generated on each cell division. These genetic variants can disturb cellular metabolism, decreasing cell fitness and, thereafter, tissue and organ function [START_REF] Govindaraju | The Muller"s Ratchet and Aging[END_REF][START_REF] Ms | Oxidative DNA damage: mechanisms, mutation, and disease[END_REF].

DNA damage induced-aging was evidenced by follow-up studies of childhood cancer survivors. Children treated with chemotherapy and/or ionizing radiation have reduced life span and early onset age related diseases [START_REF] Armstrong | Aging and risk of severe, disabling, life-threatening, and fatal events in the childhood cancer survivor study[END_REF][START_REF] Baker | Impact of treatment exposures on cardiovascular risk and insulin resistance in childhood cancer survivors[END_REF][START_REF] Henderson | Accelerated Aging among Cancer Survivors: From Pediatrics to Geriatrics[END_REF][START_REF] Ness | Physiologic frailty as a sign of accelerated aging among adult survivors of childhood cancer: A report from the st jude lifetime cohort study[END_REF]. During "normal" aging, the mutational load is fueled by age related metabolic modifications that enhance genome instability [START_REF] Niedernhofer | Nuclear Genomic Instability and Aging[END_REF][START_REF] Vermeij | Genome Integrity in Aging: Human Syndromes, Mouse Models, and Therapeutic Options[END_REF]Garinis et al., 2008). The production of ROS in aged et al., 2003). In agreement with the idea that ROS increase DNA damage during aging, it has been demonstrated that aged mice and rats have increased levels of 8-oxodG in different tissues [START_REF] Hamilton | Does oxidative damage to DNA increase with age?[END_REF][START_REF] Nie | Age-dependent accumulation of 8-oxoguanine in the DNA and RNA in various rat tissues[END_REF]. Aged cells not only show increased DNA damage levels, but their capacity to repair DNA damage is also perturbed [START_REF] Niedernhofer | Nuclear Genomic Instability and Aging[END_REF]. Noteworthy, DSB repair by HDR and EJ can loose efficiency over time [START_REF] Li | Impaired DNA double-strand break repair contributes to the age-associated rise of genomic instability in humans[END_REF]. As a total, the switch in balance of DNA damage and DNA repair observed in aging creates a multiplicative effect that increases the levels of genome instability, intensifying the mutational load [START_REF] Niedernhofer | Nuclear Genomic Instability and Aging[END_REF].

DNA damage, progeroid syndromes and aging

The term "progeria" originates from the ancient Greek word progērōs (prematurely old) and was the first denomination of the Hutchinson-Gilford syndrome. Progeroid syndromes are a group of heterogeneous genetic disorders that have premature aging as a common feature (Carrero et al., 2016). In addition to the reduced lifespan, this group of disorders is characterized by clinical features that partially mimic "normal" aging, such as hair loss, growth defects, skin tightness, cardiovascular diseases and osteoporosis (Carrero et al., 2016;[START_REF] Gordon | Progeria: A paradigm for translational medicine[END_REF][START_REF] Marson | Lessons from human progeroid syndromes[END_REF]. Each progeroid syndrome has its own particularities and none of them fully reconstitute the already heterogeneous features observed in "normal" aging (Carrero et al., 2016;[START_REF] Gordon | Progeria: A paradigm for translational medicine[END_REF][START_REF] Marson | Lessons from human progeroid syndromes[END_REF]. Progeroid syndromes can be separated into two categories depending on the pathways altered. ( 1 Nijmegen breakage syndrome and Fanconi anaemia (Carrero et al., 2016).

Genomic alterations caused by chronic DNA damage are only part of how DNA damage can influence aging. Inactivation of DNA repair factors or induction of DNA damage activate stress responses that generate cellular and systemic effects (Carrero et al., 2016;[START_REF] Gordon | Progeria: A paradigm for translational medicine[END_REF][START_REF] Marson | Lessons from human progeroid syndromes[END_REF]. Mouse models of DNA repair-related progeroid syndromes have been particularly important to the understanding of the effects of chronic DNA damage (Carrero et al., 2016;[START_REF] Vermeij | Genome Integrity in Aging: Human Syndromes, Mouse Models, and Therapeutic Options[END_REF]. Even though, these mouse models do not fully reconstitute the clinical features observed in patients, they are excellent tools to investigate the cellular, tissue and systemic phenotypes exclusively observed in vivo.

Persistent DNA damage activation can trigger apoptosis, cell cycle arrest and/or senescence, which leads to stem cell exhaustion and, thereby, organ failure. These events were observed in mouse models of DNA repair-related progeroid syndromes (Carrero et al., 2016;[START_REF] Vermeij | Genome Integrity in Aging: Human Syndromes, Mouse Models, and Therapeutic Options[END_REF]. Induction of senescence after chronic DNA damage is of particular relevance for aging.

Senescence is known as a state of permanent cell cycle exit [START_REF] Gorgoulis | Cellular Senescence: Defining a Path Forward[END_REF]Hernandez-Segura et al., 2018;[START_REF] Campisi | Aging, Cellular Senescence, and Cancer[END_REF]. It discerns from differentiation because senescent cells do not participate in tissue function. For this reason, increased levels of senescent cells are correlated with organ failure [START_REF] Gorgoulis | Cellular Senescence: Defining a Path Forward[END_REF]Hernandez-Segura et al., 2018;[START_REF] Campisi | Aging, Cellular Senescence, and Cancer[END_REF]. Many stress conditions, such as reduced levels of nutrients, telomere attrition and chronic DNA damage can trigger senescence [START_REF] Gorgoulis | Cellular Senescence: Defining a Path Forward[END_REF]Hernandez-Segura et al., 2018). In the context of chronic DNA damage, senescence is mediated by the activation of the p53-p21 axis and/or p16. Both p21 and p16 are cyclin-dependent kinase inhibitors (CDKi) that block the G1-S transition, triggering cell cycle exit [START_REF] Gorgoulis | Cellular Senescence: Defining a Path Forward[END_REF]Hernandez-Segura et al., 2018;[START_REF] Campisi | Aging, Cellular Senescence, and Cancer[END_REF]. The presence of p21, p16 as well as β-galactosidase activity, an enzyme that shows increased activity in senescent cells, have been used as senescence biomarkers [START_REF] Gorgoulis | Cellular Senescence: Defining a Path Forward[END_REF]Hernandez-Segura et al., 2018). p21 and p16 knockout mice develop normally but have premature cancer formation [START_REF] Martín-Caballero | Tumor susceptibility of p21waf1/cip1-deficient mice[END_REF][START_REF] Deng | Mice Lacking p21 CIP1/WAF1 undergo normal development, but are defective in G1 checkpoint control[END_REF][START_REF] Sharpless | Loss of p16Ink4a with retention of p19 predisposes mice to tumorigenesis[END_REF]. On the other hand, elimination of senescent cells in progeroid and normal mice increases lifespan [START_REF] Baker | Clearance of p16 Ink4a-positive senescent cells delays ageing-associated disorders[END_REF][START_REF] Baker | Naturally occurring p16 Ink4apositive cells shorten healthy lifespan[END_REF][START_REF] Kim | Deficiency in the DNA repair protein ERCC1 triggers a link between senescence and apoptosis in human fibroblasts and mouse skin[END_REF]. Therefore, senescence works as a tradeoff between cancer and aging, because it limits the passage of deleterious genetic modifications caused by DNA damage but decrease tissue fitness.

Chronic DNA damage is also a source of systemic non-autonomous effects, changing the hormonal balance and increasing inflammation [START_REF] Gordon | Progeria: A paradigm for translational medicine[END_REF]López-Otín et al., 2013). The somatotropic axis is regulated by the growth hormone produced by the anterior pituitary, and its secondary mediator, insulin-like growth factor 1 (IGF-1). This hormonal pathway is downregulated in normal aged mice, in mouse models of DNA-damage progeroid syndromes and after the induction of DNA damage in vivo [START_REF] Niedernhofer | A new progeroid syndrome reveals that genotoxic stress suppresses the somatotroph axis[END_REF][START_REF] Niedernhofer | Nuclear Genomic Instability and Aging[END_REF]Garinis et al., 2008). The treatment of a mouse model of Hutchinson-Gilford progeria syndrome with recombinant IGF-1 increases life span [START_REF] Maréchal | Insulin-like growth factor 1 treatment extends longevity in a mouse model of human premature aging by restoring somatotroph axis function[END_REF], Induction of chronic inflammation is also associated to DNA damage-induced aging [START_REF] Niedernhofer | Nuclear Genomic Instability and Aging[END_REF][START_REF] Ioannidou | DNA damage: From chronic inflammation to age-related deterioration[END_REF]Tilstra et al., 2013). As discussed in the next chapter, induction of DNA damage can directly activate inflammation, which may be triggered by the nuclear factor B (NFB). Disruption of this inflammatory response by NFB downregulation reduces the physiological decline observed in a DNA-repair progeroid syndrome mouse model (Tilstra et al., 2013). Additionally, long-term administration of anti-inflammatory agents may increase longevity in mice and humans [START_REF] Rosselli | Abnormal lymphokine production: A novel feature of the genetic disease Fanconi anemia. II. In vitro and in vivo spontaneous overproduction of tumor necrosis factor α[END_REF][START_REF] Strong | Nordihydroguaiaretic acid and aspirin increase lifespan of genetically heterogeneous male mice[END_REF]. Inflammation also increase the production of ROS that can fuel genome instability and, therefore, aging (Mittal et al., 2015) (Figure 10). The inflammatory response is a universal cell-intrinsic response to infections or cell damage. Inflammation is triggered when innate immune cells are recruited to the tissues. These innate immune cells can directly eliminate the initial cause of injury as well as trigger the cell death of infected and damaged cells. In addition, inflammation is essential to clear necrotic cells and initiate repair in damaged tissues (Newton and Dixit, 2012).

To maintain homeostasis, the organisms must perform a delicate balance in the activation of inflammatory responses. On one hand, an insufficient response may result in infections or tumour development; on the other hand, excessive or self-antigen responses may lead to allergy or autoimmune diseases. A possible initial step in innate immune activation is the recognition by the host cell of the foreign features of infectious agents (Newton and Dixit, 2012;Cao, 2016). In this case, sensor proteins inspect extracellular and cytoplasmic spaces for the presence of pathogens through pattern recognition receptors (PRRs) and trigger immune responses upon their activation (Newton and Dixit, 2012;Paludan and Bowie, 2013). The induction of innate immune responses can also occur in the absence of infection, when, for example, cells recognize self nucleic acids in unwanted subcellular compartments (Roers et al., 2016).

T and B lymphocytes are the main responsibles for the adaptive immunity. These cells use antigen specific receptors to trigger immune responses. B lymphocytes produce antibodies that recognize specific antigens and help phagocytic cells to eliminate infectious agents [START_REF] Abbas | Basic Immunology: Functions and Disorders of the Immune System[END_REF].

Although many subtypes of T lymphocytes exist, they can be divided into two categories, helpers (CD4+) that aid the antibody production by B lymphocytes and cytotoxic (CD8+) that once activated can trigger cell death by releasing cytotoxins or directly interacting with cell death-inducing receptors, such as Fas [START_REF] Abbas | Basic Immunology: Functions and Disorders of the Immune System[END_REF]. Both T and B receptors are selected during differentiation and the immune response to specific antigens and, in order to avoid autoimmune responses, receptors that trigger an inflammatory response upon exposure to self-antigens are negatively selected [START_REF] Abbas | Basic Immunology: Functions and Disorders of the Immune System[END_REF]. Defects in DNA damage influence the adaptive immune system by increasing the number of mutations and subsequently the formation of neoantigens. This characteristic is often observed in tumors with highly genomic instability/neoantigens, but may also be the cause of the increased prevalence of auto-immune diseases in elderly individuals (Ma et al., 2018;[START_REF] Nebot-Bral | Hypermutated tumours in the era of immunotherapy: The paradigm of personalised medicine[END_REF][START_REF] Watad | Autoimmunity in the Elderly: Insights from Basic Science and Clinics -A Mini-Review[END_REF]Ragu et al., 2020).

Cytoplasmic DNA-Mediated Inflammatory Response

As discussed previously, chronic DNA damage leads to senescence. In addition to cell cycle exit, senescent cells acquire a specific secretory phenotype called senescence associated secretory phenotype (SASP). In their seminal work, Rodier and colleagues showed that senescence induced by ionizing radiation is caused by persistent DDR activation and that the protein kinase ATM activates a paracrine pro-inflammatory cytokine release through the NF-κB pathway [START_REF] Rodier | Persistent DNA damage signalling triggers senescence-associated inflammatory cytokine secretion[END_REF]). More recent studies on the control of SASP have corroborate the notion that the SASP factors can change depending on the cell type, timing and the inducer of senescence, however, in any case, it is a fact that senescent cells release pro-inflammatory factors and activates an immune response. This immune activation is important for tissue function since the clearance of senescent cells by the immune system is essential for tissue homeostasis (reviewed in [START_REF] Gorgoulis | Cellular Senescence: Defining a Path Forward[END_REF]Hernandez-Segura et al., 2018;[START_REF] Campisi | Aging, Cellular Senescence, and Cancer[END_REF].

DNA damage also triggers the release of pro-inflammatory factors independently of the above mentioned ATM-NFB-mediated response. In this scenario, DNA damage trigger the accumulation of nuclear DNA in the cytoplasm, which is recognized by the cyclic GMP-AMP synthase (cGas)stimulator of interferon genes (STING) pathway (Gasser et al., 2005;Gasser et al., 2017;Gasser and Raulet, 2006;Li and Chen, 2018;Ablasser and Chen, 2019). cGAS is a pattern recognition receptor that stimulates the immune system through the recognition of DNA in the cytoplasm. STING is a dimeric endoplasmic reticulum-binding protein that is activated by cyclic guanosine monophosphate-adenosine monophosphate (c-GMP-AMP or cGAMP), which is generated by cGAS upon its binding to dsDNA (Burdette et al., 2011;Motwani et al., 2019;Ragu et al., 2020). STING generate a transcriptional response via the activation of TANK-binding kinase 1 (TBK1) and both the canonical and non-canonical NF-B pathways (Motwani et al., 2019). Oligomerization of STING after cGAMP binding creates a signalling platform that recruits and activates TBK1, which reciprocally phosphorylates STING (Shang et al., 2019;Zhang et al., 2019;[START_REF] Ishikawa | STING is an endoplasmic reticulum adaptor that facilitates innate immune signalling[END_REF]. Phosphorylated STING then binds the transcription factor interferon regulatory factor 3 (IRF3), which is subsequently phosphorylated by TBK1 (Zhang et al., 2019;[START_REF] Ishikawa | STING is an endoplasmic reticulum adaptor that facilitates innate immune signalling[END_REF]Ishikawa et al., 2009;Tojima et al., 2000). Once activated, IRF3

translocates to the nucleus and acts as a transcriptional activator of type I interferon (IFN) genes. This robust transcriptional response triggered by cGAS-STING is often a driver of anti-tumor immunity and is frequentely inactivated in the process of tumorigenesis (Ragu et al., 2020;[START_REF] Ng | cGAS-STING and Cancer: Dichotomous Roles in Tumor Immunity and Development[END_REF]. In addition, it also participates in the production of pro-inflammatory factors in DNA damageinduced senescence (Gluck and Ablasser, 2019) (Figure 11). 

DNA damage, replication stress and immunity

The accumulation of cytoplasmic ssDNA and dsDNA is also a common feature of tumours and cancer cell lines (Gasser et al., 2017;Lam et al., 2014;Hong et al., 2019). Two events have been suggested to trigger the activation of the cGAS-STING pathway by nuclear DNA accumulation in the cytoplasm after replication stress (Figure 11). First, the disruption of the replication fork integrity is a major source of cytoplasmic DNA accumulation after replication blockage (Coquel et al., 2019;[START_REF] Coquel | SAMHD1 acts at stalled replication forks to prevent interferon induction[END_REF]Shen et al., 2015). The inactivation of DNA repair factors that protect and resume arrested replication forks also enhances the accumulation of nuclear DNA into the cytoplasm (Bhattacharya et al., 2017;Coquel et al., 2019). Importantly, the mechanisms underlying the extrusion of replicating DNA after replication blockage are still not known. As discussed above, in vitro analysis did not show cGAMP production by ssDNA stimulation of cGAS, and some studies reported only the accumulation of ssDNA but not double-strand DNA after replication blockage [START_REF] Coquel | SAMHD1 acts at stalled replication forks to prevent interferon induction[END_REF]Erdal et al., 2017). To reconcile these observations, one can propose that secondary structures in cytoplasmic ssDNA can generate dsDNA fragments, which are then able to activate the cGAS-STING pathway.

Second, as discussed in the Introdcution -chapter 3, replication stress can lead to mitotic defects that trigger the formation of micronuclei (Mankouri et al., 2013;[START_REF] Gelot | Replication stress in mammalian cells and its consequences for mitosis[END_REF]. Recent studies have shown that micronuclei derived from chromosomal missegregation serve as a platform for the DNA damage-induced immune response (Harding et al., 2017;Bartsch et al., 2017;MacKenzie et al., 2017;Gekara, 2017). Indeed, exposure to genotoxic chemicals or inactivation of DNA repair factors that leads to replication stress triggers micronuclei formation and cGAS-STING activation (Gratia et al., 2019;Reisländer et al., 2019). The data suggests that rupture of micronuclei envelope allows the recognition of the chromatin as cytoplasmic DNA by cGAS-STING (Harding et al., 2017;Bartsch et al., 2017;MacKenzie et al., 2017).

To prevent aberrant DNA-driven (auto)immune reactions, cells employ a battery of DNases, such as DNase I in the extracellular space, DNase II in endolysosomes or TREX1 (DNase III) in the cytoplasm, that degrade of DNA by-products before the DNA sensing pathways are activated (Atianand and Fitzgerald, 2013). Different studies have shown enhanced accumulation of replication fork-derived ssDNA in the cytoplasm upon TREX1 inactivation (Bhattacharya et al., 2017;[START_REF] Coquel | SAMHD1 acts at stalled replication forks to prevent interferon induction[END_REF]Erdal et al., 2017;Shen et al., 2015). It has been shown that the excess of short free ssDNA that accumulates in TREX1-deficient cells is bound by RPA and RAD51 both in the cytosol and the nucleus (Wolf et al., 2016). By affecting the availability of proteins such as RAD51, RPA, and MRE11, the innate immune response to replication stressassociated self-DNA may become another determinant of cancer susceptibility to chemotherapy. In summary, these results show that higher eukaryotes cells have several layers of mechanisms to hinder nuclear DNA recognition in the cytoplasm after replication stress.

Homologous recombination, RAD51 and the cGAS-STING pathway

DNA damage caused by inactivation of HR factors has been also associated to the activation of cGAS-STING. It has been shown that loss of BRCA2 increases the presence of cGAS-positive micronuclei and cGAS-STING-mediated pro-inflammatory response [START_REF] Heijink | BRCA2 deficiency instigates cGAS-mediated inflammatory signaling and confers sensitivity to tumor necrosis factor-alpha-mediated cytotoxicity[END_REF]. BRCA1 deficiency also results in constitutive activation of STING in response to accumulation of cytosolic DNA (Parkes et al., 2017). In addition, replication blockade in the absence of RAD51, leads to processing of stalled replication forks by MRE11 which triggers the accumulation of DNA in the cytosol and a STING-mediated transcriptional response (Bhattacharya et al., 2017).

The effects of RAD51 loss-of-function on the activation of immune responses are still to be investigated during normal unchallenged replication.

Thesis objectives

During DSB repair, HR competes with the non-conservative pathways SSA and A-EJ. Inactivation of RAD51 loading factors e.g.: Brca1, Brca2 and Palb2 decrease HR but also increase DNA repair by mutagenic SSA and A-EJ [START_REF] So | Mammalian RAD51 prevents nonconservative alternative end-joining and single strand annealing through non-catalytic mechanisms[END_REF]. Therefore, the phenotypes generated by deficient RAD51 loading can be due to decreased HR and/or increase in alternative nonconservative pathways (SSA and A-EJ). Additionally, the effects of RAD51 functional disruption in vivo are still unknown. Therefore, here we took advantage of a previously generated RAD51 dominant negative chimera that disrupts HR without increasing SSA or A-EJ to evaluate in vivo the specific contribution of RAD51 function to normal replication, as well as, tumor initiation and progression, using the mouse as a model. 

Results -Chapter 1 -Manuscript 1

In vivo suppression of homologous recombination leads to a systemic inflammation that exacerbates mouse death

As highlighted in the introduction, homologous recombination is an evolutionary conserved process that plays key role(s) in genome stability maintenance and plasticity. The eukaryotic RAD51 protein has a central role in this process regulating search for homology and strand exchange steps of HR.

Because RAD51 is an "essential" HR factor and more complex tools to evaluate its function are not available, the effects of functional inactivation of RAD51 are still to be explored in vivo. Here, we have engineered two mouse models to evaluate the effects of RAD51 overexpression and functional inactivation in vivo. In the first model, we developed a mouse that allows doxycycline (Dox)dependent expression of a previously developed dominant negative form of RAD51 called SMRAD51 (Lambert and Lopez, 2000). This yeast-mouse chimera allows the inhibition of HR without increasing the non-conservative DSB repair pathways SSA and A-EJ [START_REF] So | Mammalian RAD51 prevents nonconservative alternative end-joining and single strand annealing through non-catalytic mechanisms[END_REF]. In the second model, we developed a mouse where we could express an exogenous mouse RAD51 using the same Dox-dependent system (called exMmRad51). 
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Introduction

HR plays prominent roles in genome stability maintenance through the repair of DNA damages, and the protection and resumption of arrested replication forks (1,2). In eukaryotes, RAD51 plays a prime role in HR: it is loaded on single-stranded DNA (ssDNA), forming a RAD51-ssDNA nucleoprotein filament that performs the pivotal steps of HR, i.e. sequence homology search and subsequent DNA strand exchange with an undamaged homologous DNA sequence (3,4). Notably, the RAD51-ssDNA filament has to be well ordered to guaranty fonctionnal HR.

Mutations inactivating different HR-controlling genes (such as BRCA1, BRCA2, PALB2, RAD51C) confer familial breast and ovarian cancer susceptibility. However, RAD51 is absent of this list so far (5)(6)(7)(8). In contrast, RAD51 over-expression is rather associated with poor prognosis in breast, pancreatic, lung, and head and neck cancers, and colorectal carcinomas (9).

Moreover, RAD51 dominant negative mutations have been described in patients with atypical Fanconi anemia forms, that did not show cancer predisposition (10)(11)(12). Finally, RAD51 hypomorph mutations have been linked

to the rare neurological disorder "congenital mirror movement syndrome" (13,14). All these data illustrate the complexity of RAD51 functions in vivo.

However, RAD51 is an essential gene in mammals and its knocking out leads to early embryonic lethality in mice (15)(16)(17). The consequences of RAD51 activity disruption, and more generally of HR suppression, remain unexplored in vivo.

HR competes with the non-conservative DSB repair processes singlestrand annealing (SSA) and alternative end-joining (A-EJ) (18)(19)(20). Because RAD51 prevents SSA and A-EJ through its binding to damaged DNA (21), the extinction of its expression (as well as of BRCA2 expression) stimulates SSA and A-EJ (22)(23)(24)(25). Therefore, when inactivating RAD51 expression, one can wonder whether the observed phenotypes actually result from HR defect or from the stimulation of SSA and A-EJ. To overcome this problem, here we took advantage of an engineered form of RAD51 (SMRad51) as a tool to suppress HR without stimulating SSA and A-EJ (21,25). Here we show that SMRAD51 disrupts the RAD51-ssDNA filament and inhibits RAD51-mediated strand 

Results

SMRAD51 suppresses HR by inhibiting strand exchange activity

SMRad51 is a yeast/mammalian Rad51 chimera gene (Fig. 1a,b) whose ectopic expression supresses HR, with consequences on replication dynamics and mitosis similar to that of BRCA2 inactivation in transformed cells (21,(25)(26)(27). Because it binds DNA (21) and data below), SMRAD51 prevents SSA and A-EJ, while it still inhibits HR. Consequently, SMRAD51 constitutes a useful tool to focus on the consequences of HR suppression, unlike suppression of RAD51 expression. We developed in parallel, two mouse models: one bearing a Doxinducible SMRAD51 and one bearing a Dox-inducible exogenous wild-type mouse Rad51 (exMmRad51) (Fig. 1a,b).

In MEFs derived from our mouse models (Fig. 1b), SMRAD51 expression decreased homology-directed gene targeting efficacy (Fig. 1c), increased sensitivity to DNA-damaging agents, and increased genomic instability (Supplementary Fig. 1a-c). All these phenotypes reflect HR deficiency. To understand the molecular basis of the SMRAD51 dominant negative effect, we purified SMRAD51 and mouse wild-type MmRAD51 proteins and performed a D-loop assay. Adding SMRAD51 to MmRAD51 inhibited its D-loop activity, accounting thus for its dominant negative effect (Supplementary Fig. 2a).

Transmission electron microscopy (TEM) revealed that SMRAD51 protein was able to coat DNA in vitro, and that mixing wild-type MmRAD51 with SMRAD51 proteins resulted in mis-organized structures of the RAD51-ssDNA filament (Supplementary Fig. 2b). These data indicate that SMRAD51 inhibits HR by interfering with RAD51-ssDNA filament structure, therefore affecting strand exchange activity. Of note, SMRAD51 formed radiation-induced nuclear foci with assembly/disassembly kinetics similar to those of exMmRAD51 as well as the endogenous MmRAD51 (Supplementary Fig. 2c,d).

Collectively, these data show that SMRAD51 poisons strand invasion activity of the RAD51/ssDNA filament, accounting for its HR dominant negative effect, and that the consequences of SMRAD51 expression would actually result from RAD51/ssDNA filament activity disruption rather than unscheduled prolonged DNA occupancy by SMRAD51 protein.

In vivo HR Suppression affects the viability of young, growing mice

To analyse the in vivo consequences of HR inhibition through RAD51 activity inhibition (resulting from the mis-organization of the ssDNA-Rad51 filament, see above), we induced expression of SMRAD51 or exMmRAD51 in (rtTA+; SMRad51+) and (rtTA+; exMmRad51+) mice, respectively. We analysed them together with control littermates (rtTA-; SMRad51+ or rtTA-; exMmRad51+) mice that bear the transgenes but not the transcription activator rtTA. In young, growing mice (12-14 days post-natal, P12-P14), ubiquitous expression of SMRAD51 resulted in growth arrest (scored by body weight), subcutaneous fat loss, hair loss (Fig. 1d, e) and, from day 7 of Dox exposure, death (Fig. 1f). In contrast, exMmRAD51 expression affected neither hair loss, nor body weight and mice survival, even after a prolonged Dox treatment of up to 3 weeks (Fig. 1d, f, g). Thus, SMRAD51 expression induces acute effects that impair growth and survival of young mouse. In adult mice (90 days postnatal, P90), SMRAD51 expression upon the same protocol of Dox injections did not affect weight, fat, hair and survival (Supplementary Fig. 3a,b). Collectively, these data are consistent with a replication escort role of HR in vivo. Indeed, since more cells are dividing, thus replicating their DNA, in young mouse compared to adult mouse, inhibition of HR should have stronger effects in young mice.

In young mice, SMRAD51 was expressed in several tissues (Supplementary Fig. 4a). Histopathological analysis in young mice that survived 12 days of SMRAD51 expression (from P12-14 to P24-26), revealed morphological alterations in highly proliferative tissues, such as skin and testis (Fig. 2a, c and Supplementary Fig. 4a-d). In the skin, SMRAD51 expression led to capillary bubs atrophy, subcutaneous fat loss, and epidermal hyperplasia (Fig. 2a). These phenotypes are similar to those of CRE-LOX-mediated inactivation of Brca1 targeted in skin (28). Given that BRCA1 and RAD51 share roles in HR, this supports that the phenotypes observed here actually result from HR inactivation,. Accordingly, the bone marrow of SMRAD51-expressing mice also exhibited a decreased cell number (Supplementary Fig. 4e).

More specifically, SMRAD51 expression decreased progenitor cell population: SOX9-positive cells in skin (Fig. 2b), PLZF-positive cells in testis (Fig. 2d), and LSK (Lineage -, Sca-1 + and c-Kit + ) stem cells/progenitors in the bone marrow (Fig. 2e). Thus, in growing mice, in vivo expression of SMRAD51 affects progenitor homeostasis in different highly proliferative tissues.

SMRAD51 affects replication dynamics

Given i) the role of HR in arrested replication forks resumption, and ii) the effect of in vivo SMRAD51 expression on proliferative tissues in growing mice, we evaluated the impact of SMRAD51 on replication dynamics in cells derived from our mouse models. In primary MEFs, expression of SMRAD51, but not exMmRAD51, increased the number of pCHK1 (S317) and γH2AX foci, indicating spontaneous activation of the DNA Damage Response (DDR) and the possible generation of replication stress (Fig. 3a,b). Molecular combing revealed that expression of SMRAD51, but not exMmRAD51, both decreased DNA replication velocity and increased frequency of asymmetric labelling, which indicates the accumulation of arrested replication forks (Fig. 3c-e). This suggests a defect in arrested replication forks resumption, which requires the strand exchange activity of RAD51 to promote template switching. To precisely address this question, we performed a DNA spreading analysis (Fig. 3f). After fork blockage by hydroxyurea (HU) treatment, expression of SMRAD51 decreased replication restart efficiency (Fig. 3f), coherently with the inhibition of strand exchange by SMRAD51 (Supplementary Fig. 2a). Moreover, replication stress often results in accumulation of micronuclei. Consistent with its impact on replication stress shown above, SMRAD51 expression also lead to an increase in the number of cells carrying micronuclei (Fig. 3g). Taken together, these data demonstrate that SMRAD51 affects replication fork dynamic, resulting in replication stress.

To investigate whether SMRAD51 expression leads to replication stress also in vivo, we scored γH2AX labelling in unchallenged growing mice, as a marker of DDR activation. γH2AX staining spontaneously increased in the skin (Fig. 4a), liver, pancreas, and small intestine, upon SMRAD51 expression (Supplementary Fig. 5a). Accumulation of DNA damage can trigger apoptosis, and we observed an increase of cleaved caspase-3 (cCasp3) positive cells in the skin (Fig. 4b) and the liver (Supplementary Fig. 5b). To evaluate whether SMRAD51 activates the DDR specifically in replicating cells in vivo, we quantified γH2AX foci in BrDU-positive capillary bulb (Sox9-positive) progenitor cells in the skin of growing mice, after 5 days of Dox treatment. Consistent with the induction of a replication stress in vivo SMRAD51 expression provoked an increase in γH2AX foci in BrDU/Sox9-positive cells (Fig. 4c).

In vivo HR disruption induces inflammation

DNA damage and replication stress can induce inflammatory responses, notably via the cytosolic DNA sensing pathway cGAS-STING that is able to recognize micronuclei and pieces of DNA generated by the processing of arrested replication forks (29)(30)(31)(32)(33)(34). Therefore, we asked whether SMRAD51, which generates a replication stress and micronuclei (data above), could trigger an inflammatory response that might account for the phenotypes observed in vivo. In primary MEFs, expression of SMRAD51, but not exMmRAD51, increased the expression of pro-inflammatory cytokines including Ifn-ß expression and induced pSTAT1 (Tyr701), a down-stream interferon pathway effector (Fig. 5a,b). Treatment of SMRAD51-expressing MEFs with a STING inhibitor reduced the induction of Ifn-ß and of other interferon stimulated genes (Fig. 5c), indicating that SMRAD51 induced a STING-mediated interferon response.

In mice, histopathological analysis after 12 days of SMRAD51 expression revealed the presence of inflammatory infiltrates in the skin (Fig. 5d).

Immunofluorescence revealed an increase of T-lymphocytes (CD3 staining) in skin and liver in these mice (Fig. 5d ,e), and monocytes/macrophages (F4/80 staining) aggregates in skin samples (Fig. 5f). Real time RT-PCR showed that SMRAD51 stimulated the expression of pro-inflammatory cytokines in skin and liver (Fig. 5g,h). Thus, SMRAD51 expression leads to inflammatory response in tissues, in vivo. Therefore, we asked whether in vivo expression of SMRAD51 induces a systemic inflammatory response that might account for the phenotypes of the animals. We analysed blood samples from SMRad51 and control growing mice (7 days of Dox treatment) and observed no differences in the density of white blood cells (WBC), red blood cells (RBC) or haemoglobin (HGB) (Supplementary Fig. 6). However, in agreement with the observed induction of inflammation (35,36), SMRAD51 expression decreased Blymphocytes and increased monocytes levels (Fig. 6a). To further analyse the systemic effects of SMRAD51 expression, we performed a serum cytokine array analysis (Fig. 6b). Pro-inflammatory factors (Lipocalin-2/NGAL, CCL17/TARC, E-selectin/CD62A and CCL22/MDC) were found among the most up-regulated proteins (Fig. 6b). These data evidenced that SMRAD51 expression leads to a systemic pro-inflammatory response in growing mice.

To determine whether the SMRAD51-induced systemic inflammatory response might account for the phenotypes observed in young mice, SMRad51

and control mice were treated with Ibuprofen, a non-steroidal anti-inflammatory drug, Ibuprofen treatment delayed the lethality of the SMRAD51-expressing mice (Fig. 6c). Thus, in vivo disruption of RAD51 function leads to a systemic inflammatory response that aggravates mouse mortality.

However, Ibuprofen did not rescue growth defects and hair loss (Supplementary Fig. 7a,b), revealing that these phenotypes are likely independent of inflammation.

Discussion

Here, we have taken advantage of a useful tool, SMRad51, which specifically targets gene conversion without stimulating SSA and A-EJ (Fig. 1C, Supplementary Fig. 1-2 and (21,25,26,37,38) to design a mouse model that allows the study of HR inhibition in vivo, at the whole-organism level. We have deeply characterized the molecular mechanisms of HR inhibition by SMRAD51 (Fig. 1c, Supplementary Fig. 12). The enzymatic role of RAD51 ensures HR through the search of homology and strand exchange with an intact DNA partner. This activity requires a well-ordered RAD51-ssDNA filament. By altering the structure of the RAD51-ssDNA filament, SMRAD51 poisons RAD51 strand invasion activity, in fine inhibiting HR.

Our data support a model (Fig. 6D) where, in vivo, SMRAD51 expression disrupts the organization of the RAD51-ssDNA filament, hindering homology search, resulting in HR defect and replication stress. Thus these defects should more stringently affect young mice, more specifically highly proliferative progenitor cells (e.g. testicular germ cell, capillary bulb in the skin). In contrast with young mice, four weeks of expression of SMRAD51 has no noticeable impact in adult mice. Nonetheless, the consequences of more prolonged chronic expression of SMRAD51 in adults might constitute an important issue, notably on oncogenesis.

In growing mice, replication stress results in DDR activation culminating in cell death, progenitor loss, and organs failures. In addition, HR suppression leads to a cytokines wave of pro-inflammatory factors in tissues as well as in serum, diagnosing a systemic inflammation that aggravates mortality. Note that, cell death might potentially amplify inflammation. In addition, it is possible that the increased genetic instability induced by SMRAD51 expression trigger neoantigens formation that might also increase immunosurveillance.

The fact that the anti-inflammatory Ibuprofen partially rescues mortality, but not hair loss and growth arrest, suggests that apoptosis and progenitor death are not induced by the inflammation itself, but likely directly from the replication stress. Although all tissues are not affected to the same extend, the combined derangement of the various tissues should lead in fine to mouse death. Inflammation, which occurs in parallel also as a consequence of replication stress, further aggravates mortality.

These data underline, at the whole organism level, the intricacy between HR, inflammation and progenitor cell homeostasis, in fine deciding the animal fate. The fact that proliferating cells are predominantly affected suggests that, in unchallenged organisms, the prominent role of HR is the protection of replication. As so, progenitor cells represent privileged targets of HR suppression. However, a defect localized in the nucleus of the cell can be signalled to the whole organism through systemic inflammation. The immune system is supposed to protect the organism by eliminating cells bearing DNA damages that jeopardize genome stability and might favour oncogenesis (29,39). Our data show that when generalized to several tissues, this primary protective mechanism of the organism, in contrasts, exacerbates mortality.

Although HR suppression generates genetic instability and inflammation, which are hallmarks of aging and cancer, when generalized to several organs, animal dies prior to developing such pathologies.

Materials and Methods

Mice

The exMmRad51 (HA tagged Mus Musculus Rad51) and SMRad51 containing mice were generated using the following strategy. ExMmRad51 and SMRad51 were derived from previously developed plasmid constructs (25).

Both transgenes were subcloned from pcDNA3.1-puro containing exMmRad51 and SMRad51 to pBI-4 plasmid containing the tet operators. Vectors were then linearized and electroporated into ES cells (129/SVEV). The clones were selected using puromycin and injected into blastocysts to allow germline transmission. Generation of the rtTA mice line: mice containing the lox-stop-lox rtTA-EGFP transgene (B6.Cg-Gt(ROSA)26Sor TM1(rtTA,EGFP)Nagy /J) were mated with Vasa-Cre (FVB-Tg(Ddx4-cre)1Dcas/J), to obtain mice that constitutively express rtTA (these mice were therefore called rtTA). Littermates obtained from the crosses of SMRad51 (rtTA; SMRad51) with control (SMRad51) or exMmRad51 (rtTA; ExMmRad51) with control (exMmRad51) were used for experimental analysis.

All mice were kept in a mixed genetic background. In vivo transgene expression was induiced by intraperitoneal injections of doxycycline diluted in PBS (5μg/g, Sigma #D9891) on monday, wednesday and/or friday. For ibuprofen treatment, we added 5 mL (20mg/mL) of children"s Advil in 250 ml of drinking water and allowed the mice to drink ad libitum.

The experimental procedures with animals were performed in accordance with French Government regulations (Services Vétérinaires de la Santé et de la Production Animale, Ministère de l'Agriculture).

Histology

Whole tissues or biopsies were fixed in PFA4% immediately after dissection. The fixed tissues were then dehydrated and embedded in paraffin using a tissue-tek tissue machine (Sakura). Paraffin blocks were sectioned ( 5µm) and placed on slides. Before staining; sections were dewaxed and rehydrated. Pathological analyses were performed in hematoxylin (Path #10047105) and eosin (Path #10047001) stained sections.

Immunohistochemistry and Immunofluorescence

For tissue immunostaining the slides were washed with PBS and antigen retrieval was performed using citrate buffer (pH=6). Antibodies were diluted in blocking buffer (5% NDS, 1% BSA and 0.1% triton). For cultured cells immunostainning, cells were grown on glass coverslips and fixed with PFA4%

during 10 minutes at room temperature. Cells were then washed with PBS, permeabilized with triton 0,2% and blocked with BSA 1% for 30 minutes.

Primary antibodies were diluted in BSA 1% for immunostaining in cultured cells. ). For immunofluorescence alexa-conjugated secondary antibodies were incubated for 2h at room temperature and the slides were mounted with DAPI ProLong gold (Thermo-Fisher #P36931). For immunohistochemistry, the slides were incubated during 30 minutes with HRPconjugated secondary antibodies and then revealed with DAB (Vector #SK4100). Fluorescence images were captured using a Nikon Eclipse Ti2 microscope and colorimetric images were captured using an Olympus BX51 microscope.

To label S-phase cells in vivo, we performed intraperitoneal BrDU injections (50 µg/g of body weight) (Sigma Aldrich, #B5002). Samples were collected 1 hour after injection for analysis.

Bone Marrow Analysis

Bone marrow cells from femur and tibia were flushed with PBS. After hemolysis, cells were counted using the Abbott Cell Dyn 3700 machine. Cells were then labelled using biotin conjugated linage antibodies "Lin + " (MACS #130-092-613), c-kit-APC-Cy7 (BioLegend #105826) and Sca1-APC (eBiosience #17-5981.82) to define the LSK population. Data acquisition was performed on FACSCanto II (BD Biosciences) and the data were analysed with FlowJo software.

Mouse Embryonic Fibroblasts

Mouse embryonic fibroblasts (MEFs) were isolated from E12.5 embryos and immortalized with SV40 (Addgene plasmid #21826). Primary MEFs were used up to passage 4. Immortalized (iMEFs) and primary MEFs were cultured in DMEM (Gibco #41965-039) supplemented with 10% FBS tetracycline-free (Takara #631107) and penicillin-streptomycin (Gibco #15140122). Sting inactivation was performed using the selective inhibitor C-176 (Axon MedChem #2923).

Colony Formation Assay

For colony formation assay, one hundred exMmRad51 or SMRad51 iMEFs cells were plated per well in 6 well plates. After 24 hours, cells were treated or not with doxycycline 10 μg/mL and 24 hours later, cells were treated or not with MMC (Roche #10107409001) or Olaparib (Selleckchem #S1060) for 10 days. For irradiation, cells were treated or not with doxycycline 10 μg/mL for 24 hours, irradiated with using a XRAD320 and analysed after 10 days. The clones were stained with crystal violet and counted.

Homology-dependent Gene Targeting Assay

Gene targeting procedure was derived from (40). This protocol consists in replacing the second exon of the 53BP1 gene by a hygromycin resistance (Hyg + ) gene using a homology-dependent donor plasmid (here called pDonor) after Cas9 mediated DNA double-strand break. Three hundred thousand cells were ressuspended in 100 μL nucleofection buffer (Lonza #VCA-1003) containing 1 μg of pCas9, 2 μg of pDonor with or without 1 μg of pgRNA1 or pgRNA2. Cells were nucleofected using Amaxa (Lonza) protocol T30. Right after nucleofection, 500 μL of media was added and the cells were plated on a 10 mm petri dish. After 48 hours, the targeted clones (Hyg + ) were selected during 10 days with media containing hygromycin renewed every 48 hours.

Clones were stained with crystal violet and counted.

Cytokine Array

For cytokine array analysis, around 200 μL of mouse blood was collected. Samples were then centrifuged at 2000g for 10 minutes. The blood serum (supernatant) was then collected and protease inhibitors (ThermoFisher #78438) were added. The serum was stored at -80°C until analysis. Samples from two mice of each genotype (Ctrl or SMRad51) from two different litters treated with dox for 7 days were used. Proteome profiler mouse XL cytokine array (R&D Systems #ARY028) analysis was performed following manufacturer instructions. Table 2 contains densitometry of each sample and comparison analysis (Table S2).

Replication Dynamics Analysis

DNA Spreading Assay: replicating DNA was labelled using 50 μM CldU and 50μM IdU for 20 min each in immortalized MEFs. Cells were then harvested and resuspended in cold PBS. DNA spreads were performed using (2) A488-conjugated goat anti-mouse (Invitrogen #A11029) and A555conjugated goat anti-rat (Abcam #A21434), ( 3) mouse anti-ssDNA (Millipore #MAB3034), ( 4) cy5.5-conjugated goat anti-mouse (Abcam #ab6947) and ( 5) cy5.5-conjugated donkey anti-goat (Abcam #ab6951). Fluorescence image acquisition was performed using an epifluorescence microscope (AxioImager Z2; Carl Zeiss). MetaMorph software (Roper Scientific) was used for image acquisition and for building large-scale mosaic comprising up to 100 images.

This technology theoretically enables us to recover long fibers; up to approximately 3 Mb. We systematically used ssDNA staining to ensure that replication signals belong to the same fiber.

Western blot

Protein extraction was performed using RIPA (ThermoFisher #89900) supplemented with phosphatase (ThermoFisher #P0044 and #P5726) and protease (ThermoFisher #78438) inhibitors. After SDS-PAGE protein separation the proteins were transferred to a nitrocellulose membrane overnight at 30V and 4°C. The following primary antibodies were diluted in milk 5% prior to incubation: anti-Rad51 (1:1000, Millipore, #PC130), anti-vinculin (1:10000, Abcam, #AB18058) and anti-HA (1:1000, BioLegend, #MMS-101R), anti-Stat1

(1:10000, Cell Signaling Technology, #9164) and anti-pStat1 (Tyr701) (1:10000, Cell Signaling Technology, #14994). HRP-conjugated secondary antibodies were from ThermoFisher (1:10000, anti-mouse IgG, cat #31430, anti-rabbit IgG, #31460). ECL systems PIERCE (ThermoFisher #32106) or Luminata (ThermoFisher #WBLUF0500) was used according to the manufacturer"s instructions and chemiluminescence was captured using an Amersham Imager 600 (GE LifeSciences) equipment.

RNA extraction, cDNA synthesis and Real-Time RT-PCR

RNA extractions were performed on skin biopsies (~1 cm²) from the upper part of mouse dorse, liver (~1 cm²) or cell pellets and following the kit manufacturer instructions (Qiagen #74106). Each RNA sample was collected in 40 μL of ultrapure water (Thermo Fisher #10977). RNA concentration and purity were determined using a Nanodrop spectrophotometer (Eppendorff). Analysis of rRNA integrity was performed on 1% agarose gels electrophoresis. cDNA were generated using a high-capacity cDNA synthesis kit (Thermo-Fisher #4368814) following manufacturer"s instructions.

We used 384 wells optic plates to perform real-time RT-PCR reactions using an Applied Biosystems 7900HT Fast Real-Time PCR system thermocycler. The primers sequences used for real-time RT-PCR reactions are in Table 3 (Table S3). Real-time RT-PCR mix: 6.25 μL of SYBR Green 2× mix, 2 μL of diluted cDNA (1:10), 0.25 μL (5 μM) of each primer and 4.25 μL of UltraPure water (Gibco #10977). Cycling conditions: 50°C for 2 min, 95°C for 10 min and 40 cycles of 95°C for 15s and 60°C for 60s. The Delta-Delta Ct (2-ΔΔCt) method for relative quantification was used to determine the relative quantity of a target compared to the reference genes. For tissue samples we used the average of the two reference genes (GAPDH and β-actin) as reference. For MEF samples, we used β-actin as reference gene.

Protein Purification

Previously generated pcDNA3.1-MmRad51 and pcDNA3.1-SMRad51 constructs 25 

D-Loop assay

For D-loop assay, 0.2 µM molecules (36 M nt) of a 5" junction DNA with a single stranded overhang labeled with Cy5 fluorophore were incubated with MmRAD51, SMRAD51 or both at a final concentration of 12 M (1 protein per 3 nt) for 5 minutes at 37°C followed by RPA addition at a final concentration of 0.6

M (1 protein per 60 nt) during 10 minutes in a buffer containing 10 mM Tris-HCl (pH 8), 50 mM sodium chloride, 2 mM calcium chloride, 1 mM DTT and 1,5 mM ATP. Then homologous dsDNA pUC19 plasmid (purchased from New England Biolabs) was added to the reaction at a concentration of 30 nM molecules in a final volume of 10 L during 30 minutes. The total reaction was stopped by the addition of 1% SDS (w/v) plus 25 mM EDTA and deproteinized (30 min incubation at 37°C with 2 mg/ml proteinase K). Samples were run in a 1% (w/v) agarose gel at 80 V for 45min in TAE 0.5x buffer. Fluorolabeled DNA species were visualized by using a Typhoon FLA 9500 (GE Healthcare Life Sciences).

Transmission Electron Microscopy (TEM) analysis of RAD51 filaments

RAD51 presynaptic filaments were assembled on a 5" DNA junction with a single stranded overhang (the construction of which was described in (42) using MmRAD51, SMRAD51 or a mix of both as follow: 0.2 µM molecules ( 36M nt) of the 5" junction DNA were incubated with MmRAD51, SMRAD51 or both at a final concentration of 12 M (1 protein per 3 nt) for 5 minutes at 37°C followed by RPA addition at a final concentration of 0.6 M (1 protein per 60 nt) during 10 minutes in a buffer containing 10 mM Tris-HCl (pH 8), 50 mM sodium chloride, 2 mM calcium chloride, 1 mM DTT and 1,5 mM ATP. The reactions were quickly diluted 25× in water and a 5 L drop was deposited on a 600-mesh copper grid previously covered with a thin carbon film and activated with pentylamine by glow-discharge using the Dubochet device. Grids were rinsed and positively stained with aqueous 2% (w/v) uranyl acetate, dried carefully with a filter paper and observed in annular dark-field mode using a Zeiss 902 transmission electron microscope. Images were captured at a magnification of 85,000× with a MegaviewIII CCD camera and analysed with the iTEM software (Olympus Soft Imaging Solution).

Whole-exome Sequencing

Whole exome sequencing was performed and analysed respectively by the genomic and the bioinformatics platforms of Institute Gustave Roussy.

SMRad51 and control primary MEFs were treated or not with dox 10 μg/mL for 6 days. DNA extraction and purification were performed by a standard phenolchloroform method and RNAse treatment. DNA quality was estimated with a BioAnalyzer (Agilent). 200 ng of genomic DNA was sheared with the Covaris S220 system to obtain 150 base Gaussian distribution using Peak power 140, Duty factor 10, Cycle/Burst 200 (LGC Genomics / Kbioscience). DNA fragments were end-repaired, extended with an 'A' base on the 3′ end, ligated with pairedend adaptors with the Bravo Platform (Agilent) and amplified. Adaptor-ligated libraries were hybridized for 40 h with biotinylated oligo RNA baits using murine SureSelect Capture (Agilent), and enriched with streptavidin-conjugated magnetic beads. The final libraries were indexed, quantified by qPCR, pooled and sequenced using the onboard cluster method, as paired-end sequencing (2x100 bp reads) on Illumina NovaSeq 6000 sequencer. The mean depth in the targeted regions was 110x for all samples. Reads were mapped to the reference genome mm10 using the Burrows-Wheeler Aligner (BWA) alignment tool version 0.7.10. PCR duplicates were removed using samtools version 1.9.

Local realignment around indels and base quality score recalibration were performed using GATK 3.7 (Genome Analysis Tool Kit). Somatic singlenucleotide variations (SNV) and indels were called using Varscan (v2.3.9).

Variants were adopted as candidate mutations when somatic P value was <0.001, allele frequency was <0.01 in the reference sample and >0.01 in the treated sample. Also variants with a read depth less than 50 in both reference and treated samples were filtered-out. Variants were annotated with Annovar version 20180416. We excluded SV129 strain specific polymorphism using results from the Mouse Genomes Project release v5: REL-1505-SNPs_Indels.

Structural rearrangements were identified using Manta version 1.5.0 in exome mode with defaults parameters. Variations greater than 500bp were considered as structural rearrangements. The graphic representation of exome sequencing was performed using the BioCircos R package. Whole exome sequencing ArrayExpress accession number: E-MTAB-8625.

Statistical analysis

Graphpad Prism software was used for statistical analysis. S2 show the quantification of two independent biological samples of each group). (C) Effects of non-steroidal anti-inflammatory treatment in survival of Ctrl and SMRad51 mice treated with Dox from P12/14 (0) to P33/35 (21). Ctrl (Dox, n=32), SMRad51 (Dox, n=14), Ctrl (Dox and Ibuprofen, n=9) and SMRad51 (Dox and Ibuprofen, n=13 expression levels after 6 days of Dox treatment (Figure 14C). This data indicates that cellular senescence may be triggered by the TRP53-p21 axis. 

Results -Chapter 1, additional data

Functional inactivation of RAD51 decrease cell proliferation in primary MEF

SMRAD51 may increase the proportion of polyploid cells in primary MEF

We have observed that SMRad51 expression increase the proportion of micronucleated cells in MEFs, suggesting defects in chromosomal segregation (Manuscript 1). Replication stress, which is an outcome of SMRad51 expresion, can cause polyploidy due to chromosomal missegregation or cytokinesis failure (Fragkos and Naim, 2017). Therefore, we evaluated whether functional inactivation of RAD51 would increase the proportion of multinucleated cells, which is an outcome of cytokinesis failure. When three independent experements were analyzed, we observed a non-statistically significant (p=0,15) tendency of increase in the proportion of multinucleated cells in MEFs expressing SMRad51, but not exMmRad51 (Figure 15A). Next, we evaluated whether SMRad51 expression would increase the proportion of polyploid cells by quantifying the genomic content by propidium iodide incorporation. We observed an increase in the proportion of polyploidy cells (cells more than 4N) after SMRad51, but not exMmRad51, expression (Figure 15B). One possibility to explain this phenotype is that SMRad51 expression leads to cytokinesis failure and increases the number of binucleated cells, which can then enter Sphase geneting >4N cells. In agreement with this possibility, it has been demonstrated that mammalian cells do not have a checkpoint that block 4N cells to enter in S-phase and, therefore, cells that fail to perform cytokinesis are able to re-enter cell cycle even when the tumor TRP53 is functional [START_REF] Uetake | Cell cycle progression after cleavage failure[END_REF][START_REF] Wolf | Mammalian cells lack checkpoints for tetraploidy, aberrant centrosome number, and cytokinesis failure[END_REF]. 16B). Note that although SMRAD51 increased the incidence of chromosomal aberrantions, these were only breaks. We did not observed radial chromomes after SMRad51 expression and MMC treatment, as observed in the positive control Fanca knockout cells (Figure 16C andD). It has been suggested that the rearrangements found in FANC cells are generated by alternative mutagenic pathways that use microhomology, such as alternative end-joining [START_REF] Thongthip | Suppression of nonhomologous end joining does not rescue DNA repair defects in Fanconi anemia patient cells[END_REF][START_REF] Garaycoechea | Alcohol and endogenous aldehydes damage chromosomes and mutate stem cells[END_REF]. Therefore, these data provide further evidence that SMRAD51 blocks alternative mutagenic pathways that compete with HR. Young growing mice submitted to a short period of SMRad51 expression are able to recover and do not show increased tumorigenesis

In Manuscript 1, we have shown that functional inactivation of RAD51 in young growing mice leads to progenitor loss and mouse death within the second week of SMRad51 expression. Here, we tested the outcomes of a short period of SMRad51 expression. We observed that SMRad51 expressing mice do not die when Dox treatment is reduced to 3 injections within a priod of 5 days between P12-14 to P17-19 (n=12). Also, 4 of 12 SMRad51 mice lost their hair after Dox treatment and were able to fully recover by 2 months of age (P60) (Figure 18). This suggests that progenitors are able to restablish tissue homeostasis if SMRad51 expression is stoped. Next, we followed these mice treated for a short period of Dox for a period of 18 months. We did not observe any major differences between controls and SMRad51 mice. SMRad51 expression increased DNA damage and led to loss of progenitors.

Remarkably, we show that SMRAD51 expression, but not RAD51 overexpression, in adult mice lead to premature aging phenotypes without increasing cancer predisposition. In conclusion, these data show that HR disruption by specific RAD51 functional inactivation fuels tissue degeneration without increasing tumorigenesis.

Introduction

Age is a risk factor of cancer and genetic instability is a hallmark of cancer and aging (López-Otín et al., 2013;Hannahan and Weinberg, 2011).

Mutations in DNA repair factors increase genome instability and lead to human syndromes associated with cancer predisposition and premature aging (Taylor et al., 2019;Jackson and Bartek, 2009). Progeroid syndromes are a group of heterogeneous genetic disorders that have premature aging as a common feature (Carrero et al., 2016). Bloom syndrome, Nijmegen breakage syndrome and Fanconi anemia are examples progeroid of syndromes caused by mutations in DNA repair genes (Malcolm et al., 2019;Carrero et al., 2016). In addition to premature aging, each of these syndromes is associated with a different spectrum of tumor incidence (Malcolm et al., 2019;Carrero et al., 2016). The mechanisms underlying the balance between tissue degeneration and cell transformation that drive, respectively, aging or cancer upon inactivation of DNA repair pathways are not completely understood.

Homologous Recombination (HR) plays essential role(s) in genome stability in replicating cells [START_REF] Mehta | Sources of DNA double-strand breaks and models of recombinational DNA repair[END_REF][START_REF] Jasin | Repair of strand breaks by homologous recombination[END_REF].

HR is involved in the repair of DNA double-strand breaks (DSBs), DNA interstrand crosslinks (ICL) and in the protection and the resumption of arrested replication forks (Bhat and Cortez, 2018;[START_REF] Mehta | Sources of DNA double-strand breaks and models of recombinational DNA repair[END_REF][START_REF] Jasin | Repair of strand breaks by homologous recombination[END_REF]. The RAD51 recombinase catalyzes search for homology and strand exchange during HR repair, therefore, RAD51 filament formation is a central step for HR. The mechanisms underlying tissue-specific cancer predisposition and/or premature aging after HR disruption are still unclear.

Mutations in HR genes, such as BRCA1, that controls DSB end resection and RAD51 loading, and BRCA2, that controls RAD51 loading, are risk factors for familial cases of breast and ovarian cancer [START_REF] Kuchenbaecker | Risks of Breast, Ovarian, and Contralateral Breast Cancer for[END_REF]. In addition, BRCA1 (FANCS) and BRCA2 (FANCD1) inactivation are found in cancer prone Fanconi anemia patients [START_REF] Sawyer | Biallelic mutations in BRCA1 cause a new Fanconi anemia subtype[END_REF][START_REF] Vinciguerra | Cytokinesis failure occurs in Fanconi anemia pathway-deficient murine and human bone marrow hematopoietic cells[END_REF].

Nevertheless, mutations in RAD51 itself are not commonly associated with cancer predisposition. This evidence is further supported by the lack of reported cancer predisposition in RAD51 (FANCR) Fanconi anemia patients (Ameziane et al., 2015;Wang et al., 2015;Takenaka et al., 2019) and raises the question of whether there is a different impact on oncogenesis versus aging depending on how HR is affected.

In spite of the prominent importance of RAD51 in fundamental biological processes, such as HR, the consequences of RAD51 suppression are poorly documented in vivo. Rad51 is an essential gene in mammals (Lim and Hasty, 1996;Tsuzuki et al., 1996), to circumvent this problem, we have previously 

Results

To evaluate the effects of RAD51 functional inactivation in adult mice, we took advantage of two mouse models that we have previously developed. but not exMmRad51, mice started to show reduced activity, hair loss, intermittent priapism and abnormal posture with protuberance of the upper back (Figure 1C). X-ray imaging by micro computed tomography (µCT-scan) after 4 months of Dox treatment revealed that these changes in posture observed in SMRad51 mice were associated with a curvature in the spine, consistent with kyphosis (Figure 1D). Continuous expression of SMRad51, but not exMmRad51, decreased both body weight and life span (Figure 1E and1F).

These mouse models allow ubiquitous inducible expression of

These phenotypes are consistent with the induction of premature aging in SMRad51 expressing mice.

To evaluate the morphological modifications caused by SMRad51 expression in adult mice, we performed anatomical and histopathological analysis. After 6 months of Dox treatment, we could observe a reduction in testis size (Figure 2A) and an increase in spleen size (splenomegaly) (Figure 2B). Splenomegaly is a feature of systemic inflammation and aging in mice [START_REF] Pettan-Brewer | Practical pathology of aging mice[END_REF], indicating that inflammation is one of the aging associated phenotypes caused by SMRad51 expression. We then performed histo-pathological analysis in different tissues on mice submitted to Dox containing diet for 6 months (Figure 2C-F). In agreement with the induction of inflammation, histopathological analysis revealed edematous alveolitis in the lung of SMRad51 expressing mice (Figure 2D). In the testis, meiotic progression seemed unaltered by SMRad51 expression (Figure 2E). This data is in accordance with previous observations showing that SMRAD51 changes progenitor homeostasis but not meiosis in young growing mice (Results -Chapter 1 -Manuscript 1). We also show that SMRad51 expression decrease capillary bulb density and hyperplasia in the skin epidermis (Figure 2F).

Quantification of subcutaneous skin fat layer thickness revealed a reduction in SMRad51 compared to controls (Figure 2F). Interestingly, reduction of subcutaneous fat in the skin has been observed in aged and premature aged mice [START_REF] Muñoz-Lorente | Mice with hyperlong telomeres show less metabolic aging and longer lifespans[END_REF]. The other tissues analyzed did not present modifications in their histology (Figure 2C) Altogether, these data show that SMRad51 expression in adult mice has a tissue-specific effect and further confirms that SMRad51 expression leads to premature aging in mice.

Inflammation is a hallmark of aging (López-Otín et al., 2013). Since we observed morphological modifications associated to inflammation in multiple organs of adult mice expressing SMRad51, we decided to evaluate whether SMRAD51 leads to a systemic inflammatory response. To do so, we measured the levels of cytokines in the serum of our SMRad51 mice and controls after three months of Dox exposure. Among the 111 proteins analyzed, 29 were uprelated in SMRad51 mice, most of them being pro-inflammatory factors (Figure 3A and 3B). These data show that functional disruption of RAD51 in adult mice leads to premature aging associated with a systemic inflammatory response.

Splenomegaly associated with extramedullary hematopoiesis is commonly found in aged and prematurely aged mice and can be a compensatory mechanism triggered by bone marrow progenitor exhaustion [START_REF] Pettan-Brewer | Practical pathology of aging mice[END_REF][START_REF] French | Age-associated loss of bone marrow hematopoietic cells is reversed by GH and accompanies thymic reconstitution[END_REF][START_REF] Mann | Heterogeneous Responses of Hematopoietic Stem Cells to Inflammatory Stimuli Are Altered with Age[END_REF]. We found the presence of hematopoietic cells in the spleen of SMRad51 mice after 6 months of Dox exposure, consistent with extramedullary hematopoiesis (Supplementary Figure 1). Then, we investigate whether the changes in spleen histology would be associated with modifications in blood condition. We analyzed the blood composition of mice expressing SMRad51 and controls. A decreased in the proportion of red blood cells (RBC) and platelets (PLT), but not white blood cells (WBC), was observed in the blood of SMRad51 mice compared to controls after three months of Dox treatment (Figure 4). These data show that expression of SMRad51 in adult mice disrupts blood cell production, leading to thrombocytopenia (reduction in PLT) and anemia (reduction in RBC). Collectively, these phenotypes represent the classic features of premature aging previously described in mice (Weeda et al., 1999;[START_REF] Boer | Premature aging in mice deficient in DNA repair and transcription[END_REF]Rudolph et al., 1999;[START_REF] Murga | A mouse model of ATR-Seckel shows embryonic replicative stress and accelerated aging[END_REF], confirming that disruption of HR through RAD51 functional inactivation in adult mice leads to premature aging.

Progenitor exhaustion is a characteristic of aging and DNA-damage related progeroid syndromes (López-Otín et al., 2013). Because HR is a replication forks integrity escort [START_REF] Costes | Homologous recombination as a replication fork escort: Fork-protection and recovery[END_REF] 5A). In addition, cleaved caspase-3 (cCASP3) staining revealed an increase in apoptosis of capillary bulb progenitors (Figure 5B). This increase in DNA damage and apoptosis was also associated with a reduction in SOX9positive hair follicule progenitors in mice expressing SMRad51 for 3 months (Figure 5C). Together, these data indicates that apoptosis triggered by chronic DNA damage is the underlying cause of the progenitor loss observed in adult mice expressing SMRad51, which can account for the premature aging phenotypes.

Inactivation of DSB repair genes has opposite effects in epidermal and bulb progenitors in the skin. Similarly to what we observed after SMRad51 expression in adult mice, genetic inactivation of the HR-factor Brca1 in the developing mouse skin decreases the proportion of capillary bulb progenitors (Sotiropoulou et al., 2013). In contrast, the epidermal skin progenitors show increased proliferation upon Brca1 inactivation (Sotiropoulou et al., 2013) and mouse models of Brca1 are prone to develop skin tumors (Liu et al., 2007).

Comparable results have also been observed upon inactivation of the DSB repair factor Nbn in mouse skin (Seidel et al., 2016). In agreement with these observations, functional inactivation of RAD51 by SMRad51 expression in adult mice led to hyperplasia in the skin epidermis associated with increased Ki67positive cells 3 months after SMRad51 expression started (Figure 6A and 6B).

Furthermore, although no palpable or visible tumors were found in SMRad51 mice (n=13) before death, 1 of the 6 analyzed mice mice presented a local squamous cell carcinoma lesion after 6 months of SMRad51 expression (Figure 6C). Together these data show that SMRad51 expression in adult mice leads to the formation of pre-cancerous lesions in the skin. Thus, the phenotypes associated to premature aging caused by SMRad51 expression in adult mice trigger tissue degeneration and lead to mouse death prior to putative tumorigenesis.

Discussion

Genetic instability is a hallmark of cancer and aging (López-Otín et al., 2013;Hannahan and Weinberg, 2011). HR plays important roles in genome stability and mutations in HR genes can cause progeroid syndromes and cancer. How the inactivation of different HR players affects the balance tumorigenesis versus aging is an unresolved issue. Although some HR genes such as BRCA1 and BRCA2 are bone fide tumor suppressors, RAD51, the central player of HR, is not. In addition, RAD51 mutations are observed in Fanconi anemia patients without reported cancer predisposition [START_REF] Ameziane | A novel Fanconi anaemia subtype associated with a dominant-negative mutation in RAD51[END_REF]Wang et al., 2015;Takenaka et al., 2019). Here we show that wholebody HR suppression in mice by RAD51 functional inactivation induces premature aging and reduced lifespan, without increasing tumor prevalence.

Since the reported non-embryonic lethal mouse models of HR inactivation were prone to develop tumors (Introduction -Tables 1 to 5), our data provide experimental evidence that HR inactivation is not per se pro-tumorigenic.

To circumvent the fact that most HR genes are essential, we used a dominant negative protein called SMRAD51 that specifically affect the activity of the pivotal HR gene, RAD51. We have previously characterized the mechanism by which SMRAD51 suppresses HR: SMRAD51 disrupts the RAD51 filaments (which is the active species of HR) inhibiting the main catalytic activity of RAD51 in HR, strand exchange (Results -Chapter 1 -Manuscript 1). Here we show that functional inhibition of RAD51 by SMRAD51 in adult mice leads to premature aging. All the premature aging phenotypes, including progenitor exhaustion, that hinders tissue renewal, inflammation and hematopoietic defects can collectively account for the reduced lifespan upon disruption of RAD51 function in adult mice.

The intrauterine programming model has been used to explain premature aging phenotypes in DNA repair-related syndromes [START_REF] Fernandez-Capetillo | Intrauterine programming of ageing[END_REF]. In this model, developmental issues generated during embryogenesis are the underlying cause of the tissue degeneration and malfunction observed in adulthood. In agreement with the intrauterine programming model, previous studies connected the induction of DNA damage during embryogenesis with premature aging phenotype in adults [START_REF] Fernandez-Capetillo | Intrauterine programming of ageing[END_REF][START_REF] Murga | A mouse model of ATR-Seckel shows embryonic replicative stress and accelerated aging[END_REF]. Here we functionally inactivated RAD51 in adults, which showed a major impact on progenitor and tissues homeostasis, resulting in premature aging phenotypes that reduced longevity. These results highlight that progenitors must sustain genome stability not only during embryogenesis but throughout all periods of development to evade premature tissue generation and aging. Based on the role of RAD51 as replication escort, and the fact that SMRAD51 triggers replication stress, one can propose that persistent DNA damage caused by replication stress generated as a result of RAD51 functional inhibition is a prime underlying cause of the premature aging phenotypes. Our data are consistent with a previous study demonstrating that loss of the replication stress response factor ATR in adult mice also leads to premature aging [START_REF] Ruzankina | Deletion of the Developmentally Essential Gene ATR in Adult Mice Leads to Age-Related Phenotypes and Stem Cell Loss[END_REF].

Genetic instability is a hallmark of cancer and inactivation of HR genes such as BRCA1 and BRCA2 leads to cancer predisposition, therefore, would be expected to observe an increased tumorigenesis as a consequence of HR suppression by RAD51 functional inactivation. However, here we found different premature aging phenotypes associated with tissue degeneration, without increased tumor incidence. Although pre-cancerous lesions were observed in the skin of mice after functional inactivation of RAD51, it led to mice death without tumor development. Why tumors do not develop upon functional inactivation of RAD51 in adult mice? One possibility is that the premature aged mice cannot support its development and dies before tumor development.

Another possible explanation is that functional inactivation of RAD51 inhibits the expansion of transformed cells. In coherence with the last hypothesis, RAD51 functional inactivation particularly affects highly proliferative progenitors (Results -Chapter 1 -Manuscript 1). Addressing this question constitutes exciting challenge for future prospects.

In summary, here we show that disruption of RAD51 function leads to premature aging and death prior to putative tumorigenesis, providing experimental evidence that HR disruption by RAD51 inactivation do not favor tumorigenesis.

Material and Methods

Mice

The ExMmRad51 (HA tagged Mus Musculus Rad51) and SMRad51 containing mice were previously generated (Results -Chapter 1). Littermates obtained from the crosses of SMRad51 (rtTA; SMRad51) with control (SMRad51) or exMmRad51 (rtTA; exMmRad51) with control (exMmRad51)

were used for experimental analysis. All mice were kept in a mixed genetic background. In vivo transgene expression was induced by ad libitum diet of doxycycline 625 mg/kg (Sigma #D9891) added food. All mice used as control were treated with doxycycline.

The experimental procedures with animals were performed in accordance with French Government regulations (Services Vétérinaires de la Santé et de la Production Animale, Ministère de l'Agriculture).

Histology

Biopsies of tissues were fixed in 4% PFA. After 24 hours, the fixed tissues were dehydrated and embedded in paraffin using a tissue-tek tissue machine (Sakura). Paraffin blocks were sectioned (5 µm) 

Immunohistochemistry and Immunofluorescence

Immunostaining was performed using histological sections and after dewaxed and rehydrated slides were washed with PBS. Antigen retrieval was performed using citrate buffer (pH=6) for 45 minutes at 95°C. Antibodies were diluted in blocking in BSA 1% for 1h after tissue permeabilization performed with Triton X-100 0,25% for 15 minutes. All primary antibodies were incubated overnight 4°C: anti-Sox9 (1:100, Abcam #AB5535), anti-γH2AX (1:1000, Bethyl #A300-081), anti Ki67 (1:100, BD biosciences #556003). The slides were then washed with PBS and incubated with alexa-conjugated secondary antibodies for 1h at room temperature. The slides were mounted with DAPI ProLong gold (Thermo-Fisher #P36931). Fluorescence images were captured using a Nikon Eclipse Ti2 microscope.

Ct-Scan

The scan was performed in two control and two SMRad51-expressing mice under general anesthesia. High resolution Ct-Scan was performed in using a Quantum FX machine (Park Elmer) at the Platforme Imageries du Vivant UR2496 -Université de Paris.

Cytokine Array

For protein array analysis, around 150μL of the blood serum containing protease inhibitors (ThermoFisher #78438) we used. The serum was stored at -80°C until analysis. Samples from two mice of each genotype (Ctrl or SMRad51) submitted to a Dox containing diet for 3 months were used.

Proteome profiler mouse XL cytokine array (R&D Systems #ARY028) analysis was performed following manufacturer instructions. Proteins with an average of one fold change were selected as differentially abundant proteins (Supplementary Table 1). In Table 1 we present the quantification of densitometry analysis raw data and comparisons.

Statistical analysis

Graphpad Prism software was used for statistical analysis. 

Results -Chapter 2, additional data

Functional disruption of RAD51 increases mouse sensitivity to MMC, but not to IR

To provide evidence that SMRAD51 inhibits HR in cells and in vivo, we evaluated the sensitivity of SMRad51 and exMmRad51 cells and mice to DNA crosslinking and to ionizing radiation. SMRAD51, but not exMmRAD51, rendered immortalized MEFs and mice sensible to DNA crosslinking agent Mitomycin C (Figure 19A and 19B). Since HR is a major DNA crosslink repair pathway, this observation indicates that SMRAD51 inhibits HR in vivo. In addition, neither SMRad51 nor exMmRad51 expression increased sensitivity to ionizing irradiation (Figure 19C and 19D). Since in mammals, inactivation of end-joining factors has a greater impact on the sensitivity to IR-generated DNA damage than HR (Bierdemann et al., 1991;Esser et al., 2000), these data suggest that SMRAD51 specifically inhibits DNA repair by HR in vivo. 

Introduction

In the previous chapters (Results -Chapters 1 and 2) we have shown that functional inactivation of RAD51 leads to replication stress in nonchallenged primary MEFs and in vivo. We hypothesize that these events are the underlying cause of the phenomenons observed in mice, including systemic inflammation, progenitor exhaustion and aging. As discussed in the introduction, TRP53 is activated upon DNA damage and its loss can, at least in part, rescue the developmental defects observed upon loss of HR factors. However, this rescue may come with the cost of increased tumorigenesis. Here, we analyze the effects Trp53 inactivation to the cell fate and mouse survival after SMRad51 expression.

Results and discussion

Since TRP53 loss increase the lifespan of other mouse mouse models of HR-deficiency (Introduction -4. RAD51, homologous recombination and cancer), we decided to evaluate whether Trp53 inactivation would change the survival of adult mice expressing SMRad51. We then crossed TRP53 null mice with SMRad51 and generated rtTA; SMRad51; Trp53 -/-(herein SMRad51;

Trp53 -/-). Interestingly, Trp53 inactivation enhanced SMRad51-mediated mouse death (Figure 20) and no tumors were found in SMRad51; Trp53 -/-mice (n=8).

As discussed in the introduction (Introduction -Table 4), in different mouse models of HR-deficiency Trp53 inactivation increases tumorigenesis. In opposition, here we show that TRP53 loss decrease lifespan and does not increase tumor formation after HR disruption by functional inactivation of RAD51. This data reveal a unique synergic relation between RAD51 functional inactivation and TRP53 loss. To understand the mechanisms that govern the special genetic relation between Trp53 and SMRad51, we analyzed primary MEFs from SMRad51;

Trp53 -/-and SMRad51; Trp53 +/+ mice. Induction of DNA damage response (H2AX) and replication stress (pCHK1) was observed after 6 days of SMRad51 expression in Trp53 wild-type as well as in Trp53 -/-MEF (Figure 21A and20B). This indicates that TRP53 loss does not change the replication defects resulted from RAD51 functional inactivation. Next, we evaluated the participation of TRP53 on the induction of cell senescence. TRP53 loss obolished the induction of senescence, scored by -Gal positive cells, observed after SMRad51 expression in MEFs (Figure 21C). Additionally, induction of p21, a known transcriptional target of TRP53, was only observed in Trp53 +/+ , but not Trp53null cells (Figure 21D). Taken together, these results demonstrate that induction of cell senescence by RAD51 functional inactivation is mediated by the TRP53-quantitative analysis (right) of pCHK1 (S317) (replicative stress response activation marker) staining comparing SMRad51; Trp53+/+ and SMRad51; Trp53-/-primary MEF treated or not with Dox for 6 days. (C) Representative images (left) and quantitative analysis (right) of pCHK1 (S317) (replicative stress response activation marker) staining comparing SMRad51; Trp53+/+ and SMRad51; Trp53-/-primary MEF treated or not with Dox for 6 days. (C) Quantitative analysis of -Galactosidase (senescence marker) enzymatic activity comparing SMRad51; Trp53+/+ and SMRad51; Trp53-/-primary MEF treated or not with Dox for 8 days. that micronuclei can be regradated by autophagic mechanisms in a process called nucleophagy (Elena et al., 2019). Trp53 inactivation can increase autophagy [START_REF] Tasdemir | Regulation of autophagy by cytoplasmic p53[END_REF] and one possibility would be that TRP53 loss decreases nucleophagy and, thereby, the proportion of micronucleated cells. (ii) TRP53 blocks aneuploid and micronucleated cells to progress from G1 to Sphase [START_REF] Crasta | Growth Retardation, DNA Repair Defects, and Lack of Spermatogenesis in BRCA1-Deficient Mice[END_REF]. Based on this fact, TRP53 loss could allow micronucleated cells to progress through cell cycle and, in this case, the micronuclei could be reincorporated into the mother nuclei during replication decreasing the number of micronucleated cells [START_REF] Crasta | Growth Retardation, DNA Repair Defects, and Lack of Spermatogenesis in BRCA1-Deficient Mice[END_REF][START_REF] Soto | Chromosomes trapped in micronuclei are liable to segregation errors[END_REF]. (iii) Micronucleated cells would be allowed to progress from G1 to S in the absence of TRP53, however, replicating micronucleated cells experience enhanced genome instability what could lead to cell cycle arrest and/or cell death [START_REF] Soto | Chromosomes trapped in micronuclei are liable to segregation errors[END_REF][START_REF] Zhang | Chromothripsis from DNA damage in micronuclei[END_REF].

Different experiments are planned to evaluate the differences between micronuclei induction upon SMRad51 expressing in TRP53 null and wild type cells. (i) Trp53 inactivation can increase autophagy: we plan to evaluate whether TRP53 loss increase nucleophagy by performing LC3B and LAMP2 staining (two markers of nucleophagy) (Mijajica and Devenish, 2013). (ii) TRP53 loss allows micronucleated cells to progress from G1 to S-phase: we plan to cross our SMRad51 mice with a transgenic mice containing the FUCCI system that allow visualization of cells cycle transition from G1 to S by live imaging (Zielke and Edgar, 2015). We will generate MEFs from these SMRad51; FUCCI mice and perform videomicroscopy using the DNA dye Hoechst 33342 to concomitantly visualize G1-S transition and micronucleited cells. This last experiment would also allow us to evaluate the above mentioned point (iii). Here we reproduced our previous data and show that TRP53 loss abruptly reduces this induction of interferon transcriptional response, as revealed by real-time RT-PCR for Ifn and the interferon stimulated genes Ccl5, Cxcl10 and Isg15 (Figure 22B). Altogether, these data led us to propose a model in which micronuclei formation after functional inactivation of RAD51 is the underlying cause of senescence in Trp53 +/+ MEFs (Figure 22C). In this case, TRP53 activation by micronuclei in G1 would block cell cycle progression.

In addition, micronuclei would also create a cGAS-STING-mediated transcriptional response that together with TRP53 would fuel senescence (Figure 22C).

Next, we decided to evaluate if the inhibition of senescence generated by TRP53 loss would change the proliferation of SMRad51 expressing cells.

Curiously, similar levels of population growth inhibition were found in SMRad51;

Trp53 +/+ and SMRad51; Trp53 -/-primary MEFs after 8 days of Dox treatment (Figure 23A), showing that Trp53 inactivation cannot rescue the proliferation defects caused by SMRAD51. TRP53 function during genome instability avoidance in proliferating cells extends beyond the G1-S transition checkpoint.

TRP53 controls the spindle checkpoint at mitosis and its inhibition allows damaged cells to undergo chromosomal segregation, inducing mitotic catastrophes [START_REF] Cross | Disruption of mouse Slx4, a regulator of structure-specific nucleases, phenocopies Fanconi anemia[END_REF]. Previous studies demonstrated that expression of SMRAD51, as well as BRCA2 loss, leads to mitotic defects in TRP53-inactivated hamster cell lines (Wilhelm et al., 2014). Based on this evidence, we hypothesized that TRP53 protects SMRad51 expressing MEF against mitotic defects. To test this rationale, first, we evaluated the presence of DNA damage (H2AX) in mitotic cells (pH3+) before spindle pole formation, here called early mitosis (prophase), and after spindle pole formation, here called late mitosis (metaphase and anaphase) (Figure 23B). An increase in H2AX foci in early mitosis, but not in late mitosis, was found after SMRad51 expression in Trp53 wild type cells. SMRad51-expressing TRP53 null cells presented a slight, but not statistically significant, tendency of increase in γH2AX foci in early mitosis and a statistically significant increase in late mitosis (Figure 23B). This data show that after SMRad51 expression, Trp53 inactivation increases the presence of damaged cells in late mitosis. Furthermore, an increase in the proportion of cells in early mitosis was observed after SMRad51 expression in Trp53 +/+ , but not in Trp53 -/-inactivated cells. This suggests that TRP53 block the progression of damaged cells from early mitosis to late mitosis after SMRad51 expression (Figure 23C). Finally, we evaluated the proportion of mitotic defects by quantifying chromosomal uncondensation and multiple spindle pole formation in metaphase. We observed that SMRad51 expression in Trp53 -/-, but not in Trp53 +/+ , increase mitotic defects (Figure 23D). Altogether, these data indicate that TRP53, by its participation in the mitotic spindle pole checkpoint, protect cells against mitotic catastrophes after functional inactivation of RAD51. A series of experiments are ongoing or planned to evaluate the presence of mitotic defects spindle assembly checkpoint after SMRad51 expression. First, we would like to evaluate whether TRP53 is activated in early mitosis. Second, we plan to evaluate the activation of the spindle assembly checkpoint by performing Mad2 and BubR1 staining, as the presence of these proteins in metaphasic cells is a marker of spindle assembly checkpoint activation [START_REF] Musacchio | The spindle-assembly checkpoint in space and time[END_REF][START_REF] Skoufias | Mammalian mad2 and bub1/bubR1 recognize distinct spindle-attachment and kinetochoretension checkpoints[END_REF]. Third, we plan to perform videomicroscopy analysis to further evaluate the mitotic defects in Trp53 wild type and null MEF expressing SMRad51. Altogether, these analyses will allow us to have a more complete overview of the mitotic manifestations after SMRad51 expression in MEFs.

Here we found a special synergic relation relation between RAD51 functional inactivation and Trp53 inactivation. We propose that in vivo invalidation of TRP53-mediated checkpoints, including the spindle pole one, fuels progenitor exhaustion after RAD51 functional inactivation leading to a rapid mouse death. Future investigations in this project aim to evaluate this last hypothesis and characterize the effects of SMRad51 expression in progenitor cells in vivo comparing Trp53 wild type and null mice.

Introduction

Inactivation of homologous recombination factors is directly associated with tumorigenesis (Introduction -4.RAD51, homologous recombination and cancer). However, RAD51 mutations are not commonly found in cancer, creating a RAD51 paradox in cancer biology . In previous results sections, we reported that the expression of the RAD51 dominant negative protein SMRAD51 suppress HR and disrupt the replication dynamics, leading to replication stress in unchallenged primary cells (Results -Chapter 1). Expression of SMRad51 in vivo in young mice leads to an abrupt lethality partially caused by a systemic inflammatory response (Results -Chapter 1). In adult mice, SMRad51 expression leads to premature aging prior to putative tumorigenesis (Results -Chapter 2). In addition, loss of function of the tumor suppressor TRP53 does not increase tumorigenesis and, on the opposite, it reduced the life span of SMRad51 expressing adult mice (Results -Chapter 3). Altogether, these data suggests that, different from the inactivation of other HR-related genes such BRCA1 and BRCA2, SMRad51 expression does not fuel tumor formation.

A possibility to explain the lack of tumors in SMRad51 expressing mice is that SMRAD51 would block the expansion of transformed cells, threrefore not allowing tumors to form. In agreement with this hypothesis, SMRAD51 has a particular deleterious effect in highly proliferative progenitors . Here, we decided to directly address this possibility and investigate the effects of RAD51 functional disruption on tumorigenesis and tumor progression using a mouse model of breast cancer.

Results and Discussion

Mutations in HR genes are associated with breast cancer predisposition (Introduction -4.RAD51, homologous recombination and cancer) and mammary cells present high levels of HR-mediated DSB repair [START_REF] Kass | Robust homology-directed repair within mouse mammary tissue is not specifically affected by Brca2 mutation[END_REF]. For these reasons, we took advantage of the MMTV-PyMT (mouse mammary tumor virus-polyoma middle tumor-antigen) transgenic mouse, a widely used and well-characterized mammary tumor model, to investigate the contribution functional inactivation of RAD51 on tumorigenesis and tumor progression. To do so, we crossed MMTV-PyMT with the transgenic mice developed here rtTA; SMRad51 mice (Results -Chapter 1) to generate rtTA; SMRad51; MMTV-PyMT (herein called PyMT; SMRad51) and control littermates (herein called PyMT; Ctrl). During the process of oncogene-derived tumorigenesis in MMTV-PyMT, mammary progenitors are under constant proliferative stress and hyperplasia lesions are observed early in life [START_REF] Fluck | Lessons in Signaling and Tumorigenesis from Polyomavirus Middle T Antigen[END_REF]. With time, MMTV-PyMT show full tumor penetrance: 100% of the females develop tumors [START_REF] Fluck | Lessons in Signaling and Tumorigenesis from Polyomavirus Middle T Antigen[END_REF]. In addition, MMTV-PyMT mice show a sequential tumor formation, where the cervical and thoracic gland tumors are observed prior to the abdominal and inguinal ones. In our genetic background, cervical and thoracic palpable tumors started to be observed in 4 months old females and abdominal and inguinal palpable tumors in 5 months old. We took advantage of these characteristics to evaluate both tumor initiation and tumor growth and submitted PyMT; Ctrl and PyMT; SMRad51 4 month old females to a Dox diet for 4 weeks. SMRad51 expression decreased tumor growth as observed by tumor size measurements (Figure 24A and 24B) and reduced the number of palpable tumors (Figure 24C). Therefore, RAD51 functional inactivation inhibits both tumor growth and initiation in the PyMT breast cancer model. Next, we evaluated whether tumor growth inhibition by SMRad51 expression would be also associated with changes in tumor progression. During PyMT mammary tumor progresion, local hyperplasic lesions are formed early [START_REF] Lin | Progression to Malignancy in the Polyoma Middle T Oncoprotein Mouse Breast Cancer Model Provides a Reliable Model for Human Diseases[END_REF]. With time these hyperplasias give rise to pre-malignant adenomas/mammary intraepithelial neoplasias (MIN) that are still confined by a basement membrane [START_REF] Lin | Progression to Malignancy in the Polyoma Middle T Oncoprotein Mouse Breast Cancer Model Provides a Reliable Model for Human Diseases[END_REF]. MIN"s can then evolve to malignant early carcinomas when presenting greater cytological atypia and stromal invasion, and after to invasive carcinomas when the tumors are formed by solid sheets of epithelial cells with without acinar strutures [START_REF] Lin | Progression to Malignancy in the Polyoma Middle T Oncoprotein Mouse Breast Cancer Model Provides a Reliable Model for Human Diseases[END_REF]. These carcinomas are further defined as high grade when presenting pleomorphism of the nuclei, an increase in mitotic figures and multiple epithelial layers [START_REF] Lin | Progression to Malignancy in the Polyoma Middle T Oncoprotein Mouse Breast Cancer Model Provides a Reliable Model for Human Diseases[END_REF]. PyMT mammary lesions can also be characterized as grade 2 and 3, where grande 2 tumors present greater similarities to the normal breast tissue than grade 3 tumors. Based on these characteristics, we performed histopathological analysis on PyMT; Ctrl and PyMT; SMRad51 tumors to infer about their evolution. Hyperplasias and carcinomas were observed in both PyMT; Ctrl and PyMT; SMRad51 tumors and high level of SMRAD51 protein was observed in both (Figure 25A). All tumors from control mice (n=5) were invasive carcinoma grade 3 (Figure 25B) (Table 7). Less advanced lesions were found in SMRad51 mice, as only 2 of 5 were invasive carcinoma grade 3 and 3 of 5 mice were invasive carcinoma grade 2 (Figure 25B) (Table 7). In agreement with an inhibition in tumor evolution, SMRad51 expressing tumors often presented non-invasive adenomas/mammary intraepithelial neoplasias (Figure 25B) (Table 7). These data suggest that RAD51 functional inactivation inhibits tumor progression. PyMT; Ctrl, cell lines (Figure 27A). In addition, expression of SMRad51 havly impacted cell proliferation, as analyzed by population growth (Figure 27B). This data show that SMRAD51 induce a cell autonomous effect inhibiting cell proliferation in PyMT breast tumors derived cell lines. The inhibition of cell proliferation upon RAD51 functional inhibition can be caused by cell cycle arrest and/or cell death. To address how SMRAD51 inhibit cell proliferation, we first analyzed the cell cycle progression by BrDU incorporation in PyMT breast tumors derived cell lines. Short after SMRad51 expression started (2 days) an increase in the proportion of G2/M cells and a decrease in the S-phase cells could be observed. After 4 days of SMRad51 expression an even more pronounced increase in the G2/M cells was observed, which was associated with a decrease in G1 cells (Figure 28A). No differences were observed in the control cell line after Dox treatment (Figure 28A). These data show that the presence of SMRAD51 disturb cell cycle progression, particularly arresting cell cycle in G2/M. To investigate cell cycle arrest would occur in G2 and/or after entry on mitosis, we evaluated the levels of pH3 (S10) a marker of CDK1 activity hallmark of mitotic cells. SMRad51 expression decreased the levels of pH3 (S10) (Figure 28B), showing that PyMT cells are arrested in G2. Finally, we evaluated whether these changes in cell cycle progression would be associated with modifications in cell death. An increase in cell death was observed in SMRad51 expressing cells after 2 and 4 days (Figure 28C). Altogether, these results show that functional inactivation of RAD51 has a cell autonomous effect in PyMT breast tumors derived cell lines, leading to a cell cycle arrest and cell death that inhibits cell proliferation. It is likely that these events contribute, at least in part, to the inhibition of tumor initiation and progression observed in vivo in mammary tumors from PyMT expressing SMRad51. However, we cannot exclude the contribution of nonautonomous effects caused by SMRad51 expression. In particular, our data in primary cells show that SMRad51 expression can change the microenvironment by activating an inflammatory response (Results -Chapter 1 and 3). Since the recruitment and activation of immune cells can inhibit tumor growth/progression, it is possible that non-aunotomous events also participate in tumor growth/progression inhibition by RAD51 inactivation. Further investigations are needed to elucidate the contributions of these non-autonomous mechanisms. histolopathological analysis was performed in hematoxylin-eosin-safran stained histological sections and followed previously determined standards [START_REF] Cardiff | The mammary pathology of genetically engineered mice: The consensus report and recommendations from the Annapolis meeting[END_REF].

Mouse embryonic fibroblasts

Primary mouse embryonic fibroblasts (MEFs) were isolated from E12. 

MMTV-PyMT cell lines generation

Each PyMT; Ctrl and PyMT; SMRad51 cells were isolated from a mammary gland tumor of a MMTV-PyMT transgenic female mouse. In sterile conditions, tumor cells were cut into small pieces using a razor and, then, subjected to enzymatic digestion with 5mL of tripsin 0,25% (ThermoFisher, #25200056) for 30 min in a petri"s dish. Next, 25 mL of DMEM (Gibco #41965-039) supplemented with 10% FBS tetracycline-free (Takara #631107) and penicillin-streptomycin (Gibco #15140122) (herein called PyMT media) was added and the cells were plated into T75 cell culture flasks. Medium was changed regularly and the tumor cells were selected by several passages of differential trypsinization until. The cell lines were considered established and used for experiments after passage 20 (3-4 months in culture). Transgene induction was performed using 2M of Dox (Sigma #D9891).

anti-γH2AX (1:100, Millipore #05-636), anti-pCHK1 (S317) (1:100,Cell Signaling Techonology #2344), anti-pH3 (1:100, Sigma-Aldrich #06-570) and -TUBULIN (1:1000, Sigma Aldrich #T5168). For immunofluorescence alexaconjugated secondary antibodies were incubated for 2h at room temperature and the slides were mounted with DAPI ProLong gold (Thermo-Fisher #P36931). For immunohistochemistry, the slides were incubated during 30 minutes with HRP-conjugated secondary antibodies and then revealed with DAB (Vector #SK4100). Fluorescence images were captured using a Nikon Eclipse Ti2 microscope and colorimetric images were captured using an Olympus BX51 microscope.

Western blot

Protein extraction was performed using RIPA (ThermoFisher #89900) supplemented with phosphatase (ThermoFisher #P0044 and #P5726) and protease (ThermoFisher #78438) inhibitors. After SDS-PAGE protein separation the proteins were transferred to a nitrocellulose membrane for 1h 110V at 4°C.

The following primary antibodies were diluted in milk 5% prior to incubation: anti-RAD51 (1:1000, Millipore, #PC130), anti-vinculin (1:10000, Abcam, #AB18058), anti-HA (1:1000, BioLegend, #MMS-101R) and anti-p21 (1:1000, Santa Cruz Biotechnology, sc-397). HRP-conjugated secondary antibodies were from ThermoFisher (1:10000, anti-mouse IgG, cat #31430, anti-rabbit IgG, #31460). ECL systems PIERCE (ThermoFisher #32106) were used according to the manufacturer"s instructions and chemiluminescence was captured using an Amersham Imager 600 (GE LifeSciences) equipment.

RNA extraction, cDNA synthesis and Real-Time RT-PCR

RNA extractions were performed following the kit manufacturer instructions (Qiagen #74106). Each RNA sample was collected in 20 μL of ultrapure water (Thermo Fisher #10977). RNA concentration and purity were determined using a Nanodrop spectrophotometer (Eppendorff). cDNA were generated using a high-capacity cDNA synthesis kit (Thermo-Fisher #4368814) following manufacturer"s instructions.

We used 384 wells optic plates to perform real-time RT-PCR reactions using an Applied Biosystems 7900HT Fast Real-Time PCR system thermocycler. The primers sequences used for real-time RT-PCR reactions are in Table 3. Real-time RT-PCR mix: 6.25 μL of SYBR Green 2× mix, 2 μL of diluted cDNA (1:10), 0.25 μL (5 μM) of each primer and 4.25 μL of UltraPure water (Gibco #10977). The Delta-Delta Ct (2-ΔΔCt) method for relative quantification was used to determine the relative quantity of a target compared to the reference genes. β-actin as reference gene. How SMRAD51 suppresses homologous recombination.

Our data indicates that SMRAD51 suppresses HR via disruption of the RAD51-ssDNA filament (Results -Chapter 1, Supplementary Figure 2).

Modifications the major groove of a mixed SMRAD51-RAD51 filament may modify and flexibility of the RAD51-ssDNA filament as suggested by our electron microscopy experiments (Results -Chapter 1, Supplementary Figure 2). It is also possible that SMRAD51 influence the interaction of the pre-synaptic complex with the RAD51 paralogs and cofactors, such as RAD54, which may enhance the anti-recombinogenic activity of SMRAD51. Further studies are necessary to evaluate how SMRAD51 modify the RAD51 filament and whether SMRAD51 changes the recruitment of RAD51 paralogs and cofactors to the pre-synaptic complex.

a shock-like response that induces mouse death within hours [START_REF] Brault | Intracellular Nucleic Acid Sensing Triggers Necroptosis through Synergistic Type I IFN and TNF Signaling[END_REF]. We aim to evaluate the activation and contribution of the cGAS-STING pathway to the inflammatory response observed after RAD51 functional inactivation in vivo. However, we cannot exclude that other events may also play a role in the induction of inflammation in this context. For example, DNA damage can trigger the release of pro-inflammatory factors independently of cGAS-STING (Ragu et al., 2020). Also, DNA damage can trigger necroptosis, a programmed cell death pathway that disrupt the cell membrane integrity inducing the release of damage-associated molecular patterns and, thereby, inflammation (Pasparakis and Vandenabeelem 2015;[START_REF] Vandenabeele | Aldehyde dehydrogenases: Not just markers, but functional regulators of stem cells[END_REF]. Therefore, it is probable that multiple pathways cooperate to create proinflammatory responses upon RAD51 functional inactivation. Understanding how inflammation is triggered after functional inactivation of RAD51 is an exciting goal for the continuation of this project.

Insights on the anti-tumor and pro-aging effects of RAD51 functional inactivation

Cell fitness and tissue homeostasis depend on the maintenance of genome stability. During mammalian development, cell divisions permit the cellular expansion that transform a zygote into an organism, as well as allow tissue renewal and regeneration. Genetic instability caused by, for example, errors during replication or chromosomal segregation, account for a mutational load over time that can contribute to the loss of cellular function in aging and may directly drive tumorigenesis. In the cell"s odyssey towards malignant transformation, they must bypass multiple steps that serve as selective barriers to tumorigenesis. Resistance to replication stress (1), sustaining unlimited proliferation ( 2) and scape from immune system surveillance (3) are hallmarks of cancer and characteristics that need to be acquired during tumorigenesis (Macheret and Halazonetis, 2015;Hanahan and Weinberg, 2011). I propose that funcional inhibition of RAD51 have oppositional effects. On one hand, it increases genome instability which may fuel the generation of pro-tumorigenic genetic variants, and on the other hand, it increases the selective pressure by limiting in the three steps above mentioned necessary for tumor initiation. In this case, the increase in selective pressure comes with the cost of premature aging created by indicing chronic replication stress.

Since RAD51 inhibition leads to genome instability, and many RAD51 regulators, including BRCA1 and BRCA2, are tumor suppressors, it would be expected that RAD51 mutations would be found in cancer. However, genome sequencing data from more than ten thousands genomes show that RAD51 is not commonly mutated in cancer (Figure 6).

Here, we demonstrate that in vivo RAD51 functional inactivation leads to tissue degeneration and aging without increasing tumorigenesis (Figure 29). In Based on the fact that SMRAD51 blocks HR without increasing SSA and A-EJ, I propose that the stimulation of mutagenic alternative mutagenic pathways (SSA and A-EJ) observed upon inhibition of RAD51 loading, are the cause of cancer initiation in HR-deficient tumors.

A limitation of our study is that we performed whole body expression of SMRad51, which in adults led to mouse death within less than a year (~7 months). Since usually tumors take time to develop, one may argue that our 

Introduction

The maintenance of genome stability is essential to the accurate transmission of genetic information. Indeed, genome instability is a hallmark of cancer cells [1]. However, the genome is routinely insulted by endogenous as well as exogenous attacks that can generate genetic instability, which ultimately may promote carcinogenesis and/or ageing. Replication and oxidative stresses are major sources of endogenous genotoxic assaults that jeopardize genome stability. Of note, these two endogenous stresses are closely linked, as oxidative stress generates replication stress [2,3].

During DNA synthesis, the replication machinery must overcome numerous obstacles, including consequences of oxidative stress, tightly bound DNA-protein complexes, non-B form DNA structures (such as R loop) and lesions that interfere with fork progression [4]. These events can ultimately lead to replication stress by replication fork stalling, collapse or breakage [5,6]. Several mechanisms can be at the origin of replication stress, such as oncogene activation, nucleotide pool imbalance and conflict between replication and transcription [5,6]. These different mechanisms can be connected. Transcription complexes are one prominent endogenous challenge to replication forks. Transcription-replication conflicts (TRCs) can induce DNA replication-fork stalling, DNA recombination, DNA breaks and mutations [7][8][9][10]. Therefore, TRCs pose a potential threat to genome stability [11]. One transcription-associated replication fork barrier is the R-loop, an RNA-DNA hybrid formed when nascent transcripts re-anneal to their template DNA, displacing the non-template strand as single-stranded DNA (ssDNA) [12]. Elevated R-loop levels cause DNA damage and genome instability. The loss of RNA processing and regulatory factors increases R-loop levels, causing R-loop dependent DNA damage in eukaryotic cells [13][14][15][16]. DNA breaks and activation of the DNA damage response (DDR), arising from endogenous replication stress, have been observed at early or precancerous stages, and adaptation to replication stress plays an important role in tumour development [17][18][19][20]. The DDR protects genome stability through the precise coordination of a network of pathways, ensuring faithful transmission of genetic material, including DNA replication, repair and recombination, cell cycle checkpoint and chromosome segregation. Ultimately, these autonomous cell responses induce senescence or cell death [21][22][23][24][25]. All these processes prevent the proliferation of cells bearing DNA damage and/or genetic rearrangements. In agreement, syndromes caused by mutations in DDR and/or DNA repair factors are often associated with high genetic instability, cancer predisposition and premature ageing [24,[26][27][28]. In addition to these cell-autonomous responses, protective process(es) also act at the organism level. Such mechanism(s) involve the modification of the cellular microenvironment and ultimately the activation of innate immunity.

The inflammatory response is a universal cell-intrinsic response to infections or tissue damage. Inflammation, which is triggered when innate immune cells detect infection, for example, eliminates the initial cause of cell injury, clears out necrotic cells and tissues damaged from the original insult and from the inflammatory process, and initiates tissue repair [29].

To maintain homeostasis, the organisms must maintain a delicate balance in the activation of inflammatory responses. On one hand, an insufficient response results in the susceptibility to infections or tumour development; on the other hand, excessive or self-antigen responses lead to allergy or autoimmune diseases. A possible initial step in innate immune activation is the recognition by the host cell of the foreign features of infectious agents [29,30]. In this case, sensor proteins inspect extracellular and cytoplasmic spaces for the presence of pathogens through pattern recognition receptors (PRRs) and trigger immune responses upon their activation [29,31]. Additionally, the induction of innate immune responses can also occur in the absence of infection, such as when cells recognize self nucleic acids in unwanted subcellular compartments [32].

Pioneering works have shown connections between the immune response and self-DNA and the DDR. It has been demonstrated that DNA damage can trigger innate immune responses through the accumulation of nuclear DNA in the cytoplasm and micronuclei and/or the chronic DNA damage response signalling activation by itself [33][34][35][36]. In this review, we will discuss how replicative stress and DNA damage (mainly DNA double-strand breaks, DSBs) can activate innate immunity and the consequences for autoimmune diseases and immunotherapy.

Cytoplasmic DNA-Mediated Inflammatory Response

The cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING), cGAS-STING, pathway plays a pivotal role in the DNA damage-induced innate immune response [34,36,37] (Figure 1). The cGAS protein is a DNA sensor that catalyses the production of cyclic guanosine monophosphate-adenosine monophosphate (c-GMP-AMP or cGAMP) as a second massager [38][39][40][41]. In vitro, biochemical approaches showed that cGAS is able to bind double strand RNA (dsRNA), ssDNA and double strand DNA (dsDNA), but that only dsDNA can drive cGAMP production [42]. Additionally, cGAS is activated in a dsDNA length-dependent manner. Human cGAS is able to bind and be activated by short dsDNA sequences (~20 bp), but longer dsDNA (500-4000 bp) trigger a greater cGAMP production and innate immune activation [42][43][44]. STimulator of INterferon Genes (STING) is a dimeric endoplasmic reticulum (ER)-binding protein that is activated by cGAMP and other forms of cyclic dinucleotides produced by bacterial metabolism [45,46]. The production of cGAMP by cGAS leads to STING oligomerization and translocation to the Golgi apparatus where it activates its downstream targets [47,48]. STING can activate a transcriptional response via the activation of TANK-binding kinase 1 (TBK1) and both the canonical and non-canonical NF-κB pathways [46]. Oligomerization of STING after cGAMP binding creates a signalling platform that recruits and activates TBK1, which reciprocally phosphorylates STING [47][48][49][50]. Phosphorylated STING then binds the transcription factor Interferon Regulatory Factor 3 (IRF3), which is subsequently phosphorylated by TBK1 [47,48,50,51]. Once activated, IRF3 translocates to the nucleus and acts as a transcriptional activator of type I interferon (IFN) genes. Different members of the NF-κB pathway are TBK1 targets. For instance, it has been shown that TBK1 can activate the canonical NF-κB pathway through the phosphorylation of IKB and/or p65 (RelA) [51,52]. In addition, cytoplasmic DNA is able to activate the non-canonical NF-κB pathway in a STING-dependent and TBK1-independent manner by increasing p100 phosphorylation [53,54]. By interacting with its different partners, the cGAS-STING pathway can change the cellular transcriptional program and activate an innate immune response triggered by cytoplasmic DNA.
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Replication Stress Induces the Production of Pro-Inflammatory Cytokines

The accumulation of cytoplasmic ssDNA and dsDNA is also a common feature of tumours and cancer cell lines [34,55,56]. It has been proposed that DNA damage and replication stress elicit the activation of inflammatory responses that contribute to tumourigenesis in some contexts and to senescence/aging in others [57,58]. Indeed, cells exposed to replication stress-inducing agents or deficient in the replication stress response have enhanced production of type I IFNs and pro-inflammatory cytokines that can foster an innate immune response [59][60][61][62].

Two events have been suggested to trigger the activation of the cGAS-STING pathway by nuclear DNA accumulation in the cytoplasm after replication stress (Figure 1). First, the disruption of the replication fork integrity is a major source of cytoplasmic DNA accumulation after replication blockage [59,63]. The inactivation of DNA repair factors that protect and resume arrested replication forks also enhances the accumulation of nuclear DNA into the cytoplasm [63,64]. Importantly, the mechanisms underlying the extrusion of replicating DNA from replication blockage are still not known. As discussed above, in vitro analysis did not show cGAMP production by ssDNA stimulation of cGAS, and some studies reported only the accumulation of ssDNA (single strand DNA) but not double strand DNA (dsDNA) after replication blockage [63,65]. To reconcile these observations, one can propose that secondary structures of the ssDNA can generate the dsDNA sequences able to then activate the cGAS-STING pathway. 2) the accumulation of replication fork-derived DNA in the cytoplasm. These events will trigger the activation of cGAS, which produces cGAMP, activating the STimulator of INterferon Genes (STING) protein. Once activated, STING recruits TBK1 that is then able to phosphorylate its different targets that include Interferon Regulatory Factor 3 (IRF3) and different members of the NF-κB signalling pathway. This culminates in an upregulation of pro-inflammatory factors.

Replication Stress Induces the Production of Pro-Inflammatory Cytokines

The accumulation of cytoplasmic ssDNA and dsDNA is also a common feature of tumours and cancer cell lines [34,55,56]. It has been proposed that DNA damage and replication stress elicit the activation of inflammatory responses that contribute to tumourigenesis in some contexts and to senescence/aging in others [57,58]. Indeed, cells exposed to replication stress-inducing agents or deficient in the replication stress response have enhanced production of type I IFNs and pro-inflammatory cytokines that can foster an innate immune response [59][60][61][62].

Two events have been suggested to trigger the activation of the cGAS-STING pathway by nuclear DNA accumulation in the cytoplasm after replication stress (Figure 1). First, the disruption of the replication fork integrity is a major source of cytoplasmic DNA accumulation after replication blockage [59,63]. The inactivation of DNA repair factors that protect and resume arrested replication forks also enhances the accumulation of nuclear DNA into the cytoplasm [63,64]. Importantly, the mechanisms underlying the extrusion of replicating DNA from replication blockage are still not known. As discussed above, in vitro analysis did not show cGAMP production by ssDNA stimulation of cGAS, and some studies reported only the accumulation of ssDNA (single strand DNA) but not double strand DNA (dsDNA) after replication blockage [63,65]. To reconcile these observations, one can propose that secondary structures of the ssDNA can generate the dsDNA sequences able to then activate the cGAS-STING pathway.

Second, upon replication stress, cells containing genomes not fully replicated and/or bearing DNA damage can reach mitosis, leading to mitotic defects, including the formation of micronuclei [66][67][68]. Recent studies have shown that micronuclei structures derived from chromosomal missegregation serve as a platform for the DNA damage-induced immune response [69][70][71][72]. Indeed, exposure to genotoxic chemicals or inactivation of DNA repair factors that leads to replicative stress triggers micronuclei formation and cGAS-STING activation [73,74]. Evidence suggests that micronuclei envelope rupture allows the recognition of the chromatin as cytoplasmic DNA by cGAS-STING [69][70][71].

To prevent aberrant DNA-driven (auto)immune reactions, cells employ a battery of DNases, such as DNase I in the extracellular space, DNase II in endolysosomes or TREX1 (DNase III) in the cytoplasm, that are responsible for the immediate degradation of DNA by-products before the DNA sensing pathways are activated [75]. Different studies have shown enhanced accumulation of replication fork-derived ssDNA in the cytoplasm upon TREX1 inactivation [59,[63][64][65]76]. It has been shown that the excess of short free ssDNA that accumulates in TREX1-deficient cells is bound by Replication Protein A (RPA) and RAD51 both in the cytosol and the nucleus [76]. By affecting the availability of proteins such as RAD51, RPA, and MRE11, the innate immune response to replication stress-associated self-DNA may become another determinant of cancer susceptibility to chemotherapy. In summary, these results show that higher eukaryotes cells have several layers of mechanisms to hinder nuclear DNA recognition in the cytoplasm after replicative stress.

DDR and DNA Repair Defects

Another piece of evidence linking DNA damage and the immune response comes from DDR/DNA repair-deficient patients and animal models. Genetic deficiencies that compromise DDR functions also induce cytokines and lead to auto-inflammatory diseases. Similar to exogenous DNA damage, inherent DNA repair defects in tumours may also increase the production of cytosolic DNA and appear to trigger the STING-dependent response [77].

Replication stress is closely related to DNA DSBs. Indeed, the prolonged arrest of replication forks generates DSBs, and, reciprocally, a replication fork reaching a nick or a gap in the copied DNA is converted in a DSB [78] (and for review [6,79]). Additionally, homologous recombination factors such as RAD51 and BRCA2 act to protect the arrested replication fork from degradation, and restarts replication (Figure 2A,B).

DNA Damage Signalling and Processing of Double-Strand Ends

DNA damage should first be signalled to coordinate the cell responses, including cell cycle checkpoint and DNA repair/recombination. Two main types of DNA alterations are signalled: ssDNA stretches and DSBs (Figure 3). However, some overlap can exist. Indeed, resection at DSBs generates ssDNA that can then activate the ssDNA-signalling pathways.

Replication fork blockage and stalling are examples of replicative stress events that leads to the formation of ssDNA stretches [5,80]. Although ssDNA accumulation is the most common origin of replicative stress, ssDNA-independent sources have been reported [5,81]. Replication Protein A (RPA) coated single strand DNA serves as a platform to the recruitment other accessory proteins (e.g., Rad9, ETAA1 and TOBP1) that enable ATRIP-ATR complex activation (Figure 3A). The ATRIP-ATR complex is the central player in the replicative stress response. Along with its downstream target Chk1, these protein kinases phosphorylate hundreds of substrates to control cell cycle arrest, DNA repair and/or cell death [5,82]. Although replicative stress does not refer to the formation of DSB, these events are closely related. The collapse of replication forks can lead to the formation of DSB by replication fork reversion or by endonuclease processing in a process that is accelerated by replicative stress response inactivation [78,83,84]. These DSB ends are recognized by the MRN (MRE11, RAD50 and NBS1) complex (Figure 3B). Once associated with the DSB ends, this complex activates the protein kinase Ataxia Telangiectasia-Mutated (ATM) that is a major signalling hub. ATM targets exhibit a plethora of targets and regulate many aspects of cellular metabolism. Of note, ATM regulates cell cycle and apoptosis through CHK2 and/or p53, for example, or chromatin remodelling and DNA repair by BRCA1 and/or H2AX phosphorylation [85,86].

DDR/DNA repair-deficient patients and animal models. Genetic deficiencies that compromise DDR functions also induce cytokines and lead to auto-inflammatory diseases. Similar to exogenous DNA damage, inherent DNA repair defects in tumours may also increase the production of cytosolic DNA and appear to trigger the STING-dependent response [77].

Replication stress is closely related to DNA DSBs. Indeed, the prolonged arrest of replication forks generates DSBs, and, reciprocally, a replication fork reaching a nick or a gap in the copied DNA is converted in a DSB [78] (and for review [6,79]). Additionally, homologous recombination factors such as RAD51 and BRCA2 act to protect the arrested replication fork from degradation, and restarts replication (Figure 2A,B). A replication fork can be broken, or arrested; when reaching an obstacle that arrested it, replication fork can also be reversed generating a so called "chicken foot" structure (right panel). Various actions may take place to protect the replication forks including: BRCA2 loading of RAD51 to protect the forks and/or BRCA2 stabilizing the RAD51 A replication fork can be broken, or arrested; when reaching an obstacle that arrested it, replication fork can also be reversed generating a so called "chicken foot" structure (right panel). Various actions may take place to protect the replication forks including: BRCA2 loading of RAD51 to protect the forks and/or BRCA2 stabilizing the RAD51 nucleofilament on the single-stranded DNA (ssDNA) regions, thereby preventing MRE11, CtIP, and EXO1-dependent resection (preventing degradation of the arrested forks). (B). The strand exchange activity of RAD51 allows then to restart arrested replication forks, using a homologous sequence as matrix, generally the sister chromatid, leading to sister chromatid exchange. 

DNA Damage Signalling and Processing of Double-Strand Ends

DNA damage should first be signalled to coordinate the cell responses, including cell cycle checkpoint and DNA repair/recombination. Two main types of DNA alterations are signalled: ssDNA stretches and DSBs (Figure 3). However, some overlap can exist. Indeed, resection at DSBs generates ssDNA that can then activate the ssDNA-signalling pathways. Two modes of ATRIP-ATR activation have been described: in association with accessory proteins TOPBP1 or ETAA1 bind ATR triggering its autophosphorylation. Activated ATR, then, phosphorylate its downstream targets that include the protein kinase CHK1. (B). The MRN (MRE11-RAD50-NBS1) complex recognize the DSB. ATM is recruited to the DSB site and binds the MRN complex, which leads to ATM activation. ATM then phosphorylates its downstream targets, including CHK2 and p53 during the canonical DNA damage response (DDR) and/or H2AX and BRCA1 for chromatin remodelling and DNA repair.

Replication fork blockage and stalling are examples of replicative stress events that leads to the formation of ssDNA stretches [5,80]. Although ssDNA accumulation is the most common origin of replicative stress, ssDNA-independent sources have been reported [5,81]. Replication Protein A Replication stress events (e.g., replication fork stalling), ssDNA gaps or resected DSB ends lead to the formation of ssDNA stretches. Replication Protein A (RPA) binds the ssDNA stretches and serve as a platform for ATRIP-ATR recruitment. Two modes of ATRIP-ATR activation have been described: in association with accessory proteins TOPBP1 or ETAA1 bind ATR triggering its autophosphorylation. Activated ATR, then, phosphorylate its downstream targets that include the protein kinase CHK1. (B). The MRN (MRE11-RAD50-NBS1) complex recognize the DSB. ATM is recruited to the DSB site and binds the MRN complex, which leads to ATM activation. ATM then phosphorylates its downstream targets, including CHK2 and p53 during the canonical DNA damage response (DDR) and/or H2AX and BRCA1 for chromatin remodelling and DNA repair. Two general strategies repair DSBs (Figure 4): NHEJ (non-homologous end-joining) ligates the two double strand ends without requiring sequence homologies, while in contrast, homologous recombination (HR) relies on the use of a DNA partner sharing a homologous sequence that provides an intact copy for DSB repair. Alternative DSB repair processes also exist generally based on the use of micro-homologies (2 to 4 bp) at the junctions (For review see [79,87]). HR is frequently proposed to be error-free, while the canonical non-homologous end-joining (C-NHEJ, KU-DNA-PKcs-Ligase 4-dependent) are error-prone processes; however, these are overstatements, and many of the mutagenic end-joining repair events arise in fact from the alternative pathways, as discussed [79,87,88]. Indeed, beside C-NHEJ, highly error-prone alternative(s) end-joining (A-EJ) process(es), also called alt-NHEJ, B-NHEJ (back-up NHEJ), MMEJ (micro-homology mediated end-joining) have been described that inevitably leads to the deletion of the intervening sequence (Figure 4) [87,89,90]. In contrast with C-NHEJ, A-EJ is KU-Ligase 4-independent, but is dependent on PARP1 (for review see [64,65]). Moreover, like HR, A-EJ is initiated by resection of the DSB by MRE11 [91][92][93]. [79,87,91]. After signalling of the DSB by ATM and MRN, the selection of the DSB repair process act in two successive steps: (1) competition between the canonical NHEJ (C-NHEJ) pathway (KU/DNA-PKcs/ligase 4-dependent) versus resection. Note that C-NHEJ is conservative for DSB repair (for review see [79,87]). The nuclease activity of MRE11 and CtIP favour ssDNA resection, which can then at the second alternative step (2) initiate the conservative homologous recombination (HR) versus non-conservative single-strand annealing (SSA) or alternative end-joining (A-EJ) pathways. Loading of RAD51 on resected ssDNA, by BRCA2, engages DSB repair toward HR. The RAD51 nucleoprotein filament invades the intact homologous duplex DNA, priming DNA synthesis and the intact DNA molecule is copied, creating a D-Loop.

Because, in contrast with C-NHEJ, both HR and alternative end-joining (A-EJ) (and single strand annealing, SSA, see below) are initiated by resection of the DSB generating single strand DNA (ssDNA) we have propose that the choice of the DSB repair pathway acts in two steps: 1-C-NHEJ versus resection; 2-HR versus non-conservative A-EJ or SSA (Figure 4) [79,91,94].

Single strand annealing (SSA) can repair DSB through a homology-mediated process (Figure 4). In this process, the resection of the DSB uncovers two complementary ssDNA tails. The annealing of this two complementary ssDNA repair DSB to the cost of the deletion of the intervener sequence. The annealing step is different from the strand invasion/exchange step performed by RAD51 for HR (see Figure 4 lower left panel); therefore SSA is RAD51-independent [95,96].

HR allows the use of the sister chromatids for the restart of the arrested replication forks. In addition, HR factors, such as RAD51 and BRCA2, protect the arrested replication forks from exonucleolytic single-stranded DNA degradation (resection) initiated by MRE11 [97,98]. C-NHEJ can also seal the DNA ends from collapsed replication forks, reconstituting the continuity of the DNA molecule and thus fostering the resumption of the arrested replication forks. However, on such DNA ends, NHEJ leads to genome rearrangement (for review [79,99]).

Remarkably, the DSB repair processes (mainly C-NHEJ) are critical for the diversity of T and B cells and for an effective adaptive immunity, such as the V(D)J recombination, class-switch recombination and somatic hypermutation (SHM) [100,101]. Of note, R loops have been linked to the regulation of antibody gene diversification [102] and class switch recombination (CSR), which results in the production of the various antibody isotypes that serve crucial effector functions during the humoral immune response [103,104]. R loops form during transcription of switch recombination sequences in vitro and in vivo, and there is solid evidence that R loops are required for efficient class switching. The classical model of R loops posits that they boost mutation rates by generating stable and long tracts of single-stranded DNA that serve as the substrate for activation induced deaminase (AID) [105], the enzyme that initiates the CSR reaction cascade by co-transcriptionally mutating ssDNA in switch recombination sequences [106][107][108][109]. Though logical and compelling, this model has not been supported by in vivo evidence. Indeed, several reports suggest that R loops may not be involved in recruiting AID activity to switch regions, meaning that R loops probably serve other unanticipated roles in CSR.

Ataxia telangiectasia (A-T), a syndrome associated with impaired DDR, also exhibits pronounced immunodeficiency symptoms [110][111][112]. In other cases, defects in C-NHEJ provoke severe combined immunodeficiency (SCID) [113,114].

In addition to affecting the DSBs' repair efficiency and accuracy, a defect in the DSB repair pathways also impacts innate immunity activation, as discussed below.

Poly-ADP Ribose Polymerase (PARP1)

The replicative stress response should ensure the identification and signalling of single strand breaks for its processing. PARP1 (a poly-ADP ribose polymerase) plays a multifaceted role in the cellular response to DNA damage, with evidences for involvement in multiple pathways of DNA damage repair and genome maintenance (for review: [115,116]). The existing roles of PARP1 within repair pathways are detection of DNA damage, poly(ADP-ribose) mediated recruitment of repair factors, and in poly(ADP-ribose) mediated regulation of biochemical activities. PARP-1 has now been implicated in maintenance of replication fork stability [117][118][119][120] in the regulation of HR [121,122], C-NHEJ [123,124]), A-EJ, nucleotide excision repair (NER) [125,126], DNA mismatch repair (MMR) [127], and base excision repair (BER) [128][129][130].

It has been shown that inactivation of PARP1 enhances DNA damage and micronuclei-dependent STING activation after replicative stress. In addition to its DNA repair function, PARP1 serves as a transcriptional co-activator in the NF-κB dependent pro-inflammatory transcription response [131]. PARP1 has a direct role in NF-κB-mediated transcription. Indeed, the expression of NF-κB-dependent pro-inflammatory mediators, such as tumor necrosis factor alpha (TNFα), interleukin-6 (IL-6), or inducible nitric oxide synthase (iNOS), is impaired in Parp 1-/-mice [132,133]. Of note, PARP-1 impacts the expression of these NF-κB-dependent pro-inflammatory mediators by inducing the translocation of NF-κB into the nucleus upon genotoxic stress (reviewed in [134]). PARP1 physically interacts with both major subunits of NF-κB (p65 and p50) and is required for NF-κB-dependent gene transcription [132]. PARP1 is also acetylated by the histone acetylase p300/CREB-binding protein (CBP) upon inflammatory stimuli, leading to a stronger association with . Hassa et al. also showed that neither the DNA binding nor the enzymatic activity of PARP1 was necessary for the direct transcriptional activation of . Therefore, in the context of the replicative stress-mediated inflammatory response, PARP1 exhibits two opposite roles: on one side, by fostering DNA repair PARP1 prevents the activation of the STING-mediated inflammatory response; on the other side, as a co-factor of NF-κB, PARP1 plays a direct active role in the induction the pro-inflammatory transcriptional program.

ATR and Chk1

The innate immune receptor NKG2D is mostly expressed in NK cells and induces degranulation and cytokine production; thus, contributing to inflammation and NK-mediated cytotoxicity [33]. The recognition of NKG2D ligand (NKG2DL) by the NKG2D receptor greatly contributes to the detection and removal of infected or cancer cells [136]. The DNA damage sensor kinases ATM and ATR, as well as the downstream checkpoint kinase CHK1, were implicated in NKG2DL induction [33]. Ligand upregulation was prevented by pharmacological or genetic inhibition of ATR, ATM or CHK1. ATM is a kinase that plays a key pivotal role in mediating DSB signal transduction for DDR initiation (Figure 3, Figure 4). ATM deficiency causes the ataxia telangiectasia (A-T) syndrome, which is associated with persistent genome instability [137]. The development of a complex multi-organ disease in A-T patients has been proposed to stem from the deregulation of the immune response leading to autoimmunity and chronic inflammation, arising from persistent genome instability in these patients [77]. Fibroblasts from A-T accumulate DNA fragments in the cytoplasm that are recognized by PRRs, inducing an inflammatory response [77,138], which can promote senescence and inhibit stem cell functions [59]. Elevated type I IFN signalling was associated with the ATM deficiency in cultured fibroblasts cell [59,139] and in the sera of human A-T patients and of ATM-null mice [77]. Moreover, ATM-/-mice present with infiltration of neutrophils and lymphocytes in the lungs and increased mRNA levels of pro-inflammatory cytokines, e.g., . Hartlova and collaborators showed that immune activation in A-T patients is driven by damaged DNA in the nucleus that is recognized by the cytosolic innate immune sensor STING [77]. The autoinflammatory phenotype of A-T is abrogated in Atm-/-Sting-/-double knockout mice and significantly reduced after cGAS knockdown, suggesting that the cGAS-STING pathway plays an essential role in the induction of innate immunity upon the accumulation/persistence of DNA damage [77] The MRN complex is involved both in the early steps of DSB signalling and in the DSB repair mechanism itself, fostering ssDNA resection necessary to initiate HR, as well as alternative DSB repair (Figures 3 and4) [79,[141][142][143][144][145][146].

Hypomorphic NBS alleles exhibit an impaired inflammatory response [147], and a loss of NBS1 leads to exacerbated inflammation [148]. Conditional Nbs1 inactivation in hair follicle (HF) progenitors promotes cytokines secretion and leads to an immune response resembling psoriasiform dermatitis. Additionally, simultaneous Nbs1 and p53 loss, enhance pro-inflammatory cytokines expression and exacerbate this inflammatory phenotype [149]. Moreover, RAD50 interacts with the innate immune system adaptor CARD9 to produce IL-1 [150].

Cells with a mutation in the MRE11 gene, derived from a patient with ataxia-telangiectasia-like disorder, and cells in which MRE11 was knocked down had defects in dsDNA-induced type I IFN production. Remarkably, MRE11 physically interacted with dsDNA in the cytoplasm and was required for activation of the stimulator of IFN genes (STING) and IRF3 [151]. RAD50 was also required for dsDNA responses, whereas NBS1 was dispensable.

MRE11 is also involved in the resection of arrested replication forks, a process counteracted by the HR proteins BRCA2 and RAD51 [97,98]. It has been proposed that MRE11-mediated degradation of the newly replicated genome and the accumulation of these self-DNA fragments in the cytoplasm trigger the activation of STING-mediated innate immune signalling [64]. However, the data observed in Aicardi-Goutières syndrome (AGS), which results from mutation in the SAMHD1 gene, revealed an antagonist role for MRE11, which protects against the production of cytosolic DNA upon replication stress and the subsequent production of interferon [63] (see below). Thus, MRE11 plays 3 roles: it is involved in the signalling of DSBs, in resection initiation and in the signalling of cytosolic DNA. 4.1.5. SAMHD1 and Aicardi-Goutières Syndrome (AGS) SAMHD1 protects against virus proliferation through its dNTPase activity that degrades nucleotides. A mutation in SAMHD1 can cause AGS [152], an inheritable neurological disease that leads to microcephaly, intellectual disability, and childhood death [153]. It has been proposed that chronic hyper-IFN signalling drives AGS symptoms [154]. Recessive mutations in genes involved in nucleic acid metabolism, such as TREX1, RNASEH2b and SAMHD1 cause AGS [153]. TREX1 (3 repair exonuclease 1) degrades cytosolic DNA, preventing the induction of cGAS-STING-dependent inflammation [155][156][157][158][159][160]. RNASEH2 degrades RNA/RNA hybrids; thus, avoiding the conflict of replication versus transcription and the resulting replication stress. It should be noted that in RNaseH2-deficient mice, the genetic depletion of STING or cGAS can reverse the ensuing inflammation and autoimmune phenotypes [71,161].

In collaboration with MRE11 and CtIP, SAMHD1 is also involved in resection at endonuclease-induced DSBs and arrested replication forks, i.e., in genomic DNA [60,162]. In SAMHD1-depleted cells, MRE11-dependent resection of stalled replication forks is replaced by the RecQ1 helicase unwinding of the DNA; then, by cleaving the DNA flap generated, an endonuclease generates ssDNA fragments that accumulate in the cytosol, where they activate the cGAS-STING pathway, inducing the expression of pro-inflammatory type I IFN. By favouring MRE11 activity at arrested replication forks (instead of RecQ1), SAMHD1 thus protects against such a response, preventing chronic inflammation by limiting the release of ssDNA from stalled replication forks [60].

Homologous Recombination (HR)

RAD51 plays a pivotal role at the central step of HR, i.e., the search for homology and strand exchange. RAD51 is loaded on resected ssDNA by BRCA2 (Figure 4). Moreover, in addition to promoting the search for homology and strand exchange, RAD51 and BRCA2 protect arrested replication forks from extensive degradation by MRE11/SAMHD1 (Figure 4). Then, RAD51 helps the restart of the arrested replication forks using the sister chromatid as a template (Figure 2B). RAD51 thus plays a pivotal role in genome plasticity. It is noteworthy that BRCA1, which elicits the ssDNA resection and thus HR initiation, and BRCA2 are frequently mutated in familial ovary and breast cancer [163,164]. Many genes directly or indirectly controlling HR are mutated in Fanconi anaemia (FA) syndrome, which is associated with developmental defects, genetic instability, bone marrow failure and cancer predisposition.

Inhibiting RAD51 functions leads to replication stress, which then generates mitosis defects, uneven chromosome segregation and micronuclei formation [68,165]. Moreover, in the absence of RAD51, the unprotected newly replicated sequences are degraded by the exonuclease activity of MRE11, and the fragmented nascent DNA accumulates in the cytosol, initiating triggering the activation of STING-mediated innate immune signalling [64].

BRCA2 inactivation also leads to pro-inflammatory cytokine production, including TNFα, and increases sensitivity to TNFα. Enhanced TNFα sensitivity is also present in BRCA1 or FANCD2 inactivation [166]. BRCA2 inactivation leads to cGAS-positive micronuclei and results in a cell-intrinsic interferon response (cGAS/STING-mediated interferon response), which encompasses rewired TNFα signalling and enhances TNFα sensitivity [166].

Defects in BRCA1 result in the constitutive activation of the STING pathway in response to accumulation of cytosolic DNA [49,167]. Additionally, BRCA1 plays a hitherto unidentified role as a cofactor to IFI16 in the nuclear innate sensing of foreign DNA and the subsequent assembly and cytoplasmic distribution of stable IFI16-inflammasomes leading to IL-1β formation, as well as the induction of IFN-β via cytoplasmic signalling through IFI16,STING,TBK1 and IRF3 [168]. 4.2.1. Resolution of HR and Arrested Replication Forks Intermediates Reversion and resumption of arrested replication forks, and HR intermediates (Holliday junctions), generate branched DNA structures that are resolved by cleavage or dissolution [6,67,79]. A defect in these activities leads to accumulation of such branched structures that are toxic and can generate genetic instability [169].

a-SLX4 and MUS81 SLX4 is a platform protein that recruits nucleases that resolve branched DNA intermediates resulting from HR and/or arrested replication fork processing. MUS81 is an endonuclease is an endonuclease that interacts with SLX4 and plays a role in resolving HR intermediates, suppressing chromosomal instability [170]. MUS81 fosters the accumulation of fragmented self-DNA (including DNA lesions, R-loops, repetitive sequences and common fragile sites) resulting from replication stress, leading to STING-dependent expression of type I IFNs and chemokines [171]. SLX4 is mutated in FA Group P. Fibroblasts from FA-P harbour cytoplasmic DNA accumulation, including sequences deriving from active Long INterspersed Element-1 (LINE-1), triggering the cGAS-STING pathway that elicits IFN expression. Similar results were obtained with FA-D2, an upstream activator of SLX4, which caused the accumulation of DNA fragments in the cytoplasm that are recognized by PRRs, inducing an inflammatory response [138] leading to senescence and inhibiting stem cell function [58]. In vitro, stimulated FA bone marrow showed elevated levels of tumour necrosis factor-α (TNF-α) and . Sumpter et al. suggest that FA genes function in the selective autophagy of genetically distinct viruses, in mitochondrial quality control and in preventing inflammasome activation due to mitochondrial reactive oxygen species (ROS) [173].

b-RecQ helicases

The RecQ helicase family contains five members, including RecQ1, RecQ2, RecQ4 (mutated in Rothmund-Thomson syndrome), Bloom syndrome (BLM) and Werner syndrome (WRN). Many of these helicases are involved in the processing of HR and replication stress intermediates.

As discussed above, the ablation of SAMHD1 decreases MRE11-mediated resection of arrested replication forks; the resection at blocked forks is then performed by RecQ1, which unpairs the two DNA strands, after which an endonuclease that cleaves the displaced ssDNA strand then produces a piece of DNA that can be exported to the cytoplasm, triggering the production of IFN1 through the STING pathway [63].

BLM is deficient in Bloom syndrome (BS), a rare genetic disease characterized by genome instability, increased sister chromatids exchanges, accumulation of micronuclei, susceptibility to cancer and immunodeficiency [174]. BLM-deficient fibroblasts show constitutive upregulation of inflammatory interferon-stimulated gene (ISG) expression, which is mediated by the cGAS-STING-IRF3 cytosolic DNA-sensing pathway [73]. Moreover, increased DNA damage or downregulation of the cytoplasmic exonuclease TREX1 enhances ISG expression in BLM-deficient fibroblasts, and BS patients show elevated ISG expression in the peripheral blood [73]. BLM, in association with Dna2 and EXO1, has been reported to promote long-range ssDNA resection [175,176]. In contrast with MRE11 and CtIP, depletion of these factors suppressed the increase in signal of short cytoplasmic ssDNA detected in cells treated with ionizing radiation (IR), mitomycin C or cisplatin, which activated the innate immune response, and TREX1 deficiency exacerbated these responses [65]. The absence of involvement of MRE11 and CtIP may suggest that only long-range resection produces reactive ssDNA species. Moreover, in contrast, BLM has also been reported to protect against ssDNA resection through the loading of 53BP1 on DSBs in the G1 phase but not in the S/G2 phase [177]. Collectively, these data suggest that the role of BLM in generating cytosolic DNA acts in the S phase, thus as a consequence of replication stress.

A deficiency in WRN leads to Werner syndrome (WS), which is associated with genetic instability, cancer predisposition and premature ageing [178][179][180]. Fibroblasts derived from WS patients or from mutant mice and serum from WS patients show increased inflammatory signalling characterized by expression changes in HIF-1, IL-6 and components of the NF-κB pathway [181][182][183].

C-NHEJ

DNA-dependent protein kinase (DNA-PK) is formed by the association of the heterodimer KU70-KU80 with DNA-PKcs (DNA-PK catalytic subunit). DNA-PKcs is the catalytic subunit of the kinase that plays a central role in C-NHEJ regulation (Figure 4). Germline mutations affecting DNA-PKcs lead to severe combined immunodeficiency (SCID) [184]. Indeed, DNA-PKcs is required for V(D)J recombination, which utilizes the NHEJ pathway to promote antigen diversity in the adaptive immune system. Additionally, the Activation Induced Cytidine Deaminase (AID) also helps in generation of immunoglobulin diversity by mediating somatic hypermutation and gene conversion [185].

DNA-PKcs interacts with DNA in the cytoplasm and is critical for inducing innate immune responses to . A novel role for DNA-PK in activating innate immunity and the inflammatory response independently of NF-κB has been, thus, suggested [186]: the DNA from various pathogens is bound by DNA-PK, resulting in IRF-3-mediated transcription of multiple cytokine and chemokine genes independently of DNA-PKcs kinase activity [186]. Furthermore, evidence shows that KU70 induces IFN-λ1 production by activating the IFN regulatory factors IRF-1 and IRF-7 in response to cytosolic DNA [188,189].

Other DNA Repair Pathways

The excision repair pathways, nucleotide excision repair (NER), base excision repair (BER) and mismatch repair (MMR) repair a variety of DNA lesions. NER is specific for the repair of bulky adduct DNA damage [190][191][192], while BER is responsible for removing damaged bases containing small oxidative and alkyl adducts [193][194][195][196][197]. The MMR pathway is capable of repairing single base mismatches and a variety of small insertions and deletions to the genome [198,199]. Chronic innate immune activity was detected and found to cause tissue deterioration in NER-deficient ERCC1 mutant mice [200,201]. Immunological symptoms are also present in mice lacking OGG1, a DNA glycosylase playing a pivotal role in BER [202,203] and in APE2-deficient mice (AP endonuclease involved in BER) [204]. Moreover, another BER glycosylase, the apurinic/apyrimidinic endonuclease 1 (APE1), has been associated with the activation of immune signalling [205]. In a preclinical murine model, the isogenic introduction of a mutation in the central MMR player MSH2 (MutS homologue 2) resulted in marked improvements in the immune response [206,207].

DDR and Autoimmune Disease

Autoantibodies against the KU antigen, which were originally described in patients with scleroderma-polymyositis overlap syndrome, are also found in many autoimmune diseases, particularly in patients with systemic lupus erythematosus (SLE), systemic sclerosis (SSc), and undifferentiated connective tissue disease (UCTD) [208]. Autoantibodies against KU, DNA-PKcs, poly-ADP ribose polymerase (PARP), and against DNA repair proteins such as WRN and MRE11 have been identified in the serum of patients having systemic autoimmune rheumatic disease (SARD) [209]. Another study reflecting the role of DNA damage in promoting autoimmune diseases showed that cell lines from patients with systemic lupus erythematosus (SLE) have a defective DSB repair [210]. In the same context, [START_REF] Bawadekar | The Extracellular IFI16 Protein Propagates Inflammation in Endothelial Cells Via p38 MAPK and NF-κB p65 Activation[END_REF] have shown the presence of IFI16 in the sera of systemic-autoimmune patients associated with an upregulation of cytokine-encoding genes in endotoxin-free recombinant IFI16 (rIFI16) endothelial cells. IFI16 seemed to promote inflammation in endothelial cells through the activation of p38 MAPK and NF-κB p65 [211]. Finally, Karakasilioti et al. (2013) showed that persistent DNA damage signalling in mice, carrying a defective NER only in adipose tissues, triggers a chronic autoinflammatory response leading to fat depletion and metabolic abnormalities [200].

Reactive Oxygen Species and Nitrogen Species

Reactive oxygen species (ROS) comprise of a family of short-lived molecules, such as O ROS are produced endogenously by mitochondria (where O 2 acts as a terminal electron acceptor for electron transport chain) [220], NADPH oxidase, a cell membrane bound enzyme [221], peroxisomes (which contain enzymes that produce H 2 O 2 e.g., polyamine oxidase) [222], endoplasmic reticulum (produce H 2 O 2 as a by-product during protein folding); or upon exposure to exogenous stress like ionizing radiation (IR), chemotherapeutic drugs and environmental insults, which affect the organelles and enzymes listed above [223]. Depending on the source of ROS, cell type, and tissue environment, ROS signalling may participate in normal physiological processes or contribute to a maladaptive response that leads to metabolic dysfunction and inflammatory signalling. ROS can generate cytosolic DNA, which is sensed by cGAS within tumours. The cGAS, in turn, activates STING to upregulate the expression of type 1 IFN,ISG and SASP genes [224]. The oxidized base 8-hydroxyguanosine (8-OHG), a marker of oxidative damage in DNA, potentiated cytosolic immune recognition by decreasing its susceptibility to repair exonuclease1 (TREX1)-mediated degradation. Thus, oxidized DNA represents a prototypic damage-associated molecular pattern (DAMP) with important implications for infection, sterile inflammation and autoimmunity [225]. Mitochondria-derived ROS can induce activation of innate immune responses, including activation of inflammasome, cGAS-STING and NF-κB signalling pathways (for review: [226]). The ambient levels of ROS are important for homeostasis of cells, whereas excessive ROS are important in killing pathogens. If ROS are not controlled by an array of sophisticated antioxidant mechanisms, it leads to inflammatory tissue injury [227].

A Vicious Circle

Under inflammation, ROS and RNS are produced in inflammatory and epithelial cells causing damages to a wide variety of biomolecules including nucleic acids, proteins and lipids [228,229]. Under inflammatory conditions, nitric oxide (NO) is generated in inflammatory and epithelial cells, and this reaction is catalysed by NO synthase (NOS), especially inducible nitric oxide synthase (iNOS). NO and NOS are known to play roles on both pro-and anti-carcinogenic effects [230]. Sustained induction of iNOS in chronic inflammation can produce ROS and RNS,causing DNA damage [231].

Implications for Immunotherapy

Alterations in DNA repair and replicative stress can influence either the adaptive immune system, by increasing the number of mutations/neoantigens leading to increases in the foreignness of a tumour/antigenicity [232], or both the innate and adaptive immune systems, by changing the cell microenvironment. Neoantigens result from mutations and encode immunologically active proteins that can cause the immune system to recognize the affected cell as foreign. Defects in DNA repair may influence the adaptive immune system by leading to an increased number of mutations and subsequently to an increased number of neoantigens, which in turn increases the foreignness of a tumour (i.e., antigenicity), resulting in a higher probability of tumour recognition by the immune system. DNA repair could also influence how the innate immune system initially responds to a tumour and recruits the adaptive immune system to the site of malignancy. DNA repair deficiency is associated with upregulation of immune checkpoints and immune cell-infiltrated microenvironments. While activation of immune pathways such as STING in the acute phase promotes an antitumourigenic response, in the chronic phase, DNA damage repair-deficient tumours instead exploit this STING-mediated immune response, tailoring it to promote a proinvasive microenvironment favouring tumour growth. Indeed, defects in DDR improve the recognition of tumours by the adaptive immune system [233]. Before the adaptive immune system can recognize a tumour as foreign, immune cells must be recruited to the site of the tumour.

In vivo studies revealed that chemotherapy [234] and ionizing radiation treatment [235-237] induce type I IFN signalling in tumours to promote antitumour immunity. Burdette et al. suggested that this recognition is often mediated by STING activation [45], highlighting the important role that the cGAS-STING pathway plays in innate immune response activation during tumour progression. Even though cGAS-STING has pro-and antitumourigenic roles, depending on the context [35,46,238], this pathway has been suggested as necessary for a therapeutic response in immunotherapy. Studies performed in a syngeneic MC38 murine tumour model showed that the knockout of STING significantly reduced tumour control after single-dose ionizing radiation [237]. Similar to exogenous DNA damage, inherent DNA repair defects in tumours may also increase the production of cytosolic DNA and appear to similarly trigger a cGAS-STING response [77]. Indeed, blocking T cell inhibitory pathways using immune checkpoint inhibitors is ineffective in mice lacking STING [69]. The ability of transformed cells to inactivate this pathway is supposed to create a selective advantage, as cGAS-STING signalling is suppressed in several tumours [239].

In opposition, the cGAS-STING pathway has pro-tumorigenic roles in contexts of inflammation -induced tumorigenesis [238]. For example, it has been shown that genetic inactivation of Sting in mice has an anti-tumorigenic effect in skin cancer induced by 7,12-dimethylbenz[a]anthracene (DMBA) [240] and colorectal cancer induced by azoxymethane (AOM) [241]. Additionally, STING can also participate on tumour progression. In a model of breast cancer, the activation of IFN-STAT1 signalling by STING enhanced cell survival and increased the resistance to DNA damage induced chemotherapy [242]. These results highlight the importance of context specificity to the use of STING inhibitors for cancer therapy.

In ovarian cancers, BRCA1/2-mutated tumours are associated with increased levels of tumour-infiltrating lymphocytes [243]. These patients show improved prognosis, and in addition to increased genomic instability, these tumours have more frequent STING activation [243]. In the same context, inactivation of replicative stress response factors (PARP1 and/or ATR inhibition) enhances the cGAS-STING-mediated interferon response after BRCA2 inactivation in human cell lines [74,244]. Similar results have been shown in small cell lung cancer (SCLC) after the inhibition of either PARP1 or CHK1 [245,246].

A synergic relationship between the inactivation of replicative stress response inhibitors and replicative stress factors has been shown in clinical trials [247,248]. The new findings on the interaction of replicative stress and the innate immune response provide exciting novelties that can impact the development of new therapeutic strategies for cancer.

Conclusions

Cells and organisms are inevitably subjected to exogenous and endogenous stresses that jeopardize genome integrity. Several levels of responses have been developed to face such stresses. At the cellular level, the DDR, programmed cell death and senescence programmes avoid the proliferation of cells bearing DNA damage and rearrangements. However, the second level of defences, at the organismal level, has emerged from recent studies: the activation of innate immunity by DNA injuries, thus allowing for the elimination of cells bearing DNA damage.

Indeed, an exciting new concept is the link between replication stress and the activation of the cell-intrinsic innate immune response. Many findings reveal that exposure to agents generating replication stress and replication stress-deficient cells engender the expression of pro-inflammatory cytokines and type I IFNs. This activation is mediated through the presence of cytosolic DNA. Remarkably, although this DNA corresponds to genomic DNA from the cell, it is recognized as a foreign DNA by the defence systems. Central to the innate immune response is the adaptor protein STING, which couples signals from cytosolic DNA sensors to a transcriptional response for the activation of type I IFN signalling axes, promoting elimination by the adaptive immune system. STING signalling is suppressed in several tumours, and multiple cancer cell types contain genome-derived cytosolic ssDNA, affirming the presence and importance of persistent replication stress in tumours. As type I IFN production from the innate response is critical in priming the adaptive immune system, robust STING signalling has been associated with an increased immunotherapy response. Future studies should allow for a better understanding of the interplay between replicative stress and the immune system and should provide insight into how these responses can be regulated optimally. This knowledge might also allow for the improvement of anticancer strategies connecting radio-/chemotherapies with immune therapy.
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 2 Figure 2. Double-strand break repair by end-joining. After signaling of the DSB, the selection of the DSB repair process act in two successive steps: (1) competition between the canonical non-homologous end-joining (cNHEJ) pathway performed by KU70/80-DNA-PKcs-LIG4 and its cofactors XLF and XRCC4 versus resection. The resected DNA can be repaired by alternative end-joining (A-EJ), which depend on PARP1 activity (adapted from So et al., 2017).
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 3 Figure 3. Two step double-strand break repair model. The MRN complex and ATM are involved in the early steps of DSB signaling and can activate both cNHEJ and A-EJ. 1) Binding of Ku80/70 complex opposes DNA end resection, leading to DSB repair through cNHEJ. The nuclease activity of MRE11 and CtIP can initiate ssDNA resection. 2) The formation of an ssDNA resected end allows the DSB reair by non-conservative pathways, A-EJ and SSA, or by RAD51dependent conservative pathways (adapted from So et al., 2017).
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 4 Figure 4. ATR and ATM signalling. (A) Replication stress events (e.g., replication fork stall), ssDNA gaps or resected DSB ends lead to the formation of ssDNA stretches. Replication Protein A (RPA) binds the ssDNA stretches and serve as a platform for ATRIP-ATR recruitment. Two modes of ATRIP-ATR activation have been described: in association with accessory proteins TOPBP1
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 5 Figure 5. RAD51 function on replication forks. (i) Replication forks stall when encounter a blocking agent. RAD51 is recruited to stalled replication forks that are then restarted or regressed in a RAD51-dependent manner. RAD51 forms a filament in regressed replication forks protecting 3" DNA against exonucleolytic degradation. Regressed forks are restarted or processed by structure specific nucleases, generating a double-strand break (DSB), which can be repaired by RAD51-dependent recombination. (ii) Replication forks can collapse when encounter a DNA nick and generating a DSB. This can be repaired by RAD51dependent recombination.
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 6 Figure 6. BRCA1, BRCA2 and PALB2 but not RAD51 are cancer gene census. Schematic representation of BRCA1, BRCA2, PALB2 and RAD51 mutations across the 10.202 genome sequences of the cancer genome atlas (TCGA) project (https://portal.gdc.cancer.gov). # of mutations: represent the number of tumors with the same modification in a given amino acid (a.a.). The numbers inside the dots represent different a.a. modifications in the same position.
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 7 Figure 7. Essential and non-essential HR factors. Essential HR factors is defined as HR genes that when inactivated leads to embryonic lethality in mice. Each HR factor was separated accordingly to its function in three different steps of DSB repair by HR (i) double-strand break recoginition and resection; (ii) strand invasion and D-loop stabilization and (iii) DNA synthesis and (iiii) dHJ resolution.

  recombination of a 50 bp region on exon11, the mutation resulted in a frameshift and in the appearance of a stop codon expected to lead to truncation of the protein product after the first 924 amino acids Mice develop a variety of tumors: lymphomas, sarcomas and carcinomas/adenomas, including breast carcinomas/adenomas. Ludwig et al., 2001 Brca1 Brca1 fl Replacement of part of exon 11, intron 11 and the entire exon 12 by a neo r cassette. The deletion of exon 12 is designed to block the in-frame splicing between exons 10 and 12, preventing the generation of Brca1-delta11 transcripts.

Brca1

  and Trp53bp1 have helped to answer this question. In mouse and human cells two isoforms of BRCA1 are found, the full length and an alternative isoform in which the exon 11 is not present (BRCA1-delta11q). Thus, in cells with deletion of exon 11 (Brca1 11 ), the BRCA1-delta11q isoform is still present. It has been shown that mice with germline inactivation of both BRCA1 full length and BRCA1-delta11q (Brca1 knockout) and Trp53bp1 are born in submendelian rations. Therefore, Trp53bp1 inactivation is not able to completely rescue the embryonic lethality of Brca1 knockout. Furthermore, Tr53bp1 and Brca1 double knockout mice have reduced lifespan and the mice who survived to adulthood develop lymphomas. These data suggest that the BRCA1-delta11q isoform of BRCA1 participates on RAD51 loading and provide further evidence that inactivation of BRCA1-mediated RAD51 loading fuels lymphoma Rescue the embryonic lethality. Most female mice present mammary tumors, these mice also present lymphomas and ovarian tumors. Xu et al.

Table 5 :

 5 lethality. Features of premature aging and decreased lifespan. The Trp53bp1-S25A mutation disrupts the interaction of TRP53BP1 and PTIP.Callen et al.Pups were obtained at a frequency slightly lower than the expected Mendelian ratio.Bunting et al.Genetic interactions between HR and DNA repair pathways.Based on the evidence aforementioned, it is clear that disruption of RAD51 loading can fuel tumorigenesis. However, since the RAD51 filament inhibits mutagenic alternative DSB repair pathways (SSA and A-EJ), one may wonder if increased SSA and A-EJ fuels tumorigenesis upon disruption of RAD51 loading. A hint to answer this question came from the genetic inactivation of CtIP. CtIP catalyzes DNA end resection and its inactivation blocks the DSB repair pathways that depend on resection: HR, SSA and A-EJ. In opposition to what was observed for Brca1 and Brca2 knockout, tissue specific inactivation of CtIP in a mouse model of Trp53-mediated breast cancer decreased tumorigenesis. This evidence points to a pro-tumor function of CtIP in breast cancer. Additionally, since CtIP-mediated resection is essential for A-

  structure specific endonucleases have overlapping functions and ERCC4(FANCQ)-ERCC1 is proposed to have the most prominent role during interestrand crosslink repair. (iii) Once incision has been made, one strand is composed show the crosslink flanked by two single stranded DNA gaps, which is then repaired by translesion synthesis DNA polymerases (namely REV1 or Pol). (iiii) The other strand will give rise to a DSB. Although this DSB can be repaired by end-joining pathways, homologous recombination have a major function on the repair of DSB generated by the interstrand crosslink repair

Figure 8 .

 8 Figure 8. Interstrand crosslink repair. The first step of interstrand crosslink DNA repair it the lesion recognition by the core Fanconi anemia complex (core complex), which leads to the recruitment of FANCD2-I complex and BRCA1. Next, nucleases (ERCC4, MUS81 or SLX1) generate incisions in the DNA separating the two DNA sequences. In this case, the one complementary strand will keep the crosslink structure flanked by two ssDNA gaps. After, the translesion synthesis polymerases (REV1 or Pol) bypass the lesion. The complementary DNA containing a double-strand break is repaired by RAD51-dependent recombination.

Figure 9 .

 9 Figure 9. RAD51 mutations in Fanconi anemia (FANCR). Human HsRAD51 protein sequence. The highly evolutionary conversed ATP binding, ATP hydrolysis and oligomerization is highlighted in blue, as well as the ATP binding motifs called walker A and walker B, in grey. The RAD51 single nucleotide modifications found in Fanconi anemia-like (FANCR) patients are shown in red. (1) Wang et al., 2015. (2) Ameziane et al., 2015. (3) Takenaka et al., 2019.

3 .

 3 Integrative: stem cell exhaustion and altered intercellular communication are the outcome of the first two categories dictating tissue and organ failure degeneration (López-Otín

  cells is an example of metabolic change that increase genome instability. ROS are often generated by mitochondrial metabolism and can directly react with and modify the DNA molecule, creating chemically modified bases, such as8oxo-7,8-dihydro-2-deoxyguanosine (8-oxodG) (Cooke et al., 2003). If not repaired, 8-oxodG leads to base point-mutations and replication stress (Cooke

  ) They can be caused by alterations in the nuclear envelope, including the Hutchinson-Gilford syndrome and Néstor-Guillermo syndrome; or by (2) mutations in DNA repair factors, such as Werner syndrome, Bloom syndrome, Cockayne syndrome, xeroderma pigmentosum, trichothiodystrophy, Seckel syndrome, ataxia telangiectasia, ataxia telangiectasia-like disorder,

Figure 10 .

 10 Figure 10. DNA damage and aging. Schematic representation of the cellular and systemic effects of DNA damage induced aging.

Figure 11 .

 11 Figure 11. cGAS-STING pathway activation by replication stress. Two different pathways can trigger cGAS-STING activation by replication stress: (1) the formation of micronuclei and (2) the accumulation of replication fork-derived DNA in the cytoplasm. These events will trigger the activation of cGAS, which produces cGAMP, activating the STimulator of INterferon Genes (STING) protein. Once activated, STING recruits TBK1 that is then able to phosphorylate its different targets that include Interferon Regulatory Factor 3 (IRF3) and di erent members of the NF-B signalling pathway. This culminates in an upregulation of proinflammatory factors. Figure adapted fromRagu et al., 2020. 

Figure 12 .

 12 Figure12. Thesis objectives. During homeostasis (left panel), the formation of a RAD51 filament is the central step of HR that concomitantly inhibits non-conservative pathways SSA and A-EJ. Inhibition of RAD51 loading leads to cancer predisposition (central panel). Inhibition of RAD51 loading decreases HR while increasing mutagenic repair pathways SSA and A-EJ. In this thesis, my objective was to evaluate the impact RAD51 functional inactivation using a RAD51 dominant negative that inhibits HR and the alternative mutagenic pathways SSA and A-EJ (right panel).

  First we endeavored to understand the molecular mechanisms by which SMRAD51 inhibits RAD51 activity. We show that SMRAD51 forms a filament in ssDNA and forms foci upon induction of DNA damage by ionizing radiation. However, SMRAD51 disrupts the RAD51-ssDNA filament structure and inhibits RAD51mediated strand exchange. Expression of SMRAD51 in mouse embryonic fibroblasts inhibited HR-directed targeted gene replacement, induced replication stress and genetic instability. In young growing mice, SMRad51 expression led to replication stress in vivo, hair loss, growth arrest, systemic inflammatory response and death within a few days. Treatment with a non-steroidal antiinflammatory drug partially rescued young mouse mortality, but not hair loss or growth arrest, indicating these latter phenotypes are independent of the systemic effects of inflammation. These data reveal that in vivo HR Suppression in growing mice, i.e. when most cells are proliferating, compromises progenitor"s homeostasis jeopardizing tissue function and induce an inflammatory response that exacerbates mouse death.Title: In vivo suppression of homologous recombination leads to a systemic inflammation that exacerbates mouse deathAuthors: Gabriel Matos-Rodrigues1,2,3 , Vilma Barroca 4 , Ali-Akbar Muhammad 5 , Awatef Allouch 7 , Stephane Koundrioukoff 6 , Daniel Lewandowski 4 , Emmanuelle Despras 8 , Josée Guirouilh-Barbat 1,2 , Lucien Frappart 9 , Patricia Kannouche 8 , Pauline Dupaigne 5 , Eric Le Cam 5 , Jean-Luc Perfettini 7 , Paul-Henri Romeo 4 , Michelle Debatisse 6 , Maria Jasin 10 , Gabriel Livera 3 , Emmanuelle Martini 3 and Université Paris-Saclay, Laboratory of Development of the Gonads, IRCM/IBFJ CEA, UMR Genetic Stability Stem cells and Radiations, F-92265 Fontenay aux Roses, France. 4 Université de Paris and Université Paris-Saclay, Inserm, IRCM/IBFJ CEA, UMR Genetic Stability Stem cells and Radiations, F-

  exchange, thereby supressing HR. To explore the effects of HR in vivo, we engineered two mouse models, that allow ubiquitous expression of SMRad51 or of an exogenous wild-type mouse Rad51 (exMmRad51) under doxycycline (Dox) induction in presence of the endogenous MmRAD51. Suppression of HR by expressing SMRAD51 in young growing mice (P12-P14 -12 to 14 days after birth) led to replication stress, progenitor exhaustion and systemic inflammation, culminating in mouse death within 7 to 12 days. Additionally, treatment with a non-steroidal anti-inflammatory decreased mice death, showing that inflammation plays a role in mouse survival upon HR suppression. Together these data demonstrate that the suppression of the central catalytic event of HR, strand invasion, jeopardizes the animal fate by creating cell autonomous and systemic effects.

  All primary antibodies were incubated overnight 4°C: anti-SMRAD51 (directed against yeast N-terminal rad51) (1:100, Santa Cruz Biotechnology #SC33626), anti-SOX9 (1:100, Abcam #AB5535), anti-γH2AX (1:1000, Bethyl #A300-081),

1x10 3

 3 cells. To extend DNA fibers, 2 μL of cells were incubated for 3 minutes with 7 μL lysis buffer (0.5% SDS, 50 mM EDTA, 200 mM Tris-HCl) in the upper part of microscope slides. To generate the single DNA molecule spreads, the slides were turned to a 15° angle, allowing spreading of the genomic DNA by gravity. DNA fibers were then fixed in methanol and acetic acid (3:1) and stored at 4°C.Molecular Combing Assay:Single molecular assay by molecular combing was performed as previously described(41). Briefly, primary MEFs were incubated with Dox or not for 48 hours and them pulse-labeled with IdU for 20 minutes and then with CldU for 20 minutes. The cells were collected and DNA fibers were purified by enzymatic protein digestion in agarose blocs and subsequently stretched at a rate of 2 kb/μm on silanized coverslips41 .Immonofluorescence: Immunodetections for DNA combing and DNA spreading experiments were performed in order as follows. (1) Mouse anti-BrdU (BD Biosciences, #347583) and rat anti-BrdU (AbD Serotec #OBT 0030).

  encoding sequences were subcloned in a pCDF-His-SUMO backbone using complementary single-strand annealing based method. his-SUMO-MmRAD51 and his-SUMO-SMRAD51 were both expressed in E. coli strain BRL (DE3) pLys. All of the protein purification steps were carried out at 4°C. Protein expression was induced in 3 liter of cell culture with 0,5 mM isopropyl-1-thio-ß-D-galactopyranoside overnight at 20°C and resuspended in PBS, 350 mM NaCl, 20 mM Imidazole, 10% Glycerol, 0,5 mg/ml Lysozyme, Complete Protease Inhibitor (Roche), 1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF). Then, cells were lysed by sonication and the insoluble material was removed by centrifugation at 150,000 x g for 1h. The supernatant was incubated with 5 ml of Ni-NTA resin (Qiagen) for 2h. The mixture was poured into an Econo-Column Chromatography Column (BIORAD) and the beads were washed with 80 ml W1 buffer (20 mM Tris HCl pH 8, 500 mM NaCl, 20 mM Imidazole, 10% glycerol, 0,5% NP40), followed by 80 ml of W2 buffer (20mM Tris HCl pH 8, 100mM NaCl, 20mM Imidazole, 10% glycerol, 1 mM DTT). his-SUMO-tagged proteins bound to the beads were then resuspended in 8ml of W2 buffer and incubated with SUMO protease at a ratio 1/80 (W/W) for 16 h. The proteins in which his-SUMO tag was cleaved were then recovered into the flow thru and directly loaded onto a HiTrap heparin column (GE Healthcare). The column was washed with W2 buffer and then a 0.1-1M NaCl gradient was applied. Fractions containing purified proteins were dialyzed against storage buffer (20mM Tris HCl pH 8, 50mM KCl, 0.5 mM EDTA, 10% glycerol, 1 mM DTT, 0.5 mM AEBSF), aliquoted and stored at -80°C. The concentrations of purified MmRad51 and SMRad51 were calculated using an extinction coefficient of 1,664 x 104 M-1cm-1 and 1,813 x 104 M-1cm-1 at 280nm, respectively.
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Fig. 1 .

 1 Fig. 1. A mouse model for inducible HR inhibition in vivo. (A) Schematic representation of SMRAD51. SMRAD51 is a chimeric construct composed by the full length wild type mouse MmRAD51 (black box) fused to the non-evolutionary conserved N-terminal 55 amino acids (red box) of the Saccharomyces cerevisiae Rad51 (ScRad51). (B) Schematic representation of SMRad51 and exMmRad51 mouse models generation. Two mouse models, one with SMRAD51 and the other exMmRAD51 (HA-tagged) under the control of the doxycycline (Dox) inducible promoter (TRE-CMV) were designed. The induction transgenes expression by Dox requires the rtTA transcription activator. The two transgenic mouse models were thus crossed with a mouse bearing rtTA (and GFP) at the ubiquitous expression locus Rosa26. Expression of the transgenes (SMRad51 or exMmRad51) results from exposure of (rtTA+; SMRad51+) or (rtTA+; exMmRad51+) models to Dox, while (rtTA-; SMRad51+) or (rtTA-; exMmRad51+) do not express the transgenes, even in presence of Dox, constituting thus convenient controls. (C) Homology directed repair mediated gene targeting assay. The protocol consists in sequence

Fig. 2 .Fig. 3 .Fig. 4 .

 234 Fig. 2. SMRad51 expression decrease progenitor number in highly proliferative tissues. (A) Representative pictures of skin histological analysis from control and SMRad51 treated with Dox. Red arrow: density of capillary bulb decrease in SMRad51-expressing mice. Blue arrow: hypoderm in Ctrl mice, which is decreased in SMRad51 expression. Black arrow: increase in the epidermis in SMRad51 mutants. Green arrow: Inflammatory infiltrates. (B) Representative pictures and quantification of capillary bulb progenitors stained for SOX9 in control and SMRad51 skin sections of mice treated with Dox. (C) Representative pictures of control and SMRad51 testis sections stained with H&E. (D) Representative images (left) and quantification (right) of testis sections immunostained for PLZF in control and SMRad51 mice after 12 days of Dox treatment. (E) Number of bone marrow stem cell (LSK -Lin-, Sca1+ and c-kit+) in the tibia and femur of control and SMRad51 mice treated for 7 days with Dox. (B, D and E) Statistical analysis: student"s t-test, * p<0,05. Each point represents a biological replicate. Scale bar: 100m.

Fig. 5 .

 5 Fig. 5. in vivo RAD51 functional inhibition induces inflammation. (A) Real-time RT-PCR analysis in SMRad51 (left panel) or exMmRad51 (right panel) primary MEFs samples. The fold

Fig. 6 .

 6 Fig. 6. Inflammation exacerbates mice death after SMRad51 expression. (A) White blood cells proportions in growing mice after 7 days of Dox treatment. B-lymphocytes (B-lymph) were revealed by B220 staining. T-lymphocytes (T-Lymp) were revealed by CD3 staining. Monocytes

  To evaluate the mechanisms by which HR-disruption by SMRad51 expression change cell behavior during unchallenged replication in nontransformed cells, we used primary MEFs generated from our previous established mouse models exMmRad51 and SMRad51. First, we showed that our primary MEFs have the expected Dox-dependent transgene expression (Figure13A and 13B). Expression of SMRad51, but not exMmRad51, decreased population growth in primary MEFs, showing that RAD51 functional disruption, but not overexpression affects cell proliferation (Figure13C). Based on our previous observations in primary MEFs showing that SMRad51 expression, but not exMmRad51, changes replication dynamics (Results -Chapter 1), we hypothesize that replication stress would be the underlying cause of the proliferation defects caused by SMRad51.

Figure 13 .

 13 Figure 13. SMRad51, but not exMmRad51, expression decrease proliferation in primary MEFs. (A) Representative pictures of western blot analysis using protein extracts from exMmRad51 or control primary MEFs treated or not with increasing concentrations of Dox for 24 hours. (B) Representative pictures of western blot analysis using protein extracts from SMRad51 or control primary MEFs treated or not with increasing concentrations of Dox for 24 hours. (C) Population growth analysis comparing exMmRad51 and SMRad51 primary MEF expressing samples (Dox) with each sample control (no Dox). The graph represents the ±SEM of four independent

Figure 14 .

 14 Figure 14. SMRad51, but not exMmRad51, increases senescence and p21 expression in primary MEFs. (A) Representative images (left) and quantitative analysis (right) of TUNEL (cell death by apoptosis marker) staining comparing exMmRad51 and SMRad51 primary MEF treated or not with Dox for 6 days. (B) Representative images (left) and quantitative analysis (right) of -Galactosidase (senescence marker) enzymatic activity comparing exMmRad51 and SMRad51 primary MEF treated or not with Dox for 8 days. (C) Real-time RT-PCR analysis of Cdkn1a (p21) expression comparing exMmRad51 and SMRad51 primary MEF treated or not with Dox for 6 days. (A) The arrows indicate positive cells. Statistical analysis: student"s t-test. *p<0,05. Each point in the graphs represents an independent experimental replicate. Scale bar: 10m.

Figure 15 .

 15 Figure 15. SMRad51, but not exMmRad51, increases polyploidy in MEFs. (A) Representative images (left) and quantitative analysis (right) of -acting and DAPI (nuclei) staining comparing exMmRad51 and SMRad51 primary MEF treated or not with Dox for 6 days. (B) Quantitative analysis of cells with more the 4N of genomic content evaluated by propidium iodide

Figure 16 .

 16 Figure 16. SMRad51, but not exMmRad51, increases chromomal breaks upon MMC treatment. (A, B) Representative images (left) and quantitative analysis (right) of chromosomal aberrations in metaphase spreads comparing exMmRad51 (A) and SMRad51 (B) immortalyzed MEF treated or not with Dox for 2 days followed or not by MMC (50nM) treatment in the last 24 hours. (C) Representative images (left) and quantitative analysis (right) of chromosomal aberrations in metaphase spreads comparing Fanca knockout immortalyzed MEF treated or not with MMC (50nM) for 24 hours. (D) Quantification of radial chromosomes in the experiments described in (A-C). Statistical analysis: Mann Whitney. ****p<0,0001. Each point in the graphs represents a metaphase.

Figure 17 .

 17 Figure 17. SMRad51 expression in immortalized MEFs increases fork degradation and decreases replication restart after replication fork blockage. (left) Representative scheme and picture of fork protection assay after replication blockage using DNA spreading. (right) Quantitative analysis of CIdU and IdU length ratio after replication blockage with 4 mM of hydroxyurea (HU) or not in SMRad51 immortalized MEFs treated or with dox. The numbers in the graphs represent the mean of each group. Statistical analysis: Mann Whitney. *p<0,05. ***p<0,001.

Figure 18 .

 18 Figure 18. Long-term effects of SMRad51 expression in young growing mice. (Upper panel) Schematic representation of the experimental design used to induce SMRad51 expression for a short period in young growing mice. (Lower left panel) Representative photos of 3 SMRad51 and 1 Ctrl mice right after the end of the Dox treatment (left) and at P60 (right). (Lower right panel) Survival analysis of Ctrl mice not treated with Dox as well as Ctrl and SMRad51 mice treated with Dox during a period of 18 months.

  designed a mouse model carrying a dominant negative form of RAD51 named SMRAD51 that suppresses the HR activity of the endogenous RAD51 (Results -Chapter 1). Because the transgene is under the control of a Doxycycline (Dox)inducible promoter, mice develop normally in the absence of Dox, and HR can be then suppressed at any developmental stage. Using the SMRad51 model, we have previously shown that functional inactivation of RAD51 in young growing mice (12-14 days post-natal) leads to replication stress, progenitor exhaustion and systemic inflammatory response, causing mouse death within few days. Here, by expressing SMRad51 in adult mice, we evaluated whether functional inactivation of RAD51 could affect oncogenesis and/or aging.

  SMRad51, a yeast-mouse RAD51 dominant negative chimera that alters the integrity of the RAD51-ssDNA filament thus suppressing HR (Results -Chapter 1) (Figure 1A), and an external wild-type MmRad51 (exMmRad51) under control of Dox (Results -Chapter 1 -Manuscript 1) (Figure 1B). To express these transgenes in vivo we fed adult mice ad libitum with Dox containing food. Littermates with SMRad51 or exMmRad51 transgenes but without the Dox-inducible rtTA transcription factor (thus without transgene expression) were exposed to Dox and used as controls. After about 6 weeks of Dox containing diet, SMRad51,

  placed in slides and stained. Before staining; sections were dewaxed and rehydrated. Pathological analyses were performed in hematoxylin (Path #10047105), eosin (Path #10047001) and alcoholic safran (Path #10047028) stained sections of at least three different mice. Colorimetric images were captured using an Olympus BX51 microscope.
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 1 Figures
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 2 Figure 2: Pathological analysis in SMRad51 and Ctrl adult mice submmited to Dox treatment. (A) Illustrative images (left) and quantification (right) of testis weight in Ctrl and SMRad51 adult mice submitted to a Dox-contatining diet for 6 months. (B) Illustrative images (left) and quantification (right) of spleen weight in Ctrl and SMRad51 adult mice submitted to a Dox-contatining diet for 6 months. (C) The table represents a summary of the pathological analysis of various tissues of Ctrl and SMRad51 adult mice submitted to a Dox-contatining diet for 6 months. At least 3 different mice of each genotype were analyzed. (D, E) Representative images of hematoxylin-eosin-safran staining in lung (D) and testis (E) sections of Ctrl and SMRad51 adult mice submitted to a Doxcontatining diet for 6 months. (F) Representative images of skin sections stained with hematoxylin-eosin-safran staining (left) and quantitative analysis of

Figure 3 :

 3 Figure 3: Expression of SMRad51 in adult mice increases serum levels of proinflammatory cytokines. (A) Representative images of proteome array membranes of Ctrl and SMRad51 mice submitted to a Dox-containing diet for 3 months. (B) Fold change graphical representation of the up regulated factors in SMRad51 mouse serum compared to Ctrl. Each dot in the graph represents a different biological replicative and the traced marks 2 fold. (A, B) The numbers illustrate 5 different duplicate protein dots in the membranes and its quantification in two different experiments.

Figure 4 .

 4 Figure 4. SMRad51 expression leads to anemia and thrombocytopenia. Analysis of the density of PLT, RBC and PLT in the blood of control and SMRad51 expressing mice 3 months after Dox treatment started.

Figure 5 :

 5 Figure 5: SMRad51 expression increases DNA damage and apoptosis in skin capillary bulb progenitors. (A) Representative images (left) and quantification (right) of γH2AX foci in Ki67 positive (white arrow) capillary bulb positive cells in skin sections of Ctrl and SMRad51 mice submitted to a Dox-containing diet for 3 months. (B) Representative images (left) and quantification (right) of cleaved caspase-3 (cCASP3) positive and Ki67 positive (white arrow) capillary bulb positive cells in skin sections of Ctrl and SMRad51 mice submitted to a Doxcontaining diet for 3 months. (C) Representative images (left) and quantification (right) of SOX9 positive cells in skin sections of Ctrl and SMRad51 mice submitted to a Dox-containing diet for 3 months. Statistical analysis: (A) Mannwhitnney and (B, C) student"s t-test. *p<0,05; **p<0,01; ****p<0,0001. Scale bar: (A, B) 10 m and (C) 100m.

Figure 6 :

 6 Figure 6: Expression of SMRad51 leads to hyperplasia and pre-cancerous lesions in the skin epidermis. (A) Representative images of hematoxylin-eosinsafran staining in skin histological sections of Ctrl and SMRad51 mice submitted to a Dox-containing diet for 3 months. (B) Representative images of Ki67 immunofluoresnce staining in skin histological sections of Ctrl and SMRad51 mice submitted to a Dox-containing diet for 3 months. (C) Representative images of hematoxylin-eosin-safran staining in skin histological sections of Ctrl and SMRad51 mice submitted to a Dox-containing diet for 6 months. Arrow indicates a squamous cell carcinoma lesion. Scale bar: 100m.

Figure 18 :

 18 Figure 18: SMRad51, but not exMmRad51, expression increases the sensitivity to MMC, but not to IR. (A) Quantification of cell viability by colony formation assay in immortalized MEFs expressing or not exMmRad51 (left) or SMRad51 (right) observed 10 days after MMC treatment. Dox treatment started 24 hours before exposure to different doses of MMC. (B) Schematic representation of the experimental design (left) and survival analysis (right) of Ctrl (n=13), exMmRad51 (n=7) and SMRad51 (n=9) treated with MMC 12,5 mg/kg. (C) Quantification of cell viability by colony formation assay in SV40 immortalized MEFs expressing

Figure 20 .

 20 Figure 20. TRP53 loss decreases the lifespan of mice expressing SMRad51. Representative image of the experimental design (left) and survival analysis of Trp53 +/+ , SMRad51; Trp53 +/+ , Trp53 -/-and SMRad51; Trp53 -/-submitted to a Dox containing diet starting from 3 months of age.

  (D) Westernblot representative images of p21 protein levels comparing SMRad51; Trp53+/+ and SMRad51; Trp53-/-primary MEF treated or not with Dox for 8 days. Statistical analysis: (A) Mann-Whitney and (B, C) student"s t-test. *p<0,05, **p<0,01, ****p<0,0001. (A) Each point in the graph represents cell nuclei. Three independent experiments of each group are represented together (B, C) Each point in the graphs represents an independent experimental replicate. Scale bar: 10m. Induction of replication stress can culminate in the formation of micronuclei due to mitotic defects (Introduction -3.4. Consequences of replication stress to mitosis). In this context, we have previously observed that SMRad51 expression increase the proportion of micronuclei positive cells in Trp53 wild type MEF (Results -Chapter 1). We then evaluated whether Trp53 inactivation would change the proportion of micronucleited cells after SMRad51 expression. TRP53 loss inhibited the formation of micronuclei observed upon SMRad51 expression (Figure 22A). Different non-excludent events can explain this difference between TRP53 wild-type and null MEFs. (i) It has been shown

Figure 22 .

 22 Figure 22. TRP53 mediates the increase in micronucleated cells and the induction of interferon stimulated genes after SMRad51 expression in primary MEF. (A) Representative images (left) and quantitative analysis (right) of micronuclei formation on cell nuclei staining (DAPI)

Figure 23 .

 23 Figure 23. Trp53 inactivation increases DNA damage in late-mitosis and increase mitotic catastrophes after SMRad51 expression. (A) Population growth analysis comparing SMRad51; Trp53 +/+ and SMRad51; Trp53 -/-primary MEF treated or not with Dox for 8 days. (B) Representative images (left) and quantitative analysis (right) of H2AX foci in pH3 positive cells comparing early (prophase) and late (metaphase and anaphase) mitosis in SMRad51; Trp53 +/+ and SMRad51; Trp53 -/-primary MEF treated or not with Dox for 3 days. (C) Quantitative analysis (right) of pH3 positive cells comparing early (prophase) and late (metaphase and anaphase) mitosis in SMRad51; Trp53 +/+ and SMRad51; Trp53 -/-primary MEF treated or not with Dox for 3 days. (D) Representative images (left) and quantitative analysis (right) of mitotic defects in pH3 and -TUBULIN double stained cells in SMRad51; Trp53 +/+ and SMRad51; Trp53 -/-primary MEF treated or not with Dox for 3 days. Statistical analysis: (B) Mann-Whitney and (A, C, D) student"s t-test. *p<0,05, **p<0,01, ****p<0,0001. (B) Each point in the graph represents cell nuclei. Three independent experiments of each group are represented together. (A, C, D) Each point in the graphs represents an independent experimental replicate. Scale bar: 5m.

Figure 24 .

 24 Figure 24. SMRad51 expression in mice with mammary tumors decreases tumor growth and tumorigenesis. (A) Representative images of mammary tumors from a PyMT; Ctrl mouse (left) and a PyMT; SMRad51 mouse (right) submitted to a Dox containing diet starting from 4 months of age. (B) Quantitative analysis of tumor growth by tumor size measurements after 0, 2 and 4 weeks of Dox treatment in PyMT; Ctrl and PyMT; SMRad51. (C) Quantitative analysis of tumor prevalence in PyMT; Ctrl and PyMT; SMRad51 submitted to a Dox containing diet starting for 4 weeks. (B) The graph represents the ±SEM of 5 mice from two independent litters for each group. (C) Each point in the graphs represents an independent biological replicate. Statistical analysis: (B) Two-way ANOVA followed by Sidak"s multiple comparisons test and (C) student"s t-test. *p<0,05 and ****p<0,0001.

Figure 25 .

 25 Figure 25. SMRAD51 protein expression and histotological analysis in PyMT breast tumors. (A) Representative images of SMRAD51 staining in hyperplasias (left) and carcinomas (right) of PyMT; Ctrl and PyMT; SMRad51 mouse submitted to a Dox containing diet for 4 weeks starting from 4 months of age. (B) Histological analysis by hematoxylin-eosin-safran staining in tumors from PyMT; Ctrl (left) and PyMT; SMRad51 (right) submitted to a Dox containing diet for 4 weeks starting from 4 months of age.

Figure 27 .

 27 Figure 27. Expression of SMRad51 in tumor cell lines derived from PyMT tumors inhibits cell proliferation. (A) Representative images of western blot for RAD51 and vinculin (protein loading control) in PyMT; Ctrl and PyMT; SMRad51 cells treated or not with Dox for 4 days. (B) Cell proliferation analysis by population growth, (left panel) 10 4 cells PyMT; Ctrl and PyMT; SMRad51 cells were plated in 6 well plates and stained with crystal violet after 7 days of Dox treatment or not. (Right panel) Population growth was evaluated by cell number quantification after 7 days of Dox treatment or not in PyMT; Ctrl and PyMT; SMRad51. Each point in the graphs represents an independent experimental replicate. Statistical analysis: student"s t-test. ****p<0,0001.

Figure 28 .

 28 Figure 28. Expression of SMRad51 in tumor cell lines derived from PyMT tumors lead cell cycle arrest in G2 and cell death. (A) Cell cycle analysis by BrDU incorporation in PyMT; Ctrl and PyMT; SMRad51 cell lines treated or not with Dox for 2 or 4 days. Upper panel: illustrative images of FACS analysis of BrDU incorporation and DNA content stained with propidium iodide in PyMT; Ctrl and PyMT; SMRad51 cell lines after 2 days or not of Dox treatment. Lower panel: quantitive analysis of the proportion of cells in each fase of cell cycle in cells treated or not during 2 or 4 days with Dox. (B) Representative images of western blot for pH3 (S10), histone 3 phosphorylated at serine 10, a marker of mitosis, and vinculin (protein loading control) in PyMT; Ctrl and PyMT; SMRad51 cells treated or not with Dox for 4 days. (C) Cell death analysis in PyMT; Ctrl and PyMT; SMRad51 cell lines treated or not with Dox for 2 or 4 days. Each point in the graphs represents an independent experimental replicate. Statistical analysis: student"s ttest. ***p<0,001; **p<0,01; *p<0,05.
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  embryos and used up to passage 4. Cells were cultured in DMEM (Gibco #41965-039) supplemented with 10% FBS tetracycline-free (Takara #631107) and penicillin-streptomycin (Gibco #15140122). Senescence was quantified suing the β-Galactosidase staining (Cell signaling #9860) following manufacturer"s instructions. Apoptotic cell death by TUNEL assay following manufacturer"s instructions (Millipore #S7110). Otherwise informed in the figure or figure legends, transgene expression in MEFs was performed using 5g/mL of Dox (Sigma #D9891).

  : DNA replication was labelled using 50 μM ClDU and 50μM IdU for 20 min each in immortalized MEFs. The cells were then harvested and ressuspended in cold PBS. DNA spreads were performed using 1x10 3 cells. To extend the DNA fibers, 2 μl of cells were collected and incubated for 3 minutes with 7 μl lysis buffer (0.5% SDS,50 mM EDTA, in the upper part of microscope slides. To generate the single DNA molecule spreads, the slides were turned to a 15° angle, allowing spreading of the genomic DNA by gravity. After, the DNA fibers were fixed in methanol and acetic acid (3:1) and stored at 4°C. Immonofluorescence: Immunodetection for was performed as follows.(1) Mouse anti-bromodeoxyuridine (BrdU) (BD Biosciences, #347583) and rat anti-BrdU (AbD Serotec, OBT 0030). (2) A488-conjugated goat anti-mouse (Invitrogen, A11029) and A555-conjugated goat anti-rat (Abcam, A21434),(3) Discussion and PerspectivesHere, by investigating the function of RAD51 in vivo in mouse, we uncovered the contribution of RAD51 to progenitor and tissue homeostasis, aging and tumor development.RAD51 overexpression does not change tissue homeostasis or trigger tumorigenesisRAD51 overexpression is found in tumors and may be associated with bad patient prognosis.However, it is still not clear whether RAD51 overexpression can be a driver of tumorigenesis or participate in tumor progression. Here we show that, in our experimental conditions, overexpression of RAD51 in young or adult mice do not change mouse survival or growth. By now, September 2020, we have treated a group (n=5) of exMmRad51 adult mice for 1 year and half with Dox containing diet and did not find any particular phenotype associated to it. This indicates that RAD51 overexpression in adult mice does not change cell homeostasis or trigger tumorigenesis. Future investigations performing overexpression of RAD51 in pre-neoplasic lesions and tumors will be important to establish or not a causal relation between RAD51 overexpression and tumor progression.

  addition, RAD51 functional inactivation decreases tumor initiation in a model of breast cancer. Altogether, these data indicate that inhibition of HR is not per se pro-tumorigenic, in opposition, functional inactivation of RAD51 can block tumorigenesis.

Figure 29 .

 29 Figure 29. Functional disruption of RAD51 leads to tissue degeneration and aging. During homeostasis (left panel), the formation of a RAD51 filament is the central step of HR that concomitantly inhibits non-conservative pathways SSA and A-EJ. Inhibition of RAD51 loading leads to cancer predisposition (central panel). Inhibition of RAD51 loading decreases HR while increasing mutagenic repair pathways SSA and A-EJ. RAD51 functional inactivation using a RAD51 dominant negative that inhibits HR and the alternative mutagenic pathways SSA and A-EJ, leads to tissue denegeneration and aging (right panel).

  SMRad51 mice did not have time to develop tumors. To address this criticism, future work on this topic may use tissue specific (e.g. mammary tissue) to express SMRad51 for longer periods and further investigate the contribution of RAD51 functional inactivation to the balance of tissue degeneration and malignant transformation.By using the yeast-mouse chimera SMRAD51 previously developed by our group we showed that functional inactivation of RAD51 inhibits tumor growth and progression in a mouse model of breast cancer. This anti-tumor characteristic can be used in the development of anti-cancer gene therapy using the SMRAD51 contruct. We are now exploring this exciting idea and developing viral contructs to deliver SMRAD51 in vivo in tumors. More importantly, I believe that here, by using the SMRAD51 construct we created a new logic for cancer treatment that my target comcomitant inactivation of HR and alternative mutagenic pathways SSA and A-EJ. The search by single molecules or comboniation of inhibitors that would inhibit these pathways at the same time would be of great value for cancer treatment.I believe that the new avenues of study generated by this thesis are of great scientific and public interest and will bring important contributions for the fields of DNA repair, inflammation, aging as well as tumor initiation and progression. Title: Suppression of homologous recombination by RAD51 functional inactivation in vivo in mice Keywords : DNA repair, homologous recombination, mice, aging, cancer Abstract: Homologous recombination (HR) is an evolutionary conserved process that plays a prominent role in genome plasticity, controlling the balance of genetic stability/diversity. The pivotal step of HR, i.e. DNA homology search and strand exchange, is governed by the RAD51-ssDNA (singlestranded DNA) filament that must be well ordered, thus representing the actual active species of HR. HR impairment is linked to human developmental syndromes and cancer. However, since RAD51 is an essential gene in mice, the consequences of functional disruption of RAD51 remain to be studied in vivo. Here we developed an inducible dominant negative form of RAD51 (SMRAD51) to poison HR in vivo. Using biochemical approaches, we demonstrate that SMRAD51 disrupts RAD51dependent strand-exchange and RAD51-ssDNA filament formation. SMRad51 expression leads to replication stress in vitro and in vivo, triggering progenitor exhaustion. We show that functional inactivation of RAD51 in growing mice (starting from 12 to 14 days after birth) triggers a systemic inflammatory response causing mouse death within a few days. Meanwhile, RAD51 functional disruption in adult mice induces premature aging phenotypes and reduced lifespan prior to putative tumorigenesis. In addition, we show that RAD51 functional inactivation inhibits tumor initiation and progression in a mouse model of breast cancer. Overall, the work on this thesis uncovers new pro-aging and anti-tumor mechanisms generated by the functional inactivation of RAD51. Titre : Suppression de la recombinaison homologue par inactivation fonctionnelle de RAD51 in vivo chez la souris Mots clés : Réparation de l'ADN, recombinaison homologue, souris, vieillissement, cancer Résumé : La recombinaison homologue (RH) est un processus conservé dans l'évolution qui joue un rôle de premier plan dans la plasticité du génome, contrôlant l'équilibre de stabilité/diversité génétique. L'étape charnière de la RH, c'est-à-dire la recherché d'ADN homologie et l'échange de brins, est régi par le filament RAD51-ssDNA (ADN simple brin) ce dernier doit être bien ordonné, et représentant l'espèce active centrale de la RH. La déficience de la RH est liée au développement de syndromes et cancer chez l'humain. Cependant, puisque Rad51 est un gène essentiel chez la souris, les conséquences de la perturbation fonctionnelle de RAD51 reste à être étudié in vivo. Ici, nous avons développé un forme inductible d'une forme dominante négative de RAD51 (SMRAD51) pour empoissonnier la RH in vivo. En utilisant des approches biochimiques, nous démontrons que SMRAD51 perturbe les échanges de brins d'ADN dépendant de RAD51 et la formation du filament RAD51-ssDNA. L'expression SMRAD51 conduit à le stresse réplicatif in vitro et in vivo, déclenchant épuisement des progéniteurs. Nous montrons que l'inactivation fonctionnelle de RAD51 chez la souris en croissance (commence 12 à 14 jours après la naissance) déclenche une réponse inflammatoire entraînant la mort de la souris dans quelques jours. Chez la souris adulte, l'inactivation fonctionnelle de RAD51 induit des phénotypes de vieillissement prématuré et diminue la durée de vie avant une possible tumorigenèse. De plus, nous montrons que l'inactivation fonctionnelle de RAD51 inhibe initiation et progression tumorale dans un modèle murin de cancer du sein. Dans l'ensemble, je découvre ici de nouveaux mécanismes pro-vieillissement et anti-tumoraux générés par l'inactivation fonctionnelle de RAD51.

Figure 1 .

 1 Figure 1. cGAS-STING pathway activation by replicative stress. Two different pathways can trigger cGAS-STING activation by replicative stress: (1) the formation of micronuclei and (2) the accumulation of replication fork-derived DNA in the cytoplasm. These events will trigger the activation of cGAS, which produces cGAMP, activating the STimulator of INterferon Genes (STING) protein. Once activated, STING recruits TBK1 that is then able to phosphorylate its different targets that include Interferon Regulatory Factor 3 (IRF3) and different members of the NF-B signalling  pathway. This culminates in an upregulation of pro-inflammatory factors.
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 1 Figure 1. cGAS-STING pathway activation by replicative stress. Two different pathways can trigger cGAS-STING activation by replicative stress: (1) the formation of micronuclei and (2) the accumulation of replication fork-derived DNA in the cytoplasm. These events will trigger the activation of cGAS, which produces cGAMP, activating the STimulator of INterferon Genes (STING) protein. Once activated, STING recruits TBK1 that is then able to phosphorylate its different targets that include Interferon Regulatory Factor 3 (IRF3) and different members of the NF-κB signalling pathway. This culminates in an upregulation of pro-inflammatory factors.
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 2 Figure 2. Replication fork protection and restart. (A).A replication fork can be broken, or arrested; when reaching an obstacle that arrested it, replication fork can also be reversed generating a so called "chicken foot" structure (right panel). Various actions may take place to protect the replication forks including: BRCA2 loading of RAD51 to protect the forks and/or BRCA2 stabilizing the RAD51
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 2 Figure 2. Replication fork protection and restart. (A).A replication fork can be broken, or arrested; when reaching an obstacle that arrested it, replication fork can also be reversed generating a so called "chicken foot" structure (right panel). Various actions may take place to protect the replication forks including: BRCA2 loading of RAD51 to protect the forks and/or BRCA2 stabilizing the RAD51 nucleofilament on the single-stranded DNA (ssDNA) regions, thereby preventing MRE11, CtIP, and EXO1-dependent resection (preventing degradation of the arrested forks). (B). The strand exchange activity of RAD51 allows then to restart arrested replication forks, using a homologous sequence as matrix, generally the sister chromatid, leading to sister chromatid exchange.
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 3 Figure 3. ATR-interacting protein-ataxia telangiectasia and Rad3 related (ATRIP-ATR) and ataxia telangiectasia-mutated (ATM) signalling. (A). Replication stress events (e.g., replication fork stalling), ssDNA gaps or resected DSB ends lead to the formation of ssDNA stretches. Replication Protein A (RPA) binds the ssDNA stretches and serve as a platform for ATRIP-ATR recruitment.Two modes of ATRIP-ATR activation have been described: in association with accessory proteins TOPBP1 or ETAA1 bind ATR triggering its autophosphorylation. Activated ATR, then, phosphorylate its downstream targets that include the protein kinase CHK1. (B). The MRN (MRE11-RAD50-NBS1) complex recognize the DSB. ATM is recruited to the DSB site and binds the MRN complex, which leads to ATM activation. ATM then phosphorylates its downstream targets, including CHK2 and p53 during the canonical DNA damage response (DDR) and/or H2AX and BRCA1 for chromatin remodelling and DNA repair.
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 4 Figure 4. The 2-step DSB repair pathway choice model[79,87,91]. After signalling of the DSB by ATM and MRN, the selection of the DSB repair process act in two successive steps:(1) competition between the canonical NHEJ (C-NHEJ) pathway (KU/DNA-PKcs/ligase 4-dependent) versus resection. Note that C-NHEJ is conservative for DSB repair (for review see[79,87]). The nuclease activity of MRE11 and CtIP favour ssDNA resection, which can then at the second alternative step (2) initiate the conservative homologous recombination (HR) versus non-conservative single-strand annealing (SSA) or alternative end-joining (A-EJ) pathways. Loading of RAD51 on resected ssDNA, by BRCA2, engages DSB repair toward HR. The RAD51 nucleoprotein filament invades the intact homologous duplex DNA, priming DNA synthesis and the intact DNA molecule is copied, creating a D-Loop.
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Table 2 :

 2 non-embryonic lethal HR alleles associate to complete or severe loss-of-function

					Cre-mediated deletion of	No somatic	Dendouga
	Mus81	Mus81 9-12	exons 9 to 12	phenotype	et al., 2005
					A piggyback transposon was	
	Eme1	Eme1	PB	inserted into the third intron of Eme1	N/A	Wang et al., 2016
					Cre-mediated deletion of part	No somatic	Castor et al.,
	Slx1	Slx1 1	of exon 1	phenotype	2013
					Insertion of a piggyback	Frequently
					transposon containing a Act-	developed kidney
	Gen1	Gen1	PB	RFP gene in the second intron of Gen1	and urinary tract defects	Wang et al., 2018
						Born in
						submendelian ratios
						and show reduced	Crossan et
						lifespan and	al., 2011;
	Slx4/					increased cancer	Hodskinson
	Btbd12	Slx4				susceptibility	et al., 2014

ko Insertion of a cassete containing the splice acceptor (SA) site followed by galactosidase gene, and finally the neo r cassete on intron 2 N/A: not available

Table 4 :

 4 Genetic interactions between HR and DDR pathways.

  Children from parents carrying BRCA1, BRCA2 or PALB2 heterozygous deleterious genetic variants related with cancer predisposition can develop Fanconi anemia. It has been shown that, in this case, de novo mutations in the wild type allele or loss of heterozygosis lead to homozygous

BRCA1 (FANCS), BRCA2 (FANCD1) and PALB2 (FANCN) deleterious variants causing Fanconi anemia. FANC patients with mutations in homologous recombination genes usually display clinical features associated to congenital malformations. Noteworthy, these clinical manifestations are closely related to Nijmegen breakage syndrome and Seckel syndrome, human syndromes that can be caused by mutations in the "essential" HR genes NBS1 (found in Nijmegen breakage syndrome), CtIP or DNAse2 (both found in Seckel syndrome)

(Jackson and Bartek, 2009; Taylor et al., 2019)

. BRCA1 (FANCS) regulate multiple steps of DNA interstrand crosslink repair. It is important to the recruitment of FANC core complex and FANCD2 to the damaged sites and later to homologous recombination

(Castela et al., 2015; Long et al., 2013)

. Therefore, BRCA1 participates in the DNA inter-strand crosslink repair from its first steps. Based on this fact, one may suppose that BRCA1 engages DSB generated by interstrand crosslink to homologous recombination. The first described BRCA1 (FANCS) patients with Fanconi

Table 6

 6 

	Gene	FANC group	OMIM	Reported cases	Congenital malformations	Anemia	Cancer
	BRCA1	FANCS	#617883	7	Yes	No	Yes (multiple types)
	BRCA2	FANCD1	#605724	Many	Yes	Yes	Yes (multiple types)
	PALB2	FANCN	#610832	8	Yes	Yes	Yes (multiple types)
	RAD51C	FANCO	#613390	3	Yes	No	No
	RAD51	FANCR	#617244	3	Yes	No	No

. These evidences indicate that the outcomes of HRdisruption in humans depend on which step and how homologous recombination is disturbed, similarly to have been observed in mouse models, as discussed in chapter 4.

Table 6 .

 6 Summary of clinical manifestations in Fanconi anemia caused by mutations in HR genes.

  Wright, W. D., Heyer, W. D., Le Cam, E. & Dupaigne, P. In vitro role of Rad54 in Rad51-ssDNA filament-dependent homology search and synaptic complexes formation. Nat.Commun. 10, (2019).

		fiber analysis. J. Mol. Biol. 425, 4845-4855 (2013).
	42.	Tavares, E. M.,
		t-test, one or
	two-way ANOVA were performed as indicated. p-values are based on two-sided
	tests.	

  Cell number quantification of tibia and femur bone marrow from control and SMRad51 samples of young mice after 7 days of Dox treatment. Each point represents a biological replicate. Statistical analysis: student"s t-test. *p<0,05. Scale bar: 100m.

	highly expressed in meiotic SYCP3 positive cells. (E)
	). Each
	point represents a biological replicate. Statistical analysis: (A) Student"s t-test. *p<0,05.
	**p<0,001. (C) Two sided log-rank test. * p<0,05. **p<0,01. ***p<0,001.(D) Impact of RAD51
	overexpression and functional inhibition in vivo. Upper panel: expression of exMmRAD51, which
	is wild-type thus corresponding to RAD51 overexpression, has no impact in growing (young
	mice). Lower panel: expression of SMRAD51, which alter the structure of the RAD51/ssDNA
	filament and poisons HR (left panel) strong affect mouse growth, hair and viability in growing
	(young mice). Systemic inflammation accelerates mortality. In adults, 4 weeks expression of
	SMRAD51 has no impact.

Table 7 :

 7 histo-patological analysis of PyMT mammary tumors.

	Mouse

1: High grade poorly differentiated invasive ductal carcinoma, grade 3

  

	-	with invasion of the muscle+++
	-	with necrosis +++
	Mouse 2: High grade invasive ductal carcinoma, grade 3
	-	with multiple components: solid, cribriform, papillary
	-	with necrosis +++
	Mouse 3: High grade invasive ductal carcinoma, grade 3
	-	with multiple components: solid, cribriform, papillary

Mouse 4: High grade invasive ductal carcinoma, grade 3

  

	-	with multiple components: solid, cribriform, papillary
	-	with invasion of the muscle+++

Mouse 5: High grade invasive ductal carcinoma, grade 3

  

with multiple components: solid, cystic, papillary with few necrosis.

Mouse 1: Invasive ductal carcinoma, grade 2 - with no necrosis Mouse 2: Invasive ductal carcinoma, grade 2

  

	-	associated with MIN (Mammary Intraepithelial Neoplasia).
	-	associated with fibroadenoma., papilloma

Mouse 3: High grade invasive ductal carcinoma, grade 2

  

	Chronic activation of the DNA damage response by expression of
	SMRad51 can create cell autonomous and non-autonomous effects that
	PyMT; Ctrl tumors suppress tumor growth and progression. In an attempt to separate autonomous
	and non-autonomous events, we collect tumors from 5 months old mice that
	had never been treated with Dox containing food and generate cell lines from
	our mouse models PyMT; Ctrl and PyMT; SMRad51. As expected, induction of
	SMRAD51 was observed after Dox treatment in PyMT; SMRad51, but not
	PyMT; SMRad51 tumors
	-	with multiple components: solid, cribriform, papillary.
	-	associated with MIN (Mammary Intraepithelial Neoplasia).
	-	one lymph node with hyperplasia.
	Mouse 4: High grade invasive ductal carcinoma, grade 3
	-	with multiple components: solid, cribriform, papillary.
	-	with atypia and multiples typical and atypical mitotic figures. No necrosis
	-	associated with MIN (Mammary Intraepithelial Neoplasia).
	-	associated with acinar hyperplasia and adenoma.
	Mouse 5: High grade invasive ductal carcinoma, grade 3
	-	with multiple components: solid, cribriform, papillary.
	-	with atypia and multiples typical and atypical mitotic figures. No necrosis
	-	associated with MIN (Mammary Intraepithelial Neoplasia).

  2-, H 2 O 2 and •OH[212]. ROS can potentially alter every kind of biological molecules. For example, ROS can generate DNA damage and can affect replication dynamics through different processes, including DNA damage that impairs polymerase progression, imbalance of the nucleotide pools (through oxidation of the ribonucleotide reductase), oxidation of proteins of the replisome. Nitrogen species (RNS) can also damage DNA to form mutagenic lesions, 8-nitroguanine[2,[213][214][215][216].On the other hand, ROS can exercise active roles as secondary messengers in physiological processes[217]. Many functional roles of ROS have been shown in cells from aiding immunity (e.g., oxidative bursts in phagocytes to eliminate pathogens)[218] to acting as signalling molecules (e.g., H 2 O 2 regulating NFκB, MAPK pathways)[219].
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Abstract

Homologous recombination (HR) plays key role(s) in genome stability/diversity. The evolutionary conserved RAD51 recombinase performs the pivotal step of HR, sequence homology-search. Because it is an essential gene in mammals, the consequences of RAD51 functional disruption remains unexplored in vivo. Here, we have engineered a mouse model carrying an inducible dominant negative form (SMRAD51) that poisons endogenous RAD51 activity, suppressing HR in vivo. In young growing mice, SMRAD51 expression led to replication stress, hair and fat loss, progenitors exhaustion, a cytokine wave and systemic inflammatory response, culminating in death within few days. Treatment with a non-steroidal anti-inflammatory drug partially rescued young mice mortality. In contrast, one month expression of SMRAD51 in adult had no noticeable effects. These data reveal that in vivo HR invalidation preferentially impact growing mice, i.e. when most cells are proliferating, compromising progenitors homeostasis and generating an inflammatory response that exacerbates lethality.

Supplementary Materials

Supplementary Fig. 1. SMRAD51 expression increases sensibility to genotoxic agents in immortalized MEFs and genomic instability in primary MEFs. (A) Transgenes expression analysed by western blot in exMmRad51 or SMRad51 immortalized MEFs treated or not with increasing concentrations of Dox for 24 hours. The SMRAD51 expression exhibits the characteristic diagnosis bands (20,21,23,33,34) 

Abstract

Homologous recombination (HR) is a RAD51-dependent process and, in mammals, because RAD51 is an essential gene, consequences of its functional disruption are far from being completely understood. We have previously developed a mouse model bearing an inducible dominant negative form of RAD51 (SMRAD51) that enables to investigate the consequences of in vivo HR invalidation at any developmental stage. Here, we uncover that functional inactivation of RAD51 in adult mice induces premature aging. Notably, SMRad51 expression triggered inflammation and disturbed hematopoiesis.

Although SMRad51 expression did not lead to tumor formation, we observed pre-cancerous lesions in the skin epidermis. Overall, our data show that functional inactivation of RAD51 in adult mice results in premature aging leading to mouse death prior to putative tumor development.

We thank La Ligue contre le Cancer for GMR PhD scholarship.

Supplementary Figures Legends

Supplementary Figure Note to the reader: the references of this are found in the end of the thesis document.

Summary

Here we show that functional inactivation of RAD51 inhibits tumor initiation, growth and progression in a mouse model of breast cancer. RAD51 functional inactivation increases the activation of DNA damage and replication stress response in pre-neoplasic and neoplastic lesions in vivo. In addition, data from newly established cell lines from mouse breast tumors show that functional inactivation of RAD51 causes cell cycle arrest in G2, cell death and inhibit cell proliferation. We propose that these cell autonomous events triggered by RAD51 functional inactivation underlie, at least in part, the inhibition of tumor growth/progression observed in vivo in mammary tumors.

Next, we investigated whether the presence of SMRAD51 in PyMT carcinomas and hyperplasia lesions would be associated with increased DNA damage response. Immunohistochemistry for the DNA damage response activation marker H2AX revealed an increase the presence of damaged cells in hyperplasias and carcinomas after SMRad51 expression (Figure 26A). Furthermore, pCHK1 (S317) immunohistochemistry revealed an increase in the proportion of cells with activated replicative stress response in SMRad51expressing hyperplasias and cancomas (Figure 26B). Our results show that SMRAD51 leads to DNA damage and replication stress response activation both in pre-tumorigenic lesions (hyperplasia) and carcinomas. For tumor growth analysis, the diameter of palpable tumors were determined by measuring the anteroposterior length of the tumors and the formula for the volume (V) of a sphere V = 4/3 πr³ was used to determined its volume. All mice that reached the limit points indicated by the French Government regulations (Services Vétérinaires de la Santé et de la Production Animale, Ministère de l'Agriculture) were sacrificed. All experimental procedures with animals were performed in accordance with French Government regulations (Services Vétérinaires de la Santé et de la Production Animale, Ministère de l'Agriculture).

Histology

Whole tumors were fixed in PFA4% immediately being collected. For MMTV-PyMT histological analysis and stainings, the 4 biggest tumors of each mouse were dehydrated and embedded in paraffin using a tissue-tek tissue machine (Sakura). Paraffin blocks were sectioned (5 µm) and placed on slides.

Before staining; sections were dewaxed and rehydrated. Tumor

Metaphases

SMRad51, exMmRad51 and Fanca -/-immortalized MEFs were treated or not with MMC 50nM for 24 hours and then blocked in metaphase by the treatment with 10mM nocodazole (Sigma #N1404) for 4h. The cells were trypsinized and resuspended in hypotonic buffer (0.05 M KCl) and incubated for 15 minutes at 37°C. Next, they were fixed in a methanol/acetic acid solution (3:1). The cell suspension was dropped on slides to obtain chromosome spreads. Finally, the chromosomes were labeled using Giemsa (Sigma #G5637).

Cell cycle analysis by BrDU incorporation

For cell cycle analysis by BrDU incorporation, we incubated PyMT cell lines with 10 μM of BrDU. By the end of the treatment, the cells were trypsinized, collected, fixed in 100% ethanol and stored at -20°C. The fixed cells were permeabilized with pepsin (conc.), HCl (2N) solution for 20 minuts at 37°C and then with HCl (2N) for 20 minuts at 37°C. Cells were next washed 3 times with phosphate buffer saline (PBS) and after inducbated with FITC conjugated BrDU antibody (BD556028) diluted 1:50 in BU buffer (0,5% FBS, 0,5% tween 20, 20mM hepes in PBS) for 30 minutes at 37°C. Finally, the cells nuclei were stained with a propidium iodide (Sigma #P4864) for 30 minutes at 37°C.

Immunohistochemistry and Immunofluorescence

For tumor immunohistochemistry the slides were washed with PBS and antigen retrieval was performed using citrate buffer (pH=6). Antibodies were diluted in blocking buffer (5% NDS, 1% BSA and 0.1% triton). For cultured cells immunofluorescence, cells were grown on glass coverslips and fixed with PFA4% during 10 minutes at room temperature. Cells were then washed with PBS, permeabilized with triton 0,2% and blocked with BSA 1% for 30 minutes.

Primary antibodies were diluted in BSA 1% for immunostaining in cultured cells. All primary antibodies were incubated overnight 4°C: anti-SMRAD51 (directed against yeast N-terminal Rad51) (1:100, Santa Cruz Biotechnology #SC33626), mouse anti-ssDNA (Millipore, MAB 3034), (4) cy5.5-conjugated goat anti-mouse (Abcam, ab6947) and ( 5) cy5.5-conjugated donkey anti-goat (Abcam, ab6951).

Fluorescence image acquisition was performed using an epifluorescence microscope (AxioImager Z2; Carl Zeiss). MetaMorphsoftware (Roper Scientific) was used for image acquisition and for building large-scale mosaic comprising up to 100 images. This technology theoretically enables us to recover long fibers; up to approximately 3 Mb. We systematically used DNA counterstaining to ensure that replication signals belong to the same fiber.

Statistical analysis

Graphpad Prism software was used for statistical analysis. t-test, one or two-way ANOVA were performed as indicated. p-values are based on two-sided tests. Immunofluorescence analysis and quantification was performed using FIJI (Image J).

Origins of DNA damage and genome instability.

SMRAD51 coats ssDNA, is recruited to DNA damage upon IR, and, in addition to suppress HR, inhibits the increase in SSA and A-EJ (Resuts -Chapter 1; [START_REF] So | Mammalian RAD51 prevents nonconservative alternative end-joining and single strand annealing through non-catalytic mechanisms[END_REF]. I propose that the inhibition of HR, SSA and A-EJ by SMRAD51 over time creates a disengagement of the whole DSB repair repair machinery that generates chromosomal gaps in the genome. Importantly, this could explain the increased micronuclei formation after SMRad51 expression in primary MEFs. SMRAD51 forms foci with a similar kinetics as the endogenous RAD51 and note that in this kinetics, the number of SMRAD51 foci decrease in the later time points (Results -Chapter 1, Supplementary Figure 2; [START_REF] So | Mammalian RAD51 prevents nonconservative alternative end-joining and single strand annealing through non-catalytic mechanisms[END_REF]. This suggests that a filament containing SMRAD51 can be unwound. In mammalian cells, many DNA repair factors, including the helicases FBH1, BLM, RECQL5 and FANCJ are able to remove RAD51 from ssDNA, unwinding the filament [START_REF] Andriuskevicius | Putting together and taking apart: Assembly and disassembly of the Rad51 nucleoprotein filament in DNA repair and genome stability[END_REF]. I propose that the pre-synaptic filament containing SMRAD51 can be dismantled, freeing the 3" ssDNA, and in the cases where SMRAD51 does not trigger total DSB repair disengagement, this 3" ssDNA is then serve as a platform for DNA repair by SSA and A-EJ. This DSB end could also be repaired by cNHEJ after the processing of the resected ssDNA. We have shown that SMRad51 expression in MEFs increase the number of deletions by whole exome sequencing (Results -Chapter 1 Supplementary Figure 1), our hypothesis is in agreement with this evidence, since SSA, A-EJ and cNHEJ would generate deletions in this case.

Functional inactivation of RAD51 and inflammation

How inflammation is triggered after HR inactivation by functional inhibition of RAD51? In MEFs, we observed an increase in the presence of micronucleated cells and the activation of a STING-mediated inflammatory response after RAD51 functional inactivation. Therefore, it is possible that micronuclei formation is a platform for the initiation of inflammation. In Results -Chapter 1, we showed that functional inactivation of RAD51 in young growing mice generates a systemic inflammatory response that exacerbates mice death.

In agreement with a possible contribution of the STING pathway for this phenotype, it has been shown that in vivo hyperactivation of STING can create 
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