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Nucleic acid G-quadruplex (G4) secondary structures play important biological roles in multiple cellular processes, such as telomere maintenance, cellular and viral replication, genome rearrangements, DNA damage response and transcriptional regulation. Potential G4 motifs are scattered throughout the genome and, depending on the algorithms used to identify them in silico, their number varies and may reach several hundreds of thousands. However, not all G4 sequences display the same folding potential and in particular, structures carrying very short interconnecting loops between the G-runs are more stable in vitro and correlatively, are more prone to trigger genome instability in vivo. My thesis work focused on elucidating the beneficial versus detrimental effects of Gquadruplex formation, particularly in human cells. As a case study, I started by detecting and characterizing G4s with the consensus G3N1G3N1G3N1G3 motif (G4-L1), predicted to fold into highly stable structures and providing a reasonably-sized dataset. Firstly, by performing a comparative study of G4-L1 motifs in the human genome and in more than 600 species of eukaryotes, I showed that the nucleotide composition of these sequences is biased, leading to the depletion of the most stable quadruplexes with pyrimidine loops in most species. This could be the result of species-specific mutagenic processes, associated with negative selection against the most stable G4s -thus neutralizing their detrimental effects on genome stability -while preserving their positive biological roles. Next, to confirm the mutagenic potential of such sequences in the human genome, I developed a targeted-capture NGS system and a custom analytical pipeline, enabling the analysis of alterations induced by quadruplex ligands in human cells. This deep-sequencing approach allowed the detection of structural aberrations and somatic mutational signatures related to the treatments with the different G4 ligands, which are compatible with reported signatures of mutational processes associated with defects in various DNA repair pathways in human cancers. The last aspect of my thesis consisted in the wholetranscriptome exploration of fibrosarcoma cells treated with specific G4 ligands, revealing in this case that G-quadruplexes typically function as positive regulators of transcription, as the most actively transcribed genes are enriched in G4 motifs, thus challenging the notion that quadruplexes exert mainly downregulation by blocking the progression of RNA polymerases. In all, this work contributed to a better understanding of the roles played by G4 structures in genome function.

Récemment, le développement de petites molécules, ou ligands, qui se lient spécifiquement aux quadruplexes et sont capables de les stabiliser [START_REF] De Cian | Highly efficient G-quadruplex recognition by bisquinolinium compounds[END_REF][START_REF] Müller | Small-molecule-mediated G-quadruplex isolation from human cells[END_REF]], a facilité les études in vivo [START_REF] Piazza | Genetic instability triggered by G-quadruplex interacting Phen-DC compounds in Saccharomyces cerevisiae[END_REF][START_REF] Rodriguez | Small-molecule-induced DNA damage identifies alternative DNA structures in human genes[END_REF][START_REF] Lista | Nucleolin directly mediates Epstein-Barr virus immune evasion through binding to G-quadruplexes of EBNA1 mRNA[END_REF]. Toutefois, le mode de formation des G4 in vivo ainsi que le potentiel mutagène de ces séquences et des ligands G4 dans le génome humain est insuffisamment caractérisé.

Précédemment, des travaux menés dans notre équipe et basés sur un modèle levure (insertion de la séquence du minisatellite humain G-riche CEB25 dans le génome de la levure S.cerevisiae), ont montré que les divers motifs G4 ne sont pas tous capables d'induire de l'instabilité génétique et qu'ils n'ont pas le même comportement vis-à-vis des ligands [Piazza et al. 2015 ;[START_REF] Piazza | Non-Canonical G-quadruplexes cause the hCEB1 minisatellite instability in Saccharomyces cerevisiae[END_REF]. En particulier, les quadruplexes composés de boucles courtes -que nous nommons G4-L1, du type G3N1G3N1G3N1G3 -sont beaucoup plus stables thermodynamiquement (Tm > 70°C) et corrélativement sont plus instables in vivo [Piazza et al. 2015]. Suite à ces travaux, et dans le cadre de la présente étude, nous nous sommes focalisés plus particulièrement sur les séquences G4-L1 du génome humain, le plus susceptibles de se former de manière stable lors de la réplication et de la transcription, sources d'ADN simple brin. Sur la base de la pertinence biologique des structures G4 stables ainsi que leur interaction avec des ligands spécifiques, le but de mes études de thèse a consisté la caractérisation de l'impact de ces structures sur le génome et son expression par des approches multi-omiques, à plusieurs niveaux. Trois thèmes différents sont détaillés dans le manuscrit de thèse:

1) Caractérisation exhaustive des séquences G4-L1 dans le génome humain ainsi que dans plus de 600 espèces d'eucaryotes : analyse de leur évolution in silico. Tout d'abord, nous avons identifié, par une méthode stricte de recherche d'expressions régulières, les coordonnées génomiques des motifs G4-L1 dans le génome humain de référence hg38. De plus, nous avons mis au point une méthode pour générer un background aléatoire, tenant compte des hétérogénéités locales en %GC, afin d'estimer l'enrichissement de ces séquences dans le génome. Ceci a permis d'identifier 18 153 motifs, significativement enrichis dans hg38, qui ont été annotés et pour lesquels nous avons étudié la répartition par chromosome ou par région (enrichissement au niveau des promoteurs, des régions 5'UTR et surtout premiers introns des gènes, avec une déplétion au niveau des exons), et les occurrences et répartition par type de boucle (n=64 motifs différents si on considère les différentes combinaisons de nucléotides possibles dans les trois boucles du motif). Particulièrement, nous observons une forte surreprésentation des motifs contenant trois boucles identiques A, qui représentent environ 50% des G4-L1 dans le génome humain et sont environ 11 fois plus nombreux que les motifs contenant trois boucles identiques T. Nos études in vitro montrent que ces quadruplexes (trois boucles de A, G4-L1A) sont les moins stables du point de vue thermodynamique (Tm~50°C).

Pour poursuivre les analyses de polymorphisme, nous nous sommes intéressés à l'identification de motifs G4-L1 robustes par rapport à la variation intra-spécifique au sein de la population humaine. Une analyse a été menée en utilisant comme support les coordonnées des variants communs de la base de données du projet 1000 Genomes [The 1000 Genomes Project Consortium 2015], montrant qu'environ 80% des motifs sont conservés mais qu'il existe curieusement des variations en fonction des chromosomes et de la nature des boucles des motifs. Par ailleurs, l'analyse des séquences G4-L1 dans ~600 génomes eucaryotes a permis d'identifier d'importantes différences dans les proportions relatives de chaque type de motif, définies par rapport à la séquence des boucles N1 et leur combinatoire. En effet, le nombre de motifs contenant trois boucles A (motif N=A ou G4-L1A) est toujours surreprésenté chez les primates (17 génomes évalués) ainsi que chez les autres mammifères (55 génomes) en général ; tandis que les motifs à trois boucles G (motif N=G ou G4-L1G) sont prédominants chez les invertébrés (25 génomes), les plantes (20 génomes) et les protistes (189 génomes). La réalisation d'un test d'instabilité G4-dépendant dans un modèle levure a montré que les G4-L1A et G4-L1G induisent une moindre instabilité génétique, in vivo, que les séquences G4-L1C ou T, qui sont d'ailleurs déplétées dans la plupart des génomes eucaryotes. Les tendances observées pourraient être le résultat de processus mutagènes espèce-spécifiques, associés à une sélection négative à l'encontre des G4s les plus stables -neutralisant ainsi leurs effets nuisibles-tout en préservant leurs rôles biologiques positifs.

Finalement, nous avons mené une étude similaire dans les génomes viraux. En effet, les virus détournant en partie la machinerie cellulaire de leurs hôtes pour leur prolifération, nous avons examiné la taille des motifs G4 (G≥3N1-7G≥3N1-7G≥3N1-7G≥3), la longueur des boucles et leurs compositions en nucléotides dans plus de 7 300 assemblages de génomes viraux, afin de déterminer si les séquences virales et des hôtes sont corrélées. Dans l'ensemble, les compositions des boucles sont similaires entre les groupes taxonomiques viraux, mais des différences subtiles apparaissent lorsque l'on classifie les virus par hôte. En particulier, il existe une fréquence plus élevée de boucles de pyrimidine dans les virus infectant des animaux, indépendamment du génome du virus (ADN ou ARN, simple-ou double-brin). Cette observation a été confirmée par une analyse approfondie de la famille des virus Herpesviridae, montrant une accumulation distincte de quadruplexes stables à boucles C-riches dans les virus infectant des vertébrés supérieurs. La présence de G4s viraux avec des boucles de C -recréant des sites de liaison pour des facteurs de transcription de l'hôte -, ainsi que la prévalence élevée de G4 avec des boucles TTA -recréant des motifs télomériques de vertébrés (et dans certains cas assurant une intégration du virus dans les télomères de l'hôte) -, sont des exemples concrets qui montrent comment les PQS peuvent aider les virus à détourner et tirer parti des fonctions de l'hôte. Plus généralement, ces observations suggèrent une coévolution des quadruplexes du virus et de l'hôte, soulignant ainsi la signification fonctionnelle potentielle des G4.

2) Évaluation du potentiel mutagène des G-quadruplex : approche par capture-NGS. Pour évaluer le potentiel mutagène des quadruplexes stables (décrits dans le premier paragraphe), nous avons réalisé le traitement sur plusieurs semaines d'une série de lignées cellulaires humaines avec des ligands de G4 pour, à terme, séquencer leurs génomes. Le séquençage NGS a été ciblé et effectué à une très grande profondeur (800 à 1000x), permettant ainsi de détecter des variants ponctuels (même rares ou mutations de novo) et de définir des signatures mutationnelles spécifiques aux traitements. La réalisation du séquençage ciblé (targetedsequencing) a fait appel au design in silico de sondes qui ciblent environ 1 kb autour des motifs G4-L1 prédits dans le génome humain, réalisé dans le laboratoire.

Nous avons travaillé avec quatre lignées cellulaires, HEK, HEK+Ras, U2OS-ST (ST: 'Super-Telomerase') et HT1080-ST ; et quatre ligands dont PhenDC3 et PhenDC6 produits par l'équipe de Marie-Paule Teulade-Fichou, ainsi que deux ligands commercialisés, la Pyridostatine et le Bisquinolinium (contrôle négatif se fixant de manière non spécifique à l'ADN). Les cultures cellulaires, les traitements et les extractions de l'ADN génomique avant et après traitement ont été effectués dans notre laboratoire par A. Gibaud et A.M. Lachagès. Tout d'abord, nous avons procédé à un run de séquençage pilote dans le but de vérifier l'efficacité et la spécificité de la méthode de capture ainsi que la profondeur de séquençage.

Les résultats ont été satisfaisants du point de vue technique pour l'ensemble des régions ciblées : profondeur médiane de 720x, cibles capturées dans tous les chromosomes avec un taux de reads on-target supérieur à 80% pour l'ensemble des échantillons, validation de l'approche de fusion des régions de clusters de quadruplexes. Ensuite, nous avons mis au point un pipeline d'analyse permettant de détecter des variants structuraux (CNV ou Copy Number Variations) ainsi que des variants discrets (SNV ou Single Nucleotide Variants et indels ou insertions/délétions impliquant moins de 100 paires de bases). De plus, nous avons utilisé une approche basée sur des analyses de factorisation par matrices non-négatives (NMF) après identification des SNV et de leur séquences environnantes (+/-1 nucléotide) afin de détecter de signatures mutationnelles associées aux divers traitements et spécifiquement dans la lignée HT1080-ST, qui a montré une sensibilité significative aux traitements. En effet, nous avons détecté entre 700 et 1200 variants de novo (qui ne sont pas présents dans les séquences contrôle DMSO ou après traitement avec le Bisquinolinium), ce nombre fluctuant en fonction des ligands utilisés. Par ailleurs, nous avons observé de larges duplications ou délétions, impliquant parfois l'intégralité des cibles d'un chromosome (e.g. bras q du chromosome 17 dans les cellules HT1080 +PhenDC3). Les événements de type CNV ont été confirmés par deux analyses indépendantes (CytoScan et BioNano) des lignées HT1080-ST. La réalisation d'un réplicat biologique de la capture-NGS dans la lignée HT1080-ST (seule à présenter des variants larges) confirme les résultats décrits et notamment confirme la détection de signatures liées au traitements avec les différents ligands G4. En effet, nous observons une mutagenèse compatible avec les signatures COSMIC 6 et 15 notamment (faisant partie des 30 signatures mutationnelles identifiées à partir d'un grand nombre de tumeurs humaines), et associées à des défauts de réparation de l'ADN (tout particulièrement indiquant une déficience des processus MMR, DNA mismatch repair ou réparation des mésappariements).

3) Influence des G-quadruplex sur la transcription des gènes. Pour améliorer notre compréhension des rôles des G-quadruplexes dans la transcription, nous avons comparé les niveaux d'expression génique à la fréquence de motifs G4 situés près des promoteurs de gènes.

Nous avons caractérisé les perturbations causées par le traitement de la lignée HT1080-ST (fibrosarcome) avec trois ligands de G-quadruplex, la pyridostatine et de deux composés dérivés de pyridinedicarboxamide, PhenDC3 et PhenDC6. Nous montrons que les gènes les plus activement transcrits sont enrichis en motifs G4, remettant en cause la notion que les quadruplexes exercent principalement une régulation négative en bloquant la progression de l'ARN polymérase. De plus , le traitement a fréquemment altéré l'épissage des transcrits au niveau des gènes enrichis en motifs G4 à la fin du premier intron, ce qui suggère que les Gquadruplexes présents dans les pré-ARNm peuvent réguler l'épissage. En outre, la possibilité que les G4 régulent l'expression des gènes indirectement a été également évidente dans notre analyse. En effet, certains des effets du traitement par les ligands semblent refléter une induction G4-dépendante de stress réplicatif. De façon remarquable, les différents composés ont inégalement impacté diverses voies biologiques, mais globalement ils ont tous altéré significativement des processus associés à la division cellulaire, ce qui pourrait refléter le stress de réplication induit par des quadruplexes qui persistent en raison de la stabilisation.

Finalement, nous avons répertorié tous les gènes significativement dérégulés (expression et/ou épissage), pour chacun des traitements avec les trois ligands de G4 et constitué une ressource qui -avec les données de séquençage que nous avons rendues disponibles dans la base de données GEO -pourra servir d'appui à de nouvelles études fonctionnelles.

Une application concrète de cette ressource a été l'étude de la dérégulation du métabolisme du fer suite au traitement de cellules avec un ligand de G4, menée en collaboration avec le laboratoire de Nancy Maizels (University of Washington, Seattle). Nous avons montré, par des simulations de docking, que l'hème (Fe(III)-protoporphyrine) peut se lier aux quartets extérieurs d'un G4, tout comme les ligands de quadruplexes dérivés de phénanthroline de la famille des PhenDC. Par ailleurs, le traitement avec PhenDC3 déplace l'hème lié aux quadruplexes in vitro et, in vivo, il entraîne des modifications transcriptionnelles importantes dans les cellules traitées. Comme attendu, le traitement par PhenDC3 régule à la hausse les gènes impliqués dans la dégradation de l'hème et l'homéostasie du fer, provoquant notamment une induction de près de 30 fois de l'hème oxygénase 1 (HO-1 ou HMOX1), l'enzyme clé de la dégradation de l'hème. Nous proposons que les G-quadruplexes séquestrent l'hème in vivo pour protéger les cellules des conséquences physiopathologiques de l'hème libre. Ces résultats identifient un nouveau mécanisme de protection des cellules contre l'hème; et en particulier un nouveau rôle fonctionnel pour les G-quadruplexes qui pourrait expliquer l'abondance des motifs G4 dans le génome humain. G-quartets are planar structures formed by the interaction of four guanines (Figure 1A) via non-canonical Hoogsteen base pairing [Gellert et al. 1962]. While Watson-Crick G-C base pairs involve three hydrogen bonds (Figure 1B), each guanine residue in a G-quartet acts as both acceptor and donor of two hydrogen bonds on its Hoogsteen side: the first is established between the oxygen of the carbonyl group in position 6 (O6, acceptor) of the first guanine and the hydrogen of the imino group in position 1 (N1, donor) of the second guanine; the second is established between the nitrogen in position 7 (N7, acceptor) of the first guanine and the hydrogen of the amino group in position 2 (donor) of the second guanine (Figure 1C). These planar arrangements are further stabilized by the presence of monovalent cations, mainly K + and to a lesser extent Na + [START_REF] Mergny | Following G-quartet formation by UVspectroscopy[END_REF]]. Although the physiologically most relevant interacting cation is K + due to its high intracellular concentration (~140 mM), the monovalent cations Rb + , Cs + , NH4 + , and Tl + ; and divalent cations Sr 2+ , Ba 2+ , and Pb 2+ can also stabilize Gquartets [Lee 1990;[START_REF] Chen | Sr2+ facilitates intermolecular G-quadruplex formation of telomeric sequences[END_REF][START_REF] Venczel | Parallel and antiparallel G-DNA structures from a complex telomeric sequence[END_REF][START_REF] Nagesh | Ammonium ion at low concentration stabilizes the Gquadruplex formation by telomeric sequence[END_REF][START_REF] Basu | Direct detection of specific monovalent metal ion binding to a DNA G-quartet by Tl-205 NMR[END_REF][START_REF] Miyoshi | Effect of divalent cations on antiparallel G-quartet structure of d(G4T4G4)[END_REF][START_REF] Kankia | Folding of the thrombin aptamer into a G-quadruplex with Sr(2+): stability, heat, and hydration[END_REF]. Some of the very early studies on the role of cations on the stability of these structures suggested the relative orders as K + >> Ca 2+ > Na + > Mg 2+ >> Li + and K + > Rb + > Cs + [START_REF] Williamson | Monovalent cation-induced structure of telomeric DNA: the G-quartet model[END_REF][START_REF] Hardin | Cation-dependent transition between the quadruplex and Watson-Crick hairpin forms of d(CGCG3GCG)[END_REF]; extensively reviewed in [START_REF] Bhattacharyya | Metal Cations in G-Quadruplex Folding and Stability[END_REF]]. The ionic radius (Table 1) is one of the major factors for the selection of cations for coordination [START_REF] Kankia | Folding of the thrombin aptamer into a G-quadruplex with Sr(2+): stability, heat, and hydration[END_REF]. In particular, given its small ionic radius, Li + plays a neutral role as it neither stabilizes nor destabilizes G-quartets [START_REF] Neidle | Quadruplex Nucleic Acids[END_REF]], thus it is often used as a negative control when assaying G-quadruplex folding in vitro. The cations interact with the oxygen atoms (O6; Figure 1C) of the four guanines and are essential to the self-stacking of G-quartets [START_REF] Williamson | Monovalent cation-induced structure of telomeric DNA: the G-quartet model[END_REF]Laughlan et al. 1994].

Indeed, the stacking of at least two G-quartets results in a G-quadruplex structure [Sen and Gilbert 1988] (Figure 1D). Within this fold, atoms O6 form a square in each quartet, establishing a bipyramidal antiprism in the G4 with an inter-quartet distance of approximately 3.3 Å [Deng et al. 2001], similar to that of base pairs in the B-DNA double helix structure. Four guanosine nucleosides within a tetrad can exist in either anti or syn conformations with respect to the glycosidic bond angle (Figure 2A), thus providing 16 possible combinations. In addition, the cavities restricted by the sugar-phosphate backbones form grooves. All quadruplex structures have four grooves, unlike the double helix with only two grooves. The groove's dimensions widely vary depending on the overall topology and on glycoside angles [reviewed in [START_REF] Yang | Structural insights into G-quadruplexes: towards new anticancer drugs[END_REF] (Figure 2B).

I.A 2) G-quadruplex folds and structural polymorphism

The stacked G-quartets linked by the nucleic acid phosphate backbone constitutes the invariant fundamental structural unit of all G-quadruplex structures. In addition, all G4s have a central ion channel and, as afore-mentioned, four grooves of variable dimensions. However, there is a large number of structural variables (the number of stacked G-quartets, the number of G-rich strands involved in the fold, the sequence, length and orientation of nucleotide loopsas discussed hereafter) which lead to a wide topological and structural variety of quadruplexes.

I.A.2 a/Molecularity and strand orientation G-quadruplex structures can be assembled from a single DNA or RNA strand containing several runs of guanines separated by a variable number of nucleotides (loops) and folded back three times, constituting a monomolecular G4 (Figure 2C). The number of guanines in each run as well as the sizes of the loops are key factors determining the stability of a G4 [Rachwal et al. 2007a,b;Kumar and Maiti 2008;Kumar et al. 2008;[START_REF] Guédin | Stability of intramolecular quadruplexes: Sequence effects in the central loop[END_REF]Guédin et al. 2010]. For instance, short loop sizes are associated with thermodynamically more stable quadruplexes [START_REF] Guédin | Sequence effects in singlebase loops for quadruplexes[END_REF]Guédin et al. 2010;Piazza et al. 2015]. Overall, measurements of thermodynamic stability according to the length of the loops and the proximity of guanines within the G4 have led to a consensus nucleotide sequence capable of predicting the formation of an intramolecular G4: G3+N1-7G3+N1-7G3+N1-7G3+ [Huppert and Balasubramanian 2005;Todd et al. 2005], where the number of guanines is typically comprised between 3 and 5 nt and N can be any of the four bases {A,T,C,G}. This consensus sequence has been largely used in the search for putative quadruplex sequences (PQS) in genomes [START_REF] Rankin | Putative DNA Quadruplex Formation within the Human c-kit Oncogene[END_REF][START_REF] Fernando | A conserved quadruplex motif located in a transcription activation site of the human c-kit oncogene[END_REF][START_REF] Kumari | An RNA G-quadruplex in the 5 ′ UTR of the NRAS proto-oncogene modulates translation[END_REF][START_REF] Patel | Human telomere, oncogenic promoter and 5′-UTR G-quadruplexes: diverse higher order DNA and RNA targets for cancer therapeutics[END_REF][START_REF] Qin | Structures, folding patterns, and functions of intramolecular DNA G-quadruplexes found in eukaryotic promoter regions[END_REF]Huppert and Balasubramanian 2007;[START_REF] Wieland | Pareillement, la formation des G4 est impliquée dans la maturation des ARN ribosomiques[END_REF][START_REF] Rodriguez | Small-molecule-induced DNA damage identifies alternative DNA structures in human genes[END_REF]].

G-quadruplexes can also be formed from two nucleic acid strands, typically identical, each folded back once, constituting a bimolecular G4 (Figure 2D). Finally, they can similarly arise from the association of three or four strands, forming tetramolecular quadruplexes (Figure 2E) [START_REF] Davis | G-quartets 40 years later: from 5′-GMP to molecular biology and supramolecular chemistry[END_REF][START_REF] Burge | Quadruplex DNA: sequence, topology and structure[END_REF]]. Whereas monomolecular G4s are intrastrand (or intramolecular), bimolecular or tetramolecular quadruplexes are necessarily interstrand topological configurations [START_REF] Víglaský | Structural features of intra-and intermolecular G-quadruplexes derived from telomeric repeats[END_REF]. Tetrameric quadruplexes are generally only formed by short oligonucleotides that contain single tracts of contiguous guanines [START_REF] Merkina | Kinetic Stability of Intermolecular DNA Quadruplexes[END_REF]. In these complexes, the four strands are in a parallel arrangement and biophysical studies have shown that the guanines are arranged in the anti conformation [START_REF] Aboul-Ela | NMR study of parallel-stranded tetraplex formation by the hexadeoxynucleotide d(TG4T)[END_REF]Laughlan et al. 1994;[START_REF] Phillips | The crystal structure of a parallel-stranded guanine tetraplex at 0.95 Angstrom resolution[END_REF][START_REF] Wang | Solution structure of the human telomeric repeat d[AG3(T2AG3)3] G-tetraplex[END_REF]. Concerning the kinetics of intermolecular G4 formation, several studies have shown that they are particularly stable, with extremely slow association and dissociation rates [START_REF] Wyatt | Kinetics of G-quartet-mediated tetramer formation[END_REF][START_REF] Hardin | Allosteric interactions between DNA strands and monovalent cations in DNA quadruplex assembly: thermodynamic evidence for three linked association pathways[END_REF]Mergny et al. 2005a].

The directionality (5'-3') of the sugar-phosphate backbone defines the orientation of each nucleic acid strand within a G4. As afore-mentioned, depending on the orientation of the base towards the sugar, the guanines can adopt two different conformations within the Gquartet, syn and anti (Figure 2A). A parallel G4 structure is obtained when all the guanines have the same anti conformation and the strands possess the same polarity [Sen and Gilbert 1988]. Conversely, G-quartets can contain both syn-and anti-guanines (regardless of whether the quadruplex is intra-or intermolecular), resulting in 16 possible orientations that lead to four categories of G4 topologies [reviewed in [START_REF] Patel | Human telomere, oncogenic promoter and 5′-UTR G-quadruplexes: diverse higher order DNA and RNA targets for cancer therapeutics[END_REF][START_REF] König | Seven essential questions on G-quadruplexes[END_REF]]: (i) a parallel conformation containing four strands oriented in the same direction, (ii) a mixed conformation (3+1) where three strands are oriented in one direction and the fourth is oriented in the opposite direction and the glycosidic angles are syn-anti-anti-anti or anti-syn-syn-syn, (iii) an antiparallel conformation with 2 adjacent stands oriented in the same direction and the others in the opposite direction with syn-syn-anti-anti glycosidic angles, (iv) an anti-parallel conformation where 2 adjacent stands are oriented in the opposite direction and the glycosidic angles are synanti-syn-anti (Figure 2D).

I.A.2 b/Nucleotide loops

The loops in G4 structures are the nucleotides connecting G tracts that support the stacked G-quartet core, and add a further level of diversity to G4 topologies. Indeed, loops can adopt diverse conformations but also their sequence and length contribute to structural complexity. In terms of conformation, the loops can be grouped into four major groups (Figure 3, from top to bottom): (i) diagonal loops that connect two opposing anti-parallel strands [Smith 17 and Feigon 1992;[START_REF] Wang | Solution structure of the human telomeric repeat d[AG3(T2AG3)3] G-tetraplex[END_REF], (ii) lateral (or edge-wise) loops that connect two adjacent anti-parallel strands [START_REF] Kettani | .G.C tetrads formed by G-G-G-C repeats observed in adeno-associated viral DNA[END_REF][START_REF] Haider | Crystal structure of the potassium form of an Oxytricha nova G-quadruplex[END_REF][START_REF] Luu | Structure of the human telomere in K(+) solution: an intramolecular (3+1) G-quadruplex scaffold[END_REF]], (iii) vshaped loops connecting two corners of a G-tetrad core in which a support column is missing [Zhang et al. 2001;Kuryavyi and Patel 2010] and (iv) propeller (or double-chain reversal) loops connect adjacent parallel strands [Kettani et al. 2000a;[START_REF] Parkinson | Crystal structure of parallel quadruplexes from human telomeric DNA[END_REF][START_REF] Heddi | Structure of Human Telomeric DNA in Crowded Solution[END_REF]. Moreover, loop nucleotides can form base-pairing alignments, which in turn stack with the terminal quartets and further stabilize the structure [START_REF] Kuryavyi | Triad-DNA: a model for trinucleotide repeats[END_REF]Kettani et al. 2000b].

The sequence identity of the loops not only differentiates quadruplexes in their primary sequence (G3+N1-7G3+N1-7G3+N1-7G3+, where all N={A,T,C,G} combinations are in theory possible) but also plays an important role in determining the folding pattern and the stability of G-quadruplexes. Indeed, loop conformation depends to a large extent on the length of their sequences [START_REF] Crnugelj | Small change in a G-rich sequence, a dramatic change in topology: new dimeric G-quadruplex folding motif with unique loop orientations[END_REF]]. Furthermore, the presence of short loops (and especially single nucleotide loops) favors folding into stable parallel structures, whereas longer loops of more than 3 nucleotides favor anti-parallel folds [START_REF] Rachwal | Sequence effects of single base loops in intramolecular quadruplex DNA[END_REF][START_REF] Guédin | Stability of intramolecular quadruplexes: Sequence effects in the central loop[END_REF]Guédin et al. 2010]. Initially, the loop length limits (N1-7) were set based on the on the previously mentioned observations regarding its link with structure stability, assuming that longer loops (> 7 nt) would be destabilizing [START_REF] Hazel | Loop length dependent folding of G-quadruplexes[END_REF][START_REF] Bugaut | A sequence-independent study of the influence of short loop lengths on the stability and topology of intramolecular DNA G-quadruplexes[END_REF]].

However, more recent studies have revealed quadruplex-forming sequences with long loops, for instance: a 26 nt loop, stabilized as a hairpin, formed within a quadruplex encoded in the promoter sequence of the hTERT gene [START_REF] Palumbo | Formation of a unique end-to-end stacked pair of G-quadruplexes in the hTERT core promoter with implications for inhibition of telomerase by G-quadruplex-interactive ligands[END_REF]]; a 9 nt propeller loop determined in the NMR structure of a G4 within the human CEB25 minisatellite locus [START_REF] Amrane | Formation of pearl-necklace monomorphic G-quadruplexes in the human CEB25 minisatellite[END_REF];

and a 13 nt central loop contained in the quadruplex sequence of the BCL-2 gene promoter revealed by a NMR study [START_REF] Agrawal | The major G-quadruplex formed in the human BCL-2 proximal promoter adopts a parallel structure with a 13-nt loop in K+ solution[END_REF].

While the influence of loop length on G4 stability has been largely discussed, there are more limited reports that incorporate loop base composition as an essential parameter. Mainly, it has been shown that the presence of adenines reduces G4 stability when compared to pyrimidine loops (C and T) [Piazza et al. 2015].

I.A.2 c/RNA G-quadruplexes (rG4)

Structural studies of RNA G-quadruplexes (rG4) were performed less intensively than on DNA. However, both coding and non-coding RNA sequences contain several blocks of guanines able to fold into quadruplexes and it is reasonable to think that the single-stranded nature of these molecules makes them more prone to forming intramolecular G4s. Moreover, it has been shown that many rG4s are remarkably stable [START_REF] Cheong | Solution structure of an unusually stable RNA tetraplex containing G-and U-quartet structures[END_REF][START_REF] Saccà | The effect of chemical modifications on the thermal stability of different G-quadruplex-forming oligonucleotides[END_REF]], which can be linked to their preferred adopted conformation. Indeed, in contrast with DNA, all known naturally occurring rG4s can only adopt parallel folds, due to the strong propensity of riboguanosines for the anti conformation [START_REF] Malgowska | Overview of the RNA G-quadruplex structures[END_REF][START_REF] Weldon | Do we know whether potential Gquadruplexes actually form in long functional RNA molecules?[END_REF]]. To date, there is only one reported exception: a non-canonical G-quadruplex motif found in an in vitro selected 97-nt RNA fluorogenic aptamer named Spinach [START_REF] Huang | A G-quadruplex-containing RNA activates fluorescence in a GFP-like fluorophore[END_REF][START_REF] Warner | Structural basis for activity of highly efficient RNA mimics of green fluorescent protein[END_REF], which folds into a two-layer quadruplex (Figure 4A). Moreover, the presence of the 2′-OH group in the ribose facilitates additional intramolecular interactions both within the loops of rG4s and with water molecules, providing greater stability than in DNA quadruplexes [Zhang et al. 2010].

I.A.2 d/Bulges, strand interruptions, incomplete tetrads and other non-canonical quadruplex structures

Over the past few years, the definition describing putative G-quadruplex formation has been expanded. Firstly, sequences with a loop of 10 to 15 nucleotides were found capable of folding into stable G4s if the other two loops are sufficiently short [Guédin et al. 2010;[START_REF] Agrawal | The major G-quadruplex formed in the human BCL-2 proximal promoter adopts a parallel structure with a 13-nt loop in K+ solution[END_REF]. As previously mentioned, recent structural studies have unveiled exceptions to the consensus, which can be termed 'non-canonical' G-quadruplexes. Bulges, or projections of bases from the G-quartet core, were described in G4 structures (Figure 4B) and are commonly involved in interactions with other nucleic acids or proteins [START_REF] Mukundan | Bulges in G-quadruplexes: broadening the definition of G-quadruplex-forming sequences[END_REF]]. Strand interruptions with snapback guanines [START_REF] Adrian | Structure and conformational dynamics of a stacked dimeric G-quadruplex formed by the human CEB1 minisatellite[END_REF]] and incomplete tetrads (forming Gtriad instead of G-quartets) [Li et al. 2015;[START_REF] Heddi | G-quadruplexes with (4n -1) guanines in the G-tetrad core: formation of a G-triad•water complex and implication for small-molecule binding[END_REF]] result from sequences lacking four G-triplet tracts and drift from the consensus PQS. An unusual '0-nt' loop sequence has been reported for the VEGF aptamer [START_REF] Marušič | G-rich VEGF aptamer with locked and unlocked nucleic acid modifications exhibits a unique G-quadruplex fold[END_REF]. Recently, our laboratory has described several non-canonical conformations adopted in vitro by the human minisatellite motif CEB1 (located in the NEU4 gene promoter region). These folds exhibited unusual structural features (Figure 4C), such as a V-shaped loop and snapback guanine ('Form 1'), a G-triad ('Form 2'), or a 'zero-nt' loop ('Form 3') [START_REF] Piazza | Non-Canonical G-quadruplexes cause the hCEB1 minisatellite instability in Saccharomyces cerevisiae[END_REF]].

I.A 3) Binding G-quadruplexes: G4 ligands

In the past few years, considerable effort has been directed towards the design of small molecules able to target, bind and stabilize G-quadruplexes, seeking to understand the functional roles of these structures and leading to the possibility of novel therapeutics. Indeed, as discussed hereafter (D. Biological relevance of G-quadruplexes), G4s are nowadays strongly believed to readily form under physiological conditions in regions of biological significance, such as human telomeres, oncogene promoter regions, replication initiation sites, 5' and 3'untranslated (UTR) regions and more recently, within the genomes of several human viruses [extensively reviewed in Rhodes and Lipps 2015; [START_REF] Kwok | Prediction, Characterization, and Biological Application[END_REF][START_REF] Ruggiero | G-quadruplexes and G-quadruplex ligands: targets and tools in antiviral therapy[END_REF]. Thus, these structures are considered to be attractive molecular targets for cancer and antiviral therapeutics with novel mechanisms of action. The major advantage of targeting G-quadruplexes, compared with previously targeted families of DNA structures, is that they are discrete folded globular DNA structures, and thus small molecules could be designed to
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selectively recognize and stabilize these structures, which is analogous to drug targeting of folded protein molecules [Balasubramanian et al. 2011].

Table 2. Non-exhaustive list of G-quadruplex ligands.

Name

Binding/features Reference grooves and/or with loops, and hypothetical intercalation of ligands between G-quartets (Table 2).

I.A.3 a/Ligands based interaction with G-quartets

Most ligands target the invariant feature of the quadruplex structure: the G-quartet. The design of selective G-quadruplex ligands is based on the fact that these molecules also have a large aromatic surface favorable to the interaction with the large hydrophobic surface constituted by the G-tetrad (Figure 6A). The binding is mediated by the electronic orbital π from the aromatic groups belonging to the ligand and the G-quartet. However, this is not enough, as a molecule with a large and planar surface containing several aromatic cycles may not be sufficiently soluble in aqueous solution for in vivo use. To improve the solubility of ligands, positive charges may be added to the molecule, which reinforces the interaction with the G-quartet by electrostatic interactions between positive charges of the ligand and negative charges of the G4. Different ways can be employed to protonate the ligand, including the quaternization of amine side-chains via in situ protonation (e.g. BRACO-19 [START_REF] Read | Structure-based design of selective and potent G quadruplexmediated telomerase inhibitors[END_REF],

PIPER [START_REF] Fedoroff | NMR-Based model of a telomerase-inhibiting compound bound to G-quadruplex DNA[END_REF]], MMQ3 [Mergny et al. 2001]), the aromatic N-methylation (e.g.

TMPyP4 [START_REF] Wheelhouse | Cationic porphyrins as telomerase inhibitors: The interaction of tetra (N-methyl-4-pyridyl) porphyrin with quadruplex DNA[END_REF]], Pyridostatin [START_REF] Rodriguez | A novel small molecule that alters shelterin integrity and triggers a DNA-damage response at telomeres[END_REF]], PhenDC3 [De Cian et al. 2007]]), the generation of neutral macrocyclic ligands (e.g. the natural compound

Telomestatin [START_REF] Shin-Ya | Telomestatin, a novel telomerase inhibitor from Streptomyces anulatus[END_REF]), and the chelation of metal cations [START_REF] Reed | Stabilization of G-quadruplex DNA and inhibition of telomerase activity by square-planar nickel(II) complexes[END_REF]]. In particular, the bisquinolinium phenanthroline derivative PhenDC family of compounds has excellent affinity (nanomolar Kd) and especially excellent selectivity compared to duplex DNA [START_REF] De Cian | Highly efficient G-quadruplex recognition by bisquinolinium compounds[END_REF]]. NMR spectrometry revealed that PhenDC3 interacts with the quadruplex through optimal π-stacking with guanine bases of the top G-quartet [Heddi et al. 2014], making this molecule one of the most specific and widely used ligands to target G-quadruplexes.

I.A.3 b/Ligands of grooves and loops

In comparison with duplex DNA, G4s are characterized by the presence of 4 grooves and a large variety of loops. While the recognition of grooves and loops would confer high selectivity to G4 DNA, it is still a challenge today to find a ligand that selectively interacts with the grooves of a G4. Distamycin A represents the most known ligand of this family. NMR and thermodynamic studies demonstrate that distamycin A is able to interact with grooves of the intermolecular G4 d[TGGGGT]4 with a stoichiometry of 4:1 [START_REF] Martino | Structural and thermodynamic studies of the interaction of distamycin A with the parallel quadruplex structure [d(TGGGGT)]4[END_REF]]. Its crescent shape facilitates the insertion in grooves through the 4 hydrogen bonds established with guanines [START_REF] Cocco | Specific interactions of distamycin with G-quadruplex DNA[END_REF][START_REF] Martino | Structural and thermodynamic studies of the interaction of distamycin A with the parallel quadruplex structure [d(TGGGGT)]4[END_REF]] (Figure 6B). Unfortunately, it also has a high affinity for duplex DNA, specifically the small groove of adenine and thymine-rich regions that it stabilizes with a 2:1 stoichiometry [START_REF] Pelton | Structure and dynamics of distamycin A with d(CGCAAATTGGC):d(GCCAATTTGCG) at low drug:DNA ratios[END_REF][START_REF] Baliga | On the kinetics of distamycin binding to its target sites on duplex DNA[END_REF].

I.A.3 c/Metallic complexes

The design of metallo-organic molecules is also proposed for the development of G4 ligands. This approach is based on the insertion of a central metal cation which can be integrated on the ionic channel of the G-quadruplex (Figure 6C). It is assumed that the cationic nature of these complexes increases the ability of the ligand to display π-π stacking interactions with the external G-tetrad and can replace a metal cation involved in the G-tetrad stabilization.

[ Monchaud et al. 2008]. For instance, Ni-salphene showed an important affinity for telomeric G4 [START_REF] Reed | Stabilization of G-quadruplex DNA and inhibition of telomerase activity by square-planar nickel(II) complexes[END_REF]] and Mn-porphyrine displays a very high affinity for the telomeric G4s [START_REF] Dixon | A G-quadruplex ligand with 10000-fold selectivity over duplex DNA[END_REF]]. Finally, metal-terpyridine complexes were shown to have good affinity towards G4 structures, due to their square planar and square-based pyramidal geometries [START_REF] Bertrand | The importance of metal geometry in the recognition of G-quadruplex-DNA by metalterpyridine complexes[END_REF][START_REF] Largy | Tridentate N-donor Palladium(II) complexes as efficient coordinating quadruplex DNA binders[END_REF]. In particular, the family of terpyridine platinum complexes have been shown to stabilize and metallate in vitro human telomeric and c-MYC G4s via selective platination of adenine residues on the loops [START_REF] Bertrand | Exclusive platination of loop adenines in the human telomeric G-quadruplex[END_REF][START_REF] Trajkovski | Interactions of Pt-ttpy with G-quadruplexes originating from promoter region of the c-myc Gene deciphered by NMR and gel electrophoresis analysis[END_REF][START_REF] Morel | Photoactivatable platinum(II) terpyridine derivatives for G-quadruplex DNA double anchoring[END_REF].

I. B. G-quadruplex detection I.B 1) Computational methods

There are a number of largely described experimental techniques that have been used to validate the G4-forming capacity of particular sequences, including methods that provide structural information, such as NMR [Webba da Silva 2007] and X-ray crystallography [START_REF] Campbell | Crystallographic studies of quadruplex nucleic acids[END_REF]; as well as rather binary methods (G4 'yes/no'), namely UV melting [START_REF] Mergny | Following G-quartet formation by UVspectroscopy[END_REF][START_REF] Rachwal | Sequence effects of single base loops in intramolecular quadruplex DNA[END_REF], CD spectroscopy [START_REF] Paramasivan | Circular dichroism of quadruplex DNAs: applications to structure, cation effects and ligand binding[END_REF]] and the use of fluorescence tags for visualization [START_REF] Mergny | Fluorescence resonance energy transfer as a probe for Gquartet formation by a telomeric repeat[END_REF][START_REF] Ying | Studies on the structure and dynamics of the human telomeric G-quadruplex by single-molecule fluorescence resonance energy transfer[END_REF]]. However, none of these techniques is suitable nor sufficiently high-throughput to scan and identify new G-quadruplexes on a genomic level; thus, some form of predictive algorithm is necessary in order to identify putative G-quadruplexes on a whole-genome scale.

Indeed, most approaches to characterize G-quadruplex structures have so far combined in silico predictions with in vitro biophysical evidence of G4 folding. Interestingly, the first algorithms for in silico detection were developed on criteria based on a variety of biophysical and biochemical experiments. The algorithmic development in quadruplex detection initially used regular expression matching approaches, that were further enriched through the use of sliding window, score calculation and, most recently, machine learning approaches (Table 3). Standalone: Perl, Java; Web: PHP, Java [START_REF] Kikin | QGRS Mapper: a web-based server for predicting G-quadruplexes in nucleotide sequences[END_REF] 
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I.B.1 a/Regular expression matching algorithms

A regular expression (regex) is a discrete sequence of characters that defines a search pattern. This technique is based on the detection of a strict pattern that the putative G4-forming sequence should take. As previously mentioned, biophysical data led to the definition of a motif sequence for intramolecular G4s comprising stretches of guanines (G-runs or -tracts) separated by gaps (loop sequences) of limited length, which were predicted to fold into stable G4s under near-physiological conditions [START_REF] Hazel | Loop length dependent folding of G-quadruplexes[END_REF]]. Seminal publications from the Balasubramanian and Neidle groups describe the first analyses of G-quadruplex forming potential in the human genome [Huppert and Balasubramanian 2005;Todd et al. 2005], which led to the identification of 376,000 putative unimolecular G4s in the hg19 reference (leftmost panel, Figure 7). They used the regular expression G3-5N1-7G3-5N1-7G3-5N1-7G3-5, which requires a matching sequence to rigorously satisfy two criteria: (i) each of the four guanine runs has a length of three to five nucleotides, and (ii) the lengths of the three loops are comprised between 1 and 7 nucleotides, where N is any of the four nucleotides {A,T,C,G}. Many scripting languages provide frameworks for regular expression matching implementation, for instance the following syntax is used in Python: '([gG]{3,5}\w{1,7}){3}[gG]{3,5}' (or ' ([cC]{3,5}\w{1,7}){3}[cC]{3,5}' in the C-rich strand, as both G-and C-rich patterns are taken into account). This type of search produces a binary 'yes/no' output, without any judgment as to the potential structure stability or the in vivo folding likelihood. A major difficulty lies in the evaluation of nested structures, i.e. hits occurring in long stretches of multiple G-tracts where the definition of an individual quadruplex may be ambiguous. We have proposed handling overlapping matches following two simple rules: (i) counting non-overlapping identical motifs only or, (ii) counting overlapping motifs with different loop sequences, for instance the 'GGGAGGGAGGGTGGGAGGG' sequence would count for two G4 motifs, one with loops A-A-T and another one with loops A-T-A.

Since 2005, this motif (or slight variants of the same underlying expression using different limits on the length of the loops) has been used in most studies [START_REF] Rankin | Putative DNA Quadruplex Formation within the Human c-kit Oncogene[END_REF][START_REF] Fernando | A conserved quadruplex motif located in a transcription activation site of the human c-kit oncogene[END_REF][START_REF] Kumari | An RNA G-quadruplex in the 5 ′ UTR of the NRAS proto-oncogene modulates translation[END_REF][START_REF] Patel | Human telomere, oncogenic promoter and 5′-UTR G-quadruplexes: diverse higher order DNA and RNA targets for cancer therapeutics[END_REF][START_REF] Qin | Structures, folding patterns, and functions of intramolecular DNA G-quadruplexes found in eukaryotic promoter regions[END_REF]Huppert and Balasubramanian 2007;[START_REF] Wieland | Pareillement, la formation des G4 est impliquée dans la maturation des ARN ribosomiques[END_REF][START_REF] Rodriguez | Small-molecule-induced DNA damage identifies alternative DNA structures in human genes[END_REF]Gray et al. 2014;Piazza et al. 2015]. More recently, a study described the identification of intermolecular DNA quadruplexes in the human genome using a similar pattern finding approach, but taking into consideration both DNA strands [START_REF] Kudlicki | G-Quadruplexes Involving Both Strands of Genomic DNA Are Highly Abundant and Colocalize with Functional Sites in the Human Genome[END_REF]]. Five different topologies of cross-strand G-quadruplexes were assessed, depending on the order of G-and C-tracts (denoted as G for GGG and C for CCC): (i) GGCC, (ii) GCGC, (iii) GCCG, (iv) GCCC, (v) CGCC, and were proven to be highly prevalent in the human reference genome (N = 897,935 occurrences in the hg19 reference).

Let us note that the global pattern, Gx1NL1Gx2NL2Gx3NL3Gx4, has some important features which can be used to distinguish and categorize sequences for further analysis; namely, the individual loop sequences (L) and the length of the guanine runs (x). Considering a loop of length between 1 and 7 nt can give rise up to 21,844 possible sequences. The combination of three loops gives 1.04 × 10 13 combinations, which can partly explain the limited number of studies focusing on loop nucleotide identity [whole-genome overview, Todd et al. 2005; singlenucleotide G4s, Piazza et al. 2015;[START_REF] Lombardi | Thermodynamically stable and genetically unstable G-quadruplexes are depleted in genomes across species[END_REF]]. There has been more focus on categorization by motif length (loop size, G-tract size), which was already largely described by Huppert and Balasubramanian, who provide a map of the loop lengths of all putative quadruplexes found in the human reference genome [Huppert and Balasubramanian 2005].

The quadruplex-forming G-rich sequence (QGRS) mapper algorithm takes a slightly different approach from the others by introducing the concept of scoring each of the possible sequences in order to rank them and hence predicting the most likely sequence when there are several alternatives [START_REF] Kikin | QGRS Mapper: a web-based server for predicting G-quadruplexes in nucleotide sequences[END_REF]]. Its implementation uses a more flexible motif definition Gx1NL1Gx2NL2Gx3NL3Gx4, where the length of the G-tracts is defined as x ≥ 2 nt and it allows for at most one of the gaps to be of zero length. The scoring method (termed G-score) is based on three considerations: (i) shorter loops are more common than longer loops, (ii) loop sizes tend to be of similar size and, (iii) the greater the number of guanine tetrads, the more stable the quadruplex. Nevertheless, the experimental data supporting the G-score significance is limited and verification of some of the attributes considered in the scoring process are lacking [Huppert 2008a].

I.B.1 b/Sliding window and scoring approaches

Alternatively, algorithms based on sliding window approaches have also been

developed and used to detect potential G4s within a genome. This detection method does not define strict individual PQS boundaries nor sequence composition, and therefore it would be able to identify non-canonical G4s, at the expense of being unable to examine overlapping structures (as portions of nucleotides are analysed instead of regular sequences). The Gquadruplex potential (G4P) calculator [START_REF] Eddy | Gene function correlates with potential for G4 DNA formation in the human genome[END_REF]] evaluates runs of guanines in a sliding window depending on three parameters, (i) length of each run of guanines (k = 3 by default), (ii) window size (w = 100 nts by default) and (iii) step or sliding interval (s = 20 nts by default). Within a window of size w, and starting from the beginning of the user-defined input sequence, the algorithm searches for 4 runs of guanines of k length every s nucleotides, so the final G4P is the fraction of these windows containing four guanine k-mers separated by at least one nucleotide. This approach limits the length of the G4 sequence candidate but not the length of its individual loops, in accordance with the observation that large loops (>7 nt) can support G-quadruplex formation in vitro [Guédin et al. 2010]. The authors have made publicly available a program that runs only on a Windows OS; Ryvkin and colleagues have proposed an R implementation pseudo-code [START_REF] Ryvkin | Computational Approaches to the Detection and Analysis of Sequences with Intramolecular G-Quadruplex Forming Potential[END_REF], similar to the one that follows (assuming k ≥ 3):

#Generate random sequences to test seqs <-paste(sample(c('A','C','G','T'), 1000000, prob = c(0.3,0.2,0.2,0.3), repl = T), collapse = '') #G4 sequence patterns gpat <-'G{3,}.+?G{3,}.+?G{3,}.+?G{3,}' cpat <-'C{3,}.+?C{3,}.+?C{3,}.+?C{3,}' #Parameters w <-100 s <-20 n <-nchar(seqs) t <-n/s fwdcnt <-rep(0,t + 1) revcnt <-rep(0,t + 1) #Window match results for (i in 0:t) { seqs.k <-substring(seqs, i*s+1, min(i*s+w,n)) if(gregexpr(gpat, seqs.k, perl = T)[ [1]][1]!= -1) {fwdcnt[i + 1] <-1} if(gregexpr(cpat, seqs.k, perl = T)[ [1]][1]!= -1) {revcnt[i + 1] <-1} } #Final score calculation g4p <-sum(fwdcnt)/length(fwdcnt) c4p <-sum(revcnt)/length(revcnt)

Interestingly, the more recent computational approaches introduce validation stages using large-scale experimental data, as opposed to the approaches previously described which were based on a generalization from a restricted number of biophysical studies. For instance, the G4Hunter algorithm takes into account G-richness (reflecting the fraction of guanines in the sequence) and G-skewness (reflecting G/C asymmetry between the complementary nucleic acid strands) of a given sequence and provides a quadruplex propensity score [Bedrat et al. 2016]. These two parameters were introduced in order to consider the experimental destabilization effect caused by nearby cytosine presence on the G-quadruplex, as C can base pair with G and ultimately obstruct G-quartet formation [START_REF] Beaudoin | New scoring system to identify RNA Gquadruplex folding[END_REF]]. This method was tested and validated using 392 G4 sequences validated in vitro and by an in-depth analysis of the G4-propensity in the GC-rich human mitochondrial genome. The Python implementation of this method requires the setting of two parameters, the window size (set, by default, to 25 nt) and a score threshold for G4 detection (middle panel, Figure 7). A window size of 25 nt was used for most of the validation analyses described by the authors and seems to be a reasonable choice given that it corresponds to the actual size of many in vitro experimentally characterized G-quadruplexes. As for the score threshold, a value of 1.25 results in a good discrimination of G4 versus non-G4 sequences [Bedrat et al. 2016] and represents a good compromise between sensitivity and sensibility. Indeed, setting a high score threshold (>1.7) considerably minimizes the number of false positive but results in a high number of false negatives; therefore, to perform an exhaustive exploration of G4 potential within a genome or a set of target sequences, lower thresholds are to be privileged. The main limitations of this method are the context independent scoring of loop bases (equal null per-base scores for A and T are not necessarily justified as for instance, G4 structures carrying single thymine nucleotides are significantly more stable than the ones with loops of single adenine [START_REF] Guédin | Sequence effects in singlebase loops for quadruplexes[END_REF]Piazza et al. 2015), and the empirical choice by the user of a score threshold for detection.

Finally, as discussed, cytosines proximal to guanines within the G4 motif can base-pair and compete with the Hoogsteen G:G base-pairing required for G-quartet assembly [START_REF] Beaudoin | New scoring system to identify RNA Gquadruplex folding[END_REF]]. The cG/cC scoring scheme was conceived specifically for G4 RNA to address this issue [START_REF] Beaudoin | New scoring system to identify RNA Gquadruplex folding[END_REF], which penalizes the presence of Cs within the target sequences to account for their negative effect on G4 stability (middle panel, Figure 7). This method calculates the ratio between two different score (cG and cC), each proportional to the number of G or C tracts, progressively weighted more for longer stretches, according to the formula shown in Table 3. This approach also uses experimental validation (although upon two relatively small sets of 20 characterized G4 sequences), which has led to an empirical detection threshold of 2.05-3.05 cG/cC score for the formation of a stable G4, and with the higher the cG/cC scores are, the more likely is the G4 folding. However, the parameterization is arbitrary, as both the scoring threshold and the multiplicative factors in the formulas (i) are chosen based on heuristics that have not been rigorously justified [START_REF] Kwok | Detecting RNA G-Quadruplexes (rG4s) in the Transcriptome[END_REF], and the current implementation does not easily support genome-wide detection.
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I.B.1 c/Machine learning approaches

Overall, the previous approaches were mostly based on expert knowledge (biophysical and biochemical data, insight from resolved structures) and considered a limited number of observed G4 structures that could perfectly depict an incomplete picture of the wide variety of G4 conformation possibilities (known or still unknown). Such strategies would not be necessarily suitable if the goal was to predict new conformations or sequences purely by computational investigation. Therefore, the newest approaches in the field are centered on the development of machine-learning algorithms (fundamental methods applied in computational biology are reviewed in [START_REF] Angermueller | Deep learning for computational biology[END_REF]), which let the data drive the predictions.

These approaches avoid predefined motif definitions and minimize folding assumptions to improve the analytical accuracy on non-canonical or unanticipated PQS, but are relatively obscure when it comes to providing further insight into the predictive features determining G4 formation (so-called 'black-boxes'). The G4RNA screener [START_REF] Garant | Motif independent identification of potential RNA G-quadruplexes by G4RNA screener[END_REF]] method implements a minimal machine learning model (a feedforward, single-layer artificial neural network) that trains itself in the recognition of G4-prone sequences based on the experimentally-validated G4s available in the G4RNA database (149 G4 and 179 non-G4), and reports a score illustrating the similarity of a given input sequence to known G4s [START_REF] Garant | G4RNA: an RNA G-quadruplex database[END_REF]]. This model demonstrated to have an excellent predictive power for RNA G4s and to be especially efficient in discarding randomly selected transcripts [START_REF] Garant | Motif independent identification of potential RNA G-quadruplexes by G4RNA screener[END_REF]]. The approach was later tested on nearly 4,000 in vitro detected rG4s [START_REF] Kwok | Structural analysis using SHALiPE to reveal RNA G-quadruplex formation in human precursor micro-RNA[END_REF]) and compared to the cG/cC and the G4Hunter algorithms for classification performance, giving comparable or better outcomes. G4RNA screener was originally released in command line form but interestingly, as many users are not familiar with such implementations, the authors have since released a graphical interface which should facilitate access to the tool [START_REF] Garant | G4RNA screener web server: User focused interface for RNA G-quadruplex prediction[END_REF].

In a similar fashion, the Quadron algorithm [Sahakyan et al. 2017] uses tree-based gradient boosting machines (GBMs, a regression and classification method) as its model's central framework (rightmost panel, Figure 7), which was trained on an extensive experimental in vitro G4-formation dataset (over 700,000 sequences) recently obtained for the human genome using the G4-seq methodology [START_REF] Chambers | High-throughput sequencing of DNA G-quadruplex structures in the human genome[END_REF], and specifically for DNA G4s in this case. The program, which includes a graphical interface that can be run locally, outputs a file containing the sequence and location (start position, length, strand) of the detected G4 sequences as well as prediction score of the corresponding G4-seq mismatch level for a polymerase stalling at quadruplex sites. The authors state that score values above 19 indicate that the corresponding PQS is predicted to fold into a highly stable G-quadruplex [Sahakyan et al. 2017]. This program assesses formation propensity for canonical sequence motifs (with 12nt maximum loop size), thus reducing the false positive and false discovery rates of the classical pattern matching method. However, to date, its methodology has not been extended to account for non-canonical sequences.

All computational G-quadruplex prediction approaches have their drawbacks and limitations despite the recent advances in the field and the introduction of validation steps based on experimental data. For the first group of algorithms, accounting for variability is heavily restricted meaning only the same kind of structures can be looked for, which generally excludes non-canonical quadruplexes (sequences with more than four G-runs, long loop lengths or Gtriads). For machine learning methods, the current limitations mostly rely on the quality and quantity of the available training datasets: for instance, for G4 RNA, training datasets are comprised of only 149 confirmed G4 folding sequences (and 179 confirmed non-G4 sequences)

and most of the experimental data is only available for the human genome, although the Balasubramnian group has recently published G4-seq maps for 12 species [Marsico et al. 2019].

Another difficulty could be associated to the quality of the reference genome used for G4-potential evaluation: the assemblies present in large databases such as Ensembl [START_REF] Kersey | Ensembl Genomes 2018: an integrated omics infrastructure for non-vertebrate species[END_REF] or UCSC Genomes [START_REF] Kent | The human genome browser at UCSC[END_REF]] are carefully curated. However, in most references, long runs of repetitive sequences (minisatellites, CpG islands, low complexity mono-or dinucleotide repeats) are missing or arbitrarily truncated, as they are particularly tricky to assemble, which might lead to an underestimation of the genome-wide PQS content. To finish, none of the prediction tools cited in this review have been explicitly designed to account for higher-order sequences formed by several quadruplex subunits. In particular, much attention has been drawn to the human telomere sequence higher-order assembly, which is one of the main focuses of this new line of exploration [Vorlícková et al. 2005;[START_REF] Petraccone | Structure and Stability of Higher-Order Human Telomeric Quadruplexes[END_REF][START_REF] Bauer | G-quadruplex motifs arranged in tandem occurring in telomeric repeats and the insulin-linked polymorphic region[END_REF][START_REF] Liu | Nuclear cGAS suppresses DNA repair and promotes tumorigenesis[END_REF]. There is currently a program under development, G4-iM Grinder [Belmonte Reche and Morales, preprint], specifically designed as a tool for quadruplex and higher-order quadruplex prediction and characterization.

I.B.1 d/Evaluation of G4 sequence content in 12 species using different algorithms

The integrality of the afore-mentioned software (or their variants) is publicly available and can be accessed through the repositories/web servers listed in Table 4. Notably, all the stand-alone programs can be run locally on desktop computers. 

Name

Access Author Implementation

In order to show more precisely the variations in the number of potential G4s found in genomes using different computational approaches, I have selected one program (Quadparser, G4Hunter and Quadron) from each of the categories shown in Table 3, and performed DNA G4 sequence detection in the reference genomes (varying sizes and %GC contents) of various species. These analyses, summarized in Table 5, can be reproduced by running the following commands (originally run on an iMac Retina 2017 3.5 GHz i5):

• Quaparser. For a given reference fasta file, I searched for canonical G4 motifs containing either 1 to 7 nt loops or 1 to 12 nt loops, using the Python implementation of the algorithm as follows: where f is the input fasta file and r the regular expression to be searched for. The user can perform a relaxed search by allowing large loop sizes or unusual G-tract lengths (e.g.

[gG]{2,} for G2+ patterns).

• G4Hunter. For a given reference fasta file, I searched for potential G4 sequences using the Python stand-alone implementation of the algorithm with a window size of 25 nt and a score threshold of 1.25, as follows:

python G4Hunter.py -i file.fa -o output_directory/ -w 25 -s 1.25 ;

where i is the input fasta file, w is the window size and s the score threshold. As a note, N bases-masked fasta files should be preferred for usage of this script.

• Quadron. For a given reference fasta file, I searched for potential G4 sequences using a slightly edited R stand-alone implementation of the algorithm and default parameters as follows:

Rscript --vanilla Quadron.R file.fa file_quadron_output ;

the script was edited to require two arguments, the input file and the name for the output file and this way, it can be executed from the command line (integrated in a larger bash To note, using a fasta file with multiple entries as an input will result in a single output file without chromosome/scaffold entry information but relative location within the sequence (start coordinates, predicted sequence length). Provided a reasonable G4Hscore threshold is chosen (1.25 in this case), the number of hits found at the genome-wide level is systematically higher using G4Hunter than the amount found using the classical regular expression matching approach (G4-L1,7 or G4-L1,12), which can be explained, at least partly, by the detection of non-canonical sequences. Raw results obtained with Quadron and G4-L1,12 (loops 1-12 nt) motif search are very similar for every species, however the machine learning algorithm provides an additional layer of information by outputting a folding potential score for all canonical (with four tracts of G3+) G4 sequences found. Indeed, the amount of potential G4s found by Quadron significantly drops when filtering the results by such a score (Q ≥ 19), with 20 to 84% of the raw hits being filtered-out. This observation perfectly illustrates the impact false positives can have in G4 estimation when using classical regular expression matching approaches. Overall, the data briefly described here supports the view according to which the number of G4-folding potential sites within the human genome needs to be significantly revised upwards compared to widely described figure of ~ 375,000 PQS and points to the importance of further including and studying non-canonical sequences. Indeed, the numbers of potential quadruplexes found in vitro using the G4-seq methodology are systematically higher than those predicted by primary sequence (G4-L1,7)

and, in particular experimental conditions (stabilizing with a G4 ligand, pyridostatin, PDS [START_REF] Rodriguez | A novel small molecule that alters shelterin integrity and triggers a DNA-damage response at telomeres[END_REF]), frequently similar to those predicted by G4Hunter (Table 4).

I.B 2) Experimental methods

Currently, and even when using computational approaches relying on solid experimental data validations for their predictions, primary sequence information alone is not sufficient to determine whether a given region of nucleic acid may or may not form a quadruplex.

Confirmation of G4 folding is therefore essential, and a number of methods can be used to provide evidence of quadruplex formation, folding topologies and even localization.

I.B.2 a/Biophysical methods

The existence of a stable quadruplex can be validated by the combined use of several techniques (summarized in Table 6), notably UV fluorescence [START_REF] Mergny | Following G-quartet formation by UVspectroscopy[END_REF]] and circular dichroism [START_REF] Vorlíčková | Circular dichroism and guanine quadruplexes[END_REF], ideally together with structural information provided by Xray crystallography [START_REF] Neidle | The structures of quadruplex nucleic acids and their drug complexes[END_REF]] and/or NMR analyses [START_REF] Adrian | NMR spectroscopy of G-quadruplexes[END_REF]]. Complete structural elucidation on the atomic level can be achieved using either X-ray diffraction analysis or NMR spectroscopy. Very high resolutions below 1Å can be achieved using X-ray diffraction; however, as the samples are in the solid state, crystal structure determination does not necessarily reflect solution-phase nucleic acid configuration [Huppert 2008b]. NMR spectroscopic analysis is performed in solution and can lead to similar resolutions. In a simple 1 H (proton) one-dimensional NMR experiment [START_REF] Plateau | Exchangeable proton NMR without base-line distorsion using new strong-pulse sequences[END_REF], the formation of G4 gives rise to very specific imino proton peaks in the 10-12 ppm region, whereas the formation of Watson-Crick base pairs is usually indicated by lower field peaks between 13 and 14 ppm [Webba da Silva 2007;[START_REF] Adrian | NMR spectroscopy of G-quadruplexes[END_REF]] (Figure 8A).

However, this technique requires highly concentrated pure samples, and base substitution or isotope labeling might also be necessary to elucidate full structural detail [Huppert 2008b].

Given that the results from both methods can disagree, they should be regarded as complementary analytical techniques and ideally should be used in parallel [Li et al. 2005].

The formation and stability of a G-quadruplex structure at different temperatures can be assessed upon G-quadruplex melting, as the UV absorbance at 295 nm decreases, leading to a strong hypochromic shift that is a distinctive feature of the G4 structure (Figure 8B) [START_REF] Mergny | Following G-quartet formation by UVspectroscopy[END_REF][START_REF] Hazel | Loop length dependent folding of G-quadruplexes[END_REF][START_REF] Rachwal | Sequence effects of single base loops in intramolecular quadruplex DNA[END_REF]. Such UV analysis can provide melting temperature (Tm) determination and further details concerning the thermodynamics of quadruplex formation [Huppert 2008b]. Circular dichroism (CD) can be used to distinguish allparallel from antiparallel structures [START_REF] Paramasivan | Circular dichroism of quadruplex DNAs: applications to structure, cation effects and ligand binding[END_REF]]. Indeed, CD spectroscopy allows the study of chiral molecules (i.e. molecules having optical activity) and is therefore an interesting method for studying nucleic acids [D' Alonzo et al. 2011]. The CD signal reflects the relative orientation among the nucleotides in the structure and it exhibits a particular shape depending on the structure of the oligonucleotide studied (Table 7). In particular, all-parallel quadruplex folds show positive and negative signals at 260 nm to 240 nm, respectively, while antiparallel folds exhibit positive and negative signals at 290 nm to 260 nm, respectively (Figure 8C). Fluorescence resonance energy transfer (FRET) can be used to report the separation of any two points of a G-quadruplex. This technique is as frequently used instead of the UV melting experiments described earlier, but it is costly to add two fluorescent probes to a G-quadruplex as they might alter the structure and its biophysical properties [Huppert 2008b]. 

I.B.2 b/Visualization in fixed or live cells

The development of structure-selective probes provides one method to visualize particular nucleic acid structures in cells. For instance, antibodies are specific in their recognition of molecular structures and are already widely used to detect proteins binding sites in DNA or RNA. The first biologically relevant visualization of G4 formation was reported over a decade ago using a G4-selective single chain variable fragment (scFV, Figure 9A) of an antibody (Sty49) to show that G4s form at telomeres in the macronuclei of the ciliate

Stylonychia lemnae [START_REF] Schaffitzel | In vitro generated antibodies specific for telomeric guanine-quadruplex DNA react with Stylonychia lemnae macronuclei[END_REF], where large amounts of telomeric DNA offer an abundance of G-quadruplexes. This antibody was shown to specifically bind, in vitro, to the antiparallel quadruplex folds in the Stylotricha telomeric overhang d(TTTTGGGG)2 [START_REF] Schaffitzel | In vitro generated antibodies specific for telomeric guanine-quadruplex DNA react with Stylonychia lemnae macronuclei[END_REF], and visualization was performed by in situ by immunofluorescence.

Two structure-specific antibodies were independently developed and are now available to perform G4 immunofluorescence in a variety of eukaryotic cells [START_REF] Biffi | Quantitative visualization of DNA G-quadruplex structures in human cells[END_REF][START_REF] Henderson | Detection of G-quadruplex DNA in mammalian cells[END_REF]] and in cells infected with G-quadruplexes-rich viruses [START_REF] Artusi | Visualization of DNA G-quadruplexes in herpes simplex virus 1-infected cells[END_REF]]. These antibodies, named BG4 [START_REF] Biffi | Quantitative visualization of DNA G-quadruplex structures in human cells[END_REF]] and 1H6 [START_REF] Henderson | Detection of G-quadruplex DNA in mammalian cells[END_REF], are suitable for whole-cell immunofluorescence on fixed mammalian cells, although it has not been demonstrated whether they are sensitive to the level of a single G-quadruplex structure or can only detect G-quadruplex motifs clusters (i.e. high local densities of multiple PQS). About 100 BG4 foci per nucleus are observed in fixed U2OS osteosarcoma cells (Figure 9B), which is several orders of magnitude lower than the number of genome-wide computationally predicted (e.g. 376,000 with the Quadparser procedure). However, dynamic and transient folding, as well as chromatin accessibility, might be expected to limit detection in vivo, and most antibodies will possibly not detect every topological variant of the G-quadruplex structure [START_REF] Kwok | Prediction, Characterization, and Biological Application[END_REF]. Interestingly, RNA G-quadruplexes are detectable using the BG4 antibody [START_REF] Biffi | Visualization and selective chemical targeting of RNA G-quadruplex structures in the cytoplasm of human cells[END_REF]], but 1H6 is apparently not able to do so [START_REF] Henderson | Detection of G-quadruplex DNA in mammalian cells[END_REF]]. To note, the 1H6 antibody was later shown to recognize single stranded T-rich DNA sequences as well [START_REF] Kazemier | Guanine quadruplex monoclonal antibody 1H6 cross-reacts with restrained thymidine-rich single stranded DNA[END_REF], thus this cross-reactivity needs to be taken into account in the interpretation of 1H6 binding results.

Finally, there are many promising G4 small-molecule probe or ligand candidates, for DNA [START_REF] Tseng | In-cell optical imaging of exogenous G-quadruplex DNA by fluorogenic ligands[END_REF], RNA [START_REF] Xu | REV7 counteracts DNA double-strand break resection and affects PARP inhibition[END_REF][START_REF] Chen | Regulation and function of the cGAS-STING pathway of cytosolic DNA sensing[END_REF]] and both DNA and RNA quadruplexes [START_REF] Laguerre | Visualization of RNA-Quadruplexes in Live Cells[END_REF]] sensors, based on a wide variety of chemistries and possessing different combinations of properties (e.g. non-toxicity, cell permeability, G4induction, specificity or non-specificity for specific structural topologies) whose relative importance depends on the required application [START_REF] Kwok | Prediction, Characterization, and Biological Application[END_REF]. An interesting example is the use of the NaphthoTASQ (N-TASQ) quadruplex ligand, that can be used as a multiphoton turn-on fluorescent probe [START_REF] Laguerre | Visualization of RNA-Quadruplexes in Live Cells[END_REF], enabling direct detection of RNAquadruplexes in untreated live cells through a single-step incubation (Figure 9C).

In a recent review of current G-quadruplex characterization and detection methods [START_REF] Kwok | Prediction, Characterization, and Biological Application[END_REF], the important and still unaddressed sensitivity problem concerning antibodies and probes is highlighted; the authors express it as follows: 'can a single Gquadruplex motif ever be detected in cellulo?'. They argue that this would be the critical breakthrough for this field, as spatial (and, in and XPD [Gray et al. 2014].

Recently, the G4-seq method was developed by combining G4-dependent DNA polymerase stalling and NGS [START_REF] Chambers | High-throughput sequencing of DNA G-quadruplex structures in the human genome[END_REF]. This approach allows a comprehensive experimental identification of sequences that are able to form G-quadruplexes and has led to the creation of genome-wide in vitro G4 maps in purified, single-stranded human DNA (Figure 10B). From a technical point of view, sheared DNA is sequenced at high-depth in the presence or absence of conditions that favor quadruplex folding (K + with or without the presence of G4 stabilizing ligands such as PDS). In these conditions, G-quadruplexes impede polymerase progression, causing a characteristic mutation rate increase in sequence data precisely in regions where a G-quadruplex folds. In the human genome, detection using this technique identified over 700,000 widespread canonical and non-canonical G-quadruplexes; about 70-fold more than with BG4 ChIP-seq and 2-fold more than predicted in silico by regular expression matching of the canonical G3+N1-7G3+N1-7G3+N1-7G3+ motif. Indeed, many detected quadruplexes were found to contain bulges or unusually long loops (>7 nt), as were the majority of G4 found by ChIP (79%) [Hansel-Hertsch et al. 2016]. Nonetheless, there was a significant degree of overlap between the ChIP-and G4-seq experiments: 87% of the ChIP peaks (i.e.

DNA fragments) contained sequences also identified by G4-seq. Similarly, a polymerase stalling approach was recently developed for the detection of RNA G4s, termed rG4-seq [START_REF] Kwok | Structural analysis using SHALiPE to reveal RNA G-quadruplex formation in human precursor micro-RNA[END_REF]]. Briefly, it was previously shown that RNA G-quadruplexes impede the reverse transcriptase enzyme [START_REF] Kwok | Targeted detection of G-quadruplexes in cellular RNAs[END_REF], which was used here to generate an NGS library from polyA-enriched RNAs and generate in vitro transcriptome-wide maps of RNA G-quadruplexes in HeLa cells, detecting 3,845 and 13,423 sites for the K + and K + -PDS conditions. To date, the rG4-seq method has only been reported for the human genome, whereas DNA G4 maps were recently made available for 12 species [Marsico et al. 2019] (Table 8). The difference in the number of G4s reported from data sets obtained in vitro (G4-seq)

and in vivo (BG4 ChIP-seq) points to the critical role played by the cellular environment in affecting the dynamics of G-quadruplex folding in living cells. Specifically, many cellular factors, such as G-quadruplex binding proteins and helicases, can likely remodel the DNA Gquadruplex landscape in vivo. Nevertheless, more technical explanations for the difference in G-quadruplex detection rates in vivo versus in vitro cannot be excluded, such as limited sensitivity of ChIP and condition dependence for G-quadruplex formation in native chromatin.

Results are also likely to be influenced by sensitivity/specificity of the antibody used, choice of cell line, and variation in experimental protocols and bioinformatics pipelines. Future development in G-quadruplex-antibody-based sequencing methods should aim to address these issues to establish a gold standard for robust mapping of DNA G-quadruplexes in native chromatin for different species.

I. C. Biological relevance of G-quadruplexes I.C 1) Predictions based on in silico analyses

Technical limitations left aside, computational analyses of the human reference genome using the consensus G3+N1-7G3+N1-7G3+N1-7G3+ motif, revealed that the localization of PQS is non-random and that these sequences colocalize with functional regions of the genome [reviewed in [START_REF] Rhodes | G-quadruplexes and their regulatory roles in biology[END_REF]. Indeed, there is a high abundance of PQS in three repetitive functional domains: in telomeres [Huppert and Balasubramanian 2005], which consist of 5 to 15 kbp (depending on the cell type) of [TTAGGG]n repeats; within ribosomal DNA (rDNA) [START_REF] Drygin | Anticancer activity of CX-3543: a direct inhibitor of rRNA biogenesis[END_REF]; and in the immunoglobulin heavy-chain switch regions [START_REF] Yu | R-loops at immunoglobulin class switch regions in the chromosomes of stimulated B cells[END_REF], which are all long, repetitive and G-rich. They are also significantly enriched in gene promoters [Huppert and Balasubramanian 2007], at the 5' end of first introns [Eddy and
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Maizels 2008], but depleted in the coding regions of most genes [START_REF] Eddy | Gene function correlates with potential for G4 DNA formation in the human genome[END_REF].

More recently, it has emerged that 90% of potential human DNA replication origins contain putative quadruplex sequences, and in higher densities near frequently fired origins [START_REF] Besnard | Unraveling cell type-specific and reprogrammable human replication origin signatures associated with G-quadruplex consensus motifs[END_REF]. Finally, the long G-rich RNA transcripts of telomeric DNA (TERRA) were also shown to be enriched for PQS [START_REF] Xu | Telomeric repeat-containing RNA structure in living cells[END_REF]]. All of these associations found in silico point to the fact that G-quadruplex structures play diverse regulatory roles in important genomic regions (Figure 11) and provide a framework for complementary in vivo functional validations.

I.C.1 a/Quadruplex motifs in transcription and translation

Several studies conducted in the Maizels group have extensively characterized the distribution of G4 motifs within human genes [Eddy andMaizels 2006, 2009;[START_REF] Eddy | G4 motifs correlate with promoter-proximal transcriptional pausing in human genes[END_REF]Gray et al. 2014]. Overall, G4s are enriched at the TSS, the 5'-UTR, and the 5' end of the first intron, and conversely, depleted in exons (Figure 12A). In particular, G4 motifs located downstream of the TSS and in the non-template DNA strand (also termed sense or positive strand) will be transcribed into the pre-mRNA, meaning they could fold into either DNA or RNA quadruplex structures, which makes functions of these quadruplexes particularly interesting to study [START_REF] Eddy | Conserved elements with potential to form polymorphic G-quadruplex structures in the first intron of human genes[END_REF]. Further analyses show that G4 motifs occur in 10 to 15% of human genes, specifically in the 5'-UTR region of the encoded mRNA, suggesting that G4 RNA structures may promote translational repression [START_REF] Bugaut | 5 0 -UTR RNA G-quadruplexes: Translation regulation and targeting[END_REF]. Furthermore, at many genes, RNA Pol2 initiates transcription but pauses near the 5'end, and this pausing correlates with enrichment of G4 motifs [START_REF] Eddy | G4 motifs correlate with promoter-proximal transcriptional pausing in human genes[END_REF].

Interestingly, PQS are more frequent in oncogenes or regulatory genes than in housekeeping, or tumour suppressor genes [START_REF] Eddy | Gene function correlates with potential for G4 DNA formation in the human genome[END_REF]Huppert and Balasubramanian 2007]. Moreover, the majority of resolved (NMR or crystallography)

promoter quadruplexes reported are from cancer-associated genes and are mostly parallel intramolecular folds (to date, 29 PDB entries; Table 9). Well-studied examples of genes containing such quadruplex sites include c-MYC [Siddiqui-Jain et al. 2002], RET [START_REF] Guo | Formation of pseudo-symmetrical G-quadruplex and i-motif structures in the proximal promoter region of the RET oncogene[END_REF]], VEGF-A [START_REF] Agrawal | Solution structure of the major G-quadruplex formed in the human VEGF promoter in K + : insights into loop interactions of the parallel G-quadruplexes[END_REF], KRAS [START_REF] Cogoi | Structural polymorphism within a regulatory element of the human KRAS promoter: formation of G4-DNA recognized by nuclear proteins[END_REF], BCL-2 [START_REF] Agrawal | The major G-quadruplex formed in the human BCL-2 proximal promoter adopts a parallel structure with a 13-nt loop in K+ solution[END_REF] and c-KIT [START_REF] Rankin | Putative DNA Quadruplex Formation within the Human c-kit Oncogene[END_REF]] (Figure 13, panels A-F). Notably, alterations in the expression of these oncogenes are recognized as hallmarks of cancer [START_REF] Brooks | Making sense of G-quadruplex and i-motif functions in oncogene promoters[END_REF]], a series of vital cellular and microenvironmental processes aberrantly regulated during oncogenic transformation and malignancy [START_REF] Hanahan | The hallmarks of cancer[END_REF]. This association is summarized in Figure 14A, highlighting c-MYC, c-KIT, KRAS and RET (self-sufficiency); RB1 (insensitivity); BCL-2 (evasion of apoptosis); VEGF (angiogenesis); hTERT (limitless replication) and PDGF-A (metastasis), as first suggested by Brooks and colleagues [START_REF] Brooks | Making sense of G-quadruplex and i-motif functions in oncogene promoters[END_REF]. Promoters in each of these oncogenes are able to form G-quadruplexes with vast diversity in their folding patterns [START_REF] Brooks | Making sense of G-quadruplex and i-motif functions in oncogene promoters[END_REF], making them interesting targets for drug development. The majority of these putative quadruplexes tend to be immediately upstream (within 1 kb) to the TSS in these genes, and usually contain short loop sequences (Figure 14B), which explains the frequent parallel fold observed in the resolved structures (Table 9). As expected, these particular PQS can also include (or overlap) the G-rich SP1 transcription factor binding sites [GGGCGG] pattern, which further points to their ability to alter transcription [START_REF] Todd | The relationship of potential G-quadruplex sequences in cis-upstream regions of the human genome to SP1-binding elements[END_REF]. To note, the first evidence that G4s in promoters have an effect on gene expression came from studies of the c-MYC oncogene, for which it was shown that mutations of the G4 sequence, or treatment with G4 stabilizing ligands, affected transcription in vivo [START_REF] Simonsson | DNA tetraplex formation in the control region of c-myc[END_REF]Siddiqui-Jain et al. 2002].

In silico predictions have also revealed that particular RNA G4 motifs are present within the 5' UTR of many genes and the involvement of G-quadruplexes in the regulation of translation has been demonstrated by both in vitro and in vivo studies [Wieland and Hartig 2007;[START_REF] Bugaut | 5 0 -UTR RNA G-quadruplexes: Translation regulation and targeting[END_REF]. A recent investigation on the role of the RNA helicase eIF4A, using ribosome footprinting, has revealed that the hallmark of eIF4A dependent transcripts is a 12-nucleotide signature [CGG]4 that was able to form RNA G-quadruplex structures in vitro [START_REF] Wolfe | RNA G-quadruplexes cause eIF4Adependent oncogene translation in cancer[END_REF]. Replication origin identification by high-throughput sequencing of short nascent DNA strands in the human genome revealed that the majority of the ~250,000 origins found overlap with canonical G4 motifs (loop size 1 to 7 nt) [START_REF] Besnard | Unraveling cell type-specific and reprogrammable human replication origin signatures associated with G-quadruplex consensus motifs[END_REF]]. This study identified over half (67%) of the putative quadruplex sequences in the genome as replication origins, and the fraction drops only slightly using more relaxed criteria for G4 motif identification [Maizels and Gray 2013], which was confirmed by other sequencing studies [START_REF] Mesner | Bubbleseq analysis of the human genome reveals distinct chromatin-mediated mechanisms for regulating early-and late-firing origins[END_REF][START_REF] Picard | The spatiotemporal program of DNA replication is associated with specific combinations of chromatin marks in human cells[END_REF]]. Nevertheless, a more recent report in which highly purified Okazaki fragments from two cell types (HeLa and GM06990) were sequenced (resulting in a better origin identification resolution) identifies only about 9,000 broad initiation zones [START_REF] Petryk | Replication landscape of the human genome[END_REF]] and a weak enrichment of G4s within these regions. This suggests that quadruplex might not overlap the origins per se but their immediate vicinity, perhaps being necessary although not sufficient for origin function. Putative roles for quadruplexes in the vicinity of replication origins (Figure 12B) include assisting the positioning nucleosomes flanking the origin [START_REF] Cayrou | The chromatin environment shapes DNA replication origin organization and defines origin classes[END_REF],

interaction with factors involved in the formation of the origin, such as ORC and RecQL4 [START_REF] Hoshina | Human origin recognition complex binds preferentially to G-quadruplex-preferable RNA and single-stranded DNA[END_REF][START_REF] Keller | The intrinsically disordered amino-terminal region of human RecQL4: multiple DNA-binding domains confer annealing, strand exchange and G4 DNA binding[END_REF] or cooperation with adjacent cis-acting sequence modules [START_REF] Valton | G4 motifs affect origin positioning and efficiency in two vertebrate replicators[END_REF]. Moreover, G4s were also shown to be implicated in recruitment of host factors for origin recognition by two human DNA viruses, SV40 [START_REF] Tuesuwan | Simian virus 40 large T-antigen G-quadruplex DNA helicase inhibition by G-quadruplex DNA-interactive agents[END_REF] and the Epstein-Barr virus [START_REF] Norseen | Role for G-quadruplex RNA binding by Epstein-Barr virus nuclear antigen 1 in DNA replication and metaphase chromosome attachment[END_REF].

DNA replication presents an optimal context for DNA G4s to be formed, since DNA becomes unwound and transiently single-stranded. In theory, the occurrence of G4 presents an obstacle to replication, but in practice such impediments should be effectively resolved by accessory factors, in particular helicases [START_REF] Bharti | Specialization among iron-sulfur cluster helicases to resolve G-quadruplex DNA structures that threaten genomic stability[END_REF]] (Figure 12C). However, when helicases involved in replication and repair are mutated [START_REF] Nguyen | Regulation of gene expression by the BLM helicase correlates with the presence of G-quadruplex DNA motifs[END_REF] as is often the case in cancer cells, then replication may become stalled. Quadruplex-related replication arrest (and the appearance of increased numbers of quadruplex foci in cells) is augmented by quadruplexbinding small molecules [START_REF] Biffi | Quantitative visualization of DNA G-quadruplex structures in human cells[END_REF] as the stabilized quadruplexes are more resistant to helicase unwinding than the native ones.

I.C.1 c/Quadruplex motifs in minisatellites

Eukaryotic genomes contain tandem repeat sequences, constituting up to 10% of the human genome [START_REF] Bois | Minisatellite instability and germline mutation[END_REF]. These sequences can be classified, according to the size of their core unit pattern, into microsatellites (1-9 nt), minisatellites (10-100 nt), and satellites (> 100 nt). The Tandem Repeats Database (TRDB) contains over 675,000 such sequences (human reference genome hg19), and among these, 53% are minisatellites enriched at chromosome ends. In particular, CEB1 (D2S90 locus) and CEB25 (D10S180 locus) are two human subtelomeric minisatellites that contain several contiguous blocks of guanines and are located in the promoter region of the NEU4 gene and in intron 9 of the LRRC27 gene, respectively. These sequences are characterized by their hypervariabiality, as their overall size varies (simple or complex gains or losses of repeat units) between individuals ranging from 0.5 to 20 kbp [START_REF] Buard | Complex recombination events at the hypermutable minisatellite CEB1 (D2S90)[END_REF][START_REF] Buard | Influences of array size and homogeneity on minisatellite mutation[END_REF][START_REF] Amrane | Formation of pearl-necklace monomorphic G-quadruplexes in the human CEB25 minisatellite[END_REF], and their potential to elicit genomic instability [START_REF] Jeffreys | Human minisatellites, repeat DNA instability and meiotic recombination[END_REF]]. Both CEB1 and CEB25 have been shown to form stable G-quadruplexes both in vitro [START_REF] Amrane | Formation of pearl-necklace monomorphic G-quadruplexes in the human CEB25 minisatellite[END_REF][START_REF] Adrian | Structure and conformational dynamics of a stacked dimeric G-quadruplex formed by the human CEB1 minisatellite[END_REF]] and in vivo [START_REF] Ribeyre | The Yeast Pif1 helicase prevents genomic instability caused by G-Quadruplex-Forming CEB1 sequences in vivo[END_REF][START_REF] Lopes | G-quadruplex-induced instability during leading-strand replication[END_REF][START_REF] Piazza | Stimulation of gross chromosomal rearrangements by the human CEB1 and CEB25 minisatellites in Saccharomyces cerevisiae depends on G-quadruplexes or Cdc13[END_REF]Piazza et al. , 2015]]. The formation of G4s within G-rich minisatellites is in agreement with the instability behavior observed in these genomic regions.

I.C 2) G-quadruplexes in telomeres

The first telomeric motif was characterized in the ciliate Tetrahymena thermophila [START_REF] Blackburn | A tandemly repeated sequence at the termini of the extrachromosomal ribosomal RNA genes in Tetrahymena[END_REF]. As mentioned above for Stylonychia lemnae [START_REF] Schaffitzel | In vitro generated antibodies specific for telomeric guanine-quadruplex DNA react with Stylonychia lemnae macronuclei[END_REF], ciliates have the advantage of having a very large number of chromosomes in their macronucleus. It was shown that the chromosome ends of this ciliate consisted of the highly repeated motif [GGGGTT / AACCCC]. This type of G-rich repeat has been largely conserved during evolution and has, by its sequence composition, G4-forming potential in many eukaryotes (Figure 15A), including human ([TTAGGG]n). Indeed, human telomeric repeats form characteristic quadruplex structures with a propeller-like domain [START_REF] Parkinson | Crystal structure of parallel quadruplexes from human telomeric DNA[END_REF][START_REF] Yu | Characterization of structure and stability of long telomeric DNA G-quadruplexes[END_REF]].

Direct in vivo evidence at the macronuclear telomeres of Stylonychia lemnae shows that the G-quadruplex structures are resolved during DNA replication and sugests that Gquadruplexes might act as a telomeric capping structure [START_REF] Schaffitzel | In vitro generated antibodies specific for telomeric guanine-quadruplex DNA react with Stylonychia lemnae macronuclei[END_REF][START_REF] Paeschke | Telomerase recruitment by the telomere end binding protein-beta facilitates G-quadruplex DNA unfolding in ciliates[END_REF]. The observation that G-quadruplex unfolding is regulated by a cell cycle dependent phosphorylation of the telomere end binding protein TEBPβ and a telomerase associated RecQlike helicase, provided an important mechanistic insight into the spatial and temporal regulation of G-quadruplex folding and unfolding to permit telomere synthesis by the telomerase when required [START_REF] Paeschke | Telomerase recruitment by the telomere end binding protein-beta facilitates G-quadruplex DNA unfolding in ciliates[END_REF][START_REF] Postberg | A telomerase-associated RecQ protein-like helicase resolves telomeric G-quadruplex structures during replication[END_REF]. For human telomeres, the first indication that G-quadruplexes may be present came from the observation that G-quadruplex stabilizing ligands impaired telomere metabolism and led to telomere shortening [START_REF] Sun | Inhibition of human telomerase by a G-quadruplex-interactive compound[END_REF][START_REF] Read | Structure-based design of selective and potent G quadruplexmediated telomerase inhibitors[END_REF][START_REF] Burger | The G-quadruplex-interactive molecule BRACO-19 inhibits tumor growth, consistent with telomere targeting and interference with telomerase function[END_REF]. This approach was based on the observation that telomeric Gquadruplexes inhibit telomerase activity [Zahler et al. 1991], which was later shown to be due to an artefact, as the G4 ligands prevented the PCR reaction that allowed the amplification of the telomerase product. Other approaches to identify G-quadruplexes at human telomeres have included the binding of a radio-labelled G-quadruplex ligand to metaphase chromosomes [START_REF] Granotier | Preferential binding of a G-quadruplex ligand to human chromosome ends[END_REF], and more recently, the use of engineered, structure-specific antibodies against human G-quadruplexes [START_REF] Biffi | Quantitative visualization of DNA G-quadruplex structures in human cells[END_REF][START_REF] Henderson | Detection of G-quadruplex DNA in mammalian cells[END_REF]] (Figure 15B). In all cases, signals were detected at the ends of chromosomes, albeit not all ends. The resolution of light microscopy is insufficiently high to decipher whether binding occurred at the very end of the chromosome or at subtelomeric regions, also known to adopt G-quadruplex structures in vitro [START_REF] Piazza | Stimulation of gross chromosomal rearrangements by the human CEB1 and CEB25 minisatellites in Saccharomyces cerevisiae depends on G-quadruplexes or Cdc13[END_REF]]. However, the finding that a number of helicases that are known to unwind G-quadruplexes in vitro (detailed in the next section), localize to telomeres and are required for telomere integrity in vivo, provide strong albeit circumstantial evidence for the existence of such structures at mammalian telomeres [START_REF] Paeschke | Telomeres: structures in need of unwinding[END_REF]Lin et al. 2013].

I.C 3) Regulation of G-quadruplex formation

Under physiological conditions, DNA and RNA G-quadruplexes can fold into stable structures and owing to their high-thermodynamic stability resolution of these structures in vivo requires specialized enzymes.

I.C.3 a/Helicases involved in G4 processing

Helicase proteins use the energy of nucleoside triphosphate hydrolysis in order to alter DNA or RNA structures [reviewed in [START_REF] Patel | Mechanisms of Helicases[END_REF]. These proteins are involved in numerous aspects of cell metabolism: replication, repair, recombination, transcription, chromosome segregation and telomere maintenance (Table 10). Various helicases have been shown to play roles in G-quadruplex metabolism [reviewed in Mendoza et al. 2016], but to date, none dedicated exclusively to G4 unwinding has been characterized [Mendoza et al. 2016]. As G4s might form spontaneously when DNA single strands are exposed during replication or transcription (Figure 12), G4 helicases must recognize and unwind G4 DNA to maintain genetic stability [Maizels and Gray 2013]. Some of the most extensively described helicases involved in G4 processing include PIF1 [START_REF] Bochman | Unwinding the functions of the Pif1 family helicases[END_REF]; BLM [START_REF] Sun | The Bloom's syndrome helicase unwinds G4 DNA[END_REF] and WRN [START_REF] Fry | Human Werner syndrome DNA helicase unwinds tetrahelical structures of the fragile X syndrome repeat sequence d(CGG)n[END_REF] in the RecQ family; FANCJ [START_REF] Wu | FANCJ helicase defective in Fanconi anemia and breast cancer unwinds G-quadruplex DNA to defend genomic stability[END_REF], DDX11 [START_REF] Bharti | Specialization among iron-sulfur cluster helicases to resolve G-quadruplex DNA structures that threaten genomic stability[END_REF]] and quite probably RTEL1 [START_REF] Ding | Regulation of murine telomere length by Rtel: an essential gene encoding a helicase-like protein[END_REF]] in the iron-sulfur (Fe-S) domain family; and notably DHX36 [Lattmann et al. 2010] and DHX9 [START_REF] Chakraborty | Human DHX9 helicase preferentially unwinds RNAcontaining displacement loops (R-loops) and G-quadruplexes[END_REF] in the DEAD-Box helicase family. Supporting the G4 unwinding activities of these helicases, it has been shown that WRN [START_REF] Crabbé | Defective telomere lagging strand synthesis in cells lacking WRN helicase activity[END_REF] and BLM [START_REF] Barefield | The BLM helicase contributes to telomere maintenance through processing of late-replicating intermediate structures[END_REF], as well as the Fe-S domain helicase RTEL1 [START_REF] Vannier | RTEL1 dismantles T loops and counteracts telomeric G4-DNA to maintain telomere integrity[END_REF] promote the replication of telomeres. A deficiency in BLM helicase causes Bloom syndrome, characterized by immunodeficiency due to impaired recombination at the G4-rich immunoglobulin S regions, as well as genomic instability and cancer predisposition. FANCJ deficiency is associated with instability at G4 motifs in human cells [START_REF] Wu | FANCJ helicase defective in Fanconi anemia and breast cancer unwinds G-quadruplex DNA to defend genomic stability[END_REF], and mutations in its homolog in Caenorhabditis elegans (dog-1) causes an especially striking phenotype, evident as extended DNA deletions in which one end is bounded by a G4-high region [START_REF] Kruisselbrink | Mutagenic capacity of endogenous G4 DNA underlies genome instability in FANCJdefective C. elegans[END_REF]Lemmens et al. 2015]. The PIF1 family of helicases are conserved from bacteria to humans [START_REF] Bochman | Unwinding the functions of the Pif1 family helicases[END_REF]] and, outstandingly, all of those studied so far are able to unwind G4 structures in vitro [Koch [START_REF] Lerner | Replication of G Quadruplex DNA[END_REF].

This helicase has been shown to participate in G4 unwinding in both the nuclear (mostly at telomeres) and mitochondrial genomes [START_REF] Boulé | Roles of Pif1-like helicases in the maintenance of genomic stability[END_REF], with a predominance of mitochondrial dysfunction phenotypes upon PIF1 inactivation [START_REF] Bannwarth | Inactivation of Pif1 helicase causes a mitochondrial myopathy in mice[END_REF]]. In S. cerevisiae, use of the G-rich human CEB1 or CEB25 minisatellites as reporters (Figure 16A) identified Pif1 helicase as necessary for stability of G4 motifs [START_REF] Lopes | G-quadruplex-induced instability during leading-strand replication[END_REF]Piazza et al. 2015]. In both cases, minisatellite instability was correlated with quadruplex structures by showing that the PhenDC3 G4 ligand, triggered higher instability (Figure 16B).

For RNA G-quadruplexes, substantial evidence for their in vivo processing mechanism comes from the identification and characterization of the ATP-dependent human RNA helicase RHAU [Lattmann et al. 2010]. RHAU is a DEAH-box helicase that exhibits a unique ATPdependent G4-resolvase activity with a high affinity and specificity for G4-RNA (and G4-DNA) in vitro [Lattmann et al. 2010]. RNA immunoprecipitation analysis identified approximately 100 RNAs associated with RHAU in vivo and the majority contained at least one PQS. In particular, one notable target is the human telomerase RNA TER and binding of RHAU depends on the presence of a stable G4 structure in the 5′-region of TER, both in vivo and in vitro [Lattmann et al. 2011].

I.C.3 b/Genomic instability

Extensive evidence has correlated sites of potential non-B DNA structure formation with the stimulation of genetic instability, via replication-dependent and/or replicationindependent pathways [START_REF] Bacolla | Breakpoints of gross deletions coincide with non-B DNA conformations[END_REF][START_REF] Wang | Impact of Alternative DNA Structures on DNA Damage, DNA Repair, and Genetic Instability[END_REF][START_REF] Georgakopoulos-Soares | Noncanonical secondary structures arising from non-B DNA motifs are determinants of mutagenesis[END_REF]. It is thought that structures can induce mutagenesis both as a result of their intrinsic capacity to impede DNA replication [START_REF] Wang | Effects of replication and transcription on DNA structurerelated genetic instability[END_REF] and from their ability to modulate the mutability of DNA by exogenous agents [START_REF] Hoede | Selection acts on DNA secondary structures to decrease transcriptional mutagenesis[END_REF]]. As previously mentioned, there is an evident connection between non-B DNA secondary structure formation and many of the hallmark features of cancer genomes, including translocation breakpoints, indels, copy number variation and point mutagenesis [START_REF] Bacolla | Translocation and deletion breakpoints in cancer genomes are associated with potential non-B DNA-forming sequences[END_REF][START_REF] Georgakopoulos-Soares | Noncanonical secondary structures arising from non-B DNA motifs are determinants of mutagenesis[END_REF]. Again, the ability of structures to impede DNA replication is central to the generation of this genetic instability [Lemmens et al. 2015]. More recently, sites of potential secondary structure formation have been linked to epigenetic changes [START_REF] Sarkies | Epigenetic instability due to defective replication of structured DNA[END_REF], which are also a potentially fertile source of diversity upon which selection could act during the evolution of cancer. Therefore, it is crucial to establish a detailed understanding of how DNA replication forks interact with DNA secondary structures.

As afore-mentioned, in the absence of helicases that resolve G4 structures, stable G4s can probably impede the progression of DNA polymerases and lead to replication stalling, DNA damage and genomic instability. Ligands that stabilize G4 structures can induce DNA damage in human cells, as assayed by a high-throughput sequencing study using the PDS ligand [START_REF] Rodriguez | Small-molecule-induced DNA damage identifies alternative DNA structures in human genes[END_REF], as well as insertions and deletions at predicted G4 motifs in yeast [START_REF] Ribeyre | The Yeast Pif1 helicase prevents genomic instability caused by G-Quadruplex-Forming CEB1 sequences in vivo[END_REF][START_REF] Paeschke | Pif1 family helicases suppress genome instability at G-quadruplex motifs[END_REF]]. The yeast assay provides a useful and simple framework in which quadruplex stability can be systematically evaluated by measuring genome instability in particular genetic contexts, upon treatment of cells with ligands and by confirming that the observed instability is G4-mediated through directed mutagenesis that abolish the G4-forming potential of the sequence of interest. Interestingly, this approach has allowed to demonstrate that loops play a predominant role since G4s containing short loops (≤4 nucleotides) cause higher levels of genome instability than G4 motifs with longer loops, a behavior that can be linked to the thermodynamical stability of the short-looped structures (Figure 16C). Finally, given that both the G4-seq [START_REF] Chambers | High-throughput sequencing of DNA G-quadruplex structures in the human genome[END_REF]] and the BG4 ChIPseq [START_REF] Hänsel-Hertsch | G-quadruplex structures mark human regulatory chromatin[END_REF] studies show that G4s are enriched in regions where somatic copy number alteration were mapped in cancer genomes (specifically, amplifications), it appears that the presence of G4 structures in a given region may increase the risk of genome instability. These associations are consistent with the observation that there are higher levels of G4 in the cancerous (or immortalized) human keratinocytes than in the normal state [START_REF] Hänsel-Hertsch | G-quadruplex structures mark human regulatory chromatin[END_REF]]. These experimental data suggest that, at least in some cases, that cancer genomes are more prone to form G4 structures than under normal conditions.

I.C 4) Therapeutic opportunities in cancer treatment

The abundance of G-quadruplexes at telomeres, the significant relationship between G4 sequences and transcription regulation of oncogenes and genomic instability have stimulated efforts towards the design of G4 sequence-specific molecules for cancer therapeutics [START_REF] Balasubramanian | G-quadruplex nucleic acids as therapeutic targets[END_REF]Balasubramanian et al. 2011;[START_REF] Neidle | Quadruplex Nucleic Acids as Novel Therapeutic Targets[END_REF]. Several smallmolecule ligands with a higher specificity for G4s over double-stranded DNA have been designed and evaluated for their therapeutic potential [Balasubramanian et al. 2011]. A recent example is the tetra-substituted naphthalene diimide derivative MM41, and a similar computerdesigned CM03 derivative, which causes a significant decrease in tumor growth in PANC-1 and MIA PaCa-2 pancreatic cancer xenograft models [START_REF] Ohnmacht | A G-quadruplex-binding compound showing anti-tumour activity in an in vivo model for pancreatic cancer[END_REF][START_REF] Marchetti | Targeting Multiple Effector Pathways in Pancreatic Ductal Adenocarcinoma with a G-Quadruplex-Binding Small Molecule[END_REF]. Although this effect can be explained, in part, by an associated strong down-regulation in KRAS and BCL-2 gene expression, other G4-related effects might also contribute to the efficacy of such treatments [START_REF] Marchetti | Targeting Multiple Effector Pathways in Pancreatic Ductal Adenocarcinoma with a G-Quadruplex-Binding Small Molecule[END_REF]]. The G4 ligands PDS and RHPS4 trigger DSB formation, the activation of DNA repair pathways (specifically homologous recombination and non-homologous end joining) and poly(ADP-ribose) polymerase 1 (PARP1) activation [START_REF] Salvati | Telomere damage induced by the G-quadruplex ligand RHPS4 has an antitumor effect[END_REF][START_REF] Salvati | PARP1 is activated at telomeres upon G4 stabilization: possible target for telomere-based therapy[END_REF][START_REF] Rodriguez | Small-molecule-induced DNA damage identifies alternative DNA structures in human genes[END_REF]. Exposure of HeLa and U2OS cancer cell lines to the WRN inhibitor NSC-19630 sensitizes the cells to the G4 ligand telomestatin, which exacerbates the delay in S phase progression and induces a DNA damage response [START_REF] Aggarwal | Inhibition of helicase activity by a small molecule impairs Werner syndrome helicase (WRN) function in the cellular response to DNA damage or replication stress[END_REF]. Also, inhibition of NHEJ with the DNA-PK inhibitor NU7441 causes a significant sensitization to PDS in human HT1080 fibrosarcoma cells [McLuckie et al. 2013]. Furthermore, ablation of breast cancer type 2 susceptibility gene (BRCA2) in HCT116 colon cancer cells, making them HR-deficient, resulted in an approximately 10-fold increase in sensitivity to PDS compared with HR-proficient isogenic [McLuckie et al. 2013]. DNA repair deficiencies have been further demonstrated to stimulate cancer cell sensitization to PDS in BRCA2 -/-human colorectal adenocarcinoma DLD-1 cells and in human embryonic kidney 293T cells depleted of the HR proteins BRCA1 or RAD51 [START_REF] Zimmer | Targeting BRCA1 and BRCA2 (deficiencies with Gquadruplex-interacting compounds[END_REF]. Sensitization to PDS is retained in HR-deficient cells after they have acquired resistance to the chemotherapeutic drug Olaparib, which highlights the potential of G4 ligands as therapeutic agents against HR-compromised tumors that have acquired resistance to chemotherapy drugs [START_REF] Zimmer | Targeting BRCA1 and BRCA2 (deficiencies with Gquadruplex-interacting compounds[END_REF]]. These recent findings suggest that G4 ligands could be considered for cancer therapy, especially in tumors that are genetically deficient in DNA damage repair [McLuckie et al. 2013;[START_REF] Zimmer | Targeting BRCA1 and BRCA2 (deficiencies with Gquadruplex-interacting compounds[END_REF]].

BRCA2 +/+ cells

I.C 5) The particular case of single-nucleotide G-quadruplexes

A particularity in the G4 sequence is that the length of the loops between G-runs directly impacts the folded topology and the thermodynamic stability of the quadruplex structure [Huppert and Balasubramanian 2007;[START_REF] Guédin | Stability of intramolecular quadruplexes: Sequence effects in the central loop[END_REF]Guédin et al. , 2010;;Piazza et al. 2015].

Specifically, biophysical experiments [Rachwal et al. 2007a;[START_REF] Guédin | Stability of intramolecular quadruplexes: Sequence effects in the central loop[END_REF]Guédin et al. , 2010] ] suggest that the presence of single-nucleotide loops is likely to increase the thermal stability of the folded quadruplex structure, a feature hypothesized to be linked to biological function and for which direct evidence is described hereafter. Furthermore, a single-nucleotide G4 loop necessarily adopts the well-defined double chain reversal geometry, that pre-disposes the quadruplex to adopt a parallel fold [START_REF] Hazel | Loop length dependent folding of G-quadruplexes[END_REF]Huppert and Balasubramanian 2007]. As we have seen, the majority of structurally characterized promoter quadruplexes that occur within oncogenes have been found to contain one or more single-base loop (Figure 14B).

Furthermore, in the human genome, as many as 64% of all PQS have at least one single nucleotide loop [Huppert and Balasubramanian 2005], and 5% carry exactly all single nucleotide loops (Figure 17A). However, in promoters the occurrence of single nucleotide loops in PQS is substantially higher: out of the 3,087 PQS that were mapped within the first 100 bases upstream of the TSS, 78% of them have at least one single-base loop and this proportion gradually declines towards the genome average (64%) on moving away from the TSS [Huppert and Balasubramanian 2007;Maizels and Gray 2013]. These observations suggest that in the vicinity of the TSS, evolutionary selective pressure might have favored PQS with stabilizing loop lengths and a predisposition towards the stable parallel folded structure. Folding topology is important in the recognition of quadruplexes, as has been demonstrated for both protein and small molecule quadruplex ligands, because different surfaces are presented for recognition.

The CEB25 G4 solution structure has been solved by NMR [START_REF] Amrane | Formation of pearl-necklace monomorphic G-quadruplexes in the human CEB25 minisatellite[END_REF], it adopts an all-parallel strand fold connected by propeller-type loops, the first and third loop being a single T and the central loop being 9 nt long. Each motif in a CEB25 tandem array adopts this structure, leading to the possibility to form a homogeneous 'pearl-necklace' G4 structure in minisatellites [START_REF] Amrane | Formation of pearl-necklace monomorphic G-quadruplexes in the human CEB25 minisatellite[END_REF]Piazza et al. 2015]. Previous studies in our laboratory have demonstrated that only CEB25 variant sequences with short loops (≤ 4 nt) (and a maximal total loop length of 5 nt precisely) containing pyrimidines (T or C loops) can trigger minisatellite instability [Piazza et al. 2015]. Shortening the loops does not alter the core topology of the G4 but it significantly increases its thermal stability (Figure 16C), in correlation with its in vivo behavior. An analysis of single-nucleotide loop G4 motifs present in yeast genomes showed that short pyrimidine loops are under-represented compared to purine loops, but in the human genome, such pyrimidine loops are strongly enriched for DNA damage upon treatment of human cells with the G4 ligand pyridostatin (Figure 17B). These results strongly suggested that the threat posed by short-loop G4s to genomic stability is a recurrent feature and is not limited to tandem repeats and in yeast genomes. It is then possible that the depletion of pyrimidine single-nucleotide-loop G4s may be explained by an evolutionary counter-selection.

Overall, the quadruplex consensus motif parameters dictating sequence instability were listed as follows (Figure 17C) [Piazza et al. 2015]: (i) the length of a single loop that connects the Gtracts (as most variants bearing a single loop length of ≥ 3 nt remain stable, while those with a 2-or 1-nt loop exhibit a gradual increase of instability); (ii) the position of the longest loop within the sequence (as carrying the longest loop in the central position leads to a higher frequency of rearrangements); (iii) the total number of nucleotide in the loops (as each 2-nt loop contributes to a decrease in the destabilizing potential of the G4 motif); (iv) the base composition of the loop is a key factor determining sequence instability (indeed the CEB25 loops 1-1-1 variants with three single T or C loops are extremely unstable in WT and G4 ligand treated but sequence variants carrying all-adenine loops were fully stable). Consequently, the diversity in rearrangement frequencies observed with the CEB25 variants in the yeast assays demonstrates the important role of the sequence loops in modulating the G4-dependent genomic instability.

I. D. Aims of the present work

To date, how G-quadruplexes form in vivo as well as the mutagenic potential of these sequences and specifically, G4 ligands, in the human genome remains insufficiently characterized. Indeed, only very recently there have been reports focusing on associations between quadruplex structure presence and mutational burden in abnormal contexts (namely tumor samples from The Cancer Genome Atlas database) [START_REF] Georgakopoulos-Soares | Noncanonical secondary structures arising from non-B DNA motifs are determinants of mutagenesis[END_REF][START_REF] Cheloshkina | Tissue-specific impact of stem-loops and quadruplexes on cancer breakpoints formation[END_REF][START_REF] Bacolla | Cancer mutational burden is shaped by G4 DNA, replication stress and mitochondrial dysfunction[END_REF]. Furthermore, these associations can be highly dependent on the definition of the G-quadruplex sequence used: as discussed, the number can range from a few thousands to over 800,000 depending on the chosen set, outlining the importance of choosing an appropriate and significant working dataset. Previous work in our laboratory had shown that not all potential G4 motifs induce G4-dependent minisatellite instabilities, by using natural and mutated human G4-forming minisatellite sequences inserted in wild-type yeast cells treated with a G4 ligand, PhenDC3 or PhenDC6 [Piazza et al. 2015]. It was demonstrated that only G4s with loops of ≤3 nt were able to stimulate the G4-dependent minisatellite instability and that G4s with the consensus G3N1G3N1G3N1G3 (where N is any nucleotide) both formed the most stable G4 in vitro and correlatively triggered the highest genetic instability in vivo. Following this work, and in the context of the projects I conducted in the laboratory, we focused specifically on the G4-L1 sequences present in the human genome, the most likely to fold during replication and transcription, sources of single-stranded DNA. Based on the biological relevance of stable G4 structures as well as their welldocumented interaction with specific ligands, the goal of my PhD studies was to characterize the consequences of stable folding of G4 DNA or RNA structures at multiple levels (genome, transcriptome, comparative analyses between species) by multi-omics approaches, that is DNAseq, total RNA-seq and in silico simulations, statistical modeling and data analysis. Three different themes are developed in the thesis manuscript:

1) Comprehensive characterization of G4-L1 sequences in the human genome and in over 600 species of eukaryotes: an in silico evolutionary analysis. The goal of this study was to identify and characterize a reasonably-sized working set containing strong G4 candidates, that could help us better understand the biological roles of stable quadruplexes and facilitate future functional studies that would benefit from the existence of high-confidence G4 targets. In this section, I have described (i) the analysis of the 18,153 single-nucleotide-loop G-quadruplex (G4-L1) motifs, that are widespread in the human genome and occur either as isolated motifs or clustered in particular regions; (ii) the biases in their sequence composition in the human genome as well as in a great number of eukaryotic genomes, aiming to identify correlations between evolutionary taxonomy, motif compositions and their thermal stability; (iii) the occurrence and the variability of G4-L1 sequences in the human population using the 1000 Genomes Project data [The 1000 Genomes Project Consortium 2005], which to our knowledge, now constitutes the first report of population-level variation occurring in quadruplex sequences;

(iv) the subsequent expansion of this sequence-based analysis to viral genomes, also reported in this section. Based on the results of this ample analytical study, we decided to make use of the newly-characterized G4-L1 dataset to study one of the detrimental consequences of quadruplex folding (which was previously described in vivo in yeast assays): eliciting genomic instability in the human genome, explained in the following section.

2) Evaluation of the mutagenic potential of short-looped G-quadruplexes: targetedcapture NGS approach. In this work, our aim was to investigate the effects on genome integrity of quadruplex stabilization by a variety of G4 ligands in live human cells. Confident discrimination of true variants from sequencing errors remains an analytical challenge, thus here, we propose a deep targeted-sequencing method (depth >800x) to increase sequencing accuracy and to focus on the detection of an increase in mutation frequencies around predicted stable quadruplexes (the G4-L1 set explored in the first section) in ligand-treated sample sequences compared with control samples. In particular, I have calculated the mutation spectra (i.e. the frequencies of each of the 96 types of point mutations based on the possible combinations of base substitutions and +/-1 flanking bases) induced by treatments with three G4 ligands and implemented two independent approaches to extract de novo quadruplexassociated mutational signatures: non-negative matrix factorization (NMF) following the subtraction of pervasive background signals [as first described in [START_REF] Zou | Validating the concept of mutational signatures with isogenic cell models[END_REF]] and combined NMF-LASSO [as first described in [START_REF] Ramazzotti | De Novo Mutational Signature Discovery in Tumor Genomes using SparseSignatures[END_REF]] which allows to enhance sparsity and separation of the discovered signatures. Finally, I have described the comparison of the de novo detected signatures with mutational signatures reported in human cancers, principally those derived from colorectal and gastric adenocarcinoma tumor samples (The Genome Cancer Atlas' COAD and STAD cohorts) and suggestive of unresolved DNA damage accumulation.

3) Influence of G-quadruplexes on gene transcription: whole-transcriptome exploration.

The last part of my doctoral work was focused on the exploration of the consequences of G4 stabilization by specific ligands, this time at a different level: the transcriptome. Indeed, as discussed earlier in this introduction, G4 sequences are enriched near gene promoters (shown to be statistically significant also in the case of short-looped motifs, as described hereafter in the Results section), which has suggested that they may influence transcription. However, this hypothetical role emerged from in silico analyses and has only been experimentally validated for a handful of specific gene. Here, we have carried out transcriptome profiling of fibrosarcoma cells treated with G4 ligands, in order to study the association between gene expression and enrichment or depletion of G4 motifs at promoters and, particularly, first introns of genes.

II. A. Comprehensive characterization of G4-L1 sequences in the human

genome and in over 600 species of eukaryotes: an in silico evolutionary analysis

II.A 1) Context and aims

In this work, we focused on the importance of better understanding the significance of G-quadruplex formation and its beneficial vs. detrimental effects, particularly in human cells.

To address this issue, we have undertaken a comprehensive bioinformatics approach to interrogate the evolution of these G-quadruplex forming sequences in the human genome, and for comparison, in a large number of species.

Firstly, I used a regular expression matching approach to identify the genomic coordinates of all G4-L1 motifs in the human reference genome hg38. As discussed, this is a rather strict detection technique, but it is perfectly suited for the fast identification of a particular sequence motif (G3N1G3N1G3N1G3 and its 64 possible combinations). In addition, I have developed a method to generate a random background, taking into account local heterogeneities in %GC content, to estimate the enrichment of these sequences within the genome, a control procedure which has rarely been described. This allowed to identify 18,153 motifs, significantly enriched in hg38, which were annotated and for which per-chromosome or per-region (enrichment at the level of the promoters, of 5'UTR regions and especially first introns of the genes) distribution was evaluated. Then, in order to assess the polymorphism of such sequences within the human population, I have focused on the identification of robust G4-L1 motifs with respect to intra-specific variation. This analysis was conducted using the coordinates of the common variants available in the 1000 Genomes Project database, showing that about 80% of the patterns are preserved but variations exist depending on the chromosomes and specifically, on the nature of the loops. Moreover, the analysis of G4-L1 sequences in ~ 600 eukaryotic genomes allowed us to identify important differences in the relative proportions of each type of motif (defined with respect to loop content). Indeed, the number of motifs containing three identical A loops (where N = A, termed G4-L1A) is systematically over-represented in primates and mammals in general; while the G4-L1G motifs (motif N = G or polyG15) are predominant in invertebrates, plants and protists. By performing a G4-dependent instability test in a yeast model, we have shown that G4-L1A and G4-L1G induce less genetic instability in vivo than the G4-L1C or T sequences, which are actually depleted in most eukaryotic genomes. The observed trends could be the result of species-specific mutagenic processes, associated with negative selection against the most stable G4s -thus neutralizing their detrimental effects on genome stability -while preserving their positive biological roles.

In a complementary manner, since viruses seize their hosts' cellular machinery for proliferation, I have conducted an extensive bioinformatics analysis of viral genomes and their eukaryotic hosts. In particular, we analyzed over 7,000 viral genome assemblies and reported over 12,000 G-quadruplex motif occurrences (sequence, coordinates and strand), which constitutes a comprehensive resource for the community's use. Furthermore, these analyses allowed to show that there is a predominance of single-nucleotide loop (although not necessarily identical) motifs in the paired viruses and animal host genomes. These G4s are the most thermodynamically stable quadruplexes, suggesting a high folding potential in vivo.

Finally, this work demonstrated a significant correlation between G-quadruplex sequence composition in viruses and their hosts. This was confirmed using the G4-rich Herpesviridae family of dsDNA viruses infecting five groups of eukaryotic hosts. In particular, we observed an accumulation of thermodynamically stable C-looped quadruplexes in herpesviruses infecting mammals. The C-rich loop PQSs are enriched in promoters, where they may provide host's transcription factor binding sites. Overall, we observed that the viral genomes are enriched with PQSs of similar loop composition to those associated with functionally relevant regions in their hosts species. These results point towards the existence of virus-host coevolution processes that influence the emergence and maintenance of particular G-quadruplex sequences in viral genomes.

INTRODUCTION

G-quadruplexes (G4) are four-stranded secondary structures formed by G-rich DNA or RNA sequences. They result from the stacking of multiple stable 'G quartets' (a planar arrangement of four guanines) coordinated by cations (1,2). Extensive, biophysical and structural studies revealed an impressive diversity of G4 conformations depending on the number of G quartets, the length of the loops and their sequences as well as strand orientation (3). Compelling evidence clearly implicates G4 motifs in various biological processes, comprising telomere maintenance (4)(5)(6), replication (7)(8)(9), genome rearrangements (10)(11)(12), DNA damage response (13), chromatin structure (14,15) and transcriptional (16)(17)(18)(19) or translational regulation (20,21).

Typically, the consensus sequence motif G 3+ N 1-7 G 3+ N 1-7 G 3+ N 1-7 G 3+ has been used to identify potential G-quadruplex-forming motif sequences (PQS) (22,23). This led to an estimate of 376 000 motifs in the human hg19 reference genome (updated here to 404 347 in hg38) but other estimates have been proposed. Namely, the number of PQS almost doubles by either considering G4 sequences with varying loop lengths of 1 to 12 nt (24) or by scanning the reference genome with the G4Hunter algorithm (25), reaching 765 400 potential sequences (when setting a score threshold of 1.75). A similar number was observed by using an in vitro replication stop assay performed in the presence of the pyridostatin G4 ligand and allowing the inclusion of 'non-canonical' G4s (containing bulges, strand interruptions with snapback guanines or incomplete tetrads) (26). Thus, depending on the algorithms used in silico,t h ee x p e r i m e n t a lm e t h o d su s e dt oi d e n t i f y PQS in vitro,a sw e l la st h ec e l ll i n e sa n dt h e i rc h r o m a t i n accessibility for in vivo experiments (26)(27)(28), this estimate varies greatly. On the other hand, there are limited reports that incorporate loop base composition as an essential parameter in genome-wide G4 motif identification (29)(30)(31).

By using natural and mutated human G4-forming minisatellite sequences in wild-type yeast cells treated with a G4 ligand, PhenDC3 or PhenDC6 (32), we previously showed that not all potential G4 motifs induce G4-dependent minisatellite instabilities (33). Indeed, we demonstrated that only G4s with loops of ≤3 nt were able to stimulate the G4-dependent minisatellite instability and that G4s with the consensus G 3 N 1 G 3 N 1 G 3 N 1 G 3 (where N is any nucleotide) -herein called G4-L1 -both formed the most stable G4 in vitro and correlatively triggered the highest genetic instability in vivo (33). Furthermore, we showed that the base composition of the loops is important, with the presence of pyrimidine bases being correlated with the most stable G4s, both in vitro and in vivo (33). Here, we report a comprehensive analysis of the G4 PQS, in particular short-looped, and their polymorphisms in humans as well as in a large number of eukaryotes and other branches of the evolutionary tree of life. We found striking biases in motif loop composition, indicating that purine loops are markedly over-represented compared to pyrimidine loops, with a particular enrichment for single A bases in mammals. In contrast, we observed a different trend that favors G bases in distantly-related metazoans and plants. We discuss the biological significance of the G4 motif sequences biases and the potential evolutionary mechanisms that may differentially shape the loop composition of PQS and the length of the [GGGX] n tetra-nucleotide repeats in genomes.

MATERIALS AND METHODS

G4-L1 motif search and annotation

We defined a G4-L1 motif as a 15-nt sequence with four runs of exactly three guanines, separated by loop sequences containing precisely one base (that may itself be a guanine). We searched, by regular expression matching (as first described in the Quadparser method ( 22)), for the motifs previously defined--([gG]{3}\w{1}){3}[gG]{3}--in the fasta file of the human reference genome hg38.W eonlycounted non-overlapping identical G4-L1 motifs. However, overlapping motifs with different loop sequences were both counted (i.e. GGGAGGGAGGGTGGGAGGG will count for two motifs, one with loops A-A-T and one with loops A-T-A). Motif fold-enrichment in hg38 was calculated by comparing actual G4 sequence counts (for different loop sizes, ranging from 1 to 12 nt) to counts of G4 motifs in a randomized background. To do so, we generated a subgenome with fixed 5 or 10 Kbp size windows centered at around each identified PQS (slop utility from the BEDtools suite ( 34)), created fasta files for each interval (bedtools getfasta) and assembled them into a sub-genome fasta file. Then, we performed three independent dinucleotide shuffles in those segments to generate the randomized local background and search for G4 sequences as described for the reference genome. Nucleotide shuffling was performed with a Python implementation of the Altschul-Erikson dinucleotide shuffle algorithm (35). The annotatePeaks.pl Perl script from HOMER software v4.7 (36)w a su s e dt oa nnotate the genomic coordinates found, for the overall G4-L1 set as well as for each of the 64 different motifs combinations independently. The inter-motif distances and motif density along chromosomes were calculated in R 3.3.3 for Mac OS X (37).

G4-L1 motif clusters assessment

We assessed the number of G4-L1 and G4-L 1,7 motifs found along chromosomes versus sequence size (in base pairs, bp). For G4-L1, we observed two trends in the distribution, with a break point at around 500 bp. For inter-motif distances inferior to 470 bp (in order to fit at least two 15 nt-motifs in a 500-nt span), we calculated the average number of motifs found in 500-bp windows with high G4-L1 density and thus defined a G4-L1 motif cluster as 500-bp sequence containing at least three non-overlapping motifs.

We scanned the hg38 genome for clusters, resulting in 646 G4-L1 motif clusters. We analyzed cluster sizes (i.e. number of G4-L1 motifs found within the 500 bp) and distributions for each of the 23 human chromosomes. Significant differences in proportions of G4-L1 motifs located within clusters between chromosomes were evaluated using the Pearson's chi-squared test.

Intersection with BG4 ChIP-seq data

We retrieved the latest BG4 ChIP-seq peaks data, specific to the HaCaT cell line, from the GEO database, accession number GSE99205 (38). The exact locations of the BG4 peaks were used to retrieve the corresponding sequences in fasta format using the getfasta command from the bedtools suite, using the hg19 reference genome. We then used the previously described regular expression matching approach to search for G4-L1, G4-L 1-7 and G4-L 1-12 motifs in these sequences. We also searched for potential G4-forming sequences running the G4Hunter algorithm in command line (with the set of parameters described by Bedrat et al. (25), and particularly with a score threshold of 1.75). Additionally, we split the BG4 peak sequences fasta file into one file per chromosome and ran the Quadron algorithm (39) in command line, with default settings. We counted the number of G4 motifs found, per chromosome, with each of the methods then extracted and analyzed the loop sequences for each motif. The consensus sequences found in the BG4 peaks (with or without PQS detected within the peaks) were found using the RSAT software suite (40).

Intersection with in vitro G4-seq data for multiple species

We retrieved G4-seq maps for 12 species from the GEO database, accession number GSE110582 (41). These species included: Homo sapiens, Mus musculus, Danio rerio, Drosophila melanogaster, Caenorhabditis elegans, Saccharomyces cerevisiae, Leishmania major, Trypanosoma brucei, Plasmodium falciparum, Arabidopsis thaliana, Escherichia coli and Rhodobacter sphaeroides. The exact coordinates of the mapped G4s were used to retrieve the corresponding sequences in fasta format (bedtools getfasta, using the same reference genomes as described by Marsico et al.). We used the previously described regular expression matching approach to search for G4-L1 motifs and assess G4-L1X (X = {A,T,C,G}) proportions. 

G4-L1 motif polymorphism evaluation

The latest variation data from the 1000 Genomes project (42) was retrieved from the dedicated data portal (phase 3 1000 Genomes data, accessed on September 2017) in vcf format. We intersected the positions of each of the reported common SNPs, defined as having a minor allele frequency of ≥0.01 in at least one of the five major human populations [African (AFR), Admixed American (AMR), East Asian (EAS), European (EUR) and South Asian (SAS)] with at least two unrelated individuals having the minor allele. The nucleotide variations were searched within the 15 positions of every G4-L1 motif found in hg38.Pairwise Mann-Whitney u-tests (with P-value adjustment) were applied to evaluate differences in overlapping variant counts in G-runs versus loop positions, and between different G positions. Polymorphism rates were also assessed for six other types of non-B DNA motifs: direct repeats (DR), inverted repeats (IR), mirror repeats (MR), A-phase repeats (APR), short tandem repeats (STR) and Z-DNA, for which coordinates were retrieved from the non-B database (available at http://nonb.abcc.ncifcrf.gov) ( 43). Proportions of nonpolymorphic sequences were compared between the different types of motifs using Chi-squared tests.

G4-L1 motifs in other species

Besides the human genome, we searched for G4-L1 motifs in 77 additional vertebrate genomes: 55 mammals (including 16 primates), 22 other jawed vertebrates and the lamprey genome. In addition, we also analyzed 25 invertebrate genomes (accessed from the UCSC Genomes portal (44)), 189 protist genomes (accessed from the Ensem-blProtists database (45)) as well as 217 genome assemblies for bacterial genomes (accessed from the EnsemblBacteria database ( 45)). The total number of G4-L1 motifs was evaluated along with loop composition, total GC content (defined as the sum of G and C nucleotides in the respective assembly) and genome size for each of the assemblies. In order to account for the heterogeneity of GC content in higher mammals, we retrieved chromosome size information for 20 of the mammalian genome assemblies. With this information, we binned each reference genome into nonoverlapping 10 Kbp (kilo base pairs) or 1 Mbp (mega base pairs) fixed-size windows (using the makewindows utility from the bedtools suite). Then, we counted the number of G4-L1 motifs present in each of these bins (bedtools intersect utility, -c option to report the number of hits). At last, correlations between GC content and G4-L1 counts were computed for each bin. Spearman's correlation coefficients were used to test for correlations among the different variables.

G4-L1 motifs in other species

Principal component analysis (PCA) was performed using the FactoMineR and factoextra packages in the R environment, initially for eukaryotes only and then for all species. The analysis was performed on loop composition information (active variables: A-A-A, T-T-T, G-G-G, C-C-C and mixed loops content), after having normalized the data matrixes (variables were centered and reduced), as described by Lê et al.( 46). Confidence level ellipses were assessed using the fviz pca ind function of the factoextra package. Correlation between A-A-A (T-T-T, C-C-C or mixed) loop content and G-G-G loop content in eukaryotes was estimated by calculating Spearman's correlation coefficients. Estimated divergence times between different eukaryotic species and the human genome (in Mya, millions of years ago) were retrieved from the TimeTree database (47). The correlations between divergence time and A-A-A, G-G-G, T-T-T, C-C-C or mixed loops content were assessed using Rscripts .

Phylogenetic tree of vertebrates

We retrieved branch lengths for 100 vertebrate genomes in Newick format from the UCSC Genome Browser database and reconstructed the phylogenetic tree using FigTree [available for download at: http://tree.bio.ed.ac.uk/ software/figtree/]. Information about the phylogeny of the AID/APOBEC genes was retrieved from published work (48,49).

[GGGX] n microsatellite motifs

We interrogated, by regular expression matching, the human reference genome for [NNNX] 2+ repeats, where '2+' denotes at least two consecutive repeats of the subunit and X = {A,T,C,G}. We obtained the overall number and genomic locations for each of the possible subunit repeats, comprising specifically the [GGGX] 2+ repeats. Then, [GGGX] 2+ microsatellite polymorphism was assessed by intersecting the motif positions with known common SNPs from phase3 1000 Genomes variation data. Data describing the distribution of other [NNNX] 2+ motifs in the human genome is available from the corresponding authors.

Circular dichroism

CD experiments were carried out at 20 • Cw i t haJ A S C O J-1500 spectropolarimeter equipped with a Peltier temperature controller (Jasco PTC-348WI) interfaced to a PC, by using 0.5 cm path rectangular quartz cells (1 ml reaction volume). Scans were recorded from 210 to 330 nm with the following parameters: 100 mdeg sensitivity, 1 nm data pitch, 200 nm min -1 scan speed, 1 s response, 1 nm band width and 4 accumulations. CD spectra of solutions containing 3 M of (GGGX) 4 were recorded in lithium cacodylate (10 mM) supplemented with KCl (100 mM) at pH 7.2. The signal was further smoothened through the Savitzky-Golay method (2 order, 20 points window). The CD data were blank-subtracted and normalized to molar dichroic absorption ( ε) on the basis of concentration using Eq. ε = / (32980 x c x l), with the ellipticity in millidegrees, c concentration in mol L -1 and l the path length in cm. Sequences used for the experiment:

[GGGA] 4 : TTGGGAGGGAGGGAGGGATT, [GGGC] 4 : TTGGGCGGGCGGGCGGGCTT, [GGGG] 4 : TTGGGGGGGGGGGGGGGGTT, [GGGT] 4 :TTGGGTGGGTGGGTGGGTTT .

FRET-melting experiments

Quadruplex-structure stabilization in the presence of PhenDC3 was monitored via Fluorescence Resonance Energy Transfer (FRET)-melting assay performed in 96-well plates on real time polymerase chain reaction (PCR) apparatus 7900HT Fast Real-Time PCR System as follow: 5m i na t2 5 • C, then increase of 0.5 

[GGGA] 4 T: 6FAM-(TTGGGAGGGAGGGAGGGA TT)-3 ′ TAMRA, F[GGGC] 4 T: 6FAM-(TTGGGCGGGCGGGCGGGC TT)-3 ′ TAMRA, F[GGGG] 4 T: 6FAM-(TTGGGGGGGGGGGGGG GGTT)-3 ′ TAMRA, F[GGGT] 4 T: 6FAM-(TTGGGTGGGTGGGTGGGT TT)-3 ′ TAMRA,
with 6FAM: 6-carboxyfluorescein and TAMRA: 6carboxy-tetramethylrhodamine).

[GGGX] 4 repeat instability in yeast cells

The synthetic [GGGA] 4 ,[GGGT] 4, [GGGC] 4 and [CAGT] 4 DNA microsatellite repeat clones were designed and purchased from GenScript and then integrated by the Gibson cloning assembly method at the same cloning site into the CEN11 TRP1 ARS replicative URA3 reporter pSH44 plasmid, as previously described (50). The resulting plasmids were introduced into the haploid MGD131-102A strain (MATa arg4∆-2060 leu2-3,112 trpl-289 ura3-52 cyh R strain (51), upon selection for tryptophan prototroph transformants. As expected, yeast cells carrying the plasmid also became uracil prototrophic, indicating that the in-frame [GGGX] 4 inserts did not inactivate the expression of the URA3 gene phenotype. To test the G 18 array, we used the ORT 5604 strain (same background as MGD131-102A) (10). To measure the instability of the four [GGGX] 4 repeats, in each case, 12 parallel cultures were grown for 8 generations and appropriate dilutions were plated on SC-TRP and 5-FOA-TRP containing media, in order to count the viable cells that retain the reporter plasmid and select for ura3 auxotrophic cells (5-FOA resistant cells retaining the plasmid), respectively. The mutation rates per cell and per division were calculated with the bz-rates tool (52). Briefly, the tool's estimator calculates the mean number of mutations and mutation rate, taking into account differential growth rates and plating efficiency.

Media

Saccharomyces cerevisiae single colonies were cultured in liquid synthetic complete SC-URA and then for eight generations in SC-TRP in the presence of dimethyl sulfoxide (DMSO) and the presence or absence of PhenDC3 (10 M). Cells were diluted and plated on SD-TRP and SD +5FOA-TRP. 5FOA-TRP plates were prepared according to standard protocols (53). SC liquid media containing PhenDC3 (10 M) have been prepared as previously described (11).

Statistics

All statistical analyses were performed in R 3.3.3 for Mac OS X (37).

RESULTS

Short loop G-quadruplexes (G4-L1) in the human genome

To identify and annotate G4 motifs in the latest human reference genome (hg38), we first examined their prevalence in silico, while varying the loop size between 1 (G4-L1) and 12 (G4-L 1-12 ) nucleotides, irrespective of the nucleotide loop composition (Table 1). Then, to evaluate their enrichment in the genome, we calculated their expected frequencies in a locally randomized nucleotide background (see 'Materials and Methods' section). We found that the G4 sequences with small loop lengths are markedly enriched in the human genome since their number largely exceeds random expectation (Table 1). The observed/expected ratios are 37, 9 and 5 for the G4-L1, G4-L 1-7 and G4-L 1-12 ,respectivel y ,(comparisons between all ratios, ANOVA P < 2.2 × 10 -16 ; from 37 to 9 and from 9 to 5, t-test adjP < 0.001; Table 1). Recently, an in vitro study of DNA G4 maps has also shown that quadruplexes carrying long loops are less enriched than shorter ones (fold enrichment of G 3+ L 1-7 and G 3+ L 8-12 sequences are 47.3 and 15.4, respectively) (41). These results strongly suggests that the G4 motifs in general, and particularly short-looped sequences, have evolved under certain selective pressures in the human genome.

Then, we examined the G4 loop length and base compositions among the subset of 10 560 sites identified by ChIPseq using the BG4 antibody (27) and the HaCaT cell line (28). We used three different search algorithms: regular expression matching for G4-L1, G4-L 1-7 and G4-L 1-12 motifs, G4Hunter (25) and the machine learning model Quadron (39) (see 'Materials and Methods' section). By regular expression matching, we identified 171 G4-L1 and 14 703 G4-L 1-12 motifs, and up to 18 876 PQS with the G4Hunter algorithm (Supplementary Figure S1A). Outstandingly, short loops are the most abundant (1-3 nt), with single-nucleotide loops representing the most frequent ones (Supplementary Figure S1A), particularly C-rich loops (Supplementary Fig- ure S1B).

To study the potential singularities of these quadruplexes, we examined the sequence and the coordinates of the 18 153 S1). Genome annotations of G4-L1 motifs show relative distributions that are very similar to previous annotations of the ∼376 000 G4-L 1-7 dataset (54,55) (Supplementary Figure S2A). G4-L1s are present in ribosomal DNA (23 motifs), with two motifs found in the promoter of the RNA5-8S5 gene (RNA, 5.8S ribosomal 5) and 21 motifs found in the gene bodies of the RNA28S5 (RNA, 28S ribosomal 5), RNA5-8S5, RNA5S15 (RNA, 5S ribosomal 15) and RNA18S5 (RNA, 18S ribosomal 5) genes. G4-L1 sequences are also enriched in gene promoters, 5 ′ UTR regions (Supplementary Figure S2A) and within the first introns of genic regions (Supplementary Figure S2A). In contrast, G4-L1 sequences are strongly depleted in exon regions (Supplementary Figure S2A). As described previously for the consensus PQS (55), there is a strand bias toward the presence of G4-L1 motifs in the non-template strand of gene first introns (Supplementary Figure S2B). Conversely, we see an opposite bias in UTR regions, where G4-L1 sequences tend to accumulate in the template strand of transcription (Supplementary Figure S2B), suggesting two different mechanisms by which the formation of G4 could impact transcription. In conclusion, the enriched G4-L1 subset is representative of the G4-L 1-7 PQS in terms of associations with these overall genome features.

G4-L1 (G 3 N 1 G 3 N 1 G 3 N 1 G 3 ) motifs present in the hg38 ref- erence (Supplementary Table
The G4-L1A motif (G 3 AG 3 AG 3 AG 3 ) is largely predominant in the human genome Next, we examined the base composition of the 64 possible G4-L1 sequences. All combinations of L1 loop sequences exist (Figure 1A and Supplementary Table S1) but remarkably, the motifs carrying three A loops (G 3 AG 3 AG 3 AG 3 , or G4-L1A) represent 49% of the total G4-L1 set (Figure 1B), while the other homogenous motifs G4-L1T, G4-L1G or G4-L1C are considerably less frequent, representing only 4.4, 4.2 and 1.0% of all G4-L1, respectively. The remaining G4-L1 motifs (41.5%) are mixed, with a combination of A, T, C or G loops. Thus, the G4-L1 loops are strongly biased both in their base composition (A >> T ∼ G > C) and in their propensity to bear identical nucleotides within the loops (58.5% of all motifs, the G4-L1A representing 84% of these). These observations cannot be viewed solely as a consequence of an intrinsic bias in the human genome nu-cleotide richness (∼58% A:T versus ∼42% G:C), since the observed loop composition distribution is significantly different from that observed in the shuffled reference genome (Figure 1C), where G4-L1A, G4-L1T, G4-L1C and mixed motif proportions are close to the expected values (1 combination out of 64 possible ones: 1 64 = 0.02). To determine whether this remarkable bias of base composition could be specific to the G4-L1 motifs, we also examined the G4 PQS with loops of 2-4 nt. The G4-L2 (51 008 occurrences) containing three AA loops are also frequent (6.1%) and overrepresented compared to the other G4-L2 carrying homogeneous CC, TT, GG or mixed loop compositions as compared to the expectations based on random local shuffling of the genome sequence (two-proportions z-tests P = 1.1 × 10 -7 ; Supplementary Figure S3). Similarly, the G4 motifs bearing 3-nt loops are enriched in homogenous A loops, albeit to a much lesser extent (two-proportions z-tests P = 0.046; Supplementary Figure S3). Further, we found that G4-L1C motifs are more strongly correlated with various functional features, such as promoters and 5 ′ UTR regions (Supplementary Figure S4A) whereas G4-L1A motifs are particularly enriched in annotated repetitive regions, mainly present in low-complexity regions (simple repeats, G-rich regions) and in transposable elements (Supplementary Figure S4B). G4 formation within transposable elements has been previously reported (56,57), and shown to stimulate retrotransposition (58) and gene transcription (59).

G4-L1 motif clusters: high G4-L1 motif density regions

To assess the relative density of the G4-L1 motifs along the human genome, we examined the genome-wide intermotif distances (inner circles, Figure 1A and Supplementary Figure S5A). We identified several chromosome regions with small inter-motif distances and thus high G4-L1 density--notably within subtelomeric and pericentromeric regions, a trend previously observed for G4-L 1-7 motifs (60). Figure 2A reports the number of motifs found with increasing inter-motif distances, limited to 50 Kbp for clarity (all log-scaled distances are reported in Supplementary Figure S5B). It reveals two distinct trends in the distribution of the G4 sequences: first, for both G4-L1 and G4-L 1-7 mo- tifs, a large set of sequences exhibit short inter-motif distances (500 bp or less); second, there is a strong inflexion in the increase of the number of motifs only for G4-L1 at ∼500 bp. The average density of G4-L1 found to have intermotif distances of 500 bp or less is 50-fold higher than the PQS average density found for the whole genome (Figure 2B and Supplementary Table S2). Thus, a G4-L1 cluster can be defined as a 500 bp region where at least three nonoverlapping motifs occur (Figure 2B). Using this threshold, there are 646 G4-L1 clusters in the hg38 reference genome (Supplementary Table S3), comprising 2428 motifs (13.4% of the G4-L1 genome set). Once again, the clustered G4-L1 sequences display an over-representation of identical loop motifs (78.4%), of which 63.9% were G4-L1A, the other types being much less frequent (G4-L1G: 8.4%, G4-L1T: 5.3% and G4-L1C: 0.8%) (Figure 2C). In terms of localization, the G4-L1 clusters are present in every chromosome (Supplementary Figure S6A) with no global strand bias; 325 clusters are located on the template strand and 321 on the non-template strand. Nevertheless, the G4-L1 clusters were significantly more prevalent in chromosomes 2, 14, 21, X and Y (Supplementary Figure S6A), where they also displayed a higher density of motifs within the 500 bp window (we calculated an average of 8.8 motifs/Kbp in clusters within these chromosomes and particularly 10 motifs/Kbp for chromosome X). Particularly, there are two identical clusters within the PAR1 region of chromosome X/Y(startingat2227721and2228257),carrying16G4-L1A and 8 G4-L1A motifs, respectively, in a 500 bp window. In contrast, we only found one region with a cluster bearing ≥3 consecutive G4-L1G, located on chromosome 2 (chr2: 32,916,916,625). In terms of annotation, G4-L1 clusters are particularly enriched within gene promoters and TTS regions (Supplementary Figure S6B). As an extreme, G4-L1 motifs with identical loops are part of tetranucleotide microsatellites arrays [GGGX] n , where X is any of the four nucleotides {A,T,C,G} and n (n ≥ 2) the number of repeats of the core four-letter pattern. To test whether these microsatellites display a similar evolutionary trend as G4-L1 motifs, we analyzed the composition of the >400 000 [GGGX] n motifs present in the human genome (see 'Materials and Methods' section). Again, there is a clear bias toward [GGGA] n (chi-squared goodness of fit tests P < 0.05 for n ≥ 2whencomparingagainstahomogenousrepresentation of each base; Figure 2D) with an almost absolute predominance of A nucleotides in large (n > 4) [GGGX] n motifs. This predominance is specific to [GGGX] n since, for instance, in [AAAX] n the X = A prevalence rapidly decreases after n = 7 repeats while in [GGX] n this decrease is seen after n = 3 repeats (Supplementary Figure S7). With regard to polymorphisms, we identified variants in each class of [GGGX] n microsatellites (using, as described below, common SNP sites from the 1000 Genomes project (40)). The [GGGG] ≥3 sequence is the most polymorphic at the population level, in the cluster comprised of short repeat sequences (5 ≥ n ≥ 2) obtained by hierarchical clustering (Figure 2E). Conversely, [GGGC] 4-5 motifs are particularly conserved (Figure 2E), which could be correlated with the enrichment for such motifs in promoters. Together, these observations demonstrate that the loop composition within To perform the search, positions -3to-1 were set to G and position 0 was variable (X). The number of repeats (n) of the subunit is shown on the x-axis, whilst the y-axis represents the nucleotide composition of the X position for each of the n values. The number of occurrences, for each value of n, is shown over the corresponding bar. Red, X = A; green, X = T; blue, X = G; orange and X = C. *, Chi-squared goodness of fit tests P < 0.05 (comparison of the observed distributions to an expected homogenous distribution). (E)V aria bilityofthe[GGGX] n micro-satellites in the human genome. The heatmap shows log 2 fold-change differences between [GGGX] n motif counts in hg38 and in a genome where common SNPs (from the 1000 Genomes Project database) were masked, for different micro-satellite motif sizes. >0: motif less polymorphic than expected; <0: motif more polymorphic than expected. Dendrograms created through by-column and by-row hierarchical clustering were added on top and on the side of the heatmap, respectively.

[GGGX] n tetra-nucleotide microsatellites recapitulates the overall G4-L1 biases.

Polymorphisms in the human G4-L1 motifs are restricted

Next, to examine the polymorphism of G4-L1 sequences in the human population, we analyzed the occurrence and the sequence variability of the G4-L1 motifs within the 1000 Genomes project data (42). We found 2845 (16% of the genome set) polymorphic G4-L1 motifs, i.e. overlapping with common SNPs (Single Nucleotide Polymorphisms, see 'Materials and Methods' section). The nature of the base changes and their positions are summarized in Figure 3 and the complete list and coordinates of the variants are reported in Supplementary Table S4. For comparison, the rate of polymorphism of six other types of motifs prone to form non-canonical secondary structures (referred to as non-B DNA motifs) is reported in Supplementary Figure S6A. These comprise direct repeats (DR), inverted repeats (IR), mirror repeats (MR), A-phase repeats (APR), short tandem repeats (STR) and Z-DNA. Coordinates were re- trieved from the non-B database (available at http://nonb. abcc.ncifcrf.gov) (41). The G4-L1 rate of polymorphism is similar to the one of Z-DNA (17%), slightly higher than those of IR, STR and APR (13, 10 and 14%, respectively), and lower than those of DR (22%) and MR (29%) (Supplementary Figure S8A). Particularly, G4-L1 motifs are slightly less polymorphic than the consensus PQS G4-L 1-7 (22%), showing that the most stable in vitro structures are also best conserved within the human population. Interestingly, we observed that the genomic regions carrying G4-L1 sequences, similar to any other non-B DNA motif, appear to be more polymorphic than regions devoid of such motifs (Supplementary Figure S8A).

With respect to base composition, the motifs carrying all T or all A loops are significantly less polymorphic than those carrying all G or mixed loops, while those bearing all C loops are intermediate (Supplementary Figure S8B). Likewise, motifs within clusters are also less polymorphic (Supplementary Figure S8B). However, when inspecting individually each of the base changes in polymorphic motif loops, subtle differences emerge. Namely, in the first loop, C or T bases varied more frequently than A or G while in the second loop, T or G bases were the most variable (Figure 3A). Moreover, the most frequent polymorphic motif found carries preferentially C or T in loop 1 (N1), C or G in loop 2 (N2) and C or G in loop 3 (N3) (inset Figure 3A). In addition, the loop nucleotides (located at positions 4, 8 and 12 in a 15-nt G4-L1 motif) are less polymorphic than the G tracts; in average, every loop position varied 213 times, while every G position varied 281 times (two-sample t-test, P = 0.03) (Figure 3B). The degree of polymorphism also differs within G tracts, where the flanking Gs (positions {1, 3, 5, 7, 9,11, 13, 15}) are significantly more polymorphic than the central Gs (positions {2, 6, 10, 14})( t w o -s a m p l et-test, adj.P = 0.0027) (Figure 3C). Although all types of variations are observed for the loop nucleotides, {A,T,C}>G is the most frequent (Figure 3D). On the other hand, within the G-runs, the most frequent change is G>A, irrespective of its position within the G tract (Figure 3D). Interestingly, we did not observe differential variability among the 15 nt positions of the minimal G4-L1G motif (Supplementary Figure S9A) and the most frequent variant was G>T (Supplementary Figure S9B), suggesting that G 15 homopolymers behave differently than other G4-L1 sequences.
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In conclusion, at the population level, the pyrimidine and G nucleotides in the loops are more polymorphic than the A loops. The remarkable variations in the degree of polymorphism of the various G4-L1 motifs and the large scale divergence of G4-L1 loop composition between species described hereafter raise the question of the molecular origin of this selective variation, occurring at the nucleotide level resolution (see 'Discussion' section).

G4-L1A is the least stable quadruplex in vitro and the least prone to trigger genetic instability in vivo

As previously shown by UV/CD spectroscopy, G4-L1A, T or C containing oligonucleotides (18 nt length) can form stable G-quadruplex structures in vitro, but with a melting temperature (T 1/2 ) highly dependent on the residue in the loop (G4-L1T ∼ C > G4-L1A) (33). Upon FRET-melting analysis of the four [GGGX] 4 oligonucleotides (16 nt G-rich core + TT in 3 ′ and 5 ′ ), the G4-L1C, the G4-L1T sequences and the G4-L1G homopolymer exhibit the highest melting temperatures (64.5, 63.2 and 63.9 • C, respectively) and G4-L1A the lowest (47.9 • C) (Table 2 and Supplementary Figure S10). In the presence of the G4 ligand PhenDC3 (1, 2 and 5 molar equiv.), we observed largely enhanced T1/2 values in all cases (e.g. 14.4 < T1/2 < 25.2 • Ca t2molar equiv.) which increase in a dose-dependent manner. This indicates strong binding of the ligand on each preformed G4 secondary structure irrespective of the sequence (Table 2). In each case, the circular dichroism signature was typical of parallel G-quadruplexes (Figure 4A). However, the G4-L1G ([GGGG] 4 ) homopolymer (with a 16 nt G-rich core similar to the dG 16 oligonucleotide described by Masiero et al.(61)) showed no clear transition in the FRET-melting curves, suggesting the presence of several species (intra-and intermolecular G4s). Thus, all data indicates that each G4-L1 motif readily folds into a G-quadruplex structure but, remarkably, the G4-L1A motif that is significantly overrepresented in the human genome, is the least stable structure in vitro.

Next, to examine the behavior of the different G4-L1 motifs in vivo, we exploited a highly sensitive plasmid assay, developed in S. cerevisiae [START_REF] Henderson | Instability of simple sequence DNA in Saccharomyces cerevisiae[END_REF]. For this purpose, each [GGGX] 4 sequence, as well as a control [CAGT] 4 motif, was inserted in frame within the coding sequence of the plasmid-borne URA3 gene. This assay allows to phenotypically measure the occurrence of out-of-frame mutations that yield 5FOA resistant (uracil auxotroph) colonies (see 'Materials and Methods' section). The mutation rates per cell per division for each sequence, along with their 95% confidence intervals, are reported in Supplementary Table S5. In untreated conditions (DMSO), the [GGGA] 4 and the control [CAGT] 4 arrays exhibited the lowest level of instability, followed by G 18 (3-fold increase, no overlap of the 95% confidence limits) and then by [GGGT] 4 and [GGGC] 4 which exhibited a 5-to 6-fold increase of instability compared to the [GGGA] 4 array (Figure 4B). Treatment of the cells with PhenDC3 led to significant increases in the mutation rates of the [GGGX] 4 arrays but not in the control sequence. The increase reached 7-fold for G4-L1A, 14-fold for G4-L1T and 34-fold for G4-L1C (Figure 4B). These results, and our previous assay using non-transcribed human minisatellite arrays (33), demonstrate the differential capacity of G4-L1s, either spontaneously or when targeted by small molecules, to trigger genetic instability in vivo. The correlation with the thermal stability of every G4-L1 emphasizes the dramatic differential consequence of the loop base composition and their capacity to form quadruplexes in vivo. To note, the stability of the final complex [(GGGA) 4 +P h e n D C 3 ]o b s e r v e d( 8 0 • C) may contrast with the still lower genetic instability of this sequence as compared to the others. However, it is also likely that the probability of formation of this G4 in vivo is much lower (and/or its lifetime shorter) due to its low T 1/2 , thereby resulting in a weaker ability of PhenDC3 to target it in vivo.

These results raise the question of the molecular mechanisms that drive G4-L1 sequence maintenance and dynamic evolution, being either isolated, clustered in subchromosomal regions or organized in microsatellite repeats.

Sequence specificity of the G4-L1 motifs across species

Given the over-representation of G4-L1A motifs in the human genome, we assessed whether similar biases in loop composition exist in other species. Altogether, we mined 78 vertebrates, 25 other metazoans (invertebrates), 189 protists, 20 plants, 70 yeasts as well as 217 bacterial genomes for G4-L1 sequences. Our analyses showed that G4-L1 motifs are present in all eukaryotes (Supplementary Table S6), exhibiting different motif densities (G4-L1 motifs per mega base pair, Mbp) by phylogenetic group (Figure 5A). Indeed, primate genomes (17 assemblies) contain significantly less G4-L1 sequences than other placental mammals (Wilcoxon rank sum test with P-value adjustment for multiple comparisons, P = 0.005; 34 assemblies) and particularly, the yeast genomes carry significantly less (pairwise comparisons using Wilcoxon rank sum tests with P-value adjustment for multiple comparisons, each P < 0.05) G4-L1 sequences than any other eukaryote examined (Figure 5A). Our analysis across 193 eukaryotic genomes revealed that the absolute number of G4-L1 motifs within a genome is positively correlated with genome size (Spearman's rho = 0.87; Figure 5B) and also to a large extent, to %GC content (Spearman's rho = 0.47) although the significance of this last relationship is highly dependent on the phylogenetic group (Supplementary Figure S11A). Indeed, when using global GC genome content, the positive correlation between G4-L1 and %GC content is mostly explained by non-primate vertebrate genomes (Spearman's rho = 0.31; 61 assemblies) and yeast genomes (Spearman's rho = 0.37), as the relationship is not significant for primate, invertebrate metazoans and plant genomes (Supplementary Figure S11A). However, the connection between these two variables was lost when using overall genomic %GC in higher mammals, given the heterogeneity of GC content in these genomes. Although the correlations are moderate, they are significant when proceeding by 10 Kbp or 1 Mbp fixed-size windows for correlation assessment in mammals (see 'Materials and Methods' section; Supplementary Figure S11B). Intriguingly, there is no overall significant relationship between G4-L1G (polyG 15 ) content and GC content (Figure 5B), with only non-primate vertebrate genomes (Spearman's rho = 0.37, P = 0.0349) showing a significant positive correlation between these two variables (Supplementary Figure S12). As observed in the human genome, G4-L1 sequences found in the other eukaryotic genomes are also enriched but exhibit different loop sequence biases. As illustrated in Figure 6A, unsupervised learning (the phylogenetic group belonging was excluded from the analysis) allows to detect two trends in the compositional bias of the G4-L1 loops: in placental mammals--primates in particular--there is a bias toward G4-L1A motifs while in amphibians, fish and invertebrate genomes, as well as in plants and protists (Supplementary Figure S13A) there is an excess of G4-L1G motifs. Intriguingly, the proportions of these two types of G4-L1 motifs exhibit the strongest negative correlation (Spearman's rho = -0.81, P < 2.2e-16) (inset Figure 6A and Supplementary Figure S14). Detailed analysis of G4-L1 loop compositions for each of the phylogenetic groups confirms the trends showing a significantly higher proportion of G4-L1A motifs in primates than in any other group (pairwise comparisons using Wilcoxon rank sum tests with P-value adjustment for multiple comparisons, each P < 0.05) and, conversely, significantly lower proportions of G4-L1G motifs (Figure 6B). Moreover, the lack of significant correlation between %GC content and G4-L1G content, indicates that this trend is not a mere consequence of genome nucleotide composition. At last, it is also striking that G4-L1T and G4-L1C always represent a small fraction of G4-L1 motifs (Figure 6B), with respective mean values of ∼3% and ∼1%, albeit a slightly higher proportion of G4-L1T sequences in vertebrates than in other eukaryotes (Figure 6B).
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Furthermore, when evaluating loop content versus estimated divergence times between different eukaryotic species and the human genome (Mya, millions of years ago), we observed more distinctly these two trends in vertebrates and other eukaryotes (Figure 7). Indeed, G4-L1A motifs seem to 'emerge' in jawless fish (600 Mya) and their fraction increases progressively in vertebrate genomes, with a proportion of 0.25 G4-L1A sequences in placental mammals (∼200 Mya). Remarkably, the repertoire of G4-L1A expands in Primates (∼55 Mya), reaching up to 67% of all G4-L1 motifs in the Macaca fascicularis genome. Conversely, the occurrence of G4-L1G slowly decreases from plants (over 1500 MYA) to invertebrate metazoans (around 650 MYA) and drops more rapidly within vertebrates up to primates, which carry the lowest proportions of polyG 15 (median for 17 genomes, 9.5%).

At the extremes, on the G-rich side, we found C. elegans with 79.6% G4-L1G motifs (1130 motifs total) and the extremophilic unicellular red alga Galdieria sulphuraria with only two G4-L1G motifs; on the A-rich side, we found 10 Primate species with 50.3-66.9% G4-L1A motifs (from a total of 13 255 motifs in the gibbon, to a total of 14 970 motifs in the crab-eating macaque). Notably, there are only small differences in the observed trends between closely related species (Supplementary Figure S15). To measure intra-species biases, we investigated 11 Drosophila species (including D. melanogaster), 10 Caernorhabditis species (including C. elegans) and 5 Saccharomyces species (including 64 strains of S. cerevisiae) (Supplementary Table S6). The bias toward G4-L1G sequences is conserved within these species, with a median polyG 15 content of 57, 70 and 67%, respectively. Curiously, some genera of protists exhibit exceptionally high proportions of G4-L1A and particularly G4-L1T motifs (Leishmania and Trypanosoma genera; Supplementary Figure S13B and Table S7), while most Plasmodium species fit the global observed trend and are G4-L1G-high (Plasmodium, Supplementary Figure S13B and Table S7). Although rare (as observed in any G4-L 1-7 motif), the G4-L1 motifs present in bacterial genomes exhibit slight loop biases, favoring G4-L1G motifs (in average, 13% of the G4-L1 motifs found) and mixed loops motifs (in average, 20% of the G4-L1 motifs found) (Supplementary Table S7).

Of note, our examination of the G4-L1X (X = {A,T,C,G}) content in G4 maps obtained in vitro (41) in a subset of 12 species corroborates the existence of the trends that we observed in silico (see 'Materials and Methods' section), with the human and mouse G4 maps being G4-L1A high and conversely, the lower eukaryotes and bacteria being G4-L1G high (Supplementary Figure S16). In addition, very similar G4-L1X proportions were found in silico and in folded G4s predicted in vitro.

DISCUSSION

Estimates of G-quadruplex content in the human genome range from 18 000 (G4-L1) to over 790 000 (G4-L 1-12 )sites, with limited knowledge of which fraction likely carries cellular functions. Compelling evidence already implicates distinct G4 motifs in various biological processes, suggesting that at least some quadruplexes are likely 'at work'. However, the risk of assuming the reliance of a phenotype on the ability of a large set of extended length sequences to adopt such structure in vitro remains uncertain. As a stepforward, here, we focused on the subset of short loop PQS that by themselves already exhibit differential genomic and function-related features.

Singularities of the G-quadruplex forming sequences

A total of 18 153 single-nucleotide-loop G-quadruplex motifs are widespread in the human genome. They occur as isolated motifs (15 725) or clustered (2428) in subchromosomal regions at an average density of 1 motif per Mbp, although there are regions of markedly high G4-L1 density (up to 6 motifs per Kbp). Furthermore, G4-L1 motifs also occur as microsatellite tetra-nucleotide arrays [GGGX] n (N = 8522, n ∈ (4,20)), including 1-5 fulllength G4-L1 motifs. Intriguingly, in all cases, the G4-L1 sequences show a significant bias in G-quadruplex loop composition, favoring identical adenine loops (G 3 AG 3 AG 3 AG 3 or G4-L1A) not only in the human genome but also within the 54 other mammalian genomes examined here. Among the four [GGGX] 4 motifs, the [GGGA] 4 sequence yields the least thermodynamically stable quadruplex structure in vitro and correspondingly bears the lowest potential to trigger quadruplex-dependent genetic instability, both spontaneously and in the presence of a G-quadruplex ligand (Table 2). Of note, the present G4-dependent assay monitored genetic instability in a coding region (potentially dependent on transcription) while our previous G4-L1A/T/C loop minisatellite assay was independent of transcription but de- pendent on replication directionality [START_REF] Lopes | G-quadruplex-induced instability during leading-strand replication[END_REF]. The similar hierarchy of the effect of the loop composition suggests that the G4-dependent instability is dependent on replication directionality in both assays. Alternatively, if a combined replication/transcription-dependent mechanism is involved (perhaps related to R-loop formation), it is similarly sensitive to the G4 loop base composition.

By integrating sequence-based prediction with genome annotation, we found that the G4-L1 quadruplex motifs colocalize with functionally significant loci, such as promoters and 5 ′ UTR regions, recapitulating the location of the much larger PQS consensus dataset (G4-L 1-7 ,upto404 347 sites). On the other hand, we identified several singular features among the G4-L1 motifs that specifically raise the question of their functionality, and therefore whether or not they represent 'unwanted' sequences at-risk able to trigger genome instability. Alternatively, but not exclusively, some short loop G4s may have acquired specific functions and thus play important biological roles. These intriguing features are: (i) the over-representation of the G4-L1 motif per se; (ii) the preferred homogeneity of the loop base composition; (iii) the particularly high frequency of the thermodynamically stable G4-L1C sequences targeted by the BG4 antibody and associated with active chromatin; (iv) the depletion of G4-L1C and G4-L1T sequences in most eukaryotes; (v) the overwhelming proportion of G4-L1A in mammals or G4-L1G-motifs in other eukaryotes (discussed hereafter). These differential features strongly suggest that the G4-L1A and G4-L1G motifs and, to a significant but lower extent, the G4-L2 and G4-L3 motifs with purine loops, have been subjected to selective forces that favor their emergence and maintenance in genomes, perhaps in connection with their capacity to form more labile quadruplexes. This selection could have been functionally advantageous, for instance if bound by endogenous regulatory binding proteins involved in transcriptional regulation (18) or adapted to perform post-replicative chromatinrelated epigenetic functions [START_REF] Schiavone | Determinants of G quadruplex-induced epigenetic instability in REV1-deficient cells[END_REF]. Mechanistically, the conjunction of these singular features could sufficiently but not exclusively explain that all species tend to reduce the G4 threat either by mutating or eliminating the most stable G4 secondary structures, carrying Cs and Ts in their loops. Since all G4-L1s adopt parallel G4 structures in vitro, it is attractive to consider that the bases forming the loops are the most exposed to mutagenic processes. However, with the exception of the G4-L1G in which all bases are equally polymorphic, these loop positions are less polymorphic than the G-runs themselves.

Another consideration, intimately linked to the formation of G-quadruplex structure, is the possibility for the PQS complementary strand to form a different C-based i-motif. In particular, recent results indicate that the long (C 3 T 3 ) n C 3 single strand DNA can form an i-motif under physiological conditions (notably at physiological pH) [START_REF] Wright | Identification of multiple genomic DNA sequences which form i-motif structures at neutral pH[END_REF][START_REF] Školáková | Systematic investigation of sequence requirements for DNA i-motif formation[END_REF], although i-motifs are about 100-fold less thermodynamically stable than the corresponding G4 structures and their formation is not kinetically favored [START_REF] Phan | Human telomeric DNA: G-quadruplex, i-motif and Watson-Crick double helix[END_REF][START_REF] Lane | Stability and kinetics of G-quadruplex structures[END_REF]. In comparison, the (C 3 T) 3 C 3 i-motif, complementary to the G4-L1A motif, was shown to be the least stable i-motif and to form intermolecular, rather than intramolecular structures [START_REF] Školáková | Systematic investigation of sequence requirements for DNA i-motif formation[END_REF]. Although these observations argue against a predominant formation of i-motifs in front of a G4-L1A quadruplex, its competitive or synergistic role on G4-L3A quadruplex formation and evolutionary trend remains to be studied.

Evolutionary trend of G4L1-loop base composition

The human G4-L1 sequences per se are rather conserved across the human population whilst being flanked by regions of higher variability. Also, the G4-L1G sequence (G 15 ) is the most polymorphic of all G4-L1s carrying identical loops and the guanines flanking the loops are more variable than the guanines that form the middle quartet. These observations raise the possibility that guanines that participate to the formation of the top and bottom quartets and to the loops are more prone to mutagenesis, in particular oxidation [START_REF] Delaney | Charge transport in DNA duplex/quadruplex conjugates[END_REF][START_REF] Fleming | Oxidative DNA damage is epigenetic by regulating gene transcription via base excision repair[END_REF], thus pointing to a mutational mechanism linked to DNA damage and repair.

Our comprehensive data mining of more than 500 species genomes uncovered a strong correlation between evolutionary taxonomy and G4-L1 loop composition. It appears that the accumulation of G4-L1A motifs is specific to mammals--and primates in particular--with a marked increase in their proportion among G4-L1 sequences in detriment of G4-L1G motifs. In contrast, G4-L1A motifs are rare in non-vertebrate metazoans, plants, fungi and prokaryotes, whilst G≥ 15 sequences are widespread. These mutually exclusive biased loop compositions may suggest the existence of putative species-specific mutagenic processes that could drive ancestral PQS sequences toward GA-L1G on one side and to G4-L1A on the other. Another possibility is that the ancestral PQS sequence was a G homopolymer that evolved on the vertebrate branch toward G4-L1A through mechanisms that introduced G>A modifications with certain periodicity. Speculatively, and as suggested by the breaking point observed at around 600 Mya when comparing G>A/A>Gt r e n d sw i t hs p e c i e sd ivergence times, this putative mechanism may have appeared with the first vertebrates. When looking at the evolution of DNA processing proteins that originated at the beginning of the vertebrate radiation, the AID/APOBEC family, which comprises several proteins capable of deaminating cytosine into uracil [START_REF] Navaratnam | The p27 catalytic subunit of the apolipoprotein B mRNA editing enzyme is a cytidine deaminase[END_REF], stands out as a potential candidate (48,[START_REF] Conticello | Evolution of the AID/APOBEC family of polynucleoide (deoxy)cytidine deaminases[END_REF] (summarized in Supplementary Figure S17). Indeed, the activity of these enzymes meditates the C > U conversion, which then could lead to G > A on the Grich strand. Interestingly, the duplication and divergence of the double deaminase domain APOBEC3 genes present in placental mammals, which led to expansion of the family, with the addition of the APOBEC3A-H genes in primates (48,49), could help explain the acceleration of the G>A conversion seen in this phylogenetic branch. On the other hand, the extreme prevalence (98%) of the G-runs versus the other GGGX motifs in the C. elegans genome and the finding that these sequences are eliminated by complete deletion during development and in animals deficient for the dog-1 helicase (12) suggest that different molecular mechanisms can play a role in handling the equilibrium between the maintenance and the inactivation of short-loop G4-L1 motifs. Alternatively, G4-L1 motifs embedded in microsatellite arrays can evolve by replication slippage, 'killing' the quadruplex by deletion when less than 4 [GGGX] repeats are retained.

Lastly, G4-induced instability could in some instances be positively selected for, as it may be exploited as a rudimentary inducer of genetic diversity. Beyond the driving forces of the different mutagenic processes in individual species, selection is also an essential driving force that ultimately shapes the genome content. For instance, the only shortloop G4 motif (G4-L 1-2-1 ) with Ts in the genome of the bacteria Neisseria gonorrhoeae is located in the promoter of the pilin expression locus pilE and stimulates its recombination on polymorphic pilS pseudogenes, thus promoting antigenic variation [START_REF] Cahoon | An alternative DNA structure is necessary for pilin antigenic variation in Neisseria gonorrhoeae[END_REF]. Alongside functional selection, this study raises the key question of the impact of mutagenic processes in shaping the mode of genome evolution in species or, more broadly, taxa. 
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1. Introduction G-quadruplexes (G4s) are alternative DNA or RNA secondary structures formed by the stacking of planar arrangements of guanine residues, further stabilized by monovalent cations [1]. The importance of quadruplex-forming sequences as regulatory elements has been supported by extensive evidence in eukaryotic cells [2][3][4]. Putative quadruplex-forming sequences (PQSs) are prevalent in numerous genomes [5,6] and have been implicated in key genomic functions, such as transcription regulation, replication, repair, and telomere maintenance reviewed in [7][8][9]. Typically, the consensus sequence motif G 3+ N 1-7 G 3+ N 1-7 G 3+ N 1-7 G 3+ has been used to identify potential PQSs [5,10]. This has led to an estimate of over 400,000 PQSs in the human reference genome, with a median density of 0.5 motif per kbp. In other eukaryotes and in bacteria, the density of G4 motifs is highly variable (2.5 to >0.1 motifs per kbp) [6].

PQSs are also present in viral genomes [11,12], and emerging evidence suggests that they can be implicated in viral replication and recombination, in the regulation of virulence via gene expression control [13,14], and in key steps in the viral cycles [15]. The presence of putative G4 sequences has been reported in various viral genomes, such as the human immunodeficiency virus (HIV-1) [16][17][18][19][20], the Epstein-Barr virus (EBV) [21,22], or papillomaviruses (HPV) [23][24][25]. In particular, the Epstein-Barr virus encodes the genome replication and maintenance protein EBNA1 that binds G-rich sequences to recruit the replication complex [21]. The herpes simplex virus 1 (HSV-1) genome displays multiple clusters of repeated sequences forming very stable quadruplexes that are involved in viral DNA replication [26]. The HIV-1 promoter contains a highly conserved G-rich region able to fold into a G4 structure [19] and is involved in the regulation of viral replication [18]. The presence of highly conserved PQSs able to potentially form intermolecular G4s has been reported in several human herpesvirus packaging signals [27], as well as in HIV-1 [28], further highlighting the biological role of viral G4s. In addition, several DNA aptamers (short synthetic single-stranded oligonucleotides that specifically bind to various molecular targets) containing G4-forming sequences were found to have antiviral activity [29,30] and have been used as diagnostic tools to detect viruses [11].

Within a quadruplex, the length of the G-tracts as well as the length and the base composition of the loops are critical to determine the conformation of the G4s and their stability [31][32][33][34][35][36]. Remarkably, it has been observed that most quadruplex-forming sequences found in gene promoters contain at least one single-nucleotide loop [37][38][39][40][41]. Genome-wide, our analyses across numerous eukaryotes outlined a striking enrichment of single-nucleotide loop G4s and further revealed a prominent trend favoring pyrimidine nucleotides in these loops as well as the accumulation of G 15+ sequences in plants and invertebrates [36]. Whether these divergent evolutionary trends reflect differential biases in mutagenesis and DNA repair mechanisms from species to species and/or are the result of functional selection remains an open question.

Given that viruses utilize the hosts' cellular machineries for replication and transcription, especially in large DNA viruses [42], we wished to examine whether the composition of G4 motifs in the viral genomes could be correlated to that of their hosts. To address this question, we identified and analyzed all G4 motifs (size, loop length, and nucleotide compositions) present in the currently available 7370 viral genome assemblies, which include seven viral taxa infecting five evolutionary distant groups of eukaryotic hosts: vertebrates (including Homo sapiens), invertebrates, protozoa, fungi, and plants. Here, we provide a large comparative view of the quadruplex motif loop content at nucleotide-level resolution, with particular focus on the Herpesviridae family, ubiquitous large dsDNA (linear double-stranded DNA) viruses that are amongst the best characterized host-adapted viruses.

Results and Discussion

G-Quadruplex Metrics in Viral Genomes

To analyze the G4 motifs in a large panel of viruses, we retrieved the 7370 viral genome assemblies from the viruSITE [43] database. This database comprises all curated virus genomes available in the NCBI Reference Sequence Database (RefSeq), categorized into seven viral taxa: dsDNA, ssDNA, dsRNA, ssRNA, satellites, as well as retro-transcribing or unclassified viruses (Figure 1,panels A,B). These viruses infect a broad range of eukaryotic hosts (Figure 1C).

First, we analyzed several viral genome metrics: genome size (kilo base pairs, kbp), which varies from 0.2 kbp to over 2400 kbp; GC content (%), which varies from 17.8% to 76.1%; and PQS densities (PQS/kbp), that allow to compare the quadruplex content of each assembly independently of the genome lengths, as well as their presence on the positive (G-rich) or negative (C-rich) strand (Materials and Methods). To identify the G4 motifs, we searched the canonical G 3+ N 1-7 G 3+ N 1-7 G 3+ N 1-7 G 3+ sequences by regular expression matching (Materials and Methods), as previously described for eukaryotic genomes [5,10,36]. All the identified quadruplex sequences are individually reported along with their coordinates in Table S1 (Supplementary Materials), which we propose as a resource. Finally, we performed virus-host analyses, classifying the eukaryote hosts into vertebrate or invertebrate animals, protozoa, plants, and fungi species. Unless otherwise mentioned, the group of vertebrates includes Homo sapiens.

The overall viral PQS metrics, classified by viral taxa or host group, are summarized in Tables 1 and2, respectively. Not surprisingly, the total number of quadruplexes depends on the viral genome size, albeit it displays an uneven density and moderate correlation (Spearman's rho = 0.38, non-parametric test for association between paired samples p < 2.2 ⇥ 10 16 ; Figure 1A). Of note, the dsDNA viruses, which greatly vary in genome size, show the highest densities of G4 sequences in the retrieved viral genomes (with an average of 0.08 ± 0.79 PQS/kbp; Table 1). Among them, the Herpesviridae family, further analyzed hereafter, exhibits the highest PQS content: we found a total of 6735 motifs, with an average density of 0.45 ± 0.60 PQS/kbp and up to 2.8 PQS/kbp in the Papiine alpha herpesvirus 2 (Table S2). In the remaining viral taxa, that include fewer G4 motifs and shorter viral genomes, the density of PQSs is not negligible since ssDNA, ssRNA, and retro-transcribing (RT) viruses carry 0.04 ± 0.18 to 0.07 ± 0.16 PQS/kbp (Table 1). However, as previously observed for human viruses [12], the viral genomes are in general relatively G4-poor, with a PQS density of <0.1 motif per kbp (Figure 1A). Nevertheless, PQSs are not less frequent than in zebrafish (0.019 G4/kbp), lower-order groupings of eukaryotes (e.g., 0.02 G4/kbp in Caenorhabditis elegans, 0.002 G4/kbp in Plasmodium), or bacteria (0.001 to 0.02 G4/kbp) (Table 3). We observed that giant viruses infecting protozoan hosts are relatively enriched for G4 sequences, reaching 181 PQSs in the 2,473,870 bp (0.07 PQS/kb) Pandoravirus salinus genome. Intriguingly, the Mimiviridae viruses, which exhibit a low GC content (⇡28%), are exceptionally G4-poor with only three G4 motifs found in the Mimivirus terra2 assembly (1,168,989 bp; 0.003 PQS/kbp). Globally, there is a significant positive correlation between the PQS and GC content, although the relationship is weak (Spearman's rho = 0.28, non-parametric test for association between paired samples P < 2.2 ⇥ 10 16 ; Figure 1B) and the median GC content of the various viral taxa are rather similar (44% ± 8), albeit with large variations within each taxon (Figure 1B). Thus, the impact of the GC content on the probability to create a G4 motif is not strong, suggesting that at least a fraction of these quadruplex sequences may be maintained under positive selection. Finally, in our broad viral set, we detected a significant enrichment for PQSs in the negative (C-rich) strand of dsDNA, ssRNA, RT, and unclassified viruses but not for the ssDNA virus (Figure S1A, Supplementary Materials). The overall significance of this strand bias is likely diverse and complex.

Two recent functional studies suggested different and non-exclusive explanations. On one hand, Jaubert and colleagues showed that the formation of quadruplexes in the negative RNA strand of the hepatitis C virus is associated with impaired RNA synthesis [45]. On the other hand, Ding and colleagues outlined the strong bias for quadruplex sequences in the negative strand flanking the transcription start sites (TSS) in microorganisms (Deinococcales and Thermales bacterial orders), and correlated it with oxidation-dependent regulation of transcription [46].

The distribution of genome size, PQS density, GC content, and strand biases of the viruses with respect to their various hosts are reported in Figure 1C. Table 2 shows a balanced representation of the various host groups, after assessing an equivalent number of assemblies for vertebrate (2769), invertebrate (2930), and plant (2484) hosts. Within these large groups, several species are well represented. For example, in the large vertebrate group, there are numerous viruses infecting Cercopithecidae (58), Suidae (120), Bovidae (112), Pteropodidae (158), and rats (289), and over 40 avian viruses (Table S1, Supplementary Materials). Although the data were scarcer for protozoa and fungi (61 and 262 viruses, respectively), the viral genome sizes are longer in protozoa and very short in fungi and plants (Figure 1C). The PQS density is 2-to 3-fold higher in viruses infecting vertebrate hosts than any other host (Table 3). Viruses infecting plants seem particularly G4-poor (only 261 PQSs found in over 2000 genomes), with the exception of many mosaic viruses (the okra, grapevine, and chayote mosaic viruses carry over five PQSs in ⇡6 kbp genomes; Table S1, Supplementary Materials). When PQSs are examined versus the host taxa, a significant excess of PQSs is again observed on the viral negative (C-rich) strand for all viruses (Figure S1B, Supplementary Materials). 

Thermodynamically Stable G4 Motifs are Enriched in Viral Genomes

To examine in more detail the nature of the quadruplex motifs, we inspected loop lengths and nucleotide compositions (irrespective of their position) for the dsDNA (11,315 PQSs), ssDNA (102 PQSs), ssRNA (553 PQSs), RT (85 PQSs), and bulk unclassified (206 PQSs) viruses. Unfortunately, the few PQSs identified in the dsRNA and satellite viruses were insufficient to pursue such in-depth analyses. As shown in Figure 2A,B, the PQS loop features differ. In the most represented vertebrate-infecting viruses, we counted 2555 different loop sequences, but 393 in the invertebrates, 648 in the protozoa, and only 66 and 52 in the fungus-and plant-infecting viruses, respectively. The median loop size is 3 nucleotides across all viral taxa, with the exception of retro-transcribing (RT) viruses which carry slightly larger loops (4 nt, all pairwise Wilcoxon rank-sum tests adjP < 0.01; upper panel Figure 2A). Fungus and plants viruses also bear significantly larger loop size, frequently reaching 6-7 nt (Figure 2A), with a median value of 4 nt (all pairwise Wilcoxon rank-sum tests adjP < 0.01 except Fungi-Plants adjP = 0.542; lower panel Figure 2A). Furthermore, these analyses indicated that retro-transcribing, plant-infecting, and fungus-infecting viruses also show more heterogenous loop distributions than other groups (Figure 2B). Intriguingly, as previously observed in a large spectrum of eukaryotic species [36], quadruplex motifs with single-nucleotide loops are predominant both when scanned by viral taxon (upper panel, Figure 2B) or host group (lower panel, Figure 2B). Quantitatively, the single A/T/C or G loops account for 34% of all loops when scanning by viral taxon (median value; Figure 2C) or 31% when searching the hosts genomes (median value; Figure 2C). Thus, based on the rather short length of the loops, there is an overall bias for the most thermodynamically stable G4 motifs in viral genomes, similar to other genomes [31,[34][35][36]. However, considering this large classification level, there is no significant difference in the distribution of single-nucleotide loop motifs between viral taxa (chi-square independence test non-significant, P = 0.681; upper panel Figure 2C) nor host group (chi-square independence test non-significant, P = 0.789; lower panel Figure 2C). Nevertheless, there is a striking resemblance in the distribution and frequency of the loop nucleotides when comparing dsDNA viruses and their vertebrate hosts: 9 out of the 10 most frequent loops are the same in both sets (G, C, A, TTA, T, CC, AA, AC, and CT loops), and are distributed in similar proportions (Figure 2B). Among dsDNA viruses, herpesviruses are particularly enriched for short-looped quadruplex motifs, which account for 35% of all PQSs (2,355 G4-L1-3 motifs, that is, the loop size is comprised between 1 and 3 nt (Table S2, Supplementary Materials).

The PQS Loop Composition Within the Herpesviridae Family of Viruses and Their Host are Correlated

Since herpesviruses infect different animal hosts, including mammals, birds, reptiles, fish, amphibians, and invertebrate animals [47], we examined in more detail the relationship between the viral and host PQSs. For this purpose, we retrieved all the available herpesvirus assemblies (n = 93 genomes). These include viruses in 65 mammals, 11 birds or reptiles, 6 fish, 4 amphibians, and 7 invertebrates (Table S2, Supplementary Materials). The PQS genome metrics for these 93 assemblies are reported in Figure S3A (Supplementary Materials). While the PQS occurrence and GC content remain strongly correlated (Spearman's rho = 0.73, non-parametric test for association between paired samples P = 1.2 ⇥ 10 15 ; Figure S3B, Supplementary Materials), we found no linear relationship between PQS content and genome size within this subset of viruses (Spearman's rho = 0.10, P = 0.38; Figure S3B, Supplementary Materials). However, there are significant differences in the nucleotide loop composition depending on the animal host (Figure 3A). Furthermore, single-nucleotide loops are unevenly distributed when looking at different host species (chi-square independence test P = 0.00619; Figure 3B). Single G loops are largely prevalent in herpesviruses infecting fish, amphibians, and invertebrates (50%, 56%, and 63% of all single-nucleotide loops, respectively). In addition, single C loops were undetected in the latter, and was marginal in the first two groups (9% in fish hosts and 3% in amphibian hosts). To a lesser extent, single T loops are more frequent in viruses infecting vertebrate hosts (on average 16% of all single-nucleotide loops) than invertebrates (8% of all single-nucleotide loops). Interestingly, the observed trends recapitulate the same existent biases in the host species (Figure 3, panels C,D): for instance, the analysis of the loop composition of short-looped G4 motifs in 52 eukaryote genomes (see Materials and Methods; Figure S4, Supplementary Materials) shows an enrichment for single G loops in amphibians and invertebrates as well as an accumulation of single T and C loops in mammals, birds, and reptiles, with the frequency of C-rich loops reaching its highest levels in viruses infecting mammals. Overall, we observed an excess of the frequency of PQSs with single pyrimidine loops in herpesviruses infecting vertebrate hosts. Interestingly, in vitro, these motifs fold into the most stable G4 structures [35,36]. To further analyze this particular trend, we next performed an unsupervised classification, by principal component analysis, of herpesvirus assemblies based on loop composition information (Figure 4A; Materials and Methods). The first two principal components account for a restricted fraction of the sample's variance (⇡58%); however, quadruplex loop composition information allowed to discriminate between viruses infecting higher-order vertebrate or invertebrate hosts, mainly driven by differences in PQS C content (Figure 4A). Indeed, we clearly observe two opposite trends in single-nucleotide loop distributions, with a significantly higher amount of single C loops in mammal-infecting viruses and, conversely, significantly more polyG sequences in invertebrate animals and amphibians (Figure 4B). These trends can be extended to the comparison of quadruplexes carrying identical loops of any size, as there is a negative correlation between G 1-7 loop content and C 1-7 loop content (Pearson's r = 0.36; Figure 4C). 

G4 Motifs in Viral Genomes Overlap Hosts' Transcription Factor Binding Sites

The prevalence of C-rich PQSs found in mammalian herpesviruses raises the question whether their functional role(s) are related to their potential to form a G4 structure, to the fact that they constitute a one-dimension target sequence for the binding of host's transcription factors, or to both.

Consistent with this view, we observed that 6 of the 10 most common viral PQS motifs matched several vertebrate transcription factor sites, notably SP1 and SP3 (Figure 5). Although C-rich loops appear relatively depleted in mammalian genomes, the annotation of G4 motifs, especially in humans, shows that quadruplexes with C-rich loops (and particularly single C loops) are highly enriched at gene promoters (Figure S5, Supplementary Materials). In silico analyses of the human genome have already revealed that G4 motifs often overlap with zinc-finger transcription factor binding sites (Figure S5, Supplementary Materials), such as SP1 [48]. This observation, together with the high frequency of C-rich loops in herpesviruses infecting mammals, supports the view that the herpesviruses hijack host transcription factors during the virus life cycle. Interestingly, human transcription factors that bind to these motifs also play roles in viral infection processes (SP factors [49]; EGR2 [50]). Moreover, it has been suggested that virus-associated PQSs can be recognized by human G4-binding proteins [51], which can participate in replication associated processes. 

High Prevalence of Telomere-Like PQSs across Herpesviridae Infecting Vertebrates

Another remarkable feature of the most frequent PQS loop composition is the excess of TTA loops that are frequent in viruses infecting mammals, birds, reptiles, and fish (Figure 3A), a loop composition that is also frequent in their hosts (Figure S4, Supplementary Materials). Of note, the TTA triplet is part of the TTAGGG telomere sequence in all vertebrates, able to form telomeric DNA G-quadruplexes [52]. It is also remarkable that the human herpesvirus 6A and 6B can integrate their linear genome into the telomeres of infected cells [53,54]. Thus, the presence/enrichment of these TTA-looped G4 sequences close to the viral genome extremities, their requirement for efficient virus integration [55], and the observation that G4 ligands can interfere with virus integration [54] point to the role played by these sequences in this crucial process that ensures virus maintenance in latently infected human cells. This potential for telomere integration is not exclusive to human herpesviruses, since it has been also described in the oncogenic Marek's disease alpha-herpesvirus, which infects chicken lymphocytes [56]. This particular virus also carries TTA-looped G4 repeats at the ends of its linear genome, and its pathogenicity partially depends on the efficiency of telomere integration [56]. Altogether, these observations suggest that the broad presence of viral TTA-looped quadruplex sequences might be functionally and evolutionary related to the telomere biology of the hosts. If so, the presence of viral G4s with TTA loops may help predict their integration potential.

Materials and Methods

Genome Assembly Retrieval

The full-length sequences were retrieved from the viruSITE resource [43]. A total of 7370 sequences were analyzed, including exclusively curated assemblies extracted from numerous resources (NCBI RefSeq, UniProtKB, GO, ViralZone, PubMed). Assemblies were classified either by virus taxonomy (dsDNA viruses, dsRNA viruses, retro-transcribing viruses, satellites, ssDNA viruses, ssRNA viruses, unclassified viruses, virus-associated RNAs) or by host group (Vertebrates, Invertebrates, Protozoa, Fungi, Plants). Classification by host group was refined using the Virus-Host DB [57] resource information.

Genome Metrics

For each of the 7370 assemblies, genome size (in base pairs, bp) and total GC content (GC content was defined as the sum of G and C nucleotides in the respective assembly) were evaluated using bash and Perl scripts. Spearman's rank correlation tests were used to assess correlations between the different variables.

G-Quadruplex Motif Identification and Loop Composition Analysis

We define a G-quadruplex motif as a sequence with at least four runs of 3+ guanines, separated by loop sequences containing one to seven nucleotides, that may themselves be guanines. Terminal guanines were excepted as loop sequences (i.e., the motif -GGGGGATCGCTGGGG-was evaluated has having an ATCGCT loop sequence flanked by GGGGG/GGGG runs and not GATCGCTG flanked by GGGG/GGG runs). Nevertheless, single G loops were allowed in the search. We searched, by regular expression matching, for the motifs previously defined -(G{3,}[ATGC]{1,7}){3,}G{3,}-in the fasta file of each of the retrieved assemblies, in both DNA/RNA strands, as originally described by Huppert and Balasubramanian [5]. Then, the obtained G4 sequences were imported into the R environment [58] for further processing: PQS density was defined as the number of G4 motifs per kilo base pair (kbp), we then assessed motif strandness (present in the G-rich or in the C-rich strand), split motifs into G-runs and loop sequences, and created loop repertoires (nucleotide composition, length, number of occurrences within a given genome) by host species or by virus taxon. Chi-square independence tests were used to evaluate the significance of the association between loop proportions and host group/viral taxa, followed by pairwise nominal independence tests and Pearson's standardized residuals calculation.

Putative Quadruplex Sequence Analysis in Eukaryote Genomes

We also retrieved 52 eukaryote genome assemblies from the UCSC Genome Browser portal. These included: We searched for short-looped quadruplex sequences, by regular expression matching, -(G{3,}[ATGC]{1,3}){3,}G{3,}-, in the fasta file of each of the retrieved assemblies. We performed the same subsequent analyses as described for viral sequences.

Canonical PQS content (-(G{3,}[ATGC]{1,7}){3,}G{3,}-) for the 12 species reported in Table 3 was retrieved from Marsico et al. [44] and densities were calculated, as before, counting the number of PQSs per kilo base pair.

Loop Composition Analysis in Herpesviruses

Principal component analysis (PCA) was implemented using the FactoMineR and factoextra packages in the R environment. The analysis was performed on loop composition information (variables: PQS A , PQS T , PQS C , PQS G ; where PQS X is a quadruplex motif containing at least one X 1-7 loop, X = {A,T,C, or G}), after normalizing the data matrix (variables were centered and reduced). Correlation between PQS A (PQS T or PQS C ) loop content and PQS G loop content was estimated by calculating Pearson correlation coefficients. Finally, pattern discovery within the quadruplex sequences found in mammalian herpesviruses or in promoter regions of the human reference genome hg38 was performed using the RSAT software suite [59] with default settings. The set of significant motifs discovered (e-value <0.05) was compared to the JASPAR database of vertebrate non-redundant transcription factor binding motifs [60].

Statistics

All statistical analyses were performed in R 3.4.3 for Mac OS X [58], using the built-in stats library, and the additional pwr, rcompanion, FactoMineR and factoextra packages.

Conclusions

Here, we report the analyses of the putative G-quadruplex-forming sequence present in 7370 virus genome assemblies. We have used this exhaustive resource to examine the potential correlations with the G4 motifs of their biological host(s), taking into account the number of motifs per genome, the length of the nucleotide loops separating the G-tracks and their base composition. Remarkably, there is a predominance of single-nucleotide loop motifs in the paired viruses and animal host genomes. These G4s are the most thermodynamically stable quadruplexes, suggesting a high folding potential and stabilization in cells. We had previously observed a strong compositional bias in these sequences in eukaryotic genomes, disfavoring pyrimidine loops while resulting in the accumulation of less stable structures (carrying single A or G loops) [36]. Here, using the G4-rich Herpesviridae family of dsDNA viruses as a case study (6735 PQSs, representing 55% of all motifs found in the >7000 viral genomes), we demonstrate a correlation between G-quadruplex sequence composition in viruses and their hosts. Indeed, herpesviruses that infect mammals, birds, or fish frequently carry TTA-looped G4 sequences, the signature of telomeric G-quadruplexes in vertebrates, which can be associated with viral integration into the hosts' genomes [55]. Although telomeric integration of herpesviruses has been shown to occur in two vertebrate hosts, the high prevalence of TTA-looped G4 in the vertebrate-related Herpesviridae family suggests that this phenomenon could occur more frequently than anticipated. Likewise, there is an accumulation of C-looped quadruplexes in viruses infecting mammals, which in turn carry significantly more such sequences than other animals. In humans, PQSs having C-rich loops, while globally depleted throughout the genome, are exceptionally enriched in promoters, where they may provide transcription factor binding sites (e.g., SP1, SP2, and other zinc-finger TFs) [48] or else promote a defined structural fold having a defined impact in transcription [61]. Thus, viral genomes are enriched with PQSs of similar loop composition to those associated with functionally relevant regions in their host species. We do not actually know if specific viral nucleotide loop patterns could have been acquired accidentally from the host as a consequence of infection, or if there are long-term virus-host co-evolution processes that influence the emergence and maintenance of particular quadruplex sequences. If so, these sequences could regulate crucial steps in the viral cycle and could represent relevant druggable structures for new anti-viral therapeutic approaches. However, pursuing further analysis of the co-evolutionary aspects hinted in this study will demand additional virus identification and sequencing, especially those infecting protozoa or plants.
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The following are available online at http://www.mdpi.com/1420-3049/24/10/1942/s1, Figure S1: Quadruplex motifs found by viral genome classification and by strand, Figure S2: Quadruplex motifs found in eukaryotes, by strand, Figure S3: Genome metrics and PQS content in the Herpesviridae family of dsDNA viruses, Figure S4: G4 motif loop content in various eukaryotes, Figure S5: Consensus motif discovery in the quadruplex sequences found in promoter regions of the human genome, Table S1: G-quadruplex sequences (and coordinates) found in seven viral taxa, Table S2: Genome metrics and quadruplex sequences for 93 herpesvirus genomes. and an accumulation of ≥2-bp insertions. Moreover, we observed large duplications or deletions (e.g. long q-arm of chromosome 17 in +PhenDC3 cells), which were confirmed by two independent analyzes (CytoScan and BioNano arrays). The sequencing of a biological replicate of the targeted-capture in the HT1080-ST line confirms the events described and in particular, confirms the detection of mutational signatures specific to the treatments with the different G4 ligands, which are compatible with the COSMIC signatures 6 and 15 of mutational processes in human cancer, associated with DNA repair defects (notably MMR deficiencies).
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In all, this comparative approach enabled the precise determination of specific mutational patterns within the human genome after quadruplex stabilization, by using a straightforward and standardized targeted-capture technique, which confirms the experimental observations of DNA damage induction by the folding of stable G-quadruplexes.

INTRODUCTION

G-quadruplexes (G4) are four-stranded secondary structures that can be formed by guaninerich DNA or RNA sequences. They result from the stacking of multiple (≥ 2) stable 'Gquartets', planar arrangements of four guanines coordinated by monovalent cations [Gellert et al. 1962 Interestingly, this approach has allowed to demonstrate that G4s containing short loops (≤4 nucleotides) cause higher levels of genome instability than G4 motifs with longer loops [Piazza et al. 2015]. At the extreme, G4s with the consensus G3N1G3N1G3N1G3, termed G4-L1, both formed the most stable G4s in vitro and correlatively triggered the highest genetic instability in vivo [Piazza et al. 2015]. In this work, we have investigated the effects of a variety of G4 ligands on genome integrity in human cells. As it can be challenging to confidently discriminate true variants from sequencing errors, we chose a high deep-sequencing method (depth >800x) to increase sequencing accuracy and to detect any increase in mutation frequencies in ligandtreated sample sequences compared with control samples. For this, we developed an NGScapture approach, allowing to study mutational patterns following long-term treatments with three different G4 ligands, PhenDC3, PhenDC6 and PDS (Figure 1), specifically within the regions immediately flanking G4-L1 quadruplexes. Furthermore, we have implemented two independent approaches to extract de novo mutational signatures specific to the G4 ligand treatments and compare them with signatures reported in human cancers, principally those derived from colorectal and gastric adenocarcinoma samples.

RESULTS AND DISCUSSION

Custom capture-NGS approach and variant detection

The first step consisted in identification of the location and coordinates of single-nucleotide loop G4 motifs (G4-L1) in the human reference genome hg38. These motifs were defined as To detect point (single nucleotide variants, SNVs) and insertion/deletion (indel) variants we used a combination of VarScan2 [Koboldt et al. 2012] and VarDict [Lai et al. 2016] algorithms, specifically designed for somatic variant detection in cancer cell lines. To achieve confident variant calls, we only kept variants detected by both algorithms and filtered outputs based on posterior estimates of the probability of variation (QUAL field; "QUAL > 20" keeps sites with a probability of polymorphism > 0.99) as well as on depth (DP field; "DP > 70"), as it influences the accuracy by which rare events can be detected and because most inaccuracies tend to occur in low-depth areas [START_REF] Sims | Sequencing depth and coverage: key considerations in genomic analyses[END_REF][START_REF] Meynert | Variant detection sensitivity and biases in whole genome and exome sequencing[END_REF]] (Figure 2). In order to detect larger copy number variants (CNVs), we used the sequenza R package [Favero et al. 2015], which relies on paired test-control DNA exome-or targeted-sequencing data to normalize and segment copy number as well as to estimate ploidy. Detection of CNVs from capture-NGS data is currently not standardized and, regardless of average read depth, most available methods are vulnerable to false positives that are being called owing to local variations in coverage even after correcting for both mappability and GC content bias [START_REF] Povysil | panelcn.MOPS: Copy-number detection in targeted NGS panel data for clinical diagnostics[END_REF]]. Thus, we performed independent validation of the events detected by NGS by using CytoScan HD (Affymetrix) and NanoChannel (Saphyr chip, Bionano Genomics) arrays. The main advantage of the Bionano technology is the generation of barcodes on DNA fragments which are hundreds of kilobases long by detecting the distance between specific enzyme recognition sites [START_REF] Zook | Extensive sequencing of seven human genomes to characterize benchmark reference materials[END_REF]]. Alignment and genome assembly are performed based on numerous distinct site distance fragments. These very long fragments enable construction of chromosome physical maps, as well as to complete the reference in low-complexity regions [START_REF] Shi | Long-read sequencing and de novo assembly of a chinese genome[END_REF][START_REF] Shao | Ongoing human chromosome end extension revealed by analysis of BioNano and nanopore data[END_REF]].

Variation induced by the stabilization of G-quadruplexes

We analyzed 'super-telomerase' HT1080-ST cells, a human fibrosarcoma cell line with stable diploid karyotype, using the targeted-sequencing approach described above. Cells were either (i) treated for one or two months with equal doses (2 µM) of three different G-quadruplex ligands, pyridostatin (PDS), PhenDC3, and PhenDC6; (ii) treated with a control duplex DNA ligand, Bisquinolinium (BisQn); (iii) or untreated (cultured in DMSO). The G4-binding compounds were selected as they discriminate well between quadruplex and duplex DNA [Monchaud et al. 2008], and binding to these ligands is predicted to prolong persistence of quadruplexes and accentuate their physiological roles [Monchaud and Teulade-Fichou 2008].

The clear advantages of having two control sets (untreated and +BisQn samples) are the possibility of assessing mutations specific to the HT1080-ST cell line with respect to the human reference genome as well as verifying the ploidies. Indeed, we observed that control samples were diploid and no local CNV events were detected after one-or two-month treatment with the control compound BisQn (Figure S2).

A total of 209 CNVs were identified in the G4 ligand-treated samples, including 71

CNVs after a two-month exposure to PDS, 65 CNVs after a two-month exposure to PhenDC6 and 73 CNVs after a two-month exposure to PhenDC3 (Figure 3A). Interestingly, we observe two types of copy number events: 'discrete' variants involving a limited number of targets, and large deletions or amplifications that can encompass the majority of targets within a single chromosome arm (e.g. chromosomes 4, 13 and 17 following PhenDC3 treatment Figure 3A; Figure S3A). Remarkably, such large events are only observed when cells are treated with the PhenDC3 compound, either after a two-month or a shorter one-month exposure (Figure 3B; Figure S3B). In particular, we identified an amplification (6 copies) of almost all the targets located on the long (q) arm of chromosome 17 (Figure 4), that appeared after a prolonged exposure in two independent experiments and that was not observed at 30 days (Figure 3B).

The actual presence of these events, particularly the large amplifications/deletions, was independently validated by NanoChannel (Figure S4A) and CytoScan array hybridization (Figure S4C), allowing to better visualize HT1080-ST cells' constitutive events (indicated by light green arrows; Figure S5A,C) and to estimate the actual sizes of the CNVs (48.3 Mbp amplified on chromosome 17; Figure S5B). Large copy number alterations in the genome may significantly change genome size; however, after ploidy assessment, we observe that even after long exposures to G4 ligands, the cells remain largely diploid, with less than 10% polyploid segments (Figure S3, panels C-D). Interestingly, although large amplifications or deletions were not observed in other cell lines (including non-tumor ones) that we have treated with the same G4 ligands (Figure S5), we did find a high incidence of chr17q amplifications in TCGA uterine corpus endometrial carcinoma (UCEC-US), rectum adenocarcinoma (READ-US) and particularly, colorectal adenocarcinoma (COAD-US) and gastric adenocarcinoma (STAD-US) cohorts (Figure S6). These cancer types not only have a high global mutational burden but also display a markedly high mutation frequency in DNA damage repair (DDR) related genes [Knijnenburg et al. 2018]. In relation with this, annotation of the genes present on the q arm of chr17 shows enrichment for immune system associated genes (Figure S7), suggesting that immune response activation could play a role in the long-term survival of the DDR-deficient partially polyploid cells, as described in BRCA2-deficient cells [START_REF] Reisländer | BRCA2 abrogation triggers innate immune responses potentiated by treatment with PARP inhibitors[END_REF].

Although rare, we detected small insertions/deletions (indels) in cells treated with the different quadruplex ligands. The absolute number of indels was not substantially increased upon treatments (21 in control +BisQn samples; 18, 29 and 25 in +PhenDC3, +PhenDC6 and +PDS samples, respectively), however all insertions were of 1-bp in length in the control whilst 55 to 65% of the detected insertions involved ≥2 bp in the ligand-treated samples (Figure 5A).

Overall, point mutations were the most common variant type (single nucleotide variants, SNVs). Indeed, there were 2.5-to 4.5-fold more point variants detected in ligand-treated samples than in the control (Figure 5B; Figure S8). To note, background mutagenesis has been previously reported in different experimental settings and was explained by the accumulation have been shown to display the highest thermal stabilities and induce higher levels of genome stability in yeast assays [Piazza et al. 2015;[START_REF] Lombardi | Thermodynamically stable and genetically unstable G-quadruplexes are depleted in genomes across species[END_REF]]. These results now confirm that this is also the case in human cells.

Finally, in order to determine if the observed elevated substitution density (2.5-to 4.5fold) over control samples was significant, and to account for the limited number of samples and mutations per sample, we performed bootstrap resampling of the mutation profiles of control and G4 ligand treated samples (Figure 6A). Comparing the obtained distributions, we were able to conclusively quantify differences in mutation counts, confirming the mutation number increase in cells treated with quadruplex ligands compared to control +BisQn cells (Figure 6A; pairwise Wilcoxon rank sum tests adj-P < 1x10 -6 in all comparisons against BisQn mean value).

Mutational signatures associated to G-quadruplex stabilization

Based on the significantly increased frequencies of point mutations and in order to examine active mutational processes, we calculated the mutation spectra induced by treatment with the three G4 ligands. The frequencies of each of the 96 types of point variants, based on the possible combinations of base substitutions and +/-1 flanking bases, were computed for all treatments and the control (Figure 6B). A considerable level of background mutagenesis is clearly observed in the control as well as in all the ligand-treated samples (Figure 6B The first method, based on a previously described analytical procedure conducted to validate cancer mutational signatures in vitro [START_REF] Zou | Validating the concept of mutational signatures with isogenic cell models[END_REF], relies on a two-step approach:

(i) assessing quantitative differences between the mutation spectra of the control sample and the G4 ligand-treated samples by comparing the distributions obtained after bootstrap resampling of each mutation profile (Figure 7A); (ii) once a treated-sample was confirmed to be associated with generating a distinct mutation pattern, the final mutational profile is obtained by subtracting the background mutagenesis from the mutational profile of the treatments. This way, we conclusively identified three mutational signatures associated to each G4 ligand treatment (Figure 7B). Although there are considerable similarities between the detected signatures, the PhenDC6 sample -which had induced the largest number of point variants (Figure 5) -shows a collection of C>T substitutions in broad CCN and GCN contexts, while the PhenDC3 sample has marked peak in the CCT context and the PDS sample displays its tallest peaks in the GTA and GCG contexts (Figure 7B). A recent report points to the fact that the signatures extracted by NMF might not be well-differentiated and that this method does not enforce sparse signals [Ramazzotti et al. preprint], which can be a relevant issue in our experimental setting given the high prevalence of the background signal (Figure 6B). Thus, we decided to perform a second, independent, signature extraction procedure combining NMF and the use of the LASSO to enhance sparsity and reduce noise in the signatures [Tibshirani 1996;Ramazzotti et al. preprint] (see Methods). This procedure allowed to detect four signatures, also displaying substantial relative contributions of C>T and T>C transitions (Figure S10A), but not significantly similar to the ones extracted by NMF alone, as illustrated by low pairwise cosine similarity values (Figure S10B). Interestingly, this analysis suggests that signatures specific to each ligand treatment could be seen as linear combinations of multiple mutagenic processes (e.g. the PhenDC6-associated signatures appears as a combination of the de novo detected signatures A and C; Figure S10B), which prompted us to further investigate their content relative to other well described patterns.

Similarities between signatures associated with quadruplex stabilization and persistent

DNA damage

Recently, in human cancer cohorts, 30 distinct trinucleotide format mutational signatures were identified (COSMIC database, http://cancer.sanger.ac.uk/cosmic/signatures) [Alexandrov et al. 2013a,b;Nik-Zainal et al. 2016], which were associated with distinct processes such spontaneous deamination of 5-methylcytosine (COSMIC signature 1), Activation-Induced cytidine Deaminase (AID) activity (COSMIC signature 9), or MMR deficiency (COSMIC signatures 6, 15, 20, 21, and 26). Thus, we estimated the similarities between these signatures and the de novo detected mutagenesis patterns associated with G-quadruplex stabilization through ligand treatments (Figure 8A). Notably, the MMR-associated COSMIC signatures 6

and 15, which also show high rates of C>T transitions (Figure 8D), were highly similar to the PhenDC6 treatment-associated signature (cosine similarities of 0.77 and 0.80, respectively) and signature 15 was relatively similar to the PDS signature (cosine similarity of 0.64).

Interestingly, there were no significant similarities with signatures associated with homologous recombination (HR)-deficient cancers, such as signature 3 [START_REF] Ma | The therapeutic significance of mutational signatures from DNA repair deficiency in cancer[END_REF]] (cosine similarities < 0.5 for all compounds), which actually mostly contributed to explain background mutagenesis (Figure 8B). Importantly, we verified that the background mutational pattern was independent from these two COSMIC signatures (cosine similarities of 0.39 and 0.37, respectively).

Furthermore, we compared our de novo quadruplex-associated signatures with recently described human MMR signatures deduced from the in-depth study of variation found in the COAD-US and STAD-US cancer cohorts [START_REF] Meier | Mutational signatures of DNA mismatch repair deficiency in C. elegans and human cancers[END_REF], showing a relatively high similarity of 0.66 and 0.72 of PDS and PhenDC6, respectively, to the MMR-1 signature (Figure 8C; Figure 8D), which in turn was described to be highly similar to COSMIC signature 20 and to represent the core MMR-related mutational process in human cancers [START_REF] Meier | Mutational signatures of DNA mismatch repair deficiency in C. elegans and human cancers[END_REF]].

The PhenDC6 mutational pattern was also relatively similar to the MMR-2 signature (cosine similarity of 0.67), which was attributed to a variety of processes repaired by MMR machinery and leading to hypermutation under MMR deficiency. Conversely, the PhenDC3-associated signature was not entirely identical to any of the in vivo identified signatures (Figure 8A-C replication [START_REF] Lopes | G-quadruplex-induced instability during leading-strand replication[END_REF], their folding can trigger, and can lead to, the accumulation of damage on the lagging strand (Figure S12B).

CONCLUSIONS

We have developed a capture-NGS approach to detect the consequences on genome integrity triggered by stabilization of G-quadruplexes by specific ligands. Our method is centered on the analysis of differences in mutation frequencies within G4 ligand treated-samples relative to two levels of control samples (untreated cells and non-specific duplex binding), rather than precise identification of the position and type of each mutation, which can be inaccurate and highly dependent on the cell line used. This comparative approach enables determination of precise mutational patterns within the human genome, using a straightforward and standardized targeted-capture technique. In an attempt to reduce sequencing costs and increase sequencing accuracy, essential to detect de novo variation, we have adopted a deep-sequencing targetedcapture method (depth>800x) aimed at characterizing pre-defined regions of interest, that is, regions proximal to thermodynamically stable, single-nucleotide loop G-quadruplexes. While broader definitions of putative quadruplex sequences are possible, there is a cost in specificity and sequencing depth. Using discrete, limited targets presents the clear advantage of a reduction in the number of incidental findings and/or the number of variants of unknown significance.

In silico analysis had already indicated a higher proportion of interindividual SNV across human populations in regions surrounding G4-L1s. The identification of de novo somatic mutational signatures generated by a G-quadruplex ligands confirms the mutagenic potential of such structures. The mechanism involves the induction of persistent, unresolved DNA damage by the presence of stabilized quadruplexes, which can be associated with a characteristic accumulation of C>T transitions, particularly in CCG and GCN contexts. Moreover, this pattern bears a close resemblance to those associated with DNA damage repair deficiencies in experimental in vitro models as well as in human cancers, further confirming DNA damage accumulation in cells treated with the G4-stabilizing compounds. Our approach to mutagenicity evaluation using high-depth capture-NGS has potential as a high-throughput method for evaluation of trinucleotide mutation patterns generated by small molecule exposures and would facilitate the understanding of the causes of genome instability triggered by quadruplex DNA, and assist in the pre-clinical evaluation of potential toxicity of G4-interacting compounds. Inc.), following manufacturer's instructions. This is followed by a single capture step, performed using the SeqCap EZ Choice Library enrichment method (allowing to capture up to 7 Mb custom regions, Roche Sequencing Solutions), following manufacturer's instructions.

METHODS

Briefly, the pools of biotinylated oligonucleotide probes specific for the G4-L1 target regions were hybridized to a sequencing library in solution. Next, the biotinylated probe/target hybrids were pulled down by streptavidin-coated magnetic beads to obtain libraries highly enriched for the target regions. Library samples were multiplexed, using one biotinylated oligonucleotide probe set per 4 library samples. After quality control and quantification by Agilent 2100

Bioanalyzer and Qubit, the multiplexed libraries were sequenced in paired-end mode (2x100 bp) on an Illumina HiSeq -Rapid Run platform, generating a raw read count of 55 to 75 million reads per sample (ultimately, 2 to 2.8% of the raw reads were dropped following adapter trimming). Additionally, variants were filtered for having at least 20% variant allele frequency, 70× coverage in both treated and control sample, and at least four supporting reads.

Variation

Genome-wide analysis using CytoScan Affymetrix and NanoChannel. G4 ligand-treated and control HT1080-ST samples were analyzed in the Institut Curie's Genomics Platform, using the genome-wide human CytoScan HD Array from Affymetrix, for comprehensive whole-genome coverage of DNA (includes 2.67 million markers for copy-number analysis, with 750,000 SNP probes and 1.9 million non-polymorphic probes). Analysis was performed 

M ≈ eS (1) 
Each row of the signature matrix (K × 96) represents the composition of a signature and each row of the exposure matrix (3 × K, one row per sample and K columns) represents the contribution of the signature to the alterations present in that sample. K is the number of signatures. One widely described method to decompose M is non-negative matrix factorization (NMF) [Brunet et al. 2004], in which the previous equation is solved for e and S by minimizing the squared residual error (min ||M -eS|| 2 ) with the constraint of all positive components in e and S (necessarily fulfilled in mutation spectra). As described by the Nik-Zainal group, the mutational spectrum of treated samples can be seen as a linear combination of background mutagenesis and the mutational spectrum associated with the specific treatment [START_REF] Zou | Validating the concept of mutational signatures with isogenic cell models[END_REF]]. Thus, we can incorporate a background signature by modifying equation (1) as follows:

M " ≈ e 0 S 0 + e " S " (2)

In other terms, once a treatment is considered to induce a mutagenesis, its signature can be obtained by removing mutations associated with the background from the mutation profile of the treated sample. In this work, we aimed to follow the analytical steps described in Zou et al.

2018: (i) detecting a quantitative difference in numbers of mutations; (ii) detecting a qualitative difference between mutational spectra of treated samples and that of the control; and (iii)

extracting quadruplex-associated signature(s). Importantly, in order to account for the limited number of samples and mutations per sample, we applied bootstrap resampling to mutation matrices. A bootstrap procedure involves iteratively resampling a dataset (in this case, a matrix) with replacement, here r = 10,000 times. Mean and variance, needed to define the distributions' centroids, can be calculated as follows:
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The identified quadruplex-associated signatures are available in Table S2.

Combined NMF-LASSO identification approach. We applied a previously described procedure to enhance sparsity and separation of the discovered signatures by applying the LASSO on the signature matrix S [START_REF] Ramazzotti | De Novo Mutational Signature Discovery in Tumor Genomes using SparseSignatures[END_REF]Ramazzotti et al. preprint]. Briefly, the extent to which sparsity is favored in the signature matrix S is controlled by a tunable parameter, λ. If the value of λ is set too low, it is ineffective, whereas if it is set too high (closer to 1), the signatures are forced to be too sparse and no longer accurately fit the data [Ramazzotti et al. preprint]. Thus, the best approach is to learn the value of λ from the data. This is done by implementing a bi-cross-validation approach to select both the best values for λ and the number of signatures (K), for which the methodology is described in detail in [Ramazzotti et al. preprint]. Here, the background was set as the relative contributions of each mutation type in the BisQn control samples and the bi-cross-validation procedure was repeated 100 times, considering values of K ranging from 1 to 10 and λ ranging from 0.05 to 0.30. In crossvalidation, the configuration with 5 signatures (in addition to the background), and λ = 0.10, gave the lowest mean squared error on held-out data points.

Similarity between mutation matrices. The Frobenius distance between the background matrix MB and a test matrix MT is defined as:

d(M 0 , M " ) S Q = T T |m 0,#$ -m ",#$ | Q $ #
Importantly, this metric does not measure the error in the row and column statistics, but the dissimilarity between the two matrices.

Similarity between mutational signatures. Cosine similarity calculation was used in order to determine the similarity α between two mutational profiles A and B, each defined as a nonnegative vector with n mutation types, as follows:

∝ = A⋅B ‖A‖‖B‖ = ∑ A i B i n i=1 \∑ A i 2 n i=1 \∑ B i 2 n i=1
The cosine similarity can take values comprised between 0 and 1: two mutational profiles are identical when the cosine similarity is 1, and independent when the cosine similarity is 0. A cosine similarity of 0.80 was considered a threshold for "high" similarity (as in [START_REF] Meier | Mutational signatures of DNA mismatch repair deficiency in C. elegans and human cancers[END_REF]) and values > 0.60 were considered to indicate "relatively high" similarity. The latter was also used to plot mutational profiles and cosine similarity heatmaps.

SparseSignatures [Ramazzotti et al. preprint] was used to implement NMF-LASSO. Finally, R scripts were written to perform background removal, Frobenius distances calculation, bootstrap resampling, and to calculate basic statistics (central tendency, percentiles) on the resampling distributions.

Publicly available datasets access. Somatic copy number mutation calls from the colorectal adenocarcinoma (COAD-US), gastric adenocarcinoma (STAD-US), uterine corpus endometrial carcinoma (UCEC-US) and rectum adenocarcinoma (READ-US) cohorts were obtained from the ICGC Data Portal (https://dcc.icgc.org/releases/release_17/Projects/), release 17. These were filtered in order to keep calls exclusively derived from whole-genome sequencing (WGS). In addition, the 30 signatures of mutational processes in human cancers were retrieved from the COSMIC database (version 2, signatures_probabilities.txt file); the mutational signatures Clock-1, Clock-2, MMR-1/2/3 identified specifically in human colorectal and gastric adenocarcinoma samples were retrieved from the Gerstung group's GitHub repository (https://github.com/gerstung-lab/MMR) [START_REF] Meier | Mutational signatures of DNA mismatch repair deficiency in C. elegans and human cancers[END_REF] From the outermost to the innermost circle: human reference genome hg38 cytobands; G4-L1 motif density (green); copy number estimation in +PDS samples (red); copy number estimation in +PhenDC3 samples (orange); and copy number estimation in +PhenDC6 samples (yellow). Color code for CNV events: red, duplication; blue: deletion. BisQn, bisquinolinium; PDS, pyridostatin; G4-L1, G3N1G3N1G3N1G3. 

II. C. Influence of G-quadruplexes on gene transcription regulation: wholetranscriptome exploration II.C 1) Context and aims

To improve our understanding of the roles of G-quadruplexes in transcription, we have associated levels of gene expression with the frequency of G4 motifs located near gene promoters. Deregulation caused by treatment of HT1080-ST (fibrosarcoma) with three Gquadruplex ligands, pyridostatin, PhenDC3 and PhenDC6 were characterized. We show that the most actively transcribed genes are enriched in G4 motifs and, to our knowledge, this is the first genome-wide report indicating that G4s function as positive regulators of transcription, challenging the notion that quadruplexes mainly exert negative regulation by blocking progress of RNA polymerase. In addition, the treatment altered the splicing of transcripts at the end of the first intron, suggesting that G-quadruplexes present in pre-mRNAs can regulate splicing.

Differently, the possibility that G4s regulate gene expression indirectly was also evident in our analysis. Indeed, some of the effects of ligand treatment appear to reflect a G4-dependent induction of replicative stress. Remarkably, even if the different compounds have impacted different biological pathways to different extents, they have all significantly altered processes associated with cell division, which may reflect quadruplex-induced replication stress. Finally, we create a catalogue with all significantly deregulated genes (expression and/or splicing), for each treatment with the three G4 ligands, and constituted a resource that -along with the sequencing data that we have made publicly available in the GEO database -may serve as support for new functional studies.

A concrete application of this resource has been the study of the deregulation of iron metabolism following the treatment of fibrosarcoma cells with PhenDC3, conducted in collaboration with the Maizels group (University of Washington, Seattle) and the Teulade- [Hanakahi et al. 1999]. These and other models for quadruplex function make specific predictions about how the location of such structures may affect transcript levels, and how transcript levels will respond to stabilization of quadruplexes that occurs in response to treatment with small molecules that bind these structures. To address these questions, we have used RNA-seq to study the association between gene expression and enrichment or depletion of G4 motifs at promoters and first introns of genes in the HT1080 human fibrosarcoma cell line. We asked how transcript levels are affected by treatments with three different G4 ligands, PhenDC3, PhenDC6 [START_REF] De Cian | Highly efficient G-quadruplex recognition by bisquinolinium compounds[END_REF]] and Pyridostatin (PDS) [START_REF] Rodriguez | A novel small molecule that alters shelterin integrity and triggers a DNA-damage response at telomeres[END_REF] (Figure S1, panels A-B). These three compounds are highly specific for quadruplex [Monchaud et al. 2008;[START_REF] Rodriguez | A novel small molecule that alters shelterin integrity and triggers a DNA-damage response at telomeres[END_REF] and their binding to quadruplexes in vivo is expected to reveal the effects of G4 stabilization. Cells treated with PhenDC or PDS exhibit replicationdependent DNA damage [START_REF] Piazza | Genetic instability triggered by G-quadruplex interacting Phen-DC compounds in Saccharomyces cerevisiae[END_REF][START_REF] Rodriguez | Small-molecule-induced DNA damage identifies alternative DNA structures in human genes[END_REF][START_REF] Zimmer | Targeting BRCA1 and BRCA2 (deficiencies with Gquadruplex-interacting compounds[END_REF]] and PDS has also been shown to modulate translation by targeting RNA quadruplexes [START_REF] Bugaut | Small moleculemediated inhibition of translation by targeting a native RNA G-quadruplex[END_REF]].

We report that enrichment of G4 motifs at the promoter correlates with transcript abundance upon G4-ligand treatments, suggesting that G4 stabilization contributes to promoter architecture to enable efficient transcription. In contrast, depletion of G4 motifs characterized promoters of genes that were downregulated upon G4-ligand treatment, challenging the notion that quadruplexes mostly exert negative regulation in transcription. Altered splicing upon G4 ligand treatment correlated with G4 motif enrichment on the non-transcribed strand at the 5' end of intron 1, suggesting that quadruplexes in the pre-mRNA transcript can modulate the activity of the splicing machinery. Although treatment with different G4 binders altered the expression of diverse gene sets, all impacted similar biological pathways associated with impaired cell cycle progression, likely stemming from replication stress, thus defining a transcriptional signature. These findings provide new insights into quadruplex-mediated regulation of transcription via several mechanisms as well as in the way G4 ligand impact human cells with preserved p53-dependent responses.

RESULTS

G-quadruplex motif enrichment correlates with gene expression levels

We used RNA-seq to characterize gene expression after G4-ligand treatment of HT1080-ST cells, a human fibrosarcoma cell line with stable diploid karyotype, intact p53 and functional cell cycle checkpoints. . Further, this cell line expresses high levels of telomerase activity [Cristofari and Lingner 2006], thus diminishing the telomere-related impact of G4ligands on cell proliferation [Gomez et al. 2003]. To examine the cytotoxicity of the PhenDC3, PhenDC6 and PDS G4 ligands, we assayed their effect on cell viability, using as controls cells treated either with DMSO alone or with Bisquinolinium (BisQn), a dsDNA binding ligand.

Under these conditions, no effect on cell viability was observed (Figure S1C). In contrast, each G4 ligands significantly reduced the cell viability, showing activity at low µM range (PDS IC50 ~ 2 µM, PhenDC6 IC50 ~ 9 µM, and PhenDC3 IC50 ~ 20 µM) (Figure S1C).

To monitor gene transcription genome-wide, total RNA was isolated from three different control situations (untreated cells, cells cultured in medium containing DMSO or treated with 10 µM of BisQn), and from cells treated with 10 µM of either PhenDC3, PhenDC6

or PDS for 24 hours, without major impact on cell viability (not shown). Each experiment was performed in triplicate (Figure 1A; Figure S2). In the BisQn-treated cells, we detected 22 differentially expressed genes (FDR < 0.01) compared to the DMSO-treated cells, comprising 20 down-and 2 up-regulated genes (Figure S3; Table S1) but only four displayed fold-change values ≥2 (|log2FC| > 1) and these were pseudogenes (Table S1). Furthermore, our unsupervised analysis indicated that the +BisQn samples clustered with the untreated and DMSO-treated controls (Figure 1A; Figure S2). Thus, the BisQn-treated cells dataset, which indicated an almost total absence of effect of this compound, was used as an additional control dataset in the subsequent analyses.

In contrast, the treatments with the G4 ligands yielded substantial changes on the gene expression profiles of the HT1080-ST cells (Figure 1) that unambiguously distinguish the treated and control samples, as revealed by the hierarchical clustering of the estimated sampleto-sample distances (Figure S2). Upon principal component analysis of gene expression data, we found that PC1 accounts for 78% of the variance in the dataset and largely separates G4 ligand-treated from control samples; while PC2 accounts for 11% of the variance and separates +PhenDC from +PDS conditions (Figure 1A). Altogether, 1,042 genes exhibited ≥2-fold differential expression in response to the G4 ligand treatments. Among them, 794 were up-regulated and 238 down-regulated (FDR < 0.01; Table S2). When the number of differentially expressed genes was determined using varying detection thresholds (|log2FC|∈[0,3] with a 0.05 step and fixed FDR < 0.01), we found a mean number of 1,072 up-regulated and 671 downregulated genes, thus indicating a slight skew towards gene up-regulated upon treatment with G4 ligand (s)? (Figure 1, panels B,D).

Next, we examined the local occurrence of canonical G4s (loop size 1 to 7nt) among the ≥2-fold differentially expressed genes (2xDEGs). We found a significant correlation (assessed by empirical calculation of false discovery rates based on random sampling from all expressed genes, see Materials and Methods) between transcript abundance and the presence of G4 motifs near the gene promoters and the 5' end of first intron 1 (FDR < 0.001; Figure 2, panels A,B). Also, there was a strong correlation between the depletion of G4 motifs at these two locations and the effect on gene down-expression. Of note, these correlations were found when mining either for broadly defined putative quadruplex sequences (loop size 1 to 12nt;

Figure S4), or for highly thermodynamically stable short-looped motifs (loop size restricted to 1-3nt; Figure S5). Furthermore, the up-regulated genes carried significantly more G4 motifs within their promoters than down-regulated or unaltered (FDR > 0.01) genes (Wilcoxon rank sum test adjusted p-values < 0.01; Figure 2C). Together, these results support the view that the quadruplexes may function as positive regulators of transcription when stabilized.

G4 motifs at the 5' end of intron 1 correlate with altered splicing

Transcripts of genes containing G4 motifs on the non-transcribed strand may carry quadruplex structures in the pre-mRNA that could regulate splicing -either directly or by virtue of interactions with specific proteins -and thus the G4 ligands may alter the relative abundance of spliced isoforms [Weldon et al. 2017;Marcel et al. 2011;Perriaud et al. 2014;Conlon et al. 2016]. To calculate ligand-induced changes in splicing patterns, isoforms that share a TSS but have multiple downstream splicing patterns were analyzed to identify genes with differential isoform abundance in untreated vs. G4 ligand-treated cells (see Materials and Methods; Figure S6). Using an FDR cutoff of 0.05, we identified 1,482 such genes, comprising 1,244 genes showing differential exon usage and 238 showing differential splice junction usage (Table S3; Table S4). These genes are strongly enriched for G4 motifs on the (+) strand at the 5' end of the first intron (Figure 3A). Although altered splicing can parallel transcriptional regulation (for instance, particular isoforms can accumulate more abundantly upon up-regulation of the gene) [Naftelberg et al. 2015], there were very modest overlaps between the differentiallyspliced and the transcriptional up-and down-regulated genes (20 up-regulated and 12 genes down-regulated genes) indicating that G4 stabilization alters the isoform profiles independently of the effect on transcriptional levels.

G4 ligand binding to pre-mRNA might modulate splicing by prolonging the lifetime of a quadruplex thus perturbing the kinetics of formation of other nucleic acid structures, or by modulating interactions with regulatory proteins that target G4s [START_REF] Lista | Nucleolin directly mediates Epstein-Barr virus immune evasion through binding to G-quadruplexes of EBNA1 mRNA[END_REF]. A query of 25 genes that encode proteins that interact with quadruplex RNAs [von Hacht et al. 2014] showed that most of them were significantly down-regulated with the exception of the splicing factor U2AF2, which was up-regulated in response to ligand treatment (Figure 3B). Since U2AF2 determines the choice of 3' splice sites and can regulate alternative splicing via interactions with pre-mRNA or with other factors [Shao et al. 2014], it is an interesting possibility that its upregulation contributes to altered splicing of pre-mRNAs that bear G4 motifs at the 5' end of the first intron.

Down-regulated genes exhibit the transcriptional signature of quadruplex-induced cell and replication stress

Use of Gene Set Enrichment Analysis (GSEA) to compare differentially expressed genes to genes in the MSigDB database C2:REACTOME identified 47 pathways strongly associated with down-regulated and 20 with up-regulated 2xDEGs (FDR q-value < 0.05; Table S5). Down-regulated pathways overlapped and were indicative of enrichment of a limited number of cellular processes, particularly cell cycle [START_REF] Lista | Nucleolin directly mediates Epstein-Barr virus immune evasion through binding to G-quadruplexes of EBNA1 mRNA[END_REF], DNA replication [Valton and Prioleau 2016], DNA repair [Valton and Prioleau 2016], as evidenced by the top downregulated REACTOME pathways results (Figure 4A; Figure S7). It is likely that downregulation of these genes is associated to replication stress [START_REF] Zimmer | Targeting BRCA1 and BRCA2 (deficiencies with Gquadruplex-interacting compounds[END_REF]]. Indeed, a similar transcriptional signature of quadruplex-induced replication stress was previously defined by analysis of genes down-regulated in response to stabilization of quadruplexes in We asked if specific DNA repair pathways were perturbed in response to ligand treatment by querying the changes in expression of 289 genes involved in base excision repair (BER), DNA replication, the Fanconi pathway, homologous recombination (HR), mismatch repair (MMR), nucleotide excision repair (NER), and non-homologous end joining (NHEJ) (Figure 4B; Figure S8). Most DNA repair genes were down-regulated (47%) or not significantly affected (38%), and only 41 genes (14%) were up-regulated (Table S6). Five of the up-regulated genes were involved in telomere maintenance, the only repair category in which most genes were up-regulated (mean log2FC = 0.13; Figure 4B, Figure S9 including TPP1, POT1, TERT and TERF2). On the other hand, the Regulator of Telomere ELongation helicase 1, RTEL1, a G4 helicase associated with telomere replication, was down-regulated (Figure 4C). A specific query of the effect of G4 ligand treatment on the expression of other G4 helicases showed that BLM was significantly down-regulated while WRN and XPD were relatively unaffected by G4 ligand treatment (Figure 4C). GENEMANIA analysis showed that common networks were associated with genes that were down-regulated (log2FC < 0, FDR < 0.01) by G4 ligand treatments and with deficiencies in G4 helicases in human cells, identifying overlaps in cells bearing a mutation in XPD helicase (XP34BE cell line [Velez-Cruz et al.

2013], 39 genes; Figure S10A) and in cells depleted for BLM [START_REF] Nguyen | Regulation of gene expression by the BLM helicase correlates with the presence of G-quadruplex DNA motifs[END_REF] or WRN [START_REF] Tang | The Werner syndrome RECQ helicase targets G4 DNA in human cells to modulate transcription[END_REF]] helicases (89 genes; Figure S10B). Tests of these networks for enrichment of GO categories identified the GO term "Mitosis" among the top results (XP34BE overlap qvalue = 1.34×10 -25 ; Table S7; shWRN/shBLM overlap q-value = 1.2×10 -34 ; Table S8), likely in connection with the quadruplex-induced replication stress. The robust correlations between genes down-regulated by G4 ligands and genes down-regulated in response to reduced activity of G4 helicases reflects common functional pathways and networks that respond to these perturbations.

Pyridostatin and PhenDC compounds have different impacts on similar biological pathways

The principal component analysis indicated differences between the various G4 ligand treatments (Figure 1A), thus leading us to investigate their specificities. We carried out independent differential expression analyses for each G4 ligand treatment (PhenDC3/PhenDC6/PDS) (Tables S9-11 Nevertheless, GSE analysis of these genes showed that their associated pathways are similar (Figure 5B). Indeed, in both cases up-regulated genes are mostly involved in signaling or transcription activation processes (Figure 5B). As mentioned above, down-regulated pathways suggest cell cycle impairment and replication stress in response to both treatments, although there is a significant difference in the magnitude of the impact to these pathways, the effect of PhenDC3 being particularly strong (Figure 5 

DISCUSSION

We have investigated how specific quadruplex ligands impact gene expression, in an analysis that took advantage of robust statistical frameworks for calculating G4 motif frequencies and a broad functional context provided by current correlational methods. This analysis provides strong support for quadruplexes to function as regulators of transcription and splicing, at least in the presence of stabilizers, as G4 motifs were found enriched near the promoters of highly expressed genes and in the (+) strand of the first intron in genes The results reported here challenge the notion that quadruplexes function chiefly as negative regulators by impeding access or progression of the transcription complex. The analysis showed that G4 motifs are depleted on the template strand in poorly expressed genes, independent of quadruplex ligand treatment (Figure 2). Treatment with various G4 ligands caused changes of more than 2-fold in expression of over 1,000 genes, with approximately three times more genes up-regulated than down-regulated. Up-regulated genes were characterized by enrichment and down-regulated genes by depletion of G4 motifs near the promoter (Figure 2).

G4 ligand binding may regulate transcription by stabilizing targets recognized by positive regulatory factors, or else by preventing binding of negative regulatory factors.

Evidence of a role for quadruplexes in splicing emerged from analysis of genes with splicing patterns that are altered in response to ligand treatment. Altered splicing correlated strongly with enrichment of G4 motifs just downstream of the 5' end of intron 1 on the nontemplate strand, though not elsewhere near the promoter (Figure 3). G4 motifs in the (+) DNA strand will be transcribed into pre-mRNA, where they may form quadruplexes that may be targeted by splicing factors. This genome-wide analysis complements recent evidence for the importance of quadruplex structures in alternative processing of the BCL-X transcript [Weldon et al. 2017].

The potential for quadruplexes to regulate gene expression indirectly was also evident in our analysis. Some of the effects of G4 ligand treatment seem to reflect quadruplexdependent induction of replication stress. A common subset of 89 genes were down-regulated upon G4 ligand treatment or acute shRNA-mediated depletion of BLM or WRN helicases. GSE analysis showed that an abundance of transcripts from genes involved in cell division or cell cycle were represented in this subset, suggesting that down-regulation may reflect replication stress induced by persistent quadruplexes. Similarly, hydroxyurea treatment of chicken DT40 B cells affects sites that are challenging to replicate, among them quadruplexes, causing replication stress accompanied by an expression signature that overlaps that of FANCJ-, WRNor BLM-deficient cells [Papadopoulou et al. 2015].

G4 ligand treatment induces genomic instability at quadruplexes during replication in S. cerevisiae [START_REF] Piazza | Genetic instability triggered by G-quadruplex interacting Phen-DC compounds in Saccharomyces cerevisiae[END_REF][Piazza et al. , 2015;;[START_REF] Lopes | G-quadruplex-induced instability during leading-strand replication[END_REF] but has not been shown to do so in human cells. Here, we observed down-regulation in most repair categories and in most genes in most categories. Down-regulation of repair genes in so many different pathways indicates that the G4 ligand treatments triggered a global transcriptional response, likely in connection to the replicative stress. Since the HT1080 cell lines has an intact p53 response, it is conceivable that this response was activated, thus leading to a p53 dependent downregulation of repair genes, as previously described in p53 hyperactive contexts or in senescent cells (Jaber et al.

2016; Collin et al. 2018).

MATERIALS AND METHODS

Cell lines and growth conditions. HT1080 fibrosarcoma cells were cultured in monolayers in 'Differential usage' is defined as the differential expression of a particular subunit of a gene (exon or splice junction) relative to the overall expression of the gene as a whole (which might or might not itself be differentially expressed) [START_REF] Anders | Detecting differential usage of exons from RNAseq data[END_REF]]. The reported fold-change values are defined as the fold difference between two conditions ('controls' vs 'G4 ligand treated') across a transcript subunit relative to the fold change between the same two conditions for the gene as a whole. Adjusted p-values were corrected using the FDR method.

Coverage/expression profile plots were generated for all genes having one or more features with statistically significant differential usage (FDR < 0.05).

G4 motif enrichment analysis. G4 motifs were defined as carrying 4 or more runs of 3 or more Gs, separated by 1-7 nt loops ([G3+N1-7]≥3G3+), and were located in the human reference genome hg19 fasta file using a regular expression matching algorithm. We also searched for shortlooped motifs (N1-3) and more broadly defined quadruplex sequences (N1-12) as previously described [Gray et al. 2014]. Results were stored as bed files with coordinates as well as wig files for visualization and further processing. G4 enrichment was assessed using R scripts that calculated the frequency of G4 overlap at each position and on each strand near the TSS (+/-250 bp) and near the 5' end of first intron (1-250 bp). TSS and intron locations were retrieved from the Ensembl genes table in the UCSC hg19 iGenomes database using gene symbols.

Briefly, we determined false discovery rates (FDR) by selecting 1000 sets of genes of matching size (e.g. for the 794 genes up-regulated >2-fold, we assessed 1000 sets of 794 random genes) from the pool of all reliably detected genes, which were subjected to the same count analysis described above. G4 motif enrichment or depletion found in fewer than 5% of the randomly selected sets was considered significant (FDR < 0.05).

Gene Set Enrichment Analysis (GSEA).

The REACTOME pathways enrichment analysis was done using the GSEA (Gene Set Enrichment Analysis) software [START_REF] Subramanian | Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles[END_REF]] with the Molecular Signatures Database collection on the identified up-and downregulated gene lists, as well as for each G4 ligand treatment (PhenDC3/PhenDC6 or PDS) independently. Significantly enriched pathways were selected based on FDR q-values (p-value adjustment for multiple hypergeometric tests), with the cutoff FDR < 0.05.

GeneMANIA gene network analysis. Genes that overlapped between G4 ligands, shBLM, shWRN, and XP34BE treatment data were selected using R. The 39 genes commonly downregulated in +G4 ligand and XP34BE datasets, as well as the 89 genes commonly down- Log2(Fold Change) 
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INTRODUCTION

G-quadruplexes are nucleic acid structures composed of stacked 'G-quartets' (Gellert et al., 1962;Sen and Gilbert, 1988), planar arrays of four hydrogen-bonded guanines (Figure 1A) connected by loops composed of other nucleotides. Quadruplexes form at sequences bearing the G4 motif, consisting of four or more runs of guanines punctuated by other nucleotides:

G≥3NxG≥3NxG≥3NxG≥3. In the human genome, there are nearly 400,000 G4 motifs allowing loops of ≤ 7 nt (Huppert and Balasubramanian, 2005), and more than 700,000 allowing loops up to 12 nt (Maizels and Gray, 2013). G4 motifs are dispersed throughout the genome and considerably enriched at promoters, where they flank the transcription start site (TSS) and cluster at the 5' end of the first intron [START_REF] Eddy | Conserved elements with potential to form polymorphic G-quadruplex structures in the first intron of human genes[END_REF][START_REF] Eddy | Selection for the G4 DNA motif at the 5' end of human genes[END_REF].

The abundance of G4 motifs and their enrichment within specific genomic regions suggests that they may play useful roles in cell physiology. Analyses of individual G4 motifs have identified potential regulatory roles of quadruplexes in replication, transcription, splicing, translation and recombination [START_REF] Bugaut | 5 0 -UTR RNA G-quadruplexes: Translation regulation and targeting[END_REF]Tarsounas and Tijsterman, 2013;[START_REF] Maizels | G4-associated human diseases[END_REF]Valton and Prioleau, 2016;Svikovic and Sale, 2016;Weldon et al., 2017).

G4 motifs can be sites of replication arrest and they are closely associated with genetic and epigenetic stability (Lemmens et al., 2015;[START_REF] Maizels | G4-associated human diseases[END_REF]Svikovic and Sale, 2016). Genetic instability correlates with thermodynamic stability, which is determined by the sequence of an individual G4 motif, and motifs prone to genetic instability have been purged from most genomes (Piazza et al., 2015;[START_REF] Lombardi | Thermodynamically stable and genetically unstable G-quadruplexes are depleted in genomes across species[END_REF].

Heme is an essential cofactor in a variety of processes involving oxidation, oxygen transport and electron transport, and a privileged ligand for G-quadruplexes. G-quadruplexes bind avidly to heme in vitro (Kd ≈ 10 nM range), as first shown more than 20 years ago (Li and Sen, 1996;Li et al., 1996) and subsequently pursued in many contexts (reviewed in [START_REF] Canale | Hemin-utilizing G-quadruplex DNAzymes are strongly active in organic co-solvents[END_REF]. The size, planarity and hydrophobicity of the protoporphyrin IX scaffold are well suited for stacking with the terminal G-quartets while, in addition, guanine or cytosine residues may provide axial coordination to the ferric ion [START_REF] Li | G-quadruplex aptamers with peroxidase-like DNAzyme functions: which is the best and how does it work?[END_REF]. This binding mode has been confirmed by docking studies [START_REF] Poon | Guanine-rich RNAs and DNAs that bind heme robustly catalyze oxygen transfer reactions[END_REF] and by molecular dynamics (Nasab et al., 2017). Moreover, just as protein enzymes use heme as a prosthetic group, G-rich nucleic acid aptamers use the electron transfer capabilities of a bound heme to support peroxidase reactions, suggesting that quadruplex binding to heme in vivo might promote use of heme as a cofactor for nucleic acid-catalyzed reactions [START_REF] Poon | Guanine-rich RNAs and DNAs that bind heme robustly catalyze oxygen transfer reactions[END_REF].

The very properties that make heme so potent a cofactor make free heme toxic to a living cell. The redox-active iron of heme can catalyze formation of harmful reactive oxygen species (ROS) and promote oxidative stress, presenting a real danger even at low concentrations of heme; and to limit reactivity, free heme is closely regulated at many levels including biosynthesis, degradation and transport [START_REF] Danielsen | Heme as a magnificent molecule with multiple missions: heme determines its own fate and governs cellular homeostasis[END_REF][START_REF] Chiabrando | Heme in pathophysiology: a matter of scavenging, metabolism and trafficking across cell membranes[END_REF][START_REF] Knutson | Iron transport proteins: Gateways of cellular and systemic iron homeostasis[END_REF][START_REF] Coffey | Iron homeostasis: An anthropocentric perspective[END_REF][START_REF] Ponka | Do Mammalian Cells Really Need to Export and Import Heme? Trends[END_REF]. In mammalian cells, excess free heme initiates its own catabolism by inducing transcription of heme oxidase 1 (HMOX1), the key enzyme in heme degradation. HMOX1 is also induced by other stimuli, including oxidative agents and oxidative stress, UV radiation, xenobiotics, heavy metals and even wood smoke; and while normally cytoprotective, HMOX1 is itself a potent regulatory molecule which can cause tissue and organ damage if expression is elevated [START_REF] Danielsen | Heme as a magnificent molecule with multiple missions: heme determines its own fate and governs cellular homeostasis[END_REF]Salerno et al., 2019).

The affinity and functional interactions of G-quadruplexes with heme in vitro suggested that G-quadruplexes might bind heme in vivo. This could have both positive and negative consequences. Sequestration of heme by DNA or RNA quadruplexes might cause local oxidative damage, but more globally protect the genome by limiting free heme levels while ensuring ready availability of this key cofactor. Heme binding by quadruplexes could also reduce levels of HMOX1, which might be harmful or beneficial depending on whether this factor was present at physiological or elevated levels.

Here we experimentally test the possibility that quadruplexes sequester heme in living cells. While it would be very difficult to directly quantify very small amounts of intracellular heme bound to quadruplexes, free heme initiates its own elimination by inducing welldocumented changes in gene expression, including induction of transcription of the genes encoding heme oxidase 1 (HMOX1), the key enzyme in heme degradation, and ferritin (FTH1 and FTL1), the iron storage protein [START_REF] Kappas | Control of heme metabolism with synthetic metalloporphyrins[END_REF][START_REF] Hamamura | Induction of heme oxygenase-1 by cobalt protoporphyrin enhances the antitumour effect of bortezomib in adult T-cell leukaemia cells[END_REF][START_REF] Ghosh | Global gene expression profiling of endothelium exposed to heme reveals an organ-specific induction of cytoprotective enzymes in sickle cell disease[END_REF]. Moreover, a number of ligands that interact with G-quadruplexes have been shown to readily displace quadruplex-bound heme in vitro [START_REF] Kong | A new method for the study of Gquadruplex ligands[END_REF] and are predicted to similarly displace heme bound to quadruplexes in vivo. We therefore designed an experimental strategy that would enable us to detect release of heme from G-quadruplexes by using RNA-Seq analysis to query the effect of treatment with a G-quadruplex ligand predicted to displace sequestered heme on expression of genes involved in heme catabolism and iron homeostasis. We chose to use the well-characterized G4 ligand PhenDC3, a bisquinolinium phenanthroline derivative structurally unrelated to heme (Figure 1A) [START_REF] De Cian | Highly efficient G-quadruplex recognition by bisquinolinium compounds[END_REF][START_REF] Piazza | Genetic instability triggered by G-quadruplex interacting Phen-DC compounds in Saccharomyces cerevisiae[END_REF][START_REF] Halder | Bisquinolinium compounds induce quadruplex-specific transcriptome changes in HeLa S3 cell lines[END_REF]Chung et al., 2014;Perriaud et al., 2014;[START_REF] Lista | Nucleolin directly mediates Epstein-Barr virus immune evasion through binding to G-quadruplexes of EBNA1 mRNA[END_REF]. PhenDC3 is an ideal compound for genome-wide studies of quadruplex function in vivo, because it readily enters the nucleus [START_REF] Lefebvre | Copper-Alkyne Complexation Responsible for the Nucleolar Localization of Quadruplex Nucleic Acid Drugs Labeled by Click Reactions[END_REF]; it discriminates well between quadruplex and duplex DNA; and it exhibits a very high affinity (nanomolar Kd) for quadruplexes, without pronounced selectivity for any specific quadruplex structure. This lack of selectivity among quadruplex structures can be attributed to the extensive overlap of PhenDC3 with the guanines in a G-quartet in the absence characteristic of some G4 ligands, which enables PhenDC3 to bind with high affinity to the external G-quartets of a quadruplex (Chung et al., 2014).

The results we present validate displacement of G4-bound heme by PhenDC3 in vitro and demonstrate, by RNA-seq analysis, that PhenDC3 treatment significantly up-regulates pathways involved in heme metabolism and iron homeostasis in human HT1080 fibrosarcoma cells, most strikingly causing a 30-fold induction of HMOX1, the chief enzyme in the heme degradation pathway. A search of publicly available transcriptome datasets showed that a similar restricted subset of genes is induced by treatment with hemin [START_REF] Ghosh | Global gene expression profiling of endothelium exposed to heme reveals an organ-specific induction of cytoprotective enzymes in sickle cell disease[END_REF] and with a structurally unrelated G4 ligand, the anthraquinone derivative AQ1 (Zorzan et al., 2018).

These findings identify a new mechanism for regulation of free heme levels in living cells. They also identify an unanticipated potential function for quadruplexes in maintaining genomic integrity that takes advantage of the abundance of G4 motifs and their dispersion throughout the genome.

RESULTS

PhenDC3 Can Displace Quadruplex-bound Hemin

G-quadruplexes can associate with hemin (Fe(III)-heme) to form G4 DNAzymes which can catalyze peroxidation reactions (Li and Sen, 1996;[START_REF] Travascio | DNA-enhanced peroxidase activity of a DNAaptamer-hemin complex[END_REF], and displacement of hemin by a G4 ligand inhibits this catalytic activity. We tested PhenDC3-mediated displacement of hemin from three different G-quadruplex structures previously shown to bind heme [START_REF] Travascio | DNA-enhanced peroxidase activity of a DNAaptamer-hemin complex[END_REF][START_REF] Travascio | The peroxidase activity of a hemin--DNA oligonucleotide complex: free radical damage to specific guanine bases of the DNA[END_REF][START_REF] Cheng | General peroxidase activity of G-quadruplex-hemin complexes and its application in ligand screening[END_REF]. One was formed from an oligonucleotide representing a 22 nt G4 motif identified at the c-MYC proto-oncogene [START_REF] Simonsson | DNA tetraplex formation in the control region of c-myc[END_REF]. The others were formed by oligonucleotides, PS2.M (18 nt) and PS5.M (24 nt), both of which demonstrate strong catalytic activity once bound to hemin [START_REF] Travascio | DNA-enhanced peroxidase activity of a DNAaptamer-hemin complex[END_REF][START_REF] Travascio | The peroxidase activity of a hemin--DNA oligonucleotide complex: free radical damage to specific guanine bases of the DNA[END_REF]. By circular dichroism (CD) analysis we showed that the c-MYC, PS2.M and PS5.M oligonucleotides formed parallel quadruplex structures in solution containing 3 µM oligonucleotide and 20 mM potassium (Figure S1). This confirms the parallel structure of the c-MYC oligonucleotide, as previously determined by NMR analysis [START_REF] Ambrus | Solution structure of the biologically relevant G-Quadruplex element in the human c-MYC promoter. Implications for Gquadruplex stabilization[END_REF]. Previous CD analysis of PM2.S identified parallel structures formed at potassium concentrations similar to those that we used (Majhi and Shafer, 2006); with antiparallel structures observed at very low potassium (0.5 mM) (Liu et al., 2012). CD analysis further showed that the quadruplex structures formed by all three oligonucleotides were not significantly perturbed by incubation with hemin; or by addition of PhenDC3 subsequent to incubation with hemin (Figure S1).

To evaluate the ability of PhenDC3 to displace hemin from a G-quadruplex, we used the chromogenic substrate 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS 2-) as a probe. H2O2-mediated oxidation of ABTS 2-produces the corresponding radical ABTS ·-which exhibits a characteristic green signal readily detected by naked-eye and upon absorbance measurement. Remarkably, a strong decrease of the absorption spectra intensity of ABTS ·- between 500 nm and 800 nm was observed at increasing concentrations of PhenDC3 (Figure 1B), as predicted if displacement of hemin from the quadruplex structures reduces the catalytic activity of the hemin/G-quadruplex DNAzymes. This trend was observed for quadruplexes formed from all three sequences tested. PhenDC3 seems to be able to displace hemin more efficiently from the c-MYC sequence (Figure 1B, left), with catalytic activity almost completely suppressed after the addition of 2 molar equivalents (6 µM) of PhenDC3. More efficient displacement may reflect a higher affinity of PhenDC3 for the c-MYC quadruplex, combined with a lower affinity of hemin towards this structure, shown by the slightly reduced enzymatic activity observed in the absence of PhenDC3 (ABTS ·-maximum absorption at 740 nm is lower if compared to the spectra reported for PS2.M and PS5.M). Overall, these results show that hemin is released free in solution upon PhenDC3 binding to the G-quadruplex structure.

Figure 1C shows the predicted location for the lowest energy simulated structure obtained upon docking of heme to a high-resolution NMR structure (PDB accession: 2MGN; Chung et al., 2014) of the c-MYC promoter quadruplex (see Method Details). The heme stacks upon a loop guanine, which in turn stacks upon the G-quartets (Figure 1C, above). PhenDC3 exhibits similar high affinity end-binding (Figure 1C, below). Thus, heme and PhenDC3 are predicted to have similar favored binding sites and lie within similar G-quartet to ligand distances (axial distance ~3.6 Å for heme and ~4.1 Å for PhenDC3; Figure 1C).

Response to PhenDC3 Correlates with G4 Motif Frequency

To profile the transcriptome of PhenDC3-treated cells, we used RNA-seq analysis to characterize gene expression in HT1080 cells, a human fibrosarcoma cell line with stable diploid karyotype. Control experiments showed that treatment with 20 µM PhenDC3 for 48 hr had only a modest effect on cell viability (Figure 2A) or cell cycle (Figure 2B; Figure S2).

Whole-cell RNA was isolated from cells which were untreated or treated with PhenDC3 under these conditions, as three biological replicates (Figure S2). mRNA was sequenced and reads were mapped to GENCODE genes in the hg19 human reference genome (see Method Details).

G4 motifs were then located using a regular expression matching algorithm that allowed loops of 1 to 12 nt in length, G≥3N1-12G≥3N1-12G≥3N1-12G≥3, N={A,T,C,G}. This search criterion identifies 722,264 G4 motifs in the human genome, approximately twice as many as a search for motifs with 1 to 7 nt loops (Huppert and Balasubramanian, 2005). It was used because the longer loop length better captures G4 motifs associated with biological processes in human cells (Gray et al., 2014).

PhenDC3 treatment caused significant changes in the expression profiles of HT1080 cells, with samples treated with 20 µM PhenDC3 or no PhenDC3 clustering uniquely upon hierarchical classification (Figure 3A; Figure S3). A total of 1,745 genes exhibited ≥2-fold differential expression in response to PhenDC3 treatment, among them 1,014 up-regulated and 731 down-regulated genes (False Discovery Rate (FDR) <0.01; Figure 3B; Table S1).

Mapping G4 motif frequencies of these ≥2-fold differentially expressed genes (2xDEGs) established strong correlations between transcript abundance and enrichment or depletion of G4 motifs near the promoter and at the 5' end of intron 1 (FDR < 0.001; Figure 3C). This correlation was assessed by empirical calculation of FDR based on random sampling from all expressed genes (see Method Details). Furthermore, the proportion of genes carrying at least one G4 motif in the promoter region is significantly higher among 2xDEGs than genes which were unaffected (FDR > 0.01) by PhenDC3 treatment (two-proportions z-test P = 0.0025 for down-regulated genes, P = 0.0032 for up-regulated genes; Figure 3D). In particular, upregulated genes carry significantly more G4 sequences than any other gene set (Figure 3D).

We identified a very similar pattern of enrichment and depletion of G4 motifs upon application of our analytical and mapping techniques to a previous array-based dataset that determined the response to PhenDC3 treatment of HeLa cells [START_REF] Halder | Bisquinolinium compounds induce quadruplex-specific transcriptome changes in HeLa S3 cell lines[END_REF], a highly transformed human cervical cancer cell line (Table S2). These results confirm the premise that PhenDC3 treatment accentuates the physiological functions of G4 motifs and support the correlation between transcript abundance and enrichment of G4 motifs near the promoter (Figure 3C).

PhenDC3 appears to interact with both DNA and RNA quadruplexes to perturb gene expression. Positive correlations were evident with up-regulation by PhenDC3 and G4 motifs at regions immediately flanking the TSS (Figure 3), likely to reflect PhenDC3 interactions with DNA; and with differential splicing and enrichment of G4 motifs on the non-transcribed strand at the 5' end of intron 1 (FDR=0.004; Figure S4), likely to reflect PhenDC3 interactions with pre-mRNA. several components of the vacuolar ATPase (V-ATPase) complex involved in iron and copper transport (Figure 4B; Table S4).

The altered regulation of iron-related pathways prompted us to analyze the expression of genes that encode iron-sulfur proteins. These proteins undergo iron-regulated biogenesis in the mitochondrion (Lill, 2009), where G4 ligands can localize due to their lipophilic cationic features and also upon binding with quadruplexes in mitochondrial DNA [START_REF] Huang | Direct evidence of mitochondrial G-quadruplex DNA by using fluorescent anti-cancer agents[END_REF].

Of 26 genes surveyed, 3 were modestly but significantly up-regulated in response to PhenDC3 treatment, and 15 were down-regulated (Figure S5; Table S5). The only gene exhibiting more than 2-fold down-regulation was the G4 helicase, RTEL1 (log2FC=-1.1). These results suggest that the primary effect of PhenDC3 may be mediated by heme release, rather than catabolism of heme that releases iron.

Structurally Diverse G4 Ligands Induce Heme Catabolism

To provide further support for the notion that induction of genes involved in heme catabolism and iron homeostasis by PhenDC3 depends upon heme release, we addressed the possibility that, despite the structural dissimilarity of these compounds (Figure 1A), treatment with exogenous hemin and PhenDC3 might affect transcriptional regulation of a largely overlapping set of genes. The responses to PhenDC3 and to hemin were compared by determining the overlap of the sets of genes significantly up-regulated (log2(fold change) > 0.5 and FDR < 0.05) in two cultured endothelial cell lines (PMVEC and PAEC) treated with hemin [START_REF] Ghosh | Global gene expression profiling of endothelium exposed to heme reveals an organ-specific induction of cytoprotective enzymes in sickle cell disease[END_REF] and in HT1080 cells treated with PhenDC3. The overlap included four genes, HMOX1, FTH1, GCLM and NQO1 (Figure 5A). These genes all share a common regulator, NRF2, a transcriptional activator that is stabilized upon binding to heme to stimulate transcription of genes involved in heme and iron metabolism (such as HMOX1, FTH1 and FTL) as well as in antioxidant pathways (such as GCLM, the rate-limiting enzyme of glutathione synthesis, and NQO1, a member of the NAD(P)H dehydrogenase family) (reviewed in [START_REF] Tonelli | Transcriptional Regulation by Nrf2[END_REF].

The overlap between genes induced by treatment with exogenous hemin or PhenDC3 supports the hypothesis that PhenDC3 displaces heme, and it raises the possibility that heme-dependent activation of NRF2 may contribute to the transcriptional response to PhenDC3.

To ask if synthetic G4 ligands other than PhenDC3 might induce transcription of hemeregulated genes, we took advantage of the three datasets reporting transcriptional response of human cells to synthetic G4 ligands that are currently publicly available [START_REF] Halder | Bisquinolinium compounds induce quadruplex-specific transcriptome changes in HeLa S3 cell lines[END_REF][START_REF] Marchetti | Targeting Multiple Effector Pathways in Pancreatic Ductal Adenocarcinoma with a G-Quadruplex-Binding Small Molecule[END_REF]Zorzan et al., 2018). Two G4 ligands analyzed, AQ1 and CM03, are structurally distinct from one another and from PhenDC3 (Figure 5B). AQ1 is an anthraquinone derivative which can displace an end-stacking compound from quadruplexes but does not preferentially act at telomeric structures (Zorzan et al., 2016), and which has been shown to affect proliferation of the mast cell leukeumia line HMC1. 2 (Zorzan et al., 2018).

CM03 is a trisubstituted naphthalene diimide derivative shown to function as a potent inhibitor of proliferation of pancreatic tumor cell lines and xenografts [START_REF] Marchetti | Targeting Multiple Effector Pathways in Pancreatic Ductal Adenocarcinoma with a G-Quadruplex-Binding Small Molecule[END_REF].

Hierarchical cluster analysis showed clear overlap in transcriptional activation by PhenDC3, AQ1 and hemin, but not by CM03 (Figure 5C). CM03 was computer-designed to improve binding to the unique structure formed by telomeric quadruplexes [START_REF] Marchetti | Targeting Multiple Effector Pathways in Pancreatic Ductal Adenocarcinoma with a G-Quadruplex-Binding Small Molecule[END_REF].

Assuming that CMO3 is highly selective for telomeric quadruplexes, the lack of effect of CM03 treatment on transcription of heme-related genes may reflect limited binding of heme by telomeric quadruplexes, or poor displacement of bound heme by CM03.

DISCUSSION

The results reported here support the hypothesis that G-quadruplexes sequester heme in vivo. This is an unexpected function for G-quadruplexes, but one that is highly consistent with the structure and chemistry of both G-quadruplexes and heme. Experimental support for this hypothesis comes from RNA-Seq analysis showing that treatment with PhenDC3 induces transcription of genes involved in heme homeostasis and iron transport. 2), as would be likely to occur if a DNA damage response was activated, and as is the case for other G4 ligands, for example the telomere-binding compound, pyridostatin [START_REF] Rodriguez | Small-molecule-induced DNA damage identifies alternative DNA structures in human genes[END_REF], or the triazine derivative 12459 (Douarre et al., 2013). On the other hand, free heme itself is able to cause oxidative stress (reviewed in Yisireyili et al., 2019), which may in turn contribute to activation of the NFR2 pathway and an increase in transcription of HMOX1. We hope that future studies will provide quantitative insights into the contributions of the different mechanisms by which displaced heme can activate transcription of HMOX1.

The results reported here identify a new role for heme as an allosteric regulator of transcription that acts on non-B form DNA. A generalized function for heme in this capacity may explain some of the transcriptional changes in pathways unrelated to heme and iron homeostasis caused by treatment with PhenDC3 (Figure 4A). Similarly, regulation by heme of pre-mRNA topology may account for some of the effects of PhenDC3 treatment on differential splicing (Figure S4).

What features of quadruplexes are likely to promote heme binding in a living cell? The strands in a DNA quadruplex may be parallel or anti-parallel or a mix of both, while RNA quadruplexes are typically parallel. Parallel quadruplexes have more accessible ends, and a number of studies have shown that heme preferentially binds to parallel rather than anti-parallel quadruplexes [START_REF] Cheng | General peroxidase activity of G-quadruplex-hemin complexes and its application in ligand screening[END_REF][START_REF] Kong | Structure-function study of peroxidase-like G-quadruplex-hemin complexes[END_REF][START_REF] Kosman | Peroxidase-mimicking DNAzymes for biosensing applications: a review[END_REF]. In vitro studies have shown that heme, like other porphyrins, binds to external guanines in a quadruplex, stacking like a slightly mismatched dinner plate on the planar ring of a terminal G-quartet (e.g. in Yamamoto et al., 2015). PhenDC3 is also an end-binding quadruplex ligand and may therefore be well-suited for heme displacement.

Of note, both the DNAzyme catalytic activity and the displacement of heme by PhenDC3 are influenced by the G4 and loop topology as well as loop sequence. Indeed, parallel G4-topologies (like c-MYC) with propeller loops are more prone to accommodate p-stacking molecules due to the higher accessibility of their external quartets as compared to antiparallel and hybrid G4-structures that harbor diagonal and/or edgewise loops generating steric hindrance. This is in line with published reports that parallel G4 structures are the best scaffolds for optimal DNAzyme activity [START_REF] Cheng | General peroxidase activity of G-quadruplex-hemin complexes and its application in ligand screening[END_REF][START_REF] Chen | How proximal nucleobases regulate the catalytic activity of Gquadruplex/hemin DNAzymes[END_REF].

It is not currently possible to predict whether a given G4 motif within a genome will form a well-behaved parallel structure likely to interact with heme, or a more complex antiparallel structure in which loops limit access to the ends of the quadruplex. The analysis we report here provides some clues to transcripts that are potentially regulated by heme binding, but further molecular analysis will be necessary to establish whether specific G4 motifs in the promoters of these transcripts form quadruplexes that interact directly with heme. This will be an interesting area for future experimentation, with clear implications for drug development, as induction of very high levels of HMOX1 by displaced heme may cause tissue and organ damage (Salerno et al., 2019).

In light of the robust catalytic activity that heme confers on quadruplex RNA or DNA aptamers in vitro, Sen and colleagues proposed that accumulation of transcripts bearing quadruplexes could be the source of potentially harmful 1-and 2-electron oxidative reactions that disrupt the phosphodiester backbone [START_REF] Poon | Guanine-rich RNAs and DNAs that bind heme robustly catalyze oxygen transfer reactions[END_REF][START_REF] Grigg | G-quadruplex structures formed by expanded hexanucleotide repeat RNA and DNA from the neurodegenerative disease-linked C9orf72 gene efficiently sequester and activate heme[END_REF]. Similar reactions within a cell could in principle result in local oxidation that compromises molecular integrity. This could enable heme bound to RNA to contribute to the pathophysiology of repeat expansion diseases in which the transcript contains multimers of quadruplexes, such as the CGG repeat expansion in Fragile X; or sporadic cases of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) caused by an expansion of a GGGGCC repeat (reviewed in [START_REF] Maizels | G4-associated human diseases[END_REF].

As oxidation of heme bound to quadruplex DNA or RNA may cause local damage and could even constitute a potential source of genomic instability, it may be somewhat surprising that cells use these genetic elements to sequester heme. In a living cell the potential for bound heme to cause harm may be muted by the many proteins complexed with genomic DNA and RNA, as well as by perpetually active pathways for repair of nicks and breaks in genomic DNA.

Moreover, genomic G4 motif may be long and complex, with more than four G-runs or more than three guanine bases in each G-run (see for example [START_REF] Eddy | Conserved elements with potential to form polymorphic G-quadruplex structures in the first intron of human genes[END_REF][START_REF] Eddy | Selection for the G4 DNA motif at the 5' end of human genes[END_REF], enabling them to retain the capacity to form quadruplex structures despite mutation, deletion or insertion of a single base in a loop region or even within the G-runs. Thus, quadruplexes may paradoxically contribute to genomic stability by capturing free heme and sustaining any incident damage themselves while protecting neighboring duplex regions. In this view, sequestration of heme by quadruplexes represents an unanticipated role for non-B form DNA in maintenance of genomic stability, which may explain the abundance of G4 motifs and their dispersion throughout the genome.

SIGNIFICANCE

Free heme is toxic and its levels must be tightly regulated in vivo. We show that Gquadruplexes participate in that regulation by sequestering heme. Heme is an essential cofactor for many enzymes, and heme has long been known to be a privileged ligand for G-quadruplexes, with the planarity and hydrophobicity of the protoporphyrin IX scaffold suiting it perfectly for stacking with the terminal G-quartet of a quadruplex. We demonstrate that this molecular partnership is not confined to the test tube but extends to living cells. We show that PhenDC3, a bisquinolium compound with high selectivity for G4 vs. duplex DNA, can displace heme bound to quadruplexes in vitro and in vivo. Node size is proportional to the number of its connections with other nodes (n = 1,301 nodes).

PhenDC3 treatment of living cells induces expression of heme-responsive genes that function pathways involved in heme homeostasis

The barplot shows REACTOME pathway-based enrichment analysis of genes strongly upregulated (Log2(Fold Change) > 1; FDR < 0.01) in treated (+PhenDC3) relative to untreated samples. The top 10 results correlated with upregulated genes are shown. FDR, GSEA FDR q-value. (B) Log2(Fold Changes) for common genes involved in iron homeostasis REACTOME pathways. See also Figure S5 and Tables S3-5. prepared by dilution of 10 x K + buffer (400 mM HEPES-NH4OH, pH 7.8; 200 mM CH3COOK; 10% DMSO; 0.5% Triton x-100) made in ultrapure water and stored at 4°C before use. Assays used hemin 3 µM, ABTS 2-500 µM, H2O2 50µM, 3 µM G-quadruplexes (3 nmol); and PhenDC3 0, 0.5, 1, 3, 6 µM. Sequences for the PS2.M, PS5.M [START_REF] Travascio | DNA-enhanced peroxidase activity of a DNAaptamer-hemin complex[END_REF] and c-MYC [START_REF] Simonsson | DNA tetraplex formation in the control region of c-myc[END_REF] DNA oligonucleotides used in this work are shown in the Key Resources Table . Oligonucleotides were purchased from Eurogentec (Liège, Belgique), dissolved in ultrapure water at room temperature and quantified by OD260nm using the molar extinction coefficient values provided by the manufacturer.

Circular Dichroism

For circular dichroism (CD) analysis, oligonucleotides were folded into quadruplex structures in solutions containing 3 µM oligonucleotide in 1 x K+ buffer (40 mM HEPES-NH4OH, pH 7.8; 20 mM CH3COOK; 1% DMSO; 0.05% Triton X-100), by heat denaturation for 10 min at 95°C, then cooled at 0°C for 30 minutes. CD spectra were recorded on samples composed of oligonucleotide alone; oligonucleotide in the presence of 3 µM hemin (1eq); and oligonucleotide to which 3 µM of PhenDC3 (1eq) was added subsequent to addition of 3 µM hemin. CD analysis was carried out at 20°C with a JASCO J-1500 spectropolarimeter equipped with a Peltier temperature controller (Jasco PTC-348WI) interfaced to a PC, by using 0.5 cm path rectangular quartz cells and 1 mL reaction volume. Scans were recorded from 230 nm to 350 nm employing the next parameters: 100 mdeg sensitivity, 1 nm data pitch, 200 nm min-1 scan speed, 1 s response, 1 nm band width, and 4 accumulations. The CD data were blanksubtracted and normalized to molar dichroic absorption (Δε) on the basis of concentration using eq. Δε = θ/ (32980 x c x l), with θ the ellipticity in millidegrees, c concentration in mol L-1, and l the path length in cm. The signal was further smoothened with a Savitzky-Golay method (2 order, 20 points window).

Hemin/G-quadruplex DNA 1:1 Complex Titration in the Presence of Increasing

Concentration of PhenDC3

Absorption titrations using the chromogenic substrate ABTS 2-were performed on a Cary 300 UV-Vis spectrophotometer Agilent Technologies (Les Ulis, France), using a 1 cm path-length quartz cuvette. To prepare G4 DNA, the DNA oligos (300 µM in 1 x K + buffer) were folded by heating at 95°C for 5 min and left to cool at room temperature over three hr. The DNA was distributed into separate tubes to prepare the sample for the titration experiments (final concentration 3 µM in 1 mL total volume for each sample). One-tenth volume 10 x K + buffer (see above) was added to the DNA, for a final buffer concentration of 1 x K + in ddH2O, and the samples were left to fold over 30 min. Hemin was added to a final concentration of 3 µM and the solutions were left to stand at room temperature for 30 min. Samples were brought to final concentrations of 0, 0.5, 1, 3, and 6 µM PhenDC3 by addition of appropriate volumes of 1 mM PhenDC3 in DMSO carrier. After 30 min incubation at room temperature, ABTS 2-was then added to each sample to a final concentration of 500 µM and the blanks were recorded with the spectrophotometer. To initiate the oxidation reaction, H2O2 was added to a final concentration of 50 µM, followed by quick mixing. Five min later the absorption spectra were recorded in the range of 400 to 800 nm. Final concentrations were as follows: 3 µM DNA, 3 µM hemin, 1 x K + (40 mM HEPES-NH4OH, pH 7.8; 20 mM CH3COOK; 1% DMSO; 0.05% Triton x-100), 0, 0.5, 1, 3, and 6 µM PhenDC3, 500 µM ABTS 2-, and 50 µM H2O2 in a total volume of 1 mL.

Docking of Heme on the c-MYC DNA G-quadruplex

Receptor and ligand standard representation data files (Protein Data Bank, PDB format) were retrieved for the G-quadruplex structure of the c-MYC promoter (PDB accession: 2MGN; Chung et al., 2014) and the ligand Fe(III) protoporphyrin IX (PDB accession: HEM). We used a text editor to remove the HETATM residues from the receptor PDB file, as it contains information corresponding to the PhenDC3 ligand. We used the AutoDockTools (ADT) GUI v1.5.6 [START_REF] Morris | An unusually stable G-quadruplex within the 5'-UTR of the MT3 matrix metalloproteinase mRNA represses translation in eukaryotic cells[END_REF] to prepare the pdbqt files needed for docking, which contain atomic charges and atom type definitions. We added hydrogen positions as well as topological information for the heme ligand to perform flexible docking by allowing 10 rotatable bonds (using the TorsionTree utility in ADT). Then, we defined a docking box covering the space to be searched around the receptor (GridBox utility in ADT), manually adjusting the size of the box and the exact position of its center before exporting it into a configuration file. We used AutoDock vina v1. 1.2 (Trott and Olson, 2010) for MacOSX to perform docking simulations from command line, increasing the exhaustiveness value from 8 (default) to 24, which gives a more consistent docking result (Forli et al., 2016). Nine docking poses were generated at the end of the run and ranked according to their binding energies, and these proved to be quite similar: all fell within the range of -6.9 to -5. Finally, visualization of the G4 structure bound to PhenDC3 was also performed on PyMOL, using the original 2MGN PDB file.

Cell Viability, Cell Death and Cell Cycle Assays

To assess cell viability, a 96 well plate was seeded with 2000 cells per well and cultured for 24 hr at 37°C in 5% CO2. Samples were then brought to final concentrations of 1% DMSO and 0, 10 or 20 µM PhenDC3 by addition of DMSO carrier alone or 1 mM PhenDC3 in DMSO. After an additional 24 or 48 hr culture, cell viability was assayed by addition of CellTiter Glo (Promega) flowed by quantification of luminescence using a Fluostar Omega (BMG Labtech). 

RNA Extraction and Sequencing

Cells were pelleted by centrifugation, re-suspended in TRIzol Reagent (Life Technologies), and total RNA was harvested using the supplier's protocol and stored at -80°C. RNA concentration was adjusted to 0.5 µg/µl, and 5 µg of each sample was submitted to the UW High-Throughput Genomics Center (htSeq) for library preparation and sequencing. RNA samples were tested for quality using a Bioanalyzer (Agilent Technologies). mRNA library preparation was carried out using poly-dT selection. After library construction, multiplexed libraries were sequenced on an Illumina Hi-Seq to 36 bp in paired-end mode. Data were deposited in the Gene Expression Omnibus (GEO) database, accession number GSE60630.

RNA-seq Data Analysis

Reads were aligned to the human reference genome hg19 using STAR v2. 7 (Dobin et al., 2013) with the ENCODE processing pipeline standard settings for RNA-seq data (--outFilterType BySJout, --outFilterMultimapNmax 20, --alignSJoverhangMin 8, --alignSJDBoverhangMin 1,

--outFilterMismatchNmax 999, --alignIntronMin 20, --alignIntronMax 1000000 and --alignMatesGapMax 1000000). Reads mapping uniquely to GENCODE-annotated genes were summarised using featureCounts [START_REF] Liao | featureCounts: an efficient general purpose program for assigning sequence reads to genomic features[END_REF]. The raw gene count matrix was imported into the R environment (R Core Team, 2018) for further processing and analysis. Genes with low read counts (less than ~10 reads in more than 3 samples) were filtered out, leaving a set of 20,000 genes to test for differential expression between control (DMSO) and treated (+PhenDC3) conditions. Differential expression analysis was carried out using the R package DESeq2 version 1.18.1 [START_REF] Love | Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2[END_REF]. Unless otherwise stated, differentially expressed genes were identified based on FDR using Benjamini-Hochberg adjusted p-values, with the threshold FDR < 1%. A fold-change cutoff was used to create the sets of genes used for G4 enrichment analysis: only ≥2-fold (≥1-log2fold) differentially expressed genes (2xDEGs) were retained. We applied the optimal procedure consisting in simultaneously filtering the analysis results using both a statistical criterion (significance threshold, FDR < 1%) and a fold change (FC) threshold (here, |FC| > 2). Moreover, when the number of differentially expressed genes was determined by using varying fold change detection thresholds (|log2FC|∈[0,4] with a 0.05 step -81 data points (results not shown) -and fixed FDR<0.01), we found a mean number of 1,020 up-regulated and 690 down-regulated genes (a similar 3:2 ratio as observed with the 2xDEGs; 1,745 up genes and 1,014 down genes), thus substantiating gene up-regulation is the primary effect and robust to cutoff choices (with a fixed FDR).

Hierarchical clustering was performed for the top 500 differentially expressed genes using Euclidean distances. The cuffdiff tool from Cufflinks v2.1.1 [START_REF] Trapnell | Differential analysis of gene regulation at transcript resolution with RNA-seq[END_REF] was used to calculate differentially expressed isoforms with the default q-value cutoff of < 0.05.

Statistics for isoform expression levels and differential isoform expression are available in the GEO repository (GSE60630).

G4 Motif Enrichment Analysis

G4 motifs were defined as carrying 4 or more runs of 3 or more Gs, separated by 1-12 nt loops, and were located using regular expression matching as previously described (Gray et al., 2014).

Results were stored as bed files with coordinates as well as wig files for visualization and further processing. G4 enrichment was assessed using R scripts that calculated the frequency of G4 overlap at each position and on each strand near the TSS (+/-250 bp) and near the 5' end of first intron (1-250 bp). TSS and intron locations were retrieved from the Ensembl genes table in the UCSC hg19 iGenomes database using gene symbols. Briefly, we determined FDR by selecting 1000 sets of genes of matching size (e.g. for the 716 genes up-regulated >2-fold, we assessed 1000 sets of 716 random genes) from the pool of all reliably detected genes, which were subjected to the same count analysis described above. G4 motif enrichment or depletion found in fewer than 5% of the randomly selected sets was considered significant (FDR < 0.05).

R scripts were used to tabulate and assemble results.

Gene Set Enrichment Analysis (GSEA) and Protein-protein Interaction Network

The REACTOME pathways enrichment analysis was done using the GSEA (Gene Set Enrichment Analysis) software [START_REF] Subramanian | Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles[END_REF] with the Molecular Signatures Database collection on the identified up-regulated gene lists. Significantly enriched pathways were selected based on FDR q-values (P-value adjustment for multiple hypergeometric tests), with the cutoff FDR < 5%. The NetworkAnalyst platform [START_REF] Xia | NetworkAnalyst for statistical, visual and network-based meta-analysis of gene expression data[END_REF] and the Cytoscape 3.5 software [START_REF] Shannon | Cytoscape: a software environment for integrated models of biomolecular interaction networks[END_REF] were used to create and visualize the first-order (proteins that directly interact with a given protein) protein-protein interactions based on the highconfidence STRING interactome information [START_REF] Szklarczyk | STRING v10: protein-protein interaction networks, integrated over the tree of life[END_REF]. High-confidence interactions were defined has having a confidence score > 0.9 and experimental evidence. As the first-order network was very dense, we constructed a minimally connected network containing all the seed genes as well as essential non-seed interactors that maintain the network connection. To do this, we compute pair-wise shortest paths between all seed nodes, and remove the nodes that are not on the shortest paths. The obtained minimum first-order network consisted of 1,301 nodes and 4,038 edges, with larger nodes indicating higher connectivity.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses for all experiments were performed in the R environment v3.4.4. For RNAseq analysis, please refer to the corresponding section of the "Method Details" section.
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III. A. Conclusions

A few years back, the idea of a 'G4 genome' -coining a term analogous to the much used transcriptome or proteome -was proposed to illustrate the fact that G-quadruplex structures are widespread in the human genome and involved in numerous cellular processes.

A major challenge in precisely defining this G4 genome and identifying its key players has been the identification of the putative quadruplex sequences that actually fold into G4 structures in living cells and the definition of features that give specific G4s the ability to function as regulatory elements. Accordingly, the identification and characterization of a reasonably-sized working set containing strong G4 candidates appeared as essential to carry out functional studies that could be subsequently extrapolated to other quadruplexes. With this in mind, the projects that I have carried out during the past three years focused on the evaluation of the roles played by particular, thermodynamically stable, G-quadruplexes in living cells, namely those carrying single-nucleotide loops. In the present work, I combined the use of analytical, statistical and high-throughput sequencing (DNA and RNA) approaches (i) to establish and characterize a repertoire of stable single-nucleotide loop, or G4-L1, sequences found in the human genome and in more than 500 eukaryotic genomes; (ii) which was later expanded to viruses, with more than 7,000 genomes analyzed, and a vested interest in herpesviruses for which I identified co-evolutionary virus/host conservation patterns highlighting the potential functional significance of pyrimidine-looped G4s; (iii) subsequently, to map alterations induced by G4 ligands in human cells, specifically in regions surrounding G4-L1 quadruplexes, by using a deep targeted-sequencing approach that could become a standard method to also analyze mutagenesis in other repetitive sequences such as transposons or peri-centromeric regions; (iv) to profile the transcriptome of cells treated with G4 ligands, which showed that G4 folding might stabilize promoter architecture to enable efficient transcription, as enrichment of G4 motifs characterized the most actively transcribed genes.

I believe that the results we have generated have helped to establish new insights into which are the 'active' quadruplexes within the G4 genome and provided the scientific community with vast resources and data that could stimulate further advances in the field. In particular, a variety of G4 ligands are in active development as therapeutics, and it is predictable that a combination of high-throughput assays will become one criterion for pre-clinical evaluation of both potential efficiency and toxicity of these compounds, as I will briefly describe in the next section concerning ionizing radiation (III.B 1/G-quadruplexes in mitochondrial DNA and radiation sensitivity).

III. B. Perspectives III.B 1) G-quadruplexes in mitochondrial DNA and radiation sensitivity

Ionizing radiation (IR) is a major therapeutic tool for cancer, either used as a single modality or in combination with other clinical approaches, such as cytotoxic chemotherapy or targeted drug therapies [reviewed in [START_REF] Sharma | Clinical development of new drug-radiotherapy combinations[END_REF]. Radiation involves the generation of reactive oxygen species (ROS) followed by DNA, protein and lipid damage, ultimately leading to cell death. However, resistance to irradiation of cancer tissues and/or its secondary effects on healthy tissues remain a concern and therefore searching for ways to either increase sensibility or reduce dosage is of clinical interest. Mitochondria are key organelles involved in the production of energy, while also producing ROS, which are potentially damaging for the cell. Paradoxically, mitochondria dysfunction also leads to ROS accumulation [START_REF] Murphy | Mitochondrial dysfunction indirectly elevates ROS production by the endoplasmic reticulum[END_REF]].

Conversely, IR induces several alterations at the level of the mtDNA molecule, such as point mutations and deletions [START_REF] Prithivirajsingh | Accumulation of the common mitochondrial DNA deletion induced by ionizing radiation[END_REF]], which may result in mitochondrial dysfunction. In particular, one vastly described mtDNA alteration is a 4,977 bp deletion (the so-called 'common deletion', CD) occurring between two 13-bp direct repeats at positions 8470-8482 and 13447-13459 [reviewed in [START_REF] Taylor | Mitochondrial DNA mutations in human disease[END_REF]. This event implicates approximately one third of the mtDNA molecule, which contains genes that encode for several subunits of respiratory complexes and five tRNA genes, essential for maintaining normal mitochondrial function. To date, the role of mtDNA damage or mitochondrial dysfunction in the radiation sensitivity of cancer cells has not been clearly established. Indeed, while mitochondrial dysfunction may result in increased radioresistance in some cell models, it may induce increased sensitivity in others [START_REF] Van Gisbergen | Distinct radiation responses after in vitro mtDNA depletion are potentially related to oxidative stress[END_REF]Wang al. 2017]. Nonetheless, ROS generation by mitochondria upon irradiation likely contributes to the radiosensitivity of cancer cells [START_REF] Richardson | Mitochondrial stress controls the radiosensitivity of the oxygen effect: Implications for radiotherapy[END_REF].

Oxidative damage, as well as mitochondrial CD breakpoints induced by IR, appear to accumulate preferentially in regions enriched in tracks of G triplets with the potential to form G-quadruplexes [Zhou et al. 2012]. Relatively recent studies have revealed that G4 structures can form not only in nuclear DNA or RNA but also in the mitochondrial genome [START_REF] Wanrooij | G-quadruplex structures in RNA stimulate mitochondrial transcription termination and primer formation[END_REF][START_REF] Wanrooij | A hybrid G-quadruplex structure formed between RNA and DNA explains the extraordinary stability of the mitochondrial R-loop[END_REF][START_REF] Oliveira | An appraisal of human mitochondrial DNA instability: new insights into the role of non-canonical DNA structures and sequence motifs[END_REF]] and, when applying a relaxed search for putative quadruplex sequences (allowing G-tetrads and long loops), I was able to identify up to 40 G4 motifs within mtDNA (Figure 18A). As reported by others [START_REF] Dong | Association of G-quadruplex forming sequences with human mtDNA deletion breakpoints[END_REF][START_REF] Bharti | DNA sequences proximal to human mitochondrial DNA deletion breakpoints prevalent in human disease form G-quadruplexes, a class of DNA structures inefficiently unwound by the mitochondrial replicative Twinkle helicase[END_REF]], some of these sequences are located at the replication origin and in close proximity to documented sites of rearrangement breakpoints. Indeed, similarly to the nuclear genome, G4s

have been proposed to play a role in the stability of the mitochondrial genome. For instance, it is known that a quadruplex likely plays a regulatory role in the initiation of mtDNA replication, requiring a mitochondrial mRNA transcript as a primer for replication [START_REF] Wanrooij | G-quadruplex structures in RNA stimulate mitochondrial transcription termination and primer formation[END_REF].

Furthermore, recent studies in mtDNA replication have suggested the presence of replication fork stalling close to CD borders, a feature directly related to the mechanism of CDs since they were dependent on mtDNA replication [START_REF] Phillips | Single-Molecule Analysis of mtDNA Replication Uncovers the Basis of the Common Deletion[END_REF]. Finally, G-rich motifs are inherently prone to form 8-oxoG, higher levels of 8-oxoG accumulating in those DNA structures compared to non G4-control sequences with the same GC content [START_REF] Clark | Promoter Gquadruplex sequences are targets for base oxidation and strand cleavage during hypoxiainduced transcription[END_REF][START_REF] Ding | Sequencing the Mouse Genome for the Oxidatively Modified Base 8-Oxo-7,8-dihydroguanine by OG-Seq[END_REF], thus reinforcing the connection between G4 structures and DNA damage.

We are planning on addressing these issues in collaboration with the CEA IRCM team in a project led by Dr Pablo Radicella and Dr Anna Campalans. To do so, we are developing a high-coverage capture-NGS approach, similar to the one described in the Results section (II.B 2/Article #3: Deep targeted sequencing to uncover the mutational signatures associated with Gquadruplexes), this time targeting specifically mtDNA to characterize, at the single molecule level, (i) the effects of ionizing radiation on the mtDNA of cells treated or not with G4 ligands, and (ii) the contribution of mitochondria damage to cell radiotoxicity. We will explore synthetic interactions between nuclear and mitochondrial DNA damage and the potential advantages to combined "radiation + small molecules" anticancer therapy. The development of a mtDNAspecific capture-NGS procedure will allow a functionally unbiased and precise detection of the eventual different mutational events such as SNPs, indels, deletions and rearrangements, as well as mtDNA copy number variations, as we are including nuclear DNA targets in the capture design as ploidy evaluation controls. Very primary analyses that I have carried out show that the PhenDC3 and RHPS4 ligands induced, after a short treatment (24 hours), global depletions of mtDNA (Figure 18A) and the accumulation of treatment-specific point mutations (Figure 18B). Furthermore, RHPS4 treatment induced mitochondrial fragmentation and alteration of mtDNA distribution (Figure 18C). These data, although preliminary, strongly suggest that G4

ligands have a direct impact on mtDNA metabolism, in particular expression and stability, and support the idea that targeting mtDNA with our G4 ligands may induce mitochondrial dysfunctions and thus increase the damaging potential of IR.

Accurate and thorough information on mtDNA mutation signatures as a result of G4 ligand or IR treatments will provide further insight into the molecular mechanisms that are behind the accumulation of mtDNA rearrangements. This should also lead to an experimental physical mapping of biologically relevant G4 in mtDNA. These analyses will provide important preliminary information on the functional consequences of the combination of these treatments at the mitochondrial and cellular level. Independently of its value in the context of cancer, information on the structural changes on mtDNA in response to damage will provide a base for comparison with mutations and rearrangements known to be associated with mitochondrial disorders (https://www.mitomap.org/MITOMAP).

III.B 2) Putative quadruplex sequences and their polymorphisms in cancer cell lines

I have reported the analysis of the occurrence and the sequence variability of G4-L1 quadruplexes within the 1000 Genomes project data (II.A 2/Article #1: Thermodynamically stable and genetically unstable G-quadruplexes are depleted in genomes across species),

showing that their polymorphism rate is significantly lower than the one of the larger consensus PQS G4-L1-7, thus the most stable in vitro structures are also best conserved within the human population. Interestingly, we had also observed that genomic regions carrying G4-L1 sequences, similar to any other non-B DNA motif, appear to be more polymorphic than regions where these types of motifs are not found, and similar results were reported in cancer genomes, where non-B DNA motifs are associated with increased mutability [Georgakopoulos-Soares el al. 2018]. In contrast, in the case of cancer genomes, the same study by Georgakopoulos-Soares and colleagues reported that the G4 loop positions exhibit a ∼1.2-to 1.8-fold enrichment in mutagenesis over G-runs, whereas we had found preferential variations of the G-runs instead of the nucleotide loops in the human population. This apparent inconsistency warrants extensive polymorphism assessment in whole genome sequences of genetically unstable cancer cells (for instance accessible through the TCGA international cancer genomics program). It would be interesting to evaluate how the number of potential G4 folding sites varies both between normal and cancer cells -thus characterizing a 'G4 cancer genome' -and between different types of cancers, notably as very recent work has already shown disparities in the strength of association between genome translocations and G-quadruplex position in different cancer types [Cheloshkina and Poptsova 2019] (Figure 19). In addition, this exploration would allow to evaluate if there are different kinds of G4 loop nucleotide biases in cancer genomes, for instance accumulations of the more stable pyrimidine loops T/C, that could potentially induce increased mutational burden. Finally, biases in the representation of quadruplexes depending on loop length could also be searched for, specifically as the subset of G-quadruplexes with average loop size of ≤ 3 nt would be predicted to be more mutable than their counterparts with larger loop elements. 

III.B 3) Competition with i-motif folding?

Another factor, intimately linked to the formation of unimolecular G-quadruplex structures, is the possibility for the complementary strand to form a different, cytosine-rich structure. Indeed, both G-rich and C-rich DNA strands may form (at least in vitro) noncanonical secondary structures (Figure 20A): while, as largely discussed in this work, the Grich strand can adopt a four-stranded G-quadruplex structure, the C-rich strand can form an imotif structure (iM), consisting of two parallel-stranded duplexes held together with intercalated (Figure 20B), hemiprotonated C•C+ base pairs [START_REF] Gehring | A tetrameric DNA structure with protonated cytosine.cytosine base pairs[END_REF][START_REF] Phan | Human telomeric DNA: G-quadruplex, i-motif and Watson-Crick double helix[END_REF]reviewed in Abou Assi et al. 2018]. As seen for quadruplexes, there are different possible i-motif structures with different intercalation and looping topologies [START_REF] Phan | Intramolecular i-Motif Structures of Telomeric DNA[END_REF] (Figure 20C).

It has been shown that human telomeres can fold into intramolecular G4s as well as iM structures, with the common (C3TAA)3C3T motif [Leroy et al. 1994;[START_REF] Phan | Human telomeric DNA: G-quadruplex, i-motif and Watson-Crick double helix[END_REF][START_REF] Kaushik | Calorimetric unfolding of the bimolecular and imotif complexes of the human telomere complementary strand, d(C(3)TA(2))(4)[END_REF]]. However, the stability these particular i-motif depends on temperature, salt concentration and notably pH, as C-rich telomeric repeats may fold into a stable iMs only at slightly acidic conditions [Leroy et al. 1994;[START_REF] Mergny | Intramolecular Folding of Pyrimidine Oligodeoxynucleotides into an i-DNA Motif[END_REF]. More recently, other Crich sequences of the human genome were shown to potentially form iM structures, facilitated by negative superhelicity and crowding under physiological conditions [START_REF] Sun | The importance of negative superhelicity in inducing the formation of G-quadruplex and i-motif structures in the c-Myc promoter: implications for drug targeting and control of gene expression[END_REF],

possibly implicating these structures in different regulatory processes [START_REF] Brazier | I-motif formation in gene promoters: unusually stable formation in sequences complementary to known G-quadruplexes[END_REF][START_REF] Wright | Identification of multiple genomic DNA sequences which form i-motif structures at neutral pH[END_REF]. For instance, we cannot exclude the notion that i-motif structures may play complementary roles to those of their G4 counterparts in the regulation of gene expression [START_REF] Kendrick | The dynamic character of the BCL2 promoter i-motif provides a mechanism for modulation of gene expression by compounds that bind selectively to the alternative DNA hairpin structure[END_REF]Zeraati et al. 2018;[START_REF] Rogers | Rapid Screen of Potential i-Motif Forming Sequences in DNA Repair Gene Promoters[END_REF], either as a lead element or by stabilizing G4 formation relative to duplex DNA (Figure 20A). Moreover, recent reports indicate that the long (C3T3)nC3 single strand DNA can form a stable i-motif under nearly physiological conditions (notably at physiological pH) [START_REF] Wright | Identification of multiple genomic DNA sequences which form i-motif structures at neutral pH[END_REF][START_REF] Školáková | Systematic investigation of sequence requirements for DNA i-motif formation[END_REF]] and in particular, that i-motifs with loops containing pyrimidines can also fold in similar conditions [START_REF] Fleming | Human DNA repair genes possess potential G-quadruplex sequences in their promoters and 5 ′ -untranslated regions[END_REF][START_REF] Školáková | Systematic investigation of sequence requirements for DNA i-motif formation[END_REF]], which would be the complements to the G4-L1A quadruplexes I have described in the Results section (II.A 2/Article #1:

Thermodynamically stable and genetically unstable G-quadruplexes are depleted in genomes across species). Thus, both mutual exclusivity [START_REF] Dhakal | G-quadruplex and i-motif are mutually exclusive in ILPR double-stranded DNA[END_REF][START_REF] Cui | Mutually Exclusive Formation of G-Quadruplex and i-Motif Is a General Phenomenon Governed by Steric Hindrance in Duplex DNA[END_REF] or competition between the two possible structures could occur at specific genome regions such as gene promoters.

However, i-motifs are about 100-fold less thermodynamically stable than the corresponding G4 structures and their formation is not kinetically favored [START_REF] Phan | Human telomeric DNA: G-quadruplex, i-motif and Watson-Crick double helix[END_REF][START_REF] Lane | Stability and kinetics of G-quadruplex structures[END_REF]. Although these observations argue against a predominant formation of i-motifs in front of a G4-L1A quadruplex, its competitive or synergistic role on G4-L3A quadruplex formation and evolutionary trend remains to be studied. Furthermore, in vivo studies are definitively needed to confirm i-motif formation in live cells, as well as complementary biophysical studies that could give more insight into i-motif stability prediction from primary sequences.

III.B 4) Conclusion

Since the discovery of G-quadruplex structures over fifty years ago, an entire research field and a new perception of nucleic acids has emerged, which is bound to become increasingly complex with the more recently proposed possibilities of complementary i-motif folding or higher-order structure associations (such as the folding of "pearl-necklace" structures arising in microsatellite repeats). As discussed in this work, there is still need to develop new studies that would not only shed light into the mechanistic understanding of the roles played by quadruplexes in vivo (for instance, in mitochondrial stability or in cancer-associated mutagenesis), but also into the technological applications of the G4 structure. Indeed, and this is an aspect that was not discussed here, a significant proportion of nucleic acid aptamers (highly specific oligonucleotides that bind to a precise target molecule) adopt quadruplex folds and more broadly, a variety of G4-based reporter systems have been developed in the field of disease-related target sensing, which may be expanded by combinations with DNA origami [START_REF] Rajendran | G-quadruplex-binding ligand-induced DNA synapsis inside a DNA origami frame[END_REF][START_REF] Wang | The Beauty and Utility of DNA Origami[END_REF][START_REF] Atsumi | DNA Origami and G-Quadruplex Hybrid Complexes Induce Size Control of Single-Walled Carbon Nanotubes via Biological Activation[END_REF]. This kind of precision work necessarily requires, at least in the starting development phases, the use of highconfidence G4 prediction algorithms, which was a point frequently raised in this manuscript.

Such approaches should rely not only on biophysical considerations (such as predicted structure stability) but also on sequence polymorphism/conservation and chromatin context, even at the cost of computationally greedy processes, as the goal here would be to test specific candidate sequences and not to provide whole-genome G4 maps (which have already become widely available for many species).

ARTICLE BRCA2 abrogation triggers innate immune responses potentiated by treatment with PARP inhibitors

Timo Reisländer 1 , Emilia Puig Lombardi 2,3,7 , Florian J. Groelly Heterozygous germline mutations in BRCA2 predispose to breast and ovarian cancer. Contrary to non-cancerous cells, where BRCA2 deletion causes cell cycle arrest or cell death, tumors carrying BRCA2 inactivation continue to proliferate. Here we set out to investigate adaptation to loss of BRCA2 focusing on genome-wide transcriptome alterations. Human cells in which BRCA2 expression is inhibited for 4 or 28 days are subjected to RNA-seq analyses revealing a biphasic response to BRCA2 abrogation. The early, acute response consists of downregulation of genes involved in cell cycle progression, DNA replication and repair and is associated with cell cycle arrest in G1. Surprisingly, the late, chronic response consists predominantly of upregulation of interferon-stimulated genes (ISGs). Activation of the cGAS-STING-STAT pathway detected in these cells further substantiates the concept that BRCA2 abrogation triggers cell-intrinsic immune signaling. Importantly, we find that treatment with PARP inhibitors stimulates the interferon response in cells and tumors lacking BRCA2. B RCA2 tumor suppressor plays key roles in cell physiology by promoting DNA replication and DNA double-strand breaks (DSBs) repair via homologous recombination 1 . The latter is well-characterized biochemically and relies on BRCA2 loading the RAD51 recombinase at sites of DSBs that have been processed by resection. Assembly of the RAD51 nucleoprotein filament facilitates the search and subsequent invasion of homologous DNA, which acts as a template for the repair reaction 2 . While BRCA2 function in DNA repair has been studied in the context of DNA damage inflicted by exposure to genotoxic agents (e.g., ionizing radiation, DNA cross linking agents), the role of BRCA2 in replication is intrinsic to cell physiology. In the absence of external challenges, loss of BRCA2 triggers a significant decrease in replication fork progression and a high frequency of stalled forks 3,4 . A subset of these forks collapse and are converted to DSBs which, due to compromised HR repair, accumulate in BRCA2-deficient cells. Moreover, nucleolytic degradation of the stalled forks can occur upon extensive replicative arrest 5,6 . Conceivably, this acute perturbation of DNA replication triggered by inactivation of BRCA2 could lead to rampant genomic instability, which is lethal or severely obstructs cell proliferation in primary human cells 7 . Likewise, disruption of Brca2 gene in mice is embryonically lethal 8-10 . Mechanisms of replication stress and DNA damage tolerance mediate cellular adaptation to chronic loss of BRCA2, enable cells to survive and ultimately underlie their tumorigenic potential. Consistent with this, loss of BRCA2 occurs in tumors and is thought to promote tumorigenesis, while BRCA2 heterozygous germline mutations increase susceptibility to breast and ovarian cancer, as well as other cancers 11-13 .

Here we investigate the possibility that transcriptional alterations provide modalities of cell adaptation to loss of BRCA2, thus preventing cell death or proliferative arrest. We characterized the transcriptome of BRCA2-deficient cells, using a doxycycline (DOX)-inducible shRNA to inhibit BRCA2 expression in human non-small cell lung carcinoma H1299 cells and invasive ductal breast cancer MDA-MB-231 cells. RNA-sequencing (RNA-seq) analyses conducted after 4 and 28 days of DOX-induced BRCA2 depletion enabled us to monitor the dynamics of gene expression and to identify substantial transcriptional alterations from early to late stages of BRCA2 inactivation. In the short term, we observe downregulation of cell cycle, DNA replication and repair genes, which correlates with marked accumulation of BRCA2deficient cells in G1. In the long-term, we find that cell cycle reentry occurs concomitantly with ISG upregulation. These are genes involved in the innate immune response and controlled by interferon signaling 14 . An ISG subset is upregulated in BRCA2deleted primary ovarian tumors. These results support the concept that inducible BRCA2 inactivation in cultured cells recapitulates cellular changes associated with loss of BRCA2 during tumorigenesis and could provide clues to mechanisms of cellular adaptation in tumors or tumor vulnerabilities. Importantly, treatment with PARP inhibitors (olaparib, talazoparib) stimulates upregulation of the interferon signaling genes in vitro and in vivo.

Results

BRCA2 inactivation elicits changes in gene expression. Previous studies have implicated BRCA2 in gene transcription via interaction with EMSY 15 and have reported differential gene expression between BRCA2-deleted and wild-type cells using expression microarrays 16 . BRCA2-deleted cells are terminally adapted and this precluded analysis of progressive changes associated with BRCA2 inactivation. Here we used RNA-seq analyses of gene expression to determine how the transcriptome of BRCA2-deficient cells is modulated over time. We cultured H1299 and MDA-MB-231 human cells carrying a DOX-inducible BRCA2 shRNA cassette in the presence or absence of 2 µg/mL DOX for 28 days and collected samples for RNA-seq analysis after 4 and 28 days of treatment (Fig. 1a). BRCA2 expression was effectively suppressed by DOX exposure in the short term (4 days), as well as in the long-term (28 days), as indicated by immunoblotting of cell extracts prepared at these time points (Fig. 1b).

Before proceeding with RNA-seq analyses of BRCA2-deficient cells, we performed control experiments in which we addressed whether DOX alone could induce transcriptional changes under our experimental conditions. Parental H1299 and MDA-MB-231 cells were incubated with 2 µg/mL DOX for 4 and 28 days, before collecting samples for RNA-seq analyses (Supplementary Fig. 1a +DOX samples. Moreover, differential gene expression analyses with false discovery rate (FDR) of 5% revealed that only two genes were differentially expressed in DOX-treated versus untreated H1299 cells at day 4 and none at day 28 of DOX treatment (Supplementary Fig. 1c). The corresponding numbers of deregulated genes in MDA-MB-231 were 3 and 7, respectively (Supplementary Fig. 1d). These results demonstrate that DOX treatment for 4 or 28 days has a negligible impact on gene expression of parental cells lacking BRCA2 shRNA.

In contrast to this, DOX treatment inflicted substantial changes on the transcriptome of H1299 and MDA-MB-231 cells carrying a DOX-inducible BRCA2 shRNA. Hierarchical clustering of sample-to-sample Euclidean distances showed a clear distinction between +DOX (n = 3 independent experiments) and -DOX samples (n = 3 independent experiments) in both cell lines (Supplementary Fig. 2a,b), indicative of specific, substantial differences in the transcriptome upon BRCA2 abrogation. Consistent with this, DOX-inducible BRCA2 depletion in H1299 cells triggered significant alterations (FDR < 0.05, no fold-change filter) in the expression of 1363 genes at day 4 and of 479 genes at day 28 of DOX treatment (Supplementary Fig. 2c and Supplementary Data 1). The corresponding numbers of deregulated genes in MDA-MB-231 cells were 187 and 480, respectively (Supplementary Fig. 2d and Supplementary Data 2), suggesting that BRCA2 abrogation had a less pronounced effect on gene expression in the short term (4 days) in this cell line.

Next we conducted supervised clustering analyses of the top 480 genes differentially expressed (FDR < 0.05, no fold-change filter) in H1299 and MDA-MB-231 cells upon DOX-induced BRCA2 inactivation (Fig. 1c,d). We observed a clear variation in the differential transcription profiles between day 4 and day 28 of DOX treatment in both cell lines, which suggests that the transcriptome of BRCA2-deficient cells undergoes dynamic changes with time. The heatmaps showing the expression profiles of H1299 cells at replicate level are shown in Supplementary Fig. 3.

Pathways deregulated upon short-versus long-term BRCA2 loss. We proceeded to identify which gene sets are differentially expressed in BRCA2-deficient versus -proficient cells, at 4 and 28 days after shRNA induction. We focused on H1299 cells because DOX treatment had a high impact on gene expression in this cell line. We used stringent conditions (FDR < 0.05; |Log 2 (Fold Change)| > 0.5) which enabled us to identify deregulated genes with high confidence (Fig. 2a,b). At day 4 of DOX treatment, this analysis identified 574 genes (42% of deregulated genes) significantly downregulated (Log 2 (Fold Change) < -0.5; Supplementary Data 1) and 147 genes (11% of deregulated genes) significantly upregulated (Log 2 (Fold Change) > 0.5) in BRCA2deficient cells. At day 28, there were 194 genes (40%) significantly downregulated (Log 2 (Fold Change) < -0.5; Supplementary Data 2) and 213 genes (44%) significantly upregulated (Log 2 (Fold Change) > 0.5) in BRCA2-deficient H1299 cells.

Gene set enrichment analysis of differentially expressed genes based on functional annotation (Gene Ontology-Biological Process database) showed enrichment in specific pathways (Fig. 2c,d). Genes downregulated in BRCA2-deficient cells at day 4 were mainly implicated in cell cycle, chromosome segregation, DNA repair, and DNA replication, and defined an early, acute response to BRCA2 inactivation. The genes upregulated at day 28 primarily mediated cytokine and immune responses. Interestingly, the proliferation capacity of BRCA2deficient cells (H1299 or MDA-MB-231) was not substantially reduced compared with their wild-type counterparts, as determined in population doubling assays (Supplementary Fig. 4).

To complement pathway mapping, we performed network analyses, which showed how the 574 downregulated genes interact with each other and cluster into different pathways (Supplementary Fig. 5). We retrieved high-confidence, experimentally validated protein-protein interactions through the NetworkAnalyst platform 17 . The network was generated by mapping the significant genes to the STRING interactome 18 and applying a search algorithm to identify first-order neighbors (proteins that directly interact with a given protein) for each of the mapped genes. We generated a highly connected first-order network consisting of 669 nodes and 2970 edges, with larger nodes indicating higher connectivity. For example, prominent DNA repair nodes identified key DNA repair factors, including RAD51, RAD52, BML, MUS81, FANCA, and MLH1, while main DNA replication nodes identifiedfactorssuchasP CNA, MCM2, and RRM2. This indicates concerted action of the genes downregulated at day 4 in key cellular processes, such as control of cell cycle progression and genome integrity. Similar mapping of the 213 genes upregulated at day 28 generated a network with fewer interconnected nodes (446 nodes) and 1190 edges (Supplementary Fig. 5b). Pathway analysis after addition of direct interactors amplified enrichment in immune system related pathways (hypergeometric test p-value < 1e -21 ). The top five impacted pathways were innate immune response (77 hits, p-value = 3.93e -27 ), immune response (116 hits, p-value = 1.83e -25 ), interaction with host (61 hits, p-value = 1.86e -25 ), cytokine-mediated signaling (54 hits, p-value = 9.34e -23 ), and defense response (112 hits, p-value = 2.9e -21 ).

Following up on the RNA-seq results showing that cell cycle genes are downregulated after 4 days of DOX treatment, we evaluated the impact of BRCA2 loss on cell-cycle progression. FACS analyses of EdU-pulsed cells revealed pronounced alterations in the cell cycle profile of BRCA2-deficient cells during the transition from acute to chronic responses (Fig. 2e). Initially cells accumulated in G1, with levels of S and G2/M cells correspondingly decreased, indicative of G1 cell cycle arrest in the short term after BRCA2 inactivation. This correlates with transcriptional downregulation of genes controlling cell cycle and DNA replication, as demonstrated by RNA-seq data (Fig. 2a,c). The frequency of G1 cells reached a peak at day 12 and subsequently diminished, without however reaching the level of BRCA2proficient cells. The percentage of S-phase cells remained lower in cells lacking BRCA2 relative to wild type for the course of the experiment. These results are consistent with the observation that the proliferation rate of BRCA2-deficient cells is lower than that of BRCA2-proficient control cells (Supplementary Fig. 4).

Upon long-term BRCA2 inactivation, RNA-seq analyses revealed upregulation of innate immune response genes (Fig. 2b,d). A connection between innate immune response induction and genome instability was established by recent studies 19-21 . Loss of chromosome integrity leads to cytosolic DNA accumulation in the form of micronuclei, which bind and activate the cytosolic DNA sensor cGAS, a key player in interferon signaling activation. We thus evaluated the levels of cGAS-positive micronuclei in BRCA2-deficient cells and their dynamics over the course of the experiment (Fig. 2f). We observed the highest frequency of cGASpositive micronuclei upon chronic BRCA2 inactivation (28 days of DOX addition), which correlated with the upregulation of innate immune response genes. This suggests that micronuclei formation and cGAS activation could mediate the immune responses triggered by BRCA2 abrogation.

Differential gene expression analyses were also conducted in MDA-MB-231 cells carrying a DOX-inducible BRCA2 shRNA (Supplementary Fig. 6a). These revealed only 19 genes downregulated (Log 2 (Fold Change) < -0.5; Supplementary Data 1) at day 4 and 91 genes upregulated (Log 2 (Fold Change) > 0.5; Supplementary Data 2) at day 28 of DOX treatment. REACTOME biological pathway analyses showed enrichment in processes, including α, β-interferon signaling, and cytokine signaling in the immune system (Supplementary Fig. 6b), and were therefore analogous to the processes upregulated in H1299 cells after 28 days of DOX treatment. Moreover, we performed RNA-seq analyses of differential gene expression in BRCA2 -/-versus BRCA2 +/+ DLD1 cells (Supplementary Fig. 7). Pathway deregulation score analyses 22 of the REACTOME database using the top upregulated genes in BRCA2 -/-DLD1 cells identified interferon signaling, cytokine signaling, and immune response as the highest scoring pathways.

Induction of immune response genes in BRCA2-deficient cells. Long-term BRCA2 inactivation in H1299 and MDA-MB-231 human cells led to upregulation of common immune processes. To facilitate experimental validation for these findings, we identified common genes induced in both cell lines after 28 days of DOX treatment (Fig. 3a). We intersected the list of genes significantly upregulated in H1299 and MDA-MB-231 cells at day 28 (FDR < 0.05) and further filtered the high-confidence hits using Log 2 (Fold Change) > 0.3. This analysis identified 28 genes upregulated in both cell lines (Table 1), which showed enrichment in gene ontology processes, including cytokine signaling, type I interferon response and immune response (Fig. 3b).

In BRCA2-deficient cells, replication fork instability and nucleolytic degradation inflict replication-associated DNA damage, which conceivably cause micronuclei accumulation and activate cGAS-dependent innate immune responses (Fig. 2f). Phosphorylation of STAT1 at Tyr701 is routinely used as a marker for activation of cytokine signaling 21 , including interferon type I 23 in response to cytosolic DNA. Consistent with this, we observed enhanced STAT1 Tyr701 phosphorylation (Fig. 3c) in BRCA2-deficient relative to BRCA2-proficient H1299 cells, after 4 or 28 days of DOX treatment (Fig. 3c). IRF3 phosphorylation at Ser386, indicative of its nuclear translocation 24 , was also induced by BRCA2 depletion. We detected a similar response upon BRCA2 inactivation in MDA-MB-231 cells (Fig. 3d).

Thus, BRCA2 inhibition in human cells activates DNA damage responses and stimulates innate immune gene expression, as previously reported for DNA damaging agents 21,23 and SAMHD1 inactivation 20 .

Cytosolic DNA accumulation triggers innate immune responses. We next used quantitative RT-PCR to validate the induction of interferon response genes identified with RNA-seq analyses. We evaluated the dynamics of immune response gene expression by monitoring changes in mRNA levels over a 28-day period (Fig. 4a). mRNA levels of ISGs (IFIT1, IFIT2, IFIT3, IFI6, OAS1, OAS2, and ISG15) and cytokine signaling gene (TNFRSF1B) were measured at 2-day intervals, both in BRCA2-proficient and -deficient cells. Expression of all genes monitored in this manner increased gradually during chronic BRCA2 inactivation in H1299 cells. Cytosolic DNA accumulated in the same temporal manner, suggesting a correlation between the two events.

Additionally, DOX-induced BRCA2 depletion triggered STAT1 phosphorylation at Tyr701 and IRF3 phosphorylation at Ser386 (Fig. 4b). These phosphorylation events preceded upregulation of the innate immune response genes, consistent with the roles of IRF3 and STAT1 in promoting transcription of the ISGs. Interestingly, STING protein levels were also markedly increased upon BRCA2 abrogation, while no significant change was detected in its mRNA levels. This may reflect stabilization of this protein, possibly by inhibition of its proteolytic degradation 25 .

Short-hairpin RNA (shRNA)-mediated interference is known to induce innate immune responses 26 . In order to assess whether the immune response detected in our system is due to BRCA2 abrogation per se or to non-specific shRNA accumulation, we evaluated interferon gene expression in two additional cell lines carrying DOX-inducible shRNAs against ERK1 or ERK2 (Supplementary Fig. 8). Expression of shRNAs targeting BRCA2, ERK1, or ERK2 was induced with DOX over a 28-day period. The mRNA levels of ISGs IFIT1, IFIT2, OAS1,o rOAS2 were measured using quantitative RT-PCR at day 4 and day 28, in DOX-treated and untreated control cells (Supplementary Fig. 8a). We observed upregulated immune gene expression only upon BRCA2 shRNA induction. ERK1 and ERK2 shRNA were effectively induced, as shown by reduction in protein levels detected in immunoblot analyses (Supplementary Fig. 8b). Moreover, IRF3 or STAT1 phosphorylation, a signature of interferon signaling activation, was only detected in cells expressing BRCA2 shRNA (Supplementary Fig. 8b). These results indicate that the innate immune response is specifically triggered by loss of BRCA2 and not as a consequence of shRNA accumulation.

We further investigated whether the cGAS-STING pathway was critical for induction of innate immune responses upon loss of BRCA2. Inhibition of STING using siRNA suppressed upregulation of the ISGs (Supplementary Fig. 9a) and correspondingly attenuated phosphorylation of IRF3 or STAT1 in BRCA2-depleted cells (Supplementary Fig. 9b). Consistent with the concept that cGAS-STING activation and interferon signaling triggers JAK/STAT-dependent gene expression, we found that siRNA-mediated STAT1 depletion decreased the mRNA levels of ISGs (Supplementary Fig. 9c). The effect of STAT1 abrogation was relatively mild due to the fact that cells were treated with STAT1 siRNA after 28 days of DOX treatment. In contrast, treatment with STING siRNA commenced concomitantly with DOX addition.

PARP inhibitors potentiate the innate immune response in vitro and in vivo. To establish the clinical relevance of our results, we investigated the immune response gene expression in BRCA2-deficient ovarian serous cystadenocarcinomas using mRNA expression data available in The Cancer Genome Atlas (TCGA; Fig. 5). Differential expression analysis was performed on the subset of BRCA2-deleted (BRCA2 del , n = 4; Fig. 5a) and RAD51-deleted (RAD51 del , n = 11; Fig. 5b) tumors relative to cases with median BRCA2 or RAD51 mRNA levels (BRCA2 median or RAD51 median , n = 145). Out of the list of eight genes validated by quantitative RT-PCR, the seven ISGs (IFIT1, IFIT2, IFIT3, IFI6, OAS1, OAS2, and ISG15) had higher mRNA levels in BRCA2 del or RAD51 del compared with control tumors. Similar upregulation of these genes was found in tumors carrying deletions of HR genes BRCA1, BRCA2, RAD51, and PALB2 relative to tumors with median HR gene mRNA levels within the TCGA cohort (Supplementary Fig. 10). These results suggested that upregulation of this subset of innate immune response genes upon chronic inactivation of BRCA2 observed in vitro is recapitulated in HR-deficient ovarian human tumors.

Notably, four of the ISGs (IFIT1, IFIT2, OAS2, and ISG15) were also upregulated in the MDA-MB-231 cells lacking BRCA2 after 28 days of DOX treatment (Table 1), albeit at lower levels than in H1299 cells. This result may reflect transcriptional regulation specific to the breast tumor from which this cell line originates.

Small molecule inhibitors of poly[ADP-ribose] polymerase (PARP) have been recently approved for clinical treatment of BRCA1-and BRCA2-deficient ovarian and breast cancers 27,28 . The molecular mechanisms of selective targeting of BRCAdeficient cells and tumors by PARP inhibitors has been investigated extensively. Trapping of the PARP1 on DNA ends obstructs replication fork progression leading to accumulation of single strand breaks, which are converted into lethal DSB lesions 29-32 .

Induction of DNA damage by PARP inhibitors prompted us to investigate whether treatment of BRCA2-deficient cells with these drugs could also impact on the interferon response. To address this, we treated H1299 cells with DOX for 4 days to induce BRCA2 depletion. Under these conditions, we did not detect upregulation of ISGs using quantitative RT-PCR (Fig. 4a). However, incubation with 1 or 10 µM olaparib for 72 h induced a dose-dependent increase in the mRNA levels of ISGs (Fig. 5c). Consistent with these results, olaparib also triggered phosphorylation of IRF3 and STAT1 in a dose-dependent manner in the BRCA2-deficient cells (Fig. 5d). Surprisingly, the same phosphorylation events were detected in BRCA2-proficient cells treated with 10 µM olaparib. We thus monitored DNA damage induction through detection of KAP1 phosphorylation at S824, a wellcharacterized marker for DSB and ATM activation (Fig. 5d). Treatment with 10 µM, but not 1 µM olaparib triggered KAP1 phosphorylation in BRCA2-proficient cells, while DNA damage induction was detected in BRCA2-deficient cells treated with both 1 and 10 µM olaparib (Fig. 4d). We concluded that BRCA2deficient cells are more susceptible to DNA damage induced by olaparib, which mediates rapid activation of the innate immune responses, even after 4 days of BRCA2 depletion.

We next monitored the impact of olaparib treatment on the cell cycle profile of BRCA2-proficient and -deficient cells (Fig. 5e). As previously reported 4 , BRCA2 inactivation for 4 days promoted cell cycle arrest in G1 and reduced the frequency of cells in S and G2/M stages of the cell cycle. We observed that olaparib treatment did not affect G1, however, it increased the proportion of BRCA2-deficient cells in G2/M. In particular, treatment with 10 µM olaparib reduced the S-phase cell population, while increasing the frequency of cells in G2/M. This is consistent with a previous study 33 , which reported that treatment of BRCA1-deficient cells with 10 µM olaparib accelerates replication fork progression leading to G2/M accumulation.

To address whether the innate immune response triggered by BRCA inactivation in vitro can be recapitulated in vivo, in the tumor context, we established orthotopic xenograft tumors by injecting BRCA1-compromised MDA-MB-436 mammary breast cancer cells 34 into the mammary fat pad of CB17/SCID mice (Fig. 6a,b). These cells carry a 5396 + 1G > A mutation in BRCA1 34 , which abrogates BRCA1 protein expression. Treatment with the PARP inhibitor talazoparib triggered ISG expression in these BRCA1-deficient tumours, as demonstrated by quantitative RT-PCR analysis of tumor RNA.

We established a second xenograft model using isogenic BRCA2 +/+ and BRCA2 -/-human colorectal carcinoma HCT116 cells 35 (Fig. 6c). ISGs were upregulated specifically in tumors derived from BRCA2 -/-, but not BRCA2 +/+ cells, upon talazoparib treatment. These results support the notion that PARP inhibitors elicit an innate immune response in BRCA1-or BRCA2-deficient xenograft tumors.

Discussion

Although not lethal, BRCA2 inactivation in cancer-derived human cells significantly slows down cell proliferation. This indicates that cells can adapt to loss of BRCA2 and to the perturbations in cell physiology this entails. Here we explored the changes in transcriptome associated with BRCA2 abrogation and defined distinct transcriptional alterations, evolving from an early, acute response, to a late, chronic response. The former was characterized primarily by decreased mRNA levels of genes required for cell cycle progression, chromosome segregation, DNA repair and replication, consistent with previously reported roles for BRCA2 in replication fork stability and DNA repair 1 . EdU incorporation analyses revealed that these transcriptional changes are associated with accumulation of BRCA2-deficient cells in G1 and with low levels of entry/progression through S and G2/M phases of the cell cycle. Slowing down these processes may be conducive for activation of alternative, BRCA2-independent mechanisms of fork protection and re-start, which, in the longterm, sustain cell survival.

The late, chronic response to BRCA2 inactivation consisted of upregulation of interferon-regulated innate immune response genes. Initially identified as a mechanism of defense against pathogens by blocking viral infections and priming adaptive immune responses 36 , the innate immune response can also be enlisted to counteract tumor progression 14 . Genomic DNA is evicted into the cytoplasm as a consequence of the genomic instability intrinsic to most tumors. Cytoplasmic DNA assembles into micronuclei where it is recognized as pathogenic by the DNA sensor cGAS, which triggers STING activation (Fig. 7). This, in turn, facilitates phosphorylation and nuclear translocation of interferon response factors (e.g., IRF3), which drive transcription of the interferon response genes. Secreted 
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Relative mRNA levels interferon acts similarly to other cytokines to activate signaling pathways, in particular the JAK/STAT1 pathway, within the same cell (autocrine response) or in adjacent cells (paracrine response), resulting in ISG induction. ISG upregulation can also be triggered by ionizing radiation 21 and chemotherapeutic drugs (e.g., cisplatin, MMC) 23 and requires passage through mitosis with associated micronuclei formation 19,21 .

Here we demonstrate that the mRNA levels of ISGs are enhanced by chronic BRCA2 inactivation. We previously reported that severe replication stress 5 and persistent DNA damage associated with loss of BRCA2 result in aberrant chromosome segregation 4 . The data presented here show that chronic BRCA2 abrogation leads to micronuclei formation, which recruit the cytosolic DNA sensor cGAS. Conceivably, cGAS activation triggered interferon signaling, as suggested by the phosphorylation of STAT1 and IRF3, which led to induction of ISG expression. Consistent with this hypothesis, transcriptional upregulation of these genes was STING-and STAT1-dependent (Supplementary Fig. 9) and STAT1 Tyr701 phosphorylation, required for its nuclear translocation and activation, is detectable from the early stages of BRCA2 depletion (Fig. 5b).

How the innate immune response activation impacts on the long-term survival of BRCA2-deficient cells and tumors remains to be elucidated. In our in vitro system, the interferon response induced upon chronic BRCA2 inactivation is associated with partial restoration of cell cycle progression (Fig. 5c). Upregulation of immune signaling factors known to promote cell proliferation (e.g., TNFRSF1B, also known as TNFR2 or p75 37 ) could account for the ability of BRCA2-deficient cells to survive. Prolonged cell survival in the absence of BRCA2 may potentiate the innate immune response, as successive rounds of DNA replication and chromosome segregation are likely to augment their genomic instability. Thus, that the early and late responses to BRCA2 inactivation are linked to each other: replication stress could slow down cell cycle progression and suppress the immune gene upregulation during the early stages of BRCA2 abrogation, while replication stress adaptation promotes cell cycle re-entry and triggers the immune response during the late stages.

In the tumor context, ensuing interferon responses may stimulate cytotoxic T-cell activation, analogous to the STINGdependent defense mechanisms elicited by viral infection 38 , which could be onco-suppressive. Studies using mouse models of tumorigenesis driven by Brca2 abrogation 39 must be conducted in order to evaluate this possibility. Conversely, it will be interesting to determine whether BRCA2-deficient tumors that became resistant to chemotherapy have also acquired the ability to escape immune detection.

A recent study has shown that PARP inhibitors inflict DNA damage and promote cGAS/STING pathway activation in vitro, independently of BRCA status 40 . Our results establish that olaparib accelerates upregulation of innate immune response genes specifically in BRCA1-or BRCA2-deficient tumors. Conceivably, the intrinsically high levels of DNA damage in BRCA2-deficient cells were further increased by olaparib, which thereby potentiated the innate immune response. In our study, the BRCA2proficient xenograft tumors failed to mount an innate immune response upon PARP inhibitor treatment. This inconsistency with a previous study 40 possibly reflects differences between the tumor models and/or the length of PARP inhibitor treatment.

Our discovery that the chronic response to BRCA2 inactivation is associated with innate immune response upregulation, potentiated by PARP inhibitors, has important therapeutic implications. First, it predicts that drugs that specifically kill BRCA2-deficient cells and tumors by inflicting DNA damage, may concomitantly trigger cytotoxic immune responses. To what extent the deleterious effects of these drugs entail immune response activation remains to be established. Second, it is possible that BRCA-compromised tumors, which become olaparib-resistant through restoration of DNA repair 41-43 lose the capacity to mount innate immune responses. This tumor subset may be effectively targeted through therapeutic approaches that restore immune signaling.

Methods

Cell lines and growth conditions. Human non-small cell lung carcinoma H1299 cells and human invasive ductal breast cancer MDA-MB-231 cells, wild type (American Type Culture Collection) or carrying a doxycycline (DOX)-inducible BRCA2 shRNA 4 , were cultivated in monolayers in DMEM medium (Sigma) supplemented with 10% tetracycline free fetal bovine serum (Clontech). For induction of shBRCA2, 2 µg/mL DOX (D9891, Sigma) was added to growth medium. Human colorectal adenocarcinoma DLD1 cells, parental and BRCA2mutated (Horizon Discovery 3 ), were cultivated in monolayers in DMEM medium (Sigma) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific) and 1% penicillin/streptomycin (Sigma).

Immunoblotting. To prepare whole-cell extracts, cells were washed once in 1xPBS, harvested by trypsinization, washed in 1xPBS and re-suspended in SDS-PAGE loading buffer, supplemented with 0.1 mM DTT. Samples were sonicated and heated at 70 °C for 10 min. Equal amounts of protein (50-100 µg) were analyzed by gel electrophoresis followed by western blotting. NuPAGE-Novex 4-12% Bis-Tris and NuPAGE-Novex 3-8% Tris-Acetate gels (Life Technologies) were run according to manufacturer's instructions. Uncropped scans are provided in the Source Data file.

RNA-seq analyses. H1299, H1299+ shBRCA2 DOX , MDA-MB-231, and MDA-MB-231+ shBRCA2 DOX were cultured in presence or absence of DOX for 4 or 28 days. Cells were collected for RNA extraction and processed using the RNeasy® Mini Kit (Qiagen, #74104) according to the manufacturer's guidelines. RNA samples were quantified using RiboGreen (Invitrogen) on the FLUOstar OPTIMA plate reader (BMG Labtech) and the size profile and integrity analyzed on the 2200 or 4200 TapeStation (Agilent, RNA ScreenTape). RNA integrity number estimates for all samples were between 9.0 and 10.0. Input material was normalized to 1 µg prior to library preparation. Poly(A) transcript enrichment and strand specific library preparation were performed using TruSeq Stranded mRNA kit (Illumina) following manufacturer's instructions. Libraries were amplified (15 cycles) on a Tetrad (Bio-Rad) using in-house unique dual indexing primers 44 . Individual libraries were normalized using Qubit and size profile was analyzed on the 2200 or 4200 TapeStation. Individual libraries were pooled together and pooled libraries were diluted to ~10 nM for storage. Each library aliquot was denatured and further diluted prior to loading on the sequencer. Paired end sequencing was performed using a HiSeq4000 75 bp platform (Illumina, HiSeq 3000/4000 PE Cluster Kit and 150 cycle SBS Kit), generating a raw read count of > 22 million reads per sample.

RNA-seq data processing. Reads were aligned to the human reference genome (GRCh37) using HISAT2 45 and duplicate reads removed using the Picard Mark-Duplicates tool (Broad Institute). Reads mapping uniquely to Ensembl-annotated genes were summarised using featureCounts 46 . The raw gene count matrix was imported into the R/BioConductor environment 47 for further processing and analysis. Genes with low read counts (less than ~10 reads in more than three samples) were filtered out, leaving sets of 14,000-15,000 genes to test for differential expression between conditions, depending on the samples considered.

Differential expression analysis. The analyses were carried out using the R package DESeq2 version 1.18.1 48 . Unless otherwise stated, differentially expressed genes were identified based on two criteria: FDR (false discovery rate using Benjamini-Hochberg adjusted p-values) < 0.05 and absolute value of Log 2 (Fold Change) > 0.5. Differentially expressed genes were determined independently for the following human cell lines: DLD1 cells (parental vs BRCA2-mutated), H1299, MDA-MB-231, H1299 + shBRCA2 DOX and MDA-MB-231 + shBRCA2 DOX , +DOX vs -DOX conditions, and two time points (4 days and 28 days). For each set of conditions, hierarchical clustering was performed for the top 500 differentially expressed genes using Euclidean distances. Intersections were used to identify differentially expressed genes common to various data sets.

Gene set enrichment analysis. The GO and REACTOME pathway enrichment analyses were performed using the Gene Set Enrichment Analysis (GSEA) software 49 with the Molecular Signatures Database collection. The NetworkAnalyst platform 17 and the Cytoscape 3.5 software 50 were used to visualize the first-order protein-protein interactions networks, based on the high-confidence (confidence score > 0.9 and experimental evidence required) STRING interactome database 18 .

Pathway deregulation scores. The Pathifier algorithm 22 calculates a pathway deregulation score (PDS) based on gene expression matrices for each sample. PDS represents the extent to which the activity of a given pathway differs in a particular test sample from the activity in the matched control. Gene sets were retrieved from the REACTOME database 51 in GMT format and the R Bioconductor pathifier package version 1.16.0, along with custom R scripts were used to calculate deregulation scores of immune system related pathways in DLD1 BRCA2 -/-cells.

TCGA data analysis. The Cancer Genome Atlas (TCGA) ovarian serous cystadenocarcinoma annotated mutation files were retrieved from the cBioPortal database (http://www.cbioportal.org/) 52 for 316 samples. We analyzed mRNA expression by downloading 309 ovarian cases with RNA expression data using the R Bioconductor TCGAbiolinks package version 2.9.5 53 . Samples were split into BRCA2-deleted (BRCA2 del ) and -median (BRCA2 median ) groups. We determined that there were four BRCA2 deep deletion cases within this cohort. The bulk samples were ranked according to BRCA2 mRNA levels, allowing us to define a BRCA2 median subset of 145 samples. Differential expression analysis was performed for the BRCA2 del (n = 4) versus BRCA2 median (n = 145) tumor subset. Differential expression analysis was performed independently for RAD51 del (n = 11) tumors versus RAD51 median (n = 145) tumors.

In addition, we assessed differential expression in tumors carrying deletions of other genes encoding HR factors. Particularly, we found one BRCA1-deleted and one PALB2-deleted tumors and we analyzed these together with the four BRCA2deleted and the eleven RAD51-deleted tumors within this cohort. For this analysis, samples were split into HR-deleted tumors (n = 17) and HR-proficient tumors (n = 257) with median BRCA1/BRCA2/PALB2/RAD51 mRNA expression levels.

siRNAs. Cells were transfected using Dharmafect 1 (Dharmacon). Briefly, 0.4-0.8 × 10 6 cells were transfected with 40 nM siRNA (ON-TARGET plus human STAT1 SMART pool, L-003543-00-0005 or TMEM173 SMART pool, L-024333-00-0005; Dharmacon) by reverse transfection in 6-or 10-cm plates.

Cell viability assays for population doubling. Cells were seeded in 96-well plates upon 3 or 27 days of DOX treatment. The next day (day 4 or day 28 after addition of DOX), viability was determined using resazurin-based assays. Cells were incubated with 10 μg/mL resazurin (R7017, Sigma-Aldrich) in growth medium at 37 °C for 2 hours. Fluorescence was measured (544 nm excitation and 590 nm emission) using POLARstar Omega plate reader (BMG Labtech). This was repeated at 2-day intervals and values were reported to the first measurement.

Quantitative PCR (qPCR). For RNA reverse transcription, the Ambion Kit Power SYBR™ Green Cells-to-CT™ Kit (#4402954) was used according to manufacturer's instructions. Resulting complementary DNA was analyzed using SYBR Green technology in the QuantStudio 5 Real-Time PCR System. After normalization to β-actin or GAPDH, gene expression was calculated 54 relative to untreated control cells, as 2 -ΔΔCT . The following primer pairs were used: IFIT1, forward TAC CTG GAC AAG GTG GAG AA and reverse GTG AGG ACA TGT TGG CTA GA; IFIT2, forward TGT GCA ACC TAC TGG CCT AT and reverse TTG CCA GTC CAG AGG TGA AT; IFIT3, forward CTT CAG TAT TTA CTT GAG GCA GAC and reverse CTT GGT GAC CTC ACT CAT GAC; IFI6, forward TCG CTG ATG AGC TGG TCT GC and reverse ATT ACC TAT GAC GAC GCT GC; OAS1, forward CGC CTA GTC AAG CAC TGG TA and reverse CAG GAG CTC AGG GCA TA; OAS2, forward TCC AGG GAG TGG CCA TAG and reverse TCT GAT CCT GGA ATT GTT TTA AGT C; ISG15, forward GCG AAC TCA TCT TTG CCA GTA and reverse CCA GCA TCT TCA CCG TCA G; TNFRSF1B, forward CGG GAG CTC AGA TTC TTC CC and reverse GTC TCC AGC TGT GAC CGA AA; β-actin, forward ATT GGC AAT GAG CGG TTC and reverse GGA TGC CAC AGG ACT CCA T; GAPDH, forward GAC AGT CAG CCG CAT CTT CT and reverse ACC AAA TCC GTT GAC TCC GA.

EdU incorporation in asynchronous cells. To label replicated DNA, cells were incubated with 25 µM EdU for 30 min. Samples were collected by trypsinization and fixed using 90% methanol. Incorporated EdU was detected using the Click-iT EdU Alexa Fluor 647 Flow Cytometry Assay Kit (C10634, Invitrogen) according to manufacturer's instructions. Cells were re-suspended in 1xPBS containing 20 µg/mL propidium iodide (P4864, Sigma) and 400 µg/mL RNase A (12091-021, Invitrogen). Samples were processed using flow cytometry (BD FACSCalibur, BD Biosciences). 10000 events were analyzed per condition using FlowJo software.

Antibodies. The following antibodies were used for immunoblotting: mouse monoclonal antibodies raised against BRCA2 (1:1000, OP95, Calbiochem), GAPDH (1:30000, NB600-502, Novus Biologicals), α-Tubulin (1:30,000, TAT-1, Cancer Research UK Monoclonal Antibody Service); rabbit monoclonal antibody raised against ERK1/2 (1:5000, 4695, Cell Signaling), STING (1:1000, 13647, Cell Signaling), IRF3 (1:1000, AB76409, Abcam), phospho-IRF3 (1:1000, AB76493, Abcam), STAT1 (1:1000, 9175, Cell Signaling), phospho-STAT1 (1:1000, 9167, Cell Signaling); rabbit polyclonal antibodies raised against phospho-KAP1 (1:1000, A300-767A, Bethyl Laboratories), KAP1 (1:5000, A300-274A, Bethyl Laboratories), SMC1 (1:5000, A300-055A, Bethyl Laboratories).

Immunofluorescence. Cells on coverslips were washed in 1xPBS, swollen in hypotonic solution (85.5 mM NaCl and 5 mM MgCl 2 ) for 5 min and fixed with 4% paraformaldehyde for 10 min, before permeabilizing with 4% paraformaldehyde + 0.03% SDS. Cells were rinsed with 1xPBS + 0.4% Photo-Flo 200 (P7417-1PT, Sigma) and blocked with blocking buffer (1% goat serum, 0.3% BSA, 0.005% Triton X-100 in PBS). Then, cells were incubated with rabbit monoclonal antibody against cGAS (1:200, 15102, Cell Signaling) in blocking buffer overnight at room temperature. The next day, cells were washed and incubated with Alexa Fluor 488conjugated secondary antibodies (1:400, A11008, Thermo) for 1 h at room temperature. Dried coverslips were mounted on microscope slides using ProLong Gold antifade reagent with DAPI (P36935, Thermo). Images were acquired using a Nikon Plan Apochromat 60 × 1.4 NA oil immersion lens on the Dragonfly imaging system (Andor Technologies, Belfast UK) equipped with 405 and 488 nm lasers for visualizing DAPI and cGAS immunostained with an Alexa Fluor 488-conjugated antibody, respectively. The Dragonfly is built on a Nikon Ti2-E microscope body with the Nikon Perfect Focus System (Nikon Instruments, Japan). Data was collected using the Spinning Disk 40 µm pinhole mode of the Dragonfly on a Zyla 4.2 sCMOS camera using Fusion v2.0.0.15 software (Andor Technologies).

In vivo xenograft experiments. CB17/SCID mice (6 weeks old and weighing 26-28 g) were purchased from Charles River Laboratories (Calco, Italy). All animal procedures were in compliance with the national and international directives (D.L. March 4, 2014, no. 26; directive 2010/63/EU of the European Parliament and of the council; Guide for the Care and Use of Laboratory Animals, United States National Research Council, 2011).

MDA-MB-436 cells carrying BRCA1 5396+1G>A mutation (1 × 10 6 ) were injected into the mammary fat pad of CB17/SCID female mice. When the tumors were palpable (7 days after cell injection) the treatment was initiated.

To generate xenografts derived from HCT116 cells, wild type or carrying a CRISPR/Cas9 BRCA2 deletion 35 , CB17/SCID male mice were injected intramuscularly into the hind leg muscles with 3 × 10 6 cells. When a tumor volume of ~250 mm 3 was evident, the treatment was initiated. Each experimental group included five mice. Talazoparib (0.33 mg/kg/day) was administered orally for 5 consecutive days, followed by 2-day break and 5 more days of treatment. Tumors were excised and processed for RNA extraction using TRIzol reagent (Ambion, Life Technologies). Mean of normalised counts Mean of normalised counts Mean of normalised counts Mean of normalised counts [START_REF] Li | Pivotal roles of cGAS-cGAMP signaling in antiviral defense and immune adjuvant effects[END_REF][START_REF] Wu | Cyclic GMP-AMP Is an Endogenous Second Messenger in Innate Immune Signaling by Cytosolic DNA[END_REF]. Compartmentalization of DNA in the nucleus and in mitochondria is thought to be essential to avoid self-nucleic acid recognition, and this represents the current dogma for cGAS discrimination of self-versus non-self-DNA [START_REF] Sun | Cyclic GMP-AMP synthase is a cytosolic DNA sensor that activates the type I interferon pathway[END_REF]. Accumulation of mitochondrial or nuclear self-DNA in the cytoplasm upon damage activates a cGAS-dependent type I IFN response or senescence [START_REF] Dou | Cytoplasmic chromatin triggers inflammation in senescence and cancer[END_REF][START_REF] Gl€ Uck | Innate immune sensing of cytosolic chromatin fragments through cGAS promotes senescence[END_REF][START_REF] Harding | Mitotic progression following DNA damage enables pattern recognition within micronuclei[END_REF][START_REF] Ha ¨rtlova | DNA damage primes the type I interferon system via the cytosolic DNA sensor STING to promote anti-microbial innate immunity[END_REF][START_REF] Lan | Dnase2a deficiency uncovers lysosomal clearance of damaged nuclear DNA via autophagy[END_REF][START_REF] Mackenzie | cGAS surveillance of micronuclei links genome instability to innate immunity[END_REF][START_REF] Rongvaux | Apoptotic caspases prevent the induction of type I interferons by mitochondrial DNA[END_REF][START_REF] West | Mitochondrial DNA stress primes the antiviral innate immune response[END_REF][START_REF] Yang | cGAS is essential for cellular senescence[END_REF]. However, cGAS is also required for constitutive (also known as tonic) expression of ISGs, suggesting that a basal level of nucleic acids activates the sensor in the absence of microbial infection or apparent damage [START_REF] Gough | Constitutive type I interferon modulates homeostatic balance through tonic signaling[END_REF][START_REF] Schoggins | Pan-viral specificity of IFN-induced genes reveals new roles for cGAS in innate immunity[END_REF].

While mitochondrial integrity is linked to cell survival and its disruption leads to apoptotic cell death [START_REF] Tait | Mitochondria and cell death: outer membrane permeabilization and beyond[END_REF], the nuclear envelope (NE) is a dynamic barrier in both cycling or differentiated non-dividing cells. In cycling cells, the nuclear envelope is disassembled and then reassembled during mitosis to ensure DNA segregation in daughter cells after cytokinesis (G€ uttinger et al., 2009). Nuclear disassembly leaves the nuclear DNA potentially accessible to cytosolic factors. Moreover, the confinement of interphase cells, such as during migration in tissues, leads to repeated nuclear envelope rupture and repair events. During nuclear envelope rupture, overexpressed cGAS binds to the exposed nuclear DNA [START_REF] Denais | Nuclear envelope rupture and repair during cancer cell migration[END_REF][START_REF] Raab | ESCRT III repairs nuclear envelope ruptures during cell migration to limit DNA damage and cell death[END_REF].

Overall, while there is mounting evidence that the cGAS-STING axis can be activated by nuclear DNA released in the cytosol upon damage [START_REF] Chen | Regulation and function of the cGAS-STING pathway of cytosolic DNA sensing[END_REF][START_REF] Gl€ Uck | Innate immune sensing of cytosolic chromatin fragments through cGAS promotes senescence[END_REF][START_REF] Harding | Mitotic progression following DNA damage enables pattern recognition within micronuclei[END_REF][START_REF] Yang | cGAS is essential for cellular senescence[END_REF], the regulation and consequences of putative cGAS recruitment into the nucleus are poorly understood. We asked how cGAS recruitment to the nucleus is determined and to what extent cGAS could be activated in the nucleus itself.
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RESULTS

cGAS has been described as a cytosolic sensor of DNA [START_REF] Sun | Cyclic GMP-AMP synthase is a cytosolic DNA sensor that activates the type I interferon pathway[END_REF], but the localization of the endogenous protein in primary immune cells has not been extensively studied. To exclude interference from the cell cycle, which results in nuclear envelope disassembly, we examined the localization of endogenous cGAS in primary human monocyte-derived dendritic cells (DCs) that are terminally differentiated and in interphase [START_REF] Ardeshna | Monocyte-derived dendritic cells do not proliferate and are not susceptible to retroviral transduction[END_REF]. Endogenous cGAS protein staining was specific and showed the distribution of the sensor in both the cytoplasm and the nucleus (Figure S1A). The average cGAS intensity was higher in the nucleus than in the cytoplasmic area of the cells (Figure 1A). In the nucleus, cGAS displayed a punctate, perinuclear ring of stronger intensity within the DAPI staining (Figures 1B andS1B). Biochemical fractionation confirmed the presence of cGAS in the nuclear fraction of DCs at steady state (Figures 1C andS1C). Endogenous nuclear cGAS was also present in wildtype (WT) mouse bone marrow-derived DCs and lost in Cgas À/À cells (Figure 1D). Thus, both a cytoplasmic and a nuclear pool of cGAS are present in DCs.

In contrast to endogenous cGAS, GFP-cGAS expressed during interphase localizes mostly to the cytosol of DCs [START_REF] Raab | ESCRT III repairs nuclear envelope ruptures during cell migration to limit DNA damage and cell death[END_REF]. Through hematopoietic development, DCs result from a series of mitotic events [START_REF] Lee | Restricted dendritic cell and monocyte progenitors in human cord blood and bone marrow[END_REF]. We hypothesized that endogenous nuclear cGAS in interphase could result from the interaction with nuclear DNA during nuclear envelope breakdown that occurred in a previous mitosis. We tracked cGAS localization during the cell cycle using the stable expression of GFP-cGAS in a cycling HeLa cell line. In this stable culture, the ratio of nuclear-cytoplasmic mean GFP-cGAS intensity was >1 for 60% of cells and <1 for 40% of cells (Figures 1E and1F). To follow the ability of GFP-cGAS to enter the nucleus in mitosis, we tracked cells that contained mostly cytoplasmic cGAS before mitosis (Figures 1E and 1G;Videos S1 and S2). At early metaphase, cGAS started to accumulate at the periphery of the nucleus, coinciding with the onset of nuclear envelope breakdown. After nuclear envelope breakdown and through mitosis, cGAS accumulated on distinctive chromosomes. After cytokinesis, the inherited pool of nuclear cGAS persisted in the nucleus during the next interphase, with a slow decay across several hours, while the cytoplasm, initially devoid of cGAS at the onset of interphase, gradually accumulated cGAS (Figure S1D; Video S3). Deletion of amino acid regions K173-I220 and H390-C405 in cGAS, which contain DNA-binding surfaces (cGAS D K173-I220 D H390-C405 ), prevented accumulation on chromosomes after nuclear envelope breakdown (Figure S1E; Video S4) ( Li et al., 2013a). Therefore, cGAS is expressed as a cytosolic protein in interphase, but nuclear envelope breakdown during the cell cycle renders the DNA available for cGAS binding and recruitment in the nucleus, and this generates daughter cells with a pool of nuclear cGAS that persists during the next interphase.

DCs demonstrate low levels of co-stimulatory molecule expression CD86 at steady state [START_REF] Gentili | Transmission of innate immune signaling by packaging of cGAMP in viral particles[END_REF], suggesting that endogenous nuclear cGAS is not sufficient to activate innate immunity despite an excess of DNA. We aimed to test whether increased levels of nuclear cGAS could lead to the innate activation of DCs. DNA damage was recently proposed to induce the nuclear translocation of cGAS [START_REF] Liu | Nuclear cGAS suppresses DNA repair and promotes tumorigenesis[END_REF]. We expressed GFP-cGAS and the DNA damage reporter mCherry-53BP1 1224-1716 [START_REF] Raab | ESCRT III repairs nuclear envelope ruptures during cell migration to limit DNA damage and cell death[END_REF] in DCs. Etoposide induced nuclear 53BP1 foci, indicating DNA damage, but GFP-cGAS did not translocate in the nucleus of DCs (Figures S1F andS1G). To enforce the nuclear localization of cGAS, we transduced DCs with a GFP control lentivector or with lentivectors coding for GFP-cGAS or GFP-cGAS fused to a nuclear localization signal (NLS) (GFP-NLS-cGAS). We previously showed that cytomegalovirus (CMV)-driven GFP-cGAS-coding lentivectors induce CD86 in the absence of vector expression in DCs due to cGAS expression and activation in lentivector-producing cells. This leads to cGAMP packaging in viral particles and transfer to DCs, which activates STING and interferes with efficient cGAS expression [START_REF] Gentili | Transmission of innate immune signaling by packaging of cGAMP in viral particles[END_REF]. To limit cGAS expression in lentivector-producing cells, we developed a lentiviral vector in which the expression of the insert is driven by an inverted human leukocyte antigen-DR isotype a (HLA-DRa) promoter (Figure 2A). We next efficiently transduced DCs using Vpx to overcome SAMHD1 restriction [START_REF] Hrecka | Vpx relieves inhibition of HIV-1 infection of macrophages mediated by the SAMHD1 protein[END_REF][START_REF] Laguette | SAMHD1 is the dendritic-and myeloid-cell-specific HIV-1 restriction factor counteracted by Vpx[END_REF] (Figure S2A). When transduced with GFP-NLS-cGAS, DCs showed exclusive nuclear localization of the sensor, while GFP-cGAS transduction was mainly cytosolic (Figure 2B). Monocyte-derived DCs are in G0 phase and do not cycle; hence, the cytoplasmic localization of cGAS is consistent with the lack of mitosis in these cells, in contrast to cycling HeLa cells (Figure 1E). We measured the induction of the co-stimulatory molecule CD86, a marker of innate immune activation in DCs. DCs transduced in the absence of Vpx did not express GFP and did not upregulate CD86, indicating that no significant cGAMP transfer from lentivector-producing cells was occurring (Figures 2C, 2D, andS2A). DCs transduced with GFP-NLS-cGAS in the presence of Vpx upregulated CD86 compared to a control vector (Figures 2C and2D). CD86 upregulation was higher for NLS-GFP-cGAS than for GFP-cGAS, despite similar transduction levels (Figures 2D andS2A). We conclude that with the inverted HLA-DRa promoter system, cGAMP transfer by viral particles is (C) Nuclear-cytoplasmic fractionation of post-mitotic human DCs and immunoblots for endogenous cGAS (top), tubulin (center), and lamin B1 (bottom). C, cytosolic fraction; N, nuclear fraction. One donor representative of n = 4 donors. See Figure S1C for the other donors. (D) Nuclear-cytoplasmic fractionation of mouse bone marrow-derived DCs from two wild-type (WT) or two cGAS knockout (Cgas À/À ) mice and immunoblot for endogenous cGAS (top), tubulin (center), and lamin B1 (bottom). C, cytosolic fraction; N, nuclear fraction (representative of n = 3 independent mice). (E) Sequential images of cycling HeLa cell stably expressing histone 2B (H2B)-mCherry (red) and GFP-cGAS (green) before (0 min), at (56-57 min) (legend continued on next page) not implicated and that NLS-cGAS expression from the lentivector in the transduced DCs induces the CD86 activation marker.

Activation of DCs by GFP-NLS-cGAS driven by inverted HLA-DRa remained limited. To determine whether further increasing the expression of GFP-NLS-cGAS in DCs could reveal a full activated state, we tested the spleen focus forming virus (SFFV) promoter (Figure 2E). SFFV-driven lentivectors efficiently transduced DCs with Vpx (Figures S2B andS2C). In transduced DCs, expression of GFP-NLS-cGAS with Vpx induced CD86 and the ISG SIGLEC1 (Figures 2F-2I, S2D, and S2E). CD86 upregulation was restricted to the GFP + fraction of DCs transduced with GFP-NLS-cGAS (Figure 2J), while SIGLEC1 was also induced in GFP À cells in the same well, which indicated the production of soluble type I IFN as a result of GFP-NLS-cGAS expression (Figure 2K). CD86 and SIGLEC1 induction by GFP-NLS-cGAS expression in DCs required an intact catalytic site in cGAS, which is indicative of the enzymatic activation of cGAS in the nucleus (Figures S2F-S2H). The ISGs MX1, CXCL10, IFIT1, and OAS1 were also upregulated by GFP-NLS-cGAS (Figure 2L). To further validate that increasing levels of nuclear cGAS lead to innate immune activation, we performed dose titrations of the lentivectors driven by either promoter and plotted CD86 over the mean fluorescence intensity (MFI) of GFP (Figures S2I andS2J). CD86 expression was correlated with the GFP-NLS-cGAS expression level independently of the type of promoter used. These results indicate that increasing the nuclear cGAS level in DCs results in innate immune activation.

To estimate the activity of nuclear cGAS, we reconstituted 293FT cells that are devoid of endogenous cGAS [START_REF] Gentili | Transmission of innate immune signaling by packaging of cGAMP in viral particles[END_REF]. Similar to HeLa cells, stable transduction of cGAS in cycling cGAS-deficient 293FT cells resulted through mitosis in a mixture of cells with either mostly cytoplasmic cGAS, mostly nuclear cGAS, or both (Figures 3A andS3A). We also reconstituted 293FT with NLS-cGAS, which showed exclusive nuclear localization of the sensor (Figures 3A andS3A). We measured cellular cGAMP production using a bioassay [START_REF] Woodward | c-di-AMP secreted by intracellular Listeria monocytogenes activates a host type I interferon response[END_REF]( Figure S3B). Despite the absence of transfected exogenous DNA, cGAMP was produced endogenously in both stable cGAS-and NLS-cGAS-expressing cells, as measured by cGAMP bioassay (Figures 3B and3D) or cGAMP ELISA (Figure 3E). The level of cGAMP produced was similar between cGAS and NLS-cGAS, suggesting that the bulk of cGAMP production by stable cGAS expression was the result of the nuclear pool and not the cytoplasmic pool of the protein. Further supplementing cells with exogenous DNA by the transfection of herring testis DNA (HT-DNA) increased cGAMP production in cGAS-and NLS-cGAS-expressing cells by 235-and 500-fold, respectively (Figures 3C and3D). Diploid human cells contain 7 pg of nuclear DNA per cell, while the maximum amount of transfected HT-DNA was 2.5 pg per cell. Therefore, the amount of nuclear DNA exceeded the amount of HT-DNA and was not the limiting factor for cGAS activation. We next measured cGAMP concentration in nuclear and cytoplasmic fractions of non-cycling DCs after the expression of GFP-cGAS or GFP-NLS-cGAS (Figure 2B). While the amount of cytosolic cGAMP was similar for GFP-cGAS and GFP-NLS-cGAS, nuclear cGAMP was more abundant for GFP-NLS-cGAS than GFP-cGAS (Figures 3F and3G). We concluded that nuclear-localized cGAS is enzymatically active and limited by at least 200-fold compared to its activity in the response to transfected DNA.

Next, we asked whether the nuclear entry of cGAS through mechanical nuclear envelope ruptures [START_REF] Raab | ESCRT III repairs nuclear envelope ruptures during cell migration to limit DNA damage and cell death[END_REF], rather than NLS, could similarly lead to the activation of the sensor. We used a microfabricated cell confiner to control the extent of nuclear envelope rupture events in cells (Figure 4A) [START_REF] Le Berre | Methods for two-dimensional cell confinement[END_REF][START_REF] Raab | ESCRT III repairs nuclear envelope ruptures during cell migration to limit DNA damage and cell death[END_REF]. We also generated a reporter cell line to simultaneously visualize nuclear envelope rupture and STING-induced IRF3 nuclear translocation at the singlecell level by live video microscopy (Figure 4B). We used HeLa cells that express a functional endogenous cGAS [START_REF] Gentili | Transmission of innate immune signaling by packaging of cGAMP in viral particles[END_REF] to activate the STING reporter in response to DNA and monitored nuclear envelope ruptures by assessing the localization of a catalytically inactive cGAS [START_REF] Raab | ESCRT III repairs nuclear envelope ruptures during cell migration to limit DNA damage and cell death[END_REF]. At steady state, cGAS localized in both the nucleus and the cytoplasm of HeLa cells, while GFP-IRF3 was exclusively cytosolic (Figure 4C; Video S5). Upon HT-DNA transfection, cGAS localized to the transfected DNA and IRF3 translocated to the nucleus, confirming the functionality of the single-cell assay (Figure 4C; Video S5). Confinement at a 3-mm height induced multiple nuclear envelope rupture events that increased with time, as revealed by cGAS accumulation on the nuclear DNA (Video S6). Despite multiple nuclear envelope ruptures that recruited cytoplasmic cGAS in the nucleus for 16 h [START_REF] Raab | ESCRT III repairs nuclear envelope ruptures during cell migration to limit DNA damage and cell death[END_REF], no GFP-IRF3 translocation event was observed (Figures 4D and4E; Video S6). In contrast, when cells were confined and simultaneously transfected with HT-DNA, IRF3 nuclear translocation was rescued, thus excluding the possibilities that cell confinement interfered with the signaling pathway or that endogenous cGAS protein was in limiting amounts (Figures 4D, 4F, and4G; Videos S7 and S8). Moreover, catalytically inactive GFP-NLS-cGAS did not inhibit the innate immune activation of DCs in response to HIV-1 or HIV-2 infection, a process that requires nuclear cGAS [START_REF] Lahaye | NONO detects the nuclear HIV capsid to promote cGAS-mediated innate immune activation[END_REF], or to HT-DNA (Figures 4H and4I). Thus, catalytically inactive cGAS was not likely to compete with endogenous cGAS following nuclear envelope rupture. We conclude that in contrast to the NLS-mediated entry of overexpressed cGAS, the entry of endogenous cGAS through mechanical nuclear envelope rupture is not sufficient to activate STING.

We noted that NLS-cGAS was distributed throughout the nucleus, while entry through nuclear envelope rupture produced small and peripheral-localized foci of nuclear cGAS. We next asked whether innate immune activation by overexpressed NLS-cGAS in the nucleus resulted from an association with spatially localized, specific DNA elements. While the cGAS enzymatic domain has been shown to bind DNA in a 

(legend continued on next page)

Cell Reports 26, 2377[START_REF] Yang | cGAS is essential for cellular senescence[END_REF], February 26, 20192383 sequence-independent manner, we noticed that the GFP-NLS-cGAS signal in DCs showed patterns of GFP enrichment (Figure 5A). To understand whether NLS-cGAS could associate with specific chromatin regions, we performed chromatin immunoprecipitation sequencing (ChIP-seq) analysis on DCs transduced with GFP-NLS-cGAS using GFP-trap on the nuclear fraction (Figure 5B). cGAS peaks were distributed along all of the chromosomes and were preferentially located on a subset of annotated genomic elements (Figure S4A). To determine the enrichment of cGAS on genomic features, we computed the fraction of peaks falling within a given genomic element compared to the expected fraction based on the genomic coverage. cGAS peaks were mostly enriched on the satellite repeat class (Figure 5C), mainly on the ALR/a-satellites family within this class, and to a lesser extent on long interspersed nuclear elements (LINEs). a-Satellites are the main components of centromeres. cGAS peaks were broadly distributed across the genome, but peaks in close proximity between at least two donors were enriched on centromeres (Figure 5D). We computed peaks of CENP-A, the centromeric histone H3 variant, from previously reported ChIP-seq datasets of endogenous CENP-A, which maps to centromeres and pericentromeric heterochromatin (PHC) [START_REF] Lacoste | Mislocalization of the centromeric histone variant CenH3/CENP-A in human cells depends on the chaperone DAXX[END_REF]( Figure 5D). cGAS peaks were associated with CENP-A peaks, as determined by the odds ratio statistic (Figure 5E). Pericentromeric heterochromatin is enriched in the histone 3 lysine 9 trimethylation (H3K9me3) mark [START_REF] M€ Uller | Chromatin dynamics during the cell cycle at centromeres[END_REF]. cGAS peaks were also associated with H3K9me3 peaks from the Encyclopedia of DNA Elements (ENCODE) database (Figure 5E). In contrast, cGAS peaks were not associated with the peaks of the histone 3 lysine 27 acetylation (H3K27Ac) mark of open chromatin (Figure 5E). To assert that centromeric DNA resulted from cGAS, we performed ChIP-seq of GFP-NLS-cGAS in two donors, using GFP-NLS as a control. cGAS-specific peaks were broadly distributed across the genome and were enriched on centromeres (Figure S4B). Centromeres are bound by CENP-B, which assembles on a 17-bp DNA consensus sequence within a-satellites, NTTCGNNNNANNCGGGN, called the CENP-B box [START_REF] Muro | Centromere protein B assembles human centromeric alphasatellite DNA at the 17-bp sequence, CENP-B box[END_REF]. cGAS-specific peaks were enriched in the CENP-B box consensus sequence, but not in telomeric sequence TTAGGG repeats (Figure 5F). De novo motif enrichment analysis for cGAS-specific peaks revealed an enrichment in AATGG and CCATT sequences (Figure S4C), which was confirmed by enrichment analysis (Figure 5F). (AATGG) n , (CCATT) n repeat is a characteristic motif of satellite III DNA that is present at centromeres [START_REF] Grady | Highly conserved repetitive DNA sequences are present at human centromeres[END_REF]. cGAS-specific enrichment on satellite was also assessed directly from the sequencing reads. A global read enrichment of the satellite class was not detected in GFP-NLS-cGAS ChIP over input. We reasoned that cGAS may be associated with a subset of specific satellite occurrences. We compared the reads abundance of GFP-NLS-cGAS over GFP-NLS (to exclude any non-cGAS-specific binding) on individual annotated repeat elements in the genome. To account for the differences in the number of individual repeat elements between classes, we sorted the elements by enrichment and computed the fraction of occurrences within rank bins within each class. cGAS-specific enrichment scores could be detected in the repeat classes satellite, long terminal repeat (LTR), LINE, and simple_repeat, and the satellite class ranked the highest (Figure 5G). To confirm cGAS enrichment on centromeres, we transduced DCs with GFP-NLS and GFP-NLS-cGAS and analyzed GFP intensity surrounding CENP-B protein foci (Figure S4D) relative to randomly selected nuclear foci. GFP-NLS-cGAS was significantly enriched at CENP-B foci as compared to free GFP-NLS (Figures 5H-5K). Therefore, NLS-cGAS in the nucleus of DCs is preferentially associated with centromeric DNA. cGAS is activated by DNA in a length-dependent manner [START_REF] Andreeva | cGAS senses long and HMGB/TFAM-bound U-turn DNA by forming protein-DNA ladders[END_REF][START_REF] Luecke | cGAS is activated by DNA in a length-dependent manner[END_REF]. To determine whether satellite DNA could preferentially activate cGAS, we transfected DCs with satellite III DNA AATGG repeats or shuffled sequences of increasing length. While innate immune activation of DCs was similar for both sequences with 12-repeat double-stranded DNA (dsDNA) (60 nt), a preferential response to the AATGG motif was detected with shortening of the repeats (Figures 5L andS4E). With the shortest 4-repeat dsDNA (20 nt), CD86, IFN-l1, IFN-b, and IP-10 expression was significantly increased for the AATGG sequence compared to the shuffled sequence, and a similar trend was observed for SIGLEC1 expression. This suggests that cGAS may be preferentially activated by satellite DNA repeats of smaller length. cGAS protein contains one positively charged N-terminal domain and two positively charged regions in the C-terminal catalytic domain that can interact with DNA [START_REF] Sun | Cyclic GMP-AMP synthase is a cytosolic DNA sensor that activates the type I interferon pathway[END_REF][START_REF] Tao | Nonspecific DNA Binding of cGAS N Terminus Promotes cGAS Activation[END_REF]. We wondered whether the centromeric association of cGAS was determined in the protein sequence. The C-terminal catalytic domain 161-522 of cGAS is sufficient to recapitulate DNA binding in a sequence-independent manner and in DNAdependent cGAMP enzymatic activity [START_REF] Civril | Structural mechanism of cytosolic DNA sensing by cGAS[END_REF][START_REF] Sun | Cyclic GMP-AMP synthase is a cytosolic DNA sensor that activates the type I interferon pathway[END_REF]. However, the function of the N-terminal domain 1-212 that also binds to DNA is not fully understood 9 1 0 1 1 1 2 1 3 14 15 16 1 7 1 8 1 9 2 0 2 1 2 
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Cell Reports 26, 2377[START_REF] Yang | cGAS is essential for cellular senescence[END_REF], February 26, 2019 2385 [START_REF] Du | DNA-induced liquid phase condensation of cGAS activates innate immune signaling[END_REF][START_REF] Sun | Cyclic GMP-AMP synthase is a cytosolic DNA sensor that activates the type I interferon pathway[END_REF][START_REF] Tao | Nonspecific DNA Binding of cGAS N Terminus Promotes cGAS Activation[END_REF]. To understand whether the N-terminal domain could be a functional determinant in cGAS, we expressed the truncated domains in non-cycling human DCs. To our surprise, GFP-cGAS 161-522 showed spontaneous accumulation in the nucleus (Figure 6A), while GFP-cGAS 1-212 showed a cytosolic localization. We next examined the intracellular localization of the isolated domain 1-160. In contrast to GFP-cGAS 1-212, GFP-cGAS 1-160 spontaneously accumulated in the nucleus (Figure 6B), similar to GFP-NLS (Figure 2B). Thus, amino acids 161-212 in GFP-cGAS 1-212 are essential for cytosolic retention. We conclude that cGAS expressed in interphase is actively retained in the cytosol by domain 1-212, which counteracts two nuclearlocalizing activities in domains 1-161 and 161-522. Activation of DCs was lost upon the deletion of domain 1-160 in cGAS, despite its nuclear localization and an intact catalytic site (Figures 6C, 6D, andS5A) and its response to transfected cytosolic DNA in a STING-dependent reporter assay (Figures S5B andS5C). Adding the NLS to GFP-cGAS 161-522 did not rescue DC activation, indicating that it was not due to suboptimal accumulation in the nucleus (Figures 6C, 6D, and S5A). Human DCs express endogenous cGAS. To confirm the results in the absence of endogenous cGAS, we transduced Cgas À/À mouse bone marrow-derived DCs with GFP, GFP-NLS, GFP-cGAS, GFP-NLS-cGAS, GFP-cGAS 1-160, or GFP-cGAS 161-522 lentivectors (Figure S5D). GFP-cGAS was transduced at low levels and localized in the cytoplasm (Figures 6E andS5D). GFP-NLS-cGAS and GFP-cGAS 1-160 were localized in the nucleus, with some detection in the cytoplasm, and GFP-cGAS 161-522 was exclusively detected in the nucleus (Figure 6E). Only GFP-cGAS and GFP-NLS-cGAS induced the upregulation of the mouse ISGs Ifit1, Ifit2, and Oas1 (Figures 6F andS5E). ISG induction by GFP-NLS-cGAS was lost in the presence of reverse transcriptase inhibitors that inhibited lentiviral transduction, showing that it resulted from vector expression and excluding an effect due to cGAMP transfer. In contrast, ISG induction by GFP-cGAS was maintained with the inhibitors, which is indicative of ISG induction resulting from cGAMP transfer by the lentivector. We hypothesized that domain 1-160 may determine the association of nuclear cGAS with centromeres. cGAS 161-522 had a reduced association of cGAS with CENP-B foci (Figures 6G andS5F), despite its nuclear localization and irrespective of an ectopic NLS. Catalytic mutations in full-length NLS-cGAS had no impact on the association with CENP-B foci. These results show that once cGAS is in the nucleus, the N-terminal domain 1-160 is required for association with centromeric DNA and activation of the sensor.

Finally, we sought to determine whether centromere association also applied to endogenous cGAS. First, we stained endogenous cGAS on metaphase spread chromosomes in a cycling human cell line. CENP proteins remained associated with centromeres in cycling cells [START_REF] Dunleavy | Centromeric chromatin makes its mark[END_REF]. Staining of endogenous cGAS revealed dispersed cGAS foci across chromosomes, including telomeres and centromeres (Figure 7A). On centromeres, cGAS foci were enriched between pairs of CENP-A and anti-centromere antibodies (ACAs, a mix of CENP-A/B/C) foci (Figures 7A and 7B), where centromeric DNA is located and stained also by ACAs [START_REF] Dunleavy | Centromeric chromatin makes its mark[END_REF]. cGAS was detectable on all of the centromeres examined, but the intensity of cGAS staining was variable between centromeres (Figure 7C). Second, we examined the DNA associated with endogenous cGAS in the nucleus. Bone marrow-derived macrophages have a constitutive (or tonic) expression of ISG expression that requires cGAS [START_REF] Schoggins | Pan-viral specificity of IFN-induced genes reveals new roles for cGAS in innate immunity[END_REF]. Similar (C) Annotation of the filtered peaks of the ChIP-seq on GFP-NLS-cGAS. Elements with <10 peaks are grayed out (1 donor representative of 3 independent donors). (D) Circular plot showing the distribution of GFP-NLS-cGAS and of CENP-A peaks and localization of CENP-B box (consensus sequence) on the hg38 genome. The cGAS track represents the fold change (chip over input) of selected filtered peaks (162 regions) from the 3 donors. The CENP-A track represents the density of CENP-A intersection peaks (5,977 regions) computed on windows of size 10 7 across the genome. The CENP-B box track reports on the x axis the genomic position of the region (occurrence of CENP-B box consensus sequence) and on the y axis the minimal distance (log10 transformed) of the region to its two neighboring regions. (E) Association of GFP-NLS-cGAS peaks with public H3K27Ac peaks from GM12878 cells, H3K9me3 peaks from peripheral blood mononuclear cells (PBMCs), and endogenous CENP-A peaks from HeLa S3 cells. Filtered GFP-NLS-cGAS peaks for donor 1 are used (404 peaks, 1,545,600 bp) (representative of 3 independent donors). (F) Sequence enrichment in cGAS-specific peaks from GFP-NLS-cGAS ChIP-seq over GFP-NLS ChIP-seq filtered peaks (intersection of peaks from two independent donors). Three motifs were assessed: satellite III DNA motif repeats, [GGAAT] n>3 ; CENP-B box consensus sequence, NTTCGNNNNANNCGGGN; and telomeric repeats, [TTAGGG] n>1 . (G) cGAS-specific read enrichment on repeats. A repeat occurrence is considered if the read count per million (cpm) is R2 in any sample. Repeats are grouped into n = 10 bins according to the ChIP read enrichment over GFP-NLS. For each repeat class R, the fraction of occurrences within the first i bins, corresponding to the top (100/i)% ranks, is shown as a gradient from white to black. Only repeat classes with at least 10 read occurrences in the genome and that pass the cpm cutoff are considered and sorted from left to right by decreasing number of occurrences in the top 50% (1 donor representative of n = 2 independent donors). to macrophages, we found that Ifit1, Ifit2, and Oas1a were less expressed in bone marrow-derived DCs derived from Cgas À/À mice when compared to WTs that have a pool of nuclear cGAS (Figures 1D and7D). To identify the DNA associated with endogenous nuclear cGAS in DCs, we generated a GFP-cGAS knockin mouse (Cgas KI/KI ) and performed ChIP-seq on Cgas KI/KI bone marrow-derived DCs (Figures 7E and7F). Endogenous cGAS peaks computed on the mouse genome were mostly enriched on satellite sequences and, to a lesser extent, on LINE elements (Figure 7G). Satellites were the most enriched category of genomic features in both human DCs overexpressing GFP-NLS-cGAS and mouse DCs expressing endogenous GFP-cGAS (Figure 7H). In contrast to human centromeres, mouse centromeres are telocentric and poorly mapped in the reference genome. In particular, minor satellites, which constitute mouse centromeres, are not annotated on mm10. We mapped the reads that failed to map to the mouse genome to a database of repetitive DNA (Figure 7I). Endogenous GFP-cGAS reads were again enriched on satellite DNA, and in particular mostly enriched on minor satellites (SATMINs) that are found on centromeres, as compared to major satellites (GSAT_MMs) that are found on pericentromeres [START_REF] Kipling | Mouse minor satellite DNA genetically maps to the centromere and is physically linked to the proximal telomere[END_REF]( Figure 7I). We conclude that endogenous cGAS in the nucleus is preferentially associated with centromeric satellite DNA.

DISCUSSION

We find that the nuclear pool of cGAS is preferentially associated with centromeric DNA. We provided four distinct pieces of evidence that support this finding. First, ChIP-seq of NLS-GFP-cGAS in human DCs demonstrated a specific enrichment on satellite DNA, using either input DNA or NLS-GFP as controls.

Second, the immunofluorescence of NLS-GFP-cGAS showed a specific overlap with CENP-B foci. Third, endogenous cGAS was directly observed on the centromeres of metaphase chromosomes. Fourth, ChIP-seq of endogenous murine GFP-cGAS showed that the association is conserved in mice. We also show that the N-terminal domain of cGAS, which is dispensable for the catalytic activity of the recombinant protein and the response to transfected DNA, demonstrates distinct ac-tivities according to cGAS localization. When cGAS is cytosolic in interphase, N-terminal domain 1-212 encodes a dominant cytosolic retention activity. When this domain is disrupted in the isolated cGAS fragments 1-160 and 161-522, the presence of nuclear-localization signals is revealed in both fragments. Of note, domain 1-212 does not contain the recently described phospho-Y215 that was suggested to retain cGAS in the cytosol [START_REF] Liu | Nuclear cGAS suppresses DNA repair and promotes tumorigenesis[END_REF]. When cGAS is nuclear, domain 1-161 is required for association with centromeric DNA and for innate immune activation by the nuclear-localized sensor. The N-terminal domain of cGAS also enhances the enzymatic activity of the sensor in response to short DNA by promoting liquid phase separation [START_REF] Du | DNA-induced liquid phase condensation of cGAS activates innate immune signaling[END_REF]. Whether this enhancement is functionally linked to subcellular localization remains to be determined. The N-terminal domain of cGAS is also highly variable between species [START_REF] Wu | Molecular evolutionary and structural analysis of the cytosolic DNA sensor cGAS and STING[END_REF]. The lack of conservation of the N-terminal domain of cGAS could correspond to a functional adaptation for centromeric DNA sequences that are rapidly evolving in eukaryotes [START_REF] Henikoff | The centromere paradox: stable inheritance with rapidly evolving DNA[END_REF]. Hence, cGAS could have been tuned by evolution to limit activation by self-DNA in the nucleus at steady state, presumably to minimize the risk of auto-inflammation and auto-immunity, while maintaining responsiveness to DNA in the cytosol or to specific nuclear DNA features such as centromeres via its N-terminal. In accordance with this hypothesis, we find that transfected four-repeat satellite DNA fragments induce a stronger cellular innate immune activation compared to shuffled sequence, and this difference is lost with increasing numbers of repeats. Since purified cGAS is not active in response to short synthetic dsDNA fragments [START_REF] Andreeva | cGAS senses long and HMGB/TFAM-bound U-turn DNA by forming protein-DNA ladders[END_REF], cellular factors to be defined may favor the response to short satellite DNA repeats. In addition, we detected dispersed cGAS ChIP-seq peaks and cGAS foci along chromosomes, an enrichment on LINE elements, and a significant association of human cGAS with H3K9me3, a mark that is not directly associated with CENP-A [START_REF] Lacoste | Mislocalization of the centromeric histone variant CenH3/CENP-A in human cells depends on the chaperone DAXX[END_REF]. We also observed the association of endogenous cGAS with telomeres of chromosomes from metaphase spread, which may be the result of the preferential association of cGAS with perinuclear chromatin in prometaphase (Figure 1G). We did not detect any enrichment of telomeric DNA repeats in cGAS peaks by Cell Reports 26, 2377[START_REF] Yang | cGAS is essential for cellular senescence[END_REF], February 26, 20192389 ChIP-seq of non-cycling DCs, but telomere sequences are missing in the reference genome. These findings require further study, and we speculate that additional types of chromosomal DNA contribute to the regulation of nuclear cGAS activity. We recently showed that DNA in the form of purified cellular nucleosomes is a poor substrate for the enzymatic activation of cGAS [START_REF] Lahaye | NONO detects the nuclear HIV capsid to promote cGAS-mediated innate immune activation[END_REF]. It will be important to develop assays to determine the contribution of DNA sequences and chromatin proteins in regulating cGAS enzymatic activity for centromeric and non-centromeric DNA.

Recent studies have reported that in addition to its localization in the cytosol [START_REF] Sun | Cyclic GMP-AMP synthase is a cytosolic DNA sensor that activates the type I interferon pathway[END_REF], endogenous cGAS is present in the nucleus of primary cells, immortalized cell lines, or cancer cells [START_REF] Dou | Cytoplasmic chromatin triggers inflammation in senescence and cancer[END_REF][START_REF] Lahaye | NONO detects the nuclear HIV capsid to promote cGAS-mediated innate immune activation[END_REF][START_REF] Mackenzie | cGAS surveillance of micronuclei links genome instability to innate immunity[END_REF][START_REF] Orzalli | cGAS-mediated stabilization of IFI16 promotes innate signaling during herpes simplex virus infection[END_REF][START_REF] Xia | A Circular RNA Protects Dormant Hematopoietic Stem Cells from DNA Sensor cGAS-Mediated Exhaustion[END_REF]. We find that cGAS accumulates in the cytoplasm during interphase and that its nuclear localization can result from nuclear breakdown in mitosis or nuclear envelope rupture in interphase (Figure 7J), which is in agreement with other studies [START_REF] Denais | Nuclear envelope rupture and repair during cancer cell migration[END_REF][START_REF] Dou | Cytoplasmic chromatin triggers inflammation in senescence and cancer[END_REF][START_REF] Harding | Mitotic progression following DNA damage enables pattern recognition within micronuclei[END_REF][START_REF] Mackenzie | cGAS surveillance of micronuclei links genome instability to innate immunity[END_REF][START_REF] Raab | ESCRT III repairs nuclear envelope ruptures during cell migration to limit DNA damage and cell death[END_REF][START_REF] Yang | cGAS is essential for cellular senescence[END_REF]. The cellular damage that produces cytoplasmic DNA fragments or micronuclei results in cytoplasmic foci with a dense accumulation of cGAS, which may overshadow the localization of the remaining cGAS pool in control cells [START_REF] Dou | Cytoplasmic chromatin triggers inflammation in senescence and cancer[END_REF][START_REF] Gl€ Uck | Innate immune sensing of cytosolic chromatin fragments through cGAS promotes senescence[END_REF][START_REF] Harding | Mitotic progression following DNA damage enables pattern recognition within micronuclei[END_REF][START_REF] Mackenzie | cGAS surveillance of micronuclei links genome instability to innate immunity[END_REF]. Since monocyte-derived DCs do not divide, our results indicate that endogenous cGAS is maintained in the nucleus for several days. This could result from a sustained retention of endogenous cGAS in the nucleus, or alternatively from the replenishment of nuclear cGAS during interphase. The half-life of nuclear cGAS may also vary as a function of cell culture conditions [START_REF] Yang | cGAS is essential for cellular senescence[END_REF].

We find that nuclear-localized cGAS functionally upregulates cellular innate immune responses. Given that GFP-NLS-cGAS protein and the majority of cellular DNA are present in the nucleus over the cytosol, our data support the notion that nuclear cGAS produces cGAMP in the nucleus, although this conclusion remains limited by the use of an endpoint assay. The diffusion or transport of nuclear cGAMP through nuclear pores would result in the activation of STING, which is exclusively cytoplasmic in DCs and macrophages [START_REF] Lahaye | NONO detects the nuclear HIV capsid to promote cGAS-mediated innate immune activation[END_REF]. In the case of GFP-cGAS in DCs, cGAMP was more abundant in the cytosolic fraction, raising the interesting possibility that cGAMP does not freely move across the nuclear pores. Alternatively, we do not exclude that a fraction of cytosolic cGAMP detected in the experiment originated from cGAMP contained in the lentiviral particles that were used for DC transduction.

Our data show that nuclear cGAS activity is restrained by at least four mechanisms. First, overexpressing nuclear-localized cGAS activates innate immunity in DCs, suggesting that the endogenous level of expression of the sensor in DCs is tuned to avoid spontaneous activation. Second, we estimated that nuclear cGAS is at least 200-fold less active toward endogenous nuclear DNA as compared to exogenous DNA transfection. This suggests that enzymatic activation in the nucleus is limited by a yet-to-be-elucidated mechanism. A recent report showed that Zn 2+ concentration regulates cGAS activity [START_REF] Du | DNA-induced liquid phase condensation of cGAS activates innate immune signaling[END_REF]. Free Zn 2+ is not available in the nucleus because it is bound to proteins [START_REF] Lu | Intracellular zinc distribution in mitochondria, ER and the Golgi apparatus[END_REF], possibly limiting cGAS activity in the nucleus. The circular RNA cia-cGAS was also recently reported to inhibit nuclear cGAS activity in long-term hematopoietic stem cells [START_REF] Xia | A Circular RNA Protects Dormant Hematopoietic Stem Cells from DNA Sensor cGAS-Mediated Exhaustion[END_REF]. Although cia-cGAS is not expressed in other immune cells, including DCs, it remains possible that another circular RNA inhibits nuclear cGAS in DCs. Third, the N-terminal domain of cGAS is crucial to retain the sensor in the cytosol until a nuclear envelope rupture or nuclear envelope breakdown occurs. Fourth, where cGAS interacts with nuclear DNA appears to determine cGAS activation: while cGAS is activated after nuclear entry resulting from mitosis or association with a nuclear-localization signal when the sensor is overexpressed, we could not detect endogenous cGAS activation after entry through interphasic nuclear envelope rupture events. In bone marrow-derived DCs, our results do not allow us to determine whether it is the nuclear pool of endogenous cGAS, which we show is associated with self-DNA, or the cytosolic pool of endogenous cGAS, whose association with DNA is unknown, that is responsible for tonic ISG expression, but the vast excess (G) Annotation of the significant peaks of the ChIP-seq on Cgas KI/KI mice DCs over input. Elements with <10 peaks are grayed out. (H) Annotation of the significant peaks of endogenous GFP-cGAS over input in mouse DCs (peak intersection of replicates 1 and 2) compared to significant peaks of overexpressed GFP-NLS-cGAS over input in human DCs (donor 1). Elements with <10 peaks are not included. (I) ChIP-seq read enrichment on repeats; Cgas KI/KI over input in mouse DCs. SATMIN, mouse minor satellite DNA; GSAT_MM, mouse g-satellite repetitive sequence; IMPB_01, consensus of repeated region of mouse chromosome 6; SQR1_MM, SQR2_MM, SQR4_MM, mouse simple repetitive DNA (sqr family); ZP3AR, satellite from Muridae. (J) Working model of cGAS expression in the cytoplasm in interphase, followed by localization to the nucleus as a result of mitosis.

Mice

All animal procedures were in accordance with the guidelines and regulations of the French Veterinary Department in an accredited animal facility. The animal protocol was approved by the Animal Ethical Committee of Paris Centre (C2EA-59). C57BL/6J-Mb21d1 tm1d(EUCOMM)Hmgu (Cgas À/À ) and C57BL/6J and C57BL/6N strains were obtained from The Jackson Laboratory. The GFP-cGAS knock-in is C57BL/6N-Mb21d1 tm1Ciphe (GFP-cGAS KI/KI ) generated at the Centre d'Immunophe ´nomique, Marseille, France. Age of mice used in experiments was 6-8 weeks (Cgas À/À ) and 8-9 months (Cgas KI/KI ). Mice used in experiments were females. All mice in each experiment were littermates.

Mouse Bone Marrow Isolation and DCs Differentiation

Mouse bone marrow derived DCs were differentiated from bone marrow isolated from mouse tibiae. 20 million cells were seeded in gamma-irradiated heavy 14 cm dishes (Greiner Bio-One) in 20ml of BMDCs (bone marrow-derived DCs) medium composed by IMDM, 10% FBS, PenStrep (GIBCO), 50mM b-mercaptonethanol (GIBCO), and granulocyte-macrophage colony stimulating factor (50 ng/mL)-containing supernatant obtained from transfected J558 cells. Cells were split at day 4 and day 7 and harvested at day 10. At day 4 the supernatant was recovered, and the adherent cell were recovered by incubating the dishes in 6ml of PBS (GIBCO) containing 5mM EDTA (GIBCO). Cells were counted and reseeded in BMDCs medium at a concentration of 0.5 million cells per ml, 20ml per 14cm dish. At day 7 the culture supernatant was gently discarded and the cells were recovered by incubating the dishes in 6ml of PBS containing 5mM EDTA (GIBCO). Cells were counted and reseeded in BMDCs medium at a concentration of 0.5 million cells per ml, 20ml per 14cm dish. At day 10, the culture supernatant was gently discarded and semi-adherent cells were recovered by extensive flushing of the dishes with 10ml of pre-warmed BMDCs medium. The cells were counted and used for further applications. Number of mice and experimental replicates are indicated in the respective figure legend.

METHOD DETAILS

Constructs

The plasmids pSIV3+, psPAX2, pCMV-VSV-G, pTRIP-CMV, pTRIP-SFFV were previously described [START_REF] Gentili | Transmission of innate immune signaling by packaging of cGAMP in viral particles[END_REF][START_REF] Lahaye | The capsids of HIV-1 and HIV-2 determine immune detection of the viral cDNA by the innate sensor cGAS in dendritic cells[END_REF][START_REF] Raab | ESCRT III repairs nuclear envelope ruptures during cell migration to limit DNA damage and cell death[END_REF]. pFlap-DeltaU3-HLA-DRa-GFP was obtained from Theravectys. The promoter HLA-DRa and the EGFP sequence were cloned in reverse orientation by PCR and digestion to obtain the backbone pFLAP-DeltaU3-HLA-DRa-inverted GFP. GFP-NLS was previously described [START_REF] Raab | ESCRT III repairs nuclear envelope ruptures during cell migration to limit DNA damage and cell death[END_REF]. mTagBFP2 sequence was generated synthetically and was previously described [START_REF] Gentili | Transmission of innate immune signaling by packaging of cGAMP in viral particles[END_REF]. mCherry was cloned by PCR from mCherry-BP1-2 pLPC-Puro, kind gift of Matthieu Piel's lab. Human cGAS WT open reading frame was amplified by PCR from cDNA prepared from MDDCs. Human cGAS E225A/D227A was obtained by overlapping PCR mutagenesis. Human NLS-cGAS or NLS-cGAS E225A/D227A was obtained by addition of the SV40 NLS sequence (PKKKRKVEDP) at the N-terminal of cGAS by overlapping PCR. cGAS 1-212, 1-160, 161-522, 161-522 E225A/D227A, NLS-161-522, 22-522 E225A/D227A, 62-522 E225A/D227A, 94-522 E225A/D227A, 122-522 E225A/D227A were obtained by overlapping PCR. FLAG sequence (MDYKDDDDK) was added by overlapping PCR. cGAS D K173-I220 D H390-405 was generated by deleting amino-acid regions K173-I220 and H390-C405 by overlapping PCR and was previously described [START_REF] Gentili | Transmission of innate immune signaling by packaging of cGAMP in viral particles[END_REF]. Human cGAS WT or D K173-I220 D H390-405 was cloned in pTRIP-CMV-Puro-2A or pTRIP-CMV or pTRIP-SFFV or pFLAP-DeltaU3-HLA-DRa-GFP inverted and in frame with EGFP to obtain pTRIP-CMV-Puro-2A-cGAS or pTRIP-CMV-EGFP-FLAG-cGAS or pTRIP-CMV-EGFP-FLAG-cGAS D K173-I220 D H390-405 or pTRIP-SFFV-EGFP-FLAG-cGAS or pFLAP-DeltaU3-HLA-DRa-inverted GFP-FLAG-cGAS. Human cGAS E225A/D227A was cloned in pTRIP-CMV or pTRIP-SFFV or pFLAP-DeltaU3-HLA-DRa-GFP inverted in frame with EGFP or mCherry to obtain pTRIP-CMV-EGFP-FLAG-cGAS E225A/D227A or pTRIP-CMV-mCherry-FLAG-cGAS E225A/D227A or pTRIP-SFFV-EGFP-FLAG-cGAS E225A/D227A or pFLAP-DeltaU3-HLA-DRa-inverted GFP-FLAG-cGAS. Human NLS-cGAS or NLS-cGAS E225A/D227A were cloned in pTRIP-CMV-Puro-2A or pTRIP-SFFV or pFLAP-DeltaU3-HLA-DRa-inverted GFP in frame with EGFP to obtain pTRIP-CMV-Puro-2A-NLS-cGAS or pTRIP-SFFV-EGFP-NLS-FLAG-cGAS or pTRIP-SFFV-EGFP-NLS-FLAG-cGAS E225A/D227A or pFLAP-DeltaU3-HLA-DRa-inverted-GFP-NLS-FLAG-cGAS E225A/D227A. cGAS 1-160, 1-212, 161-522, 161-522 E225A/D227A, NLS-161-522, were cloned in pTRIP-SFFV in frame with EGFP. Human STING WT open reading frame was amplified by PCR from IMAGE clone 5762441 and the H232 residue was mutated to R232 by overlapping PCR mutagenesis and was previously described [START_REF] Jeremiah | Inherited STING-activating mutation underlies a familial inflammatory syndrome with lupus-like manifestations[END_REF]. Human STING WT was cloned in pTRIP-SFFV-mTagBFP2-2A and was previously described [START_REF] Cerboni | Intrinsic antiproliferative activity of the innate sensor STING in T lymphocytes[END_REF]. Human IRF3 WT open reading frame was amplified by PCR from plasmid obtained from David Levy and cloned in pTRIP-CMV in frame with EGFP. Human STING WT was cloned in pMSCV-Hygro (Clontech) to obtain pMSCV-Hygro-STING and was previously described [START_REF] Gentili | Transmission of innate immune signaling by packaging of cGAMP in viral particles[END_REF]. pTRIP-CMV-mCherry-53BP1 (amino acids 1224-1716 for isoform 1) was cloned from mCherry-BP1-2 pLPC-Puro (AddGene #19835). The HIV-1 GFP-reporter virus was NL4-3 DvifDvprDvpuDenvDnef encoding GFP in nef and the HIV-2 GFP-reporter virus was ROD9 DenvDnef encoding GFP in nef [START_REF] Manel | A cryptic sensor for HIV-1 activates antiviral innate immunity in dendritic cells[END_REF].

Lentiviral particles production in 293FT cells, transductions and infections

Lentiviral particles were produced as previously described from 293FT cells [START_REF] Gentili | Transmission of innate immune signaling by packaging of cGAMP in viral particles[END_REF]. Briefly, lentiviral particles were produced by transfecting 1 mg of psPAX2 and 0.4 mg of pCMV-VSV-G together with 1.6 mg of a lentiviral vector plasmid per well of a 6-well plate. SIV-VLPs were produced by transfecting 2.6mg of pSIV3+ and 0.4mg of pCMV-VSV-G. HIV-1 and HIV-2 GFP-reporter viruses were produced by transfecting 2.6mg of HIV DNA and 0.4 mg of CMV-VSVG. Medium was changed after 12-14h to 3ml per well of RPMI medium with Glutamax, 10% FBS (GIBCO), PenStrep (GIBCO), 50mg/ml Gentamicin (GIBCO) and 0.01M HEPES (GIBCO). The supernatant was harvested 30-32h after medium changed and filtered over 0.45mm filters. Lentiviral particles were used fresh for transduction. HIV reporter viral supernatants were stored at À80 C.

For 293FT cells transduced with pTRIP-CMV-Puro-2A, pTRIP-CMV-Puro-2A-cGAS, pTRIP-CMV-NLS-FLAG-cGAS, 0.5 million cells were plated in a well of a 6w plate and transduced with 2ml of freshly produced lentivirus in presence of 8mg/ml of protamine (SIGMA). Cells were selected for one week with 2mg/ml of Puromycin (Invivogen). For HeLa cells transduced with pTRIP-SFFV-mTagBFP2-2A-STING WT, pTRIP-CMV-GFP-IRF3 and pTRIP-CMV-mCherry-FLAG-cGAS E225A/D227A, 0.5 million cells were plated in a well of a 6w plate and transduced with 1ml of each freshly produced lentivirus in presence of 8mg/ml of protamine. For HeLa cells expressing GFP-FLAG cGAS and GFP-FLAG-cGAS D K173-I220 D H390-405 , 0.5 million cells were plated in a well of a 6w plate and transduced with 2ml of either pTRIP-CMV-EGFP-FLAG-cGAS or pTRIP-CMV-EGFP-FLAG-cGAS D K173-I220 D H390-405 freshly produced lentivirus in presence of 8mg/ml of protamine.

For human monocytes transduction 50,000 monocytes per well were seeded in each well of a 96 well plate in 100ml of medium and transduced with 100ml of freshly produced virus in presence or absence of 50ml of SIV-VLPs with protamine at 8mg/ml. For experiments with pFLAP-DeltaU3-HLA-DRa-inverted GFP vectors, plates were spinoculated at 1,200 g for 2 hours at 25 C. Cells were analyzed on a FACSVerse cytometer 4 days after transduction. For ChIP-seq experiments and microscopy experiments, 2 million monocytes per well were seeded in a 6 well plate and transduced with 2ml of freshly produced lentiviral particles and 2ml of SIV-VLPs in presence of 8mg/ml of protamine.

For MDDCs infected by HIV reporter viruses, 3 million monocytes per well were seeded in a 6 well plate and transduced with 3ml of freshly produced lentiviral particles and 3ml of SIV-VLPs in presence of 8mg/ml of protamine. Four days after transduction and MDDCs differentiation, cells were harvested, counted and resuspended in fresh media at a concentration of 1 to 0.5 million per ml with 8mg/ml protamine, GM-CSF and IL-4, and 100 mL was aliquoted in round-bottomed 96-well plates. For infection, 100 mL of media or dilutions of viral supernatants were added.

For BMDCs transduction, at day 4 of BMDCs differentiation, the supernatant and adherent cells were recovered, 50,000 cells per well were seeded in each well of a 96 U-bottom well plate in 100ml of medium and transduced with 100ml of freshly produced virus with protamine at 8mg/ml, in presence or absence of 25 mM Azidothymidine (AZT) with 10 mM Nevirapine (NVP). Plates were spinoculated at 1,200 g for 2 hours at 25 C. Cells were analyzed 3 days after transduction in order to estimate the rate of transduction (%GFP + cells) in CD11c + CD11b + cells (approximately 90% of the cells).

Stimulation of MDDCs

Differentiated MDDCs were harvested, counted and resuspended in fresh media at a concentration of 0.5 million per ml and 100 mL was aliquoted in round-bottomed 96-well plates. MDDCs were stimulated by transfected 100 mL of dilutions of 2 0 3 0 -cGAMP (Invivogen), HT-DNA (Sigma) or synthetic DNA repeats coding for AATGG satellite motif or shuffled sequence, delivered with Lipofectamine 2000 (Thermo Fisher Scientific). 48 hours after stimulation, cell-surface staining of CD86 and SIGLEC1 were performed. Synthetic dsDNA fragments were obtained from Eurogentec using two steps of purifications (Reverse Phase HPLC (RP-HPLC) and Sephadex G-25) and annealed (sequences are listed in Key Resources Table ).

Immunofluorescence

293FT cell lines were grown overnight on a 12mm coverslip. MDDCs, transduced MDDCs or transduced BMDCs were adhered on a 12mm coverslip coated with 0.01% (w/v) Poly-Lysine (SIGMA) for 30 minutes in an incubator for MDDCs or overnight for BMDCs. Cells were fixed with 1ml of PFA 2% (Electron Microscopy Sciences) and PHEM Buffer (2X PHEM buffer: 18.14 g PIPES (Euromedex), 6.5 g HEPES (Euromedex), 3.8 g EGTA (Euromedex), 0.99 g MgSO4 (Carlo Erba Reagenti), for 500 mL in water, pH adjusted to 7.0 with 10M KOH (VWR)) for 20 minutes in an incubator at 37 C. Coverslips were washed 3 times with 1ml of PBS (GIBCO) and quenched with 0.1M Glycine (Life Technologies) for 10 minutes at room temperature (RT). Coverslips were then blocked with 10% goat serum (SIGMA) in PBS (GIBCO), 0.2% (w/v) BSA (Euromedex), 0.05% (w/v) Saponin from quillaja bark (SIGMA) for 30 minutes at RT. Cells were stained with rabbit monoclonal antibody a-cGAS (D1D3G) (CST) at 1:200 (CST Lot #1 -concentration: 17mg/ ml) or with Normal Rabbit IgG Isotype control (Thermo Fisher Scientific) at corresponding dilution to the primary antibody, or with a mouse monoclonal antibody a-CENP-B (C-10) (Santa Cruz) at 1:50 in PBS (GIBCO), 0.2% (w/v) BSA (Euromedex), 0.05% (w/v) Saponin from quillaja bark (SIGMA) in presence of 10% goat serum (SIGMA) overnight at 4 C in a humid chamber. Coverslips were then washed 5 times every 3 minutes with PBS (GIBCO), 0.2% (w/v) BSA (Euromedex), 0.05% (w/v) Saponin from quillaja bark (SIGMA) and stained with F(ab')2-Goat a-Rabbit IgG (H+L) Alexa-647 (Thermo Fisher Scientific) for cGAS or F(ab')2-Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 555 (Thermo Fisher Scientific) for CENP-B, for 2 hours at RT in the dark in PBS, BSA, Saponin. Coverslips were then washed 4 times every 3 minutes with PBS (GIBCO), 0.2% (w/v) BSA (Euromedex), 0.05% (w/v) Saponin from quillaja bark (SIGMA), washed an additional time with DNase/RNase free water (GIBCO) and e7 Cell Reports 26, 2377[START_REF] Yang | cGAS is essential for cellular senescence[END_REF].e1-e13, February 26, 2019 mounted on slides with DAPI Fluoromont G (eBioscience). Mounted coverslips were dried for 1 to 2h at 37 C. For transduced MDDCs or BMDCs expressing GFP fused constructs, coverslips were directly mounted after fixation and wash. Images were acquired with a Leica DmI8 inverted microscope equipped with an SP8 confocal unit using either a 40X (1.35NA) or 63X (1.4NA) objective.

Unfixed chromosome spreads U2OS cells were grown at 80% confluency on coverslips and treated with colcemid for 2h. Cells were incubated with hypotonic medium (60% medium, 40% water) for 3 min at 37 C and then centrifuged at 1500rpm for 10min. Cells were blocked in KCM buffer (120mM KCl, 20mM NaCl, 10mM Tris-HCl pH = 7.7, 0.1% Triton X-100, 0.5 mM EDTA) + 1% BSA for 30 min. Incubations with primary antibodies were conducted in blocking buffer for 1 hour at room temperature using the following antibodies: CENP-A (1:1000; ADI-KAM-CC006-E, Enzo), cGAS (1:200;#15102, CST), ACA (1:500;Antibodies Incorporated). Samples were washed in KCM three times and then incubated with the respective secondary antibody (1:500) in blocking buffer for 45 min. Cells were washed in KCM three times and then fixed in 4% formaldehyde for 10 min prior to DAPI staining and slide mounting. Images were acquired on a Fluorescent microscope DeltaVision Core system (Applied Precision) with 100x Olympus UPlanSApo 100 oil-immersion objective (NA 1.4), 250W Xenon light source equipped with a Photometrics CoolSNAP_HQ2 Camera. 4mm Zstacks were acquired (Z step size: 0.2mm).

Nuclear-Cytoplasmic fractionation 2 million MDDCs at day 4 or day 5 post-differentiation or mouse bone marrow derived DCs at day 10 post-differentiation were collected, washed with 1ml of PBS, and processed according to two different fractionation protocols.

Human donor #1, #2 and mouse DCs: Fractionation procotol A. Cells were lysed with 100ml of Lysis Buffer 1 (LB1) (50mM Tris pH 8.0, 2.5mM EDTA pH 8.0 (Invitrogen), 0.1% NP40 (Euromedex), 10% Glycerol (v/v) (Pharmacia Biotech)) for 5 minutes on ice in presence of cOmplete EDTA free Protease inhibitor cocktail (Roche). Nuclei were pelleted by centrifuging for 5 minutes at 400 g at 4 C. The recovered supernatant represented the cytosolic fraction and were stored on ice. Nuclei were lysed in 100ml of Lysis Buffer X (LBX) (50mM Tris pH 8.0, 2.5mM EDTA pH 8.0 (Invitrogen), 0.25% SDS (Euromedex)) in presence of cOmplete EDTA free Protease inhibitor cocktail (Roche). The lysates were sonicated for 20 minutes at 4 C in a Sonorex Digitec (model DT100) ultrasonic bath (Bandelin). Both fractions were cleared by centrifugation at 16,000 g for 10 minutes at 4 C. The supernatant from both fractions was recovered and stored at À20 C until western blotting.

Human donor #3, #4: Fractionation protocol B. Cells were resuspended in 400ml of cold Cytoplasmic Lysis (CL) buffer (10mM HEPES pH 7.9 (Invitrogen), 10mM KCl, 1.5mM MgCl2, 1mM NaVO4, 50mM NaF) in presence of cOmplete EDTA free Protease inhibitor cocktail (Roche) and centrifuged at 300 g for 4 minutes at 4 C. The supernatant was discarded and cells were resuspended in 40ml of cold CL buffer (10mM HEPES pH 7.9 (Invitrogen), 10mM KCl, 1.5mM MgCl2, 1mM NaVO4, 50mM NaF) in presence of cOmplete EDTA free Protease inhibitor cocktail (Roche) by gentle flicking for 15 minutes on ice. Cytoplasm was lysed by adding 2.5ml of 10% NP40 (Euromedex) and gently flicking. Nuclei were pelleted at 16,000 g for 5 minutes at 4 C. The supernatant containing the cytoplasmic fraction was recovered and frozen at À20 C until western blotting. Nuclei were lysed in 40ml of Nuclear Lysis (NL) buffer (420mM NaCl, 20mM HEPES pH 7.9 (Invitrogen), 1.5mM MgCl2, 0.2mM EDTA (Invitrogen), 250ml Glycerol (Pharmacia Biotech), 1mM NaVO4, 50mM NaF) in presence of cOmplete EDTA free Protease inhibitor cocktail (Roche) on ice for 15 minutes by gentle flicking. Nuclear lysates were vortexed and sonicated for 20 minutes at 4 C in a Sonorex Digitec (model DT100) ultrasonic bath (Bandelin). Nuclear lysate was cleared by centrifugation at 16,000 g for 5 minutes at 4 C and the supernatant was stored at À20 C until western blotting.

Western blotting 1m i l l i o nc e l l sw e r el y s e di n1 0 0 mlo fL B Xi np r e s e n c eo fc O m p l e t eE D T Af r e eP r o t e a se inhibitor cocktail (Roche). The lysates were sonicated for 20 minutes at 4 CinaSonorexDigitec(modelDT100)ultrasonicbath(Bandelin)andclearedbycentrifugation at 16,000 g for 10 minutes at 4 C. The supernatant was stored at À20 Cu n t i lb l o t t i n g .6 XL a e m m l ib u f f e r( 1 2 %S D S( v / v ) (Euromedex), 58% Glycerol (v/v) (Pharmacia Biotech), 375mM Tris HCl pH 6.8, 30% b-mercaptoethanol (v/v) (Pharmacia Biotech), 0.0012% Bromophenol Blue Before (w/v) (Pharmacia Biotech)) was added to samples to a final concentration of 1X prior to gel run. Samples were boiled at 95 Cfor20minutesonathermoblock,immediatelychilledoniceandcentrifugedat16,000gfor5minutes. Membranes were saturated and proteins were blotted with antibodies (listed in Key Resources Table)i n5 %n o n -f a td r ym i l k , PBS, 0.1% Tween buffer. ECL signal was recorded on a ChemiDoc Touch Biorad Imager. Data was analyzed with Image Lab (Biorad).

Live microscopy 0.15-0.25 million HeLa cells were plated in FluoroDish (World Precision Instruments) one day before live imaging. One hour prior to imaging, cells were stained with 1mM of SiR-DNA (Tebu Bio). HeLa cells expressing H2B-mCherry and GFP-cGAS were acquired using an Inverted Spinning Disk Confocal Roper/Nikon equipped with a 100X objective (1.4NA) and an EMCCD 512x512 QuantEM (pixel size:16 mm) Photometrics. HeLa cells expressing GFP-cGAS D K173-I220 D H390-405 were acquired with a Leica DmI8 inverted microscope equipped with an SP8 confocal unit using a 20X (0.75NA) objective. Microscopes were equipped with an on-stage incubation chamber which maintained the temperature at 37 C and CO2 concentration at 5% at all times.

Image processing and analysis Images were processed and analyzed with ImageJ Fiji. cGAS Nuclear-Cytoplasmic ratio quantification A mask of all nuclei was obtained by thresholding the DAPI channel image and individual nuclei were detected using ''analyze particles'' function. For each nucleus, we first measured the mean GFP-cGAS intensity or the mean endogenous cGAS intensity inside the nucleus. The region of interest corresponding to the nucleus was enlarged by a 1.2 factor to compute the mean cytoplasmic GFP-cGAS or endogenous cGAS intensity at the periphery of the nucleus. A cytoplasmic mask was obtained by thresholding on the GFP-cGAS or endogenous cGAS signal and was used to correct the enlarged nuclear mask. For endogenous cGAS, the average pixel intensity for the nuclear and the peri-nuclear masks were plotted. For GFP-cGAS we defined an enrichment factor as the ratio between the mean nuclear GFP intensity and the cytoplasmic one.

GFP-IRF3 translocation in HeLa

Percentage of cells with GFP-IRF3 nuclear translocation was quantified manually. Cells showing persistent GFP-IRF3 nuclear signal were considered as positive. Bursts of nuclear GFP due to nuclear envelope ruptures were not considered as positive events, as GFP-IRF3 was rapidly excluded from the nucleus. For cells transfected with HT-DNA, to avoid overestimation of translocation events due to cGAMP transfer via gap junctions, only cells showing bright foci of cytoplasmic GFP-IRF3 were considered as positive. The appearance of such cytoplasmic bright foci always correlated with translocation of GFP-IRF3. GFP enrichment on CENP-B foci or random regions DCs were stained as described in the section ''Immunofluorescence.'' ZStacks were acquired with a Leica DmI8 inverted microscope equipped with an SP8 confocal unit using a 63X (1.4NA) objective. Images were oversampled (pixel size of 0.037mm and 0.15mm Zstep) and deconvoluted using Huygens Essentials software (Scientific Volume Imaging). Measurement of GFP enrichment at CENP-B foci was performed on the 3D deconvoluted stacks using a homemade macro. For each acquired nucleus, a threshold on the a-CENPB channel was applied and the XYZ positions of each CENP-B focus were measured using the 3D Object Counter plugin. The mean GFP intensity was measured in a sphere of 0.2mm radius around each CENP-B focus position. The mean GFP intensities in CENP-B foci were then normalized by the nuclear mean GFP intensity, measured from a 3D mask of the nucleus obtained using the DAPI channel. The same analysis was performed on 20 randomly generated positions in each nucleus. cGAMP bioassay cGAMP bioassay was previously described [START_REF] Gentili | Transmission of innate immune signaling by packaging of cGAMP in viral particles[END_REF]. 0.8 million 293FT cells per well per cell line were plated in a 6 well plate. One plate for each cell line was either untreated or stimulated with 1mg/ml HT-DNA (SIGMA) transfected with Lipofectamine 2000 (Thermo Fisher Scientific) (1mg HT-DNA:1ml Lipofectamine). Cells were harvested 16-20h after wash with PBS (GIBCO), pelleted and frozen at À80 C until extraction. Cell pellets were thawed and lysed in 500ml of MeOH/H2O (80/20, v/v) and subjected to 5 freeze/ thaw cycles in liquid nitrogen. The lysates were then centrifuged at 16,000 g at 4 C for 20 minutes. The recovered supernatants were subjected to speed vacuum drying in Savant DNA Speed Vac DNA 110 at 65 C for 2 hours. The pellets were resuspended in 30ml of RNase-DNase free water (GIBCO). 24 hours prior to the assay, 100,000 THP-1 cells were re-suspended in fresh medium with PMA (Sigma) at 30ng/ml and seeded in 96-well plate flat bottom. THP-1 cells were washed to removed PMA and gently overlaid with 13 mL of 2X Permeabilization Buffer (100mM HEPES, 200mM KCl, 6mM MgCl2, 0.2mM DTT, 170mM Sucrose, 1mM ATP, 2mM GTP, 0.4% BSA, 0.002% Digitonin). The resuspended samples were diluted in 3-fold serial dilutions and 13 mL of each dilution were gently added to cells. Serial dilutions of synthetic 2 0 3 0 cGAMP (InvivoGen) were delivered in 1X Permeabilization Buffer. The cells were incubated for 30 minutes at 37 C, 5% CO2 atmosphere, washed with 150 mL of cell medium, 75 mL of fresh cell medium were added on the cells and incubated overnight. 50 mL of the supernatant were then transferred on HL-116 cells to measure IFN activity as previously described [START_REF] Lahaye | The capsids of HIV-1 and HIV-2 determine immune detection of the viral cDNA by the innate sensor cGAS in dendritic cells[END_REF]. cGAMP ELISA cGAMP ELISA was performed according to manufacturer's protocol using Cayman Chemical 2 0 3 0 -cGAMP ELISA Kit (Interchim). For 293FT quantification, 10 million cells were harvested, washed with PBS, pelleted and frozen in 500ml of MeOH/H 2 O (80/20, v/v) at À80 C until extraction. For MDDCs quantification at day 4 post-differentiation and transfection, 4.5 million cells (separated into three tubes of 1.5 million cells) were washed with PBS and processed according to the fractionation protocol B. The supernatant containing the cytoplasmic fraction was recovered, one tube was frozen at À20 C until western blotting. The two others cytoplasmic fractions and two nuclei pellets were pooled and frozen in a final volume of 500ml of MeOH/H 2 O (80/20, v/v) at À80 C until extraction. The last nuclei pellet was lysed according to the fractionation protocol B and the supernatant was stored at À20 C until western blotting.

MeOH/H2O extracts at À80 C were subjected to 5 freeze/thaw cycles in liquid nitrogen. The lysates were then centrifuged at 16,000 g at 4 C for 20 minutes. The recovered supernatants were subjected to speed vacuum drying in Savant DNA Speed Vac DNA 110 at 65 C for 2 hours. The pellets were resuspended in 100ml of RNase-DNase free water. cGAMP quantities were normalized to the number of cells extracted and represented as pg/million cells.

Flow cytometry

Cell surface staining was performed in PBS, 1% BSA (Euromedex), 1mM EDTA (GIBCO), 0.01% NaN 3 (AMRESCO) (FACS Buffer). For MDDCs, the antibodies used were anti-human CD86-PE (clone IT2.2, eBioscience) and anti-human CD169-APC (SIGLEC1) (clone Miltenyi). For BMDCs, the antibodies used were anti-mouse CD11c-PECy7 (clone N418, eBioscience) and anti-mouse CD11b-PerCp-Cy5.5 (clone M1170, eBioscience). Cells were stained for 15 minutes at 4 C, washed for two times in FACS buffer and fixed in 1% paraformaldehyde (Electron Microscopy Sciences) in FACS Buffer. Data was acquired on a FACSVerse (BD) flow cytometer and analyzed in FlowJo.

Cell compression 0.5 million HeLa cells per well were seeded in a 6 well plate glass bottom in 500ml and then a 3 mm roof of PDMS was placed on top, as previously described [START_REF] Le Berre | Methods for two-dimensional cell confinement[END_REF][START_REF] Liu | Confinement and low adhesion induce fast amoeboid migration of slow mesenchymal cells[END_REF]. Briefly, silicon wafers were coated with SU8 2005 photoresist (Microchem) 3 mm in height and holes were made in lithography. To make the PDMS pillars as the 3 mm height spacers, 12 mm glass coverslips were plasma treated and then placed on top of a PDMS/crosslinker mixture (10/1 w/w) on the wafer containing 3 mm holes. After baking at 95 C for 15 min, coverslips with PDMS pillars were carefully removed from the wafers using isopropanol and a razor blade. They were then cleaned with isopropanol, well-dried, plasma activated for 2 min, and treated with 0.1 mg/mL pLL-g-PEG in 10 mM pH 7.4 HEPES buffer for 1h at room temperature. Coverslips with PDMS pillars were rinsed and incubated in medium for at least 2 hours before confining the cells. The modified cover lid of a multi-well plate was used to apply confining slides to cells. In this case, large PDMS pillars were stuck on the cover lid of the multi-well plate to hold confining slides. The process of fabrication for these large pillars attached to the 6 well plate lid is as follows: the large PDMS pillars were fabricated by pouring a PDMS/crosslinker mixture (35/1 w/w) into a custom-made metallic mold, removing bubbles under vacuum, then baking overnight at 70 C, and getting the pillars out of the mold with the help of isopropanol. For HT-DNA transfection, cells were pre-treated for 30 minutes with 4mg/ml of HT-DNA with Lipofectamine 2000 (1mg HT-DNA:1ml Lipofectamine 2000) and then compressed or left untouched. Time-lapse recordings were acquired with a 40x objective, 0.95 NA, DIC, using an Eclipse Ti inverted microscope (Nikon) equipped with a Coolsnap HQ2 camera (Roper Scientific) controlled by MetaMorph software (Universal Imaging). Microscope was equipped with an on-stage incubation chamber which maintained the temperature at 37 C and CO2 concentration at 5% at all times. GFP signal was acquired with an interval of 5 minutes, while the mCherry signal was acquired every 3 frames of GFP to avoid phototoxicity mediated cell death.

Luciferase assay 45,000 293FT cells were plated in a 24-well plate in 500ml of medium. The next day, cells were transfected in fresh medium with 500ng of total DNA comprising 200ng of IFNb-pGL3 and 150ng of the empty vector pMSCV-Hygro or or pMSCV-Hygro-STING R232 with . A master mix of transfection solution was prepared for each condition. 16h hours post transfection the medium was replaced with fresh medium. 30-36h after medium change cells were washed with PBS and lysed with 100ml of Passive Lysis Buffer (Promega) and 10ml of the lysates were used to perform the Luciferase assay. Luciferase activity was measured using Luciferase Assay Reagent (Promega). Luminescence was acquired on a FLUOstar OPTIMA microplate reader (BMG labtech). One well with the same transfection conditions for the assay was lysed for Western Blotting in 100ml LBX.

Quantitative PCR with Reverse Transcription (qRT-PCR) 1 million BMDCs from WT or Cgas À/À mice were collected at day 10, washed once in PBS (GIBCO) and lysed in 700ml of QIAzol (QIAGEN) and froze at À80 C until RNA purification. RNA was purified with miRNeasy Micro Kit (QIAGEN), following manufacturer instructions. 0.25 to 0.5 millions of transduced MDDCs for 4 days or BMDCs for 3 days were collected, washed once in PBS (GIBCO) and RNA were extracted using Nucleospin RNA II kit (Macherey-Nagel). cDNA was reverse transcribed using SuperScript III Reverse Transcriptase (Invitrogen) and Random Primer Mix (NEB) following manufacturer instructions. Quantitative PCR reaction was performed with LightCycler 480 SYBR Green I Master Mix (Roche) in a LightCycler 480 (Roche) and analyzed in LightCycler 480 software with the 2 -DCp method. The primer pairs are listed in the Key Resources Table.

Chromatin immunoprecipitation

Crosslinking and lysis 10 million cells were cross-linked in medium with 1% formaldehyde for 8 min at RT on a slow shaker, quenched with freshly prepared 0.125M glycine, incubated 5min at RT on a slow shaker, then pelleted at 400 g for 5 minutes at 4 C, washed three times with 30ml of ice cold PBS and then incubated for 20 minutes rotating at 4 C in 1mL of RIPA lysis buffer (10mM Tris-HCl pH 8.0, 1mM EDTA pH 8.0 (Invitrogen), 140mM NaCl, 1% (v/v) Triton X-100 (Euromedex), 0.1% (v/v) SDS and 0.1% sodium deoxycholate (SIGMA)). Nuclei were pelleted at 1350 g for 5 minutes at 4 C, washed for 10 minutes rotating with 1ml of a buffer containing 10mM Tris, 200mM NaCl, 1mM EDTA (Invitrogen), 0.5 mM EGTA (Euromedex), pelleted and lysed in buffer containing 0.4% SDS (Euromedex), 10mM EDTA (Invitrogen), 50mM Tris-HCl pH 8.0 for 30min on ice (volume of buffer = 100ml/1.6 million cells). Lysates were sonicated on a Bioruptor Pico (Diagenode) sonication devices (11cycles 30 s ON, 30 s OFF) to reach fragments ranging from 150 to 500bp, and then centrifuged at 10,000 g for 10 minutes at 4 C to remove debris. Samples were then snap-frozen in liquid nitrogen and stored at À80 C until immunoprecipitation. All buffers contained cOmplete EDTA free Protease inhibitor cocktail (Roche). Immunoprecipitation Lysates were pre-cleared for 15 minutes rotating using 30ml of Binding Control magnetic agarose beads (Chromotek). Chromatin was diluted four-fold in dilution buffer containing 20mM Tris-HCl pH 8.0, 1% Triton X-100 (Euromedex), 2mM EDTA (Invitrogen), 167mM NaCl. 1% of the diluted lysate was recovered and used as input. For GFP-trap and control beads, chromatin was incubated for 5 hours in the presence of 0.1% BSA (Euromedex) (30ml of beads (GFP-Trap_MA beads (Chromotek) or Control magnetic agarose beads (Chromotek)/600ml per Eppendorf tube of the diluted lysate). Lysates were washed on a 96 well plate magnet with low salt washing buffer (140mM NaCl) (5 times), high salt washing buffer (500mM NaCl) (2 times), high LiCl washing buffer (250mM LiCl) (2 times), TE Buffer (Invitrogen) (1 time). All wash buffers were diluted in RIPA buffer 10mM Tris-HCl pH 8.0, 1mM EDTA pH 8.0 (Invitrogen), 140mM NaCl, 1% (v/v) Triton X-100 (Euromedex), 0.1% (v/v) SDS and 0.1% sodium deoxycholate (SIGMA)) and contained cOmplete EDTA free Protease inhibitor cocktail (Roche). DNA purification DNA was eluted in elution buffer (1% SDS, 50 mM NaHCO3) by shacking 2h at 37 C (100ml of buffer/tube) with 10 mg/mL RNaseA (Thermo Fischer), then 4h with 0.2 mg/ml proteinase K. Beads were concentrated on the magnet and take out eluate. Samples were decrosslinked overnight at 65 C. Inputs were treated like ChIP samples. DNA was purified by phenol/chloroform/isoamyl alcohol (SIGMA) followed by purification on MinElute columns (QIAGEN). DNA was eluted in 50ml of H2O and DNA concentration was measured with a Qubit fluorometer (Thermo Fischer).

ChIP-seq

Traces of high molecular weight fragments were eliminated with SPRIselect beads (Beckman Coulter). Illumina TruSeq ChIP library prep kit was used to prepare indexed libraries from IP and Input DNA. Libraries were pooled respecting equimolarity. Sequencing was performed on Illumina MiSeq sequencer in 150 bp paired-end reads (replicate 1 of human input and GFP-NLS-cGAS IP; replicate 1 and pooled replicates 2+3 of mouse input and GFP-cGAS IP), 100 bp single-end reads (replicates 2 and 3 of human input, GFP-NLS and GFP-NLS-cGAS IP).

ChIP-seq data analysis of overexpressed cGAS in human DCs

Mapping and peak calling Reads for each replicate were mapped separately to the hg38 primary assembly (accession: GCF_000001305.14) with Bowtie2 v2.2.9 [START_REF] Langmead | Fast gapped-read alignment with Bowtie 2[END_REF] using a seed length of 22bp with at most 1 mismatches (-N 1 -L 22) and keeping the best scoring alignment per read. Duplicate fragments were identified with MarkDuplicates from picard v1 (https://broadinstitute.github. io/picard/). Only non-duplicate, properly paired reads (same reference, inner-oriented, insert size % 500bp; only for replicate 1) with mapping quality R 20 were retained, using samtools v1.3. Alignment files were converted from BAM to BED/BEDPE format using bedtools bamtobed from bedtools v2.27.1 (https://bedtools.readthedocs.io/en/latest/).

Genome mappability was computed with gemtools v1.7.1 (-l L -m 0.04 -e 0.04-max-big-indel-length 15-min-matched-bases 0.80, where L is the read length) (https://github.com/gemtools/gemtools). The effective genome size was then defined as m/n, where m is the number of bp with mappability score 1 (i.e., sequences occurring once in the genome) and n is the genome length.

Peak calling of GFP-NLS-cGAS IP reads on hg38 chromosomes was performed with SICER v1.1 on each replicate separately, using either input or GFP-NLS IP (only for replicate 2 and 3) reads as background (redundancy threshold 1, window size 200bp, FDR 0.05, effective genome size estimated with the above procedure). The gap size was set to 600bp for replicate 1 and to 400bp for replicate 2 and 3. For replicate 1, one read for each pair was used and the fragment size was set to the average insert size computed from the alignment. Filtered peaks were defined for each replicate i as the peaks supported by more than M ChIP reads, where M is the median across all peaks for replicate i. Selected peaks were defined as follows: a peak P 1 from donor i is selected if there is a peak P 2 from donor j, with j s i, lying at a distance < 2000 bp from P 1. Intersection peaks between replicate 2 and 3 (over GFP-NLS IP) were also identified, across all (non-filtered) peaks, using bedtools intersect (default parameters) from bedtools v2.27.1.

Public datasets

Reads datasets for endogenous CENP-A ChIP-Seq and MNase input in HeLa S3 cells from a previous study [START_REF] Lacoste | Mislocalization of the centromeric histone variant CenH3/CENP-A in human cells depends on the chaperone DAXX[END_REF] were downloaded from SRA (accessions: SRR633612, SRR633613, SRR633614, SRR633615). Repeats annotation of hg38 is obtained with RepeatMasker v4.0.5 on repeats database version 20140131 (downloaded from http://www.repeatmasker.org/ genomes/hg38/RepeatMasker-rm405-db20140131).

Peaks for histone marks H3K27ac in GM12878 cells (GEO: GSE29611) and H3K9me3 in PBMCs (GEO: GSE31755) were from the ENCODE consortium.

Peak calling of endogenous CENP-A ChIP on hg38

Peak calling on endogenous CENP-A data was performed following the approach previously described [START_REF] Lacoste | Mislocalization of the centromeric histone variant CenH3/CENP-A in human cells depends on the chaperone DAXX[END_REF], with small modifications. The paired reads sequenced from the same fragment were merged using SeqPrep-1.2 (https://github.com/ jstjohn/SeqPrep), with prior Illumina adaptors removal, requiring an overlap of at least 15bp. Fragments shorter than 100bp were filtered out. The first 50bp of each fragment were mapped separately for each replicate to the hg38 primary assembly e11 Cell Reports 26, 2377[START_REF] Yang | cGAS is essential for cellular senescence[END_REF].e1-e13, February 26, 2019 (accession: GCF_000001305.14) with Bowtie v1. 2 (http://bowtie-bio.sourceforge.net/), allowing up to 3 mismatches (-v 3). Alignment files were converted from BAM to BED format using bedtools v2.27. The effective genome size is defined as m/n, where m is the number unique 50-mers (downloaded from https://github.com/biocore-ntnu/epic/blob/master/epic/scripts/effective_sizes/ hg38_50.txt), and n is the genome length. Peak calling of CENP-A-IP reads on hg38 chromosomes was performed with SICER v1.1 on the two replicates separately, using input reads as background (redundancy threshold 1, window size 200bp, gap size 400bp, FDR 1e-5, effective genome size defined as above). Intersection peaks between the two replicates were detected with bedtools intersect from bedtools v2.27.1, requiring each intersection peak to cover at least 90% of the length of a peak in either replicate 1 or 2.

Peak annotation

The annotatePeaks.pl script from HOMER software v4.9 (http://homer.ucsd.edu/homer/) was used to annotate the human cGAS filtered peaks and to calculate enrichments of the annotated features. Association of GFP-NLS-cGAS peaks with public datasets Intersection of GFP-NLS-cGAS IP peaks with publicly available ChIP-Seq datasets (H3K27ac, H3K9me3, endogenous CENP-A) is computed at the base pair level. Lift-over from hg19 to hg38 is applied for H3K27ac and H3K9me3, whereas CENP-A peaks on hg38 are computed starting from raw data following the approach described above. The intersection is computed using bedtools intersect from bedtools v2.27.1 and the odds-ratio between two datasets A and B is defined as

odds À ratioðA; BÞ = x a À x G Àða + b À xÞ b À x
where G is the genome size, a and b are the cumulative sizes of the regions in A and B, respectively, and x is the size of the intersection.

De novo motif discovery and motif enrichment analyses

This analysis was carried out on all intersecting peaks of GFP-NLS-cGAS over GFP-NLS in donor #2 and #3. 38 peaks are found. For de novo discovery, the peak-motifs pipeline (default parameters) of the software suite Regulatory Sequence Analysis Tools (RSAT; http:// rsat.sb-roscoff.fr/) was used. cGAS intersection peaks are searched for CENP-B box, the consensus (NTTCGNNNNANNCGGGN) and the most common (NTTCGTTGGAANCGGGA), for Satellite repeats ([GGAAT]n, with n R 4), and for telomere repeats ([TTAGGG]n, with n R 2), using regular expression matching (in-house perl script). Motif enrichment is computed either over shuffled peaks (same number of peaks, same length) on the genome (with prior removal of gap regions, gap table from UCSC table browser). 10 peak shuffling runs are performed using bedtools shuffle from bedtools v2.27.1 and the motif enrichment is averaged across the 10 runs. The enrichment is defined as the ratio of the motif count on the peaks over the motif count on the shuffled peaks. cGAS reads enrichment on repeats Reads for each replicate were mapped separately to the hg38 primary assembly and alignments were filtered as described above.

The coverage of each repeat element x in the genome is defined as the number of reads whose midpoint lies within x (in-house C++ code). The cGAS read enrichment of region x is defined as

enrichðxÞ = c chip ðxÞ + 1 c ctrl ðxÞ + 1 , N ctrl N chip ;
where c chip and c ctrl are the ChIP and control read count on x and N ctrl and N chip are the library sizes. All repeat elements in the genome are ranked according to the cGAS read enrichment value and grouped into n ranking bins, where bin i contains the elements whose percentage ranking ranges between the top (100/i)% and the top (100/i+1)%. The number of elements falling into each bin is computed for each repeat class R. The first bin represents the bottom (100/n)% ranks and the n-th bin represents the top (100/n)% ranks.

ChIP-seq analysis of endogenous cGAS in mouse DCs

Mapping, peak calling and peak annotation Raw reads were aligned to the mouse reference genome version mm10 (accession: GCA_000001305.2) with Bowtie2 v2.1.0 using a seed length of 22bp with at most 1 mismatch (-N 1 -L 22) and keeping the best scoring alignment per read. Alignment filtering and peak calling were performed as for the cGAS overexpression dataset (replicate 1). Intersection peaks between the two replicates were identified using bedtools intersect (default parameters) from bedtools v2.27.1. For peak annotation, the same procedure as for cGAS overexpression was followed.

Mapping to repeats database

Reads that failed to map to mm10 were aligned against the mouse-specific repeats from RepBase (https://www.girinst.org/repbase/). Bowtie2 was run with the same parameters as above but with soft-clipping option enabled (-local). The read count for each RepBase sequence was computed from the BAM files with samtools v1.3 (http://samtools.sourceforge.net/), and then normalized by the total number of reads mapped to RepBase. Repeats enrichment in ChIP with respect to Input was computed as the ratio between the normalized read counts and then log2-transformed.
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Statistical analyses for all experiments except ChIP-seq were performed in Prism (GraphPad) v7. For ChIP-seq statistical analysis please refer to the corresponding section in the ''Method Details'' section. Statistical parameters including the exact value of n, dispersion and precision measures (as mean ± SEM) and statistical significance are reported in the Figures and Figure legends 
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 4 ABBREVIATIONS

  live cells, temporal) resolution could provide the necessary means to determine where and under what cellular conditions particular Gquadruplexes can fold, and how they might respond to changing conditions (transcriptional stimuli, DNA damage, cell cycle phases, etc.). I.B.2 c/G-quadruplex-specific next-generation sequencing (NGS) methods The development of next-generation sequencing techniques has provided the opportunity of designing experimental (in vitro or in vivo) G4-specific genome/transcriptomewide detection methods. Namely, a study conducted in the Balasubramanian laboratory used the aforementioned BG4 antibody to map G4 structures by ChIP-seq (Figure 10A) of fixed chromatin from normal human epidermal keratinocytes (NHEKs) and from spontaneously immortalized precancerous HaCaT keratinocytes [Hänsel-Hertsch et al. 2016]. This method led to the detection of approximately 10,000 G4s in HaCaT cells, but only ~1,000 in NHEK cells, predominantly in regulatory and nucleosome-depleted regions, suggesting that an open chromatin (for instance, in regions of active transcription) is likely to favor G4 folding. As previously observed concerning BG4 foci, this only represents a small fraction of the PQS predicted by different algorithms or identified by other high-throughput methods such as G4seq (described hereafter). The authors of the study suggest that G4 structure formation could be mostly suppressed in chromatin due to chromatin-associated proteins that control the formation of DNA structures [Hänsel-Hertsch et al. 2016]. Notably, there is significant overlap between the localization of the quadruplexes identified in vivo in this report and G4 sequences found in a previous study from the Maizels lab involving ChIP-seq of the transcription helicases XPB

Figure 1 .

 1 Figure 1. Mapping the G4-L1 motifs across the human genome. (A)F r o mt h eo u t e rm o s tt ot h ei n n e rm o s tc i r c l e :c h r o m o s o m ec y t o b a n d sf o rt h ehg38 reference genome; rainfall plots (showing the motif locations on the x-axis versus the distance between consecutive motifs on the y-axis); and density plots (distribution shape over chromosomes) of G4-L1 motif (G 3 N 1 G 3 N 1 G 3 N 1 G 3 )distrib utionacr ossthehumangenome .R ed,N = A; green, N = T; blue, N = G; orange, N = Candpurple ,N = {A,T,G,C}. Inset: linear representation for chromosome X, all loop combinations (gray). (B)Distrib ution of the different loop compositions across the human genome. Red, N = A; green, N = T; blue, N = G; orange, N = Candpurple ,N = {A,T,G,C}.(C) Distribution of the different loop compositions across the background (random expectation). Red, N = A; green, N = T; blue, N = G; and purple, N = {A,T,G,C}.

Figure 2 .

 2 Figure 2. G4-L1 motif clusters. (A)NumberofG4motifs,G4-L1-7inred(primaryy-axis) and G4-L1 in blue (secondary y-axis), found within increasing sequence distances (in base pairs, bp). (B)SchematicrepresentationofaG4-L1cluster ,definedasa500bpregioncontainingatleastthreenon-overlapping G4-L1 motifs (i.e. 3 motifs/0.5 Kbp or 6 motifs/Kbp). (C) Distribution of the different loop compositions of G4-L1 motifs found within clusters across the human genome. Red, N = A; green, N = T; blue, N = G; orange, N = Candpurple ,N = {A,T,G,C}.(D)Micr osa tellitemotifsweredefinedasn ≥ 2 repeats of the [GGGX] subunit. To perform the search, positions -3to-1 were set to G and position 0 was variable (X). The number of repeats (n) of the subunit is shown on the x-axis, whilst the y-axis represents the nucleotide composition of the X position for each of the n values. The number of occurrences, for each value of n, is shown over the corresponding bar. Red, X = A; green, X = T; blue, X = G; orange and X = C. *, Chi-squared goodness of fit tests P < 0.05 (comparison of the observed distributions to an expected homogenous distribution). (E)V aria bilityofthe[GGGX] n micro-satellites in the human genome. The heatmap shows log 2 fold-change differences between [GGGX] n motif counts in hg38 and in a genome where common SNPs (from the 1000 Genomes Project database) were masked, for different micro-satellite motif sizes. >0: motif less polymorphic than expected; <0: motif more polymorphic than expected. Dendrograms created through by-column and by-row hierarchical clustering were added on top and on the side of the heatmap, respectively.

Figure 3 .

 3 Figure 3. Polymorphism of G4-L1 sequences in the human genome. (A)BasecompositionofthemotifloopsinpolymorphicG4-L1sequences .Red,N = A; green, N = T; blue, N = G; and orange, N = C. P-values were calculated using Chi-squared goodness of fit tests. Loop 1, P = 0.029; Loop 2, P = 0.0019; Loop 3, P = 0.054. Inset represents the most frequent motif found within polymorphic G4-L1 sequences. (B)Thenumberofpointcommonvariants(SNPs) overlapping with each of the positions of G4-L1 motifs was estimated genome-wide. The number polymorphic positions is shown on the y-axis, and the positions in the G4-L1 sequence are reported on the x-axis. Gray, loop position; black, G-run. (C)Comparisonoftheamountofpolymorphicnucleotides found by position in the G4-L1 15nt-motif. 'G' refers to positions {1,3,5,7,9,11,10,12}; 'middle G' to positions {2,6,10,14} and 'N' to positions {4,8,12}. Adjusted P-values were calculated using pairwise t-tests. *, P < 0.01 (one-way ANOVA P-value = 0.00067). (D) Variant composition by position in the G4-L1 motif and by DNA strand. 'G' refers to positions {1,3,5,7,9,11,10,12}; 'middle G' to positions {2,6,10,14} and 'N' to positions {4,8,12}.Red,N = A; green, N = T; blue, N = G; and orange, N = C. (+), non-template strand; (-), template strand.

Figure 4 .

 4 Figure 4. In vitro and in vivo stability of G4-L1 quadruplexes. (A)Circulardichroism(CD)spectraofG4-L1sequences.Allspectraexhibitthecharacteristic features of parallel G4 structure i.e. negative peak at ∼240 nm and positive peak at ∼260 nm. Black, G4-L1A; red, G4-L1C; blue, G4-L1G and magenta, G4-L1T. (B) Mutation rates per cell per division, corrected by the plating efficiency. Black, culture in DMSO; gray, culture +PhenDC3. Significant fold changes between DMSO and +PhenDC3 conditions are shown. Bars, upper 95% confidence interval bound.

*

  indicated approximate value as the curves show no clear transition, indicating the presence of several species (intra-and intermolecular G-quadruplexes). **T 1/2 values with high standard deviation (likely due to the existence of several species in equilibrium as suggested by the drift of the melting curve at low temperatures).

Figure 5 .

 5 Figure 5. Genome metrics and G4-L1 motif content of various eukaryotic genomes. (A)Genomesize(inmegabasepairs ,Mbp),GCcontentandG4-L1 motif density (number of motifs found per Mbp) for different groups of eukaryotes. (B)Relationshipbetweengenomesize(inmegabasepairs,Mbp)and G4-L1 motif counts, GC content and G4-L1 motif counts and GC content and G4-L1G (polyG 15 )motifcontent.Spearmancorrelationcoefficients(rho) and their statistical significance are provided at the top of each panel. Regression lines are shown in blue (P reg ,linearregressionsignificance).

Figure 6 .

 6 Figure 6. Two distinct loop composition trends exhibited by G4-L1 motifs in various eukaryotic genomes. (A)Unsupervisedlearningb yPCAw asperformed using the five principal loop compositions (G4-L1A, G4-L1T, G4-L1G, G4-L1AC and mixed loops G4-L1) as variables. Principal components 1 and 2 are plotted on the x-andy-axes, respectively, and show the similarity (distance) between each species based on their quadruplex sequence content only. Each dot represents an organism and each color represents its phylogenetic group. Ellipses were generated using 70% confidence intervals aroundthe barycenters of each phylogenetic group. PC1 accounts for 46% of the variance in the dataset and largely separates G4-L1A rich species (right) from G4-L1G rich species (left). Inset shows the correlation between A loop content (x-axis) and G loop content (y-axis). rho,Spearman ' scorrela tioncoef ficient;P reg , linear regression significance. (B)G4-L1loopcontentofthedifferentph ylogeneticgr oupsofeukary otes .P,Kruskal-W allisranksumtestP-values. Red asterisks indicate mean values significantly different (pairwise comparisons using Wilcoxon rank sum tests, adj P < 0.05) from those of all other groups.

Figure 7 .

 7 Figure 7. Relationship between G4-L1 loop composition and divergence times with the human genome. Loop composition versus divergence with the human genome (Mya, 10 6 years ago). Upper panels: left, %G-G-G; right, %A-A-A. Lower panels: left, %T-T-T; center, %C-C-C; right, % Mixed loops. Green, primates only; Blue, vertebrates (other than primates); Red, Eukaryotes non-vertebrates. Black dotted lines indicate 55, 200 and 600 Mya, respectively.

  For each barplot, the enrichment (log2) values are reported on the y-axis. Gray, G4-L1 motifs ; black, G4-L1-7 motifs. (B) Strand distribution of G4-L1 motifs across the human genome. Bars indicate the number of G4-L1 sequences found in each strand for various genome features. Light gray, (+) or non-template strand ; dark gray, (-) or template strand. P-values were calculated using two-proportions Z-tests. ***, P < 0.001. al. -Supplemental Figure S2 Supplemental Figure S3. Evaluation of A-only loop content in different classes of G4 motifs.G4-L,N G-quadruplex motifs, G4-L1 (G3N1G3N1G3N1G3) up to G4-L4 (G3N4G3N4G3N4G3), were counted in the hg38 human reference genome (red) and in a shuffled background (black). P-values were calculated using two-proportions z-tests. ***, P < 0.001; *, P < 0For each barplot, the enrichment (log2) values are reported on the y-axis. Considering G3NG3NG3NG3 motifs, red, N=A; green, N=T; blue, N=G; orange, N=C and purple, N={A,T,G,C}. (B) Detailed annotation of G4-L1A motifs present in repetitive regions of the genome. TE, Transposable Elements; CpG, CpG islands.

  The amount of non-polymorphic G4-L1 motifs was compared to those of diverse non-B DNA motifs retrieved from the non-B DB v2.0. Non-polymorphic sequences are the ones that do not have any position overlapping with a common SNP. The gray bar indicates the G4-L1 motifs. P-values and residuals were calculated using a Chi-squared test. ***, P < 2.22e -16 . (B) Polymorphism of the G4-L1 motifs by loop composition. Non-polymorphic sequences are the ones that do not have any position overlapping with a common SNP. The gray bar indicates the G4-L1 motifs. P-values were calculated using a Chisquared test. ***, P < 2.22e -16 .Puig Nucleotide position inG4-L1G (polyG15) 

Figure

  The number of point common variants (SNPs) overlapping with each of the positions of G4-L1G motifs was estimated genome-wide. The number polymorphic positions is reported in the y-axis, whilst the position in the G4-L1 sequence is reported in the y-axis.Gray, loop position ; black, G-run. n.s., no significant difference between mean values for loop positions and for G-run positions. (B) Variant composition for each position in a G4-L1G motif. Red, N=A; green, N=T; blue, N=G; and orange, N=C. Puig Lombardi et al. -Supplemental Figure S9 Supplemental Figure S10. FRET melting curves of (A) F-(GGGT)4-T, (B) F-(GGGG)4-T, (C) F-(GGGC)4-T, and (D) F-(GGGA)4-T (0.2 µM, left) and normalized curves (right) in the presence or in the absence of PhenDC3 (1, 2, and 5 eq) in cacoLi 10 mM pH 7.2, 99 mM LiCl and 1 mM buffer. Evaluation of the correlation between global genome GC content and G4-L1 motif counts. Spearman correlation coefficients (rho) and their statistical significance are provided at the top of each panel. Regression lines are shown in blue (Preg, linear regression significance). (B) Evaluation of the correlation between GC content calculated in 10kb or 1mb bins and G4-L1 motif counts. Rho, Spearman correlation coefficients; significance, p-values for correlation tests. Puig Lombardi et al. -Supplemental Figure S11 Supplemental Figure S12. Relationship between GC content and G4-L1G motif content. Spearman correlation coefficients (rho) and their statistical significance are provided at the top of each panel. Regression lines are shown in blue (Preg, linear regression significance).

  G4-L1 motif (G3N1G3N1G3N1G3) compositions in 189 protists (detailed in TableS6). Red, N=A; green, N=T; blue, N=G; orange, N=C and purple, N=mixed,{A,T,G,C}. (B) G4-L1 motif compositions in 3 genera of protists, from left to right: Leishmania (n=6 genomes), Trypanosoma (n=6 genomes) and Plasmodium (n=46 genomes).

  composition trends exhibited by G4-L1 motifs in various eukaryotic genomes. Correlation between {all T, all C or mixed} loop content and G loop content in eukaryotes. rho, Spearman's correlation coefficient. P-values from Spearman's rank correlation tests. Regression lines are shown in blue (Preg, linear regression significance).

Supplemental

  Figure S15. Conserved loop compositional trends within species. G4-L1 motif (G3N1G3N1G3N1G3) compositions in various species. Red, N=A; green, N=T; blue, N=G; orange, N=C and purple, N=mixed,{A,T,G,C}. Included in the analysis: Primates, 17 species (including human) ; Drosophila, 11 species ; Caenorhabditis, 10 species ; Saccharomyces, 5 species (including S. cerevisiae, 64 strains)Puig 

  of the AID/APOBEC family superimposed to the vertebrate evolutionary tree 100-way branch lengths were retrieved from the UCSC Genome Browser database and the phylogenetic tree was reconstructed using FigTree. Black, presence of AID only (jawless fish); Orange, presence of single deaminase domain APOBECs (AID, APOBEC1 and APOBEC2); Red, presence of single and double deaminase domain APOBECs (AID, APOBEC1, APOBEC2 and APOBEC3) and; blue, presence of single and double deaminase domain APOBECs, including the seven APOBEC3A through A3H genes. Green dots indicate the species used in our analyses.

Figure 1 .

 1 Figure 1. Genome metrics and quadruplex motif content of viral genomes. (A) From left to right, genome size (in kilo base pairs, kbp), putative quadruplex sequence (PQS) density (number of motifs found per kbp), and relationship between PQS content and genome size for different viral taxa. (B) GC content and relationship between PQS content and GC content for different viral taxa. (C) From left to right, genome size, GC content, and PQS density for different eukaryote host groups. For panels A through C, differences in average size, GC, and density values were assessed using Kruskal-Wallis rank sum tests and pairwise Wilcoxon rank-sum tests. Spearman correlation coefficients and their statistical significance are provided at the top of the scatterplots. Regression lines are shown in blue (P reg , linear regression significance).

Figure 2 .

 2 Figure 2. Quadruplex loop composition in viral genomes. (A) Boxplots show G-quadruplex (G4) motif loop size (in nucleotides) for each group. Top panel, for different viral taxa; bottom panel, for different host groups. Kruskal-Wallis rank sum test P = 0.0001 and P = 8.19 ⇥ 10 6 respectively; *, all pairwise Wilcoxon rank-sum tests adjP < 0.01. (B) Frequencies of 1-7 nucleotide loops, irrespective of their position within the G4 motif. Top panel, five taxa in which a significant number of G4 sequences were found: dsDNA viruses (n = 2758 assemblies, 11,315 PQSs), ssDNA viruses (n = 988 assemblies, 102 PQSs), ssRNA viruses (n = 1784 assemblies, 553 PQSs), Retro-transcribing viruses (n = 153 assemblies, 85 PQSs), and Unclassified viruses (n = 1217 assemblies, 253 PQSs). Bottom panel, five eukaryotic host taxa used in the analyses: vertebrates (n = 2,769 assemblies, 7945 PQSs), invertebrates (n = 2930 assemblies, 1410 PQSs), protozoa (n = 61 assemblies, 618 PQSs), fungi (n = 292 assemblies, 41 PQSs), and plants (n = 2484 assemblies, 261 PQSs). (C) Top panel and from left to right, graphical matrix where each cell contains a dot whose size reflects the relative magnitude of nucleotide proportions by viral taxa and mosaic plot of the contingency table used to perform a chi-square independence test (non-significant, P = 0.681); bottom panel and for left panel to right, similar for each host group (chi-square independence test non-significant, P = 0.789).

Figure 3 .

 3 Figure 3. PQS loop content in Herpesviridae viruses and in various host animal genomes. (A) Most frequent N 1-7 loops by host group. Mammals, n = 65 viruses; Birds/Reptiles, n = 11 viruses; Fish, n = 6 viruses; Amphibians, n = 4 viruses; and Invertebrates, n = 7 viruses. (B) Single-nucleotide loop frequencies by host group. Blue, G loops; red, A loops; orange, C loops; and green, T loops, irrespective of their positions with the G4 sequence. Chi-square independence tests were used to evaluate the significance of the association between loop proportions and host group. (C) Single-nucleotide loop frequencies in 52 eukaryote genomes. Mammals, n = 18 genomes; Birds/Reptiles, n = 9 genomes; Fish, n = 8 genomes; Amphibians, n = 3 genomes; and Invertebrates, n = 9 genomes. (D) Proportion of single C (orange, top panel), T (green, top panel), G (blue, bottom panel), or A (red, bottom panel) loops by eukaryote groups. Bars indicate the upper and lower bounds of the 95% confidence intervals. Chi-square independence tests were used to evaluate the significance of the association between loop proportions and group. All pairwise nominal independence adjusted P-values <0.05.

Figure 4 .

 4 Figure 4. Herpesviridae viruses infecting mammalian hosts carry preferentially C-looped motifs. (A) Principal component analysis (PCA) performed on loop composition information (variables: PQS A , PQS T , PQS C , PQS G ) for 93 herpesviruses, without using host group information. Ellipses indicate barycenters (weighted center of mass) for each host group. (B) Proportion of single C (orange, top panel) or G (blue, bottom panel) loops by host group. Bars indicate the upper and lower bounds of the 95% confidence intervals. Chi-square independence tests were used to evaluate the significance of the association between loop proportions and host group. Red arrows indicate groups with pairwise nominal independence adjusted P-values <0.05. (C) Relationship between PQS A (PQS T or PQS C ) motif and PQS G motif contents. Pearson correlation coefficients are reported on each graph. Blue lines show linear regressions (P reg , linear regression significance).

Figure 5 .

 5 Figure 5. Consensus motif discovery in the quadruplex sequences found in mammalian herpesviruses. Top motifs found within the 5767 PQSs present in the 65 assemblies of herpesviruses infecting mammalian hosts. E-values are specified next to each sequence logo (the relative sizes of the letters indicate their frequency in the sequences and the total height of the letters depicts the information content of the position, in bits). The "Sites found" column indicates the number of times each particular motif was found in all the sequences.
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 S1S1 Figure S1: Quadruplex motifs found by viral genome classification and by strand Figure S2: Quadruplex motifs found in eukaryotes, by strand Figure S3: Genome metrics and PQS content in the Herpesviridae family of dsDNA viruses Figure S4: G4 motif loop content in various eukaryotes Figure S5: Consensus motif discovery in the quadruplex sequences found in promoters regions of the human genome
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 S2S3S4S5 Figure S2. Quadruplex motifs found in eukaryotes, by strand. The frequencies of the detected PQS are reported in the y-axes (median values for each group). Blue, negative strand; light blue, positive strand. ***, two-proportions z-test P < 0.001; *, P < 0.05; n.s. non-significant P > 0.05.

  = 4.9e-12 Best matches: SP1 (Pearson correlation = 0.848); SP2 (Pearson correlation = 0.836); SP8 (Pearson correlation = 0.742) Best matches: SP1 (Pearson correlation = 0.731); SP2 (Pearson correlation = 0.734); KLF5 (Pearson correlation = 0.722) = 4.4e-149 Best matches: SP1 (Pearson correlation = 0.747); THAP1 (Pearson correlation = 0.880); KLF5 (Pearson correlation = 0.727) 589 e-value = 3.2e-142 Best matches: SP2 (Pearson correlation = 0.921); SP4 (Pearson correlation = 0.728); Zfx (Pearson correlation = 0.732) GGGCGGGCGGGGGG 2,476 e-value = 3e-156 Best matches: SP2 (Pearson correlation = 0.731); SP3 (Pearson correlation = 0.751); KLF16 (Pearson correlation = 0.733) = 2.9e-194 Best matches: SP1 (Pearson correlation = 0.910); SP2 (Pearson correlation = 0.722); SP4 (Pearson correlation = 0.721)GMGGGGCGGGGCTGGGSKII. B. Evaluation of the mutagenic potential of short-looped G-quadruplexes: targeted-capture NGS approach II.B 1) Context and aimsTo evaluate the mutagenic potential of stable quadruplexes, we have treated, over several weeks (up to two months), various human cell lines with G4 ligands and sequenced their genomes. NGS sequencing was performed at a very large depth (800 to 1000x), allowing the detection of point variants (even rare or de novo mutations) and the characterization of mutational signatures specific to the treatments. Implementing targeted sequencing depended on the in silico design of probes that I implemented, in this case, to target approximately 1 kb around the 18,153 predicted G4-L1 motifs in the human genome. We initially worked with four cell lines, HEK, HEK + Ras, U2OS-ST (ST: 'Super-Telomerase') and HT1080-ST; and four ligands, including PhenDC3 and PhenDC6 synthesised in the Teulade-Fichou laboratory, as well as two commercial ligands, Pyridostatin and Bisquinolinium (a negative control that binds non-specifically to DNA). I developed an analysis pipeline to detect structural variants (CNV or Copy Number Variations) as well as discrete variants (SNVs or Single Nucleotide Variants and indels or insertions / deletions involving less than 100 base pairs), particularly in HT1080-ST cells, as this fibrosarcoma cell line showed a marked, significant response to the various treatments. In addition, I used two analytical approaches based on non-negative matrix factorization (NMF) and NMF combined with LASSO penalty regression to extract mutational signatures associated with the various treatments, after identification of SNVs and their surrounding sequence contexts (+/-1 nucleotide). After a two-month exposure of the fibrisarcoma cells to the quadruplex-ligands, we observed a significant increase in mutagenesis, illustrated by the detection of 700 (PhenDC3) to 1,200 (PhenDC6) de novo point variants (which are not present in the DMSO control sequences or after treatment with Bisquinolinium)

  15-nucleotide sequences with four runs of exactly three guanines, separated by loop sequences containing precisely one base -Python regex: ([gG]{3}\w{1}){3}[gG]{3} -and were searched for, by regular expression matching, in the fasta file of the hg38 reference (see Methods).Genomic DNA from cultured cells was extracted and the regions flanking G4-L1 motifs were enriched using a targeted-capture method (Figure1). Briefly, a round of capture consists in the hybridization of the extracted DNA with an exhaustive set of approximately 2.1 million single-stranded biotinylated probes, custom-designed in order to target 1 Kb sequences directly flanking a G4-L1 motif, generating a sub-genome of approximately 3.8 Mb. Next, the biotinylated probe-target hybrids were pulled-down by streptavidin-coated magnetic beads in order to obtain libraries highly enriched for the targeted regions. The targeted DNA libraries were sequenced in paired-end mode using an Illumina HiSeq2500 instrument, obtaining about 2x30 million reads per sample (see Methods) of which ~80% in average were on-target (depending on the sample; FigureS1). The probes were designed with the NimbleDesign Software [Roche Sequencing Solutions, Inc.], using the continuous design mode and stringent probe selection, with minimal and maximal close matches (number of times in which a probe sequence matches the genome with either ≤ 5 insertions or deletions, or gap of ≤ 5 bp) set to one and five, respectively, allowing us to hybridize the probes up to five targets across the genome, and tuned to provide improved coverage of GC-rich regions. Indeed, these are regions within the genome that can be difficult to sequence accurately [reviewed in[START_REF] Treangen | Repetitive DNA and next-generation sequencing: computational challenges and solutions[END_REF]. Because of the strict design conditions, some regions flanking G4-L1 motifs were left untargeted for technical reasons (mainly in chromosomes21, 22 and Y) and clusters of G4-L1 motifs were pooled into single targets (see Methods).

  of somatic mutations due to DNA damage occurring during cell culture[Behjati et al. 2014;[START_REF] Zou | Validating the concept of mutational signatures with isogenic cell models[END_REF] Kucab et al. 2019]. Noticeably, there was an accumulation of C>T and T>C transitions, with up to 7-fold more C>T substitutions in +PhenDC6 samples than in +BisQn controls (Figure5B,C), with increased mutagenesis by quadruplex stabilization seen as early as after 30-day treatment with the PDS and PhenDC6 ligands (Figure5C). A similar prevalence of T>C/C>T transitions was previously observed in S. cerevisiae DNA mismatch repair (MMR) protein msh2 mutants and in MMR-defective human cancer lines[Alexandrov et al. 2013;[START_REF] Lujan | Heterogeneous polymerase fidelity and mismatch repair bias genome variation and composition[END_REF][START_REF] Supek | Differential DNA mismatch repair underlies mutation rate variation across the human genome[END_REF]. Our analyses show a milder effect of the PhenDC3 compound, especially after one-month exposure, which induced similar levels of variation than the control (BisQn, 1 month) but interestingly, there were clear differences in the frequencies of the six substitution types, as evidenced by the distinct clustering of the controls versus the treated samples (Figure5C). Moreover, there was a clear preferential accumulation of variants in regions flanking G4-L1 motifs carrying identical pyrimidine loops (T-T-T or C-C-C) and particularly motif clusters (Figure5D). These quadruplexes, which are significantly less frequent in the human genome than G4s carrying purine loops[START_REF] Lombardi | Thermodynamically stable and genetically unstable G-quadruplexes are depleted in genomes across species[END_REF] 

  ): as mentioned, C>T transitions were frequent, regardless of the sequence context, and T>C substitutions exhibited three distinct peaks in CTN contexts. In contrast, T>A transversions occurred with increased frequency in the BisQn control samples in CTG context, and C>A transversions were seen in all samples in the CCC context. This pervasive mutational burden (cosine similarity of 0.93 to the ubiquitous, clock-like COSMICSignature 5 [Alexandrov et al. 2015]; FigureS9) can be considered as background noise present in all samples. Thus, to facilitate the detection of signatures present in the treated samples but not detectable in the control, we applied two analytical methods allowing to discriminate actual signals from noise (see Methods).

  ), but was not similar to the Clock-2 signature -present in the majority of samples and likely reflecting background mutation rates -either (Figure8C). Finally, the 4-signature decomposition obtained by NMF-LASSO did not exhibit any strong associations either, perhaps with the exception of COSMIC signature 20, also associated with defective MMR (cosine similarities of 0.64; FigureS10C). Overall, this suggests that other processes besides DNA damage/repair-deficiency may likely explain the observed quadruplex-associated mutational patterns. Recently, a systematical WGS-based examination of mutational patterns associated with a variety of chemical carcinogens and therapeutic mutagens became available as a curated resource[Kucab et al. 2019]. Among these, 7 therapeutic agents, one DNA damage response (DDR) inhibitor and a source of reactive oxygen species (ROS) were linked to specific mutational signatures (FigureS11A) and a series of controls (common culture reagents such as water, DMSO and methanol) allowed to define background mutagenesis (approximately 245 substitutions were detected, comparable to our +BisQn samples with 272 point variants).Notably, the anti-tumor drug cisplatin exhibited, at two different doses (3.125 and 12.5 µM), characteristic C>T insertions with peaks in the CCC and CCT contexts (FigureS11B), particularly just downstream of GpG dinucleotides[Kucab et al. 2019]. Interestingly, we found no significant correlation between the cisplatin-driven and the G-quadruplex-associated signatures (FigureS11C), suggesting two different underlying mechanisms and further validating the strategy of G4 targeting by small compounds as an alternative treatment to cisplatin[Cao et al. 2017; Morel et al. 2019].Finally, we evaluated strand asymmetries in the signatures associated with Gquadruplex stabilization, as previous analyses of cancer-derived mutational signatures revealed correlations with replicative and transcriptional strands[Nik-Zainal et al. 2016] and in particular, an asymmetrical behavior of G4-forming sequences during replication has been demonstrated[START_REF] Lopes | G-quadruplex-induced instability during leading-strand replication[END_REF]]. We found evidence for both transcriptional strand bias (in all G4 ligand treatments, Poisson test P < 0.05; FigureS12A) and replication strand asymmetry (in PDS and PhenDC6 treatments, Poisson test P < 0.05; Figure S12B) specifically in the T>C substitutions, showing that while G-quadruplexes frequently form on the leading strand during

  Cell lines and growth conditions. HT1080-ST fibrosarcoma cells were cultured in monolayers in Dulbecco's Modified Essential Medium (DMEM) medium (10% SVF). Cells were cultured for either one or two months in the presence or absence of the compounds. G-quadruplex ligand treatment was initiated by replacing culture media with fresh media containing 2 µM final concentration of either PhenDC3, PhenDC6, Pyridostatin or Bisquinolinium (stock in DMSO), or DMSO only.Probe design. Single-stranded biotinylated probes were designed with the NimbleDesign Software [NimbleGen, Roche Sequencing Solutions, Inc.], leading to over 2.1x10 6 probes synthesized. The list of sequences used for the NimbleGen SeqCap EZ design of these biotinylated probes is available as TableS1. The probes were specifically designed to recognize 1 kilobase regions (500 bp 5' and 500 bp 3') directly flanking G4-L1 motifs. In silico identification of G4-L1 sequences was performed, as previously described, by regular expression matching of the sequence -([gG]{3}\w{1}){3}[gG]{3} -in the fasta file of the human reference genome hg38. Only non-overlapping identical G4-L1 motifs were counted.Three additional unique coding regions (KLK3, GAPDH and RAB7A genes) were added to serve as internal controls to estimate ploidy. The design was additionally adjusted to pool together into single targets G4-L1 motif clusters regions, which were defined as 500 bp regions where at least three non-overlapping G4-L1 motifs occur[START_REF] Lombardi | Thermodynamically stable and genetically unstable G-quadruplexes are depleted in genomes across species[END_REF]] (e.g. a cluster comprising 4 G4-L1 motifs was not targeted as 4 independent and overlapping regions but as a single target region).Targeted capture and sequencing. Approximately 55 to 100 ng/µl of DNA were used for each sample for subsequent DNA library preparation. Quantity and purity of DNA were assessed by Qubit (Invitrogen) and NanoDrop (Thermo Scientific). DNA samples were mechanically fragmented on a S220 Covaris ultrasonicator (Covaris). Fragmentation status was evaluated by the Agilent 2100 Bioanalyzer (Agilent Technologies). Next, sheared DNA was used to perform end-repair, A-tailing and adapter ligation with KAPA library preparation kits (Kapa Biosystems

  calling. High quality somatic single nucleotide variants (SNVs) and indels (<100 bp) were called following the GATK Best Practices reads-to-variants workflow [Van der Auwera et al. 2013]. Briefly, reads were aligned to the human reference genome hg38 using BWA-MEM [Li and Durbin 2009], followed by PCR duplicate removal with the Picard implementation of the MarkDuplicates utility [http://broadinstitute.github.io/picard]. We used the BaseRecalibrator tool from the GATK [McKenna et al. 2010] to detect and adjust for systematic errors in base quality scores, which improves the accuracy of the ensuing variant calls. The analysis-ready BAM files generated for control and G4 ligand-treated samples were subsequently used to identify somatic short variants in paired test/control settings using Perl scripts from VarDict (Perl version 5.18.2) [Lai et al. 2016] and the VarScan2 java implementation (version 2.4.0) [Koboldt et al. 2012]. Both outputs were filtered to keep somatic calls only (INFO/STATUS="StrongSomatic" for VarDict and "SS=2" for VarScan2).

  using the Genome Alteration Print (GAP) software[Popova et al. 2009]. NanoChannel (Saphyr chip, Bionano Genomics) experiments were also performed in the Institut Curie's Genomics Platform, using the Saphyr Chip Workflow following manufacturer's instructions. Preprocessing data for mutational signature extraction. First, point mutations detected in a given sample can be grouped into 6 categories: C>A, C>G, C>T, T>A, T>C, T>G. Then, these are further subdivided into 4 types of 5′ base × 4 types of 3′ base × 6 = 96 categories, based on the possible combinations of base substitutions and +/-1 flanking bases. We have therefore represented the dataset from the G4 ligand treatments (PDS, PhenDC3, PhenDC6) as a mutation count matrix MT of size 96 × 3, where an element m "# $ is the number of mutations belonging to mutation type j in treatment i. The variants called in the control samples (BisQn-treated) were used to account for the background signal and represented as a matrix MB of size 96 × 1: The mathematical framework implemented for mutational signature extraction was first described by Nik-Zainal and colleagues [Nik-Zainal S et al. 2012]. Each sample (control and G4 ligand-treated) is described by the count of mutations as described above, stored in a given matrix M. Signature extraction aims to decompose M into the multiplication of two matrices of smaller size, the exposure matrix e and the signature matrix S, as follows (simplified for the elements of the residual matrix ε):

Implementation.

  Data treatment (following the 'Variation calling' steps described above) was performed in the R software environment, using functions from the R/Bioconductor packages VariantAnnotation (version 1.30.1) [Obenchain et al. 2014] to process VCF files and MutationalPatterns (version 1.10.0) [Blokzijl et al. 2018] to infer counts for each mutation type and +/-1 base contexts from the resulting variant tables. NMF (version 0.21.0) [Gaujoux and Seoighe 2010] was used to determine the optimal factorization rank prior to running signature extraction using the Brunet-NMF implementation from MutationalPatterns with 200 iterations.
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 123456788S2S3 Figure 1. Detection strategy for G-quadruplex ligand induced mutagenesis. Schematic of the experimental setup, showing targeted-sequencing around single-nucleotide loop G-quadruplexes (G4-L1) in cells treated for 30 or 60 days with 2µM of either PhenDC3, PhenDC6, Pyridostatin (PDS) or a control duplex DNA ligand, Bisquinolinium (BisQn). The chemical structures of the different ligands are represented on the right.
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 S4S5 Figure S4. Copy number variant detection by CytoScan and NanoChannel array analysis.Copy number estimation in +G4 ligand over +BisQn samples, performed using (A) a NanoChannel (Bionano Genomics) array, with (B) the largest significant event being located on chromosome 17; or (C) a CytoScan HD (Affymetrix) array. Green arrows indicate constitutive events in the HT1080-ST cell line. Grey, copy number estimation in +BisQn samples over untreated samples; red, copy number estimation in +PDS samples; orange, copy number estimation in +PhenDC3 samples; and yellow, copy number estimation in +PhenDC6 samples.
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 S6S7S8 Figure S6. Copy number variants in various TCGA cancer cohorts. Whole-genome overview of somatic copy number variants called in WGS samples sequenced in the (A) UCEC (uterine corpus endometrial carcinoma); (B) READ (rectum adenocarcinoma); (C) STAD (gastric adenocarcinoma) and (D) COAD (colorectal adenocarcinoma) cohorts. Color code for CNV events: gain, duplication; blue: loss.

Figure S9 .

 S9 Figure S9. Known mutational signatures associated with the background noise in control samples. The Clock-2 mutational signature derived from the combined COAD-US and STAD-US datasets [from Meier et al. 2018] and COSMIC signatures 3, 5 and 16; which bear the closest resemblance to the background signature detected in fibrosarcoma cells in this study. The heatmap shows cosine similarities between these signatures and those associated with quadruplex-ligand treatments.
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 S10S11S12 Figure S10. Somatic mutational signatures associated with G-quadruplex ligand treatment. (A) De novo mutational signatures extracted from the observed 96 base substitution types in G4 ligand-treated cells. The mutational signatures specifically associated with G4 ligand-treatment were obtained after removing the background substitution profile from the substitution spectrum of treated cells and using a non-negative matrix factorisation combined with LASSO regression approach. (B) Pairwise cosine similarity between the de novo G4-associated mutational signatures detected by NMF (as shown in Figure 7B) or by NMF+LASSO (as shown in A). (C) Pairwise cosine similarity between the quadruplex-associated signatures detected by NMF+LASSO and previously reported mutational signatures.

Fichou

  group (Institut Curie Orsay). In vitro assays conducted in the Teulade-Fichou laboratory have experimentally validated the displacement of G4-bound heme (Fe(III)-protoporphyrin) by the well-characterized G4 ligand PhenDC3. Furthermore, I have implemented docking simulations showing that both heme and PhenDC3 preferentially bind to external G-quartets and thus have similar favored binding sites. To validate in vivo heme sequestering, we have undertaken a high-throughput transcriptomic analysis of human HT1080 fibrosarcoma cells in response to PhenDC3 treatment. As predicted, the RNA-seq analyses showed that G4 ligand treatment significantly up-regulated pathways involved in iron homeostasis and, most strikingly, caused a 30-fold induction of HMOX1, the chief enzyme in the heme degradation pathway. Finally, these analyses show a strong association between gene expression and the frequency of G4 sequences near gene promoters. These results led us to propose that Gquadruplexes sequester heme in vivo to protect cells from the physiopathological consequences of free heme, thus identifying a new, unanticipated functional role for G-quadruplexes that could explain the abundance of G4 motifs in the human genome.Gray LT, Gibaud A, Bohec M, Teulade-Fichou MP, Maizels N, Nicolas A, Londoño-Vallejo A [Submitted (August 2019)].INTRODUCTIONG-quadruplex (G4) motifs, sequences capable of forming G-quadruplex structures, are widespread in the human genome[Sen and Gilbert 1988]. G-quadruplexes are four-stranded secondary structures formed by G-rich DNA or RNA sequences, and resulting from the stacking of multiple stable 'G quartets' -a planar arrangement of four guanines -coordinated by cations[Gellert et al. 1962]. The G4 canonical motif sequence consists of four or more runs of guanines punctuated by other nucleotides: G≥3N≥1G≥3N≥1G≥3N≥1G≥3[Todd et al. 2005; Huppert and Balasubramanian 2005]. In silico analyses have led to the detection of more than 700,000 G4 motifs in the human genome, allowing a loop size of 12 or smaller[Gray et al. 2014]. These motifs are dispersed throughout the genome, but greatly enriched near the transcription start site (TSS) and at the 5' end of the first intron[Maizels and Gray 2013]. Compelling evidence clearly implicates G4 motifs in various biological processes, including replication, transcription, splicing, and genetic and epigenetic instability[START_REF] Besnard | Unraveling cell type-specific and reprogrammable human replication origin signatures associated with G-quadruplex consensus motifs[END_REF] Tarsounas and Tijsterman 2013;[START_REF] Maizels | G4-associated human diseases[END_REF] Valton and Prioleau 2016; Svikovic and Sale 2017; Weldon et al. 2017]. These processes are interconnected in a living cell, prompting us to carry out genome-wide analysis to interrogate functions of quadruplexes more broadly.The enrichment of quadruplexes near the promoter has suggested that they may influence transcription. For example, quadruplexes on the transcribed (TS or (-) negative) strand may impair the progression of the RNA polymerase[Tornaletti et al. 2008;[START_REF] Belotserkovskii | Mechanisms and implications of transcription blockage by guanine-rich DNA sequences[END_REF]], just as they impair the progression of the polymerase during DNA replication. Alternatively, quadruplexes on the non-transcribed (NT or (+) positive) strand may contribute to maintain the promoter in an open configuration thus enabling rapid initiation

  chicken DT40 B cells by treatment with G4 ligands or ablation of G4 helicases [Papadopoulou et al. 2015].

  ); the overlaps between the identified DEGs (FDR < 0.01, fold-change≥1) in each condition are reported in Figure5A. PhenDC6-treated cells show considerably fewer altered genes(1,124) than PhenDC3-(4,653) or PDS-(4,607) treated cells, with moderate differences in their expression profiles compared to controls (Figure1A; FigureS2). Further investigation of distinctions between PhenDC3 and PDS treatments shows that, while we detect largely significant overlaps between the up-(910) and down-(1,398) regulated genes (both hypergeometric tests p-values < 2.2e-16, representation factors 5.1 and 4.0 respectively; see Materials and Methods), many deregulations are exclusively seen in either PhenDC3 or PDS treatments (Figure 5A).

  , panels B,C). Otherwise, PDS treatment specifically impacted RNA metabolism and processing, a feature consistent with previous evidence of RNA quadruplex targeting by this compound[START_REF] Bugaut | Small moleculemediated inhibition of translation by targeting a native RNA G-quadruplex[END_REF] Melko and Bardoni 2010;[START_REF] Cammas | RNA G-quadruplexes: emerging mechanisms in disease[END_REF]. All features become particularly evident upon pathway deregulation score analysis (see Materials and Methods; Figure5C). Hierarchical clustering of the per-pathway and per-ligand scores confirms that PhenDC6 has a similar but milder effect than PhenDC3 on the transcriptome. PDS impacts preferentially p53-dependent apoptosis pathways while PhenDC3 shows the most potent disruption of DNA repair and replication associated pathways (Figure5C; FiguresS11-12).

  alternatively spliced. Promoter-associated quadruplexes may exert positive regulation by recruiting regulatory factors or by altering DNA architecture to maintain the DNA duplex in an open state that allows multiple rounds of re-initiation by RNA polymerases, a model first suggested by the enrichment of G4 motifs on the non-template strand of the highly transcribed rDNA [Hanakahi et al. 1999].

Dulbecco' s

 s Modified Essential Medium (DMEM) medium (10% SVF). G-quadruplex ligand treatment was initiated by replacing culture media with fresh media containing 10 µM final concentration of either PhenDC3, PhenDC6, Pyridostatin or Bisquinolinium control compound (stock in DMSO; 3 culture plates each), or DMSO only (3 culture plates). At 24 hr, cells were removed from each plate by trypsinization and the resulting 18 samples separately processed for RNA-seq.G4 ligand cytotoxicity assays. HT1080-ST cells were seeded in quadruplicates (day -1) and ligands (Bisquinolinium, PhenDC3, PhenDC6 or Pyridostatin) were added in DMSO 2 µl per well, in the following concentrations: 2, 5, 10, 15, 20, 40 and 80 µM. Cells were grown in the presence of G4 ligands (or BisQn) for 4 days. Methylene blue cytotoxicity test: plates were stained with methylene blue in water-ethanol 50:50 (1hr at room temperature). Unfixed dye was completely removed by extensive washing. After drying at room temperature and estimation of confluence by microscopic examination, the dye was solubilized with PBS-1% SDS. The optical density was measured at 620 nm using a spectrophotometer.RNA extraction and sequencing. Cells were collected for RNA extraction and processed using the miRNeasy Mini Kit (Qiagen, #217004) according to the manufacturer's guidelines.RNA concentration and purity were assessed using NanoDrop equipment (NanoDrop Technologies Inc.) and size profiles and integrity were analyzed on a 2100 TapeStation (Agilent, RNA ScreenTape). Strand specific library preparation was performed using the TruSeq Stranded Total RNA kit (Illumina) following manufacturer's instructions. After library construction, multiplexed libraries were sequenced in paired-end mode (2x100 bp) on an Illumina HiSeq-High Output 2500 platform, generating a raw read count of >100 million reads per sample. Raw sequencing data files were deposited in the Gene Expression Omnibus (GEO) database.Differential expression analysis.Reads were aligned to the human reference genome hg19 using STAR v2.7 [Dobin A et al. 2013] with the ENCODE processing pipeline standard settings for RNA-seq data (--outFilterType BySJout, --outFilterMultimapNmax 20, --alignSJoverhangMin 8, --alignSJDBoverhangMin 1, --outFilterMismatchNmax 999, --alignIntronMin 20, --alignIntronMax 1000000 and --alignMatesGapMax 1000000). Reads mapping uniquely to GENCODE-annotated genes were summarised using featureCounts[START_REF] Liao | featureCounts: an efficient general purpose program for assigning sequence reads to genomic features[END_REF]]. The raw gene count matrix was imported into the R environment [R Core Team 2017] for further processing and analysis. Genes with low read counts (less than ~10 reads in more than 3 samples) were filtered out, leaving sets of 21,000 to 25,000 genes to test for differential expression between conditions, depending on the samples considered. Differential expression analysis was carried out using the R package DESeq2 version 1.18.1[Love MI et al. 2014]. Unless otherwise stated, differentially expressed genes were identified based on false discovery rate (FDR, using Benjamini-Hochberg adjusted p-values), with the threshold FDR < 0.01. A fold-change cutoff was used to create the sets of genes used for G4 enrichment analysis: only ≥2-fold (≥1-log2fold) differentially expressed genes (2xDEGs) were retained.Differentially expressed genes were determined independently in the following conditions: HT1080-ST cells 'controls' (untreated/DMSO/Bisquinolinium) versus 'treated' (+G4 ligand, all ligands) or 'controls' versus 'treated' (+G4 ligand, PhenDC3/PhenDC6 or Pyridostatin). For each set of conditions, hierarchical clustering was performed for the top 200 differentially expressed genes using Euclidean distances. Intersections were used to identify significantly upregulated genes common to the various analyses. The significance of the observed overlaps was assessed using hypergeometric tests and representation factor calculations. The representation factor is the number of overlapping genes found divided by the expected number of overlapping genes drawn from the two independent datasets. A representation factor > 1 indicates more overlap than expected and a representation factor < 1 indicates less overlap than expected. Differential exon usage analysis. Splice junction and exon counts and annotations were generated with the java software package QoRTs [Hartley and Mullikin 2015]. Next, detection and characterization of differential usage of transcript exons and splice junctions was performed with the R/Bioconductor packages DEXSeq version 1.28.3 [Anders et al. 2012] and JunctionSeq version 1.12.1 [Hartley and Mullikin 2016], with default parameters in paired-end mode.
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Figure 1 .

 1 Figure 1. G4 ligand treatment induces significant transcriptional changes in HT1080-ST fibrosarcoma cells. (A) Principal component analysis of gene expression data. Principal components 1 and 2 are plotted on the x-and y-axes respectively for all 3 replicates of each treatment (18 samples total). (B) Number of differentially expressed genes found with varying detection thresholds (61 data points: |log2FC|∈[0,3] with a 0.05 step and fixed FDR < 0.01). ***, Wilcoxon rank sum test P = 7.63x10 -5 . (C) Supervised clustering of log-transformed gene counts obtained from three independent RNA-seq experiments performed in HT1080-ST cells treated with 10 µM of either PDS, PhenDC3 or PhenDC6, for 24 hours. Top scoring 200 genes are shown. (D) Volcano plot of genes differentially expressed in treated (+G4 ligand, all) versus control samples. A subset of the genes significantly up-regulated (lowest FDR values) is shown.

Figure 2 .

 2 Figure 2. G4 motifs are enriched at the promoter of genes up-regulated by G4 ligand treatment. (A) G4 motif ([G3+N1-7]3+G3+) overlap frequency at regions flanking the TSS and downstream of the 5' end of the first intron for genes up-or down-regulated at least 2-fold by G4 ligands (red and blue lines); and for 2000 randomly selected genes (gray). Frequency is calculated as the percent of genes that have a G4 motif on the specified strand at each position, and is shown for regions within which G4 motif enrichment or depletion were significant. (B) G4 enrichment and depletion statistics for 250 nt windows flanking the TSS and downstream of the 5' end of first introns. Enrichment and depletion are relative to 1000 sets of randomly selected gene drawn from a pool of all genes expressed at detectable levels. FDR values in parentheses. FDR > 0.05 was considered non-significant (n.s). (C) G4 motif count in promoter regions (0 to 2kb upstream of TSS) of genes up-or down-regulated at least 2-fold by G4 ligands (red and blue boxes) and for 2000 randomly selected unaltered genes (FDR > 0.01; gray). Kruskal-Wallis one-way analysis of variance P = 5.94x10 -6 , ** show multiple-testing-corrected Wilcoxon rank sum test significant p-values.

Figure 3 .

 3 Figure 3. Quadruplexes at the 5' end of intron 1 correlate with altered splicing in G4 ligand-treated cells. (A) G4 motif overlap frequency near the TSS and downstream of the 5'end of the first intron of isoforms that exhibited altered splicing in response to G4 ligands (n = 1,482; lavender line); and for 2000 randomly selected isoforms (gray). NT, non-template (or positive) strand; TS, template (or negative) strand. Frequency is calculated as the percent of

Figure 4 .

 4 Figure 4. G4 ligands deregulate the expression of genes involved in genome integrity and cell cycle progression. (A) REACTOME pathways-based enrichment analysis of all genes significantly down-regulated (Log2(Fold Change) < -0.5; FDR < 0.01) in treated (+G4 ligand) relative to control samples. Enriched pathways in the top 4 impacted categories are shown: Cell Cycle, DNA repair, DNA replication and Metabolism (generic). FDR q-value, GSEA false discovery rate q-value. (B) Per-category log2(Fold Changes) and false discovery rates (point colors) for 289 DNA repair-related genes. Mean log2(Fold Changes) for each category are indicated between parentheses. *, one sample t-test (mean log2FC < 0) p-value < 0.05 (C) Log2(Fold Changes) of transcripts of G4 DNA helicases. *, FDR < 0.01.

Figure 5 .Figure S6 .

 5S6 Figure 5. Pyridostatin and PhenDC compounds have different impacts on biological pathways. (A) Left panel, Venn diagram showing the intersections between down-regulated genes detected independently in +PDS vs controls, +PhenDC3 vs controls and +PhenDC6 vs controls datasets; right panel, Venn diagram showing the intersections between up-regulated genes detected independently in +PDS vs controls, +PhenDC3 vs controls and +PhenDC6 vs controls datasets. (B) REACTOME pathway-based enrichment analysis of genes significantly deregulated in treated (+PhenDC3 or +PDS) relative to control samples. The top 15 results correlated with up-or down-regulated genes are shown. FDR, GSEA false discovery rate qvalue. (C) Pathway deregulation scores calculated based on REACTOME pathways. On the scale, 0=pathway not impacted (blue); 1=pathway highly deregulated (red).

Figure S7 .Figure S8 .

 S7S8 Figure S7. Volcano plots of genes differentially expressed in treated (+G4 ligand, all) versus untreated cells, for a subset of pathways related to: Cell Cycle (19 up-and 64 down-regulated genes), DNA Replication (9 up-and 117 down-regulated genes), DNA repair (38 up-and 138 down-regulated genes) and Metabolism (135 up-and 348 down-regulated genes). Per-category differentially expressed genes (FDR < 0.01) are shown in orange.
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  Figure 5D illustrates how induction of transcription occurs upon displacement by PhenDC3 of heme bound by quadruplexes. Treatment with a structurally distinct G4 ligand, the anthraquinone derivative AQ1, has a similar effect. Both DNA and RNA quadruplexes bind heme in vitro, and either DNA or RNA quadruplexes could be the source of free heme released upon PhenDC3 treatment in vivo. This is a novel and unexpected function for G-quadruplexes in living cells, as well as a new mechanism for protecting cells from free heme. An alternative model might envision that the effect of PhenDC3 treatment is not via heme displacement, but instead reflects an oxidative stress response (known to induce HMOX1; Salerno et al., 2019) secondary to DNA damage caused by PhenDC3 binding. At the concentration and treatment duration used in our experiments, PhenDC3 treatment not disrupt cell cycle (Figure
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 2 Figure 2. Effects of PhenDC3 on Cell Viability and Cell Cycle
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 3 Figure 3. PhenDC3 Treatment Induces Significant Transcriptional Changes in HT1080
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 4 Figure 4. PhenDC3 Treatment Activates Genes Involved in Heme Homeostasis and Iron
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 5 Figure 5. Common Transcriptional Targets of Heme and Synthetic G4 Ligands

  2 kcal/mol (mean=-6.3±0.5 kcal/mol). Root-Mean-Square Deviation of atomic positions (RMSD, Å) values were calculated relative to the best mode and are reported in the table below (l.b: lower-bound; u.b: upper-bound), showing one clear preferred pose relative to the receptor.

  Cell death was measured by staining cells with LIVE/DEAD Fixable Near-IR Dead Cell Stain (Invitrogen) for 30 min, resuspending them in 3.7% formaldehyde, and analysis using a FACS Canto II with 633 nm excitation and 780 nm emission. Cell cycle profiles of DAPI-stained cells were generated by flow cytometry on a LSRII with 355 nm excitation and 450 nm emission.Results of LIVE/DEAD assays and cell cycle profiles were analyzed using FlowJo v10. We chose to examine cells treated with 20 µM PhenDC3 for 48 hr based on control experiments which showed that effects of treatment were barely perceptible at 24 hr, and that 20 µM PhenDC3 was relatively non-toxic (>90% viable; Figures 3; FigureS2). Cells were split 24 hr prior to treatment and cultured in six plates at 3x105 cells per 10 cm plate, in 10 ml of media per plate. Treatment was initiated by replacing culture media with 10 ml of fresh media containing either 100 µl of 2 mM PhenDC3 stock in DMSO (20 µM final concentration; 3 culture plates), or DMSO only (3 culture plates). At 48 hr, cells were removed from each plate by trypsinization and the resulting six samples separately processed for RNA-seq.
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 S2 Figure S2. Effects of PhenDC3 on Cell Viability and Cell Cycle, Related to Figure 2. DAPI cell cycle profiles for populations treated with 0, 10, or 20 µM PhenDC3 for 48 hr. The triplicate replicates analyzed by RNA-Seq included the two samples treated with 20 µM PhenDC3 shown here, and a third sample shown in Figure 2B.

  Figure S3. PhenDC3 Treatment Induces Significant Transcriptional Changes in HT1080 Fibrosarcoma Cells, Related to Figure 3. (A) Euclidean sample-to-sample distances calculated from the normalized count data of HT1080 cells treated with 20 µM PhenDC3 for 48 hours. Hierarchical clustering of distance matrices shows a clear distinction between untreated (DMSO) and treated (+PhenDC3) samples. (B) MA plot showing differentially expressed genes between untreated and treated samples. Each dot represents one gene; red, genes with significantly altered expression values (FDR < 0.05); gray, genes without significantly altered expression values (FDR > 0.05).

Figure S5 .

 S5 Figure S5. Response of Iron-Sulfur Proteins to PhenDC3 Treatment, Related to Figure 4. Log 2 fold changes for genes encoding iron-sulfur proteins. *, FDR < 0.05.

Figure 19 .

 19 Figure 19. Translocation prediction power of non-B DNA structures in cancer genomes.
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 15 Fig. 1 Transcriptome changes during the transition from short-term (acute) to long-term (chronic) BRCA2 inactivation in human cells. a Human H1299 and MDA-MB-231 cells carrying a doxycycline (DOX)-inducible BRCA2 shRNA were grown in the presence or absence of 2 µg/mL DOX for 4 or 28 days before processing for RNA-seq and western blot analyses. b Whole-cell extracts prepared after 4 or 28 days of DOX treatment were immunoblotted as indicated. SMC1 was used as a loading control. c, d RNAseq analyses of cells treated as in (a) identify transcriptional alterations specific to BRCA2-deficiency (FDR < 0.05) after 4 and 28 days of DOX treatment. Heatmaps depict Log 2 (Fold Change) of top 480 genes differentially expressed in +DOX versus -DOX cells, after 4 or 28 days of DOX treatment. Boxes indicate a subset of genes downregulated at day 4 (DOWN) or upregulated at day 28 (UP) in BRCA2-deficient H1299 cells. n = 3 independent experiments; DE, differential expression

Fig. 2 5 4

 25 Fig. 2 Pathway deregulation in BRCA2-deficient H1299 cells during short-term (4 days) or long-term (28 days) BRCA2 inactivation. a, b Volcano plot of genes differentially expressed (FDR < 0.05) in BRCA2-deficient versus BRCA2-proficient H1299 cells, after DOX treatment for 4 (a)o r2 8( b) days. A subset of the genes significantly downregulated (Log 2 (Fold Change) < -0.5) after 4 days or significantly upregulated (Log 2 (Fold Change) > 0.5) after 28 days of DOX treatment is shown. c, d Gene set enrichment analysis based on functional annotation (Gene Ontology-Biological Process database) of genes downregulated after 4 days (c) or upregulated after 28 days (d) of DOX treatment. e Cells were pulse-labeled with EdU for 30 min. Frequency of cells in G1, S, and G2/M stages of the cell cycle were determined using FACS analyses of EdU-labeled cells. f Cells were fixed and stained with antibody against cGAS after 4 days or after 28 days of DOX treatment. DNA was counterstained with DAPI. Shown are representative images of cells treated with DOX. cGAS-positive micronuclei were quantified and related to number of cells. Error bars represent SD of n = 3 independent experiments. NS, p > 0.05; *, p < 0.05 (unpaired two-tailed t test). Green arrows indicate cGAS-positive micronuclei and white arrows indicate cGAS-negative micronuclei. Scale bar represents 10 µM

Fig. 3

 3 Fig. 3 Upregulation of innate immune response genes in BRCA2-deficient human cells. a Venn diagram of common genes upregulated in H1299 and MDA-MB-231 human cells, upon chronic (28 days) DOX-induced BRCA2 depletion. b Gene set enrichment analysis (Gene Ontology-Biological Process database) of the 28 genes upregulated upon chronic BRCA2 inactivation in both H1299 and MDA-MB-231 cells. c, d Whole-cell extracts prepared after 4 and 28 days of DOX treatment were immunoblotted as indicated. GAPDH was used as a loading control. Phosphorylation site are indicated in red
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 45 Fig. 4 Time course of innate immune response activation in BRCA2-deficient cells. a H1299 cells expressing a DOX-inducible BRCA2 shRNA were grown in the presence or absence of DOX for 28 days. Cells collected every 2 days were subjected to quantitative RT-PCR analyses using primers specific for indicated genes. mRNA levels were expressed relative to the gene encoding β-actin and to day 2 (2 -ΔΔCT ). n = 3 independent experiments, each performed in triplicates. Each dot represents a single replicate. b Whole-cell extracts prepared at indicated times after DOX addition were immunoblotted as shown. GAPDH was used as a loading control. Phosphorylation sites are indicated in red

Fig. 6

 6 Fig.6Effect of PARP inhibitor on ISG expression in BRCA1/2-deficient tumors. a Schematic representation of tumor treatment. Tumor-bearing mice were treated on indicated days with PARP inhibitor talazoparib or with solvent control, both orally administered (p.o.). Total RNA was prepared from tumors collected at the end of the treatment. b BRCA1-deficient MDA-MB-436 human cells (1 × 10 6 ) were injected into the mammary fat pad and c HCT116 (BRCA2 +/+ or BRCA2 -/-) human cells(3 × 10 6 ) were injected intramuscularly into the hind leg muscles of CB17/SCID mice and allowed to generate tumors which were then treated as in (a). mRNA levels of indicated genes were determined using quantitative RT-PCR analyses and were expressed relative to the gene encoding β-actin (b) or GAPDH (c) and to solvent-treated control tumors (2 -ΔΔCT ). Error bars represent SD of n = 3(b, c BRCA2 -/-) or n = 5( c, BRCA2 +/+ ) tumors, for which quantitative RT-PCR reaction was performed in triplicates. NS, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001 (unpaired two-tailed t test)

Fig. 7

 7 Fig.7Model of innate immune response activation in BRCA2-deficient cells. Intrinsic replication stress and unrepaired DSBs cause genomic instability leading to release of DNA into the cytosol. Cytosolic DNA assembles into micronuclei, where it binds to and activates cyclic GMP-AMP synthase (cGAS), a cytosolic DNA sensor. cGAS catalyzes the synthesis of cyclic GMP-AMP (cGAMP), which binds to and activates STING (stimulator of interferon genes). STING promotes TBK1-dependent phosphorylation of interferon response factor 3 (IRF3), which translocates into the nucleus as a homodimer to induce transcription of type I interferon. Secreted interferon binds to transmembrane receptors and elicits autocrine and paracrine signaling, both mediated by the JAK-STAT pathway. Janus kinases (JAKs) phosphorylate signal transducer and activator of transcription 1 (STAT1) and 2 (STAT2), which enter the nucleus as a heterodimer to initiate transcription of interferon-stimulated genes (ISGs). ER, endoplasmic reticulum

-

  Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.DAY 4 

  480 genes with FDR<0.05) (n = 1,364 genes with FDR<0.05) (n = 481 genes with FDR<0.05) (n = 199 genes with FDR<0.05) Supplementary Figure 2. Doxycycline (DOX) treatment induces significant transcriptional changes in H1299 or MDA-MB-231 human cells expressing a DOX-inducible shRNA against BRCA2. (a, b) Euclidean sample-to-sample distances calculated from RNA-seq normalized count data for H1299 (a) and MDA-MB-231 (b) cells carrying a DOX-inducible shRNA against BRCA2, treated with 2 µg/ml DOX for 4 or 28 days. Hierarchical clustering of distance matrices shows a clear distinction between -DOX and +DOX samples. (c, d) MA plots showing differentially expressed genes between +DOX and -DOX samples treated as in (a, b). Each dot represents one gene; red, genes with significantly altered expresssion values (FDR < 0.05); gray, genes without significantly altered expresssion values (FDR > 0.05).

9 .

 9 Upregulation of the innate immune response genes triggered by BRCA2 inactivation is STING and STAT1-dependent. H1299 cells expressing a doxycycline (DOX)-inducible BRCA2 shRNA were grown in the presence or absence of DOX. (a, b) Cells transfected with STING siRNA every 4 days were subjected to (a) quantitative RT-PCR analyses using primers specific for the indicated genes. mRNA levels were expressed relative to the gene encoding β-actin and to day 0 (2 -ΔΔCT ). (b) Whole cell extracts were immunoblotted as indicated. GAPDH was used as a loading control. Phosphorylation sites are indicated in red. (c) Upon 28 days of DOX treatment, cells were transfected with STAT1 siRNA for 48 hours and subjected to quantitative RT-PCR analyses using primers specific for the indicated genes. mRNA levels were expressed relative to the gene encoding β-actin and to untreated (-DOX) controls (2 -ΔΔCT ). Error bars represent SD of n = 4 independent experiments, each performed in triplicates. *, p < 0.05 (unpaired two-tailed t test). Whole cell extracts were immunoblotted as indicated. Tubulin was used as a loading control.Reislander et al. -Supplementary Figure 9

  well-established innate immune sensor of cytosolic DNA, but its presence in the nucleus is poorly understood. Gentili et al. find that nuclear cGAS is active and enriched on centromeres and LINE DNA repeats. Nuclear-cytoplasmic distribution, centromere association, and nuclear activation are determined by its non-enzymatic N-terminal domain.INTRODUCTIONDNA is conserved throughout evolution, posing the problem of the distinction of self-DNA from pathogen-associated or damaged self-DNA by the immune system[START_REF] Schlee | Discriminating self from non-self in nucleic acid sensing[END_REF]. DNA is normally absent from the cytosol, and the presence of cytosolic DNA activates cyclic guanosine monophosphate (cGMP)-AMP synthase (cGAS). Upon DNA binding, cGAS synthesizes the second messenger 2 0 3 0 -cyclic GMP-AMP (cGAMP), which binds to the Stimulator of Interferon Genes (STING), resulting in the activation of nuclear factor kB (NF-kB) and interferon regulatory factor 3 (IRF3), their translocation to the nucleus, activation of a type I interferon (IFN) response, expression of IFN-stimulated genes (ISGs), and activation of dendritic cells

  ª 2019 The Author(s). 2377 This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Figure 1 .

 1 Figure 1. cGAS Is Present in the Nucleus as a Result of Nuclear Envelope Opening (A) Quantification of mean endogenous cGAS intensity in the nucleus (N) or in the cytoplasm (C) of post-mitotic human monocyte-derived dendritic cells (DCs) (n > 60 cells for each donor, 3 independent donors combined from 2 independent experiments; red lines represent average and black lines represent SD, 1-way ANOVA with post hoc Tukey test; ****p < 0.0001). (B) Top: immunofluorescence staining of endogenous cGAS (red) and DAPI (blue), cGAS staining and (bottom) overlay plots of pixel intensity measured along the yellow line of cGAS (red) and DAPI (blue). For DAPI, refer to Figure S1B. Scale bars, 10 mm.(legend continued on next page)

Figure 2 .

 2 Figure 2. Nuclear-Localized cGAS Activates an Innate Immune Response in DCs (A) Schematic representation of the lentivector insert with GFP under the control of an inverted HLA-DRa promoter. Arrows represent transcription direction from the LTRs in transfected 293FT cells and from the inverted HLA-DRa promoter in transduced DCs. (B) Confocal microscopy of DCs transduced with GFP (top), GFP-cGAS (center), or GFP-NLS-cGAS (bottom) lentivectors under the control of the inverted HLA-DRa promoter. GFP (green), DAPI (blue). One representative field from 1 donor of n = 2 donors. Scale bars, 10 mm. (C) GFP and CD86 expression in DCs after transduction with lentivectors encoding for GFP, GFP-cGAS, or GFP-NLS-cGAS, in the presence or in absence of Vpx. Representative of n = 9 donors in 4 independent experiments. (D) CD86 expression in DCs transduced as in (C); n = 9 donors of 4 independent experiments. One-way ANOVA with post hoc Tukey test. (E) Schematic representation as in (A) of the lentivector insert with GFP under the control of the SFFV promoter.

(

  F) GFP and CD86 expression in DCs after transduction with GFP-NLS (control [CTR]) or GFP-NLS-cGAS lentivectors in pTRIP-SFFV, in the presence or in absence of Vpx. Representative of n = 4 donors in 2 independent experiments. (G) GFP and SIGLEC1 expression in DCs stably transduced as in (F). Representative of n = 4 donors in 2 independent experiments. (H) CD86 expression in DCs transduced as in (F); n = 4 donors in 2 independent experiments. One-way ANOVA with post hoc Tukey test. (I) SIGLEC1 expression in DCs transduced as in (F) in the presence or absence of Vpx; n = 4 donors of 2 independent experiments. One-way ANOVA with post hoc Tukey test. (J) CD86 expression in dose titration of GFP-NLS or GFP-NLS-cGAS lentivectors in pTRIP-SFFV, within GFP + (green) and GFP À (black) DC populations. Solid lines represent means, light-colored limits represent SEMs; n = 4 donors in 2 independent experiments. One-way ANOVA with post hoc Tukey test. (K) SIGLEC1 expression of cells transduced as in (J). (L) Expression of MX1, CXCL10, IFIT1, and OAS1 relative to ACTB, in DCs transduced with GFP-NLS or GFP-NLS-cGAS lentivectors; n = 6 donors combined from 2 independent experiments. One-way ANOVA with post hoc Sidak test on log-transformed data. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, non-significant. See also Figure S2.

Figure 3 .Figure 4 .

 34 Figure 3. Nuclear Localization of cGAS Results in Limited cGAMP Production (A) Immunofluorescence staining of DAPI (blue) and cGAS (red) in cycling 293FT cells stably transduced with control (empty vector [EV]) (top), cGAS (center), or NLS-cGAS (bottom) lentivectors in pTRIP-CMV. Scale bars, 10 mm. (B) cGAMP quantification by cGAMP bioassay in extracts of cells described in (A). Means and SEMs of n = 3 independent experiments. Dilutions are 3-fold. (C) cGAMP quantification in extracts of described in (A) that were stimulated overnight with 1 mg/mL HT-DNA. cGAMP was quantified as in (B). Means and SEMs of n = 3 independent experiments. Dilutions are 3-fold. (D) cGAMP quantification relative to a cGAMP synthetic standard based on effective concentration 50 (EC 50 ) of the cGAMP bioassay curves. Means and SEMs of n = 3 independent experiments. One-sample t test. (E) cGAMP concentrations in cells as in (A) measured by cGAMP ELISA. Means and SEMs of n = 3 independent experiments. Gray dashed line indicates lower limit of detection; bar shows geometric mean. One-way ANOVA with post hoc Tukey test on log-transformed data. (F) Expression of GFP-FLAG-cGAS, GFP-NLS-FLAG-cGAS, tubulin, calnexin, and lamin A/C in nuclear (N) and cytoplasmic (C) fractions of DCs transduced with the GFP-NLS or corresponding cGAS lentivectors with the SFFV promoter (representative of n = 5 independent donors). Reduced material for GFP-FLAG-cGAS samples was associated with activation-induced cell death. (G) cGAMP concentrations in cytoplasmic and nuclear fractions of DCs as in (F), measured by cGAMP ELISA. Gray dashed line indicates lower limit of detection. Means and SEMs of n = 5 independent donors. Bar shows geometric mean. One-way ANOVA with post hoc Tukey test on log-transformed data. *p < 0.05, **p < 0.001, ns, not significant. See also Figure S3.

(

  E) Sequential images of HeLa cells stably transduced as in (B) immediately after confinement at 3 mm (time = 0 min; left) and after 6 h, 45 min from confinement (time = 345 min; right). Arrows indicate cells with NE ruptures as shown by bright mCherry-cGAS E225A/D227A foci in the nucleus. One representative field. Scale bars, 10 mm. (F) Sequential images of HeLa cells stably transduced as in (B) subjected to 3 mm confinement and transfected with 4 mg/mL HT-DNA immediately after confinement at 3 mm (time = 0 min; left) and after 6 h, 45 min from confinement (time = 345 min; right). Arrows indicate cells with mCherry-cGAS spots in the cytoplasm and with consequent translocation of GFP-IRF3 in the nucleus. One representative field. Scale bars, 10 mm. (G) Sequential images of HeLa STING cells transfected with 4 mg/mL HT-DNA, after transfection (time = 0 min), and 345 minutes later. For quantification in (D), only cells with bright GFP-IRF3 foci in the cytoplasm were quantified to exclude cells in which GFP-IRF3 translocate due to cGAMP transfer via gap junctions. Scale bars, 10 mm. (H) Expression of GFP-NLS, GFP-FLAG-cGAS E225A/D227A (*), GFP-NLS-FLAG-cGAS E225A/D227A (**), endogenous cGAS (^), and actin in DCs transduced with the corresponding lentivectors (representative of 2 independent donors). (I) Expression of BFP, CD86, and SIGLEC1 in DCs as in (H) 48 h after infection with BFP-reporter HIV-1 and HIV-2 viruses and 24 h after transfection with HT-DNA or cGAMP (n = 2 independent donors).2384 CellReports 26, 2377[START_REF] Yang | cGAS is essential for cellular senescence[END_REF] 

Figure 5 .

 5 Figure 5. Nuclear cGAS Associated with Centromeric Satellite DNA (A) 3D projection of the nucleus of a DC expressing GFP-NLS-cGAS (green). (B) Experimental scheme for ChIP-seq of GFP-NLS-cGAS stably transduced in DCs.

  (H) DC stably transduced with GFP-NLS lentivector in pTRIP-SFFV and stained for CENP-B. (Left) Z-projection of CENP-B (white) with nuclear mask (yellow) and (right) orthogonal projections (single confocal plane) of CENP-B (red) and GFP-NLS (green). Scale bar, 2 mm. (I) Quantification of GFP intensity in CENP-B foci or random regions in the nucleus, normalized over mean nuclear GFP intensity, in cells transduced as in (H); n R 140 foci or random regions in 7 independent cells. Each dot represents a single CENP-B focus. Means and SDs are represented. One donor representative of n = 4 donors in 2 independent experiments. Student's t test. (J) DC stably transduced with GFP-NLS-cGAS lentivector in pTRIP-SFFV and stained for CENP-B, shown as in (H). Scale bar, 2 mm. (K) Quantification of GFP-NLS-cGAS intensity in CENP-B foci or random regions in the nucleus as in (I). (L) CD86 and IFN-l1 expression by DCs transfected with synthetic DNA repeats coding for the AATGG satellite motif, the corresponding shuffled sequence, or HT-DNA at the indicated DNA concentrations (solid lines, means; dotted lines, SEMs; independent donors: n = 9 for CD86, n = 7 for IFN-l1; 2-way ANOVA with Tukey test on log-transformed data for IFN-l1). **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S4.2386 CellReports 26, 2377[START_REF] Yang | cGAS is essential for cellular senescence[END_REF], February 26, 2019 

Figure 6 .

 6 Figure 6. cGAS N-Terminal Domain Determines a-Satellites' Association, Cytosolic Retention, and Activation in the Nucleus (A) (Left) Schematics of cGAS deletions and (right) confocal microscopy of DCs transduced with human full-length catalytically inactive cGAS, the N-terminal part of cGAS (cGAS 1-212), or the C-terminal part (cGAS 161-522) fused to GFP in pTRIP-SFFV. GFP channel is shown in black on white. One representative donor of n = 4 donors in 2 independent experiments. Scale bars, 10 mm. (B) (Left) Schematics of cGAS deletions and (right) confocal microscopy of DCs transduced with human full-length catalytically inactive cGAS or cGAS 1-160 in pTRIP-SFFV. GFP channel is shown in black on white. One representative donor of n = 4 donors in 2 independent experiments. Scale bars, 10 mm. (C) GFP, CD86, and SIGLEC1 expression in DCs after transduction with a GFP-NLS, GFP-NLS-cGAS, GFP-cGAS 161-522, or GFP-NLS-cGAS 161-522 lentivector in pTRIP-SFFV in the presence or absence of Vpx. One representative donor of n = 6 donors in 3 independent experiments. (D) CD86 and SIGLEC1 expression in DCs transduced as in (D); n = 6 donors in 3 independent experiments. One-way ANOVA with post hoc Tukey test. (E) Confocal microscopy of Cgas À/À mouse bone marrow-derived DCs transduced with GFP-NLS, GFP-cGAS, GFP-NLS-cGAS, GFP-cGAS 1-160, or GFP-cGAS 161-522 in pTRIP-SFFV lentivectors. GFP channel is shown in black on white. One representative mouse of n = 2. Scale bars, 10 mm. (F) Expression of Ifit1 in Cgas À/À mouse bone marrow-derived DCs transduced with GFP, GFP-NLS, GFP-cGAS, GFP-NLS-cGAS, GFP-cGAS 1-160, or GFP-cGAS 161-522 in pTRIP-SFFV lentivectors, untreated or treated with reverse transcriptase inhibitors (AZT + NVP) or transfected with cGAMP; n = 4 mice combined from 2 independent experiments. Bars represent geometric means. One-way ANOVA with Sidak test on log-transformed data. (G) Quantification of GFP intensity in CENP-B foci in the nucleus, normalized over mean nuclear GFP intensity, in DCs transduced with GFP-NLS or the indicated GFP-cGAS lentivectors, in pTRIP-SFFV; n R 140 foci per construct were quantified in 7 or 8 independent cells per construct. Each dot represents a single CENP-B focus. Means and SDs are represented. One representative donor of n = 4 donors in 2 independent experiments. One-way ANOVA with post hoc Tukey test. ***p < 0.001, ****p < 0.0001, ns, non-significant. See also Figure S5.

Figure 7 .

 7 Figure 7. Endogenous cGAS Associates with Centromeres (A) Representative immunofluorescence images of a metaphase spread of cycling U2OS cells showing endogenous cGAS enrichment at the inner centromere. CENP-A marks the centromere position. Yellow arrows point to cGAS localization at an inner centromere. Scale bar, 5 mm. (B) Top left: magnification of a centromere as in (A) showing cGAS enrichment between two CENP-A foci. Top right: schematic of the expected CENP-A and ACA localization at the inner kinetochore and at the inner kinetochore and centromere, respectively. Bottom: normalized mean of the fluorescence intensity scan lines of ACA, CENP-A, and cGAS along the centromeres. Error bars represent the SEMs of 36 centromeres in 1 cell (representative of 2 independent experiments). (C) Heatmaps of ACA, CENP-A, and cGAS intensities for individual chromosomes as in (B) after distance normalization (n = 22 chromosomes, representative of 2 independent experiments). (D) Baseline expression of the indicated ISGs (Ifit1, Ifit2, Oas1a) in bone marrow-derived DCs from Cgas À/À mice or WT littermates. Bars represent means and error bars are SEMs. Each dot represents an individual mouse; n = 6 mice per genotype combined from 3 experiments; 1-way ANOVA with post hoc Tukey test; ****p < 0.0001. (E) Overview of the GFP-cGAS knockin locus. (F) Experimental scheme for ChIP-seq of GFP-cGAS mouse DCs from GFP-cGAS KI/KI mice.(G) Annotation of the significant peaks of the ChIP-seq on Cgas KI/KI mice DCs over input. Elements with <10 peaks are grayed out. (H) Annotation of the significant peaks of endogenous GFP-cGAS over input in mouse DCs (peak intersection of replicates 1 and 2) compared to significant peaks of overexpressed GFP-NLS-cGAS over input in human DCs (donor 1). Elements with <10 peaks are not included. (I) ChIP-seq read enrichment on repeats; Cgas KI/KI over input in mouse DCs. SATMIN, mouse minor satellite DNA; GSAT_MM, mouse g-satellite repetitive sequence; IMPB_01, consensus of repeated region of mouse chromosome 6; SQR1_MM, SQR2_MM, SQR4_MM, mouse simple repetitive DNA (sqr family); ZP3AR, satellite from Muridae. (J) Working model of cGAS expression in the cytoplasm in interphase, followed by localization to the nucleus as a result of mitosis.
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  . In figures asterisks denote statistical significance *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001, ''ns'' = not significant. Statistical tests used are indicated in the figure legends.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 Ionic radii of the monovalent cations interacting with G-quartets [adapted from[START_REF] Bhattacharyya | Metal Cations in G-Quadruplex Folding and Stability[END_REF]].

	Ion	Coordination number Radius (pm 1 )
	Li +	6	60
	Na +	6	95
	K +	6	133
	Tl +	6	140
	(NH4) +	6	148
	Rb +	6	148
	Cs+	6	169
		1 pm, picometers.	

Table 3 .

 3 G-quadruplex motif detection algorithms.

	Method	Name	Features				Language	Reference
		Quadparser	Gt1NL1Gt2NL2Gt3NL3Gt4, with t = 3-5 and L =	C++, Python	Huppert and
			1-7 by default				Balasubramanian (2005)
		Quadruplexes	G3-5N1-7G3-5N1-7G3-5N1-7G3-5			C++	Todd et al. (2005)
		QGRS Mapper	GxNy1GxNy2GxNy3Gz,	with	x	≥	2.
			Restrictions: maximum length set to 30 nt
	Regular		(thus max G=6), can be set to 45 nt by the
	expression		user. A single loop of 0 length is allowed.
	matching					

Table 4 .

 4 G-quadruplex detection software availability.

  script, multi-file loop for instance on individual chromosome files, etc.). Accessing the source code (main Quadron.R script), the user can set the desired arguments and modify the number of CPUs used for computation (although large values are advised for predictions in

	large genomes):
	#!/usr/bin/env Rscript
	args <-commandArgs(trailingOnly=TRUE)
	#test if at least the input file was provided
	if (length(args)==0) {
	stop("The input fasta file must be supplied\n", call.=FALSE)
	} else if (length(args)==1) {
	#set a default output file name
	args[2] <-"quadron.out.txt"
	}
	load("Quadron.lib")
	Quadron(FastaFile = args[1],
	OutFile = args[2],
	nCPU = 4,
	SeqPartitionBy = 1000000)

Table 5 .

 5 Putative G-quadruplex sequences in 12 genomes.

	Species	Genome	Size (

Mb) %GC G4-L1,7 G4-L1,12 G4Hunter Quadron Hits Score ≥19

  

	Human	hg19	3095.69	37.8	369,647	722,226	2,890,423	703,405	376,129
	Mouse	mm10	2730.87	42.6	491,803	786,453	2,724,011	783,538	542,232
	Zebrafish	danRer10	1371.72	36.8	52,215	103,252	263,185	100,124	58,430
	D. melanogaster dm6	143.73	42.1	10,250	24,804	110,024	24,754	11,795
	C. elegans	ce11	100.29	35.4	2,227	4,290	36,136	4,282	2,358
	S. cerevisiae	sacCer3	12.16	38.4	38	143	2,701	142	67
	L. major	LmjFv6.1	32.86	59.6	11,462	16,988	100,569	16,978	13,577
	T. brucei	Tb927	35.83	46.8	1,647	3,231	29,219	3,220	1,852
	P. falciparum	Pfalciparum3D7	23.33	19.6	306	193	4,341	192	109
	A. thaliana	TAIR10	119.67	36.1	1,232	2,849	25,786	2,841	811
	R. sphaeroides	ASM1290v2	4.64	68.8	633	1,990	10,107	1,979	497
	E. coli	ASM584v2	4.60	50.8	52	131	1,701	130	21

Table 6 .

 6 Biophysical and biochemical methods to study G-quadruplexes [adapted from[START_REF] Kwok | Prediction, Characterization, and Biological Application[END_REF].

	Method	Information	Molecule	Study type	Reference
	CD	Topology	DNA and RNA	In vitro	Paramasivan et al. (2007)
	UV melting	Thermostability	DNA and RNA	In vitro	Mergny et al. (1998)
	FRET melting	Thermostability	DNA and RNA	In vitro	Mergny et al. (2001)
	NMR	3D structure; G-quartet imino	DNA and RNA	In vitro	Webba da Silva (2007)
		protons at 10.5-12.0 ppm			
	X-ray crystallography	3D structure	DNA and RNA	In vitro	Parkinson et al. (2002)
	Fluorescent probes	G4 presence or absence	DNA and RNA	In vitro	Kreig et al. (2015)
	TDS	G4 presence/absence	DNA and RNA	In vitro	Mergny et al. (2005b)
	Polymerase stop assay	Starting location at nucleotide	DNA	In vitro	Han et al. (1999)
		resolution			
	DMS and piperidine	Location and structural reactivity	DNA	In vitro	Williamson et al. (1989)
	cleavage assay	at guanine nucleotide resolution			
	RNase T1	Location and structural reactivity	RNA	In vitro	Morris and Basu (2009)
		at guanine nucleotide resolution			
	In-line probing	Location and structural reactivity	RNA	In vitro	Beaudoin et al. (2013)
		at single nucleotide resolution			
	RTS	Starting location at nucleotide	RNA	In vitro	Kwok et al. (2015)
		resolution			
	SHALiPE (and DMSLiPE)	Location and structural reactivity	RNA	In vitro	Kwok et al. (2016)
		at single nucleotide resolution			
	FOLDeR	Location and structural reactivity	RNA	In vitro	Weldon et al. (2017)
		at single nucleotide resolution			

Table 7 .

 7 Wavelengths for various nucleic acid structures [adapted fromMergny et al. 2005].

	Structure	Major positive peak Other peaks/features
	DNA duplex 0% GC	259.5 ± 2 nm	284 nm (-0.03)
	RNA duplex 0% GC	259 ± 2 nm	284 nm (-0.28)
	DNA duplex 100% GC	276.5 ± 0.5 nm	237.5 ± 1 nm (±0.66)
	Parallel AT Duplex	265.5 ± 0.5 nm	shoulder at 288 nm
	Z-DNA	241 ± 2 nm	295 ± 1 nm (-0.37)
	Triplex TC	247 ± 1 nm	295.5 ± 1 nm (-0.30)
	G-quartet	243 ± 2 nm	295 ± 1 nm (-0.73)

Table 8 .

 8 G-quadruplex detected by different in silico and in vitro methods.

	Species	G4Hunter G4-L1,7	Quadron Score ≥19	G4-seq K + K + + PDS
	Human	2,890,423	369,647	376,129	434,272	1,376,425
	Mouse	2,724,011	491,803	542,232	797,789	1,746,863
	Zebrafish	263,185	52,215	58,430	141,637	321,230
	D. melanogaster	110,024	10,250	11,795	19,399	55,263
	C. elegans	36,136	2,227	2,358	4,144	10,776
	S. cerevisiae	2,701	38	67	103	502
	L. major	100,569	11,462	13,577	17,343	36,941
	T. brucei	29,219	1,647	1,852		

Table 9 .

 9 G-quadruplex structures in gene promoters.

	Gene	Number	PDB accessions	Predominant	Reference
		of entries		fold	
	cMYC	14 5VHE, 2N6C, 2L7V, 1XAV, 6ERL, 2LBY,	Parallel	Ambrus et al. 2005
			2MGN, 5LIG, 5W77, 2A5R, 2A5P, 2LLH,		
			2N6C, 6NEB		
	BCL2	1 2F8U	mixed	Dai et al. 2006
	cKIT-1	6 2O3M, 2KQG, 2KQH, 4WO3, 6GH0, 3QXR	parallel	Wei et al. 2012
	cKIT-2	2 2KYP, 2KYO	parallel	Kuryavyi et al. 2010
	VEGF	2 2M27, 2M53	parallel	Agrawal et al. 2013
	KRAS	1 5I2V	parallel	Kerkour et al. 2017
	RET	1 2L88	parallel	Tong et al. 2011
	hTERT	2 2KZD, 2KZE	(3+1) mixed	Lim et al. 2010

I.C.1 b/Quadruplex motifs in DNA replication

Table 10 .

 10 Known G-quadruplex unwinding helicases [adapted from Koch Lerner and Sale 2019].

	Family	Name	Substrate	Specificity	Polarity Other functions
		PIF1	DNA	Parallel and antiparallel,	5'-3'	mtDNA maintenance, DSB 1 repair
				intra-and tetramolecular G4s		
		DNA2	DNA	Telomeric G4s	5'-3'	Okazaki fragment maturation, ICL 2
						repair
	Fe-S	FANCJ	DNA	Parallel, intra-and	5'-3'	ICL repair, checkpoint control,
				tetramolecular G4s		replication stress response
		DDX11	DNA	Antiparallel, intramolecular	5'-3'	Sister chromatid cohesion, post-
				G4s		replicative repair
		RTEL1	DNA	Telomeric G4s	5'-3'	ICL repair, replication stress
						response
		XPD	DNA	Parallel tetramolecular G4s	5'-3'	NER 3 , basal transcription
	RecQ	WRN	DNA	Parallel, intramolecular G4s	3'-5'	Fork protection and remodeling,
						checkpoint control, DSB and ICL
						repair
		BLM	DNA	Parallel, intra-and	3'-5'	Fork protection and remodeling,
				tetramolecular G4s		DSB and ICL repair
	DEAH	DHX9	RNA and DNA Parallel, intra-and	3'-5'	Replication stress response,
				tetramolecular G4s		transcription regulation
		DHX36/RHAU RNA and DNA Parallel, intra-and	3'-5'	Translation regulation, RNA
				tetramolecular G4s		decay, telomere length regulation
		1 DSB, DNA double-strand breaks; 2 ICL, interstrand crosslinks; 3 NER, nucleotide excision repair

Table 1 .

 1 Number of G4-L 1-a motifs in the human genome (a = (2,12))

						Ratio(observed/expected) 10 Kbp bins
			Number of PQS in hg38	Number of PQS in local background		around PQS
	Motif	G 3	G 3+	G 3	G 3+	G 3	G 3+
	G4-L 1	18 153	39 634	487 (±3)	695 (± 9)	37 (±0.22)	57 (±0.76)
	G4-L 1-2	51 008	79 831	2196 (±17)	2548 (± 19)	23 (±0.18)	31 (±0.24)
	G4-L 1-3	116 628	131 266	5612 (±47)	6053 (± 54)	21 (±0.18)	22 (±0.20)
	G4-L 1-4	195 501	201 984	11 300 (±91)	11 813 (± 74)	17 (±0.14)	17 (±0.11)
	G4-L 1-5	264 284	268 562	19 593 (±164)	20 182 (± 159)	13 (±0.11)	13 (±0.10)
	G4-L 1-6	331 699	334 529	30 762 (±176)	31 389 (± 170)	11 (±0.06)	11 (±0.06)
	G4-L 1-7	404 347	406 531	44 983 (±164)	45 636 (± 199)	9 (±0.03)	9 (±0.04)
	G4-L 1-8	483 818	485 601	62 345 (±289)	63 028 (± 309)	8 (±0.04)	8 (±0.04)
	G4-L 1-9	563 173	564 198	82 848 (±334)	83 593 (± 326)	7 (±0.03)	7 (±0.03)
	G4-L 1-10	640 520	641 386	106 862 (±217)	107 609 (± 173)	6 (±0.01)	6 (±0.01)
	G4-L 1-11	717 046	717 600	134 115 (±82)	134 834 (± 61)	5 (±0.00)	5 (±0.00)
	G4-L 1-12	796 765	797 358	164 834 (±21)	165 584 (± 24)	5 (±0.00)	5 (±0.00)
	PQS, putative quadruplex sequences; G 3 ,r u n so fe x a c t l y3g u a n i n e s ;G 3+ ,r u n so f3o rm o r eg u a n i n e s .N u m b e r sb e t w e e np a r e n t h e s e ss h o ws t a n d a r d
	deviation values (from counts in n = 3 independent shuffles).				

Table 2 .

 2 Melting temperatures (T 1/2 ) measured by FRET-melting in K

Table 1 .

 1 Genome metrics and quadruplex sequences in seven viral taxa.

	Taxon	Assemblies	Median % GC	Median Genome Size (Base Pairs)	Total PQS Count	Mean PQS Density 1
	dsDNA	2758	44.5	45,531	11,315	0.083
	dsRNA	301	44.5	2178	11	0.018
	RT 2	153	43.6	7743	85	0.074
	Satellites	227	41.0	1348	2	0.011
	ssDNA	988	44.0	2707	102	0.058
	ssRNA	1784	43.4	6944	553	0.036
	Unclassified	1158	44.6	4492	206	0.024

Table 2 .

 2 Genome metrics and quadruplex sequences in various organisms.

	Organism	Median % GC	Genome Size (Mb)	Total PQS Count 1	Mean PQS Density 2
	Human	37.8	3095.69	434,272	0.140
	Mouse	42.6	2730.87	327,452	0.120
	Zebrafish	36.8	1371.72	25,677	0.019
	Drosophila melanogaster	42.1	143.73	5262	0.037
	Caenorhabditis elegans	35.4	100.29	1561	0.016
	Saccharomyces cerevisiae	38.4	12.16	7	0.001
	Leishmania major	59.6	32.86	7913	0.241
	Trypanosoma brucei	46.8	35.83	635	0.018
	Plasmodium falciparum	19.6	23.33	51	0.002
	Arabidopsis thaliana	36.1	119.67	338	0.003
	Rhodobacter sphaeroides	68.8	4.64	5	0.001
	E. coli	50.8	4.6	109	0.024

1 PQS counts retrieved from

Marsico et al. 2019 [44]

; 2 Number of PQSs per kilo base pair (PQS/kbp).

Table 3 .

 3 Genome metrics and quadruplex sequences classified by host group.

	Host	Assemblies	Median % GC	Median Genome Size (bp)	Total PQS Count	Mean PQS Density 1
	Vertebrates	2769	44.4	5079	7945	0.082
	Human 2	1144	42.3	4325	1410	0.076
	Invertebrates	2930	42.4	4534	442	0.024
	Protozoa	61	46.1	6038	618	0.024
	Fungi	292	49.2	3147	41	0.039
	Plants	2484	43.2	2759	262	0.027

1 

Number of PQSs per kilo base pair (PQS/kbp); 2 Host group included in the Vertebrates group.

  • 18 mammals (Minke whale balAcu1, Marmoset calJac3, Dog canFam3, Green monkey chlSab2, Kangaroo rat dipOrd1, Wallaby macEug2, Crab-eating macaque macFas5, Mouse lemur micMur2, Mouse mm10, Gibbon nomLeu3, Bushbaby otoGar3, Baboon papAnu2, Orangutan ponAbe2, Rhesus macaque rheMac8, Golden snub-nosed monkey rhiRox1, Squirrel monkey saiBol1, Tarsier tarSyr2,

		Tree shrew tupBel1);
	•	9 birds/reptiles (American alligator allMis1, Chicken galGal5, Painted turtle chrPic1, Garter snake
		thaSir1, Lizard anoCar2, Zebra finch taeGut2, Medium ground finch geoFor1, Turkey melGal5,
		Budgerigar melUnd1);
	•	8 fish (Elephant shark calMil1, Zebrafish danRer11, Fugu fr3, Stickleback gasAcu1, Coelacanth
		latCha1, Medaka oryLat2, Lamprey petMar2, Tetraodon tetNig2);
	•	3 amphibians (Tibetan frog nanPar1, African clawed frog xenLae2, Xenopus tropicalis xenTro7);
	•	9 invertebrates (Apis mellifera apiMel3, Caenorhabditis elegans ce11, Caenorhabditis japonica
		caeJap1, Caenorhabditis brenneri caePb2, Caenorhabditis remanei caeRem3, Caenorhabditis
		briggsae cb3, Ciona intestinalis ci3, Drosophila melanogaster dm6, Pristionchus pacificus priPac1).

  ]. The G4 canonical motif sequence consists of four or more runs of guanines interspersed by other nucleotides: G≥3N≥1G≥3N≥1G≥3N≥1G≥3, where N = {A,T,C,G}[Todd et al. 2005; Huppert and Balasubramanian 2005]. Genome-wide in silico analyses have led to the detection of more than 700,000 G4 motifs in the human genome when allowing a loop size of DSBs) as well as replication-related damages. G4 ligands were recently shown to be reduce the proliferation of BRCA1/2-deficient cancerous cells by accumulating DNA damage and chromosomal aberrations[START_REF] Zimmer | Targeting BRCA1 and BRCA2 (deficiencies with Gquadruplex-interacting compounds[END_REF][START_REF] Xu | CX-5461 is a DNA G-quadruplex stabilizer with selective lethality in BRCA1/2 deficient tumours[END_REF]]. These findings are consistent with a critical role of the homologous recombination (HR) repair pathway in protecting cancer cells from genome instability triggered by G4 ligand activity[McLuckie et al. 2013; Michl et al. 2016]. In addition, treatment with the PhenDC3 ligand triggered genome instability in yeast, as shown by the detection of insertions and deletions at predicted G4 sequences in a replication-dependent manner[START_REF] Ribeyre | The Yeast Pif1 helicase prevents genomic instability caused by G-Quadruplex-Forming CEB1 sequences in vivo[END_REF] Piazza et al. 

	In live cells, the absence of helicases that resolve G4 structures [reviewed in Mendoza
	et al. 2016] can generate stable quadruplexes, which could impede the progression of DNA
	polymerases and lead to replication stalling, DNA damage and genomic instability [Tarsounas
	and Tijsterman 2013]. Similarly, ligands that stabilize G4 structures (and therefore prevent
	helicases from acting) can induce DNA damage in human cells, as evaluated by a high-

12 nt or smaller

[Gray et al. 2014

]. These motifs are dispersed throughout the genome, but greatly enriched near the transcription start site (TSS) and at the 5'-end of the first intron of genes

[Maizels and Gray 2013]

. Compelling evidence implicates such sequences in various essential biological functions, including replication, transcription, splicing, and genetic and epigenetic instability [reviewed in Maizels 2015; Rhodes and Lipps 2015; Valton and Prioleau 2016; Kwok and Merrick 2017]. In the past years, specific G4 ligands, small molecules able to target, bind and stabilize G-quadruplexes, have been developed [reviewed in Monchaud and Teulade-Fichou 2008; Ruggiero and Richter 2018], particularly aiming to target telomeres or oncogene promoters, as G4s are considered promising targets of anticancer drugs [Balasubramanian et al. 2011; Neidle 2016].

throughput sequencing study using the pyridostatin (PDS) ligand
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.

Indeed, PDS induced DNA damage as shown by formation of γH2AX foci, a marker of double-stranded DNA breaks (2010]. The yeast assay provides a simple framework in which quadruplex stability can be systematically evaluated by modifying the primary G4 sequence and evaluating mutagenesis.

  Visualization of the docked receptor-ligand structures was performed using PyMOL v2.3.1 for MacOSX (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC). All ligands poses were located in the same region of the G-quadruplex, from visual inspection.
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Les G-quadruplex (G4), structures secondaires des acides nucléiques, jouent un rôle biologique important dans de multiples processus cellulaires, tels que le maintien des télomères, la réplication cellulaire et virale, les réarrangements du génome, la réponse aux dommages de l'ADN et la régulation de la transcription. Les potentiels motifs G4 sont dispersés dans le génome et, en fonction des algorithmes utilisés pour les identifier in silico, leur nombre varie et peut atteindre plusieurs centaines de milliers. Cependant, toutes les séquences G4 ne présentent pas le même potentiel de repliement et en particulier, les structures portant des boucles très courtes entre les runs G sont plus stables in vitro et corrélativement, sont plus susceptibles de déclencher l'instabilité génomique in vivo. Mon travail de thèse était axé sur l'étude des effets bénéfiques et délétères de la formation de G4s, en particulier dans les cellules humaines. En tant qu'étude de cas, j'ai commencé par détecter et caractériser les G4 à l'aide du motif consensus G3N1G3N1G3N1G3 (G4-L1), qui devrait se replier en structures très stables et fournir un jeu de données de taille raisonnable. Tout d'abord, en effectuant une étude comparative des motifs G4-L1 dans le génome humain et chez plus de 600 espèces d'eucaryotes, j'ai montré que la composition en nucléotides de ces séquences était biaisée, ce qui conduit à la déplétion des quadruplexes les plus stables portant des boucles de pyrimidine dans la plupart des espèces. Cela pourrait être le résultat de processus mutagènes espèces-spécifiques, associés à une sélection négative contre les G4 les plus stables -neutralisant ainsi leurs effets néfastes sur la stabilité du génome -tout en préservant leurs rôles biologiques positifs. Ensuite, pour confirmer le potentiel mutagène de telles séquences dans le génome humain, j'ai développé un système NGS de capture ciblée et un pipeline analytique personnalisé, permettant l'analyse des altérations induites par des ligands de quadruplexes dans des cellules humaines. Cette approche de séquençage a permis de détecter des aberrations structurelles et des signatures mutationnelles somatiques liées aux traitements avec les différents ligands de G4, compatibles avec les signatures de processus mutationnels associés à des défauts dans diverses voies de réparation de l'ADN dans les cancers humains. Le dernier aspect de ma thèse a consisté en l'exploration complète du transcriptome de cellules de fibrosarcome traitées avec des ligands spécifiques de G4, révélant que les quadruplexes fonctionnent généralement comme des régulateurs positifs de la transcription, car les gènes les plus activement transcrits sont enrichis en motifs G4, remettant ainsi en cause la notion selon laquelle les quadruplexes exercent principalement une régulation à la baisse en bloquant la progression des ARN polymérases. Collectivement, ces travaux ont permis de mieux comprendre les rôles joués par les structures G4 dans le génome.

ADN non-B, G-quadruplex, NGS, ligands, stabilité génétique, régulation de l'expression génique, signatures mutationnelles

Non-B DNA, G-quadruplex, NGS, ligands, genomic stability, gene expression regulation, mutational signatures
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Emilia Puig Lombardi 1 , Allyson Holmes 1, § , Daniela Verga 2, § , Marie-Paule Teulade-Fichou 2 , Alain (A) Microsatellite motifs defined as n ≥ 2 repeats of the [AAAX] subunit. To perform the search, positions -3 to -1 were set to A and position 0 was variable (X). (B) Microsatellite motifs defined as n ≥ 2 repeats of the [GGX] subunit. To perform the search, positions -2 and -1 were set to G and position 0 was variable (X). In both plots, the number of repeats (n) of the subunit is shown on the x-axis, whilst the y-axis represents the nucleotide composition of the X position for each of the n values. The number of occurrences, for each value of n, is shown over the corresponding bar. Red, X=A; green, X=T; blue, X=G; orange and X=C. *, chi-squared goodness of fit tests P < 0.05.
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G-quadruplex roles in transcription deciphered by comparative transcriptomic analyses
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Figure S4. G4-L1,12 motif overlap frequency at regions flanking the TSS and downstream of the 5' end of the first intron for genes up-or down-regulated at least 2-fold by G4 ligands (red and blue lines); and for 2000 randomly selected genes (gray). Table, G4 enrichment and depletion statistics for 250 nt windows flanking the TSS and downstream of the 5' end of first introns. Enrichment and depletion are relative to 1000 sets of randomly selected gene drawn from a pool of all genes expressed at detectable levels. FDR values in parentheses. FDR > 5% (0.05) is considered non-significant (n.s).

Figure S4

Figure S5. G4-L1,3 motif overlap frequency at regions flanking the TSS and downstream of the 5' end of the first intron for genes up-or down-regulated at least 2-fold by G4 ligands (red and blue lines); and for 2000 randomly selected genes (gray). Table, G4 enrichment and depletion statistics for 250 nt windows flanking the TSS and downstream of the 5' end of first introns. Enrichment and depletion are relative to 1000 sets of randomly selected gene drawn from a pool of all genes expressed at detectable levels. FDR values in parentheses. FDR > 5% (0.05) is considered non-significant (n.s). 

Article #5: G-quadruplexes sequester free heme in living cells

G-quadruplexes Sequester Free Heme in Living Cells

Lucas T. Gray 1,2,7 , Emilia Puig Lombardi 3,7 , Daniela Verga 4,5 , Alain Nicolas 3 , Marie-Paule Teulade-Fichou 4,5 , Arturo Londoño-Vallejo 3 and Nancy Maizels 1,6,8* Departments of 1 

PhenDC3 Induces Pathways Associated with Heme Degradation and Iron Homeostasis

The top ten REACTOME pathways that correlated with up-regulated 2xDEGs are shown in Figure 4A (full list is reported in Table S3). Two of the top pathways are directly related to heme and iron homeostasis ('Iron uptake and transport', 'Transferrin endocytocis and recycling'); and three other pathways are related via the circadian rhythm/CLOCK pathway, for which the key regulator is a transcription factor (REV-ERB) that binds heme as an essential cofactor [START_REF] Raghuram | Identification of heme as the ligand for the orphan nuclear receptors REV-ERBalpha and REV-ERBbeta[END_REF]. Gene set enrichment analysis of up-regulated 2xDEGs also correlated with two other specific pathways, associated with immune responses and nerve growth factor (NGF) signaling. Heme binds to proteins to modulate their function, acting as a signaling molecule in a variety of biological processes, and it has been reported that these include innate immunity (Figueiredo et al., 2007;Dutra and Bozza, 2014) and neuronal survival (reviewed in [START_REF] Smith | Rudimentary G-quadruplex-based telomere capping in Saccharomyces cerevisiae[END_REF], which may contribute to these correlations. To observe the interaction between the up-regulated 2xDEGs, we performed network analysis which showed how these genes clustered mainly into the four aforementioned pathways (Figure 4A). The network was generated by mapping the significant genes to the STRING protein-protein interactome [START_REF] Szklarczyk | STRING v10: protein-protein interaction networks, integrated over the tree of life[END_REF] and applying a search algorithm to identify first-order neighbors for each of the mapped genes (see Method Details). We generated a highly-connected first-order network (1,301 nodes and 4,038 edges), indicating concerted action of the upregulated genes in key cellular processes involving heme.

Especially striking was the 30-fold (log2FC=4.9) up-regulation of HMOX1 (Figure 4B; Table S4), which cleaves excess heme to initiate its degradation. In addition, FTH1 and FTL, which encode the two chains of the ferritin iron-storage complex, were up-regulated 5-to 7fold, respectively. Highly significant up-regulation also was evident for the mucolipin channel protein (MCOLN1), a component of the cationic channel for Fe ++ transport; a heme transporter (SLC46A1) and a heme exporter (FLVCR1). PhenDC3 treatment also induced transcription of
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STAR METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Nancy Maizels (maizels@u.washington.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Cell Lines HT1080 fibrosarcoma cells were cultured in Dulbecco's Modified Essential Medium (DMEM) with 5% fetal bovine serum, glutamate, penicillin, and streptomycin, in triplicate.

METHOD DETAILS

Reagents for DNAzyme Titration

All reagents are described in the Key Resources Table . 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES), 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS 2-) diammonium salt, potassium acetate, DMSO, hemin and triton X-100 were purchased from Sigma-Aldrich. H2O2 30% was purchased from Merck. Inorganic salts and organic chemicals employed were high quality (analytical grade). Hemin and PhenDC3 were dissolved in DMSO to obtain two solutions at 1 mM concentration and stored in the dark at -20°C. ABTS 2-was freshly prepared in water to final concentration of 100 mM. Freshly prepared H2O2 was made on the spot by directly diluting the high concentration H2O2 30% ( 9 

DATA AND SOFTWARE AVAILABILITY

The accession number for the raw data files of the RNA-seq experiments reported in this paper is NCBI GEO: GSE60630. Software and code availability are detailed in the Key Resources 
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BRCA2 abrogation triggers innate immune responses potentiated by treatment with PARP inhibitors

Article

The N-Terminal Domain of cGAS Determines Preferential Association with Centromeric DNA and Innate Immune Activation in the Nucleus Matteo Gentili, 1 Xavier Lahaye, 1,5 Francesca Nadalin, 1,5 Guilherme P.F. Nader, 2,3 Emilia Puig Lombardi, 4 Sole `ne Herve, 2 Nilushi S. De Silva, 1 Derek C. Rookhuizen, 1 Elina Zueva, 1 Christel Goudot, 1 Mathieu Maurin, 1 Aurore Bochnakian, 1 Sebastian Amigorena, 1 Matthieu Piel, 2,3 Daniele Fachinetti, 2 Arturo London ˜o-Vallejo, 4 and Nicolas Manel 

SUMMARY

Cytosolic DNA activates cyclic guanosine monophosphate-adenosine monophosphate (cGAMP) synthase (cGAS), an innate immune sensor pivotal in antimicrobial defense, senescence, auto-immunity, and cancer. cGAS is considered to be a sequence-independent DNA sensor with limited access to nuclear DNA because of compartmentalization. However, the nuclear envelope is a dynamic barrier, and cGAS is present in the nucleus. Here, we identify determinants of nuclear cGAS localization and activation. We show that nuclear-localized cGAS synthesizes cGAMP and induces innate immune activation of dendritic cells, although cGAMP levels are 200-fold lower than following transfection with exogenous DNA. Using cGAS ChIP-seq and a GFP-cGAS knockin mouse, we find nuclear cGAS enrichment on centromeric satellite DNA, confirmed by imaging, and to a lesser extent on LINE elements. The non-enzymatic N-terminal domain of cGAS determines nucleo-cytoplasmic localization, enrichment on centromeres, and activation of nuclear-localized cGAS. These results reveal a preferential functional association of nuclear cGAS with centromeres. of nuclear DNA over cytosolic DNA at steady state favors the former hypothesis.

Relative expression GFP GFP-NLS GFP-cGAS GFP-NLS-cGAS GFP-cGAS 1-160 GFP-cGAS 161-522 AZT + NVP cGAMP

GFP

Our work provides a basis to determine to what extent the roles of cGAS in anti-microbial defense, anti-tumoral immunity, auto-immunity, senescence, and DNA damage response, currently attributed to activation by cytosolic DNA [START_REF] Chen | Regulation and function of the cGAS-STING pathway of cytosolic DNA sensing[END_REF][START_REF] Gl€ Uck | Innate immune sensing of cytosolic chromatin fragments through cGAS promotes senescence[END_REF][START_REF] Harding | Mitotic progression following DNA damage enables pattern recognition within micronuclei[END_REF][START_REF] Yang | cGAS is essential for cellular senescence[END_REF], implicate the nuclear pool of cGAS. In addition, nuclear cGAS may be endowed with nuclear-specific functions that future work may unveil.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following: 
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Supplemental Information

The N- However, not all G4 sequences display the same folding potential and in particular, structures carrying very short interconnecting loops between the G-runs are more stable in vitro and correlatively, are more prone to trigger genome instability in vivo. My thesis work focused on elucidating the beneficial versus detrimental effects of Gquadruplex formation, particularly in human cells. As a case study, I started by detecting and characterizing G4s with the consensus G3N1G3N1G3N1G3 motif (G4-L1), predicted to fold into highly stable structures and providing a reasonably-sized dataset. Firstly, by performing a comparative study of G4-L1 motifs in the human genome and in more than 600 species of eukaryotes, I showed that the nucleotide composition of these sequences is biased, leading to the depletion of the most stable quadruplexes with pyrimidine loops in most species. This could be the result of species-specific mutagenic processes, associated with negative selection against the most stable G4sthus neutralizing their detrimental effects on genome stability -while preserving their positive biological roles. Next, to confirm the mutagenic potential of such sequences in the human genome, I developed a targeted-capture NGS system and a custom analytical pipeline, enabling the analysis of alterations induced by quadruplex ligands in human cells. This deep-sequencing approach allowed the detection of structural aberrations and somatic mutational signatures related to the treatments with the different G4 ligands, which are compatible with reported signatures of mutational processes associated with defects in various DNA repair pathways in human cancers. The last aspect of my thesis consisted in the whole-transcriptome exploration of fibrosarcoma cells treated with specific G4 ligands, revealing in this case that G-quadruplexes typically function as positive regulators of transcription, as the most actively transcribed genes are enriched in G4 motifs, thus challenging the notion that quadruplexes exert mainly downregulation by blocking the progression of RNA polymerases. In all, this work contributed to a better understanding of the roles played by G4 structures in genome function.