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Alterations of the dynamics of DNA replication cause genome instability. These alterations known as "replication stress" have emerged as a major source of genomic instability in pre-neoplasic lesions, contributing to cancer development. The concept of replication stress covers a wide variety of events that distort the temporal and spatial DNA replication program. These events have endogenous or exogenous origins and impact globally or locally on the dynamics of DNA replication. They may arise within a short window of time (acute stress) or during each S phase (chronic stress). Here, we review the known situations in which the dynamics of DNA replication is distorted. We have united them in four main categories: i) inadequate firing of replication origins (deficiency or excess), ii) obstacles to fork progression, iii) conflicts between replication and transcription and iv) DNA replication under inappropriate metabolic conditions (unbalanced DNA replication). Because the DNA replication program is a process tightly regulated by many factors, replication stress often appears as a cascade of events. A local stress may prevent the completion of DNA replication at a single locus and subsequently compromise chromosome segregation in mitosis and therefore have a global effect on genome integrity. Finally, we discuss how replication stress drives genome instability and to what extent it is relevant to cancer biology.

Introduction

The maintenance of genome stability is essential to the accurate transmission of genetic information.

It relies on the successful duplication of chromosomes, followed by their even segregation during mitosis. Genome instability is not only a hallmark of cancer cells but, maybe more importantly, is also a cause of genomic disorder diseases and cancer predisposition [START_REF] Liu | Mechanisms for recurrent and complex human genomic rearrangements[END_REF]. Errors occurring during DNA replication can impact both on the accurate duplication of chromosomes and on their equal segregation during mitosis (Figure 1) [START_REF] Mankouri | How unfinished business from S-phase affects mitosis and beyond[END_REF]. Thus, replication stress has emerged as a primary source of genome instability [START_REF] Halazonetis | An oncogene-induced DNA damage model for cancer development[END_REF]. This is clearly the case in cells overexpressing oncogenes such as Cyclin E, Cdc25A, CDC6 or CDT1, which interfere with the DNA replication program and lead to expression of genome instability markers [START_REF] Halazonetis | An oncogene-induced DNA damage model for cancer development[END_REF][START_REF] Gorgoulis | Activation of the DNA damage checkpoint and genomic instability in human precancerous lesions[END_REF][START_REF] Burrell | Replication stress links structural and numerical cancer chromosomal instability[END_REF][START_REF] Liontos | Deregulated overexpression of hCdt1 and hCdc6 promotes malignant behavior[END_REF][START_REF] Bartkova | Oncogene-induced senescence is part of the tumorigenesis barrier imposed by DNA damage checkpoints[END_REF]. The causes of replication stress are many and it remains challenging to unify them according to their origins or their molecular bases [START_REF] Lambert | Impediments to replication fork movement: stabilisation, reactivation and genome instability[END_REF]. Pioneering studies on unicellular eukaryotes such as the yeasts S. cerevisiae and S. pombe have unveiled the molecular events linking alterations of the replication dynamics to the expression of genome instability markers [START_REF] Lambert | Replication stress and genome rearrangements: lessons from yeast models[END_REF]. Replication stress arises from endogenous (e.g. inappropriate cellular metabolic conditions) or exogenous (e.g. exposure to DNA-damaging or replication-blocking) sources and acts locally (discrete pause sites) and globally on replication dynamics. Here, we review the known sources of replication stress and make an attempt to classify them into four categories: (i) alterations of origins firing, (ii) impediments to forks progression, (iii) conflicts between the transcription and the DNA replication program and (iv) DNA replication in inappropriate metabolic conditions. We also discuss to what extent these causes of replication stress can jeopardize genome integrity and contribute to human diseases.

The Eukaryotic DNA replication program

The replication machinery of eukaryotic cells accurately duplicates the genome and is robust enough to carry out this task in face of numerous obstacles. The DNA replication program is temporally and spatially controlled within each individual cell. The initiation of DNA synthesis takes place at thousands of replication origins from which two replication forks progress bi-directionally [START_REF] Mechali | Eukaryotic DNA replication origins: many choices for appropriate answers[END_REF][START_REF] Cayrou | Programming DNA replication origins and chromosome organization. Chromosome research : an international journal on the molecular, supramolecular and evolutionary aspects of chromosome[END_REF].

The merge of two converging forks occurs randomly within the genome [START_REF] Mcguffee | Quantitative, genome-wide analysis of eukaryotic replication initiation and termination[END_REF]. DNA replication occurs concurrently with many other metabolic processes, such as transcription, mRNA processing and chromatin remodeling. These processes must be tightly coordinated with DNA replication to avoid potential conflicts and ensure the proper transmission of genetic and epigenetic information. The accuracy and robustness of DNA replication relies on key points:

-DNA synthesis is highly accurate owing to the fidelity of replicative polymerases and the association of mismatch repair (MMR) factors to replication factories [START_REF] Hombauer | Mismatch repair, but not heteroduplex rejection, is temporally coupled to DNA replication[END_REF].

-Replication origins fire once and only once per cell cycle [START_REF] Yoshida | Time to be versatile: regulation of the replication timing program in budding yeast[END_REF]. They are activated sequentially throughout the length of the S phase. This sequential activation depends on their accessibility to limiting initiation factors, for which origins compete [15][START_REF] Mantiero | Limiting replication initiation factors execute the temporal programme of origin firing in budding yeast[END_REF][START_REF] Collart | Titration of four replication factors is essential for the Xenopus laevis midblastula transition[END_REF][START_REF] Tanaka | Origin association of Sld3, Sld7, and Cdc45 proteins is a key step for determination of origin-firing timing[END_REF]. Moreover, origins are clustered into replication timing domains, in which origins fire stochastically [START_REF] Blow | How dormant origins promote complete genome replication[END_REF].

-The genome contains a large excess of replication origins. All origins are licensed before S phase, but many of them are not activated in unchallenged growth conditions. These origins are referred to as cryptic or dormant origins. They are used to rescue stalled forks under replication stress conditions [START_REF] Blow | How dormant origins promote complete genome replication[END_REF][START_REF] Kawabata | Stalled fork rescue via dormant replication origins in unchallenged S phase promotes proper chromosome segregation and tumor suppression[END_REF][START_REF] Ge | Dormant origins licensed by excess Mcm2-7 are required for human cells to survive replicative stress[END_REF][START_REF] Woodward | Excess Mcm2-7 license dormant origins of replication that can be used under conditions of replicative stress[END_REF].

-The progression of replication forks is escorted by multiples factors that ensure their stability in face to obstacles and promote their restart when needed [START_REF] Lambert | Impediments to replication fork movement: stabilisation, reactivation and genome instability[END_REF].

Origin-poor regions, such as common fragile sites (CFSs) are particularly at risk and forks travelling through these loci rely on fork-restart mechanism to complete DNA synthesis [START_REF] Letessier | Cell-type-specific replication initiation programs set fragility of the FRA3B fragile site[END_REF][START_REF] Tallec | Molecular profiling of common fragile sites in human fibroblasts[END_REF][START_REF] Ozeri-Galai | Failure of origin activation in response to fork stalling leads to chromosomal instability at fragile sites[END_REF]. The same applies to regions that are replicated unidirectionally (such as the ribosomal DNA locus for example), or when two converging forks are simultaneously impeded [START_REF] Murray | Smc5/6: a link between DNA repair and unidirectional replication?[END_REF]. Factors promoting the stability and the restart of replication forks are part of the DNA Damage response (DDR) [START_REF] Ciccia | The DNA damage response: making it safe to play with knives[END_REF]. This cellular response includes the DNA replication checkpoint and the DNA repair and tolerance pathways.

Among the DNA repair mechanisms, homologous recombination is particularly important for the robustness of DNA replication [START_REF] Costes | Homologous Recombination as a Replication Fork Escort: Fork-Protection and Recovery[END_REF].

Here, we propose that any event that alters the fulfillment of the DNA replication program can be considered as a source of replication stress. These events include alteration of the initiation and elongation of DNA replication, conflicts between DNA replication and metabolic pathways such as transcription and mRNA processing, as well as inappropriate cellular metabolic conditions, which are not in line with the needs for DNA replication.

The cellular response to replication stress

A hallmark of replication stress is the accumulation of single stranded DNA (ssDNA) at replication forks, even though compromised DNA replication without excess of ssDNA has also been reported [START_REF] Groth | Regulation of replication fork progression through histone supply and demand[END_REF][START_REF] Mejlvang | New histone supply regulates replication fork speed and PCNA unloading[END_REF][START_REF] Zeman | Causes and consequences of replication stress[END_REF]. Stretches of ssDNA are exposed at replication forks as a consequence of replicative helicases continuing to unwind the parental DNA while the replicative DNA polymerases are stalled [START_REF] Byun | Functional uncoupling of MCM helicase and DNA polymerase activities activates the ATR-dependent checkpoint[END_REF]. This uncoupling between helicase and polymerase activities is probably not the sole cause of accumulation of ssDNA at stalled forks. It can be also generated by the degradation of newlysynthesized DNA through the combined action of nucleases and DNA helicases, such as MRN (MRE11, RAD50, NBS1), S. cerevisiae Sae2 and its human homologue CtIP, EXO1 and the BLM (BLOOM Syndrome Mutated) [START_REF] Grabarz | A role for BLM in double-strand break repair pathway choice: prevention of CtIP/Mre11-mediated alternative nonhomologous end-joining[END_REF][START_REF] Couch | ATR phosphorylates SMARCAL1 to prevent replication fork collapse[END_REF][START_REF] Hashimoto | Rad51 protects nascent DNA from Mre11dependent degradation and promotes continuous DNA synthesis[END_REF][START_REF] Schlacher | Double-strand break repairindependent role for BRCA2 in blocking stalled replication fork degradation by MRE11[END_REF]. These enzymes are best known for their role in the resection of DNA ends at DSBs (Double Strand Break), but could also act at stalled forks [START_REF] Symington | Double-strand break end resection and repair pathway choice[END_REF]. Primed ssDNA, together with ssDNA coated by the protein RPA (Replication Protein A), act as a signaling platform to recruit numerous factors involved in the cell response to replication stress and in fine activate the central ATR kinase (Ataxia-Telangectasia mutated and Rad3 related) [START_REF] Macdougall | The structural determinants of checkpoint activation[END_REF]. ATR orchestrates the cellular response to replication stress by phosphorylating several targets that control the stability of replication forks, the firing of replication origins, mRNA metabolism and cell cycle progression.

Altogether, the ATR pathway limits genomic instability during S phase and contributes to cell survival in response to replication stress [START_REF] Cimprich | ATR: an essential regulator of genome integrity[END_REF]. In neoplasic lesions, this pathway acts as a barrier to both genomic instability and uncontrolled proliferation [START_REF] Halazonetis | An oncogene-induced DNA damage model for cancer development[END_REF].

Two main functions of ATR can be distinguished: i) stabilization of stalled replication forks (local effect) and ii) cell-cycle arrest and repression of late origins (global effects) (Figure 2). At the global level, ATR ensures an optimal management of the resources essential to fork progression, such as dNTP pool and histone supply [START_REF] Cimprich | ATR: an essential regulator of genome integrity[END_REF][START_REF] Gunjan | A Rad53 kinase-dependent surveillance mechanism that regulates histone protein levels in S. cerevisiae[END_REF]. When dNTP levels run down, the ATR pathway prevents the activation of late-firing origins but allows the activation of dormant origins to complete DNA synthesis at early domains [START_REF] Blow | How dormant origins promote complete genome replication[END_REF][START_REF] Zegerman | Checkpoint-dependent inhibition of DNA replication initiation by Sld3 and Dbf4 phosphorylation[END_REF][START_REF] Santocanale | Activation of dormant origins of DNA replication in budding yeast[END_REF][START_REF] Crabbe | Analysis of replication profiles reveals key role of RFC-Ctf18 in yeast replication stress response[END_REF]. The local activities of ATR at replication forks remain elusive at the molecular level. Studies in yeast have established that ATR maintains the replisome in a replication-competent state by phosphorylating some of its components [START_REF] Tercero | Regulation of DNA replication fork progression through damaged DNA by the Mec1/Rad53 checkpoint[END_REF][START_REF] Lopes | The DNA replication checkpoint response stabilizes stalled replication forks[END_REF][START_REF] De Piccoli | Replisome stability at defective DNA replication forks is independent of S phase checkpoint kinases[END_REF][START_REF] Katou | S-phase checkpoint proteins Tof1 and Mrc1 form a stable replication-pausing complex[END_REF][START_REF] Sabatinos | Continued DNA synthesis in replication checkpoint mutants leads to fork collapse[END_REF][START_REF] Bailis | Minichromosome maintenance proteins interact with checkpoint and recombination proteins to promote s-phase genome stability[END_REF][START_REF] Sogo | Fork reversal and ssDNA accumulation at stalled replication forks owing to checkpoint defects[END_REF]. Whether similar mechanisms operate in mammalian cells is currently unclear [START_REF] Couch | ATR phosphorylates SMARCAL1 to prevent replication fork collapse[END_REF][START_REF] Ragland | RNF4 and PLK1 are required for replication fork collapse in ATR-deficient cells[END_REF]. An emerging target of ATR at mammalian replication forks is the SMARCAL1 helicase involved in the remodeling of stalled forks [START_REF] Bansbach | The annealing helicase SMARCAL1 maintains genome integrity at stalled replication forks[END_REF][START_REF] Betous | SMARCAL1 catalyzes fork regression and Holliday junction migration to maintain genome stability during DNA replication[END_REF][START_REF] Ciccia | The SIOD disorder protein SMARCAL1 is an RPA-interacting protein involved in replication fork restart[END_REF]. Inhibition of ATR during an acute replication stress results in fork collapse, associated with the accumulation of ssDNA and DSBs at replication forks (Figure 2). ATR phosphorylates SMARCAL1 to prevent fork remodeling and thus fork collapse [START_REF] Couch | ATR phosphorylates SMARCAL1 to prevent replication fork collapse[END_REF]. Defects in SMARCAL1 cause the human diseases Schimke immunoosseous dysplasia, characterized by growth retardation, immunodeficiency and cancer predisposition [START_REF] Baradaran-Heravi | SMARCAL1 deficiency predisposes to non-Hodgkin lymphoma and hypersensitivity to genotoxic agents in vivo[END_REF][START_REF] Boerkoel | Mutant chromatin remodeling protein SMARCAL1 causes Schimke immuno-osseous dysplasia[END_REF].

An early function of the DDR at replication stress sites is the phosphorylation of the histone H2A in yeasts and H2AX in mammals (named -H2A and -H2AX, respectively) [START_REF] Kinner | Gamma-H2AX in recognition and signaling of DNA doublestrand breaks in the context of chromatin[END_REF]. In mammalian cells, -H2AX results from the activities of three kinases: ATM (Ataxia-Telangectasia Mutated), ATR and DNA-PK (DNA-dependent Protein Kinase) and thus reflects a local activation of the DDR within the nucleus. -H2AX is frequently used as a replication stress marker, together with the formation of 53BP1 foci, another component of the DDR [START_REF] Szilard | Systematic identification of fragile sites via genome-wide location analysis of gamma-H2AX[END_REF][START_REF] Rozenzhak | Rad3 decorates critical chromosomal domains with gammaH2A to protect genome integrity during S-Phase in fission yeast[END_REF][START_REF] Lukas | 53BP1 nuclear bodies form around DNA lesions generated by mitotic transmission of chromosomes under replication stress[END_REF]. However, both -H2AX and 53BP1 foci also occur at DNA damage, in particular DSBs, in a replication-independent manner [START_REF] Kinner | Gamma-H2AX in recognition and signaling of DNA doublestrand breaks in the context of chromatin[END_REF].

Other ATR-dependent phosphorylation events, such as the phosphorylation of RPA on Serine 33 and the phosphorylation of the checkpoint kinase Chk1 on serine 345, are also used as markers of replication stress [START_REF] Zeman | Causes and consequences of replication stress[END_REF]. However, it should be noted that certain types of replication stress remain undetected by the ATR pathway because they do not generate enough ssDNA at forks, either because they affect a small number of forks or because uncoupling between helicases and polymerases does not occur [START_REF] Tanaka | Origin association of Sld3, Sld7, and Cdc45 proteins is a key step for determination of origin-firing timing[END_REF][START_REF] Macdougall | The structural determinants of checkpoint activation[END_REF][START_REF] Koundrioukoff | Stepwise activation of the ATR signaling pathway upon increasing replication stress impacts fragile site integrity[END_REF][START_REF] Wilhelm | Spontaneous slow replication fork progression elicits mitosis alterations in homologous recombination-deficient mammalian cells[END_REF]. Replication stress activates the ATR pathway in a stepwise manner. Sensors and mediators are first recruited to forks to control their stability. Then, this local checkpoint signal is amplified through the activation of the Chk1 kinase to delay mitosis [START_REF] Burrell | Replication stress links structural and numerical cancer chromosomal instability[END_REF][START_REF] Koundrioukoff | Stepwise activation of the ATR signaling pathway upon increasing replication stress impacts fragile site integrity[END_REF]. Thus, localized alterations of fork progression may escape cell cycle surveillance and jeopardize the stability of the genome.

Impediment to fork progression leads to ssDNA gaps and to replication-associated DSBs [START_REF] Saintigny | Characterization of homologous recombination induced by replication inhibition in mammalian cells[END_REF][START_REF] Petermann | Hydroxyurea-stalled replication forks become progressively inactivated and require two different RAD51-mediated pathways for restart and repair[END_REF][START_REF] Seigneur | RuvAB acts at arrested replication forks[END_REF]. The origin of these DSBs remains elusive. They might form as a consequence of fork passage through a nick in the parental DNA or as a consequence of enzymatic processing of gapped replication forks [START_REF] Roseaulin | Mus81 is essential for sister chromatid recombination at broken replication forks[END_REF][START_REF] Moriel-Carretero | A postincision-deficient TFIIH causes replication fork breakage and uncovers alternative Rad51-or Pol32-mediated restart mechanisms[END_REF][START_REF] Froget | Cleavage of stalled forks by fission yeast Mus81/Eme1 in absence of DNA replication checkpoint[END_REF][START_REF] Fugger | FBH1 co-operates with MUS81 in inducing DNA double-strand breaks and cell death following replication stress[END_REF]. In some cases, genome-wide alteration of replication dynamic leads to fork reversion, a 4branched DNA structure in which parental DNA strands are annealed. Genetic data in bacteria are indicative of the existence of such fork structures that have been visualized in yeast and mammalian cells by electronic microscopy (EM) [START_REF] Sogo | Fork reversal and ssDNA accumulation at stalled replication forks owing to checkpoint defects[END_REF][START_REF] Seigneur | RuvAB acts at arrested replication forks[END_REF][START_REF] Higgins | A model for replication repair in mammalian cells[END_REF]. Fork reversion has also been identified as a major consequence of the topoisomerase 1 inhibitor campthotecin (CPT) on replication dynamics [START_REF] Chaudhuri | Topoisomerase I poisoning results in PARP-mediated replication fork reversal[END_REF]. Fork reversion reflects the activities of replication-restart pathways rather than the formation of pathological intermediates from which DNA synthesis cannot resume [START_REF] Berti | Human RECQ1 promotes restart of replication forks reversed by DNA topoisomerase I inhibition[END_REF]. Overexpression of the Cyclin E oncogene leads to the expression of replication stress markers, including slow-down of fork progression, ATR activation, fork reversion and massive chromosome breakages [START_REF] Neelsen | Oncogenes induce genotoxic stress by mitotic processing of unusual replication intermediates[END_REF]. Remarkably, fork reversion precedes DSB formation, which results from the Mus81-dependent cleavage of reversed forks. Mus81 activity is normally restricted to late G2 or mitosis and conversion of reversed forks into DSBs is a consequence of premature entry of into mitosis [START_REF] Neelsen | Oncogenes induce genotoxic stress by mitotic processing of unusual replication intermediates[END_REF][START_REF] Matos | Regulatory control of the resolution of DNA recombination intermediates during meiosis and mitosis[END_REF]. Thus, the concomitant inactivation of the DDR accelerates chromosomes breakages induced by replication stress.

Alternatively, the accumulation of ssDNA at replication forks might sensitize them to endonucleases, thus resulting in the formation of replication-associated DSBs.

The causes of replication stress

Each time a cell enter S phase, it must replicate a large number of loci that represent a challenge to fork passage and thus a potential source of local replication stress. Some parts of the genome are also more sensitive to global replication stress of endogenous or exogenous origin. These loci are collectively referred to as "intrinsically-difficult to replicate" sites. In mammals, paradigms for difficult to replicate sites are found at CFSs, which are defined as loci that accumulate beaks or gaps, when condensed in response to mild replication stress [START_REF] Durkin | Chromosome fragile sites[END_REF][START_REF] Debatisse | Common fragile sites: mechanisms of instability revisited[END_REF]. CFSs are usually replicated late and thought to remain unreplicated when cells enter mitosis [START_REF] Mankouri | How unfinished business from S-phase affects mitosis and beyond[END_REF]. The molecular bases of CFSs fragility include a defect in replication origins and the presence of non-canonical DNA structures or very large genes [23-25, 77, 78]. The past decade has seen the term "fragile site" used as a generic term to refer to "difficult-to-replicate" loci in many organisms. However, distinct mechanisms are likely underlying the genetic instability of these fragile sites, even within a given organism.

4-1 inappropriate firing of replication origins: excess and deficiency

The DNA replication program ensures that origins fire sequentially throughout the length of the S phase. To maintain genome stability during DNA replication, it is critical that: i) a sufficient amount of origins fires to complete DNA replication, ii) origins fire in a sequential order and not all at the same time and iii) origins fires once and only once per S phase. The sequential firing of replication origins is orchestrated by a limited amount of initiation factors and by the availability of dNTP [START_REF] Lambert | Impediments to replication fork movement: stabilisation, reactivation and genome instability[END_REF][START_REF] Mantiero | Limiting replication initiation factors execute the temporal programme of origin firing in budding yeast[END_REF][START_REF] Poli | dNTP pools determine fork progression and origin usage under replication stress[END_REF]. Both in mammals and yeast, the replication fork speed in a key determinant of the temporal DNA replication program [START_REF] Poli | dNTP pools determine fork progression and origin usage under replication stress[END_REF][START_REF] Courbet | Replication fork movement sets chromatin loop size and origin choice in mammalian cells[END_REF][START_REF] Anglana | Dynamics of DNA replication in mammalian somatic cells: nucleotide pool modulates origin choice and interorigin spacing[END_REF]. The rates of initiation and elongation are modulated by the level of dNTPs. When dNTP levels are low, replication forks are slower and more origins fire to ensure the completion of DNA replication. If dNTP pools drop below a critical level, ssDNA accumulates at stressed forks, the DNA replication checkpoint is activated and interrupts the replication program [START_REF] Poli | dNTP pools determine fork progression and origin usage under replication stress[END_REF]. In all eukaryotes, the genome contains an excess of origins to buffer the consequences of fork stalling [START_REF] Mechali | Eukaryotic DNA replication origins: many choices for appropriate answers[END_REF]. As forks slow down, dormant origins fire to offset the completion of DNA replication. In mammals, this compensatory mechanism has been reported in many situations in which DNA replication is challenged and contributes to cell resistance to replication stress [START_REF] Ge | Dormant origins licensed by excess Mcm2-7 are required for human cells to survive replicative stress[END_REF][START_REF] Woodward | Excess Mcm2-7 license dormant origins of replication that can be used under conditions of replicative stress[END_REF][START_REF] Daboussi | A homologous recombination defect affects replication-fork progression in mammalian cells[END_REF][START_REF] Tuduri | Topoisomerase I suppresses genomic instability by preventing interference between replication and transcription[END_REF].

Alterations of the dNTP pools are associated with increased level of genome instability and cancer development during DNA replication [START_REF] Bester | Nucleotide deficiency promotes genomic instability in early stages of cancer development[END_REF][START_REF] Chabosseau | Pyrimidine pool imbalance induced by BLM helicase deficiency contributes to genetic instability in Bloom syndrome[END_REF].

Replication origins are not equally distributed along the genome and their efficiency varies widely. Some CFSs are origin-poor over megabases of DNA and are thus unable to compensate for slower forks by activating dormant origins [START_REF] Letessier | Cell-type-specific replication initiation programs set fragility of the FRA3B fragile site[END_REF][START_REF] Tallec | Molecular profiling of common fragile sites in human fibroblasts[END_REF][START_REF] Ozeri-Galai | Failure of origin activation in response to fork stalling leads to chromosomal instability at fragile sites[END_REF]. In response to a mild replication stress, duplication of CFSs relies on the ability of slow-progressing forks to synthetize DNA over a long distance. Cells are thus prone to enter mitosis with unreplicated chromosomal segments [START_REF] Mankouri | How unfinished business from S-phase affects mitosis and beyond[END_REF]. As the DNA replication program is cell-type specific, the fragility of CFSs is also cell-type specific [START_REF] Letessier | Cell-type-specific replication initiation programs set fragility of the FRA3B fragile site[END_REF]. Other CFSs contains elements that can impinge on fork progression [START_REF] Zhang | An AT-rich sequence in human common fragile site FRA16D causes fork stalling and chromosome breakage in S. cerevisiae[END_REF]. Most CFSs overlap with very long gene (>300 kb) whose transcription might favor collisions with the replication machinery [START_REF] Helmrich | Collisions between replication and transcription complexes cause common fragile site instability at the longest human genes[END_REF]. While the initial cause of replication stress may differ from one CFS to another, the lack of efficient origins could be a common reason of fragility. Importantly, 50 % of recurrent deletions observed in cancer cells originate from CFSs associated with large genes [START_REF] Tallec | Common fragile site profiling in epithelial and erythroid cells reveals that most recurrent cancer deletions lie in fragile sites hosting large genes[END_REF].

Importantly, an excessive firing of origins is also deleterious to cell viability. In budding yeast, overexpression of limiting initiation factors allows the simultaneously firing of most origins in early Sphase [START_REF] Mantiero | Limiting replication initiation factors execute the temporal programme of origin firing in budding yeast[END_REF][START_REF] Tanaka | Origin association of Sld3, Sld7, and Cdc45 proteins is a key step for determination of origin-firing timing[END_REF]. As a consequence, the pool of dNTP becomes rapidly limiting, with deleterious consequences for cell viability. An excess of origins firing could also consume other limiting replication factors and ultimately destabilize replication forks (Figure 2). Upon replication stress and in the absence of the main checkpoint kinase ATR, a large fraction of replicons are activated and exhibit an increased level of ssDNA covered by RPA at replication forks [START_REF] Couch | ATR phosphorylates SMARCAL1 to prevent replication fork collapse[END_REF]. As the number of active origins increases within a cell, the amount of RPA becomes limiting, ssDNA remains unprotected and forks are more susceptible to breakage [START_REF] Toledo | ATR prohibits replication catastrophe by preventing global exhaustion of RPA[END_REF]. The overexpression of RPA appears sufficient to prevent such fork breakage. Similarly, re-replication of chromosomal segments due to deregulated origins firing also results in fork reversal, massive recruitment of RPA at ssDNA gaps, which are then converted into DSBs during the next round of replication [START_REF] Neelsen | Deregulated origin licensing leads to chromosomal breaks by rereplication of a gapped DNA template[END_REF]. Many factors involved in origin licensing are overexpressed in cancer cells and re-replication could contribute to cancer progression [START_REF] Blow | Replication licensing and cancer--a fatal entanglement?[END_REF].

While the execution of the temporal DNA replication program relies on a limited amount of replication resources, genomes have also evolved an excess of origins and replication factors to buffer replication stress. An excess of origins firing is a factor of acute replication stress by exhausting critical factors that contribute to fork integrity.

4-2 Obstacles to fork progression

A wide variety of obstacles can impede on the progression of replication forks, either by altering the activity of the replicative helicase or the ability of replicative polymerase to incorporate nucleotides. These obstacles include DNA lesions (abasic sites, damaged bases, inter or intra-crosslinks…), DNA-protein complexes, DNA sequences prone to form secondary DNA structures and highly-transcribed genes [START_REF] Lambert | Impediments to replication fork movement: stabilisation, reactivation and genome instability[END_REF]. These impediments to fork progression are often referred to as RFBs (Replication Fork Barriers). Some of them result from exposure to exogenous genotoxic agents, including anti-cancer chemotherapy. Other RFBs known as natural pause sites or intrinsic RFBs are caused by normal cellular events and occur during each S phase. For example, discrete fork arrests occur at centromeres, telomeres and tRNA genes in yeast. Natural RFBs can also be programmed to avoid collisions between the replication and transcription machineries or to facilitate sexual differentiation in yeast [START_REF] Lambert | Impediments to replication fork movement: stabilisation, reactivation and genome instability[END_REF]. The biology of intrinsic RFBs has been mainly explored in yeast models but their frequency and importance in mammals remain poorly evaluated. However, a recent study has revealed the existence of specific loci suffering from recurrent replication stress. These loci are mainly replicated early, are enriched for highly-expressed genes, repetitive elements and CpG dinucleotide. Importantly, these loci are also hot spots for breaks and genome instability in an ATRdependent manner [START_REF] Barlow | Identification of early replicating fragile sites that contribute to genome instability[END_REF]. The chromatin status has been also proposed to be a source of impediment to fork progression. The histone mark -H2AX is enriched at intrinsic RFBs, but also at repressed genes associated with hypo-acetylated histones [START_REF] Szilard | Systematic identification of fragile sites via genome-wide location analysis of gamma-H2AX[END_REF]. Also, the fission yeast heterochromatin at centromeres and telomeres is enriched for -H2AX, supporting a link between hypo-acetylated chromatin and replication stress [START_REF] Rozenzhak | Rad3 decorates critical chromosomal domains with gammaH2A to protect genome integrity during S-Phase in fission yeast[END_REF].

The activity of RFBs and their impact on genome stability are strongly dependent on replication fork direction. In mammals, the DNA replication program is cell-type specific [START_REF] Mechali | Eukaryotic DNA replication origins: many choices for appropriate answers[END_REF]. A given locus may thus be replicated in one direction in one cell type and in the opposite direction in another cell type.

Therefore, the activity of some RFBs and their impact on genome stability may be cell-type specific.

For example, the expansion of CGG repeats in the FRM1 causes the Fragile X syndrome. In embryonic cells, fork stalling occurs at CGG repeats, and cells that are unable to fire origins upstream CGG repeats show repeat instability. It appears that CGG expansion occurs preferentially when the FRM1 gene is replicated such that the CGG strand serves as the lagging strand template [START_REF] Gerhardt | The DNA replication program is altered at the FMR1 locus in fragile X embryonic stem cells[END_REF]. Thus, a developmental switch in the direction of replication fork occurring during cell differentiation may account for the instability of repeated sequences.

The bypass of RFBs requires additional factors than canonical replication components, such as specialized helicases in charge to remove proteins tightly bound to DNA or secondary DNA structures [START_REF] Bochman | Unwinding the functions of the Pif1 family helicases[END_REF]. Also, the bypass of DNA lesions involves additional DNA polymerases activities such as TLS (Trans-Lesions Synthesis) polymerases and PRR (Post-Replication Repair) pathways [START_REF] Sale | Y-family DNA polymerases and their role in tolerance of cellular DNA damage[END_REF]. An emerging concept in the field of DNA replication is that all genome segments may not be equal in term of factors required for their duplication. The successful duplication of "difficult-to-replicate" loci could be more dependent on accessory factors than other loci and thus components of the replication machinery might differ according to the replicated locus.

The implication of natural RFBs in diseases is well established for at-risk motifs that can form secondary DNA structures such as tri-nucleotide repeats whose expansion underline many human diseases [START_REF] Kim | The balancing act of DNA repeat expansions[END_REF]. While many of the natural RFBs described so far are associated with hot spots of genome rearrangements and recombination, their potential contributions to cancer progression is not yet clearly established [START_REF] Lambert | Replication stress and genome rearrangements: lessons from yeast models[END_REF]. However, cancer cells may be particularly sensitive to natural RFBs because they try to duplicate their genome in inappropriate metabolic conditions (see below).

4-3 Interference between the transcription and the replication programs

Transcription represents a major source of replication stress, both in eukaryotes and prokaryotes [START_REF] Aguilera | Causes of genome instability[END_REF]. This is due to the fact that DNA replication and transcription machineries share the same DNA template and are therefore prone to collisions. Bacterial genomes are generally replicated from a single origin and genes are organized collinearly with replication to prevent frontal collisions [START_REF] Lin | Interference between DNA replication and transcription as a cause of genomic instability[END_REF].

The situation is more complex in eukaryotes due to the presence of multiple replication origins. To limit interference between these processes, DNA replication and transcription are physically and temporally separated within the nucleus [START_REF] Wei | Segregation of Transcription and Replication Sites Into Higher Order Domains[END_REF]. Yet, a large body of evidence indicates that transcription interferes with DNA replication and induces genomic instability in eukaryotes [START_REF] Zeman | Causes and consequences of replication stress[END_REF][START_REF] Aguilera | Causes of genome instability[END_REF].

The mechanism by which transcription impedes fork progression is currently unclear. One likely possibility is that replication stress is caused by RNA/DNA hybrids that form during transcription when nascent RNA anneals to the template DNA strand, leaving the non-template strand unpaired [START_REF] Aguilera | R Loops: From Transcription Byproducts to Threats to Genome Stability[END_REF]. Formation of these so-called R-loops is favored by GC-rich DNA sequences and increases when assembly of mRNA-particle complexes (mRNPs) is impaired [START_REF] Ginno | GC skew at the 5' and 3' ends of human genes links R-loop formation to epigenetic regulation and transcription termination[END_REF][START_REF] Huertas | Cotranscriptionally Formed DNA:RNA Hybrids Mediate Transcription Elongation Impairment and Transcription-Associated Recombination[END_REF]. R-loops are removed by RNaseH and specialized helicases such as Senataxin [START_REF] Alzu | Senataxin Associates with Replication Forks to Protect Fork Integrity across RNA-Polymerase-II-Transcribed Genes[END_REF][START_REF] Mischo | Yeast Sen1 helicase protects the genome from transcription-associated instability[END_REF][START_REF] Stirling | R-loopmediated genome instability in mRNA cleavage and polyadenylation mutants[END_REF]. Depletion of factors that displace Rloops or prevent their formation induces genomic instability in yeast and in higher eukaryotes [START_REF] Tuduri | Topoisomerase I suppresses genomic instability by preventing interference between replication and transcription[END_REF][START_REF] Aguilera | R Loops: From Transcription Byproducts to Threats to Genome Stability[END_REF][START_REF] Paulsen | A genome-wide siRNA screen reveals diverse cellular processes and pathways that mediate genome stability[END_REF][START_REF] Wahba | RNase H and Multiple RNA Biogenesis Factors Cooperate to Prevent RNA:DNA Hybrids from Generating Genome Instability[END_REF]. Another source of replication stress is associated to the accumulation of positive supercoiling when transcription and replication converge [START_REF] Tuduri | Topoisomerase I suppresses genomic instability by preventing interference between replication and transcription[END_REF][START_REF] Bermejo | Genome-Organizing Factors Top2 and Hmo1 Prevent Chromosome Fragility at Sites of S phase Transcription[END_REF]. In yeast, this is particularly the case of genes physically tethered to the nuclear envelope during mRNA export [START_REF] Bermejo | The replication checkpoint protects fork stability by releasing transcribed genes from nuclear pores[END_REF]. In mammalian cells, very large genes are also particularly at risk as they are transcribed throughout the cell cycle [START_REF] Helmrich | Collisions between replication and transcription complexes cause common fragile site instability at the longest human genes[END_REF]. Many of these very large genes are replicated late in S phase and overlap with CFSs. However, their fragility depends on their replication profile and varies widely between cell types [START_REF] Tallec | Molecular profiling of common fragile sites in human fibroblasts[END_REF].

Remarkably, transcription also interferes with DNA replication at early-replicating sequences and a recent study indicates that chromosome breaks occur preferentially at cancer genes under replication stress, for a reason that is still unclear [START_REF] Barlow | Identification of early replicating fragile sites that contribute to genome instability[END_REF][START_REF] Crosetto | Nucleotide-resolution DNA double-strand break mapping by next-generation sequencing[END_REF]. Altogether, these data indicate that replication and transcription must be tightly coordinated during S phase to prevent genomic instability. Since both processes are perturbed during oncogene-induced tumorigenesis, it is tempting to speculate that replication/transcription interference represents a major source of genomic instability in precancerous lesions. This view is supported by a recent study indicating that conflicts between replication and transcription increase in cells overexpressing Cyclin E [START_REF] Jones | Increased replication initiation and conflicts with transcription underlie Cyclin E-induced replication stress[END_REF].

4-4 Replication in inappropriate metabolic conditions (unbalanced replication)

Accurate chromosome duplication requires adequate resources for DNA replication. As mentioned above, the depletion of dNTP pools results in slow fork progression. While this situation can be artificially induced using replication inhibitors such as hydroxyurea, unbalanced dNTP pools are also associated with genome instability and cancer predisposition in human cells. The expression of HPV-16 E6/E7 (Human Papillomavirus) proteins forces cells to initiate DNA replication by the aberrant activation of the Rb-E2F pathway. This is accompanied with the expression of replication stress markers (slower forks, firing of dormant origins, chromosome instability and breaks) whose expression is largely due to an insufficient dNTP pools [START_REF] Bester | Nucleotide deficiency promotes genomic instability in early stages of cancer development[END_REF]. Such type of replication stress refers to unbalanced DNA replication, a situation in which cells initiate replication in inappropriate metabolic conditions. Similarly, overexpression of the Cyclin E oncogene leads to fork slow down due to an inappropriate dNTP levels. To escape unbalanced replication, cells forced to proliferate upregulate genes involved in nucleotide biosynthesis, including c-myc.

The Bloom syndrome, which exhibits a strong association between genome instability and predisposition to all type of cancers, is caused by a mutation in the BLM, a member of the RecQ family of DNA helicases. Patient cells exhibit replication stress markers, including slowed forks and higher number of activated origins [START_REF] Davies | Role for BLM in replication-fork restart and suppression of origin firing after replicative stress[END_REF]. Although these data have been interpreted as a direct involvement of BLM in replication dynamics, patient cells suffer from replication stress due to pyrimidine pool disequilibrium, a consequence of the down-regulation of the CDA gene (Cytidine Deaminase) in BLM-deficient cells [START_REF] Chabosseau | Pyrimidine pool imbalance induced by BLM helicase deficiency contributes to genetic instability in Bloom syndrome[END_REF]. While unbalanced dNTP pools cause replication stress and genome instability, to what extent they are also a general cause of tumor development remains to be determined.

DNA replication also requires a large supply in histones. Parental nucleosomes are disrupted ahead of replication forks and restored, together with the deposition of newly-synthetized histones, onto daughter strands [START_REF] Groth | Chromatin challenges during DNA replication and repair[END_REF]. Defects in chromatin assembly during DNA replication compromise the transmission of epigenetic marks. More surprisingly, it also affects replication dynamics. In the yeast S. cerevisiae, DDR is required for degradation of excess histones, which would otherwise compromise genome stability [START_REF] Gunjan | A Rad53 kinase-dependent surveillance mechanism that regulates histone protein levels in S. cerevisiae[END_REF]. Defects in replication-coupled chromatin assembly destabilize moving replication forks that ultimately collapse [START_REF] Clemente-Ruiz | Histone H3K56 acetylation, CAF1, and Rtt106 coordinate nucleosome assembly and stability of advancing replication forks[END_REF][START_REF] Clemente-Ruiz | Chromatin assembly controls replication fork stability[END_REF]. In mammals, the supply of newly-synthetized histones regulates the rate of fork elongation, presumably by interfering with the recycling of the replication factor PCNA (Proliferating Cell Nuclear Antigen) [START_REF] Mejlvang | New histone supply regulates replication fork speed and PCNA unloading[END_REF]. Surprisingly, transient shortage in newly-synthesized histones slows down fork progression without activating of the DDR or firing additional origins, probably because the stretches of ssDNA formed at the forks are too short to activate the ATR pathway. However, prolonged defect in histone deposition at the fork leads to DNA damage. Two developmental human diseases (Wolf-Hirschhorn syndrome and congenital dyserythropoietic anemia type I) are associated with a defective histone supply, but the contribution of such type of replication stress to cancer biology remains unexplored [START_REF] Ask | Codanin-1, mutated in the anaemic disease CDAI, regulates Asf1 function in S-phase histone supply[END_REF][START_REF] Kerzendorfer | Characterizing the functional consequences of haploinsufficiency of NELF-A (WHSC2) and SLBP identifies novel cellular phenotypes in Wolf-Hirschhorn syndrome[END_REF] .

Consequences of replication stress on genome stability and cell fate

Replication stress compromises the completion of chromosomes duplication and impacts on chromosomes segregation at mitosis (figure 1). Incomplete DNA replication, unresolved DNA repair intermediates and intertwined sister chromatid can therefore lead to chromosome breakage due to chromosome non-disjunction. As mentioned above, one of the earliest consequences of replication stress is the formation of RPA-coated ssDNA, which in turn activates the ATR pathway. This pathway ensures that replication forks are able to restart once the source of replication stress is removed.

Alternative pathways are required to promote fork recovery at sites of replication stress when the ATR pathway fails to maintain forks in a replication-competent state. The activation of dormant origins is a particularly effective mechanism to complete chromosome duplication both in response to local and global replication stress [START_REF] Blow | How dormant origins promote complete genome replication[END_REF]. However, in regions of the genome that are origin-poor (i.e CFSs) or are replicated unidirectionally (i.e. telomeres), additional fork restart mechanisms are needed to complete DNA replication. Some of these mechanisms are responsible for inheritable genome modifications, from mutations to chromosomal rearrangements.

5-1 Uneven mitotic chromosome segregation: from a local initiator event to genome-wide effects

Cells reaching mitosis with damaged and/or incompletely-replicated chromosomes

As mentioned above, fork slowdown is generally compensated by the firing of dormant replication origins. However, this mechanism does not operate at origin-poor regions of the genome such as at CFSs, leading to incomplete replication [START_REF] Kawabata | Stalled fork rescue via dormant replication origins in unchallenged S phase promotes proper chromosome segregation and tumor suppression[END_REF][START_REF] Letessier | Cell-type-specific replication initiation programs set fragility of the FRA3B fragile site[END_REF][START_REF] Ozeri-Galai | Failure of origin activation in response to fork stalling leads to chromosomal instability at fragile sites[END_REF]. CFSs exhibit unresolved DNA repair/recombination intermediates or intertwined sister chromatid at the end of the S phase. This leads to the formation of atypical chromosome segregation events, such as anaphase bridges (UFB) [START_REF] Chan | Replication stress induces sister-chromatid bridging at fragile site loci in mitosis[END_REF][START_REF] Naim | The FANC pathway and BLM collaborate during mitosis to prevent micronucleation and chromosome abnormalities[END_REF]. The fact that CFSs form anaphase bridges in mitosis indicates that partially-replicated chromosomes remain undetected by checkpoint pathways before cells undergo anaphase [START_REF] Lukas | 53BP1 nuclear bodies form around DNA lesions generated by mitotic transmission of chromosomes under replication stress[END_REF][START_REF] Magiera | DNA replication and spindle checkpoints cooperate during S phase to delay mitosis and preserve genome integrity[END_REF][START_REF] Torres-Rosell | Anaphase onset before complete DNA replication with intact checkpoint responses[END_REF]. This phenomenon could also arise in response to endogenous or low replication stress that escapes cell survey. For example, the phosphorylation of CHK1 is dose dependent and very low doses of HU (such as 10 M) decelerate replication forks progression without inducing a significant cell cycle arrest or detectable CHK1 phosphorylation [START_REF] Koundrioukoff | Stepwise activation of the ATR signaling pathway upon increasing replication stress impacts fragile site integrity[END_REF][START_REF] Wilhelm | Spontaneous slow replication fork progression elicits mitosis alterations in homologous recombination-deficient mammalian cells[END_REF].

In anaphase, unresolved or unreplicated regions restrain chromosome segregation by creating a physical link between the two sister chromatids, known as anaphase bridges. These structures can be stained with DNA intercalating agents such as DAPI when they result from aberrant chromosomal morphology [START_REF] Mankouri | How unfinished business from S-phase affects mitosis and beyond[END_REF]. In contrast, UFBs do not stain with DAPI but can be detected using immunostaining against UFB-binding proteins such as the PICH or BLM helicases, RPA and some components of the FANC (Fanconi Anemia) complex [116, 117, 120] [121]. A subset of UFBs colocalizes with CFSs and is induced by replication stress [START_REF] Chan | Replication stress induces sister-chromatid bridging at fragile site loci in mitosis[END_REF][START_REF] Naim | The FANC pathway and BLM collaborate during mitosis to prevent micronucleation and chromosome abnormalities[END_REF]. Of note, whereas low levels of UFBs are detected under normal growth conditions, they are very abundant in cells defective for BLM, FANC or homologous recombination [START_REF] Naim | The FANC pathway and BLM collaborate during mitosis to prevent micronucleation and chromosome abnormalities[END_REF][START_REF] Vinciguerra | Cytokinesis failure occurs in Fanconi anemia pathway-deficient murine and human bone marrow hematopoietic cells[END_REF][START_REF] Laulier | The relative efficiency of homology-directed repair has distinct effects on proper anaphase chromosome separation[END_REF][START_REF] Bennani-Belhaj | The Bloom syndrome protein limits the lethality associated with RAD51 deficiency[END_REF][START_REF] Rodrigue | The RAD51 paralogs ensure cellular protection against mitotic defects and aneuploidy[END_REF].

Anaphase separation creates an increasing mechanical tension on partially-replicated chromatids, which are then prone to break. Remarkably, CFSs are prone to chromosome breakage under replicative stress [START_REF] Durkin | Chromosome fragile sites[END_REF][START_REF] Debatisse | Common fragile sites: mechanisms of instability revisited[END_REF]. The breakage of anaphase bridges lead to the uneven segregation of broken chromosome arms and thus to potential translocations. While the nature of unresolved replication intermediates or intertwined sister chromatid junctions formed at unreplicated DNA remains unknown, it is generally believed that these structures are cleaved by nucleases such as MUS81-EME1, GEN1 or dissolved by BLM and topoisomerase III alpha [START_REF] Naim | ERCC1 and MUS81-EME1 promote sister chromatid separation by processing late replication intermediates at common fragile sites during mitosis[END_REF][START_REF] Ying | MUS81 promotes common fragile site expression[END_REF][START_REF] Sofueva | Ultrafine anaphase bridges, broken DNA and illegitimate recombination induced by a replication fork barrier[END_REF][START_REF] Rouzeau | Bloom's syndrome and PICH helicases cooperate with topoisomerase IIalpha in centromere disjunction before anaphase[END_REF]. It has been proposed that a failure to cleave unresolved sister chromatids leads to chromosome missegregation [START_REF] Mankouri | How unfinished business from S-phase affects mitosis and beyond[END_REF]. Thus, nuclease attacks of unusual replication intermediates persisting after S phase may not be systematically detrimental to genome stability, but may rather protect the genome from the deleterious effects of replication stress.

Genome-wide impact of chromosome segregation defects

Replication stress impedes chromosome segregation locally through the formation of anaphase bridges. Besides this local effect, low levels of replication stress can also lead to the formation of extra centrosomes at mitosis [START_REF] Wilhelm | Spontaneous slow replication fork progression elicits mitosis alterations in homologous recombination-deficient mammalian cells[END_REF]. The mechanisms linking S-phase progression and centrosomes duplication have only started to emerge and it remains unclear how chronic replication stress promotes centrosomes amplification [START_REF] Hossain | Meier-Gorlin syndrome mutations disrupt an Orc1 CDK inhibitory domain and cause centrosome reduplication[END_REF]. Since most of mitotic extra centrosomes are functional, their presence results in multipolar mitosis and unbalanced chromosome segregation [START_REF] Wilhelm | Spontaneous slow replication fork progression elicits mitosis alterations in homologous recombination-deficient mammalian cells[END_REF].

Importantly, extra centrosomes are systematically associated with chromosomes bridges, delayed chromosome condensation and with prolonged metaphase arrest [START_REF] Smith | Delayed replication timing leads to delayed mitotic chromosome condensation and chromosomal instability of chromosome translocations[END_REF].

Homologous recombination (HR) plays a pivotal role in DNA repair and in replication restart, contributing therefore to the accuracy of DNA replication [START_REF] Costes | Homologous Recombination as a Replication Fork Escort: Fork-Protection and Recovery[END_REF]. Defect in HR is also a factor of cancer predisposition. Remarkably, HR-deficient cells display both a genome-wide decrease in replication fork speed, an increased frequency of extra centrosomes and UFBs, suggesting that HR defect result in an endogenous replication stress [START_REF] Wilhelm | Spontaneous slow replication fork progression elicits mitosis alterations in homologous recombination-deficient mammalian cells[END_REF][START_REF] Daboussi | A homologous recombination defect affects replication-fork progression in mammalian cells[END_REF][START_REF] Laulier | The relative efficiency of homology-directed repair has distinct effects on proper anaphase chromosome separation[END_REF][START_REF] Bennani-Belhaj | The Bloom syndrome protein limits the lethality associated with RAD51 deficiency[END_REF][START_REF] Bertrand | Overexpression of mammalian Rad51 does not stimulate tumorigenesis while a dominant-negative Rad51 affects centrosome fragmentation, ploidy and stimulates tumorigenesis, in p53-defective CHO cells[END_REF]. In support to this, mitotic defects observed in HR-deficient cells result from slowed fork progression, suggesting that the links between replication stress and mitotic defect potential underline cancer development [START_REF] Wilhelm | Spontaneous slow replication fork progression elicits mitosis alterations in homologous recombination-deficient mammalian cells[END_REF].

Mitotic defects induced by replication stress: an "adaptation-like" process in mammalian cells?

While incomplete DNA replication at specific loci is a checkpoint blind event, mitotic defects due to anaphase bridges activate checkpoints and result in prolonged mitotic arrest [START_REF] Wilhelm | Spontaneous slow replication fork progression elicits mitosis alterations in homologous recombination-deficient mammalian cells[END_REF][START_REF] Win | A role for the fission yeast Rqh1 helicase in chromosome segregation[END_REF]. The capacity to bypass the mitotic arrest without resolving its cause has been described in yeast as a process called adaptation [START_REF] Lee | Saccharomyces Ku70, mre11/rad50 and RPA proteins regulate adaptation to G2/M arrest after DNA damage[END_REF][START_REF] Toczyski | CDC5 and CKII control adaptation to the yeast DNA damage checkpoint[END_REF]. We propose that anaphase bridges are revealed in cells bypassing the mitotic arrest, in a process that is reminiscent to the adaptation process described in yeast. It is tempting to speculate that during the mitotic arrest bypass, opposite forces could be transmitted to the centrosomes in an attempt to force segregation, leading to the splitting of centrioles and multipolar segregations. This model is consistent with the facts that (i) extra centrosomes are detected in mitosis but not in interphase, (ii) extra centrosomes are functional, causing multipolar segregations and (ii) almost all mutipolar segregations are associated with chromatin bridges and with prolonged metaphase arrest [START_REF] Wilhelm | Spontaneous slow replication fork progression elicits mitosis alterations in homologous recombination-deficient mammalian cells[END_REF]. Together, these data indicate that incomplete replication results in local chromosome abnormalities at mitosis such as UFBs fragile sites and that the formation of extra centrosomes amplifies the defects to all the genome by generating multipolar attachments and aberrant segregation of fully-replicated chromosomes.

5-2 Inheritable genome modifications

Replication stress results in inheritable genome modifications, including point mutations and larger chromosomal rearrangements. Some of these rearrangements are particularly complex, including triplication, deletion, inversion and translocation. In cancer cells, the precise mechanisms responsible for replication stress-induced genome instability remain unclear but they can be determined from the sequence of breakpoint junctions [START_REF] Lambert | Replication stress and genome rearrangements: lessons from yeast models[END_REF].

Both stretches of ssDNA at stalled forks and replication-associated DSBs are likely initiator events of replication-induced genome instability. When forks collapse and eventually break, replication-restart mechanisms occur and faulty replication restart events are causal mechanisms of genome modifications and chromosome rearrangements. Among the pathways ensuring the continuity of replication, HR is an evolutionary conserved mechanisms involved in DSB repair and replicationrestart [START_REF] Costes | Homologous Recombination as a Replication Fork Escort: Fork-Protection and Recovery[END_REF]. The purpose of HR is to recombine homologous sequences, usually at sister chromatids, to repair DNA lesions. Occasionally, HR recombines repeated sequences dispersed through the genome and such events refer to NAHR (Non-Allelic Homologous Recombination), a cause of genome rearrangements exhibiting homology at breakpoint junctions [START_REF] Liu | Mechanisms for recurrent and complex human genomic rearrangements[END_REF]. In fission yeast, a single fork arrest is sufficient to induce translocation and genomic deletion in a recombination-dependent manner [START_REF] Iraqui | Recovery of arrested replication forks by homologous recombination is error-prone[END_REF]. Also, slowdown in replication fork progression stimulates fusion between inverted repeats by a recombination pathway in mammals [START_REF] Hu | Two replication fork maintenance pathways fuse inverted repeats to rearrange chromosomes[END_REF]. Replication-borne DSBs can be repaired by BIR (Break-Induced Replication), a type of HR event that can drive translocation in yeast models [START_REF] Kraus | Break-induced replication: a review and an example in budding yeast[END_REF].

Single mutations are by-products of TLS-DNA polymerases that bypass DNA lesions in an error-prone manner. The bypass of DNA lesions can occur either at the fork or behind the fork. Indeed, it has be proposed that DNA synthesis can be re-primed downstream the lesion, leaving a gap in the rear of the moving replisome that is then fill-in by either TLS or HR [START_REF] Lopes | Multiple mechanisms control chromosome integrity after replication fork uncoupling and restart at irreparable UV lesions[END_REF][START_REF] Vanoli | Replication and recombination factors contributing to recombination-dependent bypass of DNA lesions by template switch[END_REF][START_REF] Despras | ATR/Chk1 pathway is essential for resumption of DNA synthesis and cell survival in UV-irradiated XP variant cells[END_REF]. Clustered mutations surrounding the break-points of somatic rearrangements have been also recently reported in cancer cells; such clustered base substitutions refer to as Kataegis [START_REF] Nik-Zainal | Mutational processes molding the genomes of 21 breast cancers[END_REF]. Long stretches of ssDNA generated during the DSB or fork repair are particularly sensitive to DNA damage, in particular to the activities of cytidine deaminase family [START_REF] Alexandrov | Signatures of mutational processes in human cancer[END_REF]. In yeast, chronic replication stress induced by exposure to replication-specific damaging agents leads to damaged ssDNA and clustered mutation over hundreds of kilobases [START_REF] Roberts | Clustered mutations in yeast and in human cancers can arise from damaged long single-strand DNA regions[END_REF].

Error-prone DNA synthesis associated with repair events likely underlies genome modifications. HR requires a DNA synthesis step that is error-prone, mainly due to a lack of processivity: the elongated strand dissociates frequently from the initial template and anneals to another discontinuous template [START_REF] Smith | Template switching during break-induced replication[END_REF][START_REF] Hicks | Increased mutagenesis and unique mutation signature associated with mitotic gene conversion[END_REF][START_REF] Hastings | A microhomology-mediated break-induced replication model for the origin of human copy number variation[END_REF]. This phenomenon is called template switch and is driven either by significant length of homology or micro-homology (few bases) [START_REF] Carvalho | Inverted genomic segments and complex triplication rearrangements are mediated by inverted repeats in the human genome[END_REF]. The last refers to as MM-BIR (microhomology mediated break-induced replication) [START_REF] Hastings | A microhomology-mediated break-induced replication model for the origin of human copy number variation[END_REF][START_REF] Payen | Segmental duplications arise from Pol32-dependent repair of broken forks through two alternative replication-based mechanisms[END_REF]. In fission yeast, replication-restart by HR is associated with an error prone DNA synthesis, liable to replication slippage at microhomologies, thus leading to micro-deletions and insertions [START_REF] Iraqui | Recovery of arrested replication forks by homologous recombination is error-prone[END_REF]. When progressing across repeated sequences, forks restarted by HR are prone to fold-back inversion, resulting in large chromosome duplication, a possible mechanism to explain fold back inversions observed in pancreatic cancer cells [START_REF] Mizuno | Recombination-restarted replication makes inverted chromosome fusions at inverted repeats[END_REF][START_REF] Campbell | The patterns and dynamics of genomic instability in metastatic pancreatic cancer[END_REF].

DNA synthesis associated with BIR events is particularly error prone, resulting in a 2,800 fold increase in frame-shift, base substitution and template switch when progressing over hundreds of kilobases [START_REF] Smith | Template switching during break-induced replication[END_REF][START_REF] Deem | Break-induced replication is highly inaccurate[END_REF]. Remarkably, overexpression of Cyclin E results in genomic duplication with complex breakpoint junctions [START_REF] Costantino | Break-induced replication repair of damaged forks induces genomic duplications in human cells[END_REF]. Fork progression relies on two key subunits of the DNA polymerase delta that appear dispensable to replication efficiency in cells not overexpressing Cyclin E. The use of reporter assays demonstrated that BIR events are likely to underlie genomic duplication due to serial template switches of the elongated strand [START_REF] Costantino | Break-induced replication repair of damaged forks induces genomic duplications in human cells[END_REF]. Thus, under replication stress conditions, the continuity of DNA replication relies on accessory DNA polymerase factors that drive genome instability.

CNVs (Copy Number Variation) are the most frequent genome modifications observed from an individual to another. CNVs are also common to cancer cells and underlie genomic disorders [START_REF] Liu | Mechanisms for recurrent and complex human genomic rearrangements[END_REF][START_REF] Arlt | Replication stress and mechanisms of CNV formation[END_REF]. CNVs are induced by replication stress and independently of the DSB repair pathway NHEJ (Non Homologous End Joing) [START_REF] Arlt | Replication stress and mechanisms of CNV formation[END_REF][START_REF] Arlt | De novo CNV formation in mouse embryonic stem cells occurs in the absence of Xrcc4-dependent nonhomologous end joining[END_REF]. The analysis of breakpoint junctions of CNVs has revealed an unexpected complexity, including the presence of microhomologies, small insertions/deletions, frame-shifts and base substitutions [START_REF] Carvalho | Replicative mechanisms for CNV formation are error prone[END_REF]. Such a complexity has been interpreted as a consequence of multiple attempts to restart stalled replication forks.

5-3 Cell death, senescence and cancer.

One century ago, Theodor Boveri hypothesized that tumors originate from improper chromosome segregation, thus creating aneuploid cells that undergo clonal expansion. He proposed that in some cases, abnormal chromosome segregation and aneuploidy are caused by extra-centrosome generation, leading to multipolar cells [START_REF] Boveri | Concerning the origin of malignant tumours by Theodor Boveri. Translated and annotated by Henry Harris[END_REF]. More recently, the formation of active mitotic extra centrosomes has been correlated to replication stress [START_REF] Wilhelm | Spontaneous slow replication fork progression elicits mitosis alterations in homologous recombination-deficient mammalian cells[END_REF]. Consistently, both replication stress and centrosome abnormalities have also been reported at early stages of malignancy [START_REF] Gorgoulis | Activation of the DNA damage checkpoint and genomic instability in human precancerous lesions[END_REF][START_REF] Nigg | Centrosome aberrations: cause or consequence of cancer progression?[END_REF][START_REF] Sluder | The good, the bad and the ugly: the practical consequences of centrosome amplification[END_REF][START_REF] Bartkova | DNA damage response as a candidate anti-cancer barrier in early human tumorigenesis[END_REF] .

Replication stress provokes an arrest at mitosis through the activation of the mitotic spindle checkpoint. Strikingly, even low or unprocessed endogenous replication stress results in prolonged metaphase arrest. Prolonged mitotic arrest should then lead to mitotic catastrophe and cell death. These processes could therefore select cells able to escape mitotic arrest and cell death, thus with increased genetic instability (see above) and possibly with de-repressed proliferation program.

Endogenous replication stress has been proposed to be involved at the very early steps of senescence and/or malignancy initiation [START_REF] Halazonetis | An oncogene-induced DNA damage model for cancer development[END_REF][START_REF] Gorgoulis | Activation of the DNA damage checkpoint and genomic instability in human precancerous lesions[END_REF][START_REF] Bartkova | Oncogene-induced senescence is part of the tumorigenesis barrier imposed by DNA damage checkpoints[END_REF][START_REF] Bartkova | DNA damage response as a candidate anti-cancer barrier in early human tumorigenesis[END_REF][START_REF] Micco | Interplay between oncogene-induced DNA damage response and heterochromatin in senescence and cancer[END_REF]. Beside the induction of tumors, oncogenes can induce senescence in a process called oncogene-induced senescence (OIS). It is proposed that the oncogene activation leads to an hyper-replication state through the stimulation of the cell proliferation program. The hyper-replication increases the endogenous replication stress, which activates the DDR. The persistence of the DDR arrests cells in cell cycle, causing senescence [START_REF] Halazonetis | An oncogene-induced DNA damage model for cancer development[END_REF][START_REF] Darzynkiewicz | When senescence masquerades as DNA damage: is DNA replication stress the culprit?[END_REF]. Note that senescence is generally considered as a tumor suppressor mechanism through its anti-proliferation consequences. However, senescence is a double-edge sword since it can also induce tumorigenesis through the production of inflammatory cytokines [START_REF] Rodier | Four faces of cellular senescence[END_REF][START_REF] Campisi | Cellular senescence: when bad things happen to good cells[END_REF]. In addition, the induction of senescence allows to select cells able to bypass the proliferation restriction, thus with stimulated proliferation programs, thus constituting a first step toward neoplasia.

The link between replication stress and senescence is supported by several studies. Patients suffering from the Werner syndrome (in which a RecQ-helicase is mutated) or from Fanconi anemia, both syndrome that exhibit markers of endogenous replication stress, also suffer from premature aging and patient cells are prone to senescence [START_REF] Bachrati | RecQ helicases: suppressors of tumorigenesis and premature aging[END_REF][START_REF] Lans | Cell biology: ageing nucleus gets out of shape[END_REF]. Caloric restriction, which prolongs life span in all eukaryotes, also inhibits DNA replication [START_REF] Ogura | Decrease by chronic energy intake restriction of cellular proliferation in the intestinal epithelium and lymphoid organs in autoimmunity-prone mice[END_REF][START_REF] Hursting | Calorie restriction, aging, and cancer prevention: mechanisms of action and applicability to humans[END_REF]. Exposure of cells to low doses of HU for two weeks, induce senescence monitored by the lysosomial β-galactosidase activity and the poor ability to incorporate nucleotide analogues [START_REF] Micco | Interplay between oncogene-induced DNA damage response and heterochromatin in senescence and cancer[END_REF]. However, the senescence-associated heterochromatin foci (SAHF) were not efficiently induced compared with OIS. Note that OIS-induced SAHFs require DNA replication and ATR [START_REF] Micco | Interplay between oncogene-induced DNA damage response and heterochromatin in senescence and cancer[END_REF].

Noteworthy, HR protects against spontaneous endogenous replication stress and is affected in many familial breast cancers. More specifically, most of genes identified to be inactivated in familial breast cancer control the replication/recombination interface [START_REF] Walsh | Ten genes for inherited breast cancer[END_REF][START_REF] Walsh | Mutations in 12 genes for inherited ovarian, fallopian tube, and peritoneal carcinoma identified by massively parallel sequencing[END_REF]. In addition, the oncogene AKT1 is activated in 40 to 60% of sporadic breast and ovary cancer [START_REF] Plo | AKT1 inhibits homologous recombination by inducing cytoplasmic retention of BRCA1 and RAD51[END_REF][START_REF] Guirouilh-Barbat | AKT1/BRCA1 in the control of homologous recombination and genetic stability: the missing link between hereditary and sporadic breast cancers[END_REF]. Interestingly, AKT1 stimulates proliferation, represses cell death and HR and thus should generate high endogenous replication stress [START_REF] Plo | AKT1 inhibits homologous recombination by inducing cytoplasmic retention of BRCA1 and RAD51[END_REF]. Consistently AKT1 over-activation leads to the formation of mitotic extra centrosomes [START_REF] Plo | AKT1 represses gene conversion induced by different genotoxic stresses and induces supernumerary centrosomes and aneuploidy in hamster ovary cells[END_REF]. Such genetic instability should then increase genetic instability favoring thus the tumor progression, in addition to tumor initiation. This shed light on the importance to secure replication completion and to manage replication stress (even endogenous stresses) prior to mitosis.

6-Concluding remarks

The sources of replication stress are many and varied, but different causes results in similar consequences. It is likely that novel mechanisms of genome instability caused by replication stress will emerge, concerning for instance oncogene-induced alterations of the DNA replication program.

Our knowledge of the bases of eukaryotic DNA replication program is a pillar to understand the contribution of replication stress to cancer development. The cellular responses to replication stress have been mainly characterized in response to acute and exogenous stress. When the DDR is defective, acute replication stress leads to a massive deregulation of the DNA replication program, catastrophic genome instability and senescence or cell death. Cells escaping apoptosis are prone to accumulate additional mutations and to initiate clonal proliferation. In another scenario, neoplasic lesions suffer from low levels of chronic and endogenous replication stress. Such type of alteration might be in part checkpoint-blind and thus facilitates the transmission of damaged chromosomal segments to the next cell cycle [START_REF] Lukas | 53BP1 nuclear bodies form around DNA lesions generated by mitotic transmission of chromosomes under replication stress[END_REF]. Also, adaptation processes might take place to face endogenous and chronic replication stress. Tumor cells could "learn" how to cope with for arrest and duplicate their genome in stress conditions. Indeed, replication stress arises in neoplasic lesions but lingers as well in solid tumors in which it contributes to chromosomal instability such as aneuploidy [START_REF] Burrell | Replication stress links structural and numerical cancer chromosomal instability[END_REF] 

  . The cascade of DDR activation and its components have been largely characterized in response to acute replication stress, but the cell response to chronic and endogenous replication stress remains poorly described, despite the fact that it likely represents the main source of replication-induced genome instability during cancer development. Understanding to what extent and how cells adapt to subtle replication alterations should help identify new targets and open new avenues for anticancer therapeutic strategies.
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 2 Figure 2: Consequences of replication stress. Top panel: Alteration of the replication fork speed (whatever the cause, see text for detail) generates stretches of ssDNA either because of uncoupling between the replicative helicase and the DNA polymerase or nuclease attacks. Stretches of ssDNA contribute to the activation of the ATR pathway which in turn acts locally to maintain the replisome in a replication-competent state, and acts globally to delay cell progression, inhibits late-replicated domains and probably slows down the speed of activate forks. Of note, ATR, and more generally the DDR, also impact on many other cellular metabolism processes. Bottom panel: acute replication in ATR deficient cells results in an excess of origin firing, a massive amount of chromatin-bound RPA and an excessive consumption of dNTP. Stretches of ssDNA are thus unprotected and sensitive to breakages. Inefficient replication complexes correspond to replisomes that cannot be maintained in a replication-competent state due to ATR deficiency.
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