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Replication stress (RS) is intrinsic to normal cell growth, is enhanced by exogenous factors and elevated in many cancer cells due to oncogene expression. Most genetic changes are a result of RS and the mechanisms by which cells tolerate RS has received considerable attention because of the link to cancer evolution and opportunities for cancer cell-specific therapeutic intervention. Site-specific replication fork barriers have provided unique insights into how cells respond to RS and their recent use has allowed a deeper understanding of the mechanistic and spatial mechanism that restart arrested forks and how these correlate with RS-dependent mutagenesis. Here we review recent data from site-specific fork arrest systems used in yeast and highlight their strengths and limitations.

Introduction

During an average human life span, each individual copies several light-years of DNA. Bulk DNA synthesis occurs during S-phase and is impressively accurate (estimated errors 40 to 200 per generation [START_REF] Nachman | Estimate of the mutation rate per nucleotide in humans[END_REF][START_REF] Blokzijl | Tissue-specific mutation accumulation in human adult stem cells during life[END_REF][START_REF] Xue | Human Y chromosome base-substitution mutation rate measured by direct sequencing in a deep-rooting pedigree[END_REF]). However, exposure to endogenous or exogenous factors challenge the DNA replication process with consequences to human health and ageing [START_REF] Schumacher | The central role of DNA damage in the ageing process[END_REF], a phenomena termed replication stress (RS). Interestingly, the cancer risk of a given tissue is mathematically linked to the number of stem cells divisions [START_REF] Blokzijl | Tissue-specific mutation accumulation in human adult stem cells during life[END_REF], indicating that the low levels of RS intrinsic to cellular metabolism underly cancer incidence. Furthermore, tumour aggressiveness is associated with increased RS that causes increased genome instability and drives tumour evolution [START_REF] Bakhoum | Chromosomal instability drives metastasis through a cytosolic DNA response[END_REF].

A major risk of RS is unfinished DNA replication at the time cells enter into mitosis [START_REF] Dahiya | Mechanistic origins of diverse genome rearrangements in cancer[END_REF][START_REF] Glover | Fragile sites in cancer: more than meets the eye[END_REF]. Traditionally, DNA replication was proposed to be completed within S phase. However, recent work shows that the subsequent G2 (interphase) is used to offset replication shortfalls, particularly upon mild RS conditions such as those observed in tumour cells [START_REF] Mocanu | G2 DNA Synthesis is Essential to Safeguard Chromosome Integrity Under Replication Stress[END_REF]. Unreplicated DNA, per se, cannot be sensed by the cell, but stalled, arrested and broken replication structures are sensed [START_REF] Murakami | Maintenance of replication forks and the S-phase checkpoint by Cdc18p and Orp1p[END_REF]. Thus, continuing DNA synthesis into G2 minimizes unfinished DNA replication and, when excessive and associated with abnormal fork structures, will delay entry into mitosis [START_REF] Mocanu | Mind the replication gap[END_REF]. DNA synthesis tracts have also been observed on chromosomes during early mitosis, a phenomenon termed MiDAS (Mitotic DNA synthesis). MiDAS is proposed to specifically process unresolved replication intermediates in mitotic cells to reactivate DNA synthesis [START_REF] Bhowmick | RAD52 Facilitates Mitotic DNA Synthesis Following Replication Stress[END_REF][START_REF] Minocherhomji | Replication stress activates DNA repair synthesis in mitosis[END_REF].

The completion of DNA replication also relies on DNA repair pathways including homologous recombination (HR) which protects the integrity of halted replication forks [START_REF] Schlacher | Double-strand break repair-independent role for BRCA2 in blocking stalled replication fork degradation by MRE11[END_REF][START_REF] Costes | Homologous recombination as a replication fork escort: fork-protection and recovery[END_REF][START_REF] Kolinjivadi | Moonlighting at replication forks -a new life for homologous recombination proteins BRCA1, BRCA2 and RAD51[END_REF] and can re-establish replication competence [START_REF] Petermann | Hydroxyurea-stalled replication forks become progressively inactivated and require two different RAD51-mediated pathways for restart and repair[END_REF] at dysfunctional forks by mechanisms named Recombination-Dependent Replication (RDR) [START_REF] Saada | Preserving replication fork integrity and competence via the homologous recombination pathway[END_REF] and Break-Induced Replication (BIR) [START_REF] Malkova | Break-induced replication: functions and molecular mechanism[END_REF]. Replication forks established by either RDR or BIR exhibit features that distinguish them from canonical DNA replication (Table 1). In particular, RDR and BIRassociated DNA synthesis is subject to errors that are relevant to human diseases (for a review see: [START_REF] Sakofsky | Break induced replication in eukaryotes: mechanisms, functions, and consequences[END_REF]).

Bulk analysis indicates the replisome moves at ~2kb a minute. However, visualisation of individual fork progress by DNA combing shows a very wide distribution. This distribution suggests that multiple stochastic events influence an individual replisome, with forks frequently changing speed, arresting and resuming synthesis. While the nature of these events is unknown, introducing replication fork barriers (RFBs) by, for example, damaging DNA causes increased fork slowing and arrest. Distinct barriers cause distinct problems for the replisome, resulting in different responses at the fork [START_REF] Berti | Replication stress: getting back on track[END_REF][START_REF] Quinet | To skip or not to skip: choosing repriming to tolerate DNA damage[END_REF]. Thus, depending on what initiates the problem, many different structures and configurations of the fork and the replication machinery can occur. As the terminology is not uniform we define (Box 1) our interpretation of various terms used.

Site-specific fork stalling assays

To overcome the largely random nature of fork stall sites when using replication stalling agents, site-specific fork arrest systems have been developed. These include the generation of double-strand breaks (DSBs) that can only be repaired by BIR [START_REF] Osia | Investigation of Break-Induced Replication in Yeast[END_REF], introducing site-specific nicks [START_REF] Mayle | Mus81 and converging forks limit the mutagenicity of replication fork breakage[END_REF], transferring the Tus /Ter system from bacteria [START_REF] Larsen | Tus-Ter as a tool to study site-specific DNA replication perturbation in eukaryotes[END_REF][START_REF] Larsen | The Escherichia coli Tus-Ter replication fork barrier causes site-specific DNA replication perturbation in yeast[END_REF][START_REF] Willis | BRCA1 controls homologous recombination at Tus/Ter-stalled mammalian replication forks[END_REF], studying ectopically localized fork barriers (rRFBs) located within the rDNA repeats [START_REF] Calzada | Molecular anatomy and regulation of a stable replisome at a paused eukaryotic DNA replication fork[END_REF][START_REF] Mizuno | Recombination-restarted replication makes inverted chromosome fusions at inverted repeats[END_REF], generating strong DNA:protein binding sites such as LacO arrays in the presence of LacI expression [START_REF] Jacome | Lac operator repeats generate a traceable fragile site in mammalian cells[END_REF][START_REF] Beuzer | Establishment of a replication fork barrier following induction of DNA binding in mammalian cells[END_REF][START_REF] Sofueva | Ultrafine anaphase bridges, broken DNA and illegitimate recombination induced by a replication fork barrier[END_REF], the introduction of loci containing structure forming repeats [START_REF] Polleys | Genetic Assays to Study Repeat Fragility in Saccharomyces cerevisiae[END_REF] and exploiting the replication arrest locus (RTS1) from the fission yeast mating type region [START_REF] Lambert | Gross chromosomal rearrangements and elevated recombination at an inducible site-specific replication fork barrier[END_REF][START_REF] Ahn | Replication fork blockage by RTS1 at an ectopic site promotes recombination in fission yeast[END_REF].

Site-specific systems have several advantages including; visualisation of DNA structures by 2D gels, enhancing genetic readout sensitivity to assign replication restart pathways and facilitating chromatin immunoprecipitation (ChIP). There are also associated limitations including: system-specific limitations (i.e. most BIR assays operate outside of S phase in G2 arrested cells) and intrinsic limitations (i.e. each assay is limited to one specific cause of fork arrest). Notwithstanding such limitations, site-specific systems have proved valuable and we here we review recent developments.

Homologous recombination-dependent replication restart

Site-specific assays formally proved that HR restarts collapsed replication forks and demonstrated that the resulting leading strand synthesis uses Pol and not Pol (/ synthesis) and is highly error prone (reviewed in [START_REF] Saada | Preserving replication fork integrity and competence via the homologous recombination pathway[END_REF]) (Figure 1 and Table 1). BIR, by definition, initiates from an invading single-ended DSB, whereas RTS1-dependent RDR occurs without introducing a DSB and requires the controlled resection of nascent strands by a two-step process (reviewed in [START_REF] Saada | Preserving replication fork integrity and competence via the homologous recombination pathway[END_REF]). BIR utilises a migrating D-loop with alternative helicases (i.e. Pif1) replacing the CMG replicative helicase likely leading to a DNA synthesis that proceeds slower than S-phase replication [START_REF] Liu | Tracking break-induced replication shows that it stalls at roadblocks[END_REF]. BIR DNA synthesis is conservative, highly sensitive to roadblock and both strands are synthetized by Pol [START_REF] Donnianni | DNA Polymerase Delta Synthesizes Both Strands during Break-Induced Replication[END_REF]. In contrast, during RTS1-dependent RDR replication proceeds semi-conservatively, strongly implying that D-loops are rapidly resolved. A role for Pfh1, the Pif1 homologue in S. pombe, in promoting RDR efficiency and in limiting associated replication errors, has been genetically assigned, but it remains unclear if it replaces the CMG complex [37]. These differences may reflect distinct responses to the original lesions, but more likely reflect the cell cycle stage -BIR generally initiates in G2/M phase several hours after DSB induction, while RTS1-dependent RDR initiates in S phase and is achieved in 20 minutes. Consistent with this timing, S phase BIR, induced by a nick, is rapidly subject to a Mus81-dependent process that limits mutagenesis and probably the progression of the restarted fork. Consistent with human systems, RTS1-dependent fork collapse requires HR proteins, including Rad51, not only for restart but also to protect them to ensure effective fork merger (reviewed in [START_REF] Saada | Preserving replication fork integrity and competence via the homologous recombination pathway[END_REF]).

Tamang et al, [38] recently used genetic readouts of RTS1-dependent RDR to implicate Elg1 in promoting HR restart, likely via removing PCNA. This data correlates with reduced Rad51 and Rad52 foci at RTS1 when elg1 was deleted.

Although not yet formally demonstrated, mechanistically, it was suggested that PCNA recruits anti-recombinogenic helicases (Fbh1, Srs2), thus suppressing RDR. The importance of balancing helicase activity at arrested forks is also evident from the fact that Fml1 -the S. pombe FANCM homolog -suppresses a genetic readout predicated on increased converging forks [39]. This work suggests Fml1 regulates fork regression and thus the availability of a 3' end. Again, although regressed forks have not been formally identified at RTS1-arrrested forks, genetic evidence suggests a role for KU, which would bind the double stranded DNA end of such structures [40]. While precise roles of the various helicases remain to be elucidated at RTS1, it is clear that careful control of helicases, nucleases and recombination is important when forks are arrested in other systems. For example, Tus/Ter-dependent arrested forks in S. cerevisiae do not require HR to resume, but rather accessory helicase such as Rrm3 [START_REF] Larsen | The Escherichia coli Tus-Ter replication fork barrier causes site-specific DNA replication perturbation in yeast[END_REF]. In addition, in the absence of Sgs1, mutations accumulate behind the arrest site [41] and these mutations depend on endresection and HR factors (Rad51 and the SHU complex).

Until recently the analysis of BIR and RDR has relied mainly on 2D gel analysis and genetic readouts. The introduction of methods to track replication dynamics directly (for example by polymerase usage sequencing [42]) opens up new avenues, particularly when interpreting genetic readouts. Tracking replication dynamics recently demonstrated that >30Kb of DNA can be replicated by a / fork and that loss of Ku in the RTS1-dependent RDR system directly delays RDR initiation [43], consistent with previous genetic assays [40], although the mechanism by which KU promotes timely fork restart is unknown.

Nuclear positioning influences fork-restart pathway choice.

Nuclear positioning impacts DSB repair: some chromatin compartments, including yeast nucleoli, D. melanogaster heterochromatin, and mouse peri-centromeres are refractory to HR [44,45]. DSBs within such regions shift away from their compartments to undergo HR repair, which can require DSB anchorage to nuclear pore complexes (NPCs) and/or nuclear envelope components. Recent advances indicate nuclear positioning similarly impacts arrested forks. In budding yeast, forks collapsed at CAG repeats relocate to NPCs in a SUMO-dependent manner [46]. SUMO is covalently attached to target lysine's by E2 and E3 SUMO ligases and subsequently SUMO chains can form. Anchorage of CAG repeatcollapsed forks to NPCs requires the SUMOylation of key HR factors (i.e. RPA, Rad52, and Rad59) [47]. Mechanistically, SUMO-RPA allows Rad51 exclusion at collapsed forks and Rad51 loading is observed only after NPC association, indicating that an unidentified mechanism works at NPCs to exchange SUMO-RPA with Rad51 [47]. In contrast, NPC anchorage of RTS1-arrested forks in S. pombe occurs after Rad51 loading and the strand exchange reaction, suggesting that the formation of joint-molecules at RTS1 is an important signal for relocation and anchorage [48]. These differences may reflect distinct evolutionary paths. Alternatively, when forks arrest within repeated sequences, SUMOylation may help constrain Rad51-mediated HR that can results in chromosomal rearrangements. In contrast, when forks arrest at unique sequences, Rad51-dependent restart remains a relatively safe restart mechanism. This hypothesis would imply that the sequence environment, and likely the chromatin landscape, impact SUMOylation events at arrested forks.

RTS1 arrested forks associate with the nuclear periphery for ~20 minutes [48], equivalent to the estimated time of HR-mediated fork restart [49, 50] (Figure 1). This timing suggests NPC anchorage is an integral part of RDR. NPC anchorage requires SUMO chain formation by the Pli1 E3 ligase. The targeted factors are unknown, but Pli1 acts to limit nascent strand degradation. Surprisingly, and in contrast to CAG-arrested forks in S. cerevisiae, SUMO chains inhibit the efficiency of RDR downstream of Rad51 loading, as monitored by the frequency of HR-dependent replication errors (i.e. replication slippage) driven by the restarted fork [48]. NPC anchorage allows SUMO conjugates to be cleared by the action of the proteasome and the Ulp1 SENP SUMO protease, both activities being enriched at NPCs. This processing allows DNA synthesis to be extended likely from the D-loop structure (Figure 1). Interestingly, allowing only mono-SUMOylation to occur permits a better RDR efficiency, without a routing towards NPCs. These data may suggest the existence of distinct RDR sub-pathways to restart DNA synthesis from arrested forks: when SUMO chains are engaged at arrested forks, a type of DNA synthesis may be restrained, provoking a commitment towards NPC anchorage to achieve RDR. Mono SUMOylation may alternatively allow a mode of replication restart, still HR-dependent, within the nucleoplasm.

The well-established role of nuclear compartmentalisation in regulating DNA repair likely extends to the regulation of RDR mechanisms, potentially minimising the error prone features of the ensuing / synthesis. Jorgensen et al, [51] reported in S. cerevisiae that Tus/Ter stalled forks, only when present at late-replicating telomeric regions, required specific protective factors, including Esc2 -a RENi family protein containing SUMO-like domains, to counteract HR-dependent mutagenesis and chromosomal rearrangement. Although this phenomenon could not be linked to NPCs, it is worth noting that S. cerevisiae telomeres are positioned at the nuclear periphery, consistent with a hypothesis that nuclear positioning of fork arrest impacts fork-repair pathway choice. When telomerase is deleted, fork arrest is exacerbated within telomeric repeats [52] and the anchorage of telomeric stalled forks to NPCs is instrumental in channelling fork restart events towards a conservative repair mode and to restrain telomere maintenance by unequal sister chromatids that leads to errorprone recombination between repeat sequences [53]. Taken together, these converging data support the concept that nuclear positioning of arrested forks, including their potential anchorage to NPCs, are pivotal criteria of fork-restart pathways choice.

Relevance to mammalian fork repair

Site-specific fork stalling assays, combined with genetic readout of local genome instability in mammalian cells has recently emerged, although these assays also have limitations. The Tus-ter barrier in mouse cells and showed that BRCA1 regulates genome stability at fork arrest sites, preventing a particular type of tandem duplication frequently observed in BRCA1 mutated cancer cells [START_REF] Willis | BRCA1 controls homologous recombination at Tus/Ter-stalled mammalian replication forks[END_REF]54]. Surprisingly, the Tus-ter-RFB is not polar in mouse cells and it is therefore difficult to assign events to restarted forks or the resolution/bypass of termination events [START_REF] Willis | BRCA1 controls homologous recombination at Tus/Ter-stalled mammalian replication forks[END_REF]. Nonetheless, such genetic assays recently highlighted the existence of distinct fork repair pathways regulated by FANCM, a member of the Fanconi anaemia pathway [55]. Whether these pathways are linked to nuclear positioning is unknown, but it is worth noting that polymerized nuclear F-actin and myosin II promote the relocation of replication foci to the nuclear periphery upon replication stress, helping to avoid mitotic and chromosomal abnormalities [56]. The terminology used in different labs and papers is not yet consistent in the field. We thus define the following terms to avoid confusion.
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Replication fork:

The DNA structure at the point of strand separation during replication Replisome: the CMG and associated proteins that associate with the fork during canonical replication Arrested fork: a catch all terminology for any fork that is currently not progressing Resumed fork: a fork that started again after arrest without specialized assistance Stalled fork: a fork that has stopped progressing, but is fully capable of resuming replication Collapsed fork: a fork that has stopped progressing, and which cannot resume replication Broken fork: a fork that has collapsed and resulted in a DSB Restarted fork: a fork that started again after arrest with the help of a specialized mechanism 
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 1 Figure 1: Model of recombination-dependent replication in the nuclear space in S. pombe.The estimated time to achieve RDR is estimated to ~20 minutes according to[46, 47]. See text for details.
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Table 1 :

 1 Features of DNA synthesis associated to replication restart mechanisms

	Process	Initiation	DNA synthesis features	DNA-Polymerases	Helicases involved in DNA Synthesis efficiency or quality	Spectra of mutagenesis
	RDR in S-phase (S. pombe)	ssDNA gap at single stalling	• Semi-conservative • Uncoupled lagging-leading DNA synthesis • Coupled to histone deposition by CAF-1-Asf1 axis • Restrain by SUMO chains • Restrain by fork convergence	Pol δ	Pfh1 Srs2 Fbh1 Fml1 Rqh1	• U-turn • RS 1 • TS 2 • NAHR 3 • Sensitive to head-on TR 4 conflicts
	BIR in G2-phase (S. cerevisiae)	DSB	• Conservative • Uncoupled lagging-leading DNA synthesis • Slow speed (0.5Kb/min) • Migrating D-loop	Pol δ (Pol32 requirement) Pol α	Pif1 Srs2 Mph1	• Kataegis 5 • TS • MM-BIR 6 • Sensitive to road-blocks
	BIR in S-phase (S. cerevisiae)	One ended DSB	• Restrain by fork convergence • Restrain by Mus81	Pol δ (Pol32 requirement)	Unknown	
	Fork repair at Ter-Tus (mammalian)	Single and/or double stalling	Unknown	Unknown	FAMCM BLM	• TD 7 • Long track GC 8

1: Replication Slippage. 2: Template Switch. 3: Non Allelic Homologous Recombination. 4: Transcription-replication. 5: High load of clustered mutations. 6: Microhomology-Mediated Break-Induced Replication. 7: Tandem Duplication. 8: Gene conversion
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