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Abstract

In a lifetime, a human being synthesizes approximately 2 x 10'¢ meters of
DNA, a distance that corresponds to 130,000 times the distance between the
Earth and the Sun. This daunting task is executed by thousands of replication
forks, which progress along the chromosomes and frequently stall when
they encounter DNA lesions, unusual DNA structures, RNA polymerases,
or tightly-bound protein complexes. To complete DNA synthesis before
the onset of mitosis, eukaryotic cells have evolved complex mechanisms to
process and restart arrested forks through the coordinated action of multiple
nucleases, topoisomerases, and helicases. In this review, we discuss recent
advances in understanding the role and regulation of nucleases acting at
stalled forks with a focus on the nucleolytic degradation of nascent DNA, a
process commonly referred to as fork resection. We also discuss the effects
of deregulated fork resection on genomic instability and on the unscheduled
activation of the interferon response under replication stress conditions.
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INTRODUCTION

DNA replication is the basic mechanism used by all living organisms to duplicate their genome and
transfer the genetic information between generations. This process is achieved by sophisticated
macromolecular machinery termed the replisome (164). DNA replication begins with assembly
of a prereplicative complex composed of the origin-recognition complex (ORC), CDC6, CDT1,
and a hexameric ring of the mini chromosome maintenance (MCM) proteins MCM2-7 at specific
sequence elements termed replication origins (25, 58, 137). Bacteria and archaea are typically
characterized by a single replication origin, whereas eukaryotic chromosomes are replicated in a
timely fashion by initiating replication at multiple genomic replication origins. DNA synthesis
is initiated by cyclin-dependent and DBF4-dependent kinases in a process called origin firing
(45,119, 128, 138). In eukaryotes, the parental DNA duplex is unwound by a replicative helicase
composed of the CDC45 protein, the MCM2-7 complex, and the tetrameric GINS complex,
which together form the so-called CMG complex (62, 82, 123). Concomitantly, DNA is replicated
by the leading and lagging strand polymerases, Pol ¢ and Pol 8, which are associated with CMG
(Figure 1a). Many of the proteins involved in DNA replication are highly conserved between
eukaryotes, even though the nature of replication origins can vary significantly between unicellular
eukaryotes and metazoans. In this review, we principally refer to human proteins unless otherwise
stated.

DNA lesions that arise from either normal metabolism or exposures to natural or artificial
agents in the environment constantly challenge replication forks. In addition to DNA lesions, in-
trinsic replication fork obstacles, such as transcribing RNA polymerases, unusual DNA structures,
tightly-bound protein—-DNA complexes, and oncogene activation, may also perturb fork progres-
sion (19, 170). Replication stress can be defined as a global perturbation of the DNA replication
program generally associated with a transient slowing or stalling of replication forks. The effects
of replication stress on the structure and the stability of arrested forks can be extremely variable,
depending on the nature of the impediment. For instance, small DNA lesions can pass through the
CMG helicase and block DNA synthesis, leading to a physical uncoupling between the helicase and
DNA polymerases (Figure 1) (29, 97, 169). In contrast, protein-DNA complexes, interstrand
cross-links, or bulky DNA adducts arrest forks by preventing extensive unwinding of parental
DNA strands (Figure 1c). However, the notion that roadblocks on the leading strand represent
an absolute block to replication fork progression was challenged by recent studies that showed
that the replicative machinery can traverse interstrand cross-links in a process that requires the
FANCM translocase in complex with the MHF protein (81). DNA double-strand breaks (DSBs)
may arise when replication forks collide with lesions or encounter single-stranded DNA (ssDNA)
gaps in a process commonly known as replication run-off (Figure 1d) (76). One-ended DSBs
might result from endonucleolytic cleavage of the stalled replication intermediates in a process
that may contribute to fork restart by homologous recombination (HR) repair (74). Stalled forks
can be rescued by converging forks progressing from backup replication origins (Figure 1f).
These so-called dormant origins are present in large excess in the human genome and are acti-
vated only under replication stress conditions (67). Forks that cannot be restarted or rescued by
dormant origins eventually collapse (Figure 1e). Initially, fork collapse was linked to dissociation
of the replisome components, but recent results in yeast and human cells indicate that it can more
generally be defined as the scenario in which forks are terminally arrested (37, 39, 49, 55, 155).

The mechanisms by which cells deal with replication stress to promote fork recovery depend
therefore on the nature of the impediment and on the structure of stressed forks (Figure 1f=j).
Defining these different replication stress response (RSR) pathways is paramount for understand-
ing how cells cope with replication challenges and preserve the integrity of their genomes. This
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Figure 1

Recovery of stressed replication forks. This figure illustrates the different types of fork structures (#—¢) observed under replication stress
conditions and the mechanisms used by eukaryotic cells to rescue them (). (#) Simplified representation of a eukaryotic replication
fork showing the unwinding of parental DNA strands by the Cdc45/MCM2-7/GINS (CMG) helicase complex and the DNA
polymerases acting on the leading and lagging strands. CMG and DNA polymerases associate with many additional factors at
replication forks to form the replisome. Orange lines represent physical interactions between the CMG complex and DNA
polymerases. (/) DNA lesions that are small enough to pass through the CMG channel block the progression of DNA polymerases,
leading to uncoupling of polymerase and helicase activities and increased single-stranded DNA (ssDNA) at the fork. (c) Replication
forks stall when they encounter obstacles impeding the progression of the replisome. (¢) Replication forks break when they encounter a
DNA lesion or an ssDNA gap, and when a stalled fork is cleaved by a structure-specific endonuclease. This leads to the formation of a
one-ended DNA double-strand break (DSB) and to replisome run-oft. (¢) Forks that cannot be restarted or rescued by dormant origins
in a timely fashion eventually collapse. Fork collapse corresponds to an irreversible inactivation of the fork, with or without loss of
replisome components. (f) A stalled fork can be rescued by an active fork progressing from a downstream initiation event. (g) DNA
lesions can be bypassed by translesion DNA synthesis (TLS). (5) Lesions on the leading strand can also by bypassed by repriming
downstream of the lesion with the human primase PrimPol. (/) Newly replicated DNA strands can also anneal at stalled forks, leading
to fork reversal or template switching events. (j) Broken forks can be repaired by homologous recombination (HR)-mediated
mechanisms, including break-induced replication (BIR).
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is particularly important in the context of cancer cells, which display elevated levels of sponta-
neous DNA damage and rely on RSR mechanisms to proliferate or overcome treatment induced by
DNA-damaging chemotherapeutics (1, 4, 73, 98, 102). Therefore, understanding the mechanisms
of RSR following genotoxic stress induction is rapidly emerging as a central theme in cell survival
and human disease. Nucleases are key factors for processing stalled replication intermediates, and
defining the exact function of nucleases in RSR represents a major challenge in investigations of
genome stability (50, 165). Nucleases promote the limited degradation of nascent DNA strands
required for efficient fork restart. However, they can also promote an extensive and uncontrolled
degradation of stalled replication intermediates under pathological conditions through mecha-
nisms yet to be fully understood.

Here, we provide a brief overview of the mechanisms of the RSR. We then focus on the current
models of and controversies over the function of nucleases in this process, and on how their uncon-
trolled activity might lead to the extensive fork degradation phenotypes that underlie the patho-
logical effects observed in cancer cells carrying mutations in key Fanconi anemia (FA)/HR factors.

ATR AND THE SIGNALING OF STALLED FORKS

A characteristic feature of stalled replication forks is the accumulation of ssDNA at replication
fork junctions (29, 97, 125, 169). This ssDNA is coated with the heterotrimeric complex RPA,
which recruits the sensor kinases of the DNA replication checkpoint, called ATR in vertebrates
and Mec1/Rad3 in yeast (Figure 24) (44, 91, 116, 127, 174). At replication fork junctions, ssDNA
might originate from physical uncoupling of the polymerase from the replicative helicase, which
continues to unwind the DNA duplex after the leading strand polymerase stalls in response to
base damage (Figure 2b) (29, 97, 125, 169). In the presence of DNA polymerase inhibitors,
uncoupling may also occur between the replicative helicase and both the leading and lagging
strand polymerases in a process generally referred to as hyperunwinding (Figure 2¢) (29, 124).
Events that physically block helicase movement, such as torsional stress induced by stabilization
of the DNA topoisomerase I cleavage complex, are not expected to promote uncoupling. The
fact that RPA-coated ssDNA is also detected in the presence of these agents suggests that specific
nucleases with the aid of helicases or translocases actively process stalled forks to create ssDNA
behind arrested forks (Figure 2d) (100, 129).

Importantly, RPA-coated ssDNA is necessary but not sufficient to activate the DNA replica-
tion checkpoint (101). Indeed, 5" primer junctions are also required to recruit the clamp loader
RFCR417 and load the 9-1-1 (RAD9-RAD1-HUS1) complex (Figure 24). This in turn allows
the binding of the mediator protein topoisomerase-II3-binding protein 1 (TopBP1) and the ac-
tivation of the checkpoint kinase ATR (36) through a process that is conserved in budding yeast
(127). The presence of both RPA-coated ssDNA and primer junctions is therefore critical for acti-
vating ATR at stalled forks. In addition, recent studies uncovered a novel ATR activation pathway
mediated by the Ewing’s tumor-associated antigen 1 (ETAA1) protein, which is also recruited
to sites of replication stress through its interaction with RPA (Figure 24) and can activate ATR
independently of RAD17, the 9-1-1 complex, and TopBP1 (16, 59, 72, 95).

Once activated, ATR orchestrates different pathways of replication fork restart/stabilization,
together with CHK1, the major effector kinase of the DNA replication checkpoint (130). The
choice of a specific fork-restart pathway depends on the nature and location of the replication
challenge, and on whether a DNA lesion is located on the leading or lagging template strand. For
example, lagging strand DNA lesions are normally well tolerated because of the inherently dis-
continuous nature of Okazaki-fragment synthesis and maturation, whereas leading strand lesions
represent a major obstacle for processive DNA synthesis.
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Signaling at arrested forks. Replication stress leads to the accumulation of single-stranded DNA (ssDNA) at
arrested forks, which is rapidly coated with a heterotrimeric ssDNA binding protein called RPA and recruits
the apical kinase of the DNA replication checkpoint, ATR, through its interaction with ATRIP. (#) Two
distinct pathways lead to ATR activation at stalled forks. In the canonical pathway, the RECR*17 complex
(here labeled 17) loads the 9—1-1 complex at the junctions of ssDNA with double-stranded DNA and
recruits topoisomerase-II 3-binding protein 1 (TopBP1), which stimulates the activity of the ATR.
Activation of ATR can also occur in a TopBP1-independent manner, through the binding of Ewing’s
tumor-associated antigen 1 (ETAA1) protein to RPA-coated ssDNA. These two pathways may cooperate to
phosphorylate different downstream targets, such as RPA or the effector kinase CHKI. ()—4) Mechanisms
leading to the formation of ssDNA at arrested forks. RPA-coated ssDNA can be formed () by the
uncoupling of leading and lagging strand polymerase activities, (c) by the uncoupling of helicase and
polymerase activities, or (4) by nucleolytic degradation of newly replicated DNA at gapped or reversed forks.
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MECHANISMS OF FORK RESTART AND DAMAGE AVOIDANCE

As discussed above, stalled replication forks can be rescued by activating dormant origins near
perturbed replication forks, thus allowing completion of DNA synthesis by an incoming replication
fork (Figure 1f) (67, 118). However, if two converging forks stall in regions lacking dormant
origins, cells must restart at least one of these forks to ensure full genome duplication. Forks
encountering leading strand DNA lesions can bypass them using different damage avoidance
pathways—either using specialized polymerases or postponing DNA repair—with minimal effect
on fork elongation (27). Fork progression may be facilitated by specialized translesion synthesis
polymerases, which have the ability to replicate through a damaged template, albeit with lower
fidelity compared to the replicative polymerases (Figure 1g) (140). Alternatively, replisomes might
also skip the damaged DNA through the so-called repriming mechanisms that reprime DNA
synthesis downstream of a lesion (Figure 1b) (21, 56, 77, 78, 113). These mechanisms operate
in all organisms from E. co/i to human cells (165). They leave unreplicated ssDNA gaps behind
damaged forks that would need to be repaired after replication by postreplicative repair pathways
(48, 68, 69, 86, 104).

Another important mechanism of fork stabilization and restart involves the annealing of newly
replicated DNA strands and the formation of a four-way structure resembling a Holliday junction
(HJ) (Figure 14) (10, 106, 117). This so-called fork reversal process was initially identified in
budding yeast as a pathological transition occurring in the absence of the Mecl/ATR pathway
(149). However, recent evidence indicates that fork reversal is a remarkably frequent mechanism
of RSR in all species that allows replication forks to reverse their course in response to genotoxic
insults—including a variety of chemotherapeutic treatments—thereby preventing fork collision
with the drug-induced DNA damage (18, 135, 165, 169). Fork reversal can be conceptually di-
vided into two steps: (#) formation of reversed forks by the coordinated annealing of the two
newly synthesized strands, and () restart of the reversed forks. Recently, the central recombi-
nase factor RADS1 has been found essential for the first step of reversed fork formation (169),
whereas the human RECQ1 helicase is required for the subsequent step of fork restart (18). In
addition to RADS1, several DNA translocases—including Rad5 in budding yeast (24), RAD54
(28), SMARCALLI (20), FANCM (64), ZRANB3 (35, 168), and the Rad5 homolog HLTF (23, 87)
in mammalian cells—can potentially promote fork reversal, but their exact function is still under
investigation (for details on the factors involved in this process, see 19, 117).

Besides fork reversal, RADS1 has been implicated in the restart and repair of blocked or bro-
ken replication forks through a process called HR-mediated fork restart (5, 77, 93). This process
operates on forks experiencing replication run-off (Figure 15) or on uncoupled or reversed forks
after cleavage of one strand by structure-specific endonucleases such as the methyl methanesul-
fonate and ultraviolet (UV)-sensitive protein 81 (MUS81). It has been reported in all species from
bacteria to vertebrates (165).

ROLE OF RESECTION IN THE RECOVERY OF STRESSED FORKS

Noucleases have well-defined roles in DSB resection. T'wo distinct pathways act redundantly to me-
diate processive DSB resection downstream from the MRE11-RAD50-NBS1 and the C-terminal
binding protein interacting protein (CtIP) factors in eukaryotic cells: One requires DNA2 and the
other requires EXO1 (70, 109, 120). MRE11 has both a 3'=5" exonuclease activity and an ssDNA
endonuclease activity (152). Previous biochemical studies on the role of MRE11 in DSB resection
showed that endonuclease activity is required to initiate the resection process and that CtIP pro-
motes MRE11 endonuclease activity at the 5" strand (8). Interestingly, this process is promoted
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by SAMHDI, a protein initially identified as an HIV restriction factor (47). Resection is then
continued by the 5'-3" exonuclease activity of EXO1 or DNA2 (30, 120, 121, 173). Specifically,
EXO1 and DNA?2 resect the 5 ends of DSBs to generate 3’ single-stranded overhangs, which are
essential to initiate HR. In yeast, DNA2-dependent double-stranded DNA (dsDNA)-end resec-
tion reaction requires the Sgsl helicase to unwind the DNA from the break (31, 122, 173). This
mechanism appears to be largely conserved in mammalian cells, where DNA2 cooperates with
the human BLM or WRN helicase to resect dsSDNA ends in vitro (121, 153). The same nucle-
ases involved in DSB resection are now emerging as key factors for processing stalled replication
intermediates, as detailed below.

First, the ability of MRE11, CtIP, DNA2, and EXO1 to process dsDNA ends is relevant in
the context of DNA replication to prevent the accumulation of replication-associated DSBs by
promoting replication-coupled HR repair (Figure 34) (38, 43, 44, 89, 145, 156, 158, 166). In
addition, controlled DNA2-dependent degradation of reversed replication forks is a functionally
relevant mechanism to mediate reversed fork restart and provide resistance to prolonged geno-
toxic treatments (Figure 35) (156). The DNA2 nuclease cooperates with the WRN helicase in
resecting reversed replication forks with a 5'-to-3’ polarity and in mediating fork restart (156). In
this context, the partial ssDNA structures generated by DNA2/WRN-dependent resection may
activate an HR-like mechanism of reversed-fork restart. The 3’ overhang on the regressed arm
might be coated by RADS1 to invade donor sequences ahead of the reversed fork (133). Alter-
natively, the 3’ tail generated by DNA2/WRN-dependent resection of the reversed arm may be
specifically recognized by a motor protein that drives branch migration—assisted reestablishment of
a functional replication fork. For example, the SWI/SNF-related SMARCAL1 DNA translocase
efficiently converts four-way junctions into functional replication forks and displays a preference
for reversed forks with a 3" ssDNA tail coated by RPA (20).

The same nucleases have also been shown to promote recovery of replication fork blockage
by processing different replication fork structures, both in yeast and in vertebrates (6, 77). For
example, MRE11 was shown to prevent DSB formation upon replication stress, and the limited
MRE11-dependent degradation of nascent strands may reflect a role for MREI1 in removing
stalled polymerases and promoting repriming past the lesion (Figure 3¢) (41, 42). Repriming
mechanisms lead to the formation of ssDNA gaps opposite the damage on the daughter strand,
also known as daughter-strand gaps. Repriming mechanisms were originally identified in bacteria,
where synthesis downstream of a leading strand lesion can be reinitiated by recycling or exchange
of stalled replicative polymerases (78, 165). This mechanism also appears to efficiently restart
replication in eukaryotes, and the human primase PrimPol was recently identified in vertebrates
as an enzyme required to resume DNA synthesis after UV irradiation and under conditions of
deoxynucleoside triphosphate (ANTP) shortage (Figure 3¢) (21, 56, 63, 113). This mechanism
leads to ssDNA gap formation, and these gaps need to be filled or repaired postreplicatively by
gap filling or by postreplication HR-like mechanisms (21, 56, 63, 113). Postreplication HR-like
mechanisms would entail the formation of a D-loop and a double HJ structure that could be
resolved by specific resolvases or dissolved by the combined action of a RecQ helicase (BLM in
human, Sgs1 in budding yeast, and Rqh1 in fission yeast) and the type I topoisomerase TOP3
(22). In the context of HR-mediated gap repair, the limited resection activity of MRE11 at ssDNA
gaps could be required to create the proper DNA structure for RAD51 loading. At the same time,
RADS51 loading might be needed to limit the MRE11-dependent resection of internal ssDNA gaps
that form when the fork moves beyond persistent DNA lesions to be repaired postreplicatively
(76).

Other nucleases have been implicated in recovery from replication fork blockage, but the exact
structures of the stalled replication intermediates targeted by these nucleases are unknown. For
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example, the Fanconi-associated nuclease FANT1 cooperates with the central FA protein FANCD?2
in promoting fork restart in response to replication stress (33). Similarly, CtIP is also crucial for
fork restart, when properly controlled by FANCD2 (166). CtIP acts together with MRE11 in
this process to remove the end-binding protein Ku from one-ended DSBs present at broken
or reversed forks (32, 94). At internal gaps, other proteins could act as cofactors for MRE11.
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A candidate for this function is SAMHD1, a dNTP hydrolase involved in HIV-1 restriction and
frequently mutated in the Aicardi-Goutieres syndrome (13, 92). SAMHD1 promotes the resection
of DNA ends independently of its ANTPase activity (47). Like CtIP, SAMHD1 is phosphorylated
by cyclin A-CDK2 upon entry into S phase, and this phosphorylation is essential for the resection
of stalled forks (F. Coquel, Y.-L. Lin & P. Pasero, unpublished data). SAMHD1 also shows a 3'-5’
exonuclease activity in vitro (17), but recent evidence indicates that this activity could be due to a
contaminating nuclease (144). SAMHD1 could therefore act as a cofactor of MRE11 to promote
the resection of gapped forks, rather than act as a bona fide exonuclease.

ENDONUCLEASES ACTING AT STALLED FORKS

Several structure-specific nucleases have been associated with fork restart upon genotoxic stress
induction (50). MUSSI is a structure-specific nuclease that preferentially cleaves 3’ flap substrates,
fork-like structures, and nicked HJs (132, 161). Increasing evidence suggests that the nuclease ac-
tivity of MUS81 is required for fork restart following a variety of replication challenges, even
though there are still several open questions regarding its exact function in this process (61, 74,
131, 136, 148). For example, MUS81 forms a heterodimeric complex with either the essential
meiotic endonuclease 1 (EME1) or EME2. However, it is still unclear which of the two EME pro-
teins is required in order for MUSS81 to function during DNA replication (132, 162). Moreover,
several factors can regulate MUS81 activity at replication forks—e.g., the human BLM helicase
(148, 171), SLX4 (54, 65, 114, 141), and different S-phase checkpoint proteins (26, 60, 84, 154)—
suggesting that its cleavage activity needs to be tightly regulated by a mechanism that remains
unclear. Finally, researchers have proposed that MUS81 promotes DNA synthesis both during
S phase and in mitosis to resolve persistent replication intermediates and to safeguard chromosome
segregation (54, 110). The exact structure cleaved by MUSS]I at stalled forks has also been subject
to debate. Recent studies have suggested that MUSS]I cleaves reversed fork substrates that form in
response to a variety of replication challenges (61, 74, 131, 136, 148). However, biochemical data
show that MUSS81 has negligible activity toward intact HJs, which resemble an intact reversed
fork, thereby suggesting that reversed forks might need to be processed by other nucleases prior to
MUSSI cleavage (132, 161). In this regard, recent electron microscopy studies provided the first
clear determination of the structural changes that occur at the level of reversed replication forks,
making them prone to MUSS8I1 cleavage (96). These electron microscopy experiments showed
that the substrate cleaved by MUSSI in breast cancer susceptibility factor 2 (BRCA2)-deficient
cells is a resected reversed fork with a 3" ssDNA flap, matching previous biochemical observations

Figure 3

Role of resection in fork repair. () The MRE11, CtIP, DNA2, and EXO1 exonucleases process one-ended DNA double-strand breaks
to generate a 3’ ssDNA overhang that can be used as a substrate for HR-mediated fork repair. MRE11 and CtIP promote this function
by removing the end-binding protein Ku from the DNA end. The BRCA2-dependent loading of RADS51 on ssDNA is important for
initiating the recombination process, but also for preventing excessive nucleolytic degradation. Strand invasion depends on RADS52 in
human cells. () DNA2 and WRN functionally interact to process reversed forks, leading to formation of a 3" ssDNA overhang. DNA2
degrades reversed forks with a 5’3" polarity. WRIN ATPase activity assists DNA2 degradation, possibly by promoting the opening of
the reversed arm of the fork. The resulting 3" overhang might in turn be necessary to engage HR-mediated fork restart. Alternatively,
binding of SMARCALLI to the resected reversed fork can mediate branch migration and reversed fork resolution. () ssDNA gaps can
also be generated behind stalled forks by MRE11 in a SAMHD1-dependent manner. These internal gaps can be repaired in a
postreplicative manner by HR-mediated gap repair. Abbreviations: BRCA2, breast cancer susceptibility factor 2; CtIP, C-terminal
binding protein interacting protein; HR, homologous recombination; SAMHD1, sterile alpha motif and HD-domain containing
protein 1; ssDNA, single-stranded DNA.
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(132,161). Interestingly, MUS81 is required for completion of DNA replication at common fragile
sites (110, 115) and telomeric loci (51) via a specialized form of DNA repair originally character-
ized in yeast termed break-induced replication (BIR) (9, 40, 150). In this context, MUSS81 cleavage
of stalled replication forks produces a migrating bubble that in turn drives DNA polymerase §-
dependent DNA synthesis to repair the broken forks. The same BIR mechanism seems to be
promoted by MUS81 in BRCA2-deficient cells (96), suggesting that MUS81 activity is important
for rescuing replication forks that face intrinsic replication challenges or that are degraded by nu-
cleases under specific genetic backgrounds. More details on the mechanisms of fork degradation in
the absence of FA and HR factors are provided in the following section. Finally, it is worth noting
that BIR is a highly mutagenic process occurring by an unusually conservative DNA synthesis (in
contrast to the usual semiconservative mode of DNA synthesis) at a migrating D-loop (40, 53,
139). In this context, cleavage of the D-loop by MUS81 helps to restore a normal DNA replica-
tion fork and to suppress the genomic instability promoted by BIR (105). Together, these data
suggest that MUSS81 performs multiple roles at stalled replication forks and acts on different sub-
strates to resolve HJs, cleave reversed forks, and convert D-loops into canonical replication forks
(Figure 4).

Besides MUS81, Metnase and the endonuclease/exonuclease/phosphatase family domain con-
taining 1 protein (EEPD1) are other two structure-specific endonucleases that have gained in-
creasing attention for their functions during DNA replication (88, 89). Metnase is a human protein
with a methylase (SET) and nuclease domain that also possesses unique—yet poorly defined—fork
cleavage activity necessary for its function in replication restart. Interestingly, Metnase function
seems to play additional roles at replication forks that are uncoupled with Metnase endonuclease
activity. Indeed, its SET domain is somehow required for recovery from hydroxyurea-induced
DNA damage, and recent studies suggested that Metnase is also required for EXO1 loading on
stalled replication forks (89). Similarly, EEPD1 is a 5 endonuclease that cleaves replication forks
at the junction between the lagging parental strand and the unreplicated DNA parental double
strands to create a structure that EXOI1 requires for 5'-end resection and HR initiation (88).
Finally, FEN1 is another endonuclease well known for its flap-cleavage function during Okazaki-
fragment maturation (12) that was recently shown to be involved in processing DNA secondary
structures upon replication fork stalling (146, 172). This novel role of FEN1 in RSR requires its
recently described gap endonuclease activity, which is needed to cleave stalled replication forks
containing bubble-like structures (172). Interestingly, the gap endonuclease activity of FENT is
stimulated by the human WRN helicase upon replication stress induction, whereas the association
of FEN1 with the WD40 protein WUHO is required to stimulate the flap-cleavage activity of
FENI while inhibiting gap endonuclease activity in the absence of replication stress (34).

PATHOLOGICAL FORK RESECTION

Noucleolytic resection of stalled replication forks is a tightly regulated process that must ensure a
limited degradation of the nascent DNA strands required for efficient fork restart. In budding yeast,
DNA end resection is downregulated by the DNA replication checkpoint (7, 15), and the Rad53
kinase represses Exol in response to excessive resection (112). In 72453 mutants, the deregulated
activity of Exol leads to the formation of long ssDNA gaps and contributes to fork collapse (43,
111, 145, 149). In addition, according to a recent report, uncontrolled resection of nascent DNA
by Exol at a paused replication fork in fission yeast generates a structure that cannot be rescued
by a converging fork and that leads to the formation of an anaphase bridge in mitosis (6). Fork
protection in this system depends on Rad52 and on Rad51 in a recombination-independent manner
(6). In mammalian cells, several FA and HR factors, including BRCA1, BRCA2, and FANCD2, are
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Coordinated action of endo- and exonucleases at arrested forks. (#) Reversed replication forks can be restarted by two distinct
mechanisms involving either endo- or exonucleases. The factors that regulate these nucleases are indicated in blue. Digestion of the 5’
strand of the regressed fork (purple) by MRE11 generates a 3" overhang (o7ange) that can be used to engage homologous recombination
(HR)-mediated repair of the reversed fork. (b)) HR leads to the formation of Holliday junctions, which can be resolved by MUS81 or
dissolved by the combined action of TOP3 and BLM. () Cleavage of the partially resected reversed fork containing a 3" ssDNA flap by
MUSB81 or another endonuclease generates a one-ended DNA double-strand break (DSB) with a 3’ overhang. If the one-ended DSB
arises from replication run-off at a single-stranded DNA gap or from the cleavage of a stalled fork, the DNA end is processed by
MREL11 and EXOL1 to generate a 3" overhang. This overhang is next used to engage break-induced replication (conservative DNA
synthesis, low fidelity). The D-loop can be cleaved by MUSS8]1 to restore a normal replication fork (semiconservative DNA synthesis,
high fidelity). Abbreviations: CtIP, C-terminal binding protein interacting protein; EEPD1, endonuclease/exonuclease/phosphatase
family domain containing 1 protein; EME1/2, essential meiotic endonuclease 1/2; EXO1, exonuclease 1; MRE11, meiotic
recombination 11; MUSS81, methyl methanesulfonate and ultraviolet-sensitive protein 81; PTIP, Pax2 transactivation
domain-interacting protein; T'OP, topoisomerase.

emerging as key regulators of these resection processes, and increasing evidence supports the idea
that the extensive degradation of stalled replication intermediates underlies the pathological effects
observed in FA- and BRCA-deficient cancer cells (76, 85, 107, 134, 142, 143, 167). In the absence of
these key regulatory factors, uncontrolled nuclease activity may lead to extended and pathological
degradation of stalled replication intermediates and create large stretches of ssDNA on the stalled
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replication forks. For example, replication forks are extensively degraded by the MRE11 and
EXOL1 nucleases in the absence of BRCA proteins (96, 134, 142, 143, 167). Recent studies suggest
that BRCA proteins protect forks from extended nucleolytic degradation by stabilizing the RADS1
filament on the regressed arms of replication forks that have reversed upon drug treatment. In
other words, these studies suggest that the one-ended DSBs of the regressed arms of reversed
replication forks are entry points for nucleases in BRCA1- and BRCA2-deficient cells (90, 96, 108,
153a). The CtIP protein initiates MRE11-dependent degradation of the regressed arms, which is
then extended by the EXO1 nuclease (96). RADS51 has two distinct functions in this process: () a
BRCA2-independent function in promoting the initial step of reversed fork formation (169), and
(b) a BRCA2-dependent function whereby BRCA proteins protect the already formed reversed
forks from nucleolytic degradation by stabilizing the RADS51 filament on the regressed arm. In
BRCAZ2-deficient cells, this second function is lost. This causes the nascent strand degradation
phenotype observed with BRCA2 mutants that are unable to stabilize RAD51 on ssDNA (142) or
with RAD51 mutants that destabilize the RAD51 nucleofilament (90, 96, 108, 159) (Figure 5a4).

Of note, the extended degradation observed in FA- and BRCA-mutated cells does not represent
a terminal event because the extensively resected forks can restart upon drug removal, suggest-
ing that cells can somehow cope with forks containing long stretches of ssDNA (96, 134, 142).
However, this restart mechanism leads to increased chromosomal aberrations and genomic insta-
bility (134, 142). In this regard, recent studies suggested that the rescue of the resected forks and
cell survival in BRCA2-deficient cells largely relies on a BIR-like mechanism whereby MUS81
cleavage of partially resected reversed forks promotes DNA polymerase §-dependent DNA fork
rescue. This could explain the increased chromosomal instability of BRCA2-deficient cells (96).
If the partially resected reversed forks are not promptly restarted by MUS81, nucleolytic degra-
dation might quickly proceed to degrade nascent strands beyond the length of the regressed arm,
leading to extensively degraded fork structures (Figure 54). The resulting nuclease-dependent
ssDNA gaps that form behind the forks could promote reannealing of the parental strands and
fork backtracking. As a consequence of fork backtracking, a new reversal event may easily occur,
possibly promoting a new MUS81 cleavage event, and repeated cycles of this sequence of events
might ultimately rescue most resected forks (96). Resection could also occur at internal gaps due
to the destabilization of the RADS1 filament (Figure 56). For example, recent studies suggested
that FANCD?2 interacts with the MCM2-7 complex to restrain DNA synthesis in the presence
of reduced nucleotide pools and that this interaction is important for preventing accumulation
of ssDNA gaps that would otherwise provide an entry point for nucleolytic degradation (99).
Whether the same BIR-like mechanism described in BRCA2 mutant cells rescues the resected
forks in FANCD?2 mutant cells remains to the determined. Interestingly, this mechanism does
not appear to be required to rescue resected forks in BRCAI-mutant cells (96), suggesting that
different pathways might mediate the restart of the resected forks depending on the particular
genetic background.

Other factors are emerging as key regulators of replication fork processing in addition to
the HR and FA factors mentioned above. For example, the biorientation defect 1-like protein
(BODI1L) is another important component for replication fork protection from extended nu-
cleolytic degradation (79). In particular, BODIL is required to stabilize the RADS51 filament
at stalled replication forks. In its absence, the human BLM and FBH1 helicases destabilize the
RADS1 filament, and the human DNA2 helicase/nuclease promotes overresection of the damaged
forks (79). Interestingly, inhibition of MREI11 by the chemical Mirin does not rescue nucleolytic
fork degradation in the absence of BOD1L, in contrast to the results obtained with BRCA1/2-
and FANCD2-deficient cells, suggesting that different nucleases can promote the overresection
of stalled/damaged replication intermediates depending on the particular genetic background of
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Pathological resection of arrested forks in the absence of breast cancer susceptibility factor 1 (BRCAI) or BRCA2. (#) Extensive
resection mediated by meiotic recombination 11 (MRE11) and exonuclease 1 (EXO1) occurs on both strands of reversed forks in
BRCA-deficient cells. C-terminal binding protein interacting protein (CtIP) stimulates the 5’ to 3’ endonuclease activity of MRE11 to
initiate the degradation of the regressed arms, which is then extended by the EXO1 nuclease. MRE11 might also use its 3’ to 5’
exonuclease activity to degrade the opposite strand, possibly in conjunction with a yet to be identified 3’ to 5" nuclease. This leads to the
accumulation of large single-stranded DNA (ssDNA) gaps. The resulting nuclease-dependent ssDNA gaps that form behind the forks
could promote reannealing of the parental strands and fork backtracking. (b)) Similar mechanisms operate at gapped forks, potentially
leading to irreversible fork collapse.

the individual. Another mechanism that promotes RADS51 destabilization and DNA2-dependent
fork degradation is never-in-mitosis A-related kinase 1 (NEK1) mediated by phosphorylation of
RADS4. This suggests that RAD 54 is another important factor for replication fork stability (151).

Of note, the extended degradation of replication forks observed in the absence of the factors
described above is emerging as one of the leading causes of the sensitivity to therapies that target
DNA or inhibit specific repair pathways, such as poly(ADP-ribose) polymerase (PARP) inhibitors
(134). The efficacy of these therapies is, however, hampered by the development of chemore-
sistance. These findings led to the recent discovery that chemoresistance is associated with the
recovered ability of FA- or HR-deficient cells to protect replication forks from nucleolytic degrada-
tion (134). Aside from genetic reversion, which might occur in a limited subset of BRCA2-mutant
breast cancers, the mechanisms that lead to the recovered ability of FA- or HR-deficient cells
to protect forks from degradation and that mediate resistance to therapy are largely unknown.
In an effort to shed light onto the possible mechanisms of chemoresistance, recent studies have
focused on identifying the factors directly involved in nuclease recruitment at stalled/damaged
replication forks. These studies led to the identification of the Pax2 transactivation domain-
interacting protein (PTIP) and the histone methyltransferases MLL3 and MLL4 as key factors
involved in MRE11 recruitment at stalled replication forks in BRCA1/2-deficient mouse cells (134)
(Figure 44). Similarly, loss of the nucleosome remodeling factor CHD4 and inhibition of the
poly(ADP-ribosyl)ation activity of PARP also confer fork protection in BRCA-deficient cells,
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suggesting that CHD4 and PARP are two other factors involved in MRE11 recruitment (52, 71).
These studies lead to the provocative idea that deficiencies in PTIP, CHD4, and PARP1 could
confer drug resistance in BRCA-deficient cells by limiting MRE11 loading to stalled replication
forks. Although the mechanisms of MRE11 recruitment at stalled forks have been widely inves-
tigated, little is known about the mechanisms that control the recruitment of other nucleases
involved in fork degradation. It will be key to define the mechanisms by which the constantly
growing number of nucleases found at replication forks are recruited onto the stalled replication
intermediates in order to achieve a full understanding of the mechanisms of genome stability.
We envision that these studies will lead to breakthrough discoveries on the molecular basis of
chemosensitivity and on the chemoresistance of FA- and HR-deficient tumors.

FORK PROCESSING AND THE INDUCTION OF THE
INTERFERON RESPONSE

Another consequence of the processing of stalled replication forks by nucleases and helicases is the
production of DNA fragments that are released from the nucleus and accumulate in the cytosol.
Cytosolic DNA is sensed by a variety of pattern recognition receptors (PRRs), which recognize
microbial nucleic acids as non-self to activate the innate immune system (66, 126). One of the best
characterized PRRs is the cyclic GMP-AMP synthase (cGAS), a cytosolic DNA receptor that ac-
tivates STING (stimulator of interferon genes) in response to microbial infections and promotes
the expression of type I interferons (IFNs) and other proinflammatory cytokines (2, 14). However,
the STING pathway can also sense endogenous DNA accidentally released in the cytosol, and this
can lead to autoimmune and inflammatory disorders, such as systemic lupus erythematosus and
Aicardi-Goutieres syndrome (46). Interestingly, most of the genes mutated in Aicardi-Goutieres
syndrome are implicated in the metabolism of nucleic acids. For instance, mutations that impair
ribonuclease H2 chronically induce type I IFN genes in a STING-dependent manner (103), and
mutations affecting the cytoplasmic nuclease TREX1 induce the accumulation of cytosolic ssDNA
fragments and activate type I IFNs (3, 163). The origin of these DNA fragments is currently un-
known, but a large body of evidence suggests that they represent by-products of faulty DNA repli-
cation or repair reactions. For instance, short ssDNA fragments are generated by DNA2 during
the processing of Okazaki fragments (11) and are produced by MRE11 during DSB repair (83). In
TREX1-deficient cells, it has been recently reported that cytoplasmic ssDNA is generated by the
long-range resection pathways mediated by BLM and EXO1 (57). Finally, DNA damage activates
the interferon response in ATM-deficient cells (75), supporting the view that both DNA damage
and microbial infections trigger a common immune response through the STING pathway.
Interestingly, the presence of cytosolic DNA was recently reported in various cancer cell lines
and was shown to further increase upon treatment with the replication inhibitor Ara-C (147),
suggesting that cytosolic DNA is generated by stressed forks. The mechanism by which ssDNA
is released from arrested forks was recently characterized in cells depleted for SAMHDI1. As
discussed above, SAMHD1 acts together with MREI11 to promote fork resection (Figure 6). In
the absence of SAMHDI, arrested forks are processed by an alternative pathway, leading to the
RECQI1-dependent release of ssDNA fragments and the induction of type I IFNs (F. Coquel,
Y.-L. Lin & P. Pasero, unpublished data). The mechanism by which ssDNA fragments diffuse
to the cytoplasm is currently unknown, but recent evidence indicates that they are sequestered in
the nucleus by RPA and RADS1 (160). Because RPA levels are limiting (157), it is tempting to
speculate that cells exposed to mild replication stress could buffer the IFN response by sequestering
ssDNA fragments in the nucleus. However, RPA exhaustion induced by massive replication fork
collapse would allow the release of ssDNA and the production of inflammatory cytokines. This
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Defective processing of arrested forks activates the type I interferon (IFN) response. The deoxynucleoside
triphosphate hydrolase SAMHDI acts together with MRE11 to degrade nascent DNA at arrested forks. In
SAMHD1-depleted cells, single-stranded DNA (ssDNA) fragments are released from forks in a
RECQ1-dependent manner and accumulate in the cytoplasm, where they are detected by the STING
pathway and induce type I IFN genes. Diffusion of ssDNA to the cytosol is prevented by RPA and RAD51.
Double-stranded DNA (dsDNA) fragments are also generated by MUS8I to trigger type I IFNs and
promote the rejection of cancer cells, but the mechanisms involved in the production of these fragments are
currently unknown. Abbreviations: MRE11, meiotic recombination 11; MUS81, methyl methanesulfonate
and ultraviolet-sensitive protein 81; RPA, replication protein A; SAMHDI, sterile alpha motif and
HD-domain containing protein 1; STING, stimulator of interferon genes; TREX1, three prime repair
exonuclease 1.

cell-autonomous activation of the type I IFN response can be seen as an extension of the RSR
that signals the presence of abnormal cells to the microenvironment in order to promote their
elimination by the innate immune system. This view is supported by a recent report showing
that cytosolic DNA fragments are generated by the MUSS81 resolvase in prostate cancer cells and
contribute to their rejection by the immune system in a STING pathway—dependent manner (80).

CONCLUSION AND PERSPECTIVES

In conclusion, the picture that emerges from recent studies is that nucleases are central players
of the RSR. They contribute to the rapid signaling of arrested forks through the production of
RPA-coated ssDNA and promote fork restart through the cleavage of stalled or reversed forks.
They are also involved in the resolution of branched structures formed during HR-mediated
fork repair and in the conversion of mutagenic D-loop structures formed during BIR into proper
replication forks. However, playing with knives and scissors near arrested forks is a dangerous
game, and a tight control by checkpointkinases and HR factors is essential for maintaining genome
integrity during DNA replication. In cells mutated for these factors, unrestrained nucleolytic
degradation leads to increased genomic instability and cancer development. More unexpectedly,
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fork processing also contributes to the accumulation of cytosolic DNA fragments that activate
IFNs and proinflammatory cytokines, connecting the RSR to innate immunity. Further work is
needed to decipher the complex interplay between all of these factors, but a better understanding
of these processes will undoubtedly contribute to the development of novel therapeutic strategies
against chronic inflammation, cancer, and aging.
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