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In recent years, an increasing number of studies have shown that prokaryotes and eukaryotes
are armed with sophisticated mechanisms to restart stalled or collapsed replication forks.
Although these processes are better understood in bacteria, major breakthroughs have also
been made to explain how fork restart mechanisms operate in eukaryotic cells. In particular,
repriming on the leading strand and fork regression are now established as critical for the
maintenance and recovery of stalled forks in both systems. Despite the lack of conservation
between the factors involved, these mechanisms are strikingly similar in eukaryotes and
prokaryotes. However, they differ in that fork restart occurs in the context of chromatin in
eukaryotes and is controlled by multiple regulatory pathways.

or DNA replication to be accurately complet-
Fed, the replication fork must frequently over-
come a multitude of structurally unrelated ob-
stacles such as DNA lesions, transcribing RNA
polymerases, and tightly bound protein—DNA
complexes. As a consequence, numerous diverse
mechanisms have evolved that either help min-
imize the frequency or impact of collisions
or repair the damage that is left behind. This
work will focus solely on the mechanisms that
exist in prokaryotes and eukaryotes to facili-
tate replication on template DNA containing
either leading- or lagging-strand polymeriza-
tion-blocking lesions. Lesions of this type are
generated frequently under normal growth con-
ditions (Lindahl 1993), as well as being induced
by exogenous genotoxic agents. While cells have
mechanisms such as nucleotide excision repair
(NER) and base excision repair that target and
repair a vast array of DNA modifications (Freid-

berg 2005), it is inevitable that some damage
will persist long enough to be encountered
by the DNA replication machinery. To achieve
the high fidelity required for genome duplica-
tion, the architecture and mechanism of replica-
tive polymerases efficiently discriminate against
the incorporation of mismatched bases (Kunkel
2004). As a consequence, even DNA lesions that
do not significantly alter DNA structure often
inhibit nascent chain elongation. Should the
replisome encounter such damage, the template
strand in which the damage is located impacts
significantly on the mechanism by which it is
overcome. It is generally accepted that lagging-
strand template lesions present few obstacles to
replication fork progression. The situation with
leading-strand template damage is more com-
plex, and as such, the events that occur following
replisome collision remain the subject of consid-
erable debate.
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LAGGING-STRAND TEMPLATE LESIONS

Multiple studies, both in vitro and in vivo, have
shown that bacterial replisomes efficiently by-
pass lagging-strand template damage provided
that progression of the replicative helicase—
which translocates on the lagging-strand tem-
plate—is not inhibited. Rolling circle replication
assays on templates containing site-specific lag-
ging-strand abasic sites, using both the Escheri-
chia coli (McInerney and O’Donnell 2004) and
bacteriophage T4 replisomes (Nelson and Ben-
kovic 2010), showed that leading-strand replica-
tion was not affected by the lesion’s presence. The
ratio of leading- to lagging-strand replication
products was also not altered significantly, indi-
cating that coupled leading- and lagging-strand
synthesis was maintained on the damage-con-
taining templates. This is believed to be because
the lagging strand is primed repeatedly for Oka-
zaki fragment synthesis, providing an obvious
mechanism by which lagging-strand reinitiation
can occur. With the lagging-strand polymerase
stalled at the site of damage, template unwinding
and leading-strand synthesis continue. Lagging-
strand synthesis is resumed downstream from the
lesion once the stalled polymerase has dissociat-
ed and rebounded to a newly synthesized primer.
Bypass of lesions in this manner leaves single-
stranded (ss) DNA gaps in the lagging strand,
which, using an oriC-based replication assay on
a damage-containing template, have been esti-
mated to be approximately 1-2 kb (Higuchi
et al. 2003). Similarly, ssDNA gaps have been
observed on the lagging strand in budding yeast
and SV40 DNA after UVexposure (Mezzina et al.
1988; Lopes et al. 2006). Interestingly, these gaps
are much smaller in eukaryotes (<400 nucleo-
tides in budding yeast) than in E. coli, which may
reflect differences in Okazaki fragment length. It
is worth noting that unlike its bacterial counter-
part, the eukaryotic replicative helicase complex
translocates on the leading-strand template (Fu
et al. 2011), which may facilitate the bypass of
bulky DNA lesions on the lagging strand.

LEADING-STRAND TEMPLATE LESIONS

The debate surrounding leading-strand tem-
plate lesions centers on whether the template

damage presents an absolute block to replication
that must be removed for replication to proceed
or if it can be bypassed by reinitiating leading-
strand synthesis downstream and then repaired
postreplicatively. Following UV irradiation of
NER-deficient (Rupp and Howard-Flanders
1968) or -proficient E. coli cells (Khidhir et al.
1985; Witkin et al. 1987; Courcelle et al. 2005;
Belle etal. 2007; Rudolph et al. 2007), replication
rates immediately postirradiation are reduced
significantly (approximately 80%-90%) but
do not appear to come to a complete halt. Rep-
lication then recovers in NER-proficient strains
to the pre-UV rates over a period of time that
correlates well with the time taken to remove the
majority of pyrimidine dimers from the DNA
(Courcelle et al. 1999; Rudolph et al. 2007).
These data have been interpreted to mean that
leading-strand lesions present a block to repli-
cation that must first be removed if replication is
to continue. Consistent with these ideas, multi-
ple accessory proteins that are involved in repli-
some remodeling and recombination are re-
quired for replication to recover following UV
treatment (McGlynn and Lloyd 2002; Courcelle
and Hanawalt 2003), some of which will be dis-
cussed later in this work.

Several of the above experiments were con-
ducted using UV intensities sufficient to induce
several hundred pyrimidine dimers per E. coli
chromosome, equating to one dimer every 10—
25 kbp (Rudolph et al. 2007). As the replisome
travels at 500—1000 bp/sec (Chandler et al.
1975), and assuming that lagging-strand lesions
are efficiently bypassed, replication forks would
likely have encountered a leading-strand lesion
within the first minute postirradiation, yet rep-
lication is seen to continue, albeit at a reduced
rate, for considerably longer. Rudolph et al. ar-
gued that the majority of replication occurring
after UV irradiation was in fact because of new
rounds of replication initiation (Rudolph et al.
2007). While replication did take longer to re-
cover in temperature-sensitive DnaA mutants
unable to reinitiate replication at oriC, it did
not stop completely following UV exposure.
These observations therefore suggest that lead-
ing-strand template lesions may not form an ab-
solute block to replication. Rupp and Howard-
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Flanders analyzed the DNA synthesized in E. coli
immediately following UV irradiation. Their
studies revealed that the newly synthesized
DNA contained single-stranded gaps that they
estimated to be 1-2 kb (Iyer and Rupp 1971)
and that all the nascent chains were considerably
shorter than those in untreated controls (Rupp
and Howard-Flanders 1968). To explain these
observations, they hypothesized that replication
could be reinitiated downstream from lesions in
both the leading- and lagging-strand templates
(Rupp and Howard-Flanders 1968; Rupp 1996).

The leading-strand reinitiation model ini-
tially received little support, as the consensus
view was that leading-strand priming was re-
stricted to the origin of replication. Further-
more, two studies of the E. coli replication ma-
chinery (Higuchi et al. 2003; Pages and Fuchs
2003) concluded that replication becomes un-
coupled following an encounter with a leading-
strand template lesion, with template unwind-
ing but only lagging-strand synthesis continuing
beyond the damage. Similar results were also
observed with the bacteriophage T4 replisome
(Nelson and Benkovic 2010). However, the stud-
ies conducted in E. coli were not designed to
visualize leading-strand replication products
generated downstream from the damage, and
as such, they may have failed to observe lead-
ing-strand reinitiation (Higuchi et al. 2003;
Pages and Fuchs 2003).

The discovery that primase could in fact
prime the leading-strand template on model
fork structures provided the first mechanistic
evidence that leading-strand synthesis could be
reinitiated outside of the origin of replication
(Heller and Marians 2006a). This idea was de-
veloped in a recent study. Using an oriC-based
replication system, the outcomes of collisions
between the E. coli replisome and either a single,
site-specific pyrimidine dimer or abasic site were
investigated (Yeeles and Marians 2011). The data
revealed that the replisome transiently stalls
upon collision with the lesion but does not dis-
sociate, remaining stably associated with the
DNA template (Fig. 1A). Following a short lag,
leading- and lagging-strand synthesis were re-
initiated downstream from the damage via a de
novo, DnaG-dependent priming event on the
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leading-strand template. The reaction proceed-
ed independently of the replication restart pro-
teins, demonstrating that the replisome has the
inherent capacity to replicate beyond leading-
strand template lesions by synthesizing the lead-
ing strand discontinuously. The precise details
of this reaction are yet to be fully elucidated. Itis
presumed that template unwinding continues
for some distance beyond the damage to expose
a region of ssDNA on the leading-strand tem-
plate where primer synthesis occurs. This region
is estimated to be anywhere between tens of
bases and several hundred, based on the distri-
bution of leading-strand restart products that
were observed (Yeeles and Marians 2011). Lead-
ing-strand synthesis would resume once the
stalled polymerase had dissociated from the stall
site and rebounded to the new leading-strand
primer. Alternatively, as it has recently been
shown that the E. coli replisome can contain
three polymerases (Mclnerney et al. 2007;
Reyes-Lamothe et al. 2010; Lia et al. 2012), the
possibility exists that a third polymerase that is
not bound to a template strand may bind to the
new leading-strand primer to reinitiate leading-
strand synthesis. The sequences with which
these events take place and the rate-limiting
step in the reaction are an interesting subject
for future investigation.

Leading-strand reinitiation without repli-
some dissociation provides a potential expla-
nation for the continued replication that is ob-
served immediately post-UV irradiation in vivo.
However, the observed leading-strand reinitia-
tionwas not 100% efficient, and in some instanc-
es template unwinding and only lagging-strand
synthesis continued to the end of the template
(4 kb). Thus it seems that although the repli-
some is able to bypass leading-strand template
lesions, such lesions will also lead to the break-
down of the replication fork. Under conditions
of replication stress—for example, following UV
irradiation—multiple lesions in the chromo-
some will increase the chance of replisome
dissociation, eventually leading to a replication
arrest. In the absence of exogenous DNA-dam-
aging agents, when template lesions are infre-
quently encountered, the ability to reinitiate
replication downstream from lesions may be
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Figure 1. Bypass of leading-strand template damage by leading-strand repriming in E. coli. Following a collision
with a leading-strand lesion, template unwinding and lagging-strand synthesis are believed to continue beyond
the site of damage. (A) Repriming of the leading strand can occur downstream from the damage, which enables
replication to continue without the replisome dissociating from the DNA (Yeeles and Marians 2011). (B) Should
the replisome dissociate following the collision, the replication restart protein PriC can reload DnaB, which
enables replication to be reinitiated by priming the leading strand downstream from the damage (Heller and

Marians 2006b).

considered a general housekeeping function that
prevents significant delays to replication fork
movement. This will be particularly advanta-
geous during periods of rapid bacterial growth
when multiple replication forks are traversing
the chromosome, while at the same time chro-
mosome decatenation and cell division are also
occurring. Furthermore, induction of the SOS
response should be avoided when low levels of
DNA damage are present, which in turn will pre-
vent a cell division arrest and the induction

of mutagenic translesion DNA polymerases
(Goodman and Woodgate 2013).

In eukaryotes, it was long believed that lead-
ing-strand synthesis is continuous and is exclu-
sively initiated at replication origins. Continu-
ous synthesis through DNA lesions is ensured by
specialized DNA polymerases called lesion-by-
pass DNA polymerases (Goodman and Wood-
gate 2013) through a process called translesion
DNA synthesis (TLS). Recruitment of TLS poly-
merases to stalled forks depends on a conserved
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mechanism involving the Rad6- and Rad18-de-
pendent ubiquitination of proliferating cell nu-
clearantigen (PCNA) (Fig. 2A). TLS polymeras-
esare replaced with replicative polymerases once
the damage is passed (Kannouche et al. 2004;
Moldovan etal. 2007). Interestingly, discontinu-
ities on both strands have been reported in bud-
ding yeast after UV exposure (Lopes et al. 2006),
suggesting that repriming also occurs on the
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leading strand in eukaryotes, as may be the case
in bacteria (Fig. 2B). These gaps are repaired
postreplicatively by translesion synthesis (Fig.
2C) or by recombination-dependent template
switch mechanisms (Fig. 2D) (Lehmann and
Fuchs 2006; Branzei and Foiani 2010). Reprim-
ing and postreplicative gap filling is supported
by recent studies showing that the Saccharomyces
cerevisiae Rad6 pathway can be uncoupled from
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Figure 2. Bypass of leading-strand template damage in eukaryotes. As in bacteria, template unwinding and
lagging-strand synthesis are believed to continue beyond the site of damage, resulting in the formation of an
ssDNA gap. (A) Fork-associated lesion bypass allows the restart of leading-strand synthesis upon PCNA mod-
ification and the transient recruitment of a mutagenic TLS polymerase. (B) Repriming of the leading strand
downstream from the lesion leaves an ssDNA gap. (C) This gap can be repaired postreplicatively by TLS poly-
merases. (D) Error-free lesion bypass can also be performed through a recombination-mediated mechanism
called a template switch, which uses the newly synthesized sister chromatid as a template for primer elongation.
Note that template switching can also occur after fork regression, as illustrated in Figure 4B. (E) Incomplete
nucleotide excision repair of the DNA lesion or cleavage of the fork by endonucleases may also lead to the
formation of a one-ended DSB, which can be repaired by an HR-related process called break-induced replication.
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bulk DNA synthesis and can act in G,/M to by-
pass UV lesions (Daigaku et al. 2010; Karras and
Jentsch 2010; Ulrich 2011). In vertebrates, it is
generally believed that replicative and postrepli-
cative translesion syntheses coexist. Studies in
chicken DT40 cells have shown that postreplica-
tive TLS depends on PCNA ubiquitination,
whereas TLS at stalled forks is independent
of PCNA modifications but is promoted by a
noncatalytic function of the Revl polymerase
(Edmunds et al. 2008).

REPLICATION FORK BREAKDOWN

Failure of the bacterial replication machinery to
reinitiate replication downstream from a lead-
ing-strand lesion results in arrest of replication
fork progression and will likely lead to replisome
dissociation, although it is worth noting that the
fates of the original replisome components dur-
ing such an event have yet to be described. It is
also currently unclear how frequently this pro-
cess occurs in the absence of exogenous DNA-
damaging agents or precisely what structure the
arrested replication fork adopts. Currently the
consensus view is that lagging-strand replication
continues beyond the damage for up to several
thousand base pairs, generating an extensive re-
gion of ssDNA on the leading-strand template
(Fig. 1B) (Higuchi et al. 2003; Pages and Fuchs
2003). However, as it has been recently shown
that the replisome transiently stalls in response
to leading-strand template damage (Yeeles and
Marians 2011), an alternative possibility is that
the replisome may dissociate close to the site of
damage, before extensive template unwinding
and uncoupled replication. In this scenario, little
ssDNA would be generated on the leading-
strand template, and the 3’ end of the blocked
nascentleading strand would be situated in close
proximity to the fork junction.

In eukaryotic cells, replication fork break-
down represents a major source of genomic
instability and has been directly implicated in
cancer development (Aguilera and Gomez-
Gonzalez 2008; Hastings et al. 2009). To restrain
this instability, eukaryotes have evolved complex
mechanisms to maintain and signal stalled repli-
somes, which are absent in bacteria. The Mec1/

ATR pathway plays a central role in this process
and acts in various ways to protect stalled forks
(Lopes et al. 2001; Tercero and Diffley 2001; see
Makarova and Koonin 2013 for details). Al-
though this crucial function has been extensively
studied over the past decade, the underlying
mechanisms remain poorly understood. Based
on chromatin immunoprecipitation studies in
budding yeast, it has been proposed that the re-
plisome disassembles when checkpoint mutants
of the Mec1 pathway are exposed to hydroxyurea
(Katou et al. 2003; Cobb et al. 2005; Branzei and
Foiani 2010). However, this view has recently
been challenged by a biochemical study showing
that the replisome remains associated with DNA
in hydroxyurea-treated checkpoint mutants (De
Piccoli et al. 2012). One way to reconcile these
dataistoassume that under these conditions, the
replisome does not disassemble but moves away
from sites of DNA synthesis. This would expose
newly synthesized DNA to exonucleases (Cotta-
Ramusinoetal. 2005; Segurado and Diffley 2008)
or to structure-specific endonucleases (Kai et al.
2005; Froget et al. 2008), leading to irreversible
fork collapse. Further work is needed to clarify
this important issue.

Besides checkpoint factors, homologous re-
combination (HR) proteins are also implicated
in the protection of arrested forks, in a recombi-
nation-independent manner (Costanzo 2011).
Studies in vertebrates have shown that the
Rad51 recombinase is recruited to stalled forks
through a mechanism that depends on Mrell
and Brca2 (Hashimoto et al. 2010; Schlacher
et al. 2011; Sirbu et al. 2011). In current models
the exonucleolytic activity of Mrell enlarges
ssDNA gaps left behind the replisome to facili-
tate postreplicative repair, while Brca2 loads
Rad51 to limit the extension of ssDNA gaps
and protect arrested forks (Costanzo 2011).

Multiple pathways for replication fork reac-
tivation have been described. In bacteria the key
step, common to all models, is the origin-inde-
pendent assembly of the replisome, catalyzed by
either the PriA- or PriC-dependent replisome
loading systems that are defined by the different
DNA structures that they recognize (Heller and
Marians 2005). The reactivation pathways dif-
fer, however, when describing the sequence of
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events that occurs before replisome loading.
Whereas some models envisage minimal fork
processing, others posit extensive remodeling
to enable the original lesion to be either repaired
or bypassed before the resumption of replica-
tion. Recent evidence indicates that similar
mechanisms exist in eukaryotes, despite the ab-
sence of PriA and PriC orthologs.

DIRECT REPLICATION RESTART

The first biochemical evidence for direct repli-
cation restart in bacteria was provided when pri-
mase was shown to catalyze the de novo synthesis
of a primer on the leading-strand template (Fig.
1B) (Heller and Marians 2006a). Using a model
forked substrate lacking nascent leading and lag-
ging strands, and therefore mimicking a stalled
fork generated by uncoupled replication down-
stream from a lesion, it was shown that PriC
could direct the assembly of a replisome, which
in turn led to the initiation of coupled replica-
tion via leading-strand priming. PriC facilitates
the loading of DnaB to single-stranded DNA
binding protein coated ssDNA on the lagging-
strand template, with approximately 20 bp of
ssDNA required for efficient loading. However,
such a region of ssDNA may not always be avail-
able if initiation of the last Okazaki fragment
occurs close to the fork junction. In this scenario
the 3’ — 5 helicases Rep or PriA function to
unwind the nascent lagging stand, exposing the
region of ssDNA required for PriC-directed
DnaB loading (Heller and Marians 2005a).

If the blocked nascent leading strand is lo-
cated in close proximity to the fork junction,
replication could be reinitiated via the PriA-de-
pendent replication restart pathway (recently re-
viewed in Gabbai and Marians 2010), as PriA
preferentially targets forked structures where
the nascent leading strand is located at or close
to the fork junction (Hellerand Marians 2005b).
Following PriA-directed replisome assembly, a
leading-strand priming event would enable rep-
lication to proceed downstream from the origi-
nal blockage in an analogous manner to the
PriC-dependent pathway. A similar reaction
has been fully reconstituted in vitro, in which
replication was reinitiated downstream from a

Rescuing Stalled or Damaged Replication Forks

leading strand blocked with a chain-terminating
dideoxynucleotide (Heller and Marians 2006a).
Direct replication restart generates ssDNA gaps
intheleading-strand template, in much the same
way as those generated when the leading strand is
reinitiated without replisome dissociation. To
date these are the only models that are able to
account for the discontinuous replication that
has been observed following UV irradiation in
vivo (Rupp and Howard-Flanders 1968).
Unlike bacterial genomes, eukaryotic chro-
mosomes contain a large excess of licensed rep-
lication origins that can be used as backup ori-
gins to rescue terminally arrested forks (Ge et al.
2007; Ibarra et al. 2008). Consequently, the im-
portance of replication restart pathways has long
been disregarded in eukaryotes. With the emer-
gence of DNA combing and other related DNA
fiber assays (Tourriere et al. 2005; Petermann
and Helleday 2010), it has become clearer that
fork restart mechanisms operate in eukaryotic
cells and are important for viability under repli-
cation stress conditions. For instance, it has been
recently reported that human cells briefly ex-
posed to hydroxyurea are able to restart paused
forks through a Rad51-dependent mechanism
that is distinct from classical double-strand
break (DSB) repair (Petermann etal.2010). Sim-
ilarly, fork restart by recombination-dependent
pathways has been reported in fission yeast, in-
dependently of DSB formation (Mizuno et al.
2009; Lambert et al. 2010). In budding yeast hy-
droxyurea induces a 10- to 20-fold reduction of
fork rate (Sogo et al. 2002; Poli et al. 2012) and
increases the amount of ssDNA gaps at paused
forks by ~100 nucleotides (Sogo et al. 2002),
which could be sufficient to allow repriming
on the leading strand (Lambert et al. 2007).
In higher eukaryotes much larger ssDNA gaps
are generated as a consequence of extensive
uncouplingbetween helicase and polymerase ac-
tivities (Byunetal. 2005). In Xenopus egg extracts
Pol a-primase is recruited to these ssDNA gaps
and undergoes continued primer synthesis
(Van et al. 2010). This recruitment depends on
TopBP1, a replication initiation factor also in-
volved in the activation of the ATR /Mec1 path-
way (Yan and Michael 2009), indicating that the
events signaling and reactivating arrested forks
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are functionally linked. Upon initiation, Pol a-
primase interacts with other replisome compo-
nents such as Mcm10 and Ctf4/And-1 (Ricke
and Bielinsky 2004; Zhu et al. 2007; Gambus
et al. 2009). These interactions are conserved
from yeast to human and are important for
both initiation and elongation (Tanaka et al.
2009; Kanke et al. 2012; van Deursen et al.
2012; Watase et al. 2012). Whether Pol a-pri-
mase binding to Ctf4 and Mcm10 is also re-
quired for repriming at stalled forks is currently
unknown. However, recent evidence indicates
that S. cerevisiae mutants that are unable to teth-
er Pol a-primase to the replisome depend on the
Mec1/ATR pathway for viability (Kilkenny et al.
2012).

REPLICATION FORK REMODELING

In contrast to models of direct replication re-
start, additional pathways for fork reactivation
in E. coli have been proposed that require exten-
sive remodeling to enable the original lesion to
be either removed or bypassed before PriA-
dependent replisome reloading (McGlynn and
Lloyd 2002; Courcelle and Hanawalt 2003).
Two of the major pathways describe the regres-
sion of the replication fork, either catalyzed by
the helicase RecG (McGlynn and Lloyd 2000;
McGlynn et al. 2001) or promoted by the strand
exchange protein RecA (Fig. 3) (Robuetal. 2001;
Lusetti and Cox 2002; Courcelle et al. 2003).
Regression of a replication fork results in re-
winding of the parental DNA and displacement
of the nascent leading and lagging strands,
which can subsequently base pair to form a
four-way Holliday junction. Consequently, the
original replication-blocking lesion is returned
to a region of duplex DNA, enabling it to be
removed by NER. Reverse branch migration,
catalyzed by RecG (McGlynn and Lloyd 2000),
or processing of the extruded nascent strands
(Courcelle et al. 2003) enables a replication
fork structure to be regenerated (Fig. 3A). Alter-
natively, the pairing of the extruded nascent
leading and lagging strands can provide a tem-
plate for extension of the leading strand across
the site of damage in a reaction termed template
switching (Fig. 3B) (Higgins et al. 1976). Reset-
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ting of the replication fork places the 3’ OH of
the nascent leading strand beyond the site of
damage so that replication can be resumed with-
out a need for leading-strand repriming.

Whether fork regression also occurs in eu-
karyotic cells is a highly debated issue (Atkinson
and McGlynn 2009). Because the unwinding of
replication intermediates to form a four-way
junction implies a disengagement of the repli-
some, it was initially believed that fork reversal is
a pathological situation leading to irreversible
fork breakdown, as observed in yeast checkpoint
mutants exposed to hydroxyurea (Sogo et al.
2002; Bermejo et al. 2011). However, a recent
study indicates that fork reversal is a physiolog-
ical process that occurs at 15%—40% of the forks
in different organisms on exposure to sublethal
doses of Top1 inhibitors, such as camptothecin
and topotecan. Interestingly, this process is medi-
ated by poly(ADP-ribose) polymerase (PARP).
PARP inactivation with chemical inhibitors or
PARP1 genetic ablation impairs fork reversal
and leads rather to the formation of DSBs, indi-
cating that fork reversal prevents fork collapse at
camptothecin-induced lesions (Ray Chaudhuri
etal. 2012). An increasing number of eukaryotic
factors able to drive fork reversal in vitro have
been identified. These include the yeast Rad5
helicase (Blastyak et al. 2007; Minca and Kowal-
ski 2010) and its human ortholog HITF (Achar
et al. 2011), as well as the Fanconi anemia heli-
case FANCM (Gari et al. 2008) and its fission
yeast ortholog Fmll (Sun et al. 2008). As illus-
trated in Figure 4, reversed forks can be restarted
by exonucleolytic degradation, reverse branch
migration catalyzed by the annealing helicase
SMARCALI (Driscoll and Cimprich 2009; Be-
tous et al. 2012), or HR-mediated mechanisms.
How these mechanisms operate in vivo remains
largely unexplored.

RECOMBINATION-MEDIATED FORK
RESTART

When fork restart mechanisms fail or when the
replisome encounters ssDNA nicks or gaps, rep-
lication forks can be converted into one-end-
ed DSBs that are subsequently repaired by ho-
mology-mediated recombination mechanisms

8 Cite this article as Cold Spring Harb Perspect Biol 2013;5:a012815
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Figure 3. Models for replication fork regression at E. coli replication forks stalled by leading-strand template
damage. The helicase RecG binds with high affinity to forks containing a leading-strand gap and unwinds the
structure to generate a Holliday junction. A second pathway of fork regression involves RecA binding to the
single-stranded region of the fork to drive fork regression and potentially form a Holliday junction. (A)
Regression of the fork places the original lesion in a region of double-stranded DNA, enabling it to be repaired
by NER. Exonucleolytic degradation of the lagging-strand extension resets the fork to enable replisome loading.
(B) The nascent leading strand that is displaced by the regression reaction can be extended using the lagging
strand as template. Rewinding of the Holliday junction, possibly by RecG, will place the nascent 3’ end of the
leading strand beyond the site of damage to enable replication restart to occur without a need to reprime the
leading strand.

l Reverse branch migration

related to break-induced replication (Fig. 2,
pathway E; see de la Paz Sanchez et al. 2012
for details). In eukaryotes, this process depends
on all the factors involved in processive DNA
replication, with the exception of components
of the prereplication complex such as ORC and
Cdc6 (Lydeard et al. 2010). Evidence from Xen-
opus egg extracts indicates that when forks en-
counter ssDNA lesions, Pol € and the helicase

component GINS detach from the replisome
and are reloaded in an Mrell- and Rad51-de-
pendent manner. As for break-induced replica-
tion, fork restart involves PCNA modifications
allowing Pol m—dependent strand extension
(Hashimoto et al. 2012). In yeasts, fork restart
depends on Rad52 and replication factor C, but
not on factors involved in nonhomologous end
joining. Interestingly, fork restart can also occur
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Figure 4. Models for replication fork regression at eukaryotic forks stalled by leading-strand template damage.
Several DNA helicases have been shown to promote fork regression in vitro in yeast and vertebrates, including
Rad5/HLIF and FANCM/Fmll. In vertebrates, fork regression in vivo also depends on poly(ADP-ribose)
polymerase (PARP) (Ray Chaudhuri et al. 2012). Resumption of DNA replication after repair of the lesion
(A) or template switching (B) is mediated by nucleolytic degradation of branched structures or reverse branch
migration, as described for bacteria. (C) Fork restart can also occur after invasion of the duplex ahead of the
lesion by the 3’ overhang of the forked structure. The resulting Holliday junctions are resolved by resolvases or
dissolved by the combined action of the RecQ helicases BLM /Sgs1 and the type I topoisomerase Top3, whose

function is conserved from yeasts to human.

in the absence of Rad51, through a mechanism
that depends on the Pol 8 subunit Pol32 (Mor-
iel-Carretero and Aguilera 2010). Importantly,
recombination-mediated fork restart also oc-
curs in the absence of DSBs when the replisome
encounters a replication fork barrier (Lambert
et al. 2010).

Besides recombination factors, a wide varie-
tyof proteins have been implicated in the recom-
binational repair of stalled or broken replication
forks. These include Slx4, a conserved scaffold
protein that interacts with Mus81 and other
structure-specific endonucleases (Flott et al.
2007; Andersen et al. 2009; Fekairi et al. 2009;
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Munoz et al. 2009; Svendsen et al. 2009). The
mechanisms by which Slx4 and Mus81 promote
fork recovery are currently unclear. An attractive
possibility could be that Mus81 cleaves terminal-
ly arrested forks to convert them into structures
that are more amenable to recombinational re-
pair (Hanada et al. 2007). However, recent evi-
dence indicates that terminally arrested forks are
not efficiently restarted by Mus81 and are res-
cued primarily by the activation of dormant rep-
lication origins (Petermann et al. 2010).

In budding yeast, fork restart depends on
Rtt107 (Roberts et al. 2008), a scaffold protein
with BRCT domains that interacts with fork re-
pair complexes such as Smc5/6 and Rtt101-
Mmsl—Mms22 (Luke et al. 2006; Ohouo et al.
2010), which are potentially conserved from
yeasts to humans (De Piccoli et al. 2009; Piwko
et al. 2011). In budding yeast, the Rtt101 com-
plex promotes the recovery of MMS-arrested
forks by sister-chromatid recombination (Duro
et al. 2008). Interestingly, Rtt101 function also
depends on the acetylation of histone H3 on
lysine 56, which is found on newly incorporated
histones and may help cells discriminate be-
tween parental and newly replicated DNA
(Han et al. 2007; Wurtele et al. 2011). Deacety-
lation of H3K56 is prevented by the Mec1 kinase
in response to replication stress in order to facil-
itate fork recovery (Masumoto et al. 2005). Re-
markably, Mecl also promotes the interaction
between Dpb11/TopBP1 and the scaffold pro-
teins Rtt107 and Slx4, which may target these
factors to stalled forks (Ohouo et al. 2010). Fi-
nally, recent evidence indicates that fork restart
also depends on cohesin (Tittel-Elmer et al.
2009) and on the chromatin remodeling com-
plex INO80 (Papamichos-Chronakis and Peter-
son 2008; Shimada et al. 2008; Falbo et al. 2009).
How these multiple factors cooperate to pro-
mote fork restart is currently unclear.

As is the case in eukaryotes, the bacterial
homologous recombination machinery plays
a critical role in salvaging broken replication
forks—generated following collisions between
the replisome and template nicks or via the
cleavage of regressed forks (McGlynn and Lloyd
2002)—in a process termed recombination-de-
pendent replication (Asai et al. 1994). The first

- Published by Cold Spring Harbor Laboratory Press
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step of the pathway involves the resection of the
double-stranded DNA end by either an AddAB-
or RecBCD-type helicase—nuclease to generate a
3’ ssDNA tail onto which the strand exchange
protein RecA is loaded in a sequence-regulated
manner (reviewed in Yeeles and Dillingham
2010). Subsequent strand invasion and homol-
ogous pairing with the intact chromosome arm
generates a D-loop structure, which is then tar-
geted by PriA for origin-independent replisome
loading, leading to the establishment of a fully
functional replisome (Xu and Marians 2003).

CONCLUDING REMARKS

Studies from many laboratories over the past
20 years have shown convincingly that stalling
of replication fork progression can be a danger-
ous genome-destabilizing event, leading to un-
scheduled, toxic recombination; degradation of
the nascent DNA; and the loss, rearrangement,
and alteration of genetic information. The im-
portance of stabilizing and restarting stalled rep-
lication forks is underscored by the many pro-
teins involved in these processes that, when
mutated, lead to DNA damage syndromes and
cancer predisposition. Our understanding of
these processes has improved considerably, but
there s still much to do, particularly in modeling
these events in vitro with the eukaryotic repli-
some.
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