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Abstract

Replication fork stalling occurs when the replisome encounters a barrier to normal fork
progression. Replisome stalling events are common during scheduled DNA synthesis, but vary in
their severity. At one extreme, a lesion may induce only temporary pausing of a DNA polymerase;
at the other, it may present a near-absolute barrier to the replicative helicase and effectively block
fork progression. Many alternative pathways have evolved to respond to these different types of
replication stress. Among these, the homologous recombination (HR) pathway plays an important
role, protecting the stalled fork and processing it for repair. Here, we review recent advances

in our understanding of how blocked replication forks in vertebrate cells can be processed for
recombination and for replication restart.
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Introduction

Damaged DNA can present a barrier to replication, stalling either individual DNA
polymerases or the replicative helicase and thereby the entire replisome. Stalling lesions
include certain types of base damage, DNA adducts, DNA-protein crosslinks (DPCs)

and inter-strand crosslinks (ICLs). Fork stalling can also occur at hairpin structures and

G4 quadruplexes in undamaged DNA [1, 2], or from collisions between replication and
transcription [3, 4]. The ICL, which can be formed from endogenous aldehydes [5], is the
most formidable of fork barriers, since it covalently binds the two parental DNA strands.
Unless it can be disrupted or bypassed, the ICL is an absolute barrier to the replicative
helicase. In higher eukaryotes, ICLs encountered during replication can be processed by the
Fanconi anemia (FA) pathway, a tightly choreographed, multi-step pathway that processes
the ICL-blocked fork for repair by homologous recombination (HR) [6, 7]. The FA pathway
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has been the focus of intense study because of its pivotal role in preventing genomic
instability in cycling cells. The mitotic recombinase Rad51 (eukaryotic homolog of bacterial
RecA) has canonical roles in the repair of double-strand breaks (DSBs) by HR. It also

has non-canonical roles at stalled forks, where it enables fork reversal and protects nascent
strands from nucleolytic attack. These non-canonical functions of Rad51 have been reviewed
recently, as have non-recombinational pathways of replication-coupled repair [8, 9].

In the repair of a replication-independent DSB, HR can have either error-free or error-prone
outcomes. The latter entail aberrant replicative responses, exemplified by the phenomenon
of break-induced replication (BIR) in yeast [10]. In BIR, Rad51-mediated strand exchange
of a one-ended break establishes stable DNA synthesis, efficiently copying to the end of the
donor chromosome at a rate slower than conventional DNA synthesis [11]. DSB-induced
BIR entails conservative DNA synthesis; both strands of the BIR tract are newly synthesized
by Pol& through a ‘bubble migration’ mechanism [12-14]. Leading and lagging strand
synthesis may become uncoupled during BIR, provoking mutagenesis [15]. In contrast,
conventional DNA replication is semi-conservative; leading and lagging strand synthesis
(by Pole and Polb respectively) are coordinated at the unperturbed fork. In Saccharomyces
cerevisiae, BIR is mediated by the specialized helicase Pifl and requires the non-essential
DNA polymerase subunit Pol32 [12, 16]. Replicative HR responses are also seen in
mammalian cells, although they appear to be less robust than yeast BIR [17-21]. Replication
across a nicked DNA template induces one-ended breaks and loss of the replicative CMG
helicase, potentially triggering BIR-like fork restart [17, 22, 23]. Recent work, discussed
below, suggests that BIR-like responses can also occur at blocked replication forks, where
they may either limit or promote genomic instability.

In this review, we will assess recent advances in our understanding of the FA pathway.
We will also review current models of replication fork restart, based in part on work using
site-specific replication fork barriers (RFBS).

Conservative HR at stalled forks: the Fanconi anemia pathway

Fanconi anemia is a rare autosomal recessive or X-linked syndrome characterized by
developmental abnormalities, bone marrow failure and cancer predisposition. At least 23 FA
genes define a pathway of replication-coupled ICL repair [6, 24]. Much of our knowledge
of the molecular steps of the FA pathway comes from analysis of ICL repair in plasmids
replicating in frog egg extracts. An orchestrated series of steps, initially triggered by the
stalling of two opposing forks at the ICL (‘bidirectional’ fork stalling), leads to scheduled
incisions either side of the ICL on one sister chromatid, thereby ‘unhooking’ the ICL and
generating a two-ended DSB intermediate (Figure 1). Translesion synthesis (TLS) DNA
polymerases fill the gap opposite the unhooked ICL and the two-ended DSB is repaired by
conservative ‘short tract’ HR. This pathway effectively transforms a highly dangerous lesion
—the ICL—into a more benign lesion, at the cost of localized mutation. A recent review
has addressed each of these steps in detail, including discussion of the caveats of studying
ICL repair in small replicating plasmids [24]. Some ICLs can be hydrolyzed by endogenous
enzymes, converting them to less deleterious lesions. These include psoralen-UV-induced
crosslinks, which can be hydrolyzed by the NEIL3 glycosylase [25], and acetaldehyde-
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induced crosslinks, which can be reversed by an as yet uncharacterized mechanism [26].
Each of these repair pathways requires bidirectional fork stalling at the ICL. A pathway
of ICL ‘traverse’, mediated by the DNA translocase FANCM, enables the CMG helicase
to bypass some ICLs [27, 28]. Thus, the “decision tree’ of ICL repair is complex and
lesion-specific.

One of the earliest steps of the FA pathway is the disassembly of replisome components of
the stalled fork (‘fork collapse’). Recent work has identified the E3 ubiquitin ligase TRAIP
as a key mediator of this step [29]. TRAIP travels with the replisome and ubiquitylates /n
trans MCM components of the opposing CMG helicase, which are then extracted by the
p97/VCP ATPase for proteasomal degradation. TRAIP itself regulates the selection of ICL
processing pathways. TRAIP-mediated MCM monoubiquitination recruits NEIL3, providing
an opportunity for ICL hydrolysis, while TRAIP-mediated MCM polyubiquitination recruits
p97/VCP, thereby channeling repair towards the FA pathway (Figure 1). Recognition of

the stalled fork by FANCM and its associated proteins enables recruitment of the FA core
complex—an E3 ubiquitin ligase that monoubiquitinates and activates the FANCD2/FANCI
heterodimer [24]. In parallel with these events, the bidirectionally stalled fork undergoes
asymmetric fork reversal, converting the X-shaped bidirectional stall site to a ‘chicken

foot” on one side of the ICL and a simple stalled fork on the other [30] (Figure 1). Fork
reversal and monoubiquitination of FANCDZ2/I are each required for the incision/unhooking
step, which is orchestrated by SLX4/FANCP and the associated endonuclease XPF/FANCQ
[31, 32]. XPF-mediated ICL unhooking requires fork reversal [30]. Additional nucleases
including SNM1A and FAN1 may also participate in the unhooking mechanism [33, 34].

The identity of the motor protein(s) that mediate fork reversal in the FA pathway remains
unclear. FANCM itself is a candidate, since its motor function can reverse replication forks
in vitro [35]. Our work on the Tus/ 7er site-specific RFB has shown that conservative,
two-ended ‘short tract’ HR triggered by fork stalling at Tus/ 7er is specifically mediated by
the FA pathway [36, 37]. FANCM motor function is required for efficient Tus/ Ter-induced
HR, further underscoring FANCM as a candidate mediator of fork reversal/remodeling in
the FA pathway. However, the stalled fork can recruit numerous additional motor proteins,
including known fork reversal enzymes SMARCAL1, ZRANB3, HLTF and FBH1, as well
as the RecQ helicases BLM (product of the Bloom’s syndrome gene) and RECQ1 [38-42].
Some combination of these enzymes might be required for efficient fork remodeling during
FA pathway activation.

Recent cryo-electron microscopy structural studies have provided important insights into
the mechanisms of action of the multi-subunit FA core complex and its target, FANCD2-
FANCI [43-46]. The FA core complex forms an extended, asymmetric dimer in which all
FA core components are represented twice, with the exception of FANCC, FANCE and
FANCEF. The binding of the CEF subcomplex to one FANCL subunit inactivates it as an
E3 ubiquitin ligase, leaving the second FANCL subunit available to bind the E2 UBE2T
and to monoubiquitinate FANCD2-I. Structural studies of monoubiquitinated FANCD2-I
heterodimers produced additional surprises. FANCD2-1 monoubiquitination remodels the
heterodimer, creating a channel that encircles double stranded DNA [43, 45]. Activated
D2-1 is therefore a sliding DNA clamp. Ubiquitin locks the complex in this configuration,
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enabling D2-1 to form filamentous arrays on dsDNA /n vitro, but monoubiquitinated D2-1
does not directly recruit SLX4 [47]. These new findings establish new modes of action of
key players in the FA pathway. They also raise a host of new questions. For example, which
tracts of dsDNA near the stalled fork are clamped by activated FANCD2-1? One possibility
is that activated D2-1 encircles the re-annealed parental duplex produced by fork reversal,
generating a specialized, D2-I-cloaked nucleosome-free zone that facilitates the action of
SLXA4/XPF [24] (Figure 1).

Replication restart at stalled forks: BIR and its relatives

The resumption of replication at sites of fork stalling can be mediated by several different
mechanisms. At its simplest (for example, following removal of a transient fork barrier),
fork restart can entail the resumption of normal semiconservative DNA synthesis, supported
by the CMG helicase. The CMG helicase can bypass DPCs and ICLs under some
circumstances [27, 48], raising the possibility that it might sometimes be retained on
chromatin during stalled fork remodeling. However, following its disassembly or loss, CMG
reloading is not thought to be possible until the G1 phase of the following cell cycle.
Therefore, a collapsed fork that is also broken, for example by the Mus81 nuclease, could
only be restarted by non-canonical mechanisms, such as BIR (Figure 2A). An assumption
underlying some models of fork restart (e.g., Figure 2A) is that certain RFBs are not
absolute blocks, but are permeable under some circumstances. DNA synthesis through the
RFB might require a switch in DNA polymerase or helicase use—as would occur during
BIR-mediated restart—or the activation of mechanisms that degrade the RFB. High affinity
protein-DNA complexes, DPCs and DNA:RNA hybrids (R-loops) exemplify this type of
robust but permeable RFB. In Schizosaccharomyces pombe, aberrant replication restart at
the RTS1 RFB (a protein-DNA complex) occurs by “homologous recombination—restarted
replication’ (HoRReR) [49]. HORReR entails a semi-conservative copying mechanism in
which Pols mediates both leading and lagging strand synthesis. The semi-conservative
mechanism distinguishes HORReR from BIR, and raises questions of how it is initiated at
the stalled fork. One possibility is that Rad51 mediates invasion of a DNA end formed at
the reversed fork into parental duplex, facilitating resumption of DNA synthesis (Figure
2B). How the Holliday junction (HJ) at the reversed fork is processed would determine the
subsequent copying mechanism. HJ resolution could establish conservative synthesis (BIR-
type copying), whereas HJ dissolution by branch migration would favor semi-conservative
synthesis (HoRReR) (Figure 2B) [50]. These models illustrate the ‘topological alchemy’ that
can occur when classical DSB repair mechanisms interact with pre-existing branched DNA
structures at the stalled fork.

BIR-like or HORReR-like replication restart could also occur in the absence of an initiating
strand exchange event. Simple restart following replisome disassembly could produce HR-
independent HoRReR-like copying, provided that the original RFB is an not absolute block
(Figure 3A). Our work on tandem duplications (TDs) led us to consider how BIR-like restart
might occur without an initiating strand exchange step [36, 51]. Small ~10 kb TDs (‘Group
1’ TDs) form specifically in BRCAI-linked breast and ovarian cancers, and the Tus/ 7er
system recapitulates this process [51-53]. Tus/ 7er-induced TDs in BRCAI mutants form

by a replication restart/replication bypass mechanism. FANCM and BLM synergize with
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BRCAL to suppress TDs and, perhaps related to this synergy, BRCAI mutation is synthetic
lethal with FANCM loss [36, 51, 54]. The roles of FANCM and BLM in TD suppression
potentially implicate a BIR-like mechanism of fork restart. Notably, the TD mechanism
and, hence, the underlying replication restart process, is HR-independent. Conceivably, the
processing of postreplicative HJs or hemicatenanes at the blocked fork in FANCM/BLM-
defective cells might establish a D-loop in the absence of an initiating DSB or strand
exchange step, thereby priming BIR-type copying (Figure 3B) [36].

Another example of possible BIR-related fork restart is the phenomenon of mitotic DNA
synthesis (MiDAS) [55]. MiDAS completes DNA synthesis at origin-poor chromosomal
regions known as ‘common fragile sites’ during mitosis, and is mediated by Rad52, SL X4,
RTEL1, Mus81 and Pol6 [56]. The involvement of Mus81 suggests that MiDAS is initiated
at stalled, Mus81-cleaved forks as part of a post-replicative salvage pathway. Half of the
MIiDAS replication tracts visualized were detected on only one sister chromatid, suggesting
a conservative mechanism of DNA synthesis; the remaining tracts involved both sisters or
were complex [55]. MiDAS proceeds from the border of the unreplicated tract towards the
center of the fragile site [57, 58]. In some cell lines, leading and lagging strand synthesis are
uncoupled during MiDAS. These observations are suggestive of a BIR mechanism. Indirect
support for MiDAS as a break-induced phenomenon came from analysis of the impact of
mitotic CDK activity on ICL-stalled forks in frog egg extracts [59]. Unlike the S phase
environment, where TRAIP acts only /n trans, mitotic CDKs license TRAIP-dependent
CMG ubiquitination /77 cis. In this setting, CMG ubiquitination /n7 cistriggers replisome
disassembly and breakage of solitary stalled forks, forming one-ended breaks—Iesions that
would be conducive to BIR (Figure 2A). Although this example of MiDAS portrays it as a
pathway for limiting genomic instability, MiDAS may also promote catastrophic genomic
instability, as part of a cascade of cumulative damage triggered by chromosome bridges
formed in a previous cell cycle [60].

Breakage-fusion, Microhomology-mediated BIR or replication bypass?

Tandem duplications (TDs) are important drivers in the evolution of species and are the
most common form of structural variation in the cancer genome. TDs are characterized by a
single non-homologous breakpoint at the boundary between the two copies of the duplicated
segment. The most common type of cancer-associated TDs has a median span size of ~200
kb (*Group 2’ TDs) and is strongly associated with Cyclin E overexpression, which may
promote fork breakage [61]. Group 2 TDs might arise by the fusion of two broken forks
(Figure 4A). In this model, no localized new synthesis beyond conventional replication

is required to form the TD. Alternative models propose that localized re-replication
(reduplication) of a chromosome segment drives TD formation. One such model invokes

a ‘microhomology (MH)-mediated BIR’ (MMBIR) mechanism, in which the duplicated
segment is synthesized by BIR [20] (Figure 4B). In this model, BIR-type copying of =200
kb is initiated following MH-mediated invasion of a broken fork into a non-homologous
locus ~200 kb from the site of breakage. The site of MH-mediated invasion and BIR
initiation would define the TD breakpoint and, hence, the TD span size. Some problems
associated with this model are currently unresolved. First, the mechanisms that might
promote MH-mediated invasions preferentially at sites ~200 kb upstream of the site of
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breakage are unclear. Second, current mammalian examples of MMBIR entail synthesis
tracts of only a few hundred base pairs in length. Third, the MMBIR mechanism would be
expected to generate a second breakpoint at the site of BIR termination (Figure 4A).

A third model proposes that Group 2 TDs arise by replication bypass, in which a
conventional replication fork reduplicates the ~200 kb segment (Figure 4B). In this model,
residual ssSDNA gaps on the unbroken sister chromatid at the site of fork breakage are sealed
before the arrival of the opposing fork. As a result, the opposing replication fork encounters
no termination signal, enabling it to reduplicate the chromosome segment previously copied
by the broken fork. Replication bypass continues until the overshooting fork itself is broken,
and the single TD breakpoint forms by end joining. A problem with the replication bypass
model is the fate of the original broken fork, the DNA end of which must remain unrepaired
for an extended period while replication bypass occurs. Conceivably, this broken fork

might be occupied by futile cycles of BIR, mediated by sister chromatid recombination,
regenerating a free DNA end periodically as the BIR nascent strand is displaced. A defined
mammalian model system is needed that recapitulates Group 2 TD formation in mammalian
cells and is capable of distinguishing between these alternative hypotheses.

Concluding remarks

Recombination at stalled forks includes the conservative FA pathway and a diverse set of
replication restart mechanisms. Aberrant fork restart may protect under-replicated loci in
mitosis, but it can also drive structural variation in developmental disorders and cancer
[62]. The ability to recapitulate specific types of structural variation in model systems will
make it possible to define underlying mechanisms. One reward for this type of mechanistic
enquiry will be the identification of new molecular targets for therapy in human disease, as
exemplified by the synthetic lethal interaction between mutations of BRCA1 and FANCM
[36].
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Figure 1. Pathway choice in replication-coupled ICL repair.
Bidirectional fork stalling activates TRAIP (orange), which ubiquitinates CMG components

in trans (MCM subunits shown in pink). Short ubiquitin chains recruit NEIL3 glycosylase,
providing an opportunity for direct unhooking of ICL. TLS: Translesional synthesis. Long
ubiquitin chains recruit the p97/VCP ATPase, which extracts replisome components and
disassembles the replisome. FANCM recognizes the collapsed fork and recruits the FA
core complex, which activates FANCD2-I by monoubiquitination. Green dashed arrow:
fork reversal. Activated FANCD2-1 forms a sliding clamp on dsDNA—possibly cloaking
the reannealed parental strands of the reversed fork, as shown. Fork reversal and D2-I
monoubiquitination are both required for activation of SLX4-XPF. XPF-mediated incisions
(red triangles) unhook the ICL, setting up gap filling by TLS and repair of the two-ended
DSB by conservative ‘short tract” HR.
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Figure 2. Aberrant fork restart initiated by a strand invasion step.
A. Break-induced replication can be triggered by fork breakage, either from collision of

the fork with a nicked DNA template (not shown), or following replisome disassembly/fork
collapse at a replication fork barrier (RFB). Fork collapse may expose the stalled fork to
nucleases such as Mus81, leading to fork breakage and formation of a one-ended break.
Strand invasion initiates BIR (conservative Pol§-mediated synthesis by bubble migration) at
the site of fork breakage. B. HORReR (semi-conservative Pols-mediated DNA replication)
can restart synthesis at an RFB. Initiation might occur following HR-dependent strand
invasion of the parental duplex by the HORReR (semi-conservative Pols-mediated DNA
replication) can restart synthesis at an RFB. Initiation might occur following HR-dependent
strand invasion of the parental duplex by the solitary DNA end of a reversed fork (green
arrow). Depending on how the Holliday junction (HJ) at the reversed fork is processed,

the copying mechanism could be either conservative or semi-conservative, as shown. Red
arrowheads: incisions of HJ resolution. Green dashed arrow: branch migration mediates HJ

dissolution.
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Figure 3. Aberrant fork restart in the absence of an initiating strand invasion step.
A. Pol&-mediated leading strand synthesis could restart collapsed forks at a replication

fork barrier (RFB) without an initiating strand exchange step. B. BIR-type copying could
restart stalled forks in the absence of an initiating DSB or strand invasion step. In FANCM/
BLM-defective cells, post-replicative double Holliday junctions (dHJ) might persist and

be channeled towards HJ resolution, potentially leaving a D-loop at the site of stalling,

as shown. Loss of FANCM/BLM would also allow persistence of the D-loop, favoring
replication restart by a BIR-like bubble migration mechanism.
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Figure 4. Models of Group 2 (~200 kb) Tandem Duplication formation.
A. Breakage-fusion model. Rejoining of two broken forks of the same replicon forms

the TD. B. MMBIR model. Breakage of one fork (marked with red ‘X”) liberates a

solitary DNA end that invades the chromosome ~200 kb upstream by a strand exchange
mechanism involving minimal microhomology (MH). BIR, extending =200 kb, reduplicates
chromosome segment & (marked in red). Note that this model predicts the formation of

two breakpoints: the TD breakpoint at the site of MH invasion/BIR initiation; and a second
breakpoint formed at the point of termination of BIR. C. Replication bypass model.
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Breakage of the rightward fork (marked with red *X’) liberates a DNA end, and the

residual gap at the site of fork breakage on the intact sister chromatid is rapidly filled. The
opposing leftward fork (green arrow) passes through the site of fork breakage, reduplicating
chromosome segment b by conventional DNA synthesis. Subsequent breakage of the
leftward fork ~200kb downstream generates a second DNA end (marked with red “Y?”).
Rejoining of the two DNA ends of the broken forks generates the solitary TD breakpoint
(marked with red “XY”). The DNA end of the first broken fork (X) might engage in futile
cycles of BIR (not shown) during replication bypass.
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