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Abstract Genome duplication requires that replication forks
track the entire length of every chromosome. When compli-
cations occur, homologous recombination-mediated repair
supports replication fork movement and recovery. This leads
to physical connections between the nascent sister chromatids
in the form of Holliday junctions and other branched DNA
intermediates. A key role in the removal of these recombina-
tion intermediates falls to structure-specific nucleases such as
the Holliday junction resolvase RuvC in Escherichia coli.
RuvC is also known to cut branched DNA intermediates that
originate directly from blocked replication forks, targeting
them for origin-independent replication restart. In eukaryotes,
multiple structure-specific nucleases, including Mus81—
Mms4/MUS81-EMEI1, Yenl/GEN1, and SIx1-SIx4/SLX1—
SLX4 (FANCP) have been implicated in the resolution of
branched DNA intermediates. It is becoming increasingly
clear that, as a group, they reflect the dual function of RuvC
in cleaving recombination intermediates and failing replica-
tion forks to assist the DNA replication process.

Introduction

Faithful duplication of the eukaryotic genome is a formidable
challenge and requires that every segment of DNA be repli-
cated once and only once. Origins of replication are distribut-
ed along the chromosomes and fire throughout synthesis
phase (S phase) in a specific temporal pattern. Origins are
licensed prior to S phase by a system that allows them to send
out bidirectional replication forks (RFs) precisely once per cell
cycle (Diffley 2011). A given segment of DNA is therefore
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replicated by the combined efforts of two converging RFs that
emanate from adjacent origins. Key in completing the repli-
cation of an inter-origin space is that the converging RFs meet
at some point on their traverse.

Complications in the replication process can arise from a
number of different stressors, which impede RF progression
and may preclude RF convergence. Firstly, replication occurs
in the presence of lesions within the DNA template. This is
due to the susceptibility of DNA to hydrolysis and oxidation
in the cellular milieu and its constant exposure to reactive
cellular metabolites and various exogenous DNA damaging
agents (Hoeijmakers 2001; Lindahl 1993). The consequence
is a high steady-state background level of DNA damage,
making collisions between the replication machinery and
lesions in the template inevitable. Secondly, RFs have to
negotiate obstructions arising from proteins tightly bound to
the DNA template, DNA secondary structures, ongoing tran-
scription in their path, and buildup of torsional stress in the
DNA (Aguilera and Goémez-Gonzalez 2008). Thirdly, low
supplies of deoxyribonucleoside triphosphates (ANTPs) dur-
ing S phase, a condition that may arise from untimely S phase
entry and altered replication dynamics, can severely retard RF
progression (Alvino et al. 2007; Beck et al. 2010; Bester et al.
2011). Stalled RFs are sensed by the S phase checkpoint that
inhibits cell cycle progression and late origin firing (Errico
and Costanzo 2012). Activated checkpoint proteins also pre-
serve the integrity of stalling RFs, allowing them to resume
DNA synthesis once the replication block is removed. RF
restart is further facilitated by homologous recombination
(HR) reactions, which entail the formation of branched inter-
mediates that physically link sister chromatids. These must be
resolved to restore discrete chromosome entities that can be
segregated during mitosis. If RF restart is delayed, RFs be-
come prone to breakage (Petermann et al. 2010; Saintigny
et al. 2001), perhaps reflecting the need to remove idling RFs
that have become a hindrance to—rather than a facilitator of—
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genome duplication. In Escherichia coli, the structure-
specific nuclease RuvC serves both of these purposes by
processing HR repair intermediates and by mediating RF
cleavage so that a new RF may be assembled to complete
the replication process. In eukaryotes, three conserved nucle-
ases have been found to have properties similar to those of
RuvC: Mus81-Mms4/MUS81-EME1 (budding yeast/
human), and, more recently, Yenl/GEN1 and Slx1-SIx4/
SLX1-SLX4 (SLX4 is also known as BTBD12 and FANCP).
The purpose of this review is to highlight how side-by-side
analysis of these nucleases is revealing that they too play a
multifaceted role by resolving branched recombination inter-
mediates as well as replication structures that arise in S phase

(Fig. 1).

Homologous recombination underpins the replication
process

HR is an ancient process that is conserved in all domains of
life. In eukaryotes, HR plays important roles in meiosis,
mitosis, and DNA repair. Disruption of key recombination
genes of the RADS52 epistasis group in yeast and vertebrate
cells causes sensitivity to a broad spectrum of replication
blocking agents (Chang et al. 2002; Essers et al. 1997;
Parsons et al. 2004; Takata et al. 2001). These include
interstrand DNA cross-linkers such as mitomycin C (MMC),
DNA alkylating agents such as methyl methanesulfonate
(MMS), the topoisomerase I (TOP1) poison camptothecin
(CPT) that interferes with the release of torsional stress from
replicating DNA, and the ribonucleotide reductase inhibitor
hydroxyurea (HU) whose presence causes dNTP depletion.
Vertebrate cells are unable to complete DNA replication in the
absence of the central recombinase RADS1 (Sonoda et al.
1998; Su et al. 2008), while rad51 mutant yeast cells exhibit

Replication problems
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Fig.1 DNA replication problems can lead to replication fork stalling and
unreplicated chromosomal areas (i), and to the formation of branched
repair intermediates from homologous recombination-dependent RF re-
covery pathways (i7). The resulting physical links between sister chro-
matids can be targeted by structure-specific nucleases to facilitate the
completion of S phase and chromosome segregation (iii)
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growth defects (Fingerhut et al. 1984) and accumulate chro-
mosomes with unreplicated areas in the presence of DNA
damage (Alabert et al. 2009). These observations underline
the critically important role of HR to lend support to troubled
RFs.

Molecular aspects of HR

HR is part of the meiotic program in eukaryotes, allowing for
reciprocal genetic exchange (crossover) between maternal and
paternal homologous chromosomes, which is required for
their accurate segregation. Careful analysis of the meiotic
products in fungi has provided early insights into the mecha-
nism of HR (Holliday 1964), providing the groundwork for
the current DNA double-strand break (DSB) repair model of
HR (Szostak et al. 1983). The key steps are illustrated in Fig. 2
(steps 1-6). The signature reaction is strand exchange (medi-
ated by Rad51/RADS1) that occurs between the damaged
molecule and an intact donor duplex of homologous se-
quence. In the context of DSB repair, the donor serves as a
template for repair synthesis to retrieve all sequence informa-
tion lost at the break. The recombining DNA molecules may
ultimately become covalently attached to one another at DNA
four-way junctions known as Holliday junctions (HJs)
(Holliday 1964; Liu and West 2004). These late recombina-
tion structures must be removed prior to chromosome segre-
gation. Specialized structure-specific nucleases, so-called HJ
resolvases, cleave HJs by the introduction of two symmetri-
cally related nicks (Fig. 2, step 5). Depending on the orienta-
tion of the nicks, crossover (associated with the reciprocal
exchange of flanking markers) or non-crossover duplex prod-
ucts are generated. Other HR subpathways have been de-
scribed, and a growing number of proteins are known to be
involved in HR-mediated DSB repair (Mazén et al. 2010).
The RecQ helicase Sgs1-type IA topoisomerase Top3—Rmil
protein complex (BLM—TOPOIIIo—RMI1-RMI2 in humans)
catalyzes convergent branch migration and DNA decatenation
to separate recombining molecules along the nuclease-
independent non-crossover pathway of double HJ dissolution
(Cejka et al. 2010; Ira et al. 2003; Wu and Hickson 2003)
(Fig. 2, steps 7 and 8). The early disassembly of recombina-
tion intermediates sidesteps the formation of HJs on a pathway
known as synthesis-dependent strand annealing (SDSA)
(Paques and Haber 1999) (Fig. 2, step 9).

Pathways of HR-mediated RF repair

Models of the ways in which HR repair reactions facilitate the
DNA replication process have been derived from extensive
studies in E. coli (Cox et al. 2000; McGlynn and Lloyd 2002;
Michel et al. 2007). The strategies found in prokaryotes are
thought to be broadly conserved in eukaryotes (Lambert et al.
2007; Petermann and Helleday 2010). In this context, the
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Fig. 2 DNA double-strand break repair and replication fork support
mediated by homologous recombination. Steps /-6 describe the canon-
ical DSB repair model of HR. 7/, DNA end resection produces 3'-single-
stranded overhangs which are bound by strand exchange protein Rad51/
RADS51; 2, the resulting nucleoprotein-filament is capable of identifying
and invading a homologous donor duplex, thereby creating a displace-
ment-loop (D-loop) and initiating repair synthesis; 3, second-end capture,
the association of the D-loop with the non-invading break end, also
initiates repair synthesis; 4, after repair and nick ligation, the recombining
molecules are joined together at a double HJ intermediate; 5, HJ
resolvases introduce symmetrically related nicks (blue arrowheads) to
produce discrete duplex products; 6, resolution of a pair of HJs along the
same axis produces non-crossover products, while the use of different
axes leads to crossover products characterized by reciprocal genetic
exchange of flanking markers (as shown). Double HJ dissolution offers
an alternative to nucleolytic cleavage: 7, the Sgs1-Top3—Rmil/BLM—
TOPOIIIx—RMI1-RMI2 complex drives HJ convergence by branch

recombination substrates comprise double-stranded DNA
ends/single-ended DSBs and DNA gaps rather than canonical
two-ended DSBs. For example, blocked RFs have been
shown to regress by removal of the nascent leading and
lagging strands from the template and their annealing with
one another. This generates an HJ-like structure with a
recombinogenic double-stranded DNA end homologous to
the replication template upstream of the RF. Thus, Rad51/
RADS1 may catalyze strand exchange to rebuild a RF in an
origin-independent manner (Fig. 2, steps 10-13). HR is also
useful for the repair of single-stranded DNA gaps that are left
behind the RF when the replicative DNA polymerase skips
over a lesion and reinitiates DNA synthesis downstream of it.
Strand exchange between the sister chromatids can provide an

migration and removal of the resulting hemi-catenate; 8, dissolution
results exclusively in non-crossover products, which differ from the
DNA molecules at outset only by the presence of a repair patch. 9,
Synthesis-dependent strand annealing (SDSA). Disassembly of the D-
loop by expulsion of the invading DNA single-strand frees up a repair
template for the second break end. /0—16, HR facilitates DNA replica-
tion: /0, a range of replication blocks may stall RF progression (see text);
11, a blocked RF (gray) can regress to form a HJ-like structure with a
recombinogenic DSB end homologous to the DNA ahead of the four-way
DNA junction; /2, HR-mediated strand-invasion forms a D-loop at
which DNA synthesis may be re-initiated. HJs that arise during the
process can be removed by nucleolytic cleavage (blue arrowheads) to
reestablish a processive RF (/3). 14, A lesion in the lagging strand
template (pink sphere) can be bypassed without RF arrest; /5, the lesion
is tolerated at the cost of a single-stranded DNA gap known as daughter
strand gap; 16, HR-mediated gap repair and HJ formation. HJ resolution
(blue arrowheads) or dissolution can restore a normal RF (/3)

intact template for gap repair without the need for immediate
lesion repair (lesion bypass) (Fig. 2, steps 14—16). Finally, if a
RF collapses into a single-ended DSB, for example by repli-
cation run-off at a preexisting nick in the template, HR can
mediate the reestablishment of a RF. Such a single-ended
break may contain single-stranded DNA or be processed to
expose a 3'-single-stranded overhang for Rad51/RADS51 to
polymerize on, which is followed by strand invasion at the
intact sister chromatid and assembly of a processive RF (a
reaction depicted in Fig. 3, steps 7-10). In all these cases, and
similar to the situation in HR-mediated DSB repair, HJ-
containing intermediates are generated (Fig. 2, steps 12 and
16 and Fig. 3, step 9), which require the attention of resolution
and/or dissolution factors.
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Fig. 3 Replication fork recovery by simple resetting or deliberate break-
age. I, RF movement can be impeded by a range of factors (see text); 2,
potentially leading to RF arrest (inactive fork, gray); 3, RF regression, by
annealing of the nascent leading and lagging strands with one another,
leads to the formation of a HJ-like structure. Template switching allows
leading strand extension (indicated by the triple arrowhead) if the lagging
strand had been extended further than the leading stand prior to regres-
sion. This might occur via the RAD6-RAD18-RADS5 DNA damage
tolerance pathway when a RF is blocked at a lesion in the leading strand
template (Ghosal and Chen 2013). Regression also ensures that any
blocking lesion is moved away from the fork and placed back into a
duplex DNA context enabling excision repair pathways. 4, If the cause

Structure-specific nucleases and the cleavage
of recombination and replication intermediates

The RuvC paradigm

The RuvC HIJ resolvase is highly selective for fully double-
stranded DNA four-way junctions (Benson and West 1994;
Takahagi et al. 1994). Being a constitutive dimer, the enzyme
uses two active sites to resolve HJs by double-sided incision
(West 1997). It has long been known that loss of RuvC
function in bacteria causes recombination defects and DNA
damage sensitivity (Benson et al. 1991; Lloyd 1991; Lloyd
et al. 1984; Sharples et al. 1990), indicating a key role in the
removal of HJ intermediates during recombination-dependent
DNA repair (Michel et al. 2007). Interestingly, RuvC also
attacks HJs formed by RF regression, which leads to DSB
formation (Seigneur et al. 1998, 2000) (Fig. 3, steps 1-3 and
6). This offers the possibility for origin-independent RF es-
tablishment by recombination-dependent replication (Asai
et al. 1994; Heller and Marians 2006; Kogoma 1997)
(Fig. 3, steps 7-10), providing a survival strategy in situations
of DNA damage-induced RF blockage (Khan and Kuzminov
2012). RuvC is not conserved in eukaryotes, but structure-
specific nucleases, which have the ability to resolve HJs and
may function analogously, have been identified.
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for regression can be removed (or if template switch enables bypass/DNA
damage tolerance), HJ branch migration may reset an active fork (blue).
Alternatively, deliberate fork cleavage might occur: 5, the substrate
spectra of eukaryotic structure-specific nucleases such as Mus81—
Mms4/MUS81-EME1 may allow them to act directly on RFs (red
arrowhead); 6, RF cleavage may also occur after conversion of the
three-way junction into a four-way HJ intermediate. 7—/0, Recombina-
tion-dependent replication/break-induced replication (BIR) pathways can
reestablish a processive RF from a single-ended DSB after RF breakage
(or spontaneous collapse at a preexisting nick in the template). Note that
this pathway entails the formation of a single HJ (step 9), which requires
the attention of a structure-specific nuclease (blue arrowheads)

HIJ-resolving nucleases in eukaryotes

Three HJ-resolving enzymes found in eukaryotes are Mus81—
Mms4 (Mus81-Emel in fission yeast)MUS81-EMEI, Yenl/
GENI, and SIx1-S1x4/SLX1-SLX4 (Fig. 4). Mus81-Mms4/
MUSS81-EMEI1 belongs to the XPF family of nucleases
(Ciccia et al. 2008). Both subunits contain ERCC4 endonu-
clease domains, but while the one found in the catalytic
subunit Mus81/MUSS8I1 is active, the one in Mms4/EMEI
has diverged and lost its activity. The substrate spectrum of
Mus81-Mms4/MUS81-EME1 comprises 3'-flaps (duplex
DNA with a 3'-single-stranded flap), double-stranded three-
way junctions that resemble RFs, HJ precursors, and fully
ligated HJs (Boddy et al. 2001; Chen et al. 2001; Ciccia
et al. 2003; Constantinou et al. 2002; Doe et al. 2002;
Kaliraman et al. 2001). The activity of purified Mus81-—
Mms4/MUS81-EME1 complexes towards fully fledged HJs
is relatively weak, but nicked HJs are efficiently resolved by a
counter-nicking mechanism (Ehmsen and Heyer 2008; 2009;
Fricke et al. 2005; Osman et al. 2003). This is consistent with
budding yeast Mus81-Mms4 operating as a single heterodimer
with only one active site (Schwartz et al. 2012). Therefore,
Mus81-Mms4/MUS81-EME1 resembles the propensity of the
bacterial HJ resolvase RuvC to target branched DNA structures
but is not biochemically equivalent.
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Fig. 4 Domain structure and in vitro DNA substrate specificities of the
eukaryotic HJ-resolving enzymes. These structure-specific nucleases are
largely conserved from yeast to human (Schwartz and Heyer 2011), with
the human proteins depicted (number of amino acid residues in brackets ).
MUS81 and EME] contain an excision repair cross complementation
group 4 (ERCC4) endonuclease domain and helix-hairpin-helix (H)
motifs (gray font denotes degenerate/inactive motifs). The MUS81-
EMEI heterodimer exhibits activity towards 3'-flaps, RFs, and HJ sub-
strates (red arrowheads). Hls are efficiently resolved if they contain a
preexisting nick. GENI is a monomeric XPG family nuclease that con-
tains the superfamily-specific N-terminal and internal XPG nuclease
motifs (X N and X I, respectively). Adjacent to the nuclease domain is
a helix-hairpin-helix motif. GEN1 cuts 5'-flaps, RFs, and HJs, as

Yen1/GEN1 belongs to the Rad2/XPG family of nucleases,
whose members are characterized by a bipartite N-terminal/
internal XPG nuclease domain and exhibit diverse structure-
specific nuclease activities (Tomlinson et al. 2010). Human
GENI is monomeric in solution but dimerizes on HJ DNA in
order to introduce symmetric incisions, thus resolving HJs in a
manner reminiscent of RuvC (Rass et al. 2010). Other in vitro
target structures include 5'-flaps and RFs (Ip et al. 2008; Rass
et al. 2010).

SIx 1-SIx4/SLX1-SLX4 owes its structure-specific nucle-
ase activity to the SIx1/SLX1 subunit (Fricke and Brill 2003),
which is a GIY-YIG superfamily nuclease (Dunin-Horkawicz
et al. 20006). Yeast and human SIx1-S1x4/SLX1-SLX4 cleave
splayed arm DNA substrates (a duplex with unpaired 3'- and
5'-overhangs on one side), 5'-flaps, RFs, and HJs (Coulon
et al. 2004; Fekairi et al. 2009; Fricke and Brill 2003; Mufioz
et al. 2009; Svendsen et al. 2009). The human enzyme has
been shown to be capable of RuvC-like HJ resolution (Fekairi
et al. 2009; Svendsen et al. 2009), while yeast SIx1-Slx4 cuts
this substrate at multiple, nonsymmetric sites and with rela-
tively weak activity compared to that exhibited on 5'-flaps and
RFs (Fricke and Brill 2003). Interestingly, human SLX4 in-
teracts with MUS81-EME1 (Fekairi et al. 2009; Munoz et al.
2009; Svendsen et al. 2009), while this interaction has not
been found in yeast (Schwartz et al. 2012).

=< <
==<%
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| —

SNM1B MUS81-EME1  SLX1

indicated. SLX1 is a small GIY-YIG superfamily nuclease with a PHD-
type zinc-finger (ZF) motif at the C-terminus. It forms a heterodimeric
structure-specific nuclease with the large SLX4 subunit. SLX4 contains
ubiquitin-binding zinc-finger-, MUS312-MEI9 interaction-like (MLR)-,
bric-a-brac tramtrack broad complex (BTB)-, SAF-A/B acinus and PIAS
(SAP)-, and SLX1-binding (SBD) domains. Human SLX4 interacts with
multiple nucleases involved in ICL repair via the Fanconi anemia path-
way, as indicated below. The interaction with SNM1B (Salewsky et al.
2012) has not been mapped. SLX1-SLX4 cleaves splayed arm, 5'-flap,
RF, and HJ substrates. HJs are cleaved in symmetric fashion by the
human protein, but nicked at multiple nonsymmetric positions by yeast
SIx1-SIx4 (orange arrowheads)

Eukaryotic HJ-resolving enzymes in the processing of late
recombination intermediates

The ability of Mus81-Mms4, Yenl, and SIx1-SIx4 to resolve
HR-dependent HJ intermediates in vivo has been elegantly
demonstrated in budding yeast by physically tracking recom-
bination intermediates during meiosis in various mutant
strains (De Muyt et al. 2012; Zakharyevich et al. 2012). Given
the difference in substrate specificity, they likely target a
mixture of HJ precursors and fully matured (covalently
closed) HJs (the exact nature of the targeted intermediates
has been discussed recently by Schwartz and Heyer (2011)).
Most meiotic recombination intermediates were found to
be processed in an Sgsl-dependent manner, either via
SDSA or double HJ dissolution, or along a crossover
pathway that in addition involves Exol and MIlh1-MIh3,
the latter potentially providing the required nuclease activity
(De Muyt et al. 2012; Zakharyevich et al. 2012). The
contribution of Mus81-Mms4, Yenl, and Slx1-SIx4 is
therefore small, and yet important to facilitate meiotic
chromosome segregation. Thus, the absence of Mus81
compromises spore viability, and this effect is exacerbated by
the additional absence of SIx1 or Slx4. No viable spores are
produced when Mus81-Mms4 and Yenl are absent (Matos
etal. 2011).
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Mus81-Mms4/Emel, Yenl, and SIx 1-Slx4 also contribute
to the resolution of recombination intermediates during the
repair of induced DSBs in mitotic cells. This is evidenced by a
loss of crossover recombination in their absence in different
experimental systems using chromosomal or plasmid-borne
substrates (Agmon et al. 2011; Ho et al. 2010; Mufioz-Galvan
et al. 2012; Sun et al. 2008; Tay and Wu 2010). However,
DSB repair in mitotic cells is thought to proceed mainly via
SDSA (Fig. 2, step 9), largely avoiding the formation of HJs
(Bzymek et al. 2010). This is consistent with the mild sensi-
tivity of mus81 and mms4, yenl , and/or slx! and slx4 mutant
yeast cells to ionizing radiation-induced DSBs (Blanco et al.
2010; Ho etal. 2010; Tay and Wu 2010). In fact, these mutants
are much more affected by treatment that compromises repli-
cation progression, suggesting that the critical function of
Mus81-Mms4, Yenl, and SIx1-Slx4 in mitotic cells is to
assist in the repair of perturbed RFs.

Eukaryotic HJ-resolving enzymes and the repair
of replication forks

Loss of Mus81-Mms4/MUS81-EMEI1, Yenl/GEN1, and
Slx1-SIx4/SLX1-SLX4 function sensitizes cells to replica-
tion stress, i.e., to conditions that lead to frequent RF stalling
or arrest. This indicates a defect in the processing of failing
RFs and/or the resolution of intermediates of HR-dependent
RF recovery pathways. Distinguishing between these possi-
bilities is not easy because a defect in either process can lead to
similar phenotypes relating to chromosome segregation fail-
ure resulting from unreplicated DNA or persistent recombina-
tion intermediates physically linking the sister chromatids
(Fig. 1). The interpretation of genetic data is further compli-
cated by the overlapping biochemical activities and functional
redundancies that exist between Mus§1-Mms4/MUS81—
EMEL, Yenl/GENTI, and SIx1-SIx4/SLX1-SLX4. Nonethe-
less, important in vivo targets for these nucleases in replicating
cells are being identified.

SIx1-S1x4/SLX1-SLX4 (FANCP)

SLX1 and SLX4 were first identified in yeast as genes with an
essential function in the absence Sgsl (Mullen et al. 2000).
Eliminating HR by deletion of RADS52 does not restore via-
bility to sgs/ slxI or sgsl six4 double mutant cells (Bastin-
Shanower et al. 2003), indicating that the synthetic lethal
relationship is not due to a functional overlap of SIx1-SIx4
and Sgs1 in the resolution/dissolution of recombination inter-
mediates. Instead, the phenotype has been linked to a role of
Sgsl in promoting the replication of the repetitive ribosomal
DNA (rDNA) array, which is characterized by a high frequen-
cy of replication stalling (Kaliraman and Brill 2002; Versini
et al. 2003). Budding yeast harboring a SLX4 gene deletion
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and a temperature-sensitive sgs/ allele were shown to be
unable to complete rDNA replication at the restrictive tem-
perature (Kaliraman and Brill 2002). In fission yeast, SIx1
associates with the rDNA and induces HR repair foci specif-
ically in the nucleolus, which is consistent with a function of
SIx1-Slx4 in rDNA maintenance that is upstream—rather
than downstream—of HR (Coulon et al. 2004, 2006). A
model has been proposed suggesting that Slx1-SIx4 may
cleave a pair of converging RFs that have stalled (see Fig. 5,
point 2), thereby facilitating replication termination. Because
the rDNA is repetitive, break-proximal regions at the ensuing
DSB would be homologous. Thus, 5'-resection at the DSB
ends would allow repair by annealing of complementary 3'-
overhangs as they become exposed (a pathway known as
single-strand annealing), albeit at the expense of rDNA con-
traction (Fricke and Brill 2003).

Outside this context, there is little evidence of any
replication-associated role of SIx1/SLX1, while SIx4/SLX4
clearly has further, SIx1/SLX1 nuclease-independent functions.
Deletion of SLX! or SLX4 in yeast does not lead to a general
problem in coping with replication stress, and only the loss of
SIx4 causes sensitivity to DNA alkylation by MMS associated
with unreplicated chromosomal areas (Bastin-Shanower et al.
2003; Flott et al. 2007; Flott and Rouse 2005; Roberts et al.
2005). It has been shown that SIx4 is recruited to stalled RFs in
response to MMS treatment, where it appears to act as a
scaffold for DNA repair proteins other than SIx1 and to exert
a regulatory function on the S phase checkpoint (Ohouo et al.
2010, 2012). In Caenorhabditis elegans , loss of SLX1 function
was shown to sensitize germline cells to UV light-induced
bulky DNA lesions and TOP1 inhibition by CPT, indicating
that in this organism SLX1 may be more widely used in DNA
replication-associated repair (Saito et al. 2012).

In keeping with the multifaceted role of SIx4 observed in
yeast, depletion of SLX4 in HeLa cells causes a more pro-
nounced sensitivity to drugs that induce DNA interstrand
cross-links (ICLs) than depletion of SLX1 (Andersen et al.
2009; Fekairi et al. 2009; Svendsen et al. 2009). The collision
of RFs with ICLs triggers a multiprotein repair pathway that is
defective in Fanconi anemia (FA), a genome stability disorder
associated with bone marrow failure, cancer predisposition,
and hypersensitivity to ICL-inducing agents (Constantinou
2012). SLX4 has recently been identified as downstream FA
factor FANCP (Kim et al. 2011; Stoepker et al. 2011) and has
been shown to interact with multiple nucleases involved in
ICL excision (Andersen et al. 2009; Fekairi et al. 2009; Kim
et al. 2013; Muiloz et al. 2009; Svendsen et al. 2009) (Fig. 4).
A truncated version of SLX4, which is unable to interact with
SLX1, was found to complement the MMC sensitivity of
SLX4-deficient murine btbd12~"~ (Crossan et al. 2011) and
human FA complementation group P cells (Kim et al. 2013).
It therefore appears that SLX4 functions independently of
SLX1 in ICL repair. The interaction between SLX1-SLX4
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Fig. 5 Ways in which the HJ-resolving endonucleases Mus81-Mms4/
MUS81-EMEI, Yenl/GENI, and Slx1-SIx4/SLX1-SLX4 may support
DNA replication. When cells progress through S phase, RF stalling and
arrest can lead to the accumulation of replication intermediates (RIs) not
actively engaged in DNA synthesis. /, MUS81-dependent DSB forma-
tion in response to drug-induced (APH, CPT, HU, MMC) or oncogene-
induced (overexpressed cyclin D1, E) replication stress indicates active
Rl cleavage. Subsequent replication restart and increased cell survival has
been reported, suggesting that active RF breakage can promote bulk DNA
synthesis, while unrestrained RI cleavage may cause cell death. CDK1-
dependent stimulation of MUSS81 activity may promote DSB-independent
RF recovery in early S phase and delay RF breakage until replication is
approaching its completion. Reversed RFs with strand interruptions have
been observed in unperturbed human cells and may represent an in vivo
target for MUS81-EMEI in accordance with the enzyme's in vitro pref-
erence for nicked HJs. Given the functional overlap between Mus81 and
Yenl in yeast, it is conceivable that GENT1 also targets Rls. 2, RFs stalled
within difficult-to-replicate areas, such as common fragile sites and the
rDNA array in yeast, have been shown to require the attention of
HIJ-resolving enzymes. Fragile site cleavage by MUS81 (red arrowhead)
allows the disengagement of the parental DNA strands within
unreplicated segments and sister chromatid disjunction. A higher inci-
dence of anaphase bridges in cells depleted for GENI indicates the
enzyme may fulfill related functions (cutting RFs with the opposite
polarity, orange arrowhead). Slx1-Slx4 has been proposed to resolve
blocked RFs in the tDNA in yeast (purple arrowheads). A similar
reaction may be catalyzed by SLX4 in conjunction with multiple nucle-
ases at RFs arrested at intrastrand crosslinks (FA pathway). 3, HR
intermediates (HRIs) arise during RF recovery and DSB repair (see Figs. 2
and 3, steps 7—10). In yeast, Mus81-Mms4 and Yen1 have been shown to
resolve HRIs upon replication stress and under unperturbed conditions.
Perhaps the most likely scenario is that Mus81-Mms4 targets nicked HJ
precursors and D-loop structures by virtue of its 3'-flap cleavage activity.
After maturation into fully ligated HJs, Yenl is the more suitable pro-
cessing factor (shown here on a double HJ intermediate). This is in
agreement with a successive cell cycle-dependent surge in Mus81—
Mms4 and Yenl activity as cells approach G2/M (below, maximal
activity bright red)

and MUS81-EME] raises the possibility that these nucleases
cooperate to resolve HJ-containing DNA intermediates. This
appears not to be the case in yeast (Schwartz et al. 2012), while
experiments with the human proteins show that the SLX1—

SLX4-MUS81-EME1 complex promotes coordinated HJ
resolution more efficiently than its component heterodimeric
nucleases alone (Stephen C. West, personal communication).

Mus81-Mms4/MUS81-EME1 and Yenl/GEN1

MUS81 and MMS4, like SLXI and SLX4, have been identi-
fied as a gene pair required for viability in sgs/ mutant yeast
cells (Boddy et al. 2000; Mullen et al. 2000). In contrast to
sgsl slxl or sgsl six4 cells, the synthetic lethality in mus81
sgs1 cells is suppressed when HR is eliminated by deletion of
key RAD5?2 epistasis group genes such as RAD51 or RADS5?2
(Fabre et al. 2002). When the Sgs1-Top3—Rmil double HJ
dissolvasome is compromised, Mus81-Mms4 limits the ac-
cumulation of Rad51-dependent HJ-containing DNA at dam-
aged RFs, but when MUS8! or MMS4 are disrupted, these
accumulate to levels that preclude chromosome segregation
(Ashton et al. 2011). These observations indicate a functional
overlap between Mus81-Mms4 and Sgsl-Top3—Rmil in the
processing of replication-associated recombination intermedi-
ates, which in their absence accumulate to toxic levels.

GENI1 was isolated from HeLa cell extracts fractionated
extensively on the basis of detectable HJ resolution activity (Ip
etal. 2008). In the same study, Yenl was identified (alongside
SIx1-Slx4 and Mus81-Mms4) in a yeast screen for HJ
resolvase activities. Subsequently, Yenl was shown to func-
tionally overlap with Mus81-Mms4, indicating the impor-
tance of analyzing these enzymes together.

Loss of Mus81-Mms4 activity sensitizes yeast cells to a
large panel of agents whose effects inhibit RF progression,
including MMS, UV light, CPT, HU, and DNA cross-linking
agents. In all cases, concomitant loss of Yenl leads to hyper-
sensitivity (not further exacerbated by deletion of SLX7), and
mus81 yenl mutant cells are characterized by growth defects,
chronic low-level Rad53 phosphorylation indicative of check-
point activation, and fail to segregate their chromosomes in
the presence of exogenous DNA damage (Agmon et al. 2011;
Blanco et al. 2010; Ho et al. 2010; Tay and Wu 2010). Similar
phenotypes have been observed for mus8/ single mutant
fission yeast, an organism lacking a Yenl ortholog (Boddy
et al. 2000). In budding yeast, mus81 yenl double mutants
exhibit a much higher than normal rate of spontaneous chro-
mosome loss, indicating the persistence of DNA structures
that link the sister chromatids and cause nondisjunction in
these cells (Ho et al. 2010). This defect was greatly reduced by
deletion of RADS51, suggesting that unresolved HR intermedi-
ates cause the observed mis-segregation in mus81 yenl cells.
Therefore, Mus81 and Yenl target replication-associated re-
combination intermediates that arise in unperturbed S phase.
This function of Mus81 and Yenl is subject to intricate cell
cycle-dependent control mechanisms to prevent genome insta-
bility as a result of spurious cleavage of branched DNA inter-
mediates: Cdkl- and Cdc5-dependent phosphorylation of
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Mms4 leads to a rise in Mus81-Mms4 nuclease activity during
late S phase with a peak in G2/M (Gallo-Fernandez et al. 2012;
Matos et al. 2011, 2013; Szakal and Branzei 2013). In fission
yeast, Mus81-Emel can be further stimulated by hyperphos-
phorylation mediated by the DNA damage checkpoint kinases,
if Emel is primed by the cell cycle kinases (Dehé et al. 2013).
Yenl, on the other hand, is activated with a slightly later timing
than Mus81-Mms4 through dephosphorylation (Matos et al.
2011). This gives Sgsl-dependent processing of HR interme-
diates precedence over nucleolytic cleavage for much of S
phase, limiting the risk of crossover formation which can be
accompanied by loss of heterozygosity (Matos et al. 2013;
Szakal and Branzei 2013). Distinct windows of activation
may also explain why endogenous Yenl does not fully protect
mus81 or mms4 mutant cells from exogenous replication
stress. Indeed, overexpression of Yenl (Blanco et al. 2010),
or mutations that render Yenl resistant to inhibitory phosphor-
ylation (Matos et al. 2013), suppresses the damage sensitivity
phenotype of mus81 cells to a large extent, indicating that
Mus81-Mms4 and Yenl can resolve equivalent (although not
necessarily the same) DNA structures in vivo. In addition to
dynamic modulation of nuclease activity, cellular localization
may play a part in regulating Mus81-Mms4 and Yenl:
phosphorylation-dependent nucleo-cytoplasmic shuttling has
been demonstrated for Yenl (Kosugi et al. 2009), while
Mus81-Mms4/MUS81-EMEI1 in yeast and human cells has
consistently been found to localize to the nucleus (Blais et al.
2004; Fu and Xiao 2003; Gao et al. 2003; Naim et al. 2013;
Svendsen et al. 2009; Ying et al. 2013; Zhang et al. 2005).

While the interplay of Mus81 and Yenl in processing HR
intermediates is becoming increasing well characterized, it is
important to note that chromosome mis-segregation in mus81
and mus81 yenl mutant yeast was found not to be entirely
dependent on Rad51 and, therefore, HR, providing strong
evidence that Mus81-Mms4 (and possibly Yen1) has a second
physiologically important role associated with the processing
of stalled RFs (Ho et al. 2010). This notion is corroborated by
anumber of very recent reports, which will be discussed in the
following sections.

Evidence for the conversion of stalled RFs into DSBs
by Mus81-Mms4/MUS81-EME1

Mus81-Mms4/MUS81-EME1 has previously been consid-
ered as an important factor in the conversion of stalled or
regressed forks into DSBs to enable subsequent HR-mediated
repair and replication restart (Haber and Heyer 2001; Osman
and Whitby 2007) (Fig. 3). However, as mentioned above,
findings regarding the importance of Mus§1-Mms4 for via-
bility under conditions of replication stress, induced either by
RF blocking agents or disruption of a number of non-essential
replication genes in yeast (Collins et al. 2007; Costanzo et al.
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2010; Pan et al. 2006), are not easily interpreted with regard to
cleavage of stalled or regressed RFs and/or the resolution of
HR repair intermediates (Fig. 1). Recent observations of
Mus81/MUS81-dependent chromosome breaks, however,
provide strong physical evidence for a role in the cleavage
of perturbed RFs and provide new insights into pathways of
deliberate RF breakage in eukaryotes.

RF cleavage in response to exogenous replication stress

The most overt DNA damage sensitivity exhibited by mam-
malian cells lacking MUS81-EME] is against DNA cross-
linking agents (Abraham et al. 2003; Dendouga et al. 2005;
Hanada et al. 2006; Hiyama et al. 2006; McPherson et al.
2004; Svendsen et al. 2009). As mentioned above, SLX4
appears to coordinate the multiple nucleases required for
ICL repair, including MUS81-EMEI1 and the nucleotide ex-
cision repair endonuclease XPF-ERCCI. It has been pro-
posed that MUS81-EMEI might convert RFs blocked at an
ICL site into DSBs. Subsequent incision by XPF-ERCCl1
could dislodge the cross-linked nucleobase to allow lesion
bypass by translesion synthesis, followed by HR-dependent
RF reassembly (Niedernhofer et al. 2004). More recently, it
was suggested that XPF-ERCC1, together with exonuclease
SNM1A, is involved in an initial response to ICL-stalled RFs
(Wang et al. 2011). A nick 5’ of the ICL introduced by XPF—
ERCCI1 could provide an entry point of SNM1A, which is
capable of degrading DNA past an ICL lesion to clear the path
for translesion synthesis without a need for MUS81-EMEI -
dependent DSB formation. Consistent with this, cells depleted
for XPF-ERCC1 or SNM1A accumulate MUS81-dependent
DSBs after ICL induction. These observations led to the
proposal that the DSB-dependent MUS81-EMEI1 response
to ICL damage may only come into play if lesions persist or
escape the SLX4-XPF-ERCC1-SNMI1A pathway (Wang
et al. 2011). This fits with an earlier report showing that
chronic treatment with DNA cross-linking agents MMC or
cisplatin leads to replication-associated DSB formation in
wild-type, but not in mus8/ '~ mouse embryonic stem cells
(Hanada et al. 2006). By analyzing genomic DNA using
pulsed field gel electrophoresis, this study provided direct
evidence for MUS81-EME1-dependent chromosomal breaks.
While the exact interplay of the different nucleases involved in
fork repair at ICLs remains to be determined (Cybulski and
Howlett 2011), this demonstrates that MUS81-EMEI1 can
indeed be used to cleave (HR-independent) branched DNA
replication intermediates. In light of this, the sensitivity of
mammalian cells lacking the activities of MUS81-EMEI1 to
ICL-inducing agents may suggest that deliberate RF breakage
by MUS81-EMEI! contributes to cell survival. This notion
became more tangible with a subsequent report linking
MUSS81-dependent DSBs to RF restart (Hanada et al. 2007).
Prolonged replication stress (of 18 h and more) in the presence
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of HU or DNA polymerase inhibitor aphidicolin (APH) was
shown to provoke DSB formation in wild-type but not
mus81 '~ mouse embryonic stem cells. Assessment of repli-
cation restart on a single molecule level by in vivo labeling of
newly synthesized DNA (DNA fiber technique) revealed that
the absence of MUSS81 did not affect RF restart after short HU
treatment (6 h), but reduced restarting events after longer HU
exposure (24 h), i.e., at a time when DSBs appeared in the
presence of MUS81. One interpretation of these findings is
that deliberate RF cleavage promotes the recovery of
preexisting RFs after prolonged stalling (as depicted in
Fig. 3). The late manifestation of this pathway implies that it
might be secondary to other, DSB-independent, means of RF
repair.

The positive effect of MUS81 on RF restart seen in mouse
cells could not be discerned in U20S cells treated with siRNA
against MUSS81 after prolonged HU treatment (Petermann
et al. 2010), and extensive treatment periods (36 h) have been
shown to lead to massive MUS81-induced DNA breakage and
cell death (Fugger et al. 2013). However, under conditions of
milder replication stress, the actions of MUS81-EME1 on
stalled replication intermediates appear to benefit human cells.
Thus, a drastic increase in stalled RFs has been reported after
short (2 h) HU treatment of U20S cells depleted of MUSS81
(Ying et al. 2013). Similarly, a decrease of RF restart (as
assessed by DNA fiber technique) and phosphorylation of
histone H2AX (YH2AX), an event that marks sites of broken
DNA (Fernandez-Capetillo et al. 2004), has been observed in
a mus81~"~ HCT116 colon carcinoma cell line treated with
APH when compared with a MUS81-complemented control
(Shimura et al. 2008). In a separate study, acute treatment of
control HCT116 cells with the TOP1 poison CPT was found
to induce dose-dependent YH2AX focus formation (Regairaz
et al. 2011). In mus81 '~ HCT116 cells, YH2AX focus for-
mation was significantly abrogated, specifically in the subset
of actively replicating cells. Consistent with this, a decrease in
DNA breakage in the absence of MUS81 was detected by
neutral comet assay. Importantly, efficient RF recovery after
CPT treatment (assessed by DNA fiber technique) in HCT116
cells was dependent upon MUSS81 (Regairaz et al. 2011).
During replication, DNA supercoiling builds up ahead of
RFs, and excessive torsional stress may prohibit RF move-
ment when relaxation by TOP1 is compromised globally in
the presence of CPT (Pommier 2006). RF cleavage by
MUS81-EME1 might help to dissipate excessive superhelical
tension and promote subsequent replication restart (Regairaz
et al. 2011).

RF cleavage in response to endogenous replication stress
Cells regularly experience replication stress at difficult-to-

replicate common fragile sites, which are prone to breakage
if their replication is unfinished at mitotic onset (Durkin and

Glover 2007). Two recent studies have linked deliberate
cleavage of late replication intermediates at fragile sites by
MUS81-EME]1 to genome stability in human cells (Naim
etal. 2013; Ying et al. 2013). While MUS81-EMEI depletion
reduced common fragile site expression (breakage observed
on metaphase chromosomes), it caused increased anaphase
bridge formation and chromosome mis-segregation. These
observations have led to the proposal that active RF cleavage
by MUS81-EMEI1 safeguards sister chromatid disjunction as
it allows to resolve the impediment resulting from the
intertwined parental DNA strands at underreplicated areas
(see Fig. 5, point 2). The DNA breaks and single-stranded
gaps formed in the process are likely to be less of a burden to
the cell than potential chromosome segregation failure (Naim
et al. 2013; Ying et al. 2013).

More pleiotropically acting endogenous replication stress,
associated with oncogene activation, has been identified as a
candidate driver in the development of cancer (Bartkova et al.
2005, 2006; Di Micco et al. 2006; Gorgoulis et al. 2005).
According to the oncogene-induced DNA damage model of
tumorigenesis, the activation of oncogenes causes hyper-
proliferation, RF failure, and replication-associated DNA
damage (Halazonetis et al. 2008). Initially, cells react with
activation of the S phase checkpoint, leading to p53-induced
senescence or apoptosis. This barrier to cancer development is
prone to breakdown due to inactivation/mutation of p53,
allowing cell proliferation in the presence of DNA damage.
The consequence is genome instability and transition of a
precancerous lesion to cancer. With regard to the mechanistic
basis of replication stress and DNA damage following onco-
gene activation, it has been shown that forced cell cycle entry
involves DNA synthesis in the presence of insufficient AINTP
pools (Bester et al. 2011). This may result from failing to
adjust the cellular metabolism to the demands of S phase.
Alternatively, the presence of supernumerary RFs as a conse-
quence of excessive origin firing has been suggested to lead to
the depletion of ANTP pools and cause RF stalling/collapse
(Jones et al. 2012). The DSBs that result from experimental
oncogene overexpression are in part mediated by MUSS1. Thus,
depletion of MUS81 was shown to reduce YH2AX focus for-
mation and DNA breaks detected by comet assay in cells
overexpressing cyclin E (Murfuni et al. 2013). Similar observa-
tions have been made in cells overexpressing cyclin D1 or
CDC25A phosphatase. Long-term exposure of human cancer
cell lines to small daily doses of ionizing radiation, mimicking
fractionated radiotherapy used in cancer treatment, can produce
radioresistant cells that overexpress cyclin D1 (Shimura et al.
2010). High levels of cyclin D1 during S phase cause RF slow
down and induce MUSS81-dependent DSBs (Shimura et al.
2013). MUSS81-dependent DSBs have also been detected by
pulsed field gel electrophoresis after overexpression of CDC25A
(Neelsen et al. 2013). In this study, CDC25A-induced reversed
RFs were observed by electron microscopy, and their levels rose
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dramatically after depletion of MUSS1, indicating that reversed
fork structures are converted into DSBs by MUS81-EMEI. Of
note, reversed forks either resembled fully double-stranded four-
way HlJs or contained nicks or gaps at the branch point, the latter
representing a structure that is cleaved with great efficiency by
Mus81/MUSS]I in vitro (see Fig. 5, point 1).

While chromosome breakage was dramatic after CDC25A
overexpression leading to cell cycle arrest, the breaks induced
by MUSSI in response to cyclin E or D1 overexpression were
found to correlate with increased cell survival. This indicates
that deliberate RF cleavage can help cells to overcome endog-
enous replication stress. A corollary of this is that cells in
precancerous lesions may have a heightened dependency on
structure-specific nucleases such as MUS81-EMEI, raising
the interesting possibility that they may provide a target for
therapeutic intervention.

RF cleavage versus DSB-independent RF restart

Deliberate RF cleavage in response to replication stress har-
bors the risk of illegitimate recombination and chromosomal
rearrangements. RF regression into an HJ-like intermediate on
the other hand may provide space and time to repair/overcome
a RF block with the opportunity to restart DNA synthesis in a
DSB-independent manner. As mentioned above, a recombi-
nation reaction at the DSB end spooled out by fork regression
may reestablish a RF through strand invasion at the upstream
template (Fig. 2, steps 10—13). Alternatively, simple resetting
of the RF by migrating the HJ to reverse regression may be
possible if the RF remains replication-competent (Fig. 3, steps
1-4). Regressed replication intermediates that form in re-
sponse to exogenous DNA damage/induced replication stress
in mammalian (Higgins et al. 1976; Neelsen et al. 2013; Ray
Chaudhuri et al. 2012) and replication checkpoint deficient
yeast cells (Sogo et al. 2002) have been directly visualized by
electron microscopy. In E. coli, RF regression is an active
process that can be catalyzed by the helicase RecG, which
translocates along the leading and lagging strand templates of
a RF to displace the nascent DNA (McGlynn and Lloyd 2001;
McGlynn et al. 2001). There are no obvious RecG orthologs
in eukaryotes, but a number of helicases/translocases have
been implicated in the interconversion of three- and four-
way DNA junctions and may therefore fulfill an analogous
function (Atkinson and McGlynn 2009). RF regression and
HIJ branch migration activities have been demonstrated for the
Bloom's syndrome BLM (Constantinou et al. 2000; Karow
et al. 2000; Ralf et al. 2006) and Werner's syndrome WRN
(Machwe et al. 2006, 2011) RecQ family helicases, FA protein
FANCM (Gari et al. 2008a, b) and its yeast orthologs Fmll
(Sun et al. 2008) and Mphl (Zheng et al. 2011), the Snf2
family ATP-dependent dsDNA translocases Rad54/RAD54
(Bugreev et al. 2006, 2011) and Rad5/HLTF (Achar et al.
2011; Blastyak et al. 2007, 2010), and the Snf2 family ATP-
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dependent annealing helicases SMARCALI (also known as
HARP) (Bétous et al. 2012), mutated in Schimke immuno-
osseous dysplasia, and ZRANB3 (Ciccia et al. 2012). Inter-
estingly, two of these fork-remodeling proteins, WRN and
SMARCALI, exhibit functional interactions with MUSS81.
Assuming that fork regression/reestablishment and fork cleav-
age represent alternative means to deal with stalling RFs
(Fig. 3, steps 1-6), inhibition of the former pathway may be
expected to promote fork cleavage. WRN has been shown to
promote the stability of arrested RFs and their efficient restart
(Franchitto et al. 2008). In Werner's syndrome cells (with a
mutation in WRN) or in HeLa cells depleted for WRN, spon-
taneous and HU-induced DSBs, which were detected by
pulsed field gel electrophoresis of genomic DNA, neutral
comet assay, and YH2AX focus formation, have been shown
to accumulate in a MUS81-dependent manner (Franchitto
et al. 2008; Murfuni et al. 2013). Depletion of RADS51 in
Wemer's syndrome cells had no effect on DSB formation,
but led to massive cell death after HU treatment (Murfuni
et al. 2012). Therefore, MUSS81 appears to operate upstream
of HR in the processing of arrested RFs, on a pathway parallel
to fork remodeling and restart by WRN. Although concomi-
tant loss of WRN and MUSS81 was shown to limit DSB
formation in response to HU, it induced cell death, indicating
that deliberate RF cleavage functions as a survival mechanism
in this setting. This may come at a price, however, as exces-
sive use of the DSB-dependent MUSS81 pathway (in the
absence of functional WRN) correlates with a hyperrecom-
bination phenotype, which may help explain the genome
instability seen in Werner's syndrome (Franchitto et al. 2008).

Like WRN, SMARCALI1 facilitates the restart of RFs
under conditions of replication stress. DNA fiber analysis after
a temporary replication block has revealed that perturbed
forks fail to resume DNA synthesis in SMARCAL1-depleted
U20S cells, while new origin firing was unaffected (Ciccia
et al. 2009). Recruitment to sites of stalled replication and
DNA damage is mediated by SMARCALL's interaction with
single-stranded DNA binding protein RPA, and the absence of
SMARCALI causes accumulation of spontaneous DNA dam-
age as indicated by activation of the ATM damage response
kinase and YH2AX focus formation (Bansbach et al. 2009;
Ciccia et al. 2009; Postow et al. 2009; Yuan et al. 2009;
Yusufzai et al. 2009). Strikingly, YH2AX focus formation
induced in the absence of SMARCALI could be almost entire-
ly suppressed by concomitant depletion of MUSS1 (Bétous
et al. 2012). SMARCALI possess a novel annealing activity
rather than conventional strand separation helicase activity,
which allows the enzyme to mediate duplex formation from
RPA-bound DNA single strands (Yusufzai and Kadonaga
2008). This activity may be required to limit the amount of
ssDNA generated at perturbed RFs, thereby protecting the fork
from inadvertent nucleolytic processing. Alternatively, the abil-
ity of SMARCALI to remodel RFs through regression and
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branch migration could serve to protect and restart stalled RFs,
and failure to do so may activate fork cleavage by MUSSI as an
alternative route of fork recovery (Bétous et al. 2012).

RF protection by the S phase checkpoint

DNA replication under stress conditions is facilitated by the
replication/S phase checkpoint, which initiates a cascade of
protein phosphorylation events upon sensing RF stalling
(Segurado and Tercero 2009). Importantly, events downstream
of the apical kinase Mec1/ATR protect the structural integrity of
RFs and help maintain their replication competence to facilitate
the timely resumption of DNA synthesis (Cobb et al. 2003; De
Piccoli et al. 2012; Lopes et al. 2001; Lucca et al. 2004).
Therefore, the replication checkpoint can be expected to antag-
onize deliberate RF breakage, notwithstanding that cleavage
may provide an important alternative to RF preservation when
arrest is irreversible (Ciccia and Elledge 2010).

Upon RF stalling, the S phase checkpoint kinase Mec1 and
the mammalian ortholog ATR exert many of their functions
through the effector kinases Rad53 and CHK1, respectively.
Mus81 in fission yeast was originally identified by its inter-
action with the Rad53 ortholog Cdsl (Boddy et al. 2000). In
cds ] mutant cells that proceed through S phase in the presence
of HU, excessive Mus81-Emel-dependent chromosome frag-
mentation ensues (Froget et al. 2008). This was independent
of HR, indicating that Mus81-Emel targets stalled RFs rather
than recombination intermediates under these conditions. This
phenotype is independent of the ability of Cdsl to release
Mus81-Emel from chromatin in response to replication
stress, an event previously suggested to prevent unscheduled
cleavage of replication intermediates (Kai et al. 2005), and
may relate more directly to fork protection by the S phase
checkpoint (Froget et al. 2008). Considering the recent eluci-
dation of CDK activity-dependent control mechanisms to
ensure that the Mus81 and Yenl nucleases are stimulated late
in the cell cycle to mediate “late resolution” of HR interme-
diates (see above) (Dehé et al. 2013; Gallo-Fernandez et al.
2012; Matos et al. 2011; 2013; Szakal and Branzei 2013), it
appears that checkpoint-mediated RF protection works also
indirectly. As checkpoint activation restrains CDK activity,
premature stimulation of Mus81 under replication stress con-
ditions is avoided, which may protect replication intermedi-
ates from untimely cleavage. This is consistent with the ob-
servation in human cells that overexpression of CDC25A, a
positive effector of CDK activity that is targeted for degrada-
tion by the S phase checkpoint, induces excessive processing
of replication intermediates by MUS81-EME1 (Neelsen et al.
2013). Similarly, depletion of the WEEI kinase, an inhibitor
of cell cycle progression to mitosis, causes S phase-associated
DNA damage, decreased RF progression, and accumulation
of cells in S phase in a MUS81-EME1-dependent manner
(Beck etal. 2010; Dominguez-Kelly et al. 2011). Treatment of

U208 cells with a small molecule WEE1 inhibitor (MK-
1775) has been shown to result in loss of phosphorylation-
dependent CDK1 inhibition and increased rates of DNA syn-
thesis due to excessive replication initiation. As a result,
cellular ANTP pools are being depleted, leading to replication
stress. Four hours after addition of MK-1775, DNA breakage
and concomitant accumulation of MUSS81 in actively replicat-
ing chromatin was observed. Depletion of MUS81, and inter-
estingly also of SLX4, was shown to curtail DNA breakage,
suggesting that MUS81-EME]1 in association with SLX4
targets stalled RFs under these conditions (Beck et al. 2012).
Consistent with these studies, inhibition or knockdown of
CHKI1, a positive regulator of WEE1 and negative regulator
of CDC25 (Perry and Kornbluth 2007), induces DSBs in
human cells and inhibits progression through S phase
(Forment et al. 2011; Syljudsen et al. 2005). Both of these
defects are ameliorated by depletion of MUS81 (Forment
etal. 2011). CHK1 does not affect the chromatin association
of MUSS8I, and although CHK1 can phosphorylate MUS81—
EME]1 in vitro, assessment of DNA cleavage (using a 3'-flap
substrate) did not reveal any impact on the enzyme's nuclease
activity (Forment et al. 2011). It is possible that the absence of
CHKI has a direct impact on the disposition of RFs that
renders them more susceptible to nucleolytic attack and/or
that the RF protection works indirectly through cell cycle
kinase-mediated control of MUSS81 activity. These observa-
tions highlight an important interplay between the replication/
damage S phase checkpoint and cell cycle kinases that pro-
motes normal replication dynamics and limits the actions of
structure-specific nucleases on RFs, perhaps to low basal
levels or situations of irreversible arrest.

Recovery of broken RFs

In E. coli, replication can be re-initiated from a RF-associated
DSB end in a recombination-dependent manner (Fig. 3, steps
7-10). In eukaryotes, a similar process, termed break-induced
replication (BIR), has been described (Lydeard et al. 2007;
Llorente et al. 2008). Although this pathway has not been
studied extensively in the context of broken RFs, analyses of
recombination events in mammalian cells induced by the
collision of RFs with DNA single-stranded breaks are com-
patible with BIR (Arnaudeau et al. 2001; Saleh-Gohari et al.
2005). Similarly, recovery of broken RFs in Xenopus laevis
egg extracts has been shown to depend on a BIR-like process
(Hashimoto et al. 2011). It is reasonable to assume that BIR is
also coupled to events of structure-specific nuclease-mediated
RF breakage. This could explain the apparent MUSS81-
dependent restart of preexisting RFs in mammalian cells after
treatment with HU or CPT (Hanada et al. 2007; Regairaz et al.
2011; Ying et al. 2013), and the observation that deliberate RF
cleavage under replication stress conditions can correlate with
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better survival. However, it has also been shown that DNA
synthesis after prolonged RF stalling by HU is mediated to a
large extent by new origin firing rather than reactivated RFs
(Petermann et al. 2010). This raises the possibility that broken
RFs are stabilized rather than channeled into BIR. Arrival of
an oncoming RF would then generate a two-ended DSB,
which may be repaired subsequent to bulk DNA synthesis.
Such a strategy would be suitable for eukaryotic systems
where a large excess of dormant origins is present in the
genome, which can be activated to compensate for any short-
fall in DNA synthesis caused by RF arrest (McIntosh and
Blow 2012). This would also limit the use of BIR forks, which
have recently been shown not to deliver the same replication
accuracy as regular S phase RFs (Deem et al. 2011).

Conclusion and outlook

In recent years, it has become clear that eukaryotes possess
multiple structure-specific nuclease including Mus81-Mms4/
MUS81-EMEI, Yenl/GENI, and Slx1-SIx4/SLX1-SLX4,
whose combined efforts, rather than their individual contribu-
tions, mirror the various actions of RuvC on branched recom-
bination and replication intermediates (Fig. 5). All three re-
solve HJ-containing recombination intermediates in meiotic
and mitotic DSB repair in yeast, while only Mus81-Mms4
and Yenl have a well-documented role in processing
replication-associated recombination intermediates. Slx1-—
Six4 has been shown to promote rDNA replication, probably
by targeting stalled RFs to facilitate termination, but while
S1x4/SLX4 has other S phase roles, these appear largely
independent of Slx1. Mus81-Mms4/MUS81-EMEI takes a
prominent position as it is known to protect genome stability
in unchallenged yeast and mammalian cells (Abraham et al.
2003; Dendouga et al. 2005; Hiyama et al. 2006; McPherson
et al. 2004; Zhang et al. 2006). Symington and colleagues
found that elevated chromosome mis-segregation in mus81
single mutant yeast is not entirely dependent upon HR,
suggesting the phenotype may in part be caused by blocked
RFs/unreplicated areas tethering together sister chromatids
(Ho et al. 2010). A growing body of physical evidence sup-
ports the notion that Mus81-Mms4/MUS81-EMEI cuts
branched replication structures such as idling or regressed
RFs. However, most of this evidence has been gathered under
conditions of massive exogenous DNA damage/replication
stress or from cells in which fork protection and restart mech-
anisms were compromised. It will be interesting to see whether
deliberate fork breakage represents an important pathway in
the absence of exogenous replication stress in wild-type cells.
Frequency of use might not be the yardstick to measure sig-
nificance considering the detrimental effect that even one
underreplicated chromosomal area might have at cell division,
and it seems likely that situations will arise in which replication
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cannot be completed without deliberate RF breakage. Indeed,
recent findings that MUSS81 limits the number of reversed RFs
detectable by electron microscopy under unperturbed condi-
tions in human cells (Neelsen et al. 2013) and promotes DNA
breakage at late-replicating fragile sites (Naim et al. 2013;
Ying et al. 2013) suggest that RF cleavage is a normal part
of every cell cycle.

Defects associated with Yenl tend to transpire only in the
absence of Mus81-Mms4 and it is therefore difficult to pin-
point Yenl-specific functions associated with S phase. How-
ever, the functional overlap with Mus81-Mms4 means that
both enzymes are implicated in the same set of reactions.
Since there are similarities and differences in their in vitro
substrate spectra, it is likely that Yenl/GEN1 and Mus81—
Mms4/MUS81-EMEI1 have evolved to perform overlapping
as well as distinct tasks. Potential roles of GEN1 in higher
eukaryotes have started to emerge, and recent observations
appear to confirm a contribution of GENI1 to the resolution of
recombination and/or aberrant replication structures. Thus,
depletion of GEN1 in human cells causes mild sensitivity to
CPT and MMC (Svendsen et al. 2009), the accumulation of
spontaneous DNA damage (Gao et al. 2012), and the occur-
rence of DNA bridges between segregating chromosomes
(Rodrigue et al. 2012). Unexpectedly, GEN1 depletion ap-
pears to cause centrosome overduplication/fragmentation and
multipolar spindle formation in M phase (Gao et al. 2012;
Rodrigue et al. 2012), suggesting novel functions that go
beyond the resolution of branched DNA intermediates.

Finally, deliberate RF breakage by MUS81-EMEI
can promote survival under conditions of endogenous
replication stress, an emerging hallmark of early cancerous
lesions (Halazonetis et al. 2008). Under these conditions, cells
may depend on DSB-associated replication restart mecha-
nisms involving structure-specific nucleases, suggesting that
these may offer a point of intervention in the development of
cancer.
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