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Chromosomal double-strand breaks (DSBs) are considered
to be among the most deleterious DNA lesions found in
eukaryotic cells due to their propensity to promote ge-
nome instability. DSBs occur as a result of exogenous or
endogenous DNA damage, and also occur during meiotic
recombination. DSBs are often repaired through a process
called homologous recombination (HR), which employs
the sister chromatid in mitotic cells or the homologous
chromosome in meiotic cells, as a template for repair. HR
frequently involves the formation and resolution of four-
way DNA structures referred to as the Holliday junction
(HJ). Despite extensive study, the machinery and mecha-
nisms used to process these structures in eukaryotes have
remained poorly understood. Recent work has identified
XPG and UvrC/GIY domain-containing structure-specific
endonucleases that can symmetrically cleave HJs in vitro
in a manner that allows for religation without additional
processing, properties that are reminiscent of the classical
RuvC HJ resolvase in bacteria. Genetic studies reveal
potential roles for these HJ resolvases in repair after DNA
damage and during meiosis. The stage is now set for a
more comprehensive understanding of the specific roles
these enzymes play in the response of cells to DSBs, col-
lapsed replication forks, telomere dysfunction, and mei-
otic recombination.

Our genomes are constantly under attack by chemical
and physical agents in the environment. These agents
give rise to various types of damaged DNA, including
interstrand and intrastrand DNA cross-links, double-
strand breaks (DSBs), and photodimers. In addition, errors
in DNA replication contribute to DNA damage in prolif-
erative cell populations. Thus, organismal survival relies
heavily on a robust and accurate collection of sensing
and repair mechanisms that can respond to a plethora
of DNA lesions (Harper and Elledge 2007). Prominent
mechanisms include mismatch repair, nucleotide exci-
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sion repair (NER), nonhomologous end-joining (NHE]),
and homologous recombination (HR), and genes that con-
trol these repair processes are often mutated in familial
and sporadic cancer predisposition syndromes. In hu-
mans, mutations in genes involved in NER such as XPA
lead to a genetic condition known as Xeroderma pigmen-
tosum, a human disease characterized by ultraviolet (UV)
sensitivity and a predisposition to cancer, particularly
cancer of the skin (Hoeijmakers 2009). Likewise, a number
of genes involved in HR, including BRCA2 and the BLM
helicase, are frequently mutated in cancer (Sung and Klein
2006.

DNA repair often requires the breakage of DNA strands
via structure-specific endonucleases (SSEs) (Ciccia et al.
2008). These enzymes recognize and cleave a variety of
DNA structures that are formed as intermediates in the
repair process. Typically, the products of the action of
SSEs are rejoined to complete the repair process. Three
major classes of SSEs have been identified in eukaryotes,
and linked genetically and biochemically to specific
repair pathways; the ERCC4 class typified by XPF and
MUSS81, the UvrC class typified by SLX1, and the XPG
class typified by GEN1 (Ciccia et al. 2008; Klein and
Symington 2009; Mimitou and Symington 2009b).

Much of our understanding of SSEs comes from the
analysis of their roles in HR, which is used during meiotic
recombination to exchange chromosomal information
and ensure proper chromosomal segregation, and in mi-
totic cells to repair DSBs (Sung and Klein 2006; San Filippo
et al. 2008). A driving concept in attempts to understand
HR are Holliday junctions (HJs). HJs are four-stranded
structures involving two homologous DNA duplexes that
must be resolved into linear duplexes in order to com-
plete meiosis I (Fig. 1; Duckett et al. 1988; Schwacha and
Kleckner 1995). HJs are also featured prominently in the
repair of DSBs in mitotic cells produced directly by either
damage such as ionizing radiation (IR) or replication fork
collapse (Krogh and Symington 2004; San Filippo et al.
2008).

HJs were proposed initially by Robin Holliday in 1964
to explain meiotic gene conversion (GC) in fungi (Holliday
1964). Since that time, much has been learned about the
structure and biology of HJs, and the enzymatic machinery
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Pathways for repairing DSBs via HR. (A) GC occurs at DSBs where both ends of the break are available for repair. It is

subdivided into three pathways for repair: DSBR, SDSA, and dHJ dissolution. DSBR can generate either crossover or noncrossover
products, while SDSA and HJ dissolution generate only noncrossover products. (B) SSA is the primary means of repair when DSBs are in
highly repetitive regions. (C) BIR is employed when only one strand of a DSB is available for repair.

responsible for their processing. A central question has
concerned the mechanisms by which HJs are resolved.
Early work in this area identified enzymes in phage and
soon after in bacteria that could symmetrically cleave HJs
in vitro to produce products that could be religated
without further processing (West 1995). These “classical”
HJ resolvases have served as a model for understanding HJ
processing for the last two decades. However, the identi-
fication of the machinery involved in processing HJs in
eukaryotes has been more challenging, and only recently
have eukaryotic SSEs with properties analogous to “clas-
sical” HJ resolvases been identified (for excellent historical
perspectives, see Liu and West 2004; West 2009). This is
due to multiple factors, including genetic redundancy, the
apparent absence of conserved pathways across eukaryotic
organisms, and the fact that alternative mechanisms that
are independent of SSEs are frequently used to repair DSBs
in mitotic cells, thereby complicating the in vivo analysis
of candidate SSEs. This review outlines early studies that
led to the identification of the first HJ processing enzymes,
and summarizes recent work that has culminated in the
identification of two new classes of enzymes from multi-
cellular eukaryotes that display properties of a classical HJ
resolvase: the GEN1 resolvase (Ip et al. 2008), and the
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SLX1/SLX4 resolvase, a module within the larger SLX4—
endonuclease complex (Andersen et al. 2009; Fekairi et al.
2009; Munoz et al. 2009; Saito et al. 2009; Svendsen et al.
2009). We highlight the relationships between the major
SSEs in single and multicellular organisms, and describe
the challenges ahead in understanding the context in which
these and other SSEs function during meiotic recombina-
tion and repair of DSBs.

Homology-driven repair of DSBs

Before describing HJ processing enzymes, it is useful to
consider the types of HR intermediates that exist in vivo.
HR encompasses three major pathways for repair of DSBs:
GC, single-strand annealing (SSA), and break-induced
replication (BIR) (Fig. 1; Krogh and Symington 2004; Sung
and Klein 2006; Lyndaker and Alani 2009; Pardo et al.
2009; Rouse 2009). The choice of pathways employed de-
pends on the precise type of break. If both ends of the DSB
are present, then the damage is repaired by GC using
one of three mechanisms: DSB repair (DSBR) involving
resolvase-dependent processing of the junction, double HJ
(dHJ) dissolution involving helicase-dependent branch
migration and topoisomerase-dependent decatenation



of the junction, or synthesis-dependent strand annealing
(SDSA), which does not involve dHJ structures (Fig. 1). The
choice of pathways employed can lead to two major classes
of products: crossovers, in which strands are exchanged
relative to the initial chromosome organization, and non-
crossovers, where no strand exchange occurs. Common
steps are used to produce intermediates that are used in all
three GC pathways in yeast (relevant vertebrate orthologs
are in parentheses): (1) recognition of the DSB by the
MRX(N] (Mrell-Rad50-Xrs2[NBS1]) complex; (2) 5’ end
resection by the Sgs1(BLM)-Dna2 and the exonuclease
Exol(EXOL1) pathways (Gravel et al. 2008; Mimitou and
Symington 2008, 2009a; Zhu et al. 2008); (3) homology
search and strand exchange, wherein Rad51 forms a nucleo-
filament on the 3’ ssDNA overhang and, along with
Rad52/Rad54, promotes homologous strand invasion to
form a D-loop structure (Pardo et al. 2009). In vertebrate
cells, BRCA?2 is functionally similar to Rad52 in that it
interacts with RAD51, has a role in formation of RAD51
foci, and is required for RAD51-mediated HR (Pardo et al.
2009).

In the resolution and dissolution pathways, migration
of the D-loop structure results in capture of the second
end of the DSB, and ligation to form a dHJ structure
(Fig. 1; Krogh and Symington 2004). dHJ dissolution is
catalyzed by Sgs1/Top3 helicase-topoisomerase complex
(BLM/TOP3a in mammals) and produces noncrossover
products (Fig. 1; Ira et al. 2003; Wu and Hickson 2003;
Krogh and Symington 2004; Mimitou and Symington
2008, 2009b). In contrast, cutting of dHJ structures pro-
duces crossover and/or noncrossover products, depending
on the choice of DNA strands that are cut (Fig. 1). SDSA
does not involve dHJ formation and results exclusively in
noncrossover products (Fig. 1; Allers and Lichten 2001;
Hollingsworth and Brill 2004; Krogh and Symington
2004). However, depending on precisely how much
DNA is copied, flap endonucleases may be required to
remove overhanging DNA sequences during SDSA.
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If there is only one DSB end at the site of damage, then
BIR is the primary means of HR (Fig. 1), and completion of
BIR may also require HJ resolution (McEachern and Haber
2006; Llorente et al. 2008). Breaks that occur in highly re-
petitive regions such as rDNA loci can be repaired by SSA
(Fig. 1), which involves flap endonuclease activity but does
not involve a HJ-like intermediate.

The origins of HJ resolution activity

The first evidence of enzymatic machinery capable of
resolving HJ structures came with the identification of
the bacteriophage T4 endonuclease VII as an enzyme that
could symmetrically cut joint plasmids to generate un-
branched duplex products that could be religated directly
(Mizuuchi et al. 1982). This was soon followed by the
demonstration that extracts from yeast and Escherichia
coli contain an analogous classical HJ resolving activity
(Symington and Kolodner 1985; West and Korner 1985;
Parsons and West 1988; Elborough and West 1990). This
activity in E. coli is encoded by the RuvC gene (Connolly
et al. 1991; Dunderdale et al. 1991; Iwasaki et al. 1991).
RuvC acts on HJs as a dimer (Figs. 2A, 3A), and works in
conjunction with a branch migration activity composed of
the RuvA and RuvB gene products (West 1997; Davies and
West 1998; van Gool et al. 1998). RuvA acts as a tetramer to
unfold the arms of the HJ, forming a planar conformation
(Bennett et al. 1993). The hexameric RuvB complex is
brought to the junction via RuvA and employs its ATPase
activity to promote branch migration (Yamada et al. 2004).
RuvC dimers bind to the junction and cut symmetrically
in a sequence-specific manner. Interestingly, the second
RuvC cleavage reaction is enhanced compared with the
first reaction, suggesting a mechanism by which RuvC may
symmetrically cleave HJs that are actively being branch-
migrated by RuvAB (Fogg and Lilley 2000). The initial
activity observed in budding yeast extracts was ultimately
demonstrated to be due to a mitochondrial enzyme, Ccelp,

Figure 2. In vitro and in vivo activities of
SSE that process HJs. (A) GEN1/Yenl and the
mammalian SLX1-SLX4 module contain clas-
sical HJ resolvase activities and can cleave
static HJs symmetrically like the classical HJ
resolvase RuvC. Recombinant MUS81-EME1
does not cleave static HJs, but has robust nHJ
cleavage activity. (B) During meiosis, HJs are
processed to produce crossover products. In
budding yeast, Mus81-Mms4 and Yenl have
redundant roles in meiosis, while in fission
yeast, Mus81-Emel is required for almost
all meiotic events. In Drosophila, the SLX4
ortholog MUS312 and the ERCC4/XPF ortho-
log MEI-9 work in concert to affect meiotic
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Figure 3. Structural features of classical HJ resolvases and the
ERCC4 family of SSEs. (A,B) Structure of dimeric E. coli RuvC
(PDB: 1HJR) and S. pombe Ydc2 (PDB: 1KCF) HJ resolvases. The
positions of critical acidic residues important for binding divalent
metal ions are shown. (C) Domain structures of members of the
ERCC4 family of SSEs. ERCC4/XPF contains an ERCC4 domain
that is conserved in ERCC1, MUSS81, and EME1. ERCC4/XPF also
contains a DEAH helicase domain not found in ERCC1, MUSS81,
or EMEL. The C-terminal regions of these proteins also contain
conserved tandem HhH motifs. (D) Crystal structure of a MUS81-
EMEI complex (PDB: 2ZIU), with the ERCC4 domain of the
MUSS81 (zebrafish) subunit shown in red, and the HhH motifs
shown in magenta. The EME1 protein (human) is shown in cyan.
Catalytic residues (see the text for details) are shown in blue.

which shares 21% sequence identity with the orthologous
enzyme Ydc2 in fission yeast (Kleff et al. 1992; Whitby and
Dixon 1997; White and Lilley 1997). Casual inspection
of Ccel/Ydc2 and RuvC resolvases reveals little in the
way of sequence similarity. Remarkably, however, crystal-
lographic studies of Ydc2 and RuvC reveal extensive
structural similarity within major B-sheet and «-helical
elements (Fig. 3A,B; Ceschini et al. 2001). Acidic residues
implicated in binding to the catalytic Mg*2 ion are also
conserved between Ydc2/Ccel and RuvC (Fig. 3A,B; White
and Lilley 1997).

The first evidence of HJ resolvase activity in mamma-
lian cells came with the identification of activity in crude
calf testes extracts (Elborough and West 1990), and later
in extracts from tissue culture cells (Hyde et al. 1994). A
feature of the early work on HJ branch migration and
resolvase activity was the near universal use of complex
plasmid-based substrates (Dunderdale et al. 1991), which
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greatly limited the ability to search for additional en-
zymes. The development of oligonucleotide-based HJ sub-
strates made it possible to more systematically search for
HJ resolvase activity in purified fractions, facilitating the
first purification of mammalian classical HJ resolvase
activity in 2001 (Elborough and West 1990). Interestingly,
mammalian branch migration and resolvase activities
comigrated through several chromatographic steps, and
the ability of the resolvase to cleave depended on the
branch migration activity (Elborough and West 1990).
Thus, the activities of the mammalian enzyme and the
bacterial RuvABC enzyme appeared to be highly parallel.
Ultimately, this HJ resolvase activity in mammalian cells
was referred to as ResA, but several years would elapse
before the identity of the protein corresponding to ResA
was identified (West 2009).

The MUS81/EME1 complex as a candidate
HJ processing enzyme

The first candidate for nuclear HJ processing activity came
with the identification of Mus81 and its heterodimeric
noncatalytic partner, Emel, in Schizosaccharomyces
pombe and human cells (Boddy et al. 2001; Chen et al.
2001; Ciccia et al. 2003). S. pombe Mus81 was identified
initially as a substrate of the Cdsl kinase (Boddy et al.
2000), the S. pombe ortholog of the CHK2 protein kinase
in mammals, but genetic analysis revealed a requirement
for Mus81 in meiosis, and led the way to its discovery as a
HJ processing enzyme (Boddy et al. 2000). Mus81 and
Emel are related to each other in that they both contain a
domain referred to as an ERCC4 domain, named for its
presence in the ERCC4/XPF flap endonuclease involved
in NER (Fig. 3C), but the ERCC4 domain of Emel has
diverged significantly from Mus81 and lacks key catalytic
residues (Fig. 3D; Nishino et al. 2003; Ciccia et al. 2008).
The critical motif in the catalytic center is referred to
as the GDX,ERKX;3D motif (Fig. 3D), which employs its
Asp and Glu residues to bind a catalytically important
magnesium ion (Nishino et al. 2003; Chang et al. 2008). In
addition to the ERCC4 domain, both Mus81 and Emel
contain C-terminal helix-hairpin-helix (HhH) motifs (Fig.
3C,D), implicated in DNA binding (Ciccia et al. 2008).
ERCC4/XPF forms a heterodimer with ERCC1, which,
like Emel, contains ERCC4 and HhH motifs but lacks
catalytic activity (Fig. 3C; Ciccia et al. 2008).

S. pombe lacking mus81 or emel produce spores that
are inviable (<1 % survival) due to defects in chromosome
segregation during meiosis I (Fig. 2B; Boddy et al. 2000,
2001; Osman et al. 2003). Crossovers are eightfold to
25-fold lower in a mus81 mutant background, while non-
crossovers are unaffected (Boddy et al. 2001; Osman et al.
2003). Importantly, meiotic defects could be rescued by
expression of a bacterial and phage-derived HJ resolvase
called RusA that is unrelated to RuvC, or suppressed by
deletion of rec12 (Spoll ortholog), which promotes mei-
otic DSBs, suggesting that Mus81 functions downstream
from DSB formation and may be involved in HJ process-
ing (Mahdi et al. 1996; Boddy et al. 2001; Osman et al.
2003) . Evidence of a role for Mus81-Emel in DNA repair



is suggested by sensitivities of fission yeast cells lacking
mus81 to various types of DNA damage associated with
replication fork progression, including methyl methane-
sulfonate (MMS), and agents such as camptothecin (CPT),
which cause DSBs during replication (Boddy et al. 2000;
Doe et al. 2002). Importantly, mus81 mutants are syn-
thetically lethal, with mutations in S. pombe in the
RecQ/BLM helicase rqhl, which has important roles in
repair of damaged or stalled replication forks (Boddy et al.
2000; Doe et al. 2002).

In contrast to S. pombe, deletion of MUS81 in budding
yeast results in only a modest decrease (40%) in meiotic
survival, and this defect is not rescued by expression of
RusA, suggesting that budding and fission yeast Mus81
proteins may have different functions and/or requirements
in meiosis (Fig. 2B; de los Santos et al. 2003). Budding yeast
Mus81 is only responsible for a small subset of crossovers
during meiosis, and this is dependent on chromosome size
(de los Santos et al. 2003). Moreover, mus81A cells have
a decrease in dHJs, not an increase as one would expect (de
los Santos et al. 2003). Recent work suggests that the role
of Mus81 during meiotic recombination is to resolve
aberrant joint molecules, and that the Sgs1 helicase works
alongside Mus81 to ensure that aberrant joint molecules
do not persist, suggesting a possible mechanism behind
mus81sgs1 synthetic lethality (Jessop and Lichten 2008;
Oh et al. 2008). The presence of meiotic crossovers in
budding yeast lacking Mus81 appears to reflect a second
pathway for resolving meiotic DSBs involving the Msh4—
Msh5 complex (de los Santos et al. 2003; Whitby 2005).
Fission yeast lacks obvious orthologs of the Msh4-Msh5
complex (Hollingsworth and Brill 2004). This, coupled
with the fact that S. pombe also appears to lack an ortholog
of the Yenl HJ resolvase (see below), may explain why
meiosis in fission yeast is so dependent on Mus81-Emel.

In contrast to fungi, there is little evidence of a critical
role for mammalian MUS81-EMEI in meiotic recombi-
nation or repair of DSBs produced by IR, or in meiotic
crossovers in Drosophila (Fig. 2B; McPherson et al. 2004;
Dendouga et al. 2005; Hanada et al. 2007; Trowbridge et al.
2007). Loss of EME1 in murine embryonic stem (ES) cells
does not produce defects in GC or gene targeting, and
EMEL "/~ ES cells as well as MUS81~/~ ES cells are not
sensitive to IR (Abraham et al. 2003; Hanada et al. 2007) .
MUS81~/~ mice are viable and fertile, with no obvious
meiotic defects (Fig. 2B; McPherson et al. 2004; Dendouga
et al. 2005). This is in contrast to ERCC1~/~ mouse
embryonic fibroblasts (MEFs), ES cells, and mice, which
are sensitive to IR (Ahmad et al. 2008; Al-Minawi et al.
2008). While ERCC1~/~ mice are infertile, it is unclear if
this is linked to defects in meiotic crossovers or to
persistent DNA damage generated by ERCC1 loss (Hsia
et al. 2003). In Drosophila, mutations in MUS81 do not
affect the extent of crossovers during meiosis, but, in
contrast, mutations in MEI-9, the Drosophila XPF or-
tholog, have severe defects (Fig. 2B; Yildiz et al. 2002;
Trowbridge et al. 2007). Thus, Mus81 appears to be more
important for meiosis in S. pombe and, to some extent,
Saccharomyces cerevisiae than in the multicellular organ-
isms tested. As in S. pombe, budding yeast lacking Mus81

Holliday junction resolvases

display sensitivity to DNA-damaging agents that produce
stalled or collapsed replication forks (Liu et al. 2002;
Bastin-Shanower et al. 2003). So it is somewhat surpris-
ing that mammalian cells lacking MUS81 have distinct
damage sensitivities when compared with yeast, in that
MUS81~/~ mouse cells are highly sensitive to only DNA
cross-linking agents (Abraham et al. 2003; McPherson
et al. 2004; Dendouga et al. 2005; Hanada et al. 2007).

Mus81-Emel lacks characteristics
of a classical HJ resolvase in vitro

Initial experiments examining the activity of S. pombe and
human Mus81-Emel complexes purified from in vivo
sources on model HJ substrates revealed an ability to cleave
mobile HJs, but in a manner that is distinct from that
of a classical HJ resolvase, such as ResA or RuvC. While the
products were linear duplexes, they were not fully sym-
metrical. Further analysis of the activity and substrate
specificity of Mus81-Emel from multiple organisms raised
further questions concerning whether Mus81-Emel acted
as a classical HJ resolvase. First, human MUS81-EMEI pu-
rified from bacteria was devoid of activity toward static
HJs in vitro (Ciccia et al. 2003). Second, MUS81-EME1
displayed robust activity toward replication forks and 3’
flap substrates, raising the question of whether this en-
zyme might preferentially function as a flap endonuclease
(Bastin-Shanower et al. 2003; Ciccia et al. 2003).

A potential resolution to the question of whether
MUS81-EMEI functions as a H]J resolvase as opposed to
a HJ processing enzyme or flap endonuclease came with the
discovery that MUS81-EMEI had potent activity toward
nicked HJs (nHJs) (Hollingsworth and Brill 2004). In exam-
ining how Mus81-Emel promotes crossover products in
S. pombe (Fig. 2A), Osman et al. (2003) showed that the
enzyme preferentially cleaves D-loop structures that are the
precursor to dHJs. Moreover, cleavage of the D-loop occurs
on the complimentary strand 3-8 nucleotides (nt) 5’ to the
junction, which is the same site specificity observed with
replication fork and 3’ flap substrates (Constantinou et al.
2002; Bastin-Shanower et al. 2003; Gaillard et al. 2003;
Osman et al. 2003; Fricke et al. 2005; Taylor and McGowan
2008). Second end capture then generates a nHJ that is
resolved by Mus81-Emel (Fig. 2A; Osman et al. 2003).
Cleavage of nHJs by Mus81-Emel was 3-6 nt 5’ to the
junction on the strand opposite the nicked strand, and, for
budding yeast, Mus81-Mms4 cleavage was 4-9 base pairs
(bp) 5’ to the junction on the opposite strand, similar to
published results for Mus81-Emel/Mms4 (Gaillard et al.
2003; Osman et al. 2003; Fricke et al. 2005; Taylor and
McGowan 2008). Junctions with flap or nick positions both
3" and 5’ to the branchpoint were resolved by Mus81-Emel,
indicating that this enzyme is capable of acting on a variety
of intermediates that may be formed during HJ resolution,
as opposed to the fully formed HJ itself (Osman et al. 2003).
The discovery of this pathway suggested the likely exis-
tence of an additional mechanism by which HJ intermedi-
ates could be processed during meiosis. This discovery
came at a time when it was presumed that dHJs were the
only intermediates resolved during meiosis (Whitby 2005).

GENES & DEVELOPMENT 525



Svendsen and Harper

Revealing the first classical nuclear eukaryotic
HJ resolvases

As MUS81-EMEI clearly did not represent the activity
first identified as ResA in mammalian cells (Constantinou
et al. 2002; Ciccia et al. 2003), it was evident that classical
HJ resolvases awaited discovery. In 2004, Liu et al. (2004)
described the purification of a HJ resolvase and branch
migration activity from human cells that contained
Rad51C and XRCC3, but the specificity was distinct from
that of MUS81-EME1. However, several lines of evidence
suggested that resolution activity may not be inherent to
RAD51C or XRCC3, including the absence of an identifi-
able nuclease domain in either protein and the absence
of activity of recombinant XRCC3-RAD51C complexes
(Sharan and Kuznetsov 2007). The identification of the
first bona fide classical HJ resolvases functioning in the
nucleus of eukaryotic cells came from two parallel and
complementary studies performed in budding yeast or
extracts from human tissue culture cells (Ip et al. 2008).
Both efforts resulted in the identification of orthologous
proteins—GEN1 in mammals, and Yen1 in budding yeast—
that have a HJ resolvase activity indistinguishable from the
ResA activity seen previously in extracts from mamma-
lian cells (Fig. 2A; Ip et al. 2008). In one approach, ResA
activity was followed using a synthetic mobile HJ sub-
strate over several chromatographic fractionation steps,
ultimately resulting in the identification of the GENI
protein (Ip et al. 2008). This discovery is remarkable not
only because GEN1 is of exceedingly low abundance, but
because GEN1 maintains activity even after extraction
from SDS-PAGE, which turned out to be a key step in its
identification. An alternative approach was employed to
identify yeast Yenl as a HJ resolvase. Taking advantage
of a collection of epitope-tagged yeast ORFs, Ip et al.
(2008) tested 1100 (of ~6400) yeast proteins for in vitro
HJ cleavage activity, with the collection enriched in low-
abundance proteins, ultimately identifying known HJ
processing enzymes Mus81-Mms4 and Ccel, as well as
the GEN1 ortholog Yenl.

A key to the identification of GEN1 and Yen1 was their
homology with proteins of the XPG family (Ip et al. 2008),
marking these proteins as potential endonucleases. The
XPG gene in mammalian cells encodes a component of a
NER complex, and functions to cleave DNA at the single-
strand-double-strand junction 3’ to the damaged nucleo-
tide (Scharer 2008). Several other proteins, including
the FEN1 flap endonuclease, display homology with
the catalytic domain of XPG. Crystallographic analysis
of FEN1 (Hosfield et al. 1998) indicates that it forms
a homodimer with the catalytic core composed of two
clusters of acidic residues that function to bind two magne-
sium ions important for DNA cleavage (Fig. 4C). The first
acidic cluster is formed by four acidic residues embedded
within XPG-N and XPG-I motifs, representing N-terminal
(N) and internal (I) regions, respectively (Fig. 4C). The sec-
ond cluster consists of three residues provided by the
XPG-I motif and the adjacent HhH-like motif (Fig. 4A,C),
analogous to that found in other proteins that interact
with DNA, including MUS81 and ERCC4 (Fig. 3C,D).
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Figure 4. Structural analysis of XPG endonucleases. (A) GEN1
domain structure showing elements within the N-terminal XPG
homology region. (B,C) Model of the GEN1 catalytic domain (B)
based on the structure of FEN1 (C; PDB: 1B43), a flap endonu-
clease with an XPG-based catalytic site. The GEN1 model was
generated using SWISS-MODEL. Color-coding of motifs within
GEN1 is as diagrammed in A. Residues responsible for co-
ordination of the primary and secondary catalytic magnesium
ions are in blue and red, respectively.

Mutagenesis studies indicate that the deep groove formed
by the concave surface of the XPG homology region func-
tions to bind DNA, placing the scissile bond near the
catalytic center formed by the acidic clusters (Hosfield
et al. 1998). Modeling studies reveal that GENI1 (Fig.
4A,B) and Yenl (data not shown) are likely to adopt a
structure similar to FEN1, and all seven residues that
make up the two acidic clusters are conserved in GEN1
and Yenl (Fig. 4B). Consistent with this, mutation of as-
partate or glutamate residues in either acidic cluster in
GENT1 abolishes HJ resolvase activity (Ip et al. 2008).
Overall, Yenl and GENI1 display 13% identity (54% sim-
ilarity) across their length. The central and C-terminal
regions of GEN1 and Yenl lack known protein interaction
domains (Fig. 4A), but the extent of conservation is similar
to the catalytic domain over these regions, suggesting a
conserved function for the central and C-terminal regions
of GEN1/Yenl. One speculative hypothesis is that this
region interacts with branch migration activity noted pre-
viously during the purification of ResA activity from
mammalian cells (Constantinou et al. 2001).

The substrate specificity of GEN1 and Yenl has been
examined using model DNA substrates in vitro. Both
GEN1 and Yenl symmetrically cleave static HJs 1 nt 3’ to
the junction (Fig. 2A), a pattern identical to that observed
with ResA (Ip et al. 2008). These products are readily
religated, consistent with the identification of GEN1 and
Yenl as classical HJ resolvases. While GEN1 displays the
highest specific activity toward HJs, it also is capable of
cleaving replication fork and 5’ flap substrates with rates
that are 20-fold and sevenfold lower than with HJs, but
does not detectably cleave splayed arm or 3’ flap sub-
strates (Ip et al. 2008).

While our understanding of the XPG class of HJ resolv-
ases from a biochemical perspective is well developed,
their roles in vivo are not fully understood. In budding



yeast, yenlA mutants are viable and lack an obvious mei-
otic phenotype. However, combining yenlA and mms4A
mutants blocks completion of meiosis and results in a
failure to resolve meiotic joint molecules, suggesting re-
dundancy between the Mus81-Mms4 endonuclease and
the Yenl HJ resolvase (Ip et al. 2008). Surprisingly, S.
pombe lacks an obvious Yenl ortholog, thereby explaining
the strict requirement of Mus81-Emel for meiosis in this
organism (Ip et al. 2008). Nevertheless, ectopic expression
of GENI rescues the meiotic phenotype of S. pombe
mus81A mutants, suggesting that this enzyme can func-
tion in HJ resolution in vivo (Lorenz et al. 2009). A de-
finitive analysis of the role of GEN1 in meiotic recombi-
nation or DNA repair in multicellular eukaryotes has not
been reported. Preliminary RNAi experiments in human
tissue culture cells suggest that depletion of GEN1 leads to
a mild sensitivity to DNA damage by MMC and CPT
(Svendsen et al. 2009). However, further studies using true
null alleles are required to fully evaluate the contribution
of GENI1 to mitotic DNA repair and meiotic recombina-
tion. Additional work also is required to evaluate GEN1’s
contribution to cancer. In this regard, two GEN1 mutants
that would be predicted to lack HJ resolvase activity have
been identified in a cohort of breast cancer patients,
suggesting the possibility that loss of GEN1 may contrib-
ute to recombination repair defects that are associated
with tumorigenesis (Ip et al. 2008).

The mammalian SLX4 complex—a toolkit
for DNA repair

Recent work employing multiple experimental strategies
and organisms has led to the discovery of a new conserved
HJ resolvase in multicellular eukaryotes centered on the
SLX4 protein. Based on available data, SLX4 serves a
scaffolding function by assembling multiple SSEs and
other DNA repair and telomere protection proteins in a
unique protein complex that may participate in the repair
of DSBs in mitotic and meiotic cells (Andersen et al. 2009;
Fekairi et al. 2009; Munoz et al. 2009; Saito et al. 2009;
Svendsen et al. 2009).

Yeast Slx4 was identified initially in genetic screens for
proteins that are required for viability in the absence of
the Sgsl helicase, an ortholog of the Bloom’s helicase
(Mullen et al. 2001). The same screen identified SIx1, and
biochemical studies revealed that Slx4 and Slx1 interact
to form a flap endonuclease in budding yeast and in
fission yeast (Fig. 5B; Mullen et al. 2001; Fricke and
Brill 2003; Coulon et al. 2004). Slx1-SIx4 is required for
S-phase-dependent recombination at rDNA loci in both
S. cerevisiae and S. pombe, but sixI1A single mutants do
not have prominent DNA damage sensitivity phenotypes
(Fig. 5D; Kaliraman and Brill 2002; Coulon et al. 2004,
2006; Deng et al. 2005; Flott and Rouse 2005). Interest-
ingly, Slx4 has been shown to form an independent
complex with Rad1-Radl0, the yeast orthologs of XPF-
ERCCI1 (Fig. 5B; Flott et al. 2007). The Rad1-Rad10-SIx4
complex is required for SSA (Figs. 1B, 5D; Flott et al. 2007;
Li et al. 2008). In addition, sIx4A mutants (but not sIx1A
mutants) display sensitivity to CPT in the context of
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Figure 5. Versatility of the SLX4 complex. (A) The NER en-
donuclease UvrC as well as SLX1 orthologs contain a GIY motif,
also referred to as an Uri domain. The structure of the UvrC
domain is shown along with conserved residues (red) involved in
binding to a hydrated divalent metal ion (magnesium or manga-
nese, beige sphere). While UvrC has a C-terminal HhH motif,
SLX1 contains a PHD-like ring finger motif. (B) Structural
anatomy of the SLX4 complex in mammals and its relationship
with SLX4 complexes in budding yeast. (C) In vitro cleavage
specificity of the SLX4 complex. Bars and arrows represent
regions of cleavage. (D) Functions of the yeast, Drosophila,
C. elegans, and human SLX4 complexes in vivo.

a mutation in the TPD1 gene, which encodes a tyrosine
phosphodiesterase that reverses CPT—topoisomerase I
adducts (Deng et al. 2005). Rad1-Rad10 also plays a role
in the repair of CPT-dependent DNA damage, but this
role appears to be independent of Slx4 (Deng et al. 2005).
The molecular basis for the distinct sensitivities of slx4
and radl mutants is unknown.

SIx1 is a member of the UvrC family of endonucleases
identified initially in prokaryotes (Fig. 5A). UvrC functions
together with UvrAB in NER, and employs an N-terminal
“GIY” domain (also called a Uri domain) to make an
incision 34 nt 3’ to the damage site, a reaction that is
analogous to that performed by XPG in mammalian NER.
The GIY domain contains several highly conserved resi-
dues, including a conserved glutamate (E76 in UvrC from
Thermatoga maritima), which is critical for binding the
active site divalent cation (magnesium or manganese);
three tyrosine or histidine residues (Y19, Y29, and Y43 in
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UvrC) that form hydrogen bonds with water molecules
coordinated to the metal ion; and a fully conserved ar-
ginine residue (R39 in UvrC) that may stabilize the neg-
ative charge on the phosphate group at the scissile bond
(Fig. 5A; Truglio et al. 2005). Unlike UvrC, Slx1 orthologs
also contain a C-terminal cysteine-rich domain akin to
zinc-binding PHD domains (Fig. 5A; Fricke and Brill 2003;
Coulon et al. 2004). Budding yeast Slx1-Slx4 purified from
bacteria displays robust endonuclease activity toward 5’
flap structures, splayed arm, and replication fork sub-
strates, but displays much lower levels of activity toward
static HJs (Fricke and Brill 2003). Moreover, processing of
HJs by both budding and fission yeast Slx1-Slx4 leads to
products that cannot be ligated efficiently (Fricke and Brill
2003; Coulon et al. 2004). The activity of S. pombe SIx1-
SIx4 in vitro is abolished by mutations in conserved glu-
tamate or arginine residues in the GIY domain (Fig. 5A),
and mutation of a conserved cysteine in the C-terminal
PHD-like domain of S. cerevisiae Slx1 leads to functional
inactivation in vivo (Fricke and Brill 2003; Coulon et al.
2004). Moreover, yeast Slx1 alone is inactive, indicating
a requirement for SIx4 in supporting endonucleolytic ac-
tivity, akin to the requirement of Mus81 for Emel and
ERCC4 for ERCCI1 (Fricke and Brill 2003; Coulon et al.
2004).

While clear orthologs of yeast Slx1 are evident in
multicellular eukaryotes, early attempts to identify Slx4
orthologs using conventional sequence comparisons were
unsuccessful (Fricke and Brill 2003). Fungal Slx4 proteins
contain C-terminal SAP and helix-turn-helix (HtH) do-
mains implicated previously in DNA binding (Coulon et al.
2004). Using more sophisticated PSI-BLAST algorithms,
three groups identified the largely unstudied BTBDI12
protein as the human ortholog of fungal SIx4 and of the
MUS312 protein in Drosophila (Andersen et al. 2009;
Fekairi et al. 2009; Munoz et al. 2009). BTBD12 was
identified independently as a substrate of the ATM/ATR
protein kinase (Matsuoka et al. 2007), and subsequently as
a protein that associates with multiple SSEs, including
SLX1, using a proteomic approach (Svendsen et al. 2009).
Finally, a screen for genes enriched in the germline and
required for meiosis in Caenorhabditis elegans identified
HIM-18, which displays sequence identity with both fungal
SIx4 and mammalian BTBD12 (Saito et al. 2009). Thus,
a variety of data indicate that BTBD12 encodes the SLX4
ortholog in multicellular eukaryotes.

Unlike fungal Slx4, which interacts independently
with SIx1 and with the Rad1-Radl0 complex, a variety
of proteomic and interaction data indicate that mamma-
lian SLX4 interacts with three endonucleases (SLXI,
ERCC4[XPF|-ERCC1, and MUS81-EME1); components of
the shelterin telomere protection complex (TRF2/RAPI1);
the MSH2-MSH3 mismatch repair complex; the polo-
like kinase PLKI; and a previously unstudied OREF,
C200RF94 (Fig. 5B; Fekairi et al. 2009; Munoz et al. 2009;
Svendsen et al. 2009). The various interaction partners are
assembled across the length of SLX4, consistent with
a scaffolding function (Fig. 5B). SLX1 interacts with se-
quences at the extreme C terminus of SLX4, which may
form an HtH motif (Fekairi et al. 2009; Munoz et al. 2009;
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Svendsen et al. 2009). This region, and the adjacent SAP
domain that may interact with MUS81-EMEI, contains
the highest degree of sequence similarity across SLX4
orthologs from fungi to mammals (Andersen et al. 2009;
Fekairi et al. 2009; Munoz et al. 2009; Svendsen et al.
2009). In contrast to these endonucleases, ERCC4-ERCC1
as well as MSH2-MSH3 and C200RF94 interact with the
N-terminal region of SLX4 (Andersen et al. 2009; Fekairi
et al. 2009; Svendsen et al. 2009). Both TRF2-RAP1 and
PLK1 associate with the central region of SLX4 between
the BTB domain (protein—protein dimerization) and the
SAP domain (Svendsen et al. 2009). The interaction of
PLK1 with SLX4 appears to require, in part, a candidate
Polo-box-interacting sequence (Svendsen et al. 2009). Al-
though not studied in a systematic way, directed yeast
two-hybrid studies indicate that Drosophila MUS312
and C. elegans HIM-18 interact with the XPF and SLX1
orthologs (Yildiz et al. 2002; Andersen et al. 2009; Saito
et al. 2009). The sequence in MUS312 known to associate
with MEI9(XPF)—the MUS312-Mei-9-interacting-like re-
gion (MLR)—is conserved among SLX4 orthologs and may
serve generally as the binding site for ERCC4, although
this has yet to be tested in the vertebrate system (Fig. 5B;
Fekairi et al. 2009). However, there are several differences
in motifs among the various SLX4 orthologs that are not
understood fully. While vertebrate and C. elegans SLX4
orthologs contain recognizable BTB and UBZ4 (ubiquitin-
binding zinc finger motif 4) domains, Drosophila and
fungal proteins lack such motifs (Fekairi et al. 2009;
Munoz et al. 2009; Saito et al. 2009). The BTB domain is
known to serve a dimerization function in other contexts
(Stogios et al. 2005), but this has not been tested directly in
the case of SLX4. Furthermore, zinc-binding UBZ4 motifs
are best understood in the context of ubiquitin binding
(Bienko et al. 2005; Crosetto et al. 2008), but thus far there
is no evidence that SLX4 associates covalently or non-
covalently with ubiquitin. Importantly, SLX4 complexes
are fully assembled in proliferating cells, and no obvious
changes in the composition of the complex is seen upon
addition of DNA-damaging agents (Svendsen et al. 2009).
Given that SLX4 is phosphorylated by ATM/ATR in
response to DNA damage, it may be regulated at a level
that is independent of subunit assembly.

SLX1-SLX4 module—a second HJ resolvase
in multicellular eukaryotes

Given the presence of multiple SSEs in association with
SLX4, and the previous finding that SIx1-Slx4 complexes
from fungi display cleavage activity toward multiple
substrates, it is not surprising that SLX4 complexes
purified from mammalian cells display activity toward
multiple substrates (Fricke and Brill 2003; Coulon et al.
2004; Fekairi et al. 2009; Munoz et al. 2009; Svendsen
et al. 2009). However, the activity profile displayed by
mammalian SLX4 complexes is unique among previously
characterized endonucleases in that SLX4 complexes
contain several endonucleases with their representative
activities, while ResA (GENI1] complexes contain one
endonuclease and its related activity. SLX4 complexes



can cleave replication fork and 5’ and 3’ flaps, as well as
both static and mobile HJs (Fig. 5C; Fekairi et al. 2009;
Munoz et al. 2009; Svendsen et al. 2009). The ability to
cleave replication fork and 3’ flap structures appears to
reside in the MUS81-EME1-SLX4 module, and the spec-
ificity of cleavage is essentially identical to that defined
previously for fungal Mus81-Emel (Fig. 5C; Bastin-
Shanower et al. 2003; Munoz et al. 2009; Svendsen et al.
2009). The ability to cleave HJs resides in the SLX1-SLX4
module (Fekairi et al. 2009; Svendsen et al. 2009). The
SLX1-SLX4 module purified from bacteria cleaves static
HJs symmetrically 2 nt 3’ to the branchpoint (Figs. 2A,
5C), and this activity requires an intact cation-binding
site in the SLX1 catalytic center (Fekairi et al. 2009;
Svendsen et al. 2009). The site of cleavage is distinct from
GEN1/Yenl, which cleaves 1 nt 3’ to the branchpoint
(Ip et al. 2008). In addition, the SLX1-SLX4 module also
cleaves mobile HJs, giving rise to duplex products that
can be ligated, marking the mammalian SLX1-SLX4
module as a HJ resolvase (Fekairi et al. 2009; Munoz et al.
2009; Svendsen et al. 2009). This activity of mammalian
SLX1-SLX4 is somewhat surprising, given that the fungal
enzymes do not display this specificity, as purified from
S. pombe or bacteria (Fricke and Brill 2003; Coulon et al.
2004). Currently, it is unknown whether the differences
in activity seen between the fungal and mammalian
enzymes with in vitro substrates represents an intrinsic
difference in their catalytic specificities, or differences in
the methodology employed for in vitro assay. Moreover,
the specificities of Drosophila and C. elegans SLX4
complexes remain to be determined.

When fully intact SLX4 complexes from mammalian
cells are exposed to static HJs, a complex series of products
are generated that appear to reflect the combined action of
SLX1 to cleave 2 nt 3’ to the branchpoint, and MUS81-
EMEI to cleave 3-5 nt 5’ to the branchpoint (Figs. 2A, 5C;
Svendsen et al. 2009). The products of dual cleavage by
SLX1 and MUS81 cannot be ligated without further pro-
cessing by DNA polymerases, or SSEs on flapped substrates.
The simplest explanation for this cleavage pattern is that
SLX1 in the context of the MUS81-EME1-SLX4 complex
cuts asymmetrically with some frequency, thereby gener-
ating a nH]J, the preferred substrate for MUS81-EME] (Fig.
6). What determines whether the SLX1-SLX4 module cuts
symmetrically across the junction is unknown. When SLX1
and MUSS81 are not tethered to each other via SLX4,
symmetrical cleavage products predominate, suggesting
that MUS81 and SLX1 need to be tethered to produce
asymmetric cleavage products (Svendsen et al. 2009). An
interesting question for the future concerns whether SLX1
and MUS81-dependent activities work independently or in
tandem to create distinct types of cleavage intermediates in
vivo. One possibility is that, during meiosis, SLX1 makes
the initial cut of the first HJ formed after strand invasion,
and that MUS81 makes the second cut of the nHJ generated
by second end capture (Fig. 7A; Osman et al. 2003). This
pathway is advantageous because it generates crossovers,
while DSBR can generate crossover and noncrossover
products depending on how the dHJ is resolved (Fig. 7B).
In addition, SLX4 is required for the activity of SLX1 and
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MUS81-EME]1. This results in flapped and gapped DNA duplex
products that cannot be ligated without further processing.

has been suggested to enhance the activity of MUS81-
EMEI complexes, but the mechanism by which this occurs
is unknown (Munoz et al. 2009). The SLX4 protein may
contribute structural elements that bind and position the
DNA substrate for cleavage by the catalytic SLX1 subunit,
much like the Emel subunit helps bind and orient DNA
substrates on the associated Mus81 endonuclease (Chang
et al. 2008). Alternatively, SLX4 may act in an allosteric
manner to control SLX1 activity. Finally, given that SLX1
and MUSB8I catalytic subunits can be bridged by SLX4, it
is conceivable that the previous controversy concerning
whether human MUS8I-EME1 acts as a HJ resolvase
(Constantinou et al. 2002) could have been influenced by
small or variable amounts of contaminating SLX1-SLX4
activity.

Interestingly, the activity of a fragment of SLX4 capable
of interacting with MUS81-EMEl and SLX1 but not
ERCC4-ERCC1 produces reaction products with HJs,
replication forks, and 3’ flaps that are indistinguishable
from the full-length SLX4 protein, suggesting that ERCC4—
ERCCI1 does not play a direct role in cleavage of these
substrates in vitro (Svendsen et al. 2009). This is in keeping
with the known activity of ERCC4-ERCCI in cleaving Y
structures that mimic intermediates in NER (Ciccia et al.
2008). As described below, cells depleted of SLX4 do not
display defects in UV-dependent DNA damage, indicating
the absence of an obvious role for SLX4 in NER (Fekairi
et al. 2009; Svendsen et al. 2009). Thus, the roles of
ERCC4-ERCCI in the context of the SLX4 complex
remain to be determined. However, it seems likely that
there will be a role for the ERCC4-ERCC1-SLX4 module
in SSA, given the role for the analogous complex in SSA in
budding yeast (Li et al. 2008).

SLX4 and the response to DNA damage

The finding that SLX4 is targeted by the ATM/ATR
protein kinases (Fig. 5D; Matsuoka et al. 2007) suggests
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Figure 7. Potential roles for the SLX4 complex during DSBR. (A)
In an alternate model for DSBR initially proposed by Osman et al.
(2003). SLX1-SLX4 may cleave the HJ-like intermediate formed
by strand exchange, and MUS81-EMEI may work downstream
to cleave the nHJ generated by second end capture. This mech-
anism would produce crossover products that are desirable during
meiosis. (B) Alternatively, SLX1-SLX4 and/or GEN1 complexes
may cleave dHJs during traditional DSBR to generate crossover
and/or noncrossover products. Arrowheads represent possible
sites of cleavage by SSEs.

roles in the response to DNA damage and repair. Consis-
tent with this, SLX4 is recruited to sites of DNA damage
(Svendsen et al. 2009). The precise signals required for
SLX4 localization are unknown. One possibility is that
DNA damage-dependent phosphorylation is involved.
While SLX4 localizes properly in cells that are mutated
for ATM, it has not been determined whether SLX4
localization requires ATR or ATM and ATR in a redun-
dant fashion (Svendsen et al. 2009). Thus, a major ques-
tion for the future concerns the pathway by which the
SLX4 complex is localized to sites of damage. A number
of mechanisms are used to mark the sites of DSBs in
eukaryotic cells, including phosphorylation, ubiquitina-
tion, and sumoylation (Harper and Elledge 2007; Boulton
2009), and each of these signals will need to be interro-
gated for their involvement in SLX4 recruitment.

Much of our understanding of the role of SLX4 in DNA
repair comes from an examination of its role in DNA
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damage at the replication fork. Early studies indicated that
yeast sIx4A and Drosophila mus312 mutants have in-
creased sensitivity to agents that generate collapsed repli-
cation forks, including mitomycin C (MMC) and CPT (Fig.
5D; Yildiz et al. 2002; Deng et al. 2005; Flott and Rouse
2005; Roberts et al. 2006; Flott et al. 2007). Repair of inter-
strand cross-links generates a DSB as a result of incision
on either side of the cross-link, generating a product that
must be repaired by HR. CPT leads to the formation of
DSBs as the replication fork attempts to pass through
a Topoisomerase-1-DNA adduct. Recent work has like-
wise suggested a role for human SLX4 in repair of damage
linked to these types of replication fork abnormalities (Fig.
5D). HeLa, U20S, or HEK293 cells depleted of SLX4 by
RNAI are highly sensitive to cisplatin, MMC, and CPT,
and also display sensitivity to MMS, as determined using
clonogenic survival or cellular proliferation competition
assays (Fekairi et al. 2009; Munoz et al. 2009; Svendsen
et al. 2009). Similarly, cells in him-18 embryos are exqui-
sitely sensitive to agents that affect replication fork pro-
gression (Saito et al. 2009). In contrast, cells depleted of
SLX4 are not sensitive to UV, suggesting the absence of an
important role in NER, and consistent with the absence of
a role for MUS312 in NER (Fekairi et al. 2009; Svendsen
et al. 2009). This is despite the finding that depletion of
ERCC4/XPF in parallel experiments leads to major defects
in the response to UV, suggesting that ERCC4-ERCC1
functions in NER in a pathway that is independent of its
interaction with SLX4 (Svendsen et al. 2009). A major
question concerns whether the SLX4 complex is impor-
tant for repair of DSBs produced outside of DNA replica-
tion. While one study has suggested sensitivity of SLX4-
depleted cells to IR in HEK293 cells, a second study in
U20S cells indicates little sensitivity to IR under condi-
tions where sensitivity is seen with CPT and MMC,
although some sensitivity to IR was seen upon further
depletion of SLX4 (Munoz et al. 2009; Svendsen et al.
2009). The impact of depletion of other components of the
complex including SLX1 is comparable with that seen
with SLX4 in HEK293 cells, but less so in the context of
U20S cells (Munoz et al. 2009; Svendsen et al. 2009). A
more complete understanding of the contributions of the
mammalian SLX4 complex to DNA repair will likely
require analysis of cells genetically engineered to lack
these proteins, as the extent of depletion in the various cell
lines examined may be responsible for differences in
sensitivities seen in various studies. For example, >90%
depletion of MUS81, SLX1, or GEN1 has little impact on
the sensitivity of cells to multiple types of damaging
agents, yet further depletion produces detectable pheno-
types (Svendsen et al. 2009). Thus, it is possible that even
small amounts of these enzymes are sufficient to catalyze
repair, making a definitive analysis by RNAi problematic.

Many DNA damage response components are required
not only for repair of exogenously produced damage, but
also control the repair of endogenous DNA damage, as
can occur during replication. Depletion of SLX4 leads to
increased levels of H2AX and 53BP1 phosphorylation,
which is indicative of a role in controlling spontaneous
genomic instability (Fekairi et al. 2009; Munoz et al.



2009). An inability to repair collapsed replication forks
when the SLX4 and SLX1 proteins are absent may un-
derlie activation of the DNA damage signaling system.

A role for SLX4 orthologs during HR in vivo

A central question that is yet to be fully resolved concerns
the key HJ resolution activities that contribute to repair of
DSBs in both mitotic and meiotic cells. As noted above,
S. pombe appears to rely predominantly on Mus81-Emel,
while S. cerevisiae may employ Mus81-Mms4 and Yenl
redundantly, and mammalian cells do not require MUS81-
EMEI for meiosis. Ultimately, it will be important to
understand not only the identity of the key enzymes
involved in individual steps, but also how the pathways
for resolution differ with distinct types of DNA damage or
meiotic intermediates. Additionally, it will be important
to understand the similarities and differences between
pathways used to recombine meiotic versus mitotic DSBs.
Analysis of HR in mammalian tissue culture cells fre-
quently employs a system wherein restriction enzyme
(I-Scel)-dependent DSB formation leads to repair of a GFP
ORF by GC (Xia et al. 2006). Depletion of SLX4 or SLX1 by
RNA:I resulted in HR defects in this system, although the
extent of the defect seen is not as large as is observed with
depletion of core components of the repair pathway
(XRCC3 and ATR) (Munoz et al. 2009; Svendsen et al.
2009). It is believed that repair in this system reflects
primarily SDSA, which, as described above (Fig. 1), does
not involve a HJ intermediate. Thus, the available data
suggest two possibilities that are not mutually exclusive:
Either the extent of repair via SDSA in this system is
smaller than thought previously, or the role for SLX4 in
this system reflects flap endonuclease activity. For exam-
ple, removal of the nonhomologous sequences introduced
by the I-Scel restriction site in the recombination sub-
strate is expected to be required for repair of the DSB by
SDSA. Interestingly, work in yeast has found that both the
Rad1-Rad10 endonuclease as well as Msh2-Msh3 com-
plex are required to remove nonhomologous regions at
DSBs during HR (Paques and Haber 1997; Sugawara et al.
1997; Flott et al. 2007; Li et al. 2008). It is conceivable that
the MSH2-MSH3 and ERCC4-ERCC1 modules localized
at the N terminus of SLX4 are involved in this process in
mammalian cells. A clearer understanding of the role of
mammalian SLX4 and SLX1 in mitotic and meiotic HR
and HJ resolution in mammals will require analysis of null
alleles, as it is possible that incomplete target protein
depletion by RNAi does not reveal the full functional
potential of SLX1 and SLX4 in DSB repair. It will also be
important to understand the extent to which mammalian
SLX1-SLX4 and GENI1 display functional overlap in DSB
repair in vivo.

In contrast to the mammalian system, there is already
strong genetic evidence of a role for Drosophila and C.
elegans SLX4 orthologs in HR in vivo. The Drosophila
SLX4 ortholog MUS312 is required for formation of mei-
otic crossovers, and also for repair of interstrand DNA
cross-links, a process that requires HR (Fig. 2B; Yildiz et al.
2002). In C. elegans, levels of the SLX4 ortholog HIM-18 are
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temporally and spatially regulated, and are highest in cells
that are engaged in the late stages of HR (premeiotic and
late pachytene germline cells) (Saito et al. 2009). him-18
embryos are largely inviable, and of those that survive, the
rate of male progeny is 60-fold higher than wild type, sug-
gesting that him-18 gametes have an increased occurrence
of X-chromosome nondisjunction reflective of defects in
HR (Fig. 2B; Saito et al. 2009). In him-18 meiotic cells, the
early steps of DSB repair proceed normally, yet RAD51 foci
accumulate, indicative of ongoing defects in DNA repair.
HIM-18 functions downstream from both meiotic DSB
formation by SPO-11 and strand exchange by MSH-5 (Saito
et al. 2009). The accumulation of bivalents suggests that
HIM-18 functions after dHJ formation, but before or
concurrently with dHJ resolution. However, many of the
bivalents are abnormal and represent “fragile” chromo-
some connections, further implicating HIM-18 in resolu-
tion of dHJs. Consistent with this, crossovers within the
autosomes and the X chromosome are reduced in him-18
cells (Saito et al. 2009). Taken together with the biochem-
istry of the mammalian SLX4 complex, it seems likely that
the function of SLX4 during meiosis may be to resolve dHJs
in a manner that generates crossover products.

While there is strong evidence of a role for SLX4
orthologs in meiotic recombination, the roles of associated
catalytic subunits is less clear. Thus far, SLX1 orthologs
have not been examined in either Drosophila or C. elegans
for their roles in meiosis or mitotic DNA repair, as genetic
mutants have not yet been identified. The interaction
between MUS312 and MEIL-9 (XPF) is required for the
generation of crossovers and proper chromosome disjunc-
tion during meiosis in Drosophila, and recent data suggest
that XPF-1 may also be involved in crossover formation—
but not position—in C. elegans (Yildiz et al. 2002; Saito
et al. 2009). him-18;xpf-1 double mutants also display a
slight increase in the percentage of inviable embryos
compared with him-18 mutants alone, suggesting that
XPF-1 has meiotic roles that do not fully overlap those of
HIM-18 (Saito et al. 2009). Whether or not the major
functions of XPF-1 in meiosis involves interaction with
HIM-18 in C. elegans remains to be determined. Unlike
HIM-18 and XPF-1, MUS-81 is not required for chromo-
some disjunction in meiosis I, suggesting that, in C. elegans,
the MUS-81 HJ processing activity is not required for
meiosis. But, as with xpf-1 mutants, mus-81;him-18 double
mutants display increase embryonic lethality relative to
him-18 mutants alone, suggesting HIM-18-independent
roles for MUS-81 (Saito et al. 2009). Thus far, it is not
known whether MUS-81 associates with SLX4 orthologs
in either Drosophila or C. elegans. An important issue
also concerns the extent to which HJ resolution, SDSA,
and HJ dissolution contribute to completion of the meio-
tic program. Recent work has demonstrated that mus312
is synthetic lethal with the Bloom’s helicase ortholog
mus309, which promotes dHJ dissolution (Fig. 1), and
him-18 is likewise synthetic lethal him-6""™ (Andersen
et al. 2009; Saito et al. 2009). him-18;him-6 premeiotic and
meiotic cells display increased RADS51 foci and chromatin
bridges (Saito et al. 2009). These results suggest that HIM-18
and HIM-6 likely function in parallel pathways to dissolve
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or resolve HJs during meiosis, and possibly during DSB
repair in mitotic cells. This is consistent with the notion
that only a fraction of SPO-11-induced DSBs result in cross-
overs during meiosis. Further studies are required to de-
termine to what extent the functions of MUS312/HIM-18
depend on their associated endonucleases in Drosophila
and C. elegans, and the mechanisms by which individual
endonucleases contribute to processing of HJs.

Regulation of the SLX4 complex by phosphorylation

Murine and human SLX4 (BTBD12) were initially found
in screens for targets of the ATM/ATR protein kinases
(Matsuoka et al. 2007; Mu et al. 2007). Several candidate
Ser/Thr—Gln motifs are present in SLX4, and two of these
are conserved throughout vertebrate SLX4 family mem-
bers, but thus far only a single site of phosphorylation
(T1107 in murine SLX4) has been shown to be DNA
damage-inducible, and this site is not conserved. Whether
and how ATM/ATR-dependent phosphorylation controls
SLX4 function is unknown. In addition to SLX4, several
other components of the complex (MSH2, MSH3, TRF2, and
RAP1) have been identified as potential ATM/ATR sub-
strates, and yeast Slx4 is a known target of Tel1*™/Mec14™TR
in response to MMS, CPT, IR, and hydroxyurea (HU) (Flott
and Rouse 2005; Tanaka et al. 2005; Flott et al. 2007;
Matsuoka et al. 2007; Dephoure et al. 2008). Phosphorylation
of Slx4 by Mecl®™® or Tell®™ is required for its
function in SSA (Fig. 5D; Flott et al. 2007). It is therefore
likely that phosphorylation of SLX4 by ATM/ATR has
a role in promoting SLX4 function in mammalian cells
(Fig. 5D).

The finding that SLX4 also associates reciprocally with
PLK1 (Svendsen et al. 2009) provides an alternative mode
of regulation by phosphorylation. As mentioned above,
the PLK1-SLX4 interaction involves a candidate polo-
box-binding site in SLX4, which would be predicted to
be targeted for phosphorylation by a cyclin-dependent
kinase (Elia et al. 2003). Preliminary studies indicate that
SLX4 immune complexes contain an autophosphoryla-
tion activity that is inhibited by addition of a specific
small molecule inhibitor of PLK1 (Svendsen et al. 2009).
Thus, it would appear as though PLK1 may phosphorylate
SLX4, at least in vertebrates. In addition to its well-
understood role in mitotic cells, PLK1 is also implicated
in meiosis in yeast, Drosophila, and mice (Hollingsworth
2008; Sourirajan and Lichten 2008; Xiong et al. 2008;
Archambault and Glover 2009). Interestingly, the kinase
activity of budding yeast PLK1 ortholog Cdc5 is necessary
for HJ resolution during meiosis. Cells lacking Cdc5 or
expressing a catalytically dead Cdc5 accumulate dHJs
and have decreased crossovers, but normal levels of
noncrossovers. This suggests that Cdc5 may control
the activity of a resolvase that is critical to formation of
crossovers during HJ resolution (Clyne et al. 2003; Sourirajan
and Lichten 2008). Future studies will need to address
the interplay between PLK1 and SLX4 in mitotic and
meiotic cells. For example, it will be important to deter-
mine whether the interaction of SLX4 with PLK1 is pro-
grammed by the cell division cycle, thereby allowing PLK1
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to modulate the endonucleolytic activity of the complex,
for example, during mitosis, when aberrant DNA cleav-
age activity could be detrimental to the cell.

A role for the SLX4 complex at telomeres?

Roles at telomeres have been described for both MUS81
and ERCC4/XPE, and both proteins can be found associ-
ated with TRF2 (Zhu et al. 2003; Munoz et al. 2005; Zeng
et al. 2009). The endonucleolytic activity of MUS8I is
required for recombination-based telomere maintenance
and survival in cells that employ the ALT mechanism for
telomere maintenance (Zeng et al. 2009). ERCC4/XPF at
telomeres can have both positive and negative implica-
tions for telomere homeostasis. At unprotected telomeres
lacking TRF2, ERCC4/XPF promotes 3’ flap cleavage and
NHE]J, but at protected telomeres, ERCC4/XPF has a role
in ensuring that D-loops are generated within the telomere
(Zhu et al. 2003). The links between MUS81, ERCC4/XPF,
and telomeres are interesting in light of the fact that SLX4
associates with TRF2-RAP1 and localizes to a subset of
telomeres in HeLa cells (Fig. 5D; Svendsen et al. 2009).
Recent work identifying proteins that localize to telomeres
in U20S (ALT) cells not only identified SLX4, but also
identified many of the components of the SLX4 complex,
including C200rf94, ERCC1, TRF2-RAP1, and MSH2 (Fig.
5D; Dejardin and Kingston 2009). Together, this informa-
tion suggests that SLX4 localizes to telomeres in hTERT-
positive and ALT cells, and raises many interesting ques-
tions, including how SLX4 is recruited to telomeres. Does
SLX4 gain access to telomeres via the TRF2-RAP1 com-
plex, and, in addition, is the ability of MUSS81 to promote
recombination at ALT telomeres dependent on its associ-
ation with SLX4? Given the fact that C200RF94 is also
detected at telomeres, it is possible that it plays a recruit-
ment or maintenance role, although it may also simply be
a passenger in the SLX4 complex. Finally, are their roles for
SLX1 in telomere recombination either independent of or
together with the MUS81-EME1 complex? Clearly, there
is still much to be learned about the extent to which SLX4
contributes to telomere biology.

Outlook

The discovery of two new classes of HJ resolvases in
multicellular eukaryotes—GEN1 and the SLX4 complex—
has reinvigorated studies aimed at understanding the
biochemical basis for HJ resolution (Symington and
Holloman 2008; Klein and Symington 2009). These en-
zymes will serve as the focal point for mechanistic and
cell biological studies that dissect the individual roles of
these enzymes in DSB repair and meiotic recombination.
Important questions will include delineation of the types
of repair processes that GEN1 and the SLX1-SLX4 mod-
ule participate in, and a determination of the extent to
which these enzymes act redundantly to control cleavage
of HJs and possibly other types of DNA intermediates in
vivo. Almost nothing is known about how these enzymes
are regulated and what determines the choice of which
resolvase gets used in different scenarios in vivo. It will be



important to identify proteins that interact with GEN1,
possibly including branch migration activities, and to
establish how GENI is integrated into the DNA damage
response network (Harper and Elledge 2007). Currently,
the SLX4 complex appears to be uniquely poised for im-
portant functions at the telomere. Given the critical role
that telomeres play in the life of a cell, determining the
roles of the SLX4 complex in maintaining or altering
telomere structure will be of particular interest. Finally,
given the critical roles of other components in the HR
machinery, such as BRCA1 and BRCA2 in protecting
cells from genomic instability and transformation, it will
be interesting to address the question of whether resolv-
ase mutation is linked to human cancer. One also
wonders whether additional enzymes capable of process-
ing HJs and related structures remain to be identified.
Given that we are approaching the 50th anniversary of
the concept of HJs (Holliday 1964), it is satisfying that
a mechanistic understanding of how cells resolve these
structures is within sight.
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