
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=ibmg20

Critical Reviews in Biochemistry and Molecular Biology

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/ibmg20

Coordinated roles of SLX4 and MutSβ in DNA
repair and the maintenance of genome stability

Sarah J. Young & Stephen C. West

To cite this article: Sarah J. Young & Stephen C. West (2021) Coordinated roles of SLX4 and
MutSβ in DNA repair and the maintenance of genome stability, Critical Reviews in Biochemistry and
Molecular Biology, 56:2, 157-177, DOI: 10.1080/10409238.2021.1881433

To link to this article:  https://doi.org/10.1080/10409238.2021.1881433

© 2021 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

Published online: 17 Feb 2021.

Submit your article to this journal 

Article views: 197

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=ibmg20
https://www.tandfonline.com/loi/ibmg20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10409238.2021.1881433
https://doi.org/10.1080/10409238.2021.1881433
https://www.tandfonline.com/action/authorSubmission?journalCode=ibmg20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=ibmg20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/10409238.2021.1881433
https://www.tandfonline.com/doi/mlt/10.1080/10409238.2021.1881433
http://crossmark.crossref.org/dialog/?doi=10.1080/10409238.2021.1881433&domain=pdf&date_stamp=2021-02-17
http://crossmark.crossref.org/dialog/?doi=10.1080/10409238.2021.1881433&domain=pdf&date_stamp=2021-02-17


REVIEW ARTICLE

Coordinated roles of SLX4 and MutSb in DNA repair and the maintenance of
genome stability

Sarah J. Young and Stephen C. West

DNA Recombination and Repair Laboratory, The Francis Crick Institute, London, UK

ABSTRACT
SLX4 provides a molecular scaffold for the assembly of multiple protein complexes required for
the maintenance of genome stability. It is involved in the repair of DNA crosslinks, the resolution
of recombination intermediates, the response to replication stress and the maintenance of telo-
mere length. To carry out these diverse functions, SLX4 interacts with three structure-selective
endonucleases, MUS81-EME1, SLX1 and XPF-ERCC1, as well as the telomere binding proteins
TRF2, RTEL1 and SLX4IP. Recently, SLX4 was shown to interact with MutSb, a heterodimeric pro-
tein involved in DNA mismatch repair, trinucleotide repeat instability, crosslink repair and recom-
bination. Importantly, MutSb promotes the pathogenic expansion of CAG/CTG trinucleotide
repeats, which is causative of myotonic dystrophy and Huntington’s disease. The colocalization
and specific interaction of MutSb with SLX4, together with their apparently overlapping func-
tions, are suggestive of a common role in reactions that promote DNA maintenance and genome
stability. This review will focus on the role of SLX4 in DNA repair, the interplay between MutSb
and SLX4, and detail how they cooperate to promote recombinational repair and DNA crosslink
repair. Furthermore, we speculate that MutSb and SLX4 may provide an alternative cellular
mechanism that modulates trinucleotide instability.
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Introduction

The ability of cells to faithfully preserve genetic infor-
mation is essential for the maintenance of genome sta-
bility and the prevention of cancer. Unfortunately, DNA
is susceptible to damage from both endogenous (e.g.
base misincorporation, base deamination, damage from
reactive oxygen radicals, replication stress) and environ-
mental sources (radiation or chemical damage).
Therefore, to protect genome integrity, DNA damage is
sensed and repaired through a conserved network of
proteins and signal cascades, collectively known as the
DNA damage response (DDR).

In humans, DNA damage is repaired by a network of
lesion-specific repair mechanisms. For example, lesions
that minimally distort the DNA helix such as damaged
bases (e.g. 8-oxoG) are repaired by base excision repair
(BER), whereas bulky adducts that cause local helix dis-
tortion, such as pyrimidine dimers, are repaired by
nucleotide excision repair (NER). Mismatched bases are
repaired by DNA mismatch repair (MMR), and DNA dou-
ble strand breaks (DSBs) are repaired by non-homolo-
gous end joining (NHEJ), single strand annealing (SSA)

or homologous recombination (HR). Rare, but damag-
ing, lesions such as interstrand crosslinks (ICLs) can be
repaired by DNA glycosylases or the enzymes of the
Fanconi anemia pathway. Mutations in DNA repair
pathways have been linked to tumourigenesis, in par-
ticular breast, ovarian and bowel cancers, as well as
neurological and immunological disorders.

SLX4 plays a role in multiple DNA
repair pathways

SLX4 protein is found in a range of eukaryotic species
including yeast (Mullen et al. 2001; Fricke and Brill
2003), C. elegans (Saito et al. 2009), D. melanogaster
(Andersen et al. 2009), mouse (Holloway et al. 2011)
and humans (Fekairi et al. 2009; Munoz et al. 2009;
Svendsen et al. 2009). Human SLX4 is a 200 kDa (1834
amino acid) protein that interacts with and activates
three structure-selective endonucleases (SSEs) required
for efficient genetic recombination, replication fork
restart, telomere maintenance and ICL repair. The
importance of SLX4 for genomic stability is highlighted
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by observations showing that Slx4-/- mice are born at
sub-mendelian ratios and are cancer-prone (Crossan
et al. 2011; Holloway et al. 2011; Castor et al. 2013;
Hodskinson et al. 2014). Moreover, individuals with bial-
lelic mutations in SLX4 present with Fanconi anemia
(FA), a disease characterized by cancer predisposition
and a sensitivity to ICL-inducing agents (Kim et al. 2011;
Stoepker et al. 2011). At the cellular level, SLX4-/- is
lethal in chicken DT40 cells, which accumulate in G2-
phase with high levels of chromosomal instability
(Yamamoto et al. 2011). Mouse or human cells deficient
in SLX4 are sensitive to chemical agents that cause DNA
alkylation, ICL-damage and replication stress (Munoz
et al. 2009; Svendsen et al. 2009; Crossan et al. 2011;
Kim et al. 2013). To date, it has not been possible to
produce human SLX4-/- cancer cell lines by CRISPR-Cas9
gene editing, suggesting that SLX4 may be essential in
human tumor cells (Guervilly and Gaillard 2018).

SLX4 interacts with three SSEs, SLX1, MUS81-EME1
and XPF-ERCC1, to form the SMX tri-nuclease complex
(Fekairi et al. 2009; Munoz et al. 2009; Svendsen et al.
2009; Wyatt et al. 2013; Klein Douwel et al. 2014; Wyatt
et al. 2017). SLX4 activates these SSEs and targets them
to specific repair contexts by the use of additional inter-
action partners, post-translational modifications and
protein dimerization. For example, SSEs are recruited to
telomeres via interactions between SLX4 and the telo-
mere binding proteins TRF2, RTEL1 and SLX4IP
(Figure 1). These proteins are required for the regula-
tion of telomere length (Wan et al. 2013; Panier et al.
2019). Moreover, SLX4 binds ubiquitin through its ubi-
quitin-binding zinc finger (UBZ) domains, and targets
the SSEs to ICL damage (Lachaud et al. 2014). SLX4 also
binds SUMO through its SUMO-interacting motifs
(SIMs), which play a role in targeting SSEs to ICLs,
stalled replication forks and telomeres (Gonzalez-Prieto
et al. 2015; Guervilly et al. 2015; Ouyang et al. 2015).
Human SLX4 exists as a dimer, mediated by its BTB
(Bric-a-brac, Tramtrack and Broad complex) domain.
This BTB domain is required for telomeric localization

and efficient crosslink repair in humans (Guervilly et al.
2015; Yin et al. 2016; Hoogenboom et al. 2019).

SLX4-interacting nucleases

SLX1

SLX1 was first discovered in budding yeast as a factor
required for cellular survival in the absence of Sgs1 (the
yeast homologue of the human BLM helicase) (Mullen
et al. 2001). Human SLX1 is a small (28 kDa) protein that
contains a GIY-YIG nuclease domain similar to that
found in the bacterial NER nuclease UvrC, Type II restric-
tion enzymes and the eukaryotic LEM-3/ANKLE1 nucle-
ase (Dunin-Horkawicz et al. 2006; Brachner et al. 2012;
Hong et al. 2018). In vitro, SLX1-SLX4 cleaves a variety
of branched DNA structures including 50-flaps, replica-
tion forks, splayed arms, recombination intermediates
and stem loops. Incisions occur 2–4 nucleotides to the
30-side of the branchpoint (Fricke and Brill 2003; Coulon
et al. 2004; Fekairi et al. 2009; Svendsen et al. 2009;
Wyatt et al. 2013).

SLX1 interacts with the C-terminal coiled-coil domain
(CCD) of SLX4 (also known as the SLX1 binding domain,
or SBD), and SLX1-SLX4CCD exhibits endonuclease activ-
ity in vitro (Gaur et al. 2015, 2019). In the absence of
SLX4, SLX1 exhibits a weak endonuclease activity that is
stimulated 500-fold by SLX4 (Fricke and Brill 2003).
Structural analyses revealed the molecular basis for this
SLX4-dependent activation, such that SLX1 forms a
compact stable homodimer in vitro that blocks the
active site of SLX1. However, in complex with the
SLX4CCD, the active site of SLX1 becomes accessible
(Gaur et al. 2015, 2019).

XPF-ERCC1

XPF-ERCC1 is best known for the important role it plays
in NER, the DNA repair pathway that repairs bulky
adducts that arise as a result of exposure to UV

Figure 1. Interactions between SLX4 and MutSb. Schematic diagram of human SLX4 protein. Selected functional domains and
interaction partners are indicated. UBZ, ubiquitin-binding zinc finger domain; MLR, MUS312/MEI-9 interaction like region; BTB,
broad complex-tram-track-bric-a-brac domain; SIMs, SUMO-interacting motifs; SAP, SAF-A/B-Acinus and PAIS domain; CCD, coiled
coil domain.
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radiation. Biallelic mutations in XPF are causative of the
human disorders Xeroderma pigmentosum (XP) and
Cockayne syndrome (CS). XP is characterized by
extreme UV sensitivity and cancer predisposition,
whereas individuals with CS exhibit developmental and
neurological pathologies (Cleaver et al. 2009;
Faridounnia et al. 2018). Human XPF is a member of the
MUS81/XPF family of 30-flap endonucleases (Ciccia et al.
2008). In the presence of divalent cations, XPF-ERCC1
cleaves 30-flaps, bubbles, stem loops and splayed arm
DNA structures in vitro, 2–8 nucleotides to the 50-side of
the junction (De Laat et al. 1998; Hodskinson et al.
2014). XPF-ERCC1 forms a stable heterodimer mediated
through the C-terminus of XPF (De Laat et al. 1998).
Structural analysis of truncated human XPF and ERCC1
revealed that the non-catalytic subunit ERCC1 makes
direct contact with DNA, indicating that ERCC1 is
important for directing XPF activity (Tripsianes et al.
2005). Moreover, DNA-free XPF-ERCC1 was shown to
adopt an autoinhibitory conformation that is released
upon DNA-junction engagement (Jones et al. 2020).
Mutations in XPF that abolish ERCC1 interaction are
found in XP patients (De Laat et al. 1998).

A subset of XPF-ERCC1 interacts with SLX1-SLX4 in
human cells, mediated by a direct interaction between
XPF and the MEI9-interacting region (MLR) of SLX4
(Fekairi et al. 2009; Svendsen et al. 2009; Wyatt et al.
2017). SLX4 stimulates XPF to cleave branched DNA
structures in vitro including replication forks and ICLs
(Munoz et al. 2009; Klein Douwel et al. 2014), consistent
with its role in ICL repair. SLX4IP, which is also required
for efficient ICL repair, interacts with both SLX4 and
XPF-ERCC1 (Zhang et al. 2019). Like SLX4, biallelic muta-
tions in XPF are causative of FA (Bogliolo et al. 2013).
Moreover, expression of SLX4DMLR (an XPF-interaction
mutant) fails to rescue the sensitivity of SLX4-/- MEFs to
DNA crosslinking agents such as mitomycin C (MMC),
and disruption of the SLX4-XPF interaction renders
Xenopus egg extracts defective for ICL repair (Klein
Douwel et al. 2017). Taken together these findings
highlight the importance of the SLX4-SLX4IP-XPF-
ERCC1 complex for incision.

MUS81-EME1

MUS81-EME1 is also a member of the MUS81/XPF fam-
ily of 30-flap endonucleases (Ciccia et al. 2008). Purified
MUS81-EME1 cleaves 30-flaps, replication forks and
nicked Holliday junctions (HJs) (Boddy et al. 2001; Ciccia
et al. 2003; Fricke et al. 2005; Wyatt et al. 2013). MUS81
contains the nuclease motif that catalyzes cleavage,
with EME1 playing a regulatory role. MUS81-EME1 is

important for various aspects of DNA metabolism in
mammalian cells including HJ resolution, ICL repair, rep-
lication fork restart and the cleavage of Common
Fragile Sites (CFSs) (Svendsen et al. 2009; Kim et al.
2013; Wyatt et al. 2013; Ying et al. 2013; Minocherhomji
et al. 2015; Lai et al. 2017). Mus81-/- mice can be cancer
prone, are hypersensitive to ICL-inducing agents and
display hallmarks of genomic instability (McPherson
et al. 2004; Dendouga et al. 2005).

In higher eukaryotes, the N-terminal helix-hairpin-
helix (HhH) domain of MUS81 interacts directly with
the SAP domain of SLX4 (Fekairi et al. 2009; Munoz
et al. 2009; Svendsen et al. 2009). This interaction
appears to have been gained during evolution, as
budding yeast Slx4 does not interact directly with
Mus81 even though it contains a SAP domain
(Schwartz et al. 2012). Interactions between SLX4 and
MUS81 enhance the activity of MUS81-EME1 nuclease
and broaden its substrate specificity in vitro (Wyatt
et al. 2017). Activation appears to involve interaction
with, and release of, the SLX4-interacting autoinhibi-
tory HhH domain (MUS811–86). Consistent with this,
MUS81-EME1 lacking this N-terminal domain exhibits
greater nuclease activity toward replication forks than
full length MUS81-EME1. As well as modulating the
endonuclease activity of MUS81-EME1, SLX4 inter-
action is also required to target MUS81 to specific
genomic locations such as telomeres and CFSs (Naim
et al. 2013; Wan et al. 2013).

Temporal regulation of SLX4 interactions

Genetic, biochemical and structural studies show that
SLX4 forms an obligate heterodimer with SLX1, and
this interaction is required for the stability and nucle-
ase activity of SLX1 (Castor et al. 2013; Wyatt et al.
2013; Gaur et al. 2015, 2019). SLX1-SLX4 constitutively
interacts with a subset of XPF-ERCC1 to form a com-
plex that is stable throughout the cell cycle (known as
the SX complex) (Wyatt et al. 2017). In contrast, the
interaction of SX with MUS81-EME1 occurs at the G2/
M transition, resulting in the formation of an SMX
(SLX1-SLX4-MUS81-EME1-XPF-ERCC1) complex that
resolves replication/recombination intermediates late
in the cell cycle (Wyatt et al. 2013; Duda et al. 2016;
Wyatt et al. 2017). Interactions are mediated by
mitosis-specific CDK1 and PLK1 phosphorylation
events on both EME1 and SLX4. Premature activation
of SMX complex formation in human cells during S-
phase by inhibition of WEE1 (a negative regulator of
CDK1) leads to gross chromosome fragmentation
(Duda et al. 2016). Limiting SMX formation to mitosis
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therefore provides a mechanism to protect replicating
DNA from unscheduled cleavage.

DNA repair pathways that require SLX4

The resolution of recombination intermediates

In somatic cells, genetic recombination generally occurs
between sister chromatids, although a low frequency of
events do occur between homologous chromosomes.
Recombination leads to the formation of intermediates
in which the two interacting sister chromatids or hom-
ologous chromosomes are linked by covalent bridges,
known as Holliday junctions (Holliday 1964). These arise
as products of DSB repair by HR and must be processed
to allow efficient chromosome segregation during ana-
phase (Chan et al. 2018). Cells lacking the ability to pro-
cess these structures accumulate hallmarks of genome
instability and cell death (Wechsler et al. 2011; Sarbajna
et al. 2014; Chan et al. 2018).

There are two primary pathways by which HJs are
resolved (Figure 2), and these involve ‘dissolution’ by
the BLM-TopoIIIa-RMI1-RMI2 (BTRR) complex and
‘resolution’ by the SMX complex (Wyatt and West

2014). Dissolution involves helicase/topoisomerase-
mediated convergent migration of two junctions to
form a hemi-catenane that is removed by the topo-
isomerase, leading exclusively to the formation of non-
crossovers (NCOs) (Wu and Hickson 2003; Chen et al.
2014). This prevents loss of heterozygosity (LOH), which
can be mutagenic (Wang et al. 2018). Consequently,
BLM�/� cells lacking HJ dissolution display an increased
incidence of sister chromatid exchanges (SCEs), which is
a hallmark of genomic instability and cancer predispos-
ition (Wu and Hickson 2003; Wechsler et al. 2011). In
contrast, resolution occurs through nuclease-mediated
nicking followed by religation. Mammalian SMX com-
plex cleaves HJs by a coordinated nick and counter-nick
mechanism to form both crossovers (COs) and non-
crossovers (NCOs). The formation of COs between sister
chromatids can result in LOH. HJ resolution was
recently shown to be an essential process in humans as
cells lacking HJ resolvases display lagging chromo-
somes and DNA bridges in mitosis, leading to DNA
damage and cell death (Sarbajna et al. 2014; Chan et al.
2018). Interestingly, the COs manifest as SCEs on meta-
phase chromosome spreads (Wechsler et al. 2011;
Castor et al. 2013), which makes it possible to use SCE

Figure 2. Holliday junction processing in human cells. Covalently linked double Holliday junctions (dHJs), generated during HR
are processed by ‘dissolution’ or ‘resolution’. (Left) Dissolution involves the BTRR complex (BLM, Topoisomerase IIIa, RMI1, RMI2).
BLM helicase drives convergent branch migration and the resulting hemi-catenane is dissolved by Topoisomerase IIIa. The prod-
ucts of this pathway are exclusively non-crossovers as they do not involve reciprocal exchanges of genetic material between sis-
ter chromatids. Right: Holliday junction resolution involves nucleolytic cleavage by the structure-specific endonucleases GEN1 or
SMX (SLX1-SLX4-MUS81-EME1-XPF-ERCC1). Resolution gives rise to both non-crossovers (NCOs) and crossovers (COs).
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formation as a readout for the efficiency of HJ cleavage.
Loss of SLX4 or MUS81 causes synthetic lethality in
BLM�/� cells that are defective for HJ dissolution
(Wechsler et al. 2011; Castor et al. 2013; Wyatt et al.
2013). This lethality is accompanied with chromosome
abnormalities and a reduction in SCEs. SLX4 and MUS81
are epistatic supporting the notion that they function
in the same pathway of HJ cleavage, one that is inde-
pendent of a second pathway of resolution mediated
by GEN1 endonuclease (Ip et al. 2008; Wechsler et al.
2011). Within the SMX complex, SLX1 and MUS81 are
responsible for the initial nick and counter-nick,
respectively. XPF-ERCC1 does not appear to be directly
involved in cleavage but may stimulate resolution by
providing some form of structural stabilization (Wyatt
et al. 2017). However, mouse cells expressing a mutant
SLX4 lacking the XPF-interaction domain (SLX4DMLR) do
not display defects in SCE formation in BLM-/- cells, indi-
cating that XPF plays a relatively minor role in HJ reso-
lution (Garner et al. 2013).

Interstrand crosslink repair

ICLs are particularly toxic lesions as they prevent strand
separation and block the progression of transcription
or replication. They are formed as a consequence of
endogenous aldehyde metabolism (Garaycoechea et al.
2018) or chemotherapeutic agents (Rycenga and Long
2018). ICLs are primarily repaired by the NEIL3 glycosy-
lase or the Fanconi anemia (FA) pathway (Figure 3),
although other pathways of repair have also been
reported (R€aschle et al. 2008; Knipscheer et al. 2009; Fu
et al. 2011; Klein Douwel et al. 2014; Semlow et al.
2016; Wu et al. 2019; Hodskinson et al. 2020). Pathway
choice depends on the structure of the crosslink, with
mildly helix distorting psoralen-ICLs repaired by the
NEIL3 pathway, whereas profoundly helix distorting cis-
platin-ICLs are repaired by the FA pathway. The FA
pathway may provide an important backup mechanism
when initial NEIL3-mediated repair fails. Individuals
with defects in the FA pathway present with the rare
genetic disorder FA, which is characterized by develop-
mental defects, progressive bone marrow failure, can-
cer predisposition and sensitivity to ICL-inducing
agents (Niraj et al. 2019).

Mechanistic insights into replication-coupled ICL
repair have been provided by in vitro reconstitution
assays using Xenopus egg extracts. In this system, repli-
cation forks are seen to stall approximately 20 nucleoti-
des from the crosslink (R€aschle et al. 2008). Fork
convergence induces TRAIP (TRAF-interacting protein)
to ubiquitinate the CDC45-MCM2-7-GINS (CMG)

helicase, and the resulting short ubiquitin chains recruit
NEIL3 glycosylase to cleave the crosslink (Semlow et al.
2016; Wu et al. 2019). If cleavage fails, longer ubiquitin
chains on CMG promote its unloading from chromatin,
leading to replication fork collapse (Wu et al. 2019).
Fork collapse then triggers the activation of the ATR-
mediated DDR, resulting in the phosphorylation and
assembly of the multi-protein FA core complex on chro-
matin (Collis et al. 2008; Kim et al. 2008; Shakeel et al.
2019). The FA core complex initiates the monoubiquity-
lation of FANCD2-FANCI (Smogorzewska et al. 2007;
Shakeel et al. 2019; Tan et al. 2020), and this leads to
the recruitment of SLX4 and XPF-ERCC1 which makes
dual incisions on one strand at either side of the ICL
(Kim et al. 2013; Hodskinson et al. 2014; Klein Douwel
et al. 2014, 2017; Hoogenboom et al. 2019). Following
‘unhooking’, the lesion is bypassed by translesion syn-
thesis (TLS), and the resulting DSB is repaired by HR
(Hashimoto et al. 2016).

In higher eukaryotes, the SLX1-SLX4-XPF-ERCC1 (SX)
complex plays an important role in the initial stages of
replication-coupled ICL repair (Klein Douwel et al. 2014,
2017; Hoogenboom et al. 2019). SLX4 contains two
N-terminal putative ubiquitin-binding (UBZ) motifs, and
UBZ-1 has been shown to bind ubiquitin polymers
in vitro (Kim et al. 2011; Lachaud et al. 2014). The UBZ
domains are required for an interaction with mono-
ubiquitinated FANCD2 and for the recruitment of SLX4
to sites of ICL damage (Yamamoto et al. 2011; Klein
Douwel et al. 2014). Cells lacking the SLX4 UBZ domains
are hypersensitive to the ICL-inducing agent MMC
(Stoepker et al. 2011), highlighting their importance for
ICL repair. An N-terminal truncation of mouse SLX4 that
contains the UBZ and MLR domains (miniSLX4), stimu-
lates ICL cleavage in vitro, and is sufficient to rescue the
MMC sensitivity of SLX4�/� MEFs (Hodskinson et al.
2014). Collectively, these studies indicate that ubiquiti-
nated SLX4 targets XPF-ERCC1 to ICLs and stimulates its
nuclease activity to perform unhooking. The inter-
dependence of SLX4 and XPF in ICL repair is under-
pinned by the fact that biallelic mutations in either pro-
tein are causative of FA (Stoepker et al. 2011; Bogliolo
et al. 2013). Moreover, mutations that abrogate XPF-
SLX4 interactions are unable to rescue the FA-like
phenotype in mice and ICL repair mediated by Xenopus
egg extracts (Crossan et al. 2011; Kim et al. 2013; Klein
Douwel et al. 2017; Hoogenboom et al. 2019).

SLX1 and MUS81 also appear to play roles in ICL
repair in higher eukaryotes. For example, MUS81�/� or
SLX1�/� MEFs are hypersensitive to ICL-inducing
agents, albeit to a lesser extent than ERCC1�/� MEFs
(McPherson et al. 2004; Dendouga et al. 2005; Hanada
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et al. 2006; Hiyama et al. 2006; Castor et al. 2013).
Moreover, Xenopus egg extracts expressing a SLX4DSAP

(a MUS81-interaction mutant) or SLX4DSBD (an SLX1-
interaction mutant) display only minor perturbations in
ICL repair in vitro (Klein Douwel et al. 2014;
Hoogenboom et al. 2019). Most likely, SLX1 and MUS81
play a role downstream of SLX4-XPF-ERCC1 in ICL
repair, in the cleavage of HJs generated during DSB
repair by HR.

SLX4IP, a largely uncharacterized SLX4-interaction
partner, has also been recently implicated in ICL

unhooking by the SX complex. SLX4IP interacts with
both SLX4 and XPF-ERCC1, and stabilizes formation of
the SX complex. Moreover, SLX4IP-/- cell lines are sensi-
tive to MMC and show reduced levels of ICL repair
(Zhang et al. 2019).

Replication fork restart

SLX1-SLX4 and MUS81-EME1 are also required for the
cleavage and restart of stalled replication forks. Both
SLX4 and MUS81 are found at active replication forks

Figure 3. Mechanism of replication-coupled ICL repair. ICLs are repaired during replication by the NEIL3 (left) or Fanconi anemia
(right) pathways. Convergent replication forks stall at ICLs. NEIL3 glycosylase is recruited to cleave the ICL and the resulting DNA
is repaired by translesion synthesis (TLS). If NEIL3 cleavage fails, the FA pathway repairs the ICL. Activation of the FA core com-
plex and mono-ubiquitination of FANCD2-FANCI, leads to the recruitment of SLX4 with its partner endonuclease XPF-ERCC1. Dual
incisions occur on either side of the ICL. The resulting DSB is repaired by TLS and HR.
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and depletion of either protein results in a sensitivity
to chemical agents that impede fork progression,
such as camptothecin (CPT) or hydroxyurea (HU)
(Munoz et al. 2009; Svendsen et al. 2009; Kim et al.
2013; Dungrawala et al. 2015). Replication fork restart
can involve the cleavage of a HJ-like reversed fork
structure to form a DSB, and it has been shown that
SLX4 and MUS81 promote DSB formation and replica-
tion fork restart after prolonged stalling by HU treat-
ment (Fugger et al. 2013; Guervilly et al. 2015). Most
likely, SLX4 and MUS81 cleave HJ-like reversed forks
to promote repair (Wyatt et al. 2013). Consistent with
these observations, SLX4DSAP and SLX4DSBD fail to res-
cue the CPT sensitivity of SLX4-/- human cells indicat-
ing that SLX4 controls the activity of SLX1 and MUS81
at reversed forks to promote fork restart (Kim et al.
2013). However, unrestrained endonuclease activity
at reversed forks is in itself a source of genomic
instability and the reversed fork structure is normally
protected from SLX4-mediated cleavage by factors
such as BRCA1 and BRCA2 (Quinet et al. 2017).
Therefore, it is likely that fork cleavage by SLX4-asso-
ciated endonucleases is a last resort, or pathological
response, that allows fork restart.

Interestingly, ATR inhibitors (ATRi) are now com-
monly used in the clinic for the treatment of
cancer, particularly in combination with the replication
stress inducing agent HU (Fordham et al. 2018).
Mechanistically, ATRi kills cancer cells by causing an
accumulation of unrepaired DSBs during replication
(Qiu et al. 2018). SLX4 has been shown to be required
for ATRi mediated DSB formation and cell death (Couch
et al. 2013; Matos et al. 2020), indicating that SLX4
expression levels may be used as a biomarker to iden-
tify patients that may respond to ATRi.

Common fragile site cleavage

CFSs are regions of the genome that tend to display
as gaps and breaks in mitotic chromosomes, particu-
larly under conditions of mild replication stress, such
as following aphidicolin (APH) treatment. Gap forma-
tion is known as CFS ‘expression’. CFSs are frequently
associated with breakpoints linked with rearrange-
ments and deletions in cancers (Glover et al. 2017).
They tend to be AT-rich and contain long genes with
few origins. As such, they are widely regarded to be
the last loci to undergo replication, with DNA synthe-
sis at these sites observed into mitosis (Le Tallec et al.
2013; Minocherhomji et al. 2015). Mitotic DNA synthe-
sis (MiDAS) is thought to be a form of break induced
replication (BIR) as it is RAD52- and POLD3-dependent

(Minocherhomji et al. 2015; Bhowmick et al. 2016).
Like BIR, MiDAS differs from conventional replication
in that it is conservative and uses the newly synthe-
sized leading strand as a template for lagging strand
synthesis, leading to the formation of HJs (Ozer and
Hickson 2018). SLX4, MUS81 and XPF all localize to
sites of MiDAS and depletion of these proteins in cells
treated with APH results in chromosome segregation
defects and DNA damage in G1-phase. Presumably,
the SMX complex is needed for the cleavage of HJs to
allow sister chromatid separation (Naim et al. 2013;
Ying et al. 2013; Minocherhomji et al. 2015; Duda
et al. 2016). It is thought that SLX4 recruits MUS81
and XPF to these sites and that recruitment requires
the SUMO-interacting motifs of SLX4 (SIMs) (Guervilly
et al. 2015; Ouyang et al. 2015), suggesting that
SUMOylation of SLX4 may play a role in CFS expres-
sion by the SMX complex.

Telomere homeostasis

Mammalian telomeres comprise tandem 50-TTAGGG-30

repeats that can range from 10–20 kilobases (kb) in
humans, to 50 kb in mice (Shay and Wright 2019).
One strand (the G-strand) contains a 30-ssDNA over-
hang, that invades the repetitive telomeric DNA to
form a telomere-loop (T-loop) (de Lange 2004). T-loop
formation protects the chromosome ends from being
recognized as a DSB and prevents DDR-mediated
repair by NHEJ leading to chromosome fusions. The
Shelterin complex, comprising the TRF1, TRF2, RAP1,
TIN2, TPP1 and POT1 proteins, is required for T-loop
formation and suppression of the DDR at telomeres
(Palm and de Lange 2008; Doksani et al. 2013; Lim
et al. 2017).

Telomeres shorten during every round of replication
and this ultimately leads to replicative senescence as
the T-loop can no longer form efficiently (Harley et al.
1990). To prevent senescence, most cancer cells main-
tain telomere length by reactivating telomerase, a
reverse transcriptase that adds telomeric repeats to the
ends of chromosomes (Kim et al. 1994). Alternatively, a
subset of tumors maintain telomere length without tel-
omerase activity, by an HR-mediated mechanism
known as ALT (alternative lengthening of telomeres)
(Cesare and Griffith 2004; Wang et al. 2004). Cells using
ALT are characterized by the presence of telomeric
SCEs (T-SCEs), telomere length heterogeneity and the
formation of extrachromosomal telomeric repeat circles
(T-circles).

A role for human SLX4 in telomere maintenance
was initially indicated by observations showing direct
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interactions with TRF2 (Fekairi et al. 2009; Munoz et al.
2009; Svendsen et al. 2009). Structural analyses
revealed that a leucine residue in SLX4 (SLX4L1022) is
important for mediating hydrophobic interactions with
TRF2 (Wan et al. 2013; Wilson et al. 2013). Consistent
with this, expression of SLX4L1022A in U2OS cells (an
ALT cell line) resulted in the loss of telomeric SLX4,
MUS81 and XPF, supporting the concept that TRF2
recruits SLX4 and its associated SSEs to ALT telomeres.
SLX1, MUS81 and XPF have all been shown to be dir-
ectly involved in telomere processing in ALT cells as
they are required for the formation of telomeric sister
chromatid exchanges (T-SCEs), in an SLX4-dependent
manner (Zeng et al. 2009; Wan et al. 2013). SLX4-asso-
ciated SSEs are generally considered to be negative
regulators of telomere length as cells lacking SLX4 dis-
play longer telomeres with increased fragility in both
telomerase-positive and ALT mammalian cells (Wilson
et al. 2013; Sarkar et al. 2015). Recently, it was shown
that SLX4IP maintains telomere by antagonizing BTR
complex to favor SMX-dependent T-loop resolution.
SLX4 is furthermore inactivated in some ALT-positive
tumors and is linked to metastatic recurrence by gov-
erning telomere maintenance mechanisms (Panier
et al. 2019; Robinson et al. 2020).

The over-processing of telomeres by SLX4-associated
SSEs may lead to cellular senescence. Therefore, ALT
cells appear to restrict nucleolytic processing through
TRF2 and BTR-dependent mechanisms. TRF2 binds to
loops formed at ALT telomeres and prevents HJ forma-
tion (Schmutz et al. 2017). Moreover, BTR-mediated HJ
dissolution antagonizes SLX4-mediated HJ cleavage at
telomeres, as it has been shown that depletion of BLM
in U2OS cells results in increased T-SCEs and T-circles,
and a reduction in telomere length (Sobinoff et al.
2017; Panier et al. 2019).

SLX4-MutSb interaction

Human SLX4 interacts with MSH2 and MSH3 (Svendsen
et al. 2009; Gonzalez-Prieto et al. 2015; Zhang et al.
2019; Young et al. 2020). MSH2-MSH3 form a heterodi-
meric protein known as MutSb that is required for the
repair of heteroduplex loops formed during DNA repli-
cation (Fishel 2015). Until recently, however, little was
known about SLX4-MutSb interactions or how they con-
tribute to genomic stability. The remainder of this
review will therefore focus on the actions of MutSb in
DNA repair, and in particular how the SLX4 scaffold and
MutSb might cooperate to promote HJ resolution, repli-
cation fork maintenance and trinucleotide repeat
instability.

DNA mismatch repair by MutSa and MutSb

MSH2, MSH3 and MSH6 are eukaryotic homologues of
the E. coli MMR recognition protein MutS. MSH2 forms
an obligate heterodimer with either MSH6 (MutSa) or
MSH3 (MutSb), and the presence of MSH2 is required for
the stability of either partner protein (Acharya et al.
1996; Burdova et al. 2015). In human somatic cells, the
majority of MSH2 is in complex with MSH6, with approxi-
mately 10-fold more MutSa present in HeLa cells than
MutSb (Genschel et al. 1998). Each subunit is composed
of five structural domains, including an N-terminal mis-
matched DNA binding domain (MBD) and a C-terminal
ABC ATPase domain (Warren et al. 2007).

DNA mismatch repair is a conserved mechanism that
repairs mis-paired nucleotides that arise from DNA dam-
age or replication errors. Although replicative polymer-
ases exert a proofreading function, a subset of
nucleotides routinely escape this process, resulting in
mismatches (Bebenek and Ziuzia-Graczyk 2018).
Polymerases are also prone to slippage during the repli-
cation of repetitive sequences. This can result in
stretches of mis-paired nucleotide insertions/deletions
(IDLs) that form branched heteroduplex DNA structures
such as loops or hairpins. Both single nucleotide mis-
matches and IDLs are substrates for MMR (Levinson and
Gutman 1987; Gacy et al. 1995). Defects in the MMR
machinery result in a dramatic increase in somatic muta-
tion rates, and are causative of hereditary nonpolyposis
colon cancer (HNPCC) (also known as Lynch syndrome),
which is characterized by hypermutation and instability
of repeat regions known as microsatellites (MSI) (Fishel
et al. 1993; Leach et al. 1993; Lynch et al. 1966).

MMR comprises four conserved steps (i) mismatch
recognition, (ii) cleavage of the nascent strand, (iii) mis-
match excision, and (iv) repair synthesis. In higher
organisms, mismatches are recognized by MutSa (a het-
erodimer of MSH2-MSH6) or MutSb (a heterodimer of
MSH2-MSH3) (Drummond et al. 1995; Acharya et al.
1996) (Figure 4). MutSa binds preferentially to single
nucleotide mismatches, 1–2 nucleotide IDLs (Gradia
et al. 1997, 1999; Warren et al. 2007), damaged bases
such as O6-methylguanine, and cisplatin adducts
in vitro (Alani 1996; Duckett et al. 1996; Alani et al.
1997). In contrast, MutSb exhibits a low affinity for mis-
matches and single nucleotide insertions, but binds to
heteroduplex loops with high affinity (Acharya et al.
1996; Genschel et al. 1998; Wilson et al. 1999; Young
et al. 2020). MutSb also binds (CAG)13 repeat hairpins
(Owen et al. 2005, 2009; Young et al. 2020), branched
DNA structures (Surtees and Alani 2006) and ICLs gen-
erated by psoralen or cisplatin (Zhao et al. 2009; Zhu
and Lippard 2009). Mechanistic insights into how
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MutSb binds a wider range of structures than MutSa
was provided by the crystal structures of MutSa and
MutSb in complex with DNA (Warren et al. 2007; Gupta
et al. 2011). MutSa interacts with a single G/T mismatch
using a conserved phenylalanine residue in the mispair
binding domain (MBD) of MSH6, whereas MutSb inter-
acts with an IDL using a conserved Lys-Tyr motif in the
MBD of MSH3. In both cases, MSH2 makes nonspecific
contacts with the sugar-phosphate DNA backbone.
Whereas MutSa interacts with the base of the mis-
match, MutSb interacts with the phosphate groups in
the heteroduplex DNA. This allows MutSb to have a
more flexible DNA binding pocket that is able to
accommodate heteroduplex DNA with greater variety
of bending angles than MutSa. A chimera of S. cerevi-
siae MutSa with the MBD of MSH3 recognizes IDLs in a
manner similar to that shown by MutSb, highlighting
the importance of the MBD in mediating the differential
substrate specificities (Shell et al. 2007).

Mismatch recognition causes ATP binding, and leads
to the recruitment of MutLa (a heterodimer composed
of MLH1-PMS2) (Gu et al. 1998; Gradia et al. 1999;
Wilson et al. 1999; Dufner et al. 2000; Mukherjee and
Feig 2009) (Figure 4). MutLa then makes a 50-nick spe-
cifically in the strand containing the mismatch. It is
thought to target this strand through an interaction
with PCNA, which is loaded on DNA in a specific orien-
tation on the nascent strand containing a preexisting
nick (Genschel and Modrich 2003; Kadyrov et al. 2006;
Pluciennik et al. 2010). In vitro reconstitution studies
have shown that the mismatch is then excised by the
50–30 exonuclease activity of EXO1, and DNA polymer-
ase d promotes repair synthesis (Genschel and Modrich
2003; Constantin et al. 2005; Zhang et al. 2005).

ATP-binding by MutSa and MutSb is a critical step in
MMR (Figure 4). Mutations in the ATPase domains of
MSH2, MSH3 or MSH6, that render them defective in
ATP binding, results in MMR deficiency in S. cerevisiae

Figure 4. Mechanisms of post-replicative mismatch repair. Single nucleotide mismatches or 1–2 nucleotide insertions/deletions
(IDLs) and larger heteroduplex loops are recognized by MutSa and MutSb, respectively. Mismatch recognition induces ATP bind-
ing by MutSa/b which recruits and activates MLH1-PMS2 (MutLa) endonuclease to make single strand nicks. This activity is
directed toward the nascent strand containing a preexisting nick through an interaction with PCNA. The mismatch can then be
excised by EXO1 and the nascent strand may be re-synthesized by DNA polymerase d.
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(Graham et al. 2018; Kumar et al. 2013), and mutations
in the ATP-binding region of MSH2 are causative of
HNPCC in humans (Lutzen et al. 2008; Drost et al. 2013).
When ADP-bound, MutSa binds DNA with a high affin-
ity. However, ATP-binding reduces its affinity for DNA
(Gradia et al. 1999; Wilson et al. 1999), leading to the
formation of a highly processive sliding clamp that pro-
motes the recruitment of MutLa to facilitate repair (Erie
and Weninger 2014).

MutSa and MutSb are required for the recruitment of
MutLa (or MutLb/MutLc) to complete MMR. MutSa forms
a complex with MutLa in an ATP-dependent manner, and
the latent endonuclease activity of MutLa is ATP- and
MutSa-dependent (Blackwell et al. 1998; Kadyrov et al.
2006). MutSa interacts with the N-terminus of MLH1 and
mutations that abolish this interaction are MMR-deficient
and cancer-associated (Iaccarino et al. 2000; Plotz et al.
2006). Taken together, these results indicate that the ATP-
dependent sliding clamp conformation of MutSa is
required for MutLa interaction. As MutSb may also form a
sliding clamp in the presence of ATP, it is assumed that
MutSb acts in a similar manner to MutSa.

MutSa and MutSb in homologous
recombination

Studies in mouse and human cells indicate that MutSb
plays a role in the early stages of HR. For example,
MSH2, MSH3 and MSH6 are all rapidly recruited to sites
of IR-induced DSBs in human cells (Hong et al. 2008).
Also, radiation treatment of MSH2-/- or MSH3-/- MEFs
results in the persistence of unrepaired DSBs (indicated
by cH2AX foci) and a reduction of HR-mediated repair
(indicated by persistent RAD51 foci). This is accompa-
nied with chromosome breaks and decreased cellular
survival (Franchitto et al. 2003; van Oers et al. 2014).

MutSa and MutSb also play a role in the later stages
of HR. Early studies showed that budding yeast MutSa
binds to a variety of recombination and repair inter-
mediates in vitro (Marsischky et al. 1999; Surtees and
Alani 2006). Moreover, siRNA depletion of MSH2 in
human U2OS cells results in a decrease in T-SCE forma-
tion, indicative of a defect in HJ resolution at ALT telo-
meres (Martinez et al. 2017). Human MutSa also
interacts with BLM and helps promote HJ dissolution
(Yang et al. 2004). Recently, it was shown that human
MutSb binds HJs with a high affinity and stimulates
their resolution by SLX1-SLX4 or the SMX trinuclease
(Young et al. 2020). Efficient HJ resolution was depend-
ent on direct interactions between MutSb and SLX4.
Consistent with the biochemical studies, cells defective
for MSH3 exhibited reduced SCE formation and an

increased frequency of homologous recombination
ultra-fine bridges (HR-UFBs), characteristic of a defect in
the resolution of recombination intermediates. In add-
ition, GEN1k/o cells depleted for MSH3 exhibited
increased fragile site UFB (FS-UFB) formation, indicating
that the MutSb-SMX complex plays a dual role in the
resolution of both recombination and late replication
intermediates. Stimulation of HJ resolution by SMX was
not observed with MutSa, and there was no observed
increase in HR-UFB or FS-UFB formation in MSH6-
depleted cells.

MutSb is also thought to play a role in the removal
of a 30-non-homologous tail during single-strand
annealing (SSA). This process is important for the repair
of DSBs that form between direct repeats. Repair
involves the annealing of the repeat sequences on
either side of the DSB causing a deletion of the inter-
vening sequences, in a reaction that is RAD52 depend-
ent (Van Dyck et al. 2001). MutSb plays an essential role
in the removal of the non-homologous tails that are
generated during the annealing reaction. For example,
S. cerevisiae MutSb binds 30-flaps and is recruited to
sites of DSBs in a Rad52-dependent manner (Surtees
and Alani 2006). MutSb facilitates the removal of these
tails by interacting with and recruiting the yeast homo-
logue of XPF-ERCC1 (Rad1-Rad10) (Paques and Haber
1997). Although it is currently unclear whether MutSb
and XPF-ERCC1 play similar roles in SSA in humans
there are several indications that this may the case: (i)
human RAD52 stimulates the cleavage of 30-flaps by
XPF-ERCC1 in vitro (Motycka et al. 2004), (ii) ERCC1
interacts with both MSH2 and RAD52 (Lan et al. 2004),
and (iii) MutSb is rapidly recruited to the sites of DSBs
in human cells (Hong et al. 2008).

MutSa and MutSb in ICL repair

MutSb interacts with psoralen-induced ICLs in DNA and
is required for their efficient repair in cell-free extracts
(Zhang et al. 2002; Wu et al. 2005; Zhao et al. 2009).
Human cells lacking MutSb are sensitive to ICLs pro-
duced by cisplatin, psoralen and MMC (Zhao et al. 2009;
Takahashi et al. 2011; Williams et al. 2011; Park et al.
2013; Sawant et al. 2015). MSH2 and MSH3 interact
with SLX4 and XPF-ERCC1 (Lan et al. 2004; Svendsen
et al. 2009; Young et al. 2020), possibly within the con-
text of the SMX trinuclease complex, so it is tempting
to speculate that MutSb may play a role in lesion
unhooking or subsequent HR-mediated repair. In con-
trast, MutSa, which fails to interact with SLX4, is not
required for ICL repair and cells lacking MSH6 are
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resistant to cisplatin treatment and promote efficient
cisplatin-induced ICL repair (Sawant et al. 2015).

MutSb promotes trinucleotide repeat
instability

MutSb plays a critical role in promoting the pathogenic
instability of genomic loci that contain trinucleotide
repeats (TNRs) in both dividing and post-mitotic mam-
malian cells. TNRs are tandem arrays of three nucleoti-
des that are found in exons, introns and 50- and 30-
untranslated regions (UTRs) of genes throughout the
genome. Expansion of these repeat regions is causative
of more than 30 human degenerative diseases, includ-
ing Huntington’s disease (HD) (McDonald et al. 1993),
Myotonic dystrophy type 1 (DM1) (Mahadevan et al.
1992), Fragile X syndrome (FRAX) (Verkerk et al. 1991)
and Amyotrophic Lateral Sclerosis (ALS) (Pulst et al.
1996). Most individuals possess short repeat tracts that
are typically nonpathogenic and retain a stable copy
number. However, a subset of individuals carry alleles
with longer than average repeat regions (pre-mutation
allele). Although these are non-pathogenic to the car-
rier, they undergo copy number changes both in som-
atic tissue and over successive generations in offspring.
Once the repeat number expands beyond a certain
threshold they are deemed pathogenic as they substan-
tially alter the expression of the affected gene (Iyer
et al. 2015). Exactly how the TNRs are pathogenic is
dependent on the genomic location of the repeat
region and its nucleotide composition. For example,
HD, characterized by uncontrolled motor movements
and cognitive dysfunction, is caused by expansion of
CAG repeats from 40 (pre-mutation) to 100þ (patho-
genic) in the huntingtin gene (HTT) (McDonald et al.
1993). This results in a toxic polyglutamate tract in the
HTT protein, which is prone to aggregation and accu-
mulation. On the other hand, DM1, characterized by
progressive muscle weakening and loss, is caused by
expansion of a CTG repeat tract in the 30-UTR of the
DMPK gene (Santoro et al. 2017). CTG expansion is
thought to affect RNA splicing, protein production and
chromatin structure.

MutSb plays a critical role in the instability of
CAG/CTG repeat tracts (CAG repeats on one strand
and CTG on the complementary strand) that are
causative of HD and DM1. For example, Msh2-/-

knockout results in a stabilization of 110–120 (CAG)
repeats in the HTT gene in HD mice, and a shift
toward contractions of long (CTG) repeats in DM1
mice (Manley et al. 1999; Savouret et al. 2003)
Moreover, Msh3-/- cells exhibit the stabilization of

long (CAG) tracts and (CTG) tracts in HD and DM1
mice respectively, and a later onset of disease pheno-
type. Interestingly, the same stabilization was not
observed for Msh6-/- mice, indicating that this effect
is specific to MutSb, not MutSa (Dragileva et al.
2009). These observations have been expanded upon
in human cells, with CRISPR-Cas9 mediated knockout
of MSH3 resulting in the stabilization of (CAG) repeats
in human astrocytes (Keogh et al. 2017). Moreover,
loss of MSH2 in induced pluripotent stem (iPS) cells
derived from DM1 patients leads to the attenuation
of CTG expansion (Du et al. 2013). Consistent with
these findings, the levels of instability in HD and
DM1 patient cells during differentiation correlate with
the expression of MMR proteins (Seriola et al. 2011).
Taken together these studies illustrate that MutSb
plays a key role in CAG/CTG instability in replicat-
ing cells.

Trinucleotide repeats form extra-helical loops/hair-
pins during replication that result from DNA polymer-
ase slippage, or other processes that involve DNA
strand separation such as transcription and repair.
Consistent with this, short oligonucleotides containing
as few as 6–10 (CAG) or (CTG) repeats form stable
hairpin loops in vitro (Gacy et al. 1995). Hairpins have
been detected in DM1 patient tissues, with a fre-
quency that positively correlates with the instability
observed in different tissues (Axford et al. 2013).
MutSb binds specifically to oligonucleotides contain-
ing (CAG) or (CTG) repeats, with a comparable affinity
as that observed with small MMR-proficient IDLs
(Owen et al. 2005; Tian et al. 2009; Pluciennik
et al. 2013).

One model for how erroneous MMR may induce
TNR instability (Figure 5), the dysregulation of strand
discrimination model, dictates that in contrast to
canonical post-replicative MMR, where MutLa is
directed by PCNA to specifically cleave the nascent
strand, PCNA is loaded in either orientation on TNR-
containing DNA (Pluciennik et al. 2010). This would
lead to the cleavage of either strand and result in
tract instability following repair synthesis. Consistent
with this, PCNA can be loaded in either orientation on
closed circular DNA containing 1–3 (CAG)n repeats
in vitro, causing DNA cleavage without strand bias.
This model accounts for a role of both MutSb and
MutLa in TNR instability and explains why instability is
observed in post-mitotic cells lacking replisome-
coupled strand-specific loading of PCNA. A lack of
strand-discrimination may also result in the formation
of DSBs that are repaired by error-prone recombina-
tional processes such as BIR, resulting in expansions or
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contractions. Consistent with this model, recombina-
tional repair has been observed to drive large-scale
expansions of CAG/CTG repeat tracts in yeast and
mammalian cells (Napierala et al. 2002; Kim
et al. 2017).

Although MutLa plays a key role in MMR, and is the
most abundant MutL complex in the cell, in many
model systems it is thought to play only a limited role
in trinucleotide repeat expansion. For example, recent
studies utilizing a mouse model of Fragile-X related dis-
orders, show that expansion is dependent on the nucle-
ase activity of MutLc (a heterodimer of MLH1-MLH3),
rather than MutLa (MLH1-PMS2) (Hayward et al. 2020).
Importantly, DNA cleavage by MutLc, in contrast to
MutLa, does not depend on PCNA loading (Pluciennik
et al. 2013; Kadyrova et al. 2020), providing support for
a dysregulation of strand discrimination model of TNR
instability.

Interplay between MutSb and SLX4 in multiple
repair pathways

The demonstration of interactions between MutSb and
SLX4 (Svendsen et al. 2009; Guervilly et al. 2015; Zhang
et al. 2019; Young et al. 2020), together with observa-
tions showing that MutSb stimulates the nuclease activ-
ities of SLX1-SLX4 and SMX trinuclease on
recombination intermediates and (CAG) hairpin loops,
suggests that MutSb is an important component of the
SLX4 repair complex (Young et al. 2020). The results
indicate that a fraction of cellular MutSb interacts with
SLX4 both in S-phase and mitosis, in a manner similar
to that observed with SLX4 and XPF-ERCC1 (Figure 6).
Several complexes can be envisaged: MutSb-SLX1-SLX4
and MutSb-SLX1-SLX4-XPF-ERCC1 in S-phase cells, and
the eight subunit MutSb-SMX complex in mitosis. As a
key component of these complexes, MutSb may help
facilitate the targeting of SLX4 and its associated

Figure 5. Proposed mechanisms of MutSb-mediated trinucleotide repeat instability. Impaired MutSb ATP-binding and sliding
clamp formation would prevent loop cleavage by MutLa resulting in expansion. Alternatively, improper PCNA loading may result
in dysregulated strand discrimination by MutLa and cleavage on either strand (indicated by a red arrow). This would result in
tract expansion, contraction or DSB formation. (see colour version of this figure at www.tandfonline.com/ibmg)
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endonucleases to a variety of branched DNA structures,
raising the possibility that these proteins play coordi-
nated roles in homologous recombination and trinu-
cleotide repeat instability.

Human MutSb binds HJs in vitro with an efficiency
similar to that observed with loop and hairpin struc-
tures. Moreover, MutSb stimulates HJ cleavage by SLX1-
SLX4 and the SMX trinuclease complex, regardless of
whether it is ADP- or ATP-bound (Young et al. 2020).
This contrasts with the way in which MutSb activates
MutLa endonuclease during MMR, which requires
MutSb to be ATP-bound (Kadyrov et al. 2006). MutSb
binds to HJ structures with an affinity higher than that
observed with MutSa. In the presence of Mg2þ, the HJ
adopts a stacked X-shaped structure (Duckett et al.
1988), and the difference in binding affinity may be due
to the ability of the DNA binding pocket of MutSb to
accommodate a wide range of DNA structures with dif-
ferent bending angles (Gupta et al. 2011). The DNA

binding pocket of MutSa on the other hand, is less flex-
ible, and can only accommodate single nucleotide mis-
matches or 1–2 nucleotide insertions (Warren
et al. 2007).

Loss of MutSb, or components of the SMX trinu-
clease, leads to the accumulation of HR-UFBs that link
sister chromatids during anaphase (Chan et al. 2018;
Young et al. 2020). Given that SMX cleaves residual rep-
lication and recombination intermediates that persist
into mitosis, to allow efficient sister chromatid separ-
ation and prevent DNA damage (Naim et al. 2013;
Wyatt et al. 2017; Chan et al. 2018), these observations
indicate that HJ binding by MutSb facilitates the recruit-
ment of SMX for UFB cleavage (Figure 6). Similarly, dur-
ing the repair of ICLs by the FA pathway, we suggest
that MutSb-SLX4 recruits XPF-ERCC1 to perform
unhooking incisions around the crosslink, allowing for
subsequent repair by HR. SLX4 is thought to be
recruited to the ICL by monoubiquitinated FANCD2

Figure 6. Model of the cooperation between MutSb and SLX4 complexes in the cleavage of replication and recombination inter-
mediates. During S-phase and G2, MutSb stimulates the cleavage of replication and HR intermediates by SLX1-SLX4 and/or SLX1-
SLX4-XPF-ERCC1 (SX) complexes. During mitosis, MutSb stimulates the cleavage of late replication and HR intermediates by the
SMX complex to allow efficient sister chromatid separation in anaphase.
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(Lachaud et al. 2014). In this regard, it is interesting that
MSH2 facilitates the efficient mono-ubiquitination and
chromatin loading of FANCD2, and cells lacking MutSb
are sensitive to the ICL-inducing agents MMC, psoralen
and cisplatin (Zhao et al. 2009; Williams et al. 2011).
Moreover, human MSH2 has itself been shown to inter-
act with XPF (Lan et al. 2004). Taken together, these
findings support a role for SLX4-MutSb complexes in
the initial stages of ICL-repair by the FA pathway, in
lesion recognition and/or unhooking.

In the case of telomeres, SLX4 is recruited to ALT
telomeres by an interaction with TRF2, where it nega-
tively regulates telomere length by counteracting
SLX4IP and BLM activity (Wan et al. 2013; Wilson et al.
2013; Sobinoff et al. 2017; Panier et al. 2019). Once tar-
geted, SLX1-SLX4 cleaves recombination intermediate
structures at T-loops resulting in the loss of telomeric
repeats in the form of T-circles. Interestingly, MSH2-/-

MEFs display an increase in chromosome end-to-end
fusions, and depletion of MSH2 in human U2OS cells
(an ALT cell line) results in decreased T-SCEs and T-
circles, hallmarks of defects in ALT (Martinez
et al. 2017).

The incision of heteroduplex (CA)4 loops, (CAG)13
hairpins, and poly-T stem loops by human SLX1-SLX4
and SMX in vitro, indicates that these nucleases have a
propensity for cleaving a diverse range of hairpins that
might arise at AT-rich regions and repetitive sequences.

Common Fragile Sites are often found at late-replicat-
ing AT-rich regions and depletion of MUS81 or XPF in
cells treated with low doses of aphidicolin, to induce
mild replication stress, leads to mitotic defects, DNA
damage, and increased gaps and breaks (Naim et al.
2013; Ying et al. 2013; Minocherhomji et al. 2015; Duda
et al. 2016). Given that MutSb binds tightly to loops
and hairpins, we suggest that MutSb-SMX complexes
are likely to play a coordinated role in the processing of
late replication intermediates that arise at CFSs
in mitosis.

Small heteroduplex loops are efficiently repaired by
MMR during DNA replication in reactions involving
MutSb and MutLa (Fishel 2015). However, the inter-
action of MutSb with SLX4 raises the possibility that
loop cleavage by SLX1-SLX4 may provide an alternative,
or backup, MMR pathway, especially since SLX4 local-
izes at active replication forks in human cells
(Dungrawala et al. 2015). Trinucleotide repeats also
form loops or hairpin structures, and the processing of
these branched structures is known to induce the
pathogenic expansion of repeat tracts. We therefore
speculate that MutSb-SLX4 complexes could provide an
alternative mechanism for trinucleotide repeat instabil-
ity. Trinucleotide repeat tracts exhibit instability both in
replicating and post-mitotic (G0) cell types (Gonitel
et al. 2008; Gomes-Pereira et al. 2014), as a result of
DNA transcription, repair and/or replication (Figure

Figure 7. Proposed model for the role of SLX4 in trinucleotide repeat instability. A. Mechanisms that drive trinucleotide repeat
instability through the cell cycle. B. Temporal regulation of SLX4-endonuclease complex formation. C. Hypothetical model for the
involvement of SLX4 in trinucleotide repeat instability. SLX4-endonuclease complexes are recruited to trinucleotide repeat loops/
hairpins by MutSb where they cleave without strand bias leading to expansions, contractions and DSBs.
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7(A)). In replicating cells, TNR instability may be medi-
ated by SLX1-SLX4 in G1, S and G2 phases, and by the
SMX complex in late G2/mitosis (Figure 7(B)). It has
been shown that MutSb stimulates (CAG)13 cleavage by
SLX1-SLX4 in the presence of ATP, but not ADP. This is
similar to that observed during canonical replication-
coupled MMR, in which a MutSa sliding clamp is
required for the recruitment and activation of MutLa
(Blackwell et al. 1998; Kadyrov et al. 2006). We therefore
suggest that SLX1-SLX4 or SMX complex, like MutLa,
may be regulated by ATP-bound MutSb. In vitro, SLX4
complexes cleave (CAG)13 DNAs on both strands to
generate a variety of different products including flaps
and DSBs (Young et al. 2020). This indiscriminate cleav-
age of (CAG)13 DNAs, indicates that MutSb-SLX4-com-
plexes may drive repeat instability by a mechanism
analogous to that of canonical TNR instability leading
to both expansions and contractions (Figure 7(C)).

In conclusion, we suggest that MutSb-SLX4- complexes
are likely to play fundamental roles in multiple aspects of
DNA metabolism. While it is becoming clear that MutSb
cooperates with SLX4 in the resolution of HR intermediates
and that the complex acts upon heteroduplex loop struc-
tures that arise during TNR instability, it is also possible
that MutSb-SMX complexes play a significantly broader
role in DNA replication, ICL repair and telomere homeosta-
sis. Indeed, our present knowledge may only be scratching
the surface of the importance of SLX4-MutSb interactions
in the maintenance of genomic stability.

Disclosure statement

The authors declare no conflicting interests.

Funding

We thank Neil Rzechorzek and Marie Sebald for comments
on the manuscript. Studies in the author’s laboratory are
supported by the Francis Crick Institute [FC10212], the
European Research Council [ERC-ADG-666400] and the Louis-
Jeantet Foundation. The Francis Crick Institute receives core
funding from Cancer Research UK, the Medical Research
Council, and the Wellcome Trust. As this research was
funded in part by the Wellcome Trust, for the purpose of
Open Access the authors have applied a CC BY public copy-
right licence to any Author Accepted Manuscript version aris-
ing from this submission.

ORCID

Stephen C. West http://orcid.org/0000-0001-8848-9418

References

Acharya S, Wilson T, Gradia S, Kane MF, Guerrette S,
Marsischky GT, Kolodner R, Fishel R. 1996. hMSH2 forms
specific mispair-binding complexes with hMSH3 and
hMSH6. Proc Natl Acad Sci USA. 93(24):13629–13634.

Alani E, Sokolsky T, Studamire B, Miret JJ, Lahue RS. 1997.
Genetic and biochemical analysis of Msh2p-Msh6p: role of
ATP hydrolysis and Msh2p-Msh6p subunit interactions in
mismatch base pair recognition. Mol Cell Biol. 17(5):
2436–2447.

Alani E. 1996. The Saccharomyces cerevisiae MSH2 and MSH6
proteins form a complex that specifically binds to duplex
oligonucleotides containing mismatched DNA base pairs.
Mol Cell Biol. 16(10):5604–5615.

Andersen SL, Bergstralh DT, Kohl KP, LaRocque JR, Moore CB,
Sekelsky J. 2009. Drosophila MUS312 and the vertebrate
ortholog BTBD12 interact with DNA structure-specific
endonucleases in DNA repair and recombination. Mol Cell.
35(1):128–135.

Axford MM, Wang YH, Nakamori M, Zannis-Hadjopoulos M,
Thornton CA, Pearson CE. 2013. Detection of slipped-DNAs
at the trinucleotide repeats of the myotonic dystrophy
type I disease locus in patient tissues. PLoS Genet. 9(12):
e1003866.

Bebenek A, Ziuzia-Graczyk I. 2018. Fidelity of DNA replica-
tion-a matter of proofreading. Curr Genet. 64(5):985–996.

Bhowmick R, Minocherhomji S, Hickson ID. 2016. RAD52 facil-
itates mitotic DNA synthesis following replication stress.
Mol Cell. 64(6):1117–1126.

Blackwell LJ, Bjornson KP, Modrich P. 1998. DNA-dependent
activation of the hMutSalpha ATPase. J Biol Chem.
273(48):32049–32054.

Boddy MN, Gaillard PHL, McDonald WH, Shanahan P, Yates
JR, Russell P. 2001. Mus81-Eme1 are essential components
of a Holliday junction resolvase. Cell. 107(4):537–548.

Bogliolo M, Schuster B, Stoepker C, Derkunt B, Su Y, Raams
A, Trujillo JP, Minguill�on J, Ramirez MJ, Pujol R, Casado JA,
et al. 2013. Mutations in ERCC4, encoding the DNA-repair
endonuclease XPF, cause Fanconi anemia. Am J Hum
Genet. 92(5):800–806.

Brachner A, Braun J, Ghodgaonkar M, Castor D, Zlopasa L,
Ehrlich V, Jiricny J, Gotzmann J, Knasmuller S, Foisner R.
2012. The endonuclease ANKLE1 requires its LEM and GIY-
YIG motifs for DNA cleavage in vivo. J Cell Sci. 125(Pt 4):
1048–1057.

Burdova K, Mihaljevic B, Sturzenegger A, Chappidi N, Janscak
P. 2015. The Mismatch-Binding Factor MutSb Can Mediate
ATR Activation in Response to DNA Double-Strand Breaks.
Mol Cell. 59(4):603–614.

Castor D, Nair N, D�eclais AC, Lachaud C, Toth R, Macartney
TJ, Lilley DMJ, Arthur JS, Rouse J. 2013. Cooperative con-
trol of Holliday junction resolution and DNA repair by the
SLX1 and MUS81-EME1 nucleases. Mol Cell. 52(2):221–233.

Cesare AJ, Griffith JD. 2004. Telomeric DNA in ALT cells is
characterized by free telomeric circles and heterogeneous
t-loops. Mol Cell Biol. 24(22):9948–9957.

Chan YW, Fugger K, West SC. 2018. Unresolved recombin-
ation intermediates lead to ultra-fine anaphase bridges,
chromosome breaks and aberrations. Nat Cell Biol. 20(1):
92–103.

CRITICAL REVIEWS IN BIOCHEMISTRY AND MOLECULAR BIOLOGY 171



Chen SH, Plank JL, Willcox S, Griffith JD, Hsieh T-S. 2014.
Top3a is required during the convergent migration step
of double Holliday junction dissolution. PLoS One. 9(1):
e83582.

Ciccia A, Constantinou A, West SC. 2003. Identification and
characterization of the human mus81-eme1 endonuclease.
J Biol Chem. 278(27):25172–25178.

Ciccia A, McDonald N, West SC. 2008. Structural and func-
tional relationships of the XPF/MUS81 family of proteins.
Annu Rev Biochem. 77:259–287.

Cleaver JE, Lam ET, Revet I. 2009. Disorders of nucleotide
excision repair: the genetic and molecular basis of hetero-
geneity. Nat Rev Genet. 10(11):756–768.

Collis SJ, Ciccia A, Deans AJ, Horejsi Z, Martin JS, Maslen SL,
Skehel JM, Elledge SJ, West SC, Boulton SJ. 2008. FANCM
and FAAP24 function in ATR-mediated checkpoint signal-
ing independently of the Fanconi anemia core complex.
Mol Cell. 32(3):313–324.

Constantin N, Dzantiev L, Kadyrov FA, Modrich P. 2005.
Human mismatch repair: reconstitution of a nick-directed
bidirectional reaction. J Biol Chem. 280(48):39752–39761.

Couch FB, Bansbach CE, Driscoll R, Luzwick JW, Glick GG,
Betous R, Carroll CM, Jung SY, Qin J, Cimprich KA, et al.
2013. ATR phosphorylates SMARCAL1 to prevent replica-
tion fork collapse. Genes Dev. 27(14):1610–1623.

Coulon S, Gaillard PHL, Chahwan C, McDonald WH, Yates JR,
Russell P. 2004. Slx1-Slx4 are subunits of a structure-spe-
cific endonuclease that maintains ribosomal DNA in fission
yeast. Mol Biol Cell. 15(1):71–80.

Crossan GP, van der Weyden L, Rosado IV, Langevin F,
Gaillard PHL, McIntyre RE, Project SMG, Gallagher F,
Kettunen MI, Lewis DY, et al. 2011. Disruption of mouse
Slx4, a regulator of structure-specific nucleases, phenocop-
ies Fanconi anemia. Nat Genet. 43(2):147–U99.

De Laat WL, Appeldoorn E, Jaspers NGJ, Hoeijmakers JHJ.
1998. DNA structural elements required for ERCC1-XPF
endonuclease activity. J Biol Chem. 273(14):7835–7842.

de Lange T. 2004. T-loops and the origin of telomeres. Nat
Rev Mol Cell Biol. 5(4):323–329.

Dendouga N, Gao H, Moechars D, Janicot M, Vialard J,
McGowan CH. 2005. Disruption of murine Mus81 increases
genomic instability and DNA damage sensitivity but does
not promote tumorigenesis. Mol Cell Biol. 25(17):
7569–7579.

Doksani Y, Wu JY, de Lange T, Zhuang X. 2013. Super-reso-
lution fluorescence imaging of telomeres reveals TRF2-
dependent T-loop formation. Cell. 155(2):345–356.

Dragileva E, Hendricks A, Teed A, Gillis T, Lopez ET, Friedberg
EC, Kucherlapati R, Edelmann W, Lunetta KL, MacDonald
ME, et al. 2009. Intergenerational and striatal CAG repeat
instability in Huntington’s disease knock-in mice involve
different DNA repair genes. Neurobiol Dis. 33(1):37–47.

Drost M, Lutzen A, van Hees S, Ferreira D, Calleja F,
Zonneveld JB, Nielsen FC, Rasmussen LJ, de Wind N. 2013.
Genetic screens to identify pathogenic gene variants in
the common cancer predisposition Lynch syndrome. Proc
Natl Acad Sci USA. 110(23):9403–9408.

Drummond JT, Li G-M, Longley MJ, Modrich P. 1995.
Isolation of an hMSH2-p160 heterodimer that restores
DNA mismatch repair to tumor cells . Science. 268(5219):
1909–1912.

Du J, Campau E, Soragni E, Jespersen C, Gottesfeld JM. 2013.
Length-dependent CTG�CAG triplet-repeat expansion in
myotonic dystrophy patient-derived induced pluripotent
stem cells. Hum Mol Genet. 22(25):5276–5287.

Duckett DR, Drummond JT, Murchie AI, Reardon JT, Sancar A,
Lilley DM, Modrich P. 1996. Human MutSalpha recognizes
damaged DNA base pairs containing O6-methylguanine,
O4-methylthymine, or the cisplatin-d(GpG) adduct. Proc
Natl Acad Sci U S A. 93(13):6443–6447.

Duckett DR, Murchie AIH, Diekmann S, Von Kitzing E, Kemper
B, Lilley DMJ. 1988. The structure of the Holliday junction
and its resolution. Cell. 55(1):79–89.

Duda H, Arter M, Gloggnitzer J, Teloni F, Wild P, Blanco MG,
Altmeyer M, Matos J. 2016. A mechanism for controlled
breakage of under-replicated chromosomes during
mitosis. Dev Cell. 39(6):740–755.

Dufner P, Marra G, Raschle M, Jiricny J. 2000. Mismatch rec-
ognition and DNA-dependent stimulation of the ATPase
activity of hMutSalpha is abolished by a single mutation
in the hMSH6 subunit. J Biol Chem. 275(47):36550–36555.

Dungrawala H, Rose KL, Bhat KP, Mohni KN, Glick GG, Couch
FB, Cortez D. 2015. The replication checkpoint prevents
two types of fork collapse without regulating replisome
stability. Mol Cell. 59(6):998–1010.

Dunin-Horkawicz S, Feder M, Bujnicki JM. 2006.
Phylogenomic analysis of the GIY-YIG nuclease superfam-
ily. BMC Genomics. 7:98.

Erie DA, Weninger KR. 2014. Single molecule studies of DNA
mismatch repair. DNA Repair (Amst). 20:71–81.

Faridounnia M, Folkers GE, Boelens R. 2018. Function and
interactions of ERCC1-XPF in DNA damage response.
Molecules. 23(12):3205.

Fekairi S, Scaglione S, Chahwan C, Taylor ER, Tissier A,
Coulon S, Dong MQ, Ruse C, Yates JR, Russell P, et al.
2009. Human SLX4 is a Holliday junction resolvase subunit
that binds multiple DNA repair/recombination endonu-
cleases. Cell. 138(1):78–89.

Fishel R, Lescoe MK, Rao MRS, Copeland NG, Jenkins NA,
Garber J, Kane M, Kolodner R. 1993. The human mutator
gene homolog MSH2 and its association with hereditary
nonpolyposis colon-cancer. Cell. 75(5):1027–1038.

Fishel R. 2015. Mismatch repair. J Biol Chem. 290(44):
26395–26403.

Fordham SE, Blair HJ, Elstob CJ, Plummer R, Drew Y, Curtin
NJ, Heidenreich O, Pal D, Jamieson D, Park C, et al. 2018.
Inhibition of ATR acutely sensitizes acute myeloid leuke-
mia cells to nucleoside analogs that target ribonucleotide
reductase. Blood Adv. 2(10):1157–1169.

Franchitto A, Pichierri P, Piergentili R, Crescenzi M, Bignami
M, Palitti F. 2003. The mammalian mismatch repair protein
MSH2 is required for correct MRE11 and RAD51 relocaliza-
tion and for efficient cell cycle arrest induced by ionizing
radiation in G2 phase. Oncogene. 22(14):2110–2120.

Fricke WM, Bastin-Shanower SA, Brill SJ. 2005. Substrate spe-
cificity of the Saccharomyces cerevisiae Mus81-Mms4 endo-
nuclease. DNA Repair (Amst). 4(2):243–251.

Fricke WM, Brill SJ. 2003. Slx1-Slx4 is a second structure-spe-
cific endonuclease functionally redundant with Sgs1-Top3.
Genes Dev. 17(14):1768–1778.

Fu YV, Yardimci H, Long DT, Ho TV, Guainazzi A, Bermudez
VP, Hurwitz J, van Oijen A, Sch€arer OD, Walter JC. 2011.

172 S. J. YOUNG AND S. C. WEST



Selective bypass of a lagging strand roadblock by the
eukaryotic replicative DNA helicase. Cell. 146(6):931–941.

Fugger K, Chu WK, Haahr P, Kousholt AN, Beck H, Payne MJ,
Hanada K, Hickson ID, Sorensen CS. 2013. FBH1 co-oper-
ates with MUS81 in inducing DNA double-strand breaks
and cell death following replication stress. Nat Commun.
4:1423.

Gacy AM, Goellner G, Juranic N, Macura S, McMurray CT.
1995. Trinucleotide repeats that expand in human disease
form hairpin structures in vitro. Cell. 81(4):533–540.

Garaycoechea JI, Crossan GP, Langevin F, Mulderrig L,
Louzada S, Yang F, Guilbaud G, Park N, Roerink S, Nik-
Zainal S, Stratton MR, et al. 2018. Alcohol and endogenous
aldehydes damage chromosomes and mutate stem cells.
Nature. 553(7687):171–177.

Garner E, Kim Y, Lach FP, Kottemann MC, Smogorzewska A.
2013. Human GEN1 and the SLX4-associated nucleases
MUS81 and SLX1 are essential for the resolution of replica-
tion-induced Holliday junctions. Cell Rep. 5(1):207–215.

Gaur V, Wyatt HDM, Komorowska W, Szczepanowski RH, de
Sanctis D, Gorecka KM, West SC, Nowotny M. 2015.
Structural and mechanistic analysis of the SLX1-SLX4
endonuclease. Cell Rep. 10(9):1467–1476.

Gaur V, Ziajko W, Nirwal S, Szlachcic A, Gapi�nska M, Nowotny
M. 2019. Recognition and processing of branched DNA
substrates by SLX1-SLX4 nuclease. Nucleic Acids Res.
47(22):11681–11690.

Genschel J, Littman SJ, Drummond JT, Modrich P. 1998.
Isolation of MutSbeta from human cells and comparison
of the mismatch repair specificities of MutSbeta and
MutSalpha. J Biol Chem. 273(31):19895–19901.

Genschel J, Modrich P. 2003. Mechanism of 5’-directed exci-
sion in human mismatch repair. Mol Cell. 12(5):1077–1086.

Glover TW, Wilson TE, Arlt MF. 2017. Fragile sites in cancer:
more than meets the eye. Nat Rev Cancer. 17(8):489–501.

Gomes-Pereira M, Hilley JD, Morales F, Adam B, James HE,
Monckton DG. 2014. Disease-associated CAG�CTG triplet
repeats expand rapidly in non-dividing mouse cells, but
cell cycle arrest is insufficient to drive expansion . Nucleic
Acids Res. 42(11):7047–7756.

Gonitel R, Moffitt H, Sathasivam K, Woodman B, Detloff PJ,
Faull RL, Bates GP. 2008. DNA instability in postmitotic
neurons. Proc Natl Acad Sci USA. 105(9):3467–3472.

Gonzalez-Prieto R, Cuijpers SA, Luijsterburg MS, van Attikum
H, Vertegaal AC. 2015. SUMOylation and PARylation
cooperate to recruit and stabilize SLX4 at DNA damage
sites. EMBO Rep. 16(4):512–519.

Gradia S, Acharya S, Fishel R. 1997. The human mismatch
recognition complex hMSH2-hMSH6 functions as a novel
molecular switch. Cell. 91(7):995–1005.

Gradia S, Subramanian D, Wilson T, Acharya S, Makhov A,
Griffith J, Fishel R. 1999. hMSH2-hMSH6 forms a hydroly-
sis-independent sliding clamp on mismatched DNA. Mol
Cell. 3(2):255–261.

Graham WJt, Putnam CD, Kolodner RD. 2018. The properties
of Msh2-Msh6 ATP binding mutants suggest a signal amp-
lification mechanism in DNA mismatch repair. J Biol Chem.
293(47):18055–18070.

Gu L, Hong Y, McCulloch S, Watanabe H, Li GM. 1998. ATP-
dependent interaction of human mismatch repair proteins
and dual role of PCNA in mismatch repair. Nucleic Acids
Res. 26(5):1173–1178.

Guervilly JH, Gaillard PH. 2018. SLX4: multitasking to main-
tain genome stability. Crit Rev Biochem Mol Biol. 53(5):
475–514.

Guervilly JH, Takedachi A, Naim V, Scaglione S, Chawhan C,
Lovera Y, Despras E, Kuraoka I, Kannouche P, Rosselli F,
et al. 2015. The SLX4 complex is a SUMO E3 ligase that
impacts on replication stress outcome and genome stabil-
ity. Mol Cell. 57(1):123–137.

Gupta S, Gellert M, Yang W. 2011. Mechanism of mismatch
recognition revealed by human MutSb bound to unpaired
DNA loops. Nat Struct Mol Biol. 19(1):72–78.

Hanada K, Budzowska M, Modesti M, Maas A, Wyman C,
Essers J, Kanaar R. 2006. The structure-specific endonucle-
ase MUS81-EME1 promotes conversion of interstrand DNA
crosslinks into double-strands breaks. Embo J. 25(20):
4921–4932.

Harley CB, Futcher AB, Greider CW. 1990. Telomeres shorten
during ageing of human fibroblasts. Nature. 345(6274):
458–460.

Hashimoto S, Anai H, Hanada K. 2016. Mechanisms of inter-
strand DNA crosslink repair and human disorders. Genes
Environ. 38:9.

Hayward BE, Steinbach PJ, Usdin K. 2020. A point mutation
in the nuclease domain of MLH3 eliminates repeat expan-
sions in a mouse stem cell model of the Fragile X-related
disorders. Nucleic Acids Res. 48(14):7856–7863.

Hiyama T, Katsura M, Yoshihara T, Ishida M, Kinomura A,
Tonda T, Asahara T, Miyagawa K. 2006. Haploinsufficiency
of the MUS81-EME1 endonuclease activates the intra-S-
phase and G2/M checkpoints and promotes rereplication
in human cells. Nucleic Acids Res. 34(3):880–892.

Hodskinson MR, Bolner A, Sato K, Kamimae-Lanning AN,
Rooijers K, Witte M, Mahesh M, Silhan J, Petek M, Williams
DM, et al. 2020. Alcohol-derived DNA crosslinks are
repaired by two distinct mechanisms. Nature. 579(7800):
603–608.

Hodskinson MRG, Silhan J, Crossan GP, Garaycoechea JI,
Mukherjee S, Johnson CM, Scharer OD, Patel KJ. 2014.
Mouse SLX4 is a tumor suppressor that stimulates the
activity of the nuclease XPF-ERCC1 in DNA crosslink repair.
Mol Cell. 54(3):472–484.

Holliday R. 1964. A mechanism for gene conversion in fungi.
Genet Res. 5(2):282–304.

Holloway JK, Mohan S, Balmus G, Sun X, Modzelewski A,
Borst PL, Freire R, Weiss RS, Cohen PE. 2011. Mammalian
BTBD12 (SLX4) protects against genomic instability during
mammalian spermatogenesis. PLoS Genet. 7(6):e1002094.

Hong Y, Velkova M, Silva N, Jagut M, Scheidt V, Labib K,
Jantsch V, Gartner A. 2018. The conserved LEM-3/Ankle1
nuclease is involved in the combinatorial regulation of
meiotic recombination repair and chromosome segrega-
tion in Caenorhabditis elegans. PLoS Genet. 14(6):
e1007453.

Hong Z, Jiang J, Hashiguchi K, Hoshi M, Lan L, Yasui A. 2008.
Recruitment of mismatch repair proteins to the site of
DNA damage in human cells. J Cell Sci. 121(Pt 19):
3146–3154.

Hoogenboom WS, Boonen RACM, Knipscheer P. 2019. The
role of SLX4 and its associated nucleases in DNA inter-
strand crosslink repair. Nucleic Acids Res. 47(5):2377–2388.

Iaccarino I, Marra G, Dufner P, Jiricny J. 2000. Mutation in the
magnesium binding site of hMSH6 disables the

CRITICAL REVIEWS IN BIOCHEMISTRY AND MOLECULAR BIOLOGY 173



hMutSalpha sliding clamp from translocating along DNA. J
Biol Chem. 275(3):2080–2086.

Ip SCY, Rass U, Blanco MG, Flynn HR, Skehel JM, West SC.
2008. Identification of Holliday junction resolvases from
humans and yeast. Nature. 456(7220):357–361.

Iyer RR, Pluciennik A, Napierala M, Wells RD. 2015. DNA trip-
let repeat expansion and mismatch repair. Annu Rev
Biochem. 84:199–226.

Jones M, Beuron F, Borg A, Nans A, Earl CP, Briggs DC,
Snijders AP, Bowles M, Morris EP, Linch M, et al. 2020.
Cryo-EM structures of the XPF-ERCC1 endonuclease reveal
how DNA-junction engagement disrupts an auto-inhibited
conformation. Nat Commun. 11(1):1120.

Kadyrov FA, Dzantiev L, Constantin N, Modrich P. 2006.
Endonucleolytic function of MutLalpha in human mis-
match repair. Cell. 126(2):297–308.

Kadyrova LY, Gujar V, Burdett V, Modrich PL, Kadyrov FA.
2020. Human MutLc, the MLH1-MLH3 heterodimer, is an
endonuclease that promotes DNA expansion. Proc Natl
Acad Sci USA. 117(7):3535–3542.

Keogh N, Chan KY, Li GM, Lahue RS. 2017. MutSb abundance
and MSH3 ATP hydrolysis activity are important drivers of
CTG�CAG repeat expansions. Nucleic Acids Res. 45(17):
10068–10078.

Kim JC, Harris ST, Dinter T, Shah KA, Mirkin SM. 2017. The
role of break-induced replication in large-scale expansions
of (CAG)n/(CTG)n repeats. Nat Struct Mol Biol. 24(1):55–60.

Kim JM, Kee Y, Gurtan AM, D’Andrea AD. 2008. Cell cycle-
dependent chromatin loading of the Fanconi anemia core
complex by FANCM/FAAP24. Blood. 111(10):5215–5222.

Kim NW, Piatyszek MA, Prowse KR, Harley CB, West MD, Ho
PL, Coviello GM, Wright WE, Weinrich SL, Shay JW. 1994.
Specific association of human telomerase activity with
immortal cells and cancer. Science. 266(5193):2011–2015.

Kim Y, Lach FP, Desetty R, Hanenberg H, Auerbach AD,
Smogorzewska A. 2011. Mutations of the SLX4 gene in
Fanconi anemia. Nat Genet. 43(2):142–146.

Kim Y, Spitz GS, Veturi U, Lach FP, Auerbach AD,
Smogorzewska A. 2013. Regulation of multiple DNA repair
pathways by the Fanconi anemia protein SLX4. Blood.
121(1):54–63.

Klein Douwel D, Boonen RACM, Long DT, Szypowska AA,
R€aschle M, Walter JC, Knipscheer P. 2014. XPF-ERCC1 acts
in unhooking DNA interstrand crosslinks in cooperation
with FANCD2 and FANCP/SLX4. Mol Cell. 54(3):460–471.

Klein Douwel D, Hoogenboom WS, Boonen RA, Knipscheer P.
2017. Recruitment and positioning determine the specific
role of the XPF-ERCC1 endonuclease in interstrand cross-
link repair. Embo J. 36(14):2034–2046.

Knipscheer P, Raschle M, Smogorzewska A, Enoiu M, Ho TV,
Scharer OD, Elledge SJ, Walter JC. 2009. The Fanconi
anemia pathway promotes replication-dependent DNA
interstrand cross-link repair. Science. 326(5960):1698–1701.

Kumar C, Williams GM, Havens B, Dinicola MK, Surtees JA.
2013. Distinct requirements within the MSH3 nucleotide
binding pocket for mismatch and double-strand break
repair. J Mol Biol. 425(11):1881–1898.

Lachaud C, Castor D, Hain K, Munoz IM, Wilson I, MacArtney
TJ, Schindler D, Rouse J. 2014. Distinct functional roles for
the two SLX4 ubiquitin-binding UBZ domains mutated in
Fanconi anemia. J Cell Sci. 127(Pt 13):2811–2817.

Lai X, Broderick R, Bergoglio V, Zimmer J, Badie S,
Niedzwiedz W, Hoffmann JS, Tarsounas M. 2017. MUS81
nuclease activity is essential for replication stress tolerance
and chromosome segregation in BRCA2-deficient cells. Nat
Commun. 8:15983

Lan L, Hayashi T, Rabeya RM, Nakajima S, Kanno S, Takao M,
Matsunaga T, Yoshino M, Ichikawa M, Riele H, et al. 2004.
Functional and physical interactions between ERCC1 and
MSH2 complexes for resistance to cis-
diamminedichloroplatinum(II) in mammalian cells. DNA
Repair (Amst)). 3(2):135–143.

Le Tallec B, Millot GA, Blin ME, Brison O, Dutrillaux B,
Debatisse M. 2013. Common fragile site profiling in epi-
thelial and erythroid cells reveals that most recurrent can-
cer deletions lie in fragile sites hosting large genes. Cell
Rep. 4(3):420–428.

Leach FS, Nicolaides NC, Papadopoulos N, Liu B, Jen J,
Parsons R, Peltomaki P, Sistonen P, Aaltonen LA,
Nystromlahti M, et al. 1993. Mutations of a mutS homolog
in hereditary nonpolyposis colorectal cancer. Cell. 75(6):
1215–1225.

Levinson G, Gutman GA. 1987. Slipped-strand mispairing: a
major mechanism for DNA sequence evolution. Mol Biol
Evol. 4:203–221.

Lim CJ, Zaug AJ, Kim HJ, Cech TR. 2017. Reconstitution of
human shelterin complexes reveals unexpected stoichiom-
etry and dual pathways to enhance telomerase processiv-
ity. Nat Commun. 8(1):1075.

Lutzen A, de Wind N, Georgijevic D, Nielsen FC, Rasmussen
LJ. 2008. Functional analysis of HNPCC-related missense
mutations in MSH2. Mutat Res. 645(1–2):44–55.

Lynch HT, Shaw MW, Magnuson CW, Larsen AL, Krush AJ.
1966. Hereditary factors in cancer. Study of two large mid-
western kindreds. Arch Intern Med. 117(2):206–212.

Mahadevan M, Tsilfidis C, Sabourin L, Shutler G, Amemiya C,
Jansen G, Neville C, Narang M, Barcelo J, O’Hoy K. 1992.
Myotonic dystrophy mutation: an unstable CTG repeat in
the 3’ untranslated region of the gene. Science. 255(5049):
1253–1255.

Manley K, Shirley TL, Flaherty L, Messer A. 1999. MSH2 defi-
ciency prevents in vivo somatic instability of the CAG
repeat in Huntington disease transgenic mice. Nat Genet.
23(4):471–473.

Marsischky GT, Lee S, Griffith J, Kolodner RD. 1999.
’Saccharomyces cerevisiae MSH2/6 complex interacts with
Holliday junctions and facilitates their cleavage by phage
resolution enzymes. J Biol Chem. 274(11):7200–7206.

Martinez AR, Kaul Z, Parvin JD, Groden J. 2017. Differential
requirements for DNA repair proteins in immortalized cell
lines using alternative lengthening of telomere mecha-
nisms. Genes Chromosomes Cancer. 56(8):617–631.

Matos DA, Zhang JM, Ouyang J, Nguyen HD, Genois MM,
Zou L. 2020. ATR protects the genome against R Loops
through a MUS81-triggered feedback loop. Mol Cell. 77(3):
514–527.

McDonald ME, Ambrose CM, Duyao MP, Myers RH, Lin C,
Srinidhi L, Barnes G, Taylor SA, James M, Groot N, et al.
1993. A novel gene containing a trinucleotide repeat that
is expanded and unstable on Huntington’s disease chro-
mosomes. Cell. 72:971–983.

McPherson JP, Lemmers B, Chahwan R, Pamidi A, Migon E,
Matysiak-Zablocki E, Moynahan ME, Essers J, Hanada K,

174 S. J. YOUNG AND S. C. WEST



Poonepalli A, et al. 2004. Involvement of mammalian
Mus81 in genome integrity and tumor suppression.
Science. 304(5678):1822–1826.

Minocherhomji S, Ying S, Bjerregaard VA, Bursomanno S,
Aleliunaite A, Wu W, Mankouri HW, Shen H, Liu Y, Hickson
ID. 2015. Replication stress activates DNA repair synthesis
in mitosis. Nature. 528(7581):286–290.

Motycka TA, Bessho T, Post SM, Sung P, Tomkinson AE. 2004.
Physical and functional interaction between the XPF/
ERCC1 endonuclease and hRad52. J Biol Chem. 279(14):
13634–13639.

Mukherjee S, Feig M. 2009. Conformational change in MSH2-
MSH6 upon binding DNA coupled to ATPase activity.
Biophys J. 96(11):L63–65.

Mullen JR, Kaliraman V, Ibrahim SS, Brill SJ. 2001.
Requirement for three novel protein complexes in the
absence of the Sgs1 DNA helicase in Saccharomyces cerevi-
siae. Genetics. 157(1):103–118.

Munoz IM, Hain K, Declais AC, Gardiner M, Toh GW, Sanchez-
Pulido L, Heuckmann JM, Toth R, Macartney T, Eppink B,
et al. 2009. Coordination of structure-specific nucleases by
human SLX4/BTBD12 is required for DNA repair. Mol Cell.
35(1):116–127.

Naim V, Wilhelm T, Debatisse M, Rosselli F. 2013. ERCC1 and
MUS81-EME1 promote sister chromatid separation by
processing late replication intermediates at common fra-
gile sites during mitosis. Nat Cell Biol. 15(8):1008–1015.

Napierala M, Parniewski P, Pluciennik A, Wells RD. 2002. Long
CTG.CAG repeat sequences markedly stimulate intramo-
lecular recombination. J Biol Chem. 277(37):34087–34100.

Niraj J, Farkkila A, D’Andrea AD. 2019. The Fanconi anemia
pathway in cancer. Annu Rev Cancer Biol. 3:457–478.

Ouyang J, Garner E, Hallet A, Nguyen HD, Rickman KA, Gill G,
Smogorzewska A, Zou L. 2015. Noncovalent interactions
with SUMO and ubiquitin orchestrate distinct functions of
the SLX4 complex in genome maintenance. Mol Cell.
57(1):108–122.

Owen BAL, H Lang W, McMurray CT. 2009. The nucleotide
binding dynamics of human MSH2-MSH3 are lesion
dependent. Nat Struct Mol Biol. 16(5):550–557.

Owen BAL, Yang Z, Lai M, Gajec M, Gajek M, Badger JD,
Hayes JJ, Edelmann W, Kucherlapati R, Wilson TM, et al.
2005. (CAG)(n)-hairpin DNA binds to MSH2-MSH3 and
changes properties of mismatch recognition. Nat Struct
Mol Biol. 12(8):663–670.,

Ozer O, Hickson ID. 2018. Pathways for maintenance of telo-
meres and common fragile sites during DNA replication
stress. Open Biol. 8:180118.

Palm W, de Lange T. 2008. How Shelterin protects mamma-
lian telomeres. Annu Rev Genet. 42:301–334.

Panier S, Maric M, Hewitt G, Mason-Osann E, Gali H, Dai A,
Labadorf A, Guervilly JH, Ruis P, Segura-Bayona S, et al.
2019. SLX4IP antagonizes promiscuous BLM activity during
ALT maintenance. Mol Cell. 76(1):27–43.

Paques F, Haber JE. 1997. Two pathways for removal of non-
homologous DNA ends during double-strand break repair
in Saccharomyces cerevisiae. Mol Cell Biol. 17(11):
6765–6771.

Park JM, Huang S, Tougeron D, Sinicrope FA. 2013. MSH3
mismatch repair protein regulates sensitivity to cytotoxic
drugs and a histone deacetylase inhibitor in human colon
carcinoma cells. PLoS One. 8(5):e65369.

Plotz G, Welsch C, Giron-Monzon L, Friedhoff P, Albrecht M,
Piiper A, Biondi RM, Lengauer T, Zeuzem S, Raedle J. 2006.
Mutations in the MutSalpha interaction interface of MLH1
can abolish DNA mismatch repair. Nucleic Acids Res.
34(22):6574–6586.

Pluciennik A, Burdett V, Baitinger C, Iyer RR, Shi K, Modrich P.
2013. Extrahelical (CAG)/(CTG) triplet repeat elements sup-
port proliferating cell nuclear antigen loading and MutLa
endonuclease activation. Proc Natl Acad Sci USA. 110(30):
12277–12282.

Pluciennik A, Dzantiev L, Iyer RR, Constantin N, Kadyrov FA,
Modrich P. 2010. PCNA function in the activation and
strand direction of MutLa endonuclease in mismatch
repair. Proc Natl Acad Sci USA. 107(37):16066–16071.

Pulst SM, Nechiporuk A, Nechiporuk T, Gispert S, Chen XN,
Lopes-Cendes I, Pearlman S, Starkman S, Orozco-Diaz G,
Lunkes A, et al. 1996. Moderate expansion of a normally
biallelic trinucleotide repeat in spinocerebellar ataxia type
2. Nat Genet. 14(3):269–276.

Qiu Z, Oleinick NL, Zhang J. 2018. ATR/CHK1 inhibitors and
cancer therapy. Radiother Oncol. 126(3):450–464.

Quinet A, Lemacon D, Vindigni A. 2017. Replication fork
reversal: players and guardians. Mol Cell. 68(5):830–833.

R€aschle M, Knipscheer P, Knipsheer P, Enoiu M, Angelov T,
Sun J, Griffith JD, Ellenberger TE, Sch€arer OD, Walter JC.
2008. Mechanism of replication-coupled DNA interstrand
crosslink repair. Cell. 134(6):969–980.

Robinson NJ, Morrison-Smith CD, Gooding AJ, Schiemann BJ,
Jackson MW, Taylor DJ, Schiemann WP. 2020. SLX4IP and
telomere dynamics dictate breast cancer metastasis and
therapeutic responsiveness. Life Sci Alliance. 3(4):
e201900427.

Rycenga HB, Long DT. 2018. The evolving role of DNA inter-
strand crosslinks in chemotherapy. Curr Opin Pharmacol.
41:20–26.

Saito TT, Youds JL, Boulton SJ, Colaiacovo MP. 2009.
Caenorhabditis elegans HIM-18/SLX-4 interacts with SLX-1
and XPF-1 and maintains genomic integrity in the germ-
line by processing recombination intermediates. PLoS
Genet. 5(11):e1000735.

Santoro M, Masciullo M, Silvestri G, Novelli G, Botta A. 2017.
Myotonic dystrophy type 1: role of CCG, CTC and CGG
interruptions within DMPK alleles in the pathogenesis and
molecular diagnosis. Clin Genet. 92(4):355–364.

Sarbajna S, Davies D, West SC. 2014. Roles of SLX1-SLX4,
MUS81-EME1, and GEN1 in avoiding genome instability
and mitotic catastrophe. Genes Dev. 28(10):1124–1136.

Sarkar J, Wan B, Yin J, Vallabhaneni H, Horvath K, Kulikowicz
T, Bohr VA, Zhang Y, Lei M, Liu Y. 2015. SLX4 contributes
to telomere preservation and regulated processing of telo-
meric joint molecule intermediates. Nucleic Acids Res.
43(12):5912–5923.

Savouret C, Brisson E, Essers J, Kanaar R, Pastink A, Te Riele
H, Junien C, Gourdon G. 2003. CTG repeat instability and
size variation timing in DNA repair-deficient mice. Embo J.
22(9):2264–2273.

Sawant A, Kothandapani A, Zhitkovich A, Sobol RW, Patrick
SM. 2015. Role of mismatch repair proteins in the process-
ing of cisplatin interstrand cross-links. DNA Repair (Amst).
35:126–136.

CRITICAL REVIEWS IN BIOCHEMISTRY AND MOLECULAR BIOLOGY 175



Schmutz I, Timashev L, Xie W, Patel DJ, de Lange T. 2017.
TRF2 binds branched DNA to safeguard telomere integrity.
Nat Struct Mol Biol. 24(9):734–742.

Schwartz EK, Wright WD, Ehmsen KT, Evans JE, Stahlberg H,
Heyer WD. 2012. Mus81-Mms4 functions as a single heter-
odimer to cleave nicked intermediates in recombinational
DNA repair. Mol Cell Biol. 32(15):3065–3080.

Semlow DR, Zhang J, Budzowska M, Drohat AC, Walter JC.
2016. Replication-dependent unhooking of DNA inter-
strand cross-links by the NEIL3 glycosylase. Cell. 167(2):
498–511.

Seriola A, Spits C, Simard JP, Hilven P, Haentjens P, Pearson
CE, Sermon K. 2011. Huntington’s and myotonic dystrophy
hESCs: down-regulated trinucleotide repeat instability and
mismatch repair machinery expression upon differenti-
ation. Hum Mol Genet. 20(1):176–185.

Shakeel S, Rajendra E, Alcon P, O’Reilly F, Chorev DS, Maslen
S, Degliesposti G, Russo CJ, He S, Hill CH, et al. 2019.
Structure of the Fanconi anaemia monoubiquitin ligase
complex. Nature. 575(7781):234–237.

Shay JW, Wright WE. 2019. Telomeres and telomerase: three
decades of progress. Nat Rev Genet. 20(5):299–309.

Shell SS, Putnam CD, Kolodner RD. 2007. Chimeric
Saccharomyces cerevisiae Msh6 protein with an Msh3 mis-
pair-binding domain combines properties of both pro-
teins. Proc Natl Acad Sci USA. 104(26):10956–10961.

Smogorzewska A, Matsuoka S, Vinciguerra P, McDonald ER,
Hurov KE, Luo J, Ballif BA, Gygi SP, Hofmann K, D’Andrea
AD, et al. 2007. Identification of the FANCI protein, a
monoubiquitinated FANCD2 paralog required for DNA
repair. Cell. 129(2):289–301.

Sobinoff AP, Allen JA, Neumann AA, Yang SF, Walsh ME,
Henson JD, Reddel RR, Pickett HA. 2017. BLM and SLX4
play opposing roles in recombination-dependent replica-
tion at human telomeres. Embo J. 36(19):2907–2919.

Stoepker C, Hain K, Schuster B, Hilhorst-Hofstee Y, Rooimans
MA, Steltenpool J, Oostra AB, Eirich K, Korthof ET,
Nieuwint AWM, et al. 2011. SLX4, a coordinator of struc-
ture-specific endonucleases, is mutated in a new Fanconi
anemia subtype. Nat Genet. 43(2):138–141.

Surtees JA, Alani E. 2006. Mismatch repair factor MSH2-MSH3
binds and alters the conformation of branched DNA struc-
tures predicted to form during genetic recombination. J
Mol Biol. 360(3):523–536.

Svendsen JM, Smogorzewska A, Sowa ME, O’Connell BC, Gygi
SP, Elledge SJ, Harper JW. 2009. Mammalian BTBD12/SLX4
assembles a Holliday junction resolvase and is required for
DNA repair. Cell. 138(1):63–77.

Takahashi M, Koi M, Balaguer F, Boland CR, Goel A. 2011.
MSH3 mediates sensitization of colorectal cancer cells to
cisplatin, oxaliplatin, and a poly(ADP-ribose) polymerase
inhibitor. J Biol Chem. 286(14):12157–12165.

Tan W, van Twest S, Leis A, Bythell-Douglas R, Murphy VJ,
Sharp M, Parker MW, Crismani W, Deans AJ. 2020.
Monoubiquitination by the human Fanconi anemia core
complex clamps FANCI:FANCD2 on DNA in filamentous
arrays. eLife. 9:e54128.

Tian L, Hou C, Tian KL, Holcomb NC, Gu L, Li GM. 2009.
Mismatch recognition protein MutSbeta does not hijack
(CAG)n hairpin repair in vitro . J Biol Chem. 284(31):
20452–20456.

Tripsianes K, Folkers G, Ab E, Das D, Odijk H, Jaspers NG,
Hoeijmakers JH, Kaptein R, Boelens R. 2005. The structure
of the human ERCC1/XPF interaction domains reveals a
complementary role for the two proteins in nucleotide
excision repair. Structure. 13(12):1849–1858.

Van Dyck E, Stasiak AZ, Stasiak A, West SC. 2001.
Visualization of recombination intermediates produced by
RAD52-mediated single-strand annealing. EMBO Rep.
2(10):905–909.

van Oers JM, Edwards Y, Chahwan R, Zhang W, Smith C,
Pechuan X, Schaetzlein S, Jin B, Wang Y, Bergman A, et al.
2014. The MutSb complex is a modulator of p53-driven
tumorigenesis through its functions in both DNA double-
strand break repair and mismatch repair. Oncogene.
33(30):3939–3946.

Verkerk AJ, Pieretti M, Sutcliffe JS, Fu YH, Kuhl DP, Pizzuti A,
Reiner O, Richards S, Victoria MF, Zhang FP. 1991.
Identification of a gene (FMR-1) containing a CGG repeat
coincident with a breakpoint cluster region exhibiting
length variation in fragile X syndrome. Cell. 65(5):905–914.

Wan B, Yin J, Horvath K, Sarkar J, Chen Y, Wu JW, Wan K, Lu
J, Gu P, Yu EY, et al. 2013. SLX4 assembles a telomere
maintenance toolkit by bridging multiple endonucleases
with telomeres. Cell Rep. 4(5):861–869.

Wang LH, Wu CF, Rajasekaran N, Shin YK. 2018. Loss of
tumor suppressor gene function in human cancer: an
overview. Cell Physiol Biochem. 51(6):2647–2693.

Wang RC, Smogorzewska A, de Lange T. 2004. Homologous
recombination generates T-loop-sized deletions at human
telomeres. Cell. 119(3):355–368.

Warren JJ, Pohlhaus TJ, Changela A, Iyer RR, Modrich PL,
Beese LS. 2007. Structure of the human MutSalpha DNA
lesion recognition complex. Mol Cell. 26(4):579–592.

Wechsler T, Newman S, West SC. 2011. Aberrant chromo-
some morphology in human cells defective for Holliday
junction resolution. Nature. 471(7340):642–646.

Williams SA, Wilson JB, Clark AP, Mitson-Salazar A,
Tomashevski A, Ananth S, Glazer PM, Semmes OJ, Bale AE,
Jones NJ, Kupfer GM. 2011. Functional and physical inter-
action between the mismatch repair and FA-BRCA path-
ways. Hum Mol Genet. 20(22):4395–4410.

Wilson JS, Tejera AM, Castor D, Toth R, Blasco MA, Rouse J.
2013. Localization-dependent and -independent roles of
SLX4 in regulating telomeres. Cell Rep. 4(5):853–860.

Wilson T, Guerrette S, Fishel R. 1999. Dissociation of mis-
match recognition and ATPase activity by hMSH2-hMSH3.
J Biol Chem. 274(31):21659–21664.

Wu L, Hickson ID. 2003. The Bloom’s syndrome helicase sup-
presses crossing over during homologous recombination.
Nature. 426(6968):870–874.

Wu Q, Christensen LA, Legerski RJ, Vasquez KM. 2005.
Mismatch repair participates in error-free processing of
DNA interstrand crosslinks in human cells. EMBO Rep. 6(6):
551–557.

Wu RA, Semlow DR, Kamimae-Lanning AN, Kochenova OV,
Chistol G, Hodskinson MR, Amunugama R, Sparks JL,
Wang M, Deng L, Mimoso CA, et al. 2019. TRAIP is a mas-
ter regulator of DNA interstrand crosslink repair. Nature.
567(7747):267–272.

Wyatt HDM, Laister RC, Martin SR, Arrowsmith CH, West SC.
2017. The SMX DNA repair tri-nuclease. Mol Cell. 65(5):
848–860.

176 S. J. YOUNG AND S. C. WEST



Wyatt HDM, Sarbajna S, Matos J, West SC. 2013. Coordinated
actions of SLX1-SLX4 and MUS81-EME1 for Holliday junc-
tion resolution in human cells. Mol Cell. 52(2):234–247.

Wyatt HDM, West SC. 2014. Holliday junction resolvases. Cold
Spring Harb Perspect Biol. 6(9):a023192.

Yamamoto KN, Kobayashi S, Tsuda M, Kurumizaka H, Takata
M, Kono K, Jiricny J, Takeda S, Hirota K. 2011. Involvement
of SLX4 in interstrand cross-link repair is regulated by the
Fanconi anemia pathway. Proc Natl Acad Sci USA. 108(16):
6492–6496.

Yang Q, Zhang R, Wang XW, Linke SP, Sengupta S, Hickson
ID, Pedrazzi G, Perrera C, Stagljar I, Littman SJ, et al. 2004.
The mismatch DNA repair heterodimer, hMSH2/6, regu-
lates BLM helicase. Oncogene. 23(21):3749–3756.

Yin J, Wan B, Sarkar J, Horvath K, Wu J, Chen Y, Cheng G,
Wan K, Chin P, Lei M, et al. 2016. Dimerization of SLX4
contributes to functioning of the SLX4-nuclease complex.
Nucleic Acids Res. 44(10):4871–4880.

Ying SM, Minocherhomji S, Chan KL, Palmai-Pallag T, Chu
WK, Wass T, Mankouri HW, Liu Y, Hickson ID. 2013. MUS81
promotes common fragile site expression. Nat Cell Biol.
15(8):1001–1007.

Young SJ, Sebald M, Shah Punatar R, Larin M, Masino L,
Rodrigo-Brenni MC, Liang CC, West SC. 2020. MutSb

stimulates Holliday junction resolution by the SMX com-
plex. Cell Rep. 33(3):108289

Zeng S, Xiang T, Pandita TK, Gonzalez-Suarez I, Gonzalo S,
Harris CC, Yang Q. 2009. Telomere recombination
requires the MUS81 endonuclease. Nat Cell Biol. 11(5):
616–623.

Zhang H, Chen Z, Ye Y, Ye Z, Cao D, Xiong Y, Srivastava M,
Feng X, Tang M, Wang C, et al. 2019. SLX4IP acts with
SLX4 and XPF-ERCC1 to promote interstrand crosslink
repair. Nucleic Acids Res. 47(19):10181–10201.

Zhang NX, Lu XY, Zhang XS, Peterson CA, Legerski RJ. 2002.
hMutSbeta is required for the recognition and uncoupling
of psoralen interstrand cross-links in vitro. Mol Cell Biol.
22(7):2388–2397.

Zhang YB, Yuan FH, Presnell SR, Tian KL, Gao Y, Tomkinson
AE, Gu LY, Li GM. 2005. Reconstitution of 5’-directed
human mismatch repair in a purified system. Cell. 122(5):
693–705.

Zhao JH, Jain A, Iyer RR, Modrich PL, Vasquez KM. 2009.
Mismatch repair and nucleotide excision repair proteins
cooperate in the recognition of DNA interstrand crosslinks.
Nucleic Acids Res. 37(13):4420–4429.

Zhu GY, Lippard SJ. 2009. Photoaffinity labeling reveals
nuclear proteins that uniquely recognize cisplatin-DNA
interstrand cross-links. Biochemistry. 48(22):4916–4925.

CRITICAL REVIEWS IN BIOCHEMISTRY AND MOLECULAR BIOLOGY 177


	Abstract
	Introduction
	SLX4 plays a role in multiple DNA repair pathways
	SLX4-interacting nucleases
	SLX1
	XPF-ERCC1
	MUS81-EME1

	Temporal regulation of SLX4 interactions
	DNA repair pathways that require SLX4
	The resolution of recombination intermediates
	Interstrand crosslink repair
	Replication fork restart
	Common fragile site cleavage
	Telomere homeostasis

	SLX4-MutSβ interaction
	DNA mismatch repair by MutSα and MutSβ
	MutSα and MutSβ in homologous recombination
	MutSα and MutSβ in ICL repair
	MutSβ promotes trinucleotide repeat instability
	Interplay between MutSβ and SLX4 in multiple repair pathways
	Disclosure statement
	Funding
	Orcid
	References


