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ABSTRACT
A key step in the Fanconi anemia pathway of DNA
interstrand crosslink (ICL) repair is the ICL unhooking by dual endonucleolytic incisions. SLX4/FANCP
is a large scaffold protein that plays a central role
in ICL unhooking. It contains multiple domains that
interact with many proteins including three different
endonucleases and also acts in several other DNA
repair pathways. While it is known that its interaction
with the endonuclease XPF-ERCC1 is required for its
function in ICL repair, which other domains act in
this process is unclear. Here, we used Xenopus egg
extracts to determine ICL repair specific features of
SLX4. We show that the SLX4-interacting endonuclease SLX1 is not required for ICL repair and demonstrate that all essential SLX4 domains are located at
the N-terminal half of the protein. The MLR domain
is crucial for the recruitment of XPF-ERCC1 but also
has an unanticipated function in recruiting SLX4 to
the site of damage. Although we find the BTB is not
essential for ICL repair in our system, dimerization
of SLX4 could be important. Our data provide new
insights into the mechanism by which SLX4 acts in
ICL repair.
INTRODUCTION
DNA interstrand crosslinks (ICLs) are toxic DNA lesions
that covalently attach both strands of the duplex, thereby
blocking the progression of DNA and RNA polymerases.
Due to their toxicity, especially for proliferating cells, DNA
crosslinking agents such as cisplatin derivatives and nitrogen mustards, are widely used in cancer chemotherapies (1).
However, endogenous metabolites, such as reactive aldehydes, can also induce ICLs (2).
While ICLs can be repaired in the G1 phase of the cell
cycle, most of the repair takes place in S-phase and is coupled to DNA replication (3–5). In higher eukaryotes, a complex pathway has evolved to repair ICLs, which is called the
Fanconi anemia (FA) pathway. This pathway is linked to
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the cancer predisposition syndrome Fanconi anemia (FA)
that is caused by biallelic mutations in any one of the 22
currently known FA genes. Cells from FA patients are remarkably sensitive to ICL inducing agents, consistent with
the FA proteins being involved in the repair of DNA interstrand crosslinks (6,7). Indeed, it has been shown that exogenous ICLs, for example caused by cisplatin, are repaired
by the FA pathway (8). Although the source of the endogenous ICL that requires the FA pathway for its repair is currently not known, genetic evidence points towards reactive
aldehydes (9–13). However, aldehydes induce several other
types of DNA damage (2,14,15) and direct evidence that the
aldehyde-induced ICL is repaired by the FA pathway is currently missing.
Based on experiments in Xenopus egg extracts, we
and others have previously described a mechanism of FA
pathway-dependent ICL repair in S-phase. This requires
dual replication fork convergence, in at least a subset of
molecules followed by replication fork reversal, ICL unhooking by structure-specific endonucleases, translesion
synthesis (TLS), and homologous recombination (Supplemental Figure S1A, (3,16–20)). In some cases, a single fork
can bypass an ICL without unhooking, generating a similar
X-shaped structure that is the substrate for ICL unhooking
(21). Recently, an alternative replication-dependent ICL repair pathway was identified that involves unhooking of the
ICL by the glycosylase Neil3, preventing the formation of a
double-strand break (22). This process is independent of FA
pathway activation and specifically repairs abasic site-, and
psoralen/UV-induced ICLs. This suggests that the choice
for a specific ICL repair pathway is, at least in part, dependent on the type of ICL. A critical step in ICL repair by the
FA pathway is the unhooking of the crosslink from one of
the two DNA strands. This step requires activation of the
pathway by ubiquitylation of FANCI-FANCD2 that promotes the recruitment of the incision complex consisting of
the endonuclease XPF(FANCQ)-ERCC1 and the scaffold
protein SLX4(FANCP) (8,19,23). However, mechanistic details of this important step are currently missing.
SLX4 is a large scaffold protein that interacts with many
proteins including the three endonucleases XPF-ERCC1,
MUS81-EME1 and SLX1 (Figure 1A). In addition to its
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Figure 1. SLX4 depletion inhibits ICL repair in Xenopus egg extracts. (A) Schematic illustration of the domain organization and interaction partners
of SLX4 mapped on the Xenopus laevis SLX4 sequence. Protein interactions are represented by dashed lines. Interaction partners with unknown SLX4
interaction sites are shown in grey. Endonucleases are marked with scissors. Domain boundaries are based on previous reports (28,29,31,33,62). Interaction
sites that do not align well with the Xenopus laevis sequence are not numbered and may not be conserved. Especially TRF2 interaction may be human
specific (56). (B) Mock- and SLX4-depleted nucleoplasmic egg extract (NPE) were analyzed by western blot using ␣-SLX4 antibody. A dilution series
of undepleted extract was loaded on the same blot to determine the degree of depletion. A relative volume of 100 corresponds to 0.4 l NPE. (C) As
in (B) but using ␣-XPF (upper panel) or ␣-ERCC1 antibody (lower panel). (D) Mock-depleted (Mock), SLX4-depleted (SLX4), and SLX4-depleted
NPE complemented with wild-type SLX4 (SLX4+SLX4WT ) were analyzed by western blot using ␣-SLX4 antibody (right panel). These extracts, with
SLX4-depleted high-speed supernatant (HSS) extract, were used to replicate pICL. Repair efficiency was calculated and plotted (left panel). A higher
than endogenous concentration of recombinant SLX4 was required for complete rescue, likely due to partially loss of function of the recombinant protein
during purification. (E) SLX4-depleted (SLX4), and SLX4-depleted NPE complemented with wild-type SLX4 (SLX4+SLX4WT ) or wild-type SLX4
and XPF-ERCC1 (SLX4+SXE) were analyzed by western blot using ␣-SLX4 or ␣-XPF antibodies (right panel). These extracts, with SLX4-depleted
HSS, were used to replicate pICL. Repair efficiency was calculated and plotted (left panel). Line within blot indicates position where irrelevant lanes were
removed. *, background band. #, SapI fragments from contaminating uncrosslinked plasmid present in varying degrees in different pICL preparations.
See also Supplementary Figure S1.

role in ICL repair, SLX4 acts in several other genome
maintenance pathways such as homologous recombination,
telomere maintenance, and the resolution of stalled replication forks (24). These different functions are thought to
be mediated by specific interactions with its binding partners. The three endonucleases bound to SLX4 affect each
other’s activity and substrate specificity, and together they
can cleave essentially all branched DNA structures (25).
The complex of SLX4–SLX1 and MUS81–EME1 is activated in the G2/M cell cycle phase and mediates the resolution of late replication intermediates and Holliday junctions
(HJs) (26,27). The interactions of SLX4 with XPF-ERCC1,
and possibly SLX1, are required for ICL repair (28–30).
In addition to the endonucleases, SLX4 interacts with the
mismatch repair proteins MSH2 and MSH3, the uncharacterized open reading frame C20orf94, the telomere-binding
factor TRF2, the regulator of DNA damage response
TopBP1, and the mitotic kinase PLK1 (31–35). Finally,
SLX4 contains several ubiquitin- and SUMO-interaction
domains (UBZs and SIMs, respectively), which are implicated in ICL repair, HJ resolution and replication stress response (Figure 1A) (28,29,36–38).
We previously demonstrated that XPF-ERCC1 is required for ICL unhooking and is recruited to the site
of damage by SLX4 (19). The interaction of SLX4 with
XPF seems to be mostly mediated by the MUS312/MEI9

interaction-like (MLR) domain of SLX4, but the Bric-abrac, Tramtrack and Broad complex (BTB) domain has
also been implicated (Figure 1A) (28,39–41). In addition, the BTB domain plays a role in SLX4 dimerization
(28,29,32). So, while the recruitment of XPF-ERCC1 by
SLX4 is crucial for ICL repair, the molecular basis for this
recruitment is not fully understood.
Another important outstanding question concerns the
identity of the second endonuclease that is likely required
for ICL unhooking. Although in vitro reconstitution experiments have shown that XPF-ERCC1 can promote dual
unhooking incisions on fork-like DNA templates (23,42),
most models of ICL repair envision the involvement of a
second, 5 flap, endonuclease (24,43–45). Since SLX1 incises
5 flap substrates and interacts with SLX4, this is a plausible candidate. Consistent with a role for SLX1 in ICL repair
it has been shown that SLX1 deficient cells are sensitive to
ICL inducing agents (30,31,40,46).
The Xenopus egg extract system has been used by us and
others to dissect biochemical details of replication-coupled
DNA interstrand crosslink repair (3,8,16–18,47,48). The
use of a plasmid containing a sequence specific cisplatin
ICL in this system circumvents the requirement of ICL inducing agents that generate a large fraction of non-ICL
DNA lesions. Here, we used this system to examine the
function of nuclease-interacting domains of SLX4 in the
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repair of cisplatin ICLs. We find that while SLX1 strongly
associates with SLX4 in our extract, it is not required for
ICL repair. Furthermore, the C-terminal half of SLX4, including the BTB domain, the SIMs, and interaction sites
for MUS81, PLK1, and TopBP1 are dispensable for repair.
In contrast, XPF-binding to the MLR domain of SLX4 is
crucial for XPF recruitment and subsequent ICL repair. In
addition to XPF-interaction, we demonstrate that the MLR
domain also plays a role in efficient recruitment of SLX4 to
the site of damage. Together, our findings provide novel insights into the role of SLX4 and its interaction partners in
replication-dependent ICL repair.
MATERIALS AND METHODS
Xenopus egg extracts and DNA replication and repair assay
DNA replication assays and preparation of Xenopus egg
extracts were performed as described previously (49,50).
Preparation of plasmid with a site-specific cisplatin ICL
(pICL), and ICL repair assays were performed as described
(3,51). Briefly, pICL was first incubated in a high-speed
supernatant (HSS) of egg cytoplasm for 20 min, which
promotes the assembly of prereplication complexes on the
DNA. Addition of two volumes nucleoplasmic egg extract
(NPE), which also contained 32 P-␣-dCTP, triggers a single
round of DNA replication. Aliquots of replication reactions
(5 l) were stopped at various times with nine volumes Stop
II solution (0.5% SDS, 10 mM EDTA, 50 mM Tris pH 7.5).
Samples were incubated with RNase (0.13 g/l) for 30
min at 37◦ C followed by proteinase K (0.5 g/l) overnight
(O/N) at RT. DNA was extracted using phenol/chloroform,
ethanol-precipitated in the presence of glycogen (30 mg/ml)
and resuspended in 5 l 10 mM Tris pH 7.5. ICL repair was
analyzed by digesting 1 l extracted DNA with HincII, or
HincII and SapI, separation on a 0.8% native agarose gel,
and quantification using autoradiography. Repair efficiency
was calculated as described (52). As repair kinetics and absolute efficiency is dependent on the egg extract preparation
and depletion conditions, we always use a positive and negative control condition in each experiment using the same
extract.
Antibodies and immunodepletions
Antibodies against xlXPF and xlERCC1 were previously
described (19). An antibody against xlSLX4 that was previously described (19) was used for detection by western blot.
An additional SLX4 antibody was raised against residues
275–509 of xlSLX4. The antigen was overexpressed in bacteria, purified by his-tag affinity purification and denaturing PAGE, and used for immunization of rabbits (PRF&L,
Canadensis, USA). This antibody was used for immunodepletions and immunoprecipitations of SLX4. The antibody
against SLX1 was raised against residues 93–282 of xlSLX1
and generated similar to the xlSLX4 antibody. Specificity
of the antiserum was confirmed using western blot (Supplemental Figure S2F). The anti-FLAG M2 antibody was
purchased from Sigma and anti-His antibody from Westburg. To deplete egg extracts of SLX4, one volume protein
A sepharose Fast Flow (PAS) (GE Healthcare) was bound
to 2.5 volumes ␣-SLX4 serum or pre-immune serum and

washed extensively: twice with PBS, once with ELB (10 mM
HEPES–KOH pH 7.7, 50 mM KCl, 2.5 mM MgCl2 and 250
mM Sucrose), twice with ELB + 0.5 M NaCl, and twice
with ELB. One volume antibody-bound PAS mixture was
then mixed with 5.0 or 6.5 volumes NPE or HSS, respectively, incubated for 20 min at room temperature (RT), after which the extract was harvested. This procedure was repeated twice for NPE and once for HSS. To deplete egg extracts of SLX1, one volume PAS was bound to 3.5 volumes
␣-SLX1 serum or pre-immune serum and washed as previously described. One volume antibody-bound PAS mixture
was mixed with 4.5 volumes NPE or HSS, incubated for
20 min at RT, after which the extract was harvested. This
procedure was repeated twice for NPE and once for HSS.
After the last depletion round, extracts were collected and
immediately used for DNA replication assays. The mock,
SLX1 or SLX4 depleted HSS was diluted 2x prior to addition to NPE to reduce protein levels further.
Recombinant protein expression and purification
Xenopus laevis SLX4 containing an N-terminal FLAGor his-tag, and a C-terminal Strep-tag, was cloned
into pDONR201 (Life Technologies). Xenopus laevis
SLX1 containing a C-terminal FLAG-tag was also
cloned into pDONR201. Point mutations for SLX4SBD* ,
SLX4MLR* and SLX4BTB* mutants were introduced in
pDONR-FLAG-strep-SLX4 using QuikChange sitedirected mutagenesis (Agilent Technologies). Similarly, a
stop codon was cloned at position 559 in pDONR-FLAGstrep-SLX4 for the generation of the SLX41–558 mutant,
which consequently lacks the C-terminal Strep-tag. The
MLR domain was deleted by PCR amplification of flanking regions that were ligated by the introduction of a short
linker containing a KpnI restriction site. An in-gene reverse
primer was used to clone SLX41–840 in pDONR201, this
deletion mutant does not contain a C-terminal Strep-tag to
maximize resemblance to mini-SLX4 (23). Baculoviruses
were produced using the BaculoDirect system following
manufacturer’s protocol (Life Technologies). Proteins were
expressed in suspension cultures of Sf9 insect cells by
infection with xlSLX4 viruses for 65 h. Cells from 150
ml culture were collected by centrifugation, resuspended
in 6 ml lysis buffer (50 mM Tris pH 8.0, 250 mM NaCl,
0.1% NP-40, 5% glycerol, 0.4 mM PMSF, 1 tablet/10 ml
Complete Mini EDTA-free Protease Inhibitor Cocktail
(Roche)), and lysed by sonication. The soluble fraction
obtained after centrifugation (20 000 × g for 20 min at
4◦ C) was incubated for 1 h at 4◦ C with 250 l anti-FLAG
M2 affinity gel (Sigma) that was pre-washed with lysis
buffer. After incubation, the beads were washed with 40 ml
wash buffer I (50 mM Tris pH 8.0, 250 mM NaCl, 0.1%
NP-40, 5% glycerol, 0.4 mM PMSF) and subsequently
with 30 ml wash buffer II (20 mM Tris pH 8.0, 200 mM
NaCl, 0.1% NP-40, 5% glycerol, 0.1 mM PMSF, 10 g/ml
apropotin/leupeptin). The xlSLX4 protein was eluted in
wash buffer II containing 100 g/ml 3× FLAG peptide
(Sigma). The protein was aliquoted, flash frozen and stored
at −80◦ C. Expression and purification of xlSLX4 mutant
proteins were identical to the wild-type protein. Proteins
analyzed by circular dichroism (CD) were separately
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expressed and purified to avoid the presence of chloride
ions in the buffers. (NH4 )2 SO4 was used instead of NaCl
and Tris buffers were adjusted with phosphoric acid instead
of HCl. Expression and purification of xlSLX4–xlSLX1
protein complexes were similar to xlSLX4 proteins, with
only minor deviations listed here. Proteins were expressed
by co-infection with xlSLX4 and xlSLX1 viruses. Lysis
buffer and wash I buffer contained 1 mM PMSF; wash II
buffer contained 40 mM Tris pH 8.0, 0.08% NP-40, 4%
glycerol and 1 mM PMSF. The xlXPF-hsERCC1 complex
was prepared as previously described (19).
Immunoprecipitations
Immunoprecipitations (IPs) were performed in cell lysates
from Sf9 cells expressing recombinant proteins, or from
Xenopus egg extracts. For IPs from insect cell lysates, proteins were individually expressed in adherent Sf9 insect cell
cultures by infection with xlSLX1 or xlSLX4 (or xlSLX4
mutants) viruses for 65 h. Cells were collected, resuspended
in 550 l lysis buffer (50 mM Tris pH 8.0, 300 mM NaCl,
1% Triton, 4 mM EDTA, 10 g/ml apropotin/leupeptin),
and lysed by sonication. After centrifugation (20 000 ×
g for 20 min at 4◦ C) the soluble fractions were collected.
The xlSLX1 soluble fraction (250 l) was mixed with the
xlSLX4 (or xlSLX4 mutants) soluble fraction (250 l) and
incubated for 1 h at 4◦ C to allow protein binding. Five volumes PAS were mixed with one volume ␣-SLX4 or ␣-SLX1
sera, incubated at 4◦ C for 1 h, and washed with lysis buffer.
Antibody-bound PAS (8 l) was added to 200 l of the soluble fraction mixtures followed by a 30-min incubation at
4◦ C. The beads were washed using 2 ml lysis buffer, taken
up in 30 l 2× SDS sample buffer, and incubated for 4 min
at 95◦ C. Proteins were separated by SDS-PAGE and visualized by western blot using indicated antibodies.
For IPs from Xenopus egg extract, xlSLX4 (or xlSLX4
mutants) was added to HSS at a concentration of 5 ng/l.
To each 10 l extract, 55 l IP buffer (1× ELB salts,
0.25 M sucrose, 75 mM NaCl, 2 mM EDTA, 10 g/ml
apropotin/leupeptin, 0.1% NP-40) and 10 l pre-washed
FLAG M2 beads (Sigma-Aldrich) were added. Beads were
incubated for 60 min at 4◦ C and subsequently washed using
2.5 ml IP buffer. Beads were taken up in 30 l 2× SDS sample buffer and incubated for 4 min at 95◦ C. Proteins were
separated by SDS-PAGE and visualized by western blot using the indicated antibodies.
Proteins were expressed in adherent cultures of Sf9 insect
cells in 6-well plates by co-infection with His-xlSLX4 and
FLAG-xlSLX4 (or FLAG-xlSLX4 mutants) viruses for 65
h. Cells were resuspended in medium and collected by centrifugation, resuspended in 250 l lysis buffer (50 mM Tris
pH 8.0, 300 mM NaCl, 1% Triton, 4 mM EDTA, 10 g/ml
apropotin/leupeptin), and lysed by sonication. After centrifugation (20 000 × g for 20 min at 4◦ C), 200 l soluble
fraction was incubated for 30 min at 4◦ C with 8 l FLAG
M2 beads (Sigma-Aldrich) that were pre-washed with lysis
buffer. When benzonase treatment was included in the experiment the fractions were split in two, 0.25 l benzonase
(Sigma-Aldrich) or buffer was added and incubation was
continued for another 30 min. After incubation, the beads

were washed using 2 ml lysis buffer. Beads were taken up
in 30 l 2× SDS sample buffer and incubated for 5 min at
95◦ C. Proteins were separated by SDS-PAGE and visualized by western blot using respective antibodies.
Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) was performed as
described previously (53). Briefly, reaction samples were
crosslinked with formaldehyde, sonicated to yield DNA
fragments of ∼100–500 bp, and immunoprecipitated with
the indicated antibodies. Protein–DNA crosslinks were reversed and DNA was phenol/chloroform-extracted for
analysis by quantitative real-time PCR with the following
primers: pICL (5 -AGCCAGATTTTTCCTCCTCTC-3
and 5 -CATGCATTGGTTCTGCACTT-3 ) and pQuant
(5 -TACAAATGTACGGCCAGCAA-3 and 5 -GAGTA
TGAGGGAAGCGGTGA-3 ). pQuant was analyzed to
determine non-specific localization to undamaged DNA.
The values from pQuant primers were subtracted from the
values for pICL primers to establish the specific recruitment
to ICL sites.
Circular dichroism
Far-UV circular dichroism (CD) experiments were performed on a J-810 spectropolarimeter (Jasco) using a quartz
glass cuvette with an optical pathlength of 1 mm at room
temperature. Experimental parameters included a wavelength increment of 2 nm and SLX4 concentrations ranging from 55–137 ng/l as determined by Coomassie staining. In some cases the protein was recovered after analysis,
diluted 2.5 times with 5 M GuHCl or demineralized water
and measured again. The resulting spectra are buffer- and
concentration-corrected averages of 4 scans in the range of
200–250 nm (native) or 212–250 nm (denatured). The reported mean residue ellipticity (MRE) values were obtained
using the molecular mass, total number of amino acids and
protein concentration of each SLX4 preparation.
RESULTS
SLX4 depletion does not co-deplete essential ICL repair factors
SLX4 is a multi-domain protein that interacts with many
factors and acts in several genome maintenance pathways
(Figure 1A) (24,31). Its role in DNA repair is mediated
by the interaction with the endonucleases XPF-ERCC1,
MUS81-EME1 and SLX1. Although SLX4 and its binding partners have been analyzed biochemically (25), a clear
view of which of the SLX4 domains are important for which
DNA repair pathway is missing. To study the role of SLX4
in ICL repair we made use of the Xenopus egg extract
system that recapitulates replication-coupled ICL repair in
vitro (3). We previously demonstrated that immunodepletion of XPF-ERCC1 co-depletes the vast majority of SLX4
from extract, and that ICL repair in XPF-ERCC1 depleted
extracts is only rescued when both XPF-ERCC1 and SLX4
are supplemented (19). To biochemically dissect the function of SLX4 we raised an antibody against Xenopus laevis
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SLX4 (xlSLX4) and immunodepleted it from egg extract.
Immunodepletion of SLX4 removed ∼90% of the protein
from extract and co-depleted ∼50% of XPF-ERCC1 (Figure 1B and C), confirming that XPF-ERCC1 is present in
excess compared to SLX4 (19).
To investigate the effect of SLX4-depletion on ICL repair we replicated a plasmid containing a cisplatin interstrand crosslink (pICL) in a mock- and SLX4-depleted egg
extract. Replication intermediates were isolated and repair
efficiency was determined by measuring the regeneration of
a SapI recognition site that is blocked by the ICL prior to repair (3). In contrast to mock depletion, depletion of SLX4
completely abrogated ICL repair (Figure 1D, Supplemental Figure S1D). This defect was rescued upon addition of
recombinant xlSLX4 (Figure 1D, Supplemental Figure S1B
and D) indicating that no essential factors were co-depleted.
To assess whether the 50% co-depletion of XPF-ERCC1
had a negative effect on the repair efficiency we added additional recombinant XPF-ERCC1 (Supplemental Figure
S1C), however this did not affect the repair efficiency (Figure 1E, Supplemental Figure S1E). This indicates that the
residual XPF-ERCC1 left after SLX4 depletion interacts
with recombinant SLX4 to promote efficient ICL repair.
Next, we used this experimental setup to study the role of
the various SLX4 domains and interactors in ICL repair.
The endonuclease SLX1 is not required for ICL repair
SLX1 is a 5 flap endonuclease that is only active when
in complex with SLX4 (54). Several reports have demonstrated a cellular sensitivity to ICL-inducing agents in the
absence of SLX1 (30,40,46). Accordingly, a model has been
suggested in which SLX1 acts together with XPF-ERCC1
to perform the dual unhooking incisions during ICL repair (45). However, SLX1-deficient cells are less sensitive to
ICL-inducing agents compared to SLX4-deficient cells, and
mouse models display a stronger phenotype when SLX4 is
compromised (55). In addition, the stability of SLX1 seems
to depend on the presence of SLX4 (30,46,56), which further complicates the conclusions based on sensitivity data.
To determine whether SLX1 is specifically required for ICL
repair we first generated an SLX1 interaction mutant of
SLX4, SLX4SBD* (Figure 2A, Supplemental Figure S2A
and B). This xlSLX4 C1753R mutation is equivalent to
previously reported mutations situated in the C-terminal
SLX1-binding domain (SBD) of the mouse and human
proteins (30,56). We immunodepleted SLX4 from egg extract, complemented the extract with SLX4SBD* or wildtype
SLX4 (SLX4WT ), and examined ICL repair efficiency (Supplemental Figure S2C). Strikingly, the SLX4SBD* mutant
complemented the ICL repair defect of the SLX4-depleted
extract with the same efficiency as SLX4WT , suggesting that
the interaction with SLX1 is not required for ICL repair
(Figure 2B, Supplemental Figure S2E).
To confirm that SLX4SBD* disrupts the interaction with
SLX1 efficiently we raised antibodies against Xenopus laevis SLX1 (Supplemental Figure S2F) and performed binding assays using recombinant proteins. To this end, SLX1,
SLX4WT and SLX4SBD* were overexpressed in insect cells,
and their interaction was examined by immunoprecipitation with the SLX1 antibody. To our surprise, SLX4WT and

SLX4SBD* co-precipitated with SLX1 with similar efficiency
(Figure 2C), indicating that SLX4SBD* mutant still interacts
with SLX1. Although it has been shown that this mutant
fails to rescue the reduced stability of SLX1 upon SLX4 depletion in mouse cells, a direct interaction assay was not
reported (30,56). Therefore, this mutant could affect the
SLX1 affinity enough to destabilize SLX1 in SLX4 deficient
cells but could still favour interaction in our overexpression
setting. Nonetheless, we reasoned another method to test
the function of SLX1 in ICL repair was required. Therefore, we directly immunodepleted SLX1 from Xenopus egg
extract. This not only depleted over 95% of SLX1, but also
co-depleted ∼90% SLX4 and ∼50% XPF-ERCC1 (Figure
2D, Supplemental Figure S2G). Vice versa, SLX4 depletion
co-depleted SLX1 to a large extent, indicating that SLX1
and SLX4 are mostly in complex in Xenopus egg extract
(Figure 2E). We then examined ICL repair in the SLX1depleted extract and detected a moderate repair defect compared to mock-depleted extract (Figure 2F, Supplemental
Figure S2H). This defect was fully restored by addition of
recombinant SLX4-SLX1 but also by SLX4 alone (Supplemental Figure S2D). This shows that the repair defect upon
SLX1 depletion was caused by co-depletion of SLX4. We
therefore conclude that SLX1 is not required for ICL repair
in our system. Notably, these data also show that SLX1 does
not play a role in the resolution of HR intermediates during
ICL repair.
The C-terminal domains of SLX4 are dispensable for ICL
repair
We previously demonstrated that the endonuclease
MUS81-EME1 is not essential for ICL repair in Xenopus
egg extracts (19). Both MUS81-EME1 and SLX1 interact with the C-terminus of SLX4, suggesting that this
region may not be required for ICL repair. Consistently,
a truncated form of SLX4, lacking the C-terminal half,
can partially rescue the sensitivity of SLX4 deficient cells
to the ICL inducing agent mitomycin C (23). To assess
the importance of the C-terminal domain in ICL repair
directly, we generated the equivalent truncation mutant
xlSLX41–840 (Figure 3A, Supplemental Figure S3A). In
addition to the MUS81 and SLX1 interaction sites, this
mutant also lacks the SUMO interaction motifs (SIMs),
and the PLK1 and TopBP1 interaction sites. To verify that
this mutant does not interact with SLX1 we overexpressed
SLX1, SLX4WT , SLX4SBD* and SLX41–840 in insect cells
and tested interaction by SLX4 immunoprecipitations.
While wildtype SLX4 and the SBD mutant co-precipitated
SLX1 efficiently, the C-terminal truncation mutant did
not (Figure 3B). We then purified SLX41–840 protein and
added this mutant, or SLX4WT , to an SLX4-depleted
extract (Supplemental Figure S3B). The truncation mutant
rescued the ICL repair defect of the SLX4-depleted extract
with the same efficiency as SLX4WT (Figure 3C, Supplemental Figure S3C), indicating that the C-terminal half of
SLX4 is dispensable for its function in ICL repair. These
data show that the N-terminal half of SLX4 contains all
essential domains for ICL repair, and that the SIMs, and
the interactions with SLX1, MUS81, PLK1 and TopBP1
are not required.
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Figure 2. SLX1 is not required for ICL repair in Xenopus egg extracts. (A) Schematic illustration of the xlSLX4SBD* mutant protein. The C1753R mutation,
indicated by a red line, is predicted to disrupt interaction with SLX1. (B) SLX4-depleted (SLX4), and SLX4-depleted NPE complemented with wildtype SLX4 (SLX4+SLX4WT ) or mutant SLX4 (SLX4+SLX4SBD* ) were analyzed by western blot using ␣-SLX4 antibody (right panel). These extracts,
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blot indicates position where irrelevant lanes were removed. (D) Mock- and SLX1-depleted NPE were analyzed by western blot using ␣-SLX1 (upper
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The MLR domain is crucial for XPF-ERCC1 recruitment
and important for localization of SLX4 to ICLs
During ICL repair, SLX4 recruits the endonuclease XPFERCC1 to the site of damage, which promotes ICL unhooking (19). The major XPF interaction site on SLX4 has been
mapped to the MUS312/MEI9 interaction-like (MLR) domain, while the BTB domain likely contains a secondary
interaction site (28,29,39,40,57,58). Mutations in the MLR
domain of SLX4 sensitize cells to ICL-inducing agents, suggesting this domain is important for ICL repair (28,29,59).
To test this directly we purified xlSLX4MLR (Figure 4A,
Supplemental Figure S4A and D) and examined XPF interaction in Xenopus egg extract. We found that while
SLX4WT and SLX41–840 interacted with XPF, SLX4MLR
did not (Figure 4E, Supplemental Figure S3D, and (39)).
Importantly, we analyzed the mutant protein by circular
dichroism and showed that the spectra for the mutant and
wildtype protein are highly similar, indicating that the deletion does not change the overall structure (Supplemental
Figure S4F). We then tested whether the xlSLX4MLR protein was able to rescue the ICL repair defect after SLX4

depletion. In contrast to SLX4WT , SLX4MLR failed to rescue repair efficiency (Figure 4C, Supplemental Figure S4G).
This confirms that the MLR domain of SLX4 is crucial for
ICL repair, most likely by recruiting XPF-ERCC1 to the site
of damage.
While XPF-ERCC1 depends on SLX4 for its localization
to the ICL, the localization of SLX4 to the site of damage is independent of XPF-ERCC1 (19). This leads to the
prediction that SLX4MLR localizes to ICLs but is unable
to recruit XPF-ERCC1. To test this, we employed chromatin immunoprecipitations (ChIP) of XPF and SLX4. Because our crosslinked plasmid contains a site-specific ICL
we can monitor SLX4 and XPF recruitment specifically to
the damage site during repair (16,19,39,47,60). We replicated pICL in an SLX4-depleted extract supplemented with
SLX4MLR or SLX4WT and performed immunoprecipitations with XPF and SLX4 antibodies followed by quantitative PCR. As predicted, XPF was recruited to the ICL
site during repair in the presence of SLX4WT but not in
the presence of SLX4MLR (Figure 4D left panel, Supple-
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Figure 3. The N-terminal half of SLX4 is sufficient to support ICL repair. (A) Schematic illustration of the xlSLX41–840 mutant protein. This
protein is truncated at residue 840. (B) SLX1, wild-type SLX4 (SLX4WT )
and SLX4 mutants (SLX4MUT ) were individually expressed in Sf9 insect
cells. Cells were lysed and indicated lysates were mixed and incubated.
SLX4 was immunoprecipitated using PAS-conjugated ␣-SLX4 antibodies. The input (IN), flow-through (FT), and bound fractions (B) were analyzed by western blot using ␣-FLAG (upper panel) and ␣-SLX1 antibodies (lower panel). Line within blot indicates position where irrelevant
lanes were removed. (C) SLX4-depleted (SLX4), and SLX4-depleted
NPE complemented with wild-type SLX4 (SLX4+SLX4WT ) or mutant
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fragments from contaminating uncrosslinked plasmid present in varying
degrees in different pICL preparations. See also Supplementary Figure S3.

mental Figure S4H). However, when we performed ChIP
on the same samples with an SLX4 antibody we found that
the SLX4MLR protein itself was also poorly recruited to
the site of damage compared to SLX4WT (Figure 4D middle panel, Supplemental Figure S4H). This suggests that the
MLR domain is involved in SLX4 recruitment to the ICL.
Consequently, we cannot distinguish whether the lack of recruitment of XPF-ERCC1 to the ICL, and the failure to
support ICL repair, is caused by a defect in SLX4 or XPF
localization to the ICL.
To clarify this, we generated an additional SLX4 mutant with point mutations in residues that were shown to
be involved in XPF-binding (28,59) (Figure 4B, Supplemental Figure S4B and C) and purified this xlSLX4MLR* mutant from insect cells (Supplemental Figure S4E). Similar to
SLX4MLR , SLX4MLR* failed to co-precipitate XPF from
Xenopus egg extract (Figure 4E), confirming that this mutant is defective in XPF interaction. We then tested the recruitment of the SLX4MLR* mutant to the ICL by ChIP
and found that, in contrast to SLX4MLR , this mutant was

In addition to the MLR domain, the BTB domain of SLX4
has also been associated with XPF interaction (28,39,40),
as well as with dimerization (28,32,61). BTB mutants are
mildly sensitive to ICL inducing agents (28,29,32) suggesting a function for this domain in ICL repair. However,
whether this is mediated by dimerization or XPF interaction is not clear. To address the role of the BTB domain
in ICL repair, we purified xlSLX4BTB* , a mutant that was
reported to affect SLX4 homodimerization and XPF interaction (28,32) (Figure 5A, Supplemental Figures S4F
and S5A, C, D). First, we added this mutant to egg extract and examined XPF interaction by immunoprecipitation. SLX4BTB* precipitated similar levels of XPF compared
to SLX4WT (Figure 5C), indicating that this mutant does
not affect XPF-SLX4 interaction in our extract. To assess
the effect of BTB-domain mutation on ICL repair, we added
purified SLX4BTB* or SLX4WT to SLX4-depleted extract
and monitored repair efficiency. We found that mutating the
BTB domain only had a minor effect on ICL repair (Figure
5D, Supplemental Figure S5F). To test whether SLX4BTB*
is compromised in dimerization we co-expressed His-tagged
SLX4WT and FLAG-tagged SLX4WT or SLX4BTB* in Sf9
cells and examined their co-precipitation. Surprisingly, we
found no reduction in dimerization for the SLX4BTB* mutant in the presence or absence of benzonase, indicating that
this interaction is not mediated through DNA (Figure 5E,
compare lanes 9, 12, 15 and 18).
Since the SLX4BTB* mutant had no dimerization or XPF
interaction defect, and no major defect in ICL repair we
decided to generate another SLX4 truncation mutant, containing residues 1–558, lacking the C-terminus including the
entire BTB domain (Figure 5B, Supplemental Figure S5B
and E). This truncation was based on a mutation found in
a Fanconi anemia patient (62). SLX41–558 interacted normally with XPF (Supplemental Figure S5G) and surprisingly, it fully rescued ICL repair efficiency after SLX4 depletion (Figure 5F, Supplemental Figure S5H). This indicates that ICL repair can occur in the absence of the
BTB domain. When testing dimerization we observed that
SLX41–558 was still able to dimerize, although this was reduced compared to SLX4WT (Figure 5G, Supplemental Figure S5I, compare lanes 6 and 9). This suggests that the
BTB domain is involved in dimerization but other sites on
xlSLX4 also play a role in this. Collectively, this suggests
that although the BTB domain of SLX4 is not crucial for
ICL repair, dimerization of SLX4 could still play a role.
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Figure 4. The MLR domain ensures XPF-binding and contributes to SLX4-recruitment to ICLs. (A) Schematic illustration of the xlSLX4MLR mutant
protein. The residues 286–444, including the MLR domain, are replaced by a short linker, indicated by a black line. This deletion is predicted to disrupt
interaction with XPF-ERCC1. (B) Schematic illustration of the xlSLX4MLR* mutant protein. The four point mutations in the MLR domain, T418A,
W420A, Y434A, and Y435A, are indicated by two red lines and predicted to disrupt interaction with XPF-ERCC1. (C) SLX4-depleted (SLX4), and
SLX4-depleted NPE complemented with wild-type SLX4 (SLX4+SLX4WT ) or mutant SLX4 (SLX4+SLX4MLR ) were analyzed by western blot using
␣-SLX4 antibody (right panel). These extracts, with SLX4-depleted HSS, were used to replicate pICL. Repair efficiency was calculated and plotted (left
panel). Line within blot indicates position where irrelevant lanes were removed. (D) SLX4-depleted (SLX4), and SLX4-depleted NPE complemented
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Line within blot indicates position where irrelevant lanes were removed. *, background band. #, SapI fragments from contaminating uncrosslinked plasmid
present in varying degrees in different pICL preparations. See also Supplementary Figure S4.
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SapI fragments from contaminating uncrosslinked plasmid present in varying degrees in different pICL preparations. See also Supplementary Figure S5.

DISCUSSION
A key step in the Fanconi anemia pathway for ICL repair
is the ICL unhooking by backbone incisions on either side
of the crosslink. SLX4(FANCP) exerts a central role in this
step; upon its localization to the ICL, which is facilitated
by ubiquitylation of FANCI-FANCD2, it directly recruits
XPF-ERCC1 to promote unhooking incisions. It has been
suggested that SLX4 has additional roles during ICL repair

but this has not been shown directly. Here, we use Xenopus egg extracts to define ICL repair specific functions of
SLX4. Our data indicate that the SLX4 interacting endonuclease SLX1 is not required for ICL repair, and therefore
that SLX4 does not position two different endonucleases
around the crosslink for unhooking. In addition, we find
that the BTB domain of SLX4 does not play a major role
in ICL repair. Finally, an essential domain for ICL repair is
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the MLR domain located on the N-terminal half of SLX4.
We show that the MLR domain provides the major interaction site for XPF but it is also involved in the localization
of SLX4 to the site of damage.
While it has been reported that SLX1 knockdown causes
cellular sensitivity to crosslinking agents we demonstrated
that efficient ICL repair can take place in the absence of
SLX1 in Xenopus egg extracts (Figure 2) (30,31,40,46). This
can be explained by the fact that SLX1 is required to repair
other types of DNA damage that are induced by crosslinking agents. In support of this view, it has been shown that
SLX1–SLX4 interaction is required for resistance to camptothecin and PARP inhibitors, and SLX1, together with
SLX4 and MUS81, can process Holliday junction intermediates (25,29,30). It is also consistent with the reports
showing that cells deficient in SLX4, a known player in
ICL repair, are much more sensitive to, and show more
chromosomal instability upon treatment with ICL-inducing
agents, compared to SLX1 deficient cells (30,31,40,57,63).
Although we show that interstrand crosslinks can be repaired without SLX1, we do not exclude that SLX1 plays
a role in the repair of a subset of ICLs, or in specific cell
types or conditions. In addition, another nuclease could act
redundantly with SLX1 in Xenopus egg extract while this
backup mechanism is less active in cells.
An important outstanding question is which nucleases
play a role in ICL unhooking in the FA pathway. To date,
the only nuclease found crucial for this step is XPF-ERCC1,
further supported by the identification of XPF/FANCQ
as a FA complementation group (19,64,65). A model in
which two different nucleases act in ICL unhooking has
been mostly envisioned (43,45,66). This second nuclease is
not likely to be SLX1, MUS81 or FAN1 (Figure 2 and (19)),
although it is still possible that some of these could act redundantly. In addition, models have been proposed in which
the first incision by XPF-ERCC1 is followed by exonuclease activity of SNM1A beyond the ICL leading to unhooking (20,67). Finally, XPF-ERCC1 could perform both unhooking incisions, as suggested based on experiments with
fork-like DNA templates and purified proteins (23,42,68).
In fact, SLX4 dimerization could promote a similar model
in which two XPF-ERCC1 complexes are recruited to each
ICL to perform dual incisions. Although this might not
be the most likely model due to the strict substrate specificity of XPF-ERCC1, a recent study has suggested a similar
model where SLX4 dimerization acts to bridge two MUS81
molecules for controlled breakage of stalled replication intermediates (35).
The role of SLX4 in ICL repair includes, but is not necessarily limited to, unhooking incisions. Downstream events
in the pathway include double strand break (DSB) repair
via homologous recombination (HR). In cells, SLX4-SLX1
promotes homologous recombination by Holliday junction resolution at G2/M phase, when CDK1 and PLK1
activate MUS81-EME1 by phosphorylation. This induces
binding to SLX4–SLX1–XPF–ERCC1, thereby forming an
active HJ resolving enzyme (25,34). Our finding that the Cterminal half of SLX4 is not required for ICL repair, supported by data that MUS81 and SLX1 are dispensable for
ICL repair, suggests that SLX4 plays no preferred role during HR in the FA pathway (Figures 2 and 3, (19)).

Our observation that SLX41–840 is fully functional in
ICL repair further suggests that SLX4 interaction with
PLK1, TopBP1 and SUMOylated factors is dispensable
for this process. Instead, SLX4 likely employs these factors for its roles in other genome maintenance pathways
(26,28,32,33,38). Mutation of the three SUMO interaction
motifs in SLX4 has led to variable effects on ICL sensitivity:
in one study it had no effect (38), while in two other studies
it caused a very mild sensitivity to MMC (28,37). We show
that the SIMs are not required for the repair of cisplatin interstrand crosslinks (Figure 3), however, they could play a
role in other types of ICLs such as those induced by MMC.
The MLR domain of SLX4 has been shown to mediate
the recruitment of XPF-ERCC1 to damage foci in cells and
we previously demonstrated that it directly promotes the
interaction with XPF-ERCC1 (29,39,58). Using MLR domain mutants we now show that the interaction between
SLX4 and XPF-ERCC1 is crucial for ICL repair (Figure
4). In addition to preventing XPF-interaction, deletion of
the MLR domain prevents efficient SLX4-recruitment to
ICL sites. Since SLX4 is recruited to ICLs independently
of XPF (19), this indicates a novel function for the MLR
domain in SLX4 localization. It is currently believed that recruitment of SLX4 to ICL damage sites is mediated by the
UBZ domains (36,62), however, whether this is through a
direct interaction with ubiquitylated FANCI-FANCD2, or
mediated by another factor is currently unclear (36,69). Our
finding that an additional SLX4 domain is involved in ICL
recruitment is important for further studies on how SLX4
is recruited to ICLs.
To examine the importance of the BTB domain of SLX4
in ICL repair we generated a C-terminal truncation lacking
this domain based on an FA patient mutation. Notably, in
the cells of this patient the mutant protein was not detected
indicating that the absence of SLX4 protein is likely the
cause of the FA phenotype (29,62). Overexpression of this
patient mutant, consisting of the N-terminal 671 residues of
SLX4 followed by 119 non-SLX4 residues, partially rescued
MMC sensitivity. In addition, disruption of the SLX4 BTB
domain in human cells has been shown to cause a very minor (32) to mild sensitivity to ICL-inducing agents (28,29),
suggesting that the BTB domain is not absolutely required
for ICL repair. Consistent with this, we find that deletion of
the BTB domain does not affect ICL repair in our system.
The mild effect of BTB mutations in cells could be caused
by reduced XPF interaction, and/or defective SLX4 dimerization as was demonstrated previously (28). However, we
and others have not observed a defect in XPF interaction in
BTB mutants (Figure 5C, Supplementary Figure S5I and
(29)). Although our previous work suggested that there is a
transient interaction between XPF and the SLX4 BTB domain, this could also be mediated by another site on SLX4
(39). Mutations in the BTB domain seem to have a greater
effect on dimerization of the human SLX4 compared to the
Xenopus laevis SLX4 (28,32). However, we find that xlSLX4
lacking the BTB domain is still able to dimerize, albeit less
efficient compared to wildtype. It is possible that an alternative dimerization site plays a more important role in Xenopus laevis SLX4 which could explain why the BTB mutants
still support efficient ICL repair in our system.
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