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Thesis Outline

This aim of  this thesis is to better understand the molecular mechanism underlying the repair of  
DNA interstrand crosslinks. Chapter 1 gives an overview of  the main DNA repair mechanisms 
that protect our genome, with emphasis on the current knowledge on DNA interstrand crosslink 
repair. 

In chapter 2 we set out to identify the endonuclease(s) that unhook the interstrand crosslink 
from one of  the DNA strands, an early and crucial step in the repair process. We show that the 
structure specific endonuclease XPF-ERCC1 is responsible for at least one and possibly both of  
the unhooking incisions. Furthermore, we demonstrate that the recruitment of  XPF-ERCC1 to 
the lesion is dependent on the large adapter protein SLX4. Binding of  this XPF-ERCC1-SLX4 
incision complex is facilitated by a key event in the Fanconi anemia pathway, the ubiquitination 
of  FANCD2. These findings provide a direct link between activation of  the Fanconi anemia 
pathway and the unhooking of  an interstrand crosslink. 

In chapter 3 we examine what determines the specificity of  XPF-ERCC1 in interstrand crosslink 
repair. We characterize several mutations in XPF that are predicted to specifically affect the repair 
of  DNA interstrand crosslinks, while not influencing the role of  XPF-ERCC1 in other DNA 
repair pathways. We find that mutations in the helicase-like domain of  XPF are involved in the 
interaction with SLX4 and are therefor specifically important in the repair of  DNA interstrand 
crosslinks. Furthermore, specific mutations in the nuclease domain of  XPF-ERCC1 prevent 
interstrand crosslink unhooking, even though the are recruited to the damage normally. Because 
these mutations do not prevent the cleavage of  other types of  damage this suggests that the 
mutated residues are specifically required to recognize interstrand crosslinks. These data help to 
explain why certain mutations in XPF-ERCC1 cause Fanconi anemia while others do not.

In chapter 4 we aim to identify novel factors in DNA interstrand crosslink repair. We describe 
a mass spectrometry based method to identify these factors. This method allows us to directly 
analyze the proteins recruited to interstrand crosslinks during the repair process. Using this 
method we identify many factors that are known to play a role in DNA interstrand crosslink 
repair in addition to several novel proteins. We examine a protein that has not previously been 
associated with interstrand crosslink repair, CTF18. Although the role of  this protein in ICL 
repair is not yet clear we believe this method will yield novel insights into this poorly understood 
repair pathway in the future.

Chapter 5 is a summarizing discussion of  the different chapters placing them in a larger context 
and providing future directions. 





Chapter 1
General Introduction
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General Introduction

Genome maintenance

Maintenance of  our genetic information is essential to life, but DNA damaging events continually 
challenge the integrity of  our genome. It has been estimated that a typical mammalian cell is 
subjected to up to 200.000 DNA damage events per day (Barnes & Lindahl, 2004). If  damage 
persists it can lead to cell cycle arrest, blocked transcription or even cell death. If  the cell survives, 
the DNA damage can lead to mutations in the genome, which can eventually give rise to genetic 
diseases such as cancer. DNA damage can be defined as a chemical or physical alteration in 
the DNA. There are many types of  DNA damage, such as base modifications, mismatched 
bases, abasic sites, single stranded breaks, double stranded breaks and more (Figure 1). These 
lesions can be caused by the intrinsic chemical instability of  the DNA, as a result of  errors in 
DNA replication or recombination and by exposure to endogenous or exogenous agents such as 
reactive oxygen species or UV irradiation respectively (Figure 1). 

DNA Repair pathways

To protect itself  from genomic instability the cell utilizes a range of  DNA repair pathways 
(Figure 1). Although most of  these pathways are specialized in removing certain types of  DNA 
lesions, many DNA repair proteins are active in multiple repair processes. The main topic of  
this thesis is the repair of  DNA interstrand crosslinks (ICLs). Removal of  ICLs requires the 
coordinated effort of  multiple repair pathways, such as homologous recombination (HR), 
translesion synthesis (TLS), nucleotide excision repair (NER), and the Fanconi anemia (FA) 
pathway . Below I will discuss the most common DNA repair pathways and I will shortly 
mention their contribution to the repair of  ICLs. 

Base Excision Repair

Base excision repair (BER) removes a variety of  lesions from the DNA, mainly mispaired uracil 
and thymines, oxidative damage and alkylated bases (Wallace, 2014). DNA glycosylases recognize 
these DNA lesions and remove the damaged bases. Humans have 11 different glycosylases that 
have overlapping preferences depending on the type of  damage (Balliano & Hayes, 2015). These 
can be roughly divided into 2 groups; monofunctional and bifunctional glycosylases (Wallace, 
2014; Dalhus et al., 2009). Monofunctional glycosylases remove the damaged base by cleaving 
the N-glycosyl bond between the base and the sugar in the DNA backbone. This leaves an 
abasic site that is recognized by an apurinic endonuclease (APE1). APE1 will cleave the abasic 
site, leaving a sugar attached to the 5’ end of  the nick. The 3’ hydroxyl end is then a substrate 
for DNA polymerase β, which also has lyase activity that removes the 5’ sugar after filling in the 
gap. Finally, the remaining nick in the DNA backbone is ligated by a complex of  X ray cross 
complementation protein 1 (XRCC1) and DNA ligase IIIα (LIGIII) (Wallace, 2014). 



16

1

Figure 1: DNA damage. Endogenous and exogenous sources of  DNA damage (top) can cause a variety of  DNA 
lesions (middle) that are repaired by specialized DNA repair pathways (bottom) to ensure genomic stability and integrity. 
BER (base excision repair), NER (nucleotide excision repair), MMR (mismatch repair), DSB (double stranded break), 
HR (homologous recombination), NHEJ (non homologous end joining), FA (Fanconi anemia), TLS (translesion 
bypass). Adapted from (Blanpain et al., 2011).

Bifunctional glycosylases are required to remove oxidative damage and do not only cleave the 
N-glycosyl bond between the base and the sugar, but also cut the DNA backbone. This can leave 
either a α, β unsaturated aldehyde or a phosphate group on the 3’ end of  the nick, preventing the 
loading of  a polymerase. To restore these ends to a 3’ hydroxyl, the ends are processed by APE1, 
polynucleotide kinase (PNK) or other DNA processing enzymes (Evans et al., 2000). Polymerase 
β can then load and repair proceeds as described above. In both cases the gap can be sealed by 
a single nucleotide, this is called short patch BER and this is the most common BER pathway.  

In some case DNA polymerase β is not capable of  converting the 5’ end to a phosphate, 
preventing ligation of  the nick. Polymerase δ or ε then takes over and displaces the DNA 
strand, creating a 5’ DNA flap (Wallace, 2014). This flap is then cut by the structure specific 
endonuclease FEN1, in a PCNA dependent manner, and the backbone is ligated by DNA Ligase 
I (Liu et al., 2005; Sun et al., 2016). This is referred to as long patch BER. 

The BER system is also capable of  recognizing ICLs, but is not able to repair the damage. This 
can lead to cell death and some studies have reported that inactivation of  BER makes cells more 
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resistant to the damaging effects of  ICL-inducing agents (Kothandapani et al., 2011). Recent 
reports have indicated that the NEIL3 glycosylase can cleave an ICL and leave an abasic site for 
further processing by APE1 (see paragraph on glycosylase pathway). 

Nucleotide Excision Repair

Nucleotide excision repair (NER) is a highly versatile DNA repair pathway that can deal with an 
extraordinarily wide variety of  helix distorting DNA lesions, such as UV-induced photoproducts 
(cyclopyrimidine dimers (CPDs), 6-4 photoproducts (6-4PPs)), and intra-strand crosslinks 
formed by cancer therapeutic drugs such as cisplatin (Gillet & Schärer, 2006). This wide 
variety of  substrates is processed via a complex mechanism consisting of  over 30 proteins that 
sequentially load onto the damaged DNA where they recognize the lesion, after which a 24-32 
nucleotide stretch will be excised, the gap will be filled using the undamaged strand as a template 
and finally the resulting nick will be ligated  (Figure 2) (Aboussekhra et al., 1995; Araújo et al., 
2000; Mu et al., 1995). 

NER can be subdivided into two branches, Global Genome NER (GG-NER), and Transcription 
Coupled NER (TC-NER). Both pathways use the same NER core proteins, but the pathways 
differ in the mechanism by which they recognize the DNA lesion. While GG-NER can take 
place anywhere in the genome, TC-NER is specifically initiated on actively transcribed DNA 
strands. In the latter mechanism lesions are recognized by stalling of  the RNA polymeraseII by 
the damage, after which TC-NER specific factors CSA are CSB are recruited (Figure 2, step 1) 
(Spivak, 2015). CSB will then recruit subsequent core-NER factors. 

GG-NER is much better understood and is initiated when the XPC-RAD23B heterodimer 
recognizes the DNA damage (Figure 2, step 1). Bulky lesions will cause thermodynamic 
destabilization of  the DNA duplex, which allows XPC to bind the DNA opposite the damage. 
Because XPC does not directly recognize the lesion, it can act on a great variety of  different 
lesions (Geacintov et al., 2002; Maillard et al., 2007; Sugasawa et al., 2001; Min & Pavletich, 2007). 
Additionally, XPC-RAD23B binding can be promoted by the UV-DBB complex (XPE) (Tang 
& Chu, 2002; Zhu & Wani, 2016). After damage recognition the two pathways will merge by 
recruitment of  the ten-subunit TFIIH complex to the site of  damage. TFIIH contains two 
helicase subunits, XPB and XPD (Figure 2, step 2) (Ziani et al., 2014; Compe & Egly, 2012). XPB 
is thought to act as a wedge to pry open the two DNA strands, which will allow XPD to track 
along the DNA in a 5’-3’ direction (Mathieu et al., 2013; Coin et al., 2007; Winkler et al., 2000). 
XPB and XPD act as a final check to ensure there is damage present on the DNA (Marteijn et 
al., 2015; Li et al., 2015). XPD will stall when encountering a lesion and this stalling is further 
enhanced in the presence of  XPA (Li et al., 2015). The open structure of  the DNA will allow 
the recruitment of  additional factors required to form a stable repair complex, namely RPA 
and XPG. This complex is referred to as the preIncision complex (Figure 2, step 3). RPA binds 
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the undamaged DNA opposite the lesion and protects the undamaged strand from nucleolytic 
processing (de Laat et al., 1998). Finally the endonuclease XPG is recruited to the pre-Incision 
complex via TFIIH (Araújo et al., 2001; Dunand-Sauthier et al., 2005). The last factor to be 
recruited to the complex is the structure specific endonuclease XPF-ERCC1, which will make 
the first incision 5’ to the damage (Sijbers et al., 1996). XPF-ERCC1 is recruited to the complex 
by interaction with XPA (Li et al., 1995; Orelli et al., 2010). After the first incision, XPG will 
make the second, 3’ incision (Figure 2, step 4). The XPF-ERCC1 5’ incision will leave a free 3’ 
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Figure 2: Schematic representation of nucleotide excision repair. (1) Damage recognition in TC-NER and GG-
NER. In GG-NER XPC-HR23B  and XPE (UC-DDB) recognize and bind the damaged lesion. In TC-NER the 
damage is recognized by the stalled RNApolII and CSA and CSB proteins bind to recruit the downstream NER factors. 
(2) Unwinding of the lesion by XPB and XPC helical subunits of TFIIH. This is stimulated by the presence of XPC. 
(3) After unwinding the Pre-Incsion complex is formed by additional recruitment of RPA and XPG. (4) XPF-ERCC1 
is recruited and initiates dual incisions by making the 5’ cut, which triggers the 3’ incision by XPG. (5) The remaining 
single stranded gap is stabilized by RPA and filled in by RCF, PCNA and polymerases δ or ε. (6) The remaining nick 
on the DNA is ligated.
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OH group that can be used as a substrate for DNA polymerase δ/ε (Figure 2, step 5) and the 
remaining nick is finally ligated by DNA ligase III (Figure 2, step 6) (Shivji et al., 1995; Koch et 
al., 2016). 

NER is responsible for the repair of  ICLs in E.coli and is believed to be involved in replication-
independent repair of  ICLs in mammals (Hashimoto et al., 2016). This is crucial in the protection 
of  non-replicating cells, such as neurons, against ICL lesion (see paragraph on replication 
independent ICL repair). Some NER factors also play a role in the major replication-dependent 
ICL repair pathway that will be discussed later on in this chapter. 

Mismatch Repair

Mismatch Repair (MMR) is an important repair mechanism that corrects errors made during 
DNA replication that have escaped proofreading. MutSα (a heterodimer of  MSH2 and MSH6) 
recognizes base mismatches and small insertion/deletion loops (IDLs) of  1 or 2 nucleotides, 
while MutSβ (a heterodimer of  MSH2 and MSH3) recognizes larger IDLs (Kunz et al., 2009). 
This recognition is based on the weakened Watson and Crick bond and a slight helix distortion 
caused by the mismatch (Dalhus et al., 2009). After recognition the MMR machinery recruits 
MutLα (consisting of  MLH1 and PMS2) to proceed with the post replicative repair process. 
This consists of  degrading and resynthesizing part of  the nascent DNA strand that contained 
the mismatch. The nascent DNA strand is believed to be recognized by discontinuities of  the 
DNA strand. It has been proposed that gaps between the okazaki fragments of  the lagging 
strand are involved, as well as nicks created during ribonucleotide excision repair (Pavlov et al., 
2003; Ghodgaonkar et al., 2013). If  there is no pre-excising nick, MutLα can nick the DNA in 
a strand specific manner on both sides of  the mismatch, dependend on RFC, PCNA and RPA 
(Modrich, 2016). MutSα/β and MutLα will translocate along the DNA in an ATP-dependent 
manner until they encounters a nick or gap in the DNA. If  the nick is located 5’ to the lesion 
the 5’ to 3’ exonuclease EXO1 will load from the nick and degrade the nascent strand past the 
mismatch, creating a gap that will be filled in by replicative polymerases (Jiricny, 2006; Tishkoff  
et al., 1997; Genschel et al., 2002). Alternatively the 5’ nick can act as a substrate for strand 
displacement by polymerase δ or ε (Kadyrov et al., 2009). If  the nick is located 3’ of  the lesion 
it has been suggested the exonuclease activity of  polymerase δ or ε could degrade the DNA in a 
3’-5’ direction (Tran et al., 1999). 

MMR proteins have been implicated in the recognition of  ICLs and have a potential role in 
recruiting ICL repair factors (Zhang et al., 2002; Yamada et al., 1997; Zhu & Lippard, 2009; 
Zhang et al., 2007). MutSα and MutSβ have both been reported to interact with ICLs (Yamada et 
al., 1997; Zhu & Lippard, 2009). Furthermore MutLα has been shown to interact with the ICL 
repair protein FANCJ and this interaction was found to be important for a normal response 
to ICL-inducing agents (Peng et al., 2007). Another important ICL-repair protein, FANCD2, 
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1 was also found to interact with MutLα and MSH2. There is however little known about the 
mechanism by which MMR potentially promotes the repair of  ICLs. Conversely a deficiency in 
MMR factors can confer resistance to ICL inducing agents, as aberrant repair of  ICLs by MMR 
can lead to cell death (Kothandapani et al., 2013).

Double Stranded Break Repair

Double stranded breaks (DSBs) of  the DNA double stranded helix are one of  the most toxics 
forms of  DNA damage. I will discuss the two main repair pathways employed to repair this 
damage, homologous recombination (HR) and non-homologous end joining (NHEJ). 

Homologous Recombination

HR is an error-free repair pathway that repairs DSBs by using a sister chromatid as a template for 
repair. This repair pathway is complex and highly regulated by post translational modifications 
and cell cycle checkpoint signaling. Here I will give a simplified overview of  the general 
mechanism of  repair. First, the ends of  the DSB need to be processed for subsequent strand 
invasion of  the sister template. BRCA1 promotes the 5’ to 3’ resection of  DSB ends by the 
MRE11-RAD50-NBS1 (MRN) complex with the help of  CtIP, creating a 3’ ssDNA tail (Prakash 
et al., 2015; Tacconi & Tarsounas, 2015). EXO1, Bloom syndrome protein (BLM), WRN and 
DNA2 cooperate to further extend the resected tails (Mimitou & Symington, 2011; Nimonkar 
et al., 2011). This will generate a 3’ overhang that is coated by replication protein A (RPA) to 
stabilize the ssDNA. BRCA1 recruits PALB2, which acts as a bridging protein that in turn 
recruits BRCA2 (Prakash et al., 2015). BRCA2 facilitates the replacement of  RPA with RAD51. 
The RAD51 paralogs, among which RAD51C and XRCC2, are important for the efficient 
accumulation of  RAD51 onto the ssDNA to form a nucleoprotein filament, but it is unclear 
by what mechanism (Suwaki et al., 2011). The RAD51 coated strand will then invade into the 
dsDNA of  the sister template, which creates a displacement–loop (D-loop), which facilitates 
the extension of  the invading ssDNA by polymerases. The second DNA end of  the DSB is 
then captured within the D-loop creating a double Holliday junctions (West, 2009). Holliday 
junctions are complex DNA structures that can be dissolved by BLM-TOPIIIα-RMI1 helicases 
or resolved by cleavage by GEN1 or SLX4-MUS81-EME1-SLX1 (Tacconi & Tarsounas, 2015). 
Holliday junction resolution by nucleases can lead to aberrant sister chromatid exchange. 

HR is an essential part of  the repair of  a DSB intermediate that arises during the repair of  ICLs. 
If  HR during ICL repair follows the classical HR pathway or involves additional ICL repair 
specific factors is currently unclear. The role of  HR in ICL repair will be discussed in more detail 
further on in this chapter. 
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Non Homologous End Joining

NHEJ is an error-prone repair pathway that does not require a template for repair, but ligates 
the ends of  the broken DNA strands together. The broken DNA ends often need processing 
before the ends can be ligated and therefore this pathway is usually associated with deletions in 
the DNA. The Ku70/80 heterodimer binds broken DNA ends and recruits and activates DNA 
dependent protein kinase catalytic subunit (DNA-PKcs). This interaction protects the DNA ends 
from excessive resection. DNA-PKcs phosphorylates itself, as well as the KU70/80 proteins, 
XRCC4, XRCC4-like factor (XLF) and Artemis (Lieber, 2010; Yang et al., 2016). Blunt DNA 
ends can be ligated by a complex consisting of  XLF, XRCC4 and DNA ligase IV (LIG4). In 
most cases the broken DNA ends are characterized by various chemical modifications that need 
to be removed before they can be ligated. The NHEJ machinery employs a number of  nuclease 
and phosphodiesterases that can process modified DNA ends, such as the structure specific 
nuclease Artemis, the Mre11/RAD50/Nbs1 (MRN) complex and terminal desoxynucleo-
tidyl transferase (dTd). In some cases DNA end processing also requires strand extension by 
polymerases β, λ or µ (Menon & Povirk, 2016). Extensive processing of  the DNA ends will often 
result in deletions in the DNA surrounding the break, however, this is a risk the cell will take 
because the alternative, not repairing the break or risking large chromosomal rearrangements, is 
likely worse.

In addition to HR, a potential role for NHEJ in ICL repair has been proposed (McHugh et al., 
2000). NHEJ could also process ICL repair intermediates in the absence of  HR, leading to high 
mutagenicity (Aggarwal et al., 2013). 

Translesion Synthesis

DNA damage can lead to the stalling of  a DNA replication fork. If  this damage is not repaired 
quickly a cell risks replication fork collapse which can lead to translocations, chromosome 
aberrations and even cell death (Waters et al., 2009). If  DNA repair pathways do not act quickly 
enough, a cell may prefer to temporarily tolerate the damage until repair can take place, instead 
of  risking cell death. A major mechanism by which cell tolerate DNA damage is to replicate past 
a damaged base. This is called translesion synthesis (TLS). TLS is technically not a DNA repair 
pathway, because although it rescues the cell from possible death, it does not remove the DNA 
damage, it simply bypasses it and leaves the damage to be repaired by a proper DNA repair 
pathway at a later time (Friedberg, 2005). 

TLS employs a number of  specialized translesion polymerases that can facilitate the insertion 
of  a base across from a damaged nucleotide. There are currently 5 major TLS polymerase 
found in eukaryotes, Rev1, Pol κ, Pol ι, Pol η and Pol ζ (Rev3/Rev7) (Lawrence, 2004; Ohmori 
et al., 2001). Apart from Pol ζ, all polymerases are part of  the Y-family of  polymerases, they 
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1 have relatively non-restrictive active sites compared to the replicative polymerases and lack a 
3’-to-5’ proofreading domain. These characteristics contribute to the lower fidelity of  the TLS 
polymerases compared to the replicative polymerases (Yang & Woodgate, 2007). Despite this 
general low fidelity they can very accurately place the correct base opposite of  a specific type 
of  damage (Friedberg et al., 2002). Translesion synthesis often involves multiple polymerases, 
one polymerase that places a base opposite of  the damaged base, and a second polymerase to 
further extend past the damage (Shachar et al., 2009). After extension, another polymerase switch 
replaces the TLS polymerase with the replicative polymerase to continue replication (Johnson 
et al., 2000).  

TLS is a crucial pathway in the repair of  ICLs and this will be discussed in detail further on in 
this chapter. 

 DNA interstrand Crosslinks

An ICL is formed when opposite strands of  the DNA double helix are covalently bound. This 
prevents separation of  the DNA strands and thereby blocks important cellular processes, such 
as DNA replication and transcription, making the ICL one of  the most lethal DNA lesions a 
cell can encounter. A single unrepaired ICL can be lethal to a yeast or bacterial cell (Grossmann 
et al., 2001), while ~40 ICLs can kill a repair-deficient mammalian cell (Lawley & Phillips, 1996). 
The error prone repair of  ICLs can lead to mutations, insertion and deletions that contribute 
to genomic instability and tumorigenesis (Richards et al., 2005). To prevent this from happening 
the cell employs an elaborate mechanism to repair ICLs, involving the coordinated actions of  
multiple DNA repair pathways, many of  which have been discussed above. 

The discovery of ICLs

ICLs are especially toxic to rapidly dividing cells, because they completely block replication and 
induce cell death. For this reason ICL-inducing agents are widely used as chemotherapeutic drugs 
in the treatment of  cancer. The first chemotherapeutic agent discovered was mechlorethamine, 
a derivative of  nitrogen mustard (Goodman & Wintrobe, 1946). Nitrogen mustard gas was 
originally developed as a weapon for chemical warfare in the beginning of  the 20th century 
by chemist Fritz Haber. In attempts to avoid the horrors of  the first world war (WWI), where 
nitrogen mustard gas had killed many thousands, researchers during the second world war set 
out to find an antidote. Louis Goodman and Alfred Gilman, scientists at the Yale University, 
looked into records from soldiers exposed to mustard gas during WWI and found that these had 
surprisingly low numbers of  immune cells (Goodman & Wintrobe, 1946; Einhorn, 1985). Similar 
observations were made after an incident in the Italian port of  Bari, where a German air raid 
sank 27 cargo and transport ships, among which the U.S. merchant ship, the John Harvey. The 
John Harvey was carrying over 60 tons of  mustard gas bombs. The harbor and the surrounding 
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area were heavily contaminated and many people reported burns and blisters. Later autopsies 
of  the victims of  Bari harbor revealed particularly low blood cell counts (Einhorn, 1985). This 
led to the idea that, if  this compound specifically attacked blood cells, it could be used to treat 
leukemia. Eventually a positive use was found for nitrogen mustards as a chemotherapeutic 
agent.

At this time however, it was unknown what the mechanism of  action was that led to the anti-
tumor activity of  the nitrogen mustards. In the 1940s Ross, Haddow and co-workers at the 
Beatty Institute in London discovered that cytotoxicity of  the nitrogen mustards was due to the 
presence of  two chemically reactive functional groups (Goldacre et al., 1949). They suggested 
that the formation of  covalent bonds between two strands of  the DNA referred to as interstrand 
crosslinks (ICLs), were the main DNA lesions responsible for the anti-tumor effect.

Exogenous ICL inducing agents

Today, ICL-inducing chemotherapeutic agents are still one of  the most effective anti-tumor 
drugs available. Besides the nitrogen mustards, other crosslinking agents were discovered, 
such as mytomicin C (MMC), cisplatin, deoxybutane (DEB) and psoralens. These drugs are 
all bifunctional alkylating agents and can react with DNA to induce ICLs. Although the ICLs 
induced by different crosslinking agents all covalently bind the two strands of  the DNA, the 
structure of  the ICLs can differ considerably. This difference can be in the sequence specificity 
of  the crosslinking agent, ICLs can be formed between G’s, T’s or a G and a C. There can also 
be a difference in the distance between the bases that are covalently bound by different ICLs. 
The chemical structure of  the ICL can also differ significantly as can the degree to which they 
distort the DNA helix (Figure 3). MMC and psoralen for example cause ICLs that create only a 
minor distortion in the DNA double helix, while cisplatin causes a large distortion of  the DNA 
backbone (Lopez-Martinez et al., 2016). These different characteristics could lead to a difference 
in the recognition and repair of  these lesions. 

Furthermore, it should be noted that these agents do not solely cause ICLs. They can also 
induce intrastrand crosslinks, monoadducts and protein-DNA crosslinks in varying degrees. 
MMC, commonly used as an ICL-inducing agent in research, induces only approximately 15% 
ICLs, and in addition 35% intrastrand crosslinks and 50% mono-adducts (Lopez-Martinez et al., 
2016; Dronkert & Kanaar, 2001). This is important to consider when studying the effects of  
ICL-inducing agents on cells. 

Endogenous ICL inducing agents

There are complex repair mechanisms present in our cells that are capable of  repairing ICLs 
induced by the exogenous ICL-inducing agents. These repair mechanism cannot have evolved 
to deal with man-made chemicals, and so most likely there is an endogenous source of  ICL-
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damage. It is challenging to identify this source because ICLs cannot be directly visualized in 
living cells. It is thought that the formation of  ICLs is infrequent and some evidence suggest 
that endogenously formed ICLs can be unstable (Schärer, 2005). The evidence for the formation 
of  endogenous ICLs comes mainly from the capacity of  endogenous compounds to form ICLs 
in vitro, and the assessment of  the cytotoxicity of  these compounds. ICLs can be generated by 
byproducts of  lipid peroxidation in response to oxidative stress, such as malondialdehyde and 
unsaturated aldehydes such as acrolein and crotonaldehyde (Niedernhofer et al., 2003; Kozekov 
et al., 2003; Stone et al., 2008). Acrolein and crotonaldehyde can also be found in environmental 
sources such as high fat diet, cigarette smoke and automobile exhausts (Folmer et al., 2003; Lopez-

Figure 3: DNA interstrand crosslinks are structurally distinct. Chemical structure of  ICLs induced by the agents 
indicated above. (A) nitrogen mustard, (B) cisplatin, (C) mitomycin c(MMC), (D) psoralen and (E) diepoxybutane.
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Martinez et al., 2016). Other sources of  ICLs can be nitric oxide, abasic sites and possibly natural 
occurring psoralen found in bergamot, celery and parsley (Caulfield et al., 2003; Ljunggren, 1990; 
Manderfeld et al., 1997; Ashwood-Smith et al., 1980). The most recent and extensive research has 
concerned reactive aldehydes, such as formaldehyde and acetylaldehyde. These are byproduct of  
alcohol metabolism and evidence is compiling that these metabolites significantly contribute to 
the endogenous ICL damage load (Langevin et al., 2011; Rosado et al., 2011; Garaycoechea et al., 
2012; Brooks & Theruvathu, 2005; Lorenti Garcia et al., 2009). 

Fanconi anemia

In 1927 the Swiss pediatrician Dr. Guido Fanconi diagnosed three brothers with a condition he 
referred to as perniculous anemia, but is now known as Fanconi anemia (FA) (Fanconi, 2015). 
FA is a rare chromosomal instability disorder that is typically characterized by developmental 
abnormalities, short stature, bone marrow failure and a highly increased incidence of  cancer. 
In the 1970s researchers discovered that the cells of  patients with the rare hereditable disease 
Fanoconi anemia (FA) are highly sensitive to ICL-inducing agents (Sasaki & Tonomura, 1973; 
Auerbach & Wolman, 1976). The sensitivity of  FA patients to ICL-inducing agents is so striking 
that the diagnosis for FA is now based on the rate of  chromosomal abnormalities of  FA 
cells after exposure to the ICL-inducing agent diepoxybutane (DEB) (Auerbach, 1988). This 
marked sensitivity was an important discovery as FA is a very heterogeneous disease and many 
patients have an atypical presentation, making the diagnosis difficult. The fact that patients were 
exquisitely sensitive to ICL-inducing agents led to the speculation that FA patients might have a 
defect in repairing endogenous ICLs. FA is caused by a defect in any of  the 20 so called FANC 
genes (FANCA, B, C, D1, D2, E, F, G, I, J, L, M, N, O, P, Q, R, S, T and U), and it has become 
increasingly clear that the proteins encoded by these genes are directly involved in the repair of  
DNA ICLs. However, it is still not clear if  all FA symptoms can be explained by a defect ICL 
repair (Bagby & Olson, 2003; Duxin & Walter, 2015). 

Fanconi anemia pathway

The majority of  ICLs are repaired in the S-phase of  the cell cycle. Exposure of  cells to ICL 
inducing agents arrest cells in late S-phase, indicating the repair of  ICLs occurs during DNA 
replication (Akkari et al., 2000). In addition, cells from FA patients show a prolonged G2 arrest 
upon exposure to ICL-inducing agents (Ceccaldi et al., 2011). The connection between ICL 
repair and DNA replication is further confirmed by the fact that the FA pathway is activated 
during S-phase and this is dependent on active DNA replication (Rothfuss & Grompe, 2004; 
Sobeck et al., 2006; Taniguchi et al., 2002). 

In the FA pathway, the FA factors work together to promote the repair of  ICLs. The FA 
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Figure 4: Activation of  the Fanconi anemia pathway coordinates the repair of  an ICL. Repair of  an ICL is 
initiated by recruitment of  FANCM to a stalled replication fork, which leads to the recruitment of  the FA core complex. 
The core complex mono-ubiquitinates (Ub) the ID2 complex with the help of  the E2 ubiquitin conjugating enzyme 
Ube2T (FANCT). This leads to the retention of  the ID2 complex onto the chromatin which is important for the 
recruitment of  the downstream factors. The downstream factors can be subdivided in endonucleases and homologous 
recombination factors required for further processing of  the ICL. 

proteins can be roughly grouped into 4 categories, initiation by lesion recognition of  FANCM, 
recruitment of  the large FA core complex consisting of  FANCA, B, C, E, F, G, L and M, 
subsequent ubiquitination of  the FANCI-FANCD2 (ID2) complex by the core complex and 
downstream repair by the remaining FA proteins (Figure 4). The exact biochemical role of  most 
of  the FA proteins in the repair of  ICLs remains unclear, below I will describe what is known 
about the FA factors that have been identified so far. 

Initiation

The replication-dependent repair of  an ICL is initiated when a replication fork encounters 
an ICL. The replication fork will stall, because the covalent link between the two strands of  
the DNA prevents unwinding. The resulting DNA structure is then most likely recognized by 
FANCM. FANCM is a member of  the FA core complex and is the human ortholog of  archae-
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bacterial protein HEF and a member of  the XPF/MUS81 superfamily (Ciccia et al., 2008). 
FANCM has a C-terminal ERCC4 nuclease domain that lacks essential residues required for 
nuclease activity and an N-terminal helicase domain that has ATP-dependent translocase activity 
(Mosedale et al., 2005; Ciccia et al., 2007; Meetei et al., 2005). The inactive nuclease domain 
specifically recognizes branched DNA structures that resemble replication forks in vitro and 
FANCM can remodel these structures using its translocase activity (Gari et al., 2008b, 2008a). 
FANCM forms a heterodimer with an ERCC1 homologue termed FAAP24 (Fanconi Anemia 
Associated Protein, 24 kDA) (Ciccia et al., 2008). FAAP24 binds ssDNA and is necessary for 
the association of  FANCM with chromatin (Ciccia et al., 2008). FANCM also interacts with 
the MHF1-MHF2 heterodimer (FANCM-interacting Histone Fold protein1 and 2, also known 
as SENP-S and SENP-X) (Singh et al., 2010). MHF1 and MHF2 bind DNA with a preference 
for Holliday junction and are, like FAAP24, required for the localization of  FANCM to the 
chromatin (Singh et al., 2010). FANCM, FAAP24 and MHF1 and 2 are exclusively found in a 
complex with each other and are constitutively bound to the chromatin (Singh et al., 2010). 

When FANCM encounters a stalled replication fork it recruits the rest of  the FA core complex 
by binding FANCF (Deans & West, 2009; Kim et al., 2008). In the absence of  FANCM the 
other FA core complex members are recruited less efficiently and the ubiquitination of  the 
FANCI-FANCD2 complex is reduced (Kim et al., 2008). Importantly, the status of  FANCM as 
a bona fide FA factor has been a subject of  discussion, as it was found that the original FANCM 
patients also had mutations in the FANCA gene, and individuals found with homozygous loss 
of  function mutations in FANCM did not show symptoms of  FA (Singh et al., 2009; Lim et al., 
2014). FANCM depletion does lead to a mild sensitivity to ICL inducing agents, and recruitment 
of  the core-complex by FANCM is possibly redundant with recruitment to the chromatin by 
other core complex members (see paragraph below) (Huang et al., 2014). Another protein that 
has been implicated in recognition of  the ICL is UHRF1, a multi-domain protein that is known 
to bind hemimethylated DNA (Liu et al., 2013; Nishiyama et al., 2013). UHRF was identified in 2 
independent screens for showing affinity with ICL-containing DNA (Liang & Cohn, 2016; Tian 
et al., 2015). One study places UHRF1 before FANCD2 recruitment to the ICL, while the other 
study proposes an FA-independent role for UHRF1 (Liang & Cohn, 2016; Tian et al., 2015). 
Further studies are needed to confirm if  and how URFH1 contributes to ICL repair. 

FANCM is also known to recruit Bloom’s complex (BLM, RMI1, RMI2, and TopoIIIa) upon 
MMC damage, although it is not clear what the function of  this complex is (Deans & West, 
2009). One suggestion is that FANCM uses its translocase activity to regress the replication 
fork in order to maintain fork stability and allow time and space for repair. Possibly this activity 
is enhanced by the Bloom’s complex (Deans & West, 2009). Another possibility is that the 
Bloom’s complex is required further downstream in resolving intermediates of  homologous 
recombination (Vinciguerra & D’Andrea, 2009). Interestingly mutation in FANCM have been 
correlated with breast cancer susceptibility, similar to other FA factors that function downstream 
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1 of  FANCDI-D2 ubiquitination in HR (Bogliolo & Surrallés, 2015). The C-terminus of  FANCM 
also binds HCLK2, a PI3-kinase regulator of  the ATR-dependent checkpoint response (Collis et 
al., 2008). Finally, FANCM has also been implicated in facilitating replication traverse of  an ICL 
(see paragraph on  traverse pathway).

Core complex

The FA core complex is recruited to the DNA via FANCM upon DNA damage but exactly what 
triggers the association of  the core complex with FANCM is unclear. Hyper-phosphorylation 
of  FANCM during mitosis may play a role in preventing complex assembly outside of  S-phase 
(Kim et al., 2008). FANCM is seen as part of  the core complex once it assembles onto the 
DNA. The core complex exists in 3 distinct sub-complexes (Figure 4) (Medhurst et al., 2006; 
Huang et al., 2014). FANCB, L and FAAP100 form a subcomplex (L-B-100). FANCL has the 
E3 ubiquitin ligase activity responsible for the ubiquitination of  the ID2 complex (Huang et 
al., 2014; Alpi et al., 2008; Meetei et al., 2003). The B-L-100 complex is absolutely required for 
catalytic activity (Huang et al., 2014). In vitro FANCL alone is enough to ubiquitinate the ID2 
complex and it is unclear what the function of  FANCB and FAAP100 is in vivo (Alpi et al., 
2008; Longerich et al., 2014; Sato et al., 2012). Overexpression of  FAAP100 leads to elevated 
levels of  ID2 ubiquitination, suggesting FAAP100 and FANCB promote the E3 ligase activity 
of  FANCL. Ubiquitination by FANCL further requires the E2 ubiquitin conjugating enzyme 
UBE2T (FANCT) that has been found mutated in patients with features of  Fanconi Anemia, 
but is not a part of  the core complex itself  (Rickman et al., 2015). FANCL can bind FANCA, but 
only in the presence of  FANCB, G and M.

The other 2 subcomplexes are formed by FANCC, E and F (C-E-F) and FANCA, FANCG and 
FAAP20 (A-G-20)(Kruyt et al., 1999; Waisfisz et al., 1999; Garcia-Higuera et al., 1999; Reuter et 
al., 2000). The main purpose of  these subcomplexes is to localize the L-B-100 complex to the 
chromatin where it can ubiquitinate the ID2 complex. FANCF is thought to act as an adaptor 
protein that links the rest of  the core complex to FANCM (Deans & West, 2009; Taniguchi et 
al., 2002; Gordon & Buchwald, 2003). FANCF interacts with FANCM and FANCG. FANCC 
furthers glues the core complex together by an interaction with FANCA (Léveillé et al., 2004). 
Depletion of  FANCF reduced the amount of  chromatin bound FANCL by reduced recruitment 
of  the core complex to FANCM. However, similar to depletion of  FANCM, this does not 
completely abolish the mono-ubiquitination of  FANCD2 (Huang et al., 2014). The A-G-20 
sub-complex is thought to contribute to the localization of  the core complex to the chromatin 
by the weak DNA binding of  FANCA (Huang et al., 2014; Yuan et al., 2012). FANCG contains 
7 tetratricopeptide repeats (TPRs) important for binding FANCA, while FANCA in turn binds 
and is stabilized by FAAP20 (Blom et al., 2004; Leung et al., 2012). Like depletion of  FANCF, 
depletion of  FANCG also reduces FANCD2 ubiquitination (Huang et al., 2014). Depletion of  
both FANCF and FANCG however completely abolished ubiquitination, suggesting both sub-
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complexes have non-redundant roles in supporting the function of  the core complex. Likely by 
independently contributing to the recruitment of  FANCL to the chromatin (Huang et al., 2014).

FANCI and FANCD2 are the only known substrates of  the core complex to date, suggesting 
the main purpose of  the core complex is the ubiquitination of  FANCI and FANCD2. FANCD2 
knockout DT40 cells, could be rescued by a FANCD2 mutant, that could no longer be mono-
ubiquitinated, but had ubiquitin fused to its C-terminus (Matsushita et al., 2005). Interestingly, 
cells lacking members of  the core complex could not be rescued by the FANCD2 mutant 
fused with ubiquitin (Matsushita et al., 2005). This suggests the core complex might have other 
currently unknown targets in, or outside of  the Fanconi Anemia pathway or individual core 
complex factors may have direct roles in repair (also see paragraph on lesion bypass in FA 
dependent ICL repair). 

FANCI-FANCD2 complex

FANCI and FANCD2 are structurally highly conserved proteins and form a heterodimer 
(Smogorzewska et al., 2007; Joo et al., 2011a; Knipscheer et al., 2009). Both proteins have a 
conserved mono-ubiquitination site, human FANCI is mono-ubiquitinated on K523 and 
FANCD2 on K561 (Garcia-Higuera et al., 2001; Smogorzewska et al., 2007). A point mutation 
of  lysine 561 on FANCD2 to an arginine leads to increased sensitivity to ICL inducing agents 
(Timmers et al., 2001; Garcia-Higuera et al., 2001; Matsushita et al., 2005). This demonstrates the 
importance of  the ubiquitination in conferring resistance to ICL-inducing agents. The mono-
ubiquitination of  FANCI seems less crucial to conferring ICL resistance, since supplementing 
FANCI knock out cells with a FANCI K523R mutant, that lacks the mono-ubiquitination site, 
can partially rescue repair (Smogorzewska et al., 2007; Ishiai et al., 2008). In vitro ubiquitination 
of  FANCD2, by FANCL and UBE2T, is greatly stimulated by the presence of  FANCI, and 
FANCI seems to be important for the site specific ubiquitination of  FANCD2, although the 
underlying mechanism is unclear (Longerich et al., 2014; Sato et al., 2012). Interestingly this in vitro 
stimulation is also seen in the presence of  the K523R mutant, suggesting FANCI ubiquitination 
is dispensable for FA pathway activation (Sato et al., 2012). In vivo however mono-ubiquitination 
of  FANCI appears to be important for the mono-ubiquitination of  its partner FANCD2, and 
vice versa (Smogorzewska et al., 2007)

Ubiquitinated FANCD2 is exclusively found bound to chromatin, while the KR mutant that lacks 
the ubiquitination site is not associated with the chromatin (Knipscheer et al., 2009; Timmers et 
al., 2001; Garcia-Higuera et al., 2001). This has led to the model that ubiquitination leads to the 
association of  the ID2 complex with the DNA. The crystal structure of  the mouse ID2 complex 
shows that the mono-ubiquitination site of  both FANCI and FANCD2 are located in the 
interface of  the two proteins (Joo et al., 2011b). This suggests that the proteins need to undergo 
a conformational change in order to be ubiquitinated. Both FANCI and FANCD2 can bind 
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1 DNA, and it has been proposed that the ID2 complex undergoes a conformational change upon 
binding DNA that opens up the ubiquitination sites. In support of  this, the in vitro ubiquitination 
of  FANCD2 is greatly increased in the presence of  branched DNA structures (Alpi et al., 2008; 
Longerich et al., 2014; Sato et al., 2012). Recent work from Liang et al. uses cryo-EM to show that 
the ID2 complex specifically binds DNA substrates that mimic stalled replication forks at an 
ICL, and that the ID2 complex binds the DNA before mono-ubiquitination takes place (Liang et 
al., 2016). One possible explanation is that the non-ubiquitinated ID2 complex only transiently 
binds DNA and the mono-ubiquitination strengthens this binding (Liang et al., 2016). 

The deubiquitinating enzyme USP1 forms a complex with UAF1 (USP1 associated factor 1) 
and is required for the deubiquitination the ID2 complex after ICL repair has been initiated 
(Cohn et al., 2007, 2009; Nijman et al., 2005; Smogorzewska et al., 2007). Inactivation of  USP1 in 
murine or chicken DT40 cells led to hypersensitivity to ICL-inducing agents as well as genomic 
instability, showing the importance of  deubiquitination in regulating ICL repair (Kim et al., 2009; 
Oestergaard et al., 2007). 

Downstream factors

The FANC genes that do not influence the ubiquitination of  the ID2 complex are considered 
downstream repair factors. These downstream factors can be subdivided into two groups, the 
endonuclease and associated factors, and the factors involved in homologous recombination 
(HR). The first category consists of  FANCQ/XPF and FANCP/SLX4. XPF, together with 
its regulatory subunit ERCC1, is a structure specific endonuclease that is most known for its 
role in NER as described previously in this chapter. Interestingly, XPF mutations found in FA 
patients do not interfere with NER, but specifically affect the repair of  ICLs, suggesting XPF 
has a specific, NER independent, role in ICL repair. SLX4 is a large scaffold protein that binds 
several endonucleases, such as SLX1, MUS81 and XPF. SLX4 contains a ubiquitin binding zinc 
finger (UBZ) domain that has been suggested to interact with FANCD2, although no evidence 
for direct binding has been shown. The exact role of  XPF-ERCC1 and SLX4 in ICL repair is a 
central topic of  this thesis and will be discussed in chapters 2, 3 and 5. 

The second category of  downstream factors comprises proteins that function in HR, namely 
FANCD1/BRCA2, FANCJ/BACH1/BRIP, FANCS/BRCA1, FANCN/PALB2, FANCO/
RAD51C, FANCR/RAD51 and FANCU/XRCC2 (Howlett et al., 2002; Cantor et al., 2004; 
Litman et al., 2005; Sawyer et al., 2015; Rahman et al., 2007; Xia et al., 2007; Reid et al., 2007; Vaz et 
al., 2010; Wang et al., 2015; Park et al., 2016). BRCA2 is a known breast cancer susceptibility gene 
involved in the error free repair of  DNA double strand breaks by HR. This was the first protein 
that directly linked the FA pathway to DNA repair. BRCA2 co-localizes with ubiquitinated 
FAND2 in damage induced foci and it is believed that FANCD2 promotes HR of  DSB, through 
direct or indirect recruitment of  BRCA2 and subsequent HR (Wang et al., 2004; Hussain et al., 
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2004). The other HR factors have been described in the paragraph on general HR. FANCJ 
is a BRCA1 interacting partner and is believed to unwind DNA near the DSB in a BRCA1 
dependent manner, in both HR as ICL-dependent HR (Cantor & Nayak, 2016). It is currently 
unclear whether and how ICL induced HR differs from the canonical HR pathway. Possibly 
there are differences in end resection, as the unhooking incisions create unique DSBs that might 
require specialized processing. FANCD1, FANCJ, FANCS, FANCN and FANCO have all been 
identified as breast cancer susceptibility genes, likely due to their role in general HR (Bogliolo & 
Surrallés, 2015). 

FA dependent ICL repair

The list of  genes involved in the repair of  ICLs is continually expanding. Despite this advance 
the molecular mechanism by which ICLs are repaired remain elusive. In addition, evidence is 
accumulating that structurally distinct ICLs are repaired by different repair mechanism, adding 
an additional layer of  complexity. These alternative ICL repair pathways will be discussed later 
in this chapter. 

In this thesis I have focused on the replication dependent repair of  ICLs by the FA pathway. 
I will describe our current knowledge of  this process in detail, with a special emphasis on the 
incisions that unhook the ICL. 

Based on genetic and cellular studies an initial model of  ICL repair was suggested, Over the 
past years this model has advanced rapidly, in part due to the development of  a Xenopus egg 
extract based ICL repair system. The Xenopus egg extract system is a powerful biochemical tool 
that allows the replication-dependent repair of  a site specific ICL outside a cell (Räschle et al., 
2008). The model that emerged shows two replication forks converging onto an ICL (Figure 5a) 
and stalling 20 to 40 nucleotides from the crosslink (Figure 5b). After unloading of  the CDC45, 
MCM2-7, GINS (CMG)-helicase, one of  the forks approaches the crosslink and stall again 
when its 1 nt before the ICL (Figure 5c). This is followed by incisions on the opposite parental 
strand on either side of  the crosslink, effectively unhooking the ICL (Figure 5d). The strand 
containing the adducted ICL is then replicated by specialized translesions polymerases (Figure 
5e). Subsequently, the fully replicated plasmid acts as a homology template for the repair of  the 
remaining double stranded break (DSB) by homologous recombination (Figure 5f). Finally, the 
adducted ICL is removed, presumably by NER, but this process is inefficient in Xenopus egg 
extract. Below I will consider these steps in detail.

Replication fork convergence and unloading of the CMG-helicase

In Xenopus egg extract, replication fork convergence at the ICL is essential for ICL repair (Figure 
5a) (Zhang et al., 2015). If  one of  the replication forks is blocked from converging the CMG 
helicase is unable to unload and repair will not proceed (Figure 5b). It has been proposed 
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1 that the formation of  an X-structure by fork convergence is essential for ICL repair in both 
Xenopus egg extract and mammalian cells as a mechanism to ensure that the repair process is 
only initiated when the adjacent DNA is fully replicated (Zhang et al., 2015). After convergence 
of  the two replication forks at the ICL they stall ~20-40 nucleotides from the lesion (Figure 
5a). This was observed in both a non-distorting nitrogen mustard ICL and a helix-distorting 
cisplatin ICL, with only a small difference of  ~4 nucleotides in the position of  the stalled forks 
(Räschle et al., 2008). The ~20-40 stalling is caused by steric hindrance of  the CMG-helicase 
that unwinds the DNA ahead of  the replicative polymerase (Fu et al., 2011). Fork collision will 
trigger the unloading of  the CMG helicase, which requires the BRCA1-BARD complex (Long 
et al., 2014). It is unclear how the BRCA1-BARD complex evicts the CMG from the chromatin. 
One possibility is that the E3 ligase activity of  BRCA1-BARD1 targets components of  the 
CMG complex, thereby destabilizing it, but further research is required (Hashizume et al., 2001). 
Long et al. suggest that besides BRCA1-BARD, the replicative polymerase also contributes to 
the CMG eviction, although it is unclear how this polymerase-dependent eviction occurs. When 
CMG helicase unloading is prevented, approach of  the leading strand to the ICL is inhibited and 
no ICL repair takes place.

Approach

After unloading of  the CMG helicase, either the rightward or the leftward fork approaches to 1 
nucleotide from the ICL (Figure 5c). Which fork will approach appears to be a random process 
and does not depend on which fork arrived at the ICL first  (Räschle et al., 2008; Zhang et al., 
2015). Approach is prevented by the polymerase inhibitor aphidicolin, which specifically inhibits 
pols α, ε, δ and ζ (Long et al., 2014). Moreover depletion of  pol ζ did not affect the approach 
(Räschle et al., 2008). Consistent with a role for the error-free replicative polymerases α, ε or δ, 
deep sequencing of  the region around the ICL after repair shows that the approach from 20 to 
4 nucleotides from the ICL is error-free (Budzowska et al., 2015). Furthermore, pol ε and pol 
δ are present at the ICL at early stages of  repair (Budzowska et al., 2015). Which of  these two 
polymerases is responsible for approach remains a subject for further study. It is also possible 
that different types of  ICLs induce replication stalling at different positions and require different 
polymerases to complete approach. Accordingly, it has been shown that polymerases can more 
easily approach large distorting ICLs, then non-distorting ICLs (Ho et al., 2011). 

Unhooking incisions

After approach is completed the ICL is unhooked by dual incisions on either side of  the 
crosslink, creating a DSB (Figure 5d). A DSB as an intermediate in ICL repair was first proposed 
when normal cells exposed to ICL inducing agents showed the replication dependent formation 
of  DSBs (De Silva et al., 2000; Niedernhofer et al., 2004). In Xenopus egg extracts the unhooking 
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Figure 5: Model for ICL repair. (a) Two replication forks converge on an ICL, and the leading strands stall 20 to 
40 nt from the lesion. (b) The CMG-helicase is evicted from the DNA, which is promoted by BRCA-BARD1 (c) a 
polymerase extends the DNA strand to 1 nucleotide from the ICL. (d) Dual incisions on either side of  the crosslink 
unhook the ICL. The unhooked ICL adduct is possibly trimmed down by an unknown exonuclease. (e) A base in 
inserted across from the crosslinked nucleotide, probably by a TLS polymerase. (f) extension of  the DNA strand past 
the ICL by polymerase ζ. (g) The remaining double stranded break is repaired by homologous recombination (HR) using 
the intact DNA strand as a template. (h) finally the adducted ICL is removed, possibly by nucleotide excisions repair 
(NER) or base excision repair (BER). (i) Structure specific endonucleases that have been implicated in ICL repair and 
their preferred DNA substrates are depicted in this panel.
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1 incisions can be visualized by the disappearance of  the X-structures under denaturing conditions, 
and these incisions are dependent on the mono-ubiquitination of  FANCD2 (Knipscheer et al., 
2009). This was the first evidence that directly linked the activation of  the FA pathway to ICL 
repair. FANCD2 itself  does not have a nuclease domain and likely recruits structure specific 
endonucleases to the site of  damage to perform these incisions. 

Several structure specific nucleases have been implicated in ICL repair, but it is not clear at what 
stage of  the repair process these nucleases are required. Besides the unhooking incisions, ICL 
repair also requires HR and many structure specific endonucleases have been implicated to have a 
role in this process (Bergstralh & Sekelsky, 2008; Nowotny & Gaur, 2016). Furthermore, there is 
evidence that the unhooked ICL adduct needs to be trimmed before TLS can occur, which would 
require an exonuclease (Minko et al., 2008; Wang et al., 2011). Finally, the ICL adduct needs to be 
removed, most likely by BER or NER, which would also require the action of  a nuclease. The 
number of  potential steps that require nucleases complicated the identification of  the nuclease 
specifically required for the unhooking incisions. Six structure-specific endonucleases have been 
implicated in the repair of  ICLs that all confer sensitivity to ICL-inducing agents, XPF(FANCQ)-
ERCC1, SLX4(FANCP)-SLX1, MUS81-EME1, FAN1, SNM1A and SNM1B(Zhang & Walter, 
2014). I will discuss the possible function of  these nucleases in ICL repair below. 

XPF-ERCC1

XPF-ERCC1 is a member of  the MUS81/XPF superfamily of  endonucleases. XPF is the 
catalytically active subunit while ERCC1 provides substrate specificity (Ciccia et al., 2008). The 
heterodimer cleaves splayed arms, bubble and stem-loop structures in the double stranded DNA 
near the double to single stranded DNA junction (Figure 5i) (Tsodikov et al., 2005; De Laat et al., 
1998; Bowles et al., 2012). The most well studied role for XPF-ERCC1 is in NER as discussed 
earlier in this chapter. Compared to other proteins involved in NER, XPF-ERCC1 defective 
cells are exquisitely sensitive to ICL-inducing agents, suggesting a role for XPF-ERCC1 in ICL 
repair (De Silva et al., 2000; Niedernhofer et al., 2004; Kuraoka et al., 2000). The importance of  
XPF-ERCC1 in ICL repair was further highlighted when FA patients were found with mutations 
in XPF, resulting in the alias FANCQ (Bogliolo et al., 2013). Interestingly, these patients did not 
display any signs of  Xeroderma Pigmentosum, a cancer susceptibility disorder characterized by 
mutations in any of  the NER proteins, including XPF (Bogliolo et al., 2013; Kashiyama et al., 
2013). This suggests that a functional distinction can be made between the role of  XPF-ERCC1 
in ICL repair and in NER. 

XPF-ERCC1 has been suggested to be involved in the unhooking incisions based on conferring 
sensitivity to ICL inducing agents and the ability of  recombinant XPF-ERCC1 to incise an 
ICL containing DNA substrate in vitro (Kuraoka et al., 2000). Figure 5 shows where XPF-
ERCC1 would be expected to cut an ICL, based on the structural preference of  the enzyme. It is 
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important to note that the schematic representation of  the substrate for incisions, shown Figure 
5i, is highly simplified. During ICL repair this substrate will be bound by many factors that will 
undoubtedly have an effect on structure and DNA conformation. 

XPF-ERCC1 has also been implicated in the HR pathway for DSB repair. This is an important 
pathway in the final stages of  ICL repair and it is possible that XPF-ERCC1 is required 
downstream of  the incisions step, or is involved in both processes (Bergstralh & Sekelsky, 2008; 
Nowotny & Gaur, 2016). In chapters 2 and 3 I have explored the role of  XPF-ERCC1 in ICL 
repair and I will show that XPF-ERCC1 is responsible for at least one of  the unhooking incision 
during the repair of  a cisplatin ICL. 

SLX4-SLX1

SLX4 is a large scaffold protein that binds 3 structure specific endonucleases, SLX1, XPF-
ERCC1 and MUS81-EME1. Cells depleted of  SLX4 are hypersensitive to ICL-inducing agents 
(Castor et al., 2013; Muñoz et al., 2009; Fekairi et al., 2009), suggesting the scaffold protein is 
involved in the repair of  ICLs. This was confirmed when the first FA patients were identified 
with mutations in SLX4, now designated as FANCP (Stoepker et al., 2011; Kim et al., 2011). 
SLX1 contains a GIY-YIG nuclease domain and a C-terminal RING domain (Gaur et al., 2015). 
All cellular SLX1 seems to be bound to SLX4, suggesting that the function of  SLX1 depends 
on SLX4. In agreement with this, Gaur et al. showed that SLX1 in absence of  SLX4 forms an 
inactive homo-dimer that is not able to interact with DNA (Gaur et al., 2015). Cells lacking SLX1 
display mild sensitivity to ICL-inducing agents, while cells lacking SLX4 are much more sensitive 
(Castor et al., 2013). This suggests SLX4 has SLX1 independent roles in ICL repair. 

The purified SLX4-SLX1 heterodimer, unlike most endonucleases, is able to process many 
different DNA substrates, such as nicked and intact HJs, replication forks, 5’ flaps and 3’ flaps. 
However, SLX4-SLX1 has a preference for nicking the 3’ side of  a branched structure within 
2-4 nucleotides from the double to single stranded DNA junction (Figure 5i) (Wyatt et al., 2013; 
Gaur et al., 2015; Fricke & Brill, 2003). Consistent with this SLX4-SLX1 has been shown to act 
in resolving Holliday junctions (Fricke & Brill, 2003; Castor et al., 2013; Garner et al., 2013). This 
activity could be important for resolving the HR intermediates in ICL repair, although this could 
be redundant with other resolvases such as BLM (Garner et al., 2013). 

Mouse embryonic fibroblasts (MEF’s) from SLX4 knock-out mice are highly sensitive to MMC, 
but this sensitivity can be partially rescued by a truncated SLX4 lacking the SLX1 binding domain 
(Hodskinson et al., 2014). This data suggests that SLX1 only has a minor role in ICL repair, while 
SLX4 has an additional SLX1-independent role in ICL repair. In chapter 3 I uncover a role 
for SLX4 in recruiting XPF-ERCC1 to the ICL. This recruitment is promoted by the mono-
ubiquitination of  FANCD2 and is essential for unhooking a cisplatin ICL. 
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MUS81-EME1, like XPF-ERCC1, belongs to the XPF/MUS81 endonuclease superfamily. 
MUS81 contains the ERCC4 nuclease domain, while EME1 is required for substrate specificity 
(Ciccia et al., 2008). MUS81-EME1 preferentially cleaves nicked Holliday junctions and 3’ flap 
DNA substrates (Figure 5i) (Wyatt et al., 2013; Bastin-Shanower et al., 2003; Ciccia et al., 2003, 
2008; Gaillard et al., 2003; Taylor & McGowan, 2008; Boddy et al., 2001; Doe et al., 2002). It binds 
to SLX4 and is implicated in the resolving of  Holliday junctions in collaboration with SLX4 
and SLX1 (Castor et al., 2013; Wyatt & West, 2014). MUS81-EME1 has long been considered 
a candidate for the unhooking incisions, because mutations in MUS81-EME1 confer cellular 
sensitivity to ICL-inducing agents (Crossan et al., 2011; Wang et al., 2011). Moreover Hanada et al. 
showed that MUS81 knock out embryonic stem cells fail to inducing DSB upon treatment with 
MMC (Hanada et al., 2006). This strongly suggested MUS81-EME1 was responsible for the first 
incision in ICL repair. Later work from Wang et al. however showed that the DSB formed in the 
presence of  MUS81-EME1 were likely due to another function of  the protein in the processing 
of  stalled replication forks (Wang et al., 2011; Mayle et al., 2015). 

Interestingly, MUS81-EME1 and XPF-ERCC1 have similar substrate preference (Figure 5i) and 
when envisioning the incision substrate, would both cut on the same side of  the ICL. This 
makes it unlikely that both of  these nucleases are involved in the incision step. In chapter 3 I 
will address if  MUS81-EME1 is indeed involved in incisions. Depletion of  MUS81 from Xenopus 
egg extract did not lead to a defect in the repair of  a cisplatin ICL, suggesting the nuclease is not 
essential in the repair of  ICLs. 

FAN1

FAN1 (Fanconi associated nuclease 1) was identified by several laboratories to confer resistance 
against ICL-inducing agents (Smogorzewska et al., 2010; Liu et al., 2010; MacKay et al., 2010; Kratz 
et al., 2010). FAN1 has an N-terminal UBZ4 type ubiquitin binding domain and a C-terminal 
nuclease domain. It preferentially cleaves 5’ flaps and has both endo- and 5’ to 3’ exonuclease 
activity (Figure 5i) (Smogorzewska et al., 2010; Liu et al., 2010; MacKay et al., 2010; Kratz et al., 
2010). FAN1 associates with FANCD2 via its ubiquitin binding domain and the recruitment of  
FAN1 to damage foci is dependent on FANCD2 ubiquitination (Smogorzewska et al., 2010; Liu et 
al., 2010; MacKay et al., 2010; Kratz et al., 2010). Although this was a strong indication that FAN1 
has a role in ICL repair, further research showed that FAN1 and the Fanconi anemia pathway 
are not epistatic in conferring resistance to ICL-inducing agents (Yoshikiyo et al., 2010; Zhou et 
al., 2012). In addition, patients with deficiencies in FAN1 did not have symptoms of  Fanconi 
anemia, but suffered from kariomegalic interstitial nephritis (KIN), characterized by renal failure 
(Zhou et al., 2012; Trujillo et al., 2012). Cells from these patients were mildly sensitive to ICL-
inducing agents, but did not show chromosomal breakage or cell cycle arrest upon exposure to 
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DEB, as seen in FA patients (Zhou et al., 2012)

FAN1 is recruited to stalled replication fork as seen by foci formation upon treatment with 
hydroxy urea (Shereda et al., 2010; Schlacher et al., 2012; Chaudhury et al., 2014). Like FAN1, 
FANCD2 is also recruited to stalled replication forks and might have an FA independent role 
in stabilizing or processing stalled replication forks together with FAN1 (Lachaud et al., 2016). 
How this would lead to the development of  KIN is still unclear. It can also not be excluded that 
FAN1 has additional redundant role in processing ICLs or is required for the incisions of  certain 
structurally distinct ICLs (Thongthip et al., 2016).

SNM1A

SNM1A and B are the mammalian homologs of  yeast Pso2. Pso2 was first identified in budding 
yeast in a screen for mutants that displayed sensitivity to ICL-inducing agents (Henriques & 
Moustacchi, 1980, 1981). SNM1A and B, like Pso2, are members of  the β-CASP family of  
metallo-β-lactamase related nucleases and show 5’-3’ exonuclease activity (Allerston et al., 2015; 
Sengerová et al., 2012; Cattell et al., 2010). SNM1A knock out chicken DT40 cells showed 
hypersensitivity to ICL-inducing agents, and further deletion of  SNM1B increased this sensitivity, 
suggesting redundancy (Ishiai et al., 2004). MEFs from knock out mouse models of  SNM1A 
show a mild sensitivity upon treatment with MMC, but not with other crosslinking agents, or IR 
(Dronkert et al., 2000; Hemphill et al., 2008; Ahkter et al., 2005). 

A study in the McHugh laboratory, showed that SNM1A can load from a single nick made by 
XPF-ERCC1 and can digest past an ICL (Wang et al., 2011). This is proposed to be important 
in trimming the unhooked adduct, as lesion bypass polymerases will more easily bypass a mono-
adduct compared to a larger adduct (Minko et al., 2008). Another possibility is that a second 
incision is not required, because digestion past the ICL will automatically lead to unhooking 
(Sengerová et al., 2012). Further studies are required to determine the role of  SNM1A is ICL 
repair. 

SNM1B

SNM1B is involved in the processing of  telomeres and in regulating checkpoint activation 
(Lenain et al., 2006; Mason et al., 2013; Liu et al., 2009; Bae et al., 2008). In addition, SNM1B is 
implicated in ICL repair based on reports that show that SNM1B deficiently induces sensitivity 
to ICL-inducing agents in both DT40 and human cells (Bae et al., 2008; Demuth et al., 2004; 
Mason & Sekiguchi, 2011; Demuth et al., 2008). SNM1B has been reported to interact with 
MUS81-EME1, FANCD2 and the MRN complex (Bae et al., 2008). Mason and colleagues show 
that FANCD2 and SNM1B are epistatic in sensitivity to MMC, suggesting SNM1B functions 
within the FA pathway (Mason & Sekiguchi, 2011). A similar observation was made by Salewsky 
and colleagues who report FANCP/SLX4 and SNM1B act epistatically upon MMC treatment 
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1 (Salewsky et al., 2012). Interestingly, depletion of  SNM1B impaired foci formation of  FANCD2 
(Mason et al., 2013; Mason & Sekiguchi, 2011). This would speak against a role for SNM1B in the 
unhooking incisions, or trimming of  the adduct, but suggest a role in remodeling the replication 
fork to enable FANCD2 foci to form. In line with this, SNM1B depleted cell are sensitive to 
aphidicolin, a polymerase inhibitor that induces replication stress (Mason et al., 2013). 

SNM1B can digest past an ICL in vitro, but is less active then its counterpart SNM1A and 
it does not have a specific preference for single stranded DNA over double stranded DNA 
(Sengerová et al., 2012). If  there is a specific role for SNM1B in ICL repair is a subject for further 
investigations. 

Translesion Synthesis

Cells from FA patients show a reduction in point mutations compared to healthy cells (Niedzwiedz 
et al., 2004; Niedernhofer et al., 2005). This suggested that the FA pathway induces point 
mutations in healthy cells, which is in line with the involvement of  error-prone TLS polymerases 
(Niedzwiedz et al., 2004). These specialized polymerases function after ICL unhooking in two 
steps: 1) when a nucleotide is inserted across from the adducted base (Figure 5e, insertion), 
and 2) when this strand further extend past the adduct (Figure 5f, extension). Cells deficient in 
TLS polymerases ζ (consisting of  Rev3 and Rev7) or Rev1 are hypersensitive to ICL-inducing 
agents, indicating they are important for ICL repair (Niedzwiedz et al., 2004; Hara et al., 2010; 
Gan et al., 2008). Depletion of  Rev7 from et al egg extract blocked translesion synthesis after a 
nucleotide was inserted opposite the adduct indicating Pol ζ is required for the extension of  the 
nascent strand past a cisplatin ICL (Räschle et al., 2008). Rev1 was long believed to be the TLS 
polymerase that inserts a nucleotide across from the unhooked ICL adduct. Rev1 is a dCMP 
transferase that inserts dCMPs opposite of  abasic sites or certain modified guanine residues. 
However, it is believed that Rev1 also acts as a landing pad for other polymerase to facilitate 
polymerase switching because it interacts with pol η, ι, κ, Rev7, and PCNA. Rev1 depletion from 
Xenopus egg extract during ICL repair resulted in replication stalling at the extension step, similar 
to Rev7 depletion (Budzowska et al., 2015). This indicated that Rev1 does not insert a nucleotide 
across from the adduct but functions with pol zeta in extension. Recruitment of  both Rev1 and 
Rev7 to the ICL is dependent on the presence of  FANCA, but not on the mono-ubiquitination 
of  FANCD2 (Budzowska et al., 2015). This is consistent with other reports showing that the 
FA core-complex, specifically FANCA, FANCG and FAAP20, has a role in regulating TLS 
(Niedzwiedz et al., 2004; Kim et al., 2012; Mirchandani et al., 2008). 

Currently it is unclear which TLS polymerase is responsible for the insertion step during ICL 
repair. In addition, while pol zeta performs the extension step in the repair of  cisplatin ICLs, 
it is not required for the repair of  nitrogen mustard ICLs, indicating the involvement of  other 
TLS polymerases (Räschle et al., 2008). Consistent with this additional polymerases have been 
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implicated ICL repair. Pol η, κ and ν all display sensitivity to ICL-inducing agents and are able to 
bypass ICLs in vitro (Roy & Schärer, 2016). Pol η and pol κ have been implicated in replication 
independent ICL repair (Williams et al., 2012). Moreover, it is possible that in some cases a 
replicative polymerase could directly bypass the adduct (Roy & Schärer, 2016). 

The choice of  TLS polymerase is likely determined by the structure of  the unhooked adduct. 
Work in Xenopus egg extract has shown that the unhooked adduct is the size of  one nucleotide, 
either because incision take place close to the ICL, or the adduct is trimmed after incisions 
(Räschle et al., 2008). However, it is not clear whether this is the case for all types of  ICLs and all 
repair mechanisms. In vitro, the size of  the adduct can have a dramatic effect on the ability of  
polymerase to bypass them (Minko et al., 2008; Yamanaka et al., 2010; Ho et al., 2011; Klug et al., 
2012)and further research is required to understand how this affects ICL repair in cells.

Homologous Recombination

The strand that has been fully restored by TLS is subsequently used as a template for the repair 
of  the double stranded break by homologous recombination (HR) (Figure 5 step 6). This has 
been discussed in more detail earlier in this chapter (See paragraph in Double Stranded Break 
Repair and Downstream FA factors). After HR the adducted ICL still need to be removed, but 
it is unclear how this happens. This is usually attributed to NER. 

Alternative mechanisms of ICL repair

The ICL traverse model

While the FA pathway is required for the resolution of  ICLs that are encountered by stalled 
replication forks, studies in chinese hamster ovarian (CHO) cells show that only 20-30% of  
all replication forks stall at an ICL (Huang et al., 2013). In this study the majority of  ICLs 
are bypassed by a mechanism termed replication fork-traverse (Huang et al., 2013). This allows 
replication to continue past an ICL to ensure genomic stability. This traverse will result in an 
X-shaped structure (Figure 6) similar to the structure that is generated when two replication forks 
converge at an ICL. It has been suggested that the subsequent steps in repair are similar for these 
X-shaped (Huang et al., 2013; Zhang & Walter, 2014). The mechanism of  how the replication 
machinery traverses an ICL is not clear, but involves the translocase activity of  FANCM, the 
interaction of  FANCM with PCNA, but not the other members of  the FA pathway (Huang et al., 
2013; Rohleder et al., 2016). Also, this mechanism does not seem crucial for the repair of  ICLs 
because FANCM deficient cells are less sensitive to ICL-inducing agents then cells deficient in 
other members of  the FA pathway (Mosedale et al., 2005; Huang et al., 2014). Possibly in absence 
of  a replication fork traverse, repair will be shifted to the FA pathway dependent replication fork 
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1 convergence mechanism. 

While studying the replication fork traverse, only ICLs induced by 4,5',8 trimethyl psoralen 
were used, which cause minimal distortion of  the DNA. It would be interesting to see if  more 
distorting ICLs could also be traversed (Huang et al., 2013; Rohleder et al., 2016).

The glycosylase dependent pathway

A recent report indicates that a second ICL repair pathway is active in the S-phase of  the cell cycle 
(Semlow et al., 2016). This pathway depends on the glycosylase Neil3 to cut the N-glycosyl bond 
between the sugar and the base of  one of  the crosslinked nucleotides, effectively unhooking the 
ICL. This pathway does not process a cisplatin ICL, but does process and repair abasic site and 
psoralen ICLs. Interestingly, this pathway does not require the activation of  the Fanconi anemia 
pathway. It also does not require endonucleolytic incisions of  the parental strand and therefore 
prevents DSB formation which avoids the risk of  inducing chromosomal rearrangements. 
Further elucidation of  this novel ICL repair pathway will likely elucidate the interplay between 
these two pathways in the repair of  endogenous and exogenous ICLs. 

Replication independent ICL repair

The majority of  ICLs are repaired in the S-phase of  the cell cycle and are dependent on active 
DNA replication (Taniguchi et al., 2002). A small subset of  ICL lesions are thought to be repaired 
in a replication-independent manner. Replication independent repair is poorly understood, but 
thought to depend on the NER factors XPF and XPG to unhook the ICL, creating a gap that 
is filled in by a TLS polymerase (Wang et al., 2001; Sarkar et al., 2006). XPC can recognize bulky 
lesion and is rapidly recruited to a psoralen crosslink where it could recruit XPF and XPG (Wang 
et al., 2001). Other studies however show that XPC is not required for replication-independent 
repair, but that this is initiated by the stalling of  the transcription machinery and recruitment 
of  NER factors by CSB, a protein involved in TC-NER (Enoiu et al., 2012; Wang et al., 2001). 
Similarly, there is no clear consensus as to which TLS polymerase is involved in translesion 
synthesis past the unhooked ICL, rev1, polζ and polκ have all been implicated as well as mono-
ubiquitination of  PCNA, which possibly acts in recruiting these polymerases (Enoiu et al., 2012; 
Williams et al., 2012). The above mentioned studies use different ICL-inducing agents, which 
might explain the observed differences. Consistent with this, a difference in the replication-
independent repair of  structurally different ICLs have been observed (Hlavin et al., 2010). 

Cells with mutations in XPB, XPD, XPA or XPG only show mild sensitivity to crosslinking 
agents (De Silva et al., 2000; Clingen et al., 2007; Niedernhofer et al., 2006; Andersson et al., 
1996) compared to cells with mutations in XPF or other FA factors. Nonetheless replication 
independent repair of  ICLs could be a crucial process in non- or slow- replicating cells.
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Figure 6: The ICL traverse. Schematic representation of  the X-structure formed by traversing an ICL or dual fork 
collision. 

Xenopus laevis egg extract

In my studies I have used the Xenopus laevis egg extract system to study the replication dependent 
repair of  interstrand crosslinks. A basic interphase Xenopus egg extract can be made by the 
low speed centrifugation of  unfertilized Xenopus leaving eggs (Tutter & Walter, 2006). This 
cytoplasmic LSS (low speed supernatant) can be used to replicate chromatin DNA. Addition of  
chromatin to LSS will trigger to the formation of  nuclei that undergo a single, complete round 
of  semi-conservative DNA replication. This requires the formation of  a nuclear envelope which 
makes it more difficult to manipulate the extract and does not allow for efficient replication of  
plasmid DNA. To circumvent this 2 different extracts can be used. First, DNA is incubated in 
a High Speed Supernatant (HSS) (Lebofsky et al., 2009). This extract is similar to LSS but does 
not contain membranes. Incubation in this extract will initiate the formation of  pre-replication 
complexes (pre-RCs) on the DNA, consisting of  ORC, Cdc6, Cdt1 and MCM2-7. To activate 
DNA replication from pre-RC’s a second NucleoPlasmic Extract (NPE) is added (Lebofsky et 
al., 2009; Walter & Newport, 2000). NPE is made by harvesting nuclei formed during replication 
of  chromatin in LSS and collecting their content. It has high concentrations of  Cdk2/cyciln E, 
Cdc7, MCM10 and other factors required for initiation of  DNA replication. DNA replication in 
this system is highly regulated and uses a physiological mechanism. It is currently the only system 
that recapitulates vertebrate DNA replication outside a cell and has contributed extensively to 
our understanding of  the molecular mechanism of  this process. 

This system also enables the replication and repair of  DNA plasmids containing a site-specific 
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1 ICL lesion in the context of  the S-fase (Räschle et al., 2008). Therefore this is an ideal tool to 
investigate the molecular mechanism of  ICL repair. 

Concluding remarks

The repair of  ICLs is a complex process and the exact mechanisms of  repair are still not fully 
understood. Genetic and cellular studies are crucial to enhance our understanding of  ICL repair, 
but to fully understand the molecular mechanisms underlying repair, a biochemical ICL repair 
system is essential. The advent of  the Xenopus laevis egg extract as such a biochemical system 
has greatly increased our knowledge of  how ICLs are repaired and will continue to contribute to 
this field in the future. Knowledge of  the proteins involved in the repair of  ICLs will shed light 
onto the mechanism by which cancers evade the action of  chemotherapeutic agents, and might 
provide targets to sensitize cells to these agents. 
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Abstract

DNA interstrand crosslinks (ICLs), highly toxic lesions that covalently link the Watson and Crick 
strands of  the double helix, are repaired by a complex, replication-coupled pathway in higher 
eukaryotes. The earliest DNA processing event in ICL repair is the incision of  parental DNA on 
either side of  the ICL (“unhooking”), which allows lesion bypass. Incisions depend critically on 
the Fanconi anemia pathway, whose activation involves ubiquitylation of  the FANCD2 protein. 
Using Xenopus egg extracts, which support replication-coupled ICL repair, we show that the 3′ 
flap endonuclease XPF-ERCC1 cooperates with SLX4/FANCP to carry out the unhooking 
incisions. Efficient recruitment of  XPF-ERCC1 and SLX4 to the ICL depends on FANCD2 
and its ubiquitylation. These data help define the molecular mechanism by which the Fanconi 
anemia pathway promotes a key event in replication-coupled ICL repair.
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Introduction

DNA interstrand crosslinks (ICLs) are extremely toxic DNA lesions because they covalently 
connect the two strands of  the DNA double helix, thereby blocking DNA replication and 
transcription. The primary mechanism of  ICL repair is coupled to DNA replication in S 
phase, while a secondary mechanism acts outside of  S phase (Räschle et al., 2008 and Williams 
et al., 2012). Replication-dependent ICL repair involves the collaboration of  factors involved 
in nucleotide excision repair (NER), translesion DNA synthesis (TLS), and homologous 
recombination (HR). Additionally, the Fanconi anemia (FA) pathway protects higher eukaryotic 
cells from ICLs (Kim et al., 2012). Mutations in any one of  15 FA genes causes FA, which 
is characterized by developmental abnormalities, bone marrow failure, cancer susceptibility, 
and cellular sensitivity to ICL-inducing agents. Accumulating evidence indicates that the FA 
proteins are directly involved in the repair of  ICLs (Howlett et al., 2002, Knipscheer et al., 
2009 and Thompson and Hinz, 2009), but much remains to be learned about their molecular 
role and interaction with other repair factors. A key event in the activation of  the FA pathway 
is the ubiquitylation of  FANCI-FANCD2 by the Fanconi core complex, a multisubunit E3 
ubiquitin ligase consisting of  FANCA, B, C, E, F, G, L, M, and the accessory proteins FAAP20, 
FAAP24, and FAAP100. The remaining five FA proteins, FANCD1, J, N, O, and P are thought 
to function downstream or independently of  FANCI-FANCD2 ubiquitylation (Kottemann and 
Smogorzewska, 2013).

Using Xenopus egg extracts, we recently developed a system that recapitulates replication-coupled 
and FANCI-FANCD2-dependent ICL repair in vitro (Knipscheer et al., 2012 and Räschle et al., 
2008). This system allows the molecular dissection of  this repair pathway under physiological 
conditions. In contrast to cell-based assays that involve indirect repair readouts such as cell 
survival or foci formation, the Xenopus egg extract system enables the direct examination of  ICL 
repair. Additionally, the effects of  non-ICL damage are avoided, as it makes use of  a plasmid 
template containing a site-specific ICL. Using this approach, we showed previously (Räschle et 
al., 2008) that two replication forks converge on the crosslink and stall 20–40 nucleotides (nt) 
from the ICL (Figure 1A, step i), after which one fork advances to within 1 nt of  the lesion 
(Figure 1A, step ii). Next, dual incisions on either side of  the ICL unhook the crosslink from one 
DNA strand (Figure 1A, step iii), allowing a stepwise lesion bypass reaction (Figure 1A, steps 
iv and v). Finally, fully repaired products are generated by HR-mediated repair of  the incised 
strand (Figure 1A, step vi) (Long et al., 2011). We also showed that the incisions that unhook 
the ICL are critically dependent on FANCD2 and its ubiquitylation (Knipscheer et al., 2009). 
However, the mechanism by which ubiquitylated FANCI-FANCD2 promotes these incisions 
remains unknown.

A number of  nucleases have been suggested to function in ICL repair, including MUS81-EME1, 
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XPF-ERCC1, FAN1, SLX4-SLX1, SNM1A, XPG, and FEN1. Their precise roles have not 
been determined, but their activity is likely important at various stages of  ICL repair, including 
unhooking, HR, and processing and removal of  the unhooked adduct (Figure 1A). Since the 
unhooking incisions are FA pathway-dependent and irreversibly commit the cell to ICL repair, 
understanding how they occur is particularly important. The asymmetric nature of  the DNA 
structure that is the template for incisions (Figure 1A, step iii) suggests that both a 3′ and a 5′ 
flap endonuclease are involved in unhooking. The 3′ flap endonuclease MUS81-EME1 has been 
implicated in the first incision, as its depletion is reported to inhibit double-stranded break (DSB) 
accumulation after treatment with ICL inducing agents (Hanada et al., 2006). However, MUS81 
also has functions in processing HR intermediates (Chen et al., 2001 and Ciccia et al., 2008) 
and stalled replication forks (Osman and Whitby, 2007). XPF-ERCC1 is a 3′ flap endonuclease 
that is critical for NER. Importantly, XPF-ERCC1 deficiency causes high sensitivity to ICL-
inducing agents, suggesting an additional role in ICL repair (De Silva et al., 2000). The absence 
of  XPF-ERCC1 leads to persistent ICL-induced DSBs, indicating that at least one incision is 
made but subsequent steps are defective (De Silva et al., 2000 and Niedernhofer et al., 2004). 
Accordingly, XPF-ERCC1 could act in the second unhooking incision, or further downstream in 
HR. There are several reports supporting either of  these functions (Adair et al., 2000, Bergstralh 
and Sekelsky, 2008 and Schiestl and Prakash, 1990), but direct evidence for the role of  XPF-
ERCC1 in ICL repair is lacking.

The 5′ flap endonuclease FAN1 also confers resistance to ICLs and, in addition, interacts with 
ubiquitylated FANCD2, identifying FAN1 as an attractive candidate to perform one of  the 
unhooking incisions (Kratz et al., 2010, Liu et al., 2010, MacKay et al., 2010 and Smogorzewska 
et al., 2010). Yet it was recently shown that deletion of  FAN1 does not lead to FA and is not 
epistatic with deletion of  FA proteins in DT40 cells, arguing against a major role for this 
endonuclease in the FA pathway (Trujillo et al., 2012). Two additional 5′ endonucleases, XPG 
and FEN1, were shown to confer resistance to ICLs, but little is known about their involvement 
in ICL repair (Wood, 2010 and Zheng et al., 2007). Furthermore, the exonuclease SNM1A has 
been suggested to act in ICL repair (Dronkert et al., 2000). In vitro assays have shown that 
SNM1A could be involved either in unhooking or in trimming the ends of  the unhooked adduct 
to allow TLS (Wang et al., 2011). Finally, the SLX4-SLX1 endonuclease complex has recently 
been reported to play a role in ICL repair (Fekairi et al., 2009, Muñoz et al., 2009 and Svendsen et 
al., 2009). Although deficiency of  the active subunit SLX1 only leads to a mild sensitivity to ICL-
inducing agents, SLX4-deficient cells are hypersensitive. In addition to interaction with SLX1, 
SLX4 binds MUS81-EME1 and XPF-ERCC1. Interaction of  SLX4 with MUS81 seems to be 
dispensable for ICL repair, as loss of  this interaction confers only minor sensitivity to ICLs, 
while loss of  SLX1 interaction causes moderate sensitivity and loss of  XPF interaction leads to 
hypersensitivity to ICL-inducing agents (Castor et al., 2013 and Kim et al., 2013). The function 
of  SLX4 and its interaction with XPF-ERCC1 during ICL repair is unclear, but the recent 
identification of  SLX4/FANCP as a Fanconi gene underscores its importance in this process 
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(Kim et al., 2011 and Stoepker et al., 2011).

To determine which endonucleases are responsible for the incisions that unhook the ICL, we 
made use of  Xenopus egg extracts. Immunodepletion of  MUS81 or FAN1 from extract did not 
affect ICL repair. In contrast, removal of  XPF-ERCC1 dramatically impaired repair efficiency 
due to a defect in crosslink unhooking. The ICL repair and unhooking defects were only rescued 
after adding recombinant XPF-ERCC1 in combination with SLX4, showing that SLX4 also 
functions specifically in unhooking. We further demonstrated that efficient recruitment of  
XPF-ERCC1 and SLX4 to ICLs depends on FANCD2. Our data unambiguously demonstrate 
that XPF-ERCC1 acts in the unhooking incisions of  replication-coupled ICL repair, and that 
recruitment of  this enzyme to ICLs by SLX4 is stimulated by ubiquitylated FANCD2.

Results

Depletion of XPF-ERCC1, but not MUS81 or FAN1, inhibits ICL repair

To investigate the role of  structure-specific endonucleases in ICL repair, we employed a plasmid-
based ICL repair assay using Xenopus egg extract (Knipscheer et al., 2012 and Räschle et al., 2008). 
Plasmids are first incubated in a high-speed supernatant (HSS) of  Xenopus egg cytoplasm, which 
supports the assembly of  prereplication complexes (pre-RCs). Addition of  a highly concentrated 
nucleoplasmic egg extract (NPE) triggers replication initiation from these pre-RCs, followed 
by a single, complete round of  DNA replication. Replication-dependent repair of  plasmid 
templates containing a sequence-specific cisplatin interstrand crosslink (pICL) is measured by the 
regeneration of  a SapI restriction site that is blocked by the crosslink (Räschle Xenopus., 2008). 
We raised antibodies against Xenopus laevis MUS81, XPF, and FAN1 (Figure S1A). All antibodies 
efficiently recognized the respective recombinant proteins and enabled immunodepletion of  
the proteins from extract (Figures 1B–1D and S1). Immunodepletion of  MUS81 caused only a 
minor decrease in ICL repair efficiency compared to a mock-depleted extract (Figures 1E and 
S1C). FAN1 depletion showed no effect on ICL repair efficiency (Figures 1F and S1D). Thus, 
neither MUS81 nor FAN1 appears to have a major role in ICL repair in our system, although 
we cannot exclude that they were insufficiently depleted or that they function redundantly 
with other nucleases. Nevertheless, double depletion of  FAN1 and MUS81 did not result in 
an additional repair defect, indicating that these proteins do not function redundantly (Figures 
S1E and S1F). Strikingly, when we immunodepleted XPF, ICL repair was completely abrogated 
(Figures 1G and S1G), suggesting that XPF plays a direct and crucial role in this process. XPF 
functions together with a regulatory subunit, ERCC1, and immunodepletion with an antibody 
against Xenopus laevis ERCC1 co-depleted XPF and vice versa (Figures S1A and S1H). These 
data indicate that XPF and ERCC1 form a tight complex in Xenopus egg extracts. Importantly, 
immunodepletion of  ERCC1 also abrogated ICL repair (Figure S1I). Taken together, our results 
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Figure 1: XPF depletion, but not MUS81 or FAN1 depletion, abrogates ICL repair. (A) Schematic representation 
of  ICL repair in Xenopus egg extract (Räschle et al., 2008). (B) Mock- and MUS81-depleted nucleoplasmic egg extract 
(NPE) and high-speed supernatant (HSS) were analyzed by western blot using α-MUS81 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 0.2 μl NPE or HSS. Line within blot indicates position where irrelevant lanes were removed. (C) As in 
(B) but using α-FAN1 antibody. To reduce the level of  FAN1 further, HSS was diluted in the replication reaction (see 
Supplemental Experimental Procedures). (D) As in (B) but using α-XPF antibody. (E) pICL was replicated in Xenopus 
egg extract that was mock depleted or MUS81 depleted. Replication intermediates were isolated and digested with 
HincII, or HincII and SapI, and separated on agarose gel. Repair efficiency was calculated and plotted. (F) As in (E) but 
for mock- versus FAN1-depleted extract.
(G) As in (E) but for mock- versus XPF-depleted extract. Of  note: Due to differences in depletion conditions, total repair 
efficiency may vary between experiments. *, background band. #, SapI fragments from contaminating uncrosslinked 
plasmid present in varying degrees in different pICL preparations. See also Figure S1.
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suggest that XPF-ERCC1 is required for replication-coupled ICL repair in Xenopus egg extracts.

XPF-ERCC1 requires SLX4 for its function in ICL repair

To show that the ICL repair defect after depletion of  XPF/ERCC1 was specifically caused by 
depletion of  XPF-ERCC1, we added back recombinant XPF-ERCC1. We were not able to 
purify xlXPF-xlERCC1 from insect cells due to expression and solubility problems. We therefore 
coexpressed Xenopus laevis XPF and human ERCC1 in insect cells and found that these proteins 
form a stable complex that was readily purified (Figure 2A). The xlXPF-hsERCC1 complex 
exhibited endonuclease activity similar to the hsXPF-hsERCC1 complex using a stem-loop 
incision assay (Enzlin and Schärer, 2002) (Figures S2A and S2B). In contrast, the xlXPFD668A-
hsERCC1 complex, containing a mutation in the active site of  XPF, was unable to incise DNA 
(Figure S2C).

When we added recombinant xlXPF-hsERCC1, which we refer to as XPF-ERCC1, to an XPF-
depleted extract, ICL repair was not restored (Figure 2B). This could indicate that our XPF-
ERCC1 complex was not active in ICL repair, or that XPF antibodies co-depleted an unknown 
factor that is required for repair. To investigate the latter possibility, we raised an antibody against 
xlSLX4 (Figure S3A), a recently identified XPF interaction partner, and found that depletion 
of  XPF-ERCC1 co-depleted ~90% of  SLX4. This indicates that the majority of  SLX4 in our 
extracts resides in a stable complex with XPF-ERCC1 (Figure 2C). However, because there is 
more XPF-ERCC1 than SLX4 in extract, there is a large fraction of  XPF-ERCC1 that is not 
in complex with SLX4 (Figures S1B and S3A). We also showed that FANCD2 is not part of  
this complex, as depletion of  XPF-ERCC1 did not co-deplete FANCD2 (Figure 2C). We then 
performed an ICL repair assay in ERCC1-depleted extract, to which we added recombinant 
XPF-ERCC1 or XPF-ERCC1 and recombinant SLX4 (Figure 2D). Strikingly, addition of  XPF-
ERCC1 and SLX4 rescued ICL repair (Figure 2E). When we used the nuclease-inactive form of  
XPF-ERCC1 in combination with SLX4, repair was not rescued (Figure 2F). Likewise, addition 
of  SLX4 alone to an ERCC1-depleted extract did not rescue repair (Figure S3B). This shows 
that the nuclease activity of  XPF-ERCC1 is required for ICL repair. We conclude that XPF-
ERCC1 and SLX4 are both required for replication-coupled ICL repair.

Depletion of XPF-ERCC1 and SLX4 specifically inhibits the incision step in ICL 
repair

We next examined whether XPF-ERCC1 is involved in ICL unhooking. To this end, we used 
an assay that monitors these incisions directly. We radioactively labeled pICL (pICL*) by nick-
translation, which allowed us to specifically visualize the parental strands during ICL repair 
(Knipscheer et al., 2009). We replicated pICL* in mock-depleted and XPF-depleted extract and 
isolated repair intermediates at the indicated time points. These intermediates were linearized 



65

2

XPF-ERCC1 and SLX4 collaborate in ICL unhooking

Figure 2: ICL repair defect after XPF-ERCC1 depletion is rescued by addition of  XPF-ERCC1 in combination 
with SLX4. (A) Recombinant xlXPF-hsERCC1 complex was isolated via affinity purification using a FLAG tag on 
xlXPF and stained with Coomassie blue. (B) Undepleted, mock-depleted, XPF-depleted (ΔXE), and XPF-depleted 
NPE complemented with the XPF-ERCC1 (ΔXE+XE) were analyzed by western blot using α-XPF antibody (upper 
panel). These extracts, with similarly treated HSS, were used to replicate pICL. Repair efficiency was calculated and 
plotted (lower panel). (C) Undepleted, mock-depleted, and ERCC1-depleted NPE were analyzed by western blot using 
α-ERCC1, α-XPF, α-FANCD2, and α-SLX4 antibodies. (D) Xenopus laevis SLX4 was purified via a FLAG tag and 
stained with Coomassie blue. (E) Mock-depleted, ERCC1-depleted (ΔXE), and ERCC1-depleted NPE complemented 
with XPF-ERCC1 (ΔXE+XE) or XPF-ERCC1 and SLX4 (ΔXE+XE+S) were analyzed by western blot using α-XPF 
and α-SLX4 antibodies (upper panel). These extracts, with similarly treated HSS, were used to replicate pICL. Repair 
efficiency was calculated and plotted (lower panel). (F) Undepleted, ERCC1-depleted (ΔXE), and ERCC1-depleted 
NPE complemented with XPFWT-ERCC1 and SLX4 (ΔXE+XE+S) or XPFD668A-ERCC1 and SLX4 (ΔXE+XEmt+S) 
were analyzed by western blot using α-XPF or α-SLX4 antibodies (upper panel). These extracts, with similarly treated 
HSS, were used to replicate pICL. Repair efficiency was calculated and plotted (lower panel). *, background band. #, 
SapI fragments from contaminating uncrosslinked plasmid present in varying degree in different pICL preparations. See 
also Figures S2 and S3.
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with HincII and separated on a denaturing agarose gel. In the mock-depleted extract, the 
linearized pICL* initially migrated as a large X-shaped molecule (Figures 3A, top, and 3B, lane 
1). During ICL repair, incisions on both sides of  the crosslink resulted in a decrease of  the 
X-shaped structures and the formation of  linear species and arms (Figures 3A, bottom, and 
3B, lanes 2 and 3). The arms disappeared over time as the incised strands were repaired by HR, 
which resulted in further accumulation of  linear fragments at later time points (Figures 1A and 
3B, lanes 4 and 5). In addition, a fraction of  the arms likely disappeared due to resection (Räschle 
et al., 2008). In the XPF-depleted extract, X-shaped products persisted, and accumulation of  
linear products was strongly reduced (Figure 3B, lanes 6–10; see Figure 3C for quantification). 
This indicates that XPF-ERCC1 is required for the incision step in replication-coupled ICL 
repair. For comparison, FANCD2 depletion resulted in similar inhibition of  incisions using this 
assay (Figures 3D and S4A) (Knipscheer et al., 2009).

To verify that the incision defect was caused by the depletion of  XPF-ERCC1 and SLX4, we 
added XPF-ERCC1, or XPF-ERCC1 and SLX4, back to an ERCC1-depleted extract. As seen 
for the repair defect, only the readdition of  XPF-ERCC1 in combination with SLX4 restored 
incisions (Figure 4A). Importantly, SLX4 alone or SLX4 in combination with XPFD668A-ERCC1 
did not rescue the incision defect (Figures 4B and S3C). This shows that the nuclease XPF-
ERCC1 in combination with SLX4 specifically acts in the unhooking step in ICL repair.

Interestingly, we never observed an accumulation of  Y-shaped products that would result from a 
single incision on pICL* (Figure S4B), indicating that XPF-ERCC1 makes both incisions or that 
the two incisions are functionally coupled, as in NER (see Discussion).

Based on experiments using immunoprecipitated proteins from cells, it has been suggested that 
SLX4 enhances the nuclease activity of  XPF-ERCC1 (Muñoz et al., 2009). To test this using 
our proteins, we examined incision of  stem-loop (Figure S2D), splayed arm (Figures S2E and 
S2F), and 3′ flap (Figures S2G and S2H) substrates and found no stimulation, but rather a 
slight inhibition of  XPF-ERCC1-mediated incisions upon addition of  SLX4.

FANCD2, XPF-ERCC1, and SLX4 are recruited to ICLs at the time of incisions

To further explore the mechanism of  XPF-ERCC1- and SLX4-mediated incisions, we examined 
recruitment of  XPF, SLX4, and FANCD2 to ICLs using chromatin immunoprecipitation (ChIP) 
(Fu et al., 2011 and Long et al., 2011). We replicated pICL in Xenopus egg extracts, collected 
samples at various times, and subjected these to protein-DNA crosslinking, sonication, and 
immunoprecipitation with FANCD2, XPF, and SLX4 antibodies. The DNA was recovered and 
amplified by quantitative PCR with primers specific to the ICL region (ICL), a region 700 nt from 
the ICL (MID), or a control region opposite the ICL (FAR) (Figure 5A). In addition, an unrelated 
plasmid (pQuant) was added to the reaction to assess protein recruitment to an undamaged, 
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Figure 3: XPF-ERCC1 depletion inhibits unhooking incisions during ICL repair. (A) Schematic representation of  
the incision assay. 32P-α-deoxycytosine triphosphate-labeled parental strands are in red. Products before and after ICL 
incisions are indicated. (B) Mock-depleted and XPF-depleted NPE were analyzed by western blot using α-XPF antibody 
(upper panel). Prelabeled pICL and pQuant were replicated in these extracts with similarly treated HSS. Replication 
products were isolated, digested by HincII, separated on a denaturing agarose gel, and visualized via autoradiography 
(lower panel). (C) X-structures (left) and linear products (right) visualized in (B) were quantified and plotted. (D) 
Mock-depleted, XPF-depleted (ΔXE), and FANCD2-depleted (ΔFD2) NPE were analyzed by western blot using α-XPF 
and α-FANCD2 antibodies (upper panel). Prelabeled pICL and pQuant were replicated in these extracts with similarly 
treated HSS. Replication products were analyzed as in (B), and X-structures and linear products were quantified and 
plotted (lower panels). *, background band. §, linear fragments from contaminating uncrosslinked plasmid present in 
pICL preparation. See also Figure S4.
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Figure 4: Unhooking incisions during ICL repair require both SLX4 and nuclease active XPF-ERCC1. (A) 
Mock-depleted, ERCC1-depleted (ΔXE), and ERCC1-depleted NPE complemented with XPF-ERCC1 (ΔXE+XE) or 
XPF-ERCC1 and SLX4 (ΔXE+XE+S) were analyzed by western blot using α-XPF and α-SLX4 antibodies (left panel). 
Prelabeled pICL and pQuant were replicated in these extracts with similarly treated HSS. Replication products were 
analyzed as in Figure 3B, and X-structures and linear products were quantified and plotted (right panels). (B) Undepleted, 
ERCC1-depleted (ΔXE), or ERCC1-depleted NPE complemented with XPFWT-ERCC1 and SLX4 (ΔXE+XE+S) or 
XPFD668A-ERCC1 and SLX4 (ΔXE+XEmt+S) were analyzed by western blot using α-XPF and α-SLX4 antibodies (left 
panel). Prelabeled pICL and pQuant were replicated in these extracts with similarly treated HSS. Replication products 
were analyzed as in Figure 3B, and X-structures and linear products were quantified and plotted (right panels). §, linear 
fragments from contaminating uncrosslinked plasmid present in pICL preparation. See also Figure S3.
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replicating molecule. To correlate the timing of  FANCD2, XPF, and SLX4 recruitment to ICLs 
with the timing of  key repair events, a parallel reaction was supplemented with 32P-α-dCTP, 
and lesion bypass was analyzed on a sequencing gel. We showed previously that the majority of  
incisions occur after the leading strand reaches the −1 position, but before accumulation of  the 
extension product (Figure 1A and Knipscheer et al., 2009). In this experiment, the majority of  
incisions took place between 50 and 120 min (Figure 5B). To verify our ChIP conditions, we 
first monitored the binding of  MCM7, a subunit of  the MCM2-7 helicase, to ICLs. As expected, 
accumulation of  MCM7 at the ICL peaked ~12 min after NPE addition, when replication forks 
reached the ICL, and rapidly decreased thereafter (Figures 5B and 5C and Fu et al., 2011).

The direct binding of  FANCD2 to ICLs has never been examined during replication-coupled 
ICL repair. We found that accumulation of  FANCD2 at the ICL started at ~25 min and peaked 
at ~50 min (Figure 5D), coinciding with incisions and the kinetics of  FANCD2 ubiquitylation 
(Knipscheer et al., 2009). Although FANCD2 was enriched at the ICL, we consistently also 
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found FANCD2 at the MID and FAR loci (Figures 5D and S5A). In addition, we found that ~50 
molecules of  FANCD2 were ubiquitylated per ICL during repair (Figure S5B), indicating that 
one ICL was bound by many FANCD2 molecules. The recruitment of  FANCD2 to the MID and 
FAR regions was slightly delayed compared to recruitment to the ICL. These results suggest that 
multiple molecules of  FANCD2 bind to the ICL and subsequently spread to the surrounding 
DNA. To rule out that this effect was caused by incomplete sonication, we excluded all products 
longer than 400 bps from the PCR reaction, which did not reduce the binding of  FANCD2 to 
MID and FAR regions (Figure S5C). This confirms that FANCD2 accumulates at the ICL during 
repair and spreads to the surrounding DNA. To investigate whether recruitment of  FANCD2 
depends on its ubiquitylation, we performed ChIP on repair reactions in FANCD2-depleted 
extract and FANCD2-depleted extract supplemented with WT or nonubiquitylatable FANCD2 
(FANCD2K562R). As FANCD2 depletion leads to co-depletion of  FANCI (Knipscheer et al., 
2009), we added FANCI-FANCD2WT or FANCI-FANCD2K562R complex. While the FANCI-
FANCD2WT complex was efficiently recruited to the ICL, FANCI-FANCD2K562R did not bind 
above background levels observed in FANCD2-depleted extract (Figure S5D). We conclude that 
FANCD2 ubiquitylation is required for its recruitment to ICLs.

We next examined recruitment of  XPF and SLX4 to pICL by ChIP. Both proteins were highly 
enriched at the ICL and, unlike FANCD2, did not bind above background to the MID and FAR 
regions (Figure S5C). We then analyzed the timing of  recruitment of  XPF and SLX4 to the ICL 
using samples from the same replication reaction as described for FANCD2. XPF and SLX4 
were recruited to the ICL with slightly delayed kinetics compared to FANCD2 (Figures 5E–5G 
and S5E). Thus, XPF and SLX4 are recruited to the ICL slightly after FANCD2 and coincident 
with incisions (Figures 5B and 5G). In summary, based on our finding that the large majority of  
SLX4 is in complex with XPF-ERCC1 (Figure 2C) and that SLX4 and XPF-ERCC1 load onto 
the ICL simultaneously, we conclude that the two proteins are most likely recruited as a complex 
after FANCD2.

FANCD2 Is required for efficient XPF-ERCC1 and SLX4 recruitment to ICLs

To understand how XPF-ERCC1, SLX4, and FANCD2 are recruited to ICLs, we examined 
the interdependency of  loading. We replicated pICL in mock-depleted, ERCC1-depleted, or 
ERCC1-depleted extract supplemented with XPF-ERCC1, SLX4, or both and analyzed the 
samples by ChIP (Figure S6A). While both XPF-ERCC1 and SLX4 were efficiently recruited 
to the ICL in the mock and dual add-back condition, loading of  XPF-ERCC1 was strongly 
reduced in the absence of  SLX4 (Figure S6B). In contrast, SLX4 was efficiently recruited to the 
ICL in the absence of  XPF-ERCC1 (Figure S6C). This indicates that SLX4 functions to guide 
XPF-ERCC1 to its proper location. This is consistent with recent reports that show reduced 
ERCC1 foci and chromatin loading in the absence of  SLX4 (Crossan et al., 2011, Kim et al., 
2013 and Stoepker et al., 2011). Interestingly, ERCC1 depletion did not affect the loading or 
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spreading of  FANCD2 (Figure S6D), indicating that FANCD2 loading occurs upstream of  
XPF-ERCC1 and SLX4 loading and incisions. Consistent with this, we found that ubiquitylation 
of  FANCD2 is not affected by ERCC1 depletion (Figure S6E).

Because SLX4 and XPF-ERCC1 seem to act downstream of  FANCD2, we questioned whether 
their recruitment depends on FANCD2. We replicated pICL in mock-depleted, FANCD2-
depleted, and FANCD2-depleted extract supplemented with recombinant FANCI-FANCD2 
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Figure 5: XPF and SLX4 are recruited to ICLs shortly after FANCD2. (A) Schematic representation showing 
the primer locations on pICL—ICL (25–132 bp from ICL), MID (663–775 bp from ICL), FAR (2523–2622 bp 
from ICL)—and on pQuant. (B) pICL was replicated in the presence of 32P-α-deoxycytidine triphosphate. Repair 
intermediates were isolated, digested with AflIII, separated on a sequencing gel and visualized via autoradiography. 
The leading strand first stalls 20–40 nucleotides from the ICL (−20 to −40 products), after approach to the ICL it 
again stalls 1 nt from the ICL (−1 products). Full lesion bypass results in the “extension product.” Timing of incisions 
is indicated below the gel (“incisions”) (Knipscheer et al., 2009). (C) Samples from parallel pICL replication reaction 
as in (B) were analyzed by MCM7 ChIP using ICL and pQuant primers. Initial MCM7 signal on pQuant is a result 
of MCM2-7 loading in HSS; during replication the signal decreases as the MCM2-7 helicase is displaced (Fu et al., 
2011). (D) Samples from parallel pICL replication reaction as in (B) were analyzed by FANCD2 ChIP using ICL, 
MID, FAR, and pQuant primers. (E and F) Samples from parallel pICL replication reaction as in (B) were analyzed 
by XPF (E) and SLX4 (F) ChIP using ICL and pQuant primers. (G) Combined graph for MCM7, FANCD2, XPF, 
and SLX4 ChIP using ICL primers. ChIP data are plotted as the percentage of peak value with the highest value set 
to 100%. See also Figures S5 and S6

(Figure 6A), and analyzed these samples by ChIP. In this experiment, lesion bypass (and 
therefore also incisions) occurred slightly later compared to the previous experiment using 
undepleted extract (Figures 5B and 6B). As expected, FANCD2 was not recruited to the ICL 
in FANCD2-depleted extract (Figure 6C). Notably, XPF recruitment was dramatically reduced 
after FANCD2 depletion, and this was fully reversed by FANCI-FANCD2 addition (Figures 6D, 
S7A, and S7B). FANCD2 depletion also caused a strong reduction of  SLX4 recruitment that 
was rescued by addition of  FANCI-FANCD2 complex (Figures 6E, S7A, and S7B). Importantly, 
neither XPF nor SLX4 were co-depleted in FANCD2-depleted extracts (Figure 6A). In 
addition, nonubiquitylatable FANCD2 did not rescue recruitment of  XPF and SLX4 to ICLs 
in FANCD2-depleted egg extract, consistent with our finding that this mutant does not bind to 
the ICL (Figures S7C and S5D). Taken together, these results show that the efficient recruitment 
of  XPF-ERCC1 and SLX4 to ICLs depends on FANCD2 and its ubiquitylation, establishing 
a molecular link between FANCD2 and the unhooking step in replication-coupled ICL repair.

Discussion

Over the past decade, at least four structure-specific endonucleases (XPF-ERCC1, MUS81-
EME1, FAN1, SLX4-SLX1) have been heavily implicated in ICL repair. Among these, XPF was 
a strong candidate, given the fact it confers extreme cellular sensitivity to ICLs and its recent 
identification as a FANC protein (FANCQ) (Bogliolo et al., 2013 and Kashiyama et al., 2013). 
Nevertheless, a direct demonstration that XPF is involved in ICL repair, as well as the step it 
catalyzes, were lacking. Here, we use a cell-free repair system with a chemically defined lesion to 
show that XPF-ERCC1 is responsible for the incisions that unhook the crosslinked nucleotide 
during replication-coupled ICL repair. We also show that FANCP/SLX4 is a critical regulator of  
XPF-ERCC1 in performing this reaction. Moreover, FANCD2 promotes the loading of  SLX4 
and XPF-ERCC1 at the ICL (Figure 7). These findings provide important insight into how the 
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Figure 6: Efficient recruitment of  XPF and SLX4 to ICLs depends on FANCD2. (A) Mock-depleted, FANCD2-
depleted (ΔFD2), and FANCD2-depleted NPE complemented with FANCI-FANCD2 (ΔFD2+ID) were analyzed by 
western blot using α-FANCD2, α-XPF, and α-SLX4 antibodies. (B) Extracts as described in (A) and similarly treated 
HSS were used to replicate pICL. Repair intermediates were isolated, digested with AflIII, separated on a sequencing 
gel, and visualized via autoradiography. Based on this lesion bypass assay, we infer that the majority of  the incisions take 
place between 60 and 150 min in this experiment. (C–E) Samples from parallel pICL replication reaction as in (B) were 
analyzed by FANCD2 (C), XPF (D), and SLX4 (E) ChIP using ICL primers. ChIP data are plotted as the percentage of  
peak value with the highest value set to 100%. *, background band. See also Figure S7.
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Fanconi anemia pathway directs a key step in replication-coupled ICL repair.It has long been 
debated which endonucleases perform the unhooking incisions in ICL repair. Our data not only 
demonstrate that XPF-ERCC1 is directly required for unhooking (Figure 7), but also suggest that 
neither MUS81-EME1 nor FAN1 is essential for this process (Figure 1). The reported function 
of  MUS81 in processing persistent stalled replication forks could account for the decrease in 
DSBs observed after ICL treatment in the absence of  MUS81 (Naim et al., 2013 and Szakal and 
Branzei, 2013). In support of  this view, it was recently reported that MUS81 promotes DSBs 
when ICLs persist (Wang et al., 2011). A major role for the 5′ endonuclease FAN1 (Kratz et al., 
2010, Liu et al., 2010, MacKay et al., 2010 and Smogorzewska et al., 2010) in the FA pathway has 
recently been questioned (Trujillo et al., 2012). Although we found that FAN1 depletion had no 
effect on ICL repair, FAN1 could function redundantly with another 5′ endonuclease, possibly 
SLX1. With XPF performing the 3′ incision (Figure 7), this model would be in agreement with 
current views that the two incisions are performed by different structure-specific endonucleases. 
Interestingly, the fact that depletion of  XPF-ERCC1 abolishes both of  the unhooking incisions, 
and that a catalytic mutant of  XPF does not support any incision (Figure 4), suggests that the 5′ 
incision depends critically on the 3′ incision. This view is analogous to NER, where the 5′ incision 
by XPG is dependent on XPF-ERCC1 performing the 3′ incision (Staresincic et al., 2009). An 
alternative model suggests that the exonuclease activity of  SNM1A supports resection of  DNA 
past the ICL starting from a nick made by XPF-ERCC1 (Wang et al., 2011). Interestingly, this 
model would be consistent with XPF-ERCC1 making the first incision. Another mechanism that 
is consistent with our data is that XPF-ERCC1 makes both the unhooking incisions. This model 
has been suggested previously based on experiments with fork-like DNA templates and purified 
XPF-ERCC1 protein (Fisher et al., 2008 and Kuraoka et al., 2000), and further evidence for such 
a model is presented in Hodskinson et al. (2014).

Although mutations in SLX4/FANCP cause FA and cellular sensitivity for ICL-inducing agents, 
a role for this protein in ICL repair has not been defined. The interaction domain of  SLX4 with 
XPF-ERCC1 is important to confer resistance to ICL-inducing agents, and SLX4 colocalizes 
with XPF-ERCC1 in nuclear foci (Crossan et al., 2011, Fekairi et al., 2009, Kim et al., 2013, Muñoz 
et al., 2009, Stoepker et al., 2011 and Svendsen et al., 2009), suggesting that the interaction with 
XPF is important for the function of  SLX4 in ICL repair. In addition, Fanconi patients with a 
defect in SLX4 show a phenotype more comparable to patients with a defect in components 
of  the FA core complex, or FANCI/FANCD2, than to patients with defects in HR-related 
FA proteins (Kim et al., 2011). Our data showing that SLX4 is crucial for the XPF-ERCC1-
dependent unhooking incisions (Figure 4) explain these previous observations and establish 
a specific function for SLX4 in ICL repair. We demonstrate that SLX4 is specifically recruited 
to the ICL during repair, and although SLX4 can bind the ICL independently of  XPF-ERCC1 
(Figure S6), normally SLX4 and XPF-ERCC1 are most likely recruited as a complex (Figure 7). 
This is based on our observation that the majority of  SLX4 binds XPF-ERCC1 in et al egg 
extract and that both proteins are recruited to ICLs with very similar kinetics (Figures 2 and 5). 
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In addition to a role for SLX4 in recruiting XPF-ERCC1 to the site of  damage, SLX4 could 
also stimulate XPF-ERCC1 nuclease activity. Although we do not observe stimulation of  XPF-
ERCC1 by SLX4 on a variety of  DNA substrates (Figure S2), this has been observed with a 
truncated form of  SLX4 (Hodskinson et al., 2014). Hodskinson et al. copurified truncated SLX4 
with XPF-ERCC1, while our full-length SLX4 was purified separately. Although our SLX4 is 
fully functional in et al egg extract, copurification with XPF-ERCC1 could be necessary to induce 
an active conformation that stimulates cleavage of  a model substrate in isolation.

Another interesting question is how SLX4 and XPF-ERCC1 are recruited to ICLs. While some 
reports suggest a direct interaction between ubiquitylated FANCD2 and the UBZ domains of  
SLX4 (Yamamoto et al., 2011), others show that the UBZ domains of  SLX4 are not required 
for its recruitment to foci (Kim et al., 2013). We show that efficient binding of  SLX4 and XPF-
ERCC1 to ICLs during repair depends on FANCD2 and its ubiquitylation (Figures 6 and S5), 
but whether this is mediated by a direct interaction is unclear (Figure 7). Interestingly, we find 
that FANCD2 is not only recruited to the ICL but also to the DNA surrounding the ICL 
(Figures 5 and S5). As this spreading behavior was also seen for Rad51 (Long et al., 2011), we 
hypothesize that FANCD2 has an additional role in HR. Alternatively, spreading could serve 
as a signal to mark the region around the damage site, similar to phosphorylation of  H2AX in 

Figure 7: Model for XPF-ERCC1-dependent incision(s) mediated by SLX4 and ubiquitylated FANCI-FANCD2.
XPF-ERCC1 is recruited to the ICL by SLX4 and most likely makes the 3′ flap incision. The 5′ flap incision could also 
be made by XPF-ERCC1 or by a currently unknown endonuclease (yellow). FANCD2 and its ubiquitylation are required 
for the efficient recruitment of  XPF-ERCC1 and SLX4 to the ICL. This could be through a direct interaction, through 
interaction mediated by an additional protein, or by creating an appropriate DNA structure. After loading at the ICL, 
FANCD2 spreads throughout the surrounding DNA (faded FANCI-FANCD2 complexes).
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DSB repair. Because XPF-ERCC1 and SLX4 do not spread, but bind specifically to the ICL 
(Figure S5), we hypothesize that an additional factor cooperates with FANCI-FANCD2 to 
recruit the nuclease complex to the lesion. Given the importance of  the UBZ domain of  SLX4 
in conferring resistance to ICL-inducing agents (Kim et al., 2011), we speculate this unknown 
protein could be ubiquitylated. In summary, by showing that XPF-ERCC1, together with SLX4, 
is responsible for the incision step in ICL repair, and exploring how these proteins are recruited 
to the site of  damage by the FA pathway, we have shed important light on a key event in this 
replication-coupled repair pathway.

Experimental Procedures

Xenopus egg extracts and DNA replication and repair assay

Animal experiments were performed in accordance with the rules of  the Animal Experimentation 
Committee of  the Royal Netherlands Academy of  Arts and Sciences (DEC-KNAW). DNA 
replication and preparation of  Xenopus egg extracts were performed as described (Tutter and 
Walter, 2006 and Walter et al., 1998). Preparation of  plasmid with a site-specific cisplatin ICL 
(pICL) and ICL repair assays were performed as described (Enoiu et al., 2012 and Räschle et al., 
2008). Briefly, pICL was incubated with HSS for 20 min, following addition of  two volumes of  
NPE (t = 0) containing 32P-α-dCTP. Aliquots of  replication reaction (4–10 μl) were stopped 
at various times with ten volumes of  Stop Solution II (0.5% SDS, 10 mM EDTA, 50 mM Tris 
[pH 7.5]). Samples were incubated with RNase (0.13 μg/μl) followed by Proteinase K (0.5 μg/
μl) for 30 min at 37°C each. DNA was phenol/chloroform extracted, ethanol precipitated in 
the presence of  glycogen (30 mg/ml), and resuspended in 5–10 μl of  10 mM Tris (pH 7.5). 
ICL repair was analyzed by digesting 1 μl of  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 (Knipscheer et al., 2009).

Antibodies and immunodepletions

FANCD2 and MCM7 antibodies were described previously (Räschle et al., 2008 and Walter 
and Newport, 2000). Antibodies were raised against residues 444–797 of  xlXPF, full-length 
xlERCC1, residues 1–208 of  xlFAN1, residues 1–231 of  xlMUS81, and residues 825–1052 of  
xlSLX4. XPF-ERCC1 was removed from extract using two rounds of  depletion with the α-XPF 
serum (HSS and NPE) or with two or three rounds of  depletion with the α-ERCC1 serum (HSS 
and NPE, respectively). FAN1 and MUS81 were removed from extract using two rounds of  
depletion (HSS and NPE). FANCD2 depletion was as described (Knipscheer et al., 2009).
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Protein purification

xlFANCI-xlFANCD2 was prepared as previously described (Knipscheer et al., 2009). xlXPF-
hsERCC1, hsXPF-hsERCC1, and xlSLX4 were prepared using similar procedures. Briefly, 
FLAG-tagged XPF and His-tagged ERCC1 were coexpressed, and FLAG-tagged SLX4 was 
expressed in Sf9 cells and affinity purified using FLAG-M2 affinity gel. GST-tagged FAN1 was 
expressed in Sf9 cells and affinity purified using Gluthathion Sepharose 4B. The GST tag was 
removed using PreScission Protease.

Incision assay

pICL and pQuant were labeled via nick-translation (Knipscheer et al., 2009). pQuant was added 
to correct for variation in extraction. pICL (225 ng) and pQuant (11.25 ng) were incubated 
in 1.5 units of  NB-BSR DI enzyme (NEB) and NEBuffer2 for 30 min at room temperature. 
Subsequently, 11 μl DNA Polymerase mix (5 units DNA Polymerase I [NEB], dATP, dGTP, 
dTTP [0.5 mM each], dCTP [0.4 μM], 32P-α-dCTP [3.3 μM] in NEBuffer2) was added and 
incubated for 3 min at 16°C. The reaction was stopped with 180 μl Stop Solution II, Proteinase 
K treated, and phenol/chloroform extracted. Excess label was removed using a Bio-Spin 6 
Column (Bio-Rad). After ethanol precipitation, the pellet was resuspended in 5 μl ELB (10 mM 
HEPES-KOH [pH 7.7], 50 mM KCl, 2.5 mM MgCl2, 250 mM sucrose). The labeled plasmid 
(pICL*) was used for replication, and samples at various times were extracted and digested with 
HincII. Fragments were separated on a 0.8% alkaline denaturing agarose gel for 18 hr at 0.85 
volts/cm, after which the gel was dried and exposed to a phosphor-screen. Quantification was 
performed using ImageQuant software (GE Healthcare).

Nascent strand analysis

Nascent strand analysis was performed as described (Räschle et al., 2008). Briefly, DNA replication 
products were extracted and digested with AflIII. Gel Loading Buffer II (Life Technologies) was 
added, and the fragments were separated on a 7% polyacrylamide sequencing gel. The gel was 
transferred to filter paper, dried, and visualized using autoradiography.

Chromatin immunoprecipitation

ChIP was performed as described (Pacek et al., 2006). 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: 

ICL: 5′-AGCCAGATTTTTCCTCCTCTC-3′ and 5′-CATGCATTGGTTCTGCACTT-3′
MID: 5′-ACCCTGGGTTCTTTTCCAAC-3′ and 5′-CATTTCATCTGGAGCGTCCT-3′
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FAR: 5′-AACGCCAATAGGGACTTTCC-3′ and 5′-GGGCGTACTTGGCATATGAT-3′
pQuant: 5′-TACAAATGTACGGCCAGCAA-3′ and 5′-GAGTATGAGGGAAGCGGTGA-3′
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Supplemental experimental procedures

Antibodies 

Antibodies were raised against residues 444-797 of  xlXPF, full length xlERCC1, residues 1-208 of  
xlFAN1, residues 1-231 of  xlMUS81, and residues 825-1052 of  xlSLX4. These protein fragments 
were over-expressed in bacteria with a His-tag, and purified under denaturing conditions using 
Ni-NTA agarose (Qiagen). Further purification was performed via preparative SDS-PAGE. 
Antigens were >99% pure and used for immunization of  rabbits (PRF&L, Canadensis, USA). 
Specificity of  the antiserum was confirmed using Western blot. A second FAN1 antibody was 
raised against a C-terminal peptide and affinity purified (Bethyl Laboratories, Montgomery, 
USA). 

Cloning of Xenopus laevis cDNA 

The coding sequences of  xlXPF, xlERCC1, xlMUS81, xlFAN1, and xlSLX4 were amplified 
from a Xenopus laevis cDNA library prepared using Superscript III RT (Life Technologies). The 
coding sequence of  hsERCC1 was amplified from a human cDNA library. Primers are available 
on request. hsXPF cDNA was kindly provided by Prof. R. Kanaar (Erasmus Medical Centre, 
Rotterdam, Netherlands). 

Immunodepletion 

To deplete Xenopus egg extracts of  xlERCC1, one volume of  Protein A Sepharose Fast Flow 
(PAS) (GE Healthcare) was bound to one volume of  antiserum or pre-immune serum (mock 
depletion). Beads were washed twice with 500 μl PBS, once with 500 μl ELB (10 mM HEPES- 
KOH pH 7.7, 50 mM KCl, 2.5 mM MgCl2 and 250 mM Sucrose), twice with 500 μl ELB + 0.5 
M NaCl, and finally twice with 500 μl ELB. One volume of  the antibody-coated sepharose was 
then mixed with 5.5 volumes of  pre-cleared HSS, or NPE and incubated for 20 min at room 
temperature (RT). After the first round of  depletion extracts were harvested and the depletion 
procedure was repeated once or twice (HSS and NPE respectively). After the last depletion 
round extracts were collected and immediately used for DNA replication. The same procedure 
was followed for other depletions, with slight adjustments in the ratio of  antiserum:PAS:extract 
used. To deplete XPF, a ratio of  3:1:6 was used and two rounds of  depletion were performed for 
20 min at RT (HSS and NPE). For ERCC1 and XPF depletions HSS was not mock depleted, but 
depleted for two rounds with respective antibodies. In addition, HSS was diluted 2x (ERCC1), 
or 4X (XPF) after preRC formation and just prior to addition to NPE to reduce protein levels 
further. For MUS81 the ratio antibody:PAS:extract was 4:1:6 and two rounds of  depletion 
were performed for 20 min at RT (HSS and NPE). The FAN1 depletion was performed using 
antibody:PAS:extract ratio of  3:1:7 for two rounds. The mock or FAN1 depleted HSS was diluted 
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5x after preRC formation and just prior to addition to NPE to reduce protein levels further. For 
the MUS81-FAN1 double depletion the antibody:PAS:extract ratio was 5:1:5 containing 4 parts 
MUS81 antiserum and 1 part FAN1 purified peptide antibody. The affinity purified peptide 
antibody against FAN1 was used instead of  the serum antibody described above to reduce 
unspecific inactivation of  the extract that generally occurs upon double depletions with serum 
antibodies. Three rounds of  depletion were performed for 20 min at RT for NPE and two 
rounds of  depletion for HSS, which was diluted 2x just prior to addition of  NPE to further 
reduce protein levels. 

Recombinant protein expression and purification 

xlFANCI-xlFANCD2 and xlFANCI-xlFANCD2K562R was prepared as previously described 
(Knipscheer Xenopus., 2009). His-tagged hsERCC1 was cloned into pDONR201 (Life 
technologies). FLAG-tagged xlXPF was cloned into pFastBac1 (Life technologies). The XPFD668A 
mutation was introduced using Quickchange site-directed mutagenesis protocol. Baculoviruses 
were produced using the BAC-to-BAC system (xlXPF), or the BaculoDirect system (hsERCC1) 
following manufacturers protocol (Life Technologies). Proteins were expressed in suspension 
cultures of  Sf9 insect cells by co-infection with His-hsERCC1 and FLAG-xlXPF (or FLAG- 
xlXPFD668A) viruses for 72 hours. Cells from 150 ml culture were collected by centrifugation, 
resuspended in 6 ml lysis buffer (50mM K2HPO4 pH 8.0, 500mM NaCl, 0.1% NP-40, 10% 
glycerol, 0.4mM PMSF, 1 tablet/10ml Complete Mini EDTA-free Protease Inhibitor Cocktail 
(Roche)), and lysed by sonication. The soluble fraction obtained after centrifugation (18.000 
rpm/40.000 x g for 40 minutes at 4°C) was incubated for 1 hour at 4°C with 250 μl of  anti-
FLAG M2 affinity gel (Sigma) that was pre-washed with lysis buffer. This allowed binding of  the 
xlXPF-hsERCC1 complex via the FLAG-tag on xlXPF. After incubation the beads were washed 
using 5 ml of  wash buffer (50mM K2HPO4 pH 8.0, 200mM NaCl, 0.1% NP-40, 5% glycerol, 
0.1mM PMSF, 10 μg/ml apropotin/leupeptin). The xlXPF-hsERCC1 complex was eluted in 
wash buffer containing 100 μg/ml 3x FLAG peptide (Sigma). The protein was aliquoted and 
stored at -80°C. FLAG-tagged xlSLX4 was cloned into pDONR201 (Life technologies) and 
purified using a similar strategy except that different buffers were used. Cell lysis buffer (50mM 
Tris pH 8.0, 250mM NaCl, 0.1% NP-40, 5% glycerol, 0.4mM PMSF, 1 tablet/10ml Complete 
Mini EDTA-free Protease Inhibitor Cocktail (Roche)), and wash buffer (20mM Tris pH 8.0, 
200mM NaCl, 0.1% NP-40, 5% glycerol, 0.1mM PMSF, 10 μg/ml apropotin/leupeptin). The 
xlSLX4 protein was eluted in wash buffer containing 100 μg/ml 3x FLAG peptide (Sigma). The 
protein was aliquoted and stored at -80°C. GST-tagged xlFAN1 was cloned into pDONR201 
(Invitrogen). Protein was expressed and purified similarly to XPF-ERCC1 but using Glutathione 
Sepharose 4B (GE Healthcare). Cells from 2x 750 ml culture were collected by centrifugation, 
resuspended in 50 ml lysis buffer (50mM Tris pH 8.0, 200mM NaCl, 0.1% NP-40, 10% glycerol, 
1mM DTT, 1mM PMSF, 1mM EDTA, 1 tablet/10ml Complete Mini EDTA-free Protease 
Inhibitor Cocktail (Roche). After centrifugation the soluble fraction was incubated for 1 hour 



83

2

XPF-ERCC1 and SLX4 collaborate in ICL unhooking

at 4 °C with 1.5 ml Glutathione Sepharose 4B (GE Healthcare) pre-washed with wash buffer 
I (20mM Tris pH 8.0, 200mM NaCl, 0.1% NP-40, 10% glycerol, 1mM DTT, 1mM PMSF, 
1mM EDTA). After incubation the beads were washed twice with wash buffer II (20mM Tris 
pH 8.0, 200mM NaCl, 0.05% NP-40, 5% glycerol, 1mM DTT). Finally, GST-tag was cleaved 
using PreScission Protease (GE Healthcare) in wash buffer II. GST-xlSLX4 was cloned into 
pDONR201 (Invitrogen) and purified similar to GST-FAN1. The GST-tag was removed 
using PreScission Protease (GE Healthcare). xlMUS81 was cloned into pET-DUET (Merck 
Millipore), overexpressed in bacteria and not further purified. Comparison between induced and 
un-induced cultures showed induction of  the xlMUS81 protein that was recognized as a single 
band on a Western blot using MUS81 antibody.

Calculation of incision efficiency

To calculate the efficiency of  incisions, extracted DNA was linearized by HincII digestion and 
separated on a 0.8% agarose gel under denaturing conditions (50 mM NaOH, 1 mM EDTA). 
The X-structures and linear fragments (Figure 3B) were quantified using Image Quant TL 
software (GE Healthcare). The radioactivity measured in each intermediate was first normalized 
to the amount of  radioactivity of  pQuant in each lane (pQuant did not affect replication or 
repair efficiency and was used solely to correct for slight variations in the DNA extraction 
procedure). The amount of  radioactivity in the X-structure at t=0 (for one of  the conditions) 
was then set to 1, and the other samples were adjusted accordingly. For the linear fragments, the 
last time point (for either the mock condition, or the rescue condition in case there was no mock 
condition) was set to 1.

Nuclease assay

Nuclease assay was performed as previously described (Enzlin and Scharer, 2002). The following 
primers were obtained (Integrated DNA technologies): 

SL: 5’-ACTTGCCAGCGCTCGGTTTTTTTTTTTTTTTTTTTTTTCCGAGCGCTGGC-‘3 
SA1: 5’-CAGCGCTCGG(11T)-3’;SA2:5’-(11T)CCGAGCGCTG-3’
F1: 5’-GCGATGCGGATCCAAGTCTATTAGCGACAATG-3’
F2: 5’-CCTAGACTTAAGAGGCCAGACTTGGATCCGCATCGC-3’
F3: 5’-GGCCTCTTAAGTCTAGG-3’

To create the stem-loop substrate, primer SL was 5’-[32P] labeled using polynucleotide kinase 
(NEB). Excess nucleotides were removed by centrifugation through a Micro Bio-Spin 6 Column 
(Bio-Rad). The primer was heated for 3 min at 95°C, followed by step-wise cooling to allow 
annealing of  the stem loop (30 min at 60°C, 30 min at 37°C, 30 min at 25°C, 30 min on ice). 
For the splayed arm substrate primer SA1 was 5’-[32P] labeled using the same procedures. 
Primer SA2 was added, followed by annealing. To create the 3’ flap substrate primer F1 was 
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5’-[32P] labeled and annealed to primer F2 and F3. Nuclease reactions (15 μl) were carried out 
in optimized nuclease buffer (50 mM Tris pH 8.0, 0.2 mM MnCl2, 0.1 mg/ml bovine serum 
albumin and 0.5 mM β-mercaptoethanol) containing 100 fmol of  substrate DNA and 20-200 
fmol of  recombinant XPF-ERCC1 protein complex. Reaction were incubated for 90 minutes (or 
the indicated time points) at 30°C and stopped by addition of  15 μl of  denaturing PAGE Gel 
Loading Buffer II (Life Technologies, Inc.). Samples were heated to 72°C for 3 minutes, snap 
cooled, and loaded onto a 12% denaturing urea-PAGE gel. Reaction products were visualized 
by autoradiography.

ChIP and quantitative realtime PCR

ChIP was modified from a previous procedure (Pacek Xenopus., 2006). Three microliter replication 
samples were cross-linked by adding 47 μl of  1% formaldehyde in ELB and incubation for 10 
minutes at RT. Cross-linking was stopped by adding 5 μl of  1.25 M glycine followed by passage 
through a Micro Bio-Spin 6 Column (Bio-Rad) to remove excess of  formaldehyde. The flow 
through was diluted to 500 μl with sonication buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 
2 mM EDTA, 0.5% NP-40, 5 μg/ml Aprotinin/Leupeptin, and 2 mM PMSF) and subjected to 
sonication, yielding DNA fragments of  mainly ~100-500 bp in size. Sonicated sample (30 μl) 
was incubated overnight 4°C with ~5 μg of  the indicated antibodies. All antibodies were purified 
on Protein A Sepharose Fast Flow (PAS) (GE Healthcare) before use. Immunoprecipitation was 
performed by incubation with 10 μl PAS for 2 hours at RT. Beads were washed two times with 
sonication buffer, two times with sonication buffer supplemented with 0.5 M NaCl and 100 
mM KCL, one time with wash buffer (10 mM Tris pH 7.5, 0.25 M LiCl, 1 mM EDTA, 0.5% 
NP-40, 0.5% SDS), and one time with TE (10 mM Tris pH 7.5, 1 mM EDTA). Subsequently, 
100 μl elution buffer (50 mM Tris pH 7.5, 10 mM EDTA, 1% SDS) was added to the beads 
and, in addition also to 10 μl sonicated samples, the latter samples will serve as input controls. 
All samples were incubated for 20 minutes at 65°C in an Eppendorf  Thermomixer at 1200rpm. 
The supernatant was collected and supplemented with RNase A followed by Proteinase K (0.5 
μg/μl) for 30 min at 37°C each, and a 2-fold dilution with TE. Formaldehyde crosslinks were 
reversed by incubation for 6 hours at 42 °C followed by 9 hours at 70 °C. Following Phenol/
Chloroform extraction, the DNA was digested with BbsI, cutting adjacent to the ICL to allow 
for proper strand separation during PCR. Samples were analyzed in triplicate on 384 well plates 
by quantitative real-time PCR using the CFX384 Real-Time System (Bio-Rad) based on SYBR 
Green fluorescence. To determine the amount of  target DNA in the IP sample relative to the 
Input sample, we used the equation 1.9[CT(IP) − CT(Input)], where CT(IP) and CT(Input) are 
the average CT values for the amplified DNA region in the IP and Input samples, respectively.
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Supplemental Data



86

2
xlXPF
*

Recombinant XPF-ERCC1
2.8 0.7 0.461.4 ng  μl0.15 0.2

NPE HSS

Recombinant FAN1
25 6.3 3.112.5 ng  μl0.5 11.6 0.8

NPEHSS

xlFAN1

xlFAN1
xlXPF

NPE HSS

87 nM
30 nM

348 nM
47 nM

xlMUS81 349 nM465 nM

A B

D

C

G

Re
pa

ir 
(%

)

Time (min)

Re
pa

ir 
(%

)

Time (min)

Re
pa

ir 
(%

)

Time (min)

#

Mock
ΔXPF

Mock
ΔFAN1

Mock
ΔMUS81

#

#

MUS81

FAN1

XPF

Re
pa

ir 
(%

)

Time (min)

#

F

ΔMUS81/FAN1
Mock

100
NPE
10 520 2 ΔMUS81

/FA
N1

Rel. vol:

MUS81/FAN1

Moc
k

xlMUS81*
xlFAN1

E

NPE
100 5 2

Moc
k

ΔERCC1

10

NPE
100 10 5

Moc
k

ΔXPF

20 2

20

xlXPF*

xlERCC1*

xlXPF
*

xlERCC1*

XPF
ERCC1

ΔXPF ΔERCC1
90-95%
~95%

90-95%
~90%

xlERCC1 46 nM62 nM

H I

Re
pa

ir 
(%

)

Time (min)

rel. vol:

rel. vol:

#

100 100

100 100

Concentration in extract

Depletion efficiency

Mock

ΔERCC1

xlERCC1

Recombinant XPF-ERCC1
0.9 0.23 0.120.47  μl0.15 0.2

NPE HSS

Recombinant MUS81
16 4 28 ng  μl0.25 0.51

NPE HSS

xlMUS81

xlMUS81°*
*

ERCC1



87

2

XPF-ERCC1 and SLX4 collaborate in ICL unhooking

Figure S1. Verification of  MUS81, FAN1, XPF AND ERCC1 antibodies and ICL repair  in MUS81-, FAN1- 
and XPF- and ERCC1-depleted extracts. Related to Figure 1. (A) NPE and HSS were analyzed by Western blot 
using α-MUS81 antibody alongside a dilution series of  MUS81 protein. MUS81 protein was made by overexpression 
in bacteria, total cell lysate was used for Western blot analysis. Overexpression was confirmed by comparing MUS81 
induced lysate to non-induced lysate (not shown). The recombinant MUS81 (MUS81o) is slightly larger than the protein 
in extract (top panel). NPE and HSS were analyzed by Western blot using α-FAN1, α-XPF and α-ERCC1 antibodies 
alongside a dilution series of  the respective purified proteins (bottom panels). (B) Protein concentrations in extracts were 
determined by comparing the signal in the protein dilution series with the signal in HSS and NPE using ImageQuant 
TL software. (C) pICL was replicated in Xenopus egg extract that was either mock-depleted or MUS81-depleted. DNA 
was isolated and digested with HincII or HincII and SapI, and separated on agarose gel. Repair efficiency was calculated 
and plotted. Independent duplicate experiment related to Figure 1E. (D) As in (C) but for mock- versus FAN1-depleted 
extract. Independent duplicate experiment related to Figure 1F. (E) As in (C) but for mock- versus MUS81/FAN1 
double-depleted extract. (F) Mock- and MUS81/FAN1-depleted NPE were analyzed by Western blot using α-MUS81 
and α-FAN1 antibodies. A dilution series of  undepleted NPE was loaded on the same blot to determine the degree 
of  depletion. (G) As in (C) but for mock- versus XPF-depleted extract. Independent duplicate experiment related to 
Figure 1G. (H) Mock- and XPF-depleted NPE were analyzed by Western blot using α-XPF and α-ERCC1 antibodies. 
A dilution series of  undepleted NPE was loaded on the same blot to determine the degree of  depletion (upper panel). 
Mock- and ERCC1-depleted NPE were analyzed by Western blot using α-XPF and α-ERCC1 antibodies (middle panel). 
Depletion efficiencies are quantified and depicted in the table (lower panel). (I) pICL was replicated in Xenopus egg 
extract that was either mock-depleted or ERCC1-depleted. DNA was isolated and digested with HincII or HincII and 
SapI, and separated on agarose gel. Repair efficiency was calculated and plotted. *, background band. #, SapI fragments 
from contaminating un-crosslinked plasmid present in varying degree in different pICL preparations. 
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Figure S2. XPF-ERCC1 nuclease activity assay. Related to Figure 2. (A) Schematic representation of  the stem loop 
incision assay. (B) The 5’-labeled stem loop substrate was incubated with increasing concentrations of  xlXPF-hsERCC1 
or hsXPF-hsERCC1. Reaction products were separated on a 12% Urea-PAGE gel and visualized by autoradiography. 
(C) As in (B) but for xlXPFwt-hsERCC1 and xlXPFD668A-hsERCC1. (D) As in (B) but for xlXPF-hsERCC1 and hsXPF-
hsERCC1 with increasing concentrations of  FLAG-SLX4. Addition of  FLAG-SLX4 did not enhance accumulation 
of  the incision product, however, a large excess of  FLAG-SLX4 resulted in degradation of  both the template and 
the incision products likely caused by co-purified exonuclease activity in the FLAG-SLX4 preparation. (E) Schematic 
representation of  the incision assay using a splayed arm substrate. (F) The 5’-labeled splayed arm substrate was incubated 
with xlXPF-hsERCC1 alone and xlXPF-hsERCC1 with increasing concentrations of  FLAG-SLX4 (upper panel). The 
lower panel shows a time course of  the 5’-labeled splayed arm substrate incubated with xlXPF-hsERCC1 alone and 
xlXPF-hsERCC1 in combination with FLAG-SLX4. Products were separated on a 12% Urea-PAGE gel and visualized 
by autoradiography. (G) Schematic representation of  the incision assay using a 3’ flap substrate. (H) The 5’-labeled 3’ 
flap substrate was incubated with xlXPF-hsERCC1 and xlXPF-hsERCC1 in combination with increasing concentrations 
of  either SLX4G or FLAG-SLX4 (upper panel). SLX4G was purified via a GST tag after which the GST moiety was 
cleaved off. The middle panel shows a time course of  the 3’ flap substrate incubated with xlXPF-hsERCC1 alone and 
xlXPF-hsERCC1 in combination with SLX4G. The lower panel shows a time course of  the 3’ flap substrate incubated 
with xlXPF-hsERCC1 alone and xlXPF-hsERCC1 in combination with FLAG-SLX4. 
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Figure S3. Addition of  SLX4 only does not rescue repair and incision defect after XPF-ERCC1 depletion. 
Related to Figure 2 and Figure 4. (A) NPE and HSS were analyzed by Western blot using α-SLX4 antibody alongside 
a dilution series of  purified xlSLX4 (left panel). SLX4 concentration in extract (right panel) was determined based on 
quantification of  the Western blot using ImageQuant TL software. (B) Mock-depleted, ERCC1-depleted (ΔXE) NPE, 
or ERCC1-depleted NPE complemented with SLX4 (ΔXE+S) or XPF-ERCC1 and SLX4 (ΔXE+XE+S) were analyzed 
by Western blot using α-XPF and α-SLX4 antibodies (left panel). These extracts, with similarly treated HSS, were used 
to replicate pICL. DNA was isolated and digested with HincII or HincII and SapI, and separated on agarose gel. 
Repair efficiency was calculated and plotted (right panel). #, SapI fragments from contaminating un-crosslinked plasmid 
present in varying degree in different pICL preparations. (C) Mock-depleted, ERCC1-depleted (ΔXE) NPE, or ERCC1-
depleted NPE complemented with SLX4 (ΔXE+S) or XPF-ERCC1 and SLX4 (ΔXE+XE+S) were analyzed by Western 
blot using α-XPF and α-SLX4 antibodies (left panel). Pre-labeled pICL and pQuant were replicated in these extracts with 
similarly treated HSS. DNA was isolated, digested by HincII, and separated on a denaturing agarose gel. X-structures 
(middle panel) and linear products (right panel) were quantified and plotted. #, Linear fragments from contaminating 
uncrosslinked plasmid present in pICL preparation. 
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Figure S4. Additional information on incision assay. Related to Figure 3. (A) Denaturing agarose gel of  incision 
assay in Mock-, XPF-, and FANCD2-depleted extract as quantified in Figure 3D. Pre-labeled pICL and pQuant were 
replicated in Mock-, XPF-, and FANCD2-depleted NPE and similarly treated HSS. DNA was isolated, digested by 
HincII, separated on a denaturing agarose gel, and visualized by autoradiography. (B) Schematic representation of  the 
products that result from single (small and large Y shape structures, and arms) or dual incisions (linears and arms) of  
pICL during ICL repair. 
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Figure S5. FANCD2, XPF and SLX4 ChIP. Related to Figure 5. (A) Independent duplicate of  FANCD2 ChIP 
experiment as shown in Figure 5D. Samples from a pICL/pQuant replication reaction were analyzed by FANCD2 ChIP 
using ICL, MID, FAR and pQuant primers (see figure 5A for primer locations). (B) A dilution series of  recombinant 
FANCI-FANCD2 complex was analyzed by Western blot using α-FANCD2 antibody alongside a sample of  a pICL or 
pControl replication reaction (top and bottom panel, respectively). The amount of  FANCD2-Ub in the reaction sample 
was determined based on quantification of  the Western blot using Image Quant TL. The number of  ubiquitylated 
molecules per ICL was calculated by making use of  the known concentration of  pICL in the reaction (2 ng/μl). The 
number of  FANCD2-Ub molecules per control plasmid was subtracted from those per pICL to yield the number of  
FANCD2 molecules that are ubiquitylated per ICL specifically (see table). (C) Samples from a pICL/pQuant replication 
reaction (same reaction as presented in Figure 5) were analyzed by FANCD2, XPF and SLX4 ChIP using ICL, MID, 
FAR and pQuant primers. Samples were subjected to an extra size selection (100-400bps) by separation on agarose gel 
followed by gel extraction prior to qPCR. ChIP data are plotted as the percentage of  peak value with the highest value 
for each time point set to 100%. (D) FANCD2-depleted (ΔFD2) NPE, and FANCD2-depleted NPE complemented 
with FANCI-FANCD2wt (ΔFD2+IDwt) or FANCI-FANCD2K562R (ΔFD2+IDmt) were analyzed by Western blot 
using α-FANCD2 antibody (top panel). pICL and pQuant were replicated in these extracts and similarly treated HSS. 
Samples were collected at 90 minutes and analyzed by FANCD2 ChIP using ICL and pQuant primers. Signal on pQuant 
was subtracted from signal on ICL region. The data are plotted as the percentage of  peak value with the highest value set 
to 100%. (E) Two additional independent experiments similar to the experiment as shown in Figure 5G. Samples from 
a pICL/pQuant replication reaction were analyzed by FANCD2, XPF and SLX4 ChIP using ICL primers. The data are 
plotted as the percentage of  peak value with the highest value set to 100%. 
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Figure S6. Recruitment of  FANCD2, XPF and SLX4 to pICL in depleted extracts. Related to Figure 5. (A) Mock-
depleted, ERCC1-depleted (ΔXE) NPE, or ERCC1-depleted NPE complemented with XPF-ERCC1 (ΔXE+XE), SLX4 
(ΔXE+S) or XPF-ERCC1 and SLX4 (ΔXE+XE+S) were analyzed by Western blot using α-XPF and α-SLX4 antibodies. 
(B,C) pICL and pQuant were replicated in these extracts and similarly treated HSS. Samples were collected at 70 and 80 
minutes and analyzed by XPF (B) and SLX4 (C) ChIP using ICL primers. (D) Samples from the Mock-depleted, ERCC1-
depleted (ΔXE), and ERCC1-depleted complemented with XPF-ERCC1 and SLX4 (ΔXE+XE+S) conditions from the 
experiment in (B) were analyzed by FANCD2 ChIP using ICL, MID, FAR and pQuant primers. The samples were 
subjected to an extra size selection (100-400bps) by separation on agarose gel followed by gel extraction prior to qPCR. 
Signal on pQuant was subtracted from signal on ICL, MID and FAR regions. The data are plotted as the percentage 
of  peak value with the highest value for each time point set to 100%. (E) pICL was replicated in mock- and ERCC1-
depleted (ΔERCC1) extracts, samples taken at the indicated times were analyzed by Western blot using α-FANCD2 
antibody (upper panel). Western blot was quantified using Image Quant software and the percent of  FANCD2 that is 
ubiquitylated was plotted against time (lower panel). 
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Figure S7. Efficient recruitment of  XPF and SLX4 requires ubiquitylated FANCD2. Related to Figure 6. (A) 
FANCD2-depleted (ΔFD2), and FANCD2-depleted extract supplemented with FANCI-FANCD2 (ΔFD2+ID) were 
used to replicate pICL. Reaction samples were analyzed by FANCD2, XPF and SLX4 ChIP using ICL primers. The data 
are plotted as the percentage of  peak value with the highest value set to 100%. (B) Mock-depleted, FANCD2-depleted 
(ΔFD2), and FANCD2-depleted extract supplemented with FANCI-FANCD2 (ΔFD2+ID) were used to replicate pICL. 
Reaction samples at 90 minutes were analyzed by FANCD2, XPF and SLX4 ChIP using ICL primers. The data are plotted 
as the percentage of  peak value with the highest value set to 100%. (C) pICL and pQuant were replicated in FANCD2 
depleted extract that was complimented with wild type FANCI-FANCD2 (ΔFD2+IDwt), or FANCI-FANCD2K562R 
(ΔFD2+IDmt). Reaction samples were analyzed by ChIP using α-FANCD2, α-XPF and α-SLX4 antibodies and ICL and 
pQuant primers. Signal on pQuant was subtracted from signal on ICL region. The data are plotted as the percentage of  
peak value with the highest value set to 100%. 





Chapter 3
Recruitment and positioning 

determine the specific role of XPF-
ERCC1 in ICL repair



Daisy Klein Douwel1, Rick A. C. M. Boonen1, Wouter S. Hoogenboom1 and Puck 
Knipscheer1,

in revision
1Hubrecht Institute - KNAW, University Medical Center Utrecht & Cancer GenomiCs Netherlands, the Netherlands



101

3

The specific role of  XPF in ICL-repair

Abstract

XPF-ERCC1 is a structure specific endonuclease pivotal for several DNA repair pathways and, 
when mutated, can cause multiple diseases. Although the disease-specific mutations are thought 
to affect different DNA repair pathways, the molecular basis for this is unknown. Here we 
examine the specific function of  XPF-ERCC1 in DNA interstrand crosslink (ICL) repair. We 
used Xenopus egg extracts to directly measure both ICL repair and nucleotide excision repair, 
and we identified mutations that are specifically defective in the repair of  DNA interstrand 
crosslinks. One of  these separation of  function mutations resides in the helicase-like domain of  
XPF and disrupts its binding to SLX4 and recruitment to the ICL. Other mutations, situated in 
both the helicase-like domain and in the nuclease domain, did not interfere with localization to 
the ICL and yet prevented ICL unhooking. Our results indicate that specific positioning of  XPF 
within the repair complex and directly onto DNA, in addition to interaction with SLX4, specify 
the function of  XPF-ERCC1 in ICL repair versus NER.
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Introduction

The structure-specific endonuclease XPF-ERCC1 participates in multiple genome maintenance 
pathways, including nucleotide excision repair (NER), DNA interstrand crosslink (ICL) repair, 
certain branches of  double stranded break (DSB) repair and telomere maintenance . Mutations 
in XPF-ERCC1 have been associated with the genetic disorders Xeroderma pigmentosum (XP), 
Cockayne syndrome (CS), Cerebro-Oculo-Facio-Skeletal Syndrome (COFS), Fanconi Anemia 
(FA) and premature aging. These phenotypes are believed to be caused by a defect in one, or 
several, of  the genome maintenance pathways XPF-ERCC1 is involved in but the molecular 
basis for this is unknown.

The best characterized role of  XPF-ERCC1 is in NER, a pathway that removes helix distorting 
lesions (Friedberg, 2011; Gillet and Schärer, 2006). After damage recognition by other NER 
factors, XPF-ERCC1 is recruited to the lesion by XPA and correctly positioned with the help of  
single stranded binding protein RPA (De Laat et al., 1998b; Li et al., 1995; Matsunaga et al., 1996). 
Dual incisions by XPF-ERCC1 and XPG then excise a 24-30 residue oligonucleotide, leaving a 
gap that is filled in by DNA polymerase delta or epsilon, followed by nick ligation(Sijbers et al., 
1996; Spivak, 2015). Defects in NER factors are associated with the genetic disease Xeroderma 
pigmentosum (XP). XP patients with a mutation in XPF show characteristic features such as 
UV sensitivity and predisposition to skin cancer but only rarely present with other features such 
as neurological abnormalities. Uniquely among NER factors, deficiency in XPF-ERCC1 not 
only causes UV sensitivity but also results in cellular hypersensitivity to ICL-inducing agents, 
indicating an additional role for this protein in ICL-repair (De Silva et al., 2000; Kuraoka et al., 
2000; Niedernhofer et al., 2004). 

Interstrand crosslinks are highly toxic lesions that covalently link both strands of  the DNA 
together, thereby blocking DNA replication and transcription. ICLs are formed endogenously 
by products of  cellular metabolism but also induced at high doses by ICL inducing agents during 
cancer chemotherapy. The major pathway of  ICL repair is coupled to DNA replication and 
involves the coordinated action of  many DNA repair proteins such as nucleases, translesion 
polymerases, homologous recombination (HR) factors, and Fanconi anemia pathway proteins. 
Using a Xenopus egg extract based assay, we and others have recently elucidated a molecular 
mechanism of  replication-coupled ICL repair (Figure S1). This mechanism involves the 
convergence of  two replication forks at an ICL during DNA replication (Zhang et al., 2015). 
Both forks initially stall 20 to 40 nucleotides from the crosslink followed by BRCA1-BARD1-
dependent CMG helicase unloading allowing one fork to approach to within 1 nucleotide of  the 
crosslink (Fu et al., 2011; Long et al., 2011; Räschle et al., 2008). Dual incisions on either side of  
the ICL unhook the lesion from one of  the strands.  This step requires the endonuclease XPF-
ERCC1, which is recruited to the ICL by the large scaffold protein SLX4 (Klein Douwel et al., 
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2014). After unhooking, a nucleotide is inserted across from the adducted base, by an unknown 
TLS polymerase, followed by strand extension by polymerase ζ and REV1 (Budzowska et al., 
2015; Räschle et al., 2008). This strand now acts as a template for repair of  the opposite strand 
by HR,  leading to fully repaired products (Long et al., 2011). 

Mutations in any of  the 19 currently known FA genes give rise to Fanconi anemia (FA), a cancer-
susceptibility disorder characterized by developmental abnormalities, bone marrow failure and 
cellular sensitivity to ICL-inducing agents. The FA pathway includes a ubiquitin E2 enzyme and 
an 8-subunit ubiquitin E3 ligase that together ubiquitylate FANCI and FANCD2 upon DNA 
damage or replication stress. The ubiquitylated ID complex localizes to the ICL and promotes the 
recruitment of  SLX4 (FANCP) and XPF(FANCQ)-ERCC1, both of  which are required for ICL 
unhooking (Klein Douwel et al., 2014; Knipscheer et al., 2009). The endonuclease XPF-ERCC1 
makes at least one of  the unhooking incisions. While purified XPF-ERCC1 can make dual 
incisions on either side of  a crosslinked model substrate (Hodskinson et al., 2014), it is currently 
unclear whether it makes both incisions in vivo, or whether a second unknown endonuclease is 
involved. Finally, the remaining six FA proteins are thought to mainly act downstream of  ICL 
unhooking.

Mouse models that express non-functional XPF or ERCC1 show many signs of  pre-mature aging 
and die within a few weeks after birth, highlighting the importance of  XPF-ERCC1 for viability 
(Manandhar et al., 2015). In humans, XPF-ERCC1 is likely essential as there are no patients 
reported with a complete deficiency in either protein. Most patients with mutations in XPF 
express residual protein and present with a mild form of  XP. These patients are deficient in NER 
but likely proficient in other DNA repair pathways that require XPF-ERCC1. However, in a few 
cases, patients with more severe phenotypes have been observed. A single patient was described 
who suffered from an extreme progeroid syndrome termed XFE that is characterized by severe 
UV sensitivity, neurological and hematological defects, and accelerated aging (Niedernhofer et 
al., 2006). The hematological phenotype in combination with an extreme cellular sensitivity to 
ICL inducing agents suggests that this patient is not only defective in NER but also in ICL 
repair. Another patient showed phenotypes of  XP but also of  CS, such as developmental and 
neurological abnormalities, indicating a defect in a subpathway of  NER called transcription 
coupled NER (Kashiyama et al., 2013). This patient also suffered from bone marrow depletion 
and extreme cellular sensitivity to ICL inducing agents, suggesting an additional defect in ICL 
repair. Finally, two patients have been identified with mutation in XPF that caused Fanconi 
anemia while not showing any signs of  XP (Bogliolo et al., 2013). This indicates that the role of  
XPF-ERCC1 in ICL-repair can be separated from its function in NER.

XPF contains an N-terminal helicase-like domain, a central ERCC4-type nuclease domain, 
and a C-terminal helix-hairpin-helix (HhH) domain which is required for the interaction with 
ERCC1 (See Figure 1A). Very little is known about the role of  the inactive helicase-like domain 
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but it is important for nuclease activity and has been implicated in interaction with RPA and 
SLX4 (Bowles et al., 2012; Fisher et al., 2011; Tsodikov et al., 2007; Yildiz et al., 2002). ERCC1 
regulates the stability and DNA binding activity of  XPF. In vitro, XPF-ERCC1 preferentially 
incises splayed arm or 3’ flap structures which is consistent with its role in NER where it makes 
the incision 5’ of  the lesion. XP associated mutations in XPF are spread throughout the protein 
and the majority is thought to prevent NER by reduced protein levels and not by affecting 
nuclease activity. The reduced levels of  XPF-ERCC1 do not appear to affect ICL repair, as most 
of  these XP patient-derived cells are not extremely sensitive to ICL inducing agents. The two 
currently known FA associated XPF mutations do induce sensitivity to ICL inducing agents and 
are located in the helicase-like domain (L230P) and the nuclease domain (R689S)(Figure 1A). 
While the levels of  the L230P mutant protein in the patient cells are low, overexpression of  the 
mutant protein rescues UV sensitivity indicating this protein is proficient in NER (Bogliolo et al., 
2013). The R689S mutant protein is expressed at normal levels, and patient cells do not show UV 
sensitivity. Two additional mutations in the helicase-like domain are associated with Fanconi-like 
phenotypes, the R153P mutation found in the patient with XFE and the C236R mutation found 
in the patient with symptoms of  XP/CS and FA. The patient carrying the C236R mutation 
showed a marked cellular sensitivity to MMC and UV while protein levels were relatively normal, 
indicating the mutation induces a functional defect. Although XPFR153P was expressed at low 
levels and showed a defect in nuclear localization, it is not clear whether this, or a functional 
defect of  the mutation, causes the phenotype.

To further understand the role of  XPF-ERCC1 in ICL repair, and to determine whether and 
how this can be distinguished from its role in NER, we analyzed a set of  XPF mutations that 
specifically induce ICL sensitivity. We employed the Xenopus egg extract system to monitor both 
replication-coupled ICL repair and nucleotide excision repair. We identified five XPF mutants 
that are deficient in ICL repair and proficient in NER. For all mutants, the deficiency in ICL 
repair was caused by a defect in ICL unhooking. Of  these five mutants, four were still efficiently 
recruited to the site of  the lesion, indicating that proper positioning onto the substrate, either 
by protein-DNA or protein-protein interactions, is affected. In contrast, mutation of  leucine 
219, equivalent to the human leucine 230 mutated in Fanconi anemia, abrogated the recruitment 
of  XPF to the ICL. This was caused by a defect in interaction with SLX4. Our data show that 
the interaction between SLX4 and XPF is crucial for ICL repair but dispensable for NER. In 
addition, our results indicate that the proper positioning of  XPF-ERCC1 within the incision 
complex is important for ICL unhooking and requires specific residues within the helicase-like 
and nuclease domains.
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Results

XPF mutants form functional complexes with ERCC1.

To study the role of  XPF-ERCC1 in ICL repair, we selected a set of  XPF mutations that we 
predicted to specifically affect this process. In the helicase-like domain, two point-mutations 
were found in patients with FA and FA-like symptoms, L230P and C236R (Bogliolo et al., 2013; 
Kashiyama et al., 2013). These mutated residues correspond to residues L219 and C225 in 
Xenopus laevis XPF, that is 75% identical to human XPF (Figure 1A). Another mutation in the 
helicase-like domain, hsG325E (xlG314E), was reported to disrupt the interaction between XPF 
and SLX4 in a yeast-2-hybrid assay (Andersen et al., 2009). To further disrupt this interaction we 
generated a deletion mutant lacking G314 and three surrounding residues that were predicted 
to form a loop (XPFΔNSGW). In the nuclease domain, we analyzed 2 mutations, R689S and S786F 
(xlR670S and xlS676F). The R689S mutation was associated with Fanconi anemia (Bogliolo et 
al., 2013) and the S786F mutation sensitizes cells to MMC, but not UV radiation (Osorio et al., 
2013). 

We co-expressed flag-tagged xlXPF wild type and mutants with His-tagged hsERCC1 in Sf9 
insect cells and purified the complex by affinity purification. We previously showed that the 
xlXPF-hsERCC1 complex (referred to as XPF-ERCC1 from here on) supports ICL-repair in 
Xenopus egg extracts (Klein Douwel et al., 2014). Expression levels of  all mutant complexes were 
similar to wild type levels except for the XPFL219P-ERCC1 (XEL219P) complex that was previously 
reported to be unstable (Bogliolo et al., 2013; Hashimoto et al., 2015). To examine the function 
of  leucine 219, we instead mutated it to an arginine and found that XEL219R was expressed at 
normal levels. When wild type XPF-ERCC1 was subjected to gel filtration chromatography, the 
majority of  the protein eluted at the expected range for a heterodimer while a small fraction 
of  inactive aggregates eluted in the void volume of  the column, similar to what was previously 
described (Figure 1B) (Enzlin and Schärer, 2002). The XEC225R, XEG314E, XER670S and XES767F 
mutant complexes behaved similarly to the wild type on gel filtration (Figure 1B) and the peak 
containing the heterodimer was isolated and used for further experiments. However, the XEL219R 
and XEΔNSGW mutant complexes showed an increased aggregate peak and lower heterodimer 
peak (Figure 1C). Nevertheless, when this heterodimer peak was isolated and re-run on a gel 
filtration column it did not aggregate (Figure S2A).

We next examined the endonuclease activity of  the mutant XPF-ERCC1 complexes. To this 
end, a fluorescently labeled stem loop substrate was incubated with increasing concentrations 
of  protein, and reaction products were separated by denaturing urea PAGE. All XPF-ERCC1 
complexes with mutations in the helicase-like domain showed nuclease activity similar to wild 
type protein, as seen by the appearance of  the incision product (Figure 1D and Figure S2B). 
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Figure 1: Characterization of  mutant XPF-ERCC1 complexes. (A) Schematic representation of  the domain organ-
ization of  the XPF protein. Domain boundaries of  human and Xenopus laevis XPF are indicated. Relevant mutations of  
the human protein, and the Xenopus laevis equivalents, are indicated on top and bottom respectively. (B) Superdex 200 
gel filtration elution profile of  wild type XPF-ERCC1 and indicated mutant complexes. Aggregates eluted in the void 
volume of  the column (~45ml) while the active XPF-ERCC1 heterodimer eluted at ~65 ml. The peak eluting at ~105 
ml contains the flag peptide used to elute the protein from the flag affinity resin. Protein from heterodimer peak was 
isolated, separated on SDS PAGE and stained with Coomassie blue (inset). (C) As in in (B) but for different mutant 
complexes that showed more aggregation. (D) Wild type and indicated mutant XPF-ERCC1 complexes were incubated 
with a 5’-FAM-labeled stem-loop DNA substrate (10 nM) at room temperature for 30 minutes. Reaction products were 
separated on a 12% denaturing PAGE gel. (E) Wild type and mutant XPF-ERCC1 complexes at various concentrations 
were incubated with a 5’-FAM labeled 3’ flap DNA substrate (10 nM) and fluorescent anisotropy was measured. Graphs 
were used to calculate dissociation constants (Kd’s).

Importantly, this demonstrates that the XEL219R and XEΔNSGW complexes, that showed increased 
aggregation upon expression, are fully active after isolation of  the heterodimer peak. The XES767F 
complex was slightly reduced in nuclease activity while the XER670S complex showed a more 
dramatic reduction and was only capable of  cutting the substrate at high concentrations (Figure 
1D and Figure S2D). This was not surprising as both mutations are located in the nuclease 
domain of  XPF, and the human equivalent of  the R670S mutant has decreased nuclease activity 
(Enzlin and Schärer, 2002; Su et al., 2012). We also analyzed the endonuclease activity on a 3’ flap 
substrate and obtained similar results; wild type activity for most mutants, and reduced activity 
for XES767F and XER670S (Figure S2C). In conclusion, all mutants except R670S have nuclease 
activity similar to wild type protein. 

Finally, we analyzed the DNA binding of  the mutant XPF-ERCC1 complexes. For this, a 
fluorescently labeled 3’ flap substrate was incubated with increasing concentrations of  XPF-
ERCC1 and fluorescence anisotropy was measured to assess binding. All our mutants showed 
very similar binding curves and the Kd values derived from these curves were comparable to 
each other and to wild type XPF-ERCC1 (Figure 1E and Figure S2E). This indicates that the 
mutations do not affect DNA binding affinity. To validate our results we measured fluorescence 
anisotropy of  a mutant XPF-ERCC1 carrying two point mutations in ERCC1 (K247A and 
K281A) that was previously shown to affect DNA binding (Su et al., 2012). Consistent with this, 
we found that this XEKAKA mutant had reduced affinity for DNA (Figure 1E and Figure S1E).

 In summary, we purified six mutant XPF-ERCC1 complexes that are predicted to affect ICL 
repair. All mutant complexes formed stable heterodimers and interacted normally with DNA. 
The nuclease activity of  the mutants was similar to wild type, with the exception of  one mutation 
in the nuclease domain.

Mutations in the helicase-like and the nuclease domains abrogate ICL repair. 

To investigate the effect of  the XPF mutations on ICL repair, we used Xenopus egg extract. 
This system recapitulates DNA replication-coupled repair of  a sequence-specific cisplatin 
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Figure 2: Effect of  mutations in XPF-ERCC1 on ICL repair in Xenopus egg extract. (A) Schematic representation 
of  repair of  a plasmid containing a site-specific cisplatin ICL (pICL) in Xenopus egg extract (HSS for high speed super-
natant, NPE for nucleoplasmic extract). After repair of  the ICL, the SAPI restriction site that was blocked by the ICL 
becomes available in the molecule that is repaired via HR (See Fig S1). The sister molecule is repaired by lesion bypass 
and retains the adducted ICL that is not removed efficiently in Xenopus extract, blocking the SAPI restriction site. (B) 
XPF-ERCC1-depleted (ΔXE) and XPF-ERCC1-depleted extracts complemented with wild type (XEWT) or indicated 
mutant XPF-ERCC1 (XEMUT) were analyzed by western blot using α-XPF antibodies (upper panel). Line within blot 
indicates position where irrelevant lanes were removed. These extract were used to replicate pICL. Replication interme-
diates were isolated and digested with HincII, or HincII and SapI, and separated on agarose gel. Repair efficiency was 
calculated and plotted (lower panel). (C) and (D) As in in (B) but analyzing different mutant complexes. Note: repair 
levels can differ per batch of  individually prepared extract or per depletion experiment and can only be compared within 
an experiment. # SapI fragments from contaminating uncrosslinked plasmid present in varying degrees in different pICL 
preparations. *, background band.
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ICL situated on a plasmid template (pICL). Moreover, it enables the quantification of  repair 
by the regeneration of  a SapI restriction site that is blocked by the crosslink (Figure 2A). We 
immuno-depleted ERCC1 from egg extract and complemented the repair reaction with wild 
type or mutant XPF-ERCC1. Since depletion of  ERCC1 leads to equal depletion of  XPF (Klein 
Douwel et al., 2014), we refer to this depletion as an XPF-ERCC1 depletion. Because depletion 
of  XPF-ERCC1 leads to co-depletion of  SLX4, we also complemented all the depleted reactions 
with purified xlSLX4 protein unless stated otherwise (Figure S3A) (Klein Douwel et al., 2014). 
Reactions were stopped at various time points, DNA repair intermediates were isolated, and 
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digested with SapI to quantify ICL repair. A small fraction of  non-crosslinked plasmids is 
present in pICL preparations leading to a constant background of  Sap1 digestible replication 
products. XPF-ERCC1 depleted extracts did not support ICL repair above this background 
while addition of  recombinant wild type XPF-ERCC1 (XEwt) and SLX4 restored ICL repair 
(Figure 2B, C and D) (Klein Douwel et al., 2014). XEL219R and XEC225R, which carry mutations 
in the helicase-like domain of  XPF, did not efficiently rescue ICL repair (Figure 2B and Figure 
S3B). We then investigated the mutant complexes that were expected to affect the interaction 
with SLX4. We previously showed that XPF-ERCC1 is not recruited to the ICL in absence 
of  SLX4, indicating that the interaction of  XPF with SLX4 is required for recruitment and 
therefore ICL repair (Klein Douwel et al., 2014). However, we found that addition of  XEG314E 
to XPF-ERCC1 depleted extract fully restored ICL repair (Figure 2C and S3C). In contrast, the 
deletion mutant XEΔNSGW was defective in ICL repair (Figure 2C and Figure S3C). These results 
indicate that the G314E mutation does not disrupt. XPF-ERCC1 – SLX4 sufficiently to affect 
ICL repair in our system. Finally, XPF-ERCC1 depleted extracts were supplemented with the 
nuclease domain mutants XER670S and XES767F. Both mutants were unable to restore ICL-repair 
(Figure 2D and Figure S3B). These results show that residues in the helicase-like domain and the 
nuclease domain of  XPF-ERCC1 are required for ICL repair.

ICL repair deficient XPF mutants are proficient in NER.

To determine whether the XPF mutations specifically affect ICL repair, we investigated their 
activity in nucleotide excision repair (NER). During NER, the endonucleases XPF-ERCC1 and 
XPG make incisions on either side of  a lesion, creating a gap that is subsequently filled in. This 
gap-filling synthesis is called unscheduled DNA synthesis (UDS) to differentiate it from the 
semi-conservative DNA synthesis that takes place during replication. As a readout for NER 
activity, unscheduled DNA synthesis can be measured on UV-damaged plasmids incubated in 
Xenopus egg extract (Figure 3A) (Gaillard et al., 1996; Shivji et al., 1994). To this end, we incubated 
non-damaged or UV-damaged plasmid in a non-replicating Xenopus egg extract in the presence 
of  32P-dCTP. The DNA was subsequently isolated, linearized, and the products were separated 
on an agarose gel (Figure 3B). While a UV damaged plasmid showed clear incorporation 
of  32P-dCTP indicative of  UDS, a non-damaged plasmid only showed some background 
incorporation, probably due to nicks created during plasmid preparation (Figure 3B, lane 1 and 
2). Immunodepletion of  XPF (See Figure S4A) reduced UDS on the UV treated template to 
background levels (Figure 3B, 3 lane 4). The slight increase in UDS compared to the non-
damaged plasmid is likely caused by an incomplete depletion of  XPF-ERCC1 or other repair 
mechanisms. Addition of  wild type XPF-ERCC1 (XEWT) to XPF-depleted extracts fully rescued 
UDS (Figure 3B, lane 5 and 6 and Figure S4B), while addition of  a catalytically inactive XED668A 
mutant did not support UDS (Figure 3B, lane 7 and 8 and Figure S4B; and (Klein Douwel et 
al., 2014)). This shows that the endonuclease XPF-ERCC1 is required for NER in Xenopus egg 
extract.  Importantly, all XPF-ERCC1 mutants, except for the catalytic inactive XED668A, fully 
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Figure 3: XPF-ERCC1 mutant complexes are active in NER. (A) Schematic representation of  NER and unsched-
uled DNA synthesis (UDS) on a UV treated template in high speed supernatant (HSS) egg extract. (B) Mock depleted, 
XPF-ERCC1-depleted (ΔXE), and XPF-ERCC1-depleted extracts complemented with wild type (XEWT) or mutant 
XPF-ERCC1 (XED668A)  were incubated with untreated or UV-treated plasmids for 2 hours at room temperature in 
presence of  32P-α-dCTP. Reaction products were isolated, linearized with HincII and separated on a 0.8% agarose gel. 
The DNA was visualized with autoradiography to show incorporation of  32P-α-dCTP  (upper panel) and with SYBR 
gold for total DNA (lower panel). Line in gel image indicates position where irrelevant lanes were removed (C) As in (B) 
but using different XPF-ERCC1 mutant complexes. The incorporation of  32P-α-dCTP was quantified and plotted. The 
background signal on non-damaged plasmid was subtracted and the signal for the wild type XPF add back condition was 
set to 100% to normalizes data. Error bars represent the standard deviation from at least three independent experiments. 

rescued the NER defect (Figure 3C). This observation was especially striking for the XER670S 
mutant whose nuclease activity on model DNA templates was strongly reduced (Figure 1D). 
This finding is consistent with a previous report in which the human equivalent of  this mutant 
was able to make NER incisions, although there was a difference in the position of  the incisions 
compared to the wild type protein (Su et al., 2012). 

In summary, we identified 3 mutations in the helicase-like domain (XEL219R, XEC225R and XEΔNSGW) 
and two in the nuclease domain (XER670S and XES767F) that are defective in ICL repair, while 
supporting functional NER. Strikingly, this separation of  function is achieved by mutations in 
two different domains of  XPF-ERCC1.
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Separation of function mutations in XPF specifically affect ICL incisions

To determine the mechanism underlying the specific inhibition of  ICL repair in these mutants, 
we examined which step in ICL repair was affected. We previously showed that XPF is required 
for ICL unhooking (Klein Douwel et al., 2014). However, XPF could also have additional roles 
downstream, for example in HR, that might be affected by our mutations (Ciccia et al., 2008). 
To directly monitor unhooking incisions that take place on the parental strand, we pre-labeled 
pICL with 32P-dCTP using nick translation and replicated it in Xenopus egg extract. Replication 
intermediates were linearized and separated on a denaturing agarose gel. At early times, the 
parental strand migrates as a large X-structure, while after crosslink unhooking during repair, 
it forms a linear molecule (Figure 4A; and (Klein Douwel et al., 2014)). The decline of  the 
X-shaped structures and the accumulation of  the linears are a direct readout of  unhooking 
incisions. In XPF-ERCC1 depleted extract, the X-structures persists (Figure 4B, C and D, left 
panel, and Figure S5), and the appearance of  linear structures is greatly reduced (Figure 4B,C and 
D, right panel, and Figure S5), indicating the unhooking incisions are blocked (see also (Klein 
Douwel et al., 2014)). Adding back wild type XPF-ERCC1 (XEWT) rescues this incision defect 
(Figure 4B, C and D, left panel and Figure S5) whereas XEL219R or XEC225R mutants with defects 
in the helicase domain did not (Figure 4B and Figure S5A). The XEG314E mutant, carrying a 
mutation in the proposed SLX4 interaction domain did not inhibit incisions, while the XEΔNSGW 
mutant caused a dramatic reduction in ICL unhooking (Figure 4C and Figure S5B). This is 
consistent with our earlier observation that the point mutant is functional in ICL repair while the 
deletion mutant is not. Finally, we found that the nuclease domain mutants XER670S and XES767F 
were unable to support incisions (Figure 4D and Figure S5C).  These results show that all our 
separation of  function mutants are defective in ICL unhooking, which explains their inability to 
support ICL repair. 

The XPFL219R-ERCC1 mutant complex is not recruited to the ICL

We speculate that the inability of  XPF mutants to support unhooking is caused by a defect 
in either recruitment or positioning of  the nuclease within the repair complex. To test this 
hypothesis, we examined XPF recruitment to the ICL by chromatin immunoprecipitation 
(ChIP). We replicated pICL in extract depleted of  XPF-ERCC1, supplemented it with wild 
type or mutant XPF-ERCC1 (see Figure S6A), and performed chromatin immunoprecipition 
with XPF or SLX4 antibodies at various time points. An unrelated plasmid (pQuant) was added 
to the reaction to determine background protein recruitment to undamaged DNA. The co-
precipitated DNA was recovered and amplified by quantitative PCR with primers specific to 
the ICL region or to pQuant (Figure 5A). Using this assay, we recently showed that XPF is 
specifically recruited to the ICL at the time of  unhooking incisions (Klein Douwel et al., 2014). 
The exact timing of  recruitment can vary as a result of  the immunodepletion procedure. We 
first examined the most N-terminal mutant XEL219R and found that, in contrast to the wild type 
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protein, recruitment of  this mutant to the ICL was completely blocked (Figure 5B and 6A). 
In contrast, the XEC225R complex, containing a mutation just six residues further downstream, 
was recruited to the ICL as efficiently as the wild type protein (Figure 5E and Figure S6B). We 
then examined the predicted SLX4 interaction mutant XEΔNSGW, which was expected to show a 
defect in recruitment. However, this mutant was recruited normally to the ICL (Figure 5D and 
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Figure 4: Separation of  function mutants are all defective in ICL unhooking. (A) Schematic representation of  the 
assay used to directly measure unhooking incisions. 32P-α-dCTP-labeled parental stands are indicated in red. Products 
before and after ICL incision during ICL repair are indicated. (B) XPF-ERCC1-depleted (ΔXE) or XPF-ERCC1-deplet-
ed egg extract complemented with wild type (XEWT) or mutant XPF-ERCC1 (XEMUT) were incubated with pre-labeled 
pICL. DNA products were isolated at indicated times, linearized with HINCII, and visualized on a denaturing agarose 
gel. The X-structures and linear products were quantified and plotted (left panel). The extracts used were analyzed by 
western blot using α-XPF antibodies (right panel). Line within blot indicates position where irrelevant lanes were re-
moved. (C) and (D) As in (B) but using different XPF-ERCC1 mutant complexes.
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Figure S6C). This suggests that SLX4 binding is not severely affected in this mutant. Lastly, we 
examined the recruitment of  the nuclease domain mutants XER670S and XES767F.  Both mutants 
were recruited to the ICL as efficiently as the wild type protein (Figure 5E and F and Figure 
S6D).

We conclude that all mutants, except for XEL219R, are recruited normally to the site of  damage, 
suggesting the defect in incisions observed for these mutants is due to a defect in proper 
positioning of  the nuclease. The XEL219R mutant however is not recruited to the site of  damage, 
suggesting a defect in binding to SLX4. 

Mutation of Lysine 219 to an Arginine prevents binding of XPF to SLX4.

To determine why XEL219R is not recruited to the ICL we examined recruitment of  both SLX4 
and XPF-ERCC1 to the ICL by ChIP. In contrast to all previous depletion experiments we now 

Figure 5: Recruitment of  XPF-ERCC1 mutants to the ICL during repair. (A) Schematic representation showing 
the primer locations on pICL and pQuant. (B) pICL was replicated in XPF-ERCC1 depleted (ΔXE) or XPF-ERCC1-de-
pleted egg extract supplemented with wild type (XEWT) or mutant XPF-ERCC1 (XEMUT). Samples were taken at various 
times and immunoprecipitated with α-XPF antibodies. Co-precipitated DNA was isolated and analyzed by quantitative 
PCR using the primers depicted in (A). The qPCR data was plotted as the percentage of  peak value with the highest value 
within one experiment set to 100%. (C-F) As in (B) but for the indicated XPF-ERCC1 mutant complexes.
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did not co-supplement SLX4 to all reactions (Figure 6A and Figure S7A). In the absence of  
SLX4, we observed no recruitment of  wild type XPF-ERCC1 to the ICL, consistent with our 
previous observations (Figure 6A, B and Figure S7A, B; and (Klein Douwel et al., 2014)). When 
we supplemented SLX4, which was efficiently recruited to the ICL, it rescued the recruitment 
of  wild type XPF-ERCC1 (Figure 6A, B and Figure S7A, B). However, addition of  SLX4 in 
combination with XEL219R did not affect SLX4 recruitment but did abrogate XPF localization 
to the ICL (Figure 6A, B and Figure S7A, B). These results suggest that the defect in XEL219R 
recruitment is caused by a defect in the interaction with SLX4.

To confirm this interpretation, we co-expressed flag-tagged XEWT and XEL219R with His-tagged 
SLX4 in insect cells, immunoprecipitated XPF, and examined co-precipitation of  SLX4. His-
SLX4 was enriched after immunoprecipitation of  wild type XPF-ERCC1 but not XEL219R, 
indicating this mutant does not bind SLX4 efficiently (Figure 6C and Figure S7C). In addition, 

Figure 6:  XEL219R but not XEΔNSGW abrogates SLX4 interaction. (A) pICL was replicated in XPF-ERCC1 depleted (ΔXE) 
extract or in XPF-ERCC1 depleted extract supplemented with wild type XPF-ERCC1 only (+XEWT), wild type XPF-
ERCC1 and SLX4 (+SXEWT) or XPFL219R-ERCC1 and SLX4 (+SXEL219R) . (B) Samples were taken at the indicated times and 
immunoprecipitated with α-XPF (left panel) or α-SLX4 antibodies (right panel). Co-precipitated DNA was isolated 
and analyzed by quantitative PCR using ICL or pQuant primers. The qPCR data was plotted as the percentage of 
peak value with the highest value set to 100%. (C) Wild type and mutant flag-XPF-ERCC1 were co-expressed with 
his-SLX4 in Sf9 insect cells. Cells were lysed and XPF was immunoprecipitated via the flag-tag. Samples were ana-
lyzed by western blot using α-flag and α-his antibodies. 
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we also examined the XEΔNSGW mutant that we expected to show reduced binding to SLX4. 
Contrary to our expectations but consistent with our ChIP results we found this mutant was still 
able to interact with SLX4 as efficiently as the wild type protein. This indicates that this XPF 
region is not crucial for the interaction with SLX4.

In summary, these results show that leucine 219 in the helicase-like domain of  XPF is crucial for 
the interaction with SLX4 and that it is required for recruitment of  XPF to the ICL. Because 
this mutant is active in NER this result also shows that the interaction between SLX4 and XPF 
is not required for this process.

Discussion

Mutations in XPF-ERCC1 affect several DNA repair pathways and can cause multiple 
diseases likely due to differential inhibition of  these pathways. Using Xenopus egg extracts we 
have examined how certain mutations in XPF inhibit ICL repair while maintaining proficient 
nucleotide excision repair. We have characterized five separation of  function mutations that 
reside in the helicase-like and nuclease domains of  XPF. While all these mutants are defective 
in ICL unhooking, this is caused by different mechanisms. A subset of  mutants is normally 
recruited to the ICL but most likely affect interactions with the DNA template or with other 
factors within the repair complex. In addition, a specific helicase-like domain mutant is not 
properly recruited to the ICL because it cannot interact with SLX4. Our findings show that 
both the nuclease and the helicase-like domains of  XPF-ERCC1 determine ICL repair specific 
functions (Table 1).

We have previously shown that XPF-ERCC1 is recruited to the site of  damage by SLX4 (Klein 
Douwel et al., 2014). A specific residue in the helicase-like domain of  XPF has been implicated 
in the interaction with SLX4 (Andersen et al., 2009; Yildiz et al., 2002). A glycine to glutamic 
acid mutation at residue 325 of  human XPF abrogated the interaction with SLX4 in a yeast 
two-hybrid assay (Andersen et al., 2009). These yeast two-hybrid assays were performed with 
C-terminal deletion mutants of  SLX4 and the interaction with XPF was pinpointed to the 
BTB domain. However, these mutants all lacked the MLR domain which has been shown to 
be important for interaction with XPF (Kim et al., 2013). In our hands, the equivalent mutation 
in xlXPF, G314E, did not abrogate ICL repair or recruitment. Moreover, a deletion mutant in 
which this glycine and three additional residues around it were removed (XPFΔNSGW) interacted 
normally with SLX4. Based on these observations we speculate that the previously reported 
interaction site between the BTB domain of  SLX4 and XPF is a minor interaction site while the 
main interaction site involves the MLR domain of  SLX4. This is consistent with results reported 
by Guervilly et al. that show only a slight decrease in XPF binding after mutation of  the SLX4 
BTB domain, while interaction was severely abrogated upon mutation of  the MLR domain 
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(Guervilly et al., 2014). 

These observations raise the question which part of  XPF is involved in the interaction with the 
SLX4 MLR domain. Our data show that the XPF lysine 219 to arginine mutant is defective in 
binding to SLX4. This implies that the major SLX4 interaction site resides in a different part 
of  the helicase-like domain of  XPF than was previously reported. Further examination of  the 
residues surrounding lysine 219 is required to better characterize this interaction site. Notably, 
our ChIP results indicate that the cysteine at position 225 is not required for the interaction. We 
further show that the XPFL219R-ERCC1 mutant complex is defective in ICL repair but not in 
NER. This shows that the interaction with SLX4 is specific to the role of  XPF-ERCC1 in ICL 
repair. This is consistent with the fact that patients with an L230P mutation suffer from FA and 
not XP. While previously it was assumed that poor stability of  the XEL230P protein was causing 
the FA phenotype, this data suggests that a functional defect, namely impaired interaction with 
SLX4, may cause, or contribute to, the disease.

Interestingly, while both the helicase-like domain mutant complexes XEΔNSGW and XEC225R 
interact with SLX4, are recruited to the ICL, and are active nucleases, they fail to support ICL 
repair. It is assumed that the helicase-like domain is involved in DNA binding and substrate 
specificity but it has also been implicated in protein-protein interactions (McNeil and Melton, 
2012). We propose that the ΔNSGW and C225R mutants, while still able to localize to the ICL, 

xl XPFL219R XPFC225R XPFG314E XPFΔNSGW XPFR670S XPFS767F

hs XPFL230R XPFC236R XPFG325E XPFΔNSGW XPFR689S XPFS786F

Patient 
mutation L230P C236R N.A. N.A. R689S N.A.

Clinical 
Features FA CS v CS/XP/

FA N.A. N.A. FA N.A.

Nuclease 
activity + + + + - +

DNA 
binding + + + + + +

NER + + + + + +

ICL Repair - - + - - -

Un-hooking - - + - - -

Recruitment 
To ICL - + N.D. + + +

SLX4 
binding - N.D N.D. + N.D. N.D.

Table 1. Summary of  features of  different XPF mutations. Abbreviations are as follows: +, normal; - absent or 
defective; NA, not applicable; ND, not determined. 
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cannot properly position XPF onto the DNA for incisions. This can be because these residues 
are directly involved in DNA binding, or because they are involved in interactions with other 
proteins within the repair complex. Although the nature of  these interactions requires further 
investigation it is clear that these are ICL repair specific and not required for NER. 

Two patients have been identified carrying the C236R (xlC225R) mutation, both show Cockayne 
syndrome (CS) phenotypes, while only one patient additionally shows a Fanconi anemia 
phenotype. The Cockayne syndrome phenotype is thought to be caused by a specific defect 
in transcription-coupled nucleotide excision repair (TC-NER). While mutations in XPF are 
not expected to specifically affect TC-NER, because it acts downstream in the NER pathway 
where the transcription-coupled and global NER pathways have come together, a CS phenotype 
has been observed previously in patients with mutations in XPF (Kashiyama et al., 2013). Our 
data shows that the xlC225R mutation prevents ICL repair but does not affect NER. However, 
Xenopus egg extracts are transcription incompetent and we may therefore not identify a defect in 
TC-NER. Why only one of  the patients carrying the C236R mutation presents with a clear FA 
phenotype is currently unclear. Possibly the other patient has an additional mutation or specific 
genetic background that neutralizes the ICL repair defect. 

In addition to the helicase-like domain mutants, we found two separation of  function mutants 
in the nuclease domain of  XPF. Arginine 670 is located within the active site of  xlXPF and 
mutating it to a serine severely reduces nuclease activity as was shown by us and others (Bogliolo 
et al., 2013). Nevertheless, our data indicates that the XER670S mutant can still support NER to 
wild type levels. This is in line with previous data showing the human equivalent, hsXER689A, 
can incise an NER substrate (Enzlin and Schärer, 2002; Staresincic et al., 2009; Su et al., 2012). 
Interestingly, the human mutant protein did show a shift in incision position, suggesting the 
residue is not directly involved in catalysis, but contributes to the proper orientation of  the 
active site onto the DNA substrate (Su et al., 2012). This aberrant positioning is apparently not 
detrimental for NER but does prevent ICL repair in our assays. This is a likely explanation as 
the DNA template for incision differs in both repair pathways. Moreover, it is supported by the 
identification of  a patient with the hsR689S mutation that suffers from FA, but not XP (Bogliolo 
et al., 2013).

The S767F mutation is also located in the nuclease domain and structure predictions based on 
the crystal structure of  the nuclease domain of  archaeal XPF in complex with DNA, indicate 
it could be involved in protein-DNA interaction (Newman et al., 2005). In our experiments this 
mutant shows a mild reduction in nuclease activity, is proficient in NER but largely deficient 
in ICL repair. We propose that, like the arginine 670, this residue is important in positioning 
the active site specifically on an ICL template likely by direct contact with the DNA. We did 
not observe reduced DNA binding affinity for these mutants most likely because XPF-ERCC1 
contains multiple DNA interacting domains and it was shown that mutation of  at least two of  
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those is required to reduce this affinity (Su et al., 2012).

In summary, we identified five mutations in XPF that are required for ICL repair but not for 
NER. Our data support a model in which the ICL repair specific function of  XPF-ERCC1 
is based on three features: 1) Recruitment to the ICL by SLX4, 2) Proper positioning within 
the repair complex mediated by residues in the helicase-like domain, and 3) DNA substrate 
specificity mediated by residues in the nuclease active site. 

XPF-ERCC1 is essential for the repair of  ICLs induced by chemotherapy agents, such as 
derivatives of  cisplatin and nitrogen mustards (Kirschner and Melton, 2010). Moreover, high 
expression of  ERCC1 has been associated with poor response to chemotherapy in many cancers 
and could be a potential target to overcome resistance (McNeil and Melton, 2012). A better 
understanding of  the ICL repair function of  XPF-ERCC1 could potentially lead to the design 
of  ICL-specific inhibitors that could be beneficial in cancer treatment.

Materials and Methods

Protein expression and purification

His-tagged hsERCC1 was cloned into pDONR201 (Life technologies). FLAG-tagged xlXPF 
was cloned into pFastBac1 (Life technologies) and in pDONR201, this was used to create 
mutations. The XPF mutations (L219R, C225R, G314E, ΔNSGW, R670S, D668A and S767F) 
and ERCC1 mutation (K247A/K281A) were introduced using Quickchange site-directed 
mutagenesis protocol. Baculoviruses were produced using the BAC-to-BAC system (xlXPF), 
or the BaculoDirect system (hsERCC1) following manufacturers protocol (Life Technologies). 
Proteins were expressed in suspension cultures of  Sf9 insect cells by co-infection with His-
hsERCC1 (or His-hsERCC1K247A/K281A) and FLAG-xlXPF (or FLAG-xlXPF mutants) viruses for 
72 hours. Cells from 750 ml culture were collected by centrifugation, resuspended in 30 ml lysis 
buffer (50mM K2HPO4 pH 8.0, 500mM NaCl, 0.1% NP-40, 10% glycerol, 0.4mM PMSF, 1 
tablet/50ml Complete Mini EDTA-free Protease Inhibitor Cocktail (Roche)), 10mM Imidazole 
and lysed by sonication. The soluble fraction obtained after centrifugation (18.000 rpm/40.000 
x g for 40 minutes at 4°C) was incubated for 1 hour at 4°C with 1 ml of  Ni-NTA-agarose 
(Qiagen) that was pre-washed with lysis buffer. This allowed binding of  the hsERCC1-xlXPF 
complex via the His-tag on hsERCC1. After incubation the beads were washed using 50 ml 
of  wash buffer (50mM K2HPO4 pH 8.0, 300mM NaCl, 0.1% NP-40, 10% glycerol, 0.1mM 
PMSF, 10 μg/ml apropotin/leupeptin, 20mM Immidazole). The xlXPF-hsERCC1 complex was 
eluted in elution buffer (50mM K2HPO4 pH 8.0, 300mM NaCl, 0.1% NP-40, 10% glycerol, 
0.1mM PMSF, 10 μg/ml apropotin/leupeptin, 250 mM Immidazole). The eluate was diluted 
with FLAG-wash buffer I (20mM K2HPO4 pH 8.0, 200mM NaCl, 0.1% NP-40, 10% glycerol, 
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0.4mM PMSF) and incubated for 1h at 4°C with 500 μl of  anti-FLAG M2 affinity gel (Sigma) 
that was pre-washed with FLAG wash buffer I. This allowed binding of  the hsERCC1-xlXPF 
complex via the FLAG-tag on xlXPF to ensure only the hsERCC1-xlXPF complex was purified 
and no hsERCC1 alone. After incubation the beads were washed with 30 ml of  FLAG-wash 
buffer I, and subsequently with 30 ml of  GF buffer (25mM Hepes pH 8.0, 200mM NaCl, 10% 
Glycerol, 5mM β-mercaptoethanol). The xlXPF-hsERCC1 complex was eluted in 3 ml of  GF 
buffer containing 100 μg/ml 3x FLAG peptide (Sigma). The protein was then loaded onto a 
HiLoad 16/600 Superdex 200pg gel-filtration column (GE Healthcare) equilibrated in GF buffer. 
Fractions containing the xlXPF-hsERCC1 heterodimer eluting between 60 and 70 ml (Enzlin 
and Schärer, 2002).  xlXPF-hsERCC1 containing fractions were pooled and concentrated with 
an Amicon Ultra-4 centrifuge filter unit, 30 kDa (Merck Millipore). Protein was aliquoted, flash 
frozen and stored at -80°C. FLAG-tagged xlSLX4 was purified as previously described (Klein 
Douwel et al., 2014). His-tagged xlSLX4 was cloned into pDONR201 (Life technologies) and 
baculo viruses were produced using the BaculoDirect system following manufacturers protocol 
(Life Technologies). His-tagged xlSLX4 was expressed in 150 ml suspension cultures of  Sf9 
insect cells for 72 hours. Protein was lysed in lysis buffer (50mM Tris pH 8.0, 500mM NaCl, 
0.1% NP-40, 10% glycerol, 0.4mM PMSF, 10mM Imidazole, 1 tablet/10ml Complete Mini 
EDTA-free Protease Inhibitor Cocktail (Roche)) and lysed by sonication. The soluble fraction 
obtained after centrifugation (18.000 rpm/40.000 x g for 40 minutes at 4°C) was incubated for 
1 hour at 4°C with 75 μl of  Ni-NTA-agarose (Qiagen) that was pre-washed with lysis buffer. 
After incubation the beads were washed with wash buffer (50mM Tris pH 8.0, 300mM NaCl, 
0.1% NP-40, 5% glycerol, 0.1mM PMSF, 20mM Imidazole, 10 μg/ml apropotin/leupeptin). 
His-tagged xlSLX4 protein was eluted in wash buffer containing 250mM Imidazole. The protein 
was aliquoted and stored at -80°C. 

Nuclease Assay

Nuclease assay was performed as previously described (De Laat et al., 1998a). The following 
primers were obtained (Integrated DNA technologies):

SL: 5’-FAM-CGCCAGCGCTCGGTTTTTTTTTTTTTTTTTTTTTTCCGAGCGCTGGC-‘3
F1: 5’-FAM-CGCGATGCGGATCCAA-‘3
F2: 5’-CCTAGACTTAAGAGGCCAGACTTGGATCCGCATCGC-3’
F3:5’-GGCCTCTTAAGTCTAGG-3’

For the stem loop structure primer SL was heated for 3 min at 95°C, followed by step-wise 
cooling to allow annealing (30 min at 60°C, 30 min at 37°C, 30 min at 25°C, 30 min on ice). 
To assemble the 3’ flap substrate primer F1 was annealed to primer F2 and F3 in a 1:1:1 ratio 
and annealed similar to the stem-loop substrate.  Nuclease reactions (15 μl) were carried out in 
nuclease buffer (50 mM Tris pH 8.0, 0.2 mM MnCl2, 0.1 mg/ml bovine serum albumin and 0.5 
mM β-mercaptoethanol) containing 100 nmol of  substrate DNA and 10-100nM of  recombinant 
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XPF-ERCC1 wild type or mutant protein complex. Reactions were incubated for 30 minutes at 
room temperature and stopped by addition of  15 μl denaturing PAGE Gel Loading Buffer II 
(Life Technologies, Inc.). Samples were heated to 72°C for 3 minutes, snap cooled, and loaded 
onto a 12% denaturing urea-PAGE gel. Gels were directly measured on a Typhoon phosphor 
imager (GE Healthcare) on the blue 488 channel. 

Fluorescent Anisotropy Binding Assay

Increasing concentrations of  protein were incubated with 10nM of  a 3’-Flap DNA substrate 
containing a 5’- fluorescent FAM label (see nuclease assay). The reaction was incubated 
with Annealing Buffer (25mM Hepes pH8.0, 15% glycerol, 0.1mg/ml BSA, 2mM CaCl2) in 
a 384-well plate (kbioscience) for 1h at room temperature and fluorescent anisotropy was 
measured on a Spectramax I3 (molecular devices). The data was fitted using Origin 8.5 to the 
equation y=START+(END-START)*xn/(kn+xn), where x is the protein concentration, y is the 
fluorescence and k is the kD value. 

Xenopus egg extracts, DNA replication and repair assay

DNA replication and preparation of  Xenopus egg extracts (HSS and NPE) were performed as 
described previously (Tutter and Walter, 2006; Walter et al., 1998). Preparation of  plasmid with a 
site-specific cisplatin ICL (pICL), and ICL repair assays were performed as described (Enoiu et 
al., 2012; Räschle et al., 2008). Briefly pICL was incubated with HSS for 20 min, following addition 
of  two volumes of  NPE (t=0) containing 32P-α-dCTP. Aliquots of  replication reaction (4-10 μl) 
were stopped at various times with ten volumes of  Stop Solution II (0.5% SDS, 10 mM EDTA, 
50 mM Tris pH 7.5). Samples were incubated with RNase (0.13 μg/μl) followed by Proteinase 
K (0.5 μg/μl) for 30 min at 37°C each. DNA was extracted using Phenol/Chloroform, ethanol 
precipitated in the presence of  glycogen (30 mg/ml), and resuspended in 5-10 μl of  10 mM Tris 
pH 7.5. ICL repair was analyzed by digesting 1 μl of  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 (Knipscheer et al., 2009).

Unscheduled DNA synthesis

The assay to monitor unscheduled DNA synthesis (UDS) in Xenopus egg extract was adapted 
from Gaillard et. al. (Gaillard et al., 1996). A 6,25 μl reaction containing 2,5 μl HSS and 6 ng/ul 
non-treated or UV-C irradiated (35.000 μJ/m2) pControl was supplemented with 5mM MgCl2, 
0.5mM DTT, 4mM ATP, 40mM Phosphocreatine, 0.5μg creatine phosphokinase and 80μCi/ml 
32P-α-dCTP (3000Ci/mmol). Reactions were incubated at room temperature for 2h and stopped 
by addition of  ten volumes of  Stop Solution II (0.5% SDS, 10 mM EDTA, 50 mM Tris pH 7.5). 
Samples were incubated with Proteinase K (0.5 μg/μl) for 30 min at 37°C. DNA was extracted 
using Phenol/Chloroform, ethanol precipitated in the presence of  glycogen (30 mg/ml), and 
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resuspended in 5-10 μl of  10 mM Tris pH 7.5. UDS was analyzed by digesting 2 μl of  extracted 
DNA with HincII followed by separation on a 0.8% native agarose gel. The gel was stained 
with SYBR GOLD (Fisher) and subsequently dried and quantified using autoradiography. The 
background signal from non-treated plasmid was subtracted. To compare the levels of  UDS 
between experiments the signal for wild type XPF-ERCC1 add back was set to 100%. This is 
because the efficiency of  UDS can differ between extract preparations and depletions. 

Antibodies and immunodepletions

Antibodies were raised against residues 444-797 of  xlXPF, full length xlERCC1 and residues 
825-1052 of  xlSLX4. Specificity was confirmed using Western blot (Klein Douwel et al., 2014). 
XPF-ERCC1 was removed from extract using three rounds of  depletion with the α-ERCC1 
serum (HSS and NPE). ERCC1 depletion was described previously (Klein Douwel et al., 2014). 
FLAG-antibody was purchased from Sigma and His-antibody from Westburg.

Incision assay

Incision assay was performed as described (Klein Douwel et al., 2014). Briefly, pICL and pQuant 
were labeled via nick-translation. pQuant was added as an internal control to allow accurate 
calculation of  incision efficiency. pICL (225 ng) and pQuant (11.25 ng) were incubated in 1.5 
units NB-BSR DI enzyme (NEB) and 1 x NEBuffer 2 for 30 minutes at room temperature. 
Subsequently, 11 μl DNA Polymerase I mix (5 units of  DNA Polymerase I (NEB), dATP, dGTP, 
dTTP (0.5 mM each), dCTP (0.4 μM), 32P-α-dCTP (3.3 μM) in 1 x NEBuffer 2) was added and 
this was incubated for 3 min at 16 °C.  The reaction was stopped with 180 μl Stop Solution II, 
treated with Proteinase K, and Phenol/Chloroform extracted. Excess label was removed using 
a Micro Bio-Spin 6 Column (Bio-Rad). After ethanol precipitation the pellet was resuspended 
in 5 μl ELB (10 mM HEPES-KOH pH 7.7, 50 mM KCl, 2.5 mM MgCl2 and 250 mM Sucrose). 
The labeled plasmid (pICL*) was used in a replication reaction and samples at various times were 
extracted and digested with HincII. Fragments were separated on a 0.8% alkaline denaturing 
agarose gel for 18 hours at 0.85 Volts/cm, after which the gel was dried and exposed to a 
phosphor-screen. Quantification was performed using ImageQuant software (GE healthcare). 
The highest value was set at 100% for the X-shape and the Linear products. 

Chromatin Immunoprecipitation

Chromatin Immunoprecipitation (ChIP) was performed as described (Pacek et al., 2006). Briefly, 
reaction samples were crosslinked with formaldehyde, sonicated to yield DNA fragments of  
roughly 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:
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ICL: 5′-AGCCAGATTTTTCCTCCTCTC-3′ and 5′-CATGCATTGGTTCTGCACTT-3′
pQuant: 5′-TACAAATGTACGGCCAGCAA-3′ and 5′-GAGTATGAGGGAAGCGGTGA-3′

The values from pQuant primers were subtracted from the values for pICL primers.

Immunoprecipitations

Proteins were expressed in adherent cultures of  Sf9 insect cells in 6-well plates by co-infection 
with His-hsERCC1, His-xlSLX4 and FLAG-xlXPF (or FLAG-xlXP mutants) viruses for 72 
hours. Cells were resuspended in medium and collected by centrifugation, resuspended in 
250 μL lysis buffer (50mM Tris pH 8.0, 300mM NaCl, 1% Triton, 4mM EDTA, 10μg/mL 
apropotin/leupeptin) and lysed by sonication. After centrifugation (14.000 rpm/20.000 x g for 
20 minutes at 4°C), 200 μL soluble fraction was incubated for 30 minutes at 4°C with 8 μL 
FLAG M2 beads (Sigma-Aldrich) that were pre-washed with lysis buffer. This allowed binding 
of  the xlXPF-hsERCC1-xlSLX4 complex via the FLAG-tag on xlXPF. After incubation, the 
beads were washed using 2 mL lysis buffer. Beads were taken up in 50 μL 2x SDS sample buffer 
and proteins were eluted from the beads by 5 minute incubation at 95°C. For visualization of  
xlXPF, 10 μL sample was loaded on 8% SDS PAGE, transferred to PVDF membrane and 
probed with Anti-FLAG M2 antibody (Sigma-Aldrich), 1:5000 in PBS-T. hsERCC1 and xlSLX4 
were visualized by loading 5 μL sample on 10% SDS PAGE. The gel was transferred to PVDF 
membrane and probed  with Anti-His antibody (Westburg), 1:2000 in 5% milk. 
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Figure S1: Model of  ICL repair. Schematic representation of  replication dependent ICL repair in Xenopus egg extract.
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Figure S2: Characterization of  mutant XPF-ERCC1 complexes. (A) Superdex 200 gel filtration elution profile of  
XPF-ERCC1 with a mutation in XPF (XEL219R). The heterodimeric fraction collected in Fig 1A, was concentrated and 
re-run after incubation at RT. The peak at ~65 ml contains the XPF-ERCC1 heterodimer. (B) Wild type and indicated 
mutant XPF-ERCC1 complexes were incubated with a 5’-FAM-labeled stem-loop DNA substrate (10 nM) at room 
temperature for 30 minutes. Reaction products were separated on a 12% denaturing PAGE gel. Replicate of  Fig 1D 
(C) as in (B) but using a 5’-FAM labeled 3’ flap DNA substrate. (D) As in (B) only XPF-ERCC1 was incubated along 
side a concentration range of  XPF-ERCC1 with a R670S mutation in XPF (XER670S) (E) Wild type and mutant XPF-
ERCC1 complexes at various concentrations were incubated with a 5’-FAM labeled 3’ flap DNA substrate (10 nM) and 
fluorescent anisotropy was measured. Graphs were used to calculate dissociation constants (Kd’s). Replicate of  Fig 1E.
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Figure S3: Effect of  mutations in XPF-ERCC1 on ICL repair in Xenopus egg extract. (A) A dilution range of  
undepleted NPE, XPF-ERCC1-depleted (ΔXE) or Mock depleted NPE and XPF-ERCC1 depleted NPE with SLX4 
(S) added back or SLX4 and XPF-ERCC1 (SXE)  added back were analyzed by western blot using αXPF or αSLX4 
antibodies. In all others figures ΔXE stands for ΔXE + SLX4. (B) XPF-ERCC1-depleted (ΔXE) and XPF-ERCC1-
depleted extracts complemented with wild type (XEWT) or indicated mutant XPF-ERCC1 (XEMUT) were analyzed by 
western blot using α-XPF antibodies (upper panel). These extract were used to replicate pICL. Replication intermediates 
were isolated and digested with HincII, or HincII and SapI, and separated on agarose gel. Repair efficiency was 
calculated and plotted (lower panels) Replicates of  Fig 2B (left lower panel) and Fig 2C (right lower panel). (C) As in in 
(B) but analyzing different mutant complexes. Note: repair levels can differ per batch of  individually prepared extract 
or per depletion experiment and can only be compared within an experiment. # SapI fragments from contaminating 
uncrosslinked plasmid present in varying degrees in different pICL preparations. Replicate of  Fig 1C. *, background 
band. 

0

5

10

15

20

25

30

0 100 200 300 400
R

ep
ai

r (
%

)
Time (min)

0

5

10

15

20

25

30

0 100 200 300 400

ΔXE 

ΔXE+XEWT

ΔXE+XEL219R

ΔXE+XEC225R

0

5

10

15

20

25

0 100 200 300 400

R
ep

ai
r (

%
)

Time (min)

# #

#

Time (min)

R
ep

ai
r (

%
)

ΔXE 

ΔXE+XEWT

ΔXE+XEG314E

ΔXE+XEΔNSGW

ΔXE+X
EC

22
5R

ΔXE+X
EL

21
9R

ΔXE
ΔXE+X

ER
67
0S

ΔXE+X
ES
76
7F

ΔXE+X
EW

T

ΔXE+X
EW

T

ΔXE
ΔXE+X

EG
31

4E

ΔXE+X
E∆
NS
GW

ΔXE 

ΔXE+XEWT

ΔXE+XER670S

ΔXE+XES767F

B

C

A

XPF

XPF

ΔXE
Moc

k
Rel. vol: 100     10     5   

XPF*

ΔX
E+
S

ΔX
E+
SX
E

SLX4

*



129

3

The specific role of  XPF in ICL-repair

Figure S4: XPF-ERCC1 mutant complexes are active in NER. (A) A dilution series of  HSS, XPF-ERCC1 depleted 
(ΔXE) HSS or Mock depleted HSS was analyzed by western blot using α-XPF antibodies. (B) HSS that was Mock 
depleted (Mock), ERCC1 depleted (ΔXE) or ERCC1 depleted and added back wit wild type (XEWT) or mutant XPF 
(XED668A) was analyzed by western blot using α-XPF antibodies. Samples are taken from the experiment shown in Fig. 
3B. Line within blot indicates position where irrelevant lanes were removed. *, background band.
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Figure S5: Separation of  function mutants are all defective in ICL unhooking. (A-C) XPF-ERCC1-depleted 
(ΔXE) or XPF-ERCC1-depleted egg extract complemented with wild type (XEWT) or mutant XPF-ERCC1 (XEMUT) 
were incubated with pre-labeled pICL. DNA products were isolated at indicated times, linearized with HINCII, and 
visualized on a denaturing agarose gel. The X-structures and linear products were quantified and plotted (left panel). 
The extracts used were analyzed by western blot using α-XPF antibodies (right panel). Line within blot indicates position 
where irrelevant lanes were removed. Replicate of  Fig 4B-4D).
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Figure S6: Recruitment of  XPF-ERCC1 mutants to the ICL during repair. (A) XPF-ERCC1 depleted (ΔXE ) 
NPE or XPF-ERCC1 depleted NPE with wild type (XEWT) or indicated mutant XPF-ERCC1 (XEMUT) were analyzed 
by western blot using αXPF antibodies. Extracts were used to perform ChIP in Fig 5 B, C, D and E with indicated XPF 
mutants. (B) pICL was replicated in XPF-ERCC1 depleted (ΔXE) or XPF-ERCC1-depleted egg extract supplemented 
with wild type (XEWT) or mutant XPF-ERCC1 (XEMUT) (upper panel). Samples were taken at various times and 
immunoprecipitated with α-XPF antibodies. Co-precipitated DNA was isolated and analyzed by quantitative PCR using 
the primers depicted in Fig 5A. The qPCR data was plotted as the percentage of  peak value with the highest value within 
one experiment set to 100% (lower panel). The XPFC225R was analyzed in the same experiment as Fig 5A. Replicate of  Fig 
5C. (C-F) As in (B) but for the indicated XPF-ERCC1 mutant complexes. Replicates of  Figures 5D, E and F. 
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The specific role of  XPF in ICL-repair

Figure S7: XEL219R but not XEΔNSGW abrogates SLX4 interaction. (A) pICL was replicated in XPF-ERCC1 depleted 
(ΔXE) extract or in XPF-ERCC1 depleted extract supplemented with wild type XPF-ERCC1 only (+XEWT), wild type 
XPF-ERCC1 and SLX4 (+SXEWT) or XPFL219R-ERCC1 and SLX4 (+SXEL219R) . Replicate of  Figure 6A. (B) Samples 
were taken at the indicated times and immunoprecipitated with α-XPF (left panel) or α-SLX4 antibodies (right panel). 
Co-precipitated DNA was isolated and analyzed by quantitative PCR using ICL or pQuant primers. The qPCR data 
was plotted as the percentage of  peak value with the highest value set to 100%. Replicate of  Fig 6B. (C) Wild type 
and mutant flag-XPF-ERCC1 were co-expressed with his-SLX4 in Sf9 insect cells. Cells were lysed and XPF was 
immunoprecipitated via the flag-tag. Samples were analyzed by western blot using α-flag and α-his antibodies. Replicate 
of  Figure 6C.
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Abstract

Replication dependent repair of  DNA interstrand crosslinks (ICLs) is a complex 
process that involves the coordinated actions of  multiple DNA repair pathways. Much 
is still unknown about how these pathways cooperate to ensure the error-free repair of  
an ICL and new ICL-repair factors are continually being identified. Here, we describe 
a method to isolate the ICL repair machinery in action and use this to identify novel 
ICL repair factors. This method makes use of  synchronous repair of  site specific ICLs 
situated on plasmids that are repaired using a physiological mechanism in Xenopus egg 
extract. Using this system we have identified Ctf18, a major subunit of  an alternative 
clamp loader complex, as a potential ICL repair protein. Our data suggests that Ctf18 
contributes to, but may not be essential, for the repair of  ICLs. This method provides a 
promising tool to discover novel factors in the repair of  ICLs.
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Introduction

Interstrand crosslinks (ICLs) are highly toxic DNA lesions that form a complete block for 
DNA replication and transcription by covalently binding both strands of  the DNA double helix 
together. These lesions are especially toxic in fast dividing cells and ICL-inducing agents, such as 
mitomycin c (MMC), cisplatin and nitrogen mustards, are effectively used as chemotherapeutic 
drugs (Lopez-Martinez et al., 2016). The major ICL repair pathway is believed to be active 
during the S-phase of  the cell cycle and is coupled to DNA replication (Räschle et al., 2008). 
This replication-dependent repair of  ICLs is a complex process that requires the coordinated 
action of  multiple DNA repair factors and pathways, such as the Fanconi anemia (FA) pathway, 
structure specific endonucleases, translesion synthesis (TLS), homologues recombination (HR) 
and cell cycle checkpoint signaling (Zhang & Walter, 2014; Walden & Deans, 2014).

A defect in ICL repair has been linked to the rare genetic disorder Fanconi anemia (FA). FA 
or FA-like syndromes are caused by a mutation in one of  the currently 20 known FA genes, 
FANCA, B, C, D1 (BRCA2), D2, E, F, G, I, J (BRIP1), L, M, N (PALB2), O (RAD51C), P 
(SLX4), Q (XPF), R (RAD51), S (BRCA1), FANCT (UbeT2), FANCU (XRCC2) (Park et al., 
2016; Dong et al., 2015). The proteins encoded by these genes work together to resolve ICLs and 
protect cells from genomic instability. The classic FA pathway consist of  a multi-subunit core 
complex formed by FANCA, B, C, E, F, G, L and M, and the 3 FA-associated factors FAAP20, 
FAAP24 and FAAP100. The core complex has ubiquitin ligase activity and mono-ubiquitinates 
the FANCI-FANCD2 complex (Alpi et al., 2008; Longerich et al., 2009; Sato et al., 2012; Rajendra 
et al., 2014). This is considered to be a crucial step in activating the FA pathway. The remaining 
FA factors mainly act downstream of  the FANCI-D2 complex, in unhooking incisions or 
HR (Kottemann & Smogorzewska, 2013). FA patients are characterized by developmental 
abnormalities, bone marrow failure, and an increased incidence of  cancer. Cells of  FA patients 
are hypersensitive to ICL inducing agents and suffer from chromosomal instability and a late S/
G2 cell cycle arrest upon exposure to such agents (Neveling et al., 2009).

The plasmid-based ICL repair assay in the Xenopus laevis egg extract has greatly enhanced our 
understanding of  the mechanism of  ICL repair in the past years. In this system, two replication 
forks collide onto the ICL and the leading strands first stall 20 to 40 nt from the ICL (Figure 1A) 
(Zhang et al., 2015; Räschle et al., 2008). This stalling is due to steric hindrance of  the CDC45/
MCM2-7/GINS (CMG)-helicase that precedes the replication fork on the leading strand (Fu et 
al., 2011). The CMG-helicase is then unloaded and one of  the leading stands will continue to 1 
nt from the ICL (Figure 1B) (Räschle et al., 2008; Long et al., 2014). Subsequently, dual incisions 
unhook the ICL from one of  the parental strands (Figure 1C). These incisions are dependent 
on ubiquitinated FANCD2, the structure specific endonuclease XPF (FANCQ)-ERCC1, and 
the nuclease scaffold protein SLX4 (Knipscheer et al., 2009; Klein Douwel et al., 2014). After the 
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Figure 1: Model of  ICL-repair. Schematic representation of  ICL repair in Xenopus egg extract (for more details see 
introduction).

ICL

{20-40nt

f. HR + NER

e. Extension 

c. Incisons and insertion

b. Approach to -1

a. Fork convergence
    Stalling at -20/-40

ICL is unhooked, TLS occurs in two steps, insertion of  a nucleotide across from the crosslink 
and extension past the crosslink (Figure 1D). Finally, this strand is used as a template for HR to 
repair the remaining DSB in the opposite strand (Long et al., 2014; Budzowska et al., 2015), and 
the adducted crosslink is removed presumably by NER.

Although the repair steps at the level of  the DNA are relatively well understood, it is unclear 
which proteins act in each step and how this is regulated by the DNA damage response. There 
are many gaps in our knowledge of  the molecular mechanism of  ICL repair, in part due to 
likelihood that not all proteins involved in repair have been identified. For example the incisions 
step of  repair is regulated by FANCD2, which promotes the recruitment of  SLX4/FANCP 
through an unknown mechanism likely involving additional proteins, furthermore dual incisions 
take place to unhook the ICL, which requires XPF/FANCQ-ERCC1 and a second nuclease that 
has not yet been identified (Zhang & Walter, 2014). Moreover it is not known whether and how 
the chromatin is remodeled during ICL repair and what proteins are important for cell cycle 
checkpoint signaling to ensure cells do not exit into mitosis before proper repair is finished. 
Finally, there are still FA patients with no mutations in the currently known FA genes suggesting 
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that additional FA genes exist. 

In order to gain further insights in mechanism by which ICLs are repaired we made use of  
the unique qualities of  the Xenopus egg extract ICL repair system. This system enables the 
synchronous repair of  site-specific ICLs situated on a DNA plasmid under physiological 
conditions. Because no other types of  DNA damage are introduced, in contrast to studies using 
ICL inducing agents that cause a large degree of  non-ICL damage, this an method is optimal for 
the examination of  factors specific for ICL repair. To this end we isolated the proteins recruited 
to the ICL containing plasmids during ICL repair in Xenopus egg extract. These factors were 
identified using mass spectrometry and compared to factors recruited to non-damaged plasmids. 
We identified many known ICL repair proteins as well as novel factors that have no known role 
in the repair of  ICLs. We selected one of  the latter hits for further study; Ctf18 (chromosome 
transmission fidelity protein 18), a subunit of  an alternative clamp loader for PCNA (Kupiec, 
2016). We showed that knock down of  Ctf18 in mammalian cell conferred cellular sensitivity 
to the ICL-inducing agent MMC. Depletion of  Ctf18 from Xenopus egg extract caused a small 
defect in TLS but did not result in a defect in ICL repair. We propose Ctf18 is important for the 
repair of  ICLs, but it is not essential possibly because it acts redundantly with other proteins. 
Taken together, we demonstrate a promising technique to identify novel proteins involved in the 
repair of  ICLs.

Results

Identification of novel factors in ICL repair using mass spectrometry

To get a more complete understanding of  ICL repair we set out to identify novel factors 
involved in this process. We made use of  the Xenopus egg extract ICL repair system in which 
replication-dependent repair occurs synchronously on plasmids containing a site specific cisplain 
ICL (pICL). We isolated the plasmid during ICL repair and identified the DNA-bound proteins 
by mass spectrometry. To recover the DNA from the reaction mix we added a low concentration 
of  biotinylated dUTP which was incorporated during DNA replication and used to tether the 
DNA to streptavidin resin (Figure 2A). Addition of  biotinylated dUTP did not affect DNA 
replication or ICL repair (Figure S1). To validate this method, we replicated pICL, or a non-
damaged control plasmid (pCTR), in Xenopus egg extract, isolated the DNA after 45 minutes and 
analyzed the bound proteins by western blot. Enrichment of  ubiquitinated FANCD2 in the ICL 
containing sample indicated that we succeeded in isolating repair factors  (Figure 2B). We then 
repeated the pull down experiment, separated the proteins on SDS-PAGE, performed in-gel 
trypsin digestion, and analyzed the peptides by mass spectrometry. In addition to several factors 
known to be involved in ICL repair many other factors were found enriched on pICL (Figure 
2C). One of  these factors, Cft18, caught our attention because we had previously identified it as 
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Figure 2: Identification of  novel ICL repair factors in Xenopus laevis egg extracts. (A) Schematic representation 
of  the plasmid pull down using biotinylated dUTPs. (B) pICL or pCTR were replicated in Xenopus egg extract in the 
presence of  biotinylated dUTPs. After 50 min plasmid DNA was pulled down using streptavidin coated beads. Samples 
were taken of  the input and beads after elution and analyzed by western blot using the indicated antibodies. 20% input 
was loaded. Grey lines indicate where irrelevant bands were cut from the gel. (C) DNA bound proteins were analyzed by 
mass spectrometry. The volcano plot shows the probability of  enrichment of  pICL over pCTR.
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a protein that was modified with ubiquitin during ICL repair in Xenopus egg extract (unpublished 
data A.A. Szypowska). Ctf18 is a subunit of  a replication factor C (RFC)-like complex (Ctf18-
RLC) whose function, unlike the canonical RFC that loads PCNA onto DNA during replication, 
is not well understood. The Ctf18-RLC complex has been implicated in sister chromatid 
cohesion (Skibbens, 2005), checkpoint activation upon replication fork stalling (Crabbé et al., 
2010; Kubota et al., 2011), interacts with polymerase epsilon (Okimoto et al., 2016), and has been 
shown to load and unload PCNA (Farina et al., 2008; Bylund & Burgers, 2005). Importantly, two 
other subunits of  the Cft18- RLC complex, Dcc1 and Ctf8 were also found enriched on pICL 
in a similar experiment (data not shown).

Ctf18 is recruited to ICLs early during repair
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To confirm the recruitment of  Ctf18 to pICL and to investigate the timing of  recruitment we 
employed an alternative method to isolated pICL during repair. We used streptavidin beads 
coated with biotinylated LacI protein, which binds efficiently to nonspecific DNA (Figure 3A) 
(Budzowska et al., 2015). We replicated pICL and pCTR in Xenopus egg extract and collected 
samples at various time points during the reaction. 32P-α-dCTP was added to part of  the 
reaction to enable detection of  replication intermediates on a native gel via autoradiography. 
Ongoing ICL repair was examined on this gel by the appearance of  converged forks as ‘Figure 
8’ structures (Figure 3B, lanes 2, 3 and 8), followed by unhooking incisions that create a double 
stranded break that is repaired via HR of  which intermediates are detected near the top of  the 
gel (Figure 3B, lanes 5 and 6) (Räschle et al., 2008). Accumulation of  supercoiled products at 
later time points indicate fully repaired (pICL) or fully replicated (pCTR) products (Figure 3B, 
lanes 5,6, and 9-12). In addition, efficiency of  replication of  pICL and pCTR was very similar as 
seen by the intensity of  the products (Figure 3B). Samples from the same reaction, to which no 
radioactivity was added, were used for plasmids pull down with LacI coated streptavidin resin 
and the plasmid-bound proteins were analyzed by western blot (Figure 3C). As expected, the 

Figure 3: Plasmid pull down of  pICL or pCTR. (A) Schematic representation of  LacI plasmid pull down. (B) pCTR 
or pICL was replicated in Xenopus egg extract. The reactions were split and an aliquot of  the reaction was incubated in 
the presence of  32P-α-dCTP. Samples were taken at the indicated time-points and the reaction was analyzed on a 0,8% 
native agarose gel. The different products that arise during replication and repair of  plasmid DNA are indicated on the 
left. (C) The remaining reaction was used to pull down plasmid DNA at the indicated time-points by incubation of  the 
reaction with streptavidin beads coated with biotinylated LacI. The proteins bound to the plasmid DNA were analyzed 
by western blot with the antibodies indicated. Input samples were taken in the presence of  no DNA, pCTR or pICL. 
Input for pCTR was taken at 15 min, and for pICL at 60 min. 5% input was loaded, or 1% for Ctf18 and PCNA. 
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presence of  XPF/FANCQ and FANCD2, two proteins involved in ICL unhooking, peaked at 
the time these incisions take place (Klein Douwel et al., 2014). In contrast, Ctf18 peaked at early 
time points similar to PCNA. While both Ctf18 and PCNA are also present on pCTR, they are 
enriched on pICL after 15 minutes and persist on the DNA at later time points when they are 
no longer present on pCTR (Figure 3C). The enrichment and persistence at the ICL seems to be 
more pronounced for Ctf18 compared to PCNA. This data confirms that Ctf18 is enriched on 
pICL, and suggests an early role for Ctf18 in ICL repair.

Ctf18 confers cellular resistance to ICL inducing agents

To investigate the potential role of  Ctf18 in ICL repair we examined whether it confers resistance 
to ICL inducing agents. U2OS cells were transfected with non-targeted control siRNA, or siRNA 
against Ctf18, and treated with MMC. As a positive control we knocked down FANCD2 and as 
a negative control XPA, a protein involved in nucleotide excision repair and not in ICL repair 

Figure 4: Effect of  Ctf18 knock down on MMC sensitivity. (A) XPA, FANCD2 or Ctf18 were knocked down in 
U2OS cells using siRNA transfection. Samples were taken after transfection and analyzed by western blot using the 
indicated antibodies. Tubulin was used as a loading control. Grey lines indicate where irrelevant bands were cut from the 
gel. (B) U2OS cells were transfected with siRNA as in (A) and treated with increasing concentrations of  MMC. Relative 
colony survival after MMC treatment is shown with non-treated samples set at 100% (C) Cells were treated as in (A) and 
a cell cycle analysis was performed after treatment with increasing concentrations of  MMC.
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(Figure 4A). Cell viability was determined using a colony formation assay. Ctf18 knock down 
cells were equally sensitive to MMC compared to the FANCD2 knock down cells, while the XPA 
knock down cells showed no MMC sensitivity (Figure 4B, and Figure S2A). We also investigated 
the cell cycle distribution of  the Ctf18 and FANCD2 knockdown cells after MMC treatment. It 
is known that cells deficient in ICL repair, such as Fanconi anemia cells, arrest in late S or G2 
phase of  the cell cycle after treatment with ICL inducing agents (Akkari et al., 2000). Knockdown 
of  Ctf18 resulted in a clear G2 arrest similar to FANCD2 knock down (Figure 4C and Figure 
S2B). These results suggest that Ctf18 is important for ICL repair.

Depletion of Ctf18 does not show a major defect in ICL repair in Xenopus 
egg extract.

We generated Xenopus laevis specific Ctf18 antibodies in order to study its biochemical function 
in ICL repair using the Xenopus egg extract system. The Ctf18 antibody recognized a band of  the 
expected molecular weight of  113 kDa that was enriched in a nuclear extract (NPE) compared to 
a cytoplasmic extract (HSS) (Figure S3A). This protein was specifically immunoprecipitated with 
the Ctf18 antibody (Figure S3B) and immunodepletion removed over 98% of  the protein from 
NPE (Figure 5B). Importantly, immunodepletion of  Ctf18 did not affect replication of  pCTR 
indicating Ctf18, in contrast to PCNA, does not have a role in normal DNA replication (Figure 
S3C). To examine ICL repair after Ctf18 depletion, we measured the regeneration of  a SapI 
restriction site on pICL that is blocked by the crosslink (Figure 5A) (Räschle et al., 2008). To this 
end we replicated pICL in mock or Ctf18 depleted Xenopus egg extracts (Figure 5A) supplemented 
with 32P-α-dCTP and took samples at the indicated time points. DNA was extracted and the 
Sap1 site regeneration was assessed on agarose gels quantified by autoradiography. To our 
surprise, depletion of  Ctf18 did not reduce ICL repair in our assay (Figure 5C and Figure S3D). 
It is possible that depletion of  Ctf18 caused a subtle defect during the repair process that does 
not lead to an observable inhibition of  repair in our assay. To examine this we visualized lesion 
bypass at nucleotide resolution on a sequencing gel. This allows us to observe the various steps 
in lesion bypass, first the stalling at -20 to -40, after approach the stalling at -1, and finally, after 
unhooking incisions, full lesion bypass (Figure 5D and 5E). Although no large differences were 
observed between the mock and Ctf18 depleted repair reactions, the products stalled at -20 to 
-40 persisted somewhat longer in absence of  Ctf18 (Figure 5E and Figure S3E). This small 
but reproducible result could indicate a role for Ctf18 in stabilizing the replication fork, or 
in unloading the CMG helicases. Importantly, depletion of  CTF18 did not affect the mono-
ubiquitination of  FANCD2, which also indicates CTF18 functions early in repair before FA 
pathway activation (Figure 5F).
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Figure 5: Depletion of  Ctf18 does not affect ICL repair. (A) Mock and Ctf18 depleted nucleoplasmic egg extract 
(NPE) and high speed supernatant (HSS) were analyzed by western blot using α-Ctf18. A dilution range of  undepleted 
extract is loaded on the same blot to determine how much Ctf18 is depleted. 100% corresponds to 0.2 μl of  NPE or 
HSS. (B) Schematic representation of  the repair assay. pICL is replicatedand repaired in Xenopus egg extract, accurate 
repair will regenerate a SAPI restriction site that is normally blocked by the presence of  the ICL. (C) pICL was replicated 
in Ctf18-depleted or mock depleted Xenopus egg extract in the presence of  32P-α-dCTP. DNA products were isolated at 
the indicated time-points and digested with HINCII, or HINCII and SAPI, and separated on a native 0.8% agarose gel. 
The SAPI regeneration was calculated and plotted as% of  repair. (D) Schematic representation of  nascent strands on 
pICL after AFLIII digestion in different stages of  repair. (E) pICL was replicated in depleted or mock depleted Xenopus 
egg extract in the presence of  32P-α-dCTP. DNA products were isolated at the indicated time-points and digested with 
AFLIII and separated on a denaturing polyacrylamide gel. Two parts of  the gel are shown in different contrast, for 
optimal visual display. (F) pICL was replicated in CTF18 and mock depleted extract and samples were taken of  the 
reaction at indicated time-points and analyzed for western blot with αFANCD2.
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Discussion

In this study we used a mass spectrometry based approach aimed to identify novel factors 
involved in the repair of  ICLs. We used the Xenopus egg extract based ICL repair system and 
identified proteins that are specifically enriched on ICL containing plasmids during repair. Many 
proteins we found have a known role in ICL repair, validating our approach, while others have 
not been directly associated with this process. One such protein is Ctf18, the major subunit of  
an alternative clamp loader complex (Ctf18-RLC). Knock down experiments in mammalian cells 
indicated that Ctf18 is important for ICL repair. In contrast, depletion of  Ctf18 in Xenopus egg 
extract did not affect ICL repair. However, it did show a small inhibitory effect on translesion 
synthesis indicating Ctf18 could have a minor role in ICL repair in Xenopus egg extract, or could 
function redundantly with other proteins.

Although the function of  Ctf18-RLC is poorly understood it has been linked to processes that 
may affect ICL repair. For example, its suggested role in chromatid cohesion (Kouprina et al., 
1993; Spencer et al., 1990) could affect the HR step in ICL repair. The ability of  Ctf18-RLC to 
(un)load PCNA in vitro (Farina et al., 2008; Bylund & Burgers, 2005; Kupiec, 2016), and its ability 
to interact with polymerase epsilon (Okimoto et al., 2016), could play a role in the approach step 
of  ICL repair in which the leading strand is extended to the ICL after initial stalling. Finally, the 
proposed role for Ctf18-RLC in replication fork stability and checkpoint activation (Kupiec, 
2016) could be important in the initiation of  ICL repair. Although we show that knockdown of  
Ctf18 induces sensitivity to ICL inducing agents, which suggests a role for this protein in ICL 
repair, we have not yet confirmed that this phenotype is specifically caused by Ctf18 depletion. 
Therefore, these results need to be treated with some caution until the sensitivity has been 
rescued by expression of  knock down resistant Ctf18. 

Depletion of  Ctf18 from Xenopus egg extract caused a slight delay in TLS specifically in the 
approach step. This delay can be caused by a defect in unloading of  the CMG helicase or a 
defect in DNA synthesis after CMG unloading, both of  which could be facilitated by Ctf18. 
In addition, the potential role of  Ctf18 in stabilizing replication forks or activating checkpoint 
signaling could also explain a defect in TLS. However, the small delay in TLS did not result in 
a defect in ICL repair in our system indicating that Ctf18 is not critical for ICL repair. Possibly 
there are factors acting redundantly with Ctf18 in ICL repair, or Ctf18 does not act directly in 
ICL repair (see below). If  there is a role for Ctf18 it is most likely early in the repair process but 
after FA pathway activation because the protein is recruited to the ICL at early time points but 
its depletion does not affect FAND2 ubiquitination.

There are several reasons that may explain why knockdown of  Ctf18 in cells causes ICL sensitivity 
while depletion of  Ctf18 from Xenopus egg extract does not affect ICL repair. Sensitivity to ICL 
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inducing agents in cells may not be caused by a defect in ICL repair. Ctf18 has been reported 
to confer cellular sensitivity to hydroxy urea (HU) in budding yeast, suggesting it plays a role 
in replication fork stalling (Kaneko et al., 2016; Gellon et al., 2011). A defect in maintaining 
replication fork stability at high levels of  DNA damage caused by MMC exposere, might be 
lethal for the cells. It is unclear how important replication fork stability is for the repair of  ICLs. 
One can image the fork needs to be stabilized for the ICL repair machinery to function and some 
ICL repair proteins, like FANCD2, have been implicated in general fork stability in the absence 
of  ICLs (Lachaud et al., 2016). Fork stalling also occurs at ICLs in egg extract but stabilization 
may not be important for ICL repair in this plasmid based system. Second, Ctf18 could be 
involved in checkpoint signaling upon fork stalling or ICLs (García-Rodríguez et al., 2015; Naiki 
et al., 2001; Kubota et al., 2011). While checkpoint signaling is important in ICL repair it is not 
clear how a defect in signaling would affects repair in Xenopus egg extract (Ishiai et al., 2008; Ben-
Yehoyada et al., 2009). Finally, there is evidence that structurally distinct ICLs require different 
repair mechanism (Semlow et al., 2016). In our egg extract we use a highly distorting cisplatin 
ICL in contrast to the less distorting ICLs induced by exposure to MMC. Ctf18 was enrich on 
the cisplatin ICL in our extract, but it may have a les prominent role in the repair of  a cisplatin 
ICL, compared to an MMC induced ICL. This could potentially account for the MMC sensitivity 
we see, while we do not see a clear ICL repair defect in the Xenopus egg extract. Further research 
is needed to determine whether Ctf18 has a direct function in ICL repair or how otherwise it 
confers resistance to ICL inducing agents.

We show that the combination of  Xenopus egg extracts with mass spectrometry is a powerful 
tool to analyze the proteins involved in the repair of  ICLs. A similar technique was recently 
used by Raschle Xenopus. using Xenopus egg extract to replicate chromatin DNA exposed to 
ICL-inducing agents (Räschle et al., 2008). Our approach allows us to circumvent the use of  
ICL-inducing agents, avoiding background of  non-ICL damage repair. In addition, we can use 
this technique to investigate the timing of  recruitment of  proteins, which would give us a broad 
insight the repair steps the proteins are involved in. This will help to elucidating the molecular 
mechanism underlying this complex DNA repair pathway.

Methods

Xenopus egg extract, DNA replication and Repair

Preparation of  Xenopus egg extract (HSS and NPE), DNA replication, and ICL repair reactions 
were performed as described previously (Knipscheer et al., 2012; Walter et al., 1998; Lebofsky et 
al., 2009). Briefly, plasmid DNA (7.5 ng/μl) was incubated in HSS for 20 min at RT, leading to 
the formation of  pre-replication complexes. This was supplemented with two volumes of  NPE 
to initiate DNA replication. The reaction was performed in the presence of  32P- α-dCTP, which 
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is incorporated during replication and allows visualization of  the nascent DNA strands. To 
analyze replication 1 μl of  the reaction was taken at the indicated time-points and stopped with 
5 volumes of  stop solution I (8 mM EDTA, 0.13% phosphoric acid, 10% ficoll, 5% SDS, 0.1% 
bromophenol blue, 80 mM Tris, pH 8). 1 μl of  proteinase K (20 mg/ml, Roche) was added and 
samples were incubated at 37°C for 45 min, or overnight at RT. Samples were directly loaded on 
a 0.8% agarose gels. Gels were dried and visualized using a phosphoimager.

To analyze ICL repair, samples were taken at the indicated time-points and were stopped with 10 
volumes of  stop solution II (0.5% SDS, 50 mM Tris pH 7.5, 10 mM EDTA). 0.13 mg/ml RNase 
A was added and samples were incubated at 37°C for 30 min, after which 0.7 mg/ml protein K 
was added followed by an overnight incubation at RT. DNA was isolated by phenol-chloroform 
extraction, followed by ethanol precipitation in the presence of  glycogen. Precipitated DNA 
was dissolved in TE buffer and digested with HincII or HincII and SapI. DNA fragments 
were resolved on a 0.8% agarose gel and visualized by autoradiography. Repair efficiency was 
calculated as described (Knipscheer et al., 2012).

In order to visualize the nascent strands at nucleotide resolution, extracted DNA was digested 
with AflIII and denatured by addition of  0.5 volumes of  Gel Loading Buffer II (Life technologies) 
and subsequent boiling for 3 min followed by snap cooling the samples on ice. Samples were 
then separated on a large 7% denaturing polyacrylamide gel, the gel was dried and bands were 
visualized using autoradiography.

Biotin-dUTP plasmid pull down assay

DNA replication/repair reactions were performed in the presence of  1µM Biotin-16-dUTP 
(Jena Bioscience). After 50 minutes the reaction was stopped by 6 times dilution in IP buffer 
(1X ELB-salts, 250mM Sucrose, 0.5% Triton-X100, 10mM EDTA, 97.5mM NaCl, 5µg/ml 
Aprotinin, 5µg/ml Leupeptin) containing High Capacity Streptavidin Agarose Resin (Thermo 
Scientific, 0.5μl Resin per μl Xenopus egg extract). The samples were incubated for 1 hour at 4 °C, 
while rotating on a wheel. After incubation resin was washed 5 times with IP buffer and proteins 
were eluted by incubation with 2x SDS sample buffer. The proteins were separated on SDS-
PAGE gels and either further processed for mass spectrometric analysis, or analyzed by western 
blotting using the indicated antibodies.

Identification of plasmid bound factors

After plasmid pull down the DNA bound factors were separated on a 12% Bis-Tris SDS-PAGE 
gel (Biorad). The gel was ran for 2-3 cm and stained with colloidal coomassie dye G-250 (Gel 
Code Blue Stain Reagent, Thermo Scientific) after which each lane was cut in 3 pieces to reduce 
the complexity of  the samples. Gel pieces were reduced, alkylated and digested overnight with 
trypsin at 37°C. The peptides were extracted with 100% acetonitrile (ACN) and dried in a vacuum 
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concentrator. Samples were resuspended in 10% (v/v) formic acid for UHPLC-MS/MS.

The data was acquired using a Proxeon Easy nLC system coupled to an Orbitrap Elite mass 
spectrometer. Samples were first trapped (Dr Maisch Reprosil C18, 3 um, 2 cm x 100 μm) 
before being separated on an analytical column (Zorbax SB-C18, 1.8 μm, 40 cm x 50 μm), 
using a gradient of  90 min at a column flow of  350 nl/min. Trapping was performed at 8 μL/
min for 10 min in solvent A (0.1 M acetic acid in water) and the gradient was as follows 4- 25% 
solvent B (0.1 M acetic acid in acetonitrile) in 71, 25-100% in 3 min, 100% solvent B for 5 min, 
and 4% solvent B for 11 min. Full scan MS spectra from m/z 375 – 1600 were acquired at a 
resolution of  60,000 at m/z 400 after accumulation to a target value of  1e6. Up to ten most 
intense precursor ions were selected for fragmentation. HCD fragmentation was performed at 
normalised collision energy of  32% after the accumulation to a target value of  3e4. MS/MS 
was acquired at a resolution of  15.000.  Nano-electrospray was performed at 1.7 kV using an in-
house made gold-coated fused silica capillary (o.d. 360 μm;i.d. 20 μm; tip i.d. 10μm).

Raw files were processed using Proteome Discoverer 1.4 (version 1.4.1.14), Thermo Scientific, 
Bremen, Germany). The data was searched against a Xenopus laevis database (provided by Markus 
Raschle, MPI Martinsreed) using Mascot (version 2.5, Matrix Science, UK) as search engine. 

Carbamidomethylation of  cysteine was set as a fixed modification and oxidation of  methionine 
was set as a variable modification. Trypsin was specified as enzyme and up to two miss cleavages 
were allowed. Data filtering was performed using percolator, resulting in 1% false discovery rate 
(FDR). Additional filter was Mascot ion score >20. Raw files corresponding to one sample were 
merged into one result file.

Data was further analysed with SAINT (Choi et al., 2011) using the Crapome web interface 
(www.crapome.org) in order to identify statistically enriched proteins. Default settings were used 
for calculating the FC-A and FC-B score. The probability score was calculated using SAINT 
Express.

LacI Plasmid Pull Down

Streptavidin-coated magnetic beads (Dynabeads M-280, Invitrogen) were washed 3 times with 
wash buffer 1 (50 mM Tris pH 7.5, 150 mM NaCl, 1mM EDTA pH 8.0, 0.02% Tween-20). 
Biotinylated LacI was added to the beads (2 pmol per μl of  beads) and incubated for 45 min 
at RT. The beads were washed four times with buffer A (10 mM Hepes pH 7.7, 50 mM KCl, 
2.5 mM MgCl2, 250 mM sucrose, 0.25 mg/ml BSA, 0.02% Tween-20). The LacI-streptavidin-
coated beads were incubated with the DNA replication reaction mixture (6 microliter beads per 
8 microliter reaction mixture) on a rotating wheel at 4 °C for 30 minutes. Subsequently, the beads 
were washed four times with buffer B (10 mM Hepes pH 7.7, 50 mM KCl, 2.5 mM MgCl2, 0.25 
mg/ml BSA, 0.03% Tween-20) after which the beads were resuspended in 40 microliter of  2× 
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SDS sample buffer. The proteins were separated on SDS-PAGE gels and analyzed by western 
blotting using the indicated antibodies.

Antibodies and Immunodepletions

For analysis of  plasmid pull down experiments antibodies were used against xlFANCD2 (as 
previously described, (Knipscheer et al., 2009)), Histones H3 (Abcam), xlXPF (as previously 
described, (Klein Douwel et al., 2014)), PCNA (as previously described, (Kochaniak et al., 2009)) 
and xlCtf18. The Ctf18 antibody was raised against a 194 amino acid N-terminal fragment, and 
generated in rabbits by Pocono Rabbit Farm (Canadensis PA, USA). The αCtf18 serum, but not 
pre-immune serum, recognized a band approximately at the expected molecular weight (113 
kDa) in both NPE and HSS (Figure S3A). The band was more concentrated in NPE suggesting 
it is enriched in the synthetic nuclei formed during the preparation of  NPE. The same band 
could be immunoprecipitated using the αCtf18 antibody (Figure S3B). For the assessment of  
siRNA depletion from U2OS cells, antibodies were used against hFANCD2 (Fl-17;Santa Cruz 
biotechnology; sc-20022, 1:1000), hXPA (Fl-273;Santa Cruz biotechnology;sc-36853, 1:1000), 
hCtf18 (A301-883A; Bethyl laboratories, 1:5000) and tubulin (clone B-5-1-2; Sigma; T5168, 
1:5000).

For Ctf18 depletions we used and antibody that was raised against a C-terminal peptide by New 
England Peptide (Gardner MA, USA). To deplete xlCtf18 from Xenopus egg extract, 3 volumes 
of  this affinity purified Ctf18 antibody was incubated with 1 volume of  protein A sepharose fast 
flow beads (GE Healthcare) overnight at 4°C. 1 volume of  antibody bound beads was added to 
4 volumes of  Xenopus egg extract and incubated for 40 min at 4°C, for 3 Rounds.

Immunoprecipitations

For Ctf18 immunoprecipitation (IP) 1 μl protein A sepharose fast flow resin was incubated with 
1 μl purified Ctf18 antibody or pre-immune serum. Beads were incubated for 1 hour at 4°C while 
rotating. Beads were washed 5x in ELB-S (2.5 mM MgCl2, 50 mM KCl, 10 mM Hepes, 250 mM 
Sucrose, pH 7.7). NPE was diluted five times with ELB-S and incubated with antibody-coated 
beads (1 volume of  beads for 5 volumes of  diluted NPE) for 3 hours at 4°C. Beads were washed 
3 times in ELB-S and eluted in 2x SDS sample buffer. Samples were separated on an SDS-PAGE 
gel and analyzed by western blot.

siRNA transfections

On-TARGET plus SMART pool siRNA’s specific for human FANCD2, Ctf18 and 
XPA were purchased from GE healthcare. A non-targeted control was used as a control 
for non-specific effects. siRNA’s were transfected using Lipofectamine® RNAiMAX 
Transfection Reagent (thermo scientific) according to manufacturers protocol. 
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Colony survival assay

Cellular survival of  U2OS cells after MMC treatment was determined by a colony formation 
assay. Cells were plated in 6 cm dishes. After 12-16 hours cells were treated for 1 h with MMC 
(0-0.6 μg/ml). After approximately seven days colonies were fixed, stained and counted to assess 
the colony forming ability. Non-treated samples were set at 100%. 

Cell cycle analysis

For cell cycle analysis, cells were treated with 0, 25, or 50 ng/mL MMC overnight. Subsequently, 
the cells were fixed in 70% EtOH overnight and stained with propidium iodide in PBS buffer 
containing 100 μg/ml RNase. Cell sorting was performed on a FACScalibur, and data analysis 
was performed with FlowJo software.
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Supplemental Figure 1: Replication is not affected in the presence of  biotinylated dUTP. pICL was incubated in 
Xenopus egg extract in the absence or presence of  biotinylated dUTP and 32P-α-dCTP in order to visualize the nascent 
strands. Samples were taken at the indicated time-points and separated on a 0.8% native agarose gel. 
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4 Supplemental Figure 2: Effect of  Ctf18 knock down on MMC sensitivity. (A) U2OS cells were transfected with 
siRNA against FANCD2 and Ctf18 and treated with increasing concentrations of  MMC. Relative colony survival after 
MMC treatment is shown with non-treated samples set at 100% (B) cell were transfected with siRNA against FANCD2 
and Ctf18 and a cell cycle analysis was performed after treatment with varying increasing concentrations of  MMC.
Duplicates of  Figure 4A and 4B.
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Supplemental Figure 3: Ctf18 depletion does not affect the repair of  ICLs. (A) Samples were taken from NPE 
and HSS and analyzed on western blot using the αCtf18 antibody. A protein was detected at the approximate height of  
Ctf18. (B) αCtf18 antibody (Ab) or Pre-Immune serum (Pre) was used to IP xlCtf18 from NPE. Samples were taken of  
the input (NPE), the flow through (FT) and of  the precipitated proteins on the beads. Samples were analyzed by western 
blot and stained with αCtf18. (C) pCTR was replicated in mock or Ctf18 depleted Xenopus egg extracts in the presence of  
32P-α-dCTP. Replication products were separated on a 0.8% native agarose gel and visualized by autoradiography. (D) 
pICL was replicated in depleted or mock depleted Xenopus egg extract in the presence of  32P-α-dCTP. DNA products 
were isolated at the indicated time-points and digested with HINCII, or HINCII and SAPI, and separated on a native 
0.8% agarose gel. The SAPI regeneration was calculated and plotted as% of  repair. Duplicate of  Figure 5C. (E) pICL 
was replicated in Ctf18-depleted or mock depleted Xenopus egg extract in the presence of  32P-α-dCTP. DNA products 
were isolated at the indicated time-points and digested with AFLIII and separated on a denaturing polyacrylamide gel. 
Two parts of  the gel are shown in different contrast, for optimal visual display. Duplicate of  Figure 5E.
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DNA repair pathways protect our genome from DNA damage and are essential in maintaining 
genomic and cellular integrity. In this thesis I have focused mainly on the repair of  a specifically 
toxic type of  DNA damage, the interstrand crosslink (ICL). ICLs covalently bind both strands 
of  the DNA together and thereby completely block important cellular processes such as DNA 
replication and transcription. For this reason ICL-inducing agents efficiently kill rapidly dividing 
cancer cells and are successful chemotherapeutic drugs. The repair of  ICLs is a complex process 
that is dependent on active DNA replication and involves the activation of  the FA pathway, 
the recruitment of  structure specific endonucleases, translesion polymerases and recombinases. 
How all these factors collaborate to repair an ICL is still poorly understood. The main topic 
of  this thesis is the mechanism by which endonucleases unhook an ICL, an important repair 
step that is regulated by the Fanconi anemia pathway. In this chapter I will discuss important 
questions that have emerged from my research and how these questions could be addressed in 
the future. 

Does XPF-ERCC1 make only one or both of the unhooking incisions? 

In chapter 2 I show that the structure specific endonuclease XPF-ERCC1 is responsible for at 
least one of  the two incisions that unhook a cisplatin ICL. When two replication forks converge 
at an ICL an asymmetric DNA structure is formed that is the substrate for dual incisions (Figure 
1Ai gray and pink arrows). XPF-ERCC1 has a preference for 3’ flap DNA substrates in vitro and 
will therefore most likely be responsible for the 3’ incision (Figure 1Ai, pink arrow). However, we 
demonstrated that in the absence of  XPF-ERCC1 both the 3’ and the 5’ incisions are abrogated. 

There are several models that can explain the inhibition of  both of  incisions in the absence of  
XPF-ERCC1. First, the incisions could be functionally coupled. A similar mechanism exists in 
nucleotide excision repair (NER), where the second incision by XPG at the 5’ side of  the lesion 
depends on the first incision by XPF-ERCC1 at the 3’ side (Staresincic et al., 2009) (Figure 1Aii). 
In this model, the dual incisions that unhook an ICL would require a second, not yet identified, 
endonuclease with a 5’ flap preference (Figure 1Ai, gray arrow). An alternative model involves 
SNM1A, a 5’ to 3’ exonuclease that can load from a single nick made by XPF-ERCC1 in vitro and 
can digest the DNA past the ICL (Figure 1B) (Wang et al., 2011a). However, this would require 
XPF-ERCC1 to incise a 5’ flap substrate, which would be unexpected giving its preference for 
3’ structures. Alternatively, another endonuclease, with a preference for 5’ flap substrates, could 
collaborate with SNM1A in vivo. In a third model XPF-ERCC1 cleaves on both sides of  an 
ICL, which has been observed in vitro on splayed arm DNA substrates (Kuraoka et al., 2000; 
Hodskinson et al., 2014)(Figure 1Ci). It is currently unclear whether XPF-ERCC1 can make 
these dual incision on DNA structures arising from replication fork convergence (Figure 1Cii). 
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5 It is possible that SLX4 plays a role in such a mechanism as it has been shown to stimulate the 
nuclease activity of  XPF in vitro (Hodskinson et al., 2014).

Based on the structure specificity of  the XPF-ERCC1 endonuclease I favor the model in which 
a second endonuclease makes the 5’ incision. The in vitro studies used to show XPF-ERCC1 can 
cut on both sides of  a crosslink use a splayed arm containing an ICL (Figure 1Ci). In this case 
XPF-ERCC1 cuts the 3’ FLAP structure in 2 places surrounding the ICL, while the proposed 
in vivo substrate (Figure 1Cii) would require a 5’ flap cut, which is not a preferred XPF-ERCC1 
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Figure 1. Different model of  ICL incisions. (A) Dual Incisions. Upper (i) panel shows an ICL-substrate with two 
converging replication forks. The pink arrow shows the proposed location of  the XPF-ERCC1 cut and the grey arrow 
shows the 5’ incisions by an unknown nuclease. Lower panel (ii) shows a NER substrate and pink and grey arrows in-
dicate the location of  the XPF and XPG incisions. (B) Alternative model for incisions. In grey the location of  a single 
incision. SNM1A will load from this nick and process the DNA past the ICL. (C) Upper panel (i) shows an in vitro 
splayed arm containing an ICL. In pink are the incisions made by XPF-ERCC1. Lower panel (ii) shows an ICL substrate 
with converging forks and pink arrows indicate the location of  possible XPF-ERCC1 incisions. 
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substrate. However, further research is necessary to confirm which of  these models is used in 
vivo. 

Are other nucleases involved in the unhooking incisions?

While depletion of  XPF-ERCC1 results in extreme cellular sensitivity to ICL-inducing agents, 
depletion of  other nucleases, such as MUS81-EME1, FAN1, SLX4-SLX1, SNM1A and SNM1B 
also cause sensitivity to these agents (Castor et al., 2013; Demuth et al., 2004; Kratz et al., 2010; 
Liu et al., 2010; MacKay et al., 2010; Sengerová et al., 2012; Smogorzewska et al., 2010; Wang et 
al., 2011b; Wyatt et al., 2013). Could any of  these other nucleases, in addition to XPF-ERCC1, 
be involved in the ICL unhooking incisions? 

As I demonstrate in chapter 2, SLX4 is required for the recruitment of  XPF-ERCC1 to an ICL 
and is therefore essential for the unhooking incisions. SLX4 is a large scaffold protein that not 
only interacts with XPF-ERCC1 but also with the endonucleases MUS81-EME1 and SLX1. 
Depletion of  MUS81 from Xenopus egg extract did not affect the unhooking of  a cisplatin ICL 
or ICL repair indicating it is not essential for this process. In agreement with this, SLX4 mutants 
that do not interact with MUS81 and SLX1, can rescue ICL sensitivity in SLX4 deficient cells to 
a large extent (Hodskinson et al., 2014; Castor et al., 2013). These data also suggest that SLX1 
does not play a major role in ICL repair and this is confirmed by unpublished data from our 
laboratory (W. Hoogenboom).

Depletion of  FAN1 from Xenopus egg extract also did not affect unhooking incisions or ICL 
repair (chapter 2). In addition, patients deficient in FAN1 do not suffer from Fanconi anemia 
but from Karyomegalic Interstitial Nephritis (KIN)(Zhou et al., 2012; Trujillo et al., 2012). This 
indicates that FAN1 does not act in the unhooking step in Fanconi anemia pathway dependent 
ICL repair but it might play a role in an FA independent ICL repair mechanism.

Another possibility is that some of  these nucleases act redundantly. SLX1 and FAN1 both cut 
5’ flap substrates and could act together with XPF-ERCC1 in ICL unhooking. In addition, 
depletion of  FAN1 and SNM1A have an additive effect on ICL sensitivity suggesting they could 
act redundantly in ICL repair (Thongthip et al., 2016). It would be interesting to see the effect of  
depleting both FAN1 and SNM1A in Xenopus egg extract. Furthermore, the work in Xenopus 
egg extract has focused on cisplatin ICLs and different types of  ICLs could require a different 
subset of  structure specific endonucleases. Mass spectrometry based methods, as described later 
in this chapter, could help to identify the unknown potential second endonuclease in cisplatin 
ICL repair, as well as the nucleases involved in repairing other types of  ICLs.

How does SLX4 recruit XPF to the site of damage?

XPF-ERCC1 is recruited to the site of  damage by SLX4. Two SLX4 domains have been 
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implicated in the interaction with XPF, the N-terminal MLR domain and the central BTB 
domain (Guervilly et al., 2015; Yildiz et al., 2002; Andersen et al., 2009; Kim et al., 2013) (Figure 
2). Mutating the MLR domain of  SLX4 completely abolished the interaction with XPF, while 
mutating the BTB domain had at most a modest effect on XPF interaction (Kim et al., 2013; 
Guervilly et al., 2015). However, when the C-terminus of  SLX4, including the MLR domain, is 
removed it still interacts with XPF through its BTB domain (Andersen et al., 2009) indicating 
that both the MLR and the BTB domains have affinity for XPF. For XPF, the glycine 325 to 
glutamate mutation was shown to abrogate the interaction with SLX4. Interestingly, this was 
only shown for human SLX4 lacking the MLR domain, or for the drosophila homologue of  
SLX4, MUS312, that naturally lacks the MLR domain (Yildiz et al., 2002; Andersen et al., 2009). 
This suggests that glycine 325 interacts with the BTB domain of  SLX4. This then raises the 
question which region of  XPF mediates the major interaction with the MLR domain of  SLX4. 

In chapter 3 we show that mutation of  the conserved lysine 219 to an arginine in xenopus 
laevis XPF abrogated the interaction with SLX4. As a result this mutant was not able to support 
ICL unhooking or repair. We demonstrated that this residue is essential for recruitment of  
XPF-ERCC1 to the ICL and propose it interacts with the MLR domain of  SLX4. In contrast, 
deletion of  residue 312 to 315 of  xenopus laevis XPF, which includes the residue equivalent to 
the human glycine 325, had no effect on SLX4 interaction. Interestingly, this mutation did inhibit 
unhooking incisions and ICL repair (chapter 3). We suggest that residues 312 to 315 make 
contact with the BTB domain of  SLX4, and while this affinity is not high enough to support 
a stable interaction, it is important for positioning of  XPF on the ICL to enable ICL incisions 
(Figure 2).
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Figure 2. Model of  XPF and SLX4 interaction. The * indicate residues on XPF that interact with the MLR and BTB 
domain of  SLX4 indicated in bold. 
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Although this dual interaction site model is supported by several lines of  evidence it requires 
confirmation. One way would be to purify the isolated BTB domain of  SLX4 and examine 
the affinity for XPF for example by surface plasmon resonance. If  the model is correct this 
affinity would be diminished by deleting residue 312-315 of  XPF. Another way to characterize 
the interaction would be to perform mass spectrometry on peptides derived from a purified 
SLX4-XPF-ERCC1 complex that was crosslinked. This could reveal which residues of  XPF 
interact with SLX4. Finally, a crystal structure of  XPF with SLX4 would provide a detailed 
understanding if  this interaction.  

Does ubiquitinated FANCD2 directly recruit SLX4 to the ICL?

FANCD2 and its ubiquitination are required for the efficient recruitment of  SLX4 to the ICL 
(chapter 2). This provides a direct link between FANCD2-Ub and the unhooking step in ICL 
repair. However, it is still not clear how ubiquitinated FANCD2 promotes the recruitment of  
SLX4. Several studies have implicated the UBZ domains of  SLX4 in its localization to the 
site of  damage, however, increasing evidence is showing that this is likely not mediated by a 
direct interaction with ubiquitinated FANCD2 (Yamamoto et al., 2011; Lachaud et al., 2014). In 
our hands, SLX4 and FANCD2 co-localize on ICL containing plasmids during repair but this 
interaction seems to be mostly mediated by DNA and not by a direct interaction (unpublished 
results). It is likely that there is another, yet unidentified, (ubiquitinated) protein that bridges the 
interaction between FANCD2 and SLX4. In vitro, the UBZ domains of  SLX4 prefer to bind 
to K63 linked ubiquitin chains (Kim et al., 2011) indicating the bridging protein might have 
this modification. To find this protein mass spectrometry can be used to identify proteins that 
interact with SLX4 specifically during ICL repair. Such experiments are currently ongoing in the 
Knipscheer laboratory.

How does the nuclease domain of XPF-ERCC1 contribute to substrate speci-
ficity?

In chapter 3 we show that certain mutations in the nuclease domain of  XPF specifically abrogate 
ICL repair while not affecting NER. These mutations did not interfere with XPF recruitment 
to the ICL, but prevented the unhooking incisions possibly because they are not positioned 
properly onto the ICL substrate. Consistent with this, the human R689S mutation, which is 
the equivalent mutation to the xenopus laevis R670S mutation we investigated, is believed to 
be involved in the correct positioning of  XPF’s active site for proper incisions (Su et al., 2012; 
Bogliolo et al., 2013). Arginine 689 is located within the catalytic site of  XPF and based on 
the crystal structure of  the archaeal XPF it could be located near the binding of  a 3’ ssDNA 
overhang (Newman et al., 2005). Possibly this could explain the importance of  this residue for 
substrate recognition and specificity. The other nuclease domain mutation conferring a specific 
ICL repair defect, the xenopus laevis serine 767 to arginine (equivalent to hsS786F), is on the 
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surface of  the nuclease domain, and based on the archaeal structure it could also interact with 
the DNA.

The positioning of  XPF-ERCC1 onto the DNA is assisted by protein-protein interaction. In 
NER, the interactions of  XPF-ERCC1 with XPA and RPA are crucial for this positioning (de 
Laat et al., 1998; Fisher et al., 2011; Matsunaga et al., 1996; Nagai et al., 1995). In ICL repair, 
interactions between SLX4 and XPF are possibly required for proper positioning to allow 
incisions. XPF also interacts with RPA and FANCG, both present at the ICL at the time of  
incisions (de Laat et al., 1998; Fisher et al., 2011; Matsunaga et al., 1996; Wang & Lambert, 2010). 
It would be interesting to examine whether these proteins may contribute to properly position 
the nuclease active site. 

A crystal structure of  the full length or nuclease domains of  XPF-ERCC1 in complex with 
various DNA substrates would be highly beneficial to understand how this protein recognizes 
its substrates. This could also clarify why the serine 678 and arginine 768 are required specifically 
for ICL unhooking incisions. However, this specificity might be determined by protein-protein 
interactions and further characterization of  the incisions complex would be required to address 
this.

How to identify novel factors in ICL repair?

While our understanding of  ICL repair has significantly increased over the past decades we are 
still far from a complete comprehension of  this complex process. To enhance our knowledge of  
the molecular mechanism of  repair we used an unbiased approach to identify novel factors that 
interact with ICLs during repair. In chapter 4, I used the Xenopus egg extract ICL repair system 
to isolate such factors and identified them by mass spectrometry. The two main advantages of  
using this system are that a) it circumvents the use of  ICL-inducing agents that induce a large 
fraction of  non-ICL damage, and b) repair occurs synchronously which allows the identification 
of  repair specific factors. We identified many known repair factors in addition to factors not 
known to function in ICL repair. We focused on a novel factor, Ctf18, and found that it conferred 
resistance to ICL inducing agents in mammalian cells. However, we did not observe a defect in 
ICL repair upon depletion of  this factor from Xenopus egg extract. This could be because it is 
redundant with another factor in the extract, or because the defect is too subtle to detect in our 
assay. Nevertheless, we believe our approach is promising and future research in the Knipscheer 
laboratory focuses on increasing the sensitivity of  detection of  ICL bound factors, and on the 
follow up of  additional targets. In addition, it would be very interesting to use this approach to 
compare the proteome interacting with structurally distinct ICLs. 

Various other methods are reported to identify novel ICL repair factors. In CHROMASS, 
chromatin DNA treated with psoralen/UV to induces ICLs is used in combination with Xenopus 
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egg extract (Räschle et al., 2008). In addition, the sequencing of  the DNA of  FA patients with no 
mutations in any of  the previously known FA genes has lead to the identification of  numerous 
new FA genes, all involved in ICL repair (Sawyer et al., 2015; Park et al., 2016; Hira et al., 2015). 
Altogether, the additive effect of  all these approaches will greatly enhance our understanding of  
the players involved in ICL repair.

How can a detailed understanding of ICL repair help cancer therapy?

For many types of  cancer chemotherapeutic agents that induce interstrand crosslinks, such as 
cisplatins, nitrogen mustards and mitomycin C, are still the main line of  treatment, in some cases 
combination with more targeted therapies. The effectiveness of  this strategy can be limited by 
high levels of  DNA repair proteins that will repair the damage and prevent cancer cell death. 
XPF-ERCC1 is one DNA repair protein that is a promising target in sensitizing cancers to 
chemotherapeutic agents (McNeil & Melton, 2012; Song et al., 2011). In addition, patients often 
develop resistance against these chemotherapeutics, which is in some cases due to upregulation 
of  repair genes. Inhibition of  ICL repair could be a powerful method for sensitization of  ICL 
inducing agents or to counteract resistance. A complete understanding of  ICL repair would 
facilitate the development of  such inhibitors but initial studies have involved XPF-ERCC1.

Several studies have reported on the development of  XPF-ERCC1 inhibitors. Successful 
inhibitors have been reported against the XPA binding pocket of  ERCC1 (McNeil et al., 2015; 
Barakat et al., 2009; Jiang & Yang, 1999). One of  these sensitizes lung cancer cells for UV 
damage, but only weakly increases cisplatin sensitivity. This would be expected as the main 
effector of  cisplatin treatment are ICLs, which are repaired in a XPA independent pathway. 
Other inhibitors have been developed against the nuclease domain of  XPF-ERCC1 (McNeil & 
Melton, 2012; Tumey et al., 2004). Although the affinity of  these inhibitors for XPF-ERCC1 is 
improving, it has proven difficult to find inhibitors that are specific for XPF-ERCC1 and do not 
inhibit other nucleases. 

Much work still needs to be done to improve specificity and potency of  XPF-ERCC1 inhibitors. 
In addition, it would be beneficial if  these inhibitors would only target the ICL repair specific 
function of  XPF-ERCC1, to allow repair of  all other types of  damage an prevent some of  their 
toxicity. For this it is crucial to understand what determines this damage-specific function of  
XPF-ERCC1, a subject we have addressed in chapter 3.

Concluding remarks

In conclusion, by using the Xenopus laevis egg extract system, I have elucidated the essential role 
of  of  the Fanconi anemia proteins XPF-ERCC1 and SLX4 in ICL repair. Many FA factors, 
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including XPF-ERCC1 are found upregulated in cancer cells and can confer resistance to ICL-
inducing agents, by increased ICL repair (McNeil & Melton, 2012; Song et al., 2011). A more 
extensive understanding of  the molecular mechanism of  ICL repair could lead to novel targets 
for sensitizing cancer cells to ICL-based chemotherapeutic drugs. In addition, it could help the 
development of  new therapies for FA patients.
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Nederlandse samenvatting

Alle levende organismen zijn opgebouwd uit cellen. Het menselijk lichaam bevat miljarden 
cellen die allemaal zijn ontstaan uit een enkele bevruchtte eicel. Een eicel bevat DNA, de 
genetische informatie van de ouders, en dit DNA wordt zorgvuldig gekopieerd en verdeeld 
over twee dochtercellen enzovoorts. Uiteindelijk bevatten zo al onze cellen hetzelfde DNA. 
DNA bestaat uit lange strengen van slechts 4 moleculen, adenine (A), thymine (T), cytosine 
(C) of guanine (G). Deze vier letters vormen de codes voor duizenden genen die in cellen 
vertaald worden naar eiwitten. Eiwitten reguleren vervolgens de verschillende processen in de 
cel. Het DNA is dus als het ware een blauwdruk voor onze cellen en uiteindelijk ons lichaam 
als geheel. Wanneer er beschadigingen optreden in ons DNA kan dit de cel ernstig verstoren 
en in sommige gevallen kan DNA schade leiden tot ongecontroleerde celgroei, oftewel kanker, 
of celdood. 

DNA kan beschadigd raken door omgevingsfactoren, zoals UV-straling of rook van sigaretten 
en uitlaatgassen. Verder kan DNA schade ook veroorzaakt worden door producten die in de 
cel aan worden gemaakt tijdens normale cellulaire processen. Een gemiddelde cel wordt naar 
schatting 200 000 keer per dag beschadigd wordt. Gelukkig hebben onze cellen methodes 
ontwikkeld om deze schade te repareren. In hoofdstuk 1 worden verschillende DNA-reparatie 
systemen besproken, die elk gespecialiseerd zijn om een bepaald type schade te repareren.  

Dit proefschrift is voornamelijk gericht op de reparatie van een zeer schadelijk soort DNA 
schade, de interstrand crosslink oftewel ICL. DNA bestaat uit twee strengen die met elkaar 
verbonden zijn. Hierbij is het van belang dat de juiste DNA-moleculen tegenover elkaar 
geplaatst zijn. Een ICL is een schadelijke verbinding tussen deze twee DNA strengen. Tijdens 
het kopiëren van DNA voor celdeling of als de code van het DNA gelezen moet worden, 
moeten de twee strengen van het DNA uit elkaar worden getrokken. Een ICL voorkomt dat 
dit kan gebeuren. Dit is erg schadelijk en kan leiden tot ernstige instabiliteit van het DNA of 
celdood. ICL’s worden gevormd door chemische stoffen die vrijkomen bij natuurlijke processen, 
zoals de afbraak van alcohol. ICL’s worden ook gevormd door chemotherapeutische stoffen. 
In de kliniek worden ICL’s gebruikt om kankercellen te doden, omdat ICL’s extra schadelijk 
zijn voor cellen die vaak delen, zoals kankercellen. Een van de mechanismen die kankercellen 
gebruiken om resistent te worden tegen chemotherapie is door meer eiwitten aan te maken die 
ICL-schade kunnen repareren om zo te voorkomen dat de kankercel dood gaat. Hierom is het 
erg belangrijk om te begrijpen hoe deze schadelijk vorm van DNA schade precies gerepareerd 
wordt. 

Er is nog relatief weinig bekend over hoe ICL’s gerepareerd worden en welke eiwitten 
betrokken zijn bij dit proces. Veel van de huidige kennis is afkomstig van studies naar een 
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zeldzame genetische ziekte genaamd Fanconi anemie. Patiënten met Fanconi anemie hebben 
een mutatie in het DNA van de genen die coderen voor eiwitten die betrokken zijn bij 
de reparatie van ICL’s. Hierdoor zijn de cellen van deze patiënten erg gevoelig voor ICL-
inducerende stoffen. Fanconi anemie patiënten hebben een heel divers ziektebeeld dat nog 
niet goed wordt begrepen. Patiënten hebben vaak vroege ontwikkelingsproblemen en hebben 
op jonge leeftijd een beenmergtransplantatie nodig, omdat de vorming van hun bloedcellen 
niet goed verloopt. Op latere leeftijd hebben patiënten een extreem verhoogde kans op het 
ontwikkelen van bepaalde soorten kanker, vermoedelijk door DNA mutaties die optreden 
door incorrecte DNA reparatie in de afwezigheid van de Fanconi eiwitten. Er zijn momenteel 
mutaties gevonden in 21 verschillende genen die leidden tot Fanconi anemie. Echter, er zijn 
nog steeds Fanconi anemie patiënten waarbij de genetische mutatie nog niet geïdentificeerd 
is, wat betekent dat er waarschijnlijk nog meer genen bij betrokken zijn. Wat de precieze rol is 
van de eiwitten afkomstig van deze genen, en hoe deze eiwitten samenwerken om een ICL te 
repareren is echter nog grotendeels onduidelijk. 

Een van de redenen dat nog weinig bekend is over de reparatie van ICL’s, is dat lange tijd geen 
goed systeem bestond om dit te bestuderen. ICL-inducerende stoffen veroorzaken niet alleen 
ICL’s, maar ook andere soorten DNA schade waardoor het moeilijk is specifiek de reparatie van 
de ICL te onderzoeken. Daarnaast wordt het onderzoek bemoeilijkt doordat de reparatie van 
ICL’s grotendeels afhankelijk is van DNA-replicatie. DNA-replicatie is het kopiëren van al het 
DNA in een cel, dat nodig is voordat de cel kan delen. Voor dit proces moeten de twee strengen 
van het DNA los komen van elkaar en dit wordt geblokkeerd door een ICL. Dit blokkeren van 
DNA-replicatie, veroorzaakt door een ICL, vormt het signaal voor de cel om DNA reparatie 
in gang te zetten. DNA-replicatie is dus nodig voor het repareren van een ICL. Tijdens het 
onderzoek beschreven in dit proefschrift is gebruik gemaakt van een uniek systeem dat de 
reparatie van een ICL tijdens DNA replicatie nabootst. Dit systeem maakt gebruik van een 
extract dat gemaakt wordt van de onbevruchte oocyten van de Xenopus laevis kikker, ook wel 
bekend als de Afrikaanse klauwkikker. Deze eitjes zitten vol met eiwitten die betrokken zijn bij 
DNA-replicatie, omdat de oocyt, wanneer deze bevrucht zou worden, meteen een groot aantal 
snelle celdelingen moet ondergaan om een embryo te vormen. Een extract van deze eitjes is 
in staat om DNA te kopiëren en een ICL, die op een specifiek plek op dit DNA geplaatst is, te 
repareren. DNA-replicatie en ICL-reparatie in dit systeem gebeurt op de manier waarop het 
ook in cellen gebeurt en dit is sterk geconserveerd tussen kikkers en mensen. Omdat we deze 
processen nu buiten een cel, en gesynchroniseerd, kunnen volgen is dit systeem uitzonderlijk 
geschikt om in detail de verschillende stappen van DNA-reparatie te bestuderen. 

Hoofdstuk 1 vat samen wat reeds bekend is over de reparatie van ICL’s en hoe onze kennis 
in de laatste jaren is toegenomen mede door het gebruik van het Xenopus systeem. In het 
kort gaan ICL-reparatie als volgt: Een ICL wordt herkend door de DNA replicatie eiwitten, 
die worden geblokkeerd door de aanwezigheid van de ICL. Dit is het signaal voor reparatie 
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eiwitten, waaronder de Fanconi eiwitten, om in actie te komen. De ICL wordt vervolgens van 
één van de twee DNA strengen ontkoppeld, doordat er aan weerszijden van de ICL geknipt 
wordt. Hierdoor kunnen de twee stengen weer van elkaar worden gescheiden en uiteindelijk 
helemaal gerepareerd worden via een complex proces dat in hoofdstuk 1 verder wordt uitgelicht. 

In hoofdstuk 2 wordt onderzocht welke eiwitten betrokken zijn bij het ontkoppelen van de 
ICL door het knippen van één van de DNA strengen. Er zijn meerdere enzymen in de cel, 
genaamd nucleases, die DNA kunnen knippen. Deze enzymen hebben vaak een voorkeur om 
bepaalde DNA-structuren te herkennen en te knippen. Eerder studies hebben aangetoond dat 
verschillende nucleases betrokken kunnen zijn bij de reparatie van ICL’s, maar er ontbreekt 
concreet bewijs welke van deze enzymen nu daadwerkelijk de ICL ontkoppelt. 

Om deze vraag te beantwoorden zijn verschillende van deze nucleases uit het Xenopus oocyt 
extract verwijderd. Hiervoor is gebruik gemaakt van antilichamen, moleculen die specifieke 
eiwitten kunnen herkennen en gebruikt kunnen worden om deze te verwijderen. Vervolgens 
is gekeken of een ICL nog gerepareerd wordt in afwezigheid van deze eiwitten. XPF-ERCC1, 
een complex van 2 eiwitten die samen een nuclease vormen, bleek cruciaal te zijn voor het 
ontkoppelen van een ICL. Twee andere kandidaten, FAN1 en MUS81, bleken niet noodzakelijk 
voor deze stap. Naast XPF-ERCC1 was er een derde eiwit nodig om de ICL uit te knippen, 
namelijk SLX4. SLX4 kan zelf geen DNA knippen, maar bindt aan een aantal nucleases en 
dient als een verzamel plek voor meerdere eiwitten. SLX4 bindt ook aan XPF-ERCC1 en we 
tonen aan dat SLX4 nodig is om XPF-ERCC1 naar de DNA schade te brengen. Intussen is 
ook aangetoond dat XPF-ERCC1 en SLX4 allebei gemuteerd zijn in patiënten met Fanconi 
anemie wat nogmaals bevestigd dat deze eiwitten zeer belangrijk zijn voor ICL-reparatie. Om 
het complex van SLX4 en XPF-ERCC1 naar het DNA te brengen was een ander Fanconi eiwit, 
FANCD2, nodig. Dit was een belangrijke vinding aangezien het bekend was dat FANCD2 
nodig is voor het ontkoppelen van de ICL, maar het onduidelijk was hoe dit eiwit deze 
belangrijke stap in het reparatie proces bevorderde. 

In hoofdstuk 3 wordt het onderzoek naar XPF-ERCC1 vervolgd door te kijken naar specifieke 
mutaties in het XPF gen die voorkomen bij Fanconi anemie patiënten. Deze mutaties 
beïnvloeden het XPF eiwit, waardoor ICL’s niet goed gerepareerd worden. XPF-ERCC1 is 
een multifunctioneel eiwit dat een cruciale rol speelt in de reparatie van meerdere soorten 
DNA schade. XPF-ERCC1 staat het meest bekend om het uitknippen van DNA schade dat 
veroorzaakt wordt door UV licht. Dit reparatie mechanisme heet ‘nucleotide excision repair’, 
oftewel NER. Patiënten met mutaties in NER eiwitten kunnen deze schade niet goed repareren 
en ontwikkelen een ziekte genaamd Xeroderma Pigmentosum (XP). XP veroorzaakt ernstige 
gevoeligheid voor zonlicht en een extreem verhoogde kans op huidkanker. Wat opmerkelijk is, 
is dat de Fanconi anemie patiënten met een mutatie in XPF, geen symptomen van XP vertonen. 
Dit houdt in dat het defecte XPF eiwit van de Fanconi anemie patiënten, dus wel actief is in 
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NER. Wij trachten te achterhalen waarom specifiek de ICL-reparatie functie van XPF in deze 
patiënten was aangetast. 

Om dit te bestuderen zijn er 6 verschillende mutaties in XPF aangebracht om de functie van 
deze gemuteerde eiwitten in ICL-reparatie en NER te analyseren. Een specifieke mutatie 
aan de N-terminus van het eiwit, ook wel het ‘begin’ van het eiwit, was belangrijk voor ICL-
reparatie, maar niet voor NER. We vonden dat deze mutatie de verbinding tussen XPF en SLX4  
verstoorde. Dit betekent dat deze verbinding belangrijk is voor ICL-reparatie, maar niet voor 
NER. Verder waren specifieke mutaties in het actieve gedeelte van XPF, dat de knip reactie 
uitvoert, zeer belangrijk voor de herkenning van een ICL, maar niet voor een NER substraat. 
Hoewel we hebben aangetoond dat deze mutaties zorgen dat het eiwit specifiek defect is in 
ICL-reparatie, is het voor sommige van deze mutaties nog onduidelijk hoe dit precies werkt. 
Dit geeft een belangrijk inzicht in hoe XPF wordt gereguleerd tijdens de reparatie van een 
ICL. Verder zouden op deze manier specifieke functies van het XPF-ERCC1 eiwit geremd 
kunnen worden. XPF wordt door sommige kankercellen gebruikt om de ICL schade die wordt 
geïnduceerd door chemotherapeutische stoffen te repareren. Hierdoor blijft de kankercel leven. 
Er zouden dus remmers van XPF gemaakt kunnen worden die zorgen dat het eiwit niet meer 
functioneert en geen ICL’s meer kan repareren. Het zou ideaal zijn als er remmers ontwikkeld 
kunnen worden die dan alleen de ICL-specifieke functie van XPF kunnen remmen. 

In hoofdstuk 4, beschrijven we een methode, gebaseerd op het Xenopus systeem, om nieuwe 
eiwitten te identificeren die betrokken zijn bij de reparatie van ICL’s. Het doel was om tijdens 
de reparatie van ICL’s in Xenopus oocyt extract, alle eiwitten die aan het DNA binden, en 
dus waarschijnlijk bij ICL-reparatie betrokken zijn, te isoleren. Deze eiwitten zijn vervolgens 
geanalyseerd door middel van een techniek genaamd massa spectometrie, dat het mogelijk 
maakt de identiteit van ieder eiwit vast te stellen. Met deze methode hebben we veel eiwitten 
gevonden waarvan we weten dat ze een rol spelen bij ICL-reparatie. Dit geeft aan dat onze 
methode werkt. We hebben ook een groot aantal potentiele nieuwe eiwitten gevonden. Hoewel 
toekomstig onderzoek moet uitwijzen of deze eiwitten inderdaad betrokken zijn bij ICL-
reparatie zijn we ervan overtuigd dat dit een veelbelovende methode is om nieuwe eiwitten 
te ontdekken die een rol spelen bij dit proces. Dit is niet alleen belangrijk om ons begrip van 
ICL-reparatie te vergroten, maar deze eiwitten kunnen ook als en mogelijk doelwit dienen om 
kankercellen gevoelig te maken voor chemotherapie. Door ICL-reparatie in kankercellen te 
blokkeren, wordt de kans dat de cellen de door chemotherapeutische stoffen geïnduceerde ICL 
schade kunnen overleven, gereduceerd.  

In hoofdstuk 5 bediscussieer ik mijn eigen onderzoek in de context van het onderzoek van 
anderen. Nadruk wordt gelegd op het knippen van het DNA dat nodig is voor de ontkoppeling 
van een ICL. Het onderzoek in deze thesis toont aan dat XPF-ERCC1 één van deze knippen 
of mogelijk beide knippen maakt. Echter bestaat de mogelijkheid dat een tweede nuclease 
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bij dit proces betrokken is. Ook is het mogelijk dat verschillende soorten ICL’s, geïnduceerd 
door diverse chemicaliën, op verscheidene manieren gerepareerd kunnen worden. Verder 
wordt besproken hoe de kennis van ICL-reparatie kan leidden tot betere kankertherapie in de 
toekomst. 
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Nerea. You are such a happy, positive person and you bring such a good vibe tot the lab and 
to the borrel. Thank you for being a great college! Alice, I so enjoy sitting next to you in the 
office. You are so nice and I can share my hatred of depletions with you! Thank you so much 
for always listening to my rants! Koichi, you only joined the lab a little while ago, but I have 
appreciated having some company on the weekends. I am sorry we could not work together 
longer! I wish everyone good luck with all your projects and thanks again for creating such a 
nice environment for me to work in. 

I also want to thank all the students we have had in the lab throughout the years for the good 
vibes. Sandra you were our first students and you are such sweet person! I hope I will see you 
at many future conferences! Max you were such an awesome and positive guy! Nika, where 
were you at the last CGC meeting? I missed you! Fenna, my very own student! Thank you for 
putting up with me as a supervisor! Julie, I hope you are treated well in the Geijsen lab! Steve, 
I hope you have more time to eat lunch when you get a real job :P

Mijn wetenschappelijke carrière is eigenlijk begonnen tijdens mijn eerste stage toen ik voor het 
eerst echte proeven mocht gaan doen. Dus bedankt Jorg dat je je mij toen zo’n leuke tijd heb 
bezorgd en mij zoveel enthousiasme voor wetenschap hebt meegegeven. Ik vind het erg leuk 
dat we nu weer in hetzelfde gebouw werken! 

BMW

Lilli, wat had ik zonder jou moeten doen! Toen we samen op de Albert van Dalsumlaan gingen 
wonen had ik nooit gedacht dat het zo goed zou uitpakken. Ik vond het zo gezellig om naar 
jou thuis te komen en ik vond het oprecht moeilijk om weer te wennen aan op mezelf wonen. 
Ik ben zo blij dat die tijd ons samen heeft gebracht, je hebt altijd vol begrip naar mijn geklaag 
geluisterd en meerdere malen gezorgd dat ik nog iets te eten had als ik weer veel te laat thuis 
kwam. Bedankt lieve Lilli! En lieve Jessica! En Robin ook natuurlijk! Jullie zijn er altijd voor 
me geweest en hebben me meerdere malen zelfs op jullie kattenkamer getolereerd toen ik 
homeless was. Ik kon altijd bij jullie terecht voor een BBQ of een avondje bankhangen en ‘say 
yes to the dress’ kijken. Dat heeft zoveel voor me betekend! Heel erg bedankt voor alle steun en 
gezelligheid! Dan natuurlijk bedankt aan alle BMW homies voor alle etentjes, BBQs, feestjes, 
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borrels en alle lol die we gehad hebben met filmpjes maken! Ik heb geluk dat ik zulke vrienden 
heb! Thomas, Annemarie, Tamar, Lucija, Kevin, Sandra, Ellen, Peter, Niels, YunYun, 
Ewoud, Dorien, Koen, Carina en Hans. Ik heb nu al zin in Ouddorp! Gaat epic worden!

Mijn vriendinnetjes

Mijn homies, Ester, Kelly en Jessica. Ik zie jullie dan misschien niet zo vaak als ik zou willen, 
maar ik weet dat jullie er altijd voor me zijn en visa versa. Ester (en Tim), ik kon altijd bij jullie 
terecht als ik in Zwolle was om thee te drinken of Donkey Kong te komen spelen. Ik kan je 
altijd bellen als ik in paniek raak of dingen even te veel worden. Ik voel me thuis als ik bij jou 
ben en ik weet zeker dat wij samen oud gaan worden, waar we dan ook zijn. Kelly, lieve, lieve 
Kikki. Ik mis je altijd, want we zien elkaar veel te weinig. Maar ik hou van je en ik ben zo blij 
dat we nog steeds vriendinnen zijn! Bedankt voor al je steun en vriendschap. Je kan me altijd 
aan het lachen brengen! 

Anne, sinds ons avontuur in Thailand zijn we altijd vriendinnen gebleven. Je hebt me keer op 
keer weer uit het lab weten te trekken om iets leuks te gaan doen en ik ben altijd weer blij om 
je te zien. Je hebt altijd begrip voor mijn ietwat kluizenaar-achtige trekjes en ik weet dat we nog 
lang vriendinnen zullen blijven. 

My American homies

Vidya, Patricia, Sarahni and Hillary. We were all instant friends and travelling with all of you 
around the world for the last couple of years has been amazing! Vidya, the last time I saw you 
was in Istanboel and every time we are together I feel like we were never apart. Thank you for 
taking me on all these amazing trips, Europe, India, the Philippines and Istanbul! I miss you, 
please move to Europe. You are awesome. Patty! I can say the same for you, you are one of the 
best friends I have, even though you live on the other side of the world. You are always there 
for me and thank you so much for that. Our trip to Dublin was one of the best trips I’ve made, 
it was awesome, mainly because of you! You are such a genuine, sweet and funny person. I am 
so lucky to know you. Hillary! I am quite sure you were the first person to ever take me hiking, 
back in California. I loved it and I go hiking quite often now, so thank you for introducing 
me to that! I wish we could see each other more often, but our trip to India was definitely 
memorable and I am so happy we could do that together! Sarahni, I hope I will see you soon 
and thank you for showing me around in the Philippines and being such a great person. I still 
have that movie of the time we taught you to ride a bike. Haha. You were a natural!

Poledance posse

Manda, Laila, Maaike, Tamara and the unofficial non-poledancing member Britta! I haven’t 
poledanced in over a year now and I miss it so much! I really miss going to classes with you 
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guys, we had so much fun there! Laila en Manda, we drunkenly decided it was a great idea to 
sign up for a poledance lesson and it actually ended up being an awesome idea! We were such 
a good combination, Laila, je bent zo grappig en hebt vaak hard met je gelachen, je kent geen 
angst, terwijl Manda soms gewoon niet begrijpt dat sommige dingen gewoon niet kunnen. I 
really miss our dancing days! Maaike, wij konden ons leed delen over lange afstands relaties 
(niet lang meer gelukkig, voor ons beide ☺). Je bent oprecht en origineel en ik hoop dat we 
nog lang vriendinnen zullen zijn. Tamara! Het heeft even geduurd voor wij elkaar hadden 
gevonden, maar ik vind je zo leuke en lief! Ik werd altijd erg competitief bij jou, omdat je zo 
gefocussed was! Ik kom jullie beide hopelijk snel opzoeken in Basel! Britta, je was nooit zo van 
het dansen, maar je hoort er toch een beetje bij! Tijdens ons eerste jaar in de PV hebben we 
elkaar eigenlijk nog niet echt leren kennen, dat kwam pas later, maar ik weet zeker dat we nog 
lang vriendinnen gaan zijn! Sweden staat ook mijn reis lijstje! 

Manda, I don’t even know where to start. We instantly connected. Meeting you has been one 
of the highlights of my time at the Hubrecht, you are such a force of nature! Our schedules 
always fitted well and I loved going for late night dinners with you and Rich. I somehow can 
never run out of things to talk about with you and you always know how to convince me to 
have more fun and do crazy things! You have been a really good friend and I am so proud you 
are my paranimf! 

The Hubrecht

Menno, Maartje, Caroline, Bas en Sander. My unofficial labmates! Thank you guys for all 
the conversations, lunches, beers and company! Sander, I miss you the most, as you let me geek 
out during lunch! 

I want to thank everyone at the Hubrecht and former Hubrechters. I have had so many fun 
borrels, parties and labstapdagen and everyone who contributed to making the Hubrecht such 
a fun and amazing place to work and drink, thank you!

Familie

Querida Família Albuquerque, Rosa, José, Rafael e Ana, a minha segunda família. Mesmo 
com o meu portugues terrível, vocês sempre me fizeram sentir em casa e me trataram como 
parte da família. Obrigado por todos os Natais maravilhosos que eu tive convosco!

Lieve pappa en mamma, jullie zijn de beste ouders die ik had kunnen wensen en jullie hebben 
me altijd gesteund in alles dat ik doen en mijn keuzes geaccepteerd. Ik kan me niet goed 
voorstellen dat ik zo lang zo ver van jullie af ga wonen, maar jullie kennende komen jullie me 
zeker vaak opzoeken in Cambridge! Mamma, jij hebt me geleerd om hard te werken en wat ik 
ook doe, mijn uiterste best te doen. Zonder die filosofie had ik dit boekje nooit waar kunnen 
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maken. Pappa, jij hebt me geleerd dat werk belangrijk is, maar dat familie, doen wat je leuk 
vindt en golf veel belangrijker is. Jij hebt me geleerd wat echt belangrijk is in het leven en dat 
heeft me veel geholpen als ik het soms allemaal iets te serieus neem. Bedankt voor alle etentjes 
samen, gezelligheid en vakanties die we samen hebben gehad en niet te vergeten de hulp met 
mijn vele verhuizingen! Ik kom altijd graag naar huis en ga jullie enorm missen! Haruko, my 
sister. I am so happy you are now officially family! You are always there for me and I admire 
how hard you work for the things you want and your adventurous spirit. Somehow exciting 
things are always happening around you. I try to learn from that and be a bit more adventurous 
myself! Thank you for all that you have done for me! Nick, mijn grote broer, mijn paranimf! 
Jouw deur staat altijd voor me open en je maakt altijd tijd voor me vrij. Ik heb altijd opgekeken 
naar jou eindeloze enthousiasme en vrolijkheid en hoe je altijd probeert het beste uit elk 
moment te halen. Zonder jou was ik misschien nooit gaan reizen en had ik lang niet zo veel van 
de wereld gezien als nu. Bedankt dat je nu achter me staat op dit belangrijke moment voor mij. 
Lieve van der Haars, tante Grada, ome Dick, Rosella, Matthijs, Stella, Niels, Jacqueline, 
Jos, Sylvie, Sandra, Eric, Joey, Noah en Floortje. Jullie zijn een geweldige familie en ik ben 
heel blij dat ik jullie in mijn leven heb. En Niels, bedankt dat je de fantastische cover voor me 
gemaakt hebt en dat je zo’n nerd van me hebt gemaakt! Ik wil ook de Klein Douwel familie 
bedanken en mijn lieve opa en oma, omdat ik weet dat ik altijd bij jullie terecht kan.

Bruno, to whom I dedicated this thesis, because you are always there for me. I can’t believe it 
has been 4 years already! I have never met anyone like you and from the moment we met all I 
wanted is to talk to you just a little longer. I can be myself around you and you always take care 
of me and make sure I’m happy. You are my best friend and I can’t wait to (finally) start our life 
together. I love you. 






