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Abstract
Interstrand crosslinks (ICLs) are covalent bonds between bases of complementary DNA 

strands. ICLs are absolute blocks for DNA transcription and replication as they prevent 

strand separation. These lesions are not only proven cytotoxic, they also have the 

potential to induce mutations, which range from simple base substitutions to complex 

genomic rearrangements. One of the most successful systems to unravel a potentially 

universal mechanism of crosslink repair is the Xenopus egg extract, in which 

replication and repair of plasmids that contain a single DNA crosslink can be monitored 

at the molecular level. Ideally, this in vitro system is complemented by analogous in 

vivo experiments. We set out to develop such an assay, which is here presented. We 

demonstrate that the C. elegans germline can be used to monitor the repair of the ICL-

containing plasmids (pICL) that were previously used in Xenopus egg extracts. We use 

this novel method to assay different DNA repair deficient backgrounds. We find error 

free repair and bypass to be affected by defects in nucleotide excision repair (XPA) and 

translesion synthesis (Polζ, Polη, and PCNA), while mutagenic outcomes are, in part, 

dependent on polymerase theta-mediated end joining. The established role of these 

factors in the DNA damage response argues for the validity of this new assay that 

provides new opportunities to study ICL repair mechanisms at the nucleotide level in 

vivo.
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Introduction
Interstrand crosslinks (ICLs) are one of the most toxic types of DNA damage and are 

potentially very mutagenic. The crosslinking of paired DNA strands through a covalent 

bond between bases in opposing strands forms an absolute block for transcription 

and replication because it prevents strand separation. The strong toxicity of ICLs is 

illustrated by the effective treatment of cancer with agents that induce ICLs - especially 

replicating cells have great difficulty with ICLs - but also explains why nitrogen mustard 

has been a very powerful chemical weapon [1]. ICLs are induced by a variety of man-

made chemicals such as cisplatin and nitrogen mustards. Although naturally occurring 

sources of ICLs are very rare they may arise from i) by-products of lipid peroxidation 

within the cell, specifically aldehydes, ii) the presence of abasic sites, or iii) exposure to 

natural psoralens [2]. When nitrogen mustard was used as the first chemotherapeutic in 

1946 to treat cancer its mode of action was still completely unknown and it took decades 

before scientists started to understand how cells respond to ICLs and how repair of these 

lesions occurs [3]. Studies of the genetic disorder Fanconi anemia (FA) have provided 

great insight in the molecular factors that are involved in crosslink repair. Patients with 

this syndrome have - among other symptoms - progressive bone marrow failure and 

greatly increased cancer risk [4]. Moreover, FA cells are hypersensitive to ICL-inducing 

drugs [5]. Today, nineteen FANC genes are identified in patients. All gene products act 

in the same ICL repair pathway. Seven of them, FANCA, B, C, E, F, G, and L, constitute the 

FA core complex that has ubiquitin ligase activity by means of the FANCL subunit [6]. 

The core complex interacts with FANCM, a structure specific DNA binding protein, and 

when ICLs are recognized during S-phase the core complex ubiquitinates a complex 

of two other FANC proteins: FANCD2-FANCI. Ubiquitylated FANCD2/I is stabilized on 

DNA and promotes both checkpoint activation and the recruitment of repair factors 

that mediate ICL repair [7,8]. 

Detailed knowledge about the molecular steps that resolve crosslinks during DNA 

replication has come from studying the replication of plasmids that contain a single 

cisplatin crosslink in Xenopus laevis egg extracts. Studies from the Walter lab have 

revealed a replication-dependent mechanisms of ICL repair where two replication forks 

converge on a single cisplatin crosslink [9]. For this pathway it was shown that FANCD2-

FANCI ubiquitination controls the incision steps necessary for ICL unhooking [10]. 

This generates two substrates for different repair reactions: on the one hand a gapped 

structure that contains a replication blocking lesion, on the other hand a DNA double 

strand break. While the gapped substrate requires TLS (to bypass the lesion) and NER (to 

remove the lesion), the DSB is repaired later via Rad51-dependent recombination [11]. 

Although it is not completely understood which polymerases play a role in the insertion 

of nucleotides directly opposite a lesion, it has become clear that in Xenopus egg extracts 

the TLS polymerases REV1 and Polζ collaborate to extend the nascent DNA strand after 
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this insertion step [9]. In addition, sequencing of repair products of replication-coupled 

ICL repair has shown a REV1 dependency for mutagenic products [12]. 

While it was first thought that this mechanism is the predominant pathway for any 

ICL, a recent study showed that for psoralen crosslinks and crosslinks originating from 

abasic sites another mechanism is more relevant, one that avoids the generation of a 

DSB. Here, the DNA backbone is not incised but one of the two N-glycosyl bonds that 

form the crosslink is cleaved by the NEIL3 DNA glycosylase. The two resulting daughter 

molecules have single stranded DNA gaps that are subsequently filled by REV1 mediated 

TLS. This pathway, which is independent of FAND2-FANCI, highlights that ICL repair 

is flexible and dependent on the structure of the crosslink [13]. FA factors are believed 

to be specific for ICL repair that occurs when DNA is being replicated and will not act 

outside this context. The recognition and repair of ICLs independent of replication 

is not fully understood but studies have pointed towards nucleotide excision repair 

(NER) factors and DNA mismatch repair machinery in the recognition of ICLs and in 

the initiation of repair. The efficiency with which ICLs are repaired outside S-phase 

is dependent on the level in which they distort the DNA helix structure; lesions that 

strongly disrupt the normal structure of the DNA helix, like cisplatin crosslinks, are 

more readily recognized and therefore also removed more efficiently [14]. A specific role 

might be reserved for XPA in the recognition or stabilization of repair intermediates, 

especially in cisplatin crosslinks [15-17]. TLS is important in both replication dependent 

and independent ICL repair but the mechanisms may differ [18,19]. Roles of REV1, Polζ 
and Polη are not entirely clear, but Polκ and PCNA-K164 ubiquitination functions in 

replication-independent repair in Xenopus egg extracts and a similar role for Polκ was 

confirmed in mammalian cells [20].

The cell-free model system of Xenopus has provided many valuable insights in the 

mechanism of ICL repair, but the generality of it is yet unclear, so are many questions 

yet unanswered and potentially difficult to answer in vitro. Here, we employ the model 

organism C. elegans and a newly designed assay to study how ICLs are repaired and 

mutations are induced during cell divisions and embryogenesis. We are especially 

interested in the dual roles of TLS in both the induction of and protection against 

mutation induction. The C. elegans model has previously allowed us to study the role 

of TLS in response to exogenous and endogenous DNA damage in the form of mono-

adducts and UV-induced damage [21-23]. The strong conservation of DNA repair 

activities also make C. elegans well suited to study ICL repair in the context of the DNA 

damage response [24,25]. The mutagenicity of ICL-inducing agents has been studied 

in different genetic backgrounds in C. elegans. Exposure to mechlorethamine, which 

induces mostly non-bulky guanine mono-adducts but also 5-7% ICLs [26], induces 

a modest increase in base substitutions but a marked increase in the frequency of 

insertions, deletions and other structural rearrangements [27]. Exposure to cisplatin, 
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which mainly induces intrastrand crosslinks and a small percentage of ICLs (<5%) [28], 

causes a substantial increase in base substitutions, which is more pronounced in xpf-1 

mutants, as expected from a role for the encoded protein in both NER and ICL repair. 

Cisplatin also induce deletions (especially in the size range of 3-20 bp), insertions and 

other rearrangements. The deletion junction characteristics argue for the involvement 

of an alternative end-joining mechanism that uses microhomology to promote repair. 

In addition, complex rearrangements were found after exposure to cisplatin and 

mechlorethamine consistent with persistent replication fork stalling and subsequent 

DSB formation [27]. Photo-activated psoralens (UV/TMP) also generate ICLs and this 

agent has been widely used to generate knockouts in C. elegans [29,30]. In depth analysis 

of large numbers of UV/TMP-generated deletion alleles in C. elegans has shown that the 

DSB generated after exposure are repaired via Polθ dependent alternative end-joining 

[31]. Finally, exposure to the ICL-inducing agent mitomycin C (MMC) did not affect base 

substitutions rates but instead caused deletions. Approximately 50% MMC deletions 

are small (<20 bp), but the size range extends to >300Mb [32]. Most, if not all of these 

chemicals, that produce categorically different types of mutations do not only induce 

ICLs but also mono-adducts or intra-strand crosslinks that are also substrates for TLS. In 

order to discriminate the type of lesions that is responsible for the different mutational 

outcomes we developed an in vivo assay that monitors repair of one well-defined ICL in 

C. elegans germ cells.

In this assay, we made use of the fact that transgenes can be efficiently introduced in 

C. elegans by microinjection into the gonadal syncytium of a young adult hermaphrodite 

(P0 generation). Then, during early embryogenesis, multiple copies of the exogenous 

DNA concatenate to form a high molecular weight extrachromosomal array. A subset of 

the next generation (F1) will carry this array and a subset of these transgenic F1 animals 

will produce transgenic offspring, thus providing a stable transgenic line (TGL) [33]. We 

used this biology to monitor the fate of injected plasmids that contain one ICL. Transgenic 

animals that contain the DNA surrounding the ICL were analyzed to determine the 

repair footprints at the nucleotide level. Here we present the methodology and provide 

preliminary results obtained in different DNA damage response deficient strains. 

Materials & Methods

General culturing and strains used

All strains were cultured according to standard methods as described in [34]. The 

N2 Bristol strain was used as WT control. The strains with alleles rev-1(gk455794), 

rev-3(gk919715), polh-1(ok3317), xpa-1(ok0698), fcd-2(tm1298) were obtained from the 

Caenorhabditis Genetics Center, Minnesota, USA. The polh-1(lf0031), polk-1(lf0029) and 

pcn-1(K165R) alleles were engineered in our laboratory [21 & chapter 4 of this thesis]. 
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Cisplatin and UV/TMP survival assays

To measure germline sensitivity to photo-activated psoralen, staged L4 animals were first 

treated with TMP (Sigma-Aldrich, T6137, stock: 2,5 mg/ml in acetone) at a concentration 

of 10 μg/ml in M9 buffer for 1 hour at RT on a rotor. Animals were then transferred to 

unseeded 6 cm NGM plates; ~200 animals per dose of UV-A (source: predominantly 

366 nm, GE lighting F8T5 BLB U.S.A.). The irradiance of our source was determined 

using a Blak-ray® long wave ultraviolet meter (model: J221, ser. #12994). Measurements 

varied slightly between experiments with an average of 140 (±10) μW*cm-2 (equals 1,40 

J*m-2*s-1). The exact dose was determined by varying the exposure time. Per dose and 

genotype 12 exposed animals were transferred and equally divided over four fresh OP50 

seeded 6 cm NGM plates and allowed to produce offspring for 48 hours. Subsequently 

adults were discarded and the brood on the plate was allowed to hatch. 24 hours later 

the numbers of non-hatched eggs and surviving progeny were determined.

Cisplatin germline sensitivity was performed as follows. Staged L4 populations 

were soaked for 3 hours in M9 containing cisplatin (Accord Healthcare BV, 1 mg/ml) 

at indicated doses. After treatment for each dose 4 plates (6 cm, NGM seeded with 

OP50) with 3 L4 stage animals were allowed to produce offspring for 48 hours at 20oC. 

Subsequently adults were discarded and the brood on the plate was allowed to hatch. 24 

hours later non-hatched eggs and surviving progeny were quantified.

Micro-injections of control, pICL and phenotypic markers

Plasmid injections were performed according to standard C. elegans microinjection 

procedures. In short:  L4 animals were picked to fresh OP50 seeded NGM plates and 

incubated at 15°C, 20-24h pre-injection. Plasmid solutions were injected into the 

gonadal syncytium of the young adult animals (generation P0). pICL and the control 

plasmid (pCON, same sequence but without crosslink) are the plasmids described in 

[9] and were supplied to us by Dr. Puck Knipscheer. Two injection mixes were made. 

Control injection mix: 10 ng/μl pCON with phenotypic markers 100 ng/μl pRF4 (rol-

6(su1006)), 10 ng/μl pGH8 (Prab-3::mCherry::unc-54utr), 2.5 ng/μl 1 pCFJ90 (Pmyo-

2::mCherry::unc-54utr) and 5 ng/μl pCFJ104 (Pmyo-3::mCherry::unc-54) [mCherry 

plasmids are described in 35] in sterile ultrapure ddH2O, and ICL injection mix: 10 ng/

μl pICL with phenotypic markers 100 ng/μl pRF4 (rol-6(su1006)), 10 ng/μl pGH8 (Prab-

3::mCherry::unc-54utr), 2.5 ng/μl 1 pCFJ90 (Pmyo-2::mCherry::unc-54utr) and 5 ng/μl 

pCFJ104 (Pmyo-3::mCherry::unc-54) in sterile ultrapure ddH2O.

Selection of transgenic F1 and transgenic lines & making worm lysates

Progeny animals (F1 generation) that expressed mCherry were singled to new plates 3–4 

days post injection and allowed reproduce for 48 hours. After generating progeny, single 

F1’s were lysed in 15 μl SWLB (50mM KCL, 10mM Tris-HCL pH 8.3, 2.5 mM MgCl2.6H2O, 
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0,45% NP40, 0,45% Tween20) and heated for 60oC for 1 hour and 90oC for 15 minutes. 

The progeny of the F1’s, the F2 generation, was screened for mCherry expression too. 

When F2’s expressed mCherry, this was identified a transgenic line (TGL) and 5 mCherry 

positive F2’s are lysed together in one reaction in the same way as the F1 animals.

PCR reaction on pICL, SapI digest & gel electrophoresis

In order to amplify the sequences surrounding the site of the crosslink we performed 

a nested PCR to achieve high specificity and yield using GoTaq© G2 DNA Polymerase 

(Promega). For the first (external) PCR we used forward primer ATGCCCTGGCTCACAAATAC, 

and reverse primer AACCGTATTACCGCCTTTGA, which will produce a product of 1048 

bp in the case of repair of the ICL without insertions or deletions. For this external 

PCR 1.0 μl lysis (from F1 or TGL) was used in a reaction mix of 13.8 μl sqH2O, 0.8 μl 

Forward primer, 0.8 μl Rev primer, 2.0 μl GoTaq White 5x PCR Buffer (Promega), 2.0 μl 

GoTaq Green 5x PCR buffer (Promega), 0.4 μl dNTPs 10 mM and 0.2 μl GoTaq-Polymerase 

5u/µl (Promega) and PCR program 3 min at 95oC; 35 x (20 sec at 95oC, 30 sec at 54oC, 

1 min at 72oC); 3 min at 72oC. For internal PCR 1.0 μl PCR product from external PCR 

was used as substrate, with the forward primer GACATATGGGAGGGCAAATC and reverse 

primer AATTTGTGATGCTATTGCTTTATTTG to generate a product of 889bp. Internal PCR 

reaction: 13.8 μl sqH2O, 0.8 μl forward primer, 0.8 μl reverse primer, 2.0 μl GoTaq White 

5x PCR Buffer (Promega), 2.0 μl GoTaq Green 5x PCR buffer (Promega), 0.4 μl dNTPs 10 

mM and 0.2 μl GoTaq-Polymerase 5u/µl (Promega). The following PCR program was 

used for the internal PCR: 3 min. 95oC; 35 x (20 sec at 95oC, 30 sec at 54oC, 1 min at 72oC); 

3 min at 72oC. Final PCR products were then analyzed by gel electrophoresis to assess 

presence of PCR products and the presence of larger deletions/insertions. When the 

crosslink was repaired error free a restriction site will be present for SapI. To analyze 

the level of mutation induction internal PCR products were digested by SapI (#R0569L, 

NE Biolabs) and analyzed by gel electrophoresis to estimate error-free repaired and 

resistant (mutated) fractions. 

Pooling and cloning pICL PCR products

Since each F1 or TGL likely has more than one copy of pICL (or pCON) in their 

extrachromosomal array the PCR products needed to be cloned to be able to analyze 

single repair products on nucleotide level with Sanger sequencing. PCR products of 

approximately 20 F1’s were pooled and ligated into pGEM-T following manufacturer’s 

instructions. For the PCR products of the TGLs, 4 or 5 reactions were pooled and ligated 

into pGEM-T according to manufacturer’s protocol. Ligation mix of each pool was used 

in one transformation reaction in competent E. coli DH5α and subsequently 90% and 

10% of the reaction was cultured on two selective AXI plates (Ampicillin 100 μg/ml, 

X-gal 5.0g/ml and IPTG 0,5 mM) for blue/white screening.
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Colony PCR

White colonies were picked into sterile ddH2O and incubated at RT for 1h on a shaker. 

The PCR reaction was performed using 1.0 μl from the colony-ddH2O mix. Forward 

primer: GTAAAACGACGGCCAG and reverse primer: CAGGAAACAGCTATGAC were used 

in a mix of 13.8 μl sqH2O, 2.0 μl GoTaq White 5x PCR Buffer (Promega), 2.0 μl GoTaq 

Green 5x PCR buffer (Promega), 0.4 μl dNTPs 10 mM and 0.2 μl GoTaq-Polymerase 5u/µl 

(Promega). The following PCR program was used: 3 min at 95oC; 35 x (20 sec at 95oC, 30 

sec at 48oC, 1 min at 72oC); 3 min at 72oC. This generates a product of 772bp in the case 

of repair of the ICL without insertions or deletions. PCR products were analyzed by gel 

electrophoreses, to confirm proper product yield before Sanger sequencing.

Sanger sequencing and analysis of pICL repair products

For Sanger sequencing of the ICL repair products the sequence primer 

GTAAAACGACGGCCAG was used. Sequences were mapped to the original sequence of 

the pICL plasmid with the Sequence Analyzer 8 program developed in our laboratory. 

For detailed analysis and mapping of complex deletions with insertions to the original 

pICL sequence the online BLAST tool was used [36].

Results & Discussion

TLS and NER deficiency cause sensitivity towards crosslinking-inducing agents

Although potentially mutagenic, TLS of mono-adducts protects the genome from 

more severe genomic insults such as deletions that arise when DNA replication is 

permanently blocked and DNA double strand breaks arise as a consequence. Previously, 

we have reported on the requirement for functional TLS to maintain a stable genome 

in C. elegans and on the requirement for Polθ-dependent end-joining in case TLS is 

dysfunctional [21-23]. Data obtained in other systems demonstrated a role for the TLS 

polymerases REV1 and Polζ in replication-associated ICL repair [13,18]. Polη has been 

implicated because Polη deficient animals are hypersensitive to cisplatin, an ICL-

inducing agent [21], and Polκ, as well as the NER factor XPA, has been suggested to act in 

a replication-independent mode of repair. [15-17,20]. 

To provide a context for studying ICL repair in C. elegans in molecular detail, we 

first tested the involvement of TLS factors by exposing young adults of different TLS 

deficient backgrounds to ICL-inducing agents and quantified the survival of their 

offspring. Following cisplatin exposure, the most pronounced sensitivity is observed 

for TLS mutants polh-1 and rev-1: at a dose of 200 μM, which is not toxic for WT animals, 

we observe almost complete embryonic lethality (Fig.1). At this dose we do not observe 

any significant sensitivity for the other two TLS polymerase mutants polk-1 and rev-3 

(REV-3 is the catalytic subunit of Polζ). Especially, the absence of sensitivity of rev-3 
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mutant animals was surprising: Budzowska et al. have described that REV1 performs 

extension across cisplatin lesions yet in close collaboration with Polζ (thus REV3) [12]. 

While species-specific mechanistic changes can be argued, an alternative interpretation 

is that C. elegans sensitivity to crosslink-inducing agents do not necessarily read out ICL 

repair, but instead, translesion synthesis activity across mono-adducts or intrastrand 

crosslinks - cisplatin induces many more mono-adducts than ICLs: <5% of lesions 

are ICLs [37]. The sensitivity of polh-1 mutants may also be seen in that context: while 

Polη is the most versatile of TLS polymerases and could be a good candidate for the 

insertion step directly opposite the unhooked crosslink in ICL repair, it likely also 

is the TLS polymerase to bypass mono-adducts. In keeping with this notion, we find 

that modification of PCNA at K165 makes worms more sensitive to cisplatin, which 

augments elaborate data obtained in other species that mono-ubiquitination of PCNA at 

K165 is a central step in activation of TLS. Yet, pcn-1(K164R) animals are not as sensitive 

to cisplatin as polh-1 or rev-1 mutant animals arguing that mono-ubiquination is not 

essential, or at least not for all lesions. We found no immediate genetic indications for 

profound replication-independent repair in C. elegans as loss of Polκ and XPA does not 

(or very moderately) sensitize animals to cisplatin exposure in this assay.

We next tested sensitivity of animals exposed to UV-A/TMP. UV-A/TMP induces 

relatively more crosslinks (i.e. psoralens) than cisplatin: up to 40% of all lesions [38]. 

Here, we did not observe any sensitivity in polk-1 mutants, intermediate sensitivity 

in the polh-1, rev-3 and pcn-1(K165R) single mutants and the strongest sensitivity in 

xpa-1 and rev-1 mutants. These results, that are very different from the cisplatin data 

make clear that animal sensitivity assays without further context is very limited with 

respect to providing insight into the mechanism of ICL repair. All known ICL-inducing 

agents also induce mono-adducts and many proteins involved in ICL repair are often 

Figure 1. TLS mutants are hypersensitive to crosslinking agents. Hermaphrodite adult animals of indicated 
genotypes were exposed to different doses of Cisplatin (a) or UV-TMP (b) and the embryonic survival of the 
progeny, as a fraction of the total brood, was determined for a 20h time period post exposure.
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also involved in the response to those. Animal or cell sensitivity can be very useful to 

establish complementation groups, to categorize pathways, but to address the question 

on to which lesions these pathways act more specific assays are required.

 

A novel assay to establish mutagenicity of a single cisplatin crosslink in C. elegans

One of the best options to study replication and repair of ICLs is to assay synthetic 

plasmids that carry a single cisplatin crosslink. This has been done in cell free Xenopus 

egg extracts, a widely-used model system to study the dynamics of DNA replication and 

replication-coupled DNA repair. Here we describe how plasmids containing a single ICL 

can be introduced in the model organism C. elegans and their in vivo fate be monitored. 

Transgenes can efficiently be introduced in C. elegans through microinjection of 

DNA into the gonadal syncytium of a young adult hermaphrodite. During oogenesis 

the exogenously provided DNA fragments will recombine and form arrays, which, 

at low frequency, can start to behave as a chromosome, i.e. be replicated and passed 

on to progeny cells each cell cycle [33,39]. As a result, a subset of the F1 generation 

carries such an extrachromosomal array. We mixed the cisplatin crosslink-containing 

plasmids used in [9] with non-damaged plasmids that encode the mCherry marker and 

select mCherry positive transgenic F1 animals. In order for the transgenic array to be 

expressed in multiple cells of the animal it needs to be replicated during embryonic 

development. The ICLs thus need to be repaired for the host plasmid to become part of a 

stably transmitted extrachromosomal array. We rationalized that the extrachromosomal 

arrays in transgenic F1 animals would contain specific footprints of ICL repair, and 

because dozens of plasmid copies can be enclosed in one array, multiple ICL repair 

footprints can be obtained in a single transgenic F1. We injected WT animals either 

with a mix of pICL and mCherry marker plasmids, or with a control mix of pCON (the 

control plasmid that has the exact same sequence as pICL yet is without the crosslink) 

and the marker plasmids. All mCherry expressing F1 animals were isolated and 

allowed to produce offspring before their DNA was extracted. To allow for the analysis 

of the sequence of the ICL repair products we amplified a locus of approximately 700 

nucleotides encompassing the original location of the ICL (Fig. 2b). The sequence at the 

site of the ICL is constructed in such a way that error-free repair results in the formation 

of a recognition site for the SapI restriction enzyme (Fig. 2a). This characteristic can be 

used to estimate the relative level of mutagenic repair at the crosslink versus the level 

of error-free repair. After PCR amplification the PCR products were incubated with SapI 

enzyme. When this protocol is performed on transgenic F1’s that were injected with 

pCON control plasmids the PCR product of 727 bp is digested into two fragments of 

383 and 344 bp (Fig. 2c, top right). Importantly, this control demonstrates that the SapI 

digest is almost complete: little or no uncut PCR product is visible on gel. Similar results 

were obtained for non-transgenic F1’s from pCON-injected animals (data not shown); 
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Figure 2. Experimental set-up and proof of principle. a) Graphic representation of the pICL plasmid used in 
this study (taken from [10] with permission from AAAS/Science). b) Schematic of the pICL injection protocol in C. 
elegans. c) Gel electrophoresis images of pICL PCR products treated with SapI restriction enzyme. After injection 
of WT P0 animals with pICL-mCherry mix or pCON-mCherry mix F1 animals were screened. DNA was extracted 
from mCherry positive F1’s and transgenic lines (TGLs) and used as template. pCON and error-free repaired pICL 
will result in a PCR product of 727 bp long that is cut into two fragments of 383 and 344 bp by SapI digestion, while 
mutation at the site of the crosslink result in a SapI resistant fraction of the PCR product. Larger insertions and 
deletions induce clearly visible changes in the size of PCR products.
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WT 17 107 5 120 106 21 5 120 86 10 192

fcd-2 2 43 2 48 42 4 1 24 10 3 52

xpa-1 5 109 7 168 114 19 5 120 42 12 156

polh-1 8 55 3 72 55 8 2 48 33 5 88

rev-3 8 88 4 96 71 2 TLGs did not produce offspring 4 71

rev-1 30 29 3 72 69 7 No data available 3 69

polk-1 11 25 2 48 42 3 TLGs did not produce offspring 2 42

pcn-1(K165R) 10 88 4 96 76 1 TLGs did not produce offspring 4 76
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these mCherry expressing animals did not inherit the extrachromosomal array in their 

germline progenitor cells, and thus didn’t pass the array onto subsequent generations. 

Error-free repair of the pICL plasmid will also produce a PCR product (727 bp) 

that is susceptible to SapI digestion, however, a base pair mutation at the site of the 

crosslink will disrupt the SapI recognition site and prevents SapI cutting, thus resulting 

a digestion resistant (727 bp) fragment. The same holds for small deletions and 

insertions that do not induce a recognizable size change of the PCR products. Larger 

deletions or insertions will result in a PCR fragment of a different size yet also disrupt 

the SapI recognition sequence. We found that injection of the pICL mix into WT animals 

produced transgenic progeny indicative of both error-free and error-prone ICL repair. 

As expected, single transgenic lines (as well as F1’s) often show multiple different repair 

products (Fig. 2c). Our results show that cisplatin ICLs are highly mutagenic, even in a 

genetic background that is fully proficient in DNA repair. 

Characterization of cisplatin ICL repair products in WT animals

Having multiple ICL repair product in a single F1 precludes an immediate quantitative 

analysis. To solve this caveat and also to study the ICL repair products at nucleotide 

level we cloned the PCR products and sequenced the clones (see Table 1 and Materials 

& Methods for experimental details). Taking notice of potential (limited) data skewing 

because of preferential amplification of smaller than wildtype products, we constructed 

libraries of ICL repair products from transgenic F1 and transgenic lines. As expected 

from the data presented in figure 2, we found that in WT animals approximately half of 

all identified sequences were without a mutation, thus resulting from error-free repair 

or bypass (Fig. 3a).

Table 1. Detailed data on ICL injections. Detailed data on ICL injections. The table lists the number of injected 
animals for the indicated genotypes and the resulting F1’s, transgenic lines, pools of PCR products, and properly 
sequenced pICL repair products.  1Each pool was used for a pGEM-T ligation reaction and E. coli transformation. 
Of each plate 24 white colonies were picked into ddH2O and this was used as substrate for a colony PCR; then 
amplification products were sequenced. 2These numbers are lower than the [total pools] x 24, because not each PCR 
and/or sequence reaction was successful.
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Figure 3. Mutational spectra observed in different DNA response deficient backgrounds. a) All pICL repair 
products obtained after sequencing are presented for the indicated genotypes. Categories of repair products were 
based on observations in WT. b) Sizes of unique deletions observed in the indicated genotypes.

The mutagenic repair events were given different classifications: single nucleotide 

variations (SNVs) at or close to the ICL site, inserts without deletions of the original 

sequence, deletions smaller than 50 bp (with or without insertions), and deletions bigger 

than 50bp (with or without insertions). SNVs make up ~7% of all repair/bypass products. 

Insertions without loss of the original sequence are very rare; we only observe a single 

case in all 192 sequenced repair products. Deletions are much more abundant and are 

categorized in two distinct size ranges: ~25% of the repair products are small deletions 
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of 1-50 nt and ~11% are deletions >50 nt (Fig. 3 & 4). When studying the 1-50 deletions in 

further detail we observe characteristic subcategories: deletions where no homology is 

found at the break ends (~3%), deletions with 1-10 nt homology at the break ends (~16%), 

deletions with miscellaneous inserts (~3%), and deletions with inserts templated from 

sequences flanking the deletion (~3%). Within the collection of larger deletions (>50 nt) 

these same subcategories are found: deletions without homology (~3%), deletions with 

1-10 nt homology (~3%), deletions with miscellaneous inserts (~3%), and deletions with 

inserts templated from sequences flanking the deletion (~3%).

The single nucleotide substitutions are best explained by mutagenic TLS across 

the unhooked crosslink. A mechanisms that has also been described in Xenopus 

experiments where in approximately 3% of ICL repair events SNVs are induced by 

mutagenic TLS [9]. We previously found that persistent replication blocks result in 50-

200 bp deletions with significant micro-homology at the deletion junctions together 

with the occasional presence of templated inserts; a result of polymerase theta mediated 

end-joining (TMEJ) of replication associated DNA breaks [22,31,40,41]. Also here, we 

observe deletions of similar size and with other characteristics of TMEJ. This outcome 

could result from the inability to TLS past the unhooked crosslink. Interestingly, we 

also observed a high frequency of deletions that are smaller than 50 bp in size - a size 

category that never substantially contributes to the deletions resulting from persistent 

replication blocks present in one DNA strand (G-quadruplex structures, mono-adducts 

and UV-lesions), suggesting that these small deletions are specific for ICLs, a notion 

that is supported by the observation of similar deletion sizes in C. elegans exposed to 

the ICL-inducing agents mechlorethamine, cisplatin and MMC [27,32]. Interestingly, 

these smaller deletions also show characteristics of TMEJ. We recently found that one 

of the two junctions of deletions resulting from persistent replication blocks is exactly 

at the position of the replication block, best illustrated by deletions at G-quadruplex 

sites [40,41]. We here find that the vast majority of deletions originating from ICLs also 

have one junction immediately flanking the lesion (Figure 4), which may point towards 

a repair intermediate where one of the crosslinked bases block polymerase action.

Multiple DNA damage response pathways are involved in cisplatin ICL repair

The wide spectrum of repair outcomes found in WT animals suggests the involvement 

of multiple DNA repair pathways. We thus tested a set of genetic backgrounds deficient 

in different aspects of the DNA damage response: TLS (polh-1, polk-1, rev-1, rev-3 and 

pcn-1(K165R)); NER (xpa-1); and ICL repair (fcd-2). Experimental details for the different 

Figure 4. Unique deletions in relation to the location of the crosslink. On the top a schematic representation 
of the pICL plasmid with primer sites indicated by small arrows. Unique deletions isolated from the indicated 
genotypes are mapped to the pICL sequence. Each bar represents a deletion and the red dotted line indicates the 
location of the crosslink.
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strains can be found in Table 1 and in the section Material & Methods. All the factors 

analyzed did not affect transgenic array formation in the absence of the ICL lesion 

(Robin van Schendel, M.T. unpublished observation). 

We observed a significant shift towards mutagenic repair in strains that lack the TLS 

polymerases Polζ (rev-3) and Polη (polh-1) and in animals deficient for the NER protein 

XPA-1 (Table 2), arguing that both NER and TLS acts to repair ICL in this context. Together 

with the broad spectrum of outcomes in wild type, this result validates the assay we 

here present as a means to study ICL repair in vivo at the nucleotide level. Below, we will 

briefly discuss the preliminary data derived in the different genetic backgrounds. While 

these results are preliminary, they can serve as a platform to guide future research.

FANCD2

Although C. elegans fcd-2 mutants are sensitive to ICL-inducing agents [25,31], the loss 

of this ICL repair factor does not have a significant effect on the mutagenicity and the 

kind of mutations that occur at a well-defined ICL in exogenously provided plasmids 

(Table 2, Fig. 3 & 4). At present we do not have an explanation for this outcome apart 

from suggesting that the type of ICL-repair we assay is independent of the Fanconi 

anemia pathway.

XPA

We find that deficiency for the NER factor XPA (xpa-1) results in a statistically significant 

shift towards more mutagenic repair in comparison with error-free repair (Table 

2). Especially deletion frequencies are increased (Fig. 3 & 4). These findings support 

a role of XPA in error-free repair of ICL repair in C. elegans. One explanation for our 

observation is that loss of or incomplete replication-independent ICL repair leads to 

more replication blocks that subsequently cause the formation of DNA breaks and 

deletions. Although there are many indications that multiple NER proteins are involved 

in ICL repair, their role in this pathway is not fully understood [17]. XPA probably plays 

a role in damage recognition or unwinding of the DNA around the ICL because it 

binds junctions between single- and double stranded DNA [15], and it seems to do this 

especially in replication-independent ICL repair [16]. In addition, NER may play a role 

in the removal of the unhooked crosslink that remains after TLS has progressed. 

Translesion synthesis

We did not observe any effect when polk-1 was mutated (Table 2, Fig, 3 & 4), as could 

be expected from the results of the cisplatin and UV-TMP sensitivity experiments 

presented in Figure 1. Interestingly, the ICL repair spectrum derived from rev-1 

mutant animals is also indistinguishable from that derived from wild type animals 

(Table 2, Fig, 3 & 4), while these mutant animals are highly sensitive to ICL-inducing  



Repair products Chi-square test

Genotype Error-free 
(n)

Mutagenic 
(n)

p-values Significantly 
diffent from WT 

(p<0.0014)

WT 106 86 - -

fcd-2 27 25 0,633790794 FALSE

xpa-1 48 108 8,34203E-10 TRUE

polh-1 26 62 1,2911E-06 TRUE

rev-3 23 48 0,000110767 TRUE

rev-1 40 27 0,459551655 FALSE

polk-1 22 20 0,712519073 FALSE

pcn-1(K165R) 30 46 0,005807866 FALSE
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agents (Fig. 1). It may be that REV-1 is especially important for TLS of mono-adducts 

that are induced upon exposure to these agents. It is also possible that one of the other 

TLS polymerases can take over, resulting in less efficient TLS and high cytotoxicity, but 

no substantial changes in mutation induction. Our in vivo findings are different from 

observations in Xenopus egg extracts where it was shown that the induction of SNVs 

close to the ICL is dependent on REV1 [12]. Animals that contain the pcn-1(K165R) allele 

had a similar mutation profile as WT animals (Table 2, Fig. 3 & 4), while being more 

sensitive to ICL-inducing agents. Mono-ubiquitination of PCNA is a general activation 

signal for TLS and therefore the effect may be similar as loss of REV-1, and specifically 

acting on mono-adducts or reduced TLS (causing cytotoxicity), but no change in 

mutagenicity. 

The most striking changes are observed in polh-1 and rev-3 mutant animals (Table 2, 

Fig. 3 & 4). A complete lack of SNVs and a substantial increased large deletion frequency 

is observed in both these mutants. Thus, contrary to REV1, a role of Polζ appears to be 

conserved between C. elegans and Xenopus [12]. Our findings suggest a role for Polζ and 

Polη TLS polymerases in the mutagenic bypass of unhooked crosslinks. Our previous 

research demonstrated that loss of TLS causes persistent replications blocks that in 

turn lead to DSBs. Repair of these breaks produces deletions with a TMEJ footprint and 

this is also what we observe here [22,23]. Specifically, the increased frequency of 50-200 

deletions is in line with this notion. In such a scenario, replication at the unhooked 

crosslink is completely blocked ultimately leading to deletion formation at such sites.

Table 2. Statistical analyses of error-free and mutagenic repair in different genotypes as compared to WT. 
The numbers of error-free repair vs. mutagenic repair products in all genetic backgrounds were used to determine 
statistic differences of the indicated genetic backgrounds. P-values were calculated with Chi-square tests. In 
order to control for repeated testing Bonferroni correction was performed on the original α=0.01: seven different 
genotypes were each compared to WT leading to a new α=0,01/7=0.0014. A genotype is significantly different from 
WT when p<α.
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Conclusions & Perspectives
ICL-inducing agents are the most widely-used class of chemotherapeutic. They are 

so effective because DNA crosslinks are specifically hard to tolerate in rapidly cycling 

cells. However, despite intense research efforts over the last two decades, how cells act 

to repair these harmful lesions is still incompletely understood. Studying the cellular 

responses to ICLs may help to develop novel and improved chemotherapeutics. In 

addition, cancer cells can adopt to the presence of ICLs, for example by upregulating 

DNA damage response pathways leading to chemoresistance, a major hurdle in the 

treatment of cancer. Previous work has firmly established a role for TLS, FA and HR 

pathways working together in ICL repair, thereby contributing to DNA damage tolerance 

[Reviewed in 42]. With the in vivo assay we present here, we wished to expand the toolbox 

for research into the molecular repair processes of DNA interstrand crosslinks, and by 

comparing the outcomes to NGS data of animals exposed to ICL-inducing agents (R. van 

Schendel and M.T. unpublished results) provide more clarity into substrate specificity 

of different repair mechanisms. 

The here-described assay still requires further development. For instance, to monitor 

reduced array formation we can co-inject an undamaged plasmid that is identical to the 

ICL-containing plasmid yet carrying a limited number of SNVs, as well as titrating the 

number of repair events to less than one per animal - at this moment we fail to monitor 

drop-out effects where mutant animals may produce less transgenic F1’s, or F1’s carry 

relatively low number of copies of the pICL plasmid in the transgenic array. Another 

valuable development is NGS of PCR products of large pools of animals to provide 

stronger statistical power. 

Future and ongoing work is directed to expand on the analysis here presented, also 

studying plasmids that carry a psoralen crosslink [13]. Taking the latest advances in 

genome editing in consideration it may become possible to insert small pieces of DNA 

that carry a crosslink or other lesion of choice directly into the genome as has recently 

been done in E. coli [43]. 

In conclusion, we here present a novel assay to study the repair and mutagenesis of 

a single crosslinks at a known site in the nematode C. elegans in which many ICL repair 

factors are conserved [24,25]. With this assay the in vitro studies performed in Xenopus 

egg extract which have provided a detailed model for ICL repair can be paralleled, and 

other questions specific to an in vivo context can be addressed.
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