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Chapter 1

DNA is the carrier of gene�c informa�on and maintenance of its structure and the conserva-
�on of the informa�on it carries are essen�al for survival of cells. DNA is chemically reac�ve 
and its structure is very easily disturbed by damaging agents. These agents can originate 
from endogenous as well as exogenous sources. Also, prior to every cell division, the DNA 
has to be replicated. This replica�on process is extremely accurate, nonetheless it is not 
error-free.

Throughout evolu�on, cells have developed DNA repair mechanisms that enable them 
to protect their DNA and keep its informa�on intact. Here, I will give a brief overview of the 
various mechanisms, their relevance in disease and aging, and in greater detail I will describe 
the repair mechanisms that are of importance for the studies performed in this thesis.

DNA Damage
DNA damage can derive from three sources. Firstly, environmental agents such as UV light, 
ionizing radia�on and a wide variety of genotoxic chemicals target the DNA. Secondly, 
(by)products of normal cellular processes, like reac�ve oxygen species (ROS) can damage 
the DNA from within the cell. Lastly, chemical bonds in DNA can spontaneously disintegrate 
under physiological condi�ons. The inhibi�on of transcrip�on, replica�on, and chromosome 
segrega�on by lesions leads to cell-cycle arrest and apoptosis. Also, when not properly re-
paired, DNA lesions will lead to muta�ons and chromosome aberra�ons that cause cancer, 
aging, and inborn disease (reviewed in [1]). 

DNA Repair Mechanisms, an Overview
The plethora of DNA damages is repaired by specialized processes (as depicted in Figure 
1). Direct reversal (DR) is mostly used in the repair of alkylated bases. The major advantage 
of DR is that it does not need sequence informa�on to repair. Two DR mechanisms exist: 
1) suicidal methyltransferases that transfer the methyl group from the DNA to a cysteine 
residue in the transferase itself, and 2) a newly iden�fied AlkB family of dioxygenases that 
directly reverse the damage by oxida�ve demethyla�on [2].

Base excision repair (BER) is responsible for repair of the most common lesions. Short-
patch BER removes the damaged base and replaces it, using the complementary strand as 
a template [3]. Long-patch BER works via a similar mechanism and differs in the fact that it 
involves the removal of a few bases instead of just one. This mechanism is used in the repair 
of single-strand breaks [1].

Bulky lesions that affect one of the two DNA strands and disturb the structure of the 
DNA helix are repaired by nucleo�de excision repair (NER). NER consists of two pathways. 
Global genome repair deals with damages that occur throughout the genome, while tran-
scrip�on-coupled repair works specifically on damages in the transcribed strand of ac�ve 
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genes. Both pathways use different mechanisms of damage recogni�on and subsequently 
use the same core mechanism for the repair of the lesion [4].

Double-strand breaks (DSBs) can be repaired via several pathways. Homologous recom-
bina�on (HR) repair allows using the sister chroma�d as a template for error-free repair. 
When no template is available, error-prone end-joining occurs: by joining the ends together 
using sequence homology on both sites of the break (single-strand annealing [SSA]) or, in a 
less specified way, by liga�ng the ends together (non-homologous end-joining [NHEJ]). Both 
pathways frequently involve the loss or gain of sequence (reviewed in [5]).

DNA adducts that form interstrand crosslinks (ICL) between the two DNA strands cause 
problems during replica�on. Because they physically link the two DNA strands, separa�on of 
the two strands by the replica�on machinery is no longer possible. The ICL repair response 
relies on a range of genes including the Fanconi Anemia genes. These genes func�on specifi-
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Figure 1 DNA damaging agents, DNA lesions, and DNA repair. A general overview of the types of damaging agents, 
the correla�ng DNA lesions they cause, and the DNA repair mechanisms responsible for the proper repair of these 
lesions (adapted from [1]).
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cally in ICL repair. Addi�onally, genes that also func�on in other repair pathways, like NER 
and HR, are implicated (reviewed in [6]).

Mismatch repair (MMR) is involved in the repair of replica�on errors. These errors are 
either mismatches that result from incorpora�on of a wrong base by the replica�ng poly-
merase, or inser�ons and dele�ons that occur due to slippage of the polymerase during 
replica�on of, in most cases, repe��ve sequences. The polymerase itself has proofreading 
ac�vity that allows high-fidelity replica�on. The MMR system scans newly replicated DNA 
and removes overseen errors, further reducing the replica�on error rate (reviewed in [7]).

Some DNA replica�on ini�ates before DNA damage repair has been completed. The 
remaining damages can cause replica�on blocks and threaten the ability of a cell to finish 
the cell cycle. DNA damage tolerance mechanisms exist that relief replica�on arrest, leaving 
the damage for repair at some later �me. One op�on is the use of mechanisms whereby 
the replica�ve machinery uses undamaged segments of the genome to copy DNA, thereby 
avoiding the need to replicate directly across the template-strand base damage. As a second 
op�on, the damage can be bypassed by specialized non-replica�ve polymerases in a process 
called translesion synthesis (TLS) (reviewed in [8]).

DNA Repair, Disease, and Aging
The importance of preven�ng genome instability is illustrated by the plethora of human 
(cancer suscep�bility) syndromes that arise from defects in DNA repair genes. 

Pa�ents that suffer from Lynch (or HNPCC) syndrome show early onset of colon cancer 
and an 80% life�me risk of colorectal cancer. The syndrome is marked by an autosomal 
dominant mode of inheritance. HNPCC pa�ents carry germline muta�ons in MMR genes 
[9].

Fanconi Anemia is an autosomal recessive disorder that is characterized by a variety 
of symptoms. These symptoms include congenital abnormali�es, defec�ve haemopoeisis 
and a high risk of developing acute myeloid leukaemia and certain solid tumors. Proteins 
expressed by genes mutated in Fanconi pa�ents are implicated in the ICL repair pathway 
[10].

NER is related to mul�ple syndromes, which are correlated to muta�ons in specific 
genes. Cockayne syndrome is caused by muta�ons in two genes encoding for proteins that 
func�on in NER, namely CSA and CSB. Pa�ents have many developmental defects including 
severe physical and mental retarda�on, microcephaly, long limbs, bird-like face, pigmented 
re�nophagy, gait defects and sunsensi�vity [11]. Xeroderma pigmentosum (XP) syndrome 
symptoms are sunlight-induced pigmenta�on changes in the skin and dry parchment-like 
skin. O�en there is extreme sensi�vity to sunlight and photophobia and mul�ple skin can-
cers. Of seven complementa�on groups the mutated genes are NER factors [11]. There is 
one XP variant that is caused by muta�on of the TLS polymerase Polη [12]. The third NER-



11

General introduc�on

related syndrome is Trichothiodystrophy (TTD). TTD symptoms are sulphur-deficient bri�le 
hair, small stature, mental retarda�on, ichtyo�c skin, β-thalassaemia trait, unusual facial 
features and in many cases photosensi�vity [11]. Interes�ngly, TTD can be caused by muta-
�ons in genes also associated with XP, i.e. certain muta�ons in XPD can lead to XP, while 
other XPD muta�ons lead to TTD [13], demonstra�ng that different muta�ons in the same 
gene can lead to very different diseases.

Mul�ple genes that are involved in the repair of DSBs are also related to human syn-
dromes. Nijmegen breakage syndrome is caused by a muta�on in the NBS1 gene. Symptoms 
include immunodeficiency, increased cancer risk, and growth retarda�on [14]. 

Bloom syndrome is caused by muta�ons in a single gene, namely the BLM gene that 
encodes a RecQ family helicase. Bloom syndrome is characterized by a wide variety of ab-
normali�es, including stunted growth, immunodeficiency, fer�lity defects, sun sensi�vity, 
increased frequency of diabetes, and greatly increased frequency of various types of cancer 
[15].

Muta�ons in a second gene encoding a RecQ helicase, the WRN gene, causes Werner 
syndrome. Werner syndrome is an adult progeria syndrome that includes a wide range of 
age-related traits having greatly accelerated onset although generally occurring a�er pu-
berty. Pa�ents die at an average age of 47, usually either from cancer or cardiovascular 
disease [15].

Carriers of muta�ons in the two tumor suppressor genes BRCA1 and BRCA2 (for breast 
cancer-related) have an increased risk to develop breast and ovarian cancers. For example, 
in the case of BRCA1, muta�ons lead to a breast cancer risk of about 70% at the age of 70 
[16]. Both genes were shown to func�on in the HR pathway [15].

In a number of the above men�oned disorders, progeroid phenotypes are part of the 
symptoms [17]. The fact that these syndromes are caused by muta�ons in DNA repair genes 
led to the sugges�on that improper repair of DNA damage causes premature aging. Indeed, 
mouse models for TTD exhibit many premature aging symptoms [18]. However, it was shown 
that the accelerated aging is not the consequence of increased genomic instability per se 
[19]. It has been hypothesized that repair mechanisms func�on on the one hand to prevent 
cancer by avoiding increased muta�on rates caused by DNA damage and on the other hand 
to avoid premature aging caused by DNA damage-induced cell death/senescence/malfunc-
�on [20].

In this thesis, work will be described that involves a variety of DNA repair mechanisms. I 
will discuss mismatch repair, double strand break repair, nucleo�de excision repair, transle-
sion synthesis, and interstrand crosslink repair in detail. I will also discuss research done on 
these par�cular mechanisms in C. elegans, the model organism used in the experimental 
studies described in this thesis.
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Mismatch Repair
Mismatch repair (MMR) deals with the correc�on of bases that are wrongfully inserted dur-
ing replica�on and the loops that occur through slippage of the replica�on machinery on 
repe��ve sequences. When not properly repaired, the first type of pre-mutagenic lesion 
leads to base changes, while the second leads to frameshi�s.

In E. coli (reviewed in [21]), the MutS protein forms a homodimer that binds specifically 
to base-base mispairs and short loops (up to four nucleo�des in length) and this complex 
ini�ates the MMR process [22]. A homodimer of MutL proteins is involved in coupling mis-
match recogni�on by MutS to downstream steps [23-25]. These downstream steps involve 
MutH, a methyla�on-sensi�ve endonuclease that targets repair to the newly synthesized 
strand. The newly synthesized strand is not methylated yet and can therefore be dis�n-
guished from the template strand [26]. This way, it is possible to determine which of the two 
bases in the mispair actually is the wrongfully incorporated one. MutH induces a nick in the 
DNA on either side of the mismatch and subsequently exonucleases degrade the mismatch 
containing nicked strand [27, 28]. Because the exonucleases are single-strand specific, the 
ac�vity of UvrD is needed to unwind the duplex molecule [29]. 

In eukaryotes, the system is more complex and less well understood (reviewed in [7, 
21]). First, the variety of proteins involved is larger than in E. coli. Some of these proteins 
are homologous to MutS and MutL and therefore named MSH (MutS homologue) and MLH 
(MutL homologue). In addi�on, two parallel pathways exist that each deal with specific sub-
strates (Figure 2). Base-base mispairs and small loops are recognized by an MSH2-MSH6 

MSH2 MSH6 MSH2 MSH3

MLH1 MLH3MLH1 PMS2

Base:Base Mispair Insertion/deletion mispair

Figure 2: Schema�c representa�on of the first steps in the eukaryo�c mismatch repair mechanism. Two MutS-
related complexes scan the genome for lesions that are then processed by MutL-related complexes. Overlap in 
specificity has been reported (adapted from [7]). 
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heterodimer and further processed by the MLH1-PMS1 heterodimer [30, 31]. Larger loops 
are mostly processed by MSH2-MSH3 and MLH1-MLH3 heterodimers [32, 33]. The MutS- 
and MutL-related complexes appear to have similar func�ons as their related complexes in 
E. coli, sugges�ng that recogni�on and ini�al processing of the mismatches occur via similar 
mechanisms. However, the downstream steps are more different and it remains unclear 
which proteins are involved. One of the crucial differences between E. coli and eukaryotes is 
the strand discrimina�on step. In eukaryotes, no hemi-methyla�on exists and the dis�nc�on 
between the template and the newly synthesized strand is not understood. This far, a variety 
of proteins have been implicated in the later stages of MMR, i.e. DNA polymerase δ, RPA, 
PCNA, RFC, Exonuclease 1, FEN1, and the exonucleases of polymerases δ and ε [34-41]. 

Mismatch repair in C. elegans

In C. elegans only four genes of the first steps in the MMR pathway appear to be conserved. 
Homologues for human MSH2, MSH6, MLH1, and PMS2 are present. The absence of ho-
mologues for the MSH3 pathway raises the ques�on how this influences the repair capac-
ity of the MMR pathway. It is possible that the mismatch repair system in C. elegans has 
evolved such that the substrate specificity of the four present homologues is less stringent 
than in other organisms, and that they can repair all types of lesions that are substrates for 
subpathways of MMR in other organisms. Alterna�vely, certain lesions are not repaired in 
C. elegans, possibly leading to a more dynamic genome. Because MSH3 mostly works on 
repeats and hardly on mismatches, this could mean that repe��ve sequences are more 
frequently changing lengths than they do in other organisms. 

In agreement with a lack of MSH3, the muta�on spectrums and rates of msh-2 and msh-
6 mutant animals are iden�cal [42]. In both cases, muta�on rates are about a hundred �mes 
higher than in wild type. This is in contrast to what is described in other organisms.

In our laboratory, the func�on of the msh-6 gene was studied in detail [43]. It was shown 
that msh-6 defec�ve animals show increased soma�c and germ line muta�ons. These muta-
�ons consist of point muta�ons and frameshi�s. In addi�on, there is increased microsatel-
lite instability similar as seen in HNPCC pa�ents. 

Independently, a study on msh-2 was published [44]. Here, a similar increase in muta�on 
rates and microsatellite instability was detected. Addi�onally, a decrease in DNA damage-
induced germ line apoptosis was observed in msh-2 mutants. Both studies report a decrease 
in viability in passaged cultures of mutant animals. This indicates that a func�onal MMR 
pathway is essen�al for both the regula�on of short- and long-term genome stability.

A genome-wide RNAi screen to iden�fy genes involved in avoiding repeat instability 
iden�fied the four C. elegans MMR genes [45]. In addi�on, nine genes that have not been 
previously suggested in this process have been detected. Further characteriza�on of one of 
these genes, rev-1, is described in Chapter 2 of this thesis. 
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Double Strand Break Repair
At least three pathways to repair DSBs are known (Figure 3): 1) Homologous recombina-
�on (HR), 2) Non-homologous end-joining (NHEJ), and 3) Single-strand annealing (SSA). 
Although these pathways are conserved throughout evolu�on, their rela�ve contribu�ons 
differ between lower and higher eukaryotes (reviewed in [5]). In yeast, DSBs are primarily 
repaired by HR, while in mammals HR and NHEJ are both important.

In HR, repair of a DSB occurs by the use of homologous sequence either on the sister 
chroma�d or on the homologous chromosome. This allows for repair without loss of se-
quence and this makes HR the only conserva�ve DSB repair pathway. In S. cerevisiae, RPA, 
all three replica�ve polymerases and the genes from the RAD52 genes group are implicated 
in HR [46]. In mammals, RAD52 complementa�on group genes were iden�fied and due to 
redundancy, the number of genes is larger in comparison to yeast [5]. Addi�onally, in hu-
mans the breast cancer suscep�bility genes BRCA1 and BRCA2 were shown to play a role in 
HR [47]; these proteins are not present in S. cerevisae.

Repair of DSBs by NHEJ is achieved by limited processing of DNA ends, followed by join-
ing the ends, and re-liga�on. NHEJ requires li�le or no sequence homology at the ends. Thus 
far, five factors involved in NHEJ have been iden�fied: ligase IV and its associated protein 

Single strand annealingHomologous Recombination Nonhomologous end-joining

RPA

XPF

RPA

BRCA1

BRCA2

Mre11

Mre11 Mre11 Ku80
Ku70

Ligase IV

DNA-PKcs

XRCC1

NBS1

RAD50 NBS1 RAD50 NBS1RAD50

RAD51

Figure 3: Overview of the three pathways involved in double-strand break repair. When a sister chroma�d or ho-
mologous chromosome is present, the break can be repaired via homologous recombina�on. When no homologue 
is present, breaks can be repaired by two mechanisms that cause loss of sequence. In case of non-homologous 
end-joining the two ends are ligated together without much processing. Single-strand annealing requires strand 
resec�on and homologous sequences present at both sites of the break. 
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XRCC1, and the three components of the DNA-dependent protein kinase (DNA-PK) complex, 
namely Ku70, Ku80, and DNA-PKcs (reviewed in [5]). 

SSA is the second type of end-joining and can be considered a special form of homol-
ogy-driven repair. In this case, homology in both ends resul�ng from the break is used. A�er 
resec�on of the 5’ ends and exposure of the regions of homology, the forma�on of joint 
molecules is possible. A�er removal of the non-homologous ends and DNA synthesis, repair 
of the break is completed by DNA ligase. Since the region in between the repeats is lost, 
SSA is a non-conserva�ve mechanism (reviewed in [5]). Thus far, proteins required for SSA 
have only been iden�fied in S. cerevisiae. The endonucleoly�c ac�vity of the Rad1p/Rad10p 
complex and the presence of the Msh2p and Msh3p proteins are necessary for the removal 
of non-homologous 3’-single-stranded ends [48-50]. Addi�onally, Srs2p, which has 5’-3’ he-
licase ac�vity, is required for SSA [51]. Rad52p and Rad59p play an important role in SSA, 
however in absence of these factors SSA s�ll occurs, although at a drama�cally reduced 
level [52]. In the absence of the Rad50p/Xrs2p/Mre11p complex, SSA is s�ll possible, but at 
significantly reduced rates [53].

Double strand break repair in C. elegans

Thus far, study of HR in C. elegans has focused on two genes. The C. elegans BRCA1 homo-
logue was found using the yeast two-hybrid system [54]. The puta�ve ortholog of BRCA1-
interac�ng protein BARD1, BRD-1, was used as bait in order to find a partner that could 
func�on similarly as BRCA1. This screen iden�fied brc-1 and deple�on of both this gene and 
brd-1 was shown to lead to high-incidence of males, elevated levels of p53-dependent germ 
cell death before and a�er IR, and impaired progeny survival and chromosome fragmenta-
�on a�er IR. This strongly implicates brc-1 in the DNA damage response.

For the second breast cancer suscep�bility gene, BRCA2, its C. elegans ortholog was 
also iden�fied via a yeast two-hybrid interac�on, in this case with RAD-51 [55]. The brc-2 
gene was shown to be much smaller than its human counterpart. Furthermore, the number 
of func�onal domains in BRC-2 is greatly reduced, compared to BRCA2. Yet, BRC-2 is func-
�onally related to BRCA2. It binds to rad-51 via its BRC domain and binds preferen�ally to 
single-stranded DNA via its OB-fold mo�f. In addi�on, brc-2 mutants fail to repair meio�c or 
radia�on-induced DSBs by HR due to inefficient RAD-51 nuclear localiza�on and a failure in 
the targe�ng of RAD-51 to sites of DSBs. It has been suggested that BRC-2 not only regulates 
RAD-51 during HR, but that it can also func�on independently of RAD-51 in other DSB repair 
pathways. 

Using purified proteins, the func�on of BRC-2 was further elucidated [56]. BRC-2 s�mu-
lates RAD-51-mediated D-loop forma�on and reduces the rate of ATP hydrolysis catalyzed 
by RAD-51. These func�ons depend on the direct binding to RAD-51 and the DNA binding 
ac�vity of BRC-2. The RAD-51-independent role of BRC-2 might be in replacing the role of 
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vertebrate Rad52 that is involved in single-stranded annealing. Indeed, it was shown that 
BRC-2 can mediate the SSA of RPA-nucleo�de complexes in vitro, similar to Rad52.

Controversy on the interac�on of human BRCA2 with RAD51 has existed. The ques�on 
was whether the BRC domain primarily interacts with RAD51 monomers or with the RAD51-
DNA polymer, and whether there was a single interac�on or mul�ple ones. The BRC mo�f 
of C. elegans BRC-2 was shown to contain two different RAD-51-binding regions [57]. One 
of these regions binds only weakly to RAD-51-DNA filaments, but strongly to RAD-51 alone. 
The second region appears to bind strongly to RAD-51-DNA-filaments. These results suggest 
a model where an interac�on with RAD-51 alone is likely involved in filament nuclea�on, 
whereas a second interac�on is involved in stabiliza�on of the RAD-51-DNA filaments by 
BRC-2.

Currently, only one study on NHEJ in C. elegans is published. It describes the rela�ve 
importance of HR and NHEJ in the C. elegans germ and soma�c cells at mul�ple develop-
mental stages [58]. Canonical NHEJ appears to be used exclusively by non-dividing soma�c 
cells whereas HR is used to repair radia�on-induced DNA damage in prolifera�ng soma�c 
cells and in germ cells. Error-prone NHEJ plays at most a small role in the repair of DSBs in 
the C. elegans germline. A study on the end-joining mechanisms that occur in the germ line 
is described in Chapter 6 of this thesis.

Two high-throughput in-liquid genome-wide RNAi screens performed in our laboratory 
aimed to iden�fy genes involved in the response to DSBs. In the first approach, a strain 
that suffered elevated levels of DSBs, due to loss of transposon silencing in a mutator back-
ground, was used to screen for genes that are synthe�c lethal with these elevated levels of 
DSBs [59]. This screen led to the iden�fica�on of 32 genes that show synthe�c lethality with 
the mutator phenotype. Of these genes, knockdown of ten led to sensi�vity to DSB-inducing 
IR and six showed sensi�vity to camptothecin, an agent that induces single-strand breaks 
that are transformed into DSBs during S phase. Of the six genes that are implied in the 
response to camptothecin, knockdown of five also showed response to IR. Of the ten genes 
sensi�ve to IR, nine appear to be involved in the preven�on of IR-induced chromosomal 
aberra�ons. 

The second screen directly iden�fied genes involved in the response to IR-induced DSBs 
[60]. This approach led to the iden�fica�on of 45 genes, including genes that were previ-
ously known to be involved in the DSB response. Knockdown of eleven genes led to impaired 
IR-induced cell cycle arrest and seven genes were essen�al for apoptosis upon exposure 
to IR. To further validate the iden�fied genes, cell lines expressing siRNAs against human 
homologues were established. Of the eleven available lines, seven showed reduced survival 
a�er radia�on. 
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Nucleo�de Excision Repair
NER provides an important cellular defense against a variety of DNA altera�ons, mostly 
against bulky lesions that cause distor�ons of the helix structure. The proteins that recruit 
the core NER proteins depend on the genomic loca�on of the damage. Apparently, there is 
a difference between the transcribed and non-transcribed regions of the genome [61, 62]. 
These differences led to the proposal of two subpathways: fast transcrip�on-coupled repair 
(TCR), specific for the transcribed regions of the DNA, and rela�vely slow global genome 
repair (GGR) that can act throughout the genome (Figure 4). For TCR, it was suggested that 
it is triggered by a stalled RNA polymerase at the site of a damage in the transcribed strand 
[63]. The two Cockayne syndrome-related proteins CSA and CSB are involved in the displace-
ment of the RNA polymerase and recruitment of the downstream NER factors [64, 65]. In 
GGR, the XPC-hHR23 is responsible for the damage-sensing step [66], while it is dispensable 
for TCR [4].

The core NER pathway is widely conserved through eukaryotes. The repair reac�on can 
be subdivided into mul�ple steps. First, a preincision complex forms at the site of the dam-
age and local DNA unwinding occurs; XPB and XPD, DNA-dependent ATPases with helicase 
func�on, are involved in unwinding the DNA [67, 68]. XPA and RPA are required for the 
forma�on of the pre-incision complex [69, 70]. It has been proposed that these proteins are 
able to double check DNA bending and unwinding and, consequently, they could serve as 
subunits that verify the damage-specific recruitment of NER factors. Next, on both sides of 
the damage the DNA is incised by XPG (3’ site) and the ERCC1/XPF complex (5’ site) [71]. The 
damage-containing oligo is removed. Finally, the resul�ng gap is filled by a polymerase and 
strand liga�on completes the reac�on [4].

Nucleo�de excision repair in C. elegans

The first indica�on that the NER pathway is conserved in C. elegans came with the iden�fica-
�on of nine mutants (rad-1 to rad-9) that showed increased sensi�vity to UV irradia�on [72]. 
One of these mutants, rad-3, showed a defect in excision repair. This defect was more severe 
in larvae compared to embryos, sugges�ng a developmental regula�on of DNA repair in C. 
elegans [73]. It was shown that the UV sensi�vity in rad-3 mutants is caused by a nonsense 
muta�on in xpa-1 [74]. Two C. elegans NER genes were cloned based on homology with 
their human counterparts, namely xpa-1 and xpf-1 [75, 76]. Currently, more C. elegans NER 
genes have been annotated [77], sugges�ng that most NER genes are conserved. 

Study of the xpa-1/rad-3 mutant indicated similari�es to the phenotypes described in 
humans, but also differences came into view [74]. In absence of UV, the animals did not 
show no�ceable developmental defects, hypersensi�vity to oxida�ve damage and decrease 
in lifespan. Upon UV irradia�on, the xpa-1 mutants showed immediate growth arrest and 
displayed impaired survival and hypermutability. The UV-induced growth arrest and subse-
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quent death of xpa-1 mutants was correlated with transcrip�onal inhibi�on that is associ-
ated with a decline in RNA pol II levels [74]. This study also iden�fied an E3 ubiqui�n ligase 
involved in the degrada�on of RNA pol II. 

xpa-1 as well as xpf-1 mutants were also shown to be sensi�ve to Cispla�n [78]. Cispla-
�n causes two kinds of lesions: intra- and interstrand crosslinks. Intrastrand crosslinks are 
repaired by NER. This partly explains the sensi�vity seen in these mutants. As discussed 
later, XPF is also implicated in the repair of the second type of Cispla�n adducts, interstrand 
crosslinks [79].

Analysis of the muta�on rate in xpa-1 mutants showed that the average rate is about 28 
fold higher that in wildtype [80]. Unlike MMR mutants that mostly could not be propagated 
beyond twenty genera�ons, xpa-1 mutants survived for 40 genera�ons. In total, 24 muta-
�ons were iden�fied in muta�on accumula�on lines; 17 base subs�tu�ons and 7 insdel 
muta�ons. The majority (4 out of 7) of insdel muta�ons in xpa-1 animals occured at short 
mononucleo�de runs (3-6 bp). In humans deficient for NER, 20% of insdel muta�ons oc-
cured at this type of runs [81].

Three studies revealed other cellular or organismal consequences of NER defects. The 
response of the adult germ line to UV-C radia�on was studied [82], iden�fying a signal-
ing pathway that induces cell cycle arrest and apoptosis a�er UV-C exposure. This signal-
ing pathway contains proteins also involved in the response to IR. Importantly, the study 
showed that NER genes xpa-1 and xpc-1 are involved in the induc�on of cell cycle arrest and 
apoptosis, and are necessary for the recruitment and ac�va�on of the 9-1-1 complex.

Mutants that demonstrate a long-lived phenotype showed a higher repair rate of UV-
induced pyrimidine dimers when compared to wildtype animals [83]. RNAi knockdown of 
xpa-1 in these long-lived mutants decreased their resistance to UV irradia�on and oxida�ve 
stress and reduced their lifespan. These data support a rela�on between the capacity to 
repair DNA damage and longevity in C. elegans.

Finally, a decline of nucleo�de excision repair capacity in aging C. elegans was reported 
[77]. A PCR-based assay to monitor the repair of UV-C lesions demonstrated that there was 
a decrease in repair capacity in old adults in comparison to young adults. 

Translesion Synthesis
Combined, the DNA repair systems are very accurate in the removal of DNA damage. How-
ever, remaining unrepaired damages present in the DNA when replica�on ini�ates are in-
evitable. Cells use DNA damage tolerance mechanisms that relief replica�on arrest, leaving 
the damage for future repair. First, the cell can use mechanisms whereby the replica�on 
machinery uses undamaged segments of the genome to copy DNA, thereby avoiding the 
need to replicate the damaged template-strand. Two known mechanisms are post-replica-
�on recombina�onal repair (or post-replica�ve gap filling) and replica�on-fork regression 
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(or copy-choice mechanism). In addi�on, the damage can be bypassed by specialized non-
replica�ve polymerases in a process called translesion synthesis (TLS) [8].

For the studies performed in this thesis, the TLS mechanism is of interest. In TLS, bypass 
of the DNA lesion occurs through replica�on of the damaged region by specialized non-
replica�ve polymerases that temporarily take over from the normal replica�on machinery 
(Figure 5). These polymerases can facilitate replica�on of damaged template lesions that 
cannot be performed by high-fidelity polymerases, mostly because they have a more flex-
ible ac�ve site that allows incorpora�on of a base across from a damaged site. However, 
this property makes these polymerases less accurate. The bypass of damages by these TLS 
polymerases can be accurate (error free) or mutagenic (error prone) depending on the poly-
merase and/or the damage that needs bypass [84]. 

In eukaryotes, ten TLS polymerases have been iden�fied [85]. These polymerases lack 
the exonuclease-ac�vity that high-fidelity polymerases possess. They show very low fidelity 
when replica�ng undamaged DNA (some make one error in every twenty replicated bases) 
and show unusual error specificity. These proper�es are some�mes used by organisms, best 
illustrated in the genera�on of muta�ons in the variable regions of immunoglobin genes in 
which these polymerases are implicated [86].

In all models for TLS, polymerase switching is a crucial step. Since TLS polymerases have 
low fidelity rates, it is desirable that their ac�vity remains restricted to damaged DNA, leav-
ing undamaged regions to be replicated by the normal replica�on machinery [84]. First, 
high-fidelity polymerases of the replica�on machinery arrest when a lesion is encountered 
at the primer terminus and need to be replaced by specialized polymerases that can catalyze 
incorpora�on of nucleo�des directly opposite the lesion. The lesion causes helix distor�on 
that influences the base pairing in the immediate region and this precludes produc�ve rear-
rangement of the replica�on machinery. Therefore, other specialized polymerases come 
in to extend the distorted primer terminus. Finally, the primer is extended to a posi�on at 
which newly incorporated nucleo�des are no longer suscep�ble to removal by exonucleo-
ly�c proofreading, and a final polymerase switch takes place (as depicted in Figure 5). The 
replica�on machinery reengages in high-fidelity replica�on. 

A ques�on that remains is how these polymerase switches are regulated. Exposure 
of replica�ng cells to DNA damage leads to the monoubiqui�na�on of PCNA [87]. PCNA 
was iden�fied as the polymerase sliding-clamp and interacts with many factors involved in 
DNA metabolism [88]. This suggests that stalling of the replica�on machinery leads to the 
monoubiqui�na�on of PCNA, which directs the replica�on machinery into the TLS pathway. 
The monoubiqui�na�on of PCNA led to an increased affinity of Polη for chroma�n in UV-ex-
posed cells [89, 90]. These results suggest that the first polymerase switch, from replica�ve 
to TLS polymerase, is arranged through the monoubiqui�na�on of PCNA. The increased 
sensi�vity of Polη for the modified PCNA would then result in a “switching out” of the repli-
ca�ve polymerases Polδ or Polε followed by “switching in” of Polη. The TLS polymerases Polι 
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and Polκ also contain PCNA binding mo�fs, however, it remains to be elucidated whether 
they physically interact with PCNA [84]. 

A second protein suggested to be involved in polymerase switching is Rev1. Rev1 is a 
member of the Y polymerase family and shows in vitro dCMP transferase ac�vity in the by-
pass of abasic sites [91]. However, abolishment of the transferase ac�vity does not abrogate 
its requirement for UV radia�on-induced mutagenesis in yeast [91, 92]. These observa�ons 
suggest a role for Rev1 in TLS independent of its dCMP ac�vity. Rev1 interacts with a pleth-
ora of TLS polymerases, namely Polη, Polκ, Polι, Polλ, and the Rev7 subunit of Polζ [93-95]. 
Addi�onally, it was shown that binding of Rev1 to Polκ can be competed out by increasing 
amounts of Rev7 protein in vitro [93]. This indicates that Rev1 can switch between different 
(TLS) polymerases. Since there are mul�ple polymerase switches during the TLS process, it 
needs to be clarified in which switch Rev1 func�ons.

Translesion synthesis in C. elegans

Thus far, the study of translesion synthesis proteins in C. elegans is limited. The polymerases 
polh-1, polk-1 and rev-1 are coded by the genome, while a Polι homologue has not been 
found. ηRNAi knockdown of polh-1 led to increased UV-C sensi�vity when embryos were 
UV irradiated. Already laid embryos hardly showed sensi�vity [96]. 

Secondly, polh-1(RNAi) and polk-1(RNAi) were shown to lead to MMS sensi�vity in em-
bryos [97]. Furthermore, RNAi knockdown of polh-1 led to a delay in progression through P0 
S phase dependent on MMS. This delay could be reversed by codepele�on of chk-1. chk-1 
is involved in the DNA damage checkpoint. Also, RAD-51 foci were detected in polh-1(RNAi) 
embryos treated with MMS.

As men�oned before, our laboratory has performed a screen to iden�fy genes that are 
involved in the preven�on of frameshi� muta�ons. Surprisingly, a gene encoding a protein 
involved in TLS was iden�fied [45]. RNAi knockdown of the C. elegans homologue of REV1, 
rev-1, was shown to increase frameshi� muta�ons. In Chapter 2 of this thesis, we describe 
a func�onal characteriza�on of the rev-1 gene. 

Interstrand Crosslink Repair
Interstrand crosslinks (ICLs) physically connect the two DNA strands. This leads to severe 
problems during replica�on, because the two strands cannot be separated to allow the 
replica�on machinery to copy DNA, and therefore, DNA damage tolerance mechanisms as 
described above cannot be used. 

Repair of these lesions includes processing of the DNA substrate, translesion synthesis, 
and homologous recombina�on and is the result of the interplay of various proteins that 
also func�on in other repair pathways combined with several proteins that appear to be 
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restricted to ICL repair [6]. These are the Fanconi Anemia proteins: Cells derived from FA 
anemia pa�ents are hypersensi�ve to ICL inducing agents, sugges�ng that the genes that 
are mutated in these pa�ents are involved in the response to ICLs [98]. 

In total, there are 13 known FA complementa�on groups and for all of these the mutated 
genes have been iden�fied [6, 99]. Based on protein domains, 4 out of 13 cloned FA genes 
provide clues about the func�on of the protein they encode. FANCD1 is iden�cal to BRCA2, 
FANCJ and FANCM are helicases, and FANCL encodes an E3 ligase [100-103]. Most of the 
FA proteins (FANCA, B, C, E, F, G and L) interact to form a FA core complex [100]. FANCL 
can ubiqui�nate FANCD2, a process that also needs FANCI. Monoubiqui�na�on of FANCD2 
triggers its assembly in nuclear foci and associa�on with chroma�n. FANCD2 then interacts 
with homologous recombina�on repair factors such as BRCA1, BRCA2/FANCD1 and RAD51 
[104]. FANCJ and BRCA2/FANCD1 are dispensable for FANCD2 monoubiqui�na�on and are 
therefore thought to act downstream of FANCD2 [6].

It has been suggested that the FA proteins are involved in scanning of the genome for 
ICLs. A�er recogni�on of the ICLs, and ac�va�on of FANCD2, the repair proteins would be 
involved in the actual removal of the damage. For example, the endonuclease MUS81-EME1 
[105] and ERCC1-XPF [79] are involved in the conversion of the ICL to a double strand break. 
S�ll, many details of the repair of ICLs remain to be elucidated. Figure 6 depicts a current 
work model [6].

Interstrand crosslink repair in C. elegans

FA genes are conserved in C. elegans. Thus far, homologues for FANCD2 [106, 107], FANCD1/
BRCA2 [55] and FANCJ [108] have been described. For the FANCD2 and FANCJ homologues, 
ICL repair related phenotypes have been described [106-108]. Also, homologues of ICL 
repair genes other than FA genes are conserved in the C. elegans genome, i.e. xpf-1 and 
mus-81 [109].

Animals mutated in the C. elegans FANCD2 homologue, fcd-2, showed increased sen-
si�vity to interstand crosslinks and insensi�vity to ionizing radia�on [107]. FCD-2 is mono-
ubiquitylated in response to DNA damage and is recruited to nuclear repair foci. In addi�on, 
this response was shown to be specific for replica�on stress and not the presence of a DSB 
per se, since FCD-2 foci only form in the presence of interstrand crosslinking damage and 
replica�on stress, but not a�er IR. All together, this study nicely showed that there is func-
�onal conserva�on of a central protein in the regula�on of the response to ICLs by Fanconi 
Anemia proteins.

The gene dog-1 is the homologue of FANCJ in C. elegans. Mutants showed sensi�vity 
to ICL forming agents and this sensi�vity was epista�c with fcd-2, but not with brc-1 [108]. 
Recently, animals carrying muta�ons in polq-1 and hel-308 were shown to be sensi�ve to 
ICL treatment. Epista�c analysis revealed that they act in different pathways: hel-308 acts in 
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a Fanconi Anemia-dependent pathway, and polq-1 acts in a novel dis�nct brc-1 dependent 
pathway [110]. 

Guanine tract instability

The dog-1 gene, the C. elegans homologue of FANCJ, was previously described to be in-
volved in the avoidance of a very specific kind of genome instability [111]. The name dog-1 
stands for dele�ons of guanine-rich DNA. Mutant animals showed a very specific muta�on 
spectrum. All muta�ons were dele�ons that started around the 3’ end of a polyguanine 
tract and terminated at variable posi�ons at the 5’ end of the tract. These dele�ons specifi-
cally occured at tracts that were at least 22 guanines long and about half of the guanine 
tracts that are present in the genome were fragile. 

In vitro, guanine tracts have been shown to be capable of the forma�on of so-called qua-
druplex structures in which guanines in one strand pair to each other, leaving a very stable 
structure. Since the dog-1 gene encodes a DEAH helicase, the authors presented a model 
where DOG-1 resolves the quadruplex structures. In absence of DOG-1 the quaduplexes 
are not resolved thereby causing a permanent replica�on block that can lead to dele�on 
forma�on. 

A candidate-gene approach was performed to implicate more genes in poly-G-tract in-
stability [112] and this study showed that while some genes were capable of inducing a 
higher dele�on rate in a dog-1 background, none of them showed an increase in dele�on 
rate on their own, when compared to wildtype. The genes that were iden�fied are the BLM 
ortholog him-6, HR genes rad-51, xpf-1 and brd-1 and TLS polymerases polh-1 and polk-1. 
NHEJ factors did not show an increase in dele�on induc�on in both wildtype and dog-1 
background. 

In addi�on, the RAD51 paralog rfs-1 was implied in guanine tract maintenance. rfs-1 is 
involved in HR specifically a�er the forma�on of replica�on blocks [78]. As in all other cases, 
RFS-1 on its own was not involved in maintaining guanine tract stability, while in a dog-1 
background an increase in dele�on rate was detected.

In Chapter 4 of this thesis, we describe further study of the dog-1 phenotype. 

Scope of this thesis
The work described in this thesis originates from the observa�on that other genes than the 
already known DNA mismatch repair genes could prevent DNA frameshi�s in C. elegans. A 
genome-wide RNAi screen performed in our laboratory [45] iden�fied 13 genes that, when 
knocked down, elevated the rate of LacZ restora�on in worms that had many copies of a 
LacZ reporter gene placed out of frame by the inser�on of an A17 tract between the start 
codon and the ORF. 
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One of these genes is the C. elegans homolog of REV1, a member of the Y-family of 
translesion synthesis (TLS) proteins that is required to bypass DNA damage during replica-
�on. A role for TLS polymerases in counterac�ng micro-satellite instability has not been 
described before and we set out to inves�gate this phenomenon by isola�ng mutant alleles 
of rev-1 from an EMS-induced mutant library, and subsequently analyzing these in several 
phenotypic assays. This work is described in Chapter 2. 

Remarkably, we found that func�onal REV-1 is essen�al for embryonic development in C. 
elegans, in contrast to what is reported in other organisms. The essen�al nature of this gene 
makes epista�c analysis impossible and complicates other func�onal studies. Together with 
the no�on that also another posi�ve hit from the RNAi screen [45] resulted in lethality when 
knocked out gene�cally (as opposed to knocked down by RNAi) triggered us to improve our 
reporter assays to allow forward mutagenesis screens aimed to isolate hypomorphic alleles 
of poten�al MSI genes.

Chapter 3 describes the development of a more sensi�ve MSI reporter that was subse-
quently used in a forward gene�c screen to iden�fy new alleles of genes that are involved 
in MMR repair. Five of these had muta�ons in the already iden�fied MMR gene, valida�ng 
the approach. Thus far, other mutants have not been iden�fied because the rate at which 
frameshi�s occur in the cognate mutant strains is so high that mapping by conven�onal 
means is impossible (or too labor intensive).

In a parallel study, we modified these LacZ reporter transgenes to inves�gate the dele-
�on forming poten�al of polyguanine sequences. Rose and colleagues cloned a gene that 
prevented the loss of poly G stretches from the C. elegans genome [111]. They named this 
gene dog-1 for dele�on of guanine-rich DNA. We show in Chapter 4 that these sequences 
are mutagenic because they can adopt a G4-DNA structure. We also found that DOG-1, like 
its human ortholog FANCJ, is involved in protec�ng the organism against DNA crosslinking 
agents. 

Next, we performed a genome-wide RNAi screen aimed to iden�fy the set of genes that 
are involved in the cellular response to the chemotherapeu�c drug Cispla�n, a known and 
clinically relevant DNA crosslinking agent. The outcome of this screen as well the descrip�on 
of Cispla�n-induced DNA damage responses is described in Chapter 5. 

Chapter 6 describes the work performed to inves�gate end-joining repair of DSBs in the 
C. elegans germline. Some of the dele�on products that stem from G4 DNA instability in 
dog-1 mutated animals (Chapter 4) have characteris�cs that closely resemble the footprints 
that are observed upon repair of transposon-induced DSBs. This could mean that G4 DNAs 
are mutagenic because they form DSBs during DNA replica�on. By studying the gene�c re-
quirements and repair products of germ line DSBs that were induced upon transposon exci-
sion we propose that end-joining in this �ssue is predominantly dictated by primer-template 
extension that is strongly driven by homology of the sequences that surrounds the DSB.
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Abstract
To safeguard the transmission of gene�c informa�on, numerous repair pathways have 
evolved to repair DNA, thus preven�ng the incorpora�on of incorrect bases during DNA 
replica�on. However, damages can escape repair –because they are unno�ced or intro-
duced during S-phase- and are thus encountered by the replica�on machinery during DNA 
replica�on. The fidelity of replica�ve DNA polymerases prohibits fork progression and to 
prevent fork collapse, cells can opt to recruit specialized low-fidelity polymerases to bypass 
these damages, which frequently occurs in an error-prone manner. Here, we describe a 
role for C. elegans TLS polymerase REV-1 in preven�ng muta�ons at mononucleo�de tracts 
under non-challenged condi�ons. Surprisingly, we found that func�onal REV-1 is essen�al 
for C. elegans development: null alleles arrest at late stages of embryogenesis accompanied 
by the appearance of RAD-51 foci, sugges�ng the persistence of DNA double strand breaks. 
We find that this essen�al role in embryogenesis does not require REV-1’s BRCT domain: 
a muta�on in a conserved residue in this domain does not affect worm development or 
growth but confers hypersensi�vity to DNA damaging condi�ons such as UV irradia�on and 
Cispla�n treatment. 

Introduc�on
Cellular DNA is under con�nuous threat by a variety of internal and external DNA damaging 
agents. Specialized DNA repair pathways remove most of the damages that occur. However, 
persistent damages can pose a severe problem to replica�ve polymerases during DNA rep-
lica�on. In eukaryotes, a range of translesion synthesis (TLS) polymerases have been iden�-
fied that can bypass damages by incorpora�ng nucleo�des across damaged bases or a-basic 
sites (reviewed in [1]). This bypass ac�on is frequently error-prone, not only because DNA 
lesions are non- or mis-instruc�onal, but also because these polymerases lack proofreading 
ac�vity and are by themselves error-prone. To prevent muta�on induc�on at sites of TLS, 
the replica�ve, and more reliable, DNA polymerases delta and epsilon take over soon a�er 
the damage has been bypassed.

One of the proteins involved in TLS is REV1, originally iden�fied in the budding yeast Sac-
charomyces cerevisiae. The Rev1p protein has been shown to posses deoxycy�dyl transfer-
ase ac�vity that in vitro mostly incorporates dCMPs across a-basic sites [2] and non-damaged 
guanines [2, 3]. However, two observa�ons indicate that this ac�vity is not central to REV1’s 
role in damaged-induced TLS: i) in vivo experiments in yeast show that Rev1p is required to 
bypass a-basic sites but that this predominantly leads to the incorpora�on of an A [3, 4]. ii) 
a muta�on in REV1 that disrupt the transferase ac�vity s�ll supports translesion synthesis 
[5]. It has thus been proposed that REV1 may also play a non-cataly�c role in controlling the 
ac�on of other TLS polymerases during damage bypass (reviewed in [6]). In support for such 
a coordina�ve role, the C-terminal region of mammalian REV1 has been shown to interact 
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with other TLS polymerases [4, 7]. However, this region is not conserved in nematodes and 
yeast [8, 9]. Another mo�f that is thought to mediate protein-protein interac�on in TLS is 
a BRCT mo�f that is conserved in all eukaryo�c REV1 homologues. The BRCT domain was 
first iden�fied in the breast cancer-related genes BRCA1, hence its name: BRCA1 carboxyl-
terminal domain. BRCT domains are present in many other proteins involved in the cellular 
response to DNA damage [10], and have been shown to act as phosphopep�de-binding 
modules involved in protein targe�ng [11]. In mouse, REV1’s BRCT domain interacts with 
PCNA, and is responsible for the nuclear localiza�on of REV1 under non-challenged condi-
�ons [12]. 

Li�le is known about TLS polymerases in replica�on of non-damaged DNA. The high 
intrinsic error rate of TLS polymerases must mean that their ac�vity is �ghtly regulated. 
Current models implicate a replica�on fork stall to trigger a molecular cascade that involves 
PCNA mono-ubiqui�na�on, which alters the affinity of this replica�on cofactor in favor of 
TLS polymerases, but this could also happen to forks that stall at structural impediments or 
at sequences that are intrinsically difficult to replicate, such as repe��ve DNA. 

We previously picked up C. elegans rev-1 in a screen for genes that protect the genome 
against muta�ons [13]. We made use of transgenic C. elegans strains that allowed us to 
monitor DNA frameshi�s occurring at repe��ve sequences as the result of replica�on slip-
page [14]. This genomic instability phenotype, known as micro-satellite instability (MSI), is 
linked to carcinogenesis, exemplified by the discovery of elevated levels of MSI in tumor 
cells of HNPCC pa�ents. Surprisingly, a genome-wide RNAi screen for genes that elevated 
the rate of MSI-dependent LacZ restora�on iden�fied a clone that targets C. elegans rev-1 
[13], together with the four known C. elegans homologues of mismatch repair (MMR) genes. 
In the present study, we use RNAi and newly derived mutant alleles of rev-1 to further 
inves�gate the role of the encoded protein in preven�ng genomic altera�ons under non-
damaged condi�ons. By using a number of different frameshi� reporters, we strengthen the 
no�on that REV-1 acts to prevent frameshi�s at microsatellites in the nematode’s genome. 
Addi�onally, we show that rev-1 has an essen�al func�on during C. elegans embryogenesis: 
animals homozygous for a knock out allele arrest during animal development. This essen�al 
func�on does not rely on a func�onal BRCT domain because muta�on of a conserved amino 
acid in this domain resulted in damage-sensi�vity phenotypes but not in compromised 
growth or loss of viability. Non-viable embryos resul�ng from rev-1(RNAi) display increased 
levels of RAD-51 foci, sugges�ng that DNA double strand breaks accumulate during animal 
embryogenesis in the absence of REV-1. 
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Materials and Methods

Strains and maintenance

General methods for culturing C. elegans were used [15]. Strains used in this study were N2, 
RB864 [xpa-1(ok698)], NL4893 [dog-1(pk2247)], AZ212 [unc-119(ed3) ruIs32[unc-119(+) 
pie-1::GFP::H2B]], NL4812 [unc-119(ed3) pkIs2175 [pRP1890 unc-119(+)]]. The rev-1 null 
(lf34) and missense muta�on (lf35) were isolated from an EMS mutant library, as previously 
described [16].

RNAi feeding

RNAi clones for rev-1, msh-2, and msh-6 were taken from the RNAi feeding library described 
by Ahringer and coworkers [17]. A�er growing overnight in LB containing 50 μg ml-1 ampicilin 
medium at 37 oC, expression of dsRNA was induced by 200 μg ml-1 isopropylthiogalactoside 
at 37 oC for four hours. Subsequently, agar plates containing 50 μg ml-1 ampicilin and 200 μg 
ml-1 isopropylthiogalactoside were seeded with these cultures and le� overnight at room 
temperature, protected from light.

Detec�on of microsatellite instability

To detect MSI, staged NL4812 L1 animals were grown on L4440 control vector, rev-1(RNAi), 
msh-2(RNAi), and msh-6(RNAi). Young adult popula�ons were stained with X-gal to detect 
the expression of func�onal β-galactosidase.

Iden�fica�on of embryonic stage

To determine the stage of development in which the rev-1(RNAi) arrest, we used eight rec-
ognizable embryonic stages and L1 stage as described in worm atlas [18] to classify the 
embryos (Figure 3D). L4 animals were put on feeding plates and 24 hours later young adults 
were singled on feeding plates. These young adults were le� to lay eggs for 16 hours, a�er 
which the mothers were removed. Three hours a�er removal, all embryos on the plate were 
checked and classified. 

Immunostainings

Young adult worms were dissected in egg salts (1.18M NaCl; 480 mM KCl; 20 mM CaCl2; 20 
mM MgCl2; 250 mM Hepes pH 7.4) to release embryos. Embryos were fixed for 5 minutes 
in 1.85 % paraformaldehyde and then snapfrozen onto slides in liquid nitrogen. Slides were 
incubated in 100% methanol at -20 oC for 15 minutes, washed in PBS-1% Triton and then 
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blocked in PBS with 0.1% Tween and 1% BSA for 30 minutes at room temperature. RAD-51 
an�body (1:200) was added and incubated for 12 hours at 4 oC. Slides were washed three 
�mes in PBS with 0.1% Tween and were incubated in a Cy-3-labelled secondary goat-an�-
rabbit an�body (1:1000) and DAPI for 3 hours at room temperature. Slides were washed 
three �mes in PBS with 0.1% Tween, mounted in Vectashield and observed using an SP2-
confocal microscope (Leica).

UV sensi�vity

Staged young adults were irradiated with UV in a UVP CL-1000 ultraviolet crosslinker with 
0, 50, 100, 150 J/m2. A�er irradia�on, per dose four OP50 plates with three animals were 
prepared and grown for 42 hours at 20 oC. Next, the animals were removed and 24 hours 
a�er, their progeny was analyzed.

Cispla�n sensi�vity

L4 animals were treated with 0, 0.3 and 0.6 mM Cispla�n (Cispla�ne Mayne, 50 mg/50 ml, 
ONCO-TAIN®) for three hours in M9. A�er treatment, four plates with three L4 animals per 
dose were incubated for 42 hours. Next, parents were removed and death eggs and living 
offspring were scored 24 hours therea�er. 

Results

C. elegans REV-1 acts to prevent MSI in soma�c cells 

We previously assayed MSI with animals that contained many copies of a LacZ-based report-
er system that were located on an integrated transgenic array. This reporter system iden�-
fied genes that prevented dele�on and inser�on muta�ons in the ~ 1kb ORF upstream of 
LacZ as well as frameshi�s in an A17 tract placed immediately 3’ of the ORF’s star�ng codon. 
For many of the RNAi clones iden�fied in a genome-wide screen we found that their LacZ 
restora�on poten�al did not result from MSI, and for some that did, we observed greatly 
reduced ra�os of mutagenic events when we assayed transgenic strains with few copies 
of the reporter transgene ([13], data not shown). For valida�on purposes, we set out to 
develop a more sensi�ve MSI reporter that could be assayed in low copy environments. We 
replaced the A17 tract for a more mutagenic C23 tract, and subsequently created transgenic 
lines via biolis�c transforma�on. One of these lines, which displayed limited levels of LacZ 
restora�on in a wild type gene�c background and carried few copies of the reporter (~5), 
was used for further analysis. Animals, synchronized at the larval L1 stage, were transferred 
to control RNAi or rev-1(RNAi) plates and the popula�on was assayed for LacZ restora�on 
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when worms developed to young adults. We found that rev-1(RNAi) leads to 43.8 ± 12.3% 
of animals that show at least one cell that expresses B-galactosidase (Figure 1B), whereas 
14.8 ± 3.0% of the animals stained posi�ve on control RNAi clones. For comparison, we also 
knocked down the canonical MMR genes msh-2 and msh-6 by RNAi, which resulted in 50.4 
± 14.4% and 52.1 ± 11.6% posi�vely stained animals, respec�vely. We also knocked down 
rev-1 in MMR defec�ve reporter animals by combining rev-1(RNAi) with a gene�c dele�on 
of msh-6. Here, however, the degree of frameshi�ing by gene�cally inac�va�ng the MMR 
pathway was so high (worms accumulated many germline hits in the reporter) that it was 
impossible to determine a possible epista�c rela�onship between rev-1 and MMR genes 
(data not shown).

C. elegans REV-1 shows homology to REV1 proteins from other organisms

REV-1 is well conserved throughout eukaryo�c organisms, and we next compared the pro-
tein structure of C. elegans REV-1 to orthologous proteins in other species (Figure 2). C. el-
egans rev-1 encodes for a 1027 amino acid protein, with two recognizable structural mo�fs: 
a BRCT domain and a Pol_zeta domain. Despite the high degree of similarity within these 
domains, which points at func�onal conserva�on, there are also no�ceable differences: 
there is a clear lack of conserva�on of the ~ 100 amino acids located at the C-terminus, a 
region that in other systems has been shown to interact with Y-polymerases polη and polκ. 
Yeast two-hybrid analysis also failed to iden�fy an interac�on of C. elegans REV-1 with the 
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Figure 1: rev-1(RNAi) enhances the level of microsatellite instability. A) Transgenic reporter animals that were 
mock-treated control or subjected to rev-1(RNAi), msh-6(RNAi) and msh-2(RNAi). MSI is visualized by β-galactosi-
dase expressing cells. Importantly, animals are subjected to RNAi at the larval L1 stage when they already contain 
~500 of the 959 soma�c cells that make up the adult animal. This means that the phenotypic consequences in the 
knockdowns are limited to late-stage cell divisions, a�er RNAi kicks in; a wild type level of MSI at the (C)23 tract 
takes place during embryogenesis. B) Quan�fica�on of the MSI instability. Animals were counted posi�ve if they 
had at least one cell that express B-galactosidase. For each condi�on, we tested 10 independent cultures. Error 
bars indicate standard devia�ons.
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worm’s homologs of polη (POLH-1) and polκ (POLK-1) [9]. This lack in conserva�on at the 
proteins C-terminus may also bear significance for a possible physical interac�on with DNA 
polymerase ζ subunits: recently iden�fied mo�fs in the C-terminus of yeast Rev1p have 
been shown to be sufficient for interac�on with Rev7p [8]. We tested MSI on RNAi clones 
targe�ng C. elegans POLH-1, POLK-1 and the worm homolog of Rev3: all clones had wild 
type levels of frameshi� induc�on.
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Figure 2: Evolu�onarily conserva�on of REV-1 orthologs. A) Schema�c illustra�on of the modular organiza�on of 
REV1 protein from various organisms. The BRCT and Pol_zeta domains are shown in black and gray, respec�vely. 
Sequence conserva�on of B) the BRCT domain and C) the Pol_zeta domain. Conserved amino acids are boxed in 
black; gray boxes indicate similar residues.

C. elegans REV-1 is essen�al for embryonic development

To further study the role of rev-1 in preven�ng MSI, we aimed to isolate gene�c alleles by 
re-sequencing an EMS-mutagenized C. elegans library [16]. We iden�fied animals that carry 
a premature stop codon that is located in the fourth exon of rev-1. The muta�on is a A>T 
transversion, that leads to a K236* muta�on (Figure 3A). Culturing animals carrying this 
allele (rev-1(lf34)) suggested accompanying embryonic lethality: the allele could only be 
maintained in a heterozygous state (also a�er 6 fold out-crossing or extensive sib-selec�on 
procedures), and dead embryos that were found on the plate were homozygous for lf34. 
To confirm that this embryonic lethal phenotype results from REV-1 loss and not from a 
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lf34 AAA > TAA
        Lys > Stop

BRCT Pol_zeta

lf35 GGT > GAT
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Figure 3: C. elegans rev-1 is essen� al for embryonic development. A) Genomic organiza� on of the C. elegans rev-1 
locus. The alleles described in this study are depicted above the gene structure; the regions that encode for the 
BRCT and Pol_zeta domains are depicted underneath. B) Brood size and C) Survival of animals (n=10) that were 
fed on control RNAi clones or rev-1 dsRNA producing bacteria. Error bars indicate standard devia� ons. D) Dis� nct 
approximate stages of C. elegans embryogenesis can be dis� nguished by low resolu� on bright-fi eld microscopy 
[18]. Eight of those categories, supplemented with hatched larvae as a separate class, were used to classify the 
developmental stages of embryos laid by E) mock treated or F) rev-1(RNAi) treated mothers. The progeny of seven 
(control) or nine (rev-1(RNAi)) animals were analyzed. Each type of bar represents one brood of one animal. The 
diff erent developmental stages are plo� ed on the x-axis, while the y-axis shows the percentage of embryos in that 
specifi c stage.
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nearby linked muta�on, we placed wild type L4 animals on rev-1(RNAi) and empty feed-
ing vector control plates and determined brood size, viability, and growth of their progeny. 
While the brood size (number of deposited eggs) of rev-1(RNAi) animals was unaffected by 
REV-1 knockdown, almost all embryos failed to hatch (99.1 ± 0.7% compared to 0.2 ± 0.3% 
for control animals; Figure 3B and C). Together these data show that REV-1 is essen�al for 
embryonic development in C. elegans.

We next classified the stages of development at which the embryos arrest/die. We 
placed wild type animals of the larval L4 stage on rev-1(RNAi) plates and allowed them to 
mature and produce eggs for 16 hours, a�er which the mothers were sacrificed. Three hours 
a�er removal we checked all embryos on the plate and classified them in 8 categories of 
recognizable embryonic sub-stages as described in worm atlas [18] (Figure 3D). On control 
RNAi plates, the vast majority of embryos were either in the “pretzel stage” or had already 
hatched (Figure 3E). rev-1(RNAi) embryos, in contrast, failed to reach the “bean stage” and 
started to degenerate at earlier developmental stages (Figure 3F). We also made �me-lapse 
video images of the earliest zygo�c cell divisions. It has been described that interfering with 
DNA replica�on (by RNAi) results in a delay of the cell cycle at the very first embryonic divi-
sions [19]. However, we found that in contrast to RNAi of core DNA replica�on components, 
rev-1(RNAi), under condi�ons that were sufficient to cause near 100% embryonic arrest, did 
not affect the cell cycle dura�on at the two-cell stage, when the larger anterior blastomere 
AB divides before the smaller posterior blastomere P(1). 

Why do REV-1 depleted C. elegans embryos die? REV-1 is presumed to func�on in pre-
ven�ng replica�on fork collapse because it aids to bypass DNA damage and perhaps also 
facilitates replica�on of non-damaged DNA (e.g. micro-satellite sequences). Early embryo-
genesis in C. elegans goes through a phase of rapid cell divisions, without proper checkpoint 
control that would prevent cell cycle progression in the presence of damage [20]. It is thus 
conceivable that the early arrest that we observe in rev-1(RNAi) embryos is caused by ex-
cessive genomic deteriora�on if the cell cycle would progress in the presence of stalled or 
collapsed forks. The logical outcome of such a crisis would be the presence of chromosomal 
breaks. We thus stained embryos with an an�body against RAD-51, a protein that accumu-
lates at resected ends of a double strand break (DSB). Indeed we found that even in the 
absence of applied genotoxic stress mul�ple RAD-51 foci formed in rev-1(RNAi) embryos 
(Figure 4). These were never observed on control RNAi. This observa�on is consistent with 
the hypothesis of increased replica�on stress in the absence of func�onal REV-1. At pres-
ent we do not know whether embryos arrest because soma�c cells acquire the capacity to 
ac�vate a DNA damage checkpoint or for other reasons. It should be noted that embryonic 
development halts at similar stages when embryos are completely devoid of any DNA [21]. 
We used FISH to determine the ploidy in rev-1(RNAi) animals, but observed no difference 
from wild type (not shown), sugges�ng that rev-1 embryos likely do not die because of 
massive chromosomal loss.
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Figure 4: RAD-51 foci accumulate in rev-1 deficient animals. Embryos of mock- or rev-1(RNAi)-treated mothers 
were analyzed by RAD-51 immuno- and DAPI-staining (le� and middle panel respec�vely); the right panel displays 
the merged image. All displayed images show representa�ve par�al projec�ons of Z-stacks.
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The BRCT domain of REV-1 is required for TLS but not for viability or to counteract MSI

Apart from isola�ng a rev-1 allele containing a premature stop, we also found a strain that 
carries a muta�on located in one of REV-1’s func�onal domains. The rev-1(lf35) allele carries 
a muta�on changing the glycine at posi�on 283 into an aspar�c acid (G283D) (Figure 3A). 
G283 is located in the BRCT domain of the protein and is 100% conserved in all animal and 
yeast REV-1 proteins. In yeast, a mutant carrying a muta�on of the corresponding glycine 
in the BRCT domain (Rev1p G193R) was isolated (rev1-1) [22]. This muta�on renders the 
cells sensi�ve to UV irradia�on. The mutant protein is defec�ve in the bypass of T-T (6-4) UV 
photoproducts and abasic sites, but yet retains substan�al deoxycy�dyl transferase ac�vity 
[23]. Mouse cells carrying a mutated REV1 BRCT domain display an UV-C-induced delay in 
progression through late S and G2 phases. Addi�onally, UV-C-mutagenesis is reduced and 
muta�ons at thymidine-thymidime dimers are absent [24]. 

Importantly, animals homozygous for rev-1(lf35) are viable and grow well without any 
effect on viability or embryonic development (data not shown), indica�ng that the essen�al 
role for C. elegans REV-1 is not associated with it’s BRCT domain. We next assayed rev-
1(lf35) animals for sensi�vity to DNA damaging agents. Figure 5A illustrates that rev-1(lf35) 
animals are hypersensi�ve to UV irradia�on, which is in excellent agreement with the yeast 
and mouse data [12, 22]. The UV sensi�vity of rev-1(lf35) is further increased by inac�va�ng 
nucleo�de excision repair, which would remove the majority of UV-induced photoproducts. 
rev-1(lf35) xpa-1(ok698) double mutant animals are significantly more sensi�ve to UV ir-
radia�on than either single mutants. rev-1(lf35) animals are also hypersensi�ve to the DNA 
crosslinker Cispla�n. Cispla�n induces intra- and interstrand crosslinks [25, 26]. Intrastrand 
crosslinks are repaired by NER [27], while interstrand crosslinks are repaired by interstrand 
crosslink repair [28]. We show that rev-1(lf35) mutant animals are more sensi�ve to Cispla-
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Figure 5: Sensi�vity of rev-1(lf35) animals to DNA damaging agents. Animal survival curves for the indicated 
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�n than wildtype animals, and addi�onally, that this muta�on increases the sensi�vity of 
dog-1 mutant animals, the homologue of the Fanconi Anemia protein FANCJ [29], to this 
drug (Figure 5B). Together, this shows that the BRCT domain of C. elegans REV-1 is important 
for its role in DNA damage bypass. However, it is not essen�al for the essen�al role REV-1 
plays during embryonic development.

Discussion
Our data broadens the significance of REV-1 in maintaining genome stability in animals. We 
found that func�onal REV-1 is essen�al for embryonic development in nematodes. For this 
essen�al func�on, the protein does not depend on an intact BRCT domain, while this do-
main is required for REV-1’s protec�ve role against DNA damage. A prominent role for REV1 
in (allowing) animal development has been hinted at by the finding that in mice REV1 null 
alleles could not be created in a C57BL/6 background, while viability was virtually not com-
promised by REV1 inac�va�on in an 129/OLA gene�c background [30]. It remains an open 
ques�on which likely redundant pathway acts on similar endogenous substrates that have to 
be dealt with to allow proper embryogenesis in mice. High-throughput gene�c analysis (e.g. 
epista�c miniarray profiling) in yeast may provide insight into the gene�c interac�on map of 
REV1. Two independent recent studies [31, 32] iden�fied members of the RAD52 epistasis 
group to cause synthe�c growth defect in rev1 deleted S. cerevisiae strains in the absence of 
exogenous DNA damage. Some of the members of this pathway, including RAD52 itself, are 
not encoded by the C. elegans genome, which may explain the more drama�c phenotype of 
REV1 inac�va�on in worms.

What substrate is so cri�cally dependent or REV1 ac�on? In mice, 129/OLA derived 
REV1 knockouts display pleiotropic phenotypes, even in the absence of exogenous chal-
lenges [30], sugges�ng the presence of an endogenous lesion that requires REV1 to be (effi-
ciently) bypassed. We found that muta�ng the BRCT domain of C. elegans REV-1 confers UV 
and Cispla�n sensi�vity but not loss of viability. If we interpret these phenotypes to result 
from the loss of TLS ac�vity on specific forms of DNA damage, it means that those forms 
(or related types of DNA damage) are not the underlying cause of the genomic instabil-
ity phenotype we observe in rev-1(RNAi) embryos, ul�mately leading to embryonic arrest. 
Apart from damaged DNA, non-damaged but alterna�vely folded DNA may also cons�tute 
replica�on-blocking obstacles that require TLS polymerase ac�on. Recently, yeast REV1 has 
been implicated in maintaining the stability of trinucleo�de repeats, but only of those that 
have hairpin forming poten�al, in a manner dependent on BRCT domain func�on [33]. We 
iden�fied a more general role for REV1 in protec�on of mononucleo�de repeats against 
frameshi�ing errors: we found MSI at monoA and monoG tracts in rev-1 compromised so-
ma�c cells. This leads to the ques�on whether fork stalling at these sequences poses such 
a severe problem that it would ul�mately lead to a permanent arrest and embryonic death. 
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Can the essen�al role of REV-1 be linked to cataly�c ac�vity of its polymerase domain? Rev1 
is a translesion synthesis polymerase that in vitro incorporates uniquely deoxycy�dine op-
posite damaged DNA and abasic residues.

This ques�on is technically very difficult to address in the worm system. The essen�al 
nature of rev-1 also precludes the genera�on of muta�on accumula�on lines, which would 
allow us to determine the muta�on profile in the absence of REV-1, as has been done in 
mice [30]. However, the following ra�onal reveals an intriguing conundrum: if REV-1 is so 
important that in its absence C. elegans embryos fail to develop, why is the spontaneous 
muta�on frequency in this animal so low? The muta�on rate was determined to be one 
nucleo�de change per animal per genera�on [34]. This no�on suggests that the essen�al 
func�on of REV-1 is in an error free pathway. Therefore, it is difficult to a�ribute a role of the 
enzyme’s deoxycy�dyl transferase ac�vity, which is predominantly mutagenic, in maintain-
ing the integrity of the replica�on fork at the expense of base subs�tu�ons: the margin of 
error is simply too small for a prominent role of a mutagenic TLS polymerase. A very recent 
finding may shed some light on such a func�on: Sale and Coworkers revealed a role for 
chicken REV1 in ensuring frame fidelity during TLS of UV photoproducts [35]. These authors 
show that in the absence of REV1, three instead of two bases are incorporated across a two 
“6-4” covalently linked thymidines. Bypass of this UV photoproduct was found to completely 
depend on Polζ’s TLS ac�on leading to the hypothesis that REV1 restrains the ac�vity of 
this polymerase to ensure that nucleo�des are incorporated in-frame with the template 
strand. Our data fits a model in which such a frame-tracking role is extended to other DNA 
polymerases at replica�on fork stalls.

Note added in press 
A�er submission of this thesis manuscript, we discovered out that our stock rev-1 RNAi 
clone contained bacteria that produce dsRNA against the C. elegans rba-1 gene. Consider-
ing that the RNAi phenotypes described for rba-1 phenotypically mimics the phenotypes 
we observed through gene�c inac�va�on of rev-1, we cannot exclude the possibility that 
the RNAi phenotypes we described in this chapter are the result of rba-1 instead of rev-1 
knockdown. Future work will be aimed to resolve this issue.
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Abstract
DNA replica�on has to occur with high fidelity to avoid accumula�on of muta�ons. Nev-
ertheless, during replica�on, errors such as base:base mispairs leading to point muta�ons 
and frameshi�s resul�ng in inser�ons or dele�ons occur. Supplemen�ng the proofread-
ing capacity of replica�ng polymerases, DNA mismatch repair (MMR) proteins scan newly 
replicated DNA to detect and correct replica�on errors. To iden�fy new factors that are 
involved in MMR, we developed a sensi�ve transgenic reporter system in C. elegans that 
colorimetrically detects DNA frameshi�s. With this LacZ-based reporter, we performed a 
forward mutagenesis screen and isolated 21 mutants. Of these mutants, five contained new 
alleles of known MMR genes, valida�ng the screen. Strategies to iden�fy the other gene�c 
defects that result in elevated levels of frameshi� muta�ons are discussed.

Introduc�on
To faithfully transmit gene�c material to new genera�ons, cells use high-fidelity DNA poly-
merases to avoid incorrect copying of DNA during DNA replica�on. The mismatch repair 
(MMR) proteins provide an extra level of protec�on by correc�ng the errors that escape 
the proofreading ac�vity of these polymerases [1, 2]. The importance of having a func�onal 
MMR system is illustrated by the existence of an MMR-related hereditary cancer syndrome. 
Pa�ents that suffer from Hereditary Non-Polyposis Colorectal Cancer (HNPCC) or Lynch 
Syndrome carry muta�ons in MMR genes [3]. One of the hallmarks of HNPCC tumors is a 
decreased stability of microsatellites, which are repe��ve sequences that exist throughout 
the genome. 

MMR predominantly corrects two types of replica�on errors: 1) single basepair mis-
matches, which can lead to point muta�ons and 2) DNA loops, which result from replica�on 
slippage on repe��ve sequences/microsatellites and can cause inser�ons or dele�ons [1, 
2]. While the recogni�on steps of replica�on errors by MMR are fairly well understood, the 
downstream processing steps are less clear. In most eukaryotes, the two aforemen�oned 
substrates are ini�ally processed by different, par�ally overlapping sub-pathways: base:
base mispairs are mostly detected by MSH2/MSH6 heterodimers and further processed by 
MLH1/PMS2, while DNA loops are recognized by MSH2/MSH3 and further processed by 
MLH1/MLH3 [2].

In C. elegans and also in Drosophila, only one of the two pathways appears to be con-
served [4]. Four C. elegans MMR genes have been iden�fied; msh-2, msh-6, mlh-1 and pms-
2, but no homologue of msh-3 or mlh-3 could be iden�fied in the fully sequenced genomes 
of these species. It is thus unclear whether the C. elegans MMR has a broader substrate 
range and can also repair DNA loops or whether such replica�on errors are le� untouched. 
The observa�on that C. elegans genomes sustain higher levels of inser�on/dele�on muta-
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genesis as compared to other species [5] could support the la�er scenario. Similar to other 
organisms, defec�ve MMR leads to highly elevated muta�on rates [6, 7].

The model organism C. elegans is an excellent system for forward gene�cs. Because of 
its small size and the short �me it takes to grow large numbers, screens can be performed 
rapidly without demanding too much space. In addi�on, reverse gene�cs approaches are 
powerful in C. elegans. Genome-wide RNAi screens have been feasible since the crea�on of 
a library that contains about 80% of the C. elegans genes [8, 9]. A marked disadvantage of 
RNAi is that it only allows for the analysis of knockdown phenotypes and not for phenotypes 
caused by muta�ons that, by their nature, can give insight into overall gene func�on. 

Previously, our laboratory described the development of a C. elegans transgenic reporter 
system that is able to visually monitor frameshi�s in a microsatellite [7]. In this system, a 
LacZ gene is disrupted by the inser�on of an A17 repeat placed immediately downstream of 
the start codon. This inser�on puts the downstream ORF out-of-frame, however when a -1 
frameshi� occurs within the repeat (by the dele�on of one nucleo�de), the 3’ end of the 
LacZ gene will come in-frame with the upstream start codon resul�ng in func�onal LacZ ex-
pression. Such events can thus easily be detected by staining animals with β-galactosidase. 
It was shown that virtually no staining is detected in transgenic animals with a wild type 
gene�c background. However, in a msh-6 mutant background, many cells express LacZ, as 
a result of frame-correc�ng frameshi�s. This reporter was subsequently used to perform 
an RNAi screen to iden�fy genes involved in avoiding MSI [10]. Several of the newly iden�-
fied genes resulted in lethality when knocked down by gene�c means (for example rev-1, 
described in Chapter 2 of this thesis). Because this obviously hinders gene�c analysis we set 
out to isolate alleles of frameshi� mutators via forward mutagenesis. Here, we describe the 
construc�on of a new MSI reporter, which contains several improvements compared to the 
one used previously. We show that this reporter is highly sensi�ve and specific to frameshi� 
mutators. Transgenic animals carrying the reporter in low copy numbers were subsequently 
used in a clonal F2 forward mutagenesis screen. Out of 1800 mutagenized genomes, we 
isolated 21 mutants, five of which carried a muta�on in a known MMR gene. The gene�c 
defect in the other 16 strains is yet to be determined.

Materials and Methods

Strains and maintenance

General methods for culturing C. elegans were used [11]. The following strains were used: 
N2, CB4856, NL2511 [msh-6(pk2504)] and NL4812 [unc-119(ed3) pkIs2175 [pRP1890 unc-
119(+)]]. The NLS::ATG-(C)23-GFP/LacZ reporter (pRP1890) was constructed by first oligo-
cloning an (C)23 tract into pRP1821 [7] to generate pRP1851. An NLS sequence was inserted 
N-terminal to the (C)23 tract (pRP1858), and the reporter was subsequently shu�led into 
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the bombardment vector pRP2512 to generate pRP1890. Transgenic animals were gener-
ated via biolis�c transforma�on, several independent lines were tested for MMR dependent 
LacZ correc�on, by crossing in an msh-6 allele. One strain was selected: NL4812, which con-
tained an integrated array (pkIS2165) with 5-10 copies of the reporter. This allele was used 
in all experiments.

Forward screen

L4 animals were incubated in 0.05 M EMS in M9 solu�on for four hours [12]. A�er treat-
ment, animals were placed on OP50 plates. Subsequently, 1500 F1 animals were singled and 
from each F1 plate, an F2 animal was picked to a fresh plate. When the F3/F4 genera�on 
was present on the plates, the animals were rinsed off and stained with β-galactosidase.

Mapping

For the ini�al mapping, the SNPs described in [13] were used. For finemapping, SNPs iden�-
fied by [14] were used.

Results

The development of an improved MSI reporter

Despite the no�on that the previously men�oned A17 MSI LacZ reporter iden�fied all MMR 
genes in an RNAi based screen [10], it was not highly specific. The screen iden�fied 61 
knockdowns, of which only 13 increased the muta�on rates in the micro-satellite repeat. 
The other 48 knockdowns also stained posi�ve when an out-of-frame-reporter was used 
that lacked the A17 repeat. This lack of specificity may par�ally be explained by the fact that 
the reporter is present in a mul�-copy complex array, thus containing repe��ve sequences; 
rearrangements between different copies may lead to ORF restora�on.

For this reason, we first aimed to make key improvements to the exis�ng assay before 
ini�a�ng a �me- and labor consuming gene�c screen. We created new transgenic lines that 
differed in three aspects (Figure 1A): 1) the sensi�vity of the reporter was increased by 
changing the length and the sequence of the microsatellite: we now used a C23 repeat as 
it was shown that DNA polymerase slippage occurs more o�en at cytosine tracts than on 
adenosine tracts [15]. 2) The specificity was addressed by using low copy integrants. 3) We 
added a nuclear localiza�on signal (NLS) pep�de sequence N-terminal to the LacZ protein. 
This allowed us to trace the events back to specific cell types and lineages.

We generated transgenic animals via biolis�c transforma�on [16] and stained stable lines 
for B-galactosidase ac�vity. Figure 1B depicts a representa�ve popula�on of animals. A clear 
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stochas� c pa� ern of expression can be observed indica� ve of spontaneous frameshi� s that 
have occurred during DNA replica� on at some stage during development. Early events will 
lead to many posi� ve cells (corrected copies are transmi� ed to progeny cells); late events 
will lead to animals with few spots. As can be observed many animals failed to show any cell 
expressing LacZ indica� ng that the muta� on rate is below one per worm per genera� on.

We next assayed MSI in MMR defec� ve animals by crossing an msh-6(pk2504) allele 
into the reporter lines. Figure 1C and 1D illustrate a strong increase in ORF correc� on in 
msh-6(pk2504) cultures, which demonstrates that this reporter can also be used to visualize 
defec� ve MMR. To test whether this reporter was more specifi c than the one used previ-
ously, we tested various non-MSI knockdowns that were iden� fi ed in the previous RNAi 
screen [10]. No increased LacZ restora� on was observed for transgenic C23 reporter strains 
for all RNAi knockdowns tested, indica� ng that this new reporter is more specifi c for the MSI 
phenotype and will likely lead to less “false posi� ve” hits in gene� c or RNAi screens.

NLS C23 LacZ

NLS C22 LacZ

No functional LacZ

Functional LacZ

A

-1 frameshift

B

C
wildtype msh-6(pk2504)

Figure 1 The newly developed C23 reporter. 
A) Schema� c representa� on of the C23 re-
porter. The downstream LacZ ORF is placed 
out-of-frame with an upstream sequence 
that contains the start ATG and an NLS, by the 
inser� on of a C23 tract. A -1 frameshi�  leads 
to an in-frame product that can be iden� fi ed 
by staining with β-galactosidase. B) Stain-
ing of animals carrying the C23 MSI reporter 
transgene pkIs2165. Staining pa� erns diff er 
between animals. The nuclear localiza� on 
allows lineage tracing. Examples of early 
(closed triangles) and late (open triangles) 
events are indicated. C) MSI visualized in 
MMR profi cient (wild type) and defi cient 
(msh-6(pk2504)) gene� c backgrounds.
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Forward mutagenesis screen iden�fies new alleles of C. elegans MMR genes

To iden�fy muta�ons that cause MSI, a forward EMS mutagenesis screen [12] was per-
formed. Mixed-stage popula�ons were treated with EMS and 1200 F2 animals were cloned 
out. Because the LacZ staining protocol kills the animals, we assayed the progeny: half of 
the animal popula�on were rinsed off and stained for β-galactosidase ac�vity. This screen 
isolated 21 popula�ons that showed increased LacZ staining. 

Because MMR genes are the most likely hits, we first sequenced the 21 strains for the 
four known C. elegans MMR genes: msh-2, msh-6, pms-2 and mlh-1. This led to the iden�fi-
ca�on of five muta�ons in these genes (Table 1). All muta�ons were G/C to A/T transi�ons 
as expected, since it is the predominant muta�on caused by EMS [12]. Of these muta�ons, 
one, PMS-2(Q21*), led to a premature stop codon, while the other muta�ons all resulted in 
amino acid changes. Two alleles of mlh-1 were found and in both cases a conserved residue 
was mutated: MLH-1(A40V) and MLH-1(G18D). One allele of msh-2 was iden�fied: MSH-
2(G273E). Here, an evolu�onarily conserved amino acid was altered; the glycine resides 
in the highly conserved ATPase domain of MSH-2. The muta�on in msh-6, which changed 
the proline at posi�on 470 into a serine (MSH-6(P470S)) was not in a conserved region. 
Complementa�on analysis with e.g. msh-6(pk2504) will have to determine whether this 
muta�on is causal.

We also sequenced the F45G2.3 gene, which encodes the probable C. elegans homo-
logue of EXO1. EXO1 is a 5’→3’ exonuclease that has been implied in MMR [17]. However, 
we did not iden�fy a muta�on in F45G2.3 in the 16 remaining mutant lines.

Gene Allele Mutation Residue Change

TGGGT{GG>AA}CGCCG A40V
GAAGA{G>A}AACTT G273E
TACTC{C>T}CGAAA P470S

CCTCA{C>T}CGGCC G18Dmlh-1

msh-2

msh-6

pms-2 Q21*CCGCC{C>T}TAGGT

pk2258

pk2275

pk2271

pk2272

pk2269

Table 1: New alleles of C. elegans MMR genes iden�fied in the forward screen.

Two apparent staining pa�erns emerge

We further analyzed the staining pa�erns that were detected in the iden�fied mutants. 
The nuclear localiza�on signal does allow iden�fica�on of individual cells and therefore MSI 
events can be traced to the invariant cell lineage. In a�empt to quan�fy the difference in 
various mutants, we counted blue spots in the intes�nal tract. We focused on one lineage 
because there were too many events per individual animal to be able to count them sepa-
rately. The intes�nal tract was chosen for two reasons: 1) all ~ 40 cells are derived from one 
precursor cell E and 2) these cells are large and can easily be dis�nguished from neighboring 
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cells. We established four classes: I Worms with no staining at all, II Worms that have blue 
cells, but no intes�nal ones, III Par�al staining of the intes�nal lineage, and IV Staining of 
all intes�nal cells. As observed in figure 1B and 2, animal popula�on with wild type gene�c 
background (thus with func�onal MMR) mostly showed white worms and the second larg-
est class was class II, with a few blue patches per worm. However, in most mutant strains 
the most predominant staining class is the one with all intes�nal cells expressing B-gal, as is 
also the case for the msh-6(pk2504) control. 

Interes�ngly, a few mutant strains showed a completely different staining pa�ern 
(pk2257, pk2274 and pk2277; Figure 2). They showed many LacZ posi�ve cells, but almost 
no staining in the intes�ne was observed. This suggests that the MSI phenotype in these 
mutants is not caused by defec�ve MMR, since all mutants carrying a muta�on in a MMR 
gene showed the intes�nal staining pa�ern. At present, we do not have an explana�on for 
this observed phenotype.

100
90
80
70
60
50
40
30
20
10
0

pk2267 pk2268 pk2274 pk2276 pk2277 msh-6(pk2504)mlh-1(pk2271) mlh-1(pk2272) pms-1(pk2275) wildtype

100
90
80
70
60
50
40
30
20
10
0

pk2257 msh-2(pk2258) pk2261 pk2263 pk2264 pk2266pk2259 pk2260 pk2262 pk2265

= no blue staining

= blue staining, but not in the intestine

= partial intestinal staining

= complete intestinal staining

Figure 2: Quan�fica�on of staining pa�erns. Four classes of staining pa�erns were defined (see text) and the 
number of worms falling into every class was determined per allele. 
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Mapping of the MSI reporter

Five mutants have a muta�on in a MMR gene. We started posi�onal cloning efforts to iden-
�fy the gene�c defects in the 16 remaining mutant lines. We first determined the chromo-
somal loca�on of the integrated transgene using single nucleo�de polymorphisms (SNPs) 
that are iden�fied in a Hawaiian isolate of C. elegans, CB4856. A large propor�on of these 
SNPs lead to a modifica�on of a restric�on side, which allows rapid PCR-based mapping 
approaches [13, 14]. 

We crossed the Bristol strain that contains the MSI reporter transgene with the CB4856 
strain and analyzed the F2 genera�on for the presence of the transgene by PCR (whether 
the transgene is homozygous or heterozygous cannot be determined). We made two pools: 
DNA of animals with or without the transgene. On both pools we performed SNP analysis 
with four evenly spaced SNPs per chromosome [13].

An underrepresenta�on of CB4856 in the DNA pool with the transgene will indicate its 
posi�on. Vice versa, animals that lack the transgene should predominantly be CB4856 at 
that loca�on (Figure 3). We posi�oned the MSI reporters on the le� arm of chromosome 
III (Figure 4A). Next, we used addi�onal SNPs to further finemap the loca�on to a 6.3 cM 
interval (Figure 4B). 

A�empts to map the remaining mutants fail

A�er mapping of the transgene we a�empted to map the remaining muta�ons. This was 
not successful. In most cases, already in the first step we could not find linkage to any chro-
mosome. For two alleles, pk2266 and pk2274, ini�al linkage was found, namely to the right 

CB4856 x NL4812

Chromosomes without transgene Chromosome with transgene

F1
pkIs2175

F2

pkIs2175

pkIs2175

pkIs2175 Transgene PCR

+

-

+

SNP

CB4856

CB4656/N2

N2

Transgene Pool

No transgene pool

SNP

CB4856

CB4656/N2

N2

Figure 3: Stategy to map the reporter transgene. Bristol N2 worms that carry the transgene were crossed with 
Hawaiian isolate CB4856. F2 animals that lack the transgene should have CB4856 DNA at the loca�on of the trans-
gene. Therefore, an overrepresenta�on of CB4856 SNP in this pool will point to the genomic posi�on of the trans-
gene. All other unlinked genomic loca�ons will be equally represented by N2 and CB4856 DNA.
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arm of chromosome I and the le� arm of chromosome IV, respec�vely. Here, the finemap-
ping proved to be problema�c. Fluctua�ons in the blue staining of heterozygous mutants 
led to improper qualifying of the phenotype. A pilot experiment in which a known allele 
(msh-6(pk2504)) was used in mapping experiments revealed that mapping strategies can 
principally be carried out but those strategies proved to be very labor intensive. We con-
cluded that new approaches/strategies are required.
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Figure 4: Mapping of the transgene. A) Ini�al mapping of the loca�on of the transgene shows linkage to the le� 
arm of chromosome III. For each of the six chromosomes (I through X), four SNP markers were analyzed. The 
genotype determined for each SNP marker is depicted: N stands for N2, N/C for both the N2 and CB4856 SNPs are 
present, and C for only the CB4856 SNP. In the DNA sample from worms that did not contain the transgene, an over-
representa�on of CB4856 SNP for the III.1 and III.2 markers was present. This maps the transgene to the le� arm of 
chromosome III. B) Finemapping of the loca�on of the transgene. We analayzed nine individual lines (1 through 9) 
that had a varia�on in SNP pa�ern for the III.1 and III.2 markers. Genotypic depic�on is in colors (see legend). At the 
-9 loca�on all worms that do not contain the transgene, show the CB4856 SNP. At other loca�ons, N2 SNPs are s�ll 
detected. Therefore, the transgene is located in the 6.3 cM region surrounding the -9 SNP on chromosome III.

Discussion
Here, we describe a sensi�ve and specific MSI reporter that can be used to efficiently screen 
for genes involved in MMR. We performed a forward screen to iden�fy mutants that show 
increased levels of MSI. In total, we found 21 mutant popula�ons; five of those carry muta-
�ons in the four known C. elegans MMR genes. MMR genes are involved in the avoidance 
of MSI [2] and these results therefore validate the use of this reporter to screen for genes 
involved in MMR. The ability to screen for (new) MMR genes is of great importance. While 
the damage recogni�on steps in the MMR pathway are well understood, the mechanisms 
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involved in the further processing and repair of the detected mismatches are poorly under-
stood. Iden�fica�on of new MMR genes therefore can help to get a be�er understanding 
of these processes. The goal of this setup was to iden�fy alleles of novel genes. These can 
be among the 16 lines we isolated in the screen, but how to iden�fy the underlying defect? 
Classical posi�onal cloning efforts proved to be unsuccessful for a number of reasons. Per-
haps most importantly, the tremendously high rate of frameshi�ing (and LacZ correc�on) 
makes it very difficult to dis�nguish the mutant phenotype from germ line events. These 
events will transmit func�onal LacZ ORFs to progeny (these animals obscure the readout 
in gene�c crosses). Very recent experiments with single copy C23 tracts at known genomic 
loca�ons indicate the frequency of MSI in MMR defec�ve worms is tremendously high: 20% 
per animal per genera�on. This suggests that each germ cell will have a func�onal LacZ ORF 
(~5-10 copies), making mapping and quan�fica�on impossible. Although one could princi-
pally omit animals that have LacZ expression in all cells (as these are likely caused by germ 
cells with a reverted copy), in our experience this does not solve the problem because there 
are some fluctua�ons in the penetrance of expression upon heat-shock (the promoter that 
drives LacZ expression). 

Based on these results various other schemes can be explored (single copy, mul�ple 
independent reporters, less sensi�ve transgenes, etc.), although it will require new screens. 
Alterna�vely, newly developed technology, e.g. whole genome sequencing, to determine 
the underlying defect in the 16 strains is currently available. 
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Summary
To safeguard gene�c integrity, cells have evolved an accurate but not failsafe mechanism 
of DNA replica�on. Not all DNA sequences tolerate DNA replica�on equally well [1]. Also 
genomic regions that impose structural barriers to the DNA replica�on fork are a poten�al 
source of gene�c instability [2,3]. Here, we demonstrate that G4 DNA – a sequence mo�f 
that folds into quadruplex structures in vitro [4,5]- is highly mutagenic in vivo and is removed 
from genomes that lack dog-1, the C. elegans ortholog of mammalian FANCJ [6,7], which is 
mutated in Fanconi anemia pa�ents [8-11]. We show that sequences that match the G4 
DNA signature G3-5N1-3G3-5N1-3G3-5N1-3G3-5 are deleted in germ and soma�c �ssues of 
dog-1 animals. Unbiased aCGH analyses of dog-1 genomes that were allowed to accumulate 
muta�ons in >100 replica�on cycles indicate that dele�ons are found exclusively at G4 DNA; 
dele�on frequencies can reach 4% per site per animal genera�on. We found that dele�on 
sizes fall short of Okazaki fragment lengths [12], and no significant microhomology was ob-
served at dele�on junc�ons. The existence of 376,000 poten�ally mutagenic G4 DNA sites 
in the human genome could have major implica�ons for the e�ology of hereditary FancJ and 
nonhereditary cancers.

Results and Discussion
Previously, we have built transgenic C. elegans strains to monitor frame-shi�ing errors that 
occur at DNA repeats [13] and observed that monoC/G tracts were much more error prone 
than monoA/T tracts of iden�cal lengths. Although this observa�on is in agreement with 
worm and yeast data on endogenous repeats [14,15], we reasoned that genome rearrange-
ments other than micro-satellite instability could also contribute. This no�on was fueled by 
the iden�fica�on of dog-1, a DNA helicase that protects monoC/G but not monoA/T tracts 
from being deleted [6]. Crossing a dele�on allele of dog-1 into reporter lines that moni-
tor frameshi�ing at mono(C/G)23 tracts, however, failed to result in significantly increased 
reporter expression, likely because the tract is a very strong inducer of DNA frameshi�s, 
resul�ng in many ORF restoring events per animal even in a mismatch repair proficient back-
ground. 

To specifically inves�gate dele�on induc�on at monoC/G tracts, we developed a pheno-
typic assay making use of the nonsymmetrical way dele�ons are induced at such sequences 
in dog-1 deficient animals: dele�ons were previously found to start immediately 5’ of a 
monoC/G tract to end at seemingly random loca�ons a few hundred nucleo�des down-
stream [6]. We therefore placed a monoC tract followed by mu�ple stop codons downstream 
of a reporter gene’s start codon, but in a non-essen�al region (Figure 1A). Only dele�ons 
that take out the mononucleo�de repeat and all stop codons can bring the LacZ start codon 
in-frame with the downstream ORF. For clarity, we will adopt the term monoG- or G-tract 
induced dele�ons for these types of DNA rearrangements. Figure 1B shows lacZ express-
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ing cells that appear in ~0.3% of dog-1 defec�ve animals but these are never observed in 
wildtype (n> 106). The observed pa�erns of expression were typical for stochas�c events 
happening during DNA replica�on in animal development: both early and late events were 
observed, as reflected by many or few cells that express B-galactosidase (Figure 1B). All 
soma�c �ssues were suscep�ble. Note also that a single reversion event leads to expres-
sion in all progeny cells, which in combina�on with the nematode’s invariant cell lineage 
allows us to trace back genomic dele�ons to a single soma�c event during embryogenesis. 
Molecular PCR-based analysis of individual worms showed that these transgenes faithfully 
recapitulate the previously observed muta�on spectrum at endogenous monoG tracts [15]: 
only in dog-1, but not in wildtype animals, we observed dele�ons that take away almost the 

Figure 1: A transgenic reporter assay to monitor G tract induced genomic rearrangements. A) Schema�c-drawing 
of a reporter LacZ gene that is made dysfunc�onal by interrup�ng the LacZ ORF with a (C)23 repeat in the non-
template strand and an in-frame ORF that contains stop codons. Only mutagenic events that delete the C-stretch 
(G tract) together with 3’ flanking sequences can bring LacZ in-frame with the upstream start codon resul�ng in 
detectable B-galactosidase expression. B) dog-1 deficient transgenic animals express B-galactosidase as a result of 
stochas�c DNA rearrangements in soma�c cells during development. The upper right panel depicts expression in 
a subset of intes�nal cells. Unspecified early and late events are depicted in the middle panels. The bo�om panel 
shows expression in cells located at the posterior and anterior ends of the C. elegans bodyplan as a result of a ge-
nomic rearrangement in the joint founder cell ABplpapp. C) Molecular analysis of G tract-induced dele�on forma-
�on in single wildtype or dog-1-deficient adults or larvae of the L4 stage by PCR amplifica�on of sequences flanking 
transgenic G tracts (primers indicated in panel A). D) Schema�c illustra�on of independently derived dog-1 alleles 
that were iden�fied in a clonal F2 forward mutagenesis screen, as well as the gk10 reference allele. The mo�f struc-
ture of the encoded protein is depicted underneath, as well as how the muta�ons affect the protein’s structure or 
func�on. E) Schema�c and sequence representa�on of a func�onal reporter system that colorimetrically visualizes 
G4 DNA fragility: Here, the LacZ reporter contains early stop codons immediately downstream of a C5NC5NC5NC5 
sequence that predicts a G4 DNA quadruplex structure in the template strand. B-galactosidase-expressing cells 
iden�fy G4 DNA induced genomic dele�on events.
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Figure 2: Array Compara�ve Genomic Hybridiza�on (aCGH) iden�fies G4 DNA fragile sites. A) Culturing scheme 
leading to dog-1 muta�on accumula�on (MA) lines. Here, we took advantage of the fact that C. elegans can be 
maintained as self-fer�lizing hermaphrodites: we singled out the progeny of one parental animal (P0), allowed 
these sublines to grow for 10 genera�ons, and then picked one (F10) animal to establish a new culture of which 
the DNA represents the genome of that F10 animal. These MA lines have thus independently gone through > 100 
rounds of DNA replica�on. B) A typical log plot of ~300.000 �led DNA probes covering the le� arm of chromosome 
5 is displayed for MA-14 over wildtype (N2). Probes that flank (<1000 bp) candidate fragile sites are coded in 
gray. This strain suffered three dele�ons in this interval, which are indicated. C) Graphical illustra�ons of a 144 bp 
dele�on at ggg188 in MA-20 and a 157 bp dele�on at Qua462 in MA-13. Closed and open circles represent probes 
against the chromosomal top and bo�om strand. The x-axis indicates the chromosomal posi�on on the C. elegans 
physical map; gray lines indicate the posi�ons of the G4 DNA sequences of which the sequence is given underneath 
the log plots. D) Schema�c representa�on of an�parallel quadruplex DNA in which planar rings of four guanines 
(G-quartets) can stack on top of each other, thereby forming an unusual DNA structure that is thermodynamically 
stable under physiological condi�ons. E) Graphical representa�on of dele�on frequencies as a func�on of G tract 
length. The absolute number of G(n) induced dele�ons (for given n) are divided by the number of G(n)s in the C. 
elegans genome. These numbers are plo�ed above the bars. Note, that we only used dele�ons induced by monoG 
tracts that are not part of larger G4 DNA sequences: (G)15-24N1-7(G)>2 and (G)>2N1-7(G)15-24 were excluded. (F) Size 
distribu�on of G4 DNA induced germline dele�ons (n=49).
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en�re G tract together with 5’ flanking sequence (Figure 1C + S1A). MonoA tracts are not 
suscep�ble to dog-1 dependent dele�on forma�on (Figure S1B).

We next ques�oned, what makes monoG tracts unstable? Is it because they are ex-
tremely prone to replica�on slippage (monoG>>monoA), and could dele�ons be the result 
of error-prone repair of DNA intermediates created by DNA mismatch repair proteins? We 
tested whether monoG tract instability was dependent on func�onal mismatch repair, but 
we found no effect of gene�cally inac�va�ng msh-6 on dele�on induc�on in a dog-1-profi-
cient or -deficient background (Figure S1). Rose and colleagues recently published a survey 
of C. elegans strains with muta�ons in various types of DNA-repair pathways, all of which 
had wildtype behavior for their ability to maintain monoG tracts in their genomes [7,16]. In 
agreement, we found that none of the major genome-maintenance pathways were involved 
in preven�ng monoG tract instability, by using our sensi�ve transgenic assay or popula�on-
based PCR techniques (Figures S1C to F; we es�mate that we would be able to detect a dele-
�on frequency that is < 1% of the dele�on frequency observed in dog-1 mutant animals). 
These also included Werner’s and Bloom’s Syndrome helicases –these proteins have been 
shown in vitro to unwind secondary structures that are formed in G-rich ssDNA [17,18]. 

In an unbiased approach to iden�fy gene�c determinants, we mutagenized transgenic 
animals that carry monoG tract instability reporters and assayed progeny animals that ex-
press B-galactosidase in sublineages, indica�ve of monoG tract induced rearrangements. 
We iden�fied 5 mutants in ~ 4800 genomes, all of which were loss-of-func�on muta�ons 
in dog-1 (Figure 1D). Although the forward and reverse gene�c approaches presented here 
have not reached satura�on levels, they fuel the hypothesis that monoG tracts may repre-
sent a special type of premutagenic lesion that is not acted upon by any of the known major 
DNA-repair pathways.

What features of monoG tracts make these sequences uniquely depend on func�onal 
DOG-1? To address this ques�on, we took a genomics approach to iden�fy addi�onal fragile 
sites and look for common denominators. DNA of clonally grown dog-1 cultures, to establish 
so-called “muta�on accumula�on” (MA) lines (Figure 2A), was assayed by compara�ve ge-
nome hybridiza�on (CGH). We built custom-made C. elegans arrays, onto which we spo�ed 
a �ling path of ~300.000 overlapping probes covering the complete le� arm of chromosome 
V, as well as ~ 81.000 probes aimed to inves�gate sequences surrounding candidate fragile 
loci: i) nucleo�de repeats of various types, ii) palindrome resembling sequences poten�ally 
able to form hairpins in ssDNA, iii) G4 DNA sequences matching the signature G3-5N1-7G3-

5N1-7G3-5N1-7G3-5 (ssDNA containing such mo�fs have in vitro been shown to fold into four-
stranded secondary structures, called quadruplexes [19,20]), and iv) G-rich telomeric DNA. 
Figure 2B displays a log-plot of the en�re le� arm of LGV for one dog-1 MA strain compared 
to wildtype Bristol N2; figure 2C exemplifies two typical dele�on profiles that were found 
at candidate fragile loci. In total, we iden�fied 69 germ line dele�ons in 16 dog-1 MA lines, 
versus zero in N2, and sequenced 51 of those (see supplemental table S1 for a complete 
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list plus characteris�cs), which allows us to draw conclusions with respect to frequency, 
distribu�on, size, sequence requirements, and flanking sequences. We will focus on three 
key findings.

Most importantly, we found that G4 DNA sites, but only G4 DNA sites, are fragile in dog-1 
deficient genomes. The chromosome V �ling path, covering 7% of the en�re genome, iden�-
fied eight dele�ons, all of which map to monoG tracts. In support of such a narrow spectrum 
of fragile sequences, we found no DNA rearrangements at telomeric sites at 93 A17-24, at 599 
(A/G)17-24, and at ~1000 sequences that could poten�ally form DNA hairpins. In contrast, 
the candidate approach revealed 62 dele�ons at large monoG tracts (Gn>14)), 4 dele�ons at 
monoG-like sequences (having 1 or 2 nucleo�des that interrupt a monoG tract), and 3 dele-
�ons at sequences that deviate from the monoG type (e.g. GGGGGagtaGGGcGGGcGGGG), 
but have the poten�al to fold into a quadruplex structure: having four stretches of at least 
three guanines interrupted by nucleo�des of any type (Table S1; Figures 2C and 2D). In all 
dele�ons, the fragile site is taken out almost completely together with 5’ (but not 3’) flank-
ing DNA. We argue that the unique feature that makes monoG tracts unstable is that they 
match the G4 signature and thus have the ability to adopt a quadruplex structure. Although 
the rela�ve abundance of dele�ons at monoG tracts versus non-monoG G4 DNA (62 versus 
3) seems to contradict the rela�ve abundance of the two classes of DNA sequence in the 
C. elegans genome (525 versus 1742), this can be fully explained by assuming that longer 
monoG sequences have a greater degree of liberty to fold into a quadruplex. For example, 
non-monoG Qua462 (Figure 2C) can fold into six different quadruplex structures, while a 
monoG sequence of similar size (22nt) offers 362 possibili�es. In support of this no�on, we 
observed that the dele�on-inducing capacity of G4 DNA increased with tract length and 
G-ra�o (Figure 2E; data not shown).

Another notable observa�on from the aCGH data is the total lack of sequence similarity 
around the dele�on junc�ons. We found no evidence for microhomology driven repair (or 
bypass) by scanning 51 germline dele�ons at different genomic loci or 18 dele�ons at one 
transgenic G4 DNA sequence in soma�c cells (Table S1 and Figure S1A). In par�cular, the lack 
of apparent homology between nucleo�des posi�oned upstream but within the deleted 
segment with unaffected sequences immediately downstream of the fragile site argues 
against mechanisms involving microhomology-dependent DSB repair at G4 DNA-blocked 
replica�on forks. 

Finally, we observed that dele�ons are predominantly of small size. The array design 
combined with the algorithms we developed allow us to detect dele�ons larger than ~ 50-
70 basepairs, but there is no upper constraint, apart from in vivo limita�ons where large 
dele�ons may cause lethality. Indeed, we iden�fied dele�ons in the range of 63 – 7347 
nucleo�des. However, in 88% of the cases, less than 300 bp have been deleted, the average 
size of which is 141 bp. Such size distribu�on hints at a model in which the dele�on size is 
determined by the distance between a lagging strand replica�on fork that is stalled at a G4 
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DNA sequence to the nearest upstream Okazaki fragment (the average length of eukaryo�c 
Okazaki fragments being ~ 300 bp [12]).

We es�mate that our CGH data is derived from ~ 1600 replicated genomes. Although 
most deleted sites were represented only once we found two excep�ons: ggg317 (3x) and 
ggg463 (2x) This indicates that the mutagenic poten�al of these sequences can be enor-
mous: ~ 4% for ggg317 per animal genera�on. The majority of G4 DNA sites, however, have 
not been deleted, likely because the rate of dele�on induc�on per site is far below the rate 
required to see it here. Alterna�vely, many sites are not intrinsically mutagenic; previous 
work suggested that only half of the monoG tracts are fragile, leading to the specula�on 
that monoG tract fragility could predict whether DNA sequences are replicated via the lead-

Figure 3: Mutagenic determinants of endogenous G4 DNA sequences. (A) PCR analysis of endogenous G4 DNA 
sequences ggg325 and qua1442 on single wildtype and dog-1(pk2247) gravid animals (n=8), separated by a DNA 
size marker containing lane. Both wildtype products are ~0.9 kb. (B) Schema�c diagram of an endogenous locus 
that contains two G4 DNA tracts having opposite polarity. The sequences are given above gel images that display 
PCR analysis on these loci in wildtype and dog-1 mutant animals (n=12). For each gene�c background, five gravid 
animals were pooled in one sample. A representa�ve set of smaller than wildtype bands, obtained with primers a 
and d, were purified and sequenced. The resul�ng dele�ons are graphically displayed beneath the locus diagram. 
The ver�cal boxing is to highlight that all dele�ons are on one site flanked by G4 DNA flanking sequence; that 
border defines the fragile G4 sequence. (C) Single worm (SW) and popula�on (P) based (104-105 animals) PCR 
analysis of G4 DNA sequences qua713 and qua1265 for the indicated genotype (n=8). Wildtype products are ~ 1 
kb. (D) Schema�c sum up of endogenous G4 DNA instability in dog-1(pk2247) ranked per type and chromosome 
number (LG). A + marking indicates a dele�on frequency of > 6% (2 smaller bands in 32 samples); +++ means that 
individual bands were difficult to discriminate (instead DNA smears are observed resul�ng from amplifica�on of 
many differently sized (dele�on-containing) fragments per DNA sample). (E) A graphic illustra�on of the dele�on 
start sites that occur at G4 DNA sequence qua375. Sequences that are not deleted are depicted. For qua375, there 
are two poten�al dele�on ini�a�on sites: dele�ons in the le� gray zone likely result from a DNA replica�on blocking 
quadruplex that includes the 3’ (G)3 sequence (or 5’ (C)3), whereas a quadruplex made up of only the upstream 
(G)16 sequence is predicted to trigger dele�on induc�on in the right gray zone.



68

Chapter 4

ing or lagging strand [6]. We here show that this is not the case: all tested monoG>20 tracts 
are mutagenic (Figures 3A and 3D). In addi�on, we iden�fied two DNA tracts that were only 
39 bp apart but located in opposite DNA strands, and both are fragile (Figure 3B). While we 
concur with the idea that quadruplexes are preferen�ally formed in the lagging strand, our 
observa�on is consistent with data from other systems sugges�ng that there are no fixed 
origins of replica�on during development [21].

Next, we addressed the ques�on whether all sequences that match the used G4 DNA 
signature are fragile. First, we tested a custom-made G4 DNA sequence G5NG5NG5NG5 in 
transgenic reporter animals and found it to induce dele�ons in a dog-1-dependent man-
ner (Figure 1E). Second, we developed more sensi�ve PCR assays on endogenous loci -we 
�trated PCR condi�ons to op�mally amplify smaller than wildtype products- and found that 
all sequences that match the G4 DNA signature but have a limited number of nucleo�des 
in between the G4 DNA legs are fragile (Figures 3C and 3D). In contrast, G3 DNA sites (se-
quences that resemble G4 but miss one “leg” of a possible quadruplex) were never fragile. 
We also inves�gated one case in which a monoG tract had a (G)3 tract 4 nt away at its 3’ 
flank. We found that six out of seven dele�ons started close to the (G)3 sequence (Figure 3E), 
>7 nucleo�des away from the monoG tract, indica�ng that the start of the fragile site was 
determined by the extra (G)3 leg and not by the monoG tract.

Our molecular analyses demonstrate that endogenous sequences that have the ability 
to fold into quadruplex structures depend on DOG-1 to persist in C. elegans genomes. How 
do cells deal with these replica�on-blocking sequences? One previously suggested expla-
na�on [6] involves the unwinding of the quadruplex structure by DOG-1/FancJ’s helicase 
ac�vity to allow replica�on to proceed. Such a scenario would, however, not explain why 
dog-1 animals are also sensi�ve to DNA crosslinks ([7] + Figure S2), because these cannot be 
unwound. This could point to a dual func�on of DOG-1: opera�ng together with other Fanc 
proteins in crosslink repair but ac�ng independently of them in a genome-maintenance 
pathway that prevents loss of G4 DNA. Alterna�vely, quadruplexed DNA cons�tutes strong 
replica�on impediments also in the presence of DOG-1, and replica�ve bypass is established 
not via unwinding of the quadruplex but via invasion and subsequent replica�on of the 
nearby already-replicated leading strand. The helicase ac�vity of DOG-1 could help to un-
wind the replicated leading strands dsDNA to allow DNA synthesis. Such ac�vity could also 
be envisaged for repair of crosslink damage [22].

The ques�on of which enzyma�c ac�vi�es are involved in conver�ng the premutagenic 
lesion (the quadruplex) to loss of sequence informa�on (a dele�on) is unanswered. Rose 
and colleagues have iden�fied factors (e.g. homologous recombina�on proteins) whose 
loss s�mulated dele�on induc�on at monoG tracts in dog-1 animals [16], sugges�ng that 
these factors play a role in an error-free way of dealing with G4 DNA. Loss of G4 DNA is, 
however, a consequence of an error-prone pathway. Candidate gene approaches have thus 
far suggested that none of the repair pathways that operate on DNA double-strand breaks 
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(DSBs) are involved: inac�va�on of components of nonhomologous end joining (NHEJ), HR, 
or single-strand annealing (SSA) did not suppress dele�on forma�on in a dog-1 background 
([16] and Figure S1). The no�on that NHEJ components are not required is all the more 
surprising in the light of the observed lack of obvious homology at the dele�on junc�ons. 

Our transgenic setup, which perfectly mimics endogenous G4 DNA fragility, now allows 
a further inves�ga�on of the gene�c and molecular determinants that influence replica�on 
progression in vivo at known loca�ons that are amenable to gene�c manipula�on.

In summary, we have provided the first evidence that G4 DNA sequences that have the 
poten�al to fold into replica�on blocking quadruplex structures are intrinsically mutagenic 
in live animals. To prevent massive genome rearrangements at G4 DNA sites, cells require a 
specialized genome protec�on mechanism that involves C. elegans FancJ, but not any of the 
other genes causally linked to Fanconi anemia [7,23,24]. Future work will have to uncover 
whether these fragile sites -there are more than 376,000 predicted G4 sites in the human 
genome [25] - are causally linked to at least part of the genomic rearrangements seen in 
tumors of human FancJ pa�ents or in nonhereditary cancers. 
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Experimental Procedures

Strains and culturing condi�ons 

See supplemental data for the C. elegans strains that were used in this study Animals were 
grown at 20 oC [26]. Transgenic strains were created via biolis�c transforma�on or via go-
nadal injec�ons followed by integra�on of extrachromosomal arrays by X-ray irradia�on. 
B-galactosidase expression was assayed as described previously [13]. 

Array design and bio-informa�cal analyses

We used WS140 C. elegans genome built to design 40 to 60-mer probes with fixed 72 oC 
Tm for Nimblegen 388.5k microarray chips according to manufacturer’s instruc�ons. On 
average, adjacent probes overlap 50%. The array (precise design available upon request) 
contained a 7.7 Mb �ling path of LGV as well as probes directed at sequences that flank 
candidate fragile sites: all candidate fragile sites were flanked on each site with 10 probes 
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(top and bo�om strand) except monoG tracts; these were flanked by 60 upstream and 10 
downstream probes. Nimblegen performed hybridiza�ons for 20 DNA samples: 2 Bistol N2, 
16 dog-1 MA lines, and 2 DNA samples derived from the dog-1 P0 animal. We predicted 
dele�ons by comparing hybridiza�on intensity ra�os of every MA line to N2. We created a 
dele�on-candidate probe set that included probes with the most extreme ra�os (0.1% from 
both tails of ra�o distribu�on). Dele�ons were called if a sequence segment was represent-
ed by at least two of three consecu�ve probes in the candidate probeset. 96 DNA segments 
were chosen for PCR and sequence verifica�on. aCGH data were confirmed by analyzing 96 
genomic loci by PCR amplifica�on and sequencing. Primers were designed to target strong 
candidate dele�ons -those were handpicked upon visual inspec�on of log plots of all regions 
that scored posi�ve using our algorithms- as well as a number of nega�ve controls and cases 
that were ambiguous. This led to a 100% verifica�on rate for the highest scoring subset of 
candidate loci.

DNA analysis and reporter cloning 

Analysis of fragile sites on endogenous loci was performed with nested sets of primers (se-
quences available upon request) and PCR condi�ons were op�mized per primerset to favor 
the amplifica�on of smaller than wildtype bands. Reporter transgene cloning: for all variants 
we started with pRP1821 [13] that contains a heat-shock driven GPF::lacZ ORF lacking a 
start codon. For pRP1878 (pkIs2165), we oligo-cloned an ATG-NLS-(C)23 sequence upstream 
of the GFP::lacZ ORF and then placed a stop codons at the XhoI site of GFP. For pRP3020 
(lfIs17), we placed an ATG-(G4 DNA)-stop codon sequence in front of the GFP::LacZ fusion. 
pRP1889 contained a monoA tract at that posi�on.
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Supplemental Experimental Procedures
C. elegans strains that were used in this study are N2; dog-1(gk10); dog-1(pk2247); dog-
1(pk2179); dog-1(pk2178); dog-1(pk2248; msh-6(pk2504); div-1(or148); lig-4(ok716); 
cku-80(ok861); brc-1(tm1145); fcd-2(tm1298); brc-2(tm1086); him-9/xpf-1 (e1487); mre-
11(ok179) IV/+; dpy-13(e184) rad-51(lg8701) IV/nT1; brd-1(dw-1); rcq-5(ok660); him-
6(ok412); wrn-1(tm764); mus-81(tm1937); F10G8.7(tm2073); mrt-2(e2663); atm-1(gk186); 
xpa-1(ok698); pkIs2165[pRP1878: hsp-16.41::ATG-(C)23-stops-LacZ; unc-119]; pkIs2165 dog-
1(gk10); pkIs2165 dog-1(pk2247); msh-6(pk2504) pkIs2165; msh-6(pk2504) dog-1(pk2247); 
lig-4(ok716) dog-1(gk10); cku-80(ok861) dog-1(gk10); brc-1(tm1145) dog-1(gk10); fcd-
2(tm1298) dog-1(pk2247); brc-2(tm1086)/+ dog-1(pk2247); him-9/xpf-1 (e1487) dog-
1(pk2247); mre-11(ok179)/+ dog-1(gk10); dpy-13(e148) rad-51 (lg8701) IV/+ dog-1(pk2247); 
wrn-1(tm764) him-6(ok412); msh-6(pk2504) dog-1(gk10) pkIs2165. pkIs2172 [pRP1889: 
hsp-16.41::ATG-(monoA)-stops-LacZ; unc-119]; dog-1(pk2247) pkIs2172; lfIs17 [pRP3020: 
hsp-16.41::ATG-Quadruplex-stops-LacZ; pRF4: rol-6(su10060)]; dog-1(pk2247) lfIs17.
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Figure S1 (le� page): Gene�c requirements for G4 DNA stability. A) The molecular signature of G tract induced 
genomic rearrangements was determined by PCR amplifica�on of sequences flanking transgenic G tracts (primers 
indicated in Figure 1A) followed by sequencing of smaller than wildtype bands. The sequences that remain present 
(upstream/downstream sequence) are listed, as well as the 3’ end of the deleted segment, the size of the dele�on, 
and sequences that were found inserted. B) Molecular analysis of monoA-tract induced dele�on forma�on in single 
dog-1 deficient transgenic (pkIs2172) adults by PCR amplifica�on of sequences flanking transgenic A-tracts (iden�-
cal primers as used in (A)). C) Examples of PCR analysis of single gravid animals (n=24) for endogenous G4 DNA se-
quence qua375. Gel images are portrait for wildtype N2, dog-1(pk2247), msh-6 (pk2504) and rad-51(lg8701). The 
lg8701 allele is linked to a dpy-13 visible marker, and Dpy animals were picked and analysed for G tract instability 
and for homozygosity of the rad-51 allele. D) Popula�ons of animals with the indicated genotype were assayed for 
the G tract instability phenotype using reporter transgenes. Several thousand animals stained for B-galactosidase 
expression are displayed. Parallel cultures (n>5) were assayed and scoring was performed without the researcher 
knowing the iden�ty of the respec�ve genotypes. (++) indicates a similar to iden�cal frequency of X-gal stained 
animals as compared to a reference dog-1(gk10) containing strain. (–) indicates that cultures were completely 
devoid of B-galactosidase expressing animals. E) Graphical representa�on of dele�on frequencies at the endog-
enous qua375 sequence for animals with muta�ons in various DNA damage repair and/or signaling genes (MMR: 
Mismatch repair, FANC: Fanconi anemia genes, HR: Homologous recombina�on, DDR: DNA damage responses, 
NHEJ: Nonhomologous end-joining. For all genotypes at least 24 popula�ons of 5 animals were assayed by PCR. 
F) PCR analysis of endogenous G4 DNA sequence qua375 on wildtype N2, dog-1(gk10) single- and dog-1(gk10) 
brc-1(tm1145) and dog-1(gk10) lig-4(ok716) double mutant animals (n=12). Here, every sample contains the DNA 
of 5 gravid animals. G) Quan�fica�on of dele�on frequencies at transgenic (C)23 sites (n=32), and endogenous 
sequences qua375 and qua1142 (n=96) in single animals of the indicated genotype and developmental stage.

Figure S2: Sensi�vity to DNA damaging agents. 
Animal survival curves for the indicated geno-
types when exposed to the crosslinking agents 
Cispla�n (A) and di-epoxybutane (B) or ionizing 
radia�on (C). Animals of the larval L4 stage were 
treated with the indicated dose, and the ra�o 
live progeny/total laid eggs was determined for 
a 24 hours �me window 24 hours post treat-
ment.
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Mutagenic capacity of endogenous G4 DNA underlies genome instability in FANCJ defec�ve C. elegans
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Abstract
Cispla�n is one of the mostwidely used an�cancer drugs. Chemotherapeu�c ac�vity has 
been demonstrated for this compound against a variety of cancers. We employ the model 
system C. elegans to iden�fy genes that protect cells against Cispla�n-induced toxicity. We 
show that exposure of whole animals to the drug results in DNA damage response pheno-
types (cell cycle arrest and apoptosis) in germ cells; on the organismal level, we find embry-
onic arrest and brood size reduc�on. We find that Cispla�n treatment primarily results in 
DNA dele�ons of various lengths in the C. elegans genome. A genome-wide RNAi screen, 
targe�ng ~ 16,000 C. elegans genes, iden�fied 51 genes that influence the sensi�vity of the 
worm to Cispla�n. These include genes ac�ng in chroma�n remodeling, signal transduc�on, 
and pos�ransla�onal modifica�on, such as ubiqui�nyla�on. 

Introduc�on
Cispla�n is one of the most widely used an�cancer drugs. Pla�num-based chemotherapy 
is remedial for the majority of tes�cular cancers [1, 2]. Also, ac�vity against lung, ovary, 
bladder, head and neck, esophagus, and endometrium cancers has been demonstrated. 
Iden�fica�on of genes that, when absent, cause increased sensi�vity to Cispla�n, could lead 
to the discovery of new drug targets to intensify Cispla�n-based chemotherapies.

Cispla�n targets cells by binding to DNA: it preferen�ally (90%) forms intrastrand 
crosslinks on GpG and ApG sequences [3] and these adducts are repaired by the nucleo-
�de excision repair (NER) pathway [4]. The toxicity is largely a�ributed to the forma�on of 
interstrand crosslinks (ICLs), which covalently link the two DNA strands, mostly between 
two guanine residues in GpC and CpG sequences [5]. Interstrand crosslinks are repaired by 
the interstrand crosslink repair pathway [6]: in a complex, mul�step reac�on, the DNA is 
repaired by the ac�on of proteins encoded by the Fanconi Anemia genes, by proteins that 
also act in NER, and by proteins that have been linked to the repair of DNA double-stranded 
breaks (DSBs). For many of the proteins that have been implicated in ICL repair (based on 
the fact that mutants in the encoding genes confer increased cellular sensi�vity to crosslink-
ing agents), the exact func�on remains to be determined. Both types of Cispla�n adducts 
are cyto- and genotoxic as they block DNA transcrip�on and replica�on. Elimina�on of these 
lesions is thus essen�al for cellular survival. 

C. elegans provides a simple mul�cellular model in which the cellular responses to DNA 
damaging agents can be studied [7, 8]. Most DNA damage response genes are conserved 
throughout evolu�on and have homologues encoded by the C. elegans genome. Two RNAi 
libraries that contain dsRNA clones to systema�cally knockdown 17,000 and 11,000 (mostly 
overlapping) C. elegans genes, respec�vely, are available. These reagents provide a tremen-
dous opportunity to connect genotype to phenotype in a systemic way, and genome-wide 
screens can be profitable, provided that the assay or readout for biological func�on is sensi-
�ve, specific and scalable [9, 10]. For C. elegans, one of the easiest phenotypes to readout is 
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sterility or the failure to (rapidly) produce viable progeny. This, combined with the develop-
ment of protocols to perform genome-wide RNAi in liquid 96-well culture plates, makes 
the nematode a suitable system for pharmacological screens aimed to iden�fy genes that 
are important for cellular survival. Such an approach can link a drug to cyto- or genotoxic 
response pathways. Reading out a nega�ve impact on the fate of the progeny from exposed 
mothers means that the target �ssue of the drug/compound are the cells that are located in 
the germ line of the animal. C. elegans germ cells start their lives as mito�cally ac�ve cells 
in the distal region of the gonadal synci�um. Cells in the mito�c zone proliferate but will 
start a meio�c program when they are outside the reach of the distal �p cell (DTC); GLP-1 
signaling in the germ line nega�vely regulates meio�c entry in response to a signal from the 
DTC throughout larval and adult stages. Once germ cells have entered the meio�c pathway, 
germ cell chromosomes undergo homologous recombina�on. As meio�c chromosomes 
progress from diplotene to diakinesis, they become highly condensed, forming six discrete 
bivalents that can be clearly visualized in oocytes, where the cell cycle is halted un�l the 
oocyte is fer�lized by sperm in the spermatheca. During oogenesis in C. elegans, many germ 
cells undergo the apopto�c program in the loop region of the gonad and are engulfed by the 
gonadal sheath cells. Apart from their detrimental effects on embryogenesis, DNA adducts 
can induce a physiologically detectable cell cycle arrest in the mito�c compartment of the 
germ line as well as an increased level of apopto�c cells in the loop region. In this study, 
we have first ascertained the cyto- and genotoxic responses of the nematode to the DNA-
damaging agent Cispla�n and then performed a genome-wide RNAi screen to iden�fy genes 
that modulate the cellular response to this drug.

Materials and Methods

Strains

The following C. elegans strains were used: wild-type Bristol N2, xpa-1(ok698), fcd-2(tm1298), 
xpf-1(e1487), set-2(ok952), coh-3(gk112), skpt-1(ok851), R05G6.10(ok1159), ulp-1(ok1768), 
unc-93(e1500) and bcIs39(Plim::ced-1::GFP).

Sensi�vity to Cispla�n and ionizing radia�on

L4 animals were treated with 0, 0.3, 0.6 and 0.9 mM Cispla�n (Cispla�ne Mayne, 50 mg/50 
ml, ONCO-TAIN®) for three hours in M9 or irradiated with 0, 50 and 100 Gy (in a Gammacell 
1000 [Cs-137]) on agar plates. A�er treatment, four plates with three L4’s per dose were 
incubated for 42 hours. Then, parents were removed and dead eggs and live offspring were 
scored 24 hours therea�er. 
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Brood size determina�on

Worms were treated with Cispla�n as described above. A�er treatment, 10 L4 worms per 
dose were singled. Every 24 hours, parents were transferred to fresh plates. Directly a�er 
removal of the parent and 24 hours later, the progeny was counted. 

unc-93(e1500) reversion assay

L4 unc-93(e1500) animals were treated with 0, 0.15 and 0.3 mM Cispla�n for three hours. 
A�er treatment, 20 animals were placed on 9 cm NGM plates with OP50. The F2 genera�on 
was scored for the occurrence of revertants. The reversion rate was calculated using the 
following formula: r = (number of plates segrega�ng revertants)/(2 x number of F1 animals 
per plate x number of plates) [11]. The number of F1 animals per plate was determined to 
be 653 and 562 for treatment with 0.15 and 0.30 mM Cispla�n respec�vely.
The reversion-causing muta�ons were determined by PCR and subsequent sequencing of 
the coding regions of the unc-93, sup-10 and sup-11 genes.

Cell cycle arrest and apoptosis

Wild-type Bristol N2 animals or wild-type animals carrying the bcIs39(Plim::ced-1::GFP) 
transgene expressing CED-1::GFP were treated with 0.9 mM Cispla�n or irradiated with 120 
Gy ionizing radia�on. Cell cycle arrest was determined by quan�fica�on of the number of 
nuclei in the mito�c zone in N2 animals 18 hours a�er treatment. Apopto�c response was 
determined 24 hours a�er treatment. Cells completely surrounded by CED-1::GFP were 
considered apopto�c. 

Genome-wide RNAi screen for Cispla�n sensi�vity

A bacterial culture of 500 µl of LB medium containing 50 µg/ml ampicillin, inoculated from 
the RNAi library [10] was grown overnight in deep-well blocks at 37 oC. Next, the cultures 
were induced with IPTG (250 µg/ml) for 4 hours at 37 oC. The animals were bleached and the 
resul�ng embryos were synchronized overnight in M9. ~50 synchronized L1’s were grown 
per well of a flat-bo�om 96-well �ssue-culture plate in 50 µl M9+ (M9 with 10 µg/ml choles-
terol, 50 µg/ml ampicillin, 12 µg/ml tetracycline, 200 µg/ml IPTG and 0.1 µg/ml fungizone). 
70 µl of induced bacterial suspension was added per well. The RNAi cultures were grown at 
20 oC while shaking 150-200 rpm [12]. A�er 36-39 hours of growth L4 animals were pipet-
ted into M9 buffer and incubated with 0.75 mM Cispla�n for three hours. A�er treatment 
animals were pipe�ed back into fresh RNAi food plates containing 70 µl induced bacterial 
cultures and 50 µl M9+. A�er four days, lack of progeny was scored. The dose of Cispla�n 
used was such that in most cases, there were only a few surviving progeny. Wells that totally 
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lacked progeny in the treated sample but did contain a normal amount of progeny in the 
untreated control were scored as posi�ve. RNAi foods scored posi�ve were repeated in two 
independent experiments. 

Results and Discussion

Cispla�n exposure induces DNA damage responses in the C. elegans germline

We first determined appropriate condi�ons for inves�ga�ng the cellular response to Cispla-
�n and performed RNAi knockdown experiments on a genome-wide scale. Previous work 
[13] indicated that animals are most sensi�ve to Cispla�n when treated at the larval L4 
stage. At this stage, the worm’s gonad, which contains the prolifera�ve mito�c germ cells 
that differen�ate to become sperm/oocytes, has formed, and an approximately four-fold 
amplifica�on in total germ cell numbers occurs during matura�on into gravid adult stages 
[14]. We exposed L4 animals for 3 hours to various doses of Cispla�n and subsequently de-
termined the effect of this treatment on next genera�on’s embryonic development and on 
the size of the brood (schema�cally illustrated in Figure 1A). The number of eggs that were 
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non-hatched eggs hatched eggs
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Figure 1 Cispla�n-induced toxicity effect on C. elegans progeny forma�on. A) Experimental design of the Cispla�n 
sensi�vity assay on a small number of individual worms (right) or on small cultures in a high-throughput 96-well 
format (le�). For small-scaled tests, animals were grown on OP50-seeded NGM plates and at L4 stage transferred 
to M9 buffer and treated with Cispla�n. A�er treatment, animals were placed back on fresh plates and the live 
versus dead progeny were counted. For the genome-wide RNAi analysis, we grew staged L1 larvae in liquid RNAi 
cultures un�l they reached the L4 stage. The animals were then transferred to M9 buffer-containing plates, treated 
with Cispla�n and again transferred to fresh liquid cultures. Four days a�er treatment, plates were scored for 
Cispla�n-dependent reduc�on of progeny count. B) Average broodsize (n=10) of animals that were treated with 
the indicated dose of Cispla�n; alive progeny in white, arrested/dead embryos in black. C) Embryonic survival (as a 
percentage of the total brood) in different �me windows a�er Cispla�n exposure.
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deposited as well as their fitness was monitored for five days a�er treatment. Untreated 
L4 animals reach maturity in approximately 18 hours and then lay all of their eggs in the 
subsequent 3 days. Nearly all (99%) of these embryos develop normally and hatch as L1 
larvae (Figure 1B). We observed a dose-dependent decrease in brood size and viability of 
eggs that was most prominent in the first day a�er treatment (here, numbers are small) 
but remained detectable on all subsequent days of culturing: fewer eggs were laid and of 
those, fewer developed into healthy animals (Figures 1B and C). The reduc�on in brood size 
was thus not because of a delayed gametogenesis: a�er 5 days, all worms, both treated and 
mock-treated, ceased egg laying.

We next asked whether the Cispla�n-induced increase in lethality and reduc�on in 
brood size is accompanied by DNA-damage responses in the germ line cells of exposed her-
maphrodites. In C. elegans, two DNA-damage responses have been described for germ line 
cells [15]: cell cycle arrest and apoptosis. The most distal end of the germ line consists of 
mito�c stem cells, which upon induc�on of DNA damage (by e.g. ionizing radia�on) undergo 
cell cycle arrest; nuclei temporarily fail to proliferate but grow larger in size, and as a con-
sequence, there are fewer but larger cells occupying a defined volume of the mito�c zone. 
Another outcome of DNA damage is apoptosis, which can only be seen when meio�c germ 
nuclei are in late pachytene and pass the bend of the gonada late stage of meio�c nuclei just 
before they develop into oocytes where the DNA arrests at the diakinesis stage. 
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Figure 2 Cispla�n induces DNA damage responses in the C. elegans germ line. A) Cell cycle arrest of mito�c cells 
located in the distal region of the C.elegans germ lines. The middle panel displays enlarged nuclei in germ lines of 
worm treated with ionizing radia�on or Cispla�n. B) Increased apoptosis in the pachythene region in germ lines of 
wild-type animals a�er treatment with Cispla�n and ionizing radia�on is visualized by CED-1::GFP. C) Quan�fica�on 
of the Cispla�n-induced cell cycle arrest. D) Quan�fica�on of the Cispla�n-induced increase in apoptosis.
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We observe a clear cell cycle arrest in the mito�c zone upon treatment with 0.9 mM 
Cispla�n (Figures 2A and C): the number of nuclei counted in a fixed volume is 24.6 ± 5.5, 
which is about 50% less than that of non-treated control animals (47.2 ± 3.0 nuclei). This 
reduc�on is comparable to the effect observed when animals are exposed to 120 Gy of 
ionizing radia�on (24 ± 3.5). The checkpoint response is temporal: no difference between 
treated or mock-treated germ lines are no�ceable 42 hours a�er treatment, which corre-
sponds to 24 hours a�er observing a clear cell cycle arrest phenotype (data not shown). 
There are different ways to score for apopto�c cells in the C. elegans germ line, including cell 
and nuclear morphology, staining with acridine orange or performing a TUNEL assay. Here, 
we used cellular localiza�on of the apopto�c marker CED-1::GFP fusion [16, 17]: apopto�c 
cells are engulfed by surrounding sheat cells during which CED-1 is expressed and localized 
to the membrane. GFP halos are thus thought to mark apopto�c cells (Figure 2B). Using this 
marker, we counted 14.4 ± 2.8 apopto�c corpses 24 hours a�er treatment (Figure 2D), while 
in mock-treated control animals 4.5 ± 2.6 apopto�c corpses per gonad were observed. Also, 
in this case, the response is comparable to 120 Gy of ionizing radia�on (12.7 ± 1.4). 

Together, these data show that treatment with Cispla�n induces conven�onal DNA-dam-
age responses in the C. elegans germ line and has detrimental consequences for progeny 
forma�on, in both number and fitness. 

DNA damage induc�on and muta�on profile of Cispla�n treatment 

The no�on that Cispla�n induces cell cycle arrest and apoptosis is in perfect agreement with 
the assump�ons that treatment results in DNA damage and that the observed embryonic 
lethality is the consequence of a failure to properly deal with these replica�on-blocking DNA 
adducts. We thus tested animals carrying muta�ons in C. elegans orthologs of genes known 
to be involved in removing ICLs. L4 larvae were incubated for 3 hrs with Cispla�n in M9 buf-
fer and subsequently transferred to agar plates to allow matura�on and egg deposi�on. 42 
hours a�er the treatment the parental animals were removed and the progeny (eggs and 
larvae) were counted immediately and a�er a 24-hour developmental window. Under non-
challenged condi�ons, C. elegans eggs hatch 16-18 hours hours a�er they are laid. Wild-type 
animals are fairly resistant to Cispla�n-induced embryonic lethality up to a concentra�on of 
0.9 mM, in contrast to animals that are defec�ve in nucleo�de excision repair or ICL repair. 
Embryogenesis is severely compromised in xpa-1 and xpf-1 mutant animals at this dose, 
while animals with a defect in the worm ortholog of FANCD2 (FCD-2) are intermediately sen-
si�ve (Figure 3A). Here, it should be noted that we observed substan�al varia�ons if experi-
ments were performed on different days or with different batches of Cispla�n. Therefore, 
throughout this study, we only compared data points that are derived from experiments 
that were performed in parallel. In their trends, all experiments are en�rely consistent.
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Figure 3 DNA damage phenotypes that results from Cispla�n treatment. A) Cispla�n survival curves of animals 
with the indicated genotype. B) Cispla�n-dose dependent increase in reversion rates of the unc-93(e1500) rubber-
band phenotype. C) Molecular nature of the muta�ons caused by Cispla�n.
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The observa�on that DNA repair defects leads to increased levels of lethality indicates 
that this phenotype can be a�ributed to DNA adducts and not the result of other cytotoxic 
consequences of drug treatment. We do not know whether intra- or interstrand DNA cross-
links are the most toxic lesions in our experimental setup. The no�on that NER components 
XPA-1 and XPF-1 contribute more strongly to Cispla�n resistance than the ICL-protein FCD-2 
may suggest a more prominent role for intrastrand crosslinked NER substrates; however, 
NER proteins, in par�cular XPF-1, have also been implicated in the repair of interstrand 
crosslinks. 

Next, we determined the mutagenic consequences of Cispla�n-induced DNA adducts 
in the worm. To determine the nature of the muta�ons induced by Cispla�n, we used the 
unc-93(e1500) reversion assay. Animals homozygous for the semi-dominant allele unc-
93(e1500) show uncoordinated movement (“rubber band” phenotype) and have an egg-
laying deficiency [11]. This phenotype can be suppressed by loss-of-func�on muta�ons in 
unc-93 itself or by muta�ons in the genes sup-9, sup-10, sup-11 and sup-18. These genes 
can serve as a muta�onal target because phenotypic revertants are easily scored: they move 
wild-type and are egg-laying and can thus be clearly dis�nguished from the unc-93(e1500) 
phenotype. By sequencing the aforemen�oned genes in these revertants, the nature of the 
Cispla�n-induced muta�ons can be determined.

We treated popula�ons of unc-93(e1500) L4 larvae with 0.15 and 0.3 mM Cispla�n, 
transferred aliquots each containing 20 animals to fresh culture dishes and inspected the 
F2/F3 progeny for Unc suppression. Because C. elegans is cultured as hermaphrodites that 
produce sperm and oocytes, germline muta�ons that are induced in the gametes of ex-
posed P0 animals will homozygose in the F2 genera�on. In the mock-treated control, we 
found not a single revertant on 80 culture plates. In contract, plates seeded with Cispla�n-
treated animals had many: 0.15 mM Cispla�n treatment resulted in 14 out of 82 posi�ve 
plates, whereas 0.3 mM Cispla�n treatment resulted in 22 out of 82 plates, corresponding 
to reversion rates of 1.3×10-4 and 2.4×10-4, respec�vely (Figure 3B). 

We found five of the revertants linked to sup-18. In sup-18-mediated suppression of unc-
93(e1500), only the egg-laying phenotype is reversed, while the uncoordinated movement 
is hardly affected [18]. Because sup-18 has not yet been cloned, the molecular nature of 
these muta�ons could not be iden�fied. We determined the molecular lesion in 25 rever-
tants, for which we performed PCR and sequence analysis of the unc-93, sup-9 and sup-10 
loci. Of these, 5 carried a mutated version of unc-93, 4 had a muta�on in sup-9 and 16 either 
had small frameshi�ing dele�ons in the sup-10 ORF or had large dele�ons within the ge-
nomic region that contains sup-10. The molecular nature of all muta�ons are listed in Figure 
3C. We found that Cispla�n predominantly induces dele�ons: only 1 out 25 muta�ons is a 
single-base-pair subs�tu�on. Nine of the dele�ons are small (in the 3-7 nt range), 3 contain 
100-300 nt sized dele�ons and for 11 revertants, larger dele�ons occurred. In 8 cases, we 
failed to detect the sup-10 gene completely by PCR. The exact size of the large dele�ons was 
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not determined. The predominance of dele�ons in the Cispla�n-induced muta�on pool is 
remarkable, since in both E. coli and S. cerevisiae, an overrepresenta�on of single-base-pair 
subs�tu�ons has been found [19-21]. Although the muta�on detec�on assays used in the 
E. coli studies can only detect point muta�ons in one case [19] and point muta�ons and 
frameshi�s in the other [20], the yeast system was capable of detec�ng muta�ons of any 
kind, and this led to a spectrum of predominantly point muta�ons [21]. This is in complete 
contrast to our data in C. elegans, but a molecular understanding of this discrepancy is 
currently unknown. In both systems, but in contrast to e.g. chicken DT40 cells, NER appears 
to be a major protec�on mechanism. xpa-1 mutants are significantly more sensi�ve to Cis-
pla�n than mutant animals that have a mutated version of the ICL gene fcd-2. Interes�ngly, 
while xpf-1 has been implicated in NER and ICL repair, loss of the NER-exclusive factor xpa-1 
leads to a sensi�vity similar to that caused by loss of xpf-1. Whether NER plays a profound 
role in mammalian systems is unclear because of conflic�ng data: Hamster cells carrying 
muta�ons in NER genes XPB, XPD, XPG and CSB display only mild sensi�vity to Cispla�n, 
but have compromised ICL removal [4]. XPF-deficient hamster cells, however, are extremely 
sensi�ve to Cispla�n. Human fibroblasts lacking func�onal NER factor XPA were shown to 
be more defec�ve in the removal of ICL adducts than Fanconi Anemia factor FAA deficient 
fibroblasts [22].

A genome-wide RNAi screen iden�fies genes that influence Cispla�n sensi�vity

Next, we performed a genome-wide RNAi screen to iden�fy genes that modulate the cellular 
response to Cispla�n treatment. Of the phenotypes we described (cell cycle arrest, apopto-
sis, brood size reduc�on, embryonic lethality and muta�on induc�on), we considered only 
the detrimental effects on progeny forma�on amenable to large-scale analysis. This is sup-
ported by the no�on that gene�c alleles of xpa-1 and xpf-1 greatly sensi�ze animals to the 
treatment. We used the in-liquid-screening method previously developed in our laboratory 
[12, 23]. This method allows genome-wide screening of RNAi libraries in 96-well format. A 
schema�c representa�on is outlined in Figure 1A: we added synchronized L1 larvae to liquid 
RNAi cultures and allowed these to grow under RNAi condi�ons un�l the vast majority of 
the cultures reached the L4 stage. We then transferred animals to 96-well plates containing 
M9 buffer. This transfer is necessary to avoid fluctua�ons in the effec�ve dose caused by 
the fact that the bacteria in the liquid cultures take up Cispla�n in a density-dependent 
manner. A�er transfer, the worms were incubated with Cispla�n and then transferred back 
to fresh liquid RNAi cultures. These cultures were allowed to grow for four days, a�er which 
we scored for the presence or absence of progeny in the Cispla�n-treated cultures. We 
subsequently inspected the mock-treated controls that were assayed in parallel. Clones that 
induced a Cispla�n-dependent reduc�on of brood size were repeated twice. This resulted 
in 51 genes that modulated the worm’s sensi�vity to Cispla�n when knocked down (Table 
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Table 1 Genes iden�fied in a genome-wide RNAi screen for increased Cispla�n sensi�vity.
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1). Several gene-ontology classes were found to be overrepresented. We iden�fied proteins 
that are thought to act in chroma�n remodeling, signal transduc�on and pos�ransla�onal 
protein modifica�on such as ubiqui�nyla�on.

To validate our RNAi approach we tested five genes of which a mutant allele exists: coh-
3, set-2, ulp-1, sktp-1 and R05G6.10. For mutant strains having muta�ons in set-2, coh-3, 
ulp-1 and sktp-1, we found an increased sensi�vity to Cispla�n (Figure 4). For R05G6.10, 
the mutant strain was not different from wild type, sugges�ng the presence of some false 
posi�ves hits in our data set. Next, we tested the specificity of these gene products in their 
ability to protect cells against genomic inflic�ons. All of the four aforemen�oned validated 
hits also conferred increased sensi�vity towards ionizing radia�on. Sensi�vity to another 
DNA crosslinker, diepoxybutane [24], was found for set-2, ulp-1 and sktp-1.

Gene Allele CisPt DEB IR
R05G6.10 ok1159
set-2 ok952 + + +
ulp-1 ok1786 + + +
sktp-1 ok851 + + +
coh-3 gk112 + +

100

80

60

40

20

0

)%( lavivruS

0 0.3 0.6 0.9
Cisplatin dose (mM)

= wild-type
= set-2(ok956)

= coh-3(gk112)
= sktp-1(ok851)

=ulp-1(ok178)

A

B

Figure 4 Validated modulators of the cellular 
response to Cispla�n. A) Cispla�n survival 
curves of animals with the indicated genotype. 
B) Table depic�ng the sensi�vity of five gene�c 
knockouts to Cispla�n, diepoxybutane (DEB) 
and ionizing radia�on (IR). These genes corre-
spond to RNAi clones that were iden�fied in the 
genome-wide RNAi screen. A ‘+ ‘mark indicates 
an increased level of sensi�vity.

Unexpectedly, we failed to pick up genes that are known to be involved in repair of 
Cispla�n-induced DNA adducts, such as the proteins ac�ng in NER. We therefore specifically 
re-tested these RNAi clones in liquid and on agar plates, but found no enhanced sensi�vity 
for cispla�on for these clones, sugges�ng that these foods are not effec�ve in knocking 
down their targets.

For many of these proteins, we could find links to the DNA damage response in the 
literature. The ubiqui�n-related group consists of three genes that have all been implicated 
in DNA damage response or cell cycle regula�on. ULP1, the yeast homologue of ulp-1, is 
involved in SUMO1 and smt3 cleavage and was shown to play an essen�al role in the G2/
M phase of the cell cycle [25]. In mice, loss of the ubiqui�n E3 ligase UBR2 (homologue 
of F10G7.10) leads to sensi�vity to the DNA crosslinking agent mitomycin C, defec�ve ho-
mologous recombina�on repair and chromosome fragility [26]. Finally, degrada�on of p21 
in response to UV damage was shown to be dependent on the ubiqui�n/skp2 pathway in 
human cells [27]. Skp2 is the human homologue of the sktp-1 gene iden�fied here. Of the 
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four kinases iden�fied in this screen, two func�on in checkpoint regula�on. These are the 
yeast homologues of R05G10.6 and kin-34, Cdc25 and Chk1 respec�vely, which act in one 
pathway to regulate Cdc2 in response to DNA damage, thereby avoiding mito�c entry [28]. 
Among the chroma�n-related genes, we found genes that were previously linked to DNA 
damage response pathways. The trr-1 homologue TRA1 is related to ATM and DNA-depen-
dent kinase and is part of two histone acetyltransferase complexes, SAGA and NuA4 [29, 
30]. The cataly�c subunit of Nu4A is ESA1[29], which is essen�al for cell cycle progression 
[31]. SET1, the homologue of set-2, has been linked to both DNA repair and telomere main-
tenance processes [32, 33].

For other classes of gene products (e.g. RNA processing and trafficking; receptors), a 
func�onal link to Cispla�n ac�on is more difficult to establish and further inves�ga�on will 
have to reveal whether these proteins act in a directed fashion on DNA adducts or whether 
the physiology of the drug-exposed cells are changed such that they become more sensi�ve 
to this crosslinker. DNA adduct-independent roles of Cispla�n may be exemplified by the 
iden�fica�on of two cytoskeleton components (afd-1 and tbg-1) and one cytoskeleton-re-
lated enzyme Uso1 (yeast homologue of T04F3.1), which is involved in intracellular protein 
transport [34]. A role for Cispla�n in the disrup�on of microtubules has been described [35] 
and in our knockdown condi�ons, such an effect may be enhanced. 
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Abstract
The DNA within our cells is constantly being damaged by both environmental and endog-
enous agents; of the many forms of DNA damage, the DNA double strand break (DSB) is con-
sidered the most dangerous. In C. elegans germ cells, repair of DSBs occurs via homologous 
recombina�on repair in which the sister or homologous chromosome serves as a template. 
Simple end-joining (EJ) of broken chromosomes also takes place but this mechanism ap-
pears to be mechanis�cally different from canonical non-homologous end-joining (NHEJ) 
that dominates repair in soma�c cells. Here, we studied the gene�c requirements of EJ 
in C. elegans germ nuclei, and determined the influence of the break’s sequence context. 
We show that the preferred pathway of EJ repair is independent of NHEJ component LIG-4 
and that flanking microhomology is a very strong determinant in the outcome of repair. 
Interes�ngly, this homology-driven repair does not depend on the XPF/ERCC1 endonuclease 
complex, which has been implicated in single-strand annealing. Based on careful inspec�on 
of joined molecules, including duplicated flanking sequences, we propose that EJ repair is 
predominantly dictated by primer-template extension. 

Introduc�on
DNA double-strand breaks (DSBs) are extremely genotoxic to cells and several pathways 
have evolved to repair or join broken molecules [1]. Three main repair mechanisms have 
been described (Figure 1A): homologous recombina�on repair (HR), single-strand annealing 
(SSA), and non-homologous end-joining (NHEJ) [2]. The pathway of choice largely depends 
on cell type and stage of the cell cycle, e.g. in yeast HR is the predominant form of DSB re-
pair, whereas NHEJ is the route of choice in soma�c human cells. In C. elegans, homologues 
of genes func�oning in each pathway have been iden�fied [3]. Similar to the situa�on in 
mammals, LigaseIV-dependent NHEJ dominates repair in non-dividing soma�c cells, while 
prolifera�ng soma�c cells and germline cells use HR to repair IR irradia�on induced DSBs 
[4]. Nevertheless, non-HR repair does occur in germline �ssues: transposon-induced breaks 
were successfully used to iden�fy end-joining products in the C. elegans germ line [5]. Tc1 
and Tc3 are the most ac�ve and best-characterized transposons in C. elegans [6]. These 
transposons move via a “cut-and-paste” mechanism (Figure 1B): transposase protein binds 
to the TIRs of the cognate transposon and catalyzes excision and subsequent reinser�on of 
the element into target DNA. This always occurs at a TA dinucleo�de site, and results in du-
plica�on of the TA sequence. In germline �ssue, the double-strand break (DSB) at the empty 
site is repaired by HR, which leads to restora�on of the element at the original posi�on. The 
net result is an increase in copy number: one new inser�on at a new site while DSB repair 
generates a “new” copy at the old loca�on. However, at 1% of the rate at which HR using 
the homologous chromosome is observed, the element is lost at the break site sugges�ve 
of another form of DSB repair. The observed “footprints” of DNA transposi�on suggest a 
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repair mechanism similar to NHEJ: the DNA flanks are joined which frequently is accompa-
nied by the gain or loss of a few nucleo�des [5, 7]. Iden�cal results were recently obtained 
with a Tc1 family member derived from flies. Also in this case, Mos1-induced breaks in the 
C. elegans germline are mostly repaired via HR [8]. Surprisingly, however, and conflic�ng 
with studies using a plasmid-based assay [9], end-joining of these breaks does not depend 
on homologues of NHEJ genes Ku80 and ligase IV [10]. In addi�on, repair of germline Tc1 
and Mos1 breaks sporadically is accompanied by a small DNA inser�on of sequences that 
appear to be duplicated from immediate flaking regions [5, 10]. These types of inser�ons, 
sugges�ng polymerase ac�vity at the break site, were also iden�fied in Drosophila [11, 12] 
and mammalian cells [13].

To study the specifics of end-joining mechanisms that func�on in the C. elegans germline, 
we analyzed the gene�c requirements and the influence of surrounding sequences on Tc1 
transposon-induced DSBs. We used two Tc1 alleles of the unc-22 muscle gene: one that has 
significant microhomology directly flanking the break and one that has not. We determined 
the end-joining products in strains that have defects in par�cular DNA DSB repair pathways 
including NHEJ and SSA. We found that the presence of flanking microhomology strongly 
influenced the outcome of DSB repair. Surprisingly, we found that none of the tested defec-
�ve backgrounds drama�cally influenced the outcomes of DSB repair, sugges�ng that an 
alterna�ve pathway exists to join broken chromosomes in the C. elegans germline. Careful 
inspec�on of the footprints suggests that this pathway is dependent on a DNA polymerase 
ac�on that ini�ates at single nucleo�de basepairing.

Materials and Methods

Strains and maintenance

General methods for culturing C. elegans were used [14]. The following strains were used in 
this study: rde-3(ne298) unc-22(st136::Tc1), lig-4(ok716) rde-3(ne298) unc-22(st136::Tc1), 
xpf-1(e1487) rde-3(ne298) unc-22(st136::Tc1), brc-1(tm1145) rde-3(ne298) unc-22(st136::
Tc1), rde-3(ne298) unc-22(st192::Tc1), lig-4(ok716) rde-3(ne298) unc-22(st192::Tc1), xpf-
1(e1487) rde-3(ne298) unc-22(st192::Tc1), brc-1(tm1145) rde-3(ne298) unc-22(st192::
Tc1), mut-7(pk204) unc-22(st136::Tc1), F10G8.7(tm2073) mut-7(pk204) unc-22(st136::
Tc1), pme-1(ok988) mut-7(pk204) unc-22(st136::Tc1), mut-7(pk204) unc-22(st192::Tc1), 
F10G8.7(tm2073) mut-7(pk204) unc-22(st192::Tc1), pme-1(ok988) mut-7(pk204) unc-
22(st192::Tc1), spo-11(ok79)IV; mIs11(myo-2::GFP)IV, mut-7(pk204) spo-11(ok79)IV; 
mIs11(myo-2::GFP)IV. 
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Reversion assay to iden�fy muta�ons caused by Tc1 transposi�on

Animals carrying either unc-22(st136::Tc1) and unc-22(st192::Tc1) were crossed with rde-
3(ne298) or mut-7(pk204) males; cross progeny males were crossed to various gene�c mu-
tant backgrounds to establish strains that had defec�ve DSB repair, were permissive for 
germline transposi�on (mut), and contained the unc-22 Tc1 alleles (twitching phenotype). 
The choice of mut mutator largely depended on the chromosomal loca�on of the DSB repair 
genes that were tested in this study. Animals were kept in culture by picking UNCs. To study 
EJ repair at the Tc1 site, animals were singled on 6 cm agar plates seeded with OP50 and 
the plates were grown un�l starva�on. Next, WT moving animals were picked (one per 6 
cm plate) and sequenced to iden�fy the molecular nature of the event that restored unc-22 
func�on.

Results and Discussion
To analyze the products of DSB repair at known genomic loca�ons we made use of chro-
mosomal breaks that result from DNA transposi�on. We chose Tc1 transposons that were 
located in the unc-22 locus. Mutant alleles of unc-22 can be easily recognized under the 
microscope by their abnormal movement: animals defec�ve in UNC-22 move uncoordinat-
edly (they twitch), are thin and are unable to hyper-contract. In mutator strains, unc-22::Tc1 
alleles can revert: the Tc1 element can hop out, leaving a non-complementary staggered 
cut with 2 nucleo�de 3’overhangs (CA-3’OH). If such a break is repaired in an error prone 
fashion, loss of the element and func�onal unc-22 expression can result, but only if the le� 
and right flanks are joined such that the DNA encodes an in frame ORF (Figure 1A). Scoring 
for wild type animals in popula�ons of twitchers can iden�fy these events rather easily. 
However, it should be noted that only a subset of possible repair products are iden�fied, 
because the selec�on procedure demands ORF restora�on. 

Micro-homology directs end joining in the C. elegans germline

We chose to study two alleles, unc-22(st136::Tc1) and unc-22(st192::Tc1), because these 
have categorically different flanking sequences: whereas excision of Tc1 in st192 generates 
a break with just 2 nt of micro-homology immediately flanking the non-complementary 
staggered cut, excision of st136 creates a break in which the outer 6 nucleo�des at the 3’ 
end on both sides of the break are perfectly complementary (Figure 1B). Single twitching 
hermaphrodites of genotype unc-22(st136::Tc1) rde-3 and unc-22(st192::Tc1) rde-3 were 
placed on 6 cm culture dishes seeded with E. coli. A�er the popula�ons consumed all the 
food (~104 -105 animals per plate), we inspected the plates for the presence of wildtype 
moving animals. Based on the number of plates that contained revertants we calculated the 
reversion frequency to be 5.7 x 10-4 for st136 and 2.6 x 10-4 for st192 (similar frequencies 
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were obtained in strains that use another mutator locus to ini�ate Tc1 jumping, Figure 1C). 
We suspect the higher frequency observed for st136 not to be the result of a higher rate of 
DSB induc�on, but resul�ng from a higher ra�o of repair products that restore the unc-22 
ORF. We thus determined the repair products by sequencing the unc-22 gene in revertant 
animals. Strikingly, the observed spectra were completely different: whereas the footprints 
in st192 revertants show a plethora of end-joining products (11 different footprints in 23 
animals), just one type of footprint was observed in 30 independently derived st136 rever-
tants (Table 1). In 30/30 st136 revertants, repair led to the exact loss of one copy of the 6 nt 
microhomology that flanked the break. In contrast, we only found 6/23 cases for st192 that 
lost a 2 nt microhomologous sequence (as well as the sequence in between). This suggests 
that the degree of homology in the sequence surrounding the DSB is strongly influencing 
the manner in which the break is repaired. For clarity, we categorized the footprints derived 
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Figure 1 Germline repair of transposon mediated double-strand breaks. A) Mechanism of Tc1 mediated DSB repair. 
Transposases excise cognate transposons resul�ng in staggered cuts with 2 nucleo�de 3’ hydroxyl overhangs at 
donor sites. Breaks can be repaired in an error free way via HR or in an error prone way via EJ. Only in case the 
footprint restores the ORF of the unc-22 host gene, animals will move wildtype and are picked up in our assay. B) 
The sequence context of the breaks that result of transposon excision at the unc-22(st136) or unc-22(st192) allele. 
Underneath, a possible repair intermediate is depicted that makes use of break-flanking microhomologies. C) The 
reversion rate of unc-22(st136) or unc-22(st192) alleles in two different mutators (rde-3 and mut-7) that release 
transposon silencing. D) Footprint spectra for the indicated genotype, typically consis�ng of ~30 mutants. Color-
coding for st192 spectra: we subdivided the spectra in EJ products with (dark gray) or without duplicated flanking 
sequences; the second darkest gray and light gray with black border represent the two most abundant footprints. 



98

Chapter 6

from st192 into two subtypes of repair-joining products: in 18 out of 23 cases, small inser-
�ons or dele�ons have occurred, whereas in 5 out of 23 cases, repair involved duplica�on of 
sequences that flank the break site. The la�er suggest a repair mechanism that is dependent 
on the ac�on of a DNA polymerase. 

End-joining in the C. elegans germ line does not depend on NHEJ component LIG-4

Previous work on MosI transposi�on demonstrated that repair of germ line breaks with 
3-nt overhangs did not depend on canonical NHEJ components LigaseIV or Ku80: both the 
frequency of DSB repair and the spectrum of repair products in wild type worms were in-
dis�nguishable from animals that carried muta�ons in cku-80 or lig-4 [10]. However, a role 
for these components in germline DSB repair was suggested in another study that used Zinc 
Finger endonucleases to break the DNA in vivo. We determined the footprint of DSB repair 
at Tc1 breaks in lig-4 deficient animals and found them to be iden�cal to those in wildtype 
(Figure 1D). For st136, 28 out of 30 revertants used the micro-homologous sequence to re-
pair the break, indica�ng that this route does not require func�onal LIG-4. Remarkably, and 
in agreement with the data on MosI transposi�on, we found that EJ products that are more 
characteris�c of NHEJ also occur in a lig-4 independent manner: 29 out of 36 revertants 
generated by DSBs at the st192 site contained small dele�ons or inser�ons (81% compared 
to 78% in wild type), whereas 7 had larger duplica�ons of flanking sequences inserted in 
the break site (19% compared to 22%). Moreover, similar numbers were found for the most 
common footprints: 22% in lig-4 versus 26% in wildtype had one typical 4 nt dele�on; 28% in 
lig-4 versus 30% in wildtype resulted from EJ in which no two nucleo�des had been gained. 
Together with the no�on that the reversion rate was iden�cal for all these gene�c back-
grounds, this indeed suggests that EJ repair in the C. elegans germline is not canonical NHEJ. 
A candidate to regulate non-canonical EJ pathways is pme-1, the C. elegans homologue of 
PARP. PARP, likely together with Ligase III, has been shown to act in an end-joining path-
way that serves as a backup for canonical NHEJ pathway in mammalian cell lines [15]. We 
have tested animals that carry a dele�on in pme-1(ok988), but found that the spectrum of 
footprints derived from 32 revertants of st192 in a pme-1 defec�ve gene�c background is 
iden�cal to that of wildtype or lig-4 mutant animals (Suppl. Table 1).

Micro-homology driven repair in C. elegans germ cells is independent of XPF/ERCC1

Next, we ques�oned which gene�c components could be involved in the micro-homology 
driven repair pathway, which is completely domina�ng the repair of DSB in st136. One candi-
date is the XPF/ERCC1 complex as it has been implicated in DSB repair mechanisms in yeast 
and mammals that involve annealing of complementary resected DNA strands. However, we 
found no influence of knocking out xpf-1 or it’s binding partner ERCC1/F10G8.7 on the rate 
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and the outcomes of DSB repair at the st136 locus (Figure 1D; supplemental Table 2). One 
could argue that a flap endonuclease is not required for processing SSA intermediates that 
are formed at the st136 breaksite since upon break induc�on, the outer nucleo�des at both 
3’ are complimentary (see figure 1B). We therefore also determined the footprints at st192 
in xpf-1 and F10G8.7 defec�ve animals, because one of the most abundant repair products 
(a dele�on of 4 nt which makes up 26% of the spectrum in repair proficient animals) may 
result from processing the break using a TA dinucleo�de that flank the staggered cut (Figure 
1B). We found that this par�cular end-product cons�tutes 39% and 34% in muta�on spectra 
of xpf-1 and F10G8.7 deficient animals, respec�vely. Together, this indicates that the XPF1/
ERCC1 complex is not involved in error prone repair of Tc1-mediated DSBs in the C. elegans 
germline. 

�

������������� ����������

5’CTCCAATTTTGGGATACA TATGTCGTTGAACGTTTTG
3’GAGGTTAAAACCCTAT ACATACAGCAACTTGCAAAAC

������������� ����������

6 CTCCAATTTTGGGATA     TGTCGTTGAACGTTTTG 
1 CTCCAATTTTGGGA         GTTGAACGTTTTG
2 CTCCAATTTTG   TATGTCGTTGAACGTTTTG 

1 CTCCAATTTTTGGGAT GTATGTCGTTGAACGTTTTG
1 CTCCAATTTTGGG GTATGTCGTTGAACGTTTTG
7 CTCCAATTTTGGGATACA TGTATGTCGTTGAACGTTTTG
1 CTCCAATTTTGGGATACA ATTTTGGGA TGTATGTCGTTGAACGTTTTG
1 CTCCAATTTTGGGATACA TGTCGTTGT TGTATGTCGTTGAACGTTTTG

1 CTCCAATTTTGGGAT CCAATTTTGGG ATGTCGTTGAACGTTTTG
1 CTCCAATTTTGGGAT TTTTGGGATTTTGG   TATGTCGTTGAACGTTTTG
1 CTCCAATTTTGGGATACA ATTTTGTTTTTTTTGGGATGTATGATTTTGGGA TGTATGTCGTTGAACGTTTTG

������������� ����������

5’ ATAAGGAAGGATGTACA   TACATTGAACTGGAAGCCTC
3’ TATTCCTTCCTACAT ACATGTAACTTGACCTTCGGAG

������������� ����������

30 ATAAGGAAGGATGTACA TTGAACTGGAAGCCTC

Table 1 Tc1 footprints of unc-22(st192) and unc-22(st136) derived alleles.

A molecular mechanism for EJ repair in C. elegans germ cells

Our data excludes NHEJ and SSA in EJ repair of DSB in the C. elegans germline. To get in-
sight into a possible molecular mechanism and contribu�ng factors we thus more carefully 
analyzed the repair products in an effort to deduce necessary enzyma�c ac�vi�es. We first 
concentrated on footprints that involved duplica�on of flanking sequences. These products 
require by defini�on two enzyma�c ac�vi�es: DNA polymeriza�on (to copy in the flanking 
sequence) and DNA liga�on (to join newly generated DNA to parental DNA). In repair profi-
cient worms, we found 5 out of 23 revertants that had DNA inser�ons that could be traced 
back to patches of 8-11 nucleo�des in the immediate vicinity of the breaks (Table 1). Three 
could be exclusively mapped to the le� side, one to the right side and one insert combined 
three duplica�ons coming from both le� and right flanks. These types of inserts were seen 
in all tested mutant backgrounds (A list of all these type of footprints is compiled in Suppl. 
Table 3). We were able to construct a mul�step pathway to explain all these outcomes based 
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on very simple principles (drawn in detail in Figure 2). In a first step the 3’overhanging nucle-
o�de on one side pairs with the first available complementary nucleo�de on the opposite 
strand of the other flank. This then allows DNA polymerase ac�on to extend the 3’ end by 
incorpora�on of matching nucleo�des. The footprints suggest that de novo DNA synthesis 
does not extend further than ~10 nucleo�des (Suppl. Table 2). Then, this intermediate struc-
ture has two fates: a) the 3’end of the other end is also extended and newly generated DNA 

���������������������� ���������������������
�������������������� �����������������������

�������������������
���� ������������������������������������

�����������������������
����� ��������������

�������������������������������������������������������

�������������������
��������������������������

���

�����������������
������������������

������������������

�����������������������
������������������ ������������

����������������������������

��������������������������������������������������

���

����������������������
�����������������������
���

���������������������� �������
�����������������������
���

�������������������������

������������������
�����������������

�����������������

�����������������

unc-22(st192)

��������������������������������
������������������������

����������������������������������������������������������������������������

���������������������� ���������������������
�������������������� �����������������������

�����������
�����

��������������������������������
�����������������������������������

�����

��������������������������������
���������������������������������������������������

�����

����������������������
��������������������������������

�����

��������������������������������
���������������������������������������������������

�����

A

B

���

Brouwer and Tijsterman,  Figure2

unc-22(st192)

Figure 2 A model for end joining repair of DSB in germ cells. Schema�c illustra�on of primer-template directed 
repair explaining the footprints observed a�er repair of a DSB located at unc-22 (st192::Tc1). A) The duplica�on 
in the le� panel was observed in 6/155 revertants; the footprint on the right side was found in 36/155 revertants. 
B) One example of a complex footprint that has duplicated flanking sequences from both flanks of the break. The 
mechanism is iden�cal for all depicted examples: in a first step, the 3’overhanging nucleo�de on one side of the 
break pairs with a complementary base on the other’s side opposite strand. This allows de novo DNA synthesis of 
a small tract of variable length. At least for some of these intermediates structures, the invading/extended strand 
dissociates to re-anneal with other available bases. It is temp�ng to hypothesize that extension of the 3’ end dis-
places the parental 5’ strand because compe��on between new and old strand could explain why the new strand is 
a) of limited length, b) dissociates, and c) subsequently primarily pairs with bases that are at the outermost end of 
the template (as if other template bases or not available). Only in cases where both the 3’ overhangs pair with each 
other at the outermost end, repair can be completed by DNA synthesis and liga�on to parental DNA. 
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is ligated to parental DNA or b) the extended strand dissociates resul�ng in a new 3’ end 
that can repeat annealing and extension (See figure 2A, for one example, and supplemental 
Figure 1). We observed footprints that suggest 1- 4 of such cycles, and we hypothesize that 
repair can only be finished if the 3’ overhanging ends of both strands simultaneously pair 
and can thus be extended. Figure 2B exemplifies how this mul�step pathway perfectly ex-
plains a complex combinatorial footprint that we isolated in an xpf-1 defec�ve background. 
Several duplica�on-containing footprints suggest that 3-overhanging nucleo�des are sub-
ject to trimming ac�vity, which may require a separate exonuclease or which is brought 
about by exonuclease ac�vity of DNA polymerases. This rather simple model that entails 
one or more rounds of limited primer-template extensions can also explain the footprints in 
which the staggered cut is “filled up”. In this footprint (making up for ~30% of all revertants), 
the DSB-flanking sequences remain, while the 3’ CA nucleo�de overhangs also end up in the 
footprint. Figure 2A illustrates that this footprint also follows the rules that were laid out 
above: pairing of the le� side’s 3’A nucleo�de to the first available T complementary strand 
on the right side. De novo synthesis of 3 nucleo�des then generates a stretch that a�er dis-
socia�on can perfectly pair to the outer 3’ end of the right side. Both ends can now prime 
DNA polymerase ac�on and liga�on is required to complete repair.

We next asked whether this model could also explain footprints that do not contain 
duplicated flanking sequences. This is indeed the case for most (if not all) st192 footprints 
provided that the 3’ends are subject to trimming ac�vity (Suppl. Figure 1 explains this for 
the second-most abundant footprint). Importantly, this model also provides the explana�on 
for the domina�ng footprint (130/134) found at the st136 site. Here, a�er DSB forma�on, 
pairing of both 3’A nucleo�des to near Ts on opposite template strands generates a 6 bp 
perfect complementary region that can be extended on both ends without the need for 
dissocia�on or trimming ac�vity.

In summary, we present evidence that EJ repair in the C. elegans germline is indepen-
dent of NHEJ and SSA and propose a simple molecular mechanism that explains simple and 
complex DSB repair products. A limited number of enzyma�c ac�vi�es are required: i) resec-
�on or helicase ac�on to liberate the template for de novo DNA synthesis, ii) polymerase 
ac�vity and iii) ligase aci�vity. Our data indicate that elongated strands dissociate to allow 
annealing of the 3’ end to new target sites. What determines the elongated strand to disso-
ciate? Is it influenced by the degree of 5’ resec�on, by compe�ng basepairing of displaced 5’ 
ends, or by non-perfectly matching basepairs just upstream of the elonga�on ini�a�ng base 
pair? The no�on that none of the tested genes act in this mechanism suggests that there 
are addi�onal factors involved in DSB repair in the C. elegans germ line that have not been 
iden�fied. We suspect that a similar mechanism can explain the iden�cal types of repair 
products that have also been described in Drosophila [11, 12] and mammalian cells [13].
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Supplemental Table 1 Tc1 footprints of unc-22(st192) derived alleles in the indicated gene�c backgrounds.
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Non-classical end-joining repair of DNA double strand breaks in C. elegans germ cells 
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of unc-22(st136) derived alleles in the 
indicated gene�c backgrounds.
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Non-classical end-joining repair of DNA double strand breaks in C. elegans germ cells 
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footprints with duplicated flanks.
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The iden�fica�on of the TLS polymerase rev-1 as a protector against microsatellite instabil-
ity (MSI) [1] was the basis for the studies described in Chapter 2. This observa�on is unique 
for rev-1; to date, none of the other C. elegans TLS polymerases have been implicated in 
MSI preven�on. Addi�onally, in other organisms a role for REV1 in MSI avoidance has not 
been described. We first confirmed this role of rev-1 with a more sensi�ve MSI reporter 
system. The posi�ve result led us to pursue the isola�on of a rev-1 knockout mutant to 
ini�ate further characteriza�on of rev-1 in MSI preven�on. To our surprise, we found that 
a muta�on that introduces a premature stopcodon in the rev-1 ORF is (in a homozygous 
state) not compa�ble with C. elegans embryogenesis. Such an essen�al role for viability of 
REV1 was also described in one specific mouse strain [2]. Because of REV-1’s essen�al role, 
rev-1 knockout animals could not be used for further analysis. We assume that we failed 
to observe complete lethality in our earlier RNAi experiments because of an incomplete 
penetrance of the RNAi treatment: RNAi frequently results in knockdown-not knockout 
condi�ons. Later experiments that are described in Chapter 2 showed that in our current 
RNAi setup, rev-1(RNAi) leads to almost 100% lethality, likely because our protocols have 
become more robust and efficient. Nevertheless, we are currently inves�ga�ng whether 
we can �trate the RNAi effect to get to “hypomorphic” condi�ons, especially because some 
of our current genome instability assays require germline transmission. We recently engi-
neered a strong MSI tract in a selectable endogenous marker gene and this would allow 
us to determine the molecular nature of the muta�ons that are induced in a rev-1 mutant 
background. Thus far, it remains unclear whether these MSI muta�ons are similar to those 
caused by MMR genes [1, 3, 4] and therefore it is not known whether rev-1 acts depend-
ently or independently of the MMR pathway in the preven�on of MSI. We used our RNAi 
condi�ons to further elucidate the essen�al func�on of rev-1.

For various C. elegans replica�on factors that are essen�al for viability, RNAi knockdowns 
displayed disrup�on of �ming of the first cell divisions in the embryo [5-7]. Since rev-1 is 
a polymerase, we speculated that the lethality might be caused by delayed cell divisions, 
with developmental defects as a consequence. However, we did not detect an effect of rev-
1(RNAi) on the �ming of the cell divisions in the earliest stages of embryonic cell divisions. 
We next considered the hypothesis that accumula�on of DNA damage may be underlying 
embryonic arrest/death. Although, limited FISH analysis did not reveal gross ploidy changes 
in rev-1(RNAi) embryos, we observed a profound increase in the number of RAD-51 foci in 
rev-1(RNAi) embryos (RAD-51 foci imply the presence of double-strand breaks). We favor 
the hypothesis that in the absence of REV-1 DNA replica�on blocks/stalls either collapse 
more frequently or need more �me to be resolved. Early embryogenesis in C. elegans goes 
without a proper checkpoint control and unfinished DNA replica�on may thus lead to chro-
mosomal breaks. The accumula�on of breaks might interfere with embryonic development 
and therefore cause lethality. 
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Apart from using reverse gene�cs approaches to iden�fy factors that prevent MSI, we 
also used forward gene�c screen. In Chapter 3, we aimed to iden�fy new alleles of MMR 
components and of novel genes. The gene�c approach would also help us to obtain hypo-
morphic alleles of essen�al genes. The iden�fica�on of alleles of four known C. elegans 
MMR genes validated the approach. The screen also resulted in strains that by sequence 
analysis did not have muta�ons in the known MMR genes and are thus candidate novel ge-
nome stability factors. However, ini�al a�empts to map the muta�ons failed, likely because 
MSI in these backgrounds is so high that the reporter catches some germline muta�ons 
when strains are kept in culture. Current novel approaches make use of reporters as well 
as a genomic MSI locus at an endogenous marker gene. This setup is easier to control and 
preliminary screens look promising.

In our laboratory, we have developed a variety of genome instability reporters a�er the 
MSI reporters had proven to be successful (specific and scalable). One of these reporters is 
capable of detec�ng G-tract instability and is described in Chapter 4. Previously, it was shown 
that animals that lack a gene called dog-1 (for dele�on of guanine-rich DNA) display a very 
specific genome instability phenotype: dele�ons occur at sites of polyguanine stretches that 
have a minimum length of ~20 bases [8]. We subsequently showed that polyG sequences 
are mutagenic because they have the ability to form G4 DNA structures: all sequences that 
match the G4-DNA signature G3-5N1-3G3-5N1-3G3-5N1-3G3-5 are mutagenic in a dog-1 
mutant background. These so-called quadruplex structures can be formed in ssDNA and 
are likely to be sufficiently stable to block ongoing DNA replica�on. Thus far, dog-1 is the 
only gene known to be involved in avoiding this type of lesions. We aimed to find addi�onal 
genes with a dog-1-like phenotype by use of the G-tract instability reporter in forward ge-
ne�c screens. All mutants we have iden�fied in such screens (five) carried muta�ons in 
the dog-1 gene, showing that the reporter is highly specific. It remains unresolved whether 
dog-1 is the only gene that is involved in guanine-tract instability: the screens have by far 
not reached satura�on. dog-1 is a large gene, which may be the reason why it is found with 
high frequency (5 in 3200 genomes). It could also be that addi�onal genes are essen�al and 
therefore cannot be isolated in a forward gene�c screen. It is interes�ng to note that knock-
down of the replica�on cofactor RPA was found to be synthe�c lethal to dog-1. Because 
dog-1 is the C. elegans ortholog of FANCJ [9], other Fanconi Anemia genes would be good 
candidates. However, we showed that the homologue of FANCD2, fcd-2, did not display G-
tract instability; addi�onal FANC homologues have yet to be iden�fied in the worm system.

In addi�on, we found that dog-1 animals are hypersensi�ve to the DNA crosslinking 
agent Cispla�n. This compound is a widely used drug in chemotherapies in order to cure 
a variety of cancers, being most successful against tes�cular cancers [10]. In Chapter 5, we 
describe a genome-wide RNAi approach to iden�fy genes involved in the response to this 
chemotherapeu�c drug. A be�er understanding of the response to Cispla�n and the genes 
involved might lead to the iden�fica�on of addi�onal drug targets that improve the Cispla�n 
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cure rate. Before we performed our RNAi screen, we first characterized the response of 
C. elegans to Cispla�n. We observed dose-dependent broodsize reduc�on and embryonic 
lethality phenotypes. In wild type animals, treatment with Cispla�n predominantly induced 
dele�ons in the genome that varied in size. We analyzed animals deficient for NER or ICL 
repair for the response to Cispla�n and showed, in agreement with data from other spe-
cies [11, 12], that both pathways are required to counteract the genotoxic effects of this 
compound, also indica�ng that the repair pathways involved in the repair of Cispla�n are 
func�onally conserved in C. elegans. Next, we performed a genome-wide RNAi screen and 
found 51 RNAi clones that conferred a Cispla�n hypersensi�ve phenotype. We were able to 
confirm a number of genes with gene�c mutants and to relate others via literature to the 
Cispla�n response. Strikingly, we didn’t find many genes that were known to be involved in 
the repair of Cispla�n-induced DNA lesions. Therefore, we performed an addi�onal targeted 
gene approach with RNAi against a variety of DNA repair genes, including genes of which we 
used knockout alleles in our exploring studies. Remarkably, none of these scored posi�ve 
under our assay condi�ons sugges�ng that the efficiency of these clones to knockdown the 
gene of interest is not sufficient to confer a Cispla�n hypersensi�ve phenotype.

In Chapter 6, we present data that suggest a new end-joining pathway in the C. elegans 
germline. We found end-joining products that contained inserted sequences that are ho-
mologous to sequences adjacent to the breaks. This led to the proposal that end-joining 
repair in the C. elegans germline is predominantly dictated by primer-template extension 
which is strongly influenced by microhomology at the breaksite. This pathway is dis�nct 
from classical non-homologous end-joining; LIG-4 was shown not to be required for this 
pathway. In addi�on, the C. elegans homologue of the XPF1/ERCC1 endonuclease, impli-
cated in single-strand annealing, was not necessary for this end-joining pathway.

Template-directed inser�ons have previously been observed in worms [13], flies [14] 
and man [15, 16]. The size of our data set allowed us to analyze a large number of inser�ons 
and propose a model that requires polymerase ac�vity. Thus far, we have not iden�fied the 
polymerase responsible for the inser�on of the homologous sequences (several have been 
tested) or the ligase that eventually connects the newly generated DNA with the parental 
strand. The assay used in Chapter 6 only allows a candidate gene approach and only of 
genes that do not interfere with viability.
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Elk levend organisme bestaat uit één of meerdere cellen. Een gist is een eencellig organisme, 
terwijl het menselijk lichaam ongeveer 100 000 000 000 000 cellen bevat. Die cellen hebben 
allemaal verschillende func�es en maken bijvoorbeeld deel uit van ogen, huid of darmen. Alle 
cellen beva�en verschillende onderdelen, organellen genaamd, die bijdragen aan het goed 
func�oneren van de cel. Een van deze organellen is de kern, waarin zich de  chromosomen 
bevinden die bestaan uit DNA. Het DNA is het erfelijk materiaal en bevat genen. Deze genen 
coderen voor RNA dat op zijn beurt codeert voor eiwi�en. Deze eiwi�en zorgen dat een 
cel zijn func�e kan uitvoeren. Elke cel hee� onderhoudseiwi�en nodig die zorgen voor 
bijvoorbeeld de energieverbranding en celgroei, maar ook eiwi�en die specifiek zijn voor 
de func�e van de cel. Al deze eiwi�en worden dus gecodeerd door genen en alle genen van 
de cellen samen bepalen, in het geval van een mens, bijvoorbeeld de kleur van je ogen, de 
groo�e van je neus en het geluid van je stem. 

DNA bestaat uit twee lange strengen die om elkaar heen gewikkeld zijn. Elke streng 
wordt gevormd met 4 bouwstenen: A (adenine), T (thymine), C (cytosine) en G (guanine). 
Deze bouwstenen, basen genoemd, bepalen de code van de genen. Elke combina�e van drie 
basen codeert voor een bepaald aminozuur, dat zijn de bouwstenen van eiwi�en. Zo leidt 
AAG in het DNA tot het inbouwen van een phenylalanine, terwijl AAC leidt tot de inbouw 
van een leucine. De volgorde van de DNA basen bepaalt zodoende de vorm en func�e van 
het eiwit.

De twee DNA strengen kunnen om elkaar heen wikkelen omdat de twee strengen 
complementen van elkaar zijn. De basen in de ene streng paren met de basen uit de andere 
streng, waarbij een A al�jd paart met een T en een C al�jd met een G een paar vormt. Als 
een cel gaat delen, moet het DNA worden vermenigvuldigd (of gerepliceerd), zodat elke 
dochtercel een kopie ontvangt. Het vermenigvuldigen wordt uitgevoerd door replica�e-
enzymen: DNA polymerases. De twee DNA strengen worden uit elkaar getrokken en aan 
elke streng wordt een nieuwe streng gemaakt. Het polymerase bouwt tegenover elke T een 
A, elke A een T, elke C een G en elke G en C. Hierbij wordt dus een nieuwe complement 
gebouwd. Als de replica�e is afgerond, zijn er twee iden�eke DNA moleculen ontstaan en zo 
blij� de erfelijke informa�e behouden na de celdeling. 

De replica�e van het DNA is niet al�jd foutloos en soms wordt de verkeerde base in 
gebouwd. Ook kunnen basen worden beschadigd waardoor het replica�e-enzym de base 
niet meer kan herkennen en dus niet weet welke base het moet inbouwen. DNA schades 
kunnen a�oms�g zijn van verschillende bronnen. Deze kunnen a�oms�g zijn vanuit buiten 
de cel, zoals UV licht, Röntgen straling, uitlaatgassen en tabaksrook. Ook binnen in de cel 
ontstaan bij verschillende processen tussenproducten die het DNA kunnen beschadigen, 
zoals zuurstofradicalen. Schades leiden tot het inbouwen van verkeerde basen �jdens de 
replica�e en dit hee� grote gevolgen. Zoals eerder vermeld, leidt elke combina�e van drie 
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basen tot de inbouw van een ander aminozuur in het eiwit. In het genoemde voorbeeld, is 
een verandering van een AAG naar een AAC genoeg voor een verandering in de opbouw van 
het eiwit, omdat er nu een ander aminozuur wordt ingebouwd. Veranderingen in DNA basen 
worden muta�es genoemd. Deze muta�es leiden tot verandering in eiwitopbouw wat kan 
leiden tot verandering in eiwi�unc�e. Als er veel muta�es optreden, kan het voorkomen dat 
een cel niet meer goed func�oneert, omdat te veel eiwi�en in de cel gestoord zijn in hun 
func�e door de opgelopen muta�es. Een mogelijk gevolg is dan dat een cel in een bepaald 
orgaan, die normaal langzaam of niet deelt, een snel delende cel wordt. Deze snel delende 
cellen zijn tumorcellen en vormen samen een tumor. Het is aangetoond dat tumorcellen veel 
meer muta�es beva�en dan een normale cel. Tumorcellen zijn dan ook vaak gestoord in één 
van de mechanismen die betrokken zijn bij het behoud van gene�sche informa�e en dus bij 
het voorkomen van muta�es. Deze DNA schade herstelmechanismen kunnen beschadigde 
basen repareren en replica�efouten verbeteren en daarmee voorkomen ze muta�es. Dit 
proefschri� beschrij� de bestudering van een aantal van deze herstelmechanismen.

Voor dit onderzoek werd het modelorganisme Caenorhabdi�s elegans gebruikt. C. 
elegans is een nematode (of rondworm) die ongeveer 1 mm lang kan worden en bestaat 
uit 959 cellen. Alhoewel het een veel simpeler organisme is dan alle zoogdieren, hee� het 
wel veel genen en biologische processen gemeen met complexere organismen. Andere 
voordelen van het gebruik van C. elegans als modelorganisme zijn dat het makkelijk in grote 
aantallen te groeien is, makkelijke gene�ca hee� en dat de zorg eenvoudig is. Daarnaast 
bestaat er voor C. elegans een makkelijk methode om RNAi (RNA interference) uit te voeren. 
Bij RNAi wordt het RNA, dat de tussenstap is tussen DNA en eiwit, afgebroken. RNA is in 
tegenstelling tot DNA enkelstrengs. Als er complementaire RNA moleculen aanwezig zijn, 
wordt dubbelstrengs RNA gevormd dat kan worden afgebroken door de RNAi enzymen. 
Op deze manier is er geen RNA aanwezig om eiwit mee te maken en wordt het gen dus 
uitgeschakeld. Door deze methode te gebruiken, kan de rol van een eiwit in het organisme 
bestudeerd worden. We kunnen nu kijken wat er gebeurt als het eiwit niet meer aanwezig is 
en daardoor de func�e van het eiwit beter begrijpen. Voor C. elegans is er een verzameling 
waarin voor elk gen een complementair stuk RNA zit dat het gen kan uitschakelen. Die RNAs 
zi�en in de bacteriën die de wormen eten. Zo kan dus heel makkelijk RNAi tegen alle genen 
worden uitgevoerd.

In hoofdstuk 2 van dit proefschri� wordt de func�e van het gen rev-1 bestudeerd. Het 
REV1 eiwit is een speciaal soort polymerase. DNA herstelmechanismen reparen voortdurend 
schades in het DNA, maar er zijn al�jd schades die achterblijven en aanwezig zijn als replica�e 
begint. Bij het begin van de replica�e kunnen er  nog beschadigde basen aanwezig. Deze basen 
geven een probleem �jdens de replica�e, want het normale polymerase weet niet welke 
base het tegenover een beschadigde base moet ze�en. Dat komt omdat het polymerase 
heel nauwkeurig is in het inbouwen. Als het polymerase een schade tegenkomt, kan het 
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niet verder gaan met de replica�e, de nauwkeurigheid dan in gevaar komt. Het polymerase 
kan alleen als er met hoge nauwkeurigheid kan worden gewerkt fun�oneren. De replica�e 
moet echter doorgaan, want anders gaat de cel dood. Om celdood te voorkomen, wordt er 
gekozen om replica�e door te laten gaan en het risico op muta�es te accepteren. Allereerst 
moet het normale polymerase van het DNA verwijderd worden om vervolgens de replica�e 
te laten overnemen door polymerases die minder nauwkeurig zijn, maar wel tegenover een 
beschadigde base kunnen inbouwen. Deze inbouw gaat wel vaak gepaard met de inbouw 
van een verkeerde base en leidt dus tot muta�es. REV1 is één van die onnauwkeurige 
polymerases en lijkt ook een rol te spelen bij de regula�e van dit proces. 

Onderzoek in ons laboratorium hee� laten zien dat rev-1 betrokken is bij het voorkomen 
van een bepaalde vorm van muta�es. Deze muta�es heten frameverschuivingen. Zoals eerder 
vermeld, coderen steeds drie basen voor een aminozuur. Stel dat er ergens opeens een 
extra base wordt toegevoegd in een DNA sequen�e. Nu zijn er opeens andere combina�es 
van drie basen, omdat alle basen doorschuiven door de extra base. Nu zal het stuk DNA dus 
voor compleet andere aminozuren en dus een compleet ander eiwit coderen. Dit wordt een 
verandering in frame of frameverschuiving genoemd. 

Frameverschuivingen kunnen ontstaan door het toevoegen en of verwijderen van basen. 
Dit gebeurt vooral op stukken waar veel dezelfde basen op een rij zi�en, bijvoorbeeld 17 A’s 
of 23 C’s. Die verschuivingen vinden daar plaats, omdat het polymerase soms gaat schuiven 
op zo’n serie bases en dat niet doorhee� omdat de basen hetzelfde zijn en dus een base 
te veel of te weinig in bouwt. In ons laboratorium is een indicator van frameverschuivingen 
ontwikkeld. Hierbij is een regio met 17 A’s ingebouwd in het gen LacZ. Dit is zo gedaan dat 
de codering van het LacZ gen is verschoven en dus niet het goede eiwit wordt gemaakt. 
Als er een frameverschuiving optreed in de 17 A’s wordt de codering voor het LacZ wel 
correct en wordt het goede eiwit gemaakt. LacZ codeert voor het eiwit B-galactosidase 
dat makkelijk te herkennen is, omdat het wormen blauw kan aankleuren. Als er in de 
indicator een frameverschuiving optreedt, worden de wormen blauw en zijn ze makkelijk te 
onderscheiden. Tot nu toe was van vier genen in C. elegans bekend dat ze bij het voorkomen 
van frameverschuivingen betrokken waren, de zo genaamde mismatch herstelgenen. Als 
deze genen werden uitgeschakeld met RNAi waren er meer blauwe wormen en dus meer 
frameverschuivingen in de popula�e dan zonder uitschakeling. Dit beves�gde dat de 
indicator werkte. Daarna werd met RNAi één voor één elk gen uitgeschakeld en gekeken bij 
welke genen er een verhoging in het aantal blauwe wormen te zien was. Eén van de genen 
die werd gevonden was rev-1. Nog niet eerder was een rol voor rev-1 in het voorkomen van 
frameverschuivingen aangetoond.

In hoofdstuk 2 wordt een rol voor rev-1 in het voorkomen van frameverschuivingen 
beves�gd met gebruik van een tweede indicator waar een serie van 23 C’s is ingebouwd in 
het LacZ gen. Voor verdere analyses is het beter om een gene�sche mutant van een gen te 
hebben dan alleen RNAi te gebruiken. In gene�sche mutanten zorgt een muta�e in het gen 
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dat het gen niet meer voor func�oneel eiwit codeert en is het gen dus ook uitgeschakeld. In 
een mutantenverzameling werd gezocht naar een rev-1 mutant en vervolgonderzoek wees 
uit dat een func�oneel rev-1 gen essen�eel is voor overleving. Zonder een func�oneel rev-1 
gen overleven de wormen niet;  de embryo’s ontwikkelen zich niet en de eieren komen niet 
uit. Wat de rol van rev-1 is in de ontwikkeling van C. elegans is nog niet bekend.

In hoofdstuk 3 worden frameverschuivingen verder bestudeerd. De C23 indicator bleek 
nauwkeuriger te zijn dan de A17 indicator. In het geval van de A17 reporter werd een groot 
aantal genen gevonden die bij verdere analyse vals-posi�even bleken te zijn. Ook werd de 
zoektocht uitgevoerd met RNAi, dat niet al�jd werkt en dus tot vals-nega�even leidt. Om 
een beter beeld te krijgen van de betrokken genen werd een gene�sche screen uitgevoerd 
met de C23 reporter. Hier werd gebruik gemaakt van een sto�e, EMS, dat overal in het 
genoom van de wormen muta�es aanbrengt. Als de muta�e in een gen optreedt, kan het 
leiden tot uitschakeling van dat gen. Als de concentra�e EMS hoog genoeg is, bevat elke 
worm een aantal uitgeschakelde genen. Na behandeling met EMS werd een verzameling 
mutante dieren gemaakt. In die verzameling werd met de C23 indicator gezocht naar 
mutanten die een verhoging van frameverschuivingen vertoonden. Deze mutanten hebben 
hoogstwaarschijnlijk een muta�e die de func�e van een gen betrokken bij het voorkomen 
van frameverschuivingen verstoord. De vier bekende mismatch herstelgenen zijn goede 
kandidaten om in deze mutanten muta�es te hebben opgelopen. DNA sequen�e analyse 
beves�gde deze veronderstelling en voor alle vier de genen werd een mutant gevonden. Er 
bleven echter mutanten over waarvan de muta�e niet in één van de vier genen lag. Er zijn 
gene�sche technieken beschikbaar waarbij de muta�e te achterhalen is. Deze technieken 
werden toegepast op de overgebleven mutanten, maar dit bleek niet succesvol. Analyse 
van de gebruikte methoden gaf aan dat de opzet van de proef nu verkeerd was en het 
achterhalen van de muta�es met deze opzet niet mogelijk was of heel veel werk zou kosten. 
Als deze problemen kunnen worden opgelost, kan de indicator wel gebruikt worden.

Hoofdstuk 4 bespreekt een tweede type muta�e. Een lab in Vancouver beschreef het 
verdwijnen van enkele honderden basen in het DNA in wormen met een muta�e in het dog-
1 gen. Het verdwijnen van basen heet een dele�e. Dele�es komen vaker voor, maar deze 
dele�es waren specifiek voor bepaalde plaatsen in het genoom. Ze vinden alleen plaats op 
plekken waar minstens 20 G’s op een rij voorkomen. De dele�es beginnen dan al�jd een 
paar honderd basen voor die regio met G’s, maar eindigen al�jd precies na die G’s. Dit type 
muta�e is dusverre alleen in C. elegans gevonden en komt alleen voor in dog-1 mutanten. 

Een mogelijk verklaring voor het feit dat de dele�es alleen voorkomen bij G’s is dat bij 
experimenten met DNA in een reageerbuis is aangetoond dat in een serie G’s interac�es 
optreden tussen die G’s onderling. Als dit gebeurt, ontstaat er een hele stabiele structuur, 
een G4 structuur, in het DNA en verondersteld wordt dat replica�e langs deze structuur niet 
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kan plaatsvinden, met welk DNA polymerase dan ook. De stop in replica�e kan leiden tot een 
breuk in het DNA en als de twee einden van het DNA verkeerd aan elkaar geplakt worden, 
ontstaat er een dele�e. In hoofdstuk 4 wordt aangetoond dat de G4 structuur inderdaad de 
oorzaak is. In een uitgebreide analyse bleek dat de dele�es ook optreden in regio’s waarin 
rijtjes van G’s worden onderbroken door andere basen. Als deze onderbrekingen de vorming 
van de G4 structuur niet in de weg staat, kunnen dele�es worden waargenomen.

Ook voor deze vorm van muta�es is een LacZ indicator ontwikkeld. Deze bestaat uit een 
LacZ gen onderbroken door een stuk DNA van een paar honderd basen en een regio G’s. Als 
er nu een dele�e optreedt, ontstaat er een func�oneel LacZ gen en kleuren wormen met 
zo’n dele�e blauw. De indicator is heel specifiek, want in normale wormen werd nooit een 
blauwe worm gezien, terwijl bij dog-1 mutanten er regelma�g blauwe wormen te zien zijn. 
Omdat er pas van één gen, dog-1, bekend is dat het betrokken is bij de G4 dele�es, werd een 
gene�sche screen uitgevoerd om meer genen te vinden. De screen werd uitgevoerd zoals 
eerder beschreven. Er werden vijf mutanten gevonden die de G4 dele�e indicator blauw 
lieten kleuren. Na sequen�e analyse bleek dat alle vijf de mutanten een muta�e in dog-1 
hadden gekregen door de EMS behandeling. Dit kan betekenen dat dog-1 het enige gen is 
dat G4 dele�es voorkomt, maar dat is niet de verwach�ng. Een betere verklaring is dat de 
andere genen die G4 dele�es voorkomen een essen�ële func�e in C. elegans ontwikkeling 
hebben. Dan kunnen er geen mutanten gemaakt worden, want dan overlee� de worm niet 
meer, zoals het geval was bij rev-1. Het kan ook zijn dat de analyse met een verzameling die 
meer mutanten bevat moet worden overgedaan en dat er dan wel andere genen gevonden 
worden.

In hoofdstuk 5 wordt de respons van wormen op het medicijn Cispla�na bestudeerd. 
Cispla�na wordt veel gebruikt in chemotherapie bij de behandeling van kankerpa�ënten. 
Cispla�na bindt aan DNA en brengt dus beschadigingen aan. Het bindt aan het DNA van 
alle cellen in het lichaam, maar tumorcellen hebben moeite met de schades om te gaan. 
Zoals eerder gezegd, werken de DNA herstelmechanismen van tumorcellen niet goed meer 
en het herstellen van de schades gaat dus niet goed meer. Ook delen tumorcellen veel 
sneller dan gewone cellen en is er dus minder �jd om de schades te repareren omdat er 
voortdurend replica�e moet plaatsvinden. Als er te veel schades achter blijven, ondergaat 
de cel apoptose. Bij apoptose laat de cel zichzelf doodgaan omdat het niet meer goed 
func�oneert en een gevaar is voor het lichaam. Omdat de hoeveelheid achtergebleven 
schades in tumoren hoog is gaan deze cellen dood, terwijl de gezonde cellen weinig schades 
hebben en dus overleven. Snel delende cellen als haarcellen hebben ook geen �jd om de 
schades op �jd te herstellen en zullen dus ook doodgaan. Dit is de reden dat pa�ënten kaal 
worden van chemotherapie.

In hoofdstuk 5 wordt aangetoond dat in C. elegans de DNA schade die door Cispla�na 
wordt aangebracht door dezelfde herstelmechanismen als in andere organismen wordt 
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gerepareerd. Deze mechanismen zijn dus geconserveerd en is voor worm en mens 
vergelijkbaar. Cispla�na hee� ook invloed op de ontwikkeling van de embryo’s; bij 
behandeling met oplopende doses Cispla�na zijn er steeds minder embryo’s die overleven. 
Door de DNA schades wordt de ontwikkeling die gepaard gaat met snelle celdelingen te veel 
verstoord. 

Cispla�na is een veel gebruikt chemotherapiemedicijn, maar de behandeling is niet al�jd 
effec�ef. Dit komt omdat bepaalde tumoren resistent zijn tegen de Cispla�na.  Om meer 
tumoren succesvol te kunnen behandelen, is het belangrijk om te weten of er genen zijn 
die we kunnen uitschakelen en daardoor een verhoging in Cispla�na gevoeligheid krijgen. 
Deze genen zouden dan goede kandidaten zijn om te dienen als “drug target”. Door aan de 
behandeling een medicijn toe te voegen die dat gen uitschakelt verhoog je de Cispla�na 
gevoeligheid van de cellen. Ook kan geprobeerd worden het gen met RNAi uit te schakelen. 
Zoals eerder verteld, is er een C. elegans RNAi verzameling en deze verzameling is gebruikt om 
te kijken welke uitgeschakelde genen tot verhoogde gevoeligheid voor Cispla�na leiden. Na 
het analyseren van 17 000 genen was het resultaat 51 genen. Deze genen zijn voornamelijk 
betrokken bij het onderhoud van cellen en het transport in cellen. De volgende stap is nu om 
te kijken of het uitschakelen van de gevonden genen ook tumorcellen gevoeliger maakt.

In hoofdstuk 6 wordt gekeken naar het herstel van breuken in het DNA. Een van de 
meest gevaarlijke DNA schades voor een cel is een breuk. Eén breuk in het gehele genoom 
kan genoeg zijn om een cel in apoptose te laten gaan. Voor andere types schade kan een cel 
overleven met veel hogere aantallen.

Bij een DNA breuk is het chromosoom helemaal doorgebroken en zijn er dus twee 
losse einden DNA die weer goed aan elkaar gezet moeten worden. De einden zijn heel 
gevoelig voor a�raak en vaak worden er stukjes vanaf gegeten, waarbij dus gene�sche 
informa�e verloren kan gaan. Er zijn verschillende manieren om de breuk weer te plakken. 
De eenvoudigste is de recht-toe-recht-aan manier en dat is het aan elkaar plakken van de 
einden. Omdat er vaak van de einden basen zijn afgegeten, leidt deze manier dus vaak tot 
verlies van sequen�e, een dele�e in het DNA. Een tweede manier om de einden aan elkaar 
te plakken maakt gebruik van op-elkaar-lijkende stukjes sequen�e die aan beide kanten van 
de breuken voorkomen. Als er aan beide kant van de breuk een rijtje basen complementair 
zijn, kunnen de beide stukken DNA daar met elkaar paren. De twee strengen DNA smelten 
eerst uit elkaar en vervolgens paart een van de strengen aan de ene kant van de breuk met 
een streng aan de andere kant van de breuk. Aangezien de sequen�es die paren meestal niet 
precies aan het uiteinde zi�en, ontstaan er losse eindjes die worden afgeknipt. De basen die 
tussen de sequen�es zaten zullen dus verdwijnen en er is bij deze manier ook weer sprake 
van een dele�e. Er is een derde manier om de breuk te repareren en deze manier leidt 
niet tot verlies van basen. In elke cel zijn van elk chromosoom twee kopieën aanwezig. Een 
gebroken chromosoom kan ook de tweede kopie gebruiken om de breuk te herstellen. Er 
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vindt dan replica�e op het andere chromosoom plaats. Een eind wordt dan zo ver verlengd 
dat het weer op de het andere eind past en daarmee paart. Het eind van het gerepliceerde 
stuk is complementair aan het andere einde en als ze nu worden vastgezet zijn er geen 
dele�es en is de hele sequen�e hersteld.

In hoofdstuk 6 is gekeken naar de sequen�es die ontstaan na het repareren van een 
breuk. Analyse van de data gaf aan dat er nog een andere manier moet zijn om de breuken 
te herstellen. Sequen�es die het gevolg waren van een van de drie bovengenoemde 
manieren werden gevonden. Echter, er werden ook sequen�es gevonden die niet het gevolg 
kunnen zijn van een van de bekende manieren. Bij deze sequen�es werden juist extra basen, 
inser�es, gevonden. Dat betekend dat er replica�e hee� plaatsgevonden voordat de breuk 
werd gerepareerd. Welke genen er betrokken zijn bij deze manier van breuk herstel, is nog 
niet bekend. Voor een aantal genen waarvan bekend is dat ze via een van de drie bekende 
manieren betrokken zijn, werd aangetoond dat ze niet betrokken zijn bij deze nieuwe 
manier. 
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