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Chapter 1

General introduction
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500,000,000,000,000,000,000,000 NUCLEOTIDES AT RISK

DNA encodes the genetic instructions for life. It is for every organism of vital
importance to safeguard its genetic information and transmit this faithfully to its
progeny. Unfaithful replication of the genome and erroneous repair of damaged DNA
lead to mutations in this genetic information. These mutations can be seen as a double-
edged sword: on the one hand mutations are the driving force behind evolution and
result in genetic diversity, which is beneficial for maintenance of the species, but on
the other hand mutations can lead to reduced fitness of an individual organism, for
instance due to mutation-induced uncontrolled growth of cells (cancer).

Keeping in mind that a haploid human genome consists of approximately 3.3x10°
base pairs (and thus 1.3x10" nucleotides for a diploid genome) and that a human
body is estimated to consist of ~3.7x10" cells (Bianconi et al., 2013), this means
that an average person contains at least ~5x10% nucleotides providing inheritable
genetic information. It is overwhelming to realize that all these nucleotides are
copied from a single original template (the genome of a fertilized oocyte) with an
extremely low mutation-rate. A recent study, in which the sequenced genomes of 78
Icelandic parent-offspring trios was used, estimated that the de novo mutation rate
is 1.2x10°® per nucleotide per generation (Kong et al., 2012). This low mutation rate
is even more mind-boggling when realizing that replicative polymerases encounter
many obstacles during replication and nucleotides are under a constant attack of
endogenous and exogenous DNA damaging sources. For instance, it has been
anticipated that human cells may experience up to 10° spontaneous DNA lesions
per cell per day (Hoeijmakers, 2009; Lindahl, 1993). How all these nucleotides are
protected against mutations has been under investigation for decades. Particularly
the fact that every cancer is the consequence of one or more mutations in a genome
has led to extensive research in the fields of genome stability and cancer genomics.
Nevertheless, despite an officially declared war on cancer (National Cancer Act
1971), and an army of scientists, many questions in these fields of research remain
to be answered, since cancer is still responsible for one in eight deaths worldwide to
date (ACS, 2013).

In the first part of this introduction I will focus on aspects related to genome
stability; the sources of genome instability and the currently known pathways that
protect the genome against instability. Special emphasis will be on DNA polymerases
and helicases, which will be of relevance in particular for chapters 4 and 5 of this
thesis. The second part of this introduction will provide an up-to-date overview
about the current knowledge of the two main themes in this thesis: microsatellites
(short tandem repeats with units of 1-8 base pairs long) and G-quadruplexes (stable
secondary structures with guanines as main building blocks). Finally, since this
thesis describes various model systems to study genome instability, also a short
overview will be provided discussing the main advantages and limitations of
each system.



ENDOGENOUS AND EXOGENOUS HAZARDS TO DNA

Genomic integrity is threatened by various types of DNA damage and processes that
can lead to unwanted changes in the DNA and loss of genetic information. Below, an
overview is provided of the most prominent threats to DNA. A distinction is made
between exogenous and endogenous sources that can ultimately lead to genome
instability. A schematic overview is provided in Figure 1.
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Figure 1 | Exogenous and endogenous sources that can lead to genomic instability. An overview of
prominent exogenous and endogenous sources/processes that can lead to DNA modifications and ultimately
to genomic instability. Examples of common types of DNA damages, replication errors and other replication
blocking structures are shown that all need to be accurately resolved, repaired, or bypassed to prevent
genomic instability. DSB, double-strand break; SSB, single-strand break; CPD, cyclobutane pyrimidine
dimer; 6-4P, 6-4 photoproduct; ROS, reactive oxygen species; SAM, S-adenosylmethionine.

Exogenous Sources

Exogenous DNA damage is caused by physical and chemical sources from outside
of the cell. Two well-known sources of physical DNA damage are ionizing radiation
(IR) and ultraviolet (UV) light from sunlight. IR (for example from cosmic radiation
or radiotherapy) can lead to oxidation of nucleotides and generate single-strand
breaks (SSB) or, even more toxic, double-strand breaks (DSB) (Ciccia and Elledge,
2010). The most prominent lesions induced by UV light are pyrimidine dimers and
6-4 photoproducts. It has been estimated that cells exposed to the sun’s UV light can
suffer from up to 10° lesions per cell per day (Hoeijmakers, 2009).

An example of a chemical source that causes DNA damage is cigarette smoke.
Estimates vary between 45 and 1,000 bulky aromatic DNA adducts per cell in tissues
that are exposed to cigarette smoke (Ciccia and Elledge, 2010; Lindahl and Barnes,

2000). Also foods can contain DNA-damaging chemicals, such as aflatoxins in
contaminated peanuts and heterocyclic amines in burnt meat (Wogan et al., 2004).
Other chemical sources that can inflict severe DNA damage are chemical agents
that are used in cancer chemotherapy. Commonly used therapies consist of toxic
crosslinking agents such as mitomycin C (MMC) and cisplatin, which generate
intrastrand and interstrand crosslinks (covalent links between nucleotides of the
same or a different DNA strand, respectively). Other agents such as camptothecin
(CPT) and etoposide trap topoisomerases in a covalent complex with DNA, which
results in high numbers of SSBs and DSBs.

Endogenous sources

Besides threats from outside the cell, also endogenous reactive molecules and processes
that take place during cellular and DNA metabolism endanger the genetic code. Since
DNA isachemicallyreactive molecule, itis exposed to processeslike hydrolysis, oxidation
and nonenzymatic methylation(Lindahl, 1993). A major threat of DNA hydrolysis is the
generation of predominantly apurinic sites (~2,000 - 10,000 lesions/cell/day (Lindahl
and Nyberg, 1972)) and deaminated cytosines (~100 - 500 lesions/cell/day (Lindahl and
Barnes, 2000)). Oxidation contributes to the generation of oxidized base lesions, such
as 8-oxoguanines. During normal cellular metabolism many reactive oxygen species
(ROS) are generated, which, in turn, lead to oxidation of DNA bases. Non-enzymatic
methylation of bases is mainly caused by the molecule S-adenosylmethionine (SAM).
SAM is used as cofactor in many cellular transmethylation reactions and SAM-induced
methylation of bases is estimated to occur at rates of ~600 and ~4000 lesions/cell/
day (for 3-methyladenine and 7-methylguanine, respectively (Lindahl and Barnes,
2000)). Other reactive molecules are aldehydes, which are common byproducts formed
during cellular metabolism (e.g. lipid peroxidation (O’Brien et al., 2005)) and histone
demethylation (Rosado et al., 2011).

Also during DNA replication there are several processes that can lead to unwanted
changes in the genetic code. Formation of secondary structures (e.g. palindromes
and G-quadruplexes), mismatches and frameshifts are all associated with replication
and require repair to prevent loss of genetic information. Until recently, an
underrated class of DNA damage is the incorporation of ribonucleotides during
DNA replication. A recent study in Saccharomyces cerevisiae describes that the
leading-strand polymerase € (pol-¢) incorporates one ribonucleotide monophosphate
(rNMP) per 1,250 deoxyribonucleotide monophosphates (ANMP), and the lagging-
strand polymerase § (pol-8) one INMP per 5,000dNMPs (McElhinny et al., 2010;
Nick McElhinny et al., 2010). Although it is thought that “mis”-incorporation of these
rNMPs may have a biological function (as will be discussed later), these INMPs need
to be removed to prevent base-substitutions and fork collapse.

Finally, another prominent class of endogenous DNA damage is the formation of
DSBs during active processes such as V(D)J-recombination, meiosis, transposon



jumping and uncoiling of DNA by topoisomerase II. Altogether, it has been estimated
that a dividing human cell suffers from ~10 DSBs per day (Lieber, 2010).

THE DNA-DAMAGE RESPONSE

To counteract the threats posed by DNA damage, organisms have evolved an elaborate
genome maintenance apparatus to sense DNA lesions, signal their presence and
promote their repair, collectively often termed the DNA-Damage Response (DDR)
(Jackson and Bartek, 2009). The DDR is a signal transduction pathway that consists
of a well-orchestrated interplay between a plethora of enzymes which determine the
cell’s fate: survival, replicative senescence or death (Hoeijmakers, 2009). Below, a
concise overview will be provided of the main signaling routes of the DDR and the
specific repair-pathways that are recruited to resolve the damage.

DNA-damage signaling

Two key players in the DDR are the protein kinases ATM (ataxia-telangiectasia
mutated) and ATR (ATM and Rad3-related) (Cimprich and Cortez, 2008; Shiloh,
2003). An important function of ATM together with its regulator the MRN-complex
(Mrell, Rad50 and NBS1) is sensing the presence of DSBs, while ATR together
with ATRIP (ATR Interacting Protein) senses replication protein A (RPA)-coated
single-strand DNA (ssDNA) generated by resected DBSs or stalled replication forks
(Matsuoka et al., 2007). Both kinases then phosphorylate proteins to set a signaling
cascade in motion that includes the checkpoint kinases Chk1l and Chk2, which in turn
activate a second wave of phosphorylation events. This whole cascade of signaling
events is believed to be important for at least two particular reasons: first, it results
in reduced cyclin-dependent kinases (CDK) activity which slows down or halts cell-
cycle progression and allows more time for repair before going into the next phase
of the cell-cycle. Second, ATM/ATR signaling enhances repair by recruiting repair
proteins to the damage and activating DNA repair proteins by post-translational
modifications (Jackson and Bartek, 2009). Besides ATM and ATR also PARP1 and
PARP2 are important players in the DDR. Both poly(ADP-ribose) polymerases are
believed to be one of the earliest responders in the DDR: within seconds they catalyze
the addition of poly (ADP-ribose) chains on proteins at SSBs and DSBs and thereby
recruit DDR factors to the chromatin at breaks (reviewed in (Pines et al., 2013)).

When the damage is repaired effectively, the DDR is inactivated and the cell can
progress with its normal function. However, if the damage cannot be repaired, chronic
DDR signaling can lead to genomic instability, cellular senescence or apoptosis. An
important player in this process is the tumor suppressor TP53. A recent study in
which 3,281 tumors across 12 tumor types were genome-wide sequenced, illustrated
the importance of this transcription factor once again: in more than 40% of the
tumors, a mutation was found in TP53 (Kandoth et al., 2013).

Base excision repair

Base excision repair (BER) is an important DNA repair pathway that is responsible
for the removal of non-helix-distorting base lesions, such as oxidized, alkylated and
deaminated bases. BER can be subdivided in two pathways: short-patch BER and
long-patch BER. During short-patch BER only a single nucleotide is repaired, while
during long-patch BER a repair tract of approximately two to eleven nucleotides is
produced (Pascucci et al., 1999). The basis of BER can be summarized in four basic
steps: first, the recognition and removal of the damage by a DNA glycosylase. Second,
the cleavage of the DNA backbone by a DNA AP endonuclease or AP lyase resulting
in a single nucleotide gap in the DNA. Next, this gap is filled by a DNA polymerase,
and finally the gap is sealed by a DNA ligase (Robertson et al., 2009). This pathway was
discovered in Escherichia coli nearly 40 years ago (Lindahl, 1974), but it became quickly
apparent that this pathway was conserved among other species. In human BER, several
glycosylases are involved such as 8-Oxoguanine DNA glycosylase (OGG1) and Uracil-
DNA glycosylase (UNG). APEX1, APEX2 and Flap structure-specific endonuclease 1
(FEN1) function as endonucleases, and predominantly DNA polymerase beta (POL)
and Ligase 3 (LIG3) act as required polymerase and ligase, respectively. In addition,
also PARP1 and PARP?2 are involved in BER and act as sensors and signal transducers
for lesions. For an elaborate review about BER see reference (Robertson et al., 2009).

Nucleotide excision repair (NER)

Whereas BER is active at small base adducts, nucleotide excision repair (NER) targets
the more bulky lesions that distort the structure of the DNA helix (Cleaver et al.,
2009). Lesions that are repaired by NER are for instance pyrimidine dimers and 6-4
photoproducts induced by UV-light. NER is often subclassified into two branches:
transcription-coupled NER (TC-NER) and global-genome NER (GG-NER). The main
difference between these two classes is the way the lesion is detected, while subsequent
repair is executed via a similar mechanism. In TC-NER, transcription-blocking lesions
result in the stalling of RNA polymerase II (RNAPII) and the subsequent recruitment
of Cockayne Syndrome protein A and B (CSA and CSB, respectively). In GG-NER,
helix-distorting lesions are recognized by protein complexes that are encoded by the
genes from Xeroderma Pigmentosum complementation group C and E (genes XPC and
XPE, respectively). Upon lesion detection, the DNA is opened via the multifunctional
protein complex TFIIH (transcription factor II human). Next, re-annealing of the
DNA is prevented by RPA and XPA, followed by incision of the DNA on both sides of
the lesion by endonucleases ERCCI1-XPF and XPG. This results in the excision of the
damage as part of a 22-30 base pair (bp) oligo. The resulting gap is filled predominantly
by polymerases § and &, and ligation is performed by ligase I and III.

Mismatch repair (MMR)
The mismatch repair machinery deals primarily with misincorporated nucleotides
and insertion and deletions loops (IDLs) which are formed during DNA replication.



MMR improves the fidelity of DNA replication several orders of magnitude and
its importance is illustrated by patients that suffer from defective MMR (known as
the Lynch syndrome or hereditary nonpolyposis colon cancer (HNPCC)): patients
develop colon cancer at an early age (with an average onset of 45 years of age), but also
other tissues are predisposed to tumor formation (e.g. 40-60% of the female carriers
will develop endometrial cancer) (Lynch et al., 2009).

MMR’s main task is to remove sections of nascent strands containing mispaired
nucleotides or IDLs. Similar to other repair pathways MMR can be divided in distinct
stages: recognition of the lesion, removal of the lesion and finally filling and ligation
of the gap. Key players in MMR for detecting mismatches and IDLs are the MutSa and
the Mutsp complexes. The MutSa-complex is a heterodimeric complex consisting of
MSH?2 and MSHS6 that recognizes base-base mismatches and IDLs of 1-3 nucleotides.
The MutSp-complex comprises MSH2 and MSH3 and is involved in recognizing IDLs
of approximately 1-12 nucleotides (Pefia-Diaz and Jiricny, 2012). After recognition of
the lesion both MutS-complexes undergo an ATP-dependent conformational switch,
which converts them into a sliding clamp on the DNA. Subsequently and in cooperation
with PCNA and RFC1, the MutLa heterodimer (consisting of the nucleases MLH1
and PMS2) is recruited and activated. Due to the endonuclease activity of PMS2 nicks
are introduced around the lesion, which serve as entry site for the 5 to 3" exonuclease
EXOI. EXOL activity results in excision of the mismatched nucleotide and a single-
stranded gap of approximately 150 bps. This gap is filled by high-fidelity polymerases
d and e. The sequential steps of canonical MMR are illustrated in Figure 2.

Despite the discovery of the first mismatch repair gene already more than 50 years
ago (Siegel and Bryson, 1963), ample questions remain in the field of mismatch repair.
For example, how does the MMR machinery know which base in a DNA mispair is
the incorrect one, in other words, how is the nascent strand recognized? It is known
that in prokaryotes like Escherichia coli (E. coli) the nascent strand is recognized by
the presence of unmethylated adenines, however strand recognition by methylation
is not used by eukaryotes. Until recently, many researchers favored the hypothesis
that the MMR in eukaryotes was directed to the nascent strand by the presence of
strand discontinuities such as gaps between Okazaki fragments. However, recent
studies (Ghodgaonkar et al., 2013; Lujan et al., 2013) provide strong evidence that
the incorporation of ribonucleotides into the nascent strand during DNA synthesis
guides the MMR machinery towards the nascent strand: removal of ribonucleotides
by RNAse H2-dependent ribonucleotide excision repair (RER) creates an initiation
site for MMR, and in this way the MMR machinery is directed to the error-containing
nascent strand.

Another long-standing puzzle in the field of MMR is the identification of several
colorectal and other cancers that are characterized by high microsatellite instability
(MSI), a hallmark for defective MMR, but for which no genetic or epigenetic defect
is detected in the known players of MMR. This raises the question whether there
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Figure 2 | Sequential steps of MMR in eukaryotes. See text for further details.

are more proteins involved in MMR than currently known. Indeed, a recent study
by Li et al (Li et al., 2013) reports the involvement of such a novel player, namely the
histone methyltransferase SETD2: cells lacking functional SETD2 display MSI and an
elevated mutation frequency. The authors provide evidence that a SETD2-dependent
epigenetic histone mark, H3K36me3, is required to recruit the Mutsa-complex to
the chromatin.

These very recent discoveries showing important roles of chromatin organization
and ribonucleotides incorporation/removal in MMR, underline that still a lot is
incompletely understood in the field of MMR.



DNA damage tolerance pathway (DDT)

Despite the presence of numerous repair pathways, DNA lesions might escape repair.
When the replication machinery encounters a blocking lesion, the replication fork is
stalled which may ultimately result in replication fork collapse, genomic instability
and toxicity. To avoid such a scenario, cells can trigger the DNA damage tolerance
pathway leading to bypass of the lesion, thus tolerating the lesion to be unrepaired. In
this way cells can proceed to complete DNA replication, which is of importance for
cellular survival, while the lesion can be repaired at a later time point.

There are two major pathways implicated in DDT: translesion synthesis (TLS) and
template switching (T'S, also often termed damage avoidance (DA)). In TLS, specialized
polymerases are recruited to the fork to replace the stalled replicative polymerase. In
contrast to the normal replicative DNA polymerases § and &, TLS polymerases have a
more open structure, and therefore they can directly bypass damaged bases or bulky
adducts. This bypass, however, often comes with the cost of mutation induction, since
TLS polymerases are notorious for operating in an error-prone fashion. Therefore
TLS is considered an error-prone pathway. By contrast, template switching/damage
avoidance is an error-free process: during template switching the undamaged sister
chromatid is temporarily used.

The choice between using either TLS or template switching at a lesion is still not
fully understood. It is clear though that the posttranslational modification of the
homotrimer DNA sliding clamp PCNA plays an important role. It is generally believed
that mono-ubiquitination of PCNA promotes TLS whereas polyubiquitination
stimulates TS/DA. For more details and a comprehensive overview about DDT see
(Ghosal and Chen, 2013).

Fanconi anemia (FA) pathway and the repair of DNA interstrand crosslinks

A form of damage that can never be bypassed is a DNA interstrand crosslink (ICL),
a covalent chemical bond between two nucleotides of opposing DNA strands. ICL’s
are very toxic to cells since they prevent strand separation and therefore hamper
essential biological processes such as DNA replication and transcription. The
toxicity but also the therapeutically potential of ICL’s became apparent when a ship,
loaded with + 60.000 tonnes of the ICL-agent nitrogen mustard, was bombed in
the harbor of Bari during the Second World War (Deans and West, 2011). Many
soldiers and civilians were exposed to the nitrogen mustard and autopsies on fatal
casualties showed that the chemical specifically attacked the victims’ white blood
cells. This discovery led to the view that these kind of chemicals could be used as
a potential treatment for patients that suffered from leukemia. More than 70 years
later, ICL-agents such as cisplatin and mitomycin C (MMC) are still widely used in
the clinic to treat leukemia and other types of cancer. Also in research laboratories
these compounds are commonly used to investigate the molecular mechanisms that
play a role in the repair of ICLs.

Many years of research has led to great insight into which genes and pathways are
involved in ICL repair. Key in the dissection of the molecular mechanisms behind
ICL repair was the identification of the underlying mutations in Fanconi anemia (FA)
patients, as these patients showed severe sensitivity to ICL-agents. To date, 16 Fanconi
anemia complementation groups (FANCA-FANCQ) have been connected to distinct
genes and there are still patients in whom a mutation has yet to be identified (see
for a complete list of identified genes and their functions references (Garaycoechea
and Patel, 2014; Kottemann and Smogorzewska, 2013). Interestingly, several of these
16 genes were already known to play arole in other DNA repair pathways (e.g. FANCQ/
XPF in NER, FANCO/RAD5I1C in homologous recombination). Studies in Xenopus
extracts (Klein Douwel et al., 2014; Knipscheer et al., 2009) have lead to a model in
which the interstrand crosslinks are removed by an elaborate interplay between FA
proteins, excision repair, translesion synthesis and homologous recombination (HR)
(see Figure 3) (Garaycoechea and Patel, 2014); i) Upon replication, two converging
forks stall at the ICL. ii) Recruitment of the so-called “FA core complex” takes place
and ensures iii) monoubiquitination of FANCD2 and FANCI. iv) Next, unhooking of
the ICL is accomplished by the incision in one strand on both sides by the nucleases
FANCQ/XPF-ERCC1 and FANCP/SLX4, which results in a broken chromatid (bottom
strand in Figure 3c) and an intact chromatid containing the crosslink (top strand in
Figure 3c). v) Translesion synthesis bypasses the lesion, and it is generally thought
that NER removes the lesion in the top strand, and HR (involving FANCD1/BRCA2,
FANCO/RAD51C, FANCN/PALB2 and FANCJ/BRIPI) is used to repair the broken
chromatid, resulting in two complete repaired DNA duplexes.

Although it is nowadays clear why FA-defective patients are hypersensitive to
exogenous administered ICL-agents, it is less well understood which endogenous
source(s) are the cause of the clinical manifestations seen in FA-patients. FA patients
are characterized by bone marrow failure, congenital abnormailities, infertility and
a high risk to develop cancers. Remarkably, FA is phenotypically heterogeneous;
some patients develop bone marrow failure at the onset of 3 years, whereas other
patients with the exact same mutation may never suffer from bone marrow failure.
Interestingly, recent studies by the group of Patel and Hira indicate that aldehydes
may be an endogenous source that can result in genomic instability in the absence of a
functional FA pathway ((Garaycoechea et al., 2012) and references therein). Aldehydes
(like formaldehyde and acetaldehyde) can be formed during cellular metabolism
(e.g. during DNA and histone methylation) and are able to form DNA adducts.
Intriguingly, both mice and humans who are deficient for the FA-pathway and also
in the breakdown of acetaldehyde due to a mutation in aldehyde dehydrogenase 2
(Aldh2), show dramatically increased manifestations of FA-related clinical features
such as bone marrow failure (Hira et al., 2013; Langevin et al., 2011). This finding
strongly suggest that adducts of aldehydes to the DNA are natural substrates for the
FA-pathway. Whether adducts formed by these aldehydes are removed from the DNA
in a similar way as ICLs is yet unknown. Furthermore, it will be interesting to find out
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Figure 3 | Current view of Interstrand Crosslink Repair by the Fanconi Anemia Pathway. (A) Upon
replication, the leading strands of two converging replication forks are blocked at an ICL (depicted in red).
Recruitment of the FA core complex (indicated in yellow) takes place and ensures monoubiquitination of
its substrates FANCD2 and FANCI. (B) Incision on both sides of the ICL is accomplished by the nucleases
XPF (FANCQ), ERCC1 and SLX4 (FANCP), resulting in the uncoupling of the two sister chromatids. (C)
Translesion synthesis ensures extension of the nascent strand beyond the ICL and it is thought that the
crosslink is removed by NER. (D) HR is used to repair the broken chromatid. (E) Together, ICL-repair by the
FA pathway results in two fully repaired DNA duplexes. Figure adapted from Garaycoechea & Patel, 2014.

whether exposure to different levels of these toxic metabolites could also explain the
phenotypically heterogeneity found in FA-patients.

Double-strand break repair

DNA double-strand breaks (DSBs) are dangerous lesions for a cell. Inappropriate
repair of DSBs can lead to loss of genomic information, inversions and, perhaps most
hazardous of all, chromosome translocations, which can lead to the formation of
oncogenic gene-fusions. Given that cells frequently endure DSBs and that DSBs are
formed under various conditions (e.g. during replication, mitosis, meiosis), it is not
surprisingly that cells have evolved several DSB repair pathways to preserve genomic
integrity. Two prominent DSB repair pathways are homologous recombination (HR)
and nonhomologous end-joining (NHE]). HR is considered as an error-free process
but requires the use of a homologous template. Therefore, HR can usually only take
place for breaks that occur during or after DNA replication, when an identical sister
chromatid is available as template (so during the S and G2 phase of the cell cycle).
In contrast, the error-prone pathway NHE] is able to ligate two broken ends of
a chromosome without the need of a homologous template and can therefore also
be active in cells in the Gl-phase. A third pathway that is able to repair DSBs goes
by a variety of names of which alternative NHE]J (alt-NHE]) and microhomology-
mediated end joining (MME]) are most commonly used. As the latter name implies,
this pathway makes use of small pieces of homology to fuse two broken ends together.
Below I will discuss these three pathways in more detail.

Homologous recombination (HR)

Crucial for homologous recombination is the generation of 3" single-stranded DNA
(ssDNA) tails that are required to find and invade a homologous template. Recent
studies suggest a two-step model for the generation of these overhangs ((Symington,
2014) and references therein): first, the DSB is recognized, bound and processed
by the MRE11-RAD50-NBS1 complex leaving a short 3" overhang. In yeast, and
likely in higher organisms, this 3" short overhang is generated by endonuclease
activity of Mrell in cooperation with Sae2 (homolog of the human nuclease CtIP)
15-20nt downstream of the break, followed by 3" to 5" exonuclease activity of Mrell
towards the break (Cannavo and Cejka, 2014). The second step involves long-range
resection by the nucleases EXO1 and DNA2 generating extensive tracts of ssDNA. To
prevent the formation of secondary structures, the ssDNA becomes coated with the
heterotrimeric complex RPA (RPA1, RPA2, RPA3).

After resection and coating of the ssDNA with RPA, loading of RADS51 takes place,
aided by BRCAZ2, creating a nucleoprotein filament that is able to invade homologous
duplex DNA (known as D-loop formation). After invasion, the strand can be extended
by a DNA polymerase, dissociate (a process stimulated by helicase RTEL1) and re-
anneal to the other end of the break (a process called synthesis dependent strand
annealing, SDSA). Alternative to SDSA, double Holliday Junctions can be formed,
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and endonucleases GEN1, MUS81/EMEI, SLX1/SLX4 are required for resolving the
intertwined DNA strands(Boulton et al., 2012; Ciccia and Elledge, 2010).

Unlike HR, which is error-free, an error-prone alternative when breaks are surrounded
by repeat sequences is single strand annealing (SSA). Independent of RAD51, but
catalyzed by RAD52, annealing of the resected strands can take place at the two
repeats, followed by flap removal by XPF/ERCCI and ligation (Ciccia and Elledge,
2010).

Classical Nonhomologous end-joining

In classical NHE] (cNHE]), the first step is the binding of the heterodimer Ku (Ku70
and Ku80). This step happens within seconds after DSB-formation, and binding of Ku
prevents resection of the break ((Mahaney et al., 2009) and references therein). Next,
Ku translocates inwards, allowing the recruitment of the protein kinase DNA-PKcs at
the DNA termini, thereby assisting in tethering the broken ends together. To remove
non-ligatable end groups or other lesions, processing may occur at the termini by
among others the exonuclease ARTEMIS and polymerases A and p. Finally, the break
is ligated by XRCC4 and Ligase IV (LIG4), with the help of XLF. Because frequently
limited processing of the DNA ends takes places, NHE] is characterized by small
deletions or insertions and is therefore considered an error-prone repair pathway.

Alt-NHEJ/ MMEJ

Two main features characterize alt-NHE]: first of all, it accomplishes the repair of a
break without the requirement of the classical NHE] factors such as Ku and Ligase
IV. Second, the repair products are often characterized by excessive deletions,
microhomology of 1-10 base pairs and templated insertions (Deriano and Roth, 2012).
This pathway has very recently been subjected to increasing investigation and many
questions remain to be addressed. For example, what determines whether a DSB is
repaired via cNHE] or AIt-NHE]J? One study suggests that perhaps PARP1 could
play a role in this process by competing with Ku and thereby directing the repair
of the break towards Alt-NHE] (Wang et al., 2006). Furthermore it remains poorly
understood which nucleases, polymerases and ligases are involved in processing and
ligating the DNA termini.

Since many chromosomal translocations show characteristics of Alt-NHE]J
(Decottignies, 2012), it is clear that better understanding of the process of Alt-NHE]
can be of great value.

DNA POLYMERASES AND HELICASES IN DNA REPAIR

DNA polymerases and helicases play an important role in DNA repair pathways. In
chapter 4 and 5 of this thesis, I investigate the genetic consequences of G-quadruplex
instability, and to which extent polymerases and helicases are involved in the

prevention and the repair of G-quadruplex-induced DNA damage. In the following
paragraphs, I provide a short introduction to the polymerases and helicases involved
in DNA repair.

Polymerases in DNA repair

Both repair and bypass of damaged DNA often require DNA polymerase activity. The
mammalian genome encodes at least 16 DNA polymerases, which can be subdivided
in four main families (A, B, X and Y, see also table 1). Replication of undamaged
DNA is performed by polymerases from the B-family, including Pol a, Pol § and Pol
e. Initiation of DNA synthesis depends on the Pol a —primase complex. The primase
synthesizes an oligo of 7-12 ribonucleotides, which is then elongated by pol a with
+20-30 deoxyribonucleotides (Muzi-Falconi et al., 2003). Next, the Pol a —primase
complex is substituted by either Pol § or Pol ¢, which will in their turn elongate the
synthesized RNA-DNA hybrid in the lagging or leading strand, respectively. For a
long time it was thought that in human cells the Pol a —-primase complex was the sole
complex that could initiate de novo synthesis. However, a recent study discovered
a second primase, named PRIMPOL, which is furthermore a TLS polymerase and
is involved in the repriming of DNA synthesis at stalled replication forks (Garcia-
Gobmez et al., 2013; Mourdn et al., 2013).

Polymerases from the Y-family (Pol ), Pol k, Pol , and REV1) are mainly involved in
translesion synthesis. These Y-family polymerases have a more open catalytic active
site (compared to Pol § and Pol ¢), which allows them to synthesize DNA past damaged
nucleotides. A major function of Pol n is to bypass UV-induced CPDs and defective
Pol n will lead to the cancer predisposition disease Xeroderma Pigmentosum. Pol
and Pol ( are mainly involved in the bypass of N*-dG adducted sites and dA templates,
respectively (Sale et al., 2012). REV1 can only incorporate dC residues opposite abasic
citesand dG. In addition, REV1 plays an important role in the bypass of G-quadruplex
structures in chicken cells (Sarkies et al., 2010).

In higher eukaryotes, the X-family of polymerases consists of four members, namely
Pol B, Pol A, Pol pu and TdT. Remarkably, some organisms, such as C. elegans and
D. melanogaster, appear to be devoid of any X-family polymerase (Uchiyama et al.,
2009). Pol B plays an important role in BER, whereas the other three polymerase are
implicated in NHE]J (Yamtich and Sweasy, 2010). Notably, Pol @ and TdT are mainly
expressed in lymphoid tissues and are thought to play an important role in V(D)
J-recombination.

Three polymerases belong to the group of A-family polymerases. One member, Pol
v, is dedicated for the replication of mitochondrial DNA. Pol v is considered to be a
proficient TLS polymerase for the accurate bypass of thymine glycols (Takata et al.,
2006). The last member of the A-family polymerases is named Pol 8, also known as
POLQ. Pol 0 is a large 290kDA protein and is characterized by an N-terminal ATPase-
helicase like domain and a C-terminal polymerase domain, flanking a large central
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Table 1 | An overview of mammalian and C. elegans genes involved in DNA repair pathways.
Also an overview is provided of all DNA polymerases and a selection of prominent helicases and their

Table 1 | An overview of mammalian and C. elegans genes involved in DNA repair pathways.
Also an overview is provided of all DNA polymerases and a selection of prominent helicases and their

polarity. (Continued)

polarity.
Mammalian (putative) C. elegans
Homolog homolog
HR ICL /Fanconi Anemia pathway
MREII mre-11 FANCA -
RAD50 rad-50 FANCB -
NBSI - FANCC -
CtIP com-1 FANCDI/BRCA2 bre-2
EXO1 exo-1 FANCD2 fed-2
DNA2 dna-2 FANCE -
RPAI-3 rpa-1-3 FANCF -
RAD51 rad-51 FANCG/XRCC9 -
RADS52 - FANCI fnci-1
BRCA1I bre-1 FANCJ/BRIPI/BACHI dog-1
BRCA2 bre-2 FANCL/POG -
GENI gen-1 FANCM fnem-1
SLX1 slx-1 FANCN/PALB2 -
SLX4/FANCP slx-4 FANCO/RAD5IC -
MUS81 mus-81 FANCP/SLX4 slx-4/him-18
EMEI1 eme-1 FANCQ/XPF xpf-1
FANI fan-1
NHE]
KU70 cku-70 NER
KU80 cku-80 DDBI ddb-1
LIG4 lig-4 DDB2 -
DNAPK - ERCCI ercc-1
XRCC4 - ERCC4/XPF/FANCQ xpf-I
Artemis - ERCC5/XPG xpg-1
XLF - CSA -
CSB csb-1
MMR LIGI lig-1
MSH2 msh-2 LIG3 K07C5.3
MSH3 - PCNA pen-1
MSH6 msh-6 RFCI-5 rfc-1 - 4, F44B9.8
MLHI mlh-1 RPAI-3 rpa-1-3
PMS2 pms-2 XPA xpa-1
EXO1 exo-1 XPB/ERCC3 Y66D12A.15
XPC xpc-1
XPD/ERCC2 Y50D7A.2

Mammalian (putative) C. elegans

Homolog homolog

BER

- apn-1

APEI exo-3

NTHLI nth-1

UDG/UNG ung-1

Polymerase f3 -

LIG3 K07C5.3

FENI crn-1

PARPI pme-1

PARP2 pme-2

Polymerases Helicases

Family A RecQ-family

Poly polg-1 RECQI (3°-5") KO02F3.12

Polv - BLM (3'-5) him-6

Pol 6 /POLQ polg-1 WRN (3'-5") wrn-1
RECQ4 (3'-5") ]

Family B RECQ5 (3’-57) rcq-5

Pol a div-1

Pol § F10C2.4 Fe-S cluster

Pol ¢ F33H2.5 FANCJ (5°-3") dog-1

Pol {/REV3 Y37B11A.2 XPD (5°-3") Y50D7A.2
RTELI (5'-3") rtel-1

Family X DDX11/CHLI (5'-3") chl-1

Pol B -

Pol A - others

Pol - PIFI (5"-3") pif-I

TdT . XPB (3'-5") Y66DI12A.15
DNA2 (3-5") dna-2

Family Y ATRX xnp-1

Poln polh-1 HELQ (3'-5") helg-1

Pol x polk-1

Pol -

REVI rev-1
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domain. Pol 0 is highly expressed in the testis, placental tissue and hematopoietic
cells (Seki et al., 2003; Shima et al., 2004) (Kawamura et al., 2004). Overexpression of
Pol 0 has been observed in several cancers and correlates with a lower patient survival
rate(Higgins et al., 2010; Lemée et al., 2010). Pol 0 is a low fidelity polymerase but
has the capability to extend DNA from minimally paired primers(Arana et al., 2008;
Seki et al., 2004; Yousefzadeh et al.,, 2014). As research progresses, more and more
functions are ascribed to Pol 6. Pol 6 is implicated in the bypass of abasic sites and
thymic glycols (Seki et al., 2004; Yoon et al., 2014), functioning as a backup polymerase
in BER (Asagoshi et al., 2012; Prasad et al., 2009; Yoshimura et al., 2006), linked to
Alt-NHE] and ICL repair in D. Melanogaster (Chan et al., 2010; Harris et al., 1996)
and found to be involved in the timing of firing of origins of replication (Fernandez-
Vidal et al., 2014).

Helicases in DNA repair

Helicases are ATP-dependent motor proteins that are able to unwind duplex
nucleic acids. Various cancers and genetic disorders are linked to helicase defects,
which illustrates their importance. Their prominence is furthermore marked by the
great number of helicases found; a recent computational study reported 95 human
genes encoding for helicases, of which 64 and 31 are thought to be RNA and DNA
helicases, respectively (Umate et al., 2011). Based on motifs and consensus sequences,
helicases have been classified in two larger superfamilies (SF1 and SF2) and four
smaller superfamilies (SF3-6) (Singleton et al., 2007). Other classifications are based
on whether the helicase acts on single or double-strand DNA (indicated by o and f,
respectively) and by their polarity; type A helicases translocate in a 3" to 5" direction
and type B helicases from 5" to 3". Most helicases discussed in this thesis belong to
the SF2 family. Two prominent subclasses of the SF2 family are the RecQ family
and Fe-S family. The RecQ family consists of five 3" to 5" helicases (RECQL1, BLM,
WRN, RECQL4 and RECQLS5). They are highly conserved and required for genome
stability (Chu and Hickson, 2009). Defects in BLM, WRN and RECQL4 are linked
to syndromes that predispose to cancer (Bloom syndrome, Werner syndrome and
Rothmund-Thomson syndrome, respectively). RecQ helicases are primarily related to
the repair of DSBs, fork regression and Holliday junction branch migration (Brosh,
2013). Furthermore there is biochemical and in vivo data that BLM and WRN are
involved in the unwinding and bypass of G4 DNA (Fry and Loeb, 1999; Sarkies et al.,
2012; Sun et al., 1998).

In contrast to the RecQ family, helicases belonging to the Fe-S family have a 5" to 3
polarity and are characterized by a conserved iron-sulfur (Fe-S) cluster. Although
the exact role of the Fe-S cluster remains to be elucidated, it is thought that its redox
properties are used to scan the genome for DNA damage (Wu and Brosh, 2012). Four
DNA helicases belong to the Fe-S family (XPD, FANCJ/BRIP1/BACHI, RTELI and
DDX11/CHL1/ChiR1) and are all implicated in autosomal recessive genetic disorders.
XPD plays an important role in NER and is linked to Xeroderma Pigmentosum.

DDXI11 is connected with the Warsaw Breakage Syndrome and is important for
sister chromatid cohesion during DNA repair (van der Leljj et al., 2010). Regulator
of telomere elongation helicase 1 (RTELI) is indispensable for the maintenance of
telomeres and for the dismantling of D-loop recombination intermediates (Barber et
al., 2008; Vannier et al., 2013; 2012). Defective RTELI1 leads to dyskeratosis congenital
(Ballew et al., 2013). Homozygous mutations in FANC]J lead to Fanconi Anemia
(Levitus et al., 2005), whereas female carriers of monoallelic mutations in FANCJ have
an elevated risk to develop breast cancer (Hiom, 2009). Several interacting proteins
have been described for FANC] of which the most prominent are BRCA1, MLH],
MREI11, RPA and FANCD2 (Cantor et al., 2001; Chen et al., 2014; Guillemette et al.,
2014; Sommers et al., 2014; Suhasini et al., 2013). As research progresses, functions
are described for FANC]J in ICL (Levitus et al., 2005), MMR, NER (Guillemette et al.,
2014), displacement of DNA-protein blocks (Sommers et al., 2014) and unwinding
of G-quadruplexes (Bosch et al., 2014; Cheung et al., 2002; Kruisselbrink et al.,
2008; Sarkies et al., 2012; Schwab et al., 2013) and thereby maintaining genomic and
epigenetic stability.

Other helicases that are considered as important genome caretakers are PIF1, ATRX,
DNAZ2, and XPB. Although they function in different pathways such as Break-Induced
Replication (PIF1) (Wilson et al., 2013) and NER (XPB), they share the property to
unwind G4 DNA (Gray et al,, 2014; Law et al., 2010; Lin et al., 2013; Ribeyre et al,,
2009).

For a more detailed overview about DNA helicases and their role in DNA repair and
cancer see reference (Brosh, 2013).

MICROSATELLITES AND G-QUADRUPLEX STRUCTURES

Apart from DNA damage, genomic integrity is endangered by DNA sequences that
are difficult to replicate. In this thesis, I focus on two of such sequences: microsatellites
and G-quadruplex sequences. In the next section, I will describe these mutagenic
sequences in more detail.

Microsatellites

More than 40% of the human genome consists of repeats (Gemayel et al., 2010).
Although historically these repeats were seen as “junk DNA” and therefore ignored,
we now start to realize that their importance has been severely misjudged; changes
in repeat-length can lead to phenotypic changes and many diseases, particularly
neurodegenerative diseases.

Repeats can be categorized in two main groups: interspersed and tandem repeats
(TR). Interspersed repeats are remnants of transposons and, as the name suggests, are
interspersed throughout the genome. Tandem repeats consist of a short DNA sequence,
named a “unit”, thatis repeated several times right next to the other. Tandem repeats can

25



26

be subdivided in microsatellites, minisatelites and megasatellites. This classification is
based on the length of the unit. Although definitions vary, microsatellites (also known
as short tandem repeats) are repeats with units of 1-8 nucleotides, minisatellites are
9-135 nucleotides, megasatellites consist of untis greater than 135 nucleotides (Gemayel
etal., 2010). With the completion of sequencing and assembly of the human genome, it
appeared that approximately 17% of all genes contain a TR in their open reading frame
(ORF). Of these TRs, microsatellites have been under great investigation, since they are
thought to influence processes such as gene expression, chromatin organization and
recombination at hotspots (Li et al., 2002).

Approximately 3% of the genome consists of microsatellites and the distribution of
microsatellites appears to be nonrandom (Katti et al., 2001; Lander et al., 2001). The
majority of microsatellites consist of mono-, di-, tri- and tetranucleotide repeats,
of which the dinucleotide repeats are the most prominent. Microsatellites can be
extremely unstable; mutation rates vary between 10~ and 107 per cell division but
rates above 102 have been described (Gemayel et al., 2010). Since their discovery in
the early 1980s, it quickly became apparent that their instability and subsequent
polymorphisms make microsatellites excellent markers for genome mapping and
population genetics.

Two major models are proposed for microsatellite expansion and contraction:
recombination and strand-slippage during replication (Gemayel et al., 2010). In the
latter, the nascent strand denatures from the template strand during synthesis of the
microsatellite and then pairs with another part of the repeat sequence. This can lead
to a loop either in the nascent strand or in the template strand, resulting in expansion
or contraction of the microsatellite, respectively. Notably, in most cases, these loops
are recognized by the mismatch repair machinery, thereby preventing microsatellite
instability. During a recombination event, unequal crossover or gene conversion can
lead to expansion/contraction of a microsatellite.

Microsatellites are abundant in the genome, are very instable, linked to important
biological functions and connected to disease. These aspects stress the need to
elucidate the factors and mechanisms involved in microsatellite instability.

G-quadruplex structures

In 1910, the German chemist Ivar Bang made the observation that guanylic acid formed
gels when kept at high concentrations (Bang, 1910). More than fifty years thereafter
Gellert and colleagues (Gellert et al., 1962) found an explanation for this unusual
physical property; using X-ray diffraction techniques they showed that guanylic acids
can assemble into tetrameric structures, also named G-quartets (see Figure 4a+b). In
this configuration each of the four guanine molecules is a donor and acceptor of two
hydrogen bonds and in the central cavity a metal cation plays an important role in
stabilizing the G-quartet. Stacking of multiple G-quartets forms a stable G4 structure
(hereafter also named G-quadruplex and G4 DNA).

parallel anti-parallel intermolecular

Figure 4 | G-quadruplex DNA. (A) Proposed arrangement of interacting guanines in a G-quartet by Gellert
etal in 1962. (B) Current view of interactions in a G-quartet. M+ denotes a monovalent cation. Illustration
adapted from Bochman et al, 2012. (C) Schematic representation of intramolecular G-quadruplex structures
in a parallel and anti-parallel conformation (left and middle panels). The right panel illustrates the topology
of an intermolecular G-qaudruplex structure formed by dimerization of two strands. Illustration adapted
from Tarsounas & Tijsterman, 2013.

G-quadruplexes come in many flavours: they can form within one strand
(intramolecular) or from two or more strands (intermolecular), strands can run in
a parallel or antiparallel orientation (Figure 4c), and various loop structures can
form by the nucleotide linkers between the stacks. Additionally, G-quadruplexes
can consist of DNA or RNA molecules or a combination of both. The stability of a
G-quadruplex depends on multiple factors: the number of G-quartets formed, the size
of the loops and the nature of the stabilizing cation.

Although the formation of G-quadruplexes was shown in vitro, many researchers
remained skeptic about their presence in vivo and about a potential biological
function. However, this skepticism is likely greatly reduced with the publication of
some seminal publications in the last couple of years. Below, I will briefly introduce
some of these groundbreaking publications that demonstrate that G-quadruplexes are
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present in vivo, cause genomic and epigenetic instability, have a biological function
and are linked to several diseases.

G-quadruplexes and genomic instability

In2002thelab of Lansdorpidentified a helicase-defective worm thattriggered deletions
upstream guanine-rich DNA (Cheung et al., 2002). They named the gene encoding
the helicase dog-1 (for deletion of guanine-rich DNA), which later turned out to be the
homolog of human FANC]J (Youds et al., 2008). Six years later our lab demonstrated
that solely guanine-rich sequences that match the G-quadruplex consensus motif
(G_,N G, N G_ N G_,) lead to the induction of deletions (Kruisselbrink et al., 2008).
Besides in worms, G-quadruplex sequences appeared to cause genomic instability
in yeast (Piazza et al., 2012; Ribeyre et al., 2009) and in human cells (Rodriguez et
al.,, 2012). In addition, it has been shown that G-quadruplex sequences are enriched
in breakpoints in cancer genomes (De and Michor, 2011). Studies in chicken cells
furthermore show that G-quadruplexes can lead to epigenetic instability (Sarkies et
al., 2010; 2012; Schwab et al., 2013). Finally, a study in mice shows that G-quadruplex
formation endangers telomere integrity (Vannier et al., 2012).

Evidence of G-quadruplex formation in vivo

Besides the previously described publications that (indirectly) imply that
G-quadruplexes must form in vivo, several labs have attempted to visualize
G-quadruplexes in vivo with help of antibodies. In 2001 a study provided evidence that
telomeres of the single-celled eukaryote Stylonychia lemnae formed G-quadruplex
structures in vivo. Recent studies with newly developed antibodies showed the
presence of G-quadruplexes in mammalian cells in vivo (Biffi et al., 2013; Henderson
et al., 2013). G-quadruplexes appear to be enriched in replicating cells and cancerous
tissue (Biffi et al., 2013; 2014).

G-quadruplexes and their function

One of the first publications describing an in vivo function for G-quadruplexes was
a study performed in the bacteria Neisseria gonorrhoeae. Here, Cahoon and Seifert
showed that a G-quadruplex drives antigenic variation by serving as a recombination
hotspot. Disruption of the G4 motif by changing only a single nucleotide blocked
recombination and subsequent antigenic variation (Cahoon and Seifert, 2009).

More recently, G-quadruplexes have been found to be important in defining
the origins of replication (Besnard et al., 2012; Hoshina et al., 2013; Valton et al,,
2014). Furthermore G-quadruplexes have been implicated in transcription, RNA
localization, translation, telomere protection and meiosis (see reference (Bochman
et al., 2012) and references therein). Another argument that G-quadruplexes have a
biological purpose is given by a genome-wide computational analysis, which shows
that G4 motifs are evolutionary conserved in yeast (Capra et al., 2010).

G-quadruplexes and disease

The link between G-quadruplexes and disease is growing rapidly. One of the first
diseases identified with a clear link to G-quadruplexes was the ATR-X syndrome,
which is characterized by mental retardation and a-thalassaemia (Law et al., 2010).
ATR-X was shown to bind G-quadruplexes and it was suggested that mutated ATR-X
in combination with elevated G-quadruplex formation leads to epigenetic changes at
the a-globin locus and subsequently anemia. A different recent study reported that
G-quadruplex formation in DNA and RNA-molecules at the C90rf72 locus causes
the neurodegenerative disease amyotrophic lateral sclerosis (ALS) (Haeusler et al.,
2014). Another compelling study suggests that RNA-G-quadruplexes can control the
translation of oncoproteins as MYC, NOTCH and BCL2 (Wolfe et al., 2014). Finally,
since G-quadruplexes can drive genomic instability, G-quadruplexes have a clear
link to cancer. Understanding how G-quadruplex structures can lead to genomic
instability is therefore crucial.

MODEL ORGANISMS

Apart from human cell lines, I have used the nematode Caenorhabditis elegans and
the zebrafish Danio rerio as model organisms for the work described in this thesis.
Below, I will give a brief introduction about the strengths and limitations of C. elegans
and D. rerio.

C. elegans

C. elegans is a multicellular organism of £ Imm in size and consists of 959 cells. It has
a short life cycle of approximately 3 days and a life span of three weeks. A fertilized
egg develops into an adult worm via four larval stages named L1- L4. In the absence
of food, larvae can switch to a stage called dauer, which allows the worm to survive
up to several months. Worms can also be kept as frozen stock at -80 degrees for years,
if not decades. In the laboratory the nematode is usually grown on agar plates or in
liquid cultures and uses E. coli as a food source and is therefore relatively inexpensive
to maintain. In a wildtype population two C. elegans sexes are found: the majority are
self-fertilizing hermaphrodites and 0.1% are male.

C. elegans is highly appreciated for its genetics. The ability to self-fertilize enables
the generation of genetically identical progeny, whereas the use of males allows
the combination of mutations via crossings. Forward genetic screens can be easily
performed via mutagenesis, whereas RNAi-based reverse genetic screens are
applicable since the availability of genome-wide RNAI libraries (Kamath et al,
2003). Furthermore, many mutants are available and well documented at www.
wormbase.org. The number of available mutant alleles was recently boosted by a
so-called million mutation project in which more than 2000 mutagenized strains
were sequenced, resulting in a library containing more than 800,000 unique single
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nucleotide variants and 16,000 insertions/deletions (indels) (Thompson et al., 2013).
Until recently, a limitation of C. elegans was the inability to perform targeted genome
editing. However, this hurdle is now overcome by the availability of tools using zinc-
finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) and
the clustered regulatory interspaced short palindromic repeat (CRISPR)/Cas9 system
(Waaijers et al., 2013; Wood et al., 2011).

In 1998 the entire genome of C. elegans was sequenced and it quickly became apparent
that many genes and pathways are strongly conserved. Also many genes involved in
DNA repair are highly conserved and many human counterparts can be found back
in the worm’s genome as illustrated in table 1. Another feature that makes C. elegans
an attractive model for the study of DNA repair is its germline, which has a spatio-
temporal organization of mitotic and meiotic cells that can be easily monitored for
the presence of damaged DNA (Lemmens and Tijsterman, 2011).

D. rerio

In recent years, the zebrafish has obtained a prominent role in biomedical research.
Historically, the zebrafish has mostly been used to study developmental biology, however
with evolving techniques the zebrafish has become also an excellent tool for studying
disease mechanisms. Since the zebrafish is optically translucent for the first few weeks,
the development from a single cell to a swimming fish can be monitored in great detail
(see Figure 5a for the first 48 hours of embryonic development of a zebrafish). Recently,
also transparent adult fish (Figure 5b) have been created, which makes it relatively easy
to perform live in vivo imaging in full grown fish (White et al., 2008).

Within 3 months an embryo develops into a fertile adult, and its total life span usually
varies between 2 to 3 years. On a weekly basis, females can spawn up to hundreds of
eggs per clutch. These eggs can be easily collected and injected with transgenes or
morpholinos (oligos that inhibit the expression of a protein). Until recent, targeted
genome engineering was not possible and only forward genetic screens (mutagenesis or
transposon-based) and target-selected mutagenesis (requiring extensive sequencing)
(Wienholds et al., 2003) led to a relatively small library of mutants. However, in the
last four years ZFN-, TALEN and CRISPR/Cas9-technology (Hwang et al., 2013) have
proven to be exquisite tools for targeted genome editing in the zebrafish.

In the last decade, the zebrafish has been increasingly used as a model in cancer
research (Amatruda and Patton, 2008). Many genetic cancer models and tools have
been developed, but also xenotransplantations, in which human tumorigenic cells are
injected, are becoming prevalent.

A drawback of working with zebrafish as a model organism is that it takes
approximately five to six months before a homozygous animal is established, and
that creating a homozygous mutant can sometimes be complicated because some
segments of the zebrafish genome have been duplicated and thus for numerous genes
there are duplicated copies.

Figure 5 | The zebrafish Danio rerio. (A) Embryonic stages during zebrafish development. Figure adapted
from Kimmel et al,1995. (B) Picture of an adult zebrafish of which the body is largely transparent due to the
loss of melanocyte and iridophores. Figure adapted from White et al, 2008.

AIM OF THIS THESIS

Microsatellites and G-quadruplexes are sequences that are abundant in the
genome and are linked to diseases such as cancer and neurodegenerative
diseases. Unstable microsatellites and G-quadruplexes are thought to be an
important underlying cause of these devastating diseases. However, many
aspectsabout G4 DNA and microsatellite instability are incompletely understood.
For example, what determines why some microsatellites and G-quadruplexes are
more prone to induce mutations than others? Which genes and pathways prevent
microsatellite and G4 DNA instability? What are the genetic consequences of
microsatellite and G-quadruplexinstability and which molecular mechanismsact
to produce genomic changes at these sequences? The answers to these questions
will be of great importance in the development of new and better treatments of
microsatellite- and G4 DNA-related diseases. In this thesis I aim to provide new
insights into the biology concerning microsatellite and G-quadruplex instability.
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OUTLINE OF THIS THESIS

Chapter 2 concerns microsatellite instability. We investigate whether factors
such as tract length, orientation, nucleotide composition and transcription
influence the stability of a microsatellite. To this end, we make use of newly-
developed reporters that read out microsatellite instability in human cells. We
furthermore test whether these reporter systems can be used to screen for
microsatellite instability-inducing compounds as well as for genes that protect
the genome against microsatellite instability.

Chapter 3 presents a new genetic tool that enables mosaic analysis in the
zebrafish. We developed technology that employs MSI, which we show to be a
powerful tool to trace single cells and also to study tumor induction in a living
animal.

Chapter 4 focuses on G4 DNA instability in C. elegans. Previous studies have
shown that G-quadruplexes can induce deletions in the genome typically 50-
300bp in size. In this chapter, we reveal the molecular mechanism that explains
the formation of these deletions.

In Chapter 5 we examine G4 DNA instability in human cells. We address the
question whether G-quadruplexes are fragile in human cells as well and whether
they induce deletions through a similar mechanism as witnessed in C. elegans.

In Chapter 6 I provide a summarizing discussion and include a number of future
perspectives related to microsatellite and G-quadruplex instability and their link to
disease.
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<« This photo shows the head of a stained worm (C. elegans). The blue staining in a cell
reports the presence of a mutation in which a G-quadruplex (an unusually folded
piece of DNA) and surrounding DNA was deleted. In this photo the blue cells mark
the pharynx (foregut) of the worm.



