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Abstract

Faithful repair of DNA double-strand breaks (DSBs) is vital for animal development,
as inappropriate repair can cause gross chromosomal alterations that result in cellular
dysfunction, ultimately leading to cancer, or cell death. Correct processing of DSBs is
not only essential for maintaining genomic integrity, but is also required in developmental
programs, such as gametogenesis, in which DSBs are deliberately generated. Accordingly,
DSB repair deficiencies are associated with various developmental disorders including
cancer predisposition and infertility. To avoid this threat, cells are equipped with an
elaborate and evolutionarily well-conserved network of DSB repair pathways. In recent
years, Caenorhabditis elegans has become a successful model system in which to study
DSB repair, leading to important insights in this process during animal development. This
review will discuss the major contributions and recent progress in the C. elegans field to
elucidate the complex networks involved in DSB repair, the impact of which extends well
beyond the nematode phylum.
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Introduction

DNA double-strand breaks and development

Genomes are constantly attacked by DNA damaging agents, such as endogenous cellular
metabolites, exogenous genotoxins, and radiation. Moreover, genomes are continuously
challenged by mutagenic processes, such as transposition and imperfect replication. All of
these sources of DNA damage generate a vast amount of DNA lesions, among which single-
strand DNA lesions (SSLs) are the most common. It is estimated that, in normal human cells,
approximately 1% of endogenous SSLs are converted into roughly 50 DNA double-strand
breaks (DSBs) per cell per cell cycle (Vilenchik and Knudson 2006), which pose a serious
threat to all proliferating cells. DSBs are the most toxic forms of DNA damage, as a single
DSB has the potential to activate cell cycle arrest and can be lethal to a cell if left unrepaired
(Bennett et al. 1993). Improper repair of DSBs can also lead to large deletions and gross
chromosomal rearrangements, which ultimately result in cellular dysfunction. However,
some cells deliberately inflict DSBs to induce genetic variation, as seen in budding yeast
during mating-type switching, in lymphocytes during V(D)J recombination, and in sexually
reproducing organisms during meiosis. In fact, during meiosis, DSB repair products establish
transient physical links between chromosomes that are essential for proper chromosome
segregation. Although mutations can be beneficial on an evolutionary scale, faithful repair
of all types of lesions is vital to ensure genomic stability and is therefore fundamental to the
fitness of a cell and the reproductive success of a species. As a result, multiple DSB repair
pathways have evolved to handle this inevitable and constant threat.

The DSB repair network

In human cells, most DSBs are repaired via a conserved pathway called non-homologous end
joining (NHEJ), which is an error-prone pathway that readily joins broken DNA ends together
independent of sequence context (Fig. 1; Lieber 2010). In addition, mutagenic repair pathways
called single-strand annealing (SSA) and micro-homology-mediated end joining (MMEJ) use
long (30—400 bp) or short (5-15 bp) sequences of homology flanking the DSB to anneal and
re-ligate the DSB ends, respectively (McVey and Lee 2008; Sugawara et al. 2000). DSBs can
also be repaired via homologous recombination (HR), a high-fidelity repair route that uses an
undamaged homologous DNA template from a sister chromatid or homologous chromosome
to restore the sequence information lost at the break site (Fig. 1; Li and Heyer 2008). These
DSB repair pathways form a complex network to safeguard genome integrity, operating in
both competitive and collaborative manners, depending on the repair context, stage of the
cell cycle, and state of the broken DNA. In the last 30 years, many genes involved in these
DSB repair pathways have been identified and many of them have been implicated in severe
disorders (i.e., cancer predisposition syndromes and premature aging) (Hoeijmakers 2009;
Fig. 2).
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Fig. 1 Schematic overview of DSB repair pathways in C. elegans. See text for details. SSA single-
strand annealing, SCE sister chromatid exchange, SDSA synthesis-dependent strand annealing

Caenorhabditis elegans as a DSB repair model

In 1974, Sydney Brenner launched a new animal model: a small transparent nematode called
C. elegans, which proved to be very convenient to study developmental processes, including
cell death and differentiation (Brenner 1974; Hoffenberg 2003; Horvitz 2003; Sulston 2003).
Soon after the entire C. elegans genome was sequenced in 1998, its potential to contribute
to our understanding of DSB repair was appreciated, as this model organism has allowed
in-depth analysis of known DSB repair genes (e.g., Adamo et al. 2008; Alpi et al. 2003; Chin
and Villeneuve 2001; Zalevsky et al. 1999), but has also permitted efficient forward genetic
screens (Kelly et al. 2000; Winand et al. 1998) as well as high-throughput reverse genetic
screens (Pothof et al. 2003; van Haaften et al. 2006) to identify novel DSB response factors.
For some of these novel genes, a role in DSB repair has recently been demonstrated for
their cognate human ortholog (Smeenk et al. 2010; Polo et al. 2010; H. van Attikum personal
communication).
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Because DSBs can be repaired via distinct pathways, each consisting of numerous factors,
mutations in individual DSB repair genes can have very different consequences. For
example, some DSB repair defects result in frequent gross chromosomal aberrations (leading
to developmental retardation or even embryonic death), while others only induce a minor
shift towards efficient but error-prone repair modes (ultimately driving the accumulation
of mutations and resulting in associated diseases such as cancer; Fig. 2). In worms, both
erroneous DSB repair and chromosomal instability often result in developmental abnormalities,
altered chromosome morphology, and/or DNA damage sensitivity, all of which are phenotypes
that can be readily detected without the need of complex techniques (Fig. 2). Furthermore,
elevated chromosomal instability in the germline often manifests as increased X chromosome
non-disjunction, which in C. elegans results in an overrepresentation of males (X0) in the
otherwise hermaphrodite (XX)-dominated population (Fig. 2). This so-called high-incidence-
of-males (Him) phenotype has proved to be a convenient readout and has revealed several
DSB repair factors that are crucial to proper meiotic progression (Kelly et al. 2000; Tang
et al. 2010). Unique features such as an invariant cell lineage, the linear array of meiotic
stages along the hermaphrodite gonad, and easy knockdown via systemic RNAi make this
multicellular animal a suitable model in which to study DSB repair in the context of somatic as
well as germline tissues (Figs. 2 and 3)

In addition to many repair pathways, the damage response to DSBs also encompasses an
elaborate signaling network that regulates cell cycle checkpoint arrest and/or apoptosis. In
recent years, comprehensive overviews have been published on the latter two aspects of the
DNA damage response in C. elegans (O’Neil and Rose 2006; Gartner et al. 2008). Here, we
will discuss the major contributions and recent progress in the C. elegans field to elucidate the
complex networks involved in DSB repair. In the first part, we will discuss the regulation and
repair of (programmed) DSBs in the worm germline, and in the second part, we will focus on
DSB repair in somatic cells.
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Fig. 2 Consequences of faulty DSB repair in C. elegans and humans. DSB repair defects result in the
accumulation of DSBs, which ultimately will result in genetic defects. Depending on the cell type in which
the genetic defects occur (germline or soma), distinct developmental abnormalities become apparent. In
the C. elegans field, these phenotypes are often used as readouts for specific forms of genomic instability,
allowing researchers to delineate developmental consequences of known DSB repair defects, and also
to screen for novel DSB repair factors. Often-used genomic instability readouts are: embryonic viability,
frequency of X0 males, nuclear morphology of diakinesis/intestinal nuclei (insets), occurrence of vulval
defects, and transgenic reporter readouts. Notably, the genetic defects underlying these phenotypes are
strongly associated with severe diseases in humans, including DSB repair deficiency disorders
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Fig. 3 Visualization of DSB repair in the adult germline. Represen- tative image of a dissected DAPI-
stained wild-type C.elegans germline. The convenient spatio-temporal organization of meiotic prophase,
paralleled by dynamic changes in chromosome organization (upper panel), allow in-depth analysis of
chromosomal stability during gametogenesis, including HR-mediated DSB repair events typified by RAD-
51 recruitment (lower panel)
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DSB repair during meiosis

Meiosis and the worm germline

Perhaps the most important biological process that involves the deliberate generation and
repair of DSBs is the specialized cell division program of meiosis. In brief, meiosis enables
diploid germ cells to produce haploid gametes. The primary function of meiosis is to reduce
the chromosome complement by half, which is achieved by having a single round of DNA
replication followed by two subsequent rounds of chromosome segregation (named meiosis |
and meiosis Il). In C. elegans, mitotically proliferating germ cell nuclei reside at the distal end
of the gonadal syncitium, in the so-called “mitotic zone”. As these nuclei move to the proximal
end of the germline, they progress through different meiotic stages (Figs. 3 and 5). First, nuclei
enter a “transition zone”, where meiosis | begins and maternal and paternal versions of each
chromosome (homologous chromosomes) pair and align. Around this time, several DSBs
are introduced by a highly conserved topoisomerase-like endonuclease called SPO-11, and
HR is initiated to repair the SPO-11-induced DSBs (Dernburg et al. 1998; Keeney and Neale
2006). As the nuclei enter the “pachytene zone”, a proteinaceous structure known as the
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synaptonemal complex (SC) is assembled to temporarily keep the homologous chromosomes
in close proximity to each other, a process called synapsis. Meanwhile, a specific set of HR
events between the homologous chromosomes result in repair products known as crossovers
(COs). These COs (together with sister chromatid cohesion) generate the transient physical
links, called chiasmata, that physically connect the homologous chromosomes and allow the
homologs to separate adequately during the first meiotic division. During the “diplotene stage”,
the chromosomes desynapse, but remain condensed and are held together by the chiasmata.
At the “diakinesis stage”, the pairs of homologous chromosomes can be easily identified in
the maturing oocyte as six discrete bivalents (Fig. 3). As soon as the oocyte is fertilized in the
spermatheca, meiotic spindles are formed and the homologous chromosomes are separated
during anaphase |. After one set of chromosomes has been excluded (a process called polar
body extrusion), meiosis Il starts and the other chromosomes align at the spindle equator. In
anaphase I, the sister chromatids are separated and again one set is excluded. As meiosis
completes, six chromosomes remain and form the oocyte pronucleus, which together with the
sperm-derived pronucleus contains all the genetic information necessary for the development
of a new individual.

The chiasmata are crucial for the homologs to correctly orient toward opposite spindle poles
during anaphase |. Therefore, the induction and resolution of chiasmata is critical for faithful
chromosome segregation, as is illustrated by the fact that worms that are unable to introduce
meiotic DSBs (e.g., spo-11 mutants) produce hardly any viable offspring, due to excessive
aneuploidy (Dernburg et al. 1998), whereas worms that cannot repair the SPO-11-induced
DSBs (e.g., HR defective rad-571 mutants) produce no viable progeny at all (Alpi et al. 2003).
In addition to their essential role in chromosome dynamics, meiotic DSBs are also the sites of
genetic exchange between the broken chromosome and its repair template, either the sister
chromatid or homologous chromosome. In the case of the latter, CO-mediated DSB repair
leads to the exchange of large sections between the paternal and maternal chromosome.
Therefore, the choice between non-CO or CO-mediated DSB repair has a significant impact
on the genetic variation within a species. Meiotic DSB repair needs thus to be accurate in
order to safeguard genomic stability, but also needs to allow genetic changes that can result
in evolutionary benefits.

Synapsis and meiotic DSB repair

The repair of SPO-11-induced DSBs is a complex multistep process that is accompanied by
dynamic changes in chromosome architecture. HR is the principal mode of meiotic DSB repair
in C. elegans (Clejan et al. 2006; Martin et al. 2005) and requires a homologous template:
either the sister chromatid (always resulting in non-CO) or the homologous chromosome
(resulting in either non-CO or CO). Because chromosome structure affects the availability of
these substrates, several protein complexes involved in meiotic chromosome organization
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have been shown to affect DSB repair outcome. Mutation of SC genes hampers the ability
of homologous chromosomes to stay in close juxtaposition at the moment when the meiotic
DSBs are repaired, and accordingly, these mutations lead to a severe reduction in CO
recombination (Colaiacovo et al. 2003; Couteau et al. 2004; Garcia-Muse and Boulton 2007;
Goodyer et al. 2008; Smolikov et al. 2007; Zetka et al. 1999). However, synapsis mutants
generally have no defects in SPO-11-mediated DSB induction, and the majority of DSBs are
ultimately repaired. For instance, synapsis does not occur in syp-2 mutants, but RAD-51 foci
(as markers for DSB repair intermediates) disappear late in meiotic prophase, implying that
meiotic DSBs are repaired eventually, likely via error-free HR using the sister chromatid as
a template (Colaiacovo et al. 2003). Instead of six bivalents, syp-2 mutants have 12 intact
univalents at diakinesis, indicative of a lack of CO formation and chiasmata establishment
(Colaiacovo et al. 2003). Indeed, when inter-sister HR is inhibited in such a synapsis defective
background (either via brc-1 mutation, rad-51, or rec-8 RNAI), faithful meiotic DSB repair is
impaired, leading to severe chromosomal fragmentation (Adamo et al. 2008; Colaiacovo et
al. 2003; Smolikov et al. 2007). Although the majority of SC factors likely affect meiotic DSB
repair indirectly, by controlling repair template availability, some structural components of the
SC seem to affect meiotic DSB repair in a more direct fashion. For example, the axial SC
components HTP-1 and HIM-3 have been shown to prevent inter-sister HR and are therefore
crucial for the inter-homolog bias during meiotic recombination and subsequent CO formation
in early prophase (Couteau et al. 2004; Martinez-Perez and Villeneuve 2005).

Whereas homologous chromosomes are temporarily held together via the SC, sister
chromatids are held together by cohesin complexes. Meiosis-specific cohesin components
have been implicated in meiotic DSB repair efficacy (Pasierbek et al. 2001). Recently,
Severson and colleagues have studied the consequences of a complete absence of sister
chromatid cohesion (SCC) on genome integrity. They showed that mutation of the general
cohesin component SMC-1 or simultaneous depletion of meiotic cohesin subunits REC-8,
COH-3, and COH-4 results in discrete chromosomal fragments in diakinesis nuclei (Severson
et al. 2009). Lack of SCC eradicates the availability of all DNA templates needed for HR,
blocking both inter-sister and inter-homolog HR. Interestingly, direct inactivation of HR
(via rad-51, brc-2, or rad-54 mutation) does not lead to persistent DSBs and fragmented
chromosomes, but instead provokes inaccurate DSB repair, resulting in irregular chromatin
aggregates at diakinesis (Martin et al. 2005; Ward et al. 2010). Chromosome aggregation in
rad-51 and brc-2 mutants has been shown to (partially) depend on canonical NHEJ factors,
which are apparently able to act on meiotic DSBs under these conditions (Martin et al. 2005).
These diakinesis phenotypes clearly contrast those observed in SSC deficient germlines, in
which the DSBs seem to persist and undergo no repair at all (Adamo et al. 2008; Svendsen
et al. 2009). A question that follows from these observations is: why do defects in HR allow
other repair pathways, such as NHEJ, to take over, while the unavailability of a proper HR
template does not?
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Synapsis and meiotic DSB formation

In yeast, plants, and mammals, meiotic DSBs are not only important for CO/chiasmata
formation; they are also required for the processes of SC formation and synapsis itself (Zickler
2006). Such a link between DSB formation and chromosome organization was thought to
be absent in worms and flies, as synapsis can occur normally in spo-77 mutants in these
model species (Dernburg et al. 1998). However, more nuances to this view was provided
recently by Smolikov and colleagues, who identified cra-1 as a regulator of SC assembly and
showed that, in the absence of cra-1, HR-mediated repair of meiotic DSBs was needed for
the proper recruitment and polymerization of SC components (Smolikov et al. 2008). Another
possible link between DSB formation and synapsis came from investigating a unique meiotic
axis component called HTP-3, which was shown to have a dual role during meiosis, being
required for synapsis as well as meiotic DSB formation (Goodyer et al. 2008). HTP-3 interacts
with HIM-3, one of the above-mentioned SC components controlling synapsis and sister
chromatid exchange (SCE). Interestingly, HTP-3 also formed a complex with two members of
the so-called Mre11-Rad50-Nbs1 (MRN) complex. The MRN complex is required for Spo11-
mediated DSB formation in yeast and is implicated in several DSB repair pathways (Johzuka
and Ogawa 1995; Rupnik et al. 2010). In line with a role in DSB formation, both htp-3 and
MRN-deficient worms resemble spo-717 mutants, as their germlines lack RAD-51 foci in early
pachytene and typically show 12 intact univalents at diakinesis. Furthermore, similar to spo-
11 mutation, both htp-3 and MRN mutations can rescue the DSB-dependent chromosomal
aggregation observed in RAD-51 depleted germlines (Chin and Villeneuve 2001; Goodyer et
al. 2008; Hayashi et al. 2007). However, artificially induced DSBs can rescue CO formation in
spo-11 mutants, but not in htp-3 mutants, revealing an additional role for HTP-3 downstream
of meiotic DSB formation. Recently, HTP-3 has been shown to be critical for the chromosomal
association of HIM-3 as well as several other SC components and the cohesion factor REC-
8, making it a crucial factor for meiotic chromosome axis organization and a prerequisite for
proper meiotic DSB induction and subsequent CO formation (Goodyer et al. 2008; Severson
et al. 2009).

Chromosome structure and meiotic DSB formation

In recent years, additional factors altering chromosome structure have been shown to
coordinate meiotic DSB formation. The Villeneuve lab identified HIM-17, a chromatin-
associated protein that is essential for meiotic DSB induction, but in contrast to HTP-3, is
dispensable for synapsis. him-17 mutants resemble spo-11 mutants by showing no RAD-51
foci in early pachytene and no chiasmata at diakinesis (Reddy and Villeneuve 2004). Both
phenotypes can be restored by artificially induced DSBs, confirming a specific role for HIM-
17 in DSB induction. Intriguingly, him-17 mutant germlines also displayed altered patterns of
histone H3 methylation, which could suggest that chromatin modification contributes to the
competence for initiation of meiotic recombination.
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Recently, the Meyer lab discovered an additional link between chromosome structure and
meiotic DSB induction. They revealed a novel role for condensin complexes in controlling
chromosome structure and meiotic DSB formation. Using elegant tools, including a terminal
deoxynucleotidyl transferase mediated dUTP nick-end-labeling (TUNEL) assay that enabled
them to label 3' ends of meiotic DSBs, they demonstrated that CO number and CO distribution
are controlled on a chromosome-wide basis at the level of DSB formation by a condensin
complex (Mets and Meyer 2009). Specifically, lack of the condensin subunit DPY-28 led to
a remarkable expansion of the axis of meiotic chromosomes, which was paralleled by an
elevated number of DSBs and altered CO distribution (Mets and Meyer 2009; Tsai et al.
2008), suggesting that specific condensins limit DSB formation by controlling chromosome
organization. Reinforcing this view, dpy-28 mutations partially restored DSB formation in
him-17 mutants (Tsai et al. 2008). Vice versa, the restored DSB formation in dpy-28; him-17
double mutants argues for the hypothesis that HIM-17 promotes meiotic DSB formation by
influencing chromatin structure.

Meiotic DSB induction and CO formation

Using the TUNEL assay and mutants that trapped RAD-51 (a marker for HR intermediates) at
the break sites, Mets and Meyer assessed the number of DSBs inflicted during normal meiosis
(Mets and Meyer 2009). Their data suggests that meiotic nuclei encounter approximately 10—
12 DSBs in C. elegans, which is surprisingly low, considering that each of the six chromosome
pairs needs at least one DSB to be able to form the obligate CO/chiasmata. This finding
implies the existence of a surveillance mechanism that ensures that at least one half of the
DSBs are repaired via a CO intermediate. Moreover, these COs should be distributed over
the genome such that every homolog pair has at least one CO and that the COs do not
occur in close proximity to each other (phenomena referred to as “CO homeostasis” and
“CO interference®, respectively). The degree of interference and the number of COs per
meiosis vary between organisms. In C. elegans, CO interference is absolute, such that each
chromosome pair undergoes only a single CO (Hillers and Villeneuve 2003; Wood 1988).
CO interference is also reported in budding yeast, which has 16 chromosomes and 150-200
DSBs per meiosis (Buhler et al. 2007). Similar to the nematode, one half of the DSBs are
converted into COs, in this case, resulting in approximately five crossovers per homolog pair
(Mortimer et al. 1992). In contrast, CO interference is not observed in fission yeast, which has
only three chromosomes and a relatively large number of COs, reaching up to 44 COs per
meiosis (Munz 1994).

How meiotic DSB formation and CO distribution are regulated on a molecular level and
how these processes are entangled with the dynamic changes in meiotic chromosome
architecture are still poorly understood, but based on the progress made in recent years,
C. elegans research will likely contribute significantly to our understanding of these vital
processes during meiosis.
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Meiotic DSB formation and early DSB processing

Once Spo11 has catalyzed DSB formation, it remains covalently attached to the 5' termini of
the broken DNA (Keeney et al. 1997; Keeney and Kleckner 1995). To allow HR to occur, this
protein—-DNA complex must be removed. In yeast, Spo11-bound oligonucleotides are removed
by the MRN complex (consisting of Rad50, Xrs2/Nbs1, and the nuclease Mre11) and another
associated nuclease known as Sae2 (Keeney and Kleckner 1995; McKee and Kleckner 1997;
Milman et al. 2009; Ogawa et al. 1995; Prinz et al. 1997; Fig. 1). Yeast Sae2 deletion mutants
allow DSB formation, but are completely defective in Spo11 removal (McKee and Kleckner
1997). This function of Sae2 seems to be conserved in C. elegans, as nematodes lacking
the Sae2 homolog com-1 also are able to induce meiotic DSBs; yet, these lesions seem to
persist and undergo improper repair, resulting in chromatin aggregates at the diakinesis stage
(Penkner et al. 2007). Additionally, com-1 mutants fail to recruit the crucial HR factor RAD-51
to SPO-11-induced DSBs, implying a defect in the early processing of SPO-11-bound DSBs.
Importantly, these mutants did show many RAD-51 foci upon y-irradiation (IR), revealing a
specific dependency for COM-1 only at meiotic DSBs (Penkner et al. 2007).

In yeast, the MRN complex is needed for Spo11-mediated DSB formation as well
as subsequent DSB end-processing, making it difficult to study these individual (but
interdependent) functions of the MRN complex. In yeast, this problem is solved by the
identification of separation-of-function alleles of MRN complex components. For example,
so-called Mre11-1 and Rad50S mutants allow meiotic DSB formation but are defective in
Spo11 removal (McKee and Kleckner 1997; Ogawa et al. 1995). To date, no such mutations
have been identified in C. elegans. Nevertheless, both functions of the MRN complex are
likely to be conserved: first, germlines that are deficient in mre-11 or rad-50 typically show 12
univalents at diakinesis due to the lack of chiasmata, in line with the role of the MRN complex
in meiotic DSB formation (Chin and Villeneuve 2001; Hayashi et al. 2007). Notably, RAD-
51 foci are not detected in pachytene nuclei, as expected in the absence of meiotic DSBs.
Second, mre-11 mutant nuclei, but not wild-type nuclei, display chromosomal fragmentation
upon IR, confirming a defect in DSB end-processing in the absence of the MRN complex
(Chin and Villeneuve 2001). Similar to com-1 mutants, both rad-50 and mre-11 mutants can
recruit RAD-51 to IR-induced breaks, suggesting that other redundant nucleases exist that
can process IR-induced substrates but are unable to act on SPO-11-induced DSBs (Fig. 1).
Intriguingly, Hayashi and coworkers discovered that the level of redundancy between these
nucleases depends not only on substrate specificity but also on meiotic stage (Hayashi et
al. 2007). By carefully analyzing rad-50 mutant germlines, they showed that the dynamics
and regulation of RAD-51 loading at IR-induced DSBs changes during meiotic prophase
progression. Specifically, these authors discovered a distinct meiotic DSB repair mode, acting
from the onset of meiotic prophase until the mid-pachytene/late pachytene transition, which
was characterized by dependence on rad-50 for rapid accumulation of RAD-51 and by the
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competence for converting IR-induced DSBs into COs (Hayashi et al. 2007). Recently, a study
in yeast revealed that Sae2 phosphorylation by cyclin-dependent kinase 1 (Cdk1) is required
for Spo11 removal and subsequent DSB processing, providing a mechanism for coordinating
DSB repair during meiotic prophase (Manfrini et al. 2010). The critical Cdk-1 phosphorylation
motif is evolutionarily conserved, being present in yeast Sae2 and C. elegans COM-1, as well
as the human homolog CtIP (Penkner et al. 2007); however, whether such a phosphorylation
event also controls early DSB processing during meiotic prophase in these higher eukaryotes
still awaits confirmation.

Homology exposure and DNA end resection

A crucial step in HR is the exposure of sequence information surrounding the DSB in order to
search for a homologous template and restore the break. This is achieved by a process called
DNA end resection, which involves 5-3' DNA degradation to create long 3' single-stranded
DNA (ssDNA) tails. These ssDNA tails are initially coated with replication protein A (RPA),
which is then replaced by Rad51, the crucial mediator for homologous strand invasion. The
observation that DNA end resection can still occur in yeast Sae2 null and Mre11 nuclease-
dead mutants (Clerici et al. 2005; Llorente and Symington 2004) has led to a search for
redundant activities that can process DSB ends.

One of the strongest candidates for DNA end resection during meiosis is Exo1, as it has
5'-3" exonuclease activity as well as 5’ flap endonuclease activity in vitro, is highly expressed
during meiosis, and is known to affect CO recombination (Lee et al. 1999; Tran et al. 2004).
In yeast, Exo1 overexpression suppresses DNA repair defects in mutant cells lacking the
MRN complex (Lewis et al. 2002). On the other hand, DNA end resection can still occur in
Mre11; Exo1 double mutants (Moreau et al. 2001), which is suggestive of further redundancy
in this pathway. In 2008, this third pathway was identified and, surprisingly, involved a RecQ
helicase (Sgs1) together with an endonuclease (Dna2). In the current model, Sgs1 unwinds
both strands at either end of the DSB, and Dna2 (or Exo1) cuts off the exposed 5’ strand,
rapidly creating long 3" ssDNA tails. Several laboratories have established that Sgs1/Dna2
and Exo1 act in parallel pathways to control long-range end resection in mitotic as well as
meiotic cells (Fig. 1; Gravel et al. 2008; Huertas 2010; Manfrini et al. 2010; Mimitou and
Symington 2008; Zhu et al. 2008). Although Mre11, Rad50, Exo1, Dna2, and RecQ helicases
are highly conserved in C. elegans, little is known about end resection in this model organism.
For example, the contribution of the MRN complex to DNA end resection is still unclear since
the null mutants are defective in meiotic DSB formation and separation-of-function alleles for
mre-11 or rad-50 are still lacking. Also, worms lacking only exo-7 show no obvious meiotic
defects (B. Lemmens unpublished data), which is in line with the high degree of redundancy
and the mild defects in DNA end resection observed in yeast Exo1 single mutants (Manfrini
et al. 2010).
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While Sgs1 is the sole RecQ helicase in yeast, C. elegans has four RecQ helicases and
humans have as many as five members of this family. In mammalian cells, EXO1 functions
in parallel with the RecQ helicase BLM to promote DNA end resection, DSB signaling, and
resistance to DSB-inducing agents (Gravel et al. 2008; Nimonkar et al. 2008). In the worm,
deletion of the BLM ortholog him-6 results in radiation sensitivity, increased chromosomal
non-disjunction, and shortened lifespan, underscoring the crucial role of this conserved RecQ
helicase in genome maintenance (Grabowski et al. 2005; Wicky et al. 2004). Similar to Sgs1
and BLM (Klein and Symington 2009), him-6 has a non-redundant role in one of the final steps
of HR, as will be discussed later in this review. Its dual role in the HR process together with the
high degree of redundancy in early DSB processing has masked the potential role of him-6
in DNA end resection. Similarly, eukaryotic counterparts of the nuclease Dna2 (including the
worm homolog DNA-2) have been implicated in many DNA metabolic processes, complicating
interpretation of its DNA repair functions (Budd et al. 2005; Huertas 2010; Kang et al. 2010;
Lee et al. 2003). Nevertheless, the C. elegans model system may provide new insights into
DNA end resection, as it has been shown to be a useful tool with which to study redundant
activities during meiotic DSB repair (Barber et al. 2008; Ward et al. 2010), and unbiased
synthetic lethal screens can be employed. Importantly, the genetic interactions between
the above-mentioned end resection factors are likely to be conserved, as we recently have
observed strong synergystic effects on genome instability upon combined loss of exo-71 and
either dna-2 or him-6 (B. Lemmens unpublished data). Although technically challenging, it will
be interesting to test whether EXO-1 and HIM-6/DNA-2 are responsible for the residual DNA
end resection activity observed in the absence of MRE-11/COM-1. Moreover, the molecular
basis for the different DSB repair modes during meiotic prophase progression is still elusive,
but could well be regulated via posttranslational modification of the implicated nucleases/
helicases (as seen for yeast Sae2 and Exo1 proteins; Bolderson et al. 2010; Huertas et al.
2008) and/or via their differential expression throughout the worm germline.

Homologous template search and DNA strand invasion

Subsequent to DNA end resection, the 3' ssDNA tails are protected by RPA, which is
subsequently replaced by RAD-51 to form a nucleoprotein filament that is able to seek
a homologous DNA molecule. In the current model, the invading 3' end of the broken
chromosome binds to the complementary donor strand (either from the sister chromatid or
homologous chromosome) and primes DNA synthesis to regenerate the sequence information
lost at the break site (Fig. 1). In the case of synthesis-dependent strand annealing (SDSA), the
elongated invading strand is then displaced and annealed to the complementary ssDNA tail
on the other side of the DSB. The remaining single-strand gaps are filled and finally the nicks
are ligated, resulting in non-CO products only (Fig. 1). During strand invasion, the second
DSB end can also be captured by the displacement strand of the donor duplex (D-loop) and
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can be used to prime another round of DNA synthesis covering the initial DSB. This DSB
repair mode ultimately generates a double Holliday Junction (dHJ) intermediate, which can be
resolved by endonucleolytic cleavage to form either CO or non-CO products (Fig. 1).

In order to create the COs needed for successful meiosis, the RAD-51-coated DSB end
must invade the homologous chromosome. Therefore, the homologous chromosome must
be recognized and positioned close to the broken chromosome. How this is established is
still largely unknown, but early homolog recognition and pairing events coincide with marked
changes in nuclear morphology. In the nematode, these events involve special regions on
each chromosome known as pairing centers (Phillips et al. 2009). During C. elegans meiosis,
initial homolog pairing takes place in the “transition zone”, when the polarized redistribution
of chromosomes gives rise to the characteristically crescent-shaped DNA (Fig. 3). In 2009,
two studies provided some molecular insights into this process by linking homology search
to cytoskeletal forces and posttranslational modification of the nuclear envelope protein
SUN-1 (Penkner et al. 2009; Sato et al. 2009). Penkner and coworkers showed that SUN-
1 is phosphorylated at its N-terminus and forms rapidly moving aggregates at putative
homolog attachment sites in the “transition zone”. Similar SUN-1 aggregates were observed
after the induction of ectopic DSBs by IR. Importantly, mutation of these N-terminal SUN-
1 phosphorylation sites has elicited severe defects in homolog pairing and subsequent CO
formation, ultimately resulting in chromosome univalency at diakinesis. How and whether
such protein complexes in the nuclear envelope (together with SC proteins) also affect RAD-
51-mediated strand invasion in a more direct fashion is still unclear.

One factor that is known to directly control RAD-51-mediated strand invasion in human
cells is the well-conserved breast cancer susceptibility gene BRCA2 (Venkitaraman 2001).
Human BRCA2 binds RAD51 via a so-called BRC motif, and this interaction is known to
stimulate RAD51 multimerization, nucleofilament formation, and HR reactions both in vitro
and in vivo (Chen et al. 1998; Davies et al. 2001; Moynahan et al. 2001; Yuan et al. 1999).
In order to study the role of BRCA2 during meiotic DSB repair, the Boulton laboratory has
investigated the germline functions of the worm homolog BRC-2. BRC-2 is crucial for proper
recruitment of RAD-51 to both endogenous and exogenous DSBs in the germline (Martin et
al. 2005). In vitro follow-up studies were performed to acquire more mechanistic insights and
revealed that recombinant BRC-2, like human BRCAZ2, stimulates RAD-51-mediated D-loop
formation and controls nucleoprotein filament stability (Petalcorin et al. 2007; Petalcorin et al.
2006). In keeping with a role in strand invasion, germlines that are deficient in brc-2 allow RPA
recruitment; however, they show abnormal chromosome aggregates due to faulty repair of
meiotic DSBs. Interestingly, formation of these chromosomal aggregations depends on LIG-4,
a crucial NHEJ factor (Martin et al. 2005). By itself, NHEJ-mediated repair of meiotic breaks
can be toxic because it never results in COs, which are required for proper chromosome
segregation. lllegitimate HR events can also be detrimental, as they can lead to gross
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chromosomal rearrangements and tumorigenesis in mammals (Honma et al. 1997; Luo et
al. 2000). Therefore, the activities of NHEJ and HR must be tightly controlled during meiotic
prophase.

DNA strand invasion and CO formation

One of the best-characterized antagonists of HR is the budding yeast helicase Srs2; however,
sequence conservation suggests that an obvious homolog is lacking in higher eukaryotes.
In 2008, Barber and colleagues reported the identification of a functional Srs2 analog in C.
elegans, named rtel-1 (Barber et al. 2008). Although in vitro studies have revealed differences
between the biochemical activities of RTEL1 and Srs2, both proteins counteract HR by
dismantling DNA strand invasion intermediates. Similar to Srs2 mutants, worms deficient in
rtel-1 show hyperrecombination, lethality upon deletion of the RecQ helicase Sgs1/him-6, and
sensitivity to DNA damaging agents. Importantly, human cells depleted of the ortholog RTEL1
exhibit similar hyperrecombination and DNA damage sensitivity phenotypes.

Recently, Youds and coworkers elaborated on the role of RTEL-1 during C. elegans
meiosis and reported a crucial role for RTEL-1 in CO control (Youds et al. 2010). Specifically,
RTEL-1 prevents excess meiotic COs, most likely by promoting meiotic SDSA (Fig. 1). Rtel-1
mutants show an average of two COs per chromosome pair (instead of only one), which totals
up to 12 COs per nucleus, implicating a role for RTEL-1 in CO interference. Based on the
data from the Meyer lab, this would mean that all meiotic DSBs are converted into COs in the
absence of RTEL-1 (Mets and Meyer 2009). These observations also suggest that, in wild-
type worms, virtually all meiotic DSBs are repaired via the homologous chromosome, one half
through SDSA and the other half via a CO intermediate. Yet, a minor fraction of meiotic DSB
may escape repair via the homologous chromosome. In that case, the nearby sister chromatid
could be used to faithfully restore the damage, as will be discussed later in this review.

Similar to rtel-1 mutation, loss of the condensin DPY-28 also results in additional COs.
However, in dpy-28 mutants, this phenomenon is assigned to elevated numbers of meiotic
DSBs, rather than altered DSB repair (Mets and Meyer 2009). If RTEL-1 and DPY-28
controlled CO formation via different mechanisms, one would expect to find an additive effect
on CO recombination when these deficiencies are combined. Indeed, rtel-1; dpy-28/+ double
mutants have more COs than either single mutant (rtel-1 or dpy-28/+), resulting in many triple
or occasionally even quadruple COs, which implies that RTEL-1 also inhibits CO formation at
these extra-meiotic DSBs. Still, many of the extra DSBs observed in dpy-28 single mutants
are repaired via a CO intermediate (despite the presence of RTEL-1), which suggests the
existence of a counteracting mechanism that promotes CO formation. Conceivably, such a
mechanism may involve the aforementioned SC components HIM-3 and HTP-1, which are
known to restrain inter-sister HR and therefore promote CO formation (Couteau et al. 2004;
Martinez-Perez and Villeneuve 2005).
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Recently, two additional factors, rfs-1 and helg-1, have been implicated in the post-
invasion steps of HR and, as predicted, interact genetically with rtel-7 (Ward et al. 2010).
The RAD-51 paralog RFS-1 and the helicase HELQ-1 promote postsynaptic RAD-51
filament disassembly during C. elegans meiosis. Here again, redundant mechanisms have
evolved to ensure proper meiotic DSB repair, as only the combined deficiency of both rfs-1
and helqg-1 results in the persistence of RAD-51 foci, severe chromosomal aberrations, and,
consequently, unviable progeny. Based on in vitro studies, RFS-1 and HELQ-1 both bind
RAD-51 and work in complementary but mechanistically different pathways to promote RAD-
51 removal from dsDNA. Interestingly, the phenotypes of the helg-1; rfs-1 double mutants
are very similar to those observed in C. elegans rad-54 mutants (Mets and Meyer 2009). In
Saccharomyces cerevisiae, Rad54 mutants are defective in HR and also exhibit retarded
removal of Rad51 (Shinohara et al. 2000; Solinger and Heyer 2001). Yeast Rad54 is a motor
protein that translocates along dsDNA and performs several important functions in HR,
including the stimulation of Rad51-mediated strand exchange, extension of heteroduplexes,
and chromatin remodeling (Mazin et al. 2010). Rad54 may well have identical roles in C.
elegans because, virtually all SPO-11-induced DSBs persist and retain RAD-51 proteins in
rad-54 mutant germlines, causing these worms to be completely infertile (Mets and Meyer
2009).

As portrayed above, homology search and subsequent strand invasion steps are intriguing
but complex processes and involve many factors that often have multiple roles in genome
maintenance. Moreover, several backup mechanisms appear to exist to guarantee faithful
HR-mediated repair of meiotic DSBs. Many of the aforementioned meiotic DSB repair factors
have only recently been discovered or characterized in detail, and many questions follow from
these studies, such as how do all these seemingly redundant factors interact genetically, how
is their activity regulated, and what determines repair template choice?

Holliday junction resolution

One of the final intermediates in HR is the so-called dHJ intermediate, which consists of two
complex four-way DNA joints known as Holliday junctions (HJs); (Figs. 1 and 4). These HJs
tie the chromosomes to each other and must eventually be resolved to complete meiosis (and
other forms of HR-mediated DSB repair). In 1991, two research groups jointly discovered an
enzyme in Escherichia coli capable of resolving these HJs (Connolly et al. 1991; Sharples and
Lloyd 1991). This discovery evoked a challenging search for eukaryotic equivalents of this
bacterial HJ resolvase—a mission that was surprisingly difficult and took almost 20 years to
accomplish (see West 2009 for an excellent historical overview). The bacterial RuvC enzyme is
able to symmetrically cleave HJs in vitro and generates products that can be religated without
further processing. For decades, this activity has served as a textbook model for meiotic dHJ
resolution because such an activity could create non-COs (when the same pair of strands are
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cleaved in both junctions) as well as obligate COs (when different strand pairs are cleaved
at each intersection) (Fig. 4; Szostak et al. 1983). This model predicts that both COs and
non-COs derive from dHJ intermediates. Classical HJ resolvases (like RuvC) cleave either
pair of strands with equal probability, which is consistent with observations in S. cerevisiae
and C. elegans, in which half of the meiotic DSBs are converted into COs. However, several
observations challenge the idea that the orientation of HJ resolution accounts for the relative
frequencies of COs and non-COs. For example, several mutations have been found in yeast
that reduce CO recombination without affecting either the number of non-COs or the formation
of DSBs (Whitby 2005). Moreover, in worms defective in SDSA, all meiotic DSBs appear to
be converted into COs (Youds et al. 2010). This indicates that COs and non-COs derive from
independent pathways of DSB repair. In fact, current models suggest that dHJs are resolved
exclusively as COs, although the underlying mechanism is still unknown (Fig. 4).

Mitotic zone Transition zone Pachytene Diakinesis

Mitotic zone Transition zone Pachytene Diplotene Diakinesis
-_—_—Pmnm—m——AVHV I i—o——_<_«,—_—_—_—_—_—_—_—_—_—S,SS—_—_———

(Spontaneous) (Programmed)
Mitotic DSBs Meiotic DSBs.

Fig. 4 Different models for CO formation. Schematic representation of the DSB repair model as
postulated by Szostak et al. in 1983, in which CO/non-CO outcome is determined by the orientation
of dHJ resolution (left), and the current model, in which CO/non-CO designation occurs before dHJ
formation (right)

An important set of proteins involved in HJ resolution are the so-called ZMM (Zip1, Zip2,
Zip3, Msh4, Msh5 and Mer3) proteins, among which ZHP-3, MSH-4, and MSH-5 are the best-
studied members in C. elegans (Bhalla et al. 2008; Colaiacovo et al. 2003; Winand et al. 1998).
In yeast, ZMM proteins appear to stabilize single-end invasion intermediates and promote
dHJ formation and subsequently ensure that HJ resolution occurs with the appropriate bias
to generate COs (Borner et al. 2004; Fung et al. 2004). Also, ZMM proteins localize to DSBs
destined to be converted into COs, specifically those that are subject to CO interference (Lynn
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et al. 2007). Accordingly, transgenic worms carrying a ZHP-3::GFP protein-fusion construct
show six GFP foci in diplotene nuclei, one focus per chromosome pair (Bhalla et al. 2008).
Moreover, worms carrying mutations in ZMM genes (e.g., msh-4 or msh-5 null mutants) are
unable to generate the six obligate COs, resulting in 12 univalents at diakinesis (Kelly et al.
2000; Zalevsky et al. 1999). This strict requirement of ZMM proteins for proper meiotic CO
formation is also seen in mammals; for instance Msh4-/- and Msh5-/- mice are infertile and
exhibit defects in chromosome pairing during meiosis | (de Vries et al. 1999; Edelmann et al.
1999; Kneitz et al. 2000). While the exact role of the ZMM proteins remains to be elucidated,
human MSH4-MSHS heterodimers are thought to recognize HJs and encircle the adjacent
duplex DNA, where they could serve to stabilize the HJ intermediate and/or recruit factors
capable of resolving HJs (Snowden et al. 2004; Fig. 4).

In 2008, Ip and collaborators were the first to identify nucleases from budding yeast and
human cells that promote HJ resolution in vitro, in a manner reminiscent of the bacterial HJ
resolvase RuvC (Ip et al. 2008). Via extensive fractionation and mass spectrometry analysis
of nuclear extracts derived from 200 liters of Hela cells, they discovered the human HJ
resolvase GEN1. A parallel screen using a yeast gene fusion library yielded a similar Rad2/
XPG nuclease called Yen1 (Ip et al. 2008). A mutant of the worm ortholog, gen-1, has recently
been identified in the Gartner lab, using an unbiased forward genetic screen for DNA damage-
induced cell cycle arrest (Bailly et al. 2010). Its function as an HJ resolvase appears to be
conserved, since GEN-1 shows HJ resolution activity in vitro, and worms lacking gen-1 are
hypersensitive to DSB-inducing agents and show persistent RAD-51 foci after IR treatment,
suggestive of inefficient DSB repair. However, gen-1 null mutants are fertile and show no
change in CO recombination, which suggests that gen-1 functions primarily as a checkpoint
gene in C. elegans, or that other factors exist that work redundantly to gen-1 at the level of HJ
resolution (Bailly et al. 2010).

In 2009, four studies reported the identification of a novel protein complex able to process
HJs analogous to RuvC/GEN1. This complex consisted of the scaffold protein SLX4 and the
endonuclease SLX1 (Andersen et al. 2009; Fekairi et al. 2009; Munoz et al. 2009; Svendsen et
al. 2009). Human SLX4 is thought to act as a coordinating platform for multiple endonucleases
to control cleavage of various damaged or branched substrates, including HJs (Fekairi et al.
2009; Svendsen et al. 2009). In vitro studies using SLX1 immunoprecipitates from human
cells or SLX4/SLX1 complexes purified from E. coli suggest that the interaction between SLX4
and SLX1 is required for symmetric HJ resolution. Previous work in Drosophila had already
identified a protein named MUS312, which was similar to SLX4 (and interacted with the fly
XPF homolog MEI-9) and was needed for proper meiotic recombination, revealing the impact
of SLX4 deficiency in a developing animal. Recently, such a role was substantiated by Saito
and colleagues, who showed that the worm homolog SLX-4 was required for processing HR
intermediates in both mitotic and meiotic nuclei in the C. elegans germline (Saito et al. 2009).

25



Chapter 1

SIx-4 mutant animals show a reduction in CO recombination frequencies and increased levels
of strand invasion intermediates (RAD-51 foci), accompanied by elevated germ cell apoptosis,
unstable bivalent attachments, and chromosome non-disjunction. Still, homozygous s/x-4
mutants are able to produce viable offspring and frequently show six bivalents at the diakinesis
stage, indicating that redundant activities exist that ensure CO formation in the absence of
SLX-4. In accordance with the proposed “scaffold function” of its human counterpart, C.
elegans SLX-4 also interacts with multiple structure-specific endonucleases, including SLX-
1 and XPF-1 (Saito et al. 2009). At present, one deletion allele of six-1 is available, likely
resulting in a truncated SLX-1 protein that still contains its highly conserved nuclease domain.
Unfortunately, this allele is reported not to be a strong loss-of-function allele, hampering its
use for in vivo analysis of SLX-1 function (Saito et al. 2009). In addition, the exact role of
the interaction between SLX-4 and XPF-1 in meiotic CO formation is still unclear. Although
xpf-1-deficient worms show meiotic defects similar to those observed in the absence of s/x-
4 (including a reduction in CO frequency and elevated chromosomal non-disjunction), the
phenotypes in xpf-1 single mutants are clearly milder than those observed in s/x-4 single
mutants (Saito et al. 2009).

Holliday junction processing

In addition to these HJ resolvases, other mechanisms have evolved to ensure CO formation.
In Schizosaccharomyces pombe, CO formation mainly depends on another highly conserved
endonuclease called Mus81. Mus81 mutants in fission yeast produce virtually no viable spores
(<1% survival) due to defects in chromosome segregation during meiosis | (Boddy et al. 2000;
Osman et al. 2000). In contrast, Mus81 mutants in budding yeast still produce 60% viable
spores. Higher organisms seem to depend even less on Mus81 to repair meiotic DSBs, as
C. elegans mus-81 mutants produce up to 80% viable progeny and Mus81-/- mice are fertile
and show only minor meiotic defects (Dendouga et al. 2005; McPherson et al. 2004; Saito et
al. 2009). Recent studies have revealed overlapping roles for GEN1/Yen1 and Mus81 in HJ
resolution at collapsed replication forks, as well as at meiotic DSBs (Lorenz et al. 2010; Tay
and Wu 2010). The extreme dependence on Mus81 to process meiotic HJs, as observed in S.
pombe, may be explained by the fact that this yeast species appears to lack an obvious Yen1
ortholog. In addition, fission yeast seems to be deprived of MSH4-MSH5 orthologs, which is
also consistent with the observed lack of CO interference.

Several studies on Mus81 function indicate that this nuclease may act early during DSB
repair, generating COs by processing non-dHJ intermediates (Heyer et al. 2003; Osman et al.
2003). In that vein, Mus81 in budding yeast has been shown to work together with the Bloom
syndrome helicase Sgs1 to resolve aberrant joint molecules that may arise during meiotic
recombination (Jessop and Lichten 2008; Oh et al. 2008). Such a function of MUS-81 could
explain the fact that C. elegans mus-81; rtel-1 double mutants are completely infertile and
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exhibit many persistent RAD-51 foci in pachytene nuclei because, in the absence of RTEL-1,
toxic strand invasion intermediates may arise that require MUS-81 function for their resolution.
In keeping with the cooperative functions of Mus81 and Sgs1 in yeast, him-6; rtel-1 double
mutant worms also show an elevated level of meiotic RAD-51 foci and increased embryonic
lethality compared with either single mutant (Barber et al. 2008). Although wild-type worms
appear to depend exclusively on ZMM-mediated HJ resolution for CO formation, a recent
study revealed that, in absence of rtel-1, ZMM-independent CO routes do exist in C. elegans
(Youds et al. 2010). Similar to yeast, this ZMM-independent class of COs required mus-81
(Hollingsworth and Brill 2004; Youds et al. 2010). Together, these data argue that MUS-81
does not function as a central HJ resolvase in C. elegans; however, it likely serves as an
important backup to ensure proper HJ resolution.

Holliday junction dissolution

To complicate matters even further, nature has come up with another solution to resolve
dHJs, i.e., a process termed “dissolution” that does not require structure-specific nucleases.
In dissolution, dHJs are untangled via ssDNA decatenation by a helicase—topoisomerase
complex. In yeast, dissolution is performed by Sgs1, Top3, Rmi1, and RPA, and exclusively
generates non-CO products (Chen and Brill 2007; Plank et al. 2006; Wu and Hickson 2003).
The Sgs1 helicase has multiple redundant roles during HR, which are reflected by its many
synthetic lethal interactors, including Dna2, Mus81, Six4, and Srs2 (Pan et al. 2006). However,
the Sgs1 helicase has non-redundant activities as well, illustrated by the fact that Sgs1
mutation results in reduced spore viability. Similarly, C. elegans single mutants lacking only
the Sgs1 ortholog him-6 show reduced progeny survival and elevated levels of chromosomal
non-disjunction. In yeast, the predominant non-redundant meiotic function of this RecQ
helicase seems to involve a non-CO pathway, as Sgs1 single mutants display an increase in
CO frequency (Rockmill et al. 2003). On the contrary, worms deficient in him-6 mainly exhibit
phenotypes that suggest a key role in a CO pathway: him-6 single mutants exhibit up to 50%
reduction in CO recombination and severe defects in chiasmata formation (Wicky et al. 2004).
Moreover, when all DSBs are skewed into CO pathways (e.g., by blocking the principal non-
CO pathway in C. elegans via rtel-1 mutation), meiotic nuclei seem to depend even more on
HIM-6 for proper DSB repair (Barber et al. 2008). This suggests that, either the main function
of this RecQ helicase has changed over the course of evolution, or the dependency on its
specific functions has diverged between the different species.

In theory, the relative roles of the worm orthologs HIM-6 and TOP-3 during meiotic HJ
resolution and/or dissolution could be assessed by epistasis analysis. Unfortunately, this is
not feasible in the worm because him-6; top-3 double mutants suffer from mitotic catastrophe,
resulting in a massive increase in DSBs already in the mitotic zone of the germline (Wicky et
al. 2004).
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A long-standing question has concerned the mechanisms by which dHJ intermediates
are resolved, and as described above, recent studies have led to the identification of many
crucial factors involved (Figs. 1 and 4). Still, exciting times await us, since now, these pieces
of the puzzle need to be placed correctly in the redundant networks that ensure proper HJ
resolution. As a proven genetic model for metazoan meiosis, C. elegans will likely contribute
in shaping this research field, e.g., by revealing the in vivo consequences of HJ resolution
defects in complex genetic backgrounds.

Meiotic DSB repair via the sister chromatid

One of the interesting questions in the meiosis field concerns the choice of the two possible
repair templates of programmed DSBs, i.e., the sister chromatid or the homologous
chromosome. Half of the DSBs are converted into COs and therefore use the homologous
chromosome for repair. Repair of the other DSBs, via non-CO sub-routes of HR, does not
necessarily involve the homologous chromosome: SDSA is the major non-CO repair route
in the C. elegans germline, which could well use any homologous template (the sister or
the homolog). As discussed earlier, most data thus far point towards the exclusive use of
the homologous chromosome; however, inter-sister HR can also contribute to meiotic DSB
repair. In 2008, Adamo and colleagues described the function of BRC-1, the homolog of the
well-studied HR factor and breast cancer tumor suppressor BRCA1, and showed that it acts
(almost) exclusively in inter-sister HR in the worm germline (Adamo et al. 2008). Null mutants of
brc-1 are viable, fertile, and exhibit the wild-type compliment of six bivalents in most diakinetic
nuclei, indicative of successful CO recombination. However, brc-1 mutants show persistent
SPO-11-dependent RAD-51 foci at the late pachytene stage and a mild level of chromosome
non-disjunction, revealing its role in meiotic DSB repair. Furthermore, brc-1 mutant germlines
are hypersensitive to DSB-inducing agents such as camptothecin and IR (Ward et al. 2007).
When DSB repair via the homologous chromosome is not possible (e.g., in the absence of
SC genes), loss of brc-1 leads to severe chromosome fragmentation, suggesting that brc-1
is crucial for meiotic DSB repair through inter-sister HR (Adamo et al. 2008). Notably, the
vertebrate orthologs of brc-1 and com-1 (BRCA1 and CtIP, respectively) modulate DSB repair
pathway choice during the different mitotic cell cycle phases (Yun and Hiom 2009). How
exactly brc-1 controls DSB repair during meiosis is still unclear, but it likely functions in concert
with one of its many binding partners, as several recent proteomic and genetic studies have
revealed the presence of various distinct BRCA1 complexes in vivo, each of which governs a
specific cellular response to DNA damage (reviewed in Huen et al. 2009).

Recently, two other players, SMC-5 and SMC-6, have been described to have an
important role in meiotic inter-sister HR (Bickel et al. 2010). The meiotic phenotypes of smc-
5/smc-6 mutants are very similar to brc-1 mutants, including normal chiasmata formation,
IR hypersensitivity, and severe chromosomal fragmentation upon loss of inter-homolog
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HR. Then again, smc-5/smc-6 single mutants already show a high degree of chromosome
fragmentation at diakinesis stage, a phenotype rarely seen in brc-1-deficient germlines. This
latter observation implies that a significant number of meiotic DSBs still need to be repaired
via inter-sister HR to safeguard germ cell genomic integrity and that this process may not be
completely disrupted in brc-1 mutants (Bickel et al. 2010).

Signaling events in the germline

As portrayed above, DSB repair during meiosis requires many factors, which all need to be
active only at a specific stage, location, and/or designated substrate. Importantly, HR (the
principal repair route in the germline) is a dynamic process that involves both factors that favor
recombination reactions and factors that counteract these intermediates. Tight regulation of the
repair proteins involved is necessary to safeguard genomic stability and ensure the formation
of the obligate COs. Posttranslational modifications, such as phosphorylation, ubiquitination,
and SUMOylation are rapid, dynamic, and reversible means of regulation that could control
many of the steps in meiotic prophase progression. Indeed, several highly conserved kinases
have been shown to be crucial for proper DSB repair during meiosis.

Phosphorylation events in the germline
Animportant set of kinases implicated in the DSB response belong to the phosphatidylinositol-3
kinase related kinase (PIKK) family, among which ATM (atm-1) and ATR (at/-1) are the best-
characterized in C. elegans. Both ATM and ATR are believed to be the primary sensors of DNA
damage and phosphorylate numerous substrates involved in cell cycle checkpoint, apoptosis,
and DNA repair (Matsuoka et al. 2007; Smolka et al. 2007). Although ATR and ATM share
many of their downstream substrates, they primarily respond to different types of lesions and
accordingly show different modes of activation and recruitment (Garcia-Muse and Boulton
2005; Hurley and Bunz 2007). In human mitotic cells, ATM mainly responds to IR-induced
DSBs, whereas ATR primarily acts at lesions arising from replication fork stalling and UV
damage (Cimprich and Cortez 2008; Czornak et al. 2008). A recent study that exploited the C.
elegans germline to investigate the activation and recruitment of PIKKs after different types of
DNA damage revealed an unexpected role for the RecQ helicase WRN-1 in the recruitment
of ATM-1 to IR-induced damage (Lee et al. 2010). Although WRN helicases are well known
for their roles in replication, DNA repair, and telomere maintenance, such an upstream role in
DSB recognition and checkpoint activation had not been previously anticipated (Rossi et al.
2010). Whether the WRN helicase has a role in ATM activation also in human cells still awaits
confirmation.

In budding yeast, the ATM/ATR homolog Mec1 is required for proper meiotic progression,
as Mec1 mutants show a reduction in meiotic recombination, loss of inter-homolog bias, and
defective CO control (Carballo and Cha 2007). PIKKs also seem to affect meiotic CO control
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in higher organisms; for example, Drosophila mutants lacking the ATR homolog Mei-41 and
Atm-/- mice both show altered CO distributions (Barchi et al. 2008; Gatti et al. 1980). In C.
elegans, atl-1 and atm-1 single mutants display the normal six bivalents during diakinesis,
indicating that ATR and ATM are not absolutely required for CO formation. However, these
kinases could still play a role in CO interference. Interestingly, the protein sequence of RTEL-
1 contains a putative ATM/ATR phosphorylation motif that is well conserved among flies,
mice, and humans. Whether and how the PIKK kinases affect CO distribution in the worm still
remains to be addressed.

With regard to possible downstream targets of ATM signaling, it should be noted that it is
an outstanding question whether the H2Ax signaling cascade that amplifies the DNA damage
response in mammals is “functionally” conserved in C. elegans. The genome of the worm
does not encode an H2Ax ortholog nor is there an obvious motif present in, e.g., H2A that
could serve as an ATM-dependent DSB chromatin mark. While other components involved in
the more downstream part of this signaling cascade also seem to be missing (e.g., MDC1 and
RNF8), some are likely conserved, as hsr-9 encodes a protein that is closely related to 53BP1.

The polo-like kinase (PLK) family is another class of kinases that is important for faithful
chromosome segregation and DSB response. For instance, Cdc5 (the sole PLK in yeast)
promotes HJ resolution and proper chromosome separation during meiosis (Clyne et al.
2003; Sourirajan and Lichten 2008). Humans have four PLKs and while their role in mitosis
is widely studied, their function during meiosis is largely unknown (Archambault and Glover
2009). The C. elegans genome contains three PLK paralogs, and mutations in plk-1 and plk-2
have recently been shown to display strong meiotic defects (Chase et al. 2000a, b; M. Zetka,
personal communication). An additional kinase shown to control meiotic progression and
affect genomic stability during worm gametogenesis is CHK-2; however, whether this protein
has a direct role in DSB repair is unknown (MacQueen and Villeneuve 2001).

Ubiquitination events in the germline

In addition to these phosphorylation events, other modes of posttranslational modification
(such as ubiquitination and SUMOylation) are likely to control DSB repair, as they do in other
model organisms (Boulton 2009). For example, mammalian BRCA1 and its related binding
partner BARD1 form a heterodimeric complex that acts as an ubiquitin E3 ligase (Hashizume
et al. 2001). Since the enzymatic activity of the BRCA1/BARD1 complex is conserved over
a broad phylogenetic range, it is thought to be critical for the central functions of BRCA1.
However, Reid and coworkers recently revealed that key aspects of BRCA1 function in
genome maintenance in mammalian ES cells, including its role in HR-mediated DSB repair,
do not depend on the E3 ligase activity of BRCA1 (Reid et al. 2008). The C. elegans BRCA1
and BARD1 homologs (BRC-1 and BRD-1, respectively) have been shown to form an active
ubiquitin ligase in vitro (Boulton et al. 2004; Polanowska et al. 2006). Notably, this BRC-1/
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BRD-1 complex is activated on chromatin in vivo after IR damage and is responsible for many
ubiquitination events at IR-induced lesions in the mitotic zone of the germline (Polanowska et
al. 2006). Unfortunately, the identity of these IR-dependent BRC-1 substrates is still unknown.
Moreover, the significance of these BRC-1-dependent ubiquitination events for genomic
stability still needs to be addressed.

DSB repair and the mitotic cell cycle

Mitotic DSB repair and development

As described in the previous sections, HR pathways ensure genomic stability in meiotic cells
by faithfully repairing all the programmed DSBs introduced by SPO-11. Maintaining genomic
integrity in gametes is crucial to create viable offspring and thereby promotes species survival.
However, the challenge does not end here, especially for multicellular organisms like C.
elegans and humans, which must generate complex somatic tissues to support their germline.
When two gametes merge to form a zygote, this single cell has to divide numerous times
to form a healthy and fertile multicellular organism that is able to cope with the countless
challenges it will encounter before it can complete its life cycle. During animal development
and in tissues that are continuously replenished in adults (e.g., the human intestine and the
hematopoietic system), many cells are actively cycling in order to create new diploid daughter
cells.

Whereas DSBs can occur at any stage of the cell cycle, proper repair templates are
not always available. During and after DNA replication, sister chromatids are held in close
proximity to each other by cohesins, providing a convenient template for homology-based
DSB repair (Nasmyth and Haering 2009). Accordingly, HR is mainly active in S/G2 (Beucher
et al. 2009; Delacote and Lopez 2008). In contrast, NHEJ does not require a homologous
template and has been shown to be active during all stages of the cell cycle (Beucher et al.
2009). Because HR is principally error-free and NHEJ is error-prone, cell cycle stage is an
important determinant for DSB repair fidelity. In addition, cell fate is an important determinant
for the consequences of unfaithful DSB repair: stem cells producing the germline harbor
the genetic material that is passed on to the next generation and their genomic integrity is
thus crucial to the identity and survival of the species. On the contrary, cells that form or
replenish the soma are needed for the survival and fitness of the individual. For that reason,
genomic stability in somatic cells determines the health of the individual and, with that, its
ability to reproduce. Especially in long-lived animals, somatic genome instability can lead to
the accumulation of genetic insults that may promote aberrant cellular behavior, ultimately
leading to lethal diseases such as cancer. Even in short-lived animals that do not develop
tumors, such as C. elegans, both cell cycle stage and cell fate have been demonstrated to
greatly affect DSB repair.
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DSB repair in the mitotic germline

In C. elegans, the germline is set apart from the soma already early during embryogenesis:
during the first embryonic divisions only a few blastomeres (belonging to the so-called
P-lineage) acquire germline potential, culminating in a single germline founder cell named P4
(Sulston et al. 1983). This P4 cell does not contribute to the soma, but divides to give rise to two
primordial germ cells (named Z2 and Z3), which eventually will spawn all germline nuclei/cells
(Fig. 2). Germline cells are the only cells in the adult animal that are mitotically proliferating;
all other cells can be considered somatic (predominantly terminally differentiated) and are
born through an invariant lineage mostly during C. elegans embryonic development, which for
convenience can be divided into two distinct phases: an “early stage” that is marked by rapid
mitotic divisions, resulting in approximately 550 cells in less than 6 h; and a “late stage” of 8 h
that is virtually devoid of cell divisions (Fig. 5). Interestingly, in late-stage embryos, the mitotic
primordial germ cells (Z2/Z3) arrest in G2, whereas the surrounding somatic cells temporarily
haltin G1 (Clejan et al. 2006). Similar results have been observed in dauer larvae, which may
have to store their non-dividing germline stem cells for weeks. This specific feature of germ
cells could well be evolved to facilitate error-free HR in order to protect the genetic information
passed on to future generations. Indeed, germ cells seem to depend exclusively on HR for IR
resistance during all stages of development (Fig. 5; Clejan et al. 2006). In contrast, somatic
cells have been shown to depend on HR as well as error-prone means of DSB repair to
maintain genome stability (Fig. 5; Clejan et al. 2006; Pontier and Tijsterman 2009).

Many of the factors shown to be involved in meiotic HR are also contributing to mitotic
HR. Accordingly, several mutants that exhibit defects in HR during the meiotic stages of the
germline also display increased genomic instability in mitotic cells. As an example, previously
discussed him-6 and xpf-1 mutants show elevated levels of RAD-51 foci also in the mitotic
zone of the adult germline, suggesting that these HR factors act both on programmed meiotic
DSBs and on spontaneous DSBs that arise in mitotic cells (Saito et al. 2009; Wicky et al.
2004). Another example: worms that lack factors involved in meiotic HJ resolution (e.g., SLX-4
or MUS-81) show elevated RAD-51 foci in the mitotic region of the germline (Saito et al. 2009).
On the other hand, some HR steps seem to be differentially regulated at mitotic DSBs and
meiotic DSBs. For instance, rad-50 and com-1 mutants show a number of strong RAD-51 foci
in the mitotic zone but are completely incapable of loading RAD-51 at SPO-11-bound DSBs
during meiosis (Hayashi et al. 2007; Penkner et al. 2007). While this could reflect the different
natures of meiotic and mitotic DSBs, the distinct kinetics of RAD-51 loading at IR-induced
DSBs suggests that DNA end resection is differently regulated in mitotic and meiotic cells
(Hayashi et al. 2007). Downstream HR processes also seem to be differentially regulated, as
helg-1; rfs-1 double mutants are deficient in RAD-51 removal from meiotic DSBs but show no
persistent RAD-51 foci in the mitotic compartment of the germline (Ward et al. 2010).
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Apart from different genetic requirements for the repair of DSBs in mitotic versus meiotic
cells, the intermediate DNA substrates onto which the various DSB repair proteins act may be
fundamentally different. Although Bzymek and colleagues very recently reported DSB repair
intermediates in mitotic yeast cells whose strand composition and size were identical to the

dHJs that arise during meiosis, they also observed some fundamental differences (Bzymek
et al. 2010): the joint molecules that arise during mitotic DSB repair preferentially occur
between sister chromatids, whereas meiotic dHJs principally occur between homologous
chromosomes. Moreover, dHJ intermediates seem to represent a minor pathway of DSB
repair in mitotic cells, being detected at approximately tenfold lower levels (per DSB) than
during meiotic recombination.

Model for CO formation (1983) Model for CO formation (current)

_ ¢ _
- o - o
: T~

W MUS-81 MSH-4/5
— - -

abxa = SL - @ RTEL-1 A <

N ! !

non-CO co non-CO co

> D>
w P>
B> §I<l

«—

Q
o

Fig. 5 Overview of the major DSB repair pathways that are active during C. elegans development.
See text for details
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DSB repair in somatic cells

Somatic cells do not depend solely on HR to repair a DSB, but instead use both high-fidelity
and error-prone DSB repair pathways. An important and well-studied error-prone DSB repair
pathway is NHEJ. In human cells, NHEJ requires, at the very least, the Ku70/Ku80 heterodimer
complex for DSB recognition and the XRCC4—Ligase IV complex in order to seal the break.
In addition, efficient NHEJ requires the protein kinase DNA-PKcs and DSB end-processing
enzymes, such as Artemis (Burma et al. 2006; Fig. 1). Both the Ku proteins (CKU-70/CKU-
80) and Ligase IV (LIG-4) are conserved in C. elegans and have been shown to be crucial for
resistance to DSB-inducing agents during certain developmental stages (Clejan et al. 2006).
Mammalian DNA—-PKcs is able to bridge DSB ends in vitro (DeFazio et al. 2002) and is shown
to be critical for NHEJ activity in vivo (Kurimasa et al. 1999). Remarkably, based on sequence
identity, nematodes (and all yeast species) seem to lack an obvious DNA-PKcs homolog.
Artemis is an SNM1-like exonuclease that, upon complex formation with DNA—-PKcs, acquires
endonucleolytic activity capable of processing complex DSBs, including the DSBs that occur
in lymphocytes during V(D)J recombination (Pannicke et al. 2004). The C. elegans genome
contains only a single gene that belongs to the SNM1 family: mrt-1. Surprisingly, worms
lacking MRT-1 do not display the IR-induced somatic defects normally seen in strains deficient
for any of the core NHEJ subunits lig-4, cku-70, or cku-80 (Meier et al. 2009). Instead, mrt-
1 mutation results in hypersensitivity to DNA crosslinking agents; a phenotype shared with
human SNM1 and many other HR factors (Meier et al. 2009). Together, these observations
could suggest that the worm can do with a minimal set of NHEJ factors consisting only of three
core proteins (CKU-70, CKU-80, and LIG-4); however, a saturated and unbiased screen for
factors specifically affecting in vivo NHEJ activity has yet to be performed.

In 2006, Clejan and coworkers investigated the relative contribution of HR and NHEJ in
somatic C. elegans cells by looking at developmental abnormalities induced by IR damage
(Clejan et al. 2006; Fig. 2). Using several IR assays, they revealed that such cells employ
both HR and NHEJ to repair exogenous DSBs (Fig. 5); however, these repair pathways were
employed in different cellular contexts. When DSBs were introduced in highly proliferative
somatic cells by irradiating “early stage” embryos, embryonic survival depended exclusively
on HR factors, including the MRN complex components rad-50 and mre-11, and downstream
effectors rad-51 and rad-54. The absence of NHEJ failed to enhance their hypersensitivity to
IR (in both HR proficient and HR-depleted backgrounds), suggesting a non-redundant role for
HR in the repair of IR-induced damage in the early embryo (Fig. 5). In contrast, when DSBs
were introduced in non-cycling cells by irradiating “late stage” embryos, DSB repair depended
primarily on NHEJ rather than HR (Fig. 5). Therefore, cell cycle progression clearly affects
DSB repair pathway “choice”. Although irradiated late-stage embryos do hatch, they show a
variety of severe post-embryonic defects, especially in tissues that require cell proliferation
during larval development (Fig. 5). Similar to the situation during early embryogenesis, faulty
DSB repair followed by cell cycle progression can result in major developmental defects.
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IR is often used to study DSB repair because it is an efficient way of inflicting DSBs.
However, IR actually induces many other types of DNA damage as well, including SSLs (Cadet
et al. 2004). Our laboratory recently developed a transgenic reporter system that specifically
detects DSB repair in the somatic cells of a developing worm (Pontier and Tijsterman 2009).
This reporter system is based on inducible expression of the rare-cutting endonuclease
I-Scel, which generates a single DSB specifically at the integrated reporter locus. Various
well-known DSB repair factors (those needed for HR, NHEJ, or SSA) were probed for their
relative contributions to DSB repair in somatic cells leading to the notion of a dynamic and
robust network of DSB repair pathways that governs genome integrity during C. elegans
development. For example, loss of HR (via either rad-57 RNAI or brc-1 mutation) resulted in
a strong increase in SSA activity. Similarly, when crucial NHEJ factors were mutated, other
DSB repair pathways (including SSA and MMEJ) compensated for the loss. In addition,
Pontier revealed that C. elegans XPF-1 (in addition to its function in HR in the germline) has
a conserved role in SSA in somatic cells, matching the SSA defects observed in Rad1/Xpf-
deficient mitotic yeast cells (Klein 1988; Pontier and Tijsterman 2009; Prado and Aguilera
1995). Although this I-Scel-based reporter system revealed (error-prone) repair events in
many different tissues, the exact identity of the cells involved and their proliferative states at
the moment of DSB induction has yet to be determined (Figs. 2 and 5).

Concluding remarks

The toxicity of DSBs, which threatens all living organisms, has led to the evolution of various
DSB repair pathways, including NHEJ, HR, MMEJ, and SSA. The fact that cells do not rely on
a single DSB repair route, but instead have developed a complex network of redundant DSB
repair mechanisms, underscores the risk of faulty DSB repair. Moreover, there seems to be
immense evolutionary pressure on proper DSB repair, as many DSB repair factors are well-
conserved from yeast to mammals. Paradoxically, the same evolutionary pressure has led to
the existence of highly regulated developmental programs that induce endogenous DSBs to
promote genetic variation and correct chromosome segregation. Several crucial components
in DSB repair have recently been discovered, including factors involved in DSB formation,
DSB recognition, DNA end resection, and dHJ resolution. C. elegans research has proven
to be an excellent platform to elucidate DSB repair processes in a developmental context.
Its convenient germline makeup, its suitability for genetic screens, and the fact that genetic
mutants are relatively easily combined have already paid off in the identification of several
crucial processes during meiotic DSB repair. Although somatic DSB repair is still largely
unexplored in C. elegans research, this model organism has already led to important insights
into the influence of cell fate and cell cycle progression on DSB repair during development.
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Since many of the newly identified DSB repair genes are conserved from worms to humans
and more and more tools are being developed to study DSB repair in the nematode, we
expect that this little worm will contribute significantly to our understanding of DSB repair in
multicellular animals.
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