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Polymerase theta-mediated end joining
of replication-associated DNA breaks in C. elegans

Sophie F. Roerink,' Robin van Schendel,’ and Marcel Tijsterman?
Department of Toxicogenetics, Leiden University Medical Center, 2300 RC Leiden, The Netherlands

DNA lesions that block replication fork progression are drivers of cancer-associated genome alterations, but the error-
prone DNA repair mechanisms acting on collapsed replication are incompletely understood, and their contribution to
genome evolution largely unexplored. Here, through whole-genome sequencing of animal populations that were clonally
propagated for more than 50 generations, we identify a distinct class of deletions that spontaneously accumulate in C.
elegans strains lacking translesion synthesis (TLS) polymerases. Emerging DNA double-strand breaks are repaired via an
error-prone mechanism in which the outermost nucleotide of one end serves to prime DNA synthesis on the other end.
This pathway critically depends on the A-family polymerase theta, which protects the genome against gross chromosomal
rearrangements. By comparing the genomes of isolates of C. elegans from different geographical regions, we found that in
fact most spontaneously evolving structural variations match the signature of polymerase theta-mediated end joining
(TME)), illustrating that this pathway is an important source of genetic diversification.

[Supplemental material is available for this article.]

Identifying the mechanisms that fuel genome change is crucial
for understanding evolution and carcinogenesis. Spontaneous
mutagenesis is caused predominantly by misinsertions or slippage
events of replicative polymerases that are missed by their proof-
reading domains and not corrected by mismatch repair (Lynch
2008). Less frequently, but with a potentially much more detri-
mental effect, mutations can arise when DNA damage obstructs
progression of DNA replication; and stalled replication forks
eventually collapse, resulting in highly mutagenic double-stranded
breaks (DSBs). Although error-free homologous repair, in which the
sister chromatid is used as a template, restores the original sequence,
infrequent but highly mutagenic error-prone end joining processes
can give rise to spontaneous deletions and tumor-promoting trans-
locations (Mitelman et al. 2007).

To circumvent fork collapse at DNA damage, cells use various
alternative polymerases that are capable of incorporating nucleo-
tides across DNA lesions and are hence called translesion synthesis
(TLS) polymerases. TLS acts on a wide variety of DNA lesions that
can result from endogenous as well as exogenous genotoxic sour-
ces: DNA lesions that result from UV-light exposure, for instance,
are efficiently bypassed by the well-conserved TLS polymerase eta
(pol eta), inactivation of which in humans leads to the variant
form of the skin cancer predisposition syndrome, Xeroderma Pig-
mentosum (Masutani et al. 1999b; Johnson et al. 2007). Abundant
in vitro studies demonstrate the involvement of TLS polymerases
pol eta and pol kappa in the bypass of lesions that are produced by
endogenous reactive compounds, showing that these polymerases
are also essential for protection of the genome under unchallenged
conditions (Haracska et al. 2000; Fischhaber et al. 2002; Kusumoto
et al. 2002).

Although error-prone while replicating, and thus potentially
causing misinsertions, TLS polymerases are thought to protect cells
against the more mutagenic effects of replication fork collapse
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(Knobel and Marti 2011). Here, we investigate the contribution of
TLS polymerases on the maintenance of genome stability and the
mechanisms acting on stalled DNA replication by characterizing
C. elegans strains that are defective for the Y-family polymerases pol
eta and pol kappa. Unexpectedly, we found that DSBs resulting
from replication-blocking endogenous lesions are not repaired via
canonical DSB repair pathways, but through an error-prone repair
mechanism that critically depends on the A-family DNA poly-
merase theta (pol theta).

Results

TLS polymerases protect genomes against spontaneous
deletions

In previous work, we established the role of the C. elegans homo-
logs of TLS polymerases pol eta (POLH-1) and pol kappa (POLK-1)
in the protection against a wide range of exogenous DNA damag-
ing agents (Roerink et al. 2012). In these studies, we also sporadi-
cally observed readily recognizable mutant phenotypes during
normal culturing of polh-1polk-1 double mutant animals, which
prompted us to suspect a prominent role for these Y-family TLS
polymerases in the prevention of spontaneous mutations (Sup-
plemental Fig. S1). To address the nature of this increased muta-
genesis in an unbiased way, we cultured populations of animals
with specific defects in TLS for 60 generations, thus allowing
spontaneous mutations to accumulate, and then sequenced their
genomes (Fig. 1A; Supplemental Table S1; Supplemental Data File).
Mutation accumulation (MA) lines of a wild-type strain (Bristol
N2) and of the mismatch repair deficient strain, msh-6—for which
an ~100-fold higher mutation frequency has been reported
(Tijsterman et al. 2002)—were sequenced as references. All genomes
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hardly suffered from deletions; however,
polh-1polk-1 double mutants had fivefold
increased rates of deletion induction
compared to polh-1 single mutant ani-
mals, implying that C. elegans pol eta and
pol kappa function redundantly on a
subset of endogenous lesions.

DSB induction in TLS deficient mutants

\\F\ (;(\/b To further investigate the origin of the
\Qo N high number of deletions in polh-1polk-1
deficient strains, we looked for manifes-
tations of genomic instability in germ
cells of these animals. We observed a mild
but statistically significant increase in
the number of foci of the DSB marker
RAD-51 in proliferating germ cells of
polh-1polk-1 mutant animals (Supplemen-
tal Fig. S3A,B). Elevated levels of DSBs,
are also suggested by the spontaneous

Figure 1.

have been sequenced with a minimal 12-fold base coverage (Sup-
plemental Table S1).

Although pol eta and pol kappa have reduced accuracy while
replicating from undamaged as well as damaged DNA templates
(Matsuda et al. 2000; Ohashi et al. 2000), we found that these
proteins hardly contribute to base substitution processes or
microsatellite instability under normal growth conditions. No
significant elevation in the substitution or microsatellite mutation
rates were found in polh-1polk-1 worms compared to wild-type
controls (Fig. 1B), which shows that another class of genetic
changes must be responsible for the observed mutator phenotype.
To detect other structural variations, we used Pindel software, de-
veloped to identify deletions and/or insertions in whole-genome
sequencing data (Ye et al. 2009). Strikingly, a unique class of de-
letions emerged in polh-1 and polh-1polk-1 mutants which were not
associated with repetitive loci, or with sequences able to adopt
a stable secondary structure (e.g., G4 DNA) or with any other obvious
genomic trait. Instead, these deletions occurred at seemingly ran-
dom locations throughout the genome (Fig. 1C; Supplemental Fig.
S$2). The vast majority of deletions ranged between 50 and 200 bp in
size, with just a few exceptions being larger or smaller (Fig. 1D). The
median size of 107 bp was similar for deletions derived from either
polh-1 or polh-1polk-1-mutant animals (Fig. 1D). Control wild-type
and msh-6 samples did not display any mutations from this class.
Deletions occurred in polh-1 single mutants with a rate of ~0.4
per animal generation, which translates to an average of ~0.03 de-
letion per genome per cell division. polk-1 single mutants

Spontaneous mutagenesis in TLS-deficient strains. (A) Generation of mutation accumula-
tion (MA) lines. For each genotype, multiple populations were started by cloning out single worms from
a single hermaphrodite PO. Cultures were propagated by transferring animals to new plates each
generation. At generation F,,, a single animal was grown to a full population, from which genomic DNA
was isolated and subjected to whole-genome sequencing on an lllumina HiSeq. (B) Substitution and
microsatellite mutation rates for the indicated genotypes. Mutation rates are expressed as the number of
mutations per generation divided by the fraction of the genome covered >3 times in all samples. (C)
Rates of structural variations for the indicated genotypes. (D) Size distribution of deletions in the dif-
ferent mutant backgrounds. The median sizes are indicated by the gray horizontal lines.

emergence of dominant him mutants in
polh-1polk-1 mutant populations (Supple-
N mental Fig. S1). This phenotype, which is
defined by dominant inheritance of an
increased number of males (XO) in pre-
dominantly hermaphroditic (XX) pop-
ulations, has previously been found upon
exposure to gamma irradiation and in
mutants with enhanced telomere short-
ening, where it proved to result from X/
autosome translocations (Herman et al.
1982; Meier et al. 2009). Despite these
manifestations of enhanced replication
stress in polh-1polk-1 mutants, the levels
of DSBs were insufficient to activate the two DNA damage check-
points that operate in the C. elegans germline: cell cycle arrest and
apoptosis (Gartner et al. 2000). We found neither a reduction in
germ cell proliferation nor an increase of apoptotic bodies in polh-
1polk-1 mutant germlines, suggesting that TLS-compromised germ
cells proliferate in the presence of elevated levels of DSBs, with
genomic deletions as a consequence (Supplemental Fig. S3C-E).

Footprints of error-prone DSB repair

To obtain mechanistic insight on the biology of deletion forma-
tion, we performed a detailed analysis on the sequence context
of 141 polh-1polk-1-derived deletions (Supplemental Data File).
Although the majority had simple deletion junctions (without
inserts), ~25% of the footprints showed insertions of short se-
quence stretches (Fig. 2A). Cases with inserts sufficiently long to
faithfully trace their origin revealed that the inserted stretch, or
part of it, is identical to sequences flanking the deletion (Fig. 2B,C).
This finding strongly suggests that DNA close to the break site was
used as a template for de novo synthesis before both DNA ends
were joined.

A DSB repair mechanism involving DNA synthesis is also
suggested by the notion of a “priming” nucleotide in >80% of all
deletions: 83 of the 102 deletions without inserts contain at the
junction at least one nucleotide that could have originated from
either flank; in 51 cases, this is restricted to a single nucleotide.
To systematically assess the significance of this observation, we
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Figure 2. Deletion footprints in TLS mutants indicate a priming-based end joining mechanism. (A) Distribution of deletion footprints in polh-1polk-1
mutants. (B) Schematic illustration of a deletion associated with a templated insertion. Deleted sequence in pink; newly inserted sequence in purple and its
template boxed; nonaltered DNA in gray. (C) Sequence context of deletions with templated insertions derived from polh-1polk-1 animals. Matching
sequences are underlined. (D) Schematic illustration of a deletion not accompanied by insertions. Deleted sequence in pink; nonaltered DNA in gray. The
eight-nucleotide window, capturing neighboring flanking and deleted sequences and used for the generation of the heat maps, is underlined. (E) The
strategy to score junction homology: For each simple deletion, matching bases between the 5" and 3’ junction were scored 1, nonmatching bases were
scored 0, thus creating one map per deletion. (F) A heat map representing the sum of all individual deletion maps derived from polh-1polk-1 animals (n =
102). A heat map for a simulated set of deletions (n = 6796) with random distribution is displayed on the right. (G) Base composition at the 5’ and 3’
junctions. The flanking sequences have positive numbers, the deleted sequences have negative; —1 being the first nucleotide within the deletion. Dotted
lines indicate the relative abundance of a particular base for a simulated set of deletions (n = 6796).

constructed deletion junction heat maps, which reflect the level
of (micro)homology between 5’ and 3’ junctions (Fig. 2D-F). We
scored the degree of sequence identity in an 8-nt window,
encompassing the four outermost nucleotides of the flanking
sequence and the four nucleotides of the adjacent, but deleted,
sequence. Indeed, compared to a randomly distributed simulated
set, we found a very high similarity score for the nucleotide at the
—1 position of the deletions and the +1 position of the opposing
flanks (P = 7.3 X 10~'). Importantly, this profound degree of
microhomology is restricted to only a single one—the terminal
nucleotide.

Replication-blocking endogenous damage resides at guanines

We next investigated whether the deletion specifics would reveal
the nature of the spontaneous damage underlying fork stalling and
break formation in TLS-compromised animals using the following
rationale. Deletions in TLS-deficient animals are likely brought
about by an inability to incorporate a base across endogenous le-
sions. If the nascent strand, blocked at the site of base damage,
defines one end of the deletion junction, then the —1 position of
the corresponding junction will represent the nucleotide com-
plementary to the damaged base: It is the first base not to be in-
corporated. To test this hypothesis, we plotted the base distribu-
tion for each position of the junction and indeed found it not to be
random at the —1 position, but rather found it to be dominated by

cytosines (Fig. 2G). This result strongly suggests that spontaneous
base damage that requires pol eta and pol kappa to avoid DSB in-
duction resides at guanines, which may point toward N2-dG and/
or 8-0xo-dG adducted sites as a primary source of spontaneous
mutagenesis.

Deletion formation is dependent on pol theta

The frequent occurrence of templated insertions at the deletion
junctions suggests the involvement of a DNA polymerase to repair
DSBs that are induced at replication-blocking dG bases. One
candidate is the A-family DNA polymerase theta, which was pre-
viously implicated in the repair of interstrand crosslinks in vari-
ous models and in the repair of transposition-induced DSBs in
Drosophila (Shima et al. 2004; Muzzini et al. 2008; Yousefzadeh and
Wood 2012). We recently identified a role for pol theta in pre-
venting genomic instability at endogenous sequences that are able
to fold into potentially replication-blocking G-quadruplex struc-
tures (Koole et al. 2014). To test a possible role for this protein in
deletion formation at spontaneous damage, we generated animals
defective for polh-1polk-1 and the C. elegans pol theta homolog
polg-1. Strikingly, these animals are severely compromised in nor-
mal growth: Although polg-1 and polh-1polk-1 animals had nearly
wild-type growth characteristics, polh-1polk-1polg-1 triple mutant
animals had a high rate of reduced fertility, albeit in a stochastic
fashion, ranging from complete sterility to brood sizes of 30% of

956 Genome Research
www.genome.org



Role of polymerase theta in genome stability

wild-type levels (Fig. 3A). Associated with these fertility defects, we
observed a profound increase in the number of RAD-51 foci in the
proliferative zone of the germline as well as activation of the DNA
damage checkpoint, suggesting increased DNA end-resection and
DSB signaling (Fig. 3B,C; Supplemental Fig. S3E). From this, we
conclude that when damage cannot be bypassed, pol theta action
safeguards animal fertility by preventing undesired HR-related
processing of replication-associated breaks, which trigger check-
point activation and prohibit proliferation.

Because the notion of endogenous damage blocking the
replication fork can only be inferred indirectly from our data, we
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Figure 3. Pol theta mediates end joining of breaks in pol eta- and pol
kappa-deficient animals. (A) Fecundity of single, double, and triple
knockout mutants of pol theta and TLS polymerases pol eta and pol kappa.
(B) Quantification and (C) representative pictures of RAD-51 immuno-
stainings on germlines of the indicated genotype. Scale bar, 10 um. (D)
Schematic representation of the unc-22 reporter gene and spontaneous
deletions (in red) isolated from either polh-1polk-1 or polh-1polk-1polg-1
mutant animals. Three of five deletions extended beyond the borders of
the unc-22 locus.

tested whether a similar detrimental effect of knocking out pol
theta is also observed on bona-fide fork-stalling lesions, such as
UV-induced photoproducts. Indeed, mutating pol theta strongly
sensitizes polh-1 mutant animals—but not wild-type animals—to
UV exposure (Supplemental Fig. S3F). This further strengthens the
conclusion that pol theta action minimizes the toxic effects of
persistent replication-blocking DNA lesions that result from either
an endogenous or exogenous source.

To study the role of pol theta in deletion formation on a mo-
lecular level, we assessed mutagenesis using an endogenous unc-22
reporter gene (Fig. 3D). We isolated spontaneous unc-22 mutants
from polh-1polk-1 and polh-1polk-1polg-1 populations and de-
termined their molecular nature using PCR and Sanger sequenc-
ing. In perfect agreement with our whole-genome sequencing
data, all unc-22 mutations derived from polh-1polk-1 animals were
50- to 200-bp deletions characterized by single nucleotide ho-
mology and templated insertions (Fig. 3D; Supplemental Table S2).
In sharp contrast, unc-22 mutants derived from polh-1polk-1polq-1
triple mutants, while being induced at comparable rates, were of
a completely different size category. Here, deletions were typically
larger than 5 kb, with some spanning >30 kb of genomic sequence,
thus amplifying the deleterious impact of replication-stalling le-
sions >100-fold (Fig. 3D; Supplemental Tables S2, S3). We conclude
that a pol theta-mediated end joining mechanism is responsible
for the generation of small-sized deletions induced by replication
fork stalling endogenous lesions. In its absence, large stretches of
DNA surrounding DSBs are resected, resulting in abundant RAD-51
filament formation, mitotic checkpoint activation, and excessive
loss of DNA.

Pol theta in wild-type C. elegans strains

The notion that we have uncovered a role for pol theta in genome
protection under TLS-deficient conditions raises the following
question: Does pol theta-mediated repair also act when TLS is
functional? Or, in other words, how relevant is this error-prone
repair pathway for animal fitness? We hypothesized that the
action of an error-prone repair mechanism with such a clear
and distinct signature, i.e., a distinct size class, single nucleotide
homology, and templated insertions, may leave its fingerprint
in evolving genomes. For this reason, we compared the genomes
of different natural isolates of C. elegans to identify structural
variations and defined their characteristics (Fig. 4). The majority
of deletions are of small size—60% being smaller than 10
bp—while the number of deletions decreases with increasing size
in an exponential manner. However, we found deletions in the
size range 50-200 bp much more abundantly present than
expected from this exponentially declining trend (Fig. 4B).
Moreover, deletions in this size range bear the pol theta signature:
templated insertions and a strong overrepresentation (>80%) of
having at least one nucleotide homology (Fig. 4C), which sup-
ports arole for pol theta in genome change during nonchallenged
growth. Unexpectedly, we observed templated insertions (2%)
also in the small size range of deletions, and found also this class
to be dominated by =1 nucleotide homology at the junction
(Fig. 4C,D), hinting to a much broader involvement of pol theta
in genomic change, not being restricted to the creation of 50- to
200-bp deletions.

To further investigate the potential contribution of pol theta
in spontaneous mutation induction under nonchallenged growth
conditions, we used a forward mutagenesis assay that is based on
the uncoordinated movement of animals carrying a dominant
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Figure 4. Signature of pol theta-mediated end joining in natural isolates of C. elegans. (A) Phylogenetic tree diagram of the different isolates of C. elegans
used in this study. (B) Size distribution of deletions of evolutionary distinct C. elegans species compared to size distribution of polh-1polk-1-derived
deletions. An exponential regression curve describes the size distribution of deletions in both natural isolates up to 20 bp; deletions up to 200 bp
are overrepresented. (C) Deletions in natural isolates, especially in size class 50-200 bp, show templated insertions analogously to deletion footprints
in polh-1polk-1 animals. (D) Microhomology for deletions in natural isolates as compared to deletions in polh-1polk-1 animals. (E) unc-93 mutagenesis in

polg-1 worms and wild-type controls.

mutation (e1500) in the UNC-93 protein that affects muscle con-
traction (De Stasio et al. 1997; Greenwald and Horvitz 2003). This
phenotype is suppressed by complete loss of function of unc-93, or
by loss of one of several extragenic suppressor genes (e.g., sup-9,
sup-10). We propagated populations?wild-type and polg-1 mu-
tant animals from which we isolated and molecularly character-
ized revertant animals that had normal movement. Strikingly, the
total number of revertants was increased fourfold in polg-1 mu-
tants (Fig. 4E; Supplemental Tables S4, S5), demonstrating that
pol theta action also prevents mutation induction in wild-type
animals during normal growth. The increased mutagenesis in
polg-1 is mainly attributed to a selective increase in large chro-
mosomal deletions, similar to those previously identified in unc-22
in polh-1polk-1polg-1 deficient strains (Supplemental Fig. S5). In-
terestingly, we observed that one mutation class, i.e., small de-
letions =3 bp in size, was completely absent in animals polg-1
(3/28 in wild types versus 0/111 in polg-1 mutants), arguing, to-
gether with the identification of the pol theta signature carrying
small-sized deletions in the genomes of natural isolates, that pol
theta protect cells against arrest and the genome against large
chromosomal DNA loss, but at the price of small deletions.

Discussion

TLS polymerases eta and kappa operate on endogenous lesions
in an error-free manner

Our data present the first evaluation of the contribution of two
main members from the Y family polymerases eta and kappa to the
stability of an animal’s entire genome under unchallenged con-
ditions. We show that these TLS polymerases prevent the indu-
ction of spontaneous deletions. Although in vitro studies demon-
strated the reduced accuracy of pol eta and pol kappa while replicating
from undamaged and damaged DNA templates (Johnson et al. 1999;
Masutani et al. 1999a; Haracska et al. 2000; Matsuda et al. 2000;
Ohashi et al. 2000; Fischhaber et al. 2002; Kusumoto et al. 2002), our
in vivo data show that the biologically desired bypass action of pol eta
and pol kappa is largely error-free: Their joined action prevents ~2
deletions per animal generation without significantly affecting the
overall substitution rate (Fig. 1B).

Deletions were found in animals deficient for pol eta but not
in pol kappa mutant strains. Pol kappa nevertheless can act on
spontaneous damage because a greatly increased number of de-
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letions result from the combined absence of both pol eta and pol
kappa. This outcome suggests that the two Y-family members
function redundantly on a subset of endogenous lesions, a con-
clusion thatis further supported by a similar genetic interaction for
sensitivity toward the guanine alkylator MMS. Also for this exog-
enous source of DNA damage, animals deficient for both pol eta
and pol kappa are profoundly more sensitive than animals de-
ficient for only pol eta, whereas pol kappa disruption by itself only
very mildly increases the sensitivity of wild-type worms. (Roerink
et al. 2012). Under nonchallenged conditions, we found deletion
junctions to preferentially result from replication fork stalling
at dG residues (Fig. 2G), which may point toward N2-dG and/or
8-0x0-dG adducted sites as a primary source of spontaneous mu-
tagenesis, because bypass activities of pol eta and pol kappa have
been reported for these lesions (Haracska et al. 2000; Avkin et al.
2004).

An error-prone pol theta-mediated mechanism for repair
of replication-associated DSBs

The footprints of the deletions that are
suppressed by TLS polymerases fit best
with a model in which one end of a DSB,
induced at replication-blocking lesions, is
extended using the other end as a tem-
plate with just a single base-paired nu-

Y\ TLS
- s —> C
j— R G

template for, e.g., homologous recombination, because that tem-
plate still contains the original replication-blocking lesion (Fig. 5).
In favor of a role for TME] in preventing futile HR, we observed
abundant RAD-51 filament formation, mitotic checkpoint activa-
tion, and excessive loss of DNA in the absence of pol theta. When
damage cannot be bypassed, pol theta action safeguards animal
fertility by preventing undesired HR-related processing of replica-
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with single nucleotide homology

POL theta
Bl

Deletion of 50 - 200 bps
with templated insertion

Figure 5. A tentative model for TME| of breaks induced at replication fork barriers. DNA lesions from
endogenous sources—with increased frequency in the absence of functional TLS—causes replication
fork blocks, leading to double-stranded breaks. The broken ends are repaired by pol theta-mediated
end joining (TME]), which is stimulated by minimal priming of 1 base pair, explaining deletions with
single nucleotide homology (left). Iterative cycles of priming, extending, and dissociation will result in
deletions with templated insertions (right). In pol theta-deficient cells, DNA breaks resulting from rep-
lication fork stalling are differently processed, eventually leading to larger size deletions.
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invasion of a 3’ single-strand end, either resulting from DNA
breaks (MMBIR) or stalled forks (FoSTeS) into the sister molecule or
into another replication fork that is in 3D physical proximity, to
ensure ongoing DNA replication. Our data on deletion junctions
that result from blocked replication either at endogenous lesions
(this manuscript), or secondary structures such as G4 DNA (Koole
et al. 2014), favor an end joining mechanism based on the pres-
ence of two-ended double-strand breaks, which may be the result
of replication of gapped DNA intermediates that form at persis-
tent replication fork blocks (Fig. 5), as opposed to restarting repli-
cation of a one-ended break. The observation that Mus308,
the Drosophila ortholog of pol theta, can act on dsDNA breaks
resulting from P-element excision, is also in concert with an end
joining mechanism.

Another difference between TME] and MMBIR/FoSTeS relates
to size; whereas TME] deletions are typically 50-200 bp, the re-
arrangements that are explained by MMBIR/FoSTeS models span
kilobases. Nevertheless, all models evoke the presence of flexible
primer-template intermediates that can be extended in recurrent
cycles and imply DNA polymerase action. Important in that re-
spect is the recent observation that MMBIR-type rearrangement in
mammalian cells can be induced by replication stress and depends
at least in part on the Pol delta subunit PolD4 (Costantino et al.
2014).

Interestingly, although the vast majority of genomic re-
arrangements that we observed in TLS-compromised animals are
50-200 deletions, we nevertheless found a very small number of
more complex rearrangements (Supplemental Data File). These
events may, because of their complexity and size, more closely
resemble the complex rearrangement found in mammalian cells;
however, their number was too limited to allow systematic anal-
yses, and none were found in any of our other less sensitive phe-
notype-based assays, thus precluding genetic analysis at this stage.

TME] footprints in evolving genomes

The observation that pol theta also suppresses mutagenesis in wild-
type animals, together with the notion that the signature of TME]
is apparent in the genomes of natural isolates of C. elegans, argues
for a prominent role of this error-prone pathway to protect ge-
nomes against large chromosomal rearrangements. This role seems
not to be restricted to replication fork stalls. Although the class of
50- to 200-bp deletions that is seen in TLS-deficient animals is
overrepresented in genomes of natural isolates, the predominant
fraction of deletions are smaller in size. Still, these smaller-sized
deletions bear a TME] signature in that they are characterized by
single-nucleotide homology and frequently are associated with
templated insertions. A broader role for TME], thus being re-
sponsible for many types of structural variations, is also supported
by the unc-93 forward mutagenesis assay, in which small deletions
(3-12 bp) were exclusively found in pol theta-proficient strains.
Although mutagenic processes are drivers of evolution, they
also fuel malignant transformation of cells. It is a current challenge
to recognize specific classes of mutations in cancer genomes and
attribute these either to underlying sources of DNA damage or to
error-prone repair mechanisms. Identifying mutational signatures
typifying specific repair processes is pivotal to this ambition.
Templated insertions and the use of minimal homology—two
characteristics of TMEJ—have frequently been observed in higher-
order eukaryotes and in cancer tissues (Chen et al. 2010; Nik-Zainal
et al. 2012; Carvalho et al. 2013), and have been ascribed to either
classical nonhomologous end joining or the molecularly ill-

defined process of microhomology-mediated end joining (Honma
et al. 2007; Kloosterman et al. 2012). Here, we describe a mecha-
nistic alternative for repair of DSBs induced at stalled forks, which
leaves a distinct and well-defined footprint in evolving genomes.

Methods

C. elegans genetics

All strains were cultured according to standard methods
(Brenner 1974). Wild-type N2 (Bristol) worms were used in all
control experiments. Alleles used in this study are: polh-1 (If31);
polh-1 (0k3317); polk-1 (1f29); polg-1(tm2026); msh-6(pk2504);
bcls39[P(lim-7)ced-1 ::GFP + lin-15(+)]); unc-93(e1500). All mutant
strains were backcrossed six times before performing experiments.

Whole-genome sequencing of MA lines

Mutation accumulation (MA) lines were generated by cloning out
F1 animals from one hermaphrodite. Each generation, about five
worms, were transferred to new plates. MA lines were maintained
for 60 generations or until severe growth defects developed. Single
animals were then cloned out and propagated to obtain full plates
for DNA isolation. Worms were washed off with M9 and incubated
for 1 h at room temperature while shaking in order to remove
bacteria from the animal’s intestine. After two washes, worm pel-
lets were lysed for 2 h at 65°C with SDS containing lysis buffer.
Genomic DNA was purified by using a DNeasy kit (Qiagen). Paired-
end (PE) libraries for whole-genome sequencing (HiSeq 2000 Illu-
mina) were constructed from genomic DNA according to manu-
facturers’ protocols with some adaptations. Shortly, 5 ug DNA was
sheared using a Covaris $220 ultrasonicator, followed by DNA end-
repair, formation of 3'A overhangs using Klenow and ligation to
MNlumina PE adapters. Adapter-ligated products were purified
on QIAquick spin columns (Qiagen) and PCR-amplified using
Phusion DNA polymerase and barcoded Illumina PE primers for 10
cycles. PCR products of the 300-400 bp size range were selected on
a 2% ultrapure agarose gel and purified on QIAquick spin columns.
DNA quality was assessed and quantified using an Agilent DNA
1000 assay. Four to five barcoded libraries were pooled in one lane
for sequencing on a HiSeq.

Bioinformatic analysis

Image analysis, basecalling, and error calibration were performed
using standard Illumina software. For the analysis of the natural
isolates, paired-end whole-genome sequence data were down-
loaded from the NCBI Sequence Read Archive (SRP011413)
(Grishkevich et al. 2012), and sequence reads were mapped to the
C. elegans reference genome (WormBase release 225) by BWA (Li
and Durbin 2009). SAMtools was used for SNP and indel calling,
with BAQ calculation turned off (Li et al. 2009). All nonunique
SNPs and indels are considered to be preexisting and were filtered
out using custom Perl scripts. To identify microsatellite mutations
and deletions, we used Pindel, developed by Ye et al. (2009). A
more detailed description of the bioinformatic procedures can be
found in the Supplemental Material.

Microscopy

To study RAD-51 foci formation, germlines were dissected, freeze
cracked, and subsequently washed with 1% Triton and methanol
(—20°C). RAD-51 was visualized by using an anti-RAD-51 rabbit
monoclonal antibody and an Alexa488-labeled goat-anti-rabbit
secondary antibody (Molecular Probes, Inc.), combined with
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10 ng/mL DAPI. Dissected worms and eggs were mounted using
Vectashield. Apoptosis was monitored using a lim-7 driven
CED-1::GFP fusion, which visualizes sheath cells surrounding
apoptotic germ cells. All microscopy was performed with a Leica
DM6000 microscope.

UV sensitivity assay

To assess the sensitivity of germ cells to UV-exposure, young adults
were exposed to various doses of UV light and subsequently
allowed to lay eggs for 48 h; 24 h later, the number of nonhatched
eggs and surviving progeny were determined.

Unc-22 mutagenesis assay

To identify spontaneous mutations in the unc-22 muscle gene, we
started 50 populations by transferring a single animal to 9-cm
plates seeded with OP50. In the case of the synthetically sick
polh-1polk-1polg-1 mutant, we started 200 populations with five
worms per plate. Animals were washed off with 2 mM levamisole
and transferred to six-well plates to facilitate scoring of unc-22
mutants, which are insensitive to the hypercontracting effects of
the drug levamisole. Independent unc-22 mutant animals were
isolated. Genomic DNA was isolated from homozygous animals
for subsequent PCR and sequence analysis.

Unc-93 (el500) mutagenesis assay

To generate a complete spectrum of spontaneous mutations, we
used a mutagenesis assay based on reversion of the so-called
“rubber band” phenotype, caused by a dominant mutation in the
muscle gene unc-93 (De Stasio et al. 1997; Greenwald and Horvitz
2003). Reversion of the unc-93(e1500) phenotype is caused by
homozygous loss of unc-93 or one of the suppressor genes sup-9,
sup-10, sup-11, and sup-18. Polq-1(tm2026) unc-93(e1500) and unc-
93(e1500) animals were singled to 2 X 400 6-cm plates. These
plates were grown until starvation, and equal fractions (chunks of
2 X 2 cm) were then transferred to 9-cm plates. Before these plates
were fully grown, they were inspected for wild-type moving ani-
mals. From each starting culture, only one revertant animal was
isolated to ensure independent events.

Large chromosomal deletions in unc-93, sup-9, and sup-10
were identified by PCR amplification of exonic regions and two
regions 5-kb upstream of and downstream from the respective
genes. Smaller genetic changes and substitutions were first classi-
fied into events in either the unc-93 gene or in one of the sup-
pressor genes by their ability to complement a known unc-93 de-
letion allele. All unc-93 exons were sequenced in revertant animals
that failed to complement unc-93, whereas all exons of sup-9 and
sup-10 were sequenced in revertants that complemented unc-93.
Sup-11 or sup-18 could not be subjected to molecular analysis due
to lack of sequence data. Revertants that complemented unc-93 but
that did not have a detectable mutation of sup-9 or sup-10 were
classified as “unknown.”

Data access

The sequencing data have been submitted to the NCBI Sequence
Read Archive (SRA; http://www.ncbi.nlm.nih.gov/sra) under ac-
cession number SRP020555.
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