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ABSTRACT
The accurate repair of DNA double-strand breaks is essential for cell survival and maintenance of
genome integrity. Here we describe xIfI*, a gene in the fission yeast Schizosaccharomyces pombe that is
required for repair of double-strand breaks by nonhomologous end joining during G; phase of the cell
cycle. XIfl is the ortholog of budding yeast Nejl and human XLF/Cernunnos proteins.

NA double-strand breaks (DSBs), which can arise
from endogenous or exogenous sources, partic-
ularly ionizing radiation (IR), are considered among
the most lethal and genome-destabilizing types of DNA
damage (PIERCE et al. 2001; WILLERS et al. 2004). Ef-
ficient and accurate repair of DSBs is essential to pre-
serve genome integrity. The options for repair of DSBs
depend on the circumstances in which the DNA dam-
age is suffered (PAQuUEs and HABER 1999; vaAN GENT
et al. 2001; WEsT 2003; KrROGH and SyMINGTON 2004;
SANCAR et al. 2004). DSBs that arise in Gy phase of a
haploid organism can be effectively repaired by homol-
ogous recombination (HR), an errorfree mechanism
that uses the undamaged sister chromatid as a template
for repair of the broken chromosome. In contrast,
when DSBs occur in G; phase of a haploid cell, the
sister chromatid is unavailable as a template for DNA
repair. In this circumstance, the only option for repair
of DSBs in unique DNA sequences is the mechanism of
nonhomologous end joining (NHE]). This error-prone
mechanism of DNA repair, which was originally dis-
covered in mammalian cells, has since been shown to
be broadly conserved among eukaryotes, including the
budding yeast Saccharomyces cerevisiae and the fission
yeast Schizosaccharomyces pombe.

In mammalian cells, NHE] depends on the Ku70,/80
complex that is thought to function as an end-to-end
synapsis factor, on DNA-dependent protein kinase (DNA-
PK), on Artemis endonuclease, and on the XRCC-DNA
ligase IV complex, which carries out the final step of
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NHE] (SANCAR et al. 2004; WETERINGS and VAN GENT
2004). NHEJ in S. cerevisiae requires Ku70/80, the
Mrell-Radb0-Xrs2 (MRX) complex that is also essen-
tial for repair of DSBs by homologous recombination,
DNA ligase IV in a complex with the XRCC4-like protein
Lifl, and a protein known as Nejl (FRANK-VAILLANT and
MaRrcAND 2001; KEGEL et al. 2001; VALENCIA et al. 2001;
Dubasova et al. 2004; DALEY et al. 2005). The only
known NHE] factors in fission yeast are the Ku70/80
complex and DNA ligase IV (ManNoLis et al. 2001;
MivosHI et al. 2003; PRUDDEN et al. 2003; FERREIRA
and CoopPERr 2004). Curiously, S. pombe does not have a
homolog of XRCC4/Lifl, nor does it require the
Mrell-Rad50-Nbsl (MRN) complex for NHE] (MaNoOLI1s
et al. 2001). Similarly, current evidence suggests that the
MRN complex is not required for NHE] in metazoan
organisms (D1 VIRGILIO and GAUTIER 2005). These data
suggest that a core group of proteins are required for
NHE] in all species (Ku70/80 and DNA ligase IV), with a
larger group of accessory factors (DNA-PK, Artemis,
XRCC4/Lifl, and MRN/MRX) that are required for
NHE] in only a subset of organisms.

An exciting recent development in the field of DNA
repair was the discovery of a novel human NHE] factor
known as XLF/Cernunnos and the realization that is an
ortholog of S. cerevisiae Nejl (AHNESORG et al. 2006;
Buck et al. 2006a; CALLEBAUT ef al. 2006; SEKIGUCHI and
FErGUsON 2006). Cernunnos patients display a set of
phenotypes, including microcephaly and immune de-
ficiency, which closely resemble the characteristics of
patients defective for DNA ligase IV (O’DRiscoLL et al.
2001; BEN-OMRAN e/ al. 2005; Buck et al. 2006b). These
data are consistent with the evidence that XLF/Cernunnos
interacts with the XRCC4-DNA ligase IV complex,
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F1GUure 1.—Nejl/XLF/Cernurnnos homologs. (A) A representation of the XIfl homologs in S. pombe, Homo sapiens, Aspergillus
nidulans, Neurospora crassa, Tetrahymena thermophila, Gallus gallus, and Dictyostelium discoideum. All of these proteins have a core ho-
mology domain of ~175 amino acids that is ~18% identical at the primary sequence level between any two of the proteins shown.
They also all contain a conserved motif at their extreme C terminus. (B) Conserved C-terminal motif of XIfl homologs.

suggesting that XLF/Cernunnos is a third essential sub-
unit of this complex. We had previously noted the ex-
istence of a potential Nejl/XIfl/Cernunnos-like gene
in the genome of fission yeast, as also recently reported
by others (CALLEBAUT et al. 2006). In view of the po-
tential importance of this gene in NHE], and the ap-
parently different functional requirements for NHE]
among S. cerevisiae, S. pombe, and humans, we decided to
investigate the S. pombe homolog of XLF/Cernunnos/
Nejl, hereafter called XIf1. The aim of these studies was
todetermine if S. pombe XIf1 is required for repair of DSBs
by NHE]J.

The S. pombe xIfI* gene, whose systematic name is
SPCC24B10.14c, is located on chromosome 3 (co-
ordinates 924,212-924,936) between the snR94 and
SPCTRNAARG.09 genes. The predicted mRNA contains
one intron that, when spliced out, leaves a transcript
that encodes a 203-amino-acid protein. The presence
of this intron was confirmed by cloning xIfI" from a
c¢DNA library (our unpublished data). Putative homo-
logs of xIfI* exist in a diverse range of fungi and other
organisms (Figure 1A) (CALLEBAUT et al. 2006). Inter-
estingly, the size and organization of XIfl/Nejl homo-
logs varies widely throughout eukaryotic evolution.
Mammalian homologs are ~300 amino acids, homo-
logs in filamentous fungi are ~600 amino acids, and S.
pombe XIf1 is exceptional in being only 203 amino acids
(Figure 1A). In fact, fission yeast XIfl consists almost
entirely of an ~175-amino-acid core homology region
located in the conserved N-terminal region of most
other XIfl/Nejl homologs (Figure 1A). The variable
C-terminal regions of XIfl /Nejl homologs in filamen-

tous fungi and other nonmetazoan species have no
apparent sequence similarity to their metazoan coun-
terparts. However, all of the homologs shown in Figure
1A, and homologs in most other species, share a con-
served motif at their extreme termini (Figure 1B). This
motif consists of a region rich in basic amino acids (R or
K) followed by a phenylalanine residue at either the
most C-terminal or the penultimate position (Figure
1B). The C-terminal cluster of basic amino acids was
previously noted in metazoan XLF/Cernunnos proteins
(AHNESORG et al. 2006). It was speculated to be part of a
nuclear localization signal (NLS) because a cluster of
basic amino acids is typical of many NLS sequences
(AHNESORG et al. 2006). Alternatively, the highly con-
served phenylalanine residue suggests that this region
might be involved in a protein—protein interaction.
Interestingly, this sequence is not found at the C termi-
nus of S. cerevisiae Nejl.

We performed a one-step deletion of the entire open
reading frame of the xIfI* gene, replacing it with the
kanMx marker in a haploid strain. The correct replace-
ment of x{f1" by kanMx was confirmed by PCR analysis.
The xlf1::kanMx appeared to be fully viable. Genetic
crosses confirmed that there were no suppressor muta-
tions in the viable haploid xIfI::kanMx cells. Unlike
mutants defective in homologous recombination, such
as nbsIA cells (CHAHWAN et al. 2003), the cells in xIfIA
cultures were not elongated and there was no increase
in dead cells relative to the wild-type control (our un-
published data).

Fission yeast mutants defective in NHE] exhibit little
or no sensitivity to IR or other genotoxic agents that
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cause DSBs (FERREIRA and CoOPER 2004). This pheno-
type can be explained by the cell cycle distribution of S.
pombe cells growing in optimum growth conditions.
These cells have a long Gy phase and essentially no Gy
phase; hence the vast majority of cells in an asynchro-
nous culture have a 2CDNA content and thus are able to
repair DSBs by homologous recombination. On the
other hand, cells starved of nitrogen primarily arrest
division in G; phase; hence in these conditions NHE]
is needed for repair of DSBs (FERREIRA and COOPER
2004). We therefore tested whether xIfIA cells were
sensitive to IR when grown to log phase or in cultures
starved of nitrogen. In log phase, the IR survival of
xIfIA cells was equivalent to wild type (Figure 2A). In
nitrogen-starved cells, the IR survival of wild-type cells
was decreased relative to wild-type (and xIfIA cells) cells
grown in rich media. This result is indicative of the
relative inefficiency of NHE] compared to HR in re-
pairing DSBs. Significantly, in nitrogen-starved cells the
IR survival of xIfIA cells was decreased relative to wild
type (Figure 2A). From these results we conclude that
XIf1 is required for efficient repair of DSBs in G; but not
during G phase.

These findings suggested that XIf1 was likely part of
the NHE] mechanism that repairs DSBs in G; phase. To
address this question more specifically, we performed
genetic epistasis analysis with x/fJA and pkuS8OA muta-
tions. Previous studies showed that pKUBS0 is essential
for NHE] in fission yeast (MivosHI et al. 2003). As ob-
served in the previous experiment, neither of the single
xlfIA and pku80A mutants were sensitive to IR when log-
phase cultures were irradiated (data not shown). Like-
wise, the x{fIA pku8OA double mutant was insensitive to
IR in log-phase cultures (data not shown). However,
when nitrogen-starved cells were irradiated, we observed
that both the xifIA and pku80A strains were more sen-
sitive to IR compared to wild type, and their degree of
IR sensitivity was approximately equal (Figure 2B).
Importantly, the xIfIA pku80A double mutant was no

more sensitive to IR than either of the single mutants
(Figure 2B).

These results strongly indicated that XIf] is essential
for the Ku80-dependent process of repair of DSBs by
NHE]J. To specifically address this question, we per-
formed linear plasmid ligation assays with the relevant
strains. Intact plasmid pAL-SK+ or the same plasmid
linearized with BamHI endonuclease was transformed
into cells as previously described (NAKAMURA et al.
2004). The relative copy number of transformed colo-
nies from cut vs. uncut plasmid was calculated for each
strain and normalized relative to wild type. This analysis
showed that there was a large deficiency in linear
plasmid transformation efficiency in the xIfIA and
Ppku80A strains relative to wild type (Figure 3). As seen
for the IR survival assays, the defect of the xIfIA pku8OA
double mutant in the linear plasmid transforma-
tion efficiency was equivalent within statistical error to
either of the single mutants (Figure 3), indicating that
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Ficure 3.—XIf1 is required for NHE]. A plasmid repair as-
say to measure NHE] efficiency was carried out for the indi-
cated strains. Relative colony numbers obtained from
transformation with cut vs. uncut plasmid are plotted. Intact
plasmid pAL-SK+ or the same plasmid linearized with BamHI
endonuclease were transformed into cells as previously de-
scribed (NAKAMURA et al. 2004).



966 S. Cavero, C. Chahwan and P. Russell

XIfl is essential for Ku80-dependent repair of DSBs
by NHE].

These genetic epistasis studies establish that XIfl is
required for repair of IR-induced DSBs by the NHE]
pathway in fission yeast. Because xIfIA cells are insen-
sitive to IR when irradiated in log-phase cultures, we
further conclude that XLF1 is not required for repair
of DSBs by homologous recombination. We have also
tested whether log-phase xIfIA cells are sensitive to a
variety of other genotoxic agents, such as hydroxyurea
(HU), UV irradiation, methyl methanesulfonate, and
camptothecin (CPT). These agents can damage DNA in
a variety of ways. For example, HU causes replication
forks to stall, while CPT cause replication fork breakage.
Neither the xifIA cells nor the pkuS8OA mutant were
abnormally sensitive to these DNA-damaging agents
(our unpublished data), again pointing to a role of XIfl
specifically in NHE]J. From these results we conclude
that XIfl is an essential core component of NHE] in
fission yeast.

The discovery of the similarity between XLF and Nejl
suggests that the full battery of known budding-yeast
NHE] repair factors is present in metazoa. Intriguingly,
fission yeasts seem to lack an ortholog of the Lifl/
XRCC4 subunit. There is a slim possibility that a highly
divergent ortholog remains to be identified, but given
the high degree of similarity between the budding
yeast and metazoan proteins, the inability to identify a
sequence homolog might genuinely reflect a gene loss
event from the fission yeast genomes. It has been sug-
gested that in spite of the lack of any clear primary
sequence similarity, XLF bears a high degree of re-
semblance to XRCC4 at the secondary structure level
(AHNESORG et al. 2006; CALLEBAUT et al. 2006). It is
therefore reasonable to speculate that S. pombe might
rely on one protein, XIfl, perhaps in a homodimeric
state, to perform functions similar to those usually per-
formed by an XRCC4-XLF heterodimer in other spe-
cies. Such a scenario is not unprecedented. For instance,
the two subunits of the heterodimeric structure-specific
endonucleases Mus81-Emel and XPF-ERCCI share a
high level of predicted secondary structure similarity
in the catalytic and DNA-binding domains. Interest-
ingly, in Archea this family of heterodimeric nucleases
is represented by a single protein, Hef, which homo-
dimerizes to perform its catalytic functions (NISHINO
et al. 2005). Another possibility is that there exists a
subset of breaks that are refractory to ligation in the
absence of XRCC4. Conceivably, such reactions could
be dependent on physiological contexts, such as a
specific chromatin code around the site of the DNA
break, that are species specific. For instance, the his-
tone H3-K79 methyltransferase, Dotl, is present in bud-
ding and filamentous yeasts as well as in metazoa but
absent from fission yeasts (FENG et al. 2002; SANDERS
et al. 2004). As such, the loss of a specific NHE]-
inhibitory factor could have mitigated the require-

ment for an XRCC4 ortholog in the fission yeasts,
thereby leading to its subsequent loss. Future biochem-
ical experiments should provide a more conclusive
answer to these speculations.

Finally, we note that an independent study of S. pombe
XIfl appeared while this article was under review
(HENTGES et al. 2006). In agreement with the findings
reported here, HENTGES et al. (2006) found that XIf1 is
required for efficient transformation of S. pombe with a
linear plasmid and that it is also required for maximum
survival of spores exposed to ionizing radiation. It also
found that XIf1 multimerizes ¢n vitroand binds to DNA.

We thank the members of the Russell lab for support, advice, and
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