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ABSTRACT

The efficient repair of double-strand breaks (DSBs)
is crucial in maintaining genomic integrity. Sister
chromatid cohesion is important for not only faithful
chromosome segregation but also for proper DSB
repair. During DSB repair, the Smc1-Smc3 cohesin
complex is loaded onto chromatin around the DSB
to support recombination-mediated DSB repair. In
this study, we investigated whether Ctf18, a factor
implicated in the establishment of sister chromatid
cohesion, is involved in DSB repair in budding yeast.
Citf18 was recruited to HO-endonuclease induced
DSB sites in an Mrei1-dependent manner and to
damaged chromatin in G,/M phase-arrested cells.
The ctf18 mutant cells showed high sensitivity
to DSB-inducible genotoxic agents and defects
in DSB repair, as well as defects in damage-induced
recombination between sister chromatids and
between homologous chromosomes. These results
suggest that Ctf18 is involved in damage-induced
homologous recombination.

INTRODUCTION

DNA double-strand break (DSB) is probably the most
dangerous type of DNA damage among the various types
of DNA damage that can affect a cell. They are formed by
exogenous agents, such as ionizing radiation (IR) and
certain chemotherapeutic drugs and by endogenously
generated reactive oxygen species and chromosomal
stress. The inability to respond properly to DNA DSBs
and repair the damage may lead to genomic instability,
which in turn may either lead to cell death or increase the
risk of pathological consequences such as the development
of cancer (1).

Observations in yeast and mammalian cells suggest that
sister chromatid cohesion is important for DNA repair
as well as proper segregation of chromosomes. It has been
proposed that cohesin facilitates DNA repair by holding
sister chromatids locally at DSB sites to allow strand
invasion during homologous recombination (HR) (2-5).
The cohesin complex of budding yeast, which consists
of Smcl, Smc3, Sccl and Scc3, forms a ring-like structure
(6-11). This holds the sister chromatids together by
trapping the sister DNA molecules within its ring (11,12)
and is essential for maintaining cohesion between sister
chromatids until metaphase to assure equal segregation of
sister chromatids (13). Loading of the cohesin complex
onto chromatin requires the Scc2—Scc4 complex, whereas
Ecol/Ctf7 is required to establish sister chromatid
cohesion during S phase (14,15). The interaction between
Ecol/Ctf7 and PCNA, which acts as a clamp for DNA
polymerases, is essential for sister chromatid cohesion
(16,17). However, Ecol/Ctf7 is neither required for the
loading of cohesin onto chromatin nor for the main-
tenance of cohesion in G,/M phase (14,15).

Mutation of the CTFIS8 gene causes a decrease in the
fidelity of chromosome transmission or chromosome loss
(18). Mutations in CTF8 and DCCI as well as CTFIS,
whose products form an alternative replication factor C
(RFC) complex in conjunction with the four small
subunits Rfc2-5 of RFC (Ctf18-RFC), cause a moderate
non-lethal defect in sister chromatid cohesion (19-21).
Ctf18-RFC has been shown to interact with PCNA and
to load it onto DNA (22,23). Moreover, Ctf18-RFC is
capable of unloading PCNA in vitro (23). Since Ctfl8
physically associates with Ecol/Ctf7 (24,25), it seems
likely that the moderate defect in sister chromatid
cohesion of c¢tf18 mutant cells maybe related to the
function of Ecol/Ctf7. Of note, Ctf18 and Ecol/Ctf7 are
found at replication forks, and Ctf18 is required for the
efficient recruitment of PCNA onto replication forks
in HU-arrested cells (26).
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Studies in yeast have revealed that normal loading of
the cohesin complex onto chromatin during the progres-
sion of DNA replication is insufficient to hold DSB ends
in close proximity. This suggests that the cohesin complex
must be loaded within the vicinity of the DSBs following
replication to facilitate the repair of the DSBs through
sister chromatid recombination (SCR) (2,5,27). Until now,
the function of Ctf18 in homologous recombination has
not been considered because of the synthetic sick or lethal
interaction between the mutation of the CTFIS gene
and RAD52 (28) which plays a major role in homologous
recombination repair. In this study, we present evidence
that Ctfl8 is involved either directly or indirectly in
recombination-mediated DSB repair.

MATERIALS AND METHODS
Yeast strains

The yeast strains used in this study are listed in
Supplementary Table S1. Null mutants and Myc- or
HA-tagged alleles were made using standard PCR-based
gene disruption and insertion methods, as previously
described (29-31). Deletion mutants were replaced by
KANMX6, HPHM X4 and CgTRP1, which were amplified
from pFA6aKANMX6, pAG32 and SHB180S, respec-
tively, by wusing gene-specific primers consisting of
40-45nt. The resulting PCR fragments were then trans-
formed into yeast cells and colonies that appeared on
G418-, hygromycin B-containing YPAD plates or SC-Trp
plates were isolated. Gene disruption was confirmed by
PCR of genomic DNA. The sequences of the primers used
to generate either the DNA constructs used for gene
disruption or for checking disruption of the genes as well
as details on the yeast strains will be provided upon
request.

Sensitivity to DNA-damaging agents

For the analysis of sensitivity to continuous exposure to
DNA-damaging agents, 10-fold serial dilutions of loga-
rithmically growing cells in distilled water were spotted
onto YPAD plates, or YPAD plates containing the
indicated concentrations of methyl methanesulfonate
(MMYS), hydroxyurea (HU), phleomycin or camptothecin
(Sigma-Aldrich). The plates were incubated for 3 days at
30°C and then photographed. For NHEJ analysis, strains
containing galactose-inducible HO endonuclease were
grown overnight to 1x 107 cells/ml in YP medium
containing 2% raffinose. After washing once with water,
aliquots of 10-fold serial dilutions of cells were plated on
YP medium, which contained 2% raffinose and was
supplemented with either 2% galactose or 2% glucose.
The plates were incubated for 3 days at 30°C
and then photographed. For the analysis of sensitivity to
phleomycin, logarithmically growing cells were diluted
to 107 cells/ml and cultured in the presence of 15 pug/ml
nocodazole for 3h to induce G,/M phase arrest.
G,/M-arrested cells were exposed to 100 pg/ml phleomy-
cin for 0.5, 1, 1.5 and 2 h. The cells were washed to remove
phleomycin and nocodazole, diluted and inoculated

onto YPAD plates. After 3 days incubation at 30°C,
colonies were counted.

Detection of Rad53 modification

To detect the modification of Rad53-13Myc in response
to DNA damage, G,/M-arrested cells were exposed to
100 pg/ml phleomycin or 0.1% MMS for 2h at 30°C, and
then the cells were harvested for immunoblotting analysis.
The cells were incubated at 4°C for 15min in 230ul
1.5M NaCl, followed by incubation at 4°C for 10 min
after addition of 30 ul 55% Trichloroacetic acid, and spun
at 14000r.p.m. for Imin at 4°C. The cell pellet was
resuspended in 20pul of HU buffer (200mM Tris-HCI
(pH 6.8), ImM EDTA, 5% SDS, 8M Urea, 1% BPB
(Bromo-phenol blue) and 20pul of 5x SDS—polyacryla-
mide sample buffer. Samples were boiled for 5min, and
spun at 10000 r.p.m. before loading to SDS-PAGE gels.
The proteins were detected by immunoblotting with an
anti-Myc antibody (9E10) or an anti-histone H3 antibody
(Abcam).

Analysis of the incidence of sister chromatid recombination
(SCR) and interchromosomal homologous recombination
between heteroalleles

The strains constructed for detecting unequal SCR were
previously described (32). Diploid strains with the MR101
background were constructed such that recombination
between the heteroalleles his/-1 and hisi-7 could be
detected by the restoration of histidine prototrophy (33).
The number of His+ colonies was scored for each of the
12 plates and the median number of His+ colonies for
all 12 plates was determined. The rate of spontaneous
recombination was then calculated by the median method
(34,35). For detection of damage-induced recombination,
logarithmically growing cells were inoculated onto SC-His
plates and YPAD plates with or without MMS or
phleomycin to evaluate the incidence of damage-induced
recombination and colony forming cells, respectively.
Alternatively, the logarithmically growing cells were
diluted and arrested in G,/M phase in the presence of
15 pg/ml nocodazole for 3h at 30°C and were exposed
to 100 pg/ml phleomycin for the indicated time at 30°C.
The cells were subsequently washed to remove the
phleomycin as well as nocodazole and plated on YPAD
plates and SC-His plates. The recombination frequency
after treatment with MMS or phleomycin was determined
by dividing the total number of recombinants in the
culture by the total corresponding number of surviving
cells following treatment with MMS or phleomycin.

Pulsed-field gel electrophoresis

Logarithmically growing cells were diluted to 8 x 10°
cells/ml, exposed to 0.1% MMS for 1h, and then cultured
in MMS-free medium for the indicated periods of time.
In the case of phleomycin treatment on G2/M-arrested
cells, logarithmically growing cells were diluted to 8 x 10°
cells/ml and cultured in the presence of 15ug/ml
nocodazole for 3h at 30°C to induce G,/M phase arrest.
G,/M-arrested cells were exposed to 100 pg/ml phleomy-
cin for 2h at 30°C, washed to remove the phleomycin,



and then cultured at 30°C in YPAD medium containing
15 pg/ml nocodazole for the indicated periods of time.

Agarose plugs containing chromosomal DNA
were prepared as previously described, with minor
modifications (36). All plugs were subsequently treated
with Zymolyase 100T (0.15mg/ml) and proteinase
K (I mg/ml) at 30°C for 24 h. After electrophoresis, gels
were stained with 0.5 pg/ml ethidium bromide for 30 min,
destained in deionized water for 20min, and then
photographed.

Cell fractionation

Whole-cell extracts (WCEs) and chromatin pellets (ChP)
were prepared as previously described (37) with modifica-
tion. A total of 4 x 107 cells were harvested and sodium
azide was added to 0.1%. Cells were incubated at room
temperature for 4.5min in 0.5ml of prespheroplasting
buffer [100mM PIPES (pH 9.4), 10mM DTT], followed
by incubation in 0.5ml of spheroplasting buffer [SO mM
KH,PO4/K>HPO, (pH 7.5), 0.6 M Sorbitol, 10 mM DTT,
0.125mg/ml Zymolyase 100T] at 30°C for 4.5min with
occasional mixing. Sphereoplasts were washed with 1 ml
of ice-chilled wash buffer [100 mM KCI, 50 mM HEPES-
KOH (pH 7.5), 2.5mM MgCl, and 0.4 M Sorbitol, 1 mM
PMSF], pelleted at 4000 r.p.m. for 1min in a microcen-
trifuge at 4°C, and resuspended in 200 ul of extraction
buffer [EBX; 100mM KCI, 50mM HEPES-KOH
(pH 7.5), 2.5mM MgCl,, 50mM NaF, 5mM Na,P,0,
0.1 mM NaVOs;], and protease inhibitors (1 mM PMSF,
20 pug/ml of leupeptin, 2 ug/ml of pepstatin, 2mM benza-
midine HCI and 0.2 mg/ml of bacitracin or 1x Complete
(Roche), 0.25% Triton X-100). Spheroplasts were lyzed
and incubating on ice for 5min with gentle mixing. Lysate
was underlayered with 100 pl of 30% sucrose, and spun at
14000 r.p.m. for 3min at 4°C. Pellet was washed with
100 pl of EBX, and spun again at 12000 r.p.m. for I min at
4°C. All pellet fractions were resuspended in 20 ul EBX.
Equal volumes of mixture of HU buffer [200 mM Tris-HCI
(pH 6.8), ImM EDTA, 5% SDS, 8 M Urea, 1% Bromo-
phenol blue] and 5x SDS—polyacrylamide sample buffer
were added to each fraction. Samples were boiled for
Smin, and spun at 10000 r.p.m. for 1 min before loading
to SDS-PAGE gels. Histone H3 was used as a loading
control for protein levels in WCEs and chromatin pellet
(ChP) fractions. The proteins were detected by immuno-
blotting with an anti-Myc antibody (9E10; Santa Cruz)
or anti-histone H3 antibody (Abcam).

Chromatin immunoprecipitation (ChIP)

ChIP was carried out as previously described, with minor
modifications (33). Briefly, asynchronous cultures were
grown overnight at 30°C in YP medium containing 2%
raffinose. Nocodazole (15 pg/ml) was added to the cultures
when they reached 6 x 10°cells/ml, and they were incu-
bated at 30°C for 5h to induce G,/M phase arrest.
Expression of HO endonuclease was then induced by
adding 2% galactose. The cultures were washed for 1h
after the addition of galactose and then treated with 2%
glucose to repress the expression of HO endonuclease.
Cells were harvested and incubated in 1% formaldehyde
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for 15min to cross-link proteins to DNA, then the
reaction was quenched by incubating the cells in
125mM glycine for Smin. Cells were lyzed with glass
beads and extracts were sonicated to shear DNA to an
average size of 1kb. Extracts were then divided into two
aliquots: Input DNA and immunoprecipitated (IP) DNA
(1:20, respectively). Immunoprecipitation was carried out
using a monoclonal anti-Myc antibody (9E10) (Santa
Cruz Biotechnology, Inc.) or a monoclonal anti-HA
antibody (12CAS5) (Roche), and immune complexes were
captured using Dynabeads Protein G (Dynal Biotech) for
4h at 4°C. After a series of washes, proteins were released
from the beads by incubation for 6 h at 65°C, and were
treated with proteinase K. IP DNA was purified for PCR
analysis using phenol extraction followed by ethanol
precipitation.

PCR amplification

Primers used for ChIP assay are listed in Supplementary
Table S2. Amplified PCR products from I[P DNA were
separated by agarose gel electrophoresis, and quantitated
using Scion Image software. To correct for different
levels of IP efficiency at different loci, the signal from the
target locus was first normalized to the signal from an
independent locus (SMC2) on chromosome VI by dividing
each target signal by the corresponding SMC2 IP signal.
For analysis of different time points, MATo or HML TP
signals were normalized to the IP signal at 0 h, which was
designated as 1.

In vivo physical monitoring of DSB induction, strand invasion
and repair completion during recombination repair

DSB induction and strand invasion of the input
DNA were detected by PCR. Primers are listed in
Supplementary Table S2. The primer extension and
ligation assays were carried out according to a previously
described PCR-based method (38). Amplified PCR
products were separated by agarose gel electrophoresis
and quantitated using Scion Image software. The signal
from the target locus was normalized to the amplified
signal from an independent locus (SMC2) on chromosome
VI. Primer extension and ligation were arbitrarily set at
100% for the highest wild-type level.

RESULTS

Ctf18 is required for damage-induced SCR
but not for NHEJ-mediated DSB repair

The cohesin complex is required for efficient repair of
DSBs (5,27,39). Ctf18 is involved in establishing sister
chromatid cohesion (26). However, the proteins that are
involved in establishing cohesion for DNA repair have not
been fully determined. In this study, we investigated
the role of Ctf18 in DNA repair. We first examined the
sensitivity of czf18 deletion mutants to DNA-damaging
agents, methyl methanesulfonate (MMS), phleomycin,
camptothecin and hydroxyurea (HU), which reportedly
induce DSBs both directly and indirectly (40—43). The
ctf18 mutant cells, like rad52 cells, were highly sensitive to
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Figure 1. Ctf18 is involved in DSB repair by HR, but not in NHEJ. (A)
Sensitivity to various DNA-damaging agents. Wild-type (SCRL), rad52
(YHO602) and ctf18 (YHOO605) cells were inoculated on YPAD plates
containing the indicated concentrations of methyl methanesulfonate
(MMS), phleomycin, camptothecin or hydroxyurea (HU). The plates
were incubated for 3 days at 30°C and then photographed. (B)
Modification of Rad53 in response to DNA damage. Wild-type
(YHO302) and ctf18 (YHO308) cells expressing Rad53-13Myc were
arrested in G,/M phase and then exposed to 0.1% MMS or 100 pg/ml
phleomycin for 2h at 30°C. Aliquots of the cultures were taken before
(—) and after (+) exposure to MMS or phleomycin for 2h. Proteins
prepared from these cells were subjected to SDS-PAGE. The Rad53
protein was detected by western blotting using an anti-Myc antibody.
(C) Schematic representation of the process and outcome of NHEJ at
the galactose-inducible HO endonuclease-specific DSB site on chromo-
some III in yeast strain JKM179. (D) The NHEJ DSB repair pathway
is intact in c#f18 mutants. The viability of wild-type (JKM179), yku70
(YHOS505), rad52 (YHOS506) and ctf18 (YHOS511) mutants on a
background of an HR-repair defective yeast strain was determined by
growing the cells on either glucose (HO off) or galactose (HO on). A
galactose-inducible HO endonuclease was integrated at the ADE3 locus
of a haploid yeast strain that was defective in HR-mediated DSB
repair. Upon switching the cells to galactose, the HO endonuclease is
expressed that induces a single DSB at the M AT« locus. Functional
DSB repair can occur only through the NHEJ pathway in this strain,
since the HM donor loci, HML and HMR, are deleted. (E) A schematic
representation of the process and outcome of unequal sister chromatid
(USCR) recombination. (F) Spontaneous unequal sister chromatid
recombination rates. Wild-type (SCRL) and ctf18 (YHOG605) cells were
inoculated onto YPAD plates or SC plates lacking His and then
incubated at 30°C for 3 days. Spontaneous unequal sister chromatid

these DNA-damaging agents compared with wild-type
cells (Figure 1A), which suggests that ctf18 cells have
defects in their DNA damage checkpoints or DNA repair
mechanism. To test the former possibility, we examined
the phosphorylation of Rad53, which is a hallmark
of activation of the damage checkpoint (44). Rad53
was phosphorylated in both c¢tf18 and wild-type cells
following exposure to MMS and phleomycin (Figure 1B),
suggesting that Ctf18 is not essential for the activation of
DNA damage checkpoint. This is consistent with a
previous report that ctzf18 cells showed only a slight
defect in checkpoint function unless Rad24 was also
absent (21). The sensitivity of the czf18 cells to these
DNA-damaging agents suggests that Ctfl8 is involved
in DSB repair.

DSBs can be repaired by either non-homologous end-
joining (NHEJ), which requires Yku70, or homologous
recombination (HR), which requires Rad52 (45-47). First,
we investigated whether Ctfl8 was required for NHEJ-
mediated repair by inducing a single DSB in the M AT«
locus using ctf18 cells that express HO endonuclease. The
HR-mediated repair pathway was precluded in these cells
by deleting the homologous donor loci, HML and HMR
(Figure 1C). Sustained expression of the HO endonuclease
leads to a continuous cycle of DNA cleavage and ligation.
Cells that are capable of error-prone repair by NHEJ
grow in the presence of the HO endonuclease, while cells
deficient in NHEJ do not survive (48). Unlike yku70 cells,
we found that czf18 and rad52 mutants grew as well as
wild-type cells under sustained expression of HO endo-
nuclease (Figure 1D).

Next, we investigated if damage-induced homologous
recombination was impaired in ctfI18 cells. We examined
damage-induced unequal sister chromatid recombination
(uSCR) in haploid cells (Figure 1E). As shown in
Figure 1F, the mean spontaneous uSCR rate was slightly
lower in ctf18 cells than in wild-type cells; however there
was no statistical difference in the rates between the
wild-type and ctf18 cells. In contrast, the frequency of
MMS-induced uSCR was very low in ctf18 cells compared
with wild-type cells (Figure 1G). This suggests that Ctf18
is involved in the recombination between sister chromatids
following exposure to MMS.

recombination rates were determined by the median method (34,35).
The average number of viable cells (CFU) in the twelve independent
colonies and the median number of His+ colonies for all twelve
independent colonies was determined after incubation at 30°C for 3
days. The rate of production of recombinants was then calculated by
the method of the median HR rates (34,35). The data present the mean
and confidential interval (95%<) is shown and (G) MMS-induced sister
chromatid recombination (SCR). Wild-type (SCRL) and ctf18
(YHOG605) cells were inoculated onto YPAD plates or SC plates
lacking His with 0.008% MMS and then incubated at 30°C for 3 days.
The viability of the cells cultured with 0.008% MMS was 98%, and
34% for wild type (SCRL) and ctf18 (YHOG605), respectively. The
frequency of SCR is presented as the number of His colonies per 10°
colony forming units (CFU). The columns and error bars represent
the means and SDs of eight samples. Statistical difference in the
recombination frequency was evaluated between WT and c¢#f78 mutant
cells by Student’s z-test (P<0.001).
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Figure 2. Ctf18 associated with HR intermediate. DSBs were induced
in JKM161 cells that express Ctf18-13Myc and carry the HML donor
sequence by treating cells with 2% galactose for 1h, which induces the
expression of the HO endonuclease, The cells were subsequently
incubated in 2% glucose to repress the expression of the HO
endonuclease. Genomic DNA was isolated at the indicated time
points after the addition of galactose. (A) A schematic representation
of the HR intermediates formed during mating-type switching. The
approximate location of the primers used to monitor DSBs (pl and pJ
primers) and strand invasion (pG and pH primers) are shown. (B) Time
course of the formation of DSBs and the formation of strand-invasion
intermediates following induction of HO-endonuclease expression.
DNA was purified from cells at the indicated time points after
transient expression of HO endonuclease. PCR was carried out using
primers that flanked the MATa locus: pl and pJ primers were used to
detect the formation of the DSB (upper panel) or pG and pH primers
were used to detect products of strand invasion and primer extension
(lower panel). The SMC2 locus was amplified as a loading control.
The data are representative of three independent experiments. (C)
A schematic representation of the MATa and HML loci showing the
location of the primers used to detect an association of Ctf18 with
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Ctf18 associates with recombination intermediates

HR-mediated DSB repair is a multiple-step process that
includes the recruitment of proteins to sites of DSBs,
resection of DNA, strand invasion of ssDNA on the
homologous template, DNA synthesis and ligation. One
of the best characterized systems for studying homologous
recombination is HO endonuclease-induced M AT switch-
ing, using HM L as the donor template (49). In this system,
repair of HO endonuclease-induced DSB at the MATa
locus is accomplished through recombination with the
homologous HML locus. We investigated the role of
Ctf18 in DSB repair by HR using the yeast strain
JKM161, which contains MATa and HML as the donor
template. DSB formation at the HO recognition site and
invasion of the MATa recipient strand into the donor
strand (HM L) were monitored by PCR using the primers
shown in Figure 2A. The amount of PCR product
corresponding to the MATa locus was considerably
reduced after 1h following induction of the HO endonu-
clease in wild-type and rad52 cells. This indicated that
cleavage at the M ATa locus occurred with high efficiency.
In addition, strand invasion was detected 2 and 4h
following induction of the HO endonuclease in wild-type
cells, but not in rad52 mutants (Figure 2B). To examine
whether Ctf18 was recruited to both DSB sites in the M AT
and the HML donor loci during the process of recombi-
nation, we performed ChIP analysis using primers for
either MAT- or HM L-specific sequences (Figure 2C).
We observed an association of Ctf18 with the DSB site in
the M AT locus 1h after induction of the HO endonuclease
in both wild-type and rad52 cells (Figure 2D). In addition,
Ctf18 was also associated with the HM L donor strand 4 h
after HO endonuclease induction (Figure 2E). In contrast,
an association between Ctf18 and the HML donor strand
was not observed in rad52 cells (Figure 2E). This data
indicates that Ctfl8 associates with recombination
intermediates.

Mrell is required for the recruitment of Ctf18 to DSB sites

It was reported that recruitment of cohesin complex is
dependent on Mrell. Therefore, we investigated whether
or not the function of the MRX complex, a heterotrimeric
protein assembly of Mrell, Rad50 and Xrs2, is required
for the recruitment Ctf18 on the DSB site at M AT locus.

sequences at the DSB site (Pl and P2 primers for the CEN-distal
MATZ locus) or the homologous donor region (P1 and P3 primers for
the HML locus) and (D and E) Wild type (YHO411) and rad52 mutant
(YHO412) cells expressing Ctf18-13Myc were treated as described for
B, and chromatin from the cells at the indicated time points after
addition of galactose was subjected to immunoprecipitation using anti-
Myc antibodies. DNA present in anti-Myc immune complexes was
analyzed by PCR using primers specific for sequences at the DSB site
(P1 and P2 primers for the CEN-distal MATZ locus; D) or the
homologous donor region (P1 and P3 primers for the HML locus; E),
as indicated. Representative images of agarose gels are shown (upper
panels). Data from each target locus was normalized to the control
SMC?2 product. Fold increase was calculated by normalizing the data
from each time point to the zero time point value (Bottom panel).
The columns and error bars represent the means and SDs (n = 4).
The asterisks indicate statistical significances of the results compared to
that of 0h evaluated by Student’s t-test (*; P<0.05; **; P<0.005).
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3HA (D, E, F: wild type; YHOS16, c#f18; YHOS17) in JKM179 were arrested in G,/M phase in the presence of 15pg/ml nocodazole and 2%
raffinose at 30°C and then transferred into medium containing 2% galactose to induce the expression of the HO endonuclease and the formation of
DSBs. Samples were processed 2 h after HO induction. (A and D) The kinetics of DSB induction. PCR was carried using ‘input DNA’ (see Materials
and Methods section) and DSB primers (MATa), which flank the HO cleavage site. Amplification of the SMC2 locus on chromosome VI was used
as a control. (B) Binding of Ctf18-13Myc in wild-type and mrell cells or (E) binding of Sccl-3HA in wild-type and ctf18 cells at a DSB induced at
the M AT site on chromosome III. Genomic DNA from cells at the indicated time points after HO endonuclease induction was subjected to ChIP
analysis using an anti-Myc antibody. DNA that co-immunoprecipitated with the anti-Myc antibody (ChIP) was amplified using primer sets
corresponding to sequences at different distances from the M AT« cut. Data show representative photographs of the agarose gels and (C) ChIP
signals of Ctf18-13Myc in wild-type and mrell cells or (F) ChIP signals of Sccl-3HA in wild-type and c#fI8 cells were quantified, and normalized to
the SMC2 control fragment. Each time point was normalized to the zero time point value and was plotted on the y-axis versus coordinates (in kb)
relative to the MATwa cut site in chromosome III on the x-axis. The columns and error bars represent the means and SDs (n = 3). The asterisks
indicate statistics significant differences determined by Student’s z-test (P<0.01).

In response to DSBs, the MRX complex arrives first at
the sites of DSBs and performs nucleolytic resection
to generate single-stranded DNA (ssDNA). The ssDNA
is recognized by the ssDNA-binding protein Rpa, and

Ctf18 is not required for the recruitment of Sccl to DSB sites

Since Ctf18 is required for the establishment of sister
chromatid cohesion, and cohesin is recruited to sites of

proteins involved in DNA damage checkpoint are
recruited at DSB sites in an Rpa-dependent manner.
Subsequently, proteins that are involved in HR are
recruited. The assembly of Rad51 on ssDNA is initiated
by Rad52, which in turn causes strand invasion. We found
that the induction of DSBs occurred in a similar
manner in both wild-type cells and mirell cells arrested
in the G,/M phase (Figure 3A). However, binding of
Ctf18 around the DSB site was not observed in the mrell
cells compared with wild-type cells (Figure 3B and C),
suggesting that the generation of ssDNA by Mrell is
essential for the recruitment of Ctfl8 to the DSB site.
These findings indicate that Ctf18 is recruited to the DSB
site in a manner dependent on the function of Mrell.

DSBs, we examined whether a defect in Ctf18 alters the
recruitment of cohesin to the DSB sites. Cohesin is
composed of Smcl, Sme3, Sccl and Scc3. We investigate
whether the recruitment of Sccl onto DSB sites required
Ctf18. To characterize the association of these proteins
with DSB sites, we used the JKM 179 strain (50) in which
the HML and HMR loci are deleted to prevent HO
endonuclease-induced DSB repair by homologous recom-
bination. In addition, to avoid any complication due to
S-phase events, we used the cells arrested in G,/M phase.
Following induction of the HO endonuclease, DSBs at the
MATao locus were induced rapidly and efficiently
(Figure 3D). Using ChIP analysis, we investigated the
binding of HA-tagged Sccl to sites around the DSB in



wild-type and ctf18 cells. As reported previously, the
binding of Sccl to the M ATa locus was increased by 2- to
3-fold following induction of the DSBs, and Sccl was
localized to regions 2—10 kb away from the DNA break on
both sides of the break in wild-type cells [Figure 3E and F;
(5,27)]. No difference was observed between ctf18 cells and
wild-type cells in the localization of Sccl around the DSB
site. This suggests that Ctf18 is not required for cohesin
enrichment around the DSB site.

Deletion of CTF18 does not influence HO-induced
intrachromosomal recombination

Recruitment of Ctfl8 onto sites of DSBs and the
association of Ctfl8 with recombination intermediates
prompted us to examine whether or not Ctfl8 was
required for the HO endonuclease-induced intrachromo-
somal recombination. We monitored the formation of
DSBs at the HO endonuclease recognition site, primer
extension following strand invasion on the donor strand,
and ligation of synthesized DNA in the presence of PCR
using the primers shown in Figure 4A. We observed that
the induction of DSBs, the extension of the invading DNA
strand, and ligation occurred with similar kinetics in ctf18
cells compared with wild type cells (Figure 4B, C and D).

Nucleic Acids Research, 2007, Vol. 35, No. 15 4995

This suggests that Ctfl8 is not required for HO
endonuclease-induced intrachromosomal recombination.

Ctf18 may be involved in post-replicative DSB repair

Although Ctfl8 was associated with recombination
intermediates (Figure 2), no apparent defect was observed
in HO endonuclease-induced DSB repair by either NHEJ
or HR in ctf18 cells (Figures 1D and 4). Therefore, we
investigated whether or not Ctf18 was involved in DSB
repair at the chromosomal level. Logarithmically growing
cells were treated with MMS and then cultured in MMS-
free medium. Chromosomal DNA was isolated from these
cells and subjected to pulsed-field gel electrophoresis
(PFGE). Immediately following the administration of
MMS, the distinct chromosomal DNA bands were
replaced by a low-molecular-weight DNA smear in both
wild-type and ctf18 cells (Figure S5A). After culturing
the cells in MMS-free medium, the chromosome-sized
DNA bands were restored in wild-type cells, whereas
the restoration of the DNA bands was impaired in ctf18
cells. The amount of fragmented DNA might not
necessarily reflect the level of DSBs because strand
breaks can occur in MMS-treated DNA during the heat
treatment of PFGE plugs (51). However, the defect in
restoring chromosome-sized DNA bands was only
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Figure 4. Ctf18 is not involved in intrachromosomal recombination. JKM 161 cells carrying the HML donor sequence were treated as described for
Figure 2. (A) A schematic representation of the HR intermediates formed during mating-type switching. The approximate location of the primers
used to monitor DSBs (pI and pJ; MATa primers), strand invasion and primer extension (pG and pH; strand invasion and primer extension primers)
and completion of repair (pC and pD; ligation primers) are shown. (B, C and D) Genomic DNA was isolated from wild-type (JKM161) and ctf18
mutant (YHO409) cells at the indicated time points after transient expression of HO endonuclease and subjected to PCR analysis to determine the
efficiency of DSB formation (B), strand invasion and primer extension (C), and completion of repair (ligation) (C). Amplified PCR products were run
on agarose gels and stained with ethidium bromide. DNA signals were quantified and then normalized to the control SMC2 product. A PCR product
using primers specific for detecting strand invasion and primer extension will only be generated if invasion of the 3’ strand and replication of at least
222 nt of the donor template sequence occurs. The highest level of strand invasion-primer extension and completion of repair (ligation) in wild-type
cells was designated as 100%. The data represent the mean and SD of two independent experiments.
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Figure 5. Association of Ctf18 with the damaged chromatin is required for post-replicative DSB repair. (A) A defect in DNA repair in ctf18 cells was
monitored by PFGE. A schematic representation of the process used to prepare the cells in pulsed-field gel electrophoresis (PFGE) is shown (upper
panel). Logarithmically growing wild-type (MR101) and czf18 (YHO218) cells were exposed to 0.1% MMS for 1h, and then cultured in MMS-free
medium for the indicated periods of time. The cells were harvested, and their DNA was analyzed by PFGE as described in the Materials and
Methods section. Lane L: untreated cells; Lane 0: cells treated with MMS for 1 h; Lanes 3, 4 and 5: cells treated with MMS for 1h and then cultured
in MMS-free medium for 3, 4 and 5 h, respectively. A representative gel image is shown (bottom panel). (B) Phleomycin-induced post-replicative DSB
repair. A schematic representation of the process used to prepare the cells in pulsed-field gel electrophoresis (PFGE) is shown (upper panel). G,/M-
arrested cells (wild type; MR101, c¢#f18; YHO218) were exposed to 100 pg/ml phleomycin at 30°C for 2h and then cultured in phleomycin-free
medium containing 15 pg/ml nocodazole for the indicated periods of time. The cells were harvested and their DNA was analyzed by PFGE as
described in the Materials and Methods section. Lane N: untreated cells; Lane 0: cells treated with phleomycin for 2h; Lanes 1, 2, 3: cells treated
with phleomycin for 2 h, then cultured in phleomycin-free medium for 1, 2 and 3 h, respectively. A representative gel image is shown (bottom panel).
(C) Gy/M-arrested state of (B) confirmed by flow cytometry. To confirm the fact that cells are arrested during the course of above experiment
described in (B), we monitored the cell cycle status of cells by FACS. (D) Sensitivity to phleomycin of cells arrested in G,/M. Cells (wild type;
MRI101, ctf18; YHO218) arrested in the G,/M phase with 15ug/ml nocodazole were exposed to phleomycin (100 pg/ml) at 30°C for the indicated
periods of time, washed to remove phleomycin, inoculated onto YPAD plates containing neither phleomycin nor nocodazole and incubated for
3 days at 30°C before counting the colonies. To measure the sensitivity to phleomycin, at least four cultures were taken for each point. The data
represent the means and SD. (E and F) Chromatin binding of Ctf18 after exposure to MMS. Logarithmically growing cells (E) or G,/M-arrested cells
(F) expressing Ctf18-13Myc (YHOS512) were exposed to 0.1% MMS for 2 h. Aliquots of the cultures were taken before (—) and after (+) exposure to
MMS. Whole-cell extracts (WCE) and chromatin containing pellets (ChP) were prepared and analyzed by immunoblotting for the presence of the
indicated proteins. Histone H3 was used as a loading control for protein levels. The Myc-tagged proteins and histone H3 were detected using an
anti-Myc monoclonal antibody and a specific anti-histone H3 antibody, respectively. (G) Chromatin binding of Ctf18 after exposure to phleomycin.
G,/M-arrested cells expressing Ctf18-13Myc (YHOS512) were exposed to 100 pg/ml phleomycin for 2 h. Cell aliquots were taken before exposure (—)
and 2h after phleomycin (Phl) exposure (+). Whole-cell extract (WCE) and chromatin containing pellets (ChP) were prepared and analyzed by
immunoblot for the presence of the indicated proteins. Histone H3 was used as a loading control for protein levels in WCE and ChP fractions.
Ctf18-13myc and Histone H3 were detected using an anti-Myc monoclonal antibody and anti-Histone H3-specific antibody, respectively. To confirm
the fact that cells are arrested at G,/M during the course of experiments (F), and (G), we monitored the cell cycle status of cells by FACS
(Supplementary Figure S1).
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Figure 6. Ctfl18 is required for damage-induced recombination between
homologous chromosomes. (A) A schematic representation of the
process and outcome of heteroallele recombination between interchro-
mosomes at the HISI locus. (B) Spontaneous heteroallelic recombina-
tion rates at the HISI locus were determined by the median method
(34,35). Wild-type (MR101) and czf18 (YHO218) cells were used for
this assay. The average number of viable cells (CFU) in the twelve
independent colonies and the median number of His+ colonies for all
twelve independent colonies was determined after incubation at 30°C
for 3 days. The rate of production of recombinants was then calculated
by the method of the median HR rates (34,35). The data present the
mean and confidential interval (95%<) is shown. (C and D) Frequency
of MMS- or phleomycin-induced interchromosomal recombination at
the HISI locus in wild-type and ctf18 cells. Wild-type (MR101) and
ctf18 (YHO218) mutant cells were inoculated onto YPAD plates or
SC plates lacking His with 0.003% MMS (C; The viability of the
cells cultured with 0.003% MMS was 101%, and 87% for wild type
(MR101) and ctf18 (YHO218), respectively.) or 0.4 pg/ml phleomycin
(D; The viability of the cells cultured with 0.4 pg/ml phleomycin
was 96%, and 80% for wild type (MR101) and ctf18 (YHO218),
respectively.) and then incubated at 30°C for 3 days. The HR frequency
is presented as the number of His+ colonies per 10° colony forming
units (CFU). To measure recombination frequency, four (C) or
twelve (D) independent cultures were taken for each point. (E)
Interchromosomal recombination induced by phleomycin of cells
arrested in G,/M phase. Cells (wild type; MR101, ctf18; YHO218)
arrested in the G,/M phase with 15 pg/ml nocodazole were temporarily
exposed to 100 pg/ml phleomycin at 30°C for 40 min (The viability of
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observed in ctf18 cells and suggests a defect in post-
replicative repair in these cells.

To further test the involvement of Ctf18 in DSB repair,
we investigated the repair of DSBs induced by phleomycin
in G,/M phase-arrested cells. Cells arrested in G,/M
were treated with phleomycin and then cultured in
phleomycin-free medium containing nocodazole to main-
tain G>/M arrest. Chromosomal DNA was isolated and
subjected to PFGE (Figure 5B), and the cell cycle status of
the cells was monitored by fluorescence activated cell
sorting (FACS) (Figure 5C). Distinct chromosomal DNA
bands were absent just after exposure to phleomycin in
both wild-type and c#f18 cells and a low-molecular-weight
DNA smear appeared, reflecting the occurrence of DSBs.
The chromosome-sized DNA bands were restored in both
wild-type and ctf18 cells after culturing cells in phleomy-
cin-free medium. However, the restoration of these bands
was less efficient in c#f18 cells compared to wild-type cells,
which was reflected in the decrease in the viability of the
ctf18 cells compared with wild-type cells after a brief
exposure of G,/M phase-arrested cells to phleomycin
(Figure 5D).

We also investigated the association of Ctfl8 with
chromatin following exposure to either MMS or phleo-
mycin. We observed an increase in the amount of Ctf18
in the chromatin-containing fraction after exposure of
logarithmically growing cells to MMS (Figure 5E).
Moreover, the association of Ctfl8 with chromatin
was observed even in G,/M phase-arrested cells
(Supplementary Figure S1) after exposure to MMS and
phleomycin (Figure SF and G). Taken together, these
results suggest that Ctf18 plays a role in post-replicative
DSB repair.

Damage-induced interchromosomal recombination is
defective in czf18 cells

Ctf18 is involved in the establishment of sister chromatid
cohesion, which is important for sister chromatid-based
homologous recombination repair. Therefore, the defect
of uSCR in ctf18 cells (Figure 1G) may be due to a defect
in sister chromatid cohesion, even if Ctfl8 is not
required for cohesin recruitment around the DSB site
(Figure 3). In our previous study, we found that rad50
mutant cells show defects in damage-induced recom-
bination between not only sister chromatids (data not
shown) but also between homologous chromosomes (52).
Thus, we investigated whether Ctfl18 is required for
interchromosomal recombination between the heter-
oalleles hisl-1 and hisl-7 in diploid cells (Figure 6A).

the cells treated with 100 pg/ml phleomycin for 40 min was 40%, and
8% for wild type (MR101) and ctf18 (YHO218), respectively.) or
80 min (The viability of the cells treated with 100 pg/ml for 80 min was
19%, and 2% for wild type (MRI101) and ctf18 (YHO218),
respectively.), washed to remove phleomycin, inoculated onto YPAD
plates containing neither phleomycin nor nocodazole, and incubated for
3 days at 30°C before counting colonies. The HR frequency is
presented as the number of His+ colonies per 10° colony forming
units (CFU). To measure recombination frequency, at least four
cultures were taken for each point. Statistical significances (*; P<0.01)
are indicated for the differences between the results of wild-type and
ctf18 cells in each graph shown in C, D and E by Student’s r-test.
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The spontancous interchromosomal recombination
rate of ctf18 cells was comparable to that of wild-type
cells (Figure 6B). In the presence of either MMS or
phleomycin, the interchromosomal recombination fre-
quency in wild-type cells dramatically increased
(Figure 6C and D), whereas the interchromosomal
recombination frequency in ctf18 cells remained low.
The interchromosomal recombination frequency of ctf18
cells in G»/M phase was also very low compared to that of
wild-type cells after temporal exposure to phleomycin
(Figure 6E).

DISCUSSION

The CTFI8 gene was originally identified as the gene
whose mutation causes a decrease in chromosome
transmission fidelity or chromosome loss (18). The
function of Ctfl8 in homologous recombination
repair has not been considered because of the synthetic
sick or lethal interaction between the CTFI8 mutation
and the RADS52 mutation, which plays a major role
in homologous recombination repair (28). In this
study, we found that repair of DSBs induced by
phleomycin (Figure 5), recombination of sister chromatids
induced by DNA damage (Figure 1) and interchromoso-
mal recombination between heteroalleles (Figure 6)
were defective in c#f18 cells. This indicates that Ctfl8
is involved in recombination repair. Although ctf18
cells were nearly normal for HO-endonuclease-based
NHEJ, this result does not necessarily rule out the
possibility of Ctfl8 involvement in the NHEJ pathway
under other assay conditions, such as those used by Schar
et al. (4) who reported that smcl-2 mutants were much less
efficient in plasmid end-joining mediated by the NHEJ
pathway.

Although Ctf18 was recruited to the DSB site at the
MAT locus (Figure 3) even in G,/M phase-arrested cells,
we could not detect an obvious defect in the processes
of HO endonuclease-induced recombination, such as
primer extension and ligation (Figure 4). The discrepancy
between the results obtained after inducing a single DSB
with HO-endonuclease and those obtained after inducing
DNA damage with phleomycin or MMS may be explained
by the different mechanisms of recombination involved in
repairing these two types of DNA damage; HO endonu-
clease induces intrachromosome recombination, whereas
MMS and phleomycin induces interchromosomal or sister
chromatid recombination. Alternatively, this discrepancy
may be due to differences in the amount of DNA damage
induced by these agents. For example, the function of
Ctf18 maybe more important following the induction of
multiple sites of DNA damage when the demands on the
cell to execute HR-mediated DNA double-strand break
repair are greater. Finally, the discrepancy may be due
to the differences in the DNA ends created by HO
endonuclease, MMS and phleomycin. Ctfl18 could be
required for the repair of DNA lesions induced by MMS
and phleomycin but not for the repair of DSB induced
by HO endonuclease.

How does Ctf18 contribute to recombination repair?

Ctf18 may affect recombination repair through the
function of the cohesin complex. Cohesin complexes
normally associate with distinct loci on chromosomes
(53-56), but associate with damaged DNA regardless of
whether cohesin-binding sites are present or not (5,27).
During normal cell cycling, cohesion is established during
S-phase, but not during Gj-phase (57,58). Following
DNA damage, cohesion is also established de novo in
G,/M phase (5). Cohesin mutant also leads to an
impairment of coordination of homologous recombina-
tion and NHEJ processes (4). In the current study, we
showed that the loading of cohesin (Sccl) onto the DSB
site in the M AT locus was not affected by deletion of the
CTFI8 gene (Figure 3). However, we observed that the
function of Ctfl8 is required for both recombination
between sister chromatids and for recombination between
homologous chromosomes (Figures 1 and 6). These results
do not necessarily eliminate the possibility that Ctfl8
is involved in establishing de novo cohesion of sister
chromatids during recombination repair in G,/M phase-
arrested cells or the possibility that the defect in
homologous recombination repair of ctf18 cells is due to
the inefficient establishment of cohesion during replica-
tion. In addition, the cohesin complex is composed of
multiple subunits, including Sccl and the Smcl/Smc3
heterodimer, and there exist at least two forms of cohesin,
one tightly bound and the other loosely associated (59).
Since a large cellular pool of the Smcl/Smc3 heterodimer
in cells is apparently not in a complex with Sccl, the ChIP
data for Sccl presented here does not necessarily represent
the behavior of the cohesin complex. In a future study, we
will examine the loading of the Smcl/Smc3 heterodimer
onto damaged sites to shed further light to this issue.

Interestingly, the recruitment of Ctfl8 onto the DSB
site in the M AT locus and the donor site, the HML locus,
was dependent on Mrell and Rad52, respectively.
Therefore, Ctf18 may be recruited onto the DSB site via
the function of Mrell and thereafter function together
with Rad52 in DSB repair. Moreover, Ctf18 is recruited
onto chromatin even after the induction of DNA damage
in G,/M phase-arrested cells. These data suggest that the
Ctf18 may play a novel role other than damage-induced
cohesion establishment in recombination repair.

Finally, genetic recombination not only promotes
genetic diversity in a population, but also insures the integ-
rity of an organism’s genome. Inappropriate or inefficient
recombination drives tumor formation and underlies
certain premature aging diseases in humans. Mutations in
the human CTF18 complex could lead to the chromosomal
instability known as a hallmark of most cancers.
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