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ABSTRACT

The DNA damage checkpoint pathway is acti-
vated in response to DNA lesions and replication
stress to preserve genome integrity. However, hyper-
activation of this surveillance system is detrimental
to the cell, because it might prevent cell cycle re-start
after repair, which may also lead to senescence. Here
we show that the scaffold proteins Six4 and Rtt107
limit checkpoint signalling at a persistent double-
strand DNA break (DSB) and at uncapped telomeres.
We found that SIx4 is recruited within a few kilobases
of an irreparable DSB, through the interaction with
Rtt107 and the multi-BRCT domain scaffold Dpb11.
In the absence of SIx4 or Rtt107, Rad9 binding near
the irreparable DSB is increased, leading to robust
checkpoint signalling and slower nucleolytic degra-
dation of the 5’ strand. Importantly, in sIx4A sae2A
double mutant cells these phenotypes are exacer-
bated, causing a severe Rad9-dependent defect in
DSB repair. Our study sheds new light on the molec-
ular mechanism that coordinates the processing and
repair of DSBs with DNA damage checkpoint sig-
nalling, preserving genome integrity.

INTRODUCTION

All eukaryotic cells respond to DNA lesions by activating
a surveillance network called the DNA damage checkpoint
(DDC), which coordinates DNA repair with cell cycle pro-
gression (1). Notably, mutations in checkpoint genes lead
to genome instability and in higher eukaryotes often give
rise to carcinogenesis (2). At double strand DNA breaks
(DSBs), the checkpoint is triggered by the formation of

long stretches of single-stranded DNA (ssDNA) generated
by 5-3’ nucleolytic degradation (DSB resection) of DNA
ends. This action is carried out by multiple conserved fac-
tors. In S. cerevisiae, CDK1-phosphorylated Sae2 primes
the Mrel1-Rad50-Xrs2 (MRX) complex to trim DSB ends
(short-range resection), which are afterwards extensively
processed by the Exol and Dna2 nucleases, together with
the Bloom helicase Sgsl (long-range resection). As resec-
tion proceeds, the 3’ ssDNA tail is covered by RPA, which
then recruits the checkpoint clamp 9-1-1 complex (Rad17,
Mec3 and Ddcl in budding yeast) and the upstream check-
point kinase Mecl. Proper cooperation of all these factors
is critical to establish appropriate DSB resection, repair and
checkpoint signalling (3).

A key player in the DDC is Rad9, an ortholog of human
53BP1. Rad9 acts as an adaptor protein, which mediates
checkpoint signalling from the sensor kinase Mecl to the
central transducer kinases Rad53 and Chkl (2,4). More-
over, Rad9 is recruited to DSBs and to uncapped telomeres,
limiting the resection of the 5 strand (5). More recently,
we have also shown that increased Rad9 binding close to
DSB ends affects the initiation of resection and the balance
between non-homologous end joining and homologous re-
combination events in sae2 A cells (6).

Rad9 recruitment to DSBs is mediated by its interactions
with a Mecl-dependent phosphorylation site (S129) in hi-
stone H2A (y-H2AX), and with the multi-BRCT domain
protein Dpbl1 (TopBPI in human cells), which is itself re-
cruited to DSBs via interaction with yet another Mecl-
dependent phosphorylation site (T602) in the 9-1-1 subunit
Ddcl. In addition, the Dotl-dependent methylation of Ly-
sine 79 of histone H3 provides a constitutive docking site
for the Rad9 Tudor domain (5,7-11). Up to now, the regu-
lation of Rad9 dissociation from DNA lesions after repair
is poorly understood.
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The role of Rad9 in DDC signalling has been recently
shown to be counteracted by the action of Slx4, a pro-
tein scaffold with established roles in the coordination of
structure-specific nucleases (12-15). Upon replication stress
caused by the DNA alkylating agent methyl methanesul-
fonate (MMS), a complex formed by SIx4 with the multi-
BRCT domain protein Rtt107 was shown to compete with
Rad9 for interaction with Dpbl1 and y-H2AX. As such,
cells lacking Slx4 are hypersensitive to MMS treatment
due to Rad53 hyper-activation (16). Interestingly, expres-
sion of a chimeric protein, in which the BRCT domains 5
and 6 of Rtt107 were fused to BRCT domains 3 and 4 of
Dpbl1 (MBD, minimal multi-BRCT-domain module), was
shown to completely rescue the sensitivity of sIx4A cells to
MMS (17). The checkpoint dampening function of Slx4-
Rtt107 appears to be distinct from SIx4’s role in coordinat-
ing DNA repair via regulation of the Radl and SIx1 nu-
cleases (16). Disruption of the Slx4-Dpbl1 interaction pre-
vents the binding to Mus81 nuclease, leading to the accumu-
lation of unresolved DNA joint molecules (JMs) and RPA
foci (indicative of ssDNA gaps), after MMS treatment (18).
Therefore, an open question is whether the DDC hyper-
activation in s/x4 A is primarily due to the defect in dampen-
ing checkpoint signalling or the defect in regulation of the
JM resolution.

In this study, we investigated the role of the Rtt107-Slx4
complex in the regulation of the DDC in cells responding to
an irreparable DSB and to uncapped telomeres. Our results
indicate that cooperation between Slx4 and Rtt107 limits
Rad9 binding near a DSB, leading to a reduction in DDC
signalling and an increase in DNA resection, through a
mechanism that does not require the Rad1, Slx1 and Mus81
nucleases. This SIx4-Rtt107 role is critical for the cell to suc-
cessfully repair DSBs and to survive exposure to MMS and
camptothecin (CPT, a topoisomerase-aborting agent), par-
ticularly when DSB resection and DDC are already com-
promised by sae2 A mutation.

MATERIALS AND METHODS
Yeast strains, Media and Growth conditions

All the strains listed in Table S1 are derivative of JKM179
or W303. To generate strains, standard genetic procedures
of transformation and tetrad analysis were followed. Dele-
tions and tag fusions were generated by the one-step PCR
system (19). All the strains, except the Y603 derivatives, ob-
tained by direct transformation were outcrossed with the
parental to clean the background. For the indicated exper-
iments, cells were grown in YP medium enriched with 2%
glucose (YEP+glu), 3% raffinose (Y EP+raf) or 3% raffinose
and 2% galactose (YEP+raf+gal). Unless specified all the
experiments were performed at 28°C.

Measurement of DSB resection at MAT locus

DSB end resection in JKM 179 derivative strains was anal-
ysed by alkaline agarose gels using a single-stranded RNA
probe as described previously (5,20), and by quantitative
PCR (gqPCR) analysis (6,21). The oligonucleotides used in
qPCR analysis are listed in Table S2. The DNA was digested
with the Rsal restriction enzyme (NEB), which cuts inside

the amplicons at 5 kb and 10 kb from the HO-cut site, but
not in the PREI control region on chromosome V.

SDS-PAGE and Western blot

TCA protein extracts were prepared as described previously
(22), and separated by SDS-PAGE. Western blotting was
performed with monoclonal (EL7) or polyclonal (generous
gift from C. Santocanale) anti-Rad53 antibodies.

Checkpoint adaptation by micro colony assay

For JKM179 derivative strains, cells were grown O/N in
YEP + raf at 28°C. The unbudded cells were micro ma-
nipulated on YEP + raf + gal and plates were incubated at
28°C for 24 h. Micro colonies formed by more than 3 cells
were scored as ‘adapted’. Standard deviation was calculated
on three independent experiments. For cdc/3—1 derivative
strains, cells were grown O/N in YEP + glu at 23°C and mi-
cro manipulated on YEP + glu plates and were incubated
at 37°C for 24 h.

ChIP-seq analysis

Cells were grown to log phase in YEP + raffinose and ar-
rested in G2/M with 20 p.g/ml nocadozole before addition
of galactose to a final concentration of 2%. Cells were sam-
pled immediately (0 h) and at 2, 4 and 6 h after galactose
addition. Chromatin immunoprecipitation and sequencing
data analysis were performed as previously described (23).
Data are presented for chromosome III as a log2 ratio of
normalized read counts for each IP:input pair. All sequenc-
ing data are deposited in the Sequence Read Archive (http:
/l'www.ncbi.nlm.nih.gov/sra; Study accession SRP062913).

ChIP analysis

ChIP analysis was performed as described previously (6).
The oligonucleotides used are listed in Table S2. Data are
presented as fold enrichment at the HO cut site (5 kb from
DSB) over that at the PRE] locus on chromosome V (for
SIx4) or AROI locus on chromosome IV (for Rad9), and
normalized to the corresponding input sample.

Ectopic recombination assay

We used derivatives of the tGI1354 strain (Table S1). The per-
centage of cell viability of the indicated mutants after HO
induction was calculated as a ratio between the number of
colonies grown on YEP + raf + gal medium and the number
of colonies grown on YEP + raf medium after 2-3 days of
incubation at 28°C.

Physical analysis of DSB repair kinetics during ectopic
gene conversion was performed with DNA samples isolated
at different time points from HO induction. Genomic DNA
was digested with EcoRI enzyme and separated on a 0.8%
agarose gel. Southern blotting was done using a 1000 bp
M ATa probe. To calculate DSB repair values we normalized
DNA amount using a DNA probe specific for /PLI gene
(unprocessed locus).


http://www.ncbi.nlm.nih.gov/sra

Drug sensitivity assay

Logarithmically growing cell cultures were serially diluted
and spotted on media containing different dosages of MMS
or CPT, as indicated. Plates were incubated at 28°C for 3
days.

RESULTS

The SIx4-Rtt107 complex contributes to checkpoint adapta-
tion to one irreparable DSB and to uncapped telomeres

We asked whether the competition between Slx4 and Rad9
for Dpbl1 binding might affect the cellular response to
DSBs. In particular, we hypothesized that in the absence of
Rtt107 or SIx4, the Rad9-dependent checkpoint signalling
should be hyper-activated in the presence of one DSB. To
address this question, we induced a persistent DSB at the
MAT locus by over-expression of HO endonuclease in a
JKM139 yeast background (20,24). This genetic system is
ideal to correlate the DNA damage checkpoint signalling
with the formation of ssDNA. Indeed, in these cells, the
DSB induced by HO is extensively 5'-to-3’ resected, and the
lack of homology elsewhere in the genome prevents the for-
mation of any recombination intermediate. Thus, G1 un-
budded cells were micro-manipulated in galactose contain-
ing medium to induce the HO-break. In this condition, the
activation of the DNA damage checkpoint blocked cell cy-
cle progression at the G2/M transition for several hours
(24). However, wild type cells undergo checkpoint adap-
tation proceeding through 3-4 divisions after 24 h (25),
when we scored the percentage of micro-colonies of 4-8 cells
formed (Figure 1A,B). Strikingly, the percentage of cells
that underwent adaptation and re-started the cell cycle was
severely reduced in s/x4A and rtt107 A cells. A similar result
was observed in the s/x4-S486A mutant (Figure 1B), which
specifically affects the Slx4-Dpbl1 interaction (16,18), sup-
porting the model that the interaction with Dpbl1 is a key
event in this regulatory mechanism. Moreover, as an addi-
tional indication of the central role of the interaction with
Dpbll, the expression of the chimera MBD rescued the
checkpoint adaptation defect of s/x4 A (Supplementary Fig-
ure S1). Importantly, the percentage of cells that underwent
adaptation and re-started the cell cycle was not affected in
the sixI A radl A mus81A triple mutant (Figure 1B). These
results, obtained after an irreparable DSB, indicate that the
Six4-Rtt107 complex, likely interacting with Dpbl1, may
have a role in checkpoint adaptation that is distinct from a
role in DSB repair and JM resolution, which requires the
SiIx1, Radl or Mus81 nucleases (12-15).

Consistent with the hypothesis that the Rad9 pathway is
hyper-activated in the absence of SIx4 and Rtt107, the dele-
tion of the RAD9 gene completely by-passed the prolonged
cell cycle block of six4A, six4-S486A and rt1107 A mutants
(Figure 1B). The same by-pass was observed in ddc/-T602A
cells, in which Dpb11 and Rad9 cannot be recruited by the
9-1-1 complex onto chromatin (11,26,27) (Figure 1B).

To monitor DSB-induced checkpoint signalling in the
absence of a functional SIx4-Rtt107 pathway, we anal-
ysed Rad53 phosphorylation following formation of one ir-
reparable HO-cut. In wild type cells, Rad53 was dephos-
phorylated 12-15 h after the DSB formation, as expected
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(28). On the contrary, Rad53 phosphorylation was pro-
longed and more robust in s/x4A and rt7107A mutants
(Figure 1C), consistent with the checkpoint adaptation de-
fect shown in Figure 1B. The s/x4-S486A mutant cells also
show a robust and prolonged Rad53 phosphorylation, al-
though slightly less than s/x4A cells. Interestingly, Rad53
was only transiently phosphorylated in ddcl/-T602A and
ddcl-T602A six4 A mutants (Figure 1C), consistent with the
defect in Rad9 stable association with DNA in ddcI-T602A
mutant cells (11,18,26,27).

Checkpoint adaptation was previously observed at un-
capped telomeres in thermo sensitive cdc/3—1 mutant cells
(29). Therefore we analysed cell cycle block and re-start in
cdcl3-1 derivative strains incubated at the restrictive tem-
perature. Unbudded cells, grown at the permissive temper-
ature, were micro-manipulated on a plate and immediately
shifted to 37°C. As expected (29), cdci3-1 cells remained
blocked at the G2/M transition for several hours, but af-
ter 24 h incubation a significant percentage of cells have re-
started the cell cycle, producing micro-colonies of 4-8 cells
(Figure 1D). Interestingly, cdcl3—1 six4A, cdcl3-1 six4-
S486A and cdci3—1 rtt107A cells did not divide after the
shift to 37°C (Figure 1D), suggesting that checkpoint adap-
tation following telomere uncapping was compromised in
the absence of a functional SIx4-Rtt107 pathway, similarly
to what we found in the presence of one irreparable DSB
(Figure 1B). Importantly, the prolonged cell cycle block
was rescued by deleting RADY (Figure 1D). Furthermore,
by analysing protein extracts from cells shifted to the re-
strictive temperature, we found that Rad53 phosphoryla-
tion in cdcl3-1 six4A, cdcl3—1 six4-S486A and cdcl3—1
rtt107 A mutants occurred earlier than in cdcl3-1 cells (Fig-
ure 1E), indicating that DNA damage checkpoint signalling
was hyper-activated in the absence of Slx4 and Rtt107, con-
sistent with the defect in cell cycle re-start by adaptation.

Taking the cellular and molecular results in Figure 1 to-
gether, we concluded that the SIx4-Rtt107 pathway plays a
regulatory role in dampening the Rad9-dependent check-
point signalling after one irreparable DSB and after telom-
ere uncapping, leading to checkpoint adaptation and re-
start of cell cycle progression after a prolonged G2/M ar-
rest.

The SIx4-Rtt107 complex modulates Rad9 binding to one ir-
reparable DSB

As we and others have recently shown that Rad9 plays a
role in preventing DNA resection at a DSB (1,6,30,31),
the results in Figure 1 prompted us to test the amount of
Rad9 bound near a DSB in the absence of a functional
SIx4-Rtt107 pathway. Recruitment of Rad9 oligomers near
a DSB is a critical event to elicit a fully active DDC, also
affecting DSB processing and repair. Interestingly, Rad9
oligomers are recruited through the interaction with modi-
fied histones and Dpbl1 soon after DSB formation (6,10).
For high-resolution analysis of Rad9 binding along chro-
mosome 11 after HO cutting at the M AT locus, in wild type
and six4A JKM139 cells, we used chromatin immunopre-
cipitation coupled to deep sequencing (ChIP-seq). Interest-
ingly, before the induction of the HO-cut, we found several
regions of Rad9 binding along the entire chromosome III,
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Figure 1. The SIx4-Rtt107 complex is required for checkpoint adaptation to one irreparable DSB and uncapped telomeres. (A) Schematic illustration of the
HO-cut checkpoint-adaptation assay. (B) Graph shows the percentage of adapted cells for each mutant 24 h after plating on galactose containing medium
to induce one irreparable HO cut. Values are the mean of three independent experiments + standard deviation. (C) Rad53 phosphorylation analysis by
Western Blot in JKM 179 derivative strains after HO induction. (D) Adaptation assay in cdcl3—1 derivative strains. Graph shows the percentage of adapted
cells after 24 h at 37°C. Values are the mean of three independent experiments + standard deviation. (E) Rad53 phosphorylation analysis by Western blot

in cdcl3-1 derivative strains after telomere uncapping at 37°C.




both in wild type and six4A cells (Supplementary Figure
S2). This result is in agreement with previous findings, indi-
cating that Rad9 is recruited to several genome loci through
the interaction with the transcription factor Aftl, even in
the absence of exogenously induced DNA damage (32). Af-
ter the induction of the HO cut at MAT locus (at ~0.2
Mb on chromosome III), Rad9 binding increased around
the DSB, both in wild type and s/x4A cells (Figure 2A and
Supplementary Figure S2), and the binding signal increased
and spread along the flanking regions over time. Deletion of
SL X4 resulted in an increase Rad9 binding proximal to the
DSB (Figure 2A).

To quantify the difference in Rad9 binding at the ir-
reparable DSB in the presence and absence of Slx4, we per-
formed ChIP followed by quantitative PCR (qPCR) with
primers specific for a region 5 kb from the break. We found
that deletion either of SLX4 or RTTI07, as well as the
sIx4-S486A mutation, led to a significant increase of Rad9
binding 5 kb from the HO cut (Figure 2B). Strikingly,
the ddc1-T602A mutation, which affects binding to Dpbl1
(11,26,27), totally eliminated the increased binding of Rad9
in six4A cells (Figure 2C). These results indicate that the
SIx4-Rtt107 pathway is critical to limit the accumulation
of Rad9, bound to Dpbl1 at a persistent DSB, and may
provide a molecular explanation for the prolonged check-
point signalling observed in sIx4A, rt1107 A and slx4-S486A
cells (Figure 1). Consistent with the proposed model, we
also found by ChIP that the SIx4 protein was recruited 5 kb
from an HO-induced DSB (Figure 2D). Interestingly, the
binding of the S1x4-S486A protein variant was greatly low-
ered (Figure 2D), according to the effects on Rad9 binding,
Rad53 phosphorylation and checkpoint adaptation that we
found in s/x4-S486A cells (Figures 1B,C and 2C). Moreover,
deletion of the DDCI gene abrogated Slx4 binding near a
DSB (Figure 2E), further suggesting that Slx4 binding de-
pends upon the interaction with Dpb11, which in turn is re-
cruited through the 9-1-1 complex (33). We also found that
Six4 binding was severely reduced in rtt107A (Figure 2E),
in agreement with recent findings indicating Rtt107 recruits
Six4 to stressed replication forks (23), and that Rtt107 sta-
bilizes the interaction between Slx4 and Dpbl1 (16,34).

Remarkably, Slx4 and Rtt107 were not detectable by
ChIP very close to the DSB (35,36), although Dpbl1 was
recruited soon after the break formation, through the inter-
action with the 9—1-1 complex (33,37). As Rtt107 interacts
with y-H2AX (36,38), a possible explanation of this dis-
crepancy might be related to the low amount of modified
histones close to the break (10,39-42).

The SIx4-Rtt107 complex modulates long-range DSB resec-
tion

Rad9 oligomers bound around a DSB represents a physical
barrier towards 5'-3' resection (4). Thus, we hypothesized
that DSB resection should be affected in the absence of a
functional Slx4-Rtt107 pathway, which leads to increased
Rad9 binding (Figure 2). To address this issue, we tested the
formation of 3’ ssDNA at one irreparable DSB by Southern
blotting of denatured DNA after restriction enzyme diges-
tion (6). The HO-cut was induced in G2/M blocked cells to
avoid any possible interference with cell cycle progression.
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Interestingly, we found that the formation of long 3’ ssDNA
tail (specifically the r7 fragment in Figure 3A) was delayed
in sIx4A, six4-S486A and rtt107A mutants, compared to
wild type (Figure 3B,C). This may indicate that resection
at distal regions from DSB is affected in the absence of a
functional SIx4-Rtt107 pathway.

We also analysed DSB resection at different distances
from an HO-cut using a more accurate quantitative PCR-
based method (Figure 3D) (6,21). Using the same exper-
imental conditions described for the Southern blot (Fig-
ure 3B), we found that the percentage of ssDNA accumu-
lated at 5 kb far from the break in six4A, s/x4-S486A and
rtt107A cells was comparable to what found in the wild-
type cells (Figure 3E), although Rad9 binding was increased
at this site (Figure 2B). Strikingly, a higher amount of un-
resected DNA was detected 10 kb from the break in sIx4A,
sIx4-S486A and rtt107A cells (Figure 3F). A possible ex-
planation might be that, as resection was proceeding, the
discrepancy between the amount of resected DNA in wild
type and s/x4-rt¢107 mutant cells increased and became ev-
ident only at long distances from the DSB, consistent with
what we found by Southern blot (Figure 3B,C).

Importantly, the DSB resection delay observed in six4 A,
sIx4-S486A and rtt107 A cells at 10 kb from the break was
completely rescued by deleting R4 DY (Figure 3G), in agree-
ment with the proposed model that the Rad9-dependent
DSB resection barrier is higher in s/x4 and rft/07 mutants.

Taking all the results in Figures 2 and 3 together, we
propose that a functional SIx4-Rtt107 pathway contributes
to maintaining efficient DSB resection, likely limiting the
Rad9 barrier and Rad53 signalling.

DSB resection and DDC inactivation are severely compro-
mised in the absence of both Sae2 and SIx4-Rtt107

Based on the results in Figure 3, we reasoned that dele-
tion of SLX4 might exacerbate a resection delay in those
mutants already defective in DSB processing, particularly
short-range resection (3,43). Indeed it is known that dou-
ble mutants affecting both the short- and long-range resec-
tion steps, such as sae2 A exol A, show a severe DSB resec-
tion defect (6,44-46). To this end, we generated a sae2A
slx4A double mutant strain and we analysed DSB resec-
tion by qPCR, after induction of HO in G2/M blocked cells.
In agreement with the hypothesis, the sae2 A six4A double
mutant cells showed a severe delay in DSB resection (Fig-
ure 4A), further supporting our previous conclusion that
SIx4 plays a significant role in the long-range DSB resec-
tion. Interestingly, we also found that sae2A six4A dou-
ble mutant cells hyper-activated Rad53 after an irrepara-
ble HO-cut, blocking the cell cycle re-start by checkpoint
adaptation, even more than the respective single mutants
(Figure 4B,C).

We thought that the SIx4-Rtt107 role in the regulation
of DDC and DSB processing might contribute to the DSB
repair, especially in sae2 A cells. To this end, we took ad-
vantage of a genetic system in which interchromosomal re-
combination between two homologous cassettes on chro-
mosome III and V can occur (47,48). Briefly, in these cells,
an HO-induced DSB at an additional MAT sequence in-
serted in chromosome V is repaired by copying the infor-
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mation from the homologous M A47a-inc locus on chromo-
some III (Figure 5A), through a gene conversion process
that requires 6-8 h and is coupled with DDC activation (47—
50). Importantly, Sae2, Rtt107, Radl and Mus81 are al-
most dispensable for DSB repair and cell viability in this as-

say (47,51,52). By plating the cells in the presence of galac-
tose to induce the HO-cut, we found that the viability of
the six4A, six4-S486A, rtt107A and sae2 A single mutants
was almost similar to the wild type, while the viability of
the six4A sae2 A, sIx4-S486A sae2 A and rttl107A sae2 A
double mutants was severely reduced (Figure 5B). Strik-
ingly, by Southern blotting analysis, we found that the to-
tal repair product (as a summary of crossovers and non-
crossovers) was reduced in the s/x4A sae2 A double mutant
after the HO-cut induction in G2/M blocked cells, although
it is not affected in the single mutants (Figure 5C,D). More-
over, Rad53 phosphorylation by western blotting was very
robust and prolonged in the s/x4A sae2 A cells during the
ectopic recombination assay (Figure 5C), consistent with a
persistent DSB. Therefore, our results suggest that the in-
terchromosomal recombination is reduced in sIx4A sae2 A
cells mainly as a consequence of their defect in dampening
the Rad9-dependent checkpoint and resecting the break.

Supporting the hypothesis that the Rad9 binding near the
break, DSB resection and checkpoint signalling are criti-
cal events during the interchromosomal recombination in
the sIx4A sae2 A, six4-S486A sae2 A and rttl107A sae2 A
cells, the deletion of RA D9 strikingly rescued the cell lethal-
ity in all those double mutants, after DSB induction (Fig-
ure 5B,E).

Of importance, sIx4A sae2A, six4-S486A sae2 A and
rttl07A sae2 A double mutant cells are hypersensitive to
both MMS and CPT, even more than the respective sin-
gle mutant strains (Figure 6), whose sensitivity was already
known (16,34,53-55). In particular, r#t/07A cells are re-
ported to be more sensitive to MMS and CPT than s/x4A
cells (56,57), therefore in Figure 6C we plated the cells in the
presence of lower doses of the drugs, to better show the ad-
ditive sensitivity of the 2107 A sae2 A double mutant. Strik-
ingly, the deletion of RAD9 almost completely rescued the
sensitivity of single and double mutants (Figure 6), further
suggesting that the hyper-activation of the Rad9-dependent
DDC and the slow DNA resection can cause the severe sen-
sitivity to MMS and CPT in these cells.

DISCUSSION

The 53BPl-ortholog Rad9 is crucial for DDC signalling
and regulation of DNA end resection in S. cerevisiae. Re-
cruitment of Rad9 to DNA lesions is a key aspect of both
of these functions, and is mediated by its interaction with
modified histones and Dpbl1.

Recently, it was shown that the SIx4-Rtt107 complex is
in competition with Rad9 for the interaction with Dpbl1,
contributing to dampen the DDC signalling in the presence
of MMS (16). Accordingly, s/x4A cells hyper-activate the
Rad9-dependent checkpoint. More recently, it was shown
that six4A cells accumulate DNA lesions (ssDNA) dur-
ing stressful replication, and that Slx4-Dpbl1 interaction
is critical to coordinate the Mus81 nuclease, promoting JM
resolution (18). Therefore, these data open a debate on how
to discriminate the SIx4 role in checkpoint dampening from
its role in DNA replication/recombination. To further un-
derstand this issue, here we studied the interplay between
the SIx4-Rtt107 complex and Rad9 after the formation of
one irreparable HO-cut in the M AT locus on chromosome
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III, in a strain in which the homologous HML and HMR
sequences were deleted (24). In fact, the SIx4 role in DNA
repair and its cooperation with Mus81 and other resolvases
is dispensable in this assay, because no recombination inter-
mediate is formed. Therefore, this experimental setup pro-
vided us with a defined system to directly investigate the role
Six4 plays independently of these factors.

Strikingly, s/x4 A and rtt107 A cells had an increased bind-
ing of Rad9 near the DSB, which is dependent on Ddcl
and Dpbl1 pathway (Figure 2). As a consequence, the re-
section of the 5 strand was slower in s/x4A and rtt107A
cells (Figure 3), Rad53 was hyper-activated and checkpoint
adaptation was impaired (Figure 1). Of note, although oth-
ers showed that SIx4 does not bind close to the DSB (35), we
found that SIx4 was recruited within a few Kb from a per-
sistent DSB (Figure 2). Remarkably, the s/x4-S486A muta-
tion, which prevents Slx4 phosphorylation by CDK 1 and its
interaction with Dpbl1 (16), abolished SIx4 binding to the
DSB (Figure 2D), and caused most of the defects found in
six4 A cells (Figures 1-3), suggesting that Dpb11 and CDK 1
are important components of this pathway.

Interestingly, we found that six4A, six4-S486A and
rtt107 A exacerbated the sensitivity of sae2A cells to HO-
breaks, MMS and CPT (Figures 4-6). This additive effect
is particularly relevant for the s/ix4A and six4-S486A mu-
tations, which per s¢ do not cause sensitivity to CPT at
the dosage tested. Moreover, by using a specific HO-based
assay, we found that six4A sae2 A cells, but not the sin-
gle mutants, are defective in interchromosomal recombi-
nation (Figure 5C,D). Of note, we recently found that in-
creased binding of Rad9 near a DSB causes all the rele-
vant defects in sae2 A cells: prolonged binding of Mrell,
resection delay, reduced recruitment of Rad52 and defect
in DSB end-tethering (6). Our data in Figures 4-6 suggest
that in the s/x4A sae2 A double mutant the persistent bind-
ing of Rad9 limits DSB resection, repair and checkpoint
inactivation, even more than the single mutants. In fact,
the deletion of RADY rescued the DNA damage sensitivity
of cells with dysfunctional SIx4-Rtt107 and Sae2 pathways
very well (Figures SE and 6), strongly suggesting that the de-
fects in dampening the DDC and resecting the DSBs cause
cell lethality.

Our results reinforce and expand the notion that Rad9
binding near a DSB is critical for the cell to properly re-
spond and repair DSBs. Indeed, in recent literature there are
examples in which the increased Rad9 binding has been as-
sociated with a slow DSB resection and a prolonged check-
point signalling, such as meci-ad and fun30A cells, which
neither recover from, nor adapt to a DSB (58-61). Possibly,
the increased Rad9 binding close to DSB ends may affect
the balance between NHEJ and HR events, as we showed in
sae2 A cells (6). Similar function has been shown for 53BP1
in human cells (62-66).

In conclusion, we show that the SIx4-Rtt107 complex acts
as an antagonist of Rad9 binding at DSBs, limiting both the
Rad9 checkpoint signalling and DSB resection barrier. Al-
together, our findings suggest a working model (Figure 7),
in which Dpbl1 and Rad9 play a role in the early step of
the response to a DSB, activating the DDC. Once extensive
resection is on going, the SIx4-Rtt107 complex (likely phos-
phorylated by Mecl and CDKI1 (16,36,54,67)) competes

with Rad9 for Dpbl11 binding, dampening DDC and allow-
ing further progression of resection, especially in the pres-
ence of nucleosomes. Importantly, the novelties described in
our work, after the formation of one persistent DSB, indi-
cate that the role of the SIx4-Rtt107 complex to dampen the
DDC is active not only during replication in the presence of
MMS (16), but also at DSB lesions. Therefore, it will be im-
portant to test in the future whether this mechanism is func-
tional at any types of DNA damage in which the Dpbl1-
Rad9 axes is engaged. It remains also to be investigated if
the S1x4-Rtt107 pathway takes over to counteract Rad9 par-
ticularly at persistent DNA lesions. Interestingly, persistent
or slowly repaired DSBs re-localize to the nuclear periph-
ery, where they are anchored to the nuclear pore complex
(68-70). This phenomenon has been proposed to affect the
choice of the repair pathways at persistent DSBs (68). An
interesting hypothesis to address is whether the checkpoint
dampening and adaptation controlled by the SIx4-Rtt107
pathway occur at the nuclear periphery. This may also corre-
late with the reduction of DSB repair found in s/x4A sae2 A
cells during an ectopic recombination assay (Figure 5C,D),
which notably occurs at the nuclear periphery (68).

Considering our data in a wider context, it will be inter-
esting to test if Rad9 may limit ssDNA accumulation during
stressful replication in the absence of a functional Dpbl1-
SIx4-Rtt107 complex (18). In this condition, avoiding the
formation of long ssDNA gaps, we can speculate that Rad9
may protect chromosomes from breakages and unscheduled
recombination events, preserving genome integrity.

Importantly, mutations in human SLX4 increase sensitiv-
ity to DNA damage and are linked with Fanconi Anemia,
a genetic disorder associated with high checkpoint marker
activation, which could be a cause of bone marrow failure
(14,71). Taking that into consideration, in the future it will
be relevant to investigate whether SLX4, in addition to its
functions in DSB repair, might have a role in controlling
DDC and DSB resection in human cells too. Remarkably,
we showed that in yeast SIx4 plays an important role in reg-
ulating DDC at uncapped telomeres too (Figure 1). An ad-
ditional open question to address in the future is whether
SIx4 might also regulate 53BP1 binding and DDC at eroded
telomeres in human cells, where SLX4 localizes to telomeres
through TRF2 binding (72,73).
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