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Active Replication Checkpoint Drives Genome Instability in
Fission Yeast mcm4 Mutant
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ABSTRACT Upon replication fork arrest, the replication checkpoint kinase Cds1 is
stimulated to preserve genome integrity. Robust activation of Cds1 in response to
hydroxyurea prevents the endonuclease Mus81 from cleaving the stalled replication
fork inappropriately. However, we find that the response is different in temperature-
sensitive mcm4 mutants, affecting a subunit of the MCM replicative helicase. We
show that Cds1 inhibition of Mus81 promotes genomic instability and allows
mcm4-dg cells to evade cell cycle arrest. Cds1 regulation of Mus81 activity also con-
tributes to the formation of the replication stress-induced DNA damage markers rep-
lication protein A (RPA) and Ku. These results identify a surprising role for Cds1 in
driving DNA damage and disrupted chromosomal segregation under certain condi-
tions of replication stress.

KEYWORDS Cds1, Chk1, Mus81, checkpoint kinase, fission yeast, genome stability,
mcm4, replication stress

eplication stress increases the likelihood of gross chromosome rearrangements,

micronucleus formation, and chromothripsis observed in various cancers (reviewed
in references 1 to 3). During replication, the conserved MCM helicase, comprising six
subunits, unwinds the DNA duplex and promotes replication initiation and progression
(4). Mutations in Mcm4, one of the subunits of the MCM helicase, have been implicated
in various cancers, including breast cancer and leukemia (5-10).

In fission yeast, temperature-sensitive alleles of the mcm4 gene have been useful in
modeling replication dynamics and replication stress (11-14). The originally isolated
mcm4-M68 (mcm4-ts) mutant (15) is a temperature-sensitive mutant that undergoes
substantial DNA synthesis, accompanied by the accumulation of double-strand breaks
(DSBs) that activate the damage checkpoint kinase Chk1 at restrictive temperature
(36°C) (12, 16, 17). In contrast, the mcm4-ts-dg (mcm4-dg) mutant has a degron cassette
added to the original temperature-sensitive allele that causes rapid protein turnover at
36°C (18). Unlike the mcm4-ts mutant, mcm4-dg cells evade Chk1 activation and
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DNA-dependent protein kinase-like family Rad3, which promotes dimerization and
further activation by autophosphorylation (28, 29). Cds1 interacts with and regulates
the Mus81-EmeT1 structure-specific endonuclease complex that cleaves a variety of DNA
structures, including stalled replication forks (27, 30-33; reviewed in reference 34). Cds1
activation releases Mus81 from the chromatin and thus prevents the inappropriate
cleavage of the stalled replication fork (33). This helps limit Mus81 activity in S phase.
Rather, Mus81 appears particularly important for the resolution of entanglements
entering mitosis (reviewed in reference 35).

In this study, we show that Cds1 kinase and its regulation of Mus81 contribute to the
evasion of the DNA damage checkpoint and allow uneven nuclear division in mecm4-dg
cells. We demonstrate that Mus81 influences the formation of cytological markers of
replication stress, including enlarged single RPA puncta (megafoci) observed in
mcm4-dg cells. These RPA megafoci in mcm4-dg cells form at the nuclear periphery
from the coalescence of smaller, multicluster RPA, dependent on the DNA-end-binding
heterodimer protein Ku. Our findings thus suggest that under some conditions of
replication stress, an active replication checkpoint contributes to genome instability,
generating novel structures inside the nucleus.

RESULTS

Cds1 regulation of Mus81 promotes genomic instability in early replication
failure. The mcm4-M68-ts (mcm4-ts) mutant allele of the MCM helicase undergoes
robust cell cycle arrest at the restrictive temperature, with the presence of DNA
double-strand breaks (DSBs) and activation of the damage checkpoint kinase Chk1 (12,
17, 36). Previously, we showed that mus871A bypasses mitotic arrest and increases
uneven nuclear divisions in temperature-sensitive mem4-ts cells (12). We proposed that
the DNA breaks induced by Mus81 in mcm4-ts cells are sufficient to activate the Chk1
damage checkpoint, leading to cell cycle arrest (12).

The replication checkpoint kinase Cds1 downregulates Mus81 activity by promoting
its dissociation from chromatin upon hydroxyurea (HU) treatment (33). Thus, the
activation of Cds1 by prior treatment with HU should have an effect similar to that of
mus81 deletion in mcm4-ts cells. We confirmed our previous observation (17) that
pretreatment of mcm4-ts cells with HU increases uneven DNA segregation, generating
cut (unreplicated DNA cleaved by the septum) or aneuploid phenotypes (Fig. 1A).

This increase in nuclear division in mus81A mcm4-ts or HU-treated mcm4-ts cells
resembles the phenotype of the temperature-sensitive degron allele mcm4-ts-dg
(mcm4-dg) that we showed previously is able to evade the Chk1 damage checkpoint
(12) (Fig. TA). Importantly, pretreatment with HU does not increase abnormal division
in mcm4-dg cells (Fig. 1A). From these data, we infer that the mcm4-dg mutant already
induces sufficient Cds1 activity at the restrictive temperature that is sufficient to
downregulate Mus81, allowing it to prevent the damage that induces the Chk1
checkpoint.

Consistent with this model, we find that cdsTA mcm4-dg cells have a reduced
frequency of abnormal nuclear division at 36°C. Significantly, this reduction depends
upon Mus81 (Fig. 1B), suggesting that Cds1-dependent downregulation of Mus81
allows mcm4-dg cells to proceed into mitosis. We tested this using separation-of-
function mutations in Cds1 and Mus81. Mutations in the forkhead-associated (FHA)
domain of Cds1 (cds1-FHA™) or the FHA-binding site on Mus81 (mus81-T239A) prevent
the interaction between Cds1 and Mus81 (33, 37). We predicted that these mutations
should phenocopy cds7A by blocking the Cds1 interaction with and inhibition of
Mus81, and indeed, this is the case. Both the cds1-FHA* mcm4-dg and mus81-T239A
mcm4-dg double mutants decreased the frequency of abnormal division in the
mcm4-dg background, measured by cut and aneuploid cells (Fig. 1C).

We next predicted that increasing Cds1 activity in mcm4-ts cells should phenocopy
the abnormal divisions of the mus81A mcm4-ts strain by repressing Mus81. Indeed, we
find that the overexpression of Cds1 in mcm4-ts cells increases uneven nuclear division,
and this requires an intact kinase domain (Fig. 1D). These findings indicate that under
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FIG 1 Cds1 regulation of Mus81 contributes to uneven chromosomal segregation in mcm4 mutants. (A) Asyn-
chronous cultures of WT, mcm4-ts, and mcm4-dg cells were placed at 36°C for 4 h, or pretreated with 12 mM HU
for 2 h and then placed at 36°C for 4 h, and fixed for DAPI staining. Cells with cut or aneuploid nuclei were
quantified. (B and C) The indicated cells were placed at 36°C for 4 h and fixed for DAPI staining. (D) WT Cds1 or
kinase-dead (KD) Cds1 was overexpressed (OE) in the indicated cells, placed at 36°C for 4 h, and fixed for DAPI
staining. Shown are averages from at least 3 replicates, with >50 cells counted per replicate. (E) The indicated cells
were placed at 36°C for 4 h, plated on a YES plate, and grown at 25°C. Shown are averages from 6 replicates. (F)
Rates of minichromosome (ChL) loss or gross chromosomal rearrangement (GCR) in the indicated cells after 4 h at
36°C. *, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s., not significant. Error bars represent SE.

some forms of replication stress, an active replication checkpoint kinase, Cds1, drives
catastrophic mitosis and chromosome instability.

The frequency of abnormal chromosome segregation correlates with reduced
viability in mcm4-dg compared to mcm4-ts cells (12). We find that viability likewise
correlates with Cds1 regulation of Mus1 activity. The loss of viability in the mus871A
mcm4-ts mutant correlates with increased divisions, and the increased viability in the
cds1A mcm4-dg mutant that requires Mus81 correlates with reduced divisions (Fig. 1E).

We assessed the contributions of Mus81 to chromosome loss and rearrangement
using strains that contain a nonessential minichromosome (ChL) (12, 38). ChL carries
multiple genetic markers that are used to distinguish chromosome loss from structural
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rearrangement. Briefly, ChL loss results in the loss of all genetic markers, leading to
multiple auxotrophies and hygromycin sensitivity, while gross chromosomal rearrange-
ment (GCR) results in the loss of some but not all markers (see Materials and Methods).
As we showed previously, there are increased rates of both chromosome loss and GCR
in the mcm4-dg strain compared to the mcm4-ts strain after a 4-h pulse at 36°C (Fig. 1F)
(12). However, while mus81A dramatically increased the rate of ChL loss in the mcm4-ts
strain, it only mildly increased the rate of GCR. Conversely, Cds1 deletion in the
mcm4-dg strain did not have a significant effect on the ChL loss rate but increased the
GCR rate in a Mus81-dependent manner. Thus, the consequence of Mus81 activation in
late-S-phase arrest (mcm4-ts) compared to early replication failure (cds1A mcm4-dg) has
different genetic outcomes.

Cds1 in the mcm4-dg strain inhibits Mus81 contribution to Chk1 activation.
Compared to mcm4-ts cells, mcm4-dg cells have reduced Chk1 activation and evade
Chk1-dependent cell cycle arrest (12). We posited that Mus81-generated DSBs are
responsible for Chk1 activation in the mcm4-ts mutant. Consistent with this, we
observed more chromatin-bound Mus81 in the mcm4-ts mutant than in the mem4-dg
mutant (Fig. 2A) and a reduction of Chk1 phosphorylation in the mus81A mcm4-ts
mutant but an increase in the cds1A mcm4-dg mutant compared to the single mutants
(Fig. 2B). DNA damage induces the phosphorylation of the histone variant H2A, which
recruits the DNA repair protein Crb2 and facilitates Chk1 activation (39). Again, con-
sistent with Chk1 activation, we found that the mcm4-ts mutant has more phosphor-
ylated H2A (pH2A) than the mcm4-dg mutant at the restrictive temperature (Fig. 2C).
The loss of Mus81 decreased pH2A in the mcm4-ts mutant, and the loss of Cds1
regulation of Mus81 increased pH2A in the mcm4-dg mutant. Thus, Mus81 activity
correlates with Chk1 activation.

Cds1 regulation of Mus81 contributes to the distinct formation of aberrant
DNA damage markers. Our data thus far indicate different outcomes if Mus81 is
activated in cells with early replication defects compared to late-S-phase/G, arrest.
Mus81 processes replication-associated DNA structures for repair and fork progression
(40-43), and intermediates formed during this process may generate Chk1-activating
DNA structures. As previously shown, the mcm4-ts and mcm4-dg mutants have distinc-
tive RPA cytological phenotypes (12). mcm4-ts cells after 4 h at 36°C contain small and
multicluster RPA puncta, while mcm4-dg cells have single RPA foci that are large and
more intense, which we refer to as “megafoci” (12) (Fig. 3B). We reasoned that these
cytological markers may give us insights into the structures recognized or created by
Mus81 and the response that they trigger.

First, we investigated the recruitment of another marker. DNA ends are recognized
by the Ku heterodimer proteins that promote nonhomologous end joining (NHEJ)
(44-46). Ku also recognizes “one-sided” double-strand breaks and ends associated with
regressed replication forks (47, 48). Ku binding of DNA ends inhibits resection and the
accumulation of single-stranded DNA (ssDNA) that otherwise drives homologous re-
combination (HR) (44). Ku proteins also play important roles in replication fork reversal
and restart by regulating fork resection and facilitating RPA loading (49). Recently, we
identified a distinct pattern of Ku focus formation in response to genotoxic stress (C.
Jones, personal communication). We observe that at the restrictive temperature, mcm4-
dg, but not mecm4-ts, cells have visible Ku foci (Fig. 3A). We reasoned that Ku is not
efficiently removed from DNA ends in mcm4-dg cells, which could inhibit HR-mediated
attempts at fork restart.

Next, we investigated the contribution of Mus81 to these phenotypes. We observed
that the loss of Mus81 in the mcm4-ts mutant phenocopies the cytological markers of
the mecm4-dg mutant, with an increased Ku signal and megafocus RPA (Fig. 3C and D),
and this correlates with the increase in abnormal divisions (Fig. 1) (12). Conversely, the
cds1A mecm4-dg mutant shows less intense, multicluster RPA foci similar to those seen
in the mcm4-ts mutant. Finally, cdsTA mus81A mcm4-dg triple mutants have single but
small RPA foci. We found that cds7A also decreases Ku focus size in mcm4-dg cells in a
Mus81-dependent manner (Fig. 3E). Thus, a distinct fingerprint of cytological markers
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FIG 2 Cds1 regulation of Mus81 inhibits Chk1 activation in mcm4-dg cells. (A) Western blot showing chromatin-
bound Mus81 in mecm4 mutants. Chromatin fractionation prepared from cells placed at 36°C for 4 h is shown. PCNA
is shown for the nuclear fraction. (B) Western blot showing the HA-tagged Chk1 phosphorylation shift. The third
lane is the control lysate that contains no Chk1-HA. The second lane is the lysate from Chk1-HA-containing WT cells
treated with 0.007% methyl methanesulfonate (MMS). The first lane is the phosphatase-treated lysate from
Chk1-HA-containing WT cells treated with MMS. The remaining lanes are lysates from the indicated cells placed at
36°C for 4 h. * indicates phospho shifted Chk1. Cdc2 is the loading control. (C) Western blot showing phospho-H2A
and H2A. Cdc2 is the loading control. The first lane is the lysate from WT cells treated with 0.007% MMS. The
remaining lanes are lysates from the indicated cells placed at 36°C for 4 h. Quantification of band intensities was

performed using ImagelJ, and the ratios of phospho-H2A over H2A or Cdc2 are shown.

accompanies the different phenotypes, and this correlates with Mus81 and Cds1
activity. This may represent different forms of DNA damage processing in the different
mutant backgrounds.

Ku contributes to the relocation of DNA lesions to the nuclear periphery and
megafocus RPA formation. We next examined the dynamics of focus and megafocus
formation using time-lapse imaging of RPA and Ku in mcm4-dg cells. We shifted
asynchronous cultures to the restrictive temperature and monitored multiple markers.
We normalized the data to the time at which the first septation occurs. The majority of
cycling cells (at 25°C) are in G,, and septation typically correlates with S phase (50); thus,
in a temperature shift experiment, we expect that the inactivation of the essential
S-phase protein Mcm4 will have an effect as cells enter S phase. Consistent with this,
we observed that RPA appears near the time of septation in dispersed small clusters.
Intriguingly, these clusters merge to form megafocus RPA (Fig. 4A and B; see also Movie
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FIG 3 Cds1 regulation of Mus81 contributes to DNA damage marker focus formation in mecm4 mutants. (A and C)
Cells were imaged for pKu70-citrine after 4 h at 36°C. Percentages of T cells with pKu70 foci are quantified on the
right. (B and D) Cells were imaged for RPA-cyan fluorescent protein (CFP) after 4 h at 36°C. Quantifications of RPA
focus size (square micrometers), perimeter (micrometers), and intensity (area times the mean gray value) are on the
right. (E) Cells were imaged for pKu70-citrine or RPA-CFP after 4 h at 36°C. Quantifications of pKu70 focus size
(square micrometers) and the number of RPA foci per cell are on the right (n > 200 cells). *, P < 0.05; **, P < 0.01;
*** P <0.001; n.s., not significant. Error bars represent SE.

S1 in the supplemental material). Ku also appears around the time of RPA multifoci in
one or two foci, which persist into the RPA megafoci.

The deletion of either cds1 alone or both cdsT and mus871 only slightly altered the
timing of the appearance of multifocus RPA or Ku (Fig. 4C), but these strains do not
form megafoci (e.g., see Fig. 3E). Changes in uneven nuclear division, viability, gross
chromosomal rearrangement, RPA focus size (Fig. 1 and Fig. 3E), and the timing of RPA
multifoci in Cds1-deleted mcm4-dg cells are reversed by mus81 deletion (Fig. 4C),
indicating a crucial role for this endonuclease in creating these structures. Interestingly,
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FIG 4 Multicluster RPA and Ku come together to form RPA megafoci. (A) mecm4-dg cells were imaged over time at
36°C for RPA-CFP and pKu-citrine. The dashed lines indicate septation. The arrowheads indicate the initial
appearance of foci. (B) Timing of the appearance of foci relative to septation (dotted line) from cells imaged as
described above for panel A. (C) Timing of the appearance of multifocus RPA and Ku in the indicated strains placed

at 36°C relative to septation. *, P < 0.05; ***, P < 0.001; n.s., not significant. Error bars represent SE.

although the decrease in Ku focus size in cdsTA mcm4-dg cells is reversed in cds1A
mus81A mcm4-dg cells, the timing of the Ku appearance was slightly delayed in cds1A
mcm4-dg cells and further delayed in cdsTA mus81A mcm4-dg cells (Fig. 4C). Thus, there
may be an effect of Mus81 on timing independent of Cds1.

Several types of DNA lesions, including DSBs and collapsing forks, relocate to the
nuclear periphery for repair (reviewed in references 51 and 52). We observed that RPA
multifoci in mecm4-dg cells are found at the center of the nucleus, while megafocus RPA
is generally located near the periphery, colocalizing with or in close proximity to the
nuclear membrane-associated proteins Ccr1N, Nup107, and Ish1 (Fig. 5A to C). Similarly,
we find that RPA multifoci in mcm4-ts cells are located mostly near the center of the
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indicated fluorophores after 4 h at 36°C. (E) mcm4-dg cells were imaged for RPA-CFP and ccr1N-mCherry
over time at 36°C. **, P < 0.01. Error bars represent SE.

nucleus (Fig. 5D). Time-lapse imaging showed that RPA multifoci form near the center
of the nucleus and relocate to the nuclear periphery as they coalesce to form mega-
focus RPA (Fig. 5E and Movie S2).

We next examined whether Ku influences the relocalization of the RPA puncta into
the peripheral megafocus. Neither pku70A nor wild-type (WT) cells accumulate any RPA
foci at the restrictive temperature. pku70A mcm4-dg cells show an increase in RPA
multifoci (Fig. 6A). These RPA multifoci in pku70A mcm4-dg cells do not relocate to the
nuclear periphery and do not coalesce into megafoci (Fig. 6B and C). They appear
similar to RPA multifoci in mcm4-ts cells (Fig. 6D). These data indicate that Ku contrib-
utes to megafocus RPA formation and relocalization.

We assessed the contribution to these phenotypes of other nucleases and helicases
that contribute to DNA damage and its resolution (Table 1). We observed that deletion
of the long-range exonuclease gene exol in the mcm4-dg mutant does not rescue
uneven chromosomal segregation, although it increases multifocus RPA and decreases
Ku localization (Fig. 7). Overall, a decrease in Ku foci in the mcm4-dg background
correlates with an increase in multifocus RPA (Table 1).

DISCUSSION
In this report, we describe the mechanistic basis for different cell cycle phenotypes
associated with two temperature-sensitive alleles of the MCM helicase in Schizosaccha-
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Average RPA punctum sizes (square micrometers) (n > 200). **, P < 0.01; ***, P < 0.001; n.s., not significant. Error
bars represent SE.

romyces pombe: mcm4-ts, which arrests the cell cycle with 2C DNA content, and
mcm4-dg, which fails to arrest the cell cycle despite the absence of substantial DNA
synthesis (12). We showed previously that mecm4-ts cells evade cell cycle arrest if the
structure-specific endonuclease Mus81 is deleted (12). Here, we identified a key role for
the Cds1 replication checkpoint kinase that represses Mus81 (33, 37). Our data suggest
that the DSBs that occur in mecm4-ts cells reflect a lack of Cds1 activation, which allows
Mus81 cleavage of the DNA that is sufficient to activate the Chk1 damage checkpoint
and causes cell cycle arrest (Fig. 8).

Our model further suggests that Mus81 is not active in mcm4-dg cells, because they
do not activate a DSB response and do not arrest the cell cycle (12, 17). We find that
the inactivation of Mus81 is Cds1 dependent. In contrast, separation-of-function mu-
tations in cdsT or mus81 that prevent their protein interaction with each other result in
cell cycle arrest in mecm4-dg cells. These observations suggest that the Cds1 replication
checkpoint kinase is activated in mcm4-dg cells sufficiently to inhibit Mus81 and
prevent the formation of DSBs. This in turn evades the activation of Chk1, allowing cells
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TABLE 1 Percentages of pKu70 focus-containing cells and RPA focus sizes? in mcm4-dg cells with deletions of various proteins involved
in replication stress and DNA repair

Allele® Protein function¢ Change in % pKu focus-positive cells? Change in RPA focus size

crb2A DNA repair protein Decrease Decrease in size with increased multifoci
ctp1A Endonuclease Decrease Decrease in size with increased multifoci
dna2-ts Endonuclease-helicase Increase Decrease in size with increased multifoci
exolA Exonuclease Decrease No change in size with increased multifoci
kpalA DNA repair polymerase No change No change

mrel1A Nuclease in HR Decrease Decrease in size

pKu70A DNA binding in DNA repair Not applicable Decrease in size with increased multifoci
rad16A DNA repair endonuclease Decrease No change

rad2A FEN-1 endonuclease Slight decrease No change

rad8A Ubiquitin ligase/DNA helicase Decrease Decrease in size with increased multifoci
riflA Telomere length regulator No change Decrease in size with increased multifoci
six4A Structure-specific endonuclease Decrease No change

swiT0A DNA repair endonuclease Slight decrease Slight decrease

aFor RPA size in mcm4-dg cells, “multifoci” indicates an increase in the overall percentage of multifocus RPA-containing cells.

bAlleles in boldface type are ones that show a trend in which a decrease in pKu foci is correlated with a decrease in RPA megafoci (increase in RPA multifoci) in
mcm4-dg cells.

Protein function from pombase.org (86).

dSlight decrease indicates a decrease within a 10 to 20% difference. Differences of >20% are indicated as an increase or decrease.

to proceed into mitotic division in the absence of replication, with disastrous conse-
quences. Thus, paradoxically, the activation of the replication checkpoint in the
mcm4-dg mutant causes, rather than prevents, genome instability.

However, we do not observe an obvious phosphorylation mobility shift of Cds1 in
the mecm4-dg mutant (12), which would typically be observed if the replication check-
point is activated by treatment with hydroxyurea that results in cell cycle arrest (e.g.,
see references 24 and 26). This suggests that the level of Cds1 activation sufficient to
inhibit Mus81 in the mcm4-dg mutant (Fig. 2) does not require substantial phosphor-
ylation. There is additional evidence that suggests that Cds1 is not activated to its full
level under these conditions. In HU, Cds1 kinase upregulates the G,/S-phase master
transcription factor MBF (Mlul-binding factor transcriptional complex) (53-56) and the
MBF target protein Tos4 (54, 57). We showed recently that Cds1 activity in themcm4-dg
cells does not induce Tos4 accumulation (58). These data suggest that a partial
activation of Cds1 is occurring in mcm4-dg cells.

We cannot rule out the possibility that the cell cycle stage contributes to the
different Mus81-associated phenotypes observed in mcm4 mutants. The robust regu-
lation of Mus81 by Cds1 in mcm4-dg but not in mcm4-ts cells could reflect an
early-S-phase failure in the degron compared to a late-S-phase or even G, defect in
mcm4-ts cells (see discussion in reference 56). However, we consider this unlikely,
because the mus81A mcm4-ts mutant, which completes substantial DNA synthesis,
resembles the mcm4-dg mutant in divisions and cytological phenotypes, despite the
difference in DNA content.
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FIG 7 Exol deletion effect in mcm4-dg cells. Cells were imaged for pKu70-yellow fluorescent protein
(YFP) (A) and RPA-CFP (B) after 4 h at 36°C. On the right of the images are quantifications of the
percentages of Ku focus-containing cells or of the percentages of multifocus RPA-containing cells out of
the RPA-containing population (n > 200). *, P < 0.05; ***, P <0.001; n.s., not significant. Error bars
represent SE.
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FIG 8 Model figure illustrating the contribution of Cds1 regulation of Mus81 to Chk1 activation and RPA focus
formation in mecm4 mutants. mcm4-ts cells that have late replication failure do not have robust Cds1 activation, and
therefore, Mus81 remains active. RPA multifoci appear near the center of the nucleus, while Ku is likely processed
and does not accumulate in a Mus81-dependent manner. Active Mus81 also contributes to Chk1-dependent cell
cycle arrest. mcm4-dg cells that have early replication failure have Cds1 activation and subsequent downregulation
of Mus81. RPA multifoci appear early near the center of the nucleus along with Ku and relocate to the nuclear
periphery to form RPA megafoci. The lack of Mus81 activation of Chk1 allows evasion of cell cycle arrest, resulting
in chaotic chromosomal segregation.

Our observations are also consistent with previous reports that Cds1-dependent
Mus81 regulation may be differentially activated depending on the type or extent of
replication stress, with HU-induced stress being the most pronounced (33, 59, 60). In a
DNA polymerase alpha mutant at the semipermissive temperature, Cds1 is sufficiently
active to inhibit Mus81 (33, 59, 61). Mus81 activity in cds1A pol1 cells causes breaks that
generate genome rearrangement. Intriguingly, the mus87-T239A point mutant that is
independent of Cds1 does not cause breaks in HU (59), in contrast to what is seen in
the mem4-dg or pol1 background (Fig. 1) (33, 59). Thus, the activation of the checkpoint
by HU (nucleotide starvation) does not phenocopy stresses caused by replisome
defects.

This difference in HU treatment versus replisome defects is consistent with our
observations in the mecm4 mutants. While mus871A dramatically increases the rate of ChL
loss in mcm4-ts cells, it only mildly increases the rate of GCR. This is consistent with a
known requirement for Mus81 to segregate entangled chromosomes in mitosis (re-
viewed in reference 35): the mcm4-ts mutant has a largely replicated genome, so a
failure to disentangle sister chromatids may generate a chromosome loss phenotype.
Conversely, Cds1 deletion in the mcm4-dg mutant did not have a significant effect on
the ChL loss rate but increased the GCR rate in a Mus81-dependent manner. The
mcm4-dg mutant has a largely unreplicated genome; thus, unscheduled Mus81 cleav-
age drives rearrangement rather than segregation errors. These results suggest that
Mus81 inhibits chromosome loss in late replication failure, whereas Mus81 promotes
gross chromosomal rearrangement in early replication failure.

Does this implicate Cds1 in normal S-phase progression? Cds1-deficient cells accu-
mulate DNA damage foci even without HU treatment (62) and also show altered
replication dynamics (63). These data suggest that Cds1 has a role in maintaining
genome stability even in an unperturbed S phase, perhaps by ensuring that Mus81 is
not activated during normal DNA replication. This agrees with the data suggesting that
Mus81 activity is most prominent during mitosis to resolve entanglements and pro-
motes mitotic DNA synthesis (reviewed in references 34 and 64). Boddy et al. (37)
reported that the mus871A mutant has a checkpoint-dependent cell cycle delay, and Kai
et al. (33) showed that the mus87A mutant has an increased mutation rate, particularly
rearrangement between short repeats, in unperturbed cells. These observations are
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consistent with Mus81’s normal mitotic function and error-prone recombination be-
coming active in its absence. We propose that the mcm4-dg phenotype reflects this
maintenance level of Cds1 activity, which is not enough to induce Tos4 expression or
prevent cell cycle progression but is sufficient to inhibit Mus81. In contrast, the failure
of Cds1 to downregulate Mus81 in mcm4-ts cells indicates that these cells with mostly
2C DNA content may be arrested not at S phase but at G, phase, which will also explain
their lack of Tos4 accumulation (58).

In addition to the dynamics of Cds1 and Mus81, we identified a unique visual
fingerprint of mcm4-dg genome stress using fluorescently tagged repair proteins.
RPA-coated ssDNA recruits Rad3 and initiates checkpoint activation (65, 66). Addition-
ally, 5’ single-stranded/double-stranded DNA junctions and primer-template junctions are
required for strong Chk1 activation (2, 22, 67-69). mcm4-dg cells have large RPA megafoci
but do not activate Chk1 (12), suggesting that other Chk1-activating DNA structures
beyond ssDNA are missing. Mus81 processes replication-associated DNA structures for
repair and fork progression (40-43), and intermediates formed during this process may
generate Chk1-activating DNA structures, so this is consistent with the absence of
Mus81 cleavage in mcm4-dg cells. The lack of Mus81 activity in mcm4-dg cells likely
results in accumulation of unresolved recombination intermediates such as D-loops or
other unusual DNA structures such as hairpins and triplexes as well as subsequent
chromosome breaks (70, 71).

So what is the source of the RPA megafoci? In our time course analysis, we see that
the mcm4-dg mutant initially shows dispersed RPA foci that coalesce into a megafocus
adjacent to the nuclear envelope. In Drosophila melanogaster cells, the relocalization of
heterochromatic DNA damage for homologous recombination (HR) repair requires the
recruitment of heterochromatic proteins Smc5/6 and SUMO-E3 ligases (72) and the
activation of nuclear actin and myosin (73). Repair foci have also been observed
adjacent to the nuclear envelope in Saccharomyces cerevisiae (74), and a new study
suggests that coalescing Rad52 foci result from the merging of phase-separated
droplets in tubulin-dependent migration (75).

Our study suggests a key role for the end-binding heterodimer Ku in megafocus
formation and localization. Ku is typically associated with nonhomologous end joining
(NHEJ) (44-46), which is cell cycle regulated (76, 77). Recent studies suggest that the Ku
heterodimer binds DNA ends associated with collapsed and regressed replication forks
(47-49). The release of Ku proteins from the DNA ends by the Mre11-Rad50-Nbs1 (MRN)
protein complex is required for ssDNA-binding protein RPA localization and subsequent
activation of the Chk1 checkpoint pathway as well as HR (48, 49). Thus, Ku and MRN act
as mutual antagonists: Ku inhibits resection driven by MRN, and MRN removes Ku to
facilitate homologous recombination over NHEJ (44, 48, 78, 79). However, Ku deletion
partially suppresses the defects associated with mrnA (47), which argues that it is
actively repressing HR (possibly through inhibition of Exo1) and not just providing an
NHEJ alternate. We show that mcm4-dg cells, but not mcm4-ts cells, accumulate Ku foci
(Fig. 3A), further suggesting that MRN is not activated for further cleavage and
implicating Ku in the recognition and repair of the lesions in these cells.

Interestingly, Ku accumulation does not compromise DNA resection at single-ended
DNA double-strand breaks (80). A nick near Ku-bound DNA ends also allows Exo1- or
Dna2-dependent long-range resection and RPA-dependent unwinding of duplex DNA
(81). The DNA processing that occurs in conjunction with persistent Ku may signal cells
to attempt DNA repair at the nuclear periphery. This suggests that megafocus RPA
formation may correspond to unprocessed Ku. Further study will be necessary to
characterize these structures.

This study demonstrates an unexpected role of the replication checkpoint in driving
genome instability in early-S-phase failure accompanied by an unusual pattern of
damage response markers. This underscores the importance of investigating the role of
checkpoint pathways with the whole cellular context in mind, not limited to just
exogenous pathways, and suggests that the active checkpoint may be deleterious to
cells in replication stress.
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TABLE 2 Yeast strains used in this study

Strain Genotype

FY527 h~ his3-D1 ade6-M216 ura4-D18 leul-32

FY784 h™ cdc21-M68 ura4-D18 leu1-32 ade6-M210 cani-1

FY1501 h* AcdsT:ura4™ ura4-D18 leul-32 his3-D1 ade6-M210

FY3936 h~ cdc21-M68-ts-dg:.ura4+ ura4-D18 leu1-32 ade6-M210 cani-1

FY4611 h— chk1HA(ep) ade6-M216 ura4-D18 leul-32

FY4743 h~ rad11-Cerulean:hphMX rad22-YFP-natMX leu1-32 ade6-M210 ura4-D18

FY4749 h™ Acds1:ura4™ rad11-Cerulean:hphMX rad22-YFP-kanMX leu1-32 ura4-D18 ade6-M216

FY4788 h~ Amus81:KanMX ura4-D18 ade6-M210 leuT-32 his7-366

FY4790 h* Acds1:ura4™ Amus81:KanMX ura4-D18 ade6-M210 leu1-32

FY4819 h~ cdc21-M68 Amus81:KanMX leu1-32 ura4-D18 ade6-M216

FY4857 h~ cdc21-M68 rad11-Cerulean:hphMX rad22-YFP-natMX leu1-32 ade6-M210 ura4-D18

FY5188 h* ade6-A ura4-D18 leuT-32 his1-102 ChL[ubcp4:LEU2::chk1 hph::spccB3.18 spcc1322.09::ura4™ ade6™]

FY5277 h~ cdc21-M68-ts-dg::ura4* Acdsl:ura4™ rad22-YFP-natMX rad11-CFP-hphMX ade6-M216 leul-32 ura4-D18

FY5279 h~ cdc21-M68-ts-dg::ura4™ rad22-YFP-natMX rad11-CFP-hphMX ade6-M216 leu1-32 ura4-D18

FY5323 h* AcdsT:ura4™ Amus81:kanMX rad11-Cerulean::hphMX rad22-YFP-natMX leu1-32 ade6-M210 ura4-D18

FY5364 h™ Aexol:ura4™ rad22-YFP:natMX6 rad11-CFP:hphMX6 ura4-D18 leul-32

FY5428 h~ Aexol:ura4™ ura4-D18 ade6-M210

FY5516 h~ cdc21-M68-ts-dg::ura4* Acdsi:ura4™ leul-32 ura4-D18

FY6355 h~ chk1HA(ep) cdc21-M68 ade6-M216 ura4-D18 leul-32 cani-1

FY6489 h~ cdc21-M68-ts-dg::ura4* Nexol:ura4* ura4-D18

FY6497 h~ cdc21-M68-ts-dg::ura4+ chk1HA(ep) ade6-M216 leul-32 ura4-D18

FY8478 h* Amus81:KanMX Acds1:ura4* cdc21-M68-ts-dg::ura4* ura4-D18 leul-32

FY8488 h* pKu70-citrinehph his3-D1 ade6-M210 ura4-D18 leu1-32

FY8515 h~ AcdsT:ura4™ cdc21-M68-ts-dg::ura4™ chk1HA(ep) ura4-D18 leu1-32 ade6-M216

FY8519 h~ cds1-FHA*:2HAG6His::ura4*:leul* leu1-32 ura4-D18

FY8520 h™ mus81-T239A::13MYC::kanMX leu1-32 ura4-D18

FY8554 h~ mus81-T239A::14MYC:kanMX cdc21-M68-ts-dg:ura4™ leu1-32 ura4-D18

FY8563 h™ cds1-FHA*:2HA6His::ura4*::leu1* cdc21-M68-ts-dg:ura4+ leul-32 ura4-D18

FY8580 h* pKu70-citrinehph cdc21-M68 ura4-D18 leu-32

FY8583 h* pKu70-citrinehph cdc21-M68-ts-dg::.ura4™ ura4-D18 leul-32

FY8586 h™ pKu70-citrinehph cdc21-M68-ts-dg::ura4™ Acdsi:ura4+ ura4-D18 leul-32

FY8616 h~ pKu70-citrinehph cdc21-M68 mus81::kanMX ura4-D18

FY8712 h? pku70:kanr cdc21-M68-ts-dg::ura4™ rad22-YFP-natMX rad11-CFP-hphMX leu1-32 ura4-D18

FY8722 h* Amus81:KanMX cdc21-M68 chk1HA(ep) ura4-D18 leul-32

FY8769 h~ cdc21-M68-ts-dg::ura4™ Nexol:ura4™ rad22-YFP:natMX6 rad11-CFP:hphMX6 ura4-D18

FY8775 h— Aexol:ura4™ pKu70-citrinehph ura4-D18 ade6-M210

FY8831 h— Aexol:ura4™ cdc21-M68-ts-dg::ura4™ pKu70-citrinehph ura4-D18

FY9245 h~ AcdsT:ura4™ Amus81:kanMX cdc21-M68-ts-dg::ura4™ rad11-Cerulean:hphMX rad22-YFP-natMX leu1-32 ura4-D18

FY9248 h~ AcdsT:ura4™ Amus81:kanMX cdc21-M68-ts-dg:ura4* pKu70-citrinehph ura4-D18

FY9318 h~ AcdsT:ura4™ cdc21-M68-ts-dg:ura4™ pKu70-citrinehph rad11-CFP-hphMX ura4-D18 leu1-32

FY9319 h* AcdsT:ura4™ Amus81:kanMX cdc21-M68(mcm4)-dg::ura4+ pKu70-citrinehph rad11-CFP-hphMX ura4-D18

FY9351 h* Amus81:KanMX Acds1:ura4™ cdc21-M68-ts-dg::.ura4™ chk1HA(ep) ura4-D18 leul-32 ade6-M216

FY9405 h™ cdc21-M68-ts-dg::.ura4+ arg3+:ccriN-mCherry(D817 aal-275)::his5+ pKu70-citrinehph rad11-Cerulean:hphMX ura4-D18

FY9430 h~ ¢dc21-M68 ChL[ubcp4:LEU2::chk1 hph::spccB3.18 spcc1322.09::.ura4" ade6'] ade6-A ura4-D18 leul-32 ade6-M210

FY9431 h~ cdc21-M68-ts-dg::ura4+ ChL[ubcp4:LEU2::chk1 hph::spccB3.18 spcc1322.09:ura4™ ade6™] ade6-A ura4-D18 leul-32 ade6-M210

FY9432 h* cdc21-M68 Amus81:KanMX ChL[ubcp4:LEU2::chk1 hph::spccB3.18 spcc1322.09::.ura4™ ade6*] ade6-A ura4-D18 leul-32 ade6-M216

FY9433 h~ cdc21-M68-ts-dg::.ura4+ Acds1:ura4™ ChLlubcp4:LEU2:chk1 hph:spccB3.18 spcc1322.09:ura4™ ade6*] ade6-A leul-32 ura4-D18
ade6-M210

FY9435 h* Amus81:KanMX Acds1:ura4™ cdc21-M68-ts-dg::ura4™ ChL[ubcp4::LEU2::chk1 hph:spccB3.18 spcc1322.09::.ura4™ ade6*] ade6-A
ade6-M216 ura4-D18 leu1-32

FY9437 h— AcdsT:ura4™ ChLlubcp4:LEU2::chk1 hph:spccB3.18 spcc1322.09::ura4* ade6*] ade6-A ura4-D18 leu1-32 ade6-M210

FY9438 h= Amus81:KanMX ChL[ubcp4:LEU2::chk1 hph::spccB3.18 spcc1322.09::ura4™ ade6*] ade6-A ura4-D18 ade6-M210 leul-32

FY9439 h= AcdsT:ura4™ Amus81:KanMX ChL{ubcp4::LEU2::chk1 hph:spccB3.18 spcc1322.09:ura4+ ade6™] ade6-A ura4-D18 ade6-M210 leul-32

FY9444 h* cdc21-M68-ts-dg::ura4+ ish1-mCherry-hphMX rad11:rad11-GFP(KanR) ura4-D18

FY9446 h~ cdc21-M68 nup107-tomato:natMX4 rad11-Cerulean:hphMX leu1-32 ura4-D18

FY9447 h* cdc21-M68-ts-dg::ura4* nup107-tomato:natMX4 rad11-Cerulean:hphMX leu1-32 ura4-D18

MATERIALS AND METHODS

Yeast strains and media. S. pombe strains (Table 2) were grown in supplemented Edinburgh
minimal medium (EMM). Cells were incubated at 36°C for 4 h or pretreated with 12 mM hydroxyurea (HU;
Sigma) for 2 h at 25°C and then incubated at 36°C for 4 h for imaging. Asynchronous cultures were placed
at 36°C for 4 h, and the same number of cells were plated onto a yeast extract-sucrose (YES) plate and
grown at 25°C. For calculating viability, the number of colonies grown after a 36°C pulse was normalized
to the number of colonies grown from the initial culture.

Microscopy. Cells cultured in supplemented EMM were placed on 2% agarose pads sealed with
ValaP (1/1/1 [wt/wt/wt] Vaseline-lanolin-paraffin) for live-cell imaging or fixed in 70% ethanol and
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incubated in 1T png/ml DAPI (4',6-diamidino-2-phenylindole). Images were acquired using a DeltaVision
microscope (with softWoRx version 4.1; GE, Issaquah, WA) using a 60X (1.4-numerical-aperture [NA]
PlanApo) lens, a solid-state illuminator, and a 12-bit charge-coupled-device (CCD) camera. Images were
deconvolved, and the maximum intensities projected for fluorescence images (softWoRx) and transmit-
ted light images were inverted and added for outlining of the cells (ImageJ) (82). Static images were
projected from nine z-stacks of 0.5 wm with a 0.08- to 0.5-s exposure time. For time-lapse imaging, cells
were maintained in a chamber at a constant temperature (36°C) and imaged with a shorter exposure
time (0.08 s) and seven z-stacks to reduce phototoxicity.

Western blotting. Cells in supplemented EMM were collected, and the whole-cell protein extract
was prepared by vortexing acid-washed glass beads in 20% trichloroacetic acid (TCA) and washing the
beads with 5% TCA. Chromatin fractionation was performed after lysis with 1 mg/ml of a lysing enzyme
(catalog number L1412; Sigma) and 1 mg/ml of Zymolyase 100T as described previously (83). Lysates
were boiled for 5 min in Laemmli sample buffer (4% SDS, 60 mM Tris-HCl [pH 6.8], 5% glycerol, 5%
2-mercaptoethanol, 0.01% bromophenol blue) and analyzed by SDS-PAGE. Primary antibodies used were
antihemagglutinin (anti-HA) (catalog number 901516; BioLegend) (1:1,000), anti-Myc (catalog number
05-419; EMD Millipore) (1:1,000), anti-phospho-H2A (catalog number 17353 [Abcam] or 05-636 [Upstate])
(1:1,000), anti-H2A (catalog number 13923; Abcam) (1:1,000), and anti-Cdc2 (gift from the Nurse labo-
ratory) (1:4,000), as a loading control. After secondary antibody (Alexa Fluor 488 or 647) (1:4,000)
incubation, blots were developed using an Amersham Typhoon biomolecular imager.

Mutation analysis. Strains with the ChL minichromosome were grown as described previously (12,
38, 84). Cultures were incubated at 36°C for 4 h and then plated and grown at 25°C. Ura-negative (Ura~)
colonies were counted, replica plated, and assessed for Leu—, Ade~, and hygromycin status. The
minichromosome loss rate was calculated from the number of Leu— Ura— cells. The gross chromosomal
rearrangement (GCR) rate was calculated from the numbers of Leu-positive (Leu™) Ura~ Ade~ and Ura™
Ade~ hygromycin-resistant cells. Both mutation rates were determined by fluctuation analysis based on
the Lea-Coulson method (85). A Mann-Whitney two-tailed U test was used to assess significance.

Statistical analysis. Two-tailed Student’s t test was used to determine significance unless otherwise
noted. Error bars represent standard errors (SE).

Data availability. Strains and plasmids are available upon request. We affirm that all data necessary
for confirming the conclusions of the article are present within the article, figures, and tables.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, AVI file, 0.4 MB.
SUPPLEMENTAL FILE 2, AVI file, 0.2 MB.
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