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Drugs that produce covalent interstrand cross-links (ICLs) in DNA remain central to the treatment of
cancer, but the cell cycle checkpoints activated by ICLs have received little attention. We have used the fission
yeast, Schizosaccharomyces pombe, to elucidate the checkpoint responses to the ICL-inducing anticancer drugs
nitrogen mustard and mitomycin C. First we confirmed that the repair pathways acting on ICLs in this yeast
are similar to those in the main organisms studied to date (Escherichia coli, budding yeast, and mammalian
cells), principally nucleotide excision repair and homologous recombination. We also identified and disrupted
the S. pombe homologue of the Saccharomyces cerevisiae SNM1/PSO2 ICL repair gene and found that this
activity is required for normal resistance to cross-linking agents, but not other forms of DNA damage. Survival
and biochemical analysis indicated a key role for the “checkpoint Rad” family acting through the chkl-
dependent DNA damage checkpoint in the ICL response. Rhp9-dependent phosphorylation of Chkl correlates
with G, arrest following ICL induction. In cells able to bypass the G, block, a second-cycle (S-phase) arrest was
observed. Only a transient activation of the Cdsl DNA replication checkpoint factor occurs following ICL
formation in wild-type cells, but this is increased and persists in G, arrest-deficient mutants. This likely
reflects the fraction of cells escaping the G, damage checkpoint and arresting in the subsequent S phase due
to ICL replication blocks. Disruption of cdsl confers increased resistance to ICLs, suggesting that this

second-cycle S-phase arrest might be a lethal event.

Agents that produce covalent interstrand cross-links (ICLs)
between the complementary strands of the DNA double helix
remain a key component of many cancer chemotherapy regi-
mens (36). Although drugs such as the nitrogen mustards also
produce abundant DNA monoadducts, there is compelling ev-
idence that ICLs are the critical cytotoxic lesion (44) and kill
proliferating cells by disrupting essential processes such as
transcription and replication.

In the best-characterized model organisms, Escherichia coli
and Saccharomyces cerevisiae, the response to ICLs is known to
involve both nucleotide excision repair (NER) and homolo-
gous recombination (13, 24, 35, 39, 54). In these systems ex-
perimental evidence is consistent with two main scenarios for
ICL repair via a combination of these pathways. The bacterial
model invokes an initial ICL “uncoupling” reaction by NER,
incising the ICL on one strand only, followed by a recA-depen-
dent recombination event into the (resected) gap created, pro-
viding a template for the subsequent excision repair of the
opposing adducted strand (13, 58). For S. cerevisiae there is
evidence supporting a related pathway during psoralen ICL
repair but with the key difference that NER may excise the
cross-linked DNA on both strands, producing a double-strand
break (DSB) intermediate, which is then repaired through
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homologous recombination (24, 39). In addition, an accumu-
lating body of evidence from studies of yeast and mammalian
cells suggests that events during DNA replication may influ-
ence the processing of nitrogen mustard ICLs (1, 14, 35). In
rapidly dividing (exponential-phase) yeast cells there is a re-
quirement for functional homologous recombination, and
DNA DSBs form at high frequency (35). Interestingly these
DSBs still form in the absence of functional NER and there-
fore could be associated with either of the two recombination
repair pathways proposed above. These DSBs most likely arise
as a result of processing events at replication forks stalled by
ICLs (14, 35).

To date, the cell cycle checkpoints elicited in response to
interstrand cross-linking agents have received little attention
(16). This is clearly of considerable importance since tumors
often exhibit dysregulated checkpoint activity (18), and the
response to cross-linking drugs might be influenced by this.
Here we take advantage of the fission yeast, Schizosaccharo-
myces pombe, as a model organism to define the checkpoints
involved in the ICL response. This yeast has been the subject
of intense investigation, leading to a detailed understanding of
its cell cycle and the checkpoints activated by DNA damage
(10).

At the heart of the checkpoint response in S. pombe are the
checkpoint Rad proteins (Radl, Rad3, Rad9, Rad17, Rad26,
and Husl1) (3, 4, 19, 26, 49). Rad3 and Rad26 exist as a complex
(17) which signals to downstream effectors in response to DNA
damage through the lipid kinase motif (ATM-related) activity
of Rad3 (33). The Rad1-Rad9-Hus1 proteins form a complex
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that resembles the PCNA sliding clamp that may act to gen-
erate a checkpoint signal at aberrant DNA structures (11).
Rad17 belongs to a further complex which, by analogy with the
S. cerevisiae and human homologues, contains the four small
subunits of the replication factor C and is required for the
association of Rad9-Rad1-Husl (9-1-1) complex proteins with
DNA damage (9). The checkpoint Rad family proteins are
required for both the replication checkpoint, which is activated
by replication fork blocks (such as those induced by hydroxy-
urea [HU] treatment) preventing mitosis, and the DNA dam-
age checkpoint, acting to arrest cells in late S or G, following
ionizing radiation treatment (10, 19, 47). In response to repli-
cation blocks, Rad3 phosphorylates and activates Cdsl (29),
whereas during the damage checkpoint Rad3 phosphorylates
Chk1 (46, 62); however, the biological significance of this latter
event is still not understood. In addition, when Cdsl1 is absent,
blocking DNA replication activates Chkl. This is interpreted
as follows: normally, Cdsl prevents the occurrence of DNA
damage in S phase when replication forks are stalled, as well as
ensuring that mitosis is inhibited. In the absence of Cdsl, the
resulting DNA damage from stalled and/or collapsed replica-
tion activates the Chk1-dependent DNA damage checkpoint to
prevent mitosis (17, 29). The kinases Cds1 and Chk1 prevent
the activation of the Cdc2-Cdcl3 complex through mainte-
nance of Cdc2 Tyrl5 phosphorylation (45, 48).

Given the complexities of ICL metabolism, we wished to
determine if these adducts elicit replication checkpoints (since
they are potent inhibitors of replication) or DNA damage
checkpoints (since they are highly distorting lesions which are
associated with DSBs) or whether both of these key check-
points are utilized. We first conducted a large-scale sensitivity
screen of mutants in the main DNA damage response path-
ways to gain an overview of the key factors involved. Func-
tional studies confirmed and extended the findings of this
screen, at both a biochemical and a physiological level. Our
experiments demonstrate that the damage checkpoint in G,
mediated through Chkl, is the primary pathway activated by
ICLs in fission yeast, whereas the replication checkpoint uti-
lizing Cdsl is a less significant, secondary response, which may
actually be detrimental to cell survival.

MATERIALS AND METHODS

S. pombe disruption strategy for PSO2/SNMI1. The PSO2/SNMI gene was
deleted by methods described in reference 6. The KanMX6 module, conferring
G418 resistance, was targeted by homologous integration in the open reading
frame, 72 nucleotides upstream and 15 nucleotides downstream of the open
reading frame, respectively.

Drugs. Analytical-grade mechlorethamine (nitrogen mustard or HN2) and
mitomycin C (MMC) were purchased from Sigma Chemical Co. (Poole, United
Kingdom). Mononitrogen mustard (HN1 or 2-dimethylaminoethylchloride hy-
drochloride), 99% pure, was obtained from Aldrich (Gillingham, United King-
dom).

Sensitivity assays. Liquid yeast extract with supplements (YES) medium was
inoculated with a single colony picked from a freshly streaked (YES) stock plate
and grown overnight at 28°C with vigorous shaking. Cells were counted micro-
scopically, and only cultures with ~2 X 107 cells/ml were used. Cells were
resuspended in phosphate-buffered saline at a density of 2 X 107 cells/ml, and
2-ml aliquots were treated with the desired concentration of drug (freshly dis-
solved in cold sterile water) for 60 min at 28°C with vigorous shaking. Cells were
harvested, washed twice with 2 ml of phosphate-buffered saline, and then diluted
and plated in duplicate onto YES plates at a density giving rise to 200 colonies
per plate in untreated controls. Plates were incubated for 3 days at 28°C and then
scored. Any experiments giving rise to more than 250 colonies per plate in
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untreated controls were rejected. For the serial-dilution colony spotting assay,
cells were serially diluted from 107 to 10® cells/ml and 5 ul was spotted onto
plates and irradiated at the indicated doses. For cisplatin, MMC, camptothecin,
and HU experiments, the plates contained the stated concentration of test agent.

Checkpoint analysis. Synchronous cultures of G, cells were generated on
lactose gradients, as previously described (4), and divided into two samples. One
was treated with drug for 20 min at 30°C, and the other was treated with water.
Cells were washed with water and suspended in complete medium at 30°C.
Samples were taken every 20 min and fixed in methanol. Cells were analyzed by
microscopy after DAPI (4',6'-diamidino-2-phenylindole) and Calcofluor staining
as previously described (4).

Phosphorylation-dependent mobility shift of Chkl kinase and Cdsl kinase
activity. Log-phase cultures were treated with HN2 for 20 min at 30°C, washed
with water, and incubated in complete medium at 30°C. Samples were taken after
1, 2, and 3 h. To analyze Chk1 phosphorylation, protein extracts were obtained
as previously described (11) and were run on 10% acrylamide gels. Triple hem-
agglutinin-tagged (3-HA-tagged) Chkl protein was detected with HA monoclo-
nal antibody (Roche). The Cds1 kinase activity experiments were performed as
previously described (29).

RESULTS

S. pombe appears to repair ICLs in a manner similar to
those of other eukaryotes. Currently very little is known about
the repair of ICLs in S. pombe. In order for these studies to be
of relevance to other eukaryotic systems, we first screened a
library of S. pombe DNA repair mutants for nitrogen mustard
(HN2) sensitivity to confirm that ICLs are processed in a
similar fashion in this yeast. Disruptants in all the major path-
ways investigated to date in S. cerevisiae and mammalian cells
were available, with the exception of snmli/pso2 mutants. S.
cerevisiae snml/pso2 mutants were originally isolated on the
basis of their specific sensitivity to the interstrand cross-linking
agents nitrogen mustard and psoralen (23, 50, 51). Conse-
quently we identified a putative S. pombe snml/pso2 gene and
created a disruptant, as described above (Materials and Meth-
ods). The candidate S. pombe SpSnm1/Pso2 protein has 27 and
37% identity and 42 and 55% similarity with the S. cerevisiae
(ScSnm1) and human Snm1A (HsSnm1) proteins, respectively,
over the entire protein sequence.

Our screen demonstrated that the repair pathways acting on
ICLs in bacteria, S. cerevisiae, and mammals are largely con-
served in S. pombe, and the results are summarized in Fig. 1A.
Compared to the parental, repair-proficient strain (501), a
radl3 mutant (S. cerevisiae Rad2 and mammalian XPG homo-
logue [27], required for the 3’ incision during NER) was over
10-fold more sensitive. An rhpI8 disruptant (S. cerevisiae and
mammalian Rad18, involved in postreplication repair and
damage tolerance) (60) demonstrated a similar level of sensi-
tivity. The homologous recombination rap51 and rhp54 mu-
tants (S. cerevisize and mammalian Rad51 and Rad54) (27)
were also sensitive. All of these observations are consistent
with those previously made for budding yeast (16, 24, 35).
Combining rip51 with a mutation in fop3 (topoisomerase IIT)
increased the HN2 sensitivity of the rip51 mutants. Notably,
top3 null mutations on their own are lethal in S. pombe and are
rescued by defects in homologous recombination (43). It there-
fore also appears that the lethal intermediates that accumulate
in rhp51-null cells during ICL processing are less efficiently
resolved in the absence of Top3. The rghl family of RecQ
helicases (related to S. cerevisiae SGS1 and the Bloom’s syn-
drome protein) exhibit significant HN2 sensitivity. This has
previously been observed for S. cerevisiae sgsl mutants (52) and
suggests that this helicase, which is important in maintaining
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FIG. 1. (A) Sensitivity of S. pombe DNA repair mutants to nitrogen mustard. Results shown are the doses required to kill 10% of cells and are
the means of two to three independent experiments. The repair-competent wild-type (wt) control was strain 501. (B) Serial-dilution colony spotting
assay for sensitivity to a variety of DNA-damaging agents in wild-type, rad3, and pso2 strains.

replication fork integrity, probably by diverting unrepaired le-
sions into a recombinational bypass pathway (42, 55), also
plays a role in the repair or tolerance of ICLs. The increased
sensitivity of the rqghl top3 mutant emphasizes the importance
of top3 in the processing of ICLs and suggests that fop3 may act
in pathways in addition to Rghl-dependent recombination
during ICL repair. Other repair mutant strains tested included
a uvde (UV damage endonuclease) disruptant and a rad2-null
strain (S. cerevisiae rad27 and mammalian FEN-1 flap endo-
nuclease) (25, 27, 64), neither of which showed any sensitivity
(data not shown).

The S. pombe pso2/snml disruptant demonstrated modest
(around sixfold) sensitivity to HN2 (Fig. 1A). Since the defin-
ing phenotype of S. cerevisiae pso2/snm1 mutants is sensitivity
to cross-linking agents, but not other forms of DNA damage,
we tested the sensitivity of the S. pombe mutant to a range of
genotoxic agents, including gamma radiation, UVC, HU,
camptothecin, cisplatin, and MMC (Fig. 1B). A checkpoint-
defective strain known to be highly sensitive to all of these
agents (the rad3 strain) was included as a positive control in
these experiments. By use of a serial-dilution colony spotting
assay, modest sensitivity was observed in the pso2 strain for the
cross-linking drugs (cisplatin and MMC), but not the other
DNA-damaging agents, indicating that the specific ICL-pro-
cessing activity of Snm1/Pso2 appears conserved between these
two evolutionarily distinct yeasts.

We were concerned that HN2 sensitivity of the repair mu-

tants in Fig. 1 might not specifically be the result of ICL-
processing defects but be due to the abundant monoadducts
produced by this drug (which constitute at least 95% of the
total lesion load). Therefore, we tested key strains for sensi-
tivity to a monofunctional analogue of HN2, termed HNI,
capable of producing only DNA monoadducts (35). None of
the strains analyzed (including rip54, rhp51, radl3, and pso2
mutants) demonstrated any detectable sensitivity to this agent
at concentrations up to 10 mM—10-fold higher than the high-
est dose of HN2 employed (data not shown).

Nitrogen mustard sensitivity screen of S. pombe cell cycle
checkpoint mutants. A screen of a comprehensive collection of
cell cycle checkpoint mutants was undertaken (Fig. 2). The
checkpoint Rad proteins all demonstrated a significant in-
crease in sensitivity compared to the isogenic parent 501. Cells
disrupted for rad3, rad26, radl, rad9, rad17, and husl were all
sensitive to HN2, confirming that, as for other DNA-damaging
agents such as UV, ionizing radiation, and methyl methane-
sulfonate, this family plays a role in cell cycle integrity in
response to ICLs.

As detailed in the introduction, the downstream effectors
activated by the checkpoint Rad family are defined by two
main pathways, the replication response elicited through Cds1
and the damage response elicited through Chkl (46). It is
striking (Fig. 2) that cds! mutants are resistant to HN2, com-
pared to the isogenic parent 501 (cell killing was not observed
at the highest dose used, so therefore they are at least twofold
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FIG. 2. Sensitivity of S. pombe mutants involved in cell cycle pro-
gression and checkpoints to nitrogen mustard. Results shown are the
doses required to kill 10% of cells and are the means of two to three
independent experiments. The repair-competent wild-type control
(strain 501) is designated wt.

more resistant), whereas chkl-null cells are over 20-fold more
sensitive. A chkl cdsl double mutant was as sensitive as the
chkl single mutant, indicating that Cds1 does not play a role in
maintaining viability in the absence of a functional DNA dam-
age checkpoint. In addition, analysis of the rad26.712 mutant
indicated that this strain behaves indistinguishably from a cds1-
null mutant. The rad26.T12 allele is specifically defective in the
Cdsl-dependent replication checkpoint, not the DNA damage
checkpoint mediated by Chk1 (17). This result strongly sup-
ports the observation that defects in the replication checkpoint
pathway confer resistance to HN2. A chkI-HA strain (where
the chk gene bears a 3" HA tag) exhibited near-wild-type sen-
sitivity, which is significant for experimental results presented
below in this report.

Other components of the checkpoint response considered
included Rhp9, Mrcl, and Rad18. Mrcl is required for the full
activation of Cdsl in response to HU-induced replication
stress (2, 57). However, mrcl mutant cells were sensitive to
HNZ2, in contrast to the resistant phenotype of the cds/-null
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cells, indicating that Mrcl might play a role outside the repli-
cation checkpoint during the ICL response. The rip9 mutant
cells were also sensitive to HN2. This is consistent with the
sensitivity of the chkl mutant cells, since Rhp9 appears to be
involved in the damage checkpoint, but not the replication
checkpoint (63). Strikingly, a radI8-74 mutant (which is the
most DNA damage sensitive of the radI§ alleles identified
[59]—radi8-null mutants are inviable) was the most sensitive
single mutant strain that we examined in this study. Rad18 is an
SMC (structural maintenance of chromosomes) protein re-
quired to maintain cell cycle arrest in response to both UV and
ionizing radiation damage (28, 59). This protein is also re-
quired for the recombinational repair of ionizing-radiation-
induced DSBs (59). Hence, it is likely that the extreme sensi-
tivity of this strain results from compound defects in both the
repair of ICL-induced DSBs and the Chkl-mediated DNA
damage checkpoint.

We also tested key checkpoint-defective strains for sensitiv-
ity to a monofunctional analogue of HN2 (HN1). None of the
strains analyzed (including rad3, chkl, cdsl, and rhp9 mutants)
demonstrated any detectable sensitivity to this agent at con-
centrations up to 10 mM (data not shown). This confirms that
the checkpoint sensitivity profiles observed specifically arise
from defects in the ICL response.

HN2 treatment induces a G, checkpoint. To establish if
HN2 induces DNA structure-dependent checkpoint activation,
as suggested by the sensitivity of checkpoint mutants, synchro-
nous G, cultures of cells were tested for mitotic arrest in
response to treatment with HN2. In the wild-type cells (501), 1
mM HN2 treatment induced a G, checkpoint, in a manner
dependent on the rad3 checkpoint gene (Fig. 3A, top panel).
The checkpoint rad pathway is separated into two subpath-
ways: the DNA damage checkpoint, mediated by the Chkl
kinase, and the DNA replication checkpoint, mediated by the
Cdsl kinase (46). The HN2-induced G, checkpoint is indepen-
dent of Cdsl and Mrcl, since cdsI- and mrcl-null mutants
show a normal mitotic arrest after HN2 treatment compared to
the wild type (Fig. 3A, second panel from top). This observa-
tion is consistent with the absence of HN2 sensitivity in the
cdsI-null mutant. However, mrcl is required for HN2 resis-
tance. This suggests a role for Mrcl in DNA cross-link repair,
separate from its checkpoint functions, which are mediated
through Cdsl (2, 57). In contrast, the HN2-induced G, check-
point is dependent on Chkl and Rhp9, as mutants with null
mutations in both genes fail to delay mitotic progression after
HN2 treatment (Fig. 3A, third panel from top). This is in
agreement with the HN2 sensitivity observed for both mutants.
Finally, the G, checkpoint induced by HN2 occurs normally in
the rghl-null mutant (Fig. 3A, bottom panel).

We also monitored the progress of treated cells into the
second cell cycle in the presence of HN2 and observed that
HN, induced a “second-cycle” delay in the absence of a func-
tional G, checkpoint. As shown in Fig. 3B, the second mitosis
is delayed in chkI- and rip9-null mutants compared to that in
the wild-type strain (501) following HN2 treatment (Fig. 3B,
top and middle panels). The second mitosis occurs at approx-
imately 200 min in untreated cells. In wild-type cells (strain
501) treated with HN2, the first cycle is delayed until 400 min
after treatment, and then the second cycle follows without a
significant delay approximately 3 h later. However, in chkl-
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FIG. 3. Checkpoint analysis in response to HN2 in different null mutants. Synchronous cultures of G, cells were generated on lactose gradients
and divided into two samples, one of which was treated with HN2 at 1 mM for 20 min. Septation index and DAPI staining were used to monitor
progress through the cell cycle. (A) HN2 treatment induces mitotic arrest, and this arrest is dependent on Rad3 (top panel) and Chk1 and Rhp9
(third panel from top). In contrast the mitotic delay induced by HN2 is independent of Cds1 and Mrc1 (second panel from top) and Rqh1 (bottom
panel). (B) HN2 induces a second-cell-cycle delay in the absence of a functional G, DNA damage checkpoint. The second cell cycle is delayed in
chklI- and rhp9-null mutants (middle panels) compared to the wild-type strain (top panel). The Rad3 checkpoint protein and Cdsl are required
for the second-cell-cycle delay induced by HN2 (bottom panels). Wt, wild type.

and rhp9-null mutants, where there is no first-cycle delay, the
second cycle is delayed until 400 to 500 min, suggesting that
cells proceed into S phase in the presence of DNA damage.
This causes a block to DNA replication and subsequent acti-
vation of the DNA replication checkpoint. The replication
checkpoint has previously been shown to be dependent on
Cdsl and Rad3 but independent of Chk1 and Rhp9. Consistent
with this, the HN2-induced second-cycle delay is dependent on
Rad3 and Cdsl, since it is abolished in a rad3 disruptant strain
and a cdsl chkl double disruptant (Fig. 3B, bottom panels).

We also tested the monofunctional counterpart of HN2,
HNI1, for checkpoint activation (Fig. 4). Consistent with the
lack of sensitivity in checkpoint-deficient strains, this agent
failed to elicit a G, checkpoint or second-cycle arrest in cells
treated with up to 10 mM HNI in either a wild-type or a rad3
strain.

HN2 treatment activates Chkl and Cdsl. Chkl has been
shown to be phosphorylated in response to DNA damage, and
this phosphorylation event generally correlates with its activa-
tion (62). To confirm that HN2 induces a Chk1-dependent G,

checkpoint, we compared Chkl phosphorylation in asynchro-
nous cultures, following treatment with 1 mM HN,, and in
wild-type and mutant strains carrying the chkl gene tagged
with 3-HA epitopes (Fig. 5A). Chkl1 is rapidly phosphorylated
in response to HN2. Consistent with our analysis above and
with the present literature, this Chk1 phosphorylation does not
occur in the absence of Rhp9. Note, however, that the chkl
disruptants are more sensitive to HN2 than are rip9 cells (Fig.
2), suggesting that some rhp9-independent activation of Chkl
might occur in response to ICLs. In contrast, and as expected
from the literature, Cds1 and Mrcl are not required for Chkl
phosphorylation (2, 8). This was important to determine, since
sensitivities of mrcl and cdsl mutants are not identical.

The activation of the Cds1 kinase has been previously char-
acterized, and it is known that this occurs only in S-phase cells
when DNA is damaged or replication is arrested (29). We
analyzed Cds1 activity following HN2 treatment to ascertain if
HN, could induce Cdsl kinase. Asynchronous cultures were
treated with 1 mM HN2, and Cds1 was subsequently immuno-
precipitated and assayed for kinase activity against myelin ba-
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FIG. 4. Checkpoint analysis in response to HN1 in different null
mutants. Synchronous cultures of G, cells were generated on lactose
gradients and divided into two samples, one of which was treated with
HNI at 1 (filled circles), 2 (filled triangles), or 10 (filled squares) mM
for 20 min. Septation index and DAPI staining were used to monitor
progress through the cell cycle. HN1 fails to induce G, arrest in a
wild-type (Wt) strain (501). In addition, no second-cycle arrest is seen
in either the wild type (501) or the rad3-d mutant.

sic protein (Fig. 5B). A positive control of cells treated with 20
mM HU, a known activator of Cdsl during S phase, was also
included. In the wild-type strain (501), Cds1 is transiently ac-
tivated: kinase activity is increased approximately sevenfold
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within 1 h of HN2 exposure and subsequently declines (four-
fold at 2 h following HN2 treatment). The kinase activity as-
sayed following HN2 treatment is dependent on Cdsl, as no
kinase activity is detected in the absence of Cdsl (Fig. 5B).
Mrecl is essential for the activation of Cds1 in response to HU
(2, 57). In agreement with this, no Cdsl induction is detected
in mrcl mutant cells (Fig. 5B). In contrast, Chk1 and Rhp9 are
not required for Cdsl activation. Moreover, in chkI-d and
rhp9-d mutants, 2 h following HN2 exposure, the Cdsl kinase
activity remains high and does not decline at 2 h. The most
probable explanation for this is the absence of HN2-induced
G, checkpoint in chkl- and rhp9-null mutants: cells progress
directly into S phase with DNA damage, which leads to Cdsl
and replication checkpoint activation. In the wild-type strain,
the HN2-induced G, checkpoint arrests the majority of cells in
G,, preventing cells not in S phase at the time of treatment
from progressing into S phase and activating Cdsl. The fact
that cells arrested in G, then enter the next cycle without
activating the Cdsl checkpoint clearly indicates that repair is
occurring in the G, period.

MMC induces the same checkpoint response as does HN2.
Since it is possible that the responses reported up to this point
are agent specific to HN2, we repeated several key experiments
with MMC as the cross-linking agent. The sensitivity profile of
key repair and checkpoint mutants is the same as that observed
for HN2 (Fig. 6A). The recombination 74p/ mutant, the NER
mutant radl3 strain, and the RecQ helicase (rghl) disruptant
are all significantly MMC sensitive. Of the key checkpoint
mutants screened, the rad3, chkl-d, and cdsl-d chkl-d strains
were all sensitive, whereas the cdsl-d strain was somewhat
more resistant than the wild type (strain 501). As for HN2, a

Wit (501) chki-d rhp9-d mrci-d _ cdsi-d
0 1 2 HUO 1 2 HUO 1 2 HU O 1 2 HU 2
-

- - oo -ow
-?1.0:107
8 sox100
2 s.ox100
4. 0x100
£2 oxt0e

o-OFN%DFNED—NDOFN:

HN2 HN2 HN2 | HN2

Wt (501) chki-d rhpS-d mrci-d

FIG. 5. Chkl phosphorylation and Cdsl activation in response to HN2. (A) The phosphorylation-dependent mobility shift of Chk1 kinase was
assayed with different null mutants. All the strains contain a Chk1l gene tagged with 3-HA epitopes. Samples from asynchronous cultures treated
with 1 mM HN2 were taken at the time indicated. Chk1 was detected with anti-HA monoclonal antibody, and arrows indicate the phosphorylation
shift. HN2 induced Chk1 phosphorylation in an Rhp9-dependent but Cds1- and Mrcl-independent manner. (B) HN2 induced kinase activity in
different null mutants. Samples from asynchronous cultures were taken 1 and 2 h after treatment with 1 mM HN2. Samples from asynchronous
cultures treated for 1 h with 20 mM HU were used as control for the Cdsl kinase activation. The Cdsl1 kinase activity was detected as previously
described (27). The upper panel corresponds to Cdsl protein level detection by immunoblotting, after immunoprecipitation. The lower panel
corresponds to the Cdsl kinase activity assayed on the myelin basic protein substrate (MBP). The bar graph displays the Cds1 kinase activity
quantified by PhosphorImager analysis, corrected for the Cdsl protein levels detected after immunoprecipitation. Wt, wild type.
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FIG. 6. (A) Serial-dilution colony spotting assay for sensitivity to MMC in representative checkpoint (upper panels) and repair (lower panels)
mutants. (B) MMC treatment induces mitotic arrest, and this arrest is dependent on Rad3. Experiments were performed as described for Fig. 3.
Results for two drug concentrations, 1 and 3 mM, are shown. Wt, wild type.

strong G, checkpoint was elicited in response to MMC, and
this was Rad3 dependent (Fig. 6B).

DISCUSSION

Before embarking upon a detailed analysis of cell cycle
checkpoints involved in the S. pombe ICL response, it was
important to confirm that this organism repairs ICLs by mech-
anisms similar to those of the eukaryotic systems studied to
date (principally S. cerevisiae, and to some extent mammalian
cells, in particular Chinese hamster ovary cells). The sensitivity
data (Fig. 1) obtained with a panel of S. pombe DNA repair
mutants indicated that this is indeed the case. Both NER
(Rad13) and homologous recombination (Rhp51) are impor-
tant determinants of sensitivity, as is the postreplication repair
pathway governed by Rhpl18. These findings are consistent
with several studies of budding yeast which suggest a key role
for NER in the initial incision at ICLs (24, 34) and a subse-
quent role for homologous recombination in providing the

genetic information to complete repair through a recombina-
tion reaction, probably initiated by DSBs (16, 24, 35).

As stated above, recombinational processing of ICLs in-
volves the formation of DSB intermediates that are mainly
repaired by Rad52-controlled events in budding yeast, with a
minor role for nonhomologous end joining (NHEJ). In con-
trast to the repair of DSBs induced by ionizing radiation, there
is also a requirement for the Pso2/Snm1 protein at a postinci-
sion (NER) stage of ICL repair (31). S. cerevisiae cells carrying
a mutated pso2/snml allele are specifically sensitive to ICL-
inducing agents but show wild-type resistance to monofunc-
tional alkylating drugs and ionizing radiation (12, 50). In this
study, we have identified the S. pombe homologue of Pso2/
Snml1 and created a deletion mutant. The observation that §.
pombe snml/pso2 mutants are also modestly sensitive to a
variety of cross-linking agents indicates that the function of the
Snm1/Pso2 protein in DNA metabolism is at least partly con-
served between these two evolutionarily distinct yeasts. This is
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an important observation, as mouse embryonic stem cells dis-
rupted for the paralog SNM1 demonstrate sensitivity solely to
MMC (of the cross-linking agents tested), possibly due to func-
tional redundancy with other murine homologues (15). The
Pso2/Snm1 protein is a member of the metallo-B-lactamase
family of enzymes that share a hydrolytic domain similar to
that of the mRNA cleavage and polyadenylation specificity
factor, CPSA (5). A human gene clearly related to Pso2/Snm1,
Artemis, has been identified as the mutant gene in radiation-
sensitive severe combined immune deficiency (40), where the
phenotype results from defects in V(D)J recombination and in
the NHEJ of DSBs (30). This has been shown to arise from the
failure of hairpin opening during V(D)J processing and defec-
tive processing of DNA ends during NHEJ. Artemis is a single-
strand-specific 5’'-to-3" exonuclease which, when complexed
with DNA-dependent protein kinase, is phosphorylated by the
latter, acquiring 5'- and 3’-overhang and hairpin endonuclease
activity (30). The use of model organisms such as S. cerevisiae
and S. pombe, for which detailed genetic studies are possible,
will be a powerful tool in further elucidating the role of the
PSO2/SNM1 family in DNA repair.

Cross-links activate the DNA damage checkpoint mediated
by Chkl and Rhp9. Cell cycle arrest is a part of the cellular
response to DNA damage and is thought to ensure correct
chromosome segregation in mitosis and prevent chromosome
instability. Many ICL-inducing agents are used in the treat-
ment of cancers, but little is known about the effects of ICLs on
cell cycle delays. Here, we analyzed cell cycle arrest in response
to ICLs. Our experiments lead us to conclude that the G, DNA
damage checkpoint mediated by Chk1 (3, 61) and Rhp9 (63) is
the most biologically significant checkpoint pathway activated
in response to HN2. The Cdsl (29, 41)- and Mrcl (2, 57)-
dependent DNA replication checkpoint pathway is also acti-
vated transiently, but its loss has little biological consequence
in our assays. Several lines of evidence lead us to this conclu-
sion. First, the chkI- and rhp9-null mutants are HN2 and MMC
sensitive, which is not the case for the cdsl-null mutant. Sec-
ond, Chkl is clearly rapidly phosphorylated in response to
HN2 in a Rhp9-dependent and Cds1-Mrcl-independent man-
ner. Third, the HN2-induced G, checkpoint does not occur in
the absence of chkl or rhp9. Finally, Cds1 kinase activity is only
transiently activated in response to HN2, suggesting that HN2
does not lead to prolonged cell accumulation within S phase.
Consistent with our genetic and biochemical observations,
ICLs induced by cisplatin or psoralen have been shown else-
where to induce cell cycle arrest in S. cerevisiae G,/M but not
to induce an S-phase delay (except in response to high levels of
ICLs) (21, 22, 38). Together, these results suggest that repli-
cation can tolerate or bypass a certain number of ICLs.

Cells disrupted for rad3, rad26, radl, rad9, rad17, and husl
are all sensitive to HN2. Since we observe no cross-link-in-
duced cell cycle arrest (HN2 or MMC) in the absence of rad3,
it is likely that the arrest induced by cross-links is dependent on
all checkpoint rad (10) gene products. The G, arrest presum-
ably represents a checkpoint that allows time for ICL repair by
a combination of NER and homologous recombination. In the
absence of this checkpoint, cells will initiate replication with
unrepaired DNA damage, leading to DNA replication check-
point activation mediated by Cdsl (8). This can be seen in the
extended second-cycle delay observed in the absence of Chkl
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FIG. 7. Model for the ICL checkpoint response in S. pombe. HR,
homologous recombination.

and Rhp9 (Fig. 3B) and in the potentiation of the induction of
Cdsl1 kinase activity observed in chkI- and rhp9-null mutants
(Fig. 5). As the chkl and rhp9 mutants show HN2 sensitivity
compared to the wild-type and cdsI-d strains, it could be spec-
ulated that ICLs are more toxic or less efficiently repaired
during or after replication. In fact, as cdsI/-d mutants are ac-
tually more resistant to HN2 and MMC, it is possible that
delaying S phase and attempting to repair ICLs in S phase are
positively detrimental to cell survival.

Model for S. pombe checkpoint response to ICLs and rele-
vance to cancer. Taken together, the findings of this study
allow us to suggest a basic model of the S. pombe response to
ICLs (Fig. 7). In a growing population of cells, which are
primarily in the G, phase of the cell cycle, the presence of ICLs
triggers the DNA damage checkpoint, requiring the full family
of checkpoint Rad factors, leading to Rad3-dependent phos-
phorylation and activation of Chkl. The resulting arrest per-
mits time for ICL repair through the combined action of NER
and homologous recombination (24, 35). Following the com-
pletion of repair, cells reenter the normal cell cycle and pass
through mitosis. In the absence of an operative damage check-
point, cells progress through to the following S phase, where
the ICLs are detected, presumably as a replication fork block.
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This triggers the Cdsl-dependent replication checkpoint. The
marked resistance of cdsI-null cells to cross-linking agents
suggests that this event is deleterious and might represent a
terminal arrest event in at least a subset of cells.

The role of Chkl as the major mediator of the ICL check-
point arrest has relevance to cancer biology, as mammalian
homologues of this gene are known. Mouse embryonic stem
cells disrupted for CHKI are defective in the regulation of the
G,/M DNA damage checkpoint (53, 56), and mammalian
Chk1 appears to exert its major regulatory effect through the
phosphorylation and inactivation of cyclin-dependent kinase
following DNA damage (20, 32). Extrapolation of the results
presented in our present study suggests that mammalian cells
overexpressing Chkl might be resistant to ICL-inducing
agents, whereas cancers suffering dysregulation of this check-
point might be more sensitive to these drugs. In addition, the
fact that the absence of Cdsl confers resistance to HN2 in S.
pombe could have some implications in chemotherapy, since
some tumors harbor mutations of CHK2, the CDS1 homologue
in mammalian cells. Indeed, heterozygous germ line mutations
in chk2 have been identified in some patients with Li-Fraumeni
syndrome, a familial cancer phenotype (7). A chk2 mutation
(1100delc) leading to a truncating variant that abolishes the
kinase activity results in a 2-fold increase of breast cancer risk
in women and a 10-fold increase of risk in men (37). In this
context, the use of ICL-inducing agents in treatment of tumors
defective for CHK2 may have a reduced therapeutic index.
While the yeast checkpoints represent a simple view of events
in higher organisms, our study points to a potential pivotal role
for Chkl and Cds1-Chk2 in the response to cross-linking an-
ticancer agents.
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