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Abstract

In budding (Saccharomyces cerevisiae) and fission (Schizosaccharomyces pombe) yeast and other unicellular organisms,
DNA damage and other stimuli can induce cell death resembling apoptosis in metazoans, including the activation of a recently
discovered caspase-like molecule in budding yeast. Induction of apoptotic-like cell death in yeasts requires homologues of
cell cycle checkpoint proteins that are often required for apoptosis in metazoan cells. Here, we summarize these findings
and our unpublished results which show that an important component of metazoan apoptosis recently detected in budding
yeast—reactive oxygen species (ROS)—can also be detected in fission yeast undergoing an apoptotic-like cell death. ROS were
detected in fission and budding yeast cells bearing conditional mutations in genes encoding DNA replication initiation proteins
and in fission yeast cells with mutations that deregulate cyclin-dependent kinases (CDKs). These mutations may cause DNA
damage by permitting entry of cells into S phase with a reduced number of replication forks and/or passage through mitosis
with incompletely replicated chromosomes. This may be relevant to the frequent requirement for elevated CDK activity in
mammalian apoptosis, and to the recent discovery that the initiation protein Cdc6 is destroyed during apoptosis in mammals and
in budding yeast cells exposed to lethal levels of DNA damage. Our data indicate that connections between apoptosis-like cell
death and DNA replication or CDK activity are complex. Some apoptosis-like pathways require checkpoint proteins, others are
inhibited by them, and others are independent of them. This complexity resembles that of apoptotic pathways in mammalian
cells, which are frequently deregulated in cancer. The greater genetic tractability of yeasts should help to delineate these
complex pathways and their relationships to cancer and to the effects of apoptosis-inducing drugs that inhibit DNA replication.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Apoptosis, or programmed cell death (PCD), plays
important roles in the development and survival of all
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metazoans. One role of apoptosis is to eliminate cells
with irreparable DNA damage or replication defects
that could lead to mutations that cause cancer and
other diseases. The importance of this role is indicated
by the frequent occurrence in cancer cells of muta-
tions that inhibit the apoptotic machinery (reviewed
in [1]). It has also been established that the induction
of apoptosis underlies the therapeutic effects of many
antitumor drugs, including those that damage DNA or
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inhibit DNA replication, and that defects in apoptosis
can lead to drug resistance (reviewed in[2]). There-
fore, understanding apoptotic pathways induced by
DNA damage or replication inhibition is important to
efforts to achieve a more comprehensive understand-
ing of cancer and to more effectively treat this disease.

In recent years, research in this area has uncovered
roles for DNA damage checkpoint and other cell cycle
regulatory proteins in apoptosis, including apoptosis
induced by DNA damage or replication inhibition.
The major focus of this research has been on pathways
that require the DNA damage checkpoint and tumor
suppressor protein p53, which is frequently mutated
in tumor cells. Less is known about how DNA dam-
age can lead to apoptosis when p53 is inactivated,
despite the fact that elimination by chemotherapeutic
drugs of the large fraction of tumor cells with defects
in p53 must proceed through p53-independent mech-
anisms. It is clear, however, that both p53-dependent
and -independent apoptotic pathways are regulated
by a number of DNA damage response and cell cycle
regulatory proteins that, unlike p53, are conserved in
yeasts. In fact, genetic experiments in yeasts provided
the framework for understanding the checkpoint and
cell cycle regulatory functions of these proteins in
mammalian cells. Clearly, efforts to understand the
apoptotic roles of these and other proteins would
similarly benefit from the availability of yeasts and
other genetically tractable organisms as experimental
systems for studying apoptosis.

Whether apoptosis occurs in unicellular organisms
such as yeasts and bacteria has been controversial, due
in part to doubts about whether cell suicide programs
could contribute to the evolutionary fitness of unicellu-
lar organisms. Unlike their growth in laboratory flasks,
however, most natural populations of unicellular or-
ganisms do not grow in isolation. Instead, they form
colonies, or, in the case of bacteria, large networks
of cells called biofilms[3–6]. Under these conditions,
a damaged or virus-infected cell can compromise the
viability of other members of the community by, for
example, consuming scarce nutrients or spreading an
infection. In the context of the “selfish gene” model
for the evolutionary selection of genomes rather than
organisms, a cellular suicide program that eliminates
these cells would help to ensure the viability and re-
productive success of healthier members of the com-
munity harboring similar genomes.

A more substantive basis for skepticism concerning
the notion of apoptosis in yeasts has been the fail-
ure to detect in these organisms several key elements
of the apoptotic machinery found in metazoans. This
has recently changed, however, with the discovery of
a caspase-like molecule encoded by the budding yeast
YCA1gene that functions very similarly to caspases
in mammalian and other metazoan cells[7]. These re-
markable similarities include an enzyme activity that
cleaves fluorescent caspase substrates typically used to
detect caspase activity in mammals, activation of this
activity by a self-cleavage event similar to that which
occurs during the activation of metazoan caspases, in-
hibition of caspase activity by the broad-range caspase
inhibitor zVAD-fmk, and induction of caspase activ-
ity in conjunction with other markers of apoptosis by
hydrogen peroxide, which also induces apoptosis in
mammalian cells, and by a mutation in theCDC13
gene[8], which causes the accumulation of DNA dam-
age. Perhaps most importantly, changes in viability or
in the ability to detect a standard marker of apoptosis
associated with overexpression or deletion ofYCA1in
budding yeast clearly indicate that Yca1p contributes
to an apoptotic-like programmed cell death in this or-
ganism[7].

In fact, there is now compelling evidence that even
bacteria undergo an apoptotic-like cell death in re-
sponse to DNA damage and other triggers. Indeed,
one of the earlier observations of an apoptotic-like
phenotype was made inEscherichia coliin the be-
ginning days of molecular biology[9], several years
before the modern concept of cellular suicide was first
articulated[10]. Experiments designed to explore the
bacterial DNA replication machinery unexpectedly
showed that double-strand DNA (dsDNA) breaks in-
duced in E. coli cells harboring a mutation in the
recombination protein RecA, which is required for
recombinational repair of these breaks, caused disinte-
gration of theE. colichromosome. This apoptosis-like
phenomenon—which was not understood as such
and has long since been forgotten by most molecular
biologists—was only recently described by one of its
discoverers, John Cairns, as a cell suicide program
induced by irreparable DNA damage[11].

Although the nature of the requirement for muta-
tional inactivation of RecA in this experiment is not
clear, it remarkably presaged results of more recent
experiments which suggest that the loss of function
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of Rad51, a eukaryotic homologue of RecA that
has retained RecA’s role in recombinational repair,
can contribute to DNA damage-induced apoptosis in
metazoans[12,13]. Here we summarize recent pub-
lished and unpublished findings concerning apoptosis
or PCD in yeasts and other unicellular organisms
and relate these findings to highly conserved DNA
damage response pathways that are required for
p53-independent apoptosis induced by DNA damage
or replication defects in mammalian cells. Some of
these findings point to connections between DNA
replication, cell cycle regulation and apoptosis that
may underlie the antitumor activity of drugs that dam-
age DNA or inhibit DNA replication. These connec-
tions may be particularly amenable to investigation in
yeasts.

2. Apoptosis in unicellular organisms other
than yeasts

One of the first examples of PCD in unicellu-
lar organisms that was recognized as such involves
the systematic destruction of the mother cell fol-
lowing sporulation of the eubacterium,Bacillus
subtilis. Sporulation is triggered inB. subtilis by a
nutrient-poor environment and results in an asym-
metric cell division that produces an endospore and
a mother cell. The mother cell engulfs the endospore,
and, prior to release of the spore, is actively lysed
[14,15]. Lysis of the mother cell may provide nutri-
ents to support the final stages of spore formation,
an energy-demanding process, or alternatively may
simply remove an impediment to spore germination.

Programmed cell lysis has been observed in two
additional eubacteria,Streptococcus pneumoniaeand
E. coli. In these cases, cell lysis was detected in
response to treatment with antibiotics. A screen of
transposable element insertion mutants inS. pneumo-
niae identified a number of genes required for cell
death in response to penicillin[16], indicating that
cell death in this case is an active process.

When E. coli is exposed to antibiotics or other
growth inhibitors, a small percentage of cells, called
persistors, remains viable. Mutants were identified
that give rise to a higher percentage of persistors
when treated with penicillin[17]. One of the loci was
hipAB. Mutations inhipABalso increase cell survival

following thymine starvation[18], or treatment with
quinolone antibiotics that target DNA gyrase and
topoisomerase[19], and can increase viability of heat
shock mutants when exposed to elevated temperature
[18]. These results indicate that inE. Coli, cell death
in response to a variety of lethal agents is an active
process.

As indicated previously, cell cycle arrest and cell
death can also be induced inE. coli by DNA damage.
This occurs through a series of steps reminiscent of
checkpoint controls in eukaryotic cells[20]. One of
the proteins activated by this checkpoint response is
SulA, which blocks cell division. Prolonged inhibi-
tion of cell division as a result of excessive DNA
damage leads to sustained SulA activation and cell
lysis. Interestingly,sulA mutants are more resistant
to DNA-damaging agents than are wild-type cells,
implying that the primary role of SulA is not to fa-
cilitate DNA repair, but to promote cell death[21].
Therefore, the ability to discard damaged cells via the
SulA pathway is clearly more important, in evolution-
ary terms, than any short-term growth advantage that
might result from disruption of thesulA gene. This
underscores the potential importance of cell death
pathways in maintaining the stability and longevity
of bacterial cell populations.

Upon starvation, the slime mold,Dictyostelium dis-
coideum, aggregates to form a fruiting body that gives
rise to two different cell types: dead cells that consti-
tute the stalk and viable spores that reside at the head of
the stalk[22]. During development of the stalk, many
features of the dying cells mimic those observed dur-
ing mammalian apoptosis[23,24]. Whether cells live
or die can be influenced by genetic factors, providing
additional support for the notion that stalk cell death
is programmed[25–29].

3. Apoptosis in yeasts

3.1. Induction of yeast cell death by expression
of mammalian pro-apoptotic proteins

Yeasts have proved to be powerful model sys-
tems for studying complex biological phenomena.
Therefore, it is not surprising that they have been
employed as model systems to study the func-
tions of mammalian proteins involved in apoptosis
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[30–32]. Based on initial failures to detect obvious
orthologs of apoptosis-related proteins encoded by
yeast genomes, yeasts were considered relatively
“clean” systems for examining the effects of pro- and
anti-apoptotic mammalian proteins on mitochondrial
function, and perhaps for identifying novel apoptotic
inhibitors.

Several early studies determined that expression of
pro-apoptotic proteins in yeast can cause cell death.
These included human Bax and Bak and the related
Caenorhabditis elegansprotein, Ced4[33–35]. In
addition to these proteins, expression of both mam-
malian caspases 1 and 3 in fission yeast also can
lead to cell death[36]. Both caspases are processed
normally, are fully active when expressed in fis-
sion yeast, and are capable of cleaving co-expressed
anti-apoptotic Bcl-2 at predicted sites for caspase
cleavage. With the discovery of a caspase-like activity
in yeast, it is interesting to speculate that cell death
induced by expression of mammalian caspases may
occur via an intrinsic pathway activated by these het-
erologous proteins. This would suggest the feasibility
of screening for inhibitors of caspase activity using
an in vivo model system.

In fact, genetic screens have identified mitochon-
drial mutations and novel apoptosis inhibitors that in-
hibit death in yeast cells overexpressing Bax[37,38].
In one of these studies, genes encoding subunits of
the F0F1–ATPase proton pump were identified as
critically important for Bax function[38]. Consistent
with these results, addition of oligomycin, a pharma-
cological inhibitor of the proton pump, significantly
inhibited cell death in both yeast and mammalian
cells [38]. Very recently, a similar approach led to
identification of the conserved Ku70 protein—which
plays an important role in dsDNA break repair in
all eukaryotes—as an additional inhibitor of Bax in
mammalian cells[39]. These results underscore the
value of applying a genetically tractable model system
to the analysis of cell death pathways.

It is also clear that co-expression of the anti-
apoptotic proteins Bcl-2 or Bcl-xL in yeasts can rescue
cells from the lethality caused by expressing either
Bax or Bak. This does not imply the existence of an
intrinsic cell death program, because in most cases
this suppression is due to direct binding of the mam-
malian anti-apoptotic proteins to their mammalian
apoptosis-promoting counterparts. However, there are

at least two examples of mutant Bcl-xL molecules that
are able to suppress Bax-mediated lethality without
binding to Bax[40]. This clearly suggests that path-
ways downstream of Bcl-xL are conserved between
yeasts and higher eukaryotes. Supporting this notion,
expression of Bcl-xL[41] or Bcl-2 [42] can suppress
cell death in yeast exposed to oxidative stress.

3.2. Apoptosis can be induced in yeasts
independently of mammalian proteins

Some of the features of dying yeast cells express-
ing pro-apoptotic mammalian proteins are similar to
those observed in higher eukaryotic cells undergoing
apoptosis, which also suggests that, despite the failure
to detect its components, yeasts might contain an in-
trinsic cell death pathway. Now it is clear that yeasts
can undergo PCD independently of the expression
of mammalian pro-apoptotic proteins[43]. The first
clear evidence was obtained in studies of a budding
yeast strain harboring a mutation in thecdc48gene,
which encodes a protein required for vesicle traffick-
ing [44]. This strain displayed a rapid loss in cell
viability following shift to the restrictive temperature,
which was accompanied by the appearance of many
of the same markers for apoptotic cells detected in
mammalian cells (see below for more details)[45].

Soon after the discovery that thiscdc48 mutant
can undergo a form of PCD, other researchers de-
tected other stimulants of apoptosis in budding yeast.
For example, it was shown that treatment with acetic
acid at low concentrations could induce apoptotic cell
death[46–48]. Higher concentrations appeared to in-
duce necrosis, a form of passive cell death. Treatment
with hydrogen peroxide at low doses also induced an
apoptotic-like cell death, similar to its effects in mam-
mals [49]. Apoptosis was also observed in budding
yeast exposed to high levels of mating pheromone
[50], or that had been deleted of theASF1/CIA1 gene
encoding a histone chaperone[51]. The human homo-
logue of this protein (CIA1) interacts with the largest
subunit of the transcription complex TFIID, which, in
addition to its role in transcription, has been impli-
cated in apoptosis in mammalian cells[52]. Features
of apoptosis have also been observed in budding yeast
cells harboring theorc2-1mutation in the origin recog-
nition complex (ORC) required for initiation of DNA
replication[53].
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DNA damage also stimulates apoptosis in budding
yeast cells. For example, UV radiation induces some
features of apoptosis[54], and apoptosis was recently
observed in cells accumulating DNA damage due to
a mutation in theCDC13gene[8]. Similar to acetic
acid, higher levels of UV radiation induce a more
necrotic-like cell death. Thus, the apoptosis-like phe-
notype observed at lower doses of either acetic acid or
UV radiation is not a general signature of cell death.
Furthermore, exposure of budding yeast cells to lethal
levels of a DNA-damaging antitumor agent causes the
proteasome-dependent destruction of the DNA repli-
cation initiation protein, Cdc6[55], the mammalian
homologue of which is also destroyed by either the
proteasome or caspases in mammalian cells under-
going apoptosis[55–57]. Thus, at least one of the
proteins destroyed during apoptosis induced by DNA
damage and other apoptotic triggers in mammals is
similarly attacked in dying yeast cells.

Additional examples of apoptosis-like death in
yeasts are provided inSection 4of this review (below).

3.3. Similar markers of apoptosis in yeasts
and mammals

Apoptosis in mammalian cells is distinguished by a
number of phenotypic changes that occur during cell
death. In addition to caspase activation, these include
chromatin condensation and DNA fragmentation, pro-
duction of reactive oxygen species (ROS), exposure
of phosphatidylserine on the cell surface, and pro-
duction of membrane-enclosed cell fragments called
apoptotic bodies. Many of these features are also ob-
served in association with PCD in yeasts. For exam-
ple, PCD in yeast cells is accompanied by chromatin
condensation and nuclear DNA fragmentation fol-
lowing shift to the restrictive temperature of budding
yeast strains harboring the apoptosis-inducingcdc48
[45] or orc2-1 [53] mutations, or overexpression of
mammalian pro-apoptotic proteins, or exposure to
oxygen stress. Nuclear condensation was observed
following expression of human Bax in both budding
[40] and fission yeast[33,34]. Electron microscopic
examination of nuclei from cells expressing Bax or
Bak [33,34] or following treatment with 3 mM H2O2
[49] showed significant chromatin condensation along
the nuclear membrane. Interestingly, cells treated
with H2O2 contain small membrane-associated vesi-

cles that might be analogous to membrane blebbing
observed during mammalian apoptosis[49]. DNA
of yeast cells undergoing PCD becomes fragmented
as revealed by DNA-specific staining or TUNEL
staining of nuclei, and this effect is substantially
reduced in the presence of the protein synthesis in-
hibitor cycloheximide[49]. A requirement for protein
synthesis to produce the apoptotic phenotype argues
that apoptotic-like cell death is an active process.
Although DNA chromatin laddering is not observed,
pulsed-field gel electrophoresis of chromosomes from
fission yeast cells undergoing apoptosis induced by
expression of BAK indicates DNA cleavage can be
confined to specific regions[33].

The production and accumulation of ROS formed as
a by-product of mitochondrial activity occurs in both
early and late stages of mammalian apoptosis[58]. In
addition to their production in the mitochondria, ROS
are also generated anywhere electron transport chains
exist, including the endoplasmic reticulum and nu-
clear membrane. There is considerable evidence that
ROS participates in signal transduction pathways that
regulate cell death, as well as cell division and senes-
cence. A causal role for ROS in apoptotic pathways
is indicated by the fact that, in mammalian cells, pro-
duction of ROS during apoptosis can occur upstream
of other apoptotic events, such as mitochondrial mem-
brane depolarization, cytochromec release, activation
of caspases, and nuclear DNA fragmentation.

Similar to mammals, ROS production is also ob-
served in yeast cells undergoing PCD. This is the case,
for example, in a temperature-sensitivecdc48mutant
that also shows many other features of apoptosis when
shifted to the restrictive temperature of 37◦C [49].
Induction of apoptosis in yeast with H2O2 [49], acetic
acid [47], high levels of mating pheromone[50], or
by overexpressing mammalian pro-apoptotic genes
[49] also results in the production of ROS, which
suggests that ROS are a common feature of PCD in
yeast. Addition of free radical scavengers to yeast cul-
tures prior to inducing apoptosis led to a significant
reduction in lethality, as did incubation in an anaero-
bic environment, suggesting that ROS contributes to
signaling in pathways leading to PCD[49].

Many of the p53-dependent and -independent apop-
totic pathways in mammals converge on mitochondria
and cause—in addition to ROS production—the re-
lease of cytochromec and other proteins into the
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cytoplasm. In fact, cytochromec release is another key
feature of apoptosis in budding yeast. For example,
cytochromec release occurs during apoptosis induced
by Bax[59], acetic acid[48], mating pheromone[50],
and deletion of theASF1/CIA1 gene[51]. Further-
more, mutational inactivation of pathways that lead
to the production of cytochromec inhibits apoptosis
induced by acetic acid[48].

Another marker of apoptosis in metazoans is the
appearance of phosphatidylserine residues on the
surface of the plasma membrane. These moieties
can be detected by annexin V, which binds to phos-
phatidylserine in the presence of Ca++. Shortly
following induction of PCD in budding yeast, sphero-
plasts incubated with annexin V show strong staining,
suggesting that flipping of phosphatidylserine to the
outer cytoplasmic membrane occurs, similar to what
is observed in metazoans during apoptosis[45,49].

4. Checkpoints, cell cycle regulation and
apoptosis in yeasts

4.1. Mammalian paradigms

Although p53 is confined to metazoans, other com-
ponents of p53-dependent responses to DNA damage
are conserved in all eukaryotes. This includes, for
example, induction of the activity of members of the
conserved phosphoinositide-3-kinase-related family
of protein kinases—ATR, ATM, and DNA-dependent
protein kinase (DNA-PK)—as well as the con-
served Rad9-Rad1-Hus1 (9-1-1) complex (reviewed
in [60]). The roles of most of these proteins in ei-
ther p53-dependent or p53-independent DNA damage
responses occur at an early step involving the sens-
ing of DNA damage and/or stalled replication forks
and the subsequent transduction of signals to down-
stream components of checkpoint or DNA repair
pathways. The assembly of complexes containing
these proteins on chromatin at sites of DNA dam-
age or at stalled replication forks likely promotes
the recruitment of additional substrates for ATR- or
ATM-dependent phosphorylation and other proteins
required for downstream checkpoint signaling or
DNA repair. This includes, for example, Chk1 and
Chk2, which are conserved serine-threonine kinases
that function downstream of ATR and ATM. Ulti-

mately, the p53-dependent and independent check-
points that require these proteins inhibit the activity
of cyclin-dependent kinases (CDKs) that drive the
cell cycle forward.

In addition to their roles in DNA damage check-
points and DNA repair, some of these conserved
proteins also play specific roles in apoptosis, par-
ticularly in cells suffering irreparable DNA damage.
For example, human Rad9 (hRad9) contains a region
homologous to the Bcl-2 homology 3 (BH3) domain
shared by Bax and other pro-apoptotic members of
the Bcl-2 family of apoptosis regulators. hRad9 pro-
motes apoptosis in the absence of p53 by interacting
with the anti-apoptotic proteins Bcl-2 and Bcl-xL
[61]. Apoptosis induced by the DNA-damaging agent
methylmethane sulfonate can be suppressed by an-
tisense knockdown of hRad9, indicating that the
pro-apoptotic role of hRad9 can occur in response
to DNA damage[61]. hRad9 is a substrate for c-abl
phosphorylation in response to DNA damage, and this
phosphorylation promotes the association of hRad9
with the anti-apoptotic protein Bcl-xL, thus inhibiting
Bcl-xL’s anti-apoptotic regulation of pro-apoptotic
proteins like Bax[62].

c-abl activation is regulated by its phosphoryla-
tion by DNA-PK, as well as by ATM (reviewed in
[63]). This places DNA-PK and ATM in pathways
that regulate p53-independent apoptosis upstream of
hRad9, in addition to their roles in p53-dependent
apoptosis. As discussed above, the 70 kDa subunit of
the heterodimeric Ku complex, which is a conserved
component of DNA-PK, can also inhibit apoptosis by
interacting with Bax. This interaction suppresses the
translocation of Bax to mitochondria required for its
pro-apoptotic function[39]. ATM also has been im-
plicated in p53-dependent and -independent apoptosis
through its ability to stabilize E2F1[64], and it is re-
quired for the p53-independent apoptosis induced by
the terminal foldback structure of the DNA parvovirus
AAV [65]. Chk2 also participates in p53-independent
apoptosis downstream of ATM via phosphorylation of
the pro-apoptotic proteins PML[66] and E2F1[67].
Chk2 may also participate in apoptosis independently
of ATM via phosphorylation of p53[68]. The authors
of this latter study proposed a role for ATR in regu-
lating Chk2 activation, which, if correct, would place
ATR in the category of apoptosis-regulating proteins
as well.
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4.2. DNA damage checkpoint responses and
apoptosis in yeasts

The budding and fission yeast homologues of many
of the highly conserved proteins described above play
roles in DNA damage checkpoints and DNA repair
that are similar, if not identical, to their mammalian
counterparts (reviewed in[69]). For example, sensing
and responding to DNA damage or stalled replication
forks requires the yeast homologues of ATM and/or
ATR—Tel1p and Mec1p in budding yeast, and Rad3
in fission yeast. The yeast homologues of the 9-1-1
complex, as well as those of the Chk1 and Chk2
checkpoint kinases and the Ku70 and Ku80 compo-
nents of DNA-PK are also required for DNA damage
responses and have functions similar to their mam-
malian counterparts. In fact, the genetic framework
for understanding DNA damage responses was first
determined by studying the functions of these proteins
in yeasts. In the context of the now clearly estab-
lished phenomenon of PCD in yeasts, this raises the
important question of whether some of the apoptotic
pathways induced by DNA damage in mammals—
especially pathways that operate independently of
p53—are, like checkpoint responses and pathways
leading to DNA repair, conserved in yeasts.

The recently described roles in apoptosis of Rad9
in humans[61] and of the other components of the
highly conserved 9-1-1 complex (Hus1 and Rad1)
in DNA damage-induced apoptosis inC. elegans
[13,70] clearly suggest a conserved role for this
complex in DNA damage-induced apoptosis. Consis-
tent with this possibility, the BH3 domain of human
hRad9 is conserved in fission yeast Rad9, and over-
expression of fission yeast Rad9 in mammalian cells
causes apoptosis[71]. Furthermore, overexpression
of anti-apoptotic Bcl-2 family members in fission
yeast can suppress the lethality of DNA-damaging
agents[71]. These findings suggest that the function
in DNA damage-induced apoptosis of Bcl-2 apoptosis
regulators, including Rad9, is conserved in yeasts.

Other DNA damage response genes have also been
implicated in PCD in yeasts. For example, in bud-
ding yeast, Mec1 (homologue of mammalian ATR and
ATM and of fission yeast Rad3) is required for PCD
induced by DNA damage generated whencdc13cells
are grown at a restrictive temperature[8]. In addition,
mutations inMEC1 or deletion of the budding yeast

Table 1
Conserved cell cycle and checkpoint proteins and their requirement
for apoptotic pathways in yeasts

Mammals S. cerevisiae S. pombe

CDC2 Cdc28 Cdc2
ATM Tel1 Tel1
ATRa Mec1 Rad3
RAD9 Ddc1 Rad9
RAD1 Rad17 Rad1
HUS1 Mec3 Hus1
CHK2 Rad53 Cds1
BRCA1 Rad9 Rhp9/Crb2
DNA-PK Ku70, Ku80 Ku70

Bold face indicates that a requirement has been established for
apoptosis or an apoptotic phenotype induced by at least some
conditions. Absence of bold face does not indicate absence of a
role in promoting apoptosis. Instead, it indicates that the possibility
of such a role has not yet been tested.

aATR requirement for apoptosis has been inferred (see text).

RAD9 gene —the product of which is required for
DNA damage checkpoints downstream of Mec1, but
is not equivalent to the products of the fission yeast
and human Rad9 genes—can at least partly suppress
the lethal effects of the apoptoticorc2-1 mutation in
the origin recognition complex[53,72].

A summary of mammalian and yeast DNA damage
response and cell cycle regulatory proteins that have
been implicated in promoting apoptosis is presented
in Table 1. This table includes recent observations de-
scribed inSection 5below.

5. Apoptosis in yeasts associated with defects in
DNA replication

5.1. DNA replication and apoptosis in budding yeast

Many antitumor drugs inhibit DNA replication by
blocking the synthesis of precursor molecules (for ex-
ample, hydroxyurea; HU) or by inhibiting replication
fork progression (alkylating agents and other com-
pounds that modify DNA). Although mechanisms by
which these drugs induce apoptosis are poorly under-
stood, their interference with DNA replication appears
to be a common triggering factor.

In an effort to better understand connections be-
tween inhibition of DNA replication and drug mech-
anisms, a few years ago we screened a number of
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Fig. 1. Detection of ROS inorc2-1 cells exposed to a DNA-damaging drug. Wild-type andorc2-1 cells were exposed to the
DNA-damaging agent methylmethane sulfonate for 6 h at 30◦C. Cells were then incubated at 30◦C for 80 min with the ROS-specific
stain, 2′,7′-dichlorodihydrofluorescein diacetate, which penetrates live cells but does not fluoresce unless oxidized by ROS[90]. Stained
cells were harvested and washed with citrate buffer (50 mM sodium citrate, pH 7.0). After resuspension in the same buffer, they were
photographed with an epifluorescence microscope equipped with an appropriate filter. Under these conditions,∼0.1% of wild-type cells
and 20–30% oforc2-1 cells produce ROS. Data from Weinberger et al., manuscript in preparation.

budding yeast DNA replication mutants for their sen-
sitivity to an experimental DNA-alkylating antitumor
agent[73]. The temperature-sensitiveorc2-1 mutation
in the ORC initiation complex was identified as one
of several mutations that conferred much greater sen-
sitivity to this drug compared to wild-type cells. The
enhanced lethality of this and other DNA-damaging
drugs inorc2-1 cells is accompanied by the produc-
tion of ROS and other features of apoptosis, which
are also induced by shiftingorc2-1 cells to a non-
permissive temperature (Weinberger, Ramachandran,
Feng, Marchetti, Huberman and Burhans, manuscript
in preparation;Fig. 1). These additional features of
apoptosis include chromatin condensation and frag-
mentation, which were previously detected by others
in orc2-1 cells shifted to a nonpermissive temperature
[53]. The partial suppression oforc2-1 temperature
sensitivity by deletion of theRAD9gene[53] or by a
mutation inMEC1 [72] indicates that the lethality as-
sociated with theorc2-1 mutation at high temperatures
at least partly depends on checkpoints. In fact, our ex-
periments indicate that the same mutation inMEC1
that partly suppresses temperature sensitivity also sup-
presses the production of ROS inorc2-1 cells. These
findings establish a role for checkpoints in regulating
the apoptotic phenotype oforc2-1 cells. Interestingly,
second site suppressors of theorc2-1 mutation often

arise spontaneously in budding yeast cells harboring
this mutation[74], and attempts to introduce theorc2-1
mutation into budding yeast cells frequently result in
rho− mutations in the mitochondrial genome (Maki,
personal communication). This suggests a tendency to
suppress ROS and perhaps other aspects of apoptosis
in this strain, similar to the tendency for suppression
of apoptotic pathways observed in cancer cells.

An important function of ORC is to assemble
on chromatin in G1 cells pre-replicative complexes
(pre-RCs) required for establishing DNA replica-
tion forks in S phase[75]. ORC and other initiation
proteins also participate in a putative G1-M check-
point that restrains mitosis in G1 in some, but not
all, genetic backgrounds[76]. orc2-1 cells are partly
defective in establishing pre-RCs at permissive tem-
peratures, and this defect is even more pronounced at
higher temperatures, as measured by DNAse I foot-
printing of ORC and other protein–DNA interactions
that are characteristic of pre-RCs assembled at origins
of replication[77]. High levels of DNA damage also
alter interactions of initiation proteins with DNA at
origins of replication in budding yeast cells (Trabold,
Weinberger, Li, and Burhans, manuscript submitted).
Furthermore, the sensitivity oforc2-1 cells to either
DNA damage or high temperatures is greatest when
they are arrested in G1[78]. Therefore, at least some
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of the temperature- and DNA damage-induced lethal-
ity associated with theorc2-1 mutation is related to
loss of ORC function in G1 cells.

However, our experiments also indicate that these
lethal effects require subsequent entry into S phase af-
ter the temperature shift or exposure to DNA damage
in G1 cells. Furthermore, ROS production is greatest
under these conditions, but is absent in cells allowed
to enter S phase before a shift to high temperatures or
exposure to DNA-damaging drugs, after replication
forks have been established. This suggests that both
lethality and the apoptotic phenotype are caused by
entry into S phase with a reduced number of DNA
replication forks due to the loss of ORC function in
G1 (see[79] in this issue for a discussion of genomic
instability associated with entry into S phase with a
reduced number of replication forks). The apoptotic
phenotype caused by theorc2-1 mutation may not
be related to a catastrophic mitosis produced by loss
of the putative G1-M checkpoint that depends on the
function of initiation proteins in G1[76], because di-
vided chromatin, which is a signature of mitotic catas-
trophe, is not always detected inorc2-1cells producing
ROS.

How might entry into S phase with a reduced num-
ber of replication forks induce apoptosis? Studies by
us and others established that intra-S phase DNA dam-
age and DNA replication checkpoints are defective in
orc2-1 cells at permissive temperatures[78,80]. A re-
cent study from the Gasser laboratory demonstrated
that the checkpoint defects inorc2-1 cells are related
to the defect in pre-RC assembly caused by this mu-
tation, which reduces the number of DNA replication
forks in S phase below a threshold required to fully
activate these checkpoints[74]. This reflects a gen-
eral requirement for DNA replication forks, and thus
indirectly initiation proteins, in checkpoints that in-
hibit CDK-dependent events required for progression
through S phase and mitosis ([81,82]).

The absence of intact checkpoints in budding yeast
cells with stalled replication forks leads to an irre-
versible arrest of DNA replication[83–85]. This may
occur because in the absence of checkpoint restraint of
CDK-dependent events, the cell cycle program regu-
lated by CDKs continues unabated. This could lead to
the premature inactivation of replication proteins that
would normally be inactivated when DNA replication
is complete. Consistent with this model, in mammals,

abrogation of checkpoints in cells with stalled replica-
tion forks causes the inappropriate phosphorylation of
DNA replication proteins (Seiler, Sun, and Burhans;
manuscript in preparation) and their departure from
recently replicated chromatin[86,87]. The abandon-
ment of replication forks by these proteins may cause
them to collapse (to undergo irreversible inactivating
structural alterations).

Based on these considerations, we hypothesize that
apoptosis inorc2-1 cells is triggered by collapse of
replication forks that occurs when the initiation de-
fect caused by theorc2-1 mutation causes the number
of replication forks to decrease below the threshold
required to activate checkpoints and/or rescue forks
stalled by protein complexes or DNA structures. Repli-
cation fork collapse could be a general feature of
apoptosis induced by the unscheduled disassembly of
pre-RCs during apoptosis due to the proteolytic de-
struction of Cdc6[55–57], which, in mammalian cells,
has been shown to contribute to the apoptotic pro-
gram [56,57]. This model may shed some light on
the frequently observed activation during apoptosis of
CDKs[88,89], some of which are directly or indirectly
(through replication forks) inhibited by Cdc6 and other
initiation proteins. It may also help to explain how
replication-inhibiting drugs can induce apoptosis, par-
ticularly in cancer cells that harbor defective check-
points.

5.2. ROS production in response to replication
and checkpoint defects in fission yeast cells

Possible connections between DNA replication,
checkpoints, and apoptosis have not previously been
explored in fission yeast. As an initial step toward
remedying this deficiency, we carried out a prelimi-
nary survey. In the remaining portions ofSection 5,
we summarize our conclusions based on this survey
and on several follow-up experiments in fission yeast
(Marchetti, Weinberger, Burhans, and Huberman,
manuscript in preparation). As in our budding yeast
experiments (above), we employed ROS as an indi-
cator of possible apoptosis-like responses in fission
yeast.

ROS production in living fission yeast cells is illus-
trated inFig. 2. Wild-type cells and mutant (dfp1-565)
cells with replication and checkpoint defects were
exposed to two different fluorescent stains. The
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Fig. 2. ROS and propidium iodide staining in a DNA replication mutant strain of fission yeast. Living yeast cells in rich medium were
incubated at 25◦C for 80 min with the ROS-specific stain, 2′,7′-dichlorodihydrofluorescein diacetate. The cells were then harvested and
washed with citrate buffer as inFig. 1. The cell pellets were resuspended in the same buffer supplemented with propidium iodide (PI;
10�g/ml) and then viewed and photographed with an epifluorescence microscope equipped with a filter set capable of detecting both
green (ROS) and red (PI) fluorescence. Where ROS and PI signals overlap, the resulting signal is yellow. The picture of wild-type cells
is slightly out of focus. The pictures are from Marchetti et al., manuscript in preparation.

ROS-specific stain, 2′,7′-dichlorodihydrofluorescein
diacetate—which was also employed in the budding
yeast experiment depicted inFig. 1—can penetrate
living cells, but it does not fluoresce unless oxidized
by ROS[90]. Its green fluorescence within cells indi-
cates the presence of significant ROS concentrations.
The other stain, propidium iodide (PI), cannot enter
living cells, but it can enter dead cells in which mem-
brane integrity has been lost. After it enters cells, it
binds to nucleic acids within the cells and becomes
fluorescent (red).

In Fig. 2, neither green nor red fluorescence is de-
tectable in the wild-type cells. However, a portion of
the dfp1-565 cells, which contain a truncated version
of the Dfp1 protein, display green and/or red fluores-
cence. Notice that some cells show pure green fluo-
rescence, others display a mixture of red and green
fluorescence and therefore appear yellowish, and yet
others show mostly red fluorescence. These varieties
of fluorescence are compatible with a sequence of
events in which ROS production within intact cells
precedes cell death accompanied by membrane per-
meabilization. There is a wide range of intensities of
green fluorescence per cell; we do not yet know the
significance of this variation.

The Dfp1 protein encoded by thedfp1 gene is the
fission yeast homologue of budding yeast Dbf4, which
is the regulatory co-factor for the Cdc7 kinase—
important for initiation of DNA replication (see[91]
elsewhere in this issue ofMutation Research). The

dfp1-565 allele is an internal deletion of amino acids
13–240 of Dfp1. This N-terminal-proximal deletion
removes a conserved motif (called “N”) from the
protein, but does not prevent the protein from partic-
ipating in the initiation of DNA replication[92,93].
Although thedfp1-565 gene can complement adfp1
gene deletion and thus is largely competent for initia-
tion of replication, versions of Dbf4 lacking domain N
are defective in binding to replication origins[92,93].
In addition, versions of Dfp1 lacking domain N are
only partially competent at activating the Hsk1 ki-
nase[92]. Note that Hsk1 is the fission yeast version
of the budding yeast Cdc7 kinase. Consequently, it
is likely that replication origins fire inefficiently in
dfp1-565 cells, and these cells go through S phase
with a reduced number of replication forks (similar to
budding yeast cells bearing theorc2-1 mutation; see
above). Consistent with this possibility, fission yeast
cells with Dfp1 lacking domain N have a reduced
growth rate [92]. In addition to their growth rate
defect, such cells also appear to exhibit checkpoint
defects, as indicated by sensitivity to MMS and, in
some cases, sensitivity to HU[92,93]. However, the
experiment inFig. 2 was carried out in the absence
of MMS and HU. Consequently, the ROS production
evident inFig. 2 is likely the consequence either of
the presumed mild replication defects in thedfp1-565
mutant or of deficient checkpoint response to prob-
lems arising during S phase, such as stalled replication
forks.
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5.3. ROS generation by a variety of fission yeast
replication, repair, recombination and checkpoint
mutants

Because fluorescent microscopic results, such as
those inFig. 2, are difficult to quantitate, we employed
flow cytometry to measure the number of cells dis-
playing elevated ROS and PI staining. We surveyed
strains with mutations in a variety of genes encoding
proteins important for aspects of DNA metabolism.
The results are summarized inTable 2.

Several interesting trends are suggested by the data
in Table 2. First, it is evident that the number of
cells positive for PI stain was in all cases roughly
proportional to the number of cells positive for ROS
stain. This finding is consistent with the observation
of doubly-stained cells inFig. 2. It suggests that ROS

Table 2
ROS production and PI staining in various fission yeast strains

Generic protein name Relevant genotype ROS PI Strain Reference

Wild type Wild type − − 501 [99,100]
Dbf4 dfp1-564 (�13-193) +++ ++++ GBY564 [93]
Dbf4 dfp1-565 (�13-240) +++ +++ GBY565 [93]
Dbf4 dfp1-566 (�183-191) +++ +++ GBY566 [93]
Dbf4 dfp1-AF6 (�460-545) ++++ +++ AFY6 [93]
Dbf4 dfp1-AF7 (�377-545) ++++ +++ AFY7 [93]
Orc2 orp2-2 (ts) + + JLP208 [94]
Orc2 orp2-7 (ts) ++++ +++ JLP216 [94]
Orc5 orp5-H19 (ts) +++ +++ H19 Gift from Murakami
Orc5 orp5-H30 (ts) + + H30 Gift from Murakami
Cdc6 cdc18-K46 ++++ +++ Cdc18-K46 [101]
DNA pol ε cdc20-M10 (ts) + − cdc20-M10 [102]
DNA pol ε cdc20-P7 (ts) ++ + cdc20-P7 [102]
Ku70 pku70-� − ND 1773 [100]
DNA ligase IV lig4-� + ND K1 [100]
Damage-specific checkpoint mediator

(Rad9 in budding yeast)
rhp9-� + ND sp.391 [103]

Srs2 helicase srs2-� + ND SZ242 [104]
RecQ; Bloom’s syndrome helicase rqh1-� ++ ND SZ243 [104]
Mre11 rad32-� + ND EH62 [105]
Rad50 rad50-� ++ ND EH19 [104]
Checkpoint-Rad proteins rad1-�, rad3-�, rad9-�,

rad17-�, rad26-�, hus1-�
− − Various [104]

Chk1 chk1-� − ND 1098 [106]
Chk2/Cds1 cds1-� − ND 1561 [95]

Cells of the indicated strains were incubated at 30◦C (deletion mutants) or at 37◦C (truncation or ts mutants), then stained for ROS and,
in some cases, for PI as inFig. 2. The resulting green or red fluorescence was then quantitated for 10,000 cells by flow cytometry, and
the number of cells with fluorescence intensity exceeding a threshold (chosen to exclude most wild-type cells) was determined. For ROS,
the % cells with fluorescence exceeding the threshold are:− ≤ 0.2% < + ≤ 0.5% < ++ ≤ 1.2% < +++ ≤ 3.0% < ++++. For PI,
the % cells with fluorescence exceeding the threshold are:− ≤ 1.0% < + ≤ 2.0% < ++ ≤ 5.0% < +++ ≤ 12.0% < ++++. Data
from Marchetti et al., manuscript in preparation.

production (in living cells) is related to PI staining (in
dead cells), and it is consistent with the hypothesis
that ROS production precedes cell death.

Second, the most extensive ROS production among
the tested strains was by certain mutant alleles af-
fecting proteins required for initiation of replication
(Orp2, Orp5, Cdc18 and Dfp1). The effects oforp2
and orp5 mutations were highly allele-specific, and
in the case oforp2 the specificity did not correlate
with the severity of the replication phenotype. Initi-
ation of replication at the restrictive temperature is
more tightly blocked in theorp2-2 strain than in the
orp2-7 strain[94], yet theorp2-7 strain generated far
more ROS than theorp2-2 strain (Table 2). Thus ROS
production inorp2 mutants does not appear to be a
direct consequence of inhibiting replication. Rather,
it may be a consequence of permitting replication
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to proceed under compromised conditions (a subop-
timal number of replication forks, for example, as
in the case of the budding yeastorc2-1 mutant; see
above). As indicated above, the results with the Dfp1
N-terminal truncation mutants (dfp1-564, 565, 566)
are also consistent with the possibility that progression
through S phase with too few forks can trigger ROS.
Table 2also shows results for Dfp1 C-terminal trunca-
tion mutants (dfp1-AF6, AF7) that eliminate another
conserved domain, “C”[92,93]. Like the N-terminal
truncation mutants, these mutants are largely com-
petent for DNA replication but are MMS-sensitive
and appear to progress through S phase somewhat
more slowly than wild-type cells[93]—again consis-
tent with the possibility of a reduced number of repli-
cation forks.

DNA polymerase 1 (Table 2; cdc20gene) is also
required for initiation of replication, but at a later stage.
The fact that both tested alleles (cdc20-M10 and -P7)
generate relatively little ROS at restrictive temperature
suggests either that pol 1 is not as important as the
earlier initiation proteins for ROS production, or that
we have not yet found and testedcdc20alleles that
would generate larger amounts of ROS.

The results inTable 2also suggest that replication
initiation mutants, in general, produce more ROS
than mutants in genes encoding proteins important
for double-strand break repair (Ku70, DNA ligase IV,
Rad32 [Mre11] and Rad50) or damage bypass and
replication fork stability (Srs2, Rqh1 [RecQ]), at least
under the non-stressed conditions employed here (no
DNA-damaging agent; no fork-blocking agent). Mu-
tations in additional genes in these pathways need to
be tested before one can be confident of this trend.
In addition, the fact that one set of data (the repli-
cation mutants) was generated with truncation or
temperature-sensitive alleles, while the other set of
data was generated with complete gene deletions,
needs to be taken into account in comparing these
results.

Finally, the results inTable 2suggest that, in the
absence of replication fork blockers, DNA-damaging
agents, or additional mutations, checkpoint defects
by themselves do not cause enhanced ROS produc-
tion. The next question we asked was: do defective
checkpoint pathways prevent, enhance, or have no ef-
fect on the ROS generated by replication initiation
mutants?

5.4. Requirement in some cases, but not others, for
intact checkpoint pathways for ROS production by
replication mutants

As a first step toward evaluating the potential role
of checkpoint pathways in the ROS production stimu-
lated by fission yeast replication mutants, we created
a set of double-mutant cell lines. Deletions ofrad3
or cds1were introduced into cells with theorp5-H19,
dfp1-564, or dfp1-566 mutations (see the description
of these genes inTable 2). The Rad3 protein is the
fission yeast homologue of mammalian ATR, and
Cds1 is the fission yeast homologue of mammalian
Chk2/Cds1. Rad3 is the central checkpoint kinase in
fission yeast. After being activated by defects in DNA
structure or problems in DNA replication (in coop-
eration with other proteins of the Checkpoint-Rad
family; Table 2), it phosphorylates and thus activates
one or both of the two downstream kinases, Chk1
and Cds1, depending on cell cycle position. Cds1 is
activated in early S phase, and Chk1 is activated in
late S phase and G2.

We found that the tendency of cells bearing the
orp5-H19 mutation to produce ROS and PI staining
was not significantly affected by additional deletion of
rad3 or cds1. Thus ROS generation in theorp5-H19
strain does not require Rad3 or Cds1.

In contrast, ROS and PI staining in thedfp1-564
and -566 strains were abolished by deletion of ei-
ther rad3 or cds1. In these cases, therefore, the Cds1
branch of the Rad3-dependent checkpoint pathway is
required for ROS production. Determining whether
the Chk1 branch is also required will require addi-
tional experiments.

5.5. Synergism of HU and checkpoint mutations
in ROS production

Because the results inTable 2 indicated that mu-
tations in replication proteins frequently lead to ROS
production, we asked whether treating fission yeast
cells with HU, which inhibits DNA replication, would
generate ROS. Since wild-type fission yeast cells can
survive for hours in 12 mM HU, we were not sur-
prised to find that adding 12 mM HU to wild-type
cells did not lead to ROS production. And since
Checkpoint-Rad mutant cells (includingrad3) are very
sensitive to HU, it was not surprising to find that many
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cells in each of the six Checkpoint-Rad mutant strains
(includingrad3) displayed ROS staining when treated
with HU. What was surprising was the observation that
cds1mutant cells, which are nearly as sensitive to HU
as are Checkpoint-Rad mutants[95], generate no more
ROS than do wild-type cells when exposed to HU.

Since Cds1 mediates only a branch of the pathways
downstream of the Checkpoint-Rad proteins, we tested
whether ROS production might be the responsibility
of the other branch, which is mediated by Chk1. We
found thatchk1 mutant cells generate no more ROS
when incubated in HU than do wild-type orcds1mu-
tant cells.

However,cds1 chk1double-mutant cells, in which
both major checkpoint pathways downstream of the
Checkpoint-Rad proteins are abolished, generate as
much ROS after exposure to HU as do single mutants
in any of the Checkpoint-Rad genes. Thus suppression
of ROS in the presence of HU can be accomplished
by either the Cds1-mediated or the Chk1-mediated
checkpoint pathway. Only when both pathways are
eliminated do fission yeast cells produce ROS in the
presence of HU.

These results, combined with those described
above, indicate that there are at least three different
relationships between ROS production and checkpoint
pathways in fission yeast. In one case (orp5-H19)
ROS production is unaffected by checkpoint muta-
tion. In one case (dfp1 N-terminal truncations), ROS
production requires functional checkpoint pathways.
And in the situation discussed here (HU-stimulated
ROS), ROS production requires combined knockout
of both branches of the Checkpoint-Rad pathway.
These multiple relationships were not anticipated,
and they suggest that further study of apoptosis-like
pathways in fission yeast may provide useful clues to
understanding the even more complicated apoptotic
pathways of animal cells.

5.6. Stimulation of ROS by unregulated CDK
activity

The requirement for elimination of both Chk1 and
Cds1 in order to generate ROS in the presence of HU
reminded us of the requirement for elimination of both
Chk1 and Cds1 to efficiently generate catastrophic
mitosis in the presence of HU[96]. The reason elim-
ination of both Chk1 and Cds1 is needed for efficient

catastrophic mitosis in the presence of HU is that both
checkpoint kinases activate pathways that ultimately
lead to inhibition of Cdc2, the cyclin-dependent cell
cycle kinase (CDK) of fission yeast. Inhibition of
Cdc2 is necessary to prevent catastrophic mitosis
when S phase is blocked by HU treatment[97].
When only the Chk1 or only the Cds1 pathway is
eliminated, the remaining pathway can down-regulate
Cdc2 sufficiently to inhibit catastrophic mitosis[96].

To test whether the same pathways might be respon-
sible for ROS generation, we took advantage of the fact
that both the Chk1-mediated and the Cds1-mediated
pathways ultimately lead to inhibition of Cdc2, and
they do this by stimulating the phosphorylation of ty-
rosine 15 in Cdc2. Phosphorylation of tyrosine 15 in-
activates Cdc2. A mutant version of Cdc2 (encoded
by cdc2Y15F), in which tyosine 15 is replaced by
non-phosphorylatable phenylalanine, is constitutively
active, displays premature mitosis even in the absence
of HU [98], and is insensitive to inhibition by the
Checkpoint-Rad checkpoint pathways in the presence
of HU [97]. We found that a significant number (cor-
responding to+++ in Table 2) of cdc2-Y15F cells
displays ROS staining even in the absence of HU, and
this number is enhanced only about two-fold in the
presence of HU.

This result indicates that deregulated Cdc2 and pre-
mature entry into mitosis can be major sources of ROS
production in fission yeast cells. Interestingly, deregu-
lated Cdk1 (the mammalian homologue of Cdc2) and
catastrophic mitosis seem to be significant stimuli for
apoptosis in mammalian cells as well[88].

Thus, our survey of ROS production in response
to replication defects in fission yeast has revealed
promising leads for further investigation of the rela-
tionships between replication defects and apoptosis.
Our results suggest that apoptosis-like pathways in fis-
sion yeast mirror those in mammalian cells in several
ways, including their complexity. Fortunately, despite
the complexity revealed here, fission yeast and bud-
ding yeast (in which similar phenomena are evident;
see above) are highly amenable to genetic and bio-
chemical analyses and are much simpler than multi-
cellular animals. Consequently, further studies of these
phenomena in both yeasts are likely to produce rapid
understanding in yeasts and important hints that will
assist in understanding the corresponding phenomena
in animals.
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