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Abstract——The fission yeast Schizosaccharomyces
pombe and the budding yeast Saccharomyces cerevi-
siae have become valuable tools for the study of basic
cellular functions of eukaryotic cells, including DNA
repair mechanisms and cell cycle control. Since the
major signaling pathways and cellular processes in-
volved in cellular response to cytotoxic agents are con-
served between yeasts and mammalian cells, these
simple eukaryotic systems could be excellent models
for the identification of molecular/cellular mecha-
nisms of sensitivity to antitumor drugs. We describe
relevant biological features of yeast cells and potential
applications derived by their genetic manipulation. In
particular, we have outlined the role of genes involved
in repair processes and in checkpoint control, with
specific reference to genes regulating radiation-sensi-

tivity. Specific examples are provided concerning the
use of both yeasts in understanding the mechanism of
action of platinum compounds and topoisomerase
inhibitors. The availability of the genomic sequence
of these organisms as well as of new technologies
(microarrays, proteomics) is expected to allow the
identification of potential drug targets, since the drug
discovery process is moving toward a genomic orien-
tation. Among eukaryotic organisms, yeasts are suit-
able for easy genetic manipulations, and specific ge-
netic alterations are exploitable for assessing the
effects of chemotherapeutic agents with different
mechanism of action. Although still at an early stage,
this fast-moving field shows promise as a novel and
potentially useful method for development of target-
specific therapeutic approaches.

I. Introduction

Alterations of genes involved in the cell cycle control
and regulation of the cell death process are common
genetic changes in human tumor cells. Defects in cell
cycle checkpoints that monitor the completion of DNA
replication, successful repair of DNA, and the accurate
assembly of mitotic spindle contribute to genomic insta-

1 Address for correspondence: Dr. Paola Perego, Istituto Nazion-
ale Tumori, Via Venezian 1, 20133 Milan, Italy. E-mail: perego@
istitutotumori.mi.it

bility, a phenomenon implicated in tumor progression.
There is increasing evidence that such alterations can
influence the ability of a cell to respond to cytotoxic
agents and alter the cellular fate (i.e., decision between
cell cycle arrest/DNA repair or cell death). The fission
yeast Schizosaccharomyces pombe and the budding
yeast Saccharomyces cerevisiae have become valuable
tools for the study of basic cellular functions of eukary-
otic cells, including DNA repair mechanisms and cell
cycle control. The available evidence supports a high
degree of conservation of the major signaling pathways
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and basic cellular processes among simple eukaryotic
systems and mammalian cells. Genetic alterations of
human tumor cells frequently involve genes that have
functional homologs in model systems (Weinert and
Hartwell, 1988; Rowley et al., 1992; Carr and Hoekstra,
1995). Thus, yeast could be an excellent model system
for the identification of determinants of sensitivity to
antitumor drugs, and in this review, we address the
rationale for using yeast as a pharmacological tool in the
identification of critical determinants of the cellular re-
sponse to specific cytotoxic injuries. In addition, we sum-
marize the yeast pathways relevant to cellular sensitiv-
ity to DNA-damaging agents. Particular emphasis has
been given to radiation-sensitive mutants and genes,
due to their involvement in pathways regulating the cell
cycle or DNA repair. The definition of the molecular
context that confers chemosensitivity or the identifica-
tion of the appropriate target for pharmacological inter-
vention could provide novel approaches to improve the
efficacy of antitumor drugs. In addition, integrating ba-
sic research through genetic manipulation of model or-
ganisms, as well as new technologies designed to facili-
tate the identification of gene/gene products (e.g.,
microarray and/or proteomic technology) is expected to
provide a more specific and powerful approach to vali-
dation of potential drug targets (Dyer et al., 1999). The
aim of this review is to outline some of the recent devel-
opments in this fast moving field and to anticipate the
potential application of future advancements in this
area.

II. Integrating Model Systems for Antitumor
Pharmacology Studies

Human tumor cells exhibit multiple alterations that
have been extensively studied over the last decade. Sev-
eral lines of evidence indicate that the impairment of
any number of possible factors can influence cell sensi-
tivity to antitumor drugs. One of the major difficulties in
understanding the specific contribution of each single
alteration to the drug-sensitive/-resistant phenotype of a
tumor cell is the concomitant presence of multiple alter-
ations. This fact prevents us from defining the biological/
molecular background in which a certain drug exerts
optimal effects. Since the yeast cell is less complex than
a tumor cell, the yeast model system could help in ob-
taining a more general clarification of the determinants
of sensitivity to drugs.

Over the last decade, efforts to develop new drugs
effective in the treatment of tumors have been directed
toward identifying agents capable of selectively killing
tumor cells. This goal has been approached both by
trying to improve specific features of the available
agents, e.g., improvement of drug distribution to the
tumor and/or solubility, and through design of agents
targeting alterations thought to be specific for tumor
cells, e.g., tyrosine kinase activation. Drug testing in

vitro using well characterized human tumor cell lines
has provided crucial insights into the mechanism of drug
action (O’Connor et al., 1997), but a conclusive elucida-
tion of the molecular background in which drug action is
favored has not been reached.

In this context, the yeast system could help in a)
clarifying the contribution of a specific gene in regulat-
ing sensitivity or resistance to a drug; b) interpreting
tumor-specific action of some known antitumor agents;
and c¢) providing novel approaches for identification of
new drug targets. In this regard, the use of the genetic
technique known as synthetic lethal screening appears
promising (see below).

Apoptosis has been recognized as a major mode of cell
death after exposure of mammalian cells to antitumor
drugs (Hickman, 1996; Zunino et al., 1997). Recent stud-
ies indicate that key elements of the apoptotic pathway
are present in the yeast cell as overexpression of pro-
apoptotic genes including human bax and caspases re-
sult in a mode of cell death exhibiting features similar to
apoptosis (DNA degradation; Greenhalf et al., 1996;
Ryser et al., 1999). The relevance of apoptosis in a uni-
cellular organism like yeast is controversial because the
apoptotic process has been mainly implicated in the
development and homeostasis of multicellular organ-
isms. However, the possibility of activating the apoptotic
pathway in yeast strains through ectopic expression of
human genes could provide useful model systems for
screening drugs aimed at specific mechanisms (Mat-
suyama et al., 1999).

III. Relevant Features of Yeast Cells

The fission yeast S. pombe and the budding yeast S.
cerevisiae have been extensively used for studies of cell
cycle regulation and DNA repair. Because mutations in
cell cycle checkpoint/DNA repair genes are involved in
the development of tumors, the cloning of human ho-
mologs of yeast genes could be a useful approach for a
better understanding of genetic alterations relevant to
malignant phenotype as potential targets for novel an-
titumor strategies. Recent reports suggest that yeast
can be exploited for the identification of cellular deter-
minants of chemosensitivity (Hafiz et al., 1995; Perego
et al., 1996, 1997, 1998; Perego and Howell, 1997; Rieger
et al., 1999; Munder and Hinnen, 1999). Indeed, there
are many similarities between relevant physiological
processes in yeast and mammalian cells as supported by
the cloning of the human homologs of yeast genes (Bent-
ley et al., 1996; Sanchez et al., 1997; Freire et al., 1998).
Some physiological processes (e.g., mitosis, cell division)
of S. pombe are more similar to those of human cells
than those of the budding yeast S. cerevisiae. Like hu-
man cells, S. pombe has a distinct G, phase so a major
checkpoint control is the decision to go from Gy to M
(Russell and Nurse, 1986). On the other hand, the bud-
ding yeast has a very short G, phase but a long G; and
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the key transition is G;/S (Guthrie and Fink, 1991),
which is the major damage-responsive checkpoint in
human cells. One nice feature of S. cerevisiae is the
possibility of monitoring progression of cells through cell
cycle by cell and nuclear morphology. In G; phase, cells
are unbudded, and the bud emergence occurs during
DNA synthesis; then in G, phase, the nucleus is posi-
tioned at the neck of the emerging bud, whereas cells
progressing through mitosis are elongated and exhibit a
bipolar nucleus. Yeast has many advantages as a model
system including a small genome (1.4 X 107 bp/cell,
about 200 times less than human cells) and a fast dou-
bling time (approximately 2 h). During its life cycle,
yeast exists in a haploid or diploid state (Fig. 1). This

biological feature allows phenotype analysis of recessive
mutations, which are normally masked in a diploid state
by the wild-type allele. Assignment of distinct genes to
different pathways can be obtained through epistasis
analysis in which the phenotype of a double mutant
strain is compared to the corresponding single mutant
strain. Moreover, the genome of S. cerevisiae was se-
quenced by an international group of laboratories
(Zagulski et al., 1998), and the S. pombe genome se-
quencing project is ongoing. The information available
can be exploited for pharmacological approaches, as ev-
idenced by the analysis of response of S. cerevisiae to an
alkylating agent through simultaneous examination of
thousands of transcripts by DNA chip technology (Jelin-
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Fic. 1. Advantages of using yeast as a model system: S. cerevisiae (A) and S. pombe (B) life cycles.
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sky and Samson, 1999). In addition, the availability of
genome databases describing genes and predicted path-
ways of simple organisms could help in drug discovery
programs (Karp et al., 1999).

Before discussing the individual rad mutants, it is
worth mentioning that there is confusion with the num-
bering system used for S. pombe and S. cerevisiae rad
mutants, as none of the mutants with the same number
are structural or functional homologs. For the purposes
of this review, we will use the standard conventions for
which genes are italicized for both organisms (lower case
for S. pombe, capital letter for S. cerevisiae), and pro-
teins are in normal type with only the first letter capi-
talized. For both yeasts, mutants are italicized and in
lowercase. We will refer to genes/proteins for S. pombe
as rad#°?/Rad#°P and to S. cerevisiae as RAD#%/
Rad#5°.

IV. Use of Yeast Rad Mutants to Study Drug
Mechanisms

Based on the characteristics of yeast cells described
above, the use of these organisms may easily permit
researchers to dissect out mechanisms that contribute to
the multifactorial nature of drug resistance. For exam-
ple, development of S. pombe strains resistant to cispla-
tin allowed investigation of specific mechanisms of drug
resistance (Perego et al., 1996). The analysis of strains
with specific mutations in genes affecting the radiation
response suggested the utility of using mutants con-
structed on the same genetic background for studying
the cellular response to platinum drugs (Perego et al.,
1998). The use of this panel allowed rapid identification
of genes relevant to cell ability to withstand the cytotox-
icity of cisplatin. Our results indicate that most of rad
genes influence cisplatin sensitivity. Thus, at least some
of the same DNA repair pathways are involved in repair
of both cisplatin and radiation damage. Some rad genes
participate in cellular responses that are quite specific to
the type of injury even within a class of drugs that are
chemically closely related. These drugs included a) cis-
platin analogs containing the diaminecyclohexane car-
rier ligand and differing in their oxidation state (Pt(IV)
for tetraplatin, Pt(II) for oxaliplatin) and b) aminecyclo-
hexylamine Pt(IV) complexes (i.e., JM216). For example,
the radI®?, rad3%? and rad18%" mutations produced
very large changes in sensitivity to cisplatin, but had
marginal or no effect on sensitivity to other platinum
compounds (JM216 or tetraplatin). Moreover, the pat-
tern of sensitivity between tetraplatin and oxaliplatin
was markedly different, since most of the screened mu-
tants were hypersensitive to oxaliplatin but not to tet-
raplatin. The differences in sensitivity between cisplatin
and tetraplatin could be related to the different cell
capability to recognize specific adducts. This feature
might depend on the nature of the carrier ligand and/or
time course of DNA lesion formation as expected based

on differential lipophilicity. An analysis of the profile of
sensitivity of allelic mutants (rad 5/15-PS?, rad
3-136/19 M®P) indicated that the different domains of
the same protein may have different effects on the re-
sponse to cisplatin. However, it is possible that these
differences are due to leaky alleles because the studied
mutants were obtained by mutagenesis. Although the
precise biochemical changes arising from these alleles
are not clearly defined, this study suggests that the
recognition and/or repair of specific drug-induced DNA
lesions are critical determinants of cell response to
DNA-damaging agents.

Similarly, the use of S. cerevisiae mutants has been
proposed as an integrating approach to drug discovery
strategies (Hartwell et al., 1997). In particular, the de-
velopmental therapeutic program of the NCI/NIH has
developed a yeast anticancer drug screening (the Seattle
Project) in which the capability of thousands of com-
pounds to inhibit the growth of selected S. cerevisiae
strains is checked. The strains include single and double
mutants carrying mutations in genes involved in DNA
repair or cell cycle control including many of the rad
genes. In particular, the project involves a panel of iso-
genic strains harboring several DNA repair mutations
(including nucleotide excision, base excision, mismatch,
postreplication, recombinational repair and reversal of
O°%-alkylguanine) and cell cycle checkpoint mutations
(including DNA damage and S phase checkpoint, spindle
assembly checkpoint). The cytotoxicity profiles empha-
size the importance of defects in DNA damage response
as a determinant of chemosensitivity. On the basis of the
pattern of cellular sensitivity, a variable selectivity of
the tested agents was found for damage response de-
fects. The relevance of specific molecular defects is likely
dependent on the mechanism of action and suggest that
the cellular context (i.e., type of mutations present in
individual tumors) could influence the therapeutic out-
come. Data obtained from this screening have been re-
cently made available through a web site (Holbeck et al.,
2000). The screening program is expected to identify
more effective agents or novel molecules (Hartwell et al.,
1997; Simon et al., 2000).

V. Rationale for Using Yeast As a Model System

Changes in cellular sensitivity to an antitumor drug
can be the result of loss or gain of functions involved in
defense mechanisms and/or drug-target interactions,
but alterations influencing the ability of the cell to tol-
erate or recover from the primary lesion may have a
critical role in determining the cellular fate. The use of
yeast strains in which specific functions have been inac-
tivated through mutation or targeted deletion could help
in dissecting out the contribution made to the drug re-
sponse by alterations described in mammalian cells.
Panels of yeast strains carrying specific mutations can
be a valuable tool for screening drugs in the attempt to

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

YEAST MUTANTS AND SENSITIVITY TO ANTITUMOR DRUGS 481

find an agent more cytotoxic to the mutant than to the
wild-type yeast (Hartwell et al., 1997; Perego et al,,
1998). Additional genetic methodologies could be used.
In particular, synthetic lethal screening is a technique
used in yeast to identify mutations that are not lethal
per se, but are lethal in combination with another mu-
tation. This technology has been proposed as a tool for
new drug targets (Hartwell et al., 1997). Thus, a specific
inhibitor of a cellular pathway that contributes to cell
survival (e.g., DNA polymerase proofreading activity)
could be used in a cell deficient in another pathway
concomitantly participating in maintaining cell survival
(e.g., mismatch repair). This procedure could be useful
in killing cells with a precise defect because it provides
other drug targets in addition to a specific mutation
whose inactivation may produce an advantage in killing
the tumor cell. Another example of this approach of
synthetic lethal screening is the possible use of a topo-
isomerase II inhibitor in a cell carrying a mutation in
the human homolog of rad18%P. The rad18°P mutation is
synthetically lethal with topoisomerase II mutant in S.
pombe, and both gene products are implicated in chro-
matin organization (Verkade et al., 1999). Thus, the
synthetic lethal approach could help in defining the par-
ticular combinations of pathways that would be reason-
able inactivation targets.

In an effort to identify cellular pathways that are
potential targets for drug discovery, genetic selection of
peptide inhibitors has been performed in S. cerevisiae
(Norman et al., 1999). This strategy consists of a) selec-
tion of peptides whose binding to unknown targets pro-
duces a phenotype, like mutations produce phenotypes
by inactivating genes; b) identification of putative tar-
gets for the inhibitors (i.e., spindle checkpoint activa-
tion) by a combination of two-hybrid system and genetic
dissection of the target pathways. This technique allows
screening of different peptamers that are presented in-
side cells on the surface of an inert carrier protein.
Genetic selection of inhibitory peptides could identify
new targets for drug discovery by finding new elements
of a specific pathway. Besides, target proteins inhibited
by peptamers could be similarly inhibited with small
organic molecules including drugs. Finally, the identifi-
cation of peptamers with different potency could provide
useful information about the correlation between struc-
ture and activity of a drug.

Human tumors are often defective in cell cycle check-
point functions (Hagmann, 1999). Since cell cycle check-
point pathways have been defined in yeast, this model
system should provide further understanding of the crit-
ical determinants of cytotoxicity of DNA-damaging
agents. In this review, particular emphasis has been
given to radiation-sensitive mutants (rad mutants),
since such mutations involve genes regulating the cell
cycle or DNA repair. The original rad mutants of S.
pombe were isolated due to their sensitivity to UV and/or
ionizing radiation (Subramani, 1991). Additional rad

and rad-related genes have been identified in further
mutant screens in S. pombe. A large number of radia-
tion-sensitive mutants have also been characterized in
S. cerevisiae, based on their altered sensitivity to DNA-
damaging agents, increased mutation rates, and defects
in recombination and sporulation (Prakash, 1989; Fried-
berg, 1991; Game, 1993; Ivanov and Haber, 1997; Wein-
ert, 1998). Some rad genes encode proteins directly in-
volved in the enzymatic machinery used to recognize
and process DNA lesions, incompletely replicated DNA,
or recombination substrates. Others, referred to as
“checkpoint rad ” genes, encode proteins that relay sig-
nals from repair or replication intermediates to the cell
cycle control machinery.

The complexity of cell signaling pathways resulting in
cell death might be responsible for the heterogeneous
cellular response of human tumors to antitumor agents.
Identification of critical molecular defects in tumor cells,
which underlie the sensitivity/resistance status of each
tumor type, could allow a more rational use of antitumor
therapies and identify novel therapeutic strategies. The
model organisms described in this review provide a pow-
erful tool for this approach. Therefore, we will begin
with discussion of the known or proposed functions of
the rad genes of S. pombe and S. cerevisiae.

VI. Molecular Pathways Regulating DNA Damage
Responses

A. Checkpoint Control

Progression through the cell cycle can be halted by
activation of surveillance mechanisms known as check-
points that assure that cell cycle events occur in the
proper sequence. The first genetic evidence for a check-
point function was provided in S. cerevisiace (Weinert
and Hartwell, 1988). Cell cycle checkpoints involve com-
plex pathways that mediate the arrest of the cell cycle in
response to alterations, which could result in loss of
genomic integrity. Both in S. pombe and S. cerevisiae,
these surveillance systems include the DNA replication
and the DNA damage checkpoint, the existence of which
is revealed by mutations that abrogate cell cycle arrest
normally used for repair following damage. A compari-
son between S. pombe and S. cerevisiae indicates that
checkpoint pathways are conserved through evolution,
although subtle differences exist between different or-
ganisms. In higher eukaryotes, activation of cell cycle
checkpoint control is accompanied by activation of repair
processes or apoptosis (Hetts, 1998). In this regard, p53
is a crucial gene that is not present in yeast. Defects in
cell cycle control lead to genetic instability and neoplas-
tic transformation (Almasan et al., 1995). Although
mammalian cell cycle checkpoints may possess a higher
complexity than those of yeast cells, the underlying
checkpoint mechanisms share similar features. The rep-
lication checkpoint (S-M checkpoint) postpones mitosis
until DNA replication is completed, and the DNA dam-

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

482 PEREGO ET AL.

age checkpoint postpones mitosis until DNA damage is
repaired. Yeast mutants that are unable to delay mitosis
following damage are characterized by defects in genes
whose products could at least in part be involved in
sensing changes in DNA structures (Table 1; Subra-
mani, 1991; Bentley and Carr, 1997; Al-Khodairy and
Carr, 1992; Carr, 1997; Weinert, 1998). We have shown
that these genes could participate in regulating sensi-
tivity to cisplatin (Perego et al., 1998). Thus, a more
complete understanding of their biological role could
help in the clarification of the cellular drug response
(Perego et al., 1998). In S. pombe, mitosis can be pre-
vented in two genetically distinct situations, and a sep-
aration of the DNA replication checkpoint from the DNA
damage checkpoint can be reached by creating pheno-
typically distinct mutant alleles in single genes (e.g.,
radI®? or rad26°?; Kanter-Smoler et al., 1995; Uch-
iyama et al., 1997), or by analyzing distinct mutants
defective in one pathway or the other (e.g., cdsI®P,
chk1°P[rad27°P; Fig. 2; Lindsay et al., 1998; Martinho et
al., 1998). A similar distinction exists in S. cerevisiae, in
which the replication proteins Pole, Dpb11%¢, and
Rfc55¢ are involved in sensing replication block and
DNA damage during DNA synthesis (replication check-
point; Araki et al., 1995; Sugimoto et al., 1997), whereas
other genes including RAD9%, RADI17%, RAD24%,
MEC35¢, DDC1%¢, MEC15°, and RAD53% control the
DNA damage checkpoint which has been dissected in
specific responses (G,/S, intra S, G,M) depending on the
cell cycle phase at which DNA damage occurs (Fig. 3;
Longhese et al., 1998).

In S. pombe, the checkpoint rad mutants were origi-
nally identified as: radI?, rad3?, rad9?, rad17°?
(Subramani, 1991). These mutants are sensitive to both
ionizing and ultraviolet radiation, as well as the DNA
synthesis inhibitor hydroxyurea. In S. cerevisiae
RAD9%¢, RAD175°, RAD24%¢, MECI®°, and MEC3° are
required for checkpoint control (Carr and Hoekstra,
1995). The rad1®P gene encodes a protein with limited
similarity to Ustilago maydis REC1, which is an exonu-
clease. The rad15? mutants are radiosensitive because
they fail to delay mitosis until repair of DNA damage

TABLE 1
Pathway defects, known biochemical functions, and homologs of
relevant rad and rad-related yeast mutants: checkpoint mutants

Mutants
Functions Human Homologs
S. pombe S. cerevisiae
radl RAD17 Exonuclease RAD1
rad3 MEC1 Lipid kinase domain ATR, ATM
rad9 DDC1 G, arrest HRAD9
radl7 RAD24 Nucleotide binding site RAD17
rad26 none S phase None
chkl (rad27)* CHK1 Kinase CHK1
rhp9 (crb2)* RAD9 DNA damage checkpoint ~ None
rad24/rad25 BMH1-2 Phosphoserine binding 14-3-3
husl MEC3? Radl/rad9 interacting HUS1
cdsl RAD53 Kinase CDS1/CHK2

@ Allelic mutants are indicated in parentheses.

has been completed, and, in contrast to the homolog
RAD17%, they are also deficient in the S-M checkpoint
control (Rowley et al., 1992). RAD17% and radI°? are
similar to the proliferating cell nuclear antigen (PCNAZ;
Thelen et al., 1999). The role of the radI®P gene in
checkpoint control can be clarified based on its homology
to REC1 and RADI17%. In particular, an analysis of
DNA damage processing in a specific genetic back-
ground suggests that DNA damage can occur as a con-
sequence of DNA degradation supporting a role for an
exonuclease (Lydall and Weinert, 1995). Processing of
damage could lead to cell cycle arrest because check-
point proteins send a signal for arrest, or damage itself
generates a structure that sends a signal (Lydall and
Weinert, 1995). The human homolog of rad15? maps to
5pl14-p13.2, a region that contains tumor suppressor
genes (Dean et al., 1998). Two alternative splice variants
have been found in humans, one of which has exonucle-
ase activity and has been speculated to be involved in
recognition and processing of damage (Parker et al.,
1998).

Rad35P and Mec1®¢ are involved in both DNA damage
and replication checkpoint pathways. Rad3°P and
Mec15¢ belong to a family of proteins with homology to
“lipid kinases”, or phosphatidylinositol 3-kinases, which
include Tel1%¢, Tel1P (Matsuura et al., 1999), DNA-
dependent protein kinase (DNA-PK), human ATR (atax-
ia telangiectasia related), and ATM (ataxia telangiecta-
sia mutated) (Hunter, 2000). ATM is one of the major
upstream regulators of the p53 response to ionizing ra-
diation-induced damage (Hawley and Friend, 1996).
ATM-deficient cells have a complex phenotype and may
have alterations both in DNA repair and cell cycle check-
points. ATM has higher homology with Tel15¢ protein
than with Mec15¢, and rad3°? is homologous to the hu-
man gene ATR. Therefore, it is likely that in human cells
several rad3°” homologs regulate the DNA damage
checkpoint. Rad3%P acts through its associated protein
kinase activity (Bentley et al., 1996). Similarly, the
Mec15¢ protein phosphorylates and likely activates spe-
cific substrates including Rad53%¢, Rad9%® and Ddc15°
(Sanchez et al., 1997; Emili et al., 1998; Paciotti et al.,
1998). Rad3®P has been implicated in recognition of spe-
cific DNA or protein-DNA structures in which it may be
modulated by association with other checkpoint proteins
(Bentley et al., 1996). Similarly, another Rad3°P family
member, DNA-PK|, is activated in response to DNA dam-
age in association with DNA binding subunits (Hartley
et al., 1995; Jeggo et al., 1995). The rad9°P gene product
shows similarity to DDCI5® (Murray et al., 1991; Long-
hese et al., 1997), and a human homolog was recently
cloned (Lieberman et al., 1996). Since hRAD9 can rescue
S. pombe cell cycle delay in response to incomplete DNA

2 Abbreviations: PCNA, proliferating cell nuclear antigen; DNA-
PK, DNA-dependent protein kinase; ATR, ataxia telangiectasia re-
lated; ATM, ataxia telangiectasia mutated; NER, nucleotide excision
repair; RPA, replication protein A.
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TABLE 2
Pathway defects, known biochemical functions, and homologs of relevant rad and rad-related yeast mutants: nucleotide excision repair mutants

Mutants

Functions Human Homologs
S. pombe S. cerevisiae

NER: classical pathway
radl3 RAD2 Nuclease ERCC5
radl5 (rad5) RAD3 Helicase ERCC2
ERCC3 RAD25 Helicase ERCC3
rad 16 (rad10, rad20, swi9)* RAD1 Nuclease subunit ERCC4
Swil0 RAD10 Nuclease subunit ERCC1

NER: alternative pathway
rad2 RAD27 Endonuclease RAD2
UVDE none Endonuclease None
radl8 RHC18 Chromosome structure None
¢ Allelic mutants are indicated in parentheses.
Rad:i-(a ’l
DNA damage checkpoint (active)
Chk1-(®)
guardian l ® Cdc2+
—— — (inactive)
DNA damage, G2
internal
eITors Rad3 arrest

guardian complex

guardian
complex

DNA replication
checkpoint

Rad3-P) ----» | Cds1

(active)

A
delay

Fic. 2. Model for interplay between rad and rad-related genes in the fission yeast checkpoint pathway.

replication, but not to DNA damage, it appears that the
two pathways may have diverged between yeast and
humans (Lieberman et al., 1996). The rad17°? and
RAD24%° genes encode nuclear proteins carrying an
ATP binding site with homology to DNA replication pro-
tein replication factor C/activator 1, which binds DNA at
strand breaks and is required to load DNA polymerases
onto primed DNA templates during S phase (Griffiths et
al., 1995; Waga and Stillman, 1998). This feature sug-
gests the possibility of an association with replication
structures and a role in DNA damage recognition. Map-
ping of the human homolog of rad17°? has shown that
the human locus contains tumor suppressor genes (Dean
et al., 1998). Rad26°P is presumed to function in S
phase-specific DNA-damage responses, it has been
shown to associate with Rad3%?, and it exhibits Rad3°P-
dependent phosphorylation (Al-Khodairy et al., 1994,
Edwards et al., 2000). Hus15P acts for all DNA integrity
checkpoints with other checkpoint rad genes (Dean et
al., 1998; Kostrub et al., 1998; Caspari et al., 2000).
Recently, Hus1-BS?, likely a homolog of MEC3%, has
been shown to form with Rad9°P and Rad1°P, a complex
that, based on structural considerations, has been pro-

posed to be a PCNA-like complex (St. Onge et al., 1999;
Caspari et al., 2000). HusI-BS?, a nuclear protein, is
under-phosphorylated in its basal state. Phosphoryla-
tion is increased following irradiation (Caspari et al.,
2000). Interestingly, due to its genomic localization
(7p13-p12), the human HUS1 gene has been proposed as
a candidate tumor suppressor for ovarian carcinogenesis
(Dean et al., 1998; Kostrub et al., 1998).

Additional S. pombe genes, chk1°P /rad27°P, rad245?
and rad25°P are involved in checkpoint mechanisms
(Walworth et al., 1993; Al-Khodairy et al., 1994; Ford et
al., 1994). The chk1°P /rad27°P (checkpoint kinase) gene
encodes a serine/threonine protein kinase required for
G, arrest after DNA damage, but not for S phase arrest.
The Chk15P response is cell cycle-specific since radiation
damage induces Chk15P activation/phosphorylation in
late S and G, (Martinho et al., 1998). Cells lacking
Chk15P are hypersensitive to a number of DNA-damag-
ing agents including camptothecins (Wan et al., 1999). A
human homolog of chkIP, hChkl, has recently been
reported (Sanchez et al., 1997). Human Chk1 activity is
expressed at the S to M transition, is independent of
ATM function, and is thought to be required for the
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(DNA damage checkpoint]

RAD17 RAD24
MEC3 DDC1
MEC1 (TEL1)
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RAD9
A 4
Anaphase

T

Fic. 3. DNA damage checkpoint pathways in budding yeast.

Go/M checkpoint in human fibroblasts (Kaneko et al.,
1999). hCHK1 may be involved in the DNA damage
checkpoint through phosphorylation of hCDC25 (a mito-
sis-activating phosphatase) on serine 216 (Kaneko et al.,
1999). Inhibition of hCHK1 specifically abrogates G,
checkpoint, thus resulting in sensitization of p53-defec-
tive cancer cells to DNA-damaging agents, without cyc-
totoxic effects on normal cells (Suganuma et al., 1999).
Recently, a S. cerevisiae homolog of chk15? has been
identified (Sanchez et al., 1999).

Also involved only in the damage response is rhip9°?
(Wilson et al., 1997) the homolog of RAD9%. In S. cer-
evisiae, the DNA damage-induced G, arrest and its du-
ration are highly dependent on RAD9S® (Weinert and
Hartwell, 1988). RAD9 blocks the entry into M if DNA
is broken and acts in maintaining genomic stability.
Other checkpoint rad mutants include rad24°, which is
defective in the mitotic arrest following damage, and
enters mitosis prematurely during normal growth (Ford
et al., 1994). Both rad24°? and rad25°° mutants are
deficient in genes homologous to the 14-3-3 proteins
(Ford et al., 1994).

There are relevant differences between S. pombe and
S. cerevisiae in the checkpoint pathway discussed above
(Carr and Hoekstra, 1995). While rad1°? and rad17°?
are involved both in the DNA damage and replication
checkpoint, the respective S. cerevisiae homologs
RAD17%¢ and RAD24%° are involved only in the DNA

damage checkpoint. In addition, whereas RAD53% is
required for all checkpoint pathways, the S. pombe ho-
molog cdsI? appears to be implicated mainly in the
replication checkpoint.

Different mechanisms cause cell cycle arrest in S.
cerevisiae and S. pombe following damage. In S. cerevi-
siae cell cycle arrest involves the nuclear protein Pds1°¢,
which normally is degraded by a set of proteins that
promotes anaphase, but in the presence of damage is
phosphorylated in a MECI1/RAD9-dependent/RAD53-
independent manner and blocks anaphase (Cohen-Fix
and Koshland, 1997). Chk1%¢ functions in maintaining
the abundance of Pds1%¢ through its stabilization
(Sanchez et al., 1999). In fission yeast and mammalian
cells, mitotic arrest following damage requires inhibi-
tory cyclin-dependent kinase phosphorylation controlled
by Chk1%¢ (Rhind et al., 1997). In S. cerevisiae, inhibi-
tion of G;/S phase transition after damage in G; has
been proposed to result from inhibition of CLN1-25¢ (G,
cyclins) transcription due to phosphorylation of the tran-
scription regulator Swi6S¢ by Rad53%¢ (Sidorova and
Breeden, 1997).

In S. pombe, the complex interaction among the six
main checkpoint genes (radI°P, rad3%?, rad9°?, rad17°,
rad26°, hus1°?) and the other related genes (rad24°,
rad25%, rad27°P, rhp9°P) has not been completely elu-
cidated. The products of these genes may function to
stabilize replication complexes when DNA is damaged or
to stabilize stalled replication forks when DNA synthe-
sis is inhibited. A complex of the six main proteins could
operate as a “guardian” that detects changes in DNA
structure and generates signals that activate the repli-
cation and DNA damage checkpoint (Fig. 2). On the
other hand, the Rad3°P-Rad26°P complex can respond to
DNA damage independently of the other checkpoint pro-
teins (Edwards et al., 1999). Such signals are likely
transduced to the mitotic apparatus through proteins
including Chk15?/Rad27°P, Rad24°?, and Rad25°P. The
mechanism linking S phase and mitosis involves Cds1P,
which has an S phase-specific function, since it is acti-
vated by DNA damage only during this phase (Martinho
et al., 1998). This activation is dependent on the main
six proteins, including Rad26°P, which physically inter-
acts with Cds15P (Lindsay et al., 1998). It is possible that
substrates of the Cds1°P kinase include components of
the replication apparatus. Thus, during S phase, the
Cds15P-mediated response may prevent replication of
new replicons and promote collapse of replication fork
culminating in irreparable damage (Martinho et al.,
1998). There appears to be a direct link between Rad3®P
and the two downstream kinases as suggested by the
ability of Rad3P to phosphorylate Cds15? and Chk1SP
(Walworth and Bernards, 1996; Martinho et al., 1998).
Human hCHK1 phosphorylates hCDC25 in vitro and
promotes binding to the 14-3-3 proteins, which may pre-
vent hCDC25 spatially from activating hCDC2 (Sanchez
et al.,, 1997). A similar mechanism is likely used in
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fission yeast by Rad24°P and Rad25°P (Lopez-Girona et
al., 1999). Following DNA damage, Cdc2°P is phosphor-
ylated on inhibitory sites (Y15 regulated through the
phosphatase Cdc25) leading to a delay of mitosis (Berry
and Gould, 1996). This event is the final effector of the
checkpoint control. Because Chk1°P has been shown to
be associated with Cdc255P (Furnari et al., 1997), it has
been proposed that Chk15P stops Cdc25P activation by
inhibition of Cdc25°P.

B. Nucleotide Excision Repair

Multiple mechanisms have evolved in eukaryotic cells
to repair DNA lesions. Some of these processes play a
role in the maintenance of genomic integrity through
recombination and DNA rearrangements (Weeda et al.,
1993; Sancar, 1996). A subset of the S. pombe and S.
cerevisiae rad mutants are defective in the nucleotide
excision repair (NER) pathway (Table 2) (Subramani,
1991; Wang et al., 1997; Prakash and Prakash, 2000).
The NER system recognizes DNA lesions including
those resulting from UV and cisplatin exposure (Huang
et al., 1994). The proteins implicated in processing these
lesions include endonucleases, single-stranded binding
protein, replication factor C, PCNA, DNA polymerase,
and DNA ligase (Fig. 4). Discrete steps in the process
have now been well defined and include DNA damage
recognition, incision of the DNA backbone on both sides
of the lesion, removal of the intervening single-strand

r L:}“I:,L f__:,' ) DNA damage
RAD145¢ .l .II recognition
5 —_ ) "
rad1s/ERCC3 *F " GU)\V7) Helicase action
RAD3/RAD25%
Sp - ,__.._‘O
rad18/ rad13/swit0 QN "oy N Endonuclease
sc . action
RAD1/RAD10 G o
RAD25¢ '
RFC/rad17/PCNASP ’u .
DNA pol 5P A\V) o VANV Replication
ssBPRFCS® 8
DNA pol®¢
DNA ligaseSP TNTUN Ligation
DNA ligases¢

Fic. 4. Classical nucleotide excision repair pathway in S. pombe and
S. cerevisiae.

containing the damage, filling of the resulting gap and
ligation to completely restore the original nucleotide
sequence (Boulikas, 1996).

S. pombe has two NER pathways only one of which is
fully conserved in S. cerevisiae and humans (Yonemasu
et al., 1997). Mutants of the first pathway, originally
classified as “rad5? group” (Subramani, 1991) include
those with mutations in genes whose product functions
analogously to those of the RAD35¢ epistasis group of S.
cerevisiae. Components of RAD3% group can comple-
ment these S. pombe rad mutants (Carr and Hoekstra,
1995). Defects in NER genes of humans (XP-A to XP-G)
lead to the cancer-prone syndrome Xeroderma pigmen-
tosum.

The NER pathway has been characterized in detail in
S. cerevisiae, in which several proteins (including
Rad15¢, Rad10%¢, Rad14%°, and Rad25%¢) are absolutely
required. Other proteins including Rad75¢, Rad16¢ and
Rad23°¢ are required in specific types of NER (e.g., re-
pair of nontranscribed genes) (Carr and Hoekstra, 1995).
Rad14%° is involved in DNA damage recognition,
whereas the two helicases Rad3%® (homologs to alleles
rad15°? and rad5°?; Murray et al., 1992) and Rad255%/
Ss125¢ (Erce3®P) unwind the DNA at the site of damage
and generate a junction on the sites of the damage where
Rad1%° (Rad16°P; Bailis et al., 1992; Carr et al., 1994)
and Rad105¢ (Swil05P; Schlake et al., 1993) act together
to cleave DNA 5’ to the lesion. Incision of DNA 3’ to the
lesion is operated by Rad2%° (Rad13°P; Carr et al., 1993;
Habraken et al., 1993), which is a single-strand DNA
endonuclease with different polarity (Bardwell et al.,
1994).

In addition to playing a role in repair processes in
which unwinding DNA at the site of DNA damage is
required, yeast NER proteins including Rad25%¢ and
Rad35° may be components of the RNA polymerase II
transcription machinery (Feaver et al., 1993). Their dual
role could help in gaining insights into pathways that
are not well defined in human cells, in particular tran-
scription-coupled repair, a mechanism that preferen-
tially repairs the transcribed strand of active genes.

The existence of a second NER pathway in S. pombe
has been detected on the basis that cells deficient in the
first NER pathway can still remove photoproducts re-
sulting from UV damage (Yonemasu et al., 1997). The
UVde? gene, encoding a UV dimer endonuclease, is a
homolog of the Neurospora crassa UV endonuclease that
regulates sensitivity to radiation. The UVde P-mediated
pathway is different from the first NER pathway as
documented by studies with double mutants. The second
NER pathway acts more rapidly than the first pathway
and processing of damage involves mechanisms par-
tially dependent on the structure-specific endonuclease
Rad2°P. The human homolog of rad2°?, hRAD2, has
been implicated in monitoring chromosome segregation
and in the repair of UV-induced damage (Murray et al.,
1994). The rad18%P gene also appears to be involved in
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the second NER pathway for removing UV damage (Le-
hmann et al., 1995). Rad18%" is a homolog of RHC185¢
and is closely related to genes that regulate chromatin
structure. Since epistasis analysis indicates that the
recombinational repair gene rhp51°? is required in the
rad25P/rad 18P pathway, recombination processes likely
participate in removal of UV damage in the second NER
pathway.

C. Recombinational Repair

Recombinational mechanisms play an important role
in determining the tolerance of S. pombe to DNA dam-
age. Unlike S. cerevisiae, S. pombe spends the majority
of its time in Gy, when repair of the replicated genome
occurs mainly through recombination. In G, phase, re-
pair of DNA lesions occurs mainly through recombina-
tional mechanisms. S. cerevisiae uses recombination to
rejoin double-strand breaks in mitosis (Paques and
Haber, 1999). Recombinational repair mutants have a
complex phenotype since they are not only defective in
response to DNA damage, but also in meiotic recombi-
nation (Table 3). The main recombinational repair mu-
tants are defective in double-strand break repair and
include rad32%?/MRE11%, rad215°/SSCI®, and
rad22% |RAD525. The RAD52-pathway has been
widely studied in S. cerevisiae (Rattray and Symington,
1994; Sung, 1997; Benson et al., 1998). Recent studies
support its importance in maintenance of genomic struc-
ture (Liu et al., 1999). The product of rad32°? / MRE115¢
has nuclease and double-strand DNA binding activities
(Furuse et al., 1998). Rad32°P acts in a pathway requir-
ing Rhp51°P and Rad22°P most likely in a step that
processes double-strand breaks early in the sequence of
recombinational events (Tavassoli et al., 1995). The hu-
man hRAD52 epistasis group of proteins exhibits high
expression in testis and functions in complexes similar
to their yeast counterparts (Dolganov et al., 1996). In
particular, repair of DNA double-strand breaks by radi-
ation appears to be dependent on a complex containing
Rad50, Mrell, and the NBS1 gene product. The NBS1
gene, which is altered in the Nijmengen Breakage Syn-
drome is essential for DNA damage-induced phosphory-
lation of Mrell (Dong et al., 1999).

The rhp54°? gene was isolated by homology to
RAD545%, which codes for a putative helicase. The
rhp54°P deletion mutant is hypersensitive to radiation

TABLE 3
Pathway defects, known biochemical functions, and homologs of
relevant rad and rad-related yeast mutants: recombinational repair

mutants
Mutants Human
Functions
S. pombe S. cerevisiae Homologs

rad32 MRE11 Double-strand break repair MRE11
rad21 SSC1 Double-strand break rejoining HR21
rad22 RAD52 Double-strand break repair RAD52
rhp51 RAD51 RecA homology RAD51
rhp54 RAD54 Helicase None

and has a high degree of chromosome loss. In addition,
cell viability is reduced when the rhp545? mutant is in a
genetic background in which the S phase/mitosis check-
point is absent. Therefore, rhp54°P has been proposed to
play a role in processing replication-specific lesions
(Muris et al., 1996).

The rad215” gene encodes a nuclear cell cycle-regu-
lated phosphoprotein (Birkenbihl and Subramani,
1992). Mutation of rad21°P causes radiation sensitivity,
although mutant cells retain the ability to arrest in G,
after DNA damage (Birkenbihl and Subramani, 1992).
The rad215P gene bears homology to SCC1°¢, which is a
component of the chromosome cohesion complex (Big-
gins and Murray, 1999). Like rad21°?, the transcription
of the human homolog hHR21 increases in late S phase
and peaks in G, (McCay et al., 1996). Rad22°" mutants
are defective in a terminal step in mating-type switch-
ing, which involves the ability to repair double-strand
breaks (Ostermann et al., 1993). The human homolog of
rad22% has been isolated. Since the Rad225P homolog
Rad52%° interacts with Rad51%°, an analogous situation
may exist for the rad22% and rhp51°P gene products
(Ostermann et al., 1993).

Topoisomerase inhibitors are potent inducers of re-
combination. Thus, genes involved in repair and recom-
bination might be important in cellular response to
these agents, as expected on the basis of the mechanisms
of topoisomerase-mediated genotoxic lesions (i.e., forma-
tion of double-strand breaks as primary damage). In-
deed, sensitization to camptothecin or topoisomerase 11
inhibitors was found in S. cerevisiae as a consequence of
rad52% mutation (Eng et al., 1988; Nitiss and Wang,
1988). The rad525° mutants are defective in double-
strand break repair. In general, postreplication repair is
recognized to be a critical function in response to DNA-
damaging agents. Accumulation of cells in Gy, phase
after DNA damage reflects activation of the G, check-
point to allow postreplication repair. Indeed, mutants
defective in multiple functions including postreplication
repair (e.g., rad6°°) exhibit hypersensitivity to cisplatin
(Montelone et al., 1981; Hartwell et al., 1997).

Several observations suggest that the recombination
repair pathway may be an appropriate target for thera-
peutic intervention. Relevant to this point is the finding
that the products of the breast carcinoma susceptibility
genes hBRCA1 and hBRCAZ2 associate with the hRAD51
protein, thus suggesting that breast cancer could arise
through defects in recombination (Chen et al., 1999;
Hiramoto et al., 1999). In addition, telomeres and telom-
erase involved in protecting and replicating the ends of
chromosomes have a proposed role in the cellular re-
sponse to antitumor drugs (Park et al., 1998). A link
between DNA repair and telomere protection is found
with the human Ku autoantigen, which is the DNA
binding component of DNA-PK. Yeast homologs have
been identified and have been shown to have DNA re-
pair and telomere maintenance functions (Bianchi and
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de Lange, 1999; Featherstone and Jackson, 1999). Re-
combination repair proteins could play a role in this
respect as suggested by the involvement of Rad325P and
related proteins in telomere length maintenance in S.
pombe (Wilson et al., 1999). Both in yeast and humans,
besides functioning in telomere maintenance Ku70 and
Ku80 are involved in the nonhomologous end-joining
(also called illegitimate recombination) pathway of dou-
ble-strand break repair, in which they act in early dam-
age recognition by attracting the catalytic subunit of
DNA-PK to DNA (Kanaar et al., 1998). In S. cerevisiae
DNA damage checkpoint proteins participate in efficient
repair of DNA damage by this pathway (De la Torre-
Ruiz and Lowndes, 2000).

D. Additional Pathways

Additional cellular pathways function to maintain ge-
nome integrity. The DNA mismatch repair has been
implicated in recognition of adducts produced by the
clinically used platinum-containing drugs (Aebi et al.,
1996), and in the generation of signals that trigger ap-
optosis and activate cell cycle checkpoints (Hawn et al.,
1995). S. pombe genes involved in such a pathway have
been mainly identified on the basis of defects in mating-
type switching rather than of altered sensitivity to radi-
ation (Rudolph et al., 1999). In this regard, a protein
with a high mobility group domain (Cmb1°P) has been
shown to recognize crosslinks produced by cisplatin
(Fleck et al., 1998). In S. cerevisiae, another HMG pro-
tein, Ixr1%° binds DNA modified by cisplatin but not by
transplatin that is inactive (Brown et al., 1993). These
two proteins have been proposed to modulate the DNA
repair process with different modes. In fact, Cmb15P is
supposed to facilitate repair of cisplatin-DNA adducts,
whereas Ixr15° may shield cisplatin adducts from repair.
Indeed, yeasts defective in cmb15? are more sensitive to
cisplatin, while ixr15° mutants are more resistant than
wild-type strains (Brown et al., 1993; Fleck et al., 1998).

Table 4 lists a number of other rad mutants that
cannot be grouped in the above mentioned classes.
Among these, the rad4? mutant (identical to cut5°P) is
deficient in a gene, which is similar to the hXRCC1 gene.
However, the sequence similarity seems to represent
relevant domains rather than reflect similar functions.

TABLE 4
Pathway defects, known biochemical functions, and homologs of
relevant rad and rad-related yeast mutants: miscellaneous mutants

Mutants

Functions Human
S. pombe S. cerevisiae Homologs
rad4 (cutb)* DPB11 Replication XRCC1®
rad12 (hus2, rqh1)* SGS1 Helicase WRN,
BLM
rads8 RAD5 Helicase ERCC6°
radll RPA Replication RPA
rhp6 RAD6 Ubiquitin conjugation =~ RHH6

¢ Allelic mutants are indicated in parentheses.
® Limited homology.

Indeed, a role for rad4°P has been reported in replica-
tion/repair and mitosis/cytokinesis. In rad4°? cells, the
coordination between cytokinesis and the completion of
nuclear division is disrupted and aberrant mitosis oc-
curs even in the absence of irradiation. Although the
precise function of Rad4®P is not known, it has been
speculated that it could interact differently with nondu-
plicated and duplicated chromatid DNA, thus providing
a mechanism for distinguishing between post-M (G,)
and post-S (G,) chromatid DNAs (Saka and Yanagida,
1993). The rad125? gene is a homolog of the Escherichia
coli RecQ gene, which is a helicase involved in the RecF
recombination pathway. The rad12°P gene, is particu-
larly interesting since alterations in two RecQ-related
genes (WWRN, hBLM) are associated with genetic disor-
ders, the Werner’s and Bloom’s syndromes (German et
al., 1979; Ellis et al., 1995; Murray et al., 1997; Stewart
et al., 1997). The S. cerevisice homolog of rad12°?,
SGSI1%¢, is required for maintaining genomic stability
and in cooperation with other genes it functions in rep-
lication and transcription (Watt et al., 1996; Lee et al.,
1999). Recently, a possible role for Sgs15¢ in preventing
telomere-telomere interactions that can generate chro-
mosome nondisjunction has been proposed based on its
capability to unwind G-G paired telomeric sequences
(Sun et al., 1999). The rad8°P gene belongs to a family
with significant homology to the SNF25, a transcrip-
tional activator of genes regulating chromatin structure.
Rad8%P also has similarity to RAD5 and to hERCCS.
This homology is relevant since a defective hERCC6
protein is associated with Cockayne’s syndrome (Troel-
stra et al., 1992). The radlI1°? mutant is allelic to
rpal®?, which encodes the large subunit of replication
protein A (RPA) (Parker et al., 1997). RPA plays a role in
the initiation of DNA replication and could be involved
in DNA repair since it is part of the enzymatic machin-
ery implicated in this process. Rpal®P could be part of a
complex required for DNA synthesis that involves
Cds1%P and DNA polymerase o°P (Parker et al., 1997)
and could act to generate the signal that triggers the
checkpoint mechanism. Alternatively, RPA may have a
direct role in checkpoint control acting as a signal for
replication or repair (Parker et al., 1997).

VII. Conclusions

Specific genetic alterations commonly associated with
malignant transformation participate in the regulation
of cell proliferation, apoptosis, or differentiation. During
tumor progression, cells accumulate additional alter-
ations, including changes in DNA repair genes. The
realization that the cellular fate in response to genotoxic
stimuli depends on “downstream” events, including cell
cycle control and regulation of apoptosis, has generated
much interest in these processes as determinants of
drug action and potential targets for novel therapies
(Zunino et al., 1997). Based on the evidence of multiple
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alterations in aggressive tumors, it is unlikely that a
drug aimed only at a single target would be effective in
cancer treatment. A promising approach to improve the
antitumor efficacy is the development of a combination
therapy including agents that target different cellular
pathways and act synergistically. The identification of
the exploitable molecular context or the appropriate tar-
get in the cell cycle pathway and/or in the DNA repair
system and/or in cell death processes could be a relevant
goal of this strategy.

The yeast system provides a powerful cellular ap-
proach for assessing the effect of specific genetic alter-
ations on the ability of the cell to respond to chemother-
apeutic agents. Yeast has the unique advantage of
permitting rapid genetic manipulation. Thus, although
it cannot completely replace human tumor cells for phar-
macological studies, it may be a valuable model system
specifically for drug screening and in particular for iden-
tifying a) new drugs acting against a specific target; b)
eukaryotic genes that control chemosensitivity. Such
genes can be unequivocally identified by using strains
genetically identical except for mutations in specific
genes. By constructing double mutants, it is possible to
determine whether two genes work in the same or in
different pathways, and whether interactions between
pathways are important in controlling drug sensitivity.
The molecular mechanisms involved in the detection,
processing, and repair of DNA damage and the activa-
tion of cell cycle checkpoints and apoptosis appear to
play central roles in modulating the sensitivity of tumor
cells to antitumor drugs. One advantage of using S.
pombe or S. cerevisiae is that a good deal is already
known about the key genes of some of these critical
pathways. For many of these, more information is avail-
able on their function in S. pombe or S. cerevisiae than
on their homologs in mammalian cells.

Regarding the rationale for using rad mutants for
drug screening, several examples support the interest of
targeting the DNA damage response for therapeutic in-
tervention. Sensitization of p53-deficient tumor cells has
been reached through peptide-mediated inhibition of the
human homolog of chkIS? (Suganuma et al., 1999) as
well as by radiosensitizing agents targeting the human
homolog of rad3%P or chk15P (Sarkaria et al., 1999).

There are limitations to the use of yeast for pharma-
cological studies primarily related to the relative resis-
tance of yeast cells to antitumor drugs. While physical
agents such as UV or ionizing radiation have been useful
for defining the DNA damage response in S. pombe and
S. cerevisiae, some DNA-damaging drugs may not affect
yeast cells because of the presence of the cell wall or the
expression of specific drug transporters (Kolaczkowski
and Goffeau, 1997). In other cases, the intrinsic sensi-
tivity of the drug target may be different. Nonetheless,
we have provided evidence that S. pombe is a suitable
model for studying cellular response to platinum com-
pounds (Perego et al., 1998). Methods have been devel-

oped to overcome the problem of penetration including
the use of yeast permeability mutants defective in cell
wall integrity, as already documented for S. cerevisiae
(Nitiss and Wang, 1988). Several studies provide evi-
dence that both S. cerevisiae and S. pombe can be suc-
cessfully used to study the mechanism of action of topoi-
somerase-targeted drugs and to identify potential
inhibitors of different enzymes or isoenzymes (Eng et al.,
1988; Nitiss et al., 1996; Keller et al., 1997; Hammonds
et al., 1998; Reid et al., 1998; Van Hille et al., 1999).
Genetic manipulations of these systems have also been
exploited for investigation of specific aspects of cellular
response to alkylating agents or bleomycin (Moore et al.,
2000).

Among eukaryotic model organisms, yeast cells are
easily approachable by genetic and/or biochemical
means and their utility in molecular pharmacology of
antitumor agents may be quite broad. In addition to the
use of rad mutants resulting from deletion/inactivation
of a specific gene function, yeast cells expressing addi-
tional genes (e.g., putative drug targets) could be gener-
ated, thus allowing several applications including defi-
nition of relevant biomolecular interactions and
development of target-oriented bioassay systems
(Munder and Hinnen, 1999). In addition, genomic ap-
proaches for identification of gene products as specific
drug targets can be designed in diploid yeast cells in
which the dosage of a single gene has been lowered
(haploinsufficient phenotype; Giaever et al., 1999). The
availability of the entire yeast genome sequence coupled
with advanced array technology should allow the devel-
opment of transcription profiles that monitor cellular
responses to specific drugs. This technology could lead to
the identification of functional gene products that are
potential drug targets or of novel pathways that could be
exploited to improve the efficacy of known agents.

Acknowledgments. We acknowledge grant supports from Associa-
zione Italiana Ricerca sul Cancro, Milan, and from Ministero della
Sanita’, Rome, Italy.

REFERENCES

Aebi S, Kurdi-Haidar B, Gordon R, Cenni B, Zheng H, Fink D, Christen RD, Boland
CR, Koi M, Fishel R and Howell SB (1996) Loss of DNA mismatch repair in
acquired resistance to cisplatin. Cancer Res 56:3087-3090.

Al-Khodairy F and Carr AM (1992) DNA repair mutants defining G2 checkpoint
pathways in Schizosaccharomyces pombe. EMBO J 11:1343-1350.

Al-Khodairy F, Fotou E, Sheldrick KS, Griffiths DJF, Lehmann AR and Carr AM
(1994) Identification and characterization of new elements involved in checkpoint
and feedback controls in fission yeast. Mol Biol Cell 5:147-160.

Almasan A, Linke SP, Paulson TG, Huang LC and Wahl GM (1995) Genetic insta-
bility as a consequence of inappropriate entry into and progression through S-
phase. Cancer Metastasis Rev 14:59-73.

Araki H, Leem SH, Phongdara A and Sugino A (1995) Dpb11, which interacts with
DNA polymerase II (e) in Saccharomyces cerevisiae, has a dual role in S-phase
progression and at a cell cycle checkpoint. Proc Natl Acad Sci USA 92:11791-
11795.

Bailis AM, Arthur L and Rothstein R (1992) Genome rearrangement in top3 mutants
of Saccharomyces cerevisiae requires a functional RAD1 excision repair gene. Mol
Cell Biol 12:4988-4993.

Bardwell AJ, Bardwell L, Tomkinson AE and Friedberg EC (1994) Specific cleavage
of model recombination and repair intermediates by the yeast Rad1-Rad10 DNA
endonuclease. Science (Wash DC) 265:2082—-2085.

Benson FE, Baumann P and West SC (1998) Synergistic actions of Rad51 and Rad52
in recombination and DNA repair. Nature (Lond) 891:401-404.

Bentley NJ and Carr AM (1997) DNA structure-dependent checkpoints in model
systems. Biol Chem 378:1267-1274.

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet’

YEAST MUTANTS AND SENSITIVITY TO ANTITUMOR DRUGS 489

Bentley NJ, Holtzman DA, Flaggs G, Keegan KS, DeMaggio A, Ford JC, Hoekstra M
and Carr AM (1996) The Schizosaccharomyces pombe rad3 checkpoint gene.
EMBO J 15:6641-6651.

Berry LD and Gould KL (1996) Regulation of Cdc2 activity by phosphorylation at
T14/Y15. Prog Cell Cycle Res 2:99-105.

Bianchi A and de Lange T (1999) Ku binds telomeric DNA in vitro. «J Biol Chem
274:21223-21227.

Biggins S and Murray AW (1999) Sister chromatid cohesion in mitosis. Curr Opin
Genet Dev 9:230-236.

Birkenbihl RP and Subramani S (1992) Cloning and characterization of rad21 an
essential gene of Schizosaccharomyces pombe involved in DNA double-strand-
break repair. Nucleic Acids Res 20:6605—6611.

Boulikas T (1996) Xeroderma pigmentosum and molecular cloning of DNA repair
genes. Anticancer Res 16:693-708.

Brown SJ, Kellett PJ and Lippard SJ (1993) Ixrl, a yeast protein that binds to
platinated DNA and confers sensitivity to cisplatin. Science (Wash DC) 261:603—
605.

Carr AM (1997) Control of cell cycle arrest by the Mec1°/Rad3°® DNA structure
checkpoint pathway. Curr Opin Genet Dev 7:93-98.

Carr AM and Hoekstra MF (1995) The cellular responses to DNA damage. Trends
Cell Biol 5:32—40.

Carr AM, Schmidt H, Kirchhoff S, Muriel WJ, Sheldrick KS, Griffiths DJ, Basma-
cioglu CN, Subramani S, Clegg M, Nasim A and Lehmann AR (1994) The rad16
gene of Schizosaccharomyces pombe: A homolog of the RADI gene of Saccharomy-
ces cerevisiae. Mol Cell Biol 14:2029-2040.

Carr AM, Sheldrick KS, Murray JM, Al-Harithy R, Watts FZ and Lehmann AR
(1993) Evolutionary conservation of excision repair in Schizosaccharomyces
pombe: Evidence for a family of sequences related to the Saccharomyces cerevisiae
RAD2 gene. Nucleic Acids Res 21:1345-1349.

Caspari T, Dahlen M, Kanter-Smoler G, Lindsay HD, Hofmann K, Papadimitriou K,
Sunnerhagen P and Carr AM (2000) Characterization of Schizosaccharomyces
pombe Husl: A PCNA-related protein that associates with Radl and Rad9. Mol
Cell Biol 74:1254-1262.

Chen JJ, Silver D, Cantor S, Livingston DM and Scully R (1999) BRCA1, BRCA2,
and Rad51 operate in a common DNA damage response pathway. Cancer Res
59:1752-1756.

Cohen-Fix O and Koshland D (1997) The anaphase inhibitor of Saccharomyces
cerevisiae Pdslp is a target of the DNA damage checkpoint pathway. Proc Natl
Acad Sci USA 94:14361-14366.

Dean FB, Lian L and O’Donnell M (1998) ¢cDNA cloning and gene mapping of human
homologs for Schizosaccharomyces pombe rad17, radl and husl and cloning of
homologs from mouse, Caenorhabditis elegans, and Drosophila melanogaster.
Genomics 54:424—436.

De la Torre-Ruiz M and Lowndes NF (2000) The Saccharomyces cerevisiae DNA
damage checkpoint is required for efficient repair of double-strand breaks by
non-homologous end joining. FEBS Lett 467:311-315.

Dyer MR, Herrling PL and Cohen D (1999) Functional genomics: From genes to new
therapies. Drug Discovery Today 4:109-114.

Dolganov GM, Maser RS, Novikov A, Tosto L, Chong S, Bressan DA and Petrini JH
(1996) Human Rad50 is physically associated with human Mre1l1: Identification of
a conserved multiprotein complex implicated in recombinational DNA repair. Mol
Cell Biol 16:4832—4841.

Dong Z, Zhong Q and Chen PL (1999) The Nijmegen breakage syndrome protein is
essential for Mrell phosphorylation upon DNA damage. JJ Biol Chem 274:19513—
19516.

Edwards RJ, Bentley NJ and Carr AM (1999) A Rad3-Rad26 complex responds to
DNA damage independently of other checkpoint proteins. Nat Cell Biol 1:393-398.

Ellis NA, Groden J, Ye TZ, Straughen J, Lennon DJ, Ciocci S, Proytcheva M and
German J (1995) The Bloom’s syndrome gene product is homologous to RecQ
helicases. Cell 83:655—666.

Emili A (1998) MEC1-dependent phosphorylation of Rad9p in response to DNA
damage. Mol Cell 2:183-189.

Eng WK, Faucette L, Johnson RK and Sternglanz R (1988) Evidence that DNA
topoisomerase I is necessary for the cytotoxic effects of camptothecin. Mol Phar-
macol 34:755-760.

Featherstone C and Jackson SP (1999) Ku, a DNA repair protein with multiple
cellular functions? Mutat Res 434:3-15.

Feaver WJ, Svejstrup JQ, Bardwell L, Bardwell AJ, Buratowski S, Gulyas KD,
Donahue TF, Friedberg EC and Kornberg RD (1993) Dual roles of a multiprotein
complex from S. cerevisiae in transcription and DNA repair. Cell 75:1379-1387.

Fleck O, Kunz C, Rudolph C and Kohli J (1998) The high mobility group domain
protein Cmb1 of Schizosaccharomyces pombe binds to cytosines in base mis-
matches and opposite chemically altered guanines. J Biol Chem 273:30398—-30405.

Ford JC, Al-Khodairy F, Fotou E, Sheldrick KS, Griffiths DJF and Carr AM (1994)
14-3-3 protein homologs required for the DNA damage checkpoint in fission yeast.
Science (Wash DC) 265:533-535.

Freire R, Murguia Jr, Tarsounas M, Lowndes NF, Moens PB and Jackson SP (1998)
Human and mouse homologs of Schizosaccharomyces pombe rad1(+) and Saccha-
romyces cerevisiae RAD17: Linkage to checkpoint control and mammalian meiosis.
Genes Dev 12:2560-2573.

Friedberg EC (1991) Yeast genes involved in DNA-repair processes: New looks on old
faces. Mol Microbiol 5:2303-2310.

Furnari B, Rhind N and Russell P (1997) Cdc25 mitotic inducer targeted by chkl
DNA damage checkpoint kinase. Science (Wash DC) 277:1495-1497.

Furuse M, Nagase Y, Tsubouchi H, Murakami-Murofushi K, Shibata T and Ohta K
(1998) Distinct roles of two separable in vitro activities of yeast Mrell in mitotic
and meiotic recombination. EMBO J 17:6412—-6425.

Game JC (1993) DNA double-strand breaks and the RAD50-RAD57 genes in Sac-
charomyces. Semin Cancer Biol 4:73—83.

German J, Bloom D and Passarge E (1979) Bloom’s syndrome. VII. Progress report
for 1978. Clin Genet 15:361-367.

Giaever G, Shoemaker DD, Jones TW, Liang H, Winzeler EA, Astromoff A and Davis
RW (1999) Genomic profiling of drug sensitivities via induced haploinsufficiency.
Nat Genet 21:278-283.

Greenhalf W, Stephan C and Chaudhuri B (1996) Role of mitochondria and C-
terminal membrane anchor of BCL-2 in Bax induced growth arrest and mortality
in Saccharomyces cerevisiae. FEBS Lett 380:169-175.

Griffiths DJF, Barbet NC, McCready S, Lehmann AR and Carr AM (1995) Fission
yeast rad17: A homologue of budding yeast RAD24 that shares regions of sequence
similarity with DNA polymerase accessory proteins. EMBO J 14:5812-5823.

Guthrie C and Fink GR (1991) Guide to Yeast Genetics and Molecular Biology, in
Methods in Enzymology, vol. 194, Academic Press Inc., New York.

Habraken Y, Sung P, Prakash L and Prakash S (1993) Yeast excision repair gene
RAD?2 encodes a single-stranded DNA endonuclease. Nature (Lond) 366:365-368.

Hafiz F, Thurston DE, Carr AM and Jones RW (1995) The cytotoxicity of anthra-
mycin to mutants of Schizosaccharomyces pombe deficient in DNA damage re-
sponses. Biochem Soc Trans 23:331S.

Hagmann M (1999) Checkpoint gene linked to human cancer. Science (Wash DC)
286:2433-2434.

Hammonds TR, Maxwell A and Jenkins JR (1998) Use of a rapid throughput in vivo
screen to investigate inhibitors of eukaryotic topoisomerase II enzymes. Antimi-
crob Agents Chemother 42:889—894.

Hartley KO, Gell D, Smith GC, Zhang H, Divecha N, Connelly MA, Admon A,
Lees-Miller SP, Anderson CW and Jackson SP (1995) DNA-dependent protein
kinase catalytic subunit: a relative of phosphatidylinositol 3-kinase and the ataxia
telangiectasia gene product. Cell 82:849—856.

Hartwell LH, Szankasi P, Roberts CJ, Murray AW and Friend SH (1997) Integrating
genetic approaches into the discovery of anticancer drugs. Science (Wash DC)
278:1064-1068.

Hawley RS and Friend SH (1996) Strange bedfellows in even stranger places: The
role of ATM in meiotic cells, lymphocytes, tumors, and its functional links to p53.
Genes Dev 10:2383-2388.

Hawn MT, Umar A, Carethers JM, Marra G, Kunkel TA, Boland CR and Koi M
(1995) Evidence for a connection between the mismatch repair system and the G2
cell cycle checkpoint. Cancer Res 55:3721-3725.

Hetts SW (1998) To die or not to die: An overview of apoptosis and its role in disease.
JAMA 279:300-307.

Hickman JA (1996) Apoptosis and chemotherapy resistance. Eur J Cancer 32A:921—
926.

Hiramoto T, Nakanishi T, Sumiyoshi T, Fukuda T, Matsuura S, Tauchi H, Komatsu
K, Shibasaki Y, Inui H, Watatani M, Yasutomi M, Sumii K, Kajiyama G, Kamada
N, Miyagawa K and Kamiya K (1999) Mutations of a novel human RAD54 homo-
logue, RAD54B, in primary cancer. Oncogene 18:3422-3426.

Holbeck S, Myers T, Zaharevitz D, Dunstan H, Lamb J, Simon J, Friend S and
Sausville E (2000): A new world wide web site provides data from the NCI yeast
anticancer drug screen. Proc Am Assoc Cancer Res 41:471.

Huang JC, Zamble DB, Reardon JT, Lippard SJ and Sancar A (1994) HMG-domain
proteins specifically inhibit the repair of the major DNA adduct of the anticancer
drug cisplatin by human excision nuclease. Proc Natl Acad Sci USA 91:10394—
10398.

Hunter T (2000) Signalling-2000 and beyond. Cell 100:113-127.

Ivanov EL and Haber JE (1997) DNA repair: RAD alert. Curr Biol 7:492—495.

Jeggo PA, Taccioli GE and Jackson SP (1995) Menage a trois: Double strand break
repair, V(D)J recombination and DNA-PK. Bioessays 17:949-957.

Jelinsky SA and Samson LD (1999) Global response of Saccharomyces cerevisiae to
an alkylating agent. Proc Natl Acad Sci USA 96:1486-1491.

Kanaar R, Hoeijmakers JHJ and van Gent DC (1998) Molecular mechanisms of DNA
double-strand break repair. Trends Cell Biol 8:483—-489.

Kaneko YS, Watanabe N, Morisaki H, Akita H, Fujimoto A, Tominaga K, Terasawa
M, Tachibana A, Ikeda K and Nakanishi M (1999) Cell-cycle-dependent and
ATM-independent expression of human Chk1 kinase. Oncogene 18:3673-3681.

Kanter-Smoler G, Knudsen KE, Jimenez G, Sunnerhagen P and Subramani S (1995)
Separation of phenotypes in mutant alleles of the Schizosaccharomyces pombe
cell-cycle checkpoint gene rad1*. Mol Biol Cell 6:1793-1805.

Karp PD, Krummenacker M, Paley S and Wang J (1999) Integrated pathway-
genome databases and their role in drug discovery. Trends Biotechnol 17:275-281.

Keller BA, Patel S and Fisher LM (1997) Molecular cloning and expression of the
Candida albicans TOP2 gene allows study of fungal DNA topoisomerase II inhib-
itors in yeast. Biochem J 324:329-339.

Kolaczkowski M and Goffeau A (1997) Active efflux by multidrug transporters as one
of the strategies to evade chemotherapy and novel practical implications of yeast
pleiotropic drug resistance. Pharmacol Ther 76:219-242.

Kostrub CF, Knudsen K, Subramani S and Enoch T (1998) Huslp, a conserved
fission yeast checkpoint protein, interacts with Rad1lp and is phosphorylated in
response to DNA damage. EMBO J 17:2055-2066.

Lee SK, Johnson RE, Yu SL, Prakash L and Prakash S (1999) Requirement of yeast
SGS1 and SRS2 genes for replication and transcription. Science (Wash DC) 286:
2339-2342.

Lehmann AR, Walicka M, Griffiths DJF, Murray JM, Watts F, McCready S and Carr
AM (1995) The rad18 gene of Schizosaccharomyces pombe defines a new subgroup
of the SMC superfamily involved in DNA repair. Mol Cell Biol 15:7067-7080.

Lieberman HB, Hopkins KM, Nass M, Demetrick D and Davey S (1996) A human
homolog of the Schizosaccharomyces pombe rad9™ checkpoint control gene. Proc
Natl Acad Sci USA 93:13890-13895.

Lindsay HD, Griffiths DJ, Edwards RJ, Christensen PU, Murray JM, Osman F,
Walworth N and Carr AM (1998) S-phase-specific activation of Cds1 kinase defines
a subpathway of the checkpoint response in Schizosaccharomyces pombe. Genes
Dev 12:38-395.

LiuY, Li M, Lee EY and Maizels N (1999) Localization and dynamic relocalization of
mammalian Rad52 during the cell cycle and in response to DNA damage. Curr Biol
9:975-978.

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet’

490 PEREGO ET AL.

Longhese MP, Foiani M, Muzi-Falconi M, Lucchini G and Plevani P (1998) DNA
damage checkpoint in budding yeast. EMBO J 17:5525-5528.

Longhese MP, Paciotti V, Fraschini R, Zaccarini R, Plevani P and Lucchini G (1997)
The novel DNA damage checkpoint protein ddclp is phosphorylated periodically
during the cell cycle and in response to DNA damage in budding yeast. EMBO J
16:5216-5226.

Lopez-Girona A, Furnari B, Mondesert O and Russell P (1999) Nuclear localization
of Cdc25 is regulated by DNA damage and a 14-3-3 protein. Nature (Lond)
397:172-175.

Lydall D and Weinert T (1995) Yeast checkpoint genes in DNA damage processing:
Implications for repair and arrest. Science (Wash DC) 270:1488-1491.

Martinho RG, Lindsay HD, Flaggs G, DeMaggio AJ, Hoekstra MF, Carr AM and
Bentley NJ (1998) Analysis of Rad3 and Chk1 protein kinases defines different
checkpoint responses. EMBO J 17:7239-7249.

Matsuura A, Naito T and Ishikawa F (1999) Genetic control of telomere integrity in
Schizosaccharomyces pombe: rad3(+) and Tell(+) are parts of two regulatory
networks independent of the downstream protein kinases chk1(+) and cds1(+).
Genetics 152:1501-1512.

Matsuyama S, Nouraini S and Reed JC (1999) Yeast as a tool for apoptosis research.
Curr Opin Microbiol 2:618—623.

McKay MdJ, Troelstra C, Van Der Spek P, Kanaar R, Smit B, Hagemeijer A, Bootsma
D and Hoeijmakers Jhj (1996) Sequence conservation of the rad21 Schizosaccha-
romyces pombe DNA double-strand break repair gene in human and mouse.
Genomics 36:305-315.

Montelone BA, Prakash S and Prakash L (1981) Recombination and mutagenesis in
rad6 mutants of Saccharomyces cerevisiae: Evidence for multiple functions of the
RADG6 gene. Mol Gen Genet 184:410—415.

Moore CW, McKoy J, Dardalhon M, Davermann D, Martinez M and Averbeck D
(2000) Dna damage-inducible and Rad52-independent repair of Dna: Double-
strand breaks in Saccharomyces cerevisiae. Genetics 154:1085-1099.

Munder T and Hinnen A (1999) Yeast cells as tools for target-oriented screening.
Appl Microbiol Biotechnol 52:311-320.

Muris DF, Vreeken K, Carr AM, Murray JM, Smit C, Lohman PH and Pastink A
(1996) Isolation of the Schizosaccharomyces pombe RAD 54 homologue, rhp54+, a
gene involved in the repair of radiation damage and replication fidelity. / Cell Sci
109:73-81.

Murray JM, Doe CL, Schenk P, Carr AM, Lehmann AR and Watts FZ (1992) Cloning
and characterization of the S. pombe rad15 gene, a homologue to the S. cerevisiae
RAD3 and human ERCC2 genes. Nucleic Acids Res 20:2673-2678.

Murray JM, Carr AM, Lehmann AR and Watts FZ (1991) Cloning and characteri-
sation of the rad9 DNA repair gene from Schizosaccharomyces pombe. Nucleic
Acids Res 19:3525-3531.

Murray JM, Lindsay HD, Munday CA and Carr AM (1997) Role of Schizosaccharo-
myces pombe RecQ homolog, recombination, and checkpoint genes in UV damage
tolerance. Mol Cell Biol 17:6868—6875.

Murray JM, Tavassoli M, Al-Harithy R, Sheldrick KS, Lehmann AR, Carr AM and
Watts F (1994) Structural and functional conservation of the human homolog of
the Schizosaccharomyces pombe rad2 gene, which is required for chromosome
segregation and recovery from DNA damage. Mol Cell Biol 14:4878—4888.

Nitiss JL, Rose A, Sykes KC, Harris J and Zhou J (1996) Using yeast to understand
drugs that target topoisomerases, in The Camptothecins: From Discovery to the
Patient (Pantazis P, Giovanella BC, and Rothenberg ML, eds). Ann NY Acad Sci
803:32-43.

Nitiss J and Wang JC (1988) DNA topoisomerase-targeting antitumor drugs can be
studied in yeast. Proc Natl Acad Sci USA 85:7501-7505.

Norman TC, Smith DL, Sorger PK, Drees BL, O’'Rourke SM, Hughes TR, Roberts CdJ,
Friend SH, Fields S and Murray AW (1999) Genetic selection of peptide inhibitors
of biological pathways. Science (Wash DC) 285:591-595.

O’Connor PM, Jackman J, Bae I, Myers TG, Fan S, Mutoh M, Scudiero DA, Monks
A, Sausville EA, Weinstein JN, Friend S, Fornace AJ Jr and Kohn KW (1997)
Characterization of the p53 tumor suppressor pathway in cell lines of the National
Cancer Institute anticancer drug screen and correlations with the growth-
inhibitory potency of 123 anticancer agents. Cancer Res 57:4285-4300.

Ostermann K, Lorentz A and Schmidt H (1993) The fission yeast rad22 gene, having
a function in mating-type switching and repair of DNA damages, encodes a protein
homolog to Rad52 of Saccharomyces cerevisiae. Nucleic Acids Res 21:5940-5944.

Paciotti V, Lucchini G, Plevani P and Longhese MP (1998) Meclp is essential for
phosphorylation of the yeast DNA damage checkpoint protein Ddclp, which phys-
ically interacts with Mec3p. EMBO J 17:4199-4209.

Paques F and Haber JE (1999) Multiple pathways of recombination induced by
double-strand breaks in Saccharomyces cerevisiae. Microbiol Mol Biol Rev 63:349—
404.

Park KH, Rha Sy, Kim CH, Kim TS, Yoo NC, Kim JH, Roh JK, Noh SH, Min JS, Lee
KS, Kim BS and Chung HC (1998) Telomerase activity and telomere lengths in
various cell lines: Changes of telomerase activity can be another method for
chemosensitivity evaluation. Int oJ Oncol 13:489—495.

Parker AE, Clyne RK, Carr AM and Kelly TJ (1997) The Schizosaccharomyces pombe
radl1l+ gene encodes the large subunit of replication protein A. Mol Cell Biol
17:2381-2390.

Parker AE, Van De Weyer I, Laus MC, Oostveen I, Yon J, Verhasselt P and Luyten
Hml (1998) A human homologue of the Schizosaccharomyces pombe rad1™ check-
point gene encodes an exonuclease. JJ Biol Chem 273:18332-18339.

Perego P and Howell SB (1997) Molecular mechanisms controlling sensitivity to toxic
metal ions in yeast. Toxicol Applied Pharmacol 147:312-318.

Perego P, Jimenez G and Howell SB (1996) Isolation and characterization of a
cisplatin-resistant strain of Schizosaccharomyces pombe. Mol Pharmacol 50:1080—
1086.

Perego P, Vande Weghe J, Ow DW and Howell SB (1997) Role of determinants of
cadmium sensitivity in the tolerance of Schizosaccharomyces pombe to cisplatin.
Mol Pharmacol 51:12-18.

Perego P, Zunino F, Carenini N, Giuliani F, Spinelli S and Howell SB (1998)

Sensitivity to cisplatin and platinum-containing compounds of Schizosaccharomy-
ces pombe rad mutants. Mol Pharmacol 54:213-219.

Prakash L (1989) The structure and function of RAD6 and RAD18 DNA repair genes
of Saccharomyces cerevisiae. Genome 31:597—600.

Prakash S and Prakash L (2000) Nucleotide excision repair in yeast. Mutat Res
451:13-24.

Rattray AJ and Symington LS (1994) Use of a chromosomal inverted repeat to
demonstrate that the RAD51 and RAD52 genes of Saccharomyces cerevisiae have
different roles in mitotic recombination. Genetics 138:587-595.

Reid RJ, Benedetti P and Bjornsti MA (1998) Yeast as a model organism for studying
the actions of DNA topoisomerase-targeted drugs. Biochim Biophys Acta 1400:
289-300.

Rhind N, Furnari B and Russell P (1997) Cdc2 tyrosine phosphorylation is required
for the DNA damage checkpoint in fission yeast. Genes Dev 11:504-511.

Rieger KJ, El-Alama M, Stein G, Bradshaw C, Slonimski PP and Maundrell K (1999)
Chemotyping of yeast mutants using robotics. Yeast 15:973-986.

Rowley R, Subramani S and Young PG (1992) Checkpoint controls in Schizosaccha-
romyces pombe: radl. EMBO J 11:1335-1342.

Ryser S, Vial E, Magnenat E, Schlegel W and Maundrell K (1999) Reconstitution of
caspase-mediated cell-death signalling in Schizosaccharomyces pombe. Curr Genet
36:21-28.

Rudolph C, Kunz C, Parisi S, Lehmann E, Hartsuiker E, Fartmann B, Kramer W,
Kohli J and Fleck O (1999) The msh2 gene of Schizosaccharomyces pombe is
involved in mismatch repair, mating-type switching, and meiotic chromosome
organization. Mol Cell Biol 19:241-250.

Russell P and Nurse P (1986) Schizosaccharomyces pombe and Saccharomyces cer-
evisiae: A look at yeasts divided. Cell 45:781-782.

Saka Y and Yanagida M (1993) Fission yeast cut5+, required for S phase onset and
M phase restraint, is identical to the radiation-damage repair gene rad4+. Cell
74:383-393.

Sancar A (1996) DNA excision repair. Annu Rev Biochem 65:43—81.

Sanchez Y, Bachant J, Wang H, Hu F, Liu D, Tetzlaff M and Elledge SJ (1999)
Control of the DNA damage checkpoint by Chkl and Rad53 protein kinases
through distinct mechanisms. Science (Wash DC) 286:1166-1171.

Sanchez Y, Wong C, Thoma RS, Richman R, Wu Z, Piwnica-Worms H and Elledge SJ
(1997) Conservation of the Chk1 checkpoint pathway in mammals: linkage of DNA
damage to Cdk regulation through Cdc25. Science (Wash DC) 277:1497-501.

Sarkaria JN, Busby EC, Tibbetts RS, Roos P, Taya Y, Karnitz LM and Abraham RT
(1999) Inhibition of ATM and ATR kinase activities by the radiosensitizing agent,
caffeine. Cancer Res 59:4375-4382.

Schlake C, Ostermann K, Schmidt H and Gutz H (1993) Analysis of DNA repair
pathways of Schizosaccharomyces pombe by means of swi-rad double mutants.
Mutat Res 294:59—67.

Sidorova JM and Breeden LL (1997) Rad53-dependent phosphorylation of Swi6 and
down-regulation of CLN1 and CLN2 transcription occur in response to DNA
damage in Saccharomyces cerevisiae. Genes Dev 11:3032-3045.

Simon JA, Szankasi P, Nguyen DK, Ludlow C, Dunstan HM, Roberts CJ, Jensen EL,
Hartwell LH and Friend SH (2000): Differential toxicities of anticancer agents
among DNA repair and chackpoint mutants of Saccharomyces cerevisiae. Cancer
Res 60:328-333.

Stewart E, Chapman CR, Al-Khodairy F, Carr AM and Enoch T (1997) rqhl+, a
fission yeast gene related to the Bloom’s and Werner’s syndrome genes, is required
for reversible S phase arrest. EMBO J 16:2682—-2692.

St Onge RP, Udell CM, Casselman R and Davey S (1999) The human G2 checkpoint
control protein hRAD9 is a nuclear phosphoprotein that forms complexes with
hRAD1 and hHUS1. Mol Biol Cell 10:1985-1995.

Subramani S (1991) Radiation resistance in Schizosaccharomyces pombe. Mol Mi-
crobiol 5:2311-2314.

Suganuma M, Kawabe T, Hori H, Funabiki T and Okamoto T (1999) Sensitization of
cancer cells to DNA damage-induced cell death by specific cell cycle G2 checkpoint
abrogation. Cancer Res 59:5887-5891.

Sugimoto K, Ando S, Shomomura T and Matsumoto K (1997) Rfc5, a replication
factor C component, is required for regulation of Rad53 protein kinase in the yeast
checkpoint pathway. Mol Cell Biol 17:5905-5914.

Sun H, Bennett RJ and Maizels N (1999) The Saccharomyces cerevisiae Sgs1 helicase
efficiently unwinds G-G paired DNAs. Nucleic Acid Res 217:1978-1984.

Sung P (1997) Function of yeast Rad52 protein as a mediator between replication
protein A and the Rad51 recombinase. J Biol Chem 272:28194-28197.

Tavassoli M, Shayeghi M, Nasim A and Watts FZ (1995) Cloning and characteriza-
tion of the Schizosaccharomyces pombe rad32 gene: A gene required for repair of
double-strand breaks and recombination. Nucleic Acids Res 23:383-388.

Thelen MP, Venclovas C and Fidelis K (1999) A sliding clamp model for the Radl
family of cell cycle checkpoint proteins. Cell 96:769-770.

Troelstra C, van Gool A, de Wit J, Vermeulen W, Bootsma D and Hoeijmakers JH
(1992) ERCC6, a member of a subfamily of putative helicases, is involved in
Cockayne’s syndrome and preferential repair of active genes. Cell 71:939-953.

Uchiyama M, Galli I, Griffiths DJF and Wang TS-F (1997) A novel mutant allele of
Schizosaccharomyces pombe rad 26 defective in monitoring S-phase progression to
prevent premature mitosis. Mol Cell Biol 17:3103-3115.

Van Hille B, Clerc X, Creighton AM and Hill BT (1999) Differential expression of
topoisomerase I and RAD52 protein in yeast reveals new facets of the mechanism
of action of bisdioxopiperazine compounds. Br J Cancer 81:800—807.

Verkade HM, Bugg SJ, Lindsay HD, Carr AM and O’Connell MJ (1999) Rad18 is
required for DNA repair and checkpoint responses in fission yeast. Mol Biol Cell
10:2905-2918.

Walworth NC and Bernards R (1996) Rad-dependent response of the chkl-encoded
protein kinase at the DNA damage checkpoint. Science (Wash DC) 271:353—356.

Walworth N, Davey S and Beach D (1993) Fission yeast chk1 protein kinase links the
rad checkpoint pathway to cdc2. Nature (Lond) 363:368—371.

Waga S and Stillman B (1998) The DNA replication fork in eukaryotic cells. Annu
Rev Biochem 67:721-751.

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet’

YEAST MUTANTS AND SENSITIVITY TO ANTITUMOR DRUGS 491

Wan S, Capasso H and Walworth NC (1999) The topoisomerase I poison camptoth-
ecin generates a Chk1l-dependent DNA damage checkpoint signal in fission yeast.
Yeast 15:821—-828.

Wang Z, Wei S, Reed SH, Wu X, Svejstrup JQ, Feaver WJ, Kornberg RD and
Friedberg EC (1997) The RAD7, RADI16, and RAD23 genes of Saccharomyces
cerevisiae: requirement for transcription-independent nucleotide excision repair in
vitro and interactions between the gene products. Mol Cell Biol 17:635—643.

Watt PM, Hickson ID, Borts RH and Louis EJ (1996) SGS1, a homologue of the
Bloom’s and Werner’s syndrome genes, is required for maintenance of genome
stability in Saccharomyces cerevisiae. Genetics 144:935-945.

Weeda G, Hoeijmakers JH and Bootsma D (1993) Genes controlling nucleotide
excision repair in eukaryotic cells. Bioessays 15:249-258.

Weinert T (1998) DNA damage and checkpoint pathways: Molecular anatomy and
interactions with repair. Cell 94:555-558.

Weinert TA and Hartwell LH (1988) The RAD9 gene controls the cell cycle response
to DNA damage in Saccharomyces cerevisiae. Science (Wash DC) 241:317-322.

Wilson J, Wilson S, Warr N and Watts FZ (1997) Isolation and characterization of
the Schizosaccharomyces pombe rhp9 gene: A gene required for the DNA damage
checkpoint but not the replication checkpoint. Nucleic Acids Res 25:2138-2145.

Wilson S, Warr N, Taylor DL and Watts FZ (1999) The role of Schizosaccharomyces
pombe Rad32, the Mrell homologue, and other DNA damage response proteins in
non-homologous end joining and telomere length maintenance. Nucleic Acids Res
27:2655-2661.

Yonemasu R, McCready SJ, Murray JM, Osman F, Takao M, Yamamoto K, Leh-
mann AR and Yasui A (1997) Characterization of the alternative excision repair
pathway of UV-damaged DNA in Schizosaccharomyces pombe. Nucleic Acids Res
25:1553-1558.

Zagulski M, Herbert CJ and Rytka J (1998) Sequencing and functional analysis of
the yeast genome. Acta Biochim Pol 45:627—643.

Zunino F, Perego P, Pilotti S, Pratesi G, Supino R and Arcamone F (1997) Role of
apoptotic response in cellular resistance to cytotoxic agents. Pharmacol Ther
76:177-185.

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

