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Different types of gross chromosomal rearrangements (GCRs),
including translocations, interstitial deletions, terminal deletions
with de novo telomere additions, and chromosome fusions, are
observed in many cancers. Multiple pathways, such as S-phase
checkpoints, DNA replication, recombination, chromatin remodel-
ing, and telomere maintenance that suppress GCRs have been
identified. To experimentally expand our knowledge of other
pathway(s) that suppress GCRs, we developed a generally appli-
cable genome-wide screening method. In this screen, we identified
10 genes (ALO1, CDC50, CSM2, ELG1, ESC1, MMS4, RAD5, RAD18,
TSA1, and UFO1) that encode proteins functioning in the suppres-
sion of GCRs. Moreover, the breakpoint junctions of GCRs from
these GCR mutator mutants were determined with modified break-
point-mapping methods. We also identified nine genes (AKR1,
BFR1, HTZ1, IES6, NPL6, RPL13B, RPL27A, RPL35A, and SHU2) whose
mutations generated growth defects with the pif1� mutation. In
addition, we found that some of these mutations changed the
telomere size.

Maintaining genome stability is crucial for cell survival and
normal cell growth. Different genetic disorders, including

most human cancers, display different forms of genome insta-
bility (1–3). The mutator hypothesis suggests that cancer cells
must acquire a mutator phenotype to account for the high rate
of accumulating genetic changes observed (4, 5). It is best
established in the case of the inherited (HNPCC) and sporadic
mismatch repair-defective cancers, in which the mismatch-repair
defect that underlies cancer development causes increased
mutation rates (1). There is growing evidence supporting that
the presence of genome rearrangements, known as gross
chromosomal rearrangements (GCRs), reported in many dif-
ferent cancers could ref lect the acquisition of a mutator
phenotype (6–11).

Multiple pathways that suppress GCRs were characterized by
using yeast, Saccharomyces cerevisiae, as a model system (12–17). At
least five different pathways have been identified for the suppres-
sion of GCRs, including (i) cell-cycle checkpoints during DNA
replication, (ii) a recombination pathway known as a break-induced
replication, (iii) a pathway that suppresses de novo telomere addi-
tion, (iv) at least two pathways for the proper chromatin assembly,
and (v) a possible mismatch-repair pathway that prevents recom-
bination between divergent DNA sequences. The importance of
these multiple mechanisms for suppression of genome instability in
human cancer development has been uncovered by observations of
mutations in genes of which encoded proteins function in the
multiple mechanisms identified in studies using other model or-
ganisms. It includes ATM�ATR in ataxia telangiectasia (AT);
MRE11 in AT-like disorder (ATLD); NBS1 in Nijmegen breakage
syndrome (NBS); hCHK2 in Li-Fraumeni syndrome; and BLM�
WRN�RTS in the Bloom, Werner, and Rothmund–Thomson
syndrome (12, 18).

Although many pathways that function in the suppression of
GCRs have been discovered, complete understanding of how

GCRs arise and are suppressed has not been accomplished because
of the difficulty in implementing forward genetic screens for
mutations with elevated GCR rates. Here, we report the develop-
ment of a screening method that allows the systematic analysis of
the complete set of gene deletion mutants to identify genes whose
mutations increased GCR formation. This screening method can be
applicable to almost all known assays. To enhance the basal level of
GCR rate, the pif1 deletion mutation was incorporated for this
screen.

The PIF1 gene encodes two helicases: one helicase that functions
as an inhibitor of telomerase (19, 20) and another helicase that
functions in mitochondria (21). pif1 mutations are known to in-
crease the GCR rate (19, 21), and inactivation of almost all known
GCR suppression pathways in combination with the pif1-m2 mu-
tation increases GCR rates synergistically compared with the strain
carrying the pif1-m2 allele alone (19). Thus, the sensitivity of a GCR
assay for genome-wide screening of GCR suppressors can be
enhanced by an additional mutation in the PIF1 gene. We identified
most of the known GCR mutator genes and 10 GCR mutator genes
whose mutations increased GCR formation by using the screening
method (ALO1, CDC50, CSM2, ELG1, ESC1, MMS4, RAD5,
RAD18, TSA1, and UFO1). Mutator genes identified in this study
strongly suggest that there are more pathways that prevent the
formation of GCRs, such as transcriptional regulation, chromo-
some segregation, and postreplication repair, including ubiquitina-
tion and oxidative-stress response.

Redundant functions can be discovered by synthetic genetic
interactions when a specific mutation suppresses or enhances the
original mutant phenotype. A synthetic lethal phenotype may occur
when two mutations inactivate a single pathway completely or cause
defects in two redundant but dependent pathways (22–24). Because
of the pif1� mutation in the screen, we were able to identify nine
genes whose mutations generated growth defects in combination
with the pif1� mutation (AKR1, BFR1, HTZ1, ISE6, NPL6,
RPL13B, RPL27A, RPL35A, and SHU2), and we subsequently
found that some of these mutations changed the telomere size.

The deletion mutation of the PIF1 gene also inactivates the
mitochondrial PIF1 protein. The defect in mitochondrial function
causes a slow rate of cell division, resulting in small colonies, known
as petites, that have growth defects in media with a nonfermentable
carbon source. We identified 22 hypothetical ORFs whose muta-
tions induce the petite phenotype because of their putative role in
mitochondrial function.

Materials and Methods
Strains and Gene Disruption of S. cerevisiae. Media for propagation
of strains have been described (25). All strains were propagated at
30°C. Yeast strains containing the hygromycin resistant cassette
(hphMX) or the G418-resistant cassette (kanMX) were selected on
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plates with 300 �g�ml hygromycin B or 200 �g�ml G418, respec-
tively. YKJM1347, the parental strain for the genome-wide screen-
ing of GCR suppressors, was generated as follows. The PIF1 gene
in y2454 (mfa1�::MFA1pr-HIS3, can1�, his3�1, leu2�0, ura3�0,
MET15� lys2�0) (26) was disrupted with a hygromycin cassette,
and the resulting strain was named YKJM1241. Then, YKJM1241
and RDKY3615 (ura3-52, leu2�1, trp1�63, his3�200, lys2�Bgl,
hom3-10, ade2�1, ade8, YEL069::URA3) were mated and sporu-
lated. Spores that were unable to grow without histidine but could
grow in the absence of uracil were chosen. Strains carrying the
MFA1pr-HIS3 gene were confirmed by PCR and by mating with a
mating type A tester strain. The presence of the CAN1 gene in
YKJM1347, along with three other isolates, was confirmed by
testing the sensitivity of these strains to canavanine. The yeast
deletion mutant library was purchased from the American Type
Culture Collection (GSA-4). Most strains were constructed in the
BY4741 background (MATa, his3�1, leu2�0, met15�0, ura3�0)
with 11 exceptions that were constructed in the BY4730 back-
ground (MATa, leu2�0, met15�0, ura3�0). To confirm the GCR
mutator mutations identified in the screening, identified genes were
disrupted by standard PCR-based gene-disruption methods in
YKJM1347, RDKY3615, and RDKY4343 (ura3::KAN, leu2�1,
trp1�63, his3�200, lys2�Bgl, hom3-10, ade2�1, ade8, HO::hisG,
pif1-m2, YEL069::URA3), and correct gene disruptions were veri-
fied by PCR, as described (25). The sequences of primers used to
generate disruption cassettes and confirm disruption of indicated
genes are available on request.

Genome-Wide Screening of GCR Mutators. The strain YKJM1347 was
crossed with the 4,644 individual MATa deletion mutant strains
(Fig. 1). Mated diploid cells were selected by G418 and hygromycin
on synthetic drop out (SD) plates with all amino acids except uracil
[SD (�Ura)]. After sequentially replica plating twice onto SD
(�Ura) plates with G418 and hygromycin, the selected diploid cells
were replica plated onto sporulation plates. The resulting spores
were replica plated onto SD (�His �Ura) plates containing
hygromycin and G418 to select for haploids carrying the GCR assay
and pif1 deletion mutation. Resulting cells were tested for CAN
mutators that increase CAN1 gene-inactivation rate and GCR
mutators that increase GCR rate. The number of colonies from
each clone grown after 3–5 days on selection plates (CAN, con-
taining canavanine, for CAN mutator screen and FC containing
canavanine and 5FOA, for GCR screen, as described in ref. 25) was
then compared with the colony number of YKJM1347 strain.
Individual cells that gave an increased number of resistant colonies
compared with YKJM1347 either in the CAN plates because of the
inactivation mutation of CAN1 gene or in the FC plates because of
the GCRs were collected from the original yeast extract�peptone�
dextrose (YPD) plates and streaked onto fresh YPD plates. Three
patches from individual colonies from candidates made on YPD
plates were replica plated on to CAN or FC plates after 3 days of
incubation for a secondary screening. There were 11 deletion
mutant strains whose strain background is BY4730 (MATa, leu2�0,
met15�0, ura3�0) in knock-out library. Because of the lack of the
his3�200 mutation, ORFs deleted in these strains were excluded
from the initial screen. Thus, these 11 strains were tested individ-
ually in RDKY3615 and RDKY4343.

GCRs. All GCR rates were determined by fluctuation analysis at
least two times by using either 5 or 11 cultures, and average
values are reported. The sequences of the independent rear-
rangement breakpoints were determined by breakpoint-mapping
methods (Fig. 2) and classified, as described (25). First, the
chromosomal DNA from clones resistant to both canavanine and
5-FOA were analyzed by genome walking PCRs (Fig. 2 A). We
used 23 different PCRs to narrow the breakpoint location to
within 400 bp. Then, a PCR was carried out by using a primer
complementary to the end of the rearranged chromosome V and

a primer complementary to telomeric repeat sequence (CA16;
5�-CACCACACCCACACAC-3�). Genome rearrangements
with de novo telomere-addition GCRs produced a ladder of PCR
bands (Fig. 2B). To make sure that these PCR products were
specific for de novo telomere addition, wild-type chromosomal
DNA was used as a negative PCR control. If there was no
difference in de novo telomere-addition PCR product between
the wild-type chromosomal DNA and chromosomal DNA-
carrying GCRs, the linker-mediated PCR, a modified version of
mapping PCR of murine leukemia virus integration site (27) was
performed. Chromosomal DNAs from wild type and clones
carrying GCRs were digested by one of four restriction enzymes
(BfaI, DpnII, HinPLI, and MspI) based on the restriction map
near the breakpoint junction. Restriction enzymes were then
inactivated, and linkers were ligated to the ends of the DNA. A
sequence-specific primer and a linker-specific primer were used
to amplify the breakpoint junctions by PCR. If PCR products of
different sizes were generated in PCRs with chromosomal DNA
from clones carrying GCRs compared with the wild-type control
PCR product, these bands were purified and sequenced. The
detailed sequences of primers and linkers are available on
request.

Fig. 1. Genome-wide screening to find GCR mutators. (A) A library com-
posed of strains carrying the GCR assay system, a pif1� mutation, and 1 of
4,644 gene deletion mutations was generated. (B) Secondary screening iden-
tified three types of GCR mutator mutations (see Table 1). (C) Screen results for
CAN and GCR (CAN-5FOA) mutator screens. Primary screen is shown in Left,
and secondary screen is shown in Right. In the CAN mutator assay, only one
plate was used for the primary screen. Putative GCR mutators were selected
only when two independent FC plates generated more than five colonies.
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Results
GCR Mutator Genes Were Identified with a GCR Mutator Screen.
Multiple pathways suppressing GCRs have been characterized by
using the yeast S. cerevisiae (12–17). However, it is not clear whether
the hypothesis-driven approach that has identified the pathways has
discovered all genes and pathways that function in this process. To
find other pathways that suppress GCRs, we developed a method
to screen a yeast deletion mutant library by modifying the method
used for synthetic genetic array analysis (26). For this purpose, a pif1
mutant strain carrying the GCR assay and the HIS3 gene under the
mating type A-specific promoter regulation was constructed (Fig.
1A and see Materials and Methods).

After sequential selections, we identified three groups of genes
showing different mutator phenotypes (Table 1). Almost all pre-
viously identified GCR mutator genes that showed synergistic

interaction with a pif1 mutation were identified in this screening.
Genes that had not been implicated previously in suppression of
GCRs, that are not just hypothetical ORFs, and whose mutations
increased CAN-5FOA rates were redisrupted in the RDKY3615
(wild type), RDKY4343 (pif1-m2), and YKJM1347 (pif1�) strains,
and GCR rates were determined. Mutations in the CDC50, CSM2,
ELG1, ESC1, MMS4, RAD5, RAD18, or TSA1 genes increased the
GCR rates compared with wild type and showed synergistic inter-
actions when these mutations were combined with the pif1-m2
mutation (Table 2). However, mutations in EMP47, GIP2, GYP8,
MGS1, MPH1, NFI1, PES4, STN7, or VPS1 did not increase the
GCR rates compared with wild type (data not shown), and their
mutations did not enhance the pif1 GCR rate (see Table 3, which
is published as supporting information on the PNAS web site); they
are likely to be false positives, or a second mutation in the deletion
mutant library might have caused the increased GCR rates ob-
served in the primary screen.

Strain-background differences in 11 strains excluded them from
the initial screen. Each ORF was deleted in RDKY3615 and
RDKY4343 strains, and the GCR rates of these strains were
determined. The deletion mutations in two ORFs that encode
ALO1 and UFO1 increased the GCR rate 134- and 74-fold,
respectively (Table 2). In the pif1-m2 mutation background, modest
synergistic increases were observed by the deletion of these genes.

Mutations in New GCR Mutator Genes Increased the GCR Rates. ELG1
was first identified in a screen for mutations that elevate Ty1
cDNA-mediated mobility (28). Recently, an alternate replication
factor complex (RFC) containing ELG1 that is different from
RFC1, RAD24, and CTF18 RFCs and its role in DNA replication
and checkpoints were reported (29–31). To determine which types
of GCRs are suppressed by ELG1, 13 GCRs were isolated in an
elg1� mutant background, and their breakpoint junctions were
determined. The breakpoint junctions were mapped by de novo
telomere-addition PCR and linker-mediated PCR (Fig. 2). Of 13
analyzed breakpoint junctions, 8 were de novo telomere addition, 4
were translocation, and 1 had independent point mutations in the
CAN1 and URA3 genes. Thus, ELG1 mainly suppresses de novo
telomere-addition GCRs. Consistent with this hypothesis, the de-
letion of EST2 in the elg1� mutant reduced the GCR rate observed
in the elg1 strain significantly, indicating that telomerase is required
for most elg1-induced GCR (data not shown). The RAD5 and
RAD18 genes encode proteins functioning in postreplication DNA
repair (32). Mutations in either RAD5 or RAD18 increased the
GCR rate up to 200-fold, and breakpoint analysis showed that 9 of
10 were de novo telomere addition. The MMS4 gene was identified
previously by means of a screen for sensitivity to methyl methane
sulfonate (MMS) (33). Subsequent studies found that MMS4 and
MUS81 form a heterodimer endonuclease complex that plays a role
in processing lesions that block DNA replication, possibly by means
of stalled replication forks during S phase (34, 35). Similar to the
MMS4 mutation, mutation of the MUS81 gene increased the GCR
rate almost 200-fold (V. Pennaneach, K.M., and R. D. Kolodner,
unpublished data).

Compared with ELG1, RAD5, RAD18, and MMS4, there are few
studies implicating ALO1, CDC50, CSM2, ESC1, TSA1, and UFO1
in DNA metabolism. ALO1 encodes a D-arabinono-1,4-lactone
oxidase functioning in D-erythroascorbic acid biosynthesis. The
higher sensitivity of the alo1� mutant to oxidative stress suggests
that ALO1 also functions in the oxidative stress response (36).
Interestingly, TSA1, another GCR mutator gene identified in this
study, encodes a protein functioning in oxidative response to
protect cells from free-radical damage (37). Mutations of ALO1
and TSA1 genes increased the GCR rate 134- and 7-fold compared
with wild type, respectively (Table 2). Combining an alo1� or a
tsa1� mutation with the pif1-m2 mutation caused a synergistic
increase in the GCR rate. Recent studies (38) have shown also that
a tsa1� mutation increases both the GCR rate and the rate of

Fig. 2. Rearranged breakpoint junctions were determined with three PCR
steps. (A) Genome walking PCR was performed to narrow the breakpoint
junctions to within 400 bp. WT shows PCR products generated from an intact
chromosome V. PCR patterns generated with three different chromosomes
isolated from mutants carrying GCRs were visualized in 2% agarose gel. (B) De
novo telomere-addition PCR identified GCRs carrying a terminal deletion,
followed by telomere sequence addition. Chromosomal DNAs from wild type
(WT) and Mt, representing intact chromosome V and clones carrying GCRs,
respectively, were used as templates for PCR. (C) The linker-mediated PCR was
performed with chromosomal DNA that did not generate ladder bands in the
de novo telomere-addition PCR. Chromosomal DNAs from WT and GCR clone
(Mt) were digested with different restriction enzyme (RE) and ligated with
linkers. Then, a primer that can bind at the end of remaining chromosome V
of GCR clone and a linker-specific primer were used for amplification of
rearranged chromosomes.

Smith et al. PNAS � June 15, 2004 � vol. 101 � no. 24 � 9041

G
EN

ET
IC

S



accumulating point mutations in CAN1. CDC50 is a cell-cycle
protein that is localized mainly in the cytoplasm (39) and involved
in protein maturation and transport. MMS and hydroxyurea sen-
sitivities conferred on yeast cells by a cdc50� mutation suggest a
possible role for CDC50 in DNA metabolism linked to cell-cycle
regulation. CSM2 functions during meiosis and is required for
proper segregation of chromosomes (40). Inactivation of the CSM2
gene increased the GCR rate 8-fold in the wild-type background
and 457-fold in the pif1-m2 background (Table 2). ESC1 encodes
a nuclear protein that makes a complex with the SIR4 protein to
silence chromatin (41). Although there was only a 7-fold increase
in the GCR rate in the esc1� strain, a 314-fold increase in the GCR
rate was observed when the esc1� mutation was combined with a
pif1-m2 mutation. UFO1 encodes a protein required for the deg-
radation of Ho endonuclease by recruiting it to the cytoplasm for
ubiquitination (42). The mutation of the UFO1 gene increased the
GCR rate 74-fold in wild type and 400-fold in the pif1-m2 strain
background (Table 2).

Genes Showing Synergistic Growth Defects with a pif1� Mutation and
Genes Whose Mutations Cause Petite Phenotypes Were Identified.
Because our screen included the pif1� mutation to enhance the
basal level of GCR formation, strains that caused growth defects
with the pif1� mutation were excluded (see Table 4, which is
published as supporting information on the PNAS web site).

Nine genes that generated growth defects with the pif1� muta-
tion were identified (AKR1, BFR1, HTZ1, IES6, NPL6, RPL13B,
RPL27A, RPL35A, and SHU2). The identified genes encode
proteins that have been implicated in nuclear functions (HTZ1
and SHU2), as ribosome constituents (RPL13B, RPL27A, and
RPL35A), and in protein trafficking (AKR1, BFR1, and NPL6).
There was one gene whose function has not yet been determined
(IES6). Genes whose mutations caused defects in mating, mei-
osis, and sporulation when the pif1� mutation was combined
were also excluded from our GCR suppressor screening (see
Table 4). Many hypothetical ORFs whose functions are not yet
known were identified in this procedure. It is possible that these
hypothetical ORFs function in the mitochondria for energy
metabolism based on their inability to grow in a nonfermentable
carbon source. From the genes mentioned above, several mu-
tations that caused growth defects with the pif1� mutation
(AKR1 and BFR1) or that were defective in mating, meiosis, or
sporulation (HTZ1, SHU2, and SUV3) were chosen based on
their possible role in DNA metabolism. Mutations in these genes
in wild type or the pif1-m2 mutant background did not change
the GCR rate significantly (data not shown). Also, the telomeres
of strains defective in the NPL6, SHU2, and IES6 genes showed
larger sizes, and the telomeres of strains defective in the RPL13B
and SUV3 genes showed smaller sizes compared with wild type
(data not shown).

Table 1. Three different types of mutators identified in genome-wide screen of S. cerevisiae

Mutator Group I (CAN and GCR) Group II (CAN) Group III (GCR)

Newly identified CSM2, ELG1, MMS4, RAD5,
RAD18, TSA1

— ALO1, CDC50, ESC1,
UFO1

Previously known CAN1, MRE11, RAD52,
RAD54

MLH1, MMS2, MSH2,
MSH3, MSH6, OGG1,
RAD1, RAD27, SHU1

ASF1, CAC1, RAD57,
RDH54

Not tested YDL162c APP1, ECM17, FYV8, RIB7,
SRP72, SSP1, SWF5,
TRF5, UNG1, YAP1801,
YDC1, YRA2, YNL228w,
YGL218w, YJR154w,
YHR198c, YPR114w

YLR445w, YBR226c,
YCR016w, YNL171c,
YOR225w, YOR286w,
YGL050w

False positive EMP47, MGS1, MPH1 — GIP2, GYP8, NFI1, PES4,
STN7, VPS1

Group I represents mutators that increased CAN1 inactivation mutation rate and GCR rate, Group II represents
mutators that increased only CAN1 inactivation mutation rate, and Group III represents mutators that increased
only GCR rates.

Table 2. Effect of new GCR mutator gene defects on the rate of accumulating GCRs in
wild-type and pif1-m2 backgrounds

Relevant genotype

Wild type pif1-m2

Strain GCR rate (CANr-5FOAr) Strain GCR rate (CANr-5FOAr)

Wild type RDKY3615 3.5 � 10�10 (1) RDKY4343 6.3 � 10�8 (180)
alo1� YKJM1921 4.7 � 10�8 (134) YKJM1925 1.1 � 10�7 (314)
cdc50� YKJM1379 4.8 � 10�9 (14) YKJM1401 2.6 � 10�7 (743)
csm2� YKJM1535 2.7 � 10�9 (8) YKJM1529 1.6 � 10�7 (457)
elg1� YKJM1405 1.7 � 10�8 (49) YKJM1403 3.0 � 10�7 (857)
esc1� YKJM1479 2.3 � 10�9 (7) YKJM1838 1.1 � 10�7 (314)
mms4� YKJM1525 5.9 � 10�8 (169) YKJM1527 2.3 � 10�7 (657)
rad5� YKJM1385 6.3 � 10�8 (181) YKJM1387 2.2 � 10�7 (633)
rad18� YKJM1389 7.1 � 10�8 (202) YKJM1391 2.5 � 10�7 (714)
tsa1� YKJM1467 2.6 � 10�9 (7) YKJM1836 3.6 � 10�7 (1,029)
ufo1� YKJM1919 2.6 � 10�8 (74) YKJM1923 1.4 � 10�7 (400)

All strains are isogenic with the wild-type strain RDKY3615 (MATa, ura3-52, leu2�1, trp1�63, his3�200,
lys2�Bgl, hom3-10, ade2�1, ade8, hxt13::URA3), with the exception of the indicated mutations. The rate relative
to wild type is given in parentheses.
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Discussion
Studies (12, 14–17) have identified GCR suppression pathways
based on gene groups known to encode proteins functioning in
cell-cycle checkpoints, DNA repair, DNA recombination, and
telomere maintenance. In this study, a genome-wide screening
method identified 10 genes whose encoded proteins might function
differently from proteins implicated previously in the suppression
of GCRs. There are at least the following five steps for the
formation and suppression of GCRs: generation of DNA damage,
sensing the DNA damage, DNA repair that corrects the damage,
processing of DNA damage in a manner that generates substrates
for GCRs, and GCR-producing machinery (Fig. 3). In each step,
different groups of proteins normally act to suppress GCRs. Defects
in DNA replication or in the suppression of toxic cellular products,
such as hydrogen peroxide, can induce DNA damage. DNA dam-
age by diverse insults, MMS, �-ray, camptothecin, and bleomycin,
as well as a double strand break (DSB) generated by an Ho
endonuclease, increased GCR frequency. Therefore, the DSB
seems to be an intermediate for GCR formation (13). ALO1,
ELG1, TSA1, and MMS4�MUS81 might function to suppress the
generation of DNA damages. The S-phase cell-cycle checkpoints
function in sensing DNA damage to suppress GCRs (25, 43),
whereas the mitotic checkpoint senses the same DNA damage and
allows the formation of GCRs (K.M., S.S., and R. D. Kolodner,
unpublished data). RAD5�RAD18 and MMS4�MUS81 could
function in sensing DNA damage along with the S-phase check-
point to suppress GCRs based on the observation of no synergistic

increase of GCR rates in strains carrying rad5�, rad18�, or mms4�,
with a mec1� mutation (data not shown). On the other hand, the
E3 ligase function for ubiquitination of target proteins, such as
proliferating cellular nuclear antigen (PCNA) by RAD5 and
RAD18, might be important for the suppression of GCR. The
identification of another E3 ligase, UFO1, during this screen
supports the possible role of ubiquitination for the suppression of
GCR. The lack of ubiquitination, which increases the half-life of
proteins because of defects in these E3 ligases, might cause prob-
lems in cell-cycle progression. It has been established that the
ubiquitination of the FANCD2 protein upon DNA damage is an
important step for the suppression of the chromosome fragility
syndrome Fanconi anemia (44). Thus, it is possible that there is a
yeast FANCD2-like substrate that suppresses the GCR formation
by means of regulation by RAD5, RAD18, and�or UFO1. The
formation of the alternate replication factor complex and a role in
the cell-cycle checkpoint by ELG1 (29–31) suggests that ELG1
functions in the S-phase checkpoint. Based on the synergistic
increase of GCR rate by an additional mutation in the DNA
damage checkpoint genes but not the DNA replication checkpoint
genes along with the elg1 mutation, it is possible that ELG1
functions in the DNA replication checkpoint (data not shown).
Although the role of CSM2 in mitosis is not clear, CSM2 could
suppress GCR by means of the inhibition of the mitotic checkpoint
function for GCR formation. DNA repair mechanisms, including
the break-induced DNA replication pathway (19), correct DNA
damage to suppress GCRs. Although there was no increase of GCR

Fig. 3. There are at least five different steps for GCR suppression and formation. Although genomes are highly protected, spontaneous DNA damages due to
cellular errors can be generated. Inactivation of proteins such as ALO1, ELG1, TSA1, MMS4, and MUS81 may cause an increase in spontaneous DNA damage. The
DNA damage that is generated is detected first by the DNA damage-sensing machinery. The S-phase checkpoints sense this damage and transfer the signal to
the DNA repair machinery to facilitate repair. RAD5, RAD18, MUS81, and MMS4 seem to function in DNA repair as well as in the sensing of DNA damage. RAD5
and RAD18, along with UFO1, might function in the transfer of signal by means of the ubiquitination of substrates. There are many different DNA repair pathways
that are used to fix broken DNA. Break-induced replication, postreplication repair, and MUS81�MMS4-mediated recombination repair seem to play major roles
in the suppression of GCRs. DNA damage that is not corrected by DNA repair pathways is sensed by the mitotic checkpoint, and the GCR formation machinery
becomes engaged. First, damaged DNA is processed by unknown endonucleases or exonucleases to generate appropriate substrates. Then, telomerase adds
telomere sequences at the end of broken chromosomes to produce the de novo telomere addition that is inhibited by PIF1 or translocations with other
chromosome sequences, or they are generated by LIG4-dependent or -independent pathways.
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rate in strains defective in other postreplication repair proteins
(data not shown), it is still possible that there are many redundan-
cies that are under RAD5 and RAD18 regulation in the postrep-
lication repair pathways to suppress GCR. MMS4�MUS81 might
also be important in DNA repair for the suppression of GCRs.
When DNA damage is not repaired, it can be processed by
unknown endonucleases or exonucleases to generate substrates for
GCR formation. Finally, de novo telomere-addition GCR by the
telomerase complex (which is suppressed by PIF1), LIG4-
dependent or -independent translocation, or chromosome fusion
GCRs are generated (19, 45). Although it is unclear how CDC50,
which is localized in the cytoplasm, suppresses GCRs, it is possible
that the cdc50� mutation increased the GCR rate as a consequence
of abnormal cell-cycle progression. ESC1 might function to sup-
press GCRs by means of its interaction with a chromatin-silencing
factor, SIR4, that changes the expression of genes required for
GCRs (41). The synergistic increase of the GCR rates when
mutations in CDC50, CSM2, ESC1, and TSA1 were combined with
a mec1� mutation suggests that at least these proteins seem to
function independently from the cell-cycle checkpoint function
(data not shown).

CAN1 inactivation mutators were screened recently (38) with a
knock-out library. Comparison of identified CAN1 mutator genes
showed that 28 of 33 genes were found in both studies. Four of the
five remaining genes were selected in the primary screen of this
study; however, they were not selected after secondary screening
because of less severe CAN1 mutator phenotypes. The shu2�
mutant was also not selected because of a growth defect caused by
the addition of the pif1� mutation. Huang et al. (38) also tested the
putative GCR mutator phenotype in some of the strong CAN1
mutators and found that TSA1 and ELG1 are strong GCR mutator
genes as well. This study identified TSA1, ELG1, and eight other
GCR muator genes.

The identification of new genes that encode proteins functioning
in specific biological pathways is indispensable to understanding the
mechanism completely. The screening method described in this
study using the yeast deletion library can be applicable to the
identification of new proteins in almost all of the different biological
pathways that can be detected with specific assays.

Genome instability is characteristic of cancer cells (2, 3, 12). The
present study has identified at least 10 genes whose mutations
increased GCR rates and the human homologs of which might be
found in GCR-prone human cancers. Indeed, there have been many
recent reports (46–51) supporting the concept that genes identified
in our screen have importance in cancer development. Abnormal
expression of human TSA1 in many different cancers and severe
hemolytic anemia and several malignant cancers in mice lacking
murine homolog of TSA1 gene, Prdx1, were observed. The deletion
of the human ELG1 gene locus is detected frequently in neurofi-
bromatosis, several mutations in the human RAD5 gene were
discovered in some melanomas, and the RAD18-defective mouse
embryonic stem cell increased sister chromatid exchanges. Studies
to verify the function of each protein found in this study by using
yeast and mammalian systems and searching for more mutations in
each gene in cancer patients may generate clues for understanding
cancer development and finding possible targets to cure cancer.
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