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Cycles ot chromosome instability

are associated with a tragile site and are
increased by detects in DNA replication
and checkpoint controls in yeast
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We report here that a normal budding yeast chromosome (ChrVII) can undergo remarkable cycles of
chromosome instability. The events associated with cycles of instability caused a distinctive “sectoring” of
colonies on selective agar plates. We found that instability initiated at any of several sites on ChrVII, and was
sharply increased by the disruption of DNA replication or by defects in checkpoint controls. We studied in
detail the cycles of instability associated with one particular chromosomal site (the “403 site”). This site
contained multiple tRNA genes known to stall replication forks, and when deleted, the overall frequency of
sectoring was reduced. Instability of the 403 site involved multiple nonallelic recombination events that led
to the formation of a monocentric translocation. This translocation remained unstable, frequently undergoing
either loss or recombination events linked to the translocation junction. These results suggest a model in
which instability initiates at specific chromosomal sites that stall replication forks. Forks not stabilized by
checkpoint proteins break and undergo multiple rounds of nonallelic recombination to form translocations.
Some translocations remain unstable because they join two “incompatible” chromosomal regions. Cycles of
instability of this normal yeast chromosome may be relevant to chromosome instability of mammalian fragile

sites and of chromosomes in cancer cells.
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Chromosomal instability leading to chromosome rear-
rangements and loss plays an important role in evolution
and in cancer (Eichler and Sankoff 2003; Vogelstein and
Kinzler 2004). Chromosomal instability is normally sup-
pressed by specific proteins that interact with specific
DNA sequence elements. For example, mismatch repair
proteins prevent repeat sequences from undergoing se-
quence expansion or contraction (Kolodner and Mar-
sischky 1999). Telomeric proteins prevent telomeres
from fusing and undergoing events of the breakage-
fusion-bridge cycle that can lead to large-scale chromo-
somal rearrangement (van Steensel et al. 1998; de Lange
2002, 2005). In yeast, the Sir2 protein suppresses rear-
rangements between repeats in the rDNA locus (Bitter-
man et al. 2003).

5Corresponding author.

E-MAIL tweinert@u.arizona.edu; FAX (520) 621-3709.

Article published online ahead of print. Article and publication date are
at http://www.genesdev.org/cgi/doi/10.1101/gad.1392506.

Specific proteins also suppress instability at chromo-
somal sites that disrupt DNA replication. Mammalian
fragile sites are chromosomal sites prone to break when
DNA replication is disrupted (Richards 2001); why these
sites are prone to breakage remains unclear. Instability of
a fragile site can lead to recombination that activates
oncogenes (Coquelle et al. 1997; Hellman et al. 2002).
Chromosomal sites in yeast that behave like mamma-
lian fragile sites have also been reported (Cha and Kleck-
ner 2002; Lemoine et al. 2005).

The DNA damage and replication checkpoint proteins
represent a major class of regulatory proteins that are
highly conserved and preserve genome-wide and site-
specific stability (Zhou and Elledge 2000; Nyberg et al.
2002; Kolodner et al. 2002; Kastan and Bartek 2004). Bud-
ding yeast checkpoint proteins may preserve stability by
regulation of cell cycle progression or of DNA replica-
tion (e.g., the regulation of ANTP levels, origin firing
after damage, and replication fork stability) (Desany et
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al. 1998; Santocanale and Diffley 1998; Zhao et al. 1998;
Lopes et al. 2001; Tercero and Diffley 2001). Mammalian
checkpoint proteins likely have similar roles (Lukas et
al. 2004). For example, it has been shown that both yeast
and mammalian checkpoint proteins stabilize fragile
sites, perhaps by stabilizing replication forks (Casper et
al. 2002; Arlt et al. 2004; Lemoine et al. 2005; this study),
and how they do so is unclear.

Chromosome intermediates formed during genome re-
arrangements have not been extensively documented.
Unstable chromosomes include those containing triplet
nucleotide repeats (e.g., fragile X) (Richards 2001), two
centromeres (dicentric chromosomes) (Gisselsson et al.
2000; Maser and DePinho 2002), and other more poorly
understood chromosomes (“jumping translocations”)
(Padilla-Nash et al. 2001). In this report we find that
unstable chromosomes can form frequently and suggest
that such intermediates may be a common feature of
instability.

Here we examine chromosome instability using a bud-
ding yeast strain containing an extra genetically marked
normal chromosome (Chromosome VII [ChrVII]). This
well-marked chromosome allowed us to genetically
track its instability. Loss of a marker gene (CANI") iden-
tified cells that had undergone a chromosome change.
Many cells that had lost the CAN1" gene generated dis-
tinctive sectored colonies that proved to contain un-
stable chromosomes undergoing cycles of instability.
Cells with unstable chromosomes were detected at low
frequency in unperturbed normal cells (~1 in 10° cells),
at a very high frequency (~1 in 10® cells) in cells with
defects in DNA replication and in replication checkpoint
genes. Instability frequently involved one particular site,
the “403 site.” Instability of this site frequently gener-
ated a specific unstable chromosome that is monocentric
yet remained unstable, and was eventually lost or stabi-
lized by allelic recombination. We infer that unstable
chromosomes with similar genetic properties occurred
at other chromosomal sites. We propose that replication
forks stall at specific sites, forks break unless protected
by replication checkpoint controls, and a broken fork can
then undergo nonallelic recombination events to form
unstable translocations that continue to rearrange.

Results

The ChrVII assay

We previously tested the role of the DNA damage check-
point gene RAD9 in regulating chromosome stability us-
ing a haploid yeast strain containing an extra copy of
ChrVII (Fig. 1A; Carson and Hartwell 1985; Weinert and
Hartwell 1990; Moore et al. 2000; Galgoczy and Toc-
zyski 2001; Ivessa et al. 2003). One of the ChrVII ho-
mologs contains a copy of the CANT gene inserted 25 kb
from the left telomere, and the normal CAN1 gene on
Chromosome V (ChrV) was mutated to an inactive form.
The CANT1 gene encodes arginine permease, a membrane
protein that imports arginine as well as the toxic analog
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Figure 1. The ChrVII assay reveals elevated chromosome loss
and sectored recombinants in a rad9 mutant. (A) The ChrVII
system. The two homologs are shown with their genetic mark-
ers, the position of the CANT gene, the centromeres (filled and
open circles), and the five genetic intervals of recombination (EO
through E4). Telomeres are black triangles. A possible mecha-
nism of chromosome loss involves loss of the bottom homolog.
A possible mechanism of mitotic recombination involves an
event in which the chromosomes replicate, followed by either
allelic recombination between homologs to form a normal mi-
totic recombinant, or nonallelic recombination to generate a
translocation. The structures of chromosomes in three cells and
their phenotypes are shown. See text. (B) rad9 mutants have a
higher frequency of chromosome loss and sectored recombi-
nants than do RAD" cells. Frequencies and standard deviations
were determined from the average of six to 10 cultures. Abso-
lute numbers of cells per 10* cells tested are given. Below are
the frequencies normalized to that for RAD*. (C) RAD" and rad9
cells form round and sectored colonies. Cells were plated on
selective media containing canavanine without adenine. Colo-
nies were visible after 5-7 d of incubation at 30°C. The inset
shows a typical round and sectored colony.

canavanine, so the CANT allele confers canavanine sen-
sitivity (Can®). Cells that lose the CANI gene are se-
lected by their canavanine resistance. The two ChrVII
homologs contain genetic markers that determine if loss
of the CAN1 gene occurred by any of several mecha-
nisms (Fig. 1A). For example, a Can® Ade™ cell would
have lost the CANI gene by whole chromosome loss,
while a Can® Ade* cell would have lost the CAN1 gene
either by allelic or by nonallelic recombination events.
(Other mechanisms of CAN1 loss may also occur.) Mi-
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totic recombination events prove to be particularly in-
teresting. Recombination occurs in any of five genetic
exchange intervals (labeled EO through E4). For example,
a Can® Ade"* cell that is Lys~ Cyh® Trp* Leu* would have
been generated by a recombination event between CYH2
and TRP5 in the E2 genetic interval (see allelic and non-
allelic recombinants in Fig. 1A).

Chromosomal changes occur at a higher frequency
in rad9 than in RAD" cells

Rad9 is a checkpoint protein that has several roles in the
cell cycle and is required to maintain genome stability
(Weinert and Hartwell 1990; Klein 2001; Nyberg et al.
2002). To further define how Rad9 maintains genome
stability, we tested the effect of a rad9 mutation on chro-
mosome changes to ChrVII. RAD" and rad9 cells were
allowed to grow and divide under nonselective growth
conditions that permit chromosome changes. Cells were
plated on media containing canavanine to select Can®
colonies with chromosome changes that were then ana-
lyzed for the type of change.

We found that the most frequent form of chromosome
change in rad9 mutants was chromosome loss, which
was approximately ninefold higher in rad9 mutants than
in RAD" cells as expected from previous studies (Fig. 1B;
see Weinert and Hartwell 1990). Unexpected were the
results of chromosome change that occurred by mitotic
recombination (to form Can® Ade* colonies). We identi-
fied two types of morphologically distinct Can® Ade*
colonies termed “round” and “sectored” (Fig. 1B,C, in-
set). The round colonies had a uniform appearance, oc-
curred with similar frequencies in rad9 mutant and
RAD" cells (Fig. 1B), and were formed by recombination
in the five genetic intervals at nearly expected frequen-
cies (Supplementary Fig. S1). In contrast, the sectored
colonies had an uneven appearance (Fig. 1C, inset), oc-
curred at an ~39-fold higher frequency in rad9 mutants
than in RAD" cells (Fig. 1B), and were formed by recom-
bination that occurred most frequently in the E2 genetic
interval (Supplementary Fig. S1; see Fig. 2). We show
below that a specific site in the E2 genetic interval
causes ~60% of the chromosome instability leading to
sectored colonies.

Sectored colonies contain chromosomes undergoing
cycles of instability

It seemed likely that the round and sectored colonies
contained cells with recombinant ChrVIIs with distinc-
tive properties. To extend our study of the recombinant
ChrVIIs, we performed the lineage analyses shown in
Figure 2A. To understand our findings, consider the fates
of two hypothetical “founder” cells (hatched or clear).
Each founder had lost the CAN1" gene but retained the
rest of the extra chromosome just prior to plating on the
selection plate. One cell forms a round colony and one a
sectored colony. To form these colonies, each Can® Ade*
founder cell underwent many cell divisions. We found
that a founder cell that had a stable recombinant ChrVII

Chromosome instability and fragile sites in yeast

(e.g., hatched cell) generated cells with homogeneous
phenotypes (hatched phenotype) in a round colony. In
contrast, a founder cell that had an unstable recombi-
nant ChrVII (e.g., clear cell) generated progeny with het-
erogeneous phenotypes (clear, black, or gray phenotypes)
in a sectored colony. We determined the phenotypes of
the progeny cells, derived from each founder cell, by re-
suspending the progeny cells and allowing each to form
a colony on an analytical plate. The phenotypes of those
colonies were determined, and indicated the phenotypes
of individual cells in the sectored colony (see Materials
and Methods).

Using this lineage analysis we found that round colo-
nies came from founder cells with a stable recombinant
ChrVII (Fig. 2B). Surprisingly, we found that sectored
colonies came from founder cells that had a remarkably
unstable recombinant ChrVII. For example, while most
rad9 round colonies (13 out of 14) contained cells with a
homogeneous or nearly homogeneous phenotype (usu-
ally <1% heterogeneity; colonies 1-3), most sectored
colonies (23 out of 24) contained cells with highly het-
erogeneous phenotypes (Fig. 2B). The extent of the het-
erogeneity was extraordinary. For example, rad9 sec-
tored colony #4 contained cells with six different pheno-
types: EO, E1, E2, and E3 cells, as well as cells that had
either lost the chromosome entirely (“loss”) or that were
“fragmented” (had undergone another chromosomal
change while growing on the analytical plate). Because
each sectored colony arose from one cell, each founder
cell must have undergone many cycles of instability to
generate such genetic diversity. We also found that
RAD" round and sectored colonies also usually con-
tained stable and unstable chromosomes, respectively
(Fig. 2B; Supplementary Fig. S1). We conclude that the
frequency of instability leading to sectoring is greater in
rad9 mutants than in RAD" cells, yet the nature of the
events are similar in both mutant and wild-type cells.

We next determined if a specific site on ChrVII might
be associated with cycles of instability occurring in sec-
tored colonies. Inspection of the data in Figure 2B (rad9
sectored percent) revealed that instability generated E2
cells most frequently; 48% of sectored cells had under-
gone a recombination event in the 134-kb E2 interval,
compared with 8% in the 190-kb EO and 3% in the 50-kb
E3 + E4 interval. We conclude that a site in the E2 ge-
netic interval may cause instability and/or be a favored
recombinational site. Below we show that, indeed, a spe-
cific E2 site causes instability and undergoes recombina-
tion during instability events.

The data in Figure 2B also suggest an explanation for
why colonies sector. The founder rad9 cell was neces-
sarily Can® Ade*, yet ~9% of the cells formed in the
sectored colony had lost one of two ChrVIIs (“loss”).
Cells that lose the chromosome on the selective plate
will stop dividing because the selective plate does not
contain adenine. We therefore believe that the Can®
Ade" founder cell generated both Ade* progeny that con-
tinued to divide and Ade™ progeny that stopped dividing,
and the uneven colony appearance comes from the con-
tinued growth of the Ade™" cells next to nondividing Ade™
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Figure 2. Lineage analyses of unstable ChrVIIs in genetically unstable cells. (A) The logic and methodology of the lineage analysis.
Two cells (hatched and open) were plated on the selection plate containing canavanine and not containing adenine. The two cells
generate a round and a sectored colony, respectively. The phenotypes of individual cells in each colony were determined as shown (see
text and Materials and Methods). Because the hatched founder cell was genetically stable, it generated a round colony, and conse-
quently colonies on the analytical plate of one phenotype. Because the open founder cell was unstable, it generated a sectored colony,
and consequently colonies on the analytical plate of many different phenotypes (open, gray, black). Note that some colonies on the
analytical plates contain cells with heterogeneous phenotypes. If the founder cell on the analytical plate undergoes a genetic change
in the first or second cell division, the colony will contain cells of two different phenotypes in two halves of the colony (or in
one-fourth and three-fourths of the colony), detectable as a “fragmented” colony (see text). (B) Phenotypes of colonies on analytical
plates. The phenotypes of cells from selected colonies that gave rise to a colony on an analytical plate. Phenotypes were determined
by selective replica plating. For example, all 132 cells from round colony #1 gave rise to analytical colonies with an E2 phenotype,
while 51 cells from colony #4 gave rise to colonies of six different phenotypes. A total of 443 cells from nine sectored rad9 colonies
were analyzed, and the absolute numbers and percent of each colony phenotype are shown. Percentages were rounded to the nearest
integer. See text for more details. (C) Extended lineage analysis of unstable recombinant ChrVIIs in unstable E2 cells. In the lineage
analysis to the left, an E2 cell called E2-1 gave rise to cells in which 75% had lost the chromosome and 25% had retained the
chromosome. Three of those E2 cells were subjected to lineage analysis, and the results are shown. Analysis of a second E2 cell is
shown on the right. See text for discussion. (D) Summary of the fates of an unstable ChrVII in a genetically unstable cell. An initial
cell with two ChrVII homologs undergoes chromosome changes by multiple undefined steps to form a cell with an unstable ChrVII
that has a chromosomal translocation (dasemonstrated in subsequent sections). An unstable E2 ChrVII is shown. A cell with an
unstable ChrVII generate cells with further ChrVII rearrangements or loss as shown. See text for discussion.

cells. Consistent with this interpretation, sectored colo- that cells from sectored colonies were very frequently
nies usually do not form on media containing adenine themselves still unstable; 38 of 43 cells taken from sec-
(data not shown). We cannot exclude additional explana- tored colonies went on to generate colonies that still
tions for the sectoring phenotypes (i.e., poor growth of contained cells of multiple phenotypes. For example, cell
cells undergoing cycles of instability). E2-1 and cell E2-2 both were taken from a sectored

colony, and each was unstable because it formed a
colony that contained E2 cells and cells that had lost the

The ultimate fate of the unstable chromosomes chromosome. Also, the E2 cells formed by E2-1 and E2-2

We determined the ultimate fates of unstable chromo- remained unstable (e.g., E2-1 formed E2-1a that gener-
somes that occur in cells in sectored colonies by per- ated colonies with cells having multiple phenotypes).
forming an “extended” lineage analysis, typical results Unstable E2 cells could remain unstable for up to 80 cell
of which are shown in Figure 2C. We focused our analy- divisions (~20 cell divisions are required to form a colony
ses on the most commonly formed E2 cells. We found of ~10° cells on the selection plate and on each succes-
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sive analytical plates). Two E2 cells appear to have be-
come stable in lineages in Figure 2C (E2-1ai and E2-2aii).

In Figure 2D, we provide an interpretation of the ge-
netically determined cycles of instability. An initial cell
undergoes chromosome change(s) that lead to loss of the
CANT1 gene and the formation of unstable chromosome
intermediates. These unstable intermediates rearrange
by unknown mechanisms to generate a plethora of re-
combinants (e.g., EO, E1, E2 cells). We do not yet know
the structures of most unstable chromosome intermedi-
ates, but we do know a structure of one unstable inter-
mediate that gives rise to E2 cells. This unstable inter-
mediate, as described below, has a specific translocation
as indicated in Figure 2D.

We can infer the fates of unstable E2 cells from data
shown in Figure 2B and C. Unstable E2 cells undergo
additional cell divisions in which the unstable chromo-
some was either retained, formed a stable chromosome
by allelic recombination (with the homolog), or under-
went chromosome loss. That unstable E2 chromosomes
persist is shown by the lineages in Figure 2C. That un-
stable chromosomes eventually become stable is indi-
cated by the observation that five of 43 cells from sec-
tored colonies were stable (two stable E2 cells in Fig. 2C;
see below). That unstable E2 cells form stable E2 cells,
probably by allelic recombination, comes from the ob-
servation cited below (an altered chromosome in un-
stable E2 cells is replaced by a normal chromosome). The
unstable E2 cells also give rise to cells that have lost the
chromosome, and loss occurs by either of two mecha-
nisms; either as loss or as loss coupled to recombination.
Multiple examples of loss and loss coupled to recombi-
nation are indicated in Figure 2C (“loss” and “E2-loss,”
respectively; E1-loss and E3-loss events in other lineages
have also been detected) (data not shown). Finally, the
rates of these changes to the unstable chromosomes can
at present only be inferred. From the frequencies of chro-
mosome loss and fragmented colonies in sectored colo-
nies (9% and 4%, respectively) (Fig. 2B), and from inspec-
tion of lineage analyses in Figure 2C, we infer that un-
stable chromosomes rearrange or are lost in about one in
20 cell divisions, ~10-fold more frequently than the ini-
tial ChrVII. Quantitative tests of the rates of chromo-
some change will become possible with knowledge of
the structures of unstable chromosomes.

Unstable chromosomes frequently have an altered
size

It seemed likely that the phenotypically unstable chro-
mosomes had suffered genome rearrangements. To in-
vestigate the physical structures of unstable chromo-
somes, we prepared genomic DNA from unstable (sec-
tored) and stable (round) rad9 colonies and analyzed
whole chromosomes by pulsefield gels (see Materials and
Methods) (Fig. 3). The entire analysis shown in Figure 3
is of chromosomes from rad9 cells. Chromosomes from
the initial ChrVII rad9 strain and from stable Can® Ade*
mitotic recombinants were of the expected sizes (N = 20)
(Fig. 3A, lanes 1,7,10). In contrast, chromosomes from

Chromosome instability and fragile sites in yeast
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Figure 3. Unstable cells contain a chromosome of altered size.
Chromosomes were prepared from rad9 sectored colonies as
described in Materials and Methods, separated on pulsefield
gels, and visualized by staining with EtBr or by autoradiography
after Southern hybridization. (A) Chromosomes from stable
round colonies (lanes 1,3,5,7,10) and from unstable sectored
colonies (lanes 2,4,6,8,9,11) were stained with EtBr (lanes 1,2,7-
11) or probed with sequences that detect ERV14 (lanes 3,4) or
ADES (lanes 5,6). Chromosomes of altered size are indicated by
arrows. (B) Chromosomes from the initial rad9 strain (wt) and
from eight independent sectored rad9 colonies (lanes 1-8).
Chromosomes were stained with EtBR (left panel), or hybridized
with probes that detected ERV14 (middle panel) or YGL050
(right panel). No altered chromosomes were detected in lane 1.

unstable colonies frequently (30 out of 96) contained
chromosomes of the expected sizes plus a chromosome
of an altered size (Fig. 3A, lanes 2,8,9,11). (We believe
most of the 66 unstable colonies contained an altered
chromosome that was difficult to detect because of its
scarcity and/or heterogeneity; see below.] Of the 30
strains in which we detected an altered chromosome on
pulsefield gels, 29 came from cells with an E2 phenotype,
and in 22 of those altered chromosomes were ~1200 kb
in size (Fig. 3A [lanes 1,2], B [lanes 2,3,5,7,8, arrows]).

We determined the structures of the ~1200-kb altered
E2 chromosomes by Southern hybridization using DNA
probes from the E2 region (data not shown). Probes from
the two genes ERV14 and YGL050, which are 4 kb apart,
proved most informative (Fig. 3A,B). The altered E2
1200-kb chromosomes always hybridized with a probe to
the YGL050 gene but not to the ERV14 gene (N = 13) (Fig.
3A,B). This suggests that all 13 unstable E2 chromo-
somes analyzed had lost DNA from ERV14 to the left
end of the chromosome, consistent with the genetics of
an E2 cell (Fig. 1A).

Several unstable chromosomes (eight out of 30) from
rad9 strains had sizes that differed from ~1200 kb (~710,
830, 1300, 1400, and 1900 kb species) (see Fig. 3A [lanes
8,9,11], B [lanes 4,6]; data not shown)|. All but one were
from unstable E2 colonies, the exception being a 1300-kb
chromosome from an unstable El colony (data not
shown). By Southern hybridization, the 710- and 830-kb
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altered chromosomes also contained the YGL0O50 gene
but not the ERV14 gene (Fig. 3B, lanes 4,6); they had the
same breakpoint as the 1200-kb chromosomes on the left
arm of ChrVII. Further analysis was not performed on
the smaller chromosomes because one was lost and the
other was converted into the common 1200-kb species
upon subsequent cell propagation (data not shown). (In-
stability resulting in loss or allelic recombination was
common. For example, 18 out of 18 unstable E2 cells
converted their altered chromosomes to one of the nor-
mal size for ChrVII when cells were propagated in media
lacking adenine [data not shown|. We infer that these
cells underwent an allelic mitotic recombination event
to generate two normal-sized ChrVIIs.) We conclude that
unstable E2 chromosomes often contain a physically al-
tered chromosome that has a breakpoint in the region
between ERV14 and YGLO50 (which is ~4 kb in size). We
call this 4-kb region the “403 E2 site” because it is cen-
tered in the E2 genetic interval 403 kb from the normal
left end of ChrVIL The unstable chromosomes are either
lost or converted, probably by allelic recombination, to a
normal-sized ChrVIIL.

DNA sequence analysis of breakpoint junctions
defines an ~500-kb translocation

Because many altered chromosomes were ~1200 kb in
size but had lost ~400 kb of DNA for the 403 site to the
left end of ChrVII, they must have acquired ~500 kb of
unknown DNA from elsewhere in the genome. We iden-
tified the source of the ~500-kb DNA by isolating DNA
fragments that span the breakpoint junction (joining the
403 E2 site to the unknown DNA; see Materials and
Methods). Using a PCR-based strategy, we obtained
DNA fragments of similar sizes from three unstable E2
colonies (Fig. 4A) and determined their DNA sequences.
All three breakpoint junctions were identical, and the
sequence suggested a simple model for how the 1200-kb
altered chromosome was formed (Fig. 4B). (Two of the
three breakpoint junction samples had exactly this DNA
sequence, and the third sequence was incomplete yet
consistent with this sequence.)

The ~1200-kb altered chromosome contained a chro-
mosome duplication in which the 403 E2 site was fused
to a site at 535 kb on the right arm of ChrVII (Fig. 4B).
This product of a chromosomal duplication and translo-
cation we call the “403-535” chromosome. The DNA
sequence of the breakpoint junction indicated that the
403-535 chromosome was likely the consequence of not
one but two recombination events, each between short
repeat LTR (long terminal repeat) sequences. (LTR se-
quences derive from the ends of Tyl and Ty3 retrotrans-
posons.) The recombination events fused two o se-
quences (S2 and S3, 278 and 245 base pairs (bp), respec-
tively, sharing 80% identity) and two & sequences (D7
and D11, 331 bp sharing 97% identity). The model
shown is the simplest we could devise to explain the
recombination breakpoint junction sequence.

The structure of the 403-535 chromosome is impor-
tant because it may provide insight into the nature of
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Figure 4. Isolation and analysis of the DNA sequence of the
recombination junction, and a model indicating how the altered
chromosome was formed. (A) A PCR technique was used to
generate DNA fragments that contain the breakpoint junction
(see Materials and Methods). PCR fragments are shown from the
original rad9 strain (lane 1) and from one rad9 sectored E2
colony (lane 2; gel images). A ladder of molecular weight stan-
dards is shown. The junction fragment is ~2 kb in size. (B) In-
terpretation of the structure of the recombination junction. The
normal chromosome contains LTR sequence fragments (S2, D7,
S3, D11, and D12). The DNA sequence of the breakpoint junc-
tion is shown below the 403-535 chromosome. See text for
details. (C) Generation of a novel Hpal restriction fragment in-
dicates the presence of the specific 403-535 unstable chromo-
some. A Hpal digest of DNA from the initial rad9 strain (WT)
and from two sectored E2 rad9 colonies (samples 1, 2) was hy-
bridized with a probe to the YGL050 gene (see Fig. 3). Only the
preparation in sample 2 has the Hpal fragment predicted by the
403-535 chromosome. (D) PCR of translocation junction. Prim-
ers (TP1, TP2 in B) were used to amplify a DNA fragment span-
ning the junction from genomic DNA isolated from a round
colony (C) and from nine independent sectored colonies. Pas-
sages 1 and 2 are genomic DNA isolated from sectored colonies
expanded to ~10° cells (in 8 mL of minimal media without ad-
enine and tryptophan; passage 1), and then 50 pL of each culture
expanded again to ~10° cells (in 8 mL). Control primers were to
YGL044 (see Materials and Methods).

cycles of instability. We therefore verified the structure
of the 403-535 chromosome by several different meth-
ods. First, restriction enzyme digestion and Southern
analysis of strains with the 1200-kb altered chromosome
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generated a predicted 4-kb Hpal restriction fragment (in
addition to the 6-kb Hpal fragment derived from the
intact homolog) (Fig. 4C). Second, the 403-535 translo-
cation junction predicts the generation of a specific
unique DNA sequence that we should be able to amplify
by PCR (Fig. 4D) (see Materials and Methods). We de-
tected the predicted 1.0-kb PCR fragment from genomic
DNA from nine of nine sectored colonies (Fig. 4D, lanes
1-9), and we did not detect this fragment in genomic
DNA from control strains (i.e., a rad9 round mitotic re-
combinant) (Fig. 4D, lane C). We also used this qualita-
tive PCR test to demonstrate the instability of the 403—
535 translocation; we could detect the translocation in
nine of nine sectored colonies after a first passage of
cells, but in only one in nine cultures after a second
passage of cells (each passage involves approximately
seven additional cell generations).

To further confirm the structure of the 403-535 trans-
location, we noted that the ~1200-kb size of the 403-535
chromosome predicted the acquisition of ~500 kb onto
the 403 E2 site; the region from the 535 site to the right
end of ChrVII is, in fact, ~489 kb. Finally, the predicted
403-535 chromosome should contain two chromosome
arms that are both derived from the right arm of the
normal ChrVII. We used a technique termed fiber FISH
that allowed direct visualization of DNA sequences on
chromosome fibers (Wang et al. 1996) (see Materials and
Methods). We analyzed one preparation of a normal and
one of a well-characterized 1200-kb chromosome (that
generated a 4-kb Hpal restriction fragment, had the
breakpoint junction sequence shown in Fig. 4B, was in
cell E2-1b in Fig. 2C, and was unstable). We detected
fibers in the two chromosome preparations whose
lengths were consistent with the sizes of normal and
altered chromosomes (~1100 and ~1200 kb, respectively)
(data not shown). The ~1200-kb chromosome fibers
stained uniformly with a ChrVII probe, suggesting they

A

i -ﬁg;ht*arm

left arm
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contained mostly if not only ChrVII sequences (Fig.
5A,B). Importantly, the ~1200-kb chromosome fibers
contained two right ends, while the normal chromosome
fiber had one (because a probe specific for the right chro-
mosome end hybridized to sequences on both ends of the
altered chromosome fiber but to one sequence of the
normal chromosome fiber) (Fig. 5A; data not shown).
Probes specific for the centromere or breakpoint-proxi-
mal regions hybridized to a single site on both normal
and altered chromosome fibers (Fig. 5B; data not shown).

We conclude that the structure of the 403-535 chro-
mosome proposed in Figure 4B is correct. Importantly,
this translocation contains but one centromere. We em-
phasize here that the 403-535 chromosome was formed
de novo at a high frequency (in ~1 in 2000 rad9 cells). We
also found that three out of 30 randomly picked sectored
colonies contained a detectable 4-kb Hpal restriction
fragment diagnostic of the 403-535 translocation (Fig.
4C; data not shown), and using the more sensitive PCR
test, we detected the translocation in most sectored colo-
nies (nine out of nine in Fig. 4D; 13 out of 14 in another
separate screen of sectored colonies). We conclude that
the 403-535 chromosome is formed in many sectored
colonies. (Not all instability is due to the 403 site, how-
ever; see below.) We were able to preferentially isolate
the 403-535 chromosome either because it was gener-
ated more frequently and/or because it was more stable
than other unstable chromosomes.

A DNA sequence in the 403 E2 site causes instability

The data presented above show that the sequences in the
403 site undergo at least two nonallelic recombination
events to form the 403-535 translocation. We then asked
if sequences in the 403 site might cause instability as
well. Figure 6 presents a diagrammatical representation
of key DNA sequences, including two tRNA genes, five

ri%l;‘t)ggd Figure 5. Fiber FISH analysis of a novel

chromosome verifies its structure. The
403-535 unstable 1200-kb chromosome
was excised from a pulsefield gel and sub-
jected to fiber FISH analysis (sec Materials
and Methods). All ChrVII sequences were
detected using a FITC modified probe
(green). (A) A rthodamine-conjugated right-
end probe (to the MES1 gene) detected two
signals on the chromosome fiber. (B) A
centromere-linked probe (see Materials
and Methods) detected a single signal on
[ | each chromosome fiber of the novel chro-
cer;)t;g&ere mosome. Between 20 and 100 full-length
chromosome fibers were identified in both
normal and unstable chromosome prepa-
rations for each analysis (see Materials and

left arm

right arm

Methods). The size of chromosomes was

T524kb 17180 ~639

calculated based on DNA stretching of 2.3
kb/uM.
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Figure 6. Deletions of the ChrVII 403 E2 site decrease chro-
mosome instability. The diagram shows sequence elements in
the 403 E2 site. Indicated with symbols is the location and
orientation of transcription of tRNA genes, LTR o (open chev-
ron) and 3 (gray chevron) elements, three mitochondrial se-
quences (black box), two origins of replication at 393,919 and
418,930, and sites of recombination breakpoints (vertical
marks). In the rad9 A4/+, the region between ERV14 and
YGLO50 is deleted. Frequencies and standard deviations were
determined from at least six cultures for each strain. The fre-
quencies of sectored colonies between rad9 and rad9 A403/+ are
significantly different as determined by a x? test to the P = 0.05
confidence level. The number of sectored colonies that con-
tained the 403-535 translocation was determined by PCR (see
Materials and Methods).

LTR repeat fragments, and three mitochondrial se-
quences. We tested if any of these sequences might cause
instability by deleting them. The frequency of sectored
colonies in the rad9 A403/+ strain was reduced ~2.5-fold
compared with the original rad9 strain, and round re-
combinants were also reduced about twofold, while loss
appeared unchanged. By using the qualitative PCR test,
we found that +/+ sectored colonies usually contained a
403-535 translocation (13 out of 14), while A403/+ sec-
tored colonies usually did not contain the 403-535 trans-
location (two out of 13), suggesting that sectored
colonies in the A403/+ strain are usually formed using
different sequences.

Because instability was reduced but not eliminated in
the rad9 A403/+ strain, other sites that cause instability

must be present on the chromosome. Deletion of the 403
sites on both homologs did not significantly reduce the
frequency of instability below that of the A403/+ strain
(data not shown). We therefore deleted most of the E2
genetic interval on the CANI-containing homolog
(rad9A A130) and found that this larger deletion further
reduced the frequency of sectored and mitotic recombi-
nants four- to fivefold (cf. rad9 VIIA130 kb and rad9) (Fig.
6). A precise interpretation of the reduction of genetic
instability by the larger deletion is complicated by the
fact that the larger deletion also increased the frequency
of chromosome loss. Altogether, we conclude that the
403 site causes formation of >60% of the unstable chro-
mosomes, and regions outside of the 403 site cause a
minor but still significant number of unstable chromo-
somes.

The disruption of DNA replication induces unstable
chromosomes

To understand which DNA sequence elements in the
403 site might cause instability, we sought experimental
conditions that would enhance instability. Since the in-
stability of mammalian fragile sites is increased when
DNA replication was disrupted (Richards 2001), we
tested the idea that instability of the 403 site might also
be increased by the disruption of DNA replication. We
disrupted DNA replication globally by treating yeast
cells briefly with hydroxyurea (HU) to lower ANTP lev-
els, or by introducing an rrm3 mutation into our strains
that increases stalling of DNA replication forks at many
sites in the genome (Rrm3 is a DNA replication helicase)
(Ivessa et al. 2002). Strikingly, we found that both HU
treatment and an rrm3 mutation increased instability by
threefold to 20-fold in RAD" and in rad9 mutants (sec-
tored colonies) (Table 1). The increased instability in-
volved formation of unstable E2 chromosomes and spe-
cifically the 403-535 unstable chromosomes (two of 21
HU-induced unstable strains contained a diagnostic 4-kb
Hpal junction fragment) (data not shown). The simplest
interpretation of these results is that a sequence element

Table 1. Frequencies of cells with chromosome loss, stable round recombinants, and unstable sectored recombinants

Chromosome loss Normalized Stable rec (round) Normalized Unstable rec (sectored) Normalized
RAD* 51x10+0.6 1 1.3x10%+1.3 1 0.16 x 10™* + 0.09 1
RAD* rrm3 8.4x10*+78 1.6 2.8x10%+2.3 2.2 1.3x10*+0.6 8.2
RAD* smll 8.9x10™*+6.6 1.7 2.3x107%£2.2 1.7 0.07 x 107 + 0.03 0.4
RAD" +HU 51 x 107+ 2.5 10 13.5x10%+4.1 10 3.6x10™*£0.25 22.5
rad9 45 x 107 + 24 8.8 1.6 x10™ £ 0.6 1.2 62x10*+3.4 39
rad9 rrm3 439 x 107* + 570 86 58x10*+2.0 4.5 21.7x10%£3.0 135
rad9 smll 48 x 1074 + 51 9.4 1.3x10*+0.6 1.0 38x10%+1.0 24
rad9 +HU 650 x 1074+ 18 127 24.6 x 107+ 4.8 19 31.5x10*+12.5 197
rad17 93 x 107+ + 51 18 20.5x 107 £ 16 16 75 x 107 £ 57 469
rad17 smll 180 x 107* + 140 35 16.0x 10+ 8.0 12 55x 107+ 23 344
mecl smll 71 x 107 £ 40 14 7.2x10*+6.5 5.5 37x107%+9 231
mec1-100 20 x 107+ + 20 3.9 1.8x10%+1.3 1.4 10.9 x 1074 + 6.2 68
mrcl 83x10*+59 1.6 29x10%+1.5 2.2 1.7x10% 1.2 10.6

See Materials and Methods for strain numbers. All frequencies were calculated from five to 10 duplicate cultures. Frequencies were

normalized to RAD.
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in the 403 site disrupts DNA replication to precipitate
instability.

Checkpoint proteins suppress the formation
of unstable chromosomes

To further test the role of DNA replication and a parallel
of the 403 site’s instability to that of mammalian fragile
sites, we determined if unstable chromosomes are
formed more frequently in replication checkpoint mu-
tants. As previously mentioned, defects in the ATR and
BRCALI1 replication checkpoint proteins increase insta-
bility of mammalian fragile sites (Casper et al. 2002; Arlt
et al. 2004). In Figure 1B, we showed that defects in
RAD?Y increase the frequency of unstable chromosomes.
We also found that mutations in MEC1, the yeast ortho-
log of the mammalian Atr gene, RAD17, which encodes
a component of the checkpoint sliding clamp, and
MRC1, which encodes another S-phase-specific check-
point protein, each increased instability (Table 1). The
fact that mecl smll and radl7 mutants generated an
even higher frequency of unstable cells than did rad9
mutants suggests that instability is linked to defects in
DNA replication (because Mecl and Radl7 have more
prominent roles in DNA replication than does Rad9). A
mec1-100 mutant with a less-severe defect in S-phase
controls than a mecI-null mutation has a lower fre-
quency of instability (Paciotti et al. 2001). Consistent
with the model that a defect in S-phase controls leads to
instability, we found that an mrcI mutant with defects
in S-phase controls and no defect in the G2 checkpoint
(Alcasabas et al. 2001) showed an increased frequency of
unstable chromosomes (Table 1).

To test the effect of the mecl mutation on instability,
we used a mecI smll double mutant; the sml1 mutation
is needed to suppress the lethality of a mec1-null muta-
tion (Zhao et al. 1998; Paulovich et al. 1999). We consid-
ered the possibility that the smI1 mutation might itself
affect chromosome instability, an especially reasonable
hypothesis given that Smll regulates dNTP synthesis
needed for efficient DNA replication (Smll negatively
regulates ribonucleotide reductase such that smll mu-
tants have approximately twofold higher levels of AINTPs
than do SML1* strains) (Zhao and Rothstein 2002). An
smll mutation has been shown to increase instability
involving base-pair changes (Chabes et al. 2003), and in
another study it suppressed DNA fork stalling and break-
age (Cha and Kleckner 2002) (see Discussion). In the
ChrVII assay, we found that an smlI mutation caused a
modest decrease in chromosome instability in rad9 mu-
tants, and a complex though also modest change in the
stability of rad17 mutants (Table 1). We conclude that
the increased instability in mec1 sml1 strains reflects an
important role for Mecl in suppressing the formation of
unstable chromosomes.

Discussion

Here we describe cycles of chromosome instability of a
normal yeast chromosome. This study was prompted by

Chromosome instability and fragile sites in yeast

the initial observation that sectored colonies are gener-
ated after selection for loss of a genetic marker on a
ChrVII disome. The molecular events underlying the
cycles of instability can be inferred from genetic analy-
ses, and from analysis of one unstable chromosome.
Analyses of cycles of instability lead to two principal
conclusions. First, cycles of instability are increased by
the disruption of DNA replication at specific chromo-
somal sites (fragile sites) and are normally suppressed by
checkpoint controls. This conclusion comes from the
observations that instability was increased in cells with
low levels of ANTP, with defects in a replication helicase
(Rrm3), and with defects in replication checkpoint con-
trols (Table 1). In addition, instability frequently in-
volved a site that contains multiple tRNA genes capable
of stalling DNA replication (Supplementary Fig. S2), and
when this site was deleted, the frequency of unstable
chromosomes was reduced (Figs. 4, 6).

A second conclusion from this study is that cycles of
instability involve the formation of unstable chromo-
somes. We do not know the structures of most unstable
chromosomes, but the one whose structure we do know
proved very informative. The one translocation, the 403—
535 chromosome, was formed by multiple nonallelic re-
combination events (Fig. 4), and its continued instability
appeared linked to the recombination junction of the
translocation (Fig. 2D) (see below). We suggest that the
new translocation junction may be unstable because it
juxtaposes chromosomal regions that are inherently “in-
compatible.”

These results, together with many observations in the
literature discussed below, suggest a model for cycles of
chromosome instability (Fig. 7). In this model, instabil-
ity begins at chromosomal elements that disrupt DNA
replication (asterisk). Once replication forks stall, those
sites break unless stabilized by checkpoint proteins. Bro-
ken chromosomes give rise to either stable chromo-
somes and cells or unstable chromosomes and cells.
Stable cells are formed either by chromosome loss or by
allelic recombination, telomere addition, or stable trans-
locations to convert the chromosome into a stable form.
In this study, we detected loss and allelic recombination
but not telomere addition or stable translocations. We
suggest the latter two events occur less frequently and
thus we have not yet detected them. Cells with unstable
chromosomes are formed by nonallelic recombination
events to form either a monocentric or a dicentric chro-
mosomal translocation. We suggest that mono- and di-
centric chromosomal translocations remain unstable ei-
ther because they have two centromeres (forming dicen-
trics) or because they contain an unstable translocation
junction that joins two “incompatible” regions of the
genome (see below).

Might tRNA genes disrupt DNA replication to initiate
instability?

We propose that one element that may cause instability
of the 403 E2 site, the putative dicentric and the mono-
centric translocations, is tRNA genes. This hypothesis is
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Figure 7. Cycles of chromosome instability arising from fragile
sites. Two chromosome homologs are shown as a jagged line
and a straight line. The DNA replication and instability of only
one homolog is shown. Instability begins when DNA replica-
tion stalls at the fragile sites (*) and break unless suppressed by
checkpoint proteins. Broken chromosomes generate either
stable or unstable cells. Stable cells form when the broken chro-
mosome is either lost, undergoes allelic recombination with a
homolog, or undergoes nonallelic recombination to form a
stable translocation, or when telomere sequences are added. Un-
stable cells are formed if the broken chromosome undergoes
nonallelic recombination joining two fragile sites. Recombina-
tion generates either an acentric (not shown), a monocentric, or
a dicentric chromosome. The dicentric chromosome may be
unstable because it undergoes breakage-fusion-bridge cycle
events (BFB) or because of its translocation junction (**). See
text for discussion.

supported by correlative evidence; both the 403 and 535
sites contain several tRNA genes, as do the putative di-
centric and monocentric 403-535 translocations (Figs.
4B, 6; Supplementary Fig. S3). Other sequence elements
in the 403 and 535 sites, namely, LTRs and mitochon-
drial sequence fragments, probably did not cause insta-
bility, as discussed below. Observations from other stud-
ies lend strong support to the hypothesis that tRNA
genes cause instability; tRNA genes in yeast stall DNA
replication, are associated with DNA breaks, and acti-
vate checkpoint control responses (Deshpande and New-
lon 1996; Ivessa et al. 2003). In addition, Cha and Kleck-
ner (2002) reported that specific regions on Chromosome
I (Chrlll) were prone to breakage in mecI checkpoint
mutant cells, and several of these regions contain clus-
ters of tRNA genes. These regions of the chromosomes
also slowed DNA replication forks. We found that the
two tRNA genes in the 403 E2 site are associated with
stalled replication forks (see Fig. 6; Supplementary Fig.
S2; Friedman and Brewer 1995). If one or both of these
tRNA genes also cause instability, they probably do so in
conjunction with the direction of DNA replication; only
tRNA genes transcribed into an oncoming replication
fork stall that fork (Deshpande and Newlon 1996). Insta-
bility may thus be due to both the presence of tRNA
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genes and directionality of DNA replication, and may
involve other factors as well. For example, the preferen-
tial fusion of 403 and 535 sites may be enhanced by their
localization to the nucleolus, where tRNA genes reside
(Thompson et al. 2003) or they may colocalize as sites of
DNA damage (Lisby and Rothstein 2004). A mammalian
oncogene fuses with a regulatory sequence following
their colocalization (Nikiforova et al. 2000).

It is likely that the phenomenon of replication fork
stalling causing instability can be caused by other chro-
mosomal elements as well (i.e., replication origins, het-
erochromatin). In yeast, the ChrVII E1 region is unstable
but contains only one tRNA gene, and three sites on
ChrIII prone to breakage do not contain any tRNA genes
(Cha and Kleckner 2002).

The behavior of unstable chromosomes is probably
not due to dicentric behavior

The dramatic behavior of unstable chromosomes docu-
mented in Figure 2 is reminiscent of that of dicentric
chromosomes (Neff and Burke 1992; Brock and Bloom
1994). Some unstable chromosomes may, indeed, con-
tain dicentrics (Fig. 4B; Supplementary Fig. S3). We think
it unlikely, however, that dicentrics explain the behavior
of unstable chromosomes because the 403-535 translo-
cation is unstable even though it is monocentric. In ad-
dition, both the 403-535 chromosome and the putative
dicentric intermediate appear to undergo rearrangements
involving their translocation junctions, a behavior not
expected if the chromosomes are breaking because they
are dicentrics. We cannot formally rule out the possibil-
ity that the 403-535 chromosome may be a dicentric
chromosome (see Platero et al. 1999 for uncovering of a
cryptic centromere in Drosophila), but that seemingly
remote possibility, and having to explain breakage in the
fusion junctions, renders such an explanation less likely.
We therefore suggest that instability of unstable inter-
mediates may frequently be due to the sequences in the
translocation junctions.

LTR and mitochondrial sequence fragments in the 403
site reveal a history of instability

The 403 E2 site contains four LTR and three mitochon-
drial sequence fragments (and one full-length LTR). Full-
length LTR sequences are normally part of the ends of
retrotransposons (Kim et al. 1998), and mitochondrial
sequences are obviously normally in the mitochondrial
genome. How, then, did so many LTR and mitochondrial
sequence fragments arrive in the 403 E2 site? Interest-
ingly, it has been shown that both LTR and mitochon-
drial sequence fragments (and not full-length LTRs) in-
sert into sites of double-stand breaks as a mechanism of
DNA repair (Moore and Haber 1996; Ricchetti et al.
1999). This suggests that LTR and mitochondrial se-
quence fragments mark genomic sites prone to breakage.
This suggests that the 403 E2 site has been a particularly
active site of DNA breaks during the evolution of
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Saccharomyces cerevisiae. Further evidence that the 403
E2 site has been remarkably unstable evolutionarily
comes from genome sequence comparisons of four spe-
cies of Saccharomyces (Kellis et al. 2003). Kellis et al.
reported that the 403 site on ChrVII was the only non-
telomeric region in S. cerevisiae that contained gene se-
quence features suggesting segmental translocation and
rapid genetic change. We uncovered the fragility of this
site fortuitously in choosing ChrVII to access chromo-
some behavior in checkpoint mutants (Carson and
Hartwell 1985; Weinert and Hartwell 1990).

The origins of LTR fragments near tRNA genes has
previously been ascribed not to DNA breaks arising from
the disruption of DNA replication but rather to the as-
sociation of the retrotransposon integrase with Pollll
RNA polymerase during transposition (Kim et al. 1998).
Association of the integrase with Pollll may direct the
integrase to cleave a DNA site into which the transposon
inserts. This integrase-PollIl association might account
for the striking observation that ~90% of LTR sequence
fragments in the yeast genome are found near and nearly
always upstream of tRNA genes. There are therefore two
hypotheses for why LTR fragments are found upstream
of tRNA genes: either because replication forks stall and
break near tRNA genes (see above), or because retro-
transposon integrase interacts with Pollll to direct inte-
grase. These two models may be reconciled in a single
model if integrase associates most efficiently with PolIll
in the presence of stalled replication forks, and integrase
may then even contribute to fork breakage, and thus its
instability.

Checkpoint proteins may suppress instability
by stabilizing replication forks and by regulating
recombination pathways

We found that mecl, rad17, mrcl, and rad9 mutants
have higher frequencies of many forms of instability
than do wild-type cells (Table 1), consistent with previ-
ous reports (Weinert and Hartwell 1990; Klein 2001; Cra-
ven et al. 2002). Mecl, Rad17, Mrcl, and Rad9 may have
two roles in suppressing instability. First, they may pre-
serve the stability of replication forks; for example, Mecl
has been shown to preserve the structure of stalled forks
and their capacity to resume replication, and the insta-
bility in mecI mutants is very high (Table 1; Lopes et al.
2001; Tercero and Diffley 2001). The exact roles of Mecl,
Radl7, Mrcl, and Rad9 in replication fork biology are
unknown, though Mrcl and Rad9 individually may play
less of a role and correspondingly show a lower fre-
quency of unstable chromosomes than does Mec1 (Table
1). A second role for these checkpoint proteins may in-
volve regulation of recombination pathways (Grushcow
et al. 1999). Checkpoint proteins phosphorylate the
single-strand binding protein Rpa (Brush et al. 1996) and
Rad55 (Bashkirov et al. 2000), and regulate cohesion
function (Unal et al. 2004), and by these or other mecha-
nisms, checkpoint proteins may influence recombina-
tion pathways and the fate of broken chromosomes.

Chromosome instability and fragile sites in yeast

The fates of broken chromosomes from other yeast
chromosome studies

Several studies in budding yeast suggest that instability
in checkpoint-defective cells results in allelic mitotic
recombination, chromosome loss, nonallelic chromo-
some translocations, and chromosome truncations with
telomere addition (see Fig. 7; Myung et al. 2001; Kolod-
ner et al. 2002; Lemoine et al. 2005). We and others have
detected instability resulting in allelic recombination
and chromosome loss, but we have not detected stable
translocations or truncations with telomere additions.
On the other hand, Myung, Kolodner, and colleagues
(Klein 2001; Myung et al. 2001; Craven et al. 2002;
Kolodner et al. 2002) have detected instability resulting
in stable translocations and truncations with telomere
additions, though they could not detect chromosome
loss or mitotic recombinants because their assay used a
haploid yeast strain. To reconcile results from these dif-
ferent studies and systems, we suggest that a broken
chromosome may undergo rearrangements that most fre-
quently lead to chromosome loss, allelic recombination,
and nonallelic recombination leading to unstable chro-
mosomes, and less frequently to stable translocations
and truncations with telomere additions. The Myung
and Kolodner studies allow detection of only the most
rare events, while the assay here detects the more fre-
quent events, making detection of the rarer stable trans-
locations and telomere additions difficult.

Unstable chromosomes, fragile sites, and cancer

The behavior of mammalian fragile sites clearly re-
sembles that of some yeast sites (including the 403 E2
site reported here and sites on Chrlll described by Cha
and Kleckner [2002] and Lemoine et al. [2005]). Both
yeast and mammalian fragile sites break and/or rear-
range following the disruption of DNA replication un-
less suppressed by Mecl and Rad9 or their mammalian
counterparts Atr and Brcal (Casper et al. 2002; Arlt et al.
2004). The linkage of specific fragile sites to cancer un-
derscores the importance of the regulation of DNA rep-
lication to prevent cancer (Coquelle et al. 1997; Hellman
et al. 2002). Both yeast and mammalian sites appear to be
associated with specific chromosomal elements (tRNA
genes in yeast [this study], Ty elements [Lemoine et al.
2005], and simple repeat sequences in mammals [Rich-
ards 2001]). There is a plausible hypothesis to explain
how tRNA genes in yeast disrupt DNA replication
(Deshpande and Newlon 1996; Ivessa et al. 2003), though
there is little understanding of how mammalian sites
disrupt DNA replication and cause instability.

It is widely held that mutations drive cancer cell de-
velopment, and that some of those mutations likely in-
volve chromosome rearrangements and loss (Vogelstein
and Kinzler 2004). One prominent model of chromosome
rearrangements posits that instability arises after telo-
mere sequences erode, allowing chromosome fusions to
generate dicentrics that undergo additional rounds of in-
stability (the breakage-fusion-bridge cycle) (McClintock
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1984; Maser and DePinho 2002; Gisselsson et al. 2000).
We propose here another model of instability that begins
with the disruption of DNA replication and involves un-
stable chromosomes with unstable recombination joints
that drive further instability (Fig. 7). Whether unstable
monocentric translocations have a role in genome rear-
rangements in cancer is unknown, though some cancer
cells do contain unstable translocations (Padilla-Nash et
al. 2001).

Materials and methods

Yeast strains

All yeast strains are derivatives of the A364a strain 7225, re-
named here TY200, described in a previous study (Weinert and
Hartwell 1990). TY200 is a ChrVII disome that is MAT«
+/hxk2:: CAN1 lys5/+ cyh'/CYH® trp5/+ leul/+ Centromere
ade6/+ +/ade3, ura3-52. Derivatives of this strain were made by
transformation using DNA fragments. Genotypes were verified
by Southern analysis, by PCR tests, and/or by cell phenotype.
We obtained similar chromosome instability results for each of
two independent mutants for each mutation. We transformed
TY200 with a rad9::URA3 fragment or a radl7hisg:: URA3
fragment to generate TY206 and TY216, respectively (Lydall
and Weinert 1997). The instability of rad9 and rad17 mutants
was complemented by plasmids that contained the wild-type
genes (after generating Ura~ strains by selection for FOAR| (data
not shown). The sml1 and mrcl deletions were generated by
amplification of the sml1:: NEO and mrc1:: NEO deletions from
the Yeast Deletion Strains using primers that flank each gene.
Deletions of MEC1, RRM3, and regions from ChrVII were gen-
erated by cloning DNA fragments that flank the gene or region
of interest into plasmid pRS406-URA3, targeting the plas-
mid into the genome, and selecting for Ura* transformants. The
plasmids’ general structure is REX-5'-flanking sequence-
pRS406URA3*-3'-flanking sequence-REX, where REX is a
unique restriction site used to target the plasmid into the ge-
nome. The mec1:: URA3 deletion contains a BamHI-Sacll from
Chromosome II (Chrll) base pairs 504,936-505,762 and a Sacl-
SaclIl from base pairs 512,647-513,104 in pRS406 to generate
pWL71, which was targeted to the genome by digestion with
Xbal (Gardner 1998). Insertion of mec1-100 was performed by
subcloning an EcoRI-Sacl DNA fragment from pML221.8
(Paciotti et al. 2001) into pRS406, and targeting it to the MEC1
locus with Bell (to introduce the mecI-100 allele and an N-
terminal deletion of the second MEC1 allele). Ura* transfor-
mants were analyzed by HU sensitivity to identify correct in-
tegrants. A deletion of RRM3 contains sequences ChrVIII base
pairs 170,487-170,819 and base pairs 172,903-173,263 (made by
PCR amplification using appropriate primers) that flank RRM3
on ChrVIII in pRS406 to generate pArrm3, which was targeted
into the genome by digestion with BamHI. To delete the 403 E2
site, the ERV14 and YGL050 genes were amplified using primers
from Research Genetics and cloned into pRS406 to generate
PAERV14-050, which was targeted to the genome by digesting
with SnaBI and BglIl. We identified strains in which the 403 E2
site was deleted from the CAN1-containing homolog because in
those strains chromosome loss led to simultaneous loss of the
URAS3 gene. To delete the 130-kb E2 genetic interval on ChrVII,
we PCR-amplified and cloned DNA fragments for CYH2
(311,278-311,510) and TRP5 (447,845-448,725 from ChrVII) in
pRS406 to generate pACYH2-TRP5, which was targeted to the
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genome by digestion with BamHI. Strains containing a deletion
of the E2 genetic interval from the CANI-containing homolog
were identified as described above. The ACYH2-TRP5 deletion
eliminates CYH2S function (the other homolog is cyh2%) and
leaves intact TRP5* function. The strains are: RAD*, TY200;
RAD*, smll::neo, TY202; RAD*, rrm3::URA3, TY204;
rad9::ura3, TY206; rad9::ura3 smll::neo, TY208; rad9::ura3
rrm3:: URAS, TY210; rad9::ura3 VII Ad kb::URAS, TY212;
rad9::ura3 VII A130 kb::URA3, TY214; rad17::hisg, TY216;
rad17::hisg smll::neo, TY218; mecl::URA3 smll::neo,
TY220; mrcl::neo, TY222; mecl-100:: URAS, TY224.

To analyze strains for chromosome instability, cells were
grown on synthetic media lacking adenine to ensure selection
for both ChrVII homologs. We sometimes also grew cells on
media with glycerol as a carbon source to eliminate petites. The
media that selected for chromosome loss and mitotic recombi-
nants consisted of synthetic media supplemented with 60 ng/
mL canavanine and all essential amino acids except arginine
and serine. The media that selected only for mitotic recombi-
nants consisted of synthetic media supplemented with 60 ng/
mL canavanine and essential amino acids except arginine, ser-
ine, and adenine. Rich media consisted of YEPD, and synthetic
media were as described (Sherman et al. 1986). The carbon
source was 2% dextrose in all experiments. Cells were grown
routinely at 30°C.

Selection of chromosome loss and mitotic recombinants

To determine the frequencies of cells that had undergone chro-
mosome changes and lost the CAN1 gene, cells were grown on
rich media plates (YEPD) to allow cells to form that incurred
chromosome changes. After 2-3 d of growth, cells from single
colonies were resuspended in water, counted, plated on appro-
priate selective media, and incubated for 5-7 d to allow forma-
tion of colonies. Chromosome loss events were distinguished
from mitotic recombinants by replica-plating to media without
adenine. Mitotic recombinants were also analyzed by replica-
plating onto solid media that lacked specific amino acids or that
contained cycloheximide at 10 pg/mL. (To aid in identification
of E1 recombinants, we also used media with cycloheximide
without adenine.) The phenotypes of the two types of chromo-
some loss events were verified by their His phenotypes; colonies
with simple loss (ADE3* ade6™) are His*, while cells with loss
coupled to recombination (ADE6* ade3") are His™ (see Fig. 1).

Frequencies for each strain were determined typically from
analysis of six to 12 colonies, and the average and standard
deviations are shown. We occasionally identified “jackpot” cul-
tures in which most of the cells from a particular colony were
Can®, in these colonies, the founder cell most likely underwent
a chromosomal event early during the growth of the colony.
Jackpot cultures were not included in calculation of frequencies
(e.g., two of 12 rad9 colonies originally tested for the data shown
in Fig. 1B were jackpot cultures). The relative frequencies of
events we report for rad9 and mec1 mutants are consistent with
the relative rates of events reported previously (Weinert and
Hartwell 1990; Craven et al. 2002).

To determine the frequencies of instability after treatment
with HU, cells were grown to a density of ~5 x 10°/mL in syn-
thetic media without adenine, lysine, tryptophan, and leucine
to select for cells with intact ChrVII homologs. Cells were then
grown overnight (~16 h) in rich media supplemented with HU
(0.1 M), washed to remove HU, allowed to recover by growth in
YEPD media for 6-8 h (to lose the Canl protein from genotypi-
cally can1™ cells), counted, and plated to determine cell viability
and chromosome instability.
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Lineage analysis

Cells from sectored or round colonies were resuspended in wa-
ter and counted, and typically 50-200 cells were plated on rich
media analytical plates that then formed single colonies. After
2-3 d of growth, the colony phenotypes were determined by
replica plating onto synthetic media or they were resuspended
into microtiter wells and replica-pinned onto selective media.
In extended lineage analyses as shown in Figure 2C, colonies
that contained recombinant chromosomes were identified and
their cells were resuspended, counted, plated on tertiary ana-
lytical plates, and allowed to form colonies whose phenotypes
were determined.

Molecular analysis of altered chromosomes

To identify altered chromosomes, cells from sectored colonies
were typically grown for ~30 h in rich or synthetic media lack-
ing adenine. Media lacking adenine may be more efficient in
recovering cells that retain the unstable, altered chromosome.
Altered chromosomes were converted to the normal mitotic
recombinants when cells were grown for too many cell divi-
sions before DNA preparation. Chromosomes were separated by
pulsefield gels (Iadonato and Gnirke 1996) using conditions that
optimize for separation of 1100- and 1200-kb chromosomes. We
performed Southern hybridizations using DNA probes isolated
from N phage or from DNA fragments amplified from the ge-
nome by PCR using appropriate primers. In Figure 3A, the
ERV14 probe contains the sequences from 399,643 to 403,899
on ChrVII present in phage 70152. The ADE3 probe consists of
a 5-kb BamHI-Sall DNA fragment from plasmid pSCI101. X\
phages were obtained from ATCC. In Figure 3B, chromosomes
were probed with the ERVI4 or YGL050 probes, both prepared
by PCR using primers from Research Genetics.

The breakpoints of three isochromosomes were determined
using a “bubble PCR” strategy (Ross-Macdonald et al. 1999).
Briefly, we isolated genomic DNA from sectored colonies, di-
gested it with Hpal to form blunt ends, ligated the bubble PCR
fragment to the Hpal-digested DNA, and PCR-amplified DNA
using a primer to YGL050 (available upon request) and the ap-
propriate “bubble” PCR primer.

Fiber FISH of a normal and altered ChvVII was performed as
described elsewhere (Wang et al. 1996). Briefly, whole chromo-
somes were isolated from a pulsefield gel run in low-melting
agarose that was not stained with EtBr (to prevent breaking
during subsequent manipulations). The agarose plugs were ex-
cised, the agarose was melted, and the DNA solution was ap-
plied to a siliconized glass slide, covered with a round coverslip;
liquid was allowed to slowly dehydrate. Chromosomes attach
by their ends to the glass slide, and become stretched by capil-
lary action generated during slow dehydration. This results in
the uniform stretching of DNA to 2.3 kb/uM. The coverslip was
removed, samples were oxidized to allow DNA binding to the
slide, and DNA hybridization was carried out using fluores-
cently labeled DNA probes. A probe to the entire normal ChrVII
sequence was generated using biotin-dUTP and the normal
ChrVII as template, and biotin was detected with FITC-conju-
gated avidin. Other probes typically are ~15 kb in length and
were made using dioxygenin-dNTPs that were subsequently de-
tected using rhodamine-conjugated antibodies to dioxygenin.
The right-end probes were made using DNA from X\ phage 70148
that contains 15 kb of DNA surrounding the MES1 gene, the
centromere probe using DNA from phage 70464, and a break-
point centromere-proximal probe using DNA from phage
70669. After hybridization with fluorescently labeled probes,
fields of fibers were scanned and 20-100 full-length fibers were
identified in each sample and patterns of fluorescence noted.

Chromosome instability and fragile sites in yeast

A qualitative PCR assay to detect the 403-535 translocation
chromosome was developed as follows. Primers that amplify
only the translocation junction were from the 403 region
(405,805-405,786) and the 535 region (535,600-535,575). Con-
trol primers were to YGL047 obtained from Research Genetics.
We used the translocation primers at 500 nM and the control
primers at 63 nM in a multiplex reaction to maximize detection
of the translocation and the control PCR fragment and mini-
mize competition between them. PCR conditions included a
50°C annealing step and 30 cycles of amplification for 1 min
each cycle.
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