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ABSTRACT
Chromosomal translocations are common genetic abnormalities found in both leukemias and solid

tumors. While much has been learned about the effects of specific translocations on cell proliferation,
much less is known about what causes these chromosome rearrangements. This article describes the
development and use of a system that genetically selects for rare translocation events using the yeast
Saccharomyces cerevisiae. A translocation YAC was created that contains the breakpoint cluster region from
the human MLL gene, a gene frequently involved in translocations in leukemia patients, flanked by
positive and negative selection markers. A translocation between the YAC and a yeast chromosome, whose
breakpoint falls within the MLL DNA, physically separates the markers and forms the basis for the selection.
When RAD52 is deleted, essentially all of the selected and screened cells contain simple translocations.
The detectable translocation rates are the same in haploids and diploids, although the mechanisms involved
and true translocation rates may be distinct. A unique double-strand break induced within the MLL
sequences increases the number of detectable translocation events 100- to 1000-fold. This novel system
provides a tractable assay for answering basic mechanistic questions about the development of chromosomal
translocations.

CHROMOSOME translocations are a type of gross combination of these and other pathways (Aoki et al.
1995; Strout et al. 1998; Zucman-Rossi et al. 1998;genetic rearrangement found in many kinds of
Gillert et al. 1999). One class of translocations of par-cancer. The genetic consequences of chromosome trans-
ticular interest is that involving the MLL gene (ALL-1,locations include deregulated gene expression, expres-
HRX) at chromosome band 11q23 (Canaani et al. 1995).sion of novel fusion proteins, and loss of heterozygosity if
The MLL gene is involved in translocations in �80%the translocation is unbalanced (Rabbitts 1994; Rowley
of infant acute lymphoblastic leukemia (ALL) cases and1998). While much is understood or currently being
�85% of therapy-related acute myeloid leukemia (t-AML)studied about how particular translocations are involved
cases when topoisomerase II drugs were used in a priorin malignant processes, the fundamental events that lead
cancer treatment protocol (Rowley 1998). Transloca-to chromosomal translocations are poorly understood
tions involving MLL are unusual in that they are known(Nowell 1997). In a subset of lymphoid leukemias and
to involve at least 38 different partner genes on a largelymphomas the RAG recombination system, normally
number of different chromosomes (Rowley 2000). Theinvolved in immunoglobulin and T-cell receptor gene
breakpoints for the majority of the translocations clusterrearrangements, is implicated in an aberrant recombi-
in an 8.3-kb region between exons 5 and 11 (the break-nation or transposition-like reaction at the affected loci
point cluster region). Strong topoisomerase II cleavage(Hiom et al. 1998). However, in the majority of cases
sites have been found within this 8.3-kb region (Felixthere is no evidence that RAG proteins are involved in
et al. 1995; Aplan et al. 1996; Strissel et al. 1998; Lovettgenerating the translocations. So how do all the other
et al. 2001), but there is so far no direct evidence fortranslocations occur?
the involvement of this enzyme or any other in causingOne of the very few methods presently available to
the translocations. Therefore, while knowing sequencesstudy this problem is the analysis of the DNA sequences
of the breakpoints provides important clues to the po-that occur at the breakpoints of the translocations. The
tential mechanisms, it is very difficult to accurately deter-results of such studies have suggested that individual
mine the pathway of events leading to a translocationtranslocation events may involve recombination be-
solely by examining the final products.tween repeated ALU sequences, the interactions of the

One reason that so much less is known about thetranslin protein, illegitimate recombination, or some
mechanism of chromosome translocations compared to
other types of genome alterations is the lack of a genetic
selection system specific for nonhomology-based trans-
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man Cancer Institute, University of Utah (National Instituteslargely from genetic and eventually biochemical studies
of Health grant CA 42014).using model organisms (Lengauer et al. 1998). The

The yeast strains used in this study were all derived from
goal of experiments described in this article is to show S288C via FY250 (Winston et al. 1995). The URA3, CAN1,
that chromosome translocations between heterologous and in some cases, RAD52 genes were completely deleted

using the pMPY-ZAP plasmid system (Schneider et al. 1996),sequences of the type seen in human tumors can be
which leaves behind a small portion of the bacterial hisG gene.studied in a model genetic organism, the yeast Saccharo-
Cycloheximide resistance was selected as previously describedmyces cerevisiae. Yeast has been used for many years to
(Sikorski and Boeke 1991). Isogenic haploids of opposite

study DNA recombination, although not in this context. mating-type and diploids of the strains were made as previously
Ectopic recombination between homologous markers in- described (Herskowitz and Jensen 1991), complementing

�rad52 with a centromeric plasmid containing the entiretegrated on two different chromosomes generates trans-
RAD52 gene where necessary. All strain phenotypes were veri-locations (Sugawara and Szostak 1983; Jinks-Robert-
fied by plating on synthetic complete (SC) media lackingson and Petes 1986; Lichten and Haber 1989; Haber
appropriate amino acids or uracil and containing drugs. Gene

and Leung 1996; Fasullo et al. 1998). Forward mutation deletions were verified by PCR. Ploidy of all strains was verified
assays have led to the identification of rare translocations by FACS analysis. The strains used in these studies were

RTY20 (MAT� his3�200 leu2�1 trp1�63 ura3�::hisG cyh2 can1�::among other gross chromosome rearrangements (Chen
hisG), RTY22 (the isogenic MATa/� diploid of RTY20), RTY29et al. 1998; Chen and Kolodner 1999; Myung et al.
(MAT� his3�200 leu2�1 trp1�63 ura3�::hisG cyh2 can1�::hisG2001), but not specifically for their selection. Nonrecip-
rad52�::hisG), and RTY31 (the isogenic MATa/� diploid of

rocal products of break-induced replication (BIR) have RTY29).
been described as translocations (Morrow et al. 1997; Yeast were grown in YPAD, prepared by adding adenine

hemisulfate, 40 mg/liter, to YPD (Sherman 1991). Trans-Bosco and Haber 1998; Galgoczy and Toczyski 2001).
formed strains were grown in SC medium lacking appropriateHowever, neither ectopic recombination nor a strictly
amino acids or uracil (Rose 1987). In some cases the drugsnonreciprocal BIR mechanism could explain many of
canavanine, cycloheximide, or 5-fluoroorotic acid (5-FOA)

the translocations seen in humans. Therefore, a system were added to final concentrations of 60 �g/ml, 10 �g/ml,
for the direct selection of cells containing untargeted or 1 mg/ml, respectively. Strains were grown at 30�.
chromosome translocations that do not occur primarily Translocation assay: Cultures of the YAC-transformed

strains were grown for 48 hr in 25 ml of SC-ura-leu � glucoseby BIR was developed and is presently described.
medium. The cultures were washed twice in sterile distilled
water and once in SC-ura-his � 2% glucose medium. They
were then diluted into five or seven cultures each to an OD600MATERIALS AND METHODS of 0.05 in 50 ml of the same medium and allowed to grow
for 24 hr with shaking. The cells were again collected, washedPlasmids, yeast artificial chromosomes, and strains: The
twice in sterile distilled water, and diluted to an OD600 of 0.4plasmids pRT9� and pJEL261 were the circular versions of
in SC-ura-his � 2% galactose medium. A small aliquot of eachthe small linear yeast artificial chromosomes (YACs), 1a and
culture was diluted to 1 � 103 cells/ml and 100 �l of cells3a, used in these studies. They were prepared using standard
were plated on YEPD to establish a cell count. The cells werecloning techniques by incorporating the following elements.
grown for another 16–24 hr, collected, and resuspended inThe URA3 gene, as well as bacterial sequences telomeric of
sterile distilled water at a concentration of �2.5 � 108 cells/the HIS3 gene, was derived from YIplac211 (Gietz and Sugino
ml. For each culture 200 �l of cells were plated on each of1988). The HIS3 gene (base pairs 	179 to �835 relative to
5–20 selective plates (SC-ura-his-arg � canavanine � cyclohex-the start codon) and the LEU2/CYH2 gene cassette were PCR
imide � glucose). One 50-�l and two 100-�l aliquots of cellsamplified from the plasmids FAT-RS 303
b
 (Conrad et al.
diluted to 1 � 103 cells/ml were plated on YEPD to establish1990) and pRS318 (Sikorski and Hieter 1989), respectively.
a final cell count for each culture. Colony counts were madeThe CAN1 gene was amplified from plasmid M3093 (a kind
3 days after plating for the YEPD plates and 5–8 days aftergift of David Stillman, University of Utah), with removal of
plating for the selective plates. A secondary screen that verifiedthe SalI site. The ARS1 and the GAL1/10 promoter sequences
the loss of the left arm of the YAC was performed by restreakingadjacent to CEN3 were amplified from plasmids GARS1(U)
colonies from selective plates to SC-leu and YEPD plates. Colo-(Snyder et al. 1988) and pGALCEN2 (Hill and Bloom 1987),
nies that failed to grow on SC-leu were subsequently platedrespectively. The 8.3-kb BamHI fragment containing the MLL
on SC � 5-FOA and YEPD to test the stability of the resultantbreakpoint cluster region was amplified from �mg11.1 DNA
translocant, as described by Shero et al. (1991). Colonies that(Gu et al. 1992). The two final plasmids, pRT9� and pJEL261,
grew on YEPD, but failed to grow on SC � 5-FOA, were scoredwere identical except that the XhoI site near the center of the
as stable. Translocation rates were calculated using Luria-Del-MLL DNA was replaced by an I-SceI site in pJEL261 (Plessis
brück fluctuation analysis and the method of the median aset al. 1992). The two translocation YACs were created by linear-
indicated (Luria and Delbruck 1943; Lea and Coulsonizing these plasmids with SalI and ligating telomere seed se-
1948). The translocation experiments testing the effect of aquences, obtained from pYAC55 (Burke and Olson 1991),
double-strand break in the YAC were done in an identicalonto the ends of the linear �21-kb plasmids. The relative
manner except that the media lacked tryptophan to ensureorientation of each of these elements on the final YACs is
maintenance of the I-SceI expression or control plasmids,shown in Figure 1B. The final orientation of the MLL sequence
pJX14 and pRS424, respectively. Translocation rates could notis the same as in the human genome. I-SceI expression was
be properly determined in the I-SceI experiments by fluctua-induced from a GAL1 promoter on the high copy, TRP1-
tion analysis. Instead, the total number of translocation events,marked plasmid pJX14, a derivative of pPEX7 (Plessis et al.
divided by the number of cells plated, was compared to the1992) and pRS424 (Sikorski and Hieter 1989). Oligonucleo-
results of control experiments.tides used for cloning, PCR, sequencing, and labeling reac-

tions were made at the DNA Peptide Synthesis Facility, Hunts- Pulsed-field gel electrophoresis: Pulsed-field gel plugs were
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made as previously described (Gerring et al. 1991) and 1-mm
slices were embedded into the 1% agarose gels, made, and
run in 1� transverse alternating field electrophoresis (TAFE)
II buffer (22.5 mm Tris-borate/0.5 mm EDTA) at 15�. Pulsed-
field gel electrophoresis was done using the TAFE GeneLine II
system (Beckman, Fullerton, CA) and the following program:
stage 1, 12 hr at 350 mA with a 1-min switching time; stage
2, 12 hr at 370 mA with a 2-min switching time; and stage 3,
12 hr at 390 mA with a 3-min switching time. Gels were stained
in ethidium bromide, destained in water, and photographed
over a UV transilluminator.

DNA analysis: Genomic DNA preparation was based on the
protocol of Hoffman and Winston (1987). Southern blots
were performed as previously described (Southern 1975)
using alkaline transfer (Reed and Mann 1985) and probes
radiolabeled by random priming (Feinberg and Vogelstein
1983). The approximate positions of the translocation break-
points within the YACs were determined by PCR using a set
of eight primer pairs that spanned the YAC from CAN1 to

Figure 1.—Schematic of translocation assay and YAC. (A)URA3. Since all of the translocation samples contained the
The black chromosome represents the native chromosomesURA3 gene, this reaction was used as a positive control. The
in the yeast genome and the multicolored chromosome is theremaining seven regions were designated by the letters A
translocation YAC; for purposes of clarity they are not drawnthrough G starting at the CAN1 gene. The translocation
to scale. The red and green regions of the YAC represent thebreakpoint was designated to occur in the first region (G →
regions containing negative and positive selection markers,A) in which there was no PCR product. For example, a sample
respectively. The arrowheads within the white region repre-with a breakpoint in region D gave PCR products for the URA3
sent the bidirectional GAL1-10 promoter. Cells containinggene and regions G, F, and E. Translocation breakpoints were
translocations within the MLL sequences (blue) or the CAN1isolated using one of three methods: plasmid rescue following
gene can be selected in this assay as described in the text.SphI digestion of the genomic DNA and ligation, thermal
While the translocation event shown is reciprocal, nonrecipro-asymmetric interlaced (TAIL) PCR (Liu et al. 1995), or inverse
cal events may also be selected by this assay. (B) The transloca-PCR (Ochman et al. 1989). Sequencing was performed by the
tion YAC with its labeled features is shown to scale (23 kbDNA Sequencing Facility at the University of Utah. Sequences
total length). An I-SceI cleavage site is present near the centerwere analyzed using an unfiltered, gapped BLAST search at
of the MLL region in the YAC used in some experiments.the Saccharomyces Genome Database web site (http://genome-

www2.stanford.edu/cgi-bin/SGD/nph-blast2sgd).

al. 1999; Stevens and Davis 1998), loss of an arm of a
chromosome on the resulting derivative YAC due to aRESULTS
reciprocal translocation or fragment loss should be well

Design of a selection system for untargeted transloca- tolerated (see Figure 1A). In haploid cells, the
tions: One consistent feature of chromosome transloca- breakpoints of selectable reciprocal translocations may
tions is the division of genetic material originally present be limited to the ends of chromosomes, telomeric of
on one parental chromosome onto separate derivative all essential genes. While this experimental design
chromosomes. This is the underlying principle used in forces the loss of one of the two derivative chromosomes
the present design, as illustrated in Figure 1A. A small in a reciprocal translocation, it uniquely allows for the
yeast artificial chromosome, the translocation YAC, was specific selection of untargeted chromosome transloca-
designed to have positive selection markers at one end tions.
and negative selection markers at the opposite end. A The details of the translocation YAC are shown in
translocation breakpoint that falls between the markers Figure 1B. The positive selection markers are the URA3
will place the positive selection markers on a separate and HIS3 genes, and the negative selection markers are
derivative chromosome [der(c’some)] from the nega- the CAN1 and CYH2 genes. The translocation break-
tive selection markers. The derivative YAC [der(YAC)], point region used in the present study is the 8.3-kb
or remaining original YAC in the case of a nonreciprocal breakpoint cluster region of the human MLL gene. It
translocation, can be destabilized by inactivating its con- was chosen because of its frequent involvement in hu-
ditional centromere. Therefore, even very rare translo- man translocation events (see Introduction) and its lack
cation events can be detected by selecting for the stable of homology with the yeast genome. However, we pres-
presence of the positive selection markers and the loss ently have no evidence to suggest that the MLL DNA
of negative selection markers. While the target size is behaves uniquely in the translocation assay. The place-
essentially the entire genome in diploids, only about ment of the divergent GAL1/10 promoter between the
one-half of the translocation events will give rise to mono- centromere (CEN3) and origin of replication (ARS1)
centric (as opposed to acentric or dicentric) derivative makes these genetic elements conditional; addition of
chromosomes and thereby be selectable. Since there are galactose induces this promoter strongly and inactivates

both the centromere and origin function (Hill andvery few haplo-insufficient genes in S. cerevisiae (Chial et
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Figure 2.—Pulsed-field gel analysis of
chromosomes isolated from cells selected
and screened for translocations. Selected
results from haploid (A) and diploid (B)
cells are shown. The left halves of A and
B show the ethidium bromide-stained gels,
while the right halves show the Southern
blot analysis (probing for the URA3 and
HIS3 genes) to identify the position of the
derivative chromosome. Arrowheads indi-
cate the positions of derivative chromo-
somes on the ethidium-stained gels. The
sample names are given above the lanes and
correspond to the names used in Table 1
and Figure 5. “C” designates control lanes
containing chromosomes isolated from the
starting haploid strain RTY29-1a; while the
small YAC is not visible in the ethidium-
stained gel, it is visible in the Southern blot.
The chromosomes are identified to the left
of the gels; chromosome XII is not visible
as a discrete band on these gels and is there-
fore not labeled. The lengths (in kilobases)
of the labeled chromosomes are given to
the right.

Bloom 1987). While there is no evidence that addition deletion of the RAD52 gene (Paques and Haber 1999).
In RAD52 diploid strains a very large number of coloniesof galactose is critical to the function of this assay, it

was added to all of the cultures for the experiments appeared on the initial selection plates that failed to
pass the subsequent screens. Unlike rad52� cells, manydescribed in this manuscript. The LEU2 gene is an addi-

tional auxotrophic marker to screen for loss of the left of the selected and screened RAD52 cells did not contain
obvious chromosome translocations. This made it veryarm of the YAC.

The URA3, HIS3, and CAN1 genes were completely difficult to obtain accurate translocation rates. There-
fore, the following analyses of the translocation prod-deleted from the yeast strains used in these studies,

leaving no extensive homology between the right arm ucts were all done using rad52� strains. We do not
presently understand why the selection is effective inof the YAC and the yeast genome. The strains also con-

tained deletions in the LEU2 and TRP1 genes and a rad52� strains only.
Chromosome analysis from selected cells: The vastpoint mutation in the CYH2 gene. The translocation

assays were performed by growing yeast in medium that majority of the rad52� cells passing the selection and
screens contained chromosome translocations, as de-selected for the presence of the right arm of the YAC

and repressed the GAL1/10 promoter. The cells were fined by the criteria presented below. Analysis of the
chromosomes from these cells by pulsed-field gel elec-then shifted to galactose-containing medium to induce

loss of any derivative YACs. In some experiments, this trophoresis and Southern blotting indicated the move-
ment of the right arm of the YAC to a larger, chromo-shift to galactose-containing medium also induced ex-

pression of an endonuclease (I-SceI) that could uniquely some-sized DNA (Figure 2). In some cases the derivative
chromosomes could be seen as new bands on the ethid-cleave within the MLL region of one of the YACs (YAC

3a). The rare cells that contained a translocation were ium bromide-stained pulsed-field gel. In other cases the
derivative chromosome was not apparent until theselected on plates lacking uracil and histidine and con-

taining the drugs canavanine and cycloheximide, to si- Southern blot revealed the right arm of the YAC had
moved to a position overlapping an intact yeast chromo-multaneously select for the presence of the URA3 and

HIS3 genes and select against the presence of the wild- some. Independent isolates from different cultures gave
rise to many different-sized bands, suggesting that trans-type CAN1 and CYH2 genes, respectively. Colonies aris-

ing from surviving cells were then screened for loss of locations were occurring at many locations. Approxi-
mately 200 samples from 22 separate selection andthe LEU2 gene and for stability of the URA3 gene. Cells

that had stably maintained the URA3 gene, but had lost screening experiments were analyzed in this way and
98% showed the right arm of the YAC translocated tothe CAN1, CYH2, and LEU2 genes, were considered

candidates for having a chromosome translocation and a larger derivative chromosome.
To ensure that the movement of the URA3 and HIS3were further analyzed.

This selection system was most effective in cells with genes represented a simple chromosome translocation
(similar to that illustrated in Figure 1A) as opposed toa crippled homologous recombination system due to
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Figure 3.—The selected transloca-
tion events place the right arm of the
YAC at the telomere of the derivative
chromosomes. (A) This schematic shows
a derivative chromosome resulting from
a simple translocation. The sequences
originating from the right arm of the
YAC are shaded. The positions of NcoI
and EcoRV sites, as well as the probe used
for Southern analysis, are indicated. The
fragment sizes expected from digestion
with either NcoI or EcoRV for a simple
translocation are indicated. One of the
two fragments expected from the EcoRV
digestion is expected to vary depending
on position of the breakpoint (as indi-
cated by ?). The length of the telomeres
is variable, ranging from �1 to 1.3 kb.
(B) Southern blot analysis of genomic
DNA isolated from selected yeast cells,
digested with either NcoI or EcoRV, and
separated by agarose gel electrophoresis
is shown. The samples in the control
lanes are from the starting YAC-con-
taining strain, RTY31-1a. The 11 remain-
ing samples are from six separate selec-
tion and screening experiments, each
taken from a separate culture. Note that
the bands migrating at �4.5 kb (labeled
3.5 � telomere) are somewhat variable
and smeary, as expected for telomere-
containing fragments. Only one-half of
the samples analyzed by this method are
shown.

a more complex type of genetic rearrangement, the runs. In haploid cells where I-SceI was induced to create
a double-strand break near the middle of the MLL re-derivative chromosomes were further analyzed. First, in

a simple translocation the right arm of the YAC should gion, the majority of the breakpoints clustered around
the break. In diploids, I-SceI cleavage shifted the cluster-be the most telomeric DNA on one arm of the derivative

chromosome. Genomic DNA from the selected cells ing of breakpoints to being adjacent and telomeric to
the cut site; while no breakpoints were now detected inwas separately digested with either NcoI or EcoRV and

analyzed by agarose gel electrophoresis and Southern region B, a large number still fell within region G.
Eighteen translocation breakpoints, all from experi-blotting, again probing for the URA3 and HIS3 genes

(Figure 3). In all cases tested (22 of 22) the results ments using rad52� cells, were sequenced. Ten of these
were at runs of A’s within regions B and G from diploidindicated that these genes were telomeric on the deriva-

tive chromosomes. cells. One representative example of this class is shown
in Table 1 (sample 1b). The length of homologousThe translocation breakpoints of derivative chromo-

somes were analyzed next. The locations of breakpoints overlap between the two parental chromosomes that
exists in the derivative chromosomes ranged from 3 toin a large number of samples were narrowed to �1.5-

kb regions on the right arm of the YAC between the 22 bp, almost all of which were A’s in this class. Four
different partner chromosomes were involved in thisCAN1 and URA3 genes by PCR analysis of genomic DNA

(Figure 4). The region containing the breakpoint was translocation class. Six of the events involved chromo-
some XII; five of the six were within the rDNA repeatsthe first region (analyzing from right to left) in which

no PCR product was detected. In the haploid rad52� (see Figure 5). Three of these five breakpoints, selected
in completely separate experiments, were at essentiallycells the breakpoints were distributed throughout the

8.3-kb MLL translocation breakpoint region and the identical positions within the repeat sequence, differing
only by a single A in the overlap region. A run of 22CAN1 gene. By contrast, in the diploid cells the break-

points tended to cluster at each end of the MLL region. consecutive A’s occurs at this location both in the rDNA
repeats and within region G of the MLL breakpointLong runs of adenosines (15–30 bp) occur at each end

of the MLL DNA (in regions B and G, Figure 4), and as cluster, suggesting why this may be a “hotspot.”
This preference for breakpoints containing runs ofshown below, many of the breakpoints were at these A
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plement. For haploids the chromosome number could
sometimes be clearly determined by analysis of the pulsed-
field gel; samples 14a and 13a are examples of cells with
and without extra chromosomes, respectively (Figure
2A). Of 36 haploid genomes analyzed by pulsed-field
gel, 7 clearly had and 10 clearly did not have extra
chromosomes by visual inspection. For the remaining
19 it was not possible to discern the ploidy from gels.
In sample 9a the breakpoint occurs within the DIA1
gene near the right end of chromosome XIII (Figure
5). While the pulsed-field gel does not show a conclusiveFigure 4.—Positions of breakpoints within the transloca-

tion YAC as defined by PCR. The diagram shows an �11-kb shortening of chromosome XIII (Figure 2A), the FET4
segment of the translocation YAC; the position of the I-SceI gene, which is normally telomeric to DIA1, was shown to
cleavage site present in some experiments is indicated by the be missing from this strain by PCR analysis (not shown).arrowhead. Eight sets of PCR primers were designed to amplify

Sample 9a is therefore an example of a translocationregions within this segment, and the resulting amplicons, des-
strain with a normal chromosome number that could notignated A–G and URA3, are illustrated by the eight thin lines.
be discerned by visual inspection of the pulsed-field gel.

It was more difficult to analyze ploidy of the diploid
translocation strains. Sample 6a is an example in which

A’s was not seen in haploid strains, although limited the relative band intensity of chromosome X is dimin-
homology between the YAC and the partner chromo- ished (Figure 2B), suggesting that this strain had only
some was seen (Table 1, samples 8a, 9a, 11a, and 12a). In one full-length copy of chromosome X in addition to
four of five breakpoints sequenced from I-SceI-induced the half-length der(X) chromosome (Figure 5). To test
events the breakpoints fell at or immediately adjacent this hypothesis, the strain was sporulated and 11 tetrads
to the cleavage site (samples 6a, 7a, 11a, and 12a). In were dissected. The resulting spores segregated 2:2 for
one case from a diploid cell, the breakpoint fell �750 viability and the surviving two spores lacked the der(X)
bp telomeric to the cleavage site, within a run of A’s chromosome as evidenced by their inability to grow on
(sample 7b). plates missing uracil and histidine. This result con-

The partner chromosome for the translocations se- firmed that sample 6a had only two copies of chromo-
lected was quite variable (Figure 5); 9 of the 16 yeast some X, one full length and one half length. Seven
chromosomes were represented in the 18 breakpoints diploid strains were analyzed by tetrad dissection and
sequenced. The 4 haploid breakpoints fell at the very only this one segregated 2:2. Therefore, it appears that a
ends of chromosomes such that there were no essential smaller percentage of diploids gave rise to translocations
genes telomeric of these breakpoints. It makes sense with detectable loss of a full-length chromosome than
that only haploids with translocations that do not cause haploids. This is surprising given the fact that most such
the loss of essential genes would survive. By contrast, none events would give rise to viable colonies in a diploid but
of the 14 breakpoints in the partner chromosomes from not a haploid.
diploid cells was within 35 kb of the native telomere. Translocation rates: Translocation rates were calcu-

In all cases (18 of 18) the length of the derivative lated using Luria-Delbrück fluctuation analysis (Luria
chromosome predicted from the breakpoint sequence, and Delbruck 1943), assuming that all of the colonies
assuming a simple translocation, matched the length that passed the selection and both screens contained
determined by pulsed-field gel electrophoresis (within translocations (Table 2). The rates for the RAD52 strains
the resolution of the technique, �30 kb). Four examples were �5- to 10-fold higher (although considerably less
(6a, 7b, 8a, and 9a) can be seen by comparing the results reliable, as described above) than those for the rad52�
in Figures 2 and 5. It is not possible to predict a unique strains. The measured translocation rates for both hap-
length for the five derivative chromosomes with break- loid and diploid rad52� cells were the same, 2 � 10	9

points within the rDNA repeats and the two within the translocations per cell per generation, even though the
subtelomeric repeated sequences (11a and 12a), but in mechanisms involved in generating the translocations
each of these cases the measured length falls within the may have been distinct. Untargeted and uninduced
expected range. Together this evidence indicates that translocations are thought to be rare events, agreeing
simple, untargeted chromosome translocations between with the low rates presently seen.
a YAC and the yeast genome can occur and be selected Translocation rates could not be properly determined
using the system presently described. when I-SceI was induced to create a double-strand break.

The translocation events resulted in some cells with Instead, the total number of translocation events, rela-
an apparently normal chromosome number, in which tive to the total number of cells, was compared between
a derivative chromosome replaced a normal chromo- experiments with cells containing both an I-SceI site in
some, and other cells that contained the derivative chro- the MLL region of the YAC and an I-SceI expression

plasmid and cells lacking either the cleavage site or themosome in addition to the normal chromosome com-
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TABLE 1

Translocation breakpoint sequences

Namea Breakpoint sequenceb

1b XII: CCATTTACTTAAAAAAAAAAAAAAAAAAAAAATGTCCCCAC
(G, d) der (XII): CCATTTACTTAAAAAAAAAAAAAAAAAAAAAACTATATGGG

YAC: ACTCCATCTCAAAAAAAAAAAAAAAAAAAAAACTATATGGG

10a XIV: AGGGTGACGCTGCTCTGCAGCCCTTGAAAGAACGGTACGAG
(E, d) der (XIV): TCACTATGGTGCTCAGGCTGGTCTTGAAAGAACGGTACGAG

YAC: TCACTATGGTGCTCAGGCTGGTCTTGAACTCCTGAGCTCAA

8a VIII: AGCGAAACAATCTTAGTGATTGCTGGCATGTCATTAGCGA
(E, h) der (VIII): AGCGAAACAATCTTAGTGAGCAAATATTCTCTTAGTCCCT

YAC: CCTACTATTCATTTACTAAGCAAATATTCTCTTAGTCCCT

9a XIII: TCCATTATTCCAAATTATCAATTGCACTCTACCGTTT
(E, h) der (XIII): TCCATTATTCCAAATTATCAATCCCATCTTAGTTTGG

YAC: AAGATAATATATAAAGCACAATCCCATCTTAGTTTGG

6a X: TGGTACTAGTAGATGAAGACGCGTAAGGAGGCTTTGATAGGAG
(D, d I-SceI) der (X): TGGTACTAGTAGATGAAGACGCGTCGAGAGGCTGAGGCAGGAG

YAC: TAGGGATAACAGGGTAATACGCGTCGAGAGGCTGAGGCAGGAG
�

7a XIII: GGAAACTGTCGTAGTAAATTAACAGGGGAATCCGATTTGA
(D, d I-SceI) der (XIII): GGAAACTGTCGTAGTAAATTAACAGGGTAATACGCGTCAA

YAC: CGAGCGCGCACGCTAGGGATAACAGGGTAATACGCGTCAA
�

7b VII: TTTACTAAAAAAAAAAAAAAGTAAAAAAAATTCATTACT
(E, d I-SceI) der (VII): TTTCCTAAAAAAAAAAAAAATACCAGGCATGGTAGCATG

YAC: CTACTAAAAAAAAAATAAAATACCAGGCATGGTAGCATG

11a IV: TCGGTCAGAAAGCCGGGTAAGGAGTGACAGCGAGAGTAA
(D, h I-SceI) der (IV): TCGGTCAGAAAGCCGGGTAACAGGGTAATACGCGTCGAG

YAC: AGCGCGCACGCTAGGGATAACAGGGTAATACGCGTCGAG
�

12a VI: TCAGAAAGCCGGGTAAGGTATGACAGCGAGAGTAGAGGTA
(D, h I-SceI) der (VI): TCAGAAAGCCGGGTAAGGTATAACAGGGTAATACGCGTCG

YAC: TCGAGCGCGCACGCTAGGGATAACAGGGTAATACGCGTCG
�

a The name of the derivative chromosome is designated by the experiment number and a lowercase letter
indicating the culture. Following the name, in parentheses, an uppercase letter indicates the region within
the YAC where the translocation occurred (see Figure 4), and “d” or “h” indicates that the strain was diploid
or haploid, respectively. Translocations induced by cleavage of the YAC with I-SceI are indicated.

b Sequences in boldface type indicate positions of identity among the native chromosomes (designated by
roman numerals), YACs, and derivative chromosomes. Underlined sequences indicate identity between either
the YACs or the native chromosomes and the derivative chromosomes. The I-SceI cleavage sites are indicated
by arrows.

I-SceI gene (Table 3). In haploids, the relative number ogy-based chromosome translocations. This transloca-
tion selection system is based on the separation ofof translocation events increased 1200-fold upon I-SceI

cleavage. In diploids, the increase was �140-fold. Since positive and negative selection markers originally pres-
ent on a small YAC (Figure 1). Essentially all of thethere are no I-SceI sites in the yeast genome (Thierry et

al. 1991), the large increase in number of translocation rad52� cells passing the selection and screening steps
had simple chromosome translocations. Since theseevents seen indicates that either the creation of a dou-

ble-strand break in the YAC is a rate-limiting step in events occur in the absence of DNA sequence homology
and Rad52p, they are not simply the result of ectopicthe translocation process or the break induces a new

mechanism for translocation. recombination or BIR (Malkova et al. 1996; Bosco
and Haber 1998). The translocations occurred in both
haploid and diploid yeast and involved many different

DISCUSSION
sites on at least 9 of the 16 native chromosomes. Induc-
tion of a double-strand break on the YAC increased theWe have designed a new system in yeast that specifi-

cally selects for cells containing untargeted, nonhomol- number of translocation events 100- to 1000-fold. This
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double-strand break increased the number of transloca-
tion events in both haploids and diploids, the positions
of the breakpoints differed between them. In the major-
ity of haploid cells, the breakpoint fell close to the initial
cut site, while for diploids the breakpoints were often
telomeric to the initial cut, probably at runs of A’s (Fig-
ure 4 and Table 1). This indicates that involvement of
both exonuclease activity and homology may be more
important in diploids than in haploids. Second, each
of the events analyzed from haploids occurred close to
the telomere of a native chromosome, such that no
essential genes fell telomeric to the breakpoints. This
proximity to the native telomere was not seen for any
of the diploid translocation events. While we cannot
presently rule out a preference for translocations at
subtelomeric sequences specifically in haploids, the
most likely explanation for these results is that transloca-
tions actually occur at a higher rate in haploid cells, but

Figure 5.—Chromosomal map positions of the sequenced
the majority are lethal due to loss of essential genes.breakpoints. Open, shaded, and solid arrowheads represent
Approximately 10% of the yeast genome is telomeric ofthe positions of translocation breakpoints isolated from hap-

loids, diploids, and diploids where the breakpoint fell at a run all essential genes, suggesting that the haploid transloca-
of A’s, respectively. Ovals indicate centromeres. The sample tion target size for selectable events is one-twentieth of
names are given above the arrowheads. When the breakpoint that in diploids. Therefore, the true translocation ratefell within an open reading frame (ORF), the ORF or gene

in haploids may well be 20-fold higher than those inname is given to the right of the breakpoint. The rDNA repeats
diploids. Last, a crude analysis of the ploidy of the se-are shown as a shaded bar on chromosome XII. Nine of the

diploid breakpoints occurring at runs of A’s that are not shown lected haploid vs. diploid cells suggested that fewer hap-
in Table 1 are included in this map. loid cells contained extra chromosomes than diploid

cells.
One potential mechanistic explanation for all of theseis the first system described that specifically selects for cells

results involves the differential efficiency of NHEJ andcontaining untargeted chromosome translocations.
homologous recombination in yeast, depending on mat-While the detectable translocation rates for haploids
ing-type status. NHEJ is downregulated in nonmatingand diploids were equivalent, the mechanisms involved
MATa/MAT� cells compared to either MATa or MAT�in generating these events were most likely distinct. First,
cells (Astrom et al. 1999; Lee et al. 1999), while homolo-the amount of sequence identity between the YAC and
gous recombination is more efficient in a/� cells com-the native chromosome that was found at the breakpoint
pared to a/a cells (Clikeman et al. 2001). Recently itof the derivative chromosome was consistently longer
was shown that one of the genes required for efficientin diploids (Table 1). The majority of the diploid break-
NHEJ, LIF2/NEJ1, is repressed in a/� diploids (Frank-points occurred at runs of adenosines, which represent
Vaillant and Marcand 2001; Kegel et al. 2001).the longest stretches of homology between the right
Therefore, even though the central component of ho-arm of the YAC and the yeast genome. This bias for A
mologous recombination, RAD52, has been deleted inruns was not seen in haploids, where the sequence iden-
the present studies, a/� diploid cells may still have atity at the breakpoints ranged from only 1 to 4 bp. This
preference to repair DNA breaks by homologous path-suggests that the translocations may involve a nonho-
ways. While BIR has been described as completely RAD52mologous end-joining (NHEJ) pathway more frequently

in haploids than in diploids. While an I-SceI-generated dependent (Malkova et al. 1996; Bosco and Haber

TABLE 2

Translocation rates

Experimental Translocation rate No. of
description Strain used (translocations/cell/division) experiments

RAD52; haploid RTY20-1a �1.3 � 10	8 2
RAD52; diploid RTY22-1a �1.7 � 10	8 2
rad52�; haploid RTY29-1a 2.1 (
 0.3) � 10	9 3
rad52�; diploid RTY31-1a 2.2 (
 0.8) � 10	9 4
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TABLE 3

I-SceI cleavage increases the number of translocation events seen

No. of selected and
screened colonies/total No. of

Experimental description Strain:plasmid used no. of colonies plated experiments

rad52�; haploid; I-SceI cleavage RTY29-3a:pJX14 4.1 (
 2.3) � 10	6 5
rad52�; diploid; I-SceI cleavage RTY31-3a:pJX14 1.8 (
 0.7) � 10	6 3
rad52�; haploid; I-SceI controla RTY29-3a:pRS424a 3.3 (
 0.8) � 10	9 3
rad52�; haploid; I-SceI controlb RTY29-1a:pJX14b 3.4 (
 3.9) � 10	9 3
rad52�; diploid; I-SceI controla RTY31-3a:pRS424a 1.6 (
 1) � 10	8 3
rad52�; diploid; I-SceI controlb RTY31-1a:pJX14b 1.1 (
 0.7) � 10	9 2

a There is no I-SceI gene in the expression vector for these controls.
b There is no I-SceI site in the YAC for these experiments.

1998), it may occur at a sufficient rate in rad52� diploids al. 1995; Felix et al. 1995; Malkova et al. 1996; Gill
Super et al. 1997; Sobulo et al. 1997; Atlas et al. 1998;to account for the higher frequency of extra chromo-

somes seen in these cells. In the haploids, the combina- Bosco and Haber 1998; Megonigal et al. 1998; Gil-
lert et al. 1999). The breakpoints in humans are distrib-tion of the very short microhomologies seen at the

breakpoints and the majority of cells with a normal uted throughout the 8.3-kb region of MLL, similar to
what was found in the haploid yeast. However, as men-ploidy is consistent with the translocations occurring

primarily by a NHEJ pathway (Kramer et al. 1994). The tioned above, there is presently no evidence that the
human MLL breakpoint cluster sequence confers any�20% of selected haploids that contain an extra chro-

mosome may result from the combination of a more unique properties to this yeast translocation assay.
The results presented here indicate that our newfrequent translocation event at a nontelomeric location

in G2 cells followed by a nondisjunction event. The translocation assay selects for recombination events that
are quite distinct from most of those previously de-translocations seen in haploids, particularly those in-

duced by I-SceI cleavage of the YAC, cannot easily be scribed in yeast. Very recently, Myung et al. (2001) re-
ported an increase in the rate of gross chromosomalexplained by BIR. For a double-strand break within the

MLL region of the YAC to cause a selectable transloca- rearrangements (GCRs), analyzed by the loss of func-
tion of two genes near the end of chromosome V, intion by BIR, the broken YAC would have to invade on

one end of the native chromosome, and have replication rad52� yeast. While they did not specifically select for
translocations, �70% of the GCRs in cells lackingproceed through the native centromere, and continue

off the far arm. This would result in the derivative chro- Rad52p were translocations. Further analysis will be re-
quired to determine if the translocations are occurringmosome being an extra copy of that chromosome and

would not explain why the breakpoints tend to fall near by similar mechanisms in these two different selection
schemes. One advantage of the system described hereintelomeres. It has been reported that BIR does not pro-

ceed through centromeres (Morrow et al. 1997) and is that it allows for the inclusion of essentially any non-
yeast DNA sequence in place of the MLL sequence inrequires homology at the breakpoint (Sugawara and

Haber 1992). For these reasons it seems unlikely that the translocation YAC. This system will be useful in
determining what gene products are involved in causingBIR is a major pathway in generating the translocations

selected in haploids using this system. Additionally, or preventing translocations in general and whether
DNA topoisomerase II is specifically involved in translo-Myung et al. (2001) recently reported that the transloca-

tion rate dropped 5- to 10-fold in a haploid rad52 strain cations at the MLL locus.
if LIG4 was also deleted. Since the only known function The authors thank Tim Formosa and David Stillman for helpful
of Lig4p is in NHEJ, their results also suggest the involve- discussions, Jing Xu for technical help, and Diana Lim for figure

preparation. This work was funded by a pilot project grant from thement of end joining in chromosome translocations in
Huntsman Cancer Institute and by National Institutes of Health granthaploid yeast.
GM60420. The oligonucleotide synthesis and DNA sequencing coreWhile further studies will be required to verify this
facilities were supported by the Cancer Center Support grant

hypothesis, these initial results suggest that the translo- 2P30CA42014.
cation assay done in haploid yeast may be a more appro-
priate model for human translocations than the assay
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