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ABSTRACT
Chromosomal double-strand breaks (DSBs) can be repaired by either homology-dependent or homology-

independent pathways. Nonhomologous repair mechanisms have been relatively less well studied, despite
their potential importance in generating chromosomal rearrangements. We have developed a Saccharomyces
cerevisiae-based assay to identify and characterize homology-independent chromosomal rearrangements
associated with repair of a unique DSB generated within an engineered URA3 gene. Approximately 1% of
successfully repaired cells have accompanying chromosomal rearrangements consisting of large insertions,
deletions, aberrant gene conversions, or other more complex changes. We have analyzed rearrangements
in isogenic wild-type, rad52, yku80, and rad52 yku80 strains, to determine the types of events that occur
in the presence or absence of these key repair proteins. Deletions were found in all strain backgrounds,
but insertions were dependent upon the presence of Yku80p. A rare RAD52- and YKU80-independent
form of deletion was present in all strains. These events were characterized by long one-sided deletions
(up to 13 kb) and extensive imperfect overlapping sequences (7–22 bp) at the junctions. Our results
demonstrate that the frequency and types of repair events depend on the specific genetic context. This
approach can be applied to a number of problems associated with chromosome stability.

RECOMBINATIONAL processes are essential for the tified: YKU70 (also known as HDF1), YKU80 (also known
as HDF2), DNL4, LIF1, RAD50, MRE11, XRS2, SIR2, SIR3,maintenance of genome stability, for repair of bro-

ken DNA and stalled replication forks, for normal meio- and SIR4 (reviewed by Lewis and Resnick 2000) and
most recently NEJ1 (Frank-Vaillant and Marcandsis, and for generating diversity in the immune system.

In mammals, end joining without regard for homology 2001; Kegel et al. 2001; Ooi et al. 2001; Valencia et al.
2001). Several studies have shown that NHEJ is not aappears to be the predominant mechanism of double-

strand break (DSB) repair, although homologous gene homogeneous process but can be divided into a more
duplication can frequently occur (Liang et al. 1998). In efficient and error-free simple religation pathway and
Saccharomyces cerevisiae (subsequently referred to as “yeast”), a less efficient and more error-prone imprecise end-
homologous recombination is an extremely efficient joining pathway (Boulton and Jackson 1996a; Moore
process, and as such this organism has become the pre- and Haber 1996a; Verkaik et al. 2002).
mier eukaryote with which to study mechanisms of ho- In mammalian cells, chromosomal rearrangements
mologous recombination (Paques and Haber 1999). can lead to malignant transformation and genetic disor-

Given the marked propensity for yeast to undergo ders. Where examined, these rearrangements appear
homologous recombination, the mechanisms and con- to arise primarily by NHEJ (Woods-Samuels et al. 1991;
sequences of nonhomologous end joining (NHEJ) have Wiemels and Greaves 1999; Legoix et al. 2000; Roth-
been much less well studied in this organism. End join- kamm et al. 2001). In yeast, spontaneously generated
ing has been examined under circumstances in which gross chromosomal rearrangements have been observed
homologous recombination is not possible due to either due to either homologous recombination between
lack of homology (Schiestl and Petes 1991; Schiestl multicopy repeat sequences (Codon et al. 1997; Casare-
et al. 1993; Moore and Haber 1996a) or lack of an gola et al. 1998; Fischer et al. 2000; Umezu et al. 2002)
essential component (e.g., Rad52p) in the homologous or, more rarely (�1 in a billion divisions), other mecha-
recombination pathway (Kramer et al. 1994; Schiestl nisms involving little or no homology at the breakpoints
et al. 1994). Relying in part on work from mammalian (Chen et al. 1998; Chen and Kolodner 1999). Experi-
systems, 11 genes associated with NHEJ have been iden- mentally derived rearrangements in yeast have generally

been based on systems where homologous sequences
are placed on the same or different chromosomes, and
a DSB is generated by treatment with DNA-damaging1Corresponding author: CABM 306, 679 Hoes Lane, Piscataway, NJ

08854. E-mail: gabriel@cabm.rutgers.edu agents or endonucleases. Recombination events that sub-
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(YFP17, LEU2, URA3::actin intron::HO cut site, �rad52::hisG issequently occur between the two homologous sequences
rad52, 1 cut site) have been described (Yu and Gabriel 1999).are then selected and scored (Potier et al. 1982; Suga-
In brief, YFP17 was converted to test strains by replacement

wara and Szostak 1983; Fasullo and Davis 1988; of leu2::HOcs with LEU2, and by replacement of ura3-52 with
Schiestl 1989; Fishman-Lobell et al. 1992; Fasullo either URA3::actin intron or URA3::actin intron::HO cut site.

Strains AGY293 (YFP17, LEU2, URA3::actin intron, �yku80::et al. 1994; Haber and Leung 1996).
KanMX4 is yku80, 0 cut site), AGY287 (YFP17, LEU2, URA3::ac-Relatively little work has focused on the experimental
tin intron::HO cut site, �yku80::KanMX4 is yku80, 1 cut site),generation of chromosomal rearrangements by NHEJ
AGY407 (YFP17, LEU2, URA3::actin intron, �yku80::KanMX4,

pathways in yeast following a DSB. Kramer et al. (1994) �rad52::hisG is rad52 yku80, 0 cut site) and AGY481 (YFP17,
showed that the typical mechanism of repair is rejoining, LEU2, URA3::actin intron::HO cut site, �yku80::KanMX4,

�rad52::hisG is rad52 yku80, 1 cut site) were constructed aswith gain or loss of very little sequence from the broken
follows: The �yku80::KanMX4 mutation was obtained by one-ends. In some cases more extensive deletions were seen
step disruption (Wach et al. 1994). The �yku80::KanMX4 mod-but these events were not systematically characterized.
ule was amplified with primer RAG484 (5�-TTG AAC TAG

Moore and Haber (1996a) found that the proportion TTC AGC AAC CG-3�) and primer RAG485 (5�-AAA AAA GTA
of these larger deletions was increased by mutations in GTG CGC GAC AC-3�), using genomic DNA from a yeast strain

containing �yku80::KanMX4 constructed by O. Uzun and A.MRE11, XRS2, or RAD50, or by restricting expression
Gabriel (unpublished data). The integrity of the �yku80::of HO endonuclease to the G1 phase of the cell cycle.
KanMX4 sequence was checked with primers RAG634 (5�-CGAIn the only yeast study that has looked for homology-
CAT CAT CTG CCC AGA TG-3�) and RAG637 (5�-TTC GGG

independent chromosomal DSB repair events in the CGG CAG TCA TCC AG-3�). A two-step procedure was used
absence of yeast Ku proteins, none were found among to obtain the �rad52::hisG mutation (Alani et al. 1987). All

strains were checked by PCR of the genomic DNA and by100 potential repair events (Clikeman et al. 2001). We
Southern blot.and others have found that extrachromosomal DNA

Media and growth conditions: Yeast cells were grown insequences, either cDNA or mitochondrial DNA frag-
yeast extract-peptone-dextrose (YPD) or synthetic complete

ments, can become inserted at a DSB in a way that media (SC) with appropriate amino acids missing (Sherman
resembles NHEJ (Moore and Haber 1996b; Teng et al. et al. 1986). Yeast extract-peptone-galactose (YEP-galactose)
1996; Ricchetti et al. 1999; Yu and Gabriel 1999). and yeast extract-peptone-raffinose (YEP-raffinose) contain

2% galactose (w/v) and 1% raffinose (w/v), respectively, in-However, it is unclear how these and other rare rearrange-
stead of dextrose (2%). 5-Fluoroorotic acid (5-FOA) platesments fit into the broader range of yeast DSB repair events.
are SC-glucose plates supplemented with 1 mg/ml of 5-FOAWe present here an assay designed to select for rare (Boeke et al. 1984; Sikorski and Boeke 1991).

chromosomal rearrangements associated with repair of Induction of HO endonuclease, measurement of DSB re-
a DSB in a variety of genetic backgrounds. This assay pair efficiency (survival frequency), and 5-FOA resistance fre-

quencies: Multiple independent colonies from each strainwas previously used to show that Ty1 and mitochondrial
were grown at 30� in YEP-raffinose liquid medium, to a finalfragments could repair a DSB by inserting between the
concentration of �3 � 107 cells/ml, to prepare the cells forends, in a process that is RAD52 independent (Yu and galactose induction. Appropriate dilutions of cells were then

Gabriel 1999). Here, we use this assay to show that the plated on YPD or YEP-galactose plates. After 4 days of growth,
insertion process is YKU80 dependent. Further, we find the colonies were counted. Colonies on the YEP-galactose

plates were replica plated onto synthetic complete 5-FOA-that deletions of various lengths, ranging from several
containing media to measure the frequency of 5-FOA resis-bases to several kilobases, can occur in the presence or
tance among the survivors of HO endonuclease induction.absence of Yku80p and Rad52p. We observe and charac-
Survival frequency was calculated as the ratio of the number

terize a long one-sided type of deletion in all back- of colonies growing on YEP-galactose per milliliter of cells
grounds that is proportionately more common in cells plated vs. the number of colonies growing on YPD per milliliter
lacking Yku80p. Smaller deletions, however, are much of cells plated. The frequency of 5-FOA resistance per survivor

was calculated as the ratio of the number of colonies growingmore dependent on Yku80p. Finally, the assay provides
on 5-FOA-containing replica plates per milliliter of cells platedevidence for a RAD52-dependent mutagenic form of
divided by the number of colonies growing on YEP-galactosegene conversion that occurs in the region at the junction plates per milliliter of cells plated. The absolute frequency of

between identity and heterology. 5-FOA resistance per cell plated was calculated by multiplying
together the previous two terms. The absolute frequency of
specific types of rearrangements per cell plated was deter-
mined for each strain by multiplying the previous calculationMATERIALS AND METHODS
by the proportion of the total 5-FOA-resistant colonies shown
to have that rearrangement. The proportion of aberrant genePlasmids and yeast strains: The experiments were carried

out using a set of eight isogenic strains, all derived from YFP17 conversions among all gene conversions was determined by
dividing the absolute frequency of aberrant gene conversions,(�hml::ADE1, �mata::hisG, �hmr::ADE1, ade3::GAL-HO, leu2::

HOcs, ura3-52; Paques et al. 1998). Construction of the based on their proportion among 5-FOA-resistant cells per
cell plated, by the absolute frequency of gene conversions,URA3::actin intron and URA3::actin intron::HO cut site cassettes

has been previously described (Yu and Gabriel 1999). Like- based on their proportion among surviving cells per cell
plated.wise construction of strains AGY150 (YFP17, LEU2, URA3::actin

intron is WT, 0 cut site), AGY117 (YFP17, URA3::actin intron:: Analysis of surviving and 5-FOA-resistant colonies: 5-FOA-
sensitive or 5-FOA-resistant colonies from the above experi-HO cut site is WT, 1 cut site), AGY391 (YFP17, LEU2, URA3::ac-

tin intron, �rad52::hisG is rad52, 0 cut site), and AGY127 ments were single colony purified, patched, and then grown
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to saturation in liquid YPD media at 30� before genomic DNA in yeast (Yu and Gabriel 1999), we observed a variety
was extracted (Hoffman and Winston 1987). Portions of the of DSB repair events, many involving aspects of chromo-
URA3::actin intron::HO cut site region centered on the HO

somal rearrangements that either have not previouslyendonuclease recognition sequence were PCR amplified using
been noted or have not been extensively analyzed inTaq DNA polymerase. The oligomers used for amplification

were RAG512 (5�-GCG AGG CAT ATT TAT GGT GAA GG-3�) yeast. The basis for this assay (Figure 1A) is a unique
and RAG515 (5�-GGA GTT CAA TGC GTC CAT C-3�), both HO endonuclease cut site (117 bases of MATa sequence,
of which are sequences flanking the URA3 locus. Primers were spanning the Y/Z junction) placed into a nonessential
added to a final concentration of 0.2 �m for each reaction.

portion of the actin (ACT1) intron, which has itself beenThe PCR consisted of 30 cycles of 30 sec at 92�, 30 sec at 55�,
engineered into the coding domain of the URA3 geneand 1–3 min at 72� in a DNA thermal cycler (Perkin-Elmer,

Norwalk, CT). The amplified products were visualized on 0.8% on chromosome V. This modified URA3 allele is fully
agarose gel and representative samples were sequenced. functional (Yu and Gabriel 1999). When cells are

Clones that repeatedly failed to amplify using a variety of plated on galactose-containing media, HO endonucle-
primers from both sides of the HO cut site, but that did amplify

ase is expressed and a persistent DSB is created at theusing control primers at other loci, were subjected to inverse
intronic HO target site. Since the experiments are per-PCR to identify junctional sequences. On the basis of these

results, appropriate primers were generated for further PCR formed in haploid strains, cells will die unless the DSB
and sequencing reactions, to clarify the junctions. is repaired. However, in this strain, error-free repair mech-

To ensure independence of the colonies selected for analy- anisms are not available. The MAT sequence is unique,
sis, 5-FOA-sensitive or 5-FOA-resistant colonies from multiple

so homologous recombination is not an efficient alter-trials were picked from separate galactose-containing plates
native for repair even though sequences homologouswhenever possible or from widely spaced regions of the same

plate, when necessary. Cells were not exposed to galactose to the ACT1 intron are present at the ACT1 locus on
and, therefore, DSB induction until they had been spread on chromosome VI. Because of the high level of HO endo-
galactose-containing plates. In control experiments, spontane- nuclease, both sister chromatids would likely be cut in G2,ous 5-FOA-resistant colonies (i.e., those without exposure to

eliminating sister chromatid recombination as a viablegalactose) occurred at �1 � 10�7/cell plated, similar to the
repair option. If the break is repaired by precise religa-frequency of 5-FOA resistance on galactose in the absence of

an HO cut site. This indicates that leaky HO expression was not tion, it will be recut by HO endonuclease. Cells must
a significant source of 5-FOA-resistant cells, prior to induction. therefore utilize less efficient repair pathways to form

DNA sequencing: PCR products were sequenced according HO endonuclease-resistant colonies, including impre-
to the dsDNA cycle sequencing technique provided by GIBCO

cise end joining and gene conversion of the ACT1 se-BRL, using [�-32P]ATP from DuPont NEN Research Products
quences. Because these repair events occur within a(Boston). The sequencing primers used were RAG513 (5�-

ATG TTC TAG CGC TTG CAC CAT C-3�), RAG444 (5�-TGT nonessential portion of the intron, neither imprecise
TAG CGG TTT GAA GCA GG-3�), RAG442 (5�-TTA GTT GAA end joining nor gene conversion should interfere with
GCA TTA GGT CC-3�), RAG633 (5�-TTT CAA GCC CCT ATT intron function. Repair of the broken chromosome
TAT TCC-3�) for URA3. Sequences obtained were identified

should leave URA3 expression unaffected and the cellsusing BLAST searches of the Saccharomyces Genome Database
sensitive to 5-FOA. However, we observed that a fraction(http://genome-www.stanford.edu/Saccharomyces/).

Inverse PCR: Nonamplifiable genomic DNAs were further of survivors become uracil auxotrophs (i.e., 5-FOA resis-
analyzed with inverse PCR (Ochman et al. 1988) as follows: 5 tant), because of repair events associated with more
�g of genomic DNA was digested with NsiI and then circular- complex chromosomal rearrangements. The frequency
ized by addition of T4 DNA ligase under dilute conditions.

and spectrum of surviving uracil auxotrophs and proto-The ligated samples were then amplified with pairs of primers,
trophs depended on the specific genetic backgroundboth from the same side of the HO cut site, but oriented away

from each other. The primers used for amplification were of the yeast strain.
RAG614 (5�-GTA GAG GGT GAA CGT TAC AG-3�) with Survival after a DSB: To characterize the variety of
RAG445 (5�-TTC TCC AGT AGA TAG GGA GC-3�) and DSB repair events observable with our system, we ana-
RAG613 (5�-AGC GTC TGC TCT AGC GTT AC-3�) with

lyzed survivors that had either retained or lost URA3RAG444. The amplified products of the inverse PCR were
function after receiving a DSB in the presence or ab-then sequenced with primers RAG513 or RAG619 (5�-CAG

TCA ATA TAG GAG GTT ATG-3�). sence of Rad52p or Yku80p. As shown in Figure 1B,
Statistical analysis: Comparisons of deletion lengths and expression of HO endonuclease in the absence of an

overlap lengths (including 0 overlap) in the presence or ab- HO cut site sequence within the URA3::actin intron had
sence of YKU80 were made using the nonparametric Mann-

little effect on cell survival (77–94% survival for all fourWhitney rank test, with an N 	 11 for Yku80p present and
0 cut site strains). In the presence of the unique HON 	 27 for Yku80p absent. Comparisons of survival in different

strain backgrounds were made using similar nonparametric cut site, only 1.9% of the WT cells survived persistent
tests, with an N 	 20 for WT, N 	 23 for rad52, N 	 14 for expression of HO endonuclease, a 48-fold decrease
yku80, and N 	 12 for rad52 yku80. compared to the 0 cut site strain. In the absence of

RAD52, 0.45% of cells survived expression of HO endo-
nuclease, a 208-fold decrease compared to the 0 cut site

RESULTS
control and a 
4-fold decrease compared to WT (P �
0.001). This suggests that repair events mediatedUsing a counterselection assay designed to identify

insertion events that repair a unique chromosomal DSB through Rad52p play a role in the survival of cells after
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a DSB. Elimination of Yku80p instead of Rad52p had a
similar negative effect on survival, with only 0.84% of cells
surviving (P � 0.001, compared to WT, and P � 0.005
compared to rad52 cells). When both genes were absent,
survival after a DSB was much less common, with a
frequency of only 0.015%, nearly 5200-fold decreased
compared to that of the 0 cut site control and 
100-
fold lower than that of the equivalently cut WT strain
(P � 0.001 compared to WT, and P � 0.002 compared
to rad52 or yku80). Thus, while overall survival after a
DSB is impaired in our assay system, it is maintained at
a low level by a combination of inefficient homologous
and nonhomologous repair pathways. The presence of
either Rad52p or Yku80p allows cells to survive at levels
�2- to 4-fold below WT. These pathways appear to func-
tion independently, since in the absence of both pro-
teins, survival after a DSB is reduced 
100-fold, to �1
in 10,000 cells.

To determine the basis for survival in these different
genetic backgrounds, we PCR amplified the region sur-
rounding the engineered actin intron::HO cut site in sur-
viving colonies (Figure 2). Two classes were observed.
The first class contained PCR products that were close
to parental length while the second class was �130 bp
shorter than the control parental PCR product. Se-
quence analysis of representative samples of both classes
clarified their origins. The larger PCR products con-
tained 0–6 base deletions or 0–4 base insertions, corre-
sponding to imprecise nonhomologous end joining of
the HO cut site, with resulting loss of the HO recogni-
tion sequence. Similar repair products have been pre-
viously reported after persistent HO-induced DSBs
(Kramer et al. 1994; Moore and Haber 1996a; Clike-
man et al. 2001). The smaller PCR products contained
the precise sequence of the ACT1 intron, with the entireFigure 1.—The URA3::actin intron assay system. (A) Struc-

ture of the URA3::actin intron allele on S. cerevisiae chromosome engineered HO cut site eliminated. This likely occurred
V, used in this study. The presence or absence of the 117-bp by homologous recombination, i.e., DSB-stimulated
HO recognition sequence (i.e., HO cut site), distinguishes 1 gene conversion of the URA3::actin intron site by the
cut site from 0 cut site strains. The approximate positions of

endogenous ACT1 intron, despite the region of terminalvarious oligonucleotide primers (numbers and carets) used
nonhomology flanking the cut site (48 bases of MATfor PCR and sequencing are shown (as described in materials
sequence on one side of the HO cut and 69 bases onand methods). The ACT1 intron placed into the URA3 gene

is normally spliced, resulting in uracil prototrophy (Ura�) the other side; Paques and Haber 1997).
and sensitivity to the drug 5-fluoroorotic acid (5-FOAS). After Among 37 WT survivors we observed both classes of
creating a persistent DSB with HO endonuclease, a proportion survivors, with those derived from imprecise end joining
of cells have a DSB that cannot be repaired and do not survive.

(43%) being almost as frequent as those derived fromOther cells are repaired by simple imprecise end joining or
gene conversion (57%). In the absence of RAD52, allprecise gene conversion, which allows for normal splicing.
14 survivors examined by PCR were approximately ofStill other cells are repaired in ways that result in chromosomal

rearrangements, which directly or indirectly prevent splicing. parental size, and 12/14 sequenced products showed
The latter situation leads to a phenotype of uracil auxotrophy imprecise rejoining. The remaining 2 had no apparent
(Ura�) and resistance to 5-FOA (5-FOAR). (B) Comparison change around the HO cut site. All 37 PCR products
of frequencies of survival and 5-FOA resistance. Bars represent

from the yku80 strain were �130 bp shorter than thethe frequencies per plated cell. Open bars represent mean
parent and sequencing revealed precise elimination ofsurvival frequencies and shaded bars represent 5-FOA resis-
the inserted HO target site region in 4/4 products. Wetance among plated cells. Frequencies are plotted on a log

scale. Standard deviations are shown as error bars. Each mean also sequenced 20 of the DSB survivors in the strain
survival frequency was based on between 12 and 23 indepen- deleted for both RAD52 and YKU80. In each case the
dent trials, involving a minimum of three separate experi- PCR product was of parental size, and there was no
ments. apparent change in the MAT sequence, suggesting that

cutting had not occurred. Given that these surviving
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10,000 fold, indicating that a persistent DSB predisposes
a cell to error-prone repair. However, in all strains
tested, the 5-FOA-resistant cells were a small minority
of the total survivors, ranging from 0.47% (yku80) to
6.40% (rad52 yku80). We used PCR to assess changes
at the URA3 locus. As shown in Figure 2, we could
distinguish several patterns of PCR products, including
parental size, 130 bp shorter than the parent, other
shorter products, and larger products, as well as no
products detected. Using a variety of techniques (see
materials and methods), we determined the types of
rearrangement resulting in 5-FOA resistance for a large
number of independent colonies in each of the four
backgrounds. As shown in Table 1, the proportion of
each type of 5-FOA-resistant rearrangement varied by
the genetic background. From these data we could esti-
mate the absolute frequency of each type of re-
arrangement among cells exposed to a persistent DSB.
The widest range of rearrangements occurred in WT
cells. This spectrum was narrowed in the single mutant
strains, and in the double mutant strain we could detect
only deletions. Below, we report on the nature of the
different chromosomal rearrangements associated with
DSB repair in different genetic backgrounds.

Deletions: Although we observed deletions in all strain
backgrounds (Table 1; Figures 3 and 4), their frequency
and the extent of deleted sequence was strain depen-Figure 2.—PCR analysis of 5-FOA-sensitive and 5-FOA-resis-
dent. We divided deletions into smaller (
117 bp buttant survivors exposed to HO endonuclease. (A) Predicted

sizes of different PCR products using primers RAG512 and �1 kb, Figure 3) and larger (
1 kb, Figure 4). Deletions
RAG515. (B) PCR amplification around the HO cut site of of �117 bp, involving only the HO cut site sequence
cells that have repaired the HO cut, corresponding to the and nonessential portions of the intron, do not interferefollowing genomic DNA samples and using the primer pair in

with URA3 expression and go undetected. The smallerA: (1) y1701 (aberrant gene conversion), (2) y1703 (aberrant
deletions were within URA3, and therefore identifiablegene conversion), (3) y1444 (deletion of 495 bp), (4) y1496

(deletion of 298 bp), (5) y1497 (insertion of Ty1 656 bp), (6) by our screening PCR procedure. Larger deletions ini-
y1365 (later determined to be a 5.3-kb deletion), and (7) tially gave no PCR products, but were identified by in-
y1424 (later determined to be a translocation). C1 and C2 verse PCR. Deletion lengths were also restricted by therefer to the products for the URA3::actin intron and URA3::actin

location of flanking essential genes. In the telomericintron::HO cut site parents, respectively. M refers to the 1-kb
direction from URA3, the first essential gene is SNU13,DNA ladder (New England Biolabs, Beverly, MA).
14 kb away. In the centromeric direction, the very next
open reading frame (ORF), TIM9 (930 bp from the cut
site), is essential.cells grew up at a frequency �100-fold lower than that

of the induced WT cells, it is most likely that rad52 yku80 In WT cells, deletions accounted for �10% of all
5-FOA-resistant colonies (absolute frequency of 7 �survivors represent the background of rare cells that either

have not been induced or have become resistant to cut- 10�5/plated cell). Of the four independent events se-
quenced, three (y1496, y190, and y781) were �1 kb. Inting, through either genetic or epigenetic changes.

Chromosomal rearrangements among survivors of a two cases, two or five identical bases present in the
parental chromosome on both sides of the cut site wereDSB: We next characterized the loss of URA3 expression

(i.e., 5-FOA resistance) among survivors of a persistent found overlapping at the deletion junction. We refer
to this as “overlapping microhomology.” No overlap wasDSB; 5-FOA resistance in control strains lacking the HO

recognition sequence is exceedingly rare (�1 � 10�7/ present at the third junction (Figure 3). The fourth
deletion (y774) was missing 5.3 kb of sequence includingsurvivor) regardless of the background (Figure 1B). In

all cases examined (N 	 78), PCR products from the the 5� half of URA3 and the flanking nonessential gene
GEA2 (Figure 4). This event was noteworthy for severalURA3 locus were of parental size, suggesting that point

mutations within the URA3 gene were the most common reasons. The deletion junction consists of an 11/12 base
overlap, which is larger than the typically observed 0- tosource of spontaneous 5-FOA resistance.

In response to an induced DSB, the frequency of 6-bp microhomology in yeast NHEJ (Schiestl et al. 1993;
Kramer et al. 1994; Moore and Haber 1996a). The5-FOA resistance per plated WT cell increased nearly
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TABLE 1

Repair and rearrangements after a DSB at the URA3::actin intron::HO cut site locus

Chromosomal rearrangements resulting in 5-FOA resistance

Frequency of Frequency of Gene Small Large Translocations
Genetic survival per 5-FOA resistance Insertions conversions deletionsa deletionsb and inversions Unknownc

background plated cell per plated cell (%) (%) (%) (%) (%) (%) N d

WT 1.90 � 10�2 7.51 � 10�4 40 4 7 2 17 30 46
rad52 4.51 � 10�3 5.83 � 10�5 52 19 5 12 12 42
yku80 8.39 � 10�3 3.61 � 10�5 78 1 21 150
rad52 yku80 1.49 � 10�4 1.05 � 10�5 5 87 8 79

a Small deletions are between 117 and 1000 bp.
b Large deletions are 
1 kb.
c The unknown events are the 5-FOA-resistant clones for which no PCR product was obtained using all means described (WT,

rad52, and rad52 yku80).
d N refers to the nos. of independent 5-FOA-resistant colonies from which genomic DNA was obtained and analyzed.

deletion is distinctly asymmetric, with 
5 kb missing colonies clearly resulted from deletions (absolute fre-
quency of 1 � 10�5/plated cell), of which only 5.1%from one side of the HO cut, but only the four overhang-

ing 3� bases, AACA, deleted from the other side of the were �1 kb in length. Of 4 smaller deletions sequenced,
2 (y1969 and y2001) extended on both sides of the HOHO cut site. Finally, this same deletion was indepen-

dently observed in all strain backgrounds (see below) cut site for 406 and 436 bp and overlapped by 16/20
and 14/16 bp, respectively. The other 2 (y1963 andand, in the mutant backgrounds, occurred at approxi-

mately the same absolute frequency (i.e., 3–5 � 10�6/ y1997) were deleted primarily on one side of the cut
site, by 551 and 741 bp and had overlaps of 7/7 andplated cell).

For rad52 cells, smaller deletions accounted for 19% 6/6 bases (Figure 3). We obtained sequence data from
16 of the larger deletions. The 5.3-kb deletion observedof all 5-FOA-resistant clones (absolute frequency of 1 �

10�5/plated cell). We sequenced five smaller deletions in the other backgrounds was identified in seven inde-
pendent clones (y1971, y1972, y1979, y1981, y1982,(y1443, y793, y1444, y1421, and y1427) and found they

were similar to the WT deletions. The average deletion y1984, and y1987). Additionally, a wide array of long
one-sided deletions was seen, ranging from 2.1 to 12.2length was �300 bp in both WT and rad52 strains. Over-

lapping microhomology was present in each case (4, 3, kb (y1973, y1975, y1968, y1978, y1983, y1976, y1970,
y1985, and y1989). These deletions were similar to those6/7, and two 8/9 bp; Figure 3). In addition, we identi-

fied two independent larger deletions (y1434 and in the yku80 strain background, again suggesting that
Rad52p did not play a significant role in the formationy1440) in this background (4.8% of all 5-FOA-resistant

colonies, absolute frequency of 3 � 10�6/plated cell). of these rearrangements. Further, the relative shift from
smaller to larger deletions in the yku80 and rad52 yku80They were both identical to the 5.3-kb deletion observed

in WT cells. The pattern of deletions for WT and rad52 strains suggested that one role for Yku80p is to limit
the extent of DNA digestion after a DSB.cells was quite similar, suggesting that Rad52p is not

directly involved in deletion formation. We carried out a statistical analysis of all deletions in
the absence or presence of Yku80p. Deletion lengths inIn yku80 cells, deletions accounted for �22% of the

5-FOA-resistant clones (absolute frequency of 8 � 10�6/ the absence of Yku80p were significantly greater than
those in the presence of Yku80p (P � 0.002), averagingplated cell) but only two of eight deletions sequenced

were �1 kb (235- and 934-bp deletion lengths; Figure 5900 and 1700 bp, respectively. Differences in the length
of overlap at the junctions were also statistically signifi-3). One clone (y1368) had extensive sequence loss on

both sides of the HO cut site, with an 18-/22-bp overlap- cant (P � 0.005), with averages of 11.2 and 6.6 bp,
respectively. These findings suggest that different mech-ping junction. The other (y2177) had a 5-base overlap.

The remaining deletions were all 
1 kb. Four of these anisms of deletion formation predominate in the pres-
ence or absence of Yku80p.(y715, y761, y1365, and y1375; Figure 4) were the same

5.3-kb deletion observed in the WT and rad52 back- Aberrant gene conversions: In both WT and yku80 strains,
we identified a distinct class of 5-FOA-resistant amplifi-grounds. The other two (y755 and y730) were even

larger deletions, extending 9.3 and 12.9 kb toward the cation products that were �130 bp shorter than the
parent (absolute frequency of �3 � 10�5/plated cell,telomere, eliminating three other nonessential genes

(YEL025C, RIP1, and YEL023C). These two deletions for each strain). These products were not observed in
rad52 or rad52 ku80 cells, which are incapable of homol-had overlaps of 9/10 bases and 7/ 8 bases, respectively.

In rad52 yku80 cells, 92.4% of the total 5-FOA-resistant ogous recombination (Table 1). In the case of 5-FOA-
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Figure 3.—Deletions �1 kb are observed in all strain backgrounds. (A) The URA3::actin intron::HO cut site cassette with the
size of each part labeled. Deletions were sorted by size. Solid lines denote chromosomal sequences and dashed lines denote
deletions. The deletion ends are shown as solid dots. The vertical dashed line corresponds to the position of the HO cut site.
The left columns indicate strain backgrounds and clone numbers. The right column indicates the extent of the deletions on
either side of the cut site (separated by a slash). (B) The specific joint sequence for each deletion is shown in uppercase. The
undeleted HO cut site sequence is aligned above all of the individual deletions, with the 4-bp (TGTT) 3� overhang shown twice.
Overlapping bases are underlined. The deletions are shown in parentheses. Overlap/segment indicates the number of identical
bases among the junctional sequences. In cases of imperfect overlap, only mismatches with several matching bases on either
side were considered, and insertion or deletion mismatches were not considered.

sensitive cells, we found that similarly sized products tional 4 bases. Upstream of the ACT1 exon sequence,
intact URA3 sequences were present. Thus, a segmentrepresented gene conversions where the HO target site

had been precisely eliminated and the intact ACT1 in- of URA3 sequence has been replaced by ACT1 exon
sequence. This results in a frameshift; although the in-tron had been restored. Therefore, it was of interest

to determine how some subpopulation of these gene tron is intact and can be correctly spliced, the resulting
URA3 ORF is frameshifted just upstream of the site ofconversion events could have resulted in loss of URA3

function. the intron and is consequently nonfunctional.
Comparison of the sequence of URA3 and ACT1 inWe sequenced the URA3::actin intron region from 9

5-FOA-resistant clones in the WT strain and 23 clones the region of the altered sequence revealed a segment
of fortuitous similarity just upstream of the intron. Asfrom the yku80 strain, which had PCR products �130

bp shorter than the parental band. As shown in Figure shown in Figure 5, 15 of 23 bases are identical for both
genes, with four regions of mismatch. This finding sug-5, in these clones the ACT1 intron was intact but the

sequence upstream of the ACT1 splice donor (i.e., to gests that during the homologous recombination event
that leads to gene conversion, sequences within the simi-the left of the boxed “gt”) consisted of 10–15 contiguous

bases of ACT1 exon rather than the expected URA3 lar segment, physically located between complete ho-
mology and complete heterology, are sometimes notsequence. In one case the length of ACT1 exon se-

quence present at the URA3 locus extended for an addi- precisely distinguished by the repair machinery and are
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Figure 4.—Deletions 
1 kb are observed in all strain backgrounds. Several nonessential ORFs are found telomere proximal
to the URA3 gene on chromosome V until the essential gene SNU13. The extent of observed large deletions shows which ORFs
are lost. Labeling is as in Figure 3.

therefore aberrantly resolved. It is unlikely that Yku80p we recover any insertion event (Table 1). Similarly we
observed no insertions in 79 independent 5-FOA-resis-plays any role in this process, since we estimate that

aberrant events account for 0.31% of all gene conver- tant rad52 yku80 clones (Table 1). While it is formally
possible that in these strain backgrounds we are missingsions in WT cells and 0.34% of all gene conversions in

yku80 cells. small insertions that do not result in 5-FOA resistance
or very large insertions that we cannot amplify, it ap-Insertions: We previously reported using this assay sys-

tem to find insertions of both Ty1 (140 bp to 3.4 kb) pears that insertion of extrachromosomal DNA into a
DSB site, as seen in WT and rad52 cells, either requiresand mitochondrial DNA sequences (33–219 bp; Yu and

Gabriel 1999). Nearly all of the Ty1 insertions joined or is greatly facilitated by the presence of YKU80.
Other events: A subset of 5-FOA-resistant clones fromthe break to one of the Ty1 LTR termini and were made

up of either continuous or discontinuous stretches of each strain were not amplifiable using PCR primers on
either side of the HO cut site in URA3. We characterizedTy1. In both WT and rad52 cells, the junctional se-

quences contained microhomologies, suggestive of a large number of such events by inverse PCR and later
with additional direct PCR primers (see materials andNHEJ events. In our current analysis of inverse PCR

products, we have identified several large Ty1 insertions. methods). One class of these products was transloca-
tions and inversions, and these will be analyzed in detailThe largest is �5.6 kb, consisting of a nearly full-length

Ty1 element (data not shown). in a separate article. In summary though, most of these
rearrangements resulted in joining the broken ends ofSince Yku80p is thought to be an essential component

of the NHEJ machinery, we examined �150 indepen- the URA3::actin intron locus with chromosomal segments
that appear to have suffered concomitant cleavage.dent 5-FOA-resistant yku80 clones. In no instance did
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Figure 5.—Aberrant gene con-
versions induced by a DSB at
URA3. Gene conversion occurs be-
tween the ACT1 intron sequence
in the URA3::actin intron::HO cut
site cassette and the intact endoge-
nous ACT1 gene. (A) The coding
regions of the two genes are shown
as wide boxes. The narrow lines
represent the ACT1 intron. The
HO cut site is depicted as a wide
broken rectangle. The length of
each portion is shown. Precise
gene conversion results in elimi-
nation of the HO cut site sequence
from the ACT1 intron in the URA3
allele. Aberrant gene conversion
additionally results in a small seg-
ment of contiguous ACT1 exon se-
quence replacing a portion of the
URA3 coding region upstream of
the intron splice site (shown as a
hatched box within the 5� half of

the URA3 ORF). (B) The similar but nonidentical sequences involved in this gene conversion. The sequences of URA3 and the
ACT1 exon are uppercase, while the ACT1 intron is lowercase. Identical bases within the 19- to 23-base fortuitously similar but
nonidentical sequence in URA3 and ACT1, just upstream of the intron, are underlined. Bases “gt” in boxes are the 5� splice site
of the intron. Numbers in parentheses indicate the proportions of observed events.

These gross chromosomal rearrangements after a single YKU80. Similarly, aberrant gene conversions, only subtly
DSB were observed in both WT and rad52 strains and different from normal gene conversions, appear to oc-
showed typical microhomology between the joined se- cur because of an error in discriminating a similar but
quences. They were not seen in either the yku80 or the nonidentical sequence stretch (Figure 5). The existence
rad52 yku80 strain, suggesting that their appearance was of such mistakes provides a window on the limitations
strongly dependent on the presence of the NHEJ ma- of the common repair pathways.
chinery (Table 1). Other nonamplifiable products Ku-independent deletion formation: An unexpected ob-
could represent very large deletions, deletions with in- servation is that Ku-independent deletions appear to
sertions into other parts of the genome, or very large represent a distinct repair pathway. We identified a spe-
insertions. Further genomic analysis will be required to cific 5.3-kb deletion independently and repeatedly in
completely characterize these remaining events. all backgrounds and found that the absolute frequency

of this and other long one-sided deletions was similar
in the absence or presence of Yku80p (0.7–1.6 � 10�5

DISCUSSION events/plated cell). Thus, while these events do occur
in the presence of Yku80, they are masked by the higherHere we have examined the spectrum of chromo-
frequency of other more efficient repair pathways.somal rearrangements used by S. cerevisiae to repair a

Clues to the mechanism of this deletion pathwayDSB in the presence or absence of key components of
come from a detailed analysis of the observed events.the homologous recombination and NHEJ pathways.
Extensive sequence elimination is restricted to the telo-In addition to imprecise end-joining events that have
meric side of the cut, while the sequence of the centro-previously been examined in the presence of a persistent
meric side of the break is essentially intact (Figure 4).HO-induced DSB, we have observed extrachromosomal
This asymmetry is reminiscent of previously observedDNA insertions, deletions of various length, and aber-
one-sided invasion events during homologous recombi-rant gene conversions and noted their dependence on
nation at DSBs (Belmaaza and Chartrand 1994) orspecific repair proteins. Many of the observed re-
of break-induced recombination (Kraus et al. 2001),arrangements appear to be mistakes in the context of
although the homology thought to drive those eventsmore straightforward repair pathways. For example, 8
is lacking. While the absence of sequence eliminationof the 11 deletions we sequenced in WT and rad52 cells
on the centromeric side may be related to the proximityare �1 kb and have junctions similar to the simple
of the next essential gene �900 bp from the HO cutimprecise end joins previously reported (Kramer et al.
site, this does not fit the observed data. With smaller1994; Moore and Haber 1996a), except for the in-
deletions, we observed several 100- to 700-bp deletionscreased length of sequence resection (Figure 3). This

type of deletion was most often seen in the presence of toward the centromere, indicating that deletions toward
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the centromere can and do occur. However, in no case
of a long one-sided deletion were there 
26 bases miss-
ing on the centromeric side of the cut. This suggests
that during Ku-independent deletion formation, one or
both strands on the centromeric side of the break are
protected from degradation.

The sequence overlaps at the deletion junctions tend
to be imperfect. With a mean length of 11.2 bp, they
are longer than the typical microhomologies of NHEJ
(0–6 bp) but shorter than the �30 bp thought to be
required to support RAD52-dependent homologous re-
combination (Manivasakam et al. 1995). This suggests
that in the absence of Ku or significant terminal homol-
ogy, joint formation is difficult and might occur only
if the two strands can anneal with sufficient extended
complementarity to stabilize the initial joint. To exam-
ine this further, we used the first 22 bases from the
centromere-proximal side of the cut site as a query se-
quence and searched for homology in the 10 kb of
chromosome V sequence telomeric to the URA3 locus.
The common 5.3-kb deletion junction, containing 11
of 12 bases of homology, was the nearest sequence to
the HO cut site with substantial homology and without
deletions or insertions.

A working model for Ku-independent deletion forma-
tion is shown in Figure 6. After a DSB (Figure 6A),
damage can be recognized and acted on by a large
number of proteins or protein complexes (Figure 6B).
Although we tend to categorize these proteins into sepa-
rate RAD52 or NHEJ epistasis groups, some of the pro-
teins or classes of proteins (e.g., the Rad50/Mre11/Xrs2
complex, nucleases, polymerases) likely function in
both pathways. In yeast, DSBs are followed by 5� to 3�
digestion around the break site, leading to exposed 3� Figure 6.—A model to account for the observed YKU80-

and RAD52-independent long one-sided deletions. Details ofsingle strands (Haber 1995). We propose that a protein
the model are presented in the text. Pacman figures representcomplex, not including Yku80p or Rad52p, binds to
nucleases. The ellipse in B represents the sum of DSB repairone side of the DSB (in this case, the centromeric side), proteins, subdivided into overlapping homologous recombi-

resulting in end protection of one or both strands (Fig- nation and nonhomologous end-joining components. The se-
ure 6C). It is conceivable that HO endonuclease remains ries of Rad5X boxes represents the members of the RAD52-

epistasis group. The circles with question marks signify thatbound and plays a role in end protection. The resulting
additional unknown proteins may be involved in these pro-complex directs the terminal 3� sequences on a local
cesses. The R/M/X circle represents the Rad50/Mre11/Xrs2complementarity search, beginning from the opposing complex.

end of the DSB and perhaps accompanied by a 5� to 3�
nuclease or a helicase to expose single-stranded regions
(Figure 6D). Rad59p, a homolog of Rad52p important mentarity shown in Figure 4, the observed sequence

at the mismatched positions corresponds to the basefor single-strand annealing of short homologous se-
quences may be involved in this step (Sugawara et al. present on the centromeric side of the break. This

strong bias implies either a directionality of hetero-2000; Davis and Symington 2001). The extent of
slower terminal 3� deletion that occurs on the centro- duplex mismatch correction or, alternatively, that after

joint formation, resynthesis proceeds first from themeric side before the protein complex has bound could
determine the specific sequences that take part in the searching strand toward the telomere (Figure 6F). The

complementary strand would be subsequently pro-complementarity search. Once sufficient complemen-
tarity is established and annealing occurs (Figure 6E), cessed by removal of the nonhomologous tail, including

the mismatch, followed by resynthesis of that strand.the activities of the complex could change (Figure 6F),
leading to cleavage of noncomplementary regions, re- Our system allowed us to generate sufficient numbers

of repair events to quantitate and characterize Ku-inde-synthesis of second strands, and finally religation (Fig-
ure 6G). Of interest, in all cases of imperfect comple- pendent chromosomal deletions, and thereby formu-
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late a model for the pathway. A review of the literature though the Ku complex and the Rad50/Mre11/Xrs2
complex are both involved in NHEJ, mutants lackingindicates older observations consistent with certain as-

pects of this pathway. In Ku-deficient mammalian cells, one or the other complex often have very different
phenotypes (Boulton and Jackson 1996a; Lee et al.excessive DNA degradation has been observed in cells

surviving attempted V(D)J rejoining or repair of other 1998; Nugent et al. 1998; Chen and Kolodner 1999;
Chen et al. 2001; Grenon et al. 2001). It is, therefore,DSBs (Schuler et al. 1986; Hendrickson et al. 1988;

Taccioli et al. 1993; Liang and Jasin 1996), but the premature to presume that the deletions seen in both
sets of experiments represent the same pathway.deletion junctions have not been extensively examined.

In yeast, Welcker et al. (2000) identified spontaneous Aberrant gene conversions: Another unexpected class of
5-FOA-resistant survivors was the aberrant gene conver-large deletions in WT and rad52 strains that contained

long imprecise overlapping junctions. Neither the ini- sions. Given the limited region of homology (60 bases
on one side of the cut and 240 on the other side oftiating events nor the genetic requirements for these

events are known. Similarly, Myung et al. (2001) identi- the cut), this recombination probably occurred by one-
sided synthesis-dependent strand annealing that re-fied spontaneous translocations and deletions involving

long imprecisely overlapping sequences at the junctions, quires direct copying of donor sequence by only one
invading strand, reassociation of the extended strandin the absence of either Sgs1p or Top3p. In experimental

yeast DSB repair systems, Kramer et al. (1994) noted with complementary sequences on the other side of the
break, followed by removal of nonhomologous se-that the junctional sequences of several RAD52-indepen-

dent deletions (formed upon rejoining of a ruptured quences, resynthesis, and religation. In �1% of conver-
sion events, we observed that the region between homol-conditionally dicentric chromosome) contained imper-

fect complementarity, including two with identical 11-/ ogy and nonhomology was not correctly distinguished
by the repair machinery, leading to the termination of13-bp overlaps. These events occurred in Yku80� cells

after an unusual mitotic breakage event. Mezard and conversion within a 6-base segment of similar sequence
beyond the first mismatch. Mechanisms for distinguish-Nicolas (1994) observed similar nonhomologous re-

joining events for linearized plasmids transformed into ing homology, heterology, and homeology at the ter-
mination of a gene conversion event have not been ex-RAD52 and rad52 cells. In some cases there was end-to-

end joining, but in others joints were either internal- tensively addressed in studies of homologous and
homeologous recombination (Bailis and Rothsteinto-internal or internal-to-end (i.e., two- or one-sided de-

letions). Boulton and Jackson (1996a,b) analyzed the 1990; Harris et al. 1993; Mezard and Nicolas 1994;
Priebe et al. 1994; Porter et al. 1996), but given ourstructure of rejoined EcoRI linearized plasmids trans-

formed into WT, yku80, or yku70 strains. In WT cells results, it would be worthwhile to use our system to
determine whether components of the mismatch repairthey recovered only precisely rejoined plasmids, but in

mutant cells they observed a variety of plasmid deletions system are involved in making this distinction.
Insertions: Regarding insertions at DSBs, our data indi-ranging from 6 to 811 bp in length, with junctional

overlapping sequences of 3–15 bp. They did not observe cate that these events are Ku dependent, providing fur-
ther support for our previous assertion that insertionimprecise end joining in WT cells. Their work suggests

that precise rejoining is Ku dependent and demon- of extrachromosomal DNA sequences is a form of NHEJ
(Teng et al. 1996; Yu and Gabriel 1999). Extrachromo-strates that deletions are observable when Ku is absent.

It does not, however, address whether such deletions somal DNA insertions at break sites have recently been
reported in mammalian cell systems (Sargent et al.still occur in WT cells, but are masked by the higher

frequency of precise events. Finally, Moore and Haber 1997; Liang et al. 1998; Van de Water et al. 1998;
Lin and Waldman 2001a,b) and plants (Salomon and(1996a) examined chromosomal HO-induced DSB re-

pair in the absence of homologous recombination in a Puchta 1998; Kirik et al. 2000). In each case, the repair
events fit the pattern of NHEJ. Thus, the ability to insertvariety of genetic settings. Although they did not exam-

ine Ku mutants, they did recover 
700-bp deletions available DNA into a break site may be universal and
suggests a link between the cellular machinery that de-with microhomology at the junctions when they ex-

pressed HO continuously in the absence of RAD50. grades DNA and the machinery that repairs breaks in
chromosomal DNA. Experiments to examine the gener-When HO was expressed only in G1, deletions of 
700

bp were also seen and were the predominant product in ality of the substrates in yeast are underway.
Interactions between repair pathways: An important unan-rad50 cells. Unfortunately, there is insufficient sequence

information in the Moore and Haber article to deter- swered question is whether the homologous recombina-
tion and NHEJ pathways compete or cooperate in themine how similar the junctions are to the ones we ob-

served. However, these results do confirm that forma- repair process. By actively binding termini, Ku can focus
repair efforts around the original break site, allowingtion of large deletions does not require the absence of

Yku80p, and they suggest that, in situations where sim- ligation to occur with only minimal overlap between the
two ends and with only minimal sequence loss (Dynanple end joining is blocked, large deletions will be more

readily recovered among the remaining survivors. Al- and Yoo 1998; Walker et al. 2001). After an HO-
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induced DSB in yeast, 5�-3� nucleases create single- subject to both repair pathways, but where all the poten-
tial repair proteins are still present.stranded 3� terminal tails that take part in homology

By examining the frequency and spectrum of repairsearching, presumably aided by Rad52p and other mem-
events after a DSB in different genetic backgrounds, webers of the RAD52 epistasis group (Haber 1995). Single-
have begun to appreciate the alternative repair pathwaysstrand tails are good substrates for initiation of homolo-
utilized by the cell and we now have the ability to expandgous recombination, but they may be less than ideal
the work to examine the effects of different genetic andsubstrates for NHEJ. Biochemical data suggest that Ku
physical contexts. Using our simple counterselectionprefers to bind at DSB ends or at double-strand to single-
assay, we can easily generate large numbers of chromo-strand junctions, rather than at single-strand tails
somal rearrangements and analyze their properties.(Dynan and Yoo 1998). By binding to termini, Ku might
This should prove to be a valuable tool in dissectingblock single-strand formation or at least slow it down
mechanisms of double-strand break repair and the(Lee et al. 1998). Recent articles demonstrate both coop-
causes and consequences of genome instability.eration and competition in different contexts. A study

in yeast suggests a cooperative role for Ku proteins in We gratefully acknowledge O. Uzun for providing unpublished
strains; S. Brill, M. Gartenberg, J. Haber, and members of the Gabrieldeletion formation between direct repeats (Cervelli
laboratory for helpful discussions; and M. Gartenberg and J. L. Soucietand Galli 2000), while a study in mammalian cells
for critical comments on the manuscript. This work was funded in

points toward competition between the two pathways in part by National Institutes of Health grant CA84098, the New Jersey
DSB repair (Pierce et al. 2001). A yeast study, in which Commission on Cancer Research, the American Cancer Society, and

the Charles and Johanna Busch Endowment.either NHEJ or single-strand annealing could repair a
DSB, did not find any evidence of competition between
the two pathways (Karathanasis and Wilson 2002).
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