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I
onizing radiation (IR) poses a
severe threat to genome stability,
inducing base changes, cross-links,
and double-stranded breaks

(DSBs). Improper repair of IR damage
has severe consequences, frequently re-
sulting in formation of chromosomal
translocations leading to gene dysregula-
tion at translocation breakpoints and/or
oncogenic fusions. Moreover, cancer
genomes are very severely rearranged.
Thus, there is great interest in determin-
ing the origins of spontaneous genome
rearrangement. Homologous recombina-
tion (HR) has long been implicated in
the recovery from irradiation, as evi-
denced by the sensitivity of rad52 yeast
strains to irradiation (1, 2). In this issue
of PNAS, Argueso et al. (3) demonstrate
not only that HR is the primary mecha-
nism by which DSBs are repaired in dip-
loid yeast cells recovering from IR, but
also that chromosomal aberrations
(CAs) are generated by recombination
between nonallelic repeats and that this
process profoundly reshapes the genome
of surviving cells.

DSBs are so deleterious that even a
single DSB, left unrepaired, can be lethal
in yeast (4). DSB formation leads to a cell
cycle delay (5, 6), allowing repair by either
HR or nonhomologous end joining
(NHEJ). In yeast, HR is the preferred
mechanism, yet even the limited repetitive
DNA content in yeast presents a formida-
ble problem by presenting an opportunity
for ectopic (nonallelic) HR. Repair by
HR requires an extensive homology
search to find a partner for repair; sister
chromatids are preferential substrates in
diploid G2 cells (7). Yeast cells contain
diverse dispersed repeats, including subte-
lomeric X and Y� repeats, dispersed
tDNA loci, and numerous Ty retrotrans-
posons and solo-LTR elements. Each of
these is a potential site for ectopic HR,
and tandemly oriented elements, inverted
repeats, and dispersed copies can generate
duplications, deletions, and translocations
depending on their relative orientation
and their genomic positions. The potential
for Ty elements to participate in ectopic
HR is well known (8, 9). The risk of HR
among dispersed repeats is exacerbated by
induction of DSBs in or near repeats; one
DSB increases translocation frequency of
1,000-fold, and two DSBs can increase it
by 107-fold (10). As with DSBs occurring
in unique genomic regions, those gener-
ated in repeat elements are repaired effi-

ciently by recombination with both allelic
and ectopic elements (11).

Better understanding of the role of
transposable elements in generating CAs
and genomic mechanisms to restrain this
deleterious process are of great interest.
Most investigations into the mechanism
of DSB repair in yeast have exploited
inducible DSBs made by targeted endo-
nuclease cutting. Argueso et al. (3) have
taken a broader view by subjecting yeast
cells to extensive irradiation, inducing
random genome-wide DSBs. By exploit-
ing diploid yeast arrested in G2, they
generated a pure population of 4n cells,
which were subjected to high doses of
IR, inducing �250 DSBs per cell (Fig.
1). Not only were the yeast able to cope
with this extraordinary level of damage,
the bulk populations rapidly restored
their genome to a native chromosomal
configuration after just 3 h of recovery.
Survival rates were astonishingly high:
7–28% of the cells formed colonies.
This surprising result dramatically dem-
onstrates the ability of a complex eu-
karyotic genome to undergo extensive
repair and rebuilding from the most ex-
treme genomic insults rapidly.

Are the reconstructed yeast chromo-
somes truly restored to a wild-type con-
figuration? More often than not, the
reassembly process generated misas-
sembled genomes unique to each ran-
domly chosen strain. There was exten-

sive variation in chromosome structure,
with 54 of 71 clones showing at least
one CA. Despite the random distribu-
tion of DSBs throughout the genome,
almost all (91%) translocation break-
points were located within repetitive
sequences, revealing the remarkable
fidelity with which breaks in unique
genomic sequences are repaired and
heavily implicating repetitive DNA in
the generation of CAs that reshape the
genome through ectopic HR. Extensive
genome analysis of individual survivor
clones by electrophoretic karyotyping,
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Fig. 2. Ty-mediated recombination. (Top and Mid-
dle) Structure of a Ty retrotransposon, comprising
two long terminal repeats (LTRs) that flank unique
TyA and TyB protein-coding sequences. (Bottom) Tri-
partite recombination between dispersed Ty ele-
ments located either inter- or intrachromosomally
and generating complex rearrangements.

Table 1. Aberrations observed in survivors

Aberration type % of survivors*

Aneuploidy
Monosomy 31
Trisomy 70
Chromosome

rearrangements
Deletions (terminal) 36
Deletions (interstitial) 17
Amplifications
(terminal)

35

Amplifications
(interstitial)

13

Translocations† 68

*Percentage of survivors with this rearrangement
type.

†Estimated.

Fig. 1. Rebuilding shattered yeast genomes.
(Upper) Diploid yeast cells arrested in G2 were used
to maximize the number of genome copies avail-
able as repair templates. After IR, the genome was
shattered to �250 DSBs per cell. Repetitive DNA
elements (yellow arrows) can mispair during strand
invasion, leading to ectopic HR. (Lower) After 3 h of
recovery, CAs are widespread, with formation of
amplifications, deletions, translocations, and an-
euploidy, often with multiple events per cell.
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array-CGH, band-CGH, PCR, and
Southern blotting revealed dramatic
variation in genome structure. Within
individual survivors, genomic changes
included interstitial duplications, loss of
heterozygosity, and chromosomal trans-
locations (Table 1). The large number
of breakpoints, including a high fre-
quency of complex CAs, suggests that
any and all Ty elements of the same
type can serve as HR partners. Complex
CAs were remarkably common, with
examples of tripartite recombination
(Fig. 2) frequently detected. The stun-
ning diversity of genome structures re-
covered suggests that yeast genome
structure is remarkably pliable. After
formation of the Rad51 filament during
HR, an extensive search is undertaken
to find homologous sequences (12, 13);
although the chance of choosing the
correct partner sequence is inversely
proportional to its copy number in the
genome (14), the frequent tripartite
recombination observed in this study
suggests that both ends of the DSB in-
dependently undergo extensive homol-
ogy searches able to scan the genome
quickly and efficiently.

The ability to recover cells after ex-
tensive IR is a powerful mechanism to
investigate both the immediate repair of
damage and the long-term consequences
for cells coping with CAs. This ability of

yeast to rebuild its genome after exten-
sive fragmentation is reminiscent of the
biology of Deinococcus radiodurans, a
highly IR-resistant bacterium with an
�8n genome. After IR that shatters the
genome into 20- to 30-kb fragments, the
Deinococcus genome is perfectly recon-
structed in a two-step assembly process:
‘‘extended synthesis-dependent strand
annealing’’ followed by RecA-dependent
HR. The Deinococcus and Saccharomy-
ces processes share two fundamental
properties: the requirement for multiple
genomes in the cell to be shattered and
iterative rounds of chromosome reas-
sembly by HR (15). Is this mechanism
of genome reassembly common to pro-
karyotes and lower eukaryotes with a
lower repetitive DNA content and
therefore a stronger bias toward HR or
is this a more universally conserved
phenomenon?

Is the use of nonallelic HR between
Ty elements to generate CAs unique to
recovery from high doses of IR? Al-
though targeting a DSB to a Ty element
induces Ty recombination, many forms
of DNA damage that ought to create
DSBs do not increase the level of re-
combination between specific pairs of
Ty elements (11). Will spontaneous
chromosome evolution (16) and CAs,
such as those generated at collapsed
replication forks, proceed similarly, de-

spite the need for only a single-strand
invasion step to restore the fork? Under
conditions of spontaneous damage,
where there is a lower incidence of si-
multaneous DSBs, is there a greater
role for chromosome structure, chromo-
some looping, and intranuclear position-
ing of Ty elements that could mediate
pairing of homologous sequences?

In mammalian cells, DSBs arise fre-
quently from endogenously generated
free oxygen radicals, collapsed replica-
tion forks, somatic recombination during
lymphoid differentiation, topoisomerase-
mediated DNA cleavage, viral transduc-
tion, and from exogenous damage.
Perhaps because the repetitive DNA
content of human cells is considerably
higher than in yeast and Deinococcus
(45% compared with 3%; Table 2), HR
seems to be less dominant in mammals
than in yeast, with more DSBs repaired
by NHEJ. Yet the frequent association
of CAs with mammalian repeats (for
reviews, see refs. 17 and 18) suggests
that the mechanism described by Ar-
gueso et al. (3) may operate in higher
eukaryotic CA formation. It will be ex-
citing to see what fraction of those CAs
characteristic of oncogenic transforma-
tion are repeat-associated and whether
the exchanges are predominantly HR-
mediated. In this age of deep sequenc-
ing, the answer cannot be far away.
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Table 2. Genomes compared

Parameter Deinococcus Saccharomyces Homo

Type Eubacteria Simple eukaryote Complex eukaryote
Genome size 3.3 Mb 15 Mb 3000 Mb
Dominant ploidy 8n 2n; 4n in ref. 3 2n
Dominant repair type HR HR NHEJ
Dispersed repeats, % 3.8 3.3 45
Dispersed repeat type(s) (not

including tRNAs)
�10 families, �150 bp

long
�10 families, 0.3–6 kb

long
�35 families ranging from 0.3 to 10

kb
Repeat homogeneity High High Low
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