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ABSTRACT

DNA double-strand breaks can be repaired by
illegitimate = recombination without extended
sequence homology. A distinct mechanism namely
microhomology-mediated recombination occurs
between a few basepairs of homology that is
associated with deletions. lonizing radiation and
restriction enzymes have been shown to increase
the frequency of nonhomologous integration in
yeast. However, the mechanism of such enhanced
recombination events is not known. Here, we report
that both ionizing radiation and restriction enzymes
increase the frequency of microhomology-mediated
integration. Irradiated yeast cells displayed 77%
microhomology-mediated integration, compared to
27% in unirradiated cells. Radiation-induced inte-
gration exhibited lack of deletions at genomic
insertion sites, implying that such events are likely
to occur at undamaged sites. Restriction enzymes
also enhanced integration events at random
non-restriction sites via microhomology-mediated
recombination. Furthermore, generation of a site-
specific I-Scel-mediated double-strand break
induces  microhomology-mediated integration
randomly throughout the genome. Taken together,
these results suggest that double-strand breaks
induce a genome-wide microhomology-mediated
illegitimate recombination pathway that facilitates
integration probably in trans at non-targeted sites
and might be involved in generation of large
deletions and other genomic rearrangements.

INTRODUCTION

Double-strand breaks (DSBs) can be produced exogen-
ously by ionizing radiation and chemical DNA damaging
agents or by endogenous free radicals generated during

cellular metabolism. Eukaryotic cells have evolved two
main pathways to repair DSBs: homologous recombina-
tion relies on extensive sequence homology between the
damaged DNA and donor template, whereas illegitimate
recombination, or nonhomologous end joining (NHEJ),
involves end joining in the absence of DNA sequence
homology (1). Some illegitimate recombination events
are characterized by a few basepairs (bp) of homology
shared at the ends of the two recombination junctions,
so called microhomology-mediated recombination
(MHMR) (2). This class of events is independent of
the end-binding Yku70/Yku80 heterodimer, and thus
is distinct from the classical NHEJ pathway (3-7).
As well, MHMR is a mutagenic pathway that is often
associated with deletion of the sequences spanning one
of the microhomology regions and the intervening
sequence.

MHMR has been implicated in generation of large
deletions and other genomic rearrangements in mamma-
lian cells. Microhomology is often found at the recom-
bination junctions of radiation-induced genomic
rearrangements (8,9), implying that radiation-induced
DSBs are repaired preferentially by MHMR.
Furthermore, 50% of large deletions mediated by
MHMR are associated with human disorders (10-14).

In yeast, DSBs are mainly repaired by homologous
recombination, but different mechanisms of illegitimate
recombination have been evident in the absence of a
homologous donor or an essential gene in the homologous
recombination pathway (2,7,15). By transformation of
a URA3-containing fragment into haploid yeast cells
lacking the URA3 gene and subsequent selection for
Ura " transformants (2,3), three classes of spontaneous
illegitimate recombination events were identified. The
first class is due to MHMR, characterized by 2-4bp
of microhomologies at the junctions (2). The second
class is mediated by topoisomerase I where the transform-
ing DNA integrates next to the preferred cleavage
sites of topoisomerase I, CTT or GTT (16). The final
class involves in vivo ligation of transforming DNA to
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mitochondrial DNA fragments that seem to be capable of
autonomous replication (2).

Co-transformation of a recombination substrate with
restriction enzymes BamHI, Bg/ll and Kpnl increases the
efficiency of DNA integration by several fold and the
majority of events integrated into the restriction sites
introduced by the co-transformed restriction enzyme
(3,17), this process being termed restriction enzyme-
mediated integration (REMI). The simple interpretation
is that the co-transformed restriction enzymes create DSBs
at the genomic restriction sites that attract the transform-
ing DNA ends. Restriction enzymes were subsequently
used to facilitate integration in Dictyostelium discoideum
for random mutagenesis and simultaneous tagging of the
mutant gene (18).

Ionizing radiation enhances the frequency of nonho-
mologous integration (NHI) in yeast (19). In addition,
other DNA damaging agents including UV, bleomycin,
camptothecin, VP-16 and hydrogen peroxide also enhance
gene integration in mammalian cells (20-25). These DNA
damaging agents may eventually lead to the formation of
DSBs and suggest that DSBs could be the inducing agent
for the enhancement of integration.

The DNA sequences of recombining junctions have
been determined for very few DNA damage-enhanced
illegitimate recombination events and the possibility that
DNA damage induces illegitimate recombination events at
undamaged sites has not previously been investigated.
In this manuscript, we investigate the effects of ionizing
radiation and restriction enzymes on NHI by sequence
analysis of the integration target sites. We report here that
both ionizing radiation and restriction enzymes increase
the frequency of microhomology-mediated integration.
In addition, a site-specific I-Scel-mediated DSB induces
microhomology-mediated integration randomly through-
out the genome, suggesting that DSBs induce MHMR
probably in trans at non-targeted sites.

MATERIALS AND METHODS
Strains and Media

Experiments  were performed in the  haploid
Saccharomyces cerevisiae strain RSY12 (MATa leu2-
3,112 his3-11,15 wra3/\::HIS3), in which the entire
URA3 open reading frame and promoter sequence was
replaced by the HIS3 gene (17). Strain YWY200 was
constructed in the RSY12 background by integration of
plasmid pWY203 containing I-Scel gene under the GALI
promoter into LYS2 locus (Yap,W. and Schiestl, R. H.,
unpublished results). The construct containing the 24-bp
I-Scel recognition site and a LEU2 marker flanked by
50 bp of upstream and downstream sequence of TRPI was
generated by PCR and transformed into YWY200 to
generate strain YWY200-I-Scel. Escherichia coli strain
DH5a was used for the maintenance and amplification of
plasmid DNA.

Plasmids

YEplac195 contains the URA3 marker for selection and
the two-micron origin of replication and was used to

control for transformation efficiency. Plasmids pM150
and pM151 were described previously (17) and contain
a 1.1kb URA3 Hindlll fragment.

Transformation

For yeast transformation the ‘Lithium Acetate/Single-
Stranded DNA/PEG’ transformation method was used
(26). In previous studies, ~10% of spontaneous NHI
events were ligated to mitochondrial DNA fragments (2).
The occurrence of these events is probably related to the
fact that some mitochondrial DNA fragments can
function as an origin of replication in the nucleus (27).
We excluded these mitochondrial events in the current
study by checking the frequency of loss of the Ura3
phenotype on medium containing S-fluoro-orotic acid
(FOA) because these events are not due to integrations
into genomic DNA.

Molecular techniques

Standard methods were followed except as noted below.
pM151 was digested with Bg/ll and pM150 with Kpnl
and prepared as described (17). The spontaneous and
radiation-induced integration target sites were determined
by direct genomic sequencing. Yeast genomic DNA was
purified using the genomic purification tips (100/T)
(Qiagen, Valencia, CA, USA). Fifteen microgram of
genomic DNA was used for a double big dye
sequencing reaction (28) with the primer pMI151-3559
5Y-GTGCACCATATG CGGTGTGAAATACC-3 to
sequence the forward direction and the primer pM151-
71 5-AATCTAAGTCTGTGCTCCTTCCTTCG-3 to
sequence the reverse direction. Sequencing products were
purified by Centri-Sep columns (Princeton Separations,
Adelphia, NJ, USA) and loaded on an ABI 371 sequencer.

Restriction enzyme-induced integration

Plasmid DNA was digested with restriction enzyme,
precipitated with ethanol and resuspended in 200 pl of
0.01 M Tris-HCI (pH 7.5), 0.05M EDTA, 1% sodium
dodecyl sulfate and 100pg of proteinase K/ml. After
30 min incubation at 37°C, the sample was extracted with
phenol—chloroform—-isoamyl alcohol, precipitated with
ethanol, washed with 70% ethanol and vacuum dried.
The pellet was dissolved in sterile water, and the yeast cells
were then transformed with this solution. Also, 200U of
restriction enzyme and 1/10 volume of the restriction
enzyme buffer were added to the transformation mixtures.
The restriction enzyme-induced integration target sites
were cloned by plasmid rescue as described previously
(17). Asp718 was purchased from Roche (Basel,
Switzerland). All other enzymes were purchased from
New England Biolabs (Ipswich, MA, USA). Thirty-eight
junctions from 19 integration events were sequenced
in which both junctions resulted from NHI (Figures 4
and 5B). Also included in our analysis are three junctions
from NHI events that were previously published
[eventBH10 in Figure 2A, events SB3 and SBI3 in
Figure 2B in ref. (17)].



v-Irradiation

After transformation of plasmid DNA, yeast cells were
plated onto synthetic complete medium lacking uracil and
exposed to 50Gy of y-ray using a Mark-I irradiator
(Shepherd and Associates, San Fernando, CA, USA), with
a Cs-137 source and a dose rate of 529 cGy/min.

Statistical analysis

The frequencies of microhomology-mediated recombina-
tion with and without exposure to y-ray, restriction
enzymes and I-Scel endonuclease were analyzed by the
X~ test.

RESULTS

To examine the effect of y-irradiation on NHI, a Bg/II-
linearized plasmid pM151 containing the URA3 gene was
transformed into yeast strain RSY12, which lacks any
homology to the URA3 gene. Cells were then exposed to
50 Gy of y-rays which causes an average of two DSBs per
cell (29). Cells expressing the Ura™ phenotype are the
results of the URA3 containing plasmid pM151 that has
either integrated into the genome or has captured an
origin of replication. In parallel, a self-replicating plasmid
YEplac195 that contains a two-micron origin and the
URA3 gene was used to transform RSY12 to normalize
changes in the transformation efficiency caused by
radiation. The frequency of spontaneous NHI events
was about 0.75 per pg DNA per 10* YEplacl95
transformants. Exposure of yeast cells to y-irradiation in
three different experiments caused an average of 4.7-fold
increase in NHI frequency, which is similar to previous
results (19). In addition, y-irradiation caused an average
of 6.3-fold increase in NHI frequency using a Sall-
linearized plasmid pM151 as integrating DNA, indicating
that radiation-induced integration is not specific to the
Bglll-linearized substrate (data not shown).

To investigate the mechanism of radiation-enhanced
integration, we isolated genomic DNA from yeast colonies
that underwent NHI events and sequenced the regions
spanning the junctions between genomic DNA and the
integrated plasmid. Obtained sequences were aligned with
yeast chromosomal DNA sequences in the Saccharomyces
Genome Database (SGD) to identify integration target
sites. We randomly selected and analyzed 13 stable
transformants of spontaneous integration events and
11 transformants derived after irradiation. Among the
spontaneous events, 7 out of 26 junctions (27%) contained
2-3 bp of microhomology between the protruding single-
stranded (PSS) ends of the integrating DNA and the
genomic target sites (Figure 1A). Remarkably, among
integration events in irradiated cells, 17 out of 22 junctions
(77%) displayed 2-7bp of microhomology (Figure 1B).
This 2.9-fold increase in the fraction of MHMR events is
significantly different (P<0.001) in comparison to spon-
tancous events. Forty-five percent of events in irradiated
yeast cells utilized 4 or more bp of microhomology (27%
with 4 bp, 9% with 5 bp, 4.5% with both 6 and 7 bp) while
no events with 4 or more bp were observed in unirradiated
cells (Figure 2) indicating that microhomology length is
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increased in irradiated cells in comparison to spontancous
events (P <0.0005).

As radiation-induced DSBs are modified and required
to be processed prior to religation (30), deletions are often
found at the breakpoints (31,32). However, the majority
of spontaneous and radiation-induced integration events
had the genomic sequences flanking the integrating
substrate maintained without any deletion, implying that
spontaneous and radiation-induced integrations are
likely to occur at sites other than the sites of DSBs.
All spontaneous and radiation-induced illegitimate inte-
gration events were randomly distributed throughout the
yeast genome without bias for any particular chromosome
position, expressed gene or ORF.

Previous experiments have shown co-transformation
with restriction enzymes increase the efficiency of DNA
integration into genomic sites of the restriction enzymes
(3,17). When Asp718-linearized plasmid was transformed
into yeast cells in the presence of Kpnl, the integration
efficiency increased 2- to 3-fold yet less than 1/3 integrated
at the Kpnl sites (17). Furthermore, when Bg/Il was
co-transformed with a Kpnl-linearized plasmid, no inte-
grations were observed at the Bg/II sites (17). These results
suggest that co-transformation of linearized DNA sub-
strate with restriction enzymes may lead to increased
integration efficiency into genomic sites other than the
ones recognized by the restriction enzymes. In this work,
we continued our previous studies and analyzed the events
obtained after co-transformation with restriction enzymes
by sequence analysis. We examined the following enzyme
combinations: BamHI-BamHI, Sall-Bglll, EcoRI-Bglll,
Kpnl-Bglll, Asp718-Kpnl and Asp718 (filled PSS ends)-
Kpnl, in which the former enzyme was used to linearize the
integrating plasmid pM150 and the latter enzyme was
added during the transformation process (Table 1).
We classified all events after restriction enzyme addition
into different integration classes (restriction enzyme-
mediated integration (REMI) and NHI) and compared
this distribution with the control experiments lacking
co-transformation with restriction enzymes.

Among events from co-transformation with restriction
enzymes, 12 out of 41 junctions (29%) displayed 4 or more
bp of microhomologies between the PSS ends of the
integrating DNA and the genomic sequences whereas only
1 out of 36 junctions (2.7%) was observed in the control
(P<0.005) (Table 1, Figures 3 and 4B). We compared
14 junctions from spontaneous integrations of a 3’ PSS
substrate linearized by Kpnl (Figure 4A) with 14 junctions
obtained from co-transformation with Bg/Il, producing a
5'PSS (Figure 4B). The distances to the closest Bg/II sites
for each of the 14 integration junctions were in agreement
with a random distribution in relation to those Bg/II sites
in the genome (data not shown). This suggests that a
specific pathway utilizing microhomology was induced by
restriction enzymes increasing integration efficiency in
trans.

Restriction enzymes sometimes show ‘star activity’ in
the presence of detergents in the buffer or with inap-
propriate buffers (33) (www.neb.com). It is possible that
the enzymes show such star activity under the conditions
that occur in the nuclei of cells. The most common types
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Figure 1. Target sequences of NHI events of Bglll-linearized pM151 in
wild-type strain RSY12. (A) Spontaneous events. (B) After exposure to
50Gy of y-irradiation. Shown are the plasmid DNA substrate, the
target sequences and the genomic locations into which the plasmid
integrated. The ends of the integrating DNA are shown above and
below the genomic target sequences. The numbers 1 and 2 correspond
to the sequence of the 5 (1) and 3’ (2) PSS ends of the integrating
DNA. The region of microhomology between the ends of integrating
DNA and genomic target DNA is visualized by vertical dashed lines,
with the crossover occurring at either one of the dashed lines. If there is
no overlapping microhomology sequence between the recombining
DNAs, the site of crossover is represented by vertical solid line. End 1
of the integrating DNA sequence is shown as single underlined
sequence and after the crossover continuing at the target. End 2 is
double underlined continuing after the crossover. The genomic

of star activity are single base-pair substitutions or
truncations of outer bases (www.neb.com). However,
none of the integration sites could be accounted for by
the restriction enzyme cutting at such common star
activity sites.

To determine if integration occurs close to the site of
breakage or at random locations throughout the genome,
we overexpressed the I-Scel endonuclease to generate a
single DSB at a defined site in the genome. I-Scel is a
meganuclease that cleaves at a 24-bp recognition site not
present in the yeast genome (34). Cells overexpressing the
endonuclease, and having a recombinant I-Scel site,
undergo competition between cleavage and religation
resulting in a constitutive DSB. Strains YWY200 and
YWY200-I-Scel express the I-Scel enzyme under the
GALI promoter, inserted at the LYS2 locus, while the
YWY200-1-Scel strain in addition contains an [-Scel
recognition site at the TRPI locus. Upon 6 h of galactose
induction in the YWY200-I-Scel strain, cleavage of the
recognition site in the genome by the overexpressed I-Scel
was verified by PCR analysis (data not shown). Strains
YWY200 and YWY200-I-Scel were grown in complete
medium with 2% glucose or 2% galactose for 6h and
transformed with Bg/lI-linearized pM 151 to determine the
NHI frequency. After induction on galactose-containing
medium, the relative frequency of NHI (transformants per
ng DNA per 10* YEplac195 transformants) in the strain
containing the I-Scel site increased by 4.8-fold, from
0.11£0.05 to 0.50+0.14 whereas in control cells on
galactose, not containing the I-Scel site, there was
no increase in the NHI frequency; 0.1140.01 and
0.13 +0.04, respectively.

After induction in galactose media, we sequenced 7 and
11 transformants derived from YWY200 and YWY200-I-
Scel cells respectively (Figure 5). In the YWY200 cells,
2 out of 14 (14%) junctions showed 2-3bp of micro-
homologies whereas 15 out of 22 (68%) junctions from the
YWY200-I-Scel cells displayed 2—6 bp of microhomolo-
gies, resulting in a significant difference in the occurrence
of microhomology usage (P<0.005) (Figure 6). In seven
integration events from YWY200 cells combined with 13
spontaneous events from the isogenic wild-type RSY12
strain (Figure 1A), 9 out of 40 (23%) junctions showed
2-3bp of microhomologies versus 16 out of 22 (73%)
junctions from the YWY200-I-Scel cells utilized micro-
homologies from 2 to 6bp, which is also significantly

location, locus and gene of the target sites are as follows: C8, Chr.
(Chromosome) I, promoter of YAL022C, FUN26; C9, Chr. VI,
promoter of tA(AGC), tRNA; C15, Chr. XVI, YPLO70W, MUKI;
C17, CHR. VIII, YILO71C, PCIS8; C19, Chr. XII, RDN37-1, 35SrRNA;
C20, Chr. XII, RDNS5-1, 5SrRNA; C22, Chr. II, promoter of
YBLO79W, NUPI170; C23, Chr. VI, hypo. (hypothetical) ORF; C24,
Chr. XVI, YPRI124W, CTRI; C28, Chr. XI 151654, intergenic region;
C30, Chr. XIV, YNLOI2W, SPOI; C36, Chr. XVI 630665, intergenic
region; C37, Chr. XIV 669282, intergenic region; R2, Chr. IV,
YDRI131C, hypo. ORF; R3, Chr. XIII, promoter of YMR251W,
GTO3; Chr. XV, ROL089C, HALY; R7, Chr. V, YERI35C hypo.
ORF/Chr. XII, RDN5-1, 5SrRNA; R9, Chr. XV, YOR313C, SPS4/
Chr. XIII, YMR310C, hypo. ORF; RI10, Chr. II, promoter of
YBROOIC, NTH2; R11, Chr. V, YERI35C, hypo. ORF; R12, Chr.
IV, YKRO17C, hypo. ORF; R21, Chr. II, YBLO60W, hypo. ORF; R22,
Chr. II, YBLO60W, hypo. ORF; R23, Chr. 1V, YDR258C, HSP78.



different (P <0.0005). Strikingly, the integrations from the
YWY200-1-Scel cells were distributed randomly over
the genome, as opposed to being targeted in proximity
to the I-Scel-mediated DSB (Figure 5), indicating that
DSBs induce MHMR that is probably in trans at random,
non-targeted sites.

DISCUSSION

Our results show that a MHMR pathway is induced after
exposure to ionizing radiation, restriction enzymes and
I-Scel endonuclease. Radiation caused a 3-fold increase in
microhomology-mediated integration. Radiation-induced
integration showed lack of deletions at genomic insertion
sites, implying that such events are likely to occur at sites
that are not damaged. Similarly, restriction enzymes and
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Figure 2. The distribution of microhomology usage in spontaneous and
radiation-induced NHI events in strain RSY12.
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I-Scel endonuclease increase the frequency of microho-
mology-mediated integration. Restriction enzymes induce
microhomology-mediated integration at non-restriction
sites that are undamaged. Furthermore, the I-Scel induced
microhomology-mediated integration events were distrib-
uted randomly throughout the genome, as opposed to
being targeted in proximity to the I-Scel-mediated DSB,
suggesting that radiation-induced MHMR events may
also occur at undamaged sites. Taken together, these
results demonstrate that DSBs induce MHMR that is
probably in trans at non-targeted sites.

Ionizing radiation and other DNA damaging agents
have previously been shown to increase the frequency of
NHI in mammalian cells (20-25), and there is evidence for
DNA damage or a DSB-induced pathway of MHMR
(8,9). Moreover, the recombined products of MHMR
show deletions from the site of breakage to the closest
region of microhomology (32). However, in these studies
only the rejoining of the DSB at the target site was
examined, and illegitimate recombination events at non-
targeted sites were not detectable because of their design.
Consequently, the author’s interpretation in these studies
was that during the repair of a DSB, degradation of DNA
ends ensues until microhomology is encountered. Few
studies have reported ionizing radiation-induced rearran-
gements not targeted at the DSB. These include radiation-
enhanced formation of the Abio transducing phage during
prophage induction (35,36). Noteworthy, radiation-
enhanced excision by recombination was not observed
between random sequences but between hotspot sites of
microhomology (36). The author’s interpretation was that
it is unlikely that these events were DSB mediated and
therefore another radiation-induced DNA damage at

Table 1. Classification of integration junctions in the presence and absence of restriction enzymes

Linearizing Co-transformation Relative frequency Fold increase Junctions Length of microhomology (bp)¢
enzyme enzyme® of integration® in integration

Total REMI mediated® NHI 5 4 3 2 0-1
BamHI - 2.14+0.1 - 14 0 14 0 0 7 1 6
EcoRI - 1.1+0.1 - 8 0 8 0 0 3 1 4
Kpnl - 1.8+0.4 - 14 0 14 0 1 1 5 7
Control” 36 0 36 0 1 11 7 17
BamHI BamHI 11.5+£0.7 5.5+ 1.2%* 8 7 1 0 1 0 0 0
Sall Belll 10.8£2.1 8.3+ 1.2%* 18 16 2 0 1 0 1 0
EcoRI BelIl’ 32403 2.940.3%* 8 4 4 1 1 1 0 1
Kpnl Belll 43+0.8 2.440.8%* 14 0 14 3 1 2 1 7
Asp718 Kpnl 5.8+0.8 2.34+0.3%* 22 6 16 0 2 2 5 7
Asp718 filled Kpnl 3.264+0.56 1.4%* 8 4 4 0 2 0 1 1
Total 78 37 41 4 8 5 8 16

“In the control, the BamHI or EcoRI-linearized YIplac211 or the Kpnl-linearized pM150 plasmid was transformed into RSY12 without addition of
restriction enzyme. The junction sequences which resulted are shown in Figures 1 and 4 in ref. (3) (BamHI and EcoRlI-linearized YIplac211) and

Figure 4A (Kpnl-linearized pM150).

For example, in the combination of BamHI and BamHI, BamHI-linearized pM 150 plasmid was transformed into RSY12 in the presence of BamHI.
In the combination of Sall and Bglll, Sall-linearized pM 150 plasmid was transformed into RSY12 in the presence of Bglll. The KpnI-BgllI junction
sequences are shown in Figure 4B and the junction sequences of other restriction enzymes-induced integration events are shown in Figure 3.
°Data are taken from ref. (1). Number of integration events per microgram of DNA per 10* 2 um transformants. This number represents the average
of five of more experiments + the standard error. **, t-test indicates a statistically significant difference (P <0.05) from control values.

dNumber of bases at the ends of integrating plasmid DNA which is homologous to the genomic target sequences.

°‘REMI stands for restriction enzyme-mediated integration.
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Figure 3. Target sequences of restriction enzyme-induced NHI events.
In Asp718-Kpnl (AK) events, Kpnl was added to Asp718-linearized
plasmid pM150 during transformation. In EcoRI-Bglll (RB) events,
Bglll was added to EcoRlI-linearized plasmid pM150. In Asp718
(filled)-Kpnl (AFK) events, the ends of Asp718-linearized plasmid
pM150 were filled before transformation. Kpnl was added to the
transformation mixture. The genomic location, locus and gene of the
target sites are as follows: AK1, Chr. VII, YGL086W, MADI; AK3,
Intergenic region; AKS8, Chr. XII, YLR207W, HRD3; AK2, intergenic
region; AK13, Chr. XV, YOR269W, PACI; AK15, Chr. II, YBR176W,
ECM31; AK16, YDR205C; AK20, Chr. VII, YGL081W, hypo. ORF;
RBI11, intergenic region; RB12, Chr. X, YJR036C, HUL4; AFKI1l1,
Chr. IX, YILO85C, KTR7; AFK12, Chr. IV, YDLI197C, ASF2.

these sites of microhomology might have enhanced the
efficiency (36). This is an unlikely but theoretically
possible explanation of our radiation-induced integration
events into the genome. However, this possibility does not
account for restriction enzyme and I-Scel-induced inte-
gration events that are most likely in trans to the DNA
damage.

We utilized a system that overexpresses I-Scel endonu-
clease to constitutively generate a DSB at a specific locus,
which enables us to examine whether the enhanced
integration events were targeted to the site of DSB or
occurred at non-targeted sites throughout the genome.
Similar to ionizing radiation and restriction enzymes, I-
Scel endonuclease induces microhomology-mediated
recombination. Strikingly, all of the I-Scel-mediated
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Figure 4. Target sites of NHI events of Kpnl-linearized pM150 (3'PSS)
in wild-type strain RSY12. (A) Spontaneous events. (B) After
co-transformation with BglIl. The genomic location, locus and gene
of the target sites are as follows: KC15, Chr. III, YCL067C,
HMLALPHA2; KC16, Chr. IX, YIL137C, RBFI08; KC17, Chr. XI,
YKL197C, PEXI; KC18, Chr. II, 21590, intergenic region; KC19, Chr.
XIV, YNL298W, CLA4; KC20, Chr. II, YBL104C, hypo. ORF; KC21,
Chr. VII, 144125, intergenic region; KB2, Chr. VII, YGL062W, PYCI;
KBS, Chr. IV, YDL042C, SIR2; KB9, Chr. III, YCRO61W, hypo.
ORF; KBII, Chr. IV, 11262, intergenic region; KB10, Chr. XIII,
YMLO043C, RRNI1I; KB71, Chr. 111, YCLO57W, PRDI; KB75, Chr.
XIII, YMLO86C, ALOI.

DSB-induced integration events were distributed ran-
domly at non-targeted sites throughout the genome, as
opposed to being targeted in proximity to the I-Scel-
mediated DSB. These results demonstrate that DSBs
induce a genome-wide MHMR pathway that facilitates
integration probably in trans at non-targeted sites.
Ionizing radiation generates single-stranded breaks,
DSBs, base damage and DNA crosslinks. It is possible
that radiation-induced integration events occur at these
damaged sites. Based on the observations that deletions
are frequently observed at the sites of DSBs in yeast
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Figure 5. Target sites of NHI events of Bglll-linearized pM151 in (A)
YWY200 strain in the absence of the I-Scel site in galactose-growing
medium. (B) YWY200-Scel strain in the presence of the I-Scel site at
Chr. IV upon galactose induction of I-Scel endonuclease. The genomic
location, locus and gene of the target sites are as follows: Y8, Chr. V,
ARS521; Y12, Chr. XII, YLR306W, UBCI2; Y15, Chr. XI,
YKLO044W, hypo. ORF; Y24, Chr. VII, YGR148C, RPL24B; Y26,
Chr. XII, NTSI-2; G11, Chr. XII, NTSI-2; G13, Chr. VII, YGR142W,
BTN2; Gl14, Chr. XII, RDN37-2, a 939bp deletion; G21, Chr. IV,
YDRO030C, RAD28; G23, Chr. VI, YFL065C, hypo, ORF; G25, Chr.
XII, RDN25-2; G26, Chr. XIII, YMLI103C, NUPI188; G27, Chr. VII,
YGLI31C, SNT2; G38, Chr. XVIII, YML103C, NUPI88; G39, Chr.
II, YBR140C, IRAI.

(4,15,37) and mammalian cells (9,38); if the integrating
substrate was targeted to the damaged site, deletions
would have been expected to occur at the site of damage
until microhomology was encountered, similar to micro-
homology-driven deletions in plasmid end-joining assays
(39,40). However, this possibility is excluded by our
results, which show lack of deletions at the genomic inser-
tion sites in 9 out of 11 independent radiation-induced
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Figure 6. The distribution of microhomology usage in I-Scel-induced
NHI events in the absence and presence of the I-Scel site.

MHMR events. Furthermore, the probability of
radiation-induced damage coinciding with the sites of
microhomologies is extremely low. It has been shown that
radiation-induced damage occur rather randomly (29).
The expected random occurrence for 4, 5, 6 and 7nt of
microhomology is ~1, 0.3, 0.09 and 0.03%, respectively
(5), whereas our frequencies of usage of these micro-
homologies after irradiation were 27, 9, 4.5 and 4.5%,
respectively (P <0.005). In addition, it is very unlikely that
radiation-induced damage occurs at the specific sequences
GATC or TCGA that is homologous to the ends of the
integrating substrate linearized by Bg/Il or Sa/l. Even
though unlikely it is still possible that radiation-induced
integration occurs at the subset of damaged sites that
coincide with the microhomology for MHMR.

Among the radiation-induced integration events, the
total loss of nucleotides at the PSS ends is 9 out of 88
compared to 23 out of 104 in spontaneous events
(P<0.05) indicating that radiation protected the ends of
the integrating DNA substrate. Of the restriction enzyme
induced NHI events, 14 out of 56nt were lost from
spontaneous integrations of a Kpnl-linearized substrate
compared to only 3 out of 56 after co-transformation with
Bglll (P<0.005). Thus co-transformation with restriction
enzymes, like radiation, seems to protect DNA ends from
degradation. This may reflect a faster or more efficient
microhomology search after introduction of DSBs some-
where else in the genome. Alternatively, a hypothetical
activity that preserves the PSS ends induced by DSBs
might have a similar effect and increase the availability of
plasmid PSS ends for microhomology search.

A time course study showed that exposure of yeast cells
to radiation 6h before transformation of the integrating
substrate increases the frequency of NHI by 2-fold (data
not shown), indicating that an increase in microhomology
usage after irradiation is associated with an inducible
process since the majority of radiation-induced damage is
repaired within 2h in yeast (41). Based on our data, it is
likely that a factor is induced that facilitates microhomol-
ogy search and mediates MHMR.

MHMR has shown to be independent of KU that is
distinct from the prototypical NHEJ pathway (3-7). The
possibility that induced MHMR could be mediated by a
type of homologous recombination with low fidelity is
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much less likely since homologous integration requires at
least 30 bp of homology on each end of the DNA fragment
(42,43), as opposed to only a few base pairs of homology
in the induced MHMR events. Alternatively, the induced
MHMR may occur via a pathway similar to single-strand
annealing that takes place between two direct repeats;
however, this is also not likely since homologous
sequences as small as 29 bp was observed in only 0.2%
of the time in single-strand annealing (44).

Under environmental stress, a process called adaptive
or stationary-phase mutations arise, which are different
from spontaneous growth-dependent mutations in E. coli
(45,46). Harris et al. showed that the adaptive mutation is
dependent on the RecA-RecBCD homologous recombi-
nation pathway (47). The adaptive mutations occur at
unselected genes throughout the bacterial chromosome
(48,49). The transient global mutagenesis increases the
rate of evolution enormously and produces a small
population of cells with a hypermutable state that can
adapt to a new environment, which is advantageous when
genetic variation is a limiting factor for evolution (50).
Similarly, cancer cells assume a mutator phenotype to
produce high levels of genomic instability during cancer
development. Similar mechanisms may be involved in
evolution and carcinogenesis. According to our data, it is
plausible that a DSB-induced genome-wide MHMR
pathway could lead to large-scale genomic rearrangements
after a single DSB end invades another genomic location.
Such a phenomenon may provide benefits to evolve
genetic variants that have growth advantages under
genotoxic stress. We propose that this inducible MHMR
pathway could be a potential mechanism of adaptive
evolution and carcinogenesis in eukaryotes.
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