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ABSTRACT
Certain DNA sequence motifs and structures can promote genomic instability. We have explored instabil-

ity induced in mouse cells by long inverted repeats (LIRs). A cassette was constructed containing a herpes
simplex virus thymidine kinase (tk) gene into which was inserted an LIR composed of two inverted copies
of a 1.1-kb yeast URA3 gene sequence separated by a 200-bp spacer sequence. The tk gene was introduced
into the genome of mouse Ltk2 fibroblasts either by itself or in conjunction with a closely linked tk gene
that was disrupted by an 8-bp XhoI linker insertion; rates of intrachromosomal homologous recombination
between the markers were determined. Recombination between the two tk alleles was stimulated 5-fold
by the LIR, as compared to a long direct repeat (LDR) insert, resulting in nearly 1025 events per cell per
generation. Of the tk1 segregants recovered from LIR-containing cell lines, 14% arose from gene conver-
sions that eliminated the LIR, as compared to 3% of the tk1 segregants from LDR cell lines, corresponding
to a .20-fold increase in deletions at the LIR hotspot. Thus, an LIR, which is a common motif in
mammalian genomes, is at risk for the stimulation of homologous recombination and possibly other
genetic rearrangements.

CELLULAR viability and propagation require that DSBs (reviewed in Osman and Subramani 1998), and
DSBs stimulate homologous recombination in mitoti-genomes be reasonably stable. Cancer is an exam-

ple of a genetic disease often associated with and, in cally dividing mammalian somatic cells (Rouet et al.
1994; Choulika et al. 1995; Brenneman et al. 1996;some cases, perhaps engendered by the loss of genomic

stability. The potential cost of genomic instability re- Moynahan and Jasin 1997; Sargent et al. 1997; Tagh-
ian and Nickoloff 1997) as well as in yeast (Habersulting from homologous recombination is presumably

mitigated by such benefits as generation of diversity 1995). It follows that regions of chromatin that possess
structural features prone to strand breakage would beand recombinational DNA repair functions. Because

the ability to carry out homologous recombination ap- expected to be particularly active in homologous recom-
bination.pears to be ubiquitous in nature, it is important to gain

a better understanding of the determinants of the rate DNA motifs that are predisposed to genetic change
have been referred to as at-risk motifs (Gordenin andand nature of recombination events to understand how
Resnick 1998). A long inverted repeat (LIR), i.e., angenomic integrity is maintained.
inverted repeat in which the repeat unit is more thanRates of genetic recombination can exhibit site speci-
z100 bp in length, is an example of an at-risk motif.ficity. For example, chi sites in Escherichia coli (reviewed
LIRs that form perfect palindromes are extraordinarilyin Smith 1988) or the MAT locus of Saccharomyces cerevis-
unstable in E. coli and are deleted at a high rate (Collinsiae (reviewed in Haber 1998) are recombination hot-
1981; reviewed in Leach 1994), while LIRs separatedspots due to specific interactions between specific nucle-
by a spacer sequence are more stable than perfect palin-otide sequences and specialized proteins. In addition
dromes but are still prone to deletions (Albertini etto particular sequences, certain DNA structures, motifs,
al. 1982; Glickman and Ripley 1984). Inverted repeatsor lesions can also have a significant influence on ge-
have also been shown to induce deletions as well asnetic exchange. For example, DNA double-strand
recombination between homologous and divergedbreaks (DSBs) constitute a type of lesion that was origi-
DNAs in yeast (Gordenin et al. 1992, 1993; Hendersonnally proposed to stimulate homologous recombination
and Petes 1993; Ruskin and Fink 1993; Nag and Kurstvia repair in yeast (Resnick 1976). In yeast, meiotic
1997; Tran et al. 1997; Lobachev et al. 1998). Stimula-recombination is believed to be naturally initiated by
tion of deletion and recombination was shown to be
directly related to the size of the repeats and inversely
proportional to the size of an intervening spacer (Loba-
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homologous recombination in yeast by much as 17,000- unstable, in that spontaneous deletions of the LIR in
the absence of a recombination partner were not detect-fold (Lobachev et al. 1998), illustrating that recombina-

genic effects can be profound. A defect in DNA polymer- able. However, the LIR stimulated intrachromosomal
homologous recombination between closely linked se-ase d augmented the destabilizing effects of LIRs in

yeast, while the placement of a strong, bidirectional quences by z5-fold overall. Strikingly, the rate of gene
conversions leading to the deletion of the LIR from thereplication origin between inverted repeats attenuated

the effects of LIRs (Lobachev et al. 1998). These results genome was increased by .20-fold. Thus, the LIR motif
can stimulate intrachromosomal homologous recombi-support a role for replication in LIR-stimulated recombi-

nation and deletion in yeast, possibly through the forma- nation in mammalian cells, which suggests that LIRs
could be important genetic elements with regard to thetion of duplex secondary structures in a DNA template

that stalls nascent strand elongation and leads to genetic stability and evolution of genomes of higher eukaryotes.
rearrangement (Gordenin et al. 1993; Tran et al. 1997;
Lobachev et al. 1998).

MATERIALS AND METHODSThe formation of unusual DNA secondary structure
has also been linked to genetic instability in mammals. Cell culture and derivation of experimental cell lines: Mouse
For example, unstable trinucleotide repeats are prone L cells deficient in thymidine kinase (Ltk2 cells) were grown

in Dulbecco’s modified Eagle’s medium supplemented withto expansion (so-called “dynamic mutations” reviewed
10% fetal bovine serum, 0.1 mm minimal essential mediumin Sutherland and Richards 1995) and are associated
nonessential amino acids (GIBCO-BRL, Gaithersburg, MD),with a variety of human diseases; these repeats can form
and 50 mg gentamicin sulfate/ml. Cells were maintained at

hairpin structures in vitro (Chen et al. 1995; Gacy et al. 378 in a humidified atmosphere of 5% CO2.
1995; Mitas 1997). It has been speculated that forma- Plasmid DNA was cleaved with ClaI and introduced into

mouse Ltk2 cells by electroporation (Lukacsovich et al. 1994)tion of hairpins during DNA replication might play a
or by syringe-mediated mechanical loading (Waldman andpivotal role in the expansion of trinucleotide repeats
Waldman 1998). Stable transformants were isolated after se-(Wells 1996; Gordenin et al. 1997; Mitas 1997; Gor-
lection in G418 (200 mg active drug/ml) as described pre-

denin and Resnick 1998) and may lead to DSBs, on viously (Waldman and Liskay 1987). An estimate of the num-
the basis of results from yeast (Freudenreich et al. ber of copies of plasmid integrated in the genome of a

transfectant was made using Southern blots to evaluate hybrid-1998). Palindromic sequences, which are proposed to
ization signal intensities and the number of junctions betweenadopt hairpin or cruciform structures, also exhibit insta-
plasmid and chromosomal DNA. The copy number for a givenbility resulting in high rates of rearrangements in both
transfectant was ultimately confirmed by Southern blotting

meiotic and mitotic cells when present in transgenes in analysis of recombinant segregants, because only a single copy
mice (Collick et al. 1996; Akgun et al. 1997). Many of of integrated plasmid is expected to be altered by recombina-

tion.the observed rearrangements in transgenic mice in-
Plasmid descriptions: All the plasmids used are based onvolved an asymmetric deletion that eliminated the cen-

vector pJS-1, which is equivalent to pSV2neo (Southern andtral axis of symmetry of the palindrome, leading to a
Berg 1982), with restriction site modifications as described

stabilized structure. Gene conversions near the site of previously (Liskay et al. 1984). Mutant 26 and mutant 153
a large palindrome in a mouse transgene were also HSV-1 tk genes (Liskay and Stachelek 1986) each contain

an 8-bp XhoI linker insertion after nucleotide 737 or 1410,reported to be elevated (Akgun et al. 1997), although
respectively [tk gene nucleotide numbering according tosuch events have not been characterized in detail and
Wagner et al. (1981)].the effect of a palindrome on crossing over has not

Plasmids containing a tk gene disrupted by an LIR com-
been explored. Thus, although inverted repeats may act prised of two inverted copies of the 1.1-kb yeast URA3 gene
as destabilizing elements within a mammalian genome, sequence were constructed as follows. The 1.1-kb BglII frag-

ment from pFL34 (Bonneaud et al. 1991) containing the yeastthere has been no thorough study of the effects of LIRs
URA3 gene was inverted, creating plasmid pFL349. The BglIIon recombination in mammals.
fragment from FL34 was cloned into the unique BamHI siteBecause LIRs are common motifs in mammals, we
of pFL349, 200 bp upstream and facing the opposite direction

initiated a systematic study of LIR effects on intrachro- from the URA3 sequence already on pFL349 to create p4.
mosomal homologous recombination between closely Plasmid p4 contained an LIR of two 1.1-kb URA3 sequences

separated by a 200-bp spacer sequence. Plasmid p4 was cleavedlinked sequences in the genome of mouse fibroblasts.
with XbaI and HindIII, which cut within the multiple cloningThe quasipalindrome LIR used in this work was com-
site between the two inverted URA3 sequences. The ends wereposed of two inverted copies of a 1.1-kb yeast URA3
filled in with Klenow fragment and ligated together to destroy

gene sequence separated by a 200-bp spacer sequence. the HindIII site and preserve the XbaI site, producing plasmid
The LIR was inserted into the coding region of a herpes p183. The 2.4-kb NsiI fragment from p183 containing the

URA3 LIR was cloned between the PstI sites of pUC-4K (Vieirasimplex virus type 1 (HSV-1) thymidine kinase (tk) gene,
and Messing 1982) to produce p184. The 2.4-kb SalI fragmentand this gene was introduced into the mouse genome
from p184, which contained the URA3 LIR, was cloned intoalone or with a closely linked HSV-1 tk gene that was
the XhoI site of the mutant 153 HSV-1 tk gene. The LIR was thus

disrupted by an 8-bp XhoI linker insertion. DNA transac- immediately flanked by a 4-bp direct repeat of the sequence of
tions were monitored by selecting for tk-positive segreg- the XhoI sticky ends. The LIR-disrupted tk gene was present

on a 2.5-kb BamHI fragment that was cloned into the BamHIants. The LIR motif did not appear to be intrinsically
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site of vector pJS-1 to produce plasmid pLIR-m or into the a PCR product presequencing kit (Amersham Life Science)
according to manufacturer’s specifications and suggestions.BamHI site of pJS-3 (Liskay et al. 1984) to produce pLIR-r.

Plasmid pLIR-r was identical to pLIR-m, except that pLIR-r Primer 3, described above, was used as a sequencing primer.
also contained the mutant 26 tk gene inserted on a 2.0-kb
fragment at the HindIII site of the vector.

A plasmid containing a tk gene disrupted by a long direct RESULTSrepeat (LDR) of URA3 sequences was constructed as follows.
A 2.4-kb SalI fragment (from construct C in Tran et al. 1997) Establishing cell lines to study the effect of an LIR
containing two direct repeats of URA3 separated by 200 bp on genetic recombination: To assess the impact of anwas cloned into the XhoI site of the mutant 153 HSV-1 tk gene.

LIR on intrachromosomal homologous recombinationThis LDR-disrupted tk gene was cloned into the BamHI site
in mammalian cells, we designed DNA constructs thatof pJS-3 to produce pLDR-r.

The plasmids are diagrammed in Figure 1. contained an HSV-1 tk gene disrupted by a quasipalin-
Determination of the rate of appearance of tk1 segregants: dromic LIR composed of two inverted copies of the

Rates of intrachromosomal homologous recombination and 1.1-kb yeast URA3 gene separated by a 200-bp spacerthe rate of deletion of the LIR were determined by selecting
sequence (Figure 1A). Construct pLIR-m (monocopyfor tk1 segregants by hypoxanthine-aminopterin-thymidine
of the tk gene; Figure 1B) contained the LIR-disrupted(HAT) selection and by performing fluctuation analyses

(Yang and Waldman 1997). For each fluctuation analysis, 10 tk gene alone, whereas pLIR-r (repeated copy of the tk
independent subclones of a cell line were propagated to the gene; Figure 1B) contained the LIR-disrupted tk gene
appropriate number of cells and then plated separately into and a second tk gene disrupted by an 8-bp XhoI linkerHAT medium. After a 2-wk incubation, colonies were counted

insertion. The tk genes were separated by 4.4 kb. As aand rates were determined in terms of the number of events
control, we also constructed pLDR-r (Figure 1B), whichper cell generation per integrated copy of recombination sub-

strate by solving for a in the equation r 5 aNtln(NtCa), where contained a tk gene disrupted by an LDR composed of
r is the average number of recombinants recovered per sub- direct repeats of two URA3 genes separated by a 200-
clone, a is the rate of recombination, Nt is the average number bp spacer sequence. (The intragenic distance betweenof cells per subclone at the time of selection, and C is the

the URA3 and XhoI inserts in pLIR-r and pLDR-r wasnumber of subclones examined (Luria and Delbruck 1943).
673 bp.) The various constructs were cleaved with ClaIRate calculations were facilitated by using the data of Capizzi

and Jameson (1973). and introduced into mouse Ltk2 cells. For each con-
DNA preparation and Southern hybridization analysis: Ge- struct, several G418R clones were isolated that contained

nomic DNA was prepared from cultured cells and analyzed one or a few stably integrated copies of the particular
by Southern hybridization with a 32P-labeled probe specific

construct.for HSV-1 tk sequences as described previously (Letsou and
Spontaneous reversion of an LIR mutation in a mam-Liskay 1987).

PCR amplification and sequencing of PCR-amplified DNA: malian genome is an infrequent event: Due to the man-
To assay for the retention of the URA3 LDR in recombinants, ner in which our DNA constructs were made, the URA3
PCR reactions were carried out using primer 1 (59-GGGAAGG LIR used in these studies was flanked by a 4-bp direct
GATGCTAAGGTAG-39) and primer 2 (59-CGGTGGGGTATC repeat. Because LIRs are known to be unstable in yeastGACAGAGT-39). Primer 1 corresponds to nucleotides 720–

and subject to deletion at a high rate via interaction739 of the coding region of the Saccharomyces cerevisiae URA3
between flanking small direct repeats, we first measuredgene; primer 2 corresponds to nucleotides 1786–1767 of the

noncoding strand of the HSV-1 tk gene. To amplify tk se- the rate of spontaneous deletion of the URA3 LIR in
quences from recombinants for nucleotide sequence determi- three cell lines containing pLIR-m (Figure 1B). This
nations, primer 3 (59-TGCCGAGCCCCAGAGCAACG-39) and construct contained no tk recombination partner, andprimer 4 (59-TTTGTCCAAACTCATCAATGTATC-39) were

restoration of tk function required loss of the LIR cas-used. Primer 3 corresponds to nucleotides 1328–1347 of the
sette in the tk gene. As shown in Table 1, the averagecoding sequence of the HSV-1 tk gene, while primer 4 is

the pJS1 vector sequence mapping from 38 through 15 bp rate of appearance of HAT-resistant (HATR) segregants
downstream from the unique BamHI site on the vector. was ,2.5 3 1028 events per cell per generation per

PCR was accomplished using Ready-To-Go PCR beads locus. HATR segregants were recovered from only one
(Pharmacia Biotech, Piscataway, NJ) according to the manu-

of three cell lines tested (cell line 186-5). If small, partialfacturer’s specifications, using 0.5 mg genomic DNA per PCR
deletions of the LIR had occurred, they would not bereaction. A touchdown PCR protocol was used as follows. Sam-

ples were initially held at 958 for 5 min. This was followed by recovered, because only events leading to restoration
an amplification cycle consisting of 1 min denaturation at 958, of tk function could be detected. However, these results
1 min annealing at 728, and 3 min elongation at 728. This did indicate that spontaneous deletion of the entire
cycle was repeated once, followed by two similar cycles in

URA3 LIR from the genome is rare.which the annealing temperature was decreased to 708. Cy-
Genomic DNA was isolated from the three HATR seg-cling continued in this fashion, in which annealing tempera-

ture was decreased by 28 every other cycle, until annealing regants arising from cell line 186-5 and subjected to
temperature was reduced to 588. At this point, an additional 24 Southern blotting analysis (Figure 2). Each HATR clone
cycles were performed with no further decrease in annealing displayed a 4.9-kb BamHI fragment, as seen in the paren-
temperature.

tal cell line (Figure 2, lanes 1, 2, 4, and 6), and eachNucleotide sequences of PCR products were determined
BamHI fragment was cleavable with XbaI into 2.8- anddirectly using Sequenase version 2.0 (Amersham Life Science,

Cleveland, OH) following treatment of PCR products using 2.1-kb fragments (Figure 2, lanes 3, 5, and 7). On the
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bination for these three cell lines ranged from 5 to 15.7 3
1026 events per locus per generation, with an average
rate of 8.7 3 1026 (Table 1). In comparison, the average
rate of recombination for three independent cell lines
containing the URA3 direct-repeat construct pLDR-r
(Figure 1B) was approximately fivefold lower (1.7 3
1026 events per locus per generation, Table 1). The
difference in the average rates for the pLIR-r vs. the
pLDR-r cell lines is statistically significant (P , 0.041
by a t -test). We also note that the recombination rate
recorded for each LIR-r cell line was greater than the
rate for any LDR-r line. Because the sole difference
between the two plasmids is the arrangement of the
URA3 sequences as an LIR vs. an LDR, we concluded
that the LIR modestly stimulates recombination.

Analysis of LIR-induced recombination events: Illus-
trated in Figure 3 are the expected products of several
types of simple homologous recombination events that
reconstruct a functional tk gene. The different types of
events, namely a reciprocal crossover (or single-strand
annealing) between defective tk genes (Figure 3A), gene
conversion leading to correction of the LIR (or LDR)
mutation (Figure 3B), or gene conversion correcting
the XhoI linker mutation (Figure 3, C or D) produce
distinct restriction maps.

DNA samples were isolated from HATR segregants
from cell lines containing pLIR-r and subjected to
Southern blotting analysis (Figure 4) to characterize the
nature of the rearrangements that had occurred. In
total, 20 independent clones from line 187-11, 24 inde-
pendent clones from line 187-17, and 12 independent
clones from 187-T3 were examined. Among the clones

Figure 1.—LIR and LDR DNA substrates. (A) Schematic studied, 19 (34%) of the clones generated a pattern
presentation of the LIR and LDR motifs composed of two 1.1- similar to that shown in Figure 4, lanes 1 and 2. Thesekb yeast URA3 sequences. The LIR and LDR contain XbaI

clones displayed 4.9- and 2.0-kb fragments upon diges-and HindIII (H) sites in the 200-bp spacer as indicated. (B)
tion with BamHI plus HindIII, and neither fragment wasPlasmids pLIR-m, pLIR-r, and pLDR-r. tk sequences are indi-

cated as open rectangles inserted between BamHI (B) sites or cleavable with XhoI. We inferred that these clones arose
HindIII (H) sites. The BamHI insert is 2.5 kb in length, while from gene conversions correcting the XhoI linker muta-
the HindIII insert is 2.0 kb, and these two tk inserts are sepa- tion (see Figure 3C). A total of 29 (56%) of the analyzedrated by 4.4 kb. The solid rectangle denotes the neo gene

clones displayed the pattern shown in Figure 4, lanescontained on the vector. The tk gene flanked by BamHI sites
3–5. This group of clones displayed a 2.5-kb fragmentin each construct is disrupted by the insertion of either the

URA3 LIR or LDR, as indicated, while the tk gene flanked by upon digestion with BamHI plus HindIII (lane 4), and
HindIII sites in pLIR-r and pLDR-r is disrupted by a XhoI linker this fragment was resistant to XhoI (lane 5). We inferred
insertion (solid triangle). The direction of transcription of tk that this group of clones arose from crossovers (seegenes is from left to right as drawn.

Figure 3A). Eight (14%) of the clones generated the
pattern shown in Figure 4, lanes 6–8. These clones dis-
played a 2.5-kb fragment upon digestion with BamHIbasis of the restriction map of the LIR-disrupted tk gene

(see Figure 3C), the Southern blotting analysis indicated (lane 6) and displayed a 2.0-kb HindIII fragment (lane
7) that was cleavable with XhoI into 1.5- and 0.5-kb frag-that, surprisingly, the three HATR segregants contained

tk genes that retained most or all of the LIR insertion. ments (lane 8). This pattern was consistent with a gene
conversion eliminating the LIR (Figure 3B). These re-These clones were not studied further (see discussion).

An LIR modestly stimulates homologous recombina- sults are summarized in Table 2. The tk genes were PCR
amplified from four of these latter recombinants, andtion in a mammalian chromosome: To determine the

effect of an LIR on the rate of homologous recombina- sequence analysis of the region surrounding the original
LIR site revealed that the LIR had been precisely re-tion between closely linked genomic sequences, fluctu-

ation tests were performed on three independent cell moved and the wild-type tk sequence had been restored
in each case (data not shown). Because in experimentslines containing pLIR-r (Figure 1B). The rate of recom-
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TABLE 1

Rate of appearance of HAT-resistant segregants

Copy No. of cells No. of HATR Rate
DNA substratea Cell line numberb tested (31026) colonies (3106)c

pLIR-m 186-5 1 65.8 3 0.043
186-7 1 77.2 0 ,0.013
186-9 1 54.9 0 ,0.018
Mean ,0.025

pLIR-r 187-11 1 50.1 1386 5.0
187-17 1 60.0 1817 5.3
187-T3 1 60.0 6475 15.7
Mean 8.7

pLDR-r 225-T1 1 54.6 735 2.7
39.0 396 2.3

225-T5 1 56.6 301 1.2
62.0 384 1.4

225-7 2 60.0 839 1.1
Mean 1.7

a Illustrated in Figure 1.
b The number of copies of DNA substrate stably integrated in the particular cell line and determined by

Southern blotting (not shown).
c Each line presents data from an independent fluctuation test. Rate is in terms of number of HATR clones

produced per cell per generation per locus (normalized for copy number). The difference in the mean rates
for pLIR-r vs. pLDR-r cell lines is statistically significant (P , 0.041 by a t -test).

involving cell lines containing pLIR-m we failed to re- (Figure 3A). Fourteen clones displayed the pattern seen
in Figure 5, lanes 5–8. For these clones, BamHI digestioncover any HATR clones in which the LIR had been de-

leted from the genome (see above), it was clear that generated a 4.9-kb fragment (lanes 5 and 7), while a
BamHI, HindIII, and XhoI triple digest produced a 2.8-the deletion of the LIR from the genomes of 14% of

the HATR clones recovered from pLIR-r cell lines re- kb fragment and two fragments comigrating at z2.0
and 2.1 kb (lanes 6 and 8). This pattern is consistentsulted from gene conversion (i.e., deletion of the LIR

was dependent on interaction between homologous tk with conversion of the XhoI linker insertion mutation
(Figure 3D).sequences).

We also noted some exceptional recombinants that Surprisingly, none of the 24 clones derived from LDR
lines that were initially examined by Southern blottingarose from cell line 187-11. Two recombinants in which

the XhoI linker appeared to have been converted (e.g., appeared to have arisen from conversion of the LDR
mutation. An additional 24 independent HATR segre-Figure 4, lanes 15 and 16) and five apparent crossover

recombinants (e.g., Figure 4, lanes 9–11 and 12–14) had gants from each of two LDR lines were therefore
screened to more accurately determine the percentageundergone additional rearrangements as evidenced by

novel hybridizing bands. Although we have not deter- of recombinants that may have arisen from gene conver-
sion eliminating the LDR. Each of the 48 additionalmined the precise nature of these rearrangements, each

of these exceptional cases appeared to involve a partial HATR segregants was initially screened for resistance to
G418. In all, 9 clones from cell line 225-T5 and 6 clonesduplication of the recombination substrate.

An LIR significantly stimulates gene conversions lead- from 225-T1 were sensitive to G418. We deduced that
these 15 G418-sensitive HATR clones had arisen from aing to elimination of the LIR: To further explore the

influence of an LIR on recombination in mammalian crossover, because a crossover event would result in
the loss of the neo gene (Figure 3A). Southern blottingchromosomes, we compared the nature of LIR-induced

events with recombination events associated with an analysis (not shown) of representative G418-sensitive,
HATR segregants confirmed this conclusion. The re-LDR. DNA samples isolated from 12 independent HATR

segregants from each of cell lines 225-T1 and 225-T5 maining 33 HATR clones were subjected to PCR analysis
in which one primer mapped within the URA3 sequencewere subjected to Southern blotting analysis (Figure 5).

Among all HATR segregants analyzed, 10 displayed the of the LDR while the other mapped in tk sequence
downstream from the LDR (see Figure 6). For any clonepattern shown in Figure 5, lanes 1–4, for isolates from

225-T1. These clones displayed a single 2.5-kb fragment that retained the LDR, we expected a 465-bp PCR prod-
uct to be generated. Any clone that lost the LDR shouldupon triple digestion with BamHI, HindIII, and XhoI

(see lanes 2 and 4), which is consistent with crossovers have produced no PCR product. Analysis of 18 samples
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Figure 3.—Products of homologous recombination events.
Shown are schematic maps and predicted restriction fragment
lengths for several products of recombination anticipated to
be recovered from cell lines containing pLIR-r or pLDR-r.Figure 2.—Southern blotting analysis of HATR segregants
Symbols are as used in Figure 1. See text for further discussion.arising from a cell line containing pLIR-m. Samples of geno-

mic DNA (8 mg) isolated from cell line 186-5 (lane 1) or three
HATR segregants derived from cell line 186-5 (lanes 2–7) were
digested with BamHI (B) or BamHI plus XbaI (Xb), as indi- DISCUSSION
cated below the lanes, and analyzed using a probe specific for
tk sequences. Each HATR segregant is displayed in a pair of DNA sequence motifs that are prone to genetic
adjacent lanes. Each HATR segregant retained the parental 4.9- change have been referred to as at-risk motifs (ARMs;kb BamHI fragment, which is cleavable with XbaI, indicating

Gordenin and Resnick 1998). We have demonstratedretention of the LIR.
that an LIR is an at-risk motif for homologous recombi-
nation in a mammalian genome. Although this work
was restricted to studies of a repeat of 1.1-kb yeast URA3is shown in Figure 6. Southern blotting analysis of repre-
sequences separated by a 200-bp spacer, our results pro-sentative samples corroborated the PCR analysis (data
vide strong evidence that DNA structural motifs cannot shown). In total, only two HATR clones, one from
stimulate homologous recombination within mamma-cell line 225-T5 and one from cell line 225-T1, failed
lian chromosomes. Cell lines containing integrated cop-to produce a PCR product. Sequence analysis revealed
ies of pLIR-m produced HATR colonies at an averagethat the LDR had been precisely removed and that the
rate of ,0.025 3 1026 events per cell per generation,wild-type tk sequence had been restored in both cases
compared to an average rate of 8.7 3 1026 for cell lines(data not shown). Thus, only 2.9% (2/72) of recombi-
containing pLIR-r (Table 1). Both constructs containnants from the LDR cell lines arose from gene conver-
an LIR-disrupted tk gene, but pLIR-r also contains ansion of the LDR mutation (Table 2), which was markedly
XhoI linker insertion mutant tk gene (Figure 1B). Be-lower than the 14% conversion frequency among the
cause previous studies (Waldman and Liskay 1987)LIR recombinants. Relative to the LDR control, the LIR
had shown that the rate of reversion of an XhoI linkerbrought about a .20-fold increase in the rate of gene
insertion mutant tk gene is ,1029, it was clear that theconversion at the site of the LIR (Table 2). The relative
350-fold greater rate of recovery of HATR segregantspercentages (and rates) for the different types of recom-
was due to opportunities for recombination betweenbination events presented in Table 2 are significantly
the pair of defective tk genes contained in pLIR-r. Thisdifferent (P , 0.003 by a G -test for heterogeneity; Sokal
inference was confirmed by Southern blotting analysisand Rohlf 1981) for the set of HATR clones recovered
(Figure 4). The pLIR-r and pLDR-r plasmids are identi-from LIR cell lines vs. the set of clones recovered from

LDR cell lines. cal, except that the repeated URA3 sequences in pLDR-r
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Figure 4.—Southern blotting analysis of representative
HATR segregants arising from a cell line containing pLIR-r.
Samples of genomic DNA (8 mg) isolated from HATR segre-
gants derived from cell line 187-11 were digested with BamHI
(B) alone, BamHI plus HindIII (H), or BamHI plus HindIII

Figure 5.—Southern blotting analysis of representativeplus XhoI (X), as indicated below the lanes, and displayed on
HATR segregants from a cell line containing pLDR-r. Samplesa Southern blot using a tk-specific probe. In total, 56 HATR

of genomic DNA (8 mg) isolated from HATR segregants fromsegregants from three different cell lines (187-11, 187-17, and
cell line 225-T1 were digested with BamHI (B) alone or with187-T3) containing pLIR-r were analyzed. See text for details.
BamHI plus HindIII (H) plus XhoI (X), as indicated below the
lanes, and displayed on a Southern blot using a tk-specific
probe. In total, 24 HATR segregants from two cell lines (225-are arranged as a direct repeat. The differences in re- T1 and 225-T5) were analyzed. See text for details.

combination rates and spectra of recombinants for
these two constructs demonstrate that sequence motif
can indeed influence intrachromosomal homologous sured for the URA3 LDR-containing cell lines (Table

1) is in strong agreement with the previously reportedrecombination and that an LIR is a recombinagenic
hotspot in mammalian cells. (Godwin and Liskay 1994) value of 1.1 3 1026 for the

rate of intrachromosomal homologous recombinationThe overall rate of recombination of 1.7 3 1026 mea-

TABLE 2

Spectra of recombination events

No. of No. of LIR or No. of XhoI
DNA substrate Cell line crossovers LDR conversions linker conversions

pLIR-r 187-11a 10 1 9
187-17 15 3 6
187-T3 4 4 4
Total (%) 29 (52) 8 (14) 19 (34)
Rateb (3106) 4.5 1.2 3.0

pLDR-r 225-T1 10 1 25
225-T5 15 1 20
Total (%) 25 (35) 2 (3) 45 (62)
Rate (3106) 0.66 0.05 0.75

a Five of the crossover events and two of the XhoI conversions were associated with additional genetic
rearrangements (see text).

b The rate (events per cell per generation per locus) for each specific type of recombination event was
calculated by first determining the fraction of the total number of analyzed events represented by each type
of event and then multiplying this fraction by the average overall recombination rate for the appropriate cell
lines.
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accurate gene conversions leading to removal of the
LIR from the genome. This finding was particularly
striking because previous reports (Letsou and Liskay
1987) had established that the rate of correction of
a mutation via intrachromosomal gene conversion is
greatly reduced with increasing size of the mutation,
presumably reflecting a reduced likelihood of forma-
tion of heteroduplex DNA (hDNA) spanning a large
heterology (Letsou and Liskay 1987). Indeed, an in-
crease in the rate of crossing over relative to gene con-
version has been observed in mouse cells and other
eukaryotic organisms as the size of a heterologous insert
is increased (Hilliker et al. 1988; Langin et al. 1988;Figure 6.—PCR analysis to assay for the retention of the

URA3 LDR in HATR segregants derived from a cell line con- Vincent and Petes 1989; Godwin and Liskay 1994).
taining pLDR-r. Shown in lanes 1–18 are the products of PCR We propose that LIR-stimulated gene conversion re-
reactions performed on DNA samples isolated from G418R, sulting in its own elimination is due to provocation ofHATR segregants derived from cell line 225-T1 using one

homologous recombination by an event in which hDNAprimer mapping within the URA3 LDR, and one primer map-
formation does not involve the LIR.ping within tk sequence downstream from the LDR. As illus-

trated below the gel, HATR segregants retaining the LDR are At least two models have been proposed that may
expected to yield a 465-bp PCR product, while clones lacking explain the recombinagenic effect of LIRs. In one of the
the LDR should produce no product. Among the samples models, LIR-associated deletions and recombination indisplayed, only one (lane 11) failed to produce a product.

yeast arise through replication blockage (Gordenin etDNA isolated from parental cell line 225-T1 served as a positive
al. 1993; Tran et al. 1997; Lobachev et al. 1998). In thiscontrol (1), and a PCR reaction with no added template

served as a negative control (2). Molecular weight markers model, a stem-loop secondary structure forms during
are displayed in lane M. Fifteen additional HATR segregants replication of an LIR if the LIR is located within a
from cell line 225-T1 were similarly analyzed, with only one domain of single-stranded DNA. This would be particu-additional clone failing to yield a product.

larly likely to occur on the lagging strand. Such duplex
secondary structures in the DNA template can block
progression of DNA polymerase, stalling strand elonga-in mouse Ltk2 cells between an XhoI linker insertion

mutant tk gene and a closely linked tk gene disrupted tion (Weaver and Depamphilis 1984; Canceill and
Ehrlich 1996). After polymerase stalling, replicationby a 1.5-kb nonrepetitive insertion (unrelated to URA3).

The percentages of crossovers (35%, Table 2) vs. gene slippage between short direct repeats at the base of the
secondary structure would lead to deletion of the LIR.conversions (65%) recovered in the presence of the

URA3 LDR are also very similar to the percentages (30% Alternatively, stalled replication may generate a poten-
tially recombinagenic 39 end of the nascent strand,crossovers, 70% gene conversions) recovered in the

presence of the 1.5-kb nonrepetitive insertion mutation which may initiate recombination by invading a homolo-
gous sequence. Other possibilities are that blockage of(Godwin and Liskay 1994). Moreover, the rates of gene

conversion leading to correction of the large insert are replication leads to formation of DSBs (Michel et al.
1997) or extended regions of single-stranded DNA, ei-comparable for the two studies (0.05 3 1026 in the

current study vs. 0.09 3 1026). The collective data pro- ther of which may provoke recombination.
A somewhat different model was proposed to explainvide strong evidence that neither the URA3 nucleotide

sequence itself nor the LDR structural motif exerted any the high rate of occurrence of one-sided deletion of
large palindromes in transgenes in mice (Akgun et al.specific influence on intrachromosomal homologous

recombination. Thus, we infer that the LIR motif stimu- 1997). This particular model invokes an endonucleo-
lytic hairpin-nicking activity acting at the tip of the hair-lates recombination.

Analysis of the spectra of recombination events re- pin, which could lead to DSBs if both strands of a palin-
drome (or quasipalindrome) were nicked or if a singlyvealed that the LIR had a unique effect. The rate of

each type of recombination event depicted in Figure 3 nicked sequence were replicated. Palindromes have
been shown to be sites of cleavage by the sbcCD genewas increased in the presence of the LIR, yielding an

overall 5-fold rate increase relative to LDR-containing products in E. coli. Interestingly, palindromes are ex-
tremely recombinagenic in yeast (Lobachev et al. 1998).lines (Table 1). However, the rate for gene conversion

leading to correction of the LIR mutation was particu- We recently demonstrated that quasipalindrome-stimu-
lated recombination in yeast requires gene productslarly stimulated with such events occurring at a .20-

fold greater rate than conversion of the LDR (Table 2). known to be involved in recombination, some of which
are homologous to sbcCD (K. S. Lobachev, D. A. Gor-Sequence analysis of representative samples indicated

that the LIR was precisely removed during gene conver- denin and M. A. Resnick, unpublished results).
A feature shared by the replication slippage and hair-sion, confirming that the LIR motif strongly stimulated
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pin nicking models is the potential for DSB formation interchromosomal recombination, and gene conver-
sions eliminating the LIR are preferentially inducedat the site of an LIR. Our data fit nicely with the hypothe-

sis of the formation of a DSB at the site of the LIR. (Gordenin et al. 1993). The degree to which an LIR
may stimulate recombination in yeast varies from sever-DSBs are known to be recombinagenic lesions (reviewed

in Osman and Subramani 1998) and, as described by alfold to .17,000-fold (Lobachev et al. 1998). The par-
ticular LIR we used in the current work was demon-the DSB repair model for homologous recombination

(Resnick 1976; Szostak et al. 1983), often lead to gene strated to enhance recombination between homologous
sequences flanking the LIR by z9-fold in yeast (Tranconversions in which the broken sequence serves as a

recipient of genetic information. This scenario concurs et al. 1997). In general, LIR stimulation of homologous
recombination in yeast is related to the size of the repeatwith our observation of the particularly strong enhance-

ment of gene conversion leading to the accurate re- sequences and is inversely related to the size of interven-
ing sequences (Lobachev et al. 1998). As noted above,moval of the LIR from the mouse genome. Also of

relevance to this discussion is the reported ability of a a perfect 1.0-kb palindrome produced the highest de-
gree of stimulation. Defects in DNA polymerases also140-bp palindromic insertion mutation to stimulate

gene conversion during meiosis in the yeast S. cerevisiae tend to enhance the effect of an LIR in yeast (Gordenin
et al. 1993; Ruskin and Fink 1993; Tran et al. 1997;due to the generation of a DSB at the site of the palin-

drome (Nag and Kurst 1997). In this latter report, a Lobachev et al. 1998). How and to what degree factors
such as repeat length, spacer length, and replicationmodel was presented in which the palindrome is ex-

truded into a cruciform that is then cleaved by a struc- status influence the recombinagenic effects of LIRs in
mammalian chromosomes are important issues thatture-specific endonuclease, generating a recombina-

genic DSB. await further study. An LIR alone or in conjunction
with altered replication has also been shown to stronglyAlthough we consider our data to be consistent with

DSB formation at the LIR, we have no way at this time stimulate recombination between highly diverged DNA
sequences in yeast (Tran et al. 1997). Whether LIRof determining whether a DSB is induced by replication

blockage, endonucleolytic cleavage, or possibly by some motifs can overcome the barrier to homeologous recom-
bination in higher eukaryotes remains to be deter-other pathway. Our observations (Y. Lin and A. S. Wald-

man, unpublished results), as well as work by others mined.
It has been established that LIRs as well as long palin-(Taghian and Nickoloff 1997), indicate that artificial

induction of a DSB in a mammalian chromosome by dromes are inherently quite unstable in bacteria (Col-
lins 1981; Leach 1994) and yeast (Gordenin et al. 1993;the endonuclease I-SceI preferentially induces intrachro-

mosomal gene conversions in which the broken se- Henderson and Petes 1993; Ruskin and Fink 1993;
Lobachev et al. 1998), where such DNA elements arequence receives information, lending credence to our

hypothesis that LIR-stimulated recombination may be often efficiently deleted from the genome. In our sys-
tem, the URA3 LIR was not deleted from the genomemediated by a DSB. It is interesting that DSB-induced

recombination is sometimes associated with amplifica- at a detectable rate (see data for cell lines containing
pLIR-m; Table 1). One plausible explanation for this istion of the broken locus (Y. Lin and A. S. Waldman,

unpublished results), which is reminiscent of the se- that, due to the manner in which our substrates were
constructed, the LIR in our constructs was flanked byquence duplications we observed in some of the LIR-

induced recombinants (e.g., Figure 4, lanes 9–16). direct repeats only 4 bp in length. In yeast, LIR deletion
via replication slippage requires flanking direct repeatsWhile gene conversions eliminating the LIR are the

most strongly stimulated recombination events in the that are .4 bp in length. Although the rate was low,
we were able to recover three HATR clones from cellLIR cell lines, we also see a stimulation of crossovers

and, perhaps more surprisingly, gene conversions re- lines containing pLIR-m that apparently retained most
or all of the LIR (Figure 2). We noticed that the intensi-moving the XhoI linker insertion mutation (Table 2).

This suggests that in addition to the proposed induc- ties of the bands for at least two of these recovered
clones (Figure 2, lanes 4–7) were increased relative totion of the DSB repair pathway for homologous recom-

bination (see above), a more general provocation of the intensity for the parental line (Figure 2, lane 1). An
intriguing and potentially testable hypothesis is that therecombination occurs in the vicinity of the LIR. Such

provocation may be brought about by recruitment of recovered clones survived HATR selection due to tran-
scriptional slippage, i.e., exclusion of the LIR from mRNArecombination proteins to the LIR locus, possibly

caused by affinity of proteins for the LIR structural motif due to slippage of RNA polymerase past the LIR during
transcription. Transcriptional slippage has been dem-itself or for the putative strand discontinuities that may

be generated. onstrated over small distances in mammalian cells (Lin-
ton et al. 1997). If transcriptional slippage occurs onlyOur findings regarding the effect of an LIR on in-

trachromosomal homologous recombination in mam- very rarely, perhaps selection for HATR reveals clones
that have amplified the LIR-disrupted tk gene, result-malian cells are qualitatively similar to the findings made

in yeast. In S. cerevisiae, LIRs stimulate both intra- and ing in an expression level of tk sufficient for survival.



1882 A. S. Waldman et al.

by using the I-SceI system of Saccharomyces cerevisiae. Mol. Cell.The possibility of LIR-induced transcriptional slippage
Biol. 15: 1968–1973.

would not appear to be conceptually very different from Collick, A., J. Drew, J. Penberth, P. Bois, J. Luckett et al., 1996
Instability of long inverted repeats within mouse transgenes.LIR-induced replication slippage and may represent an
EMBO J. 15: 1163–1171.additional mechanism for altered gene expression.

Collins, J., 1981 Instability of palindromic DNA in Escherichia coli.
Genomes of higher eukaryotes, including humans, Cold Spring Harbor Symp. Quant. Biol. 45: 409–416.

Freudenreich, C. H., S. M. Kantrow and V. A. Zakian, 1998contain an abundance of repetitive elements, such as
Expansion and length-dependent fragility of CTG repeats in yeast.LINES and Alu sequences. The most abundant of these
Science 279: 853–856.

genomic elements are present, on average, once every Gacy, A. M., G. Goellner, N. Juranic, S. Macura and C. T. McMur-
ray, 1995 Trinucleotide repeats that expand in human diseasefew kilobases, and many such repetitive sequences with
form hairpin structures in vitro. Cell 81: 533–540.high levels of homology, particularly Alus, are indeed

Glickman, B. W., and L. S. Ripley, 1984 Structural intermediates
positioned in the genome in configurations equivalent of deletion mutagenesis: a role for palindromic DNA. Proc. Natl.

Acad. Sci. USA 81: 512–516.to LIRs (Jurka 1998; J. Stenger, J. Jurka, D. A. Gorde-
Godwin, A. R., and R. M. Liskay, 1994 The effects of insertionsnin, K. S. Lobachev and M. A. Resnick, unpublished

on mammalian intrachromosomal recombination. Genetics 136:
results). Understanding genetic transactions involving 607–617.

Gordenin, D. A., and M. A. Resnick, 1998 Yeast ARMs (DNA at-LIRs is thus of biological relevance. Our studies suggest
risk motifs) can reveal sources of genome instability. Mutat. Res.that LIRs may play important roles in both the shaping 400: 45–58.

of eukaryotic genomes through evolution as well as the Gordenin, D. A., A. L. Malkova, A. Peterzen, V. N. Kuklikov, Y. I.
Pavlov et al., 1992 Transposon Tn5 excision in yeast: influencegenesis of genomic instability in genetic disorders, such
of DNA polymerases alpha, delta, and epsilon and repair genes.as cancer, by acting as hotspots for recombination. It is Proc. Natl. Acad. Sci. USA 89: 3785–3789.

noteworthy that a DNA motif such as an LIR is at risk Gordenin, D. A., K. S. Lobachev, N. P. Degtyareva, A. L. Malkova,
E. Perkins et al., 1993 Inverted DNA repeats: a source of eukary-for genetic change in higher and lower eukaryotes as
otic genomic instability. Mol. Cell. Biol. 13: 5315–5322.well as prokaryotes, and this is likely a reflection of Gordenin, D. A., T. A. Kunkel and M. A. Resnick, 1997 Repeat

evolutionary conservation of at least certain mechanistic expansion—all in a flap? Nat. Genet. 16: 116–118.
Haber, J. E., 1995 In vivo biochemistry: physical monitoring of re-aspects of DNA transactions. Further study of at-risk

combination induced by site-specific endonucleases. Bioessaysmotifs may help us to better understand these vital trans- 17: 609–620.
actions. Haber, J. E., 1998 A locus control region regulates yeast recombina-

tion. Trends Genet. 14: 317–321.
The authors thank Dmitry Gordenin for helpful discussions and Henderson, S. T., and T. D. Petes, 1993 Instability of a plasmid-

critical review. The authors also thank Tim Mousseau for help with borne inverted repeat in Saccharomyces cerevisiae. Genetics 134:
statistical analysis. This work was supported by Public Health Service 57–62.
grant GM47110 from the National Institute of General Medical Sci- Hilliker, A. J., S. H. Clark and A. Chovnick, 1988 Genetic analysis

of intragenic recombination in Drosophila, pp. 73–90 in The Recom-ences and Research Project grant NP-949 from the American Cancer
bination of Genetic Material, edited by K. B. Low. Academic Press,Society to A.S.W., and by Interagency Agreement DE-A105-94ER61940
San Diego.from the Department of Energy.

Jurka, J., 1998 Repeats in genomic DNA: mining and meaning.
Curr. Opin. Struct. Biol. 8: 333–337.

Langin, T., H. Hamza, V. Haedens and J. L. Rossignol, 1988 Recip-
rocal exchanges instigated by large heterologies in the b2 gene
of Ascobolus are not associated with long adjacent hybrid DNALITERATURE CITED
stretches. Genetics 119: 329–336.

Akgun, E., J. Zahn, S. Baumes, G. Brown, F. Liang et al., 1997 Palin- Leach, D. R., 1994 Long DNA palindromes, cruciform structures,
drome resolution and recombination in the mammalian germ genetic instability and secondary structure repair. Bioessays 16:
line. Mol. Cell. Biol. 17: 5559–5570. 893–900.

Albertini, A. M., M. Hofer, M. P. Calos and J. H. Miller, 1982 Letsou, A., and R. M. Liskay, 1987 Effect of the molecular nature
On the formation of spontaneous deletions: the importance of of mutation on the efficiency of intrachromosomal gene conver-
short sequence homologies in the generation of large deletions. sion in mouse cells. Genetics 117: 759–769.
Cell 29: 319–328. Linton, M. F., M. Raabe, V. Pierotti and S. G. Young, 1997 Read-

Bonneaud, N., K. O. Ozier, G. Y. Li, M. Labouesse, S. L. Minvielle ing frame restoration by transcriptional slippage at long stretches
et al., 1991 A family of low and high copy replicative, integrative, of adenine residues in mammalian cells. J. Biol. Chem. 272:
and single-stranded S. cerevisiae/E. coli shuttle vectors. Yeast 7: 14127–14132.
609–615. Liskay, R. M., and J. L. Stachelek, 1986 Information transfer be-

Brenneman, M., F. S. Gimble and J. H. Wilson, 1996 Stimulation tween duplicated chromosomal sequences in mammalian cells
of intrachromosomal homologous recombination in human cells involves contiguous regions of DNA. Proc. Natl. Acad. Sci. USA
by electroporation with site-specific endonucleases. Proc. Natl. 83: 1802–1806.
Acad. Sci. USA 93: 3608–3612. Liskay, R. M., J. L. Stachelek and A. Letsou, 1984 Homologous

Canceill, D., and S. D. Ehrlich, 1996 Copy-choice recombination recombination between repeated chromosomal sequences in
mediated by DNA polymerase III holoenzyme from Escherichia mouse cells. Cold Spring Harbor Symp. Quant. Biol. 49: 183–189.
coli. Proc. Natl. Acad. Sci. USA 93: 6647–6652. Lobachev, K. S., B. M. Shor, H. T. Tran, W. Taylor, J. D. Keen et

Capizzi, R. L., and J. W. Jameson, 1973 A table for the estimation al., 1998 Factors affecting inverted repeat stimulation of recom-
of the spontaneous mutation rate of cells in culture. Mutat. Res. bination and deletion in Saccharomyces cerevisiae. Genetics 148:
17: 147–148. 1507–1524.

Chen, X., S. V. S. Mariappan, P. Catasti, R. R. Ratliff, R. K. Moyzis Lukacsovich, T., D. Yang and A. S. Waldman, 1994 Repair of
et al., 1995 Hairpins are formed by the single DNA strands of a specific double-strand break generated within a mammalian
the fragile X triplet repeats: structure and biological implications. chromosome by yeast endonuclease I-SceI. Nucleic Acids Res. 22:
Proc. Natl. Acad. Sci. USA 92: 5199–5203. 5649–5657.

Choulika, A., A. Perrin, B. Dujon and J. F. Nicolas, 1995 Induc- Luria, S. F., and M. Delbruck, 1943 Mutations of bacteria from
virus sensitivity to virus resistance. Genetics 28: 491–511.tion of homologous recombination in mammalian chromosomes



1883At-Risk DNA Motifs in Mammals

Michel, B., S. D. Ehrlich and M. Uzest, 1997 DNA double-strand Szostak, J. W., T. L. Orr-Weaver, R. J. Rothstein and F. W. Stahl,
1983 The double-strand break repair model for recombination.breaks caused by replication arrest. EMBO J. 16: 430–438.

Mitas, M., 1997 Trinucleotide repeats associated with human dis- Cell 33: 25–35.
Taghian, D. G., and J. A. Nickoloff, 1997 Chromosomal double-ease. Nucleic Acids Res. 25: 2245–2254.

Moynahan, M. E., and M. Jasin, 1997 Loss of heterozygosity in- strand breaks induce gene conversion at high frequency in mam-
malian cells. Mol. Cell. Biol. 17: 6386–6393.duced by a chromosomal double-strand break. Proc. Natl. Acad.

Sci. USA 94: 8988–8993. Tran, H., N. Degtyareva, D. Gordenin and M. A. Resnick, 1997
Altered replication and inverted repeats induce mismatch repair-Nag, D. K., and A. Kurst, 1997 A 140-bp-long palindromic sequence

induces double-strand breaks during meiosis in the yeast Saccharo- independent recombination between highly diverged DNAs in
yeast. Mol. Cell. Biol. 17: 1027–1036.myces cerevisiae. Genetics 146: 835–847.

Osman, F., and S. Subramani, 1998 Double-strand break-induced Vieira, J., and J. Messing, 1982 The pUC plasmids, an M13mp7-
derived system for insertion mutagenesis and sequencing withrecombination in eukaryotes. Prog. Nucleic Acid Res. Mol. Biol.

58: 263–299. synthetic universal primers. Gene 19: 259–268.
Vincent, A., and T. D. Petes, 1989 Mitotic and meiotic gene conver-Resnick, M. A., 1976 The repair of double-strand breaks in DNA:

a model involving recombination. J. Theor. Biol. 59: 97–106. sion of Ty elements and other insertions in Saccharomyces cerevisiae.
Genetics 122: 759–772.Rouet, P., F. Smih and M. Jasin, 1994 Expression of a site-specific

endonuclease stimulates homologous recombination in mamma- Wagner, M. J., J. A. Sharp and W. C. Summers, 1981 Nucleotide
sequence of the thymidine kinase gene of herpes simplex viruslian cells. Proc. Natl. Acad. Sci. USA 91: 6064–6068.

Ruskin, B., and G. R. Fink, 1993 Mutations in POL1 increase the type 1. Proc. Natl. Acad. Sci. USA 78: 1441–1445.
Waldman, A. S., and R. M. Liskay, 1987 Differential effects of base-mitotic instability of tandem inverted repeats in Saccharomyces

cerevisiae. Genetics 134: 43–56. pair mismatch on intrachromosomal versus extrachromosomal
recombination in mouse cell. Proc. Natl. Acad. Sci. USA 84:Sargent, R. G., M. A. Brenneman and J. H. Wilson, 1997 Repair

of site-specific double-strand breaks in a mammalian chromo- 5340–5344.
Waldman, A. S., and B. C. Waldman, 1998 Stable transfection ofsome by homologous and illegitimate recombination. Mol. Cell.

Biol. 17: 267–277. mammalian cells by syringe-mediated mechanical loading of
Smith, G. R., 1988 Homologous recombination sites and their rec- DNA. Anal. Biochem. 258: 216–222.

ognition, pp. 115–154 in The Recombination of Genetic Material, Weaver, D. T., and M. L. DePamphilis, 1984 The role of palin-
edited by K. B. Low. Academic Press, San Diego. dromic and non-palindromic sequences in arresting DNA synthe-

Sokal, R. R., and F. J. Rohlf, 1981 Biometry, Ed. 2. W. H. Freeman, sis in vitro and in vivo. J. Mol. Biol. 180: 961–986.
San Francisco. Wells, R. D., 1996 Molecular basis of genetic instability of triplet

Southern, P. S., and P. Berg, 1982 Transformation of mammalian repeats. J. Biol. Chem. 271: 2875–2878.
cells to antibiotic resistance with a bacterial gene under control Yang, D., and A. S. Waldman, 1997 Fine-resolution analysis of prod-
of the SV40 early promoter. J. Mol. Appl. Genet. 1: 327–341. ucts of intrachromosomal homeologous recombination in mam-

Sutherland, G. R., and R. I. Richards, 1995 Simple tandem re- malian cells. Mol. Cell. Biol. 17: 3614–3628.
peats and human genetic disease. Proc. Natl. Acad. Sci. USA 92:
3636–3641. Communicating editor: M. Lichten


