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DNA double-strand breaks (DSBs) may be caused by normal metabolic processes or exogenous DNA dam-
aging agents and can promote chromosomal rearrangements, including translocations, deletions, or chromo-
some loss. In mammalian cells, both homologous recombination and nonhomologous end joining (NHE]) are
important DSB repair pathways for the maintenance of genomic stability. Using a mouse embryonic stem cell
system, we previously demonstrated that a DSB in one chromosome can be repaired by recombination with a ho-
mologous sequence on a heterologous chromosome, without any evidence of genome rearrangements (C. Rich-
ardson, M. E. Moynahan, and M. Jasin, Genes Deyv., 12:3831-3842, 1998). To determine if genomic integrity would
be compromised if homology were constrained, we have now examined interchromosomal recombination be-
tween truncated but overlapping gene sequences. Despite these constraints, recombinants were readily recov-
ered when a DSB was introduced into one of the sequences. The overwhelming majority of recombinants showed no
evidence of chromosomal rearrangements. Instead, events were initiated by homologous invasion of one chro-
mosome end and completed by NHE] to the other chromosome end, which remained highly preserved through-
out the process. Thus, genomic integrity was maintained by a coupling of homologous and nonhomologous re-
pair pathways. Interestingly, the recombination frequency, although not the structure of the recombinant
repair products, was sensitive to the relative orientation of the gene sequences on the interacting chromosomes.

Genetic integrity relies on the faithful repair of DNA dam-
age such as double-strand breaks (DSBs). Aberrantly repaired
DSBs are expected to result in chromosomal rearrangements
such as translocations, deletions, or chromosome loss. Multiple
mechanisms have evolved to ensure proper repair of DSBs,
details of which are now being elucidated (35). In mammalian
cells, DSBs are repaired by both homology-dependent and
homology-independent (nonhomologous) recombination,
stimulating both pathways by 3 orders of magnitude or more
(5, 27, 41, 42). These pathways have been considered mecha-
nistically distinct since genetic analysis of DNA repair mutants
demonstrates defects in either one process or the other (24, 28,
48, 49).

Although homologous recombination is a major DSB repair
pathway, large fractions of mammalian genomes are composed
of repetitive elements (44), raising the paradox that mamma-
lian cells would seem to be at high risk for genome rearrange-
ments; yet such rearrangements are not usually seen. One
explanation for the generally nonmutagenic outcome of ho-
mologous repair in mammalian cells comes from the preferred
use of sister chromatids as repair templates (23, 24, 37), as is
also found in yeast (25). However, sequence repeats on non-
homologous chromosomes can also serve as homologous
repair templates at a readily detectable frequency, albeit
significantly reduced relative to sister chromatids (40), and
repetitive Alu elements have been identified at or near recom-
binant breakpoints in cell lines with chromosomal transloca-
tions and other rearrangements (6, 22, 31). Thus, the role of
repetitive sequences in interchromosomal DSB repair of mam-
malian cells remains unclear, but cells must limit, either ac-
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tively or passively, the potential mutagenic outcomes of these
events.

We previously used a mouse embryonic stem (ES) cell sys-
tem to examine the repair of a single DSB by interchromo-
somal recombination within a reporter substrate. The over-
whelming majority of events (97%) were determined to be
gene conversions involving the transfer of a small amount of
homologous sequence information from the unbroken chro-
mosome into the broken chromosome (short-tract gene con-
version [STGC]), with the remaining events (3%) involving the
additional transfer of adjacent sequences (long-tract gene con-
version [LTGC]) (40). The LTGC events were predicted to
have been resolved within a region of fortuitous homology
between the two chromosomes or by nonhomologous end join-
ing (NHEJ). However, the structure of the LTGC events was
not determined, and their small number would have precluded
any definitive conclusions regarding the general nature of this
repair class. Nevertheless, none of these events resulted in
gross chromosomal alterations such as translocations, even
though gene conversion associated with reciprocal exchange is
predicted by some DSB repair models (47) and has been de-
tected during yeast interchromosomal recombination (20).

Given that crossovers are predominantly associated with
LTGC events in other systems (1, 15), we have now modified
our recombination reporter substrates to favor the recovery of
interchromosomal exchange events following homologous re-
pair. The homology constraints thereby eliminate the recovery
of frequent STGC events so as to analyze repair by alternative
pathways. However, we find that although recombinants were
readily obtained with these substrates, exchange events or
other chromosomal rearrangements were extremely infre-
quent. Instead, the repair events were initiated by homologous
invasion but NHEJ was used to complete the events, such that
the newly synthesized strand arising from strand invasion was
joined to the other end of the broken chromosome. These
results demonstrate an important coupling of homologous and
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nonhomologous repair pathways for the maintenance of geno-
mic integrity.

MATERIALS AND METHODS

DNA and cell line constructions. The pim-1 allele was targeted by modifying
the previously described p59 gene-targeting vector (52). A Xhol-RsrII fragment
containing the promoter and 5’ coding region of S2neo (5'neo) (45) was modified
to contain a 3’ Xhol site and inserted into the Sa/l site of p59 downstream of the
hygromycin coding sequence (yg) and into pim-1 exon 4. Plasmids with 5'neo in
the opposite orientation as hyg (F5') also had a Sall-Xhol fragment containing
the polyadenylation signal of the bovine growth hormone (11) inserted for
stabilization of the hiyg mRNA. The Rb allele was targeted by modifying the
previously described p129 gene-targeting vector (51). An Xbal-PstI fragment
containing a hypoxanthine phosphoribosyltransferase gene (HPRT) and the
3'neo coding region from pMClneo from the PstI site through the polyadenyl-
ation signal (3'neo) was inserted into Bluescript (Promega). From this, an Xbal
fragment with the HPRT gene and 3'neo was inserted into an Nhel site in intron
18 of the Rb locus in p129. Targeting constructs were cleaved away from the
plasmid backbone prior to electroporation. The pAnar plasmid was constructed
from pMClneo by deleting the NarI fragment from the 5" portion of the neo gene
(53). The homology fragment begins 136 bp 3’ of the neo ATG start codon and
extends through the stop codon and polyA signal.

ES cell line E14TG2a (21) was grown in standard media supplemented with
leukemia inhibitory factor at 10° U/ml (GIBCO/Life Technologies). For gene
targeting, 1.6 X 107 cells were electroporated at 250 V/960 pF with 100 pg of
targeting construct. Selection medium containing hygromycin (110 pg/ml) was
added 48 h after transfection of the pim-1 targeting construct. Targeted clones
were identified by Southern blots of genomic DNA cleaved with Hincll using a
genomic HinclI-BstXI pim-1 fragment as a probe (52). Selection medium con-
taining hypoxanthine-aminopterin-thymidine was added 20 h after transfection
of the Rb targeting construct. Targeted clones were identified by Southern blots
of genomic DNA cleaved with PstI, using a genomic PstI-Pvull Rb fragment as a
probe (51). Independently derived cell lines for both F5'/3" (lines F12 and G12)
and R5’/3" (lines B3 and C11) were identified and used in subsequent experi-
ments. Southern blotting was used to confirm that each line contains a single
targeted integration event.

DSB induction and DNA analysis. Electroporations were performed as above
with 50 pg of the circular pCBASce I-Scel expression vector (40), 25 pg of
circular pAnar plasmid, or both, as indicated. The number of surviving cells was
determined 20 h after electroporation, at which time G418 was added (200
wg/ml). G418R colonies were scored and expanded 12 days later. DNA extrac-
tions, Southern blot analysis, and PCR for amplification of repair junctions were
performed as described previously (39). The PCR primers were from intron 4 of
pim-1 and hyg (39). PCR products were cloned with the TA cloning system
(Invitrogen) and sequenced by the Sloan-Kettering Institute core facility.

FISH. All 21 clones from class IV and 3 clones from class III were analyzed by
fluorescence in situ hybridization (FISH). Chromosome metaphase spreads from
individual clones were made as previously described (40). Spreads were hybrid-
ized to whole chromosome mouse chromosome 14 (chr.14) fluorescein isothio-
cyanate and chr.17 Cy3 probes (Vysis-Cambio), counterstained with 4',6'-dia-
midino-2-phenylindole (DAPI), and visualized by confocal microscopy at the
Sloan-Kettering Institute core facility.

RESULTS

Interchromosomal recombination induced by a DSB. To
determine if DSB repair events in which homology is con-
strained are associated with chromosomal rearrangements, we
inserted truncated neomycin phosphotransferase (neo) gene
substrates into loci on two heterologous chromosomes in
mouse ES cells. The truncated neo gene inserted at the pim-1
locus of chr.17 contains a 5'neo sequence in which the 18-bp
recognition site for the rare-cutting I-Scel endonuclease has
been incorporated (Fig. 1A). The truncated neo gene inserted
at the Rb locus of chr.14 contains a 3'neo sequence which does
not have this site (Fig. 1B). Since the neo sequences are trun-
cated, each is nonfunctional. The substrate design provides 468
bp of homology between the neo sequences, which are identical
except at the I-Scel site (Fig. 1C).

Reconstruction of a functional neo™ gene in these cell lines
is dependent on homologous recombination between the two
chromosomes at the neo sequences. To determine the effect of
the relative orientation of the neo sequences on recombina-
tion, independently derived cell lines termed F5'/3" (clones
F12 and G12) and R5'/3’ (clones B3 and C11) were con-

COUPLED HOMOLOGOUS AND NONHOMOLOGOUS REPAIR OF DSB 9069

B chr.14 Rb locus
wild type allele
4.9 kb

A chr.17 pim-1 locus
wild type allele
3.6 kb

Hl| ¢«————»Hll Pst «————» Pst
I 1 ..
. HH—:l ol
probe probe
5'neo allele 3'neo aglek'a( b
F > .5
R «-— HI|<———>2'4 kb HH Pst<¢— Pst
== 5'neo hyg : :l-:: .J._- ==
FSee | e pacbe Nco
F5'/3' R5'3' F5'/3' R5'/3'
WT 5 3 Vo &8 WT 5 3 <V
Kb kb
3.6 — e e m s e 4.0 — e e e
24— s e 35— e
C > I-S(l:e |
5' neo
467 | 384 ‘84!

— - -
i 468

+ 145 1674
3' neo pA )
7
Nco TGA

FIG. 1. Interchromosomal recombination substrates. The 5'neo allele (A)
was constructed by targeting 5'neo and the hyg gene to the pim-1 locus on chr.17.
The forward orientation (F allele) of the 5'neo sequence is present in the F5'/3’
cell lines, and the reverse orientation (R allele) is present in the R5'/3" cell lines,
as indicated by the arrow orientation. The 3'neo allele (B) was constructed by
targeting 3'neo and the HPRT gene to the Rb locus on chr.14. Wild-type (top)
and targeted (bottom) alleles are diagrammed for each locus, with confirmatory
Southern analyses presented using Hincll and PstI for the 5'neo and the 3'neo
alleles, respectively, and probing with sequences as indicated. An I-Scel site
disrupts the 5'neo gene at the Ncol site. Two independently derived clones were
analyzed for both F5'/3" and R5'/3’, as indicated (F5'/3’, F12 and G12; R5'/3',
B3 and C11). Black bars, pim-1 (A) or Rb (B) exons. HII, Hincll; Pst, PstI; Nco,
Ncol. (C) The truncated 5'neo and 3'neo sequences. Distances are indicated in
bp. 5'neo contains a promoter, and 3'neo contains the neo gene stop codon and
a polyadenylation signal. There is 468 bp of overlap between the 5'neo and 3'neo
sequences.

structed. F5'/3" has 5'neo in the same orientation as 3'neo
relative to the centromere (F, forward), and R5'/3" has the neo
sequences in reverse orientation (R, reverse). As previously
demonstrated with related substrates (39, 40), interchromo-
somal homologous recombination in the absence of a DSB is
rare. No neo™ colonies were derived from any of the parental
cell lines, nor were recombinants detected following electro-
poration of the cell lines with the pAnar control plasmid that
contains 3'neo (Fig. 1C) and can therefore correct the trunca-
tion mutation in 5'neo by recombination (frequency, <8 X
10~® [Table 1 and data not shown]).

To determine if a DSB would promote interchromosomal
recombination between the truncated neo genes, the I-Scel
endonuclease was expressed in cells from the expression vector
pCBASce (40) so as to introduce a DSB in 5'neo. Following
electroporation of pCBASce alone, neo™ colonies were readily
obtained from both the F5'/3" and R5'/3’ cell lines but not the
F5’ cell line (Table 1), indicating that recombination between
the two neo sequences is required to create a functional neo™
gene. The R5'/3’ cell lines gave neo™ recombinants at a fre-
quency of 0.42 X 107° and the F5'/3’ cell lines gave rec-
ombinants at a frequency of 3.9 X 107° The frequency of
DSB-promoted interchromosomal recombination in the F5'/3’
cell lines is similar to that seen in cell lines containing two
full-length neo genes, regardless of relative substrate orienta-
tion (FN and RN lines, average frequencies of 3.8 X 10~° and
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TABLE 1. Induction of interchromosomal recombination by a DSB

. Recombination
Cell line DNA frequency (10-°)*
F5' pCBASce <0.084

pAnar <0.084
pCBASce + pAnar 260 = 92
F5'/3 pCBASce 39+23
pAnar <0.053
pCBASce + pAnar 150 = 24
R5'/3' pCBASce 0.42 = 0.19
pAnar <0.048
pCBASce + pAnar 100 = 12

@ Recombination frequency was calculated as the total number of G418R
clones divided by the total number of cells surviving electroporation and was
derived from at least three experiments for each cell line. Two independently
derived cell lines for each F5'/3" and R5/3" were tested (Fig. 1).

3.2 X 107, respectively [data not shown and reference 40]).
This indicates that the homology constraint for generating a
functional product does not by itself reduce the recovery of
recombinants, as would have been predicted if recombination
between the neo sequences led to a large class of nonselectable
or lethal repair events. However, the ninefold reduction in
recombinants in the R5'/3" cell lines implies that the relative
orientation of the truncated neo repeats may significantly affect
the recovery of recombinants.

As a control, cell lines were electroporated with both
pCBASce and pAnar to detect DSB-promoted gene targeting
events. Gene targeting was significantly more frequent than
interchromosomal recombination, as previously seen (39, 40),
and was similar for the four cell lines, 1.5 X 10~* and 1.0 X
10~* for the F5'/3" and R5'/3" cell lines, respectively. The
similar frequency of gene targeting again indicates that the
orientation of 5'neo does not by itself affect the overall ability
to recombine. Rather, the observed ninefold difference in in-
terchromosomal recombination appears to be related to the
relative orientation of the truncated neo sequences on the two
chromosomes.

Interchromosomal recombination with variable products.
To characterize the interchromosomal recombination prod-
ucts, we performed Southern blotting on genomic DNA from
45 neo™ clones derived from the F5'/3’ cell line and 35 neo™
clones derived from the R5'/3" cell line. Representative repair
events are shown in Fig. 2, and classification of repair events is
summarized in Table 2. DSB-promoted recombination restor-
ing a functional, full-length neo™ gene should convert the I-
Scel site in 5'neo to an Ncol site, and this was verified for each
of the neo™ clones. The Ncol fragment for the 5'neo allele (4.9
kb, F5'; 4.6 kb, R5") was altered in each of the neo™ clones as
expected if chr.17 contained the recombinant neo™ allele (3.8
kb, Fneo™; 1.4 kb, Rneo™) (Fig. 2C and data not shown). By
contrast, the unbroken 3'neo allele on chr.14 remained the
parental size (7.5 kb) in each of the clones.

We next wanted to verify that a full-length neo™ gene was
created and to determine how the overall structures of the
two chromosomal loci were altered by recombination. Geno-
mic DNA was cleaved with the enzymes Bg/II and SacIl, which
have sites flanking the neo alleles. As seen for the Ncol digest,
the chr.14 3'neo allele was unchanged in each of the clones
(Fig. 2C). By contrast, the chr.17 allele containing the neo™
gene gave fragments of varying size. For the Fneo™ allele, the
size ranged from 2.2 to 4.2 kb (Fig. 2C and data not shown); for
the Rneo™ allele, the size ranged from 1.9 to 4.0 kb (data not
shown). The smallest fragments, 2.2 kb for Fneo™ and 1.9 kb
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for Rneo™, are as expected for a full-length neo™ gene (Fig.
2B). The largest fragments, 4.2 kb for Frneo™ and 4.0 kb for
Rneo™, are the sizes expected if the entire HPRT gene along
with the end of the neo coding region on chr.14 had been
incorporated into chr.17 (Fig. 2B).

Because the chr.14 3'neo allele was unchanged in each of the
clones, none of the products were consistent with a gene con-
version event associated with reciprocal exchange. Rather, the
variability of the chr.17 allele suggested that the predominant
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FIG. 2. DSB repair products. Restriction maps of parental (A) and repaired
neo™ alleles (B). Ncol digestion is diagnostic for homologous repair of the
I-Scel-generated DSB in either 5'neo allele. Bg/ll/Sacll digestion is used to
characterize the type of recombination event. Bg/II/Sacll fragments of variable
size (B) indicate gene conversion tracts incorporating variable lengths of chr.14
sequences (+chr.14) and NHEJ at variable positions of chr.17. BII, Bg/II; N,
Ncol; SII, Sacll. (C) Southern blot analysis of representative clones. Note that
the 3'neo allele is unchanged from the parental allele in each of the recombinant
clones. The probe was a 5'neo gene fragment. (D) Position of PCR primers
derived from chr.17 sequences that flank the repair junctions.
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TABLE 2. Repair classes of DSB-induced
interchromosomal recombination

No. of clones
Repair class _—
F5'/3' R5'/3’

Gene conversion without an exchange
I (conversion tract, <0.2 kb)“ 0 0
II (conversion tract, <1.0 kb) 29 24
III (conversion tract, <3.2 kb) 4 1
IV (conversion tract, >3.2 kb) 12 9
Translocation 0 1°
Total 45 35

“ Gene conversion tracts of less than 229 bp do not produce a functional neo™
gene, and thus these products are not recovered.

> The translocation was between chr.17 and an unidentified chromosome(s)
(see Fig. 4B).

event was a noncrossover gene conversion in which one broken
end of the 5'neo allele on chr.17 invaded the 3'neo allele on
chr.14 to initiate repair synthesis. NHEJ of the newly synthe-
sized strands to the noninvading end of chr.17 could be used to
complete the repair event. Variability could result from either
the incorporation of variable amounts of chr.14 sequences to
the chr.17 break site and/or NHEJ of the newly synthesized
strands to variable positions along chr.17.

To fully characterize the gene conversion events, PCR was
performed with primers from chr.17 that were expected to
flank the neo™ gene (Fig. 2D). PCR was performed on each of
the clones with Bglll/Sacll fragments of less than 4.2 kb
(Fneo™ /3" clones) or 4.0 kb (Rneo™/3' clones), which were
expected to have conversion tracts of less than 3.2 kb. As with
the Southern analysis, PCR products of variable size were
obtained. Conversion tracts encompassing the sequence incor-
porated from chr.14 that was joined to chr.17 during repair
ranged from just over 0.2 to approximately 3.2 kb (Table 2). As
expected, tracts of less than 0.2 kb (class I) were not obtained,
as they would have been insufficient in length to have incor-
porated the 3" end of the neo coding region to produce a
functional neo* gene (Fig. 1C). The majority of recombinants
had conversion tracts that extended more than 0.2 kb but less
than 1 kb (class II). The two parental cell lines gave similar
results, with 64% (29 of 45) of Frneo*/3’ clones and 69% (24 of
35) of Rneo™/3’ clones having tract lengths in this range. A few
of the clones (4 of 45 from Fneo™/3’; 1 of 35 from Rneo™/3")
had gene conversion tract lengths between 1 and 3.2 kb (class
III). The sizes of the conversion tracts correlated well with
those predicted by Southern blotting (data not shown).

Homologous recombination associated with NHEJ events.
To conclusively determine if NHEJ was used to complete the
repair events, as well as to precisely determine the length of the
conversion tracts, junctions from class II neo™ clones were
determined by sequencing of the PCR products. A total of 11
Frneo* and 9 Rneo™ junctions were analyzed. Sequence anal-
ysis confirmed that the neo™ phenotype in each of the clones
was due to the incorporation of at least 229 bp from the 3’ end
of the neo coding region on chr.14 to create a full-length neo™
gene (Fig. 3). Clones with larger fragments had incorporated
more sequence from chr.14. In one clone, 1 additional bp was
incorporated beyond the neo gene stop codon for a total gene
conversion tract of 230 bp (Rneo™/3" clone 41). Apparently,
the neo gene polyadenylation site is unnecessary for expression
since it was not incorporated in this or three other clones
(Fneo™ /3’ clones 28 and 21; Rneo™/3’ clone 4). As expected,
the longest gene conversion tract in these class II clones was
less than 1 kb (Freo™/3' clone 8; Rneo™/3’ clones 33 and 39).
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Sequencing demonstrated that completion of the repair
events occurred by NHEJ, in most cases with minimal deletion
from the chr.17 end (Fig. 3). In some clones, the 4-base 3’
overhang of the I-Scel site was maintained (Frneo /3’ clones 28
and 3) or bases from the overhang were the only ones deleted
(Fneo™/3' clones 24, 7, and 8; Rneo™/3' clones 12, 34, and 11).
Deletions were generally =31 bp, although larger deletions
were found in four clones, with up to 299 bp deleted (Frneo™/3’
clone 11). Microhomology was observed at approximately half
of the junctions, and in three clones nucleotide addition was
observed (Frneo™/3' clones 21, 5, and 4). Overall, junctions of
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28 . 15bp AObp  GCAATAACAG
21 64 bp A10bp  TAT/+C/AAT
24 140 bp A2bp  TGAAACAGGG
7 150 bp A 4bp AGCAACAG
15 164 bp A18bp AGAGCCTGCT
5 192 bp A31bp ATC/+9bp/ATA
1 229 bp A299 bp ATCCTTCCAGG
302 bp A199bp TGG/+289bp/GCT
18 469 bp A29bp TAGGAATAT
3 506 bp AObp  TCAATAA
8 741 bp A3bp  AAT/+C/ACA
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Clone # past neostop  chr.17 Junction
41 1bp A102bp TGAG-AACT
4 29 bp A12bp TAAA-TGCG
21 100 bp A136bp TTTA-CAGC
12 136 bp A2bp  ATGAACA
34 135 bp A1bp TATG-TAAC
11 163 bp A4bp AGCA-CAGG
32 560 bp A31bp  ACTATAT
33 737 bp A31bp TCTA-GTGG
39 747 bp A28bp AAAA-CATG

FIG. 3. Sequence analysis of repair junctions from class IT neo™ clones. PCR
products from the neo™ allele of the Fneo*/3’ (A) and Rneo™/3" cell lines (B)
were cloned and sequenced. Extension on chr.14 indicates the length of newly
synthesized DNA incorporated at one end of the chr.17 break site beyond the
neo stop codon. Thus, the total extension includes an additional 229 bp to the
number indicated. Deletion on chr.17 indicates the number of base pairs deleted
from the nonconverted end of the I-Scel break site prior to NHEJ. The se-
quences at the junctions of chr.14 and chr.17 are separated by a hyphen when
there is no sequence overlap, underlined if microhomology is present, or indi-
cated by the base pairs that were inserted at the junction.
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FIG. 4. Visualization of a rare translocation by FISH using whole chromo-
some mouse chr.14 fluorescein isothiocyanate (green) and chr.17 Cy3 (red)
probes (left panel) and DAPI (right panel). (A) Representative class IV clone
having two normal chrs.14 and chrs.17. (B) Reciprocal translocation clone
(Rneo™/3’ clone 17) having two normal chrs.14, one normal untargeted chr.17,
and two hybrid translocation chromosomes involving chr.17 and an unidentified
chromosome (red/unstained), as indicated by the arrows.

the 21 sequenced clones were similar to those obtained from
NHE]J at a DSB within a single chromosome (27, 36) and at
translocation breakpoints (13, 39, 54). Although the frequency
of neo™ clones differed between the Frneo™/3’ and Rneo™/3’
cell lines, no difference was found in the recombinant products
in either the conversion tract length involving chr.14 or the
deletion from chr.17 (Fig. 3). Fewer Rneo /3’ clones appeared
to use microhomology in joining the two ends, although more
clones must be examined to determine if this is significant.

Rare translocation during interchromosomal gene conver-
sion. The remaining clones containing the entire HPRT gene
(Fig. 2; Table 2) were obtained at similar frequencies from the
F5'/3" (27%; 12 of 45) and R5'/3" (29%; 10 of 35) parental cell
lines. These could have arisen either by gene conversion in-
volving tracts of greater than 3.2 kb or by nonreciprocal trans-
location. To distinguish between these possibilities, FISH was
performed on each of the 22 clones by using whole chromo-
some probes to mouse chr.17 and chr.14. Most of these clones
(21 of 22) had not undergone a translocation or any other gross
chromosomal rearrangements, including nonreciprocal trans-
locations or large duplications (Fig. 4A and data not shown).
Thus, these clones (class IV) arose from a gene conversion
event that extended more than 3.2 kb but less than a cytolog-
ically observable distance (i.e., 1 Mb). The extent of the con-
version is currently being mapped.

By Southern blot analysis, the remaining neo™ recombinant
which was derived from the R5’/3" parental cell line appeared
to be similar to the class IV clones. However, FISH analysis
indicated that this clone had undergone a reciprocal translo-
cation involving chr.17 in the region of the DSB and an un-
identified chromosome (Fig. 4B). (We cannot, however, rule
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out the possibility that a second unidentified chromosome was
involved in the translocation.) The frequency of this event was
1.2 X 10~%, This contrasts with our previous results in which
the repair of two chromosomal DSBs led to reciprocal trans-
locations at a frequency of 10~* (39). Therefore, it is likely that
in this one clone the translocation involved another chromo-
some which had fortuitously undergone a DSB. Because this
was the only clone that exhibited an unusual structure, we do
not know if the event was specific to repair of the DSB in the
R5'/3" cell line.

DISCUSSION

These results clearly indicate that following a DSB, a se-
quence on a heterologous chromosome can serve as a repair
template for homologous recombination in mammalian cells,
even when homology is constrained. All but one of the clones
(79 of 80) we examined had undergone interchromosomal re-
combination between the neo sequences without exchange of
flanking markers or other genome rearrangement. Instead,
repair was initiated by gene conversion and completed by
NHE]J. Thus, repair of a single DSB by interchromosomal gene
conversion, whether a fully homologous event (40) or a com-
pound event involving NHEJ as in this report, rarely compro-
mises genomic integrity. The results presented here contrast
with the repair of two DSBs in which chromosomal rearrange-
ments (translocations) were readily recovered (39). In that
case, translocations did not arise by gene conversion but rather
by joining of the ends of two different chromosomes by NHEJ
or single-strand annealing, suggesting that gene conversion has
a higher fidelity for maintaining genomic integrity than these
other repair pathways.

The importance of NHEJ and homologous repair for the
maintenance of genomic integrity in mammalian cells is em-
phasized by the observations that cell mutants in either repair
pathway exhibit a high frequency of chromosomal aberrations
(7, 10, 12, 16, 24, 26, 29, 32, 37, 48, 50). The importance of
these two repair pathways is evident in both embryonic and
adult cell types, although recent studies suggest that there may
be differences between these stages in the contribution of var-
ious repair pathways and proteins. For example, ES cells de-
ficient in the homologous repair protein Rad54 are sensitive to
ionizing radiation (8), a potent inducer of DSBs, although this
sensitivity seems to decrease through development to the adult
mouse (9). By contrast, adult mice mutant for the NHEJ repair
protein DNA-PKcs are hypersensitive to ionizing radiation,
although DNA-PKcs '~ ES cells do not display this phenotype
(3, 12). Nevertheless, mutation of other NHEJ proteins Ku70
and Ku80 leads to ionizing radiation sensitivity in both ES
and adult mouse cells (17, 18, 34), and therefore, it is likely
that the Ku protein participates in the NHEJ events that we
report here.

NHEJ and homologous repair have also been proposed to
have different contributions to repair during different stages of
the cell cycle, i.e., Gy/G, and S/G,. Based on previous work, we
expect that the overwhelming majority of repair events at
the chr.17 break site are intrachromosomal, involving either
NHE]J of the two broken ends or homologous repair from the
sister chromatid, which are not selected for in this system
(23, 27). This is supported by the frequency of gene target-
ing, which is 40- to 240-fold higher than interchromosomal
events. What governs the use of a homologous sequence on a
heterologous chromosome for repair of a DSB is unclear, but
considering the nuclear volume, it is possible that random
collision plays a role in homologous partner choice.

The results presented here provide convincing evidence that
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NHEJ and homologous repair are not completely separable
and that coupling of the two pathways can preserve genomic
integrity for the repair of a single DSB. Coupling of the two
pathways has previously been predicted in some gene targeting
events (see, e.g., references 2, 38, and 41). This report provides
direct evidence for such events and detailed analysis of the
junctions. The structure of the recombinant products demon-
strates that repair of the DSB was initiated by invasion of one
chr.17 end into the homologous sequence on chr.14, priming
DNA replication which extended into heterologous sequences.
Sequence analysis demonstrated that NHEJ was used to join
the newly replicated strands to the other chr.17 end, which in
some cases was preserved to such an extent as to maintain the
overhang of the break site. The consistent recovery of clones
that maintain the other chr.17 end indicates that this end is
maintained close to the repair complex even though it does not
participate in the homologous invasion step. This coupled re-
pair mechanism can also account for previously observed in-
frequent LTGC events from allelic and interchromosomal re-
combination with related substrates (33, 40), although this has
not been verified.

Although similar models for the initiation of recombination
have been proposed for yeast (19) and Drosophila DSB repair
(14), the coupling of NHEJ and homologous repair appears to
occur more readily in mammalian cells and possibly plant cells
(38), presumably due to an overall greater contribution of
NHEJ to DSB repair in higher eukaryotes. As a result of this
process, the heterologous sequences that are replicated during
repair synthesis become duplicated. In most clones we found
that the duplication was a few kilobases or less. In none of the
clones did replication extend to the end of the chromosome, as
has been detected in yeast (30). However, in mammalian cells
replication to the end of the chromosome may lead to inviable
progeny, resulting in either unbalanced genetic information (as
in the F5'/3’ cell line) or an acentric product (as in the R5'/3’
cell line). Similar constraints on product recovery might also
exist if gene conversion with a reciprocal exchange were exclu-
sive to the S/G, phase of the cell cycle and recombinant chro-
mosomes always segregated from each other.

Although overall genome integrity is maintained in the cou-
pled repair products we observed, the resulting duplication of
sequences 3’ to the break site is likely to be deleterious in some
cases. Alterations of the ALL1 locus in leukemic cells have
been found which involve partial tandem duplications of the
ALLL1 gene at or near Alu repeats (43, 46). These duplications
mechanistically could have arisen similarly to the events de-
scribed here (Fig. 5). Thus, a DSB within or near a repetitive
element could initiate strand invasion into the identical ele-
ment on the homologue in G,/G, (33) or sister chromatid in
S/G, (23) and prime DNA synthesis. Following repair synthe-
sis, the repair event would resolve by NHEJ (Fig. 5). Alterna-
tively, repair synthesis could continue into a downstream re-
petitive element of the same class, so that the event is resolved
by annealing of the newly synthesized strand with the comple-
mentary end of the broken chromosome (not shown). The
advantage of this model is that it allows for invasion to occur
within an identical Alu element or other sequence but has no
constraints on the completion of the repair event, since it can
occur by either NHEJ or homologous annealing.

It is unclear what minimal length of homology is required
to promote interchromosomal homologous recombination in
mammalian cells and what effect the length of homology has
on crossing over. As little as 68 bp of homology is sufficient for
homologous invasion to occur at a detectable frequency during
DSB-promoted gene targeting in ES cells, although in this case
recombination occurs at a significantly lower frequency than
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FIG. 5. Model for partial tandem gene duplications. Events can be initiated
by a DSB within a repetitive element (gray box) on one chromosome, followed
by invasion of one end into the same element on the homologue or sister
chromatid. Repair synthesis extends downstream to duplicate sequences, shown
here as exons 2 and 3 (white bars). Completion of the repair event occurs by
NHE] of the newly synthesized strands at or near the end of the broken chro-
mosome. The result is a partial tandem gene duplication on one chromosome or
chromatid, while the other chromosome or chromatid remains unaltered.

when >200 bp of homology is used (C. Richardson, J. Wind-
erbaum, and M. Jasin, unpublished results). The majority of
dispersed repetitive elements, SINEs (<200 bp in the mouse or
300 bp in humans) or small truncated LINEs (as small as 300
bp) (44), are within the size range of the homologous repeat
used in this study. However, LINEs can be longer than this
repeat unit. Full-length LI elements are 7 kb, although the
majority are truncated to smaller units of a few kilobases or
less (44). It is unclear whether interchromosomal recombina-
tion between repeats as long as several kilobases would give
rise to repair products different than those reported here.
Surprisingly, we observed a ninefold higher frequency of
interchromosomal recombination in the F5'/3" cell lines in
which the neo sequences are in the same orientation relative to
the centromere, compared with the R5/3" cell lines in which
the neo sequences are in the opposite orientation, even though
the overall structure of the recombinants was very similar for
the two cell lines. Cell lines with the other two configurations
of the truncated neo sequences gave similar results (data not
shown); for example, a cell line with the neo repeats in the
same relative orientation but opposite to F5'/3" gave similar
recombination frequencies as the F5'/3" cell line (C. Richard-
son and M. Jasin, unpublished results). Unless there is loss of
a major class of repair product from the R5'/3" cell lines, these
results suggest an unexpected sensing of the relative orienta-
tion of the neo sequences on the two interacting chromosomes
during these compound repair events. Rates of interchromo-
somal Cre/loxP recombination in yeast have been shown to be
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affected by centromere clustering (4), although thus far there
has not been a study of this in mammalian cells. It will be
interesting to determine if this orientation effect will be gen-
erally observed in mammalian cells and, if so, to determine the
factors responsible for this phenomenon.
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