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Loss of heterozygosity (LOH) is a common genetic alteration in tumors and often extends several megabases
to encompass multiple genetic loci or even whole chromosome arms. Based on marker and karyotype analysis
of tumor samples, a significant fraction of LOH events appears to arise from mitotic recombination between
homologous chromosomes, reminiscent of recombination during meiosis. As DNA double-strand breaks
(DSBs) initiate meiotic recombination, a potential mechanism leading to LOH in mitotically dividing cells is
DSB repair involving homologous chromosomes. We therefore sought to characterize the extent of LOH arising
from DSB-induced recombination between homologous chromosomes in mammalian cells. To this end, a
recombination reporter was introduced into a mouse embryonic stem cell line that has nonisogenic maternal
and paternal chromosomes, as is the case in human populations, and then a DSB was introduced into one of
the chromosomes. Recombinants involving alleles on homologous chromosomes were readily obtained at a
frequency of 4.6 � 10�5; however, this frequency was substantially lower than that of DSB repair by nonho-
mologous end joining or the inferred frequency of homologous repair involving sister chromatids. Strikingly,
the majority of recombinants had LOH restricted to the site of the DSB, with a minor class of recombinants
having LOH that extended to markers 6 kb from the DSB. Furthermore, we found no evidence of LOH
extending to markers 1 centimorgan or more from the DSB. In addition, crossing over, which can lead to LOH
of a whole chromosome arm, was not observed, implying that there are key differences between mitotic and
meiotic recombination mechanisms. These results indicate that extensive LOH is normally suppressed during
DSB-induced allelic recombination in dividing mammalian cells.

A common genetic alteration in tumor cells is loss of het-
erozygosity (LOH), in which genetic information at a chromo-
somal locus is derived from only one parental chromosome
rather than from both parental chromosomes (18, 25). LOH
can involve large segments of chromosomes and therefore lead
to a substantial loss of allele-specific genetic information. LOH
is one of the genetic alterations commonly observed in spo-
radic tumors, and it is also presumed to be an obligate step in
tumorigenesis in several familial cancer syndromes involving
tumor suppressor genes. For example, individuals carrying one
mutated RB allele in the germ line are at high risk of devel-
oping retinoblastoma, with tumors displaying loss of the wild-
type RB allele.

Potential mechanisms of LOH can be inferred from com-
bined analyses of tumor karyotypes and markers that are poly-
morphic between parental chromosomes. Researchers analyz-
ing human cancers have inferred that LOH arises from several
pathways, including chromosomal deletion, mitotic nondis-
junction, and recombination between homologous chromo-
somes (18, 25). In retinoblastoma, recombination and nondis-
junction appear to be common pathways (42 and 51% of LOH
events, respectively, in one large study) (15); however, a recent
study of colorectal cancers found that deletions associated with
chromosome structural aberrations are more common (52).

Each of these pathways has also been implicated in generating
LOH in mouse models, with mitotic recombination predomi-
nating in many of these cases (18, 46). Despite the implication
of several pathways in the generation of LOH, little is under-
stood about the molecular events that lead to LOH, including
those involving mitotic recombination pathways.

Chromosomal double-strand breaks (DSBs) are extremely
potent inducers of homologous recombination in mammalian
cells (17), raising the issue of whether they are the causative
lesions for LOH by allelic recombination. During meiosis,
DSBs generated by the Spo11 protein induce a high frequency
of recombination between homologous chromosomes (20). Al-
though Spo11 is expressed primarily during meiosis (21, 44),
DSBs can be generated in nonmeiotic cells in several ways, for
example, by oxygen free radicals, topoisomerase failure, radi-
ation treatment, and DNA replication. Repair of these mitotic
DSBs by homologous recombination involves strand invasion
of a broken end into a homologous sequence which templates
repair by gene conversion (17, 38) and thus can be termed
homology-directed repair (HDR).

In mitotically dividing mammalian cells, the identical-sister
chromatid is the most frequently used template for HDR (19).
HDR involving the sister restores the intact chromatid without
loss of sequence information, making this a very precise type of
repair. High-fidelity repair is not guaranteed, however, when
the template for HDR is the allele on the homologous chro-
mosome, since maternal and paternal chromosomes are not
identical in individuals. Such events can lead to LOH of large
chromosome segments or even whole chromosome arms when
recombination between the homologs is associated with either
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crossing over or extensive gene conversion without crossing
over. DSBs have previously been shown to induce HDR be-
tween homologous chromosomes in mammalian cells at a re-
combination reporter, resulting in LOH at the reporter (35).
However, in that study the full extent of LOH could not be
determined because the two chromosomes were isogenic out-
side of the reporter substrate.

In this report, we sought to test whether HDR in mamma-
lian cells leads to extensive LOH by using a reporter for DSB-
induced allelic recombination. The reporter was introduced
into a mouse embryonic stem (ES) cell line derived from an F1

hybrid of two different inbred mouse strains, BALB/c and
129/Sv, such that the maternal and paternal chromosomes con-
tain polymorphic markers. Overall, the heterology between the
two strains is estimated at approximately one single-nucleotide
polymorphism per 1,050 bp (27), which is within the range of
diversity in the human population (estimated at one single-
nucleotide polymorphism per 1,000 to 2,000 bp) (45). We find
that although spontaneous recombination at the allelic posi-
tions is not detectable, DSBs are potent inducers of allelic
recombination. Examination of a number of markers indicates
that the majority of recombinant clones have LOH restricted
to the site of the DSB, although 2% of recombinants exhibit
LOH extending to a marker 6 kb from the DSB. Importantly,
we find no evidence of LOH extending to polymorphic markers
1 centimorgan (cM) or more from the DSB nor do we find
evidence for crossing over between alleles. These results indi-
cate that extensive LOH is suppressed during HDR of a DSB
in mammalian cells. Thus, either DSBs are not the causative
lesions for extensive LOH events arising from recombination
between homologous chromosomes or the suppression of ex-
tensive LOH can be relieved under some circumstances.

MATERIALS AND METHODS

Cell line construction. The Rb targeting vectors for the S/P cell line were
constructed by a series of subcloning steps. First, oligonucleotides with two
tandem loxP sites (22) and a BglII site in between the loxP sites were inserted
between the BamHI and SalI sites at the 3� end of the neo genes in both the
S2neo and Pneo vectors (43). Subsequently, a hyg gene from vector 129Rb-hyg
(51) was cloned as a BglII fragment between the loxP sites to form the S2neo-
loxP-hyg-loxP and Pneo-loxP-hyg-loxP cassettes. Then, NheI restriction sites were
inserted into the 5� end of each of these cassettes at the XhoI site and into the
3� ends of the cassettes at the SalI site for the S2neo cassette and at the HindIII
site, which is 14 bp downstream of the SalI site, for the Pneo cassette. These
cassettes were then inserted into genomic fragments of the Rb locus at the NheI
site in intron 18, with the S2neo cassette cloned into a genomic fragment isolated
from a 129 strain to form the SH targeting vector and the Pneo cassette cloned
into a genomic fragment isolated from a BALB/c strain to generate the PH
targeting vector (51). Both neo cassettes were cloned in the same orientation as
the Rb gene.

The S/P cell line was generated with four steps of genome manipulation. First,
the SH targeting vector (70 �g; linearized with HpaI) was electroporated into the
v17.2 cell line (54) (5 � 106 ES cells suspended in 700 �l of phosphate-buffered
saline [PBS] in a 0.4-cm-path-length cuvette) by pulsing the cells at 800 V and 3
�F. Hygromycin selection was applied 24 h later at 150 �g/ml. After 10 days,
surviving colonies were isolated and analyzed for targeting to Rb as previously
described (51). Subsequently, the hyg gene was deleted by recombination be-
tween the loxP sites, as initiated by electroporation of 50 �g of a Cre expression
vector (pCAGGS-Cre) (1) into 5 � 106 SH cells suspended in 700 �l of PBS in
a 0.4-cm-path-length cuvette, followed by pulsing the cells at 250 V and 950 �F.
The transfected cells were plated at low density, and after 10 days, colonies were
isolated and screened for sensitivity to 150 �g of hygromycin/ml. Loss of the hyg
gene to form the S cell line was confirmed by Southern blotting of HindIII/StuI-
digested genomic DNA with an EcoRI/NcoI fragment of the neo gene as a probe.
Using the PH targeting vector and the same steps described above for the

generation of the S allele, the P allele was then created by targeting the S cell
line.

DSB induction of allelic recombination and I-SceI site loss. To measure the
repair of an I-SceI-generated DSB, 50 �g of the I-SceI expression vector pC-
BASce (43) was mixed with 5 � 106 ES cells suspended in 650 �l of PBS in a
0.4-cm-path-length cuvette, followed by pulsing the cells at 200 V and 950 �F.
Transfected cells were split to four or five 10-cm-diameter plates. At 24 h, one
plate was trypsinized and counted to determine the number of cells that had
survived electroporation. For the rest of the plates, G418 was applied at 200
�g/ml 24 h after transfection. After 8 to 10 days, surviving colonies were either
stained and counted or expanded for further analysis. Allelic recombination
frequencies were determined by dividing the number of G418-resistant colonies
by the number of cells that survived electroporation.

To determine the percentage of I-SceI site loss for each electroporation, the
neo gene of the S allele was amplified from genomic DNA from cells that had
been electroporated with the I-SceI expression vector and grown without G418
for 5 days. Genomic DNA (1 �g) was used as the template for PCR with 40 ng
of each primer in a reaction volume of 25 �l. The primers for amplification were
rb1 (5� AGGAATGCAGAGTTCTGCTTTAGC) and p6� (5� GAGAAGGGA
TTGGTTTTTGTTTTCG). Amplifications were performed using PCR beads
(Amersham Pharmacia) in the Mastercycler PCR system (Eppendorf). Amplifi-
cation was for a total of 35 cycles, using a 1-min elongation time and a 58.1°C
annealing temperature. Following amplification, PCR products were digested
with I-SceI for 20 h with 10 U of I-SceI (Roche) and separated on a 1% agarose
gel. The gel was stained with ethidium bromide, and the ethidium signals for the
I-SceI-resistant and I-SceI-cleaved bands were quantified with a Bio-Rad Chemi-
doc 2000 system with rolling disk background subtraction.

Genotypic analysis of polymorphic markers. The genotype of a number of
markers was determined through analysis of genomic DNA isolated from indi-
vidual G418-resistant clones and also from the parental S/P cell line. The geno-
types of a number of these markers involved amplification and resolution of PCR
products, which was performed as described above for I-SceI site loss but using
different sets of primers. The genotype of the NcoI/I-SceI site was determined
using the primers rb1 and p6� (5� ATACTTGAGAAGGGATTGGTTTTTG),
followed by cleavage of the PCR product with NcoI or I-SceI. The genotype of
the H3 marker was determined using the primers rb1 and p6�, followed by
cleavage of the PCR product with HindIII. The genotype of the P6 marker was
determined using the rb1 and p6� primers. The genotypes of the Rbtg-repeat
marker were determined using the primers rbtg1 (5� GAATTCACCAATGAG
GTCCCATAG) and rbtg2 (5� CAGATGCCAATATCGACTGAAAAG). The
genotypes of the D14Mit160, D14Mit224, and D14Mit95 markers were deter-
mined using primer sets whose sequences were published previously (4). The
amplification products of the TG-repeat markers were separated on 3% Meta-
phor agarose gels (BioWhittaker Molecular Applications). The genotype of the
St marker was determined by Southern blotting of genomic DNA cleaved with
StuI by using an EcoRI/NcoI fragment of the neo gene as a probe.

Crossing-over analysis. To test for crossing over in the crossover 1 (co1)
interval, the neo genes of individual G418-resistant clones were amplified with
the rb1 and p6� primers followed by cleavage of the PCR product with EagI or
PacI. To test for a crossing-over event in the interval co2, 8 �g of genomic DNA
from individual G418-resistant clones was cleaved with StuI and separated on a
1% agarose gel. For each sample, genomic DNA of approximately 4 to 5 kb was
isolated followed by purification of the DNA from the gel slice by using the High
Pure PCR product purification kit (Roche). The neo genes were amplified from
this size-enriched genomic DNA by using primers ep1 (5� CCAATGTCGAGC
AAACCCCGCC) and ep2 (5� GCGTATGCAGCCGCCGCATTGC), followed
by cleavage of the PCR product with EagI or PacI.

RESULTS

Allelic recombination reporter for homologous chromo-
somes. Using an S2neo/Pneo substrate design (43), we devel-
oped a system to analyze both the frequency and extent of
LOH due to DSB-induced allelic recombination in mammalian
cells. In this design, a DSB is formed in vivo by expressing the
rare-cutting endonuclease I-SceI, whose 18-bp recognition site
has been integrated into a chromosome as a disrupting muta-
tion in the 3� end of the neomycin resistance gene (S2neo).
Repair of the I-SceI-induced DSB by recombination can be
directed by the homologous Pneo gene, itself an inactive neo
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gene due to insertion of a PacI site in the 5� end of the gene.
This repair event results in the replacement of the I-SceI site
with wild-type neo sequences, giving rise to a functional neo�

gene, such that recombinants are selectable using the drug
G418.

To study recombination events between alleles on homolo-
gous chromosomes, the S2neo and Pneo genes were gene tar-
geted to allelic positions at the Rb locus on chromosome 14 in
a cell line in which the homologous chromosomes contain
polymorphic markers (Fig. 1A). Specifically, we used an ES cell
line isolated from F1 hybrid mouse embryos, cell line v17.2, in
which one set of chromosomes is derived from the 129/Sv
strain and the other set is from the BALB/c strain (54). Strain
differences between the chromosomes include restriction frag-
ment polymorphisms at the Rb locus (51) as well as a number
of short-sequence-length-polymorphism (SSLP) markers
throughout chromosome 14 (4, 54).

Using targeting fragments derived from the cognate strains
(51), we targeted the S2neo gene to an intron of the Rb locus
on the 129/Sv-derived chromosome 14 (S allele) and the Pneo
gene to the BALB/c-derived chromosome 14 at the same po-
sition (P allele) (Fig. 1A). We consecutively targeted both
alleles by using a linked hygromycin resistance gene (hyg),
giving rise to the intermediate SH and PH alleles (Fig. 1B).
The hyg gene was removed stepwise after each targeting event
by Cre-mediated recombination between the loxP sites which
flank the hyg gene (22), generating the S and P alleles. Based
upon this design, the homologous chromosomes in the S/P cell
line differ from each other only by the mutations in the neo
genes and the strain-specific polymorphisms flanking the neo
genes.

Allelic recombination is strongly induced by a DSB but is
1,000-fold less efficient than nonhomologous end joining
(NHEJ). We tested the efficiency of DSB-induced recombina-
tion at the neo genes in the S/P cell line by transfecting an
I-SceI expression vector and selecting for allelic recombinants
with G418. G418-resistant colonies arose at a frequency of 4.6
� 10�5 � 1.5 � 10�5 relative to the number of cells surviving
transfection. This frequency of allelic recombination is similar
to that of a previous measure of allelic recombination in an
isogenic ES cell line (43), although it is significantly lower than
that of intrachromosomal recombination (36, 39). In contrast,
no G418-resistant clones arose from untransfected cells (�3.7
� 10�7), indicating that spontaneous recombination at allelic
positions is extremely rare.

To verify that the G418-resistant clones were the result of
allelic recombination, we tested whether the I-SceI site in the
S allele was converted to an NcoI site, which is the wild-type
neo sequence at this position in the P allele (Fig. 2A). The neo
genes from both alleles were amplified from genomic DNA of
29 individual G418-resistant colonies by using non-allele-spe-
cific primers (rb1 and p6�), and the amplified product was
cleaved with either I-SceI or NcoI (Fig. 2B). We found that the
amplified products of all 29 G418-resistant clones were com-
pletely cleaved by NcoI but not at all by I-SceI. This contrasts
with the amplified product of the parental S/P cell line, which
was approximately half cleaved by each of I-SceI and I-NcoI.
Thus, the G418-resistant clones are derived from DSB repair
of the S allele by allelic recombination using the P allele as the
template, resulting in homozygosity at the DSB site.

In addition to HDR, DSBs can also be repaired by NHEJ,
which leads to deletions or insertions at the DSB site, in this
case resulting in loss of the I-SceI cleavage site (17). To com-
pare the efficiency of NHEJ with that of recombination be-
tween the neo alleles, we isolated genomic DNA from the total
cell population that was transfected with the I-SceI expression

FIG. 1. Allelic recombination reporter for homologous chromo-
somes. (A) Allelic recombination substrates S2neo and Pneo were
sequentially targeted to the 129/Sv and BALB/c alleles, respectively, of
the Rb locus in the mouse ES cell line v17.2. Southern blot hybridiza-
tion was performed with the indicated Rb probe fragment, which is
located outside the targeting fragments, for detection of wild-type and
targeted alleles from an EcoRI digest of genomic DNA. Targeting with
either S2neo or Pneo gives rise to an EcoRI fragment of the same size.
The neo genes are inserted upstream of exon 19 (vertical black bar) at
a site which appears to be nondisrupting for Rb expression (35).
(B) Both targeting events used a linked hygromycin resistance (hyg)
gene (to select for chromosomal integration) which was removed after
each targeting event by Cre-mediated recombination between the loxP
sites (open circles) flanking the hyg genes. The alleles are indicated
with an H in cases in which they contain a hyg gene (SH, 129/S2neo-hyg;
PH, BALB/c/Pneo-hyg) and without an H in cases in which the hyg gene
has been removed (S, 129/S2neo; P, BALB/c/Pneo). Removal of the hyg
gene was confirmed by Southern blotting (using the neo probe frag-
ment depicted in the diagram) with a StuI/HindIII digest of genomic
DNA. Using the indicated StuI and HindIII polymorphisms, this anal-
ysis also confirms linkage of the S2neo gene to the 129 allele. Southern
blot signals for cell lines with the genotypes SH/�, S/�, S/PH, and S/P,
where � indicates the nontargeted allele, are shown. St, StuI; P, PacI;
HIII, HindIII; N, NcoI, RI, EcoRI, Ea, EagI.
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vector. In this case, we amplified the neo gene of the S allele
using an allele-specific primer (p6�), which anneals to the
6-bp insertion that is present on the S allele but is absent from
the P allele, and then cleaved the amplified product with I-SceI
(Fig. 2C). From multiple independent transfections, we found
that approximately 5% of amplified product from the trans-
fected cell population was resistant to cleavage by I-SceI, which
was indicative of NHEJ, whereas the product from untrans-
fected cells was completely cleaved by I-SceI. This frequency of
NHEJ is similar to previous measures of I-SceI-induced NHEJ
in direct-repeat recombination experiments (39, 49). It should
be noted that this measure of NHEJ is likely to be an under-
estimate of total end joining, since it does not include precise
events which restore the I-SceI site. Thus, an I-SceI-induced

DSB is repaired at least 1,000-fold more efficiently by NHEJ
than by allelic recombination (5 � 10�2 versus 4.6 � 10�5,
respectively).

LOH is generally limited to the vicinity of the DSB. To
determine whether LOH extends beyond the immediate vicin-
ity of the break site, we analyzed recombinants for markers
that are heterozygous between the P and S alleles in the pa-
rental cell line. We began by assaying the genotypes of four
heterozygous markers located downstream of the I-SceI site
which are at the end of the neo gene and within the Rb locus
itself (Fig. 3A). H3, the heterozygous marker closest to the
DSB, is a HindIII restriction site polymorphism 0.3 kb from the
DSB which is present on the P allele (H3�) but absent from
the S allele (H3�). To test the genotype of the H3 marker in
individual recombinants, we used non-allele-specific primers
(rb1 and p6�) to amplify the neo genes of the S and P alleles
and cleaved the amplified product with HindIII (Fig. 3B).
From 162 individual recombinants, we found that 145 gave an
amplified product that, like the parental S/P cells, was approx-
imately half cleaved by HindIII, indicating that these recom-
binants contain both the H3� and H3� polymorphisms (e.g.,
recombinant R1) (Fig. 3B). Thus, the majority of recombinants
maintained heterozygosity 0.3 kb from the DSB site. In 17 of
the 162 recombinants (10.5%), however, the amplified product
was completely cleaved by HindIII (e.g., recombinant R2),
indicating that these recombinants contain only the H3� poly-
morphism. Thus, these recombinants exhibit LOH extending at
least 0.3 kb from the DSB site (Fig. 4).

We next analyzed the P6 marker, which is 1 kb downstream
from the DSB. This marker contains the 6-bp insertion on the
S allele (P6�) which is absent from the P allele (P6�). Loss of
the P6� polymorphism from the repaired S allele chromosome
was tested by PCR using the p6� primer, which specifically
anneals to the 6-bp insertion (Fig. 3C). The majority of the 162
recombinants, like the parental S/P cells, gave this P6�-specific
amplification product (e.g., recombinant R1) (Fig. 3B). How-
ever, nine recombinants (5.5%) did not give this amplified
product and thus exhibited loss of the P6� polymorphism.
Interestingly, each of the nine recombinants that exhibited
LOH at the P6 marker also exhibited LOH at the H3 marker
such that the LOH tract was continuous (Fig. 4). These results
indicate that there is a small class of recombinants in which
LOH extends at least 1 kb from the DSB (Fig. 4).

We also examined LOH of two additional markers in the Rb
locus. We analyzed these markers in all 17 recombinants that
exhibited LOH at the H3 marker as well as in 15 of the 145
recombinants that did not. The first of these two markers, St,
is located 4 kb from the DSB and is a StuI restriction site
polymorphism which is present on the S allele (St�) but is
absent from the P allele (St�). The genotype of this marker
was tested by Southern blot analysis using a neo gene fragment
as probe for detection of genomic DNA cleaved with StuI (Fig.
3A and D). The other marker, Rbtg, located 6 kb from the
DSB, is a TG-repeat polymorphism, with 20 TG repeats on the
S allele (Rbtg20) and 13 TG repeats on the P allele (Rbtg13).
The genotype of this marker was analyzed by PCR using prim-
ers that flank the repeats (rbtg1 and rbtg2), followed by sepa-
ration of the amplified products on high-percentage agarose
gels (Fig. 3A and E). We found that the StuI restriction site
was lost in 4 of the 32 analyzed recombinants and that the

FIG. 2. DSB repair by allelic recombination and by NHEJ. (A) A
DSB generated in the S2neo gene by the I-SceI endonuclease can be
repaired by mechanisms that result in loss of the I-SceI site, as shown
in the diagram. Repair of the DSB by allelic recombination, using the
Pneo allele as a template for repair, results in replacement of the I-SceI
site with an NcoI site and creation of a wild-type neo gene. Alterna-
tively, repair of the DSB can occur by NHEJ, resulting in insertions
(�) or deletions (�) at the I-SceI site. After the primers indicated by
the arrows were used for PCR amplification of the S2neo gene, diges-
tion of the PCR product by I-SceI and NcoI and resolution of the
products on an agarose gel along with uncut product were performed
and alterations to the I-SceI site as a consequence of DSB repair were
analyzed. (B) In G418-resistant recombinants, the I-SceI site has been
converted into an NcoI site. The PCR products of the rb1 and p6�
primer set for the parental cell line (S/P) and a G418-resistant allelic
recombinant arising from expression of I-SceI (R) are shown. S, I-SceI;
N, NcoI; U, uncut product. (C) Quantification of total loss of the I-SceI
site. The PCR products of the rb1 and p6� primer set for the parental
cell line prior to I-SceI transfection or on the 5th day of growth in
nonselective media after I-SceI transfection are shown. The faint I-
SceI-resistant fragment observed from the I-SceI transfected cells (but not
from the S/P cells) is approximately 5% of the total amplification product.
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Rbtg20 polymorphism was lost in 3 of the 32 recombinants
(Fig. 4). All four recombinants with LOH at the St marker also
have LOH at the H3 and P6 markers, and all three recombi-
nants with LOH at the Rbtg marker also have LOH at the St,

H3, and P6 markers. Thus, LOH of a distal marker in recom-
binants is accompanied by LOH of more-proximal markers in
the interval to the DSB site such that the LOH tracts are
continuous. The analysis indicates that a small percentage of
the overall recombinants (1.9%) exhibit LOH of markers ex-
tending at least 6 kb from the DSB.

Heterozygosity is maintained in allelic recombinants at
markers >1 cM from the DSB. While we recovered recombi-
nants in which LOH extended at least several kilobases, it was
not clear whether LOH extended to loci significantly more
distant from the DSB and thus whether these recombinants
underwent a substantial loss of allele-specific information
along the chromosome arm. To test this, we examined three
SSLP markers consisting of TG-repeat-length polymorphisms
between the 129/Sv and BALB/c strains. These markers are
located 1 and 13 cM telomeric (D14Mit224 and D14Mit95,
respectively) and 1 cM centromeric (D14Mit160) to the Rb
locus, from a total chromosome 14 genetic length of 69.9 cM
(Fig. 5) (4).

The genotypes of these markers were determined by PCR
analysis using primers that flank the repeats, followed by sep-
aration of the amplified products on high-percentage agarose
gels. We tested the genotypes of the D14Mit224 and
D14Mit160 markers in a total of 160 recombinants, including
all those that exhibited LOH of the H3 and Rbtg markers. We
found that all recombinants retained both the 129/Sv and
BALB/c polymorphisms for both of these SSLP markers (re-

FIG. 3. Repair of a DSB by allelic recombination can result in
LOH of markers within 6 kb of the DSB. (A) Individual recombinants
were analyzed for LOH of four polymorphic markers located within 6
kb downstream of the DSB. The positions of PCR primers and sizes of
restriction fragments used in analyzing the genotypes of these markers
are shown. (B) LOH of the H3 marker, a HindIII restriction site
unique to the P allele, was analyzed by PCR amplification of the neo
genes of both alleles using the primers rb1 and p6�, followed by
digestion of the amplified product with HindIII and resolution on an
agarose gel. The HindIII-resistant (2 kb) and -cleaved (1.3 and 0.7 kb)
products for each of three cell types are shown: S/P, the parental cell
line; R1, a recombinant clone without LOH of the given marker; R2,
a recombinant clone with LOH of the marker. (C) LOH of the P6
marker, an insertion of 6 bp unique to the S allele, was analyzed by
PCR using the primers rb1 and p6�, which specifically amplify an
allele containing the 6-bp insertion. The products, as resolved on an
agarose gel for the three cell types described for panel B, are shown.
Definitions of abbreviations are the same as those for panel B.
(D) LOH of the St marker, a StuI restriction site unique to the S allele,
was analyzed by Southern blotting of genomic DNA digested with StuI
and probed with a fragment of the neo gene. The Southern blotting
signals for the St� (18 kb) and St� (4.8 kb) polymorphisms for the
three cell types described for panel B are shown. Definitions of abbre-
viations are the same as those for panel B. (E) LOH of the Rbtg
marker, an insertion of seven TG repeats in the S allele (Rbtg20)
relative to the P allele (Rbtg13), was analyzed by PCR amplification
using the rbtg1 and rbtg2 primers, which flank the repeats. The Rbtg13
and Rbtg20 products resolved on a high-percentage agarose gel for the
three cell types described for panel B, along with the product from
genomic DNA isolated from a BALB/c mouse, are shown. Other
definitions of abbreviations are the same as those for panel B.

FIG. 4. LOH of markers is continuous along the length of a chro-
mosome but decreases in frequency as the distance between the
marker and the DSB increases. The genotypes of 162 individual re-
combinants were analyzed as described for Fig. 3 for LOH of markers
within the Rb locus. All recombinants were analyzed for LOH of the
two markers closest to the DSB, i.e., H3 and P6. Subsequently, the 17
recombinants with LOH at the H3 marker and an additional 15 re-
combinants that maintained heterozygosity at H3 were analyzed for
LOH at the St and Rbtg markers. The numbers of individual recom-
binants belonging to each genotype are shown. Also shown for each
marker is its distance from the DSB, along with the overall percentages
of recombinants whose genotypes include LOH of this marker.
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combinant R) (Fig. 5). We also analyzed the genotype of the
more-distal marker, D14Mit95, in a subset of these recombi-
nants, namely, the 32 recombinants that were previously tested
for LOH at the St and Rbtg markers. We found that all 32
recombinants also retained both the 129/Sv and BALB/c poly-
morphisms for this marker. These results indicate that DSB-
induced allelic recombination does not result in detectable
levels of LOH at loci located 1 cM or further from the DSB.
Thus, extensive LOH is generally suppressed during DSB-
induced recombination between homologous chromosomes.
Considering that we have examined 160 recombinants, LOH
extending �1 cM occurs in �0.6% of recombination events.

Crossing over between homologous chromosomes was not
detected during DSB-induced allelic recombination. Crossing
over between homologous chromosomes is a frequent outcome
of DSB-induced allelic recombination during meiosis (5, 50).
Although we did not recover recombinants with LOH extend-
ing the length of a chromosome arm, which can be indicative of
S/G2 exchange events (see Fig. 7), it was still possible that
crossing over occurred without generating extensive LOH. To
test for crossing over in our DSB-induced allelic recombinants,
we assayed the linkage of a marker upstream of the DSB site
to markers downstream of the DSB site. To establish an al-
tered linkage relationship, this analysis requires that the tested
markers are heterozygous in the recombinants. Upstream of
the DSB is the Ea/P marker, which is an EagI restriction site in
the S2neo gene of the S allele but a PacI site in the Pneo gene
of the P allele. G418 selection requires an EagI site to be
retained in the neo� allele; however, the PacI site would also
be expected to be retained in the Pneo gene, since it is on the
P allele, the donor of genetic information which does not
undergo a DSB. We tested for the retention of the PacI site in
80 recombinants by amplifying the neo genes using non-allele-
specific primers (ep1 and ep2) and then cleaving the amplified
product with PacI. As expected, the amplified product was
approximately half cleaved by PacI in all 80 recombinants

tested (data not shown), indicating a retention of heterozygos-
ity at this site.

Two downstream markers (P6 and St) were used to test for
crossing over in two different intervals, namely, the interval
between the DSB site and the P6 marker (interval co1) and the
interval between the P6 and St markers (interval co2) (Fig.
6A). A crossover in interval co1 would disrupt the linkage of
the P6� polymorphism with the EagI site, both of which are on
the S allele in the parental S/P cell line (Fig. 6B). We tested for
this in all 153 recombinants that maintained heterozygosity at
the P6 marker by amplifying the neo gene linked to the P6�
polymorphism (primers rb1 and p6�) and then cleaving the
amplified product with EagI. We found that the amplified
product was cleaved by EagI in all of the recombinants, as was
the amplified product in the parental S/P cell line. Therefore,
none of these 153 recombinants showed an altered linkage
relationship for the Ea/P and P6 markers; that is, there was no
evidence of crossing over in interval co1.

The remaining nine recombinants had undergone LOH at
the P6 marker but maintained heterozygosity at the distal
D14Mit224 marker and therefore might have undergone cross-
ing over in intervals in between these two markers. Of these,
five maintained heterozygosity at the St and downstream mark-
ers, such that crossing over might have occurred in the interval
between P6 and St. Crossing over in this co2 interval would link
the St� polymorphism from the S allele to the PacI polymor-
phism from the P allele (Fig. 6C).

To test for this new linkage relationship in these five recom-
binants, we first enriched for the neo gene from the chromo-
some containing the St� polymorphism by digesting genomic
DNA with StuI and then isolating genomic DNA between 4
and 5 kb in size, in the size range of the allele containing the
StuI restriction site (4.8 kb). Subsequently, the neo gene con-
tained in this size-enriched fraction was amplified and then
cleaved with either EagI or PacI (Fig. 6C). In each of these five
recombinants, as well as the S/P cell line, the amplified product
from this size-enriched genomic DNA was substantially
cleaved by EagI but only slightly cleaved by PacI. The lack of
complete EagI cleavage and the slight cleavage by PacI is likely
due to a small amount of the larger StuI fragment from the
other allele contaminating the size-enriched fragment. This
contrasts with the amplified product generated from the non-
size-selected genomic DNA, which was cleaved equally well by
both EagI and PacI. Thus, none of these five recombinants
exhibited a novel linkage of the St marker to the PacI site,
implying that crossing over did not occur between the DSB site
and St marker. As LOH terminated within the co2 interval in
these recombinants, the generation of LOH does not appear to
be associated with crossing over.

In summary, we found that 158 of 162 recombinants had not
undergone crossing over during DSB-induced allelic recombi-
nation. We could not determine whether crossing over had
occurred for the remaining four recombinants, because they
had undergone LOH at the St marker, the marker furthest
downstream of the DSB site that could be linked with the
upstream PacI site. Thus, allelic recombination involving ho-
mologous chromosomes is associated with crossing over in
�2.5% of recombinants.

FIG. 5. Repair of a DSB by allelic recombination does not result in
detectable levels of LOH of markers located �1 cM from the DSB.
The genotypes of the chromosome 14 SSLP markers D14Mit160,
D14Mit224, and D14Mit95 were analyzed by PCR amplification using
primers that flank each polymorphism and resolution of the products
on high-percentage agarose gels. The genotypes of the D14Mit160 and
D14Mit224 markers were determined for 160 recombinants. The ge-
notype of the D14Mit95 marker was determined for the 17 recombi-
nants with LOH at the H3 marker and for an additional 15 recombi-
nants without LOH at this marker. The amplified products for the 129
and BALB/c alleles are indicated. S/P, parental cell line; BALB,
BALB/c mouse; R, a representative recombinant clone.
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DISCUSSION

Mitotic recombination between homologous chromosomes
has been inferred to be a major pathway leading to the allele-
specific loss of information (LOH) commonly found in tumor
cells. In the present study, we found that a DSB stimulates
recombination between homologous chromosomes in mouse
ES cells at least 100-fold. These HDR events are still a minor
fraction of total DSB repair events, however, with NHEJ esti-
mated to be another 3 orders of magnitude higher. Although
we were unable to directly measure DSB-induced sister-chro-
matid recombination (because the sister chromatids are iden-
tical), the expectation is that it would also be significantly more
frequent than HDR between homologous chromosomes. This
expectation is based on the high frequency of intrachromo-
somal recombination between nearby repeats (	2 � 10�2) (34,
39), which at least in part reflects repair from a sister chroma-
tid (19).

Importantly, although recombination between homologous
chromosomes was highly induced by a DSB, we determined
that it does not result in extensive LOH, indicating that such
repair is not inherently genome destabilizing. We found that
the majority of recombinants had LOH limited to the imme-
diate vicinity of the DSB, with a minor class of recombinants
(1.9%) exhibiting LOH extending �6 kb. Furthermore, we
found no evidence for LOH at markers 1 cM or further from
the DSB site, and crossing over was not observed in any of the
158 informative recombinants.

Despite the large induction of recombination by a single
DSB, the lack of extensive LOH formation raises the possibil-
ity that a different initiating event is required. For example, two
DSBs, one on each homologous chromosome, might result in
extensive LOH by leading to chromosomal exchange, through
repair mechanisms other than HDR, by analogy to the repair
of two DSBs on heterologous chromosomes that leads to trans-
location chromosomes (42). However, such an exchange event
between homologous chromosomes would only produce LOH
if it occurred after DNA replication followed by segregation of
the exchanged chromatids to distinct daughter cells during
mitosis. The presence of two simultaneous DSBs at the same
or nearby positions on homologous chromosomes would be
expected to be a rare event; however, fragile site usage may
increase their frequency at certain genomic positions (41).
Alternatively, the initiating lesion might have a different struc-
ture. For example, I-SceI-induced breaks might not have a
structure representative of all spontaneous or damage-induced
DSBs. Furthermore, one-ended DSBs, which differ from the
two-ended I-SceI-generated DSBs, have been proposed to
form during DNA replication as a result of replication fork
impediments (10). Recent studies suggest that repair of one-
ended DSBs and repair of two-ended DSBs have different
genetic requirements and possibly different outcomes (39; see
also reference 11), supporting a possible role for these lesions
(although as yet this is speculative).

Given the strong induction of recombination, however, re-
pair of a single two-ended DSB by HDR may nevertheless be
an initiating event for extensive LOH under some circum-
stances. Possibly, extensive LOH occurs in wild-type cells at
low frequency. Alternatively, extensive LOH might normally

FIG. 6. Repair of a DSB by allelic recombination does not result in
detectable levels of crossing over between alleles. (A) Two potential
crossover intervals are indicated: co1, positioned between the DSB and
the P6 marker, and co2, positioned between the P6 and St markers.
(B) Recombinants were analyzed for a crossover in interval co1, which
would establish a new linkage of the P6� polymorphism of the S allele
to the PacI restriction site polymorphism of the P allele, as shown in
the diagram. This novel linkage was assayed for by PCR amplification
using the primers rb1 and p6�, the latter of which specifically amplifies
alleles containing the P6� polymorphism, followed by cleavage of the
product by EagI (Ea) or PacI (P) and resolution of the products on an
agarose gel along with uncut product (U). The products from the
parental cell line (S/P) and a representative recombinant clone (R) are
shown. None of the recombinants showed this novel linkage. (C) Re-
combinants with LOH at the p6 marker, but not the St marker, were
analyzed for the product of a crossover in interval co2, which would
establish a novel linkage of the StuI restriction site polymorphism of
the S allele to the PacI restriction site polymorphism of the P allele, as
shown in the diagram. Assays to detect the presence of this novel
linkage were performed by PCR amplification of the neo gene from the
4- to 5-kb size-enriched StuI fragments from genomic DNA. The neo
genes were amplified using the primers ep1 and ep2, and the products
were subsequently digested by EagI (Ea) or PacI (P) and resolved on
an agarose gel along with uncut product (U). The products from the
size-enriched genomic DNA (StuI; 4- to 5-kb size selected) derived
from the parental cell line (S/P) and a clone (R) which is representa-
tive of the recombinants tested for this novel linkage are shown. Also
shown are the products from the total genomic DNA of the parental
cell line.
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be suppressed but disruptions in the normal repair process
might promote its formation.

Suppression of crossing over and break-induced replication
during mitotic recombination. Evidence that mitotic recombi-
nation is a major pathway leading to LOH has primarily come
from polymorphic marker analysis and karyotyping of tumor
cells as well as the examination of LOH in model systems,
including hybrids of inbred mouse strains (18, 25, 46). Two
intact homologous chromosomes were observed, yet only a
portion of the chromosomes maintained heterozygosity for
polymorphic markers. While breakpoints have not been se-
quenced to verify that these events arose from homologous
recombination, the recombinant chromosomes are best ex-
plained as having arisen from homologous recombination by
either of two pathways. The recombinant chromosomes might
be the product of crossover recombination involving replicated
parental chromosomes, with the recombinant chromatids seg-
regating away from each other into separate daughter cells
(Fig. 7A). Alternatively, extensive gene conversion by a process
known as break-induced replication also might result in LOH
(Fig. 7B).

During meiosis, crossing over between replicated homolo-
gous chromosomes is strongly stimulated by DSBs such that in
Saccharomyces cerevisiae, for which DSB repair has been well
characterized at the molecular level, one-third or more of
recombination events are associated with crossing over (5, 20,
38). In mammalian meioses, a substantial fraction of events are
likely to be associated with crossing over as well (2, 3, 30, 33).
While meiotic DSBs are normally introduced by the Spo11
transesterase, an exogenous DSB formed by the HO endonu-
clease which produces the same DNA end structure as I-SceI
similarly promotes a high frequency of crossing over (32).
Although crossing over between homologs during mitotic DSB
repair in yeast is severalfold less frequent than during meiosis,
it is still readily detected (i.e., fourfold in one study [32; see
also reference 31]). Thus, the lack of observed crossing over in
the recombinants characterized here suggests a strong suppres-
sion of crossing over that contrasts not only with recombina-
tion during meiosis but also with recombination during mitotic
recombination in yeast.

A lack of an association of HDR with crossing over has
previously been reported in mammalian cells in events involv-
ing sequence repeats on sister chromatids and heterologs (19,
43). In both of these previous studies, however, recombination
was assayed between relatively short repeats, and in yeast,
crossing over appears to depend on a minimal threshold length
of homology (16). In the experiments presented here, homol-
ogy extends along the entire length of the chromosome, ruling
out limitations of homology length as a reason for suppressed
crossing over. For a small fraction of recombinants with exten-
sive gene conversion, we could not eliminate the possibility
that crossing over had occurred. Nevertheless, crossover sup-
pression appears to be a common feature of HDR events
involving any type of homologous recombination partners in
mammalian cells, possibly to prevent LOH and other types of
genomic alterations. A recent study of spontaneously arising
allelic recombinants (for which the initiating lesion is un-
known) also found a lack of events associated with crossing
over, indicating that suppression of crossing over may also
occur during the repair of lesions other than DSBs or that a

DSB may be the initiating lesion of these spontaneous events
as well (40).

An alternative pathway to crossing over that might produce
recombinant chromosomes of the sort found in tumor cells and
in model systems is break-induced replication (Fig. 7B). In this
pathway, which was identified in yeast, a broken chromosome
invades the homolog at the allelic position, setting up a repli-
cation fork that proceeds to the end of the chromosome (31,
48). Since none of the recombinants presented here exhibit
LOH extending to the end of the chromosome, break-induced
replication appears to be inefficient in wild-type mammalian
cells. However, this pathway was uncovered using yeast recom-
bination mutants, raising the question as to whether such
events would be detected in mammalian mutants.

While there is no evidence for break-induced replication
during HDR in mammalian cells, the recombinants we recov-
ered are nevertheless consistent with a replication-based re-
combination mechanism (17, 37, 38), with an allowance for
variation in the gene conversion tract length. HDR by this
mechanism, often termed synthesis-dependent strand anneal-
ing, begins with strand invasion of one end of the DSB into a
homologous template to establish a D-loop. As in break-in-
duced replication (Fig. 7B), the invading strand then primes
DNA synthesis, which is associated with migration of the D-
loop. However, in contrast to break-induced replication, repair
synthesis is not extensive and thus does not continue to the end
of the chromosome. Instead, the D-loop is disrupted and the
nascent strand anneals to the other end of the DSB. Based on
this model, LOH of markers distal to the DSB would be the
result of DNA synthesis and gene conversion tracts would be
continuous, as we have observed, yet heterozygosity would be
maintained after the point of annealing to the end of the
chromosome.

Therefore, regulation of each of these steps might be im-
portant for limiting the conversion of normal repair interme-
diates into break-induced replication products to produce ex-
tensive LOH (Fig. 7B). For example, the participation of the
second end in an annealing reaction might be important in
limiting the amount of repair synthesis, as might the progres-
sion of the replication fork itself. Regulation of certain of these
steps may also be important to prevent crossing over, for ex-
ample, by preventing conversion of intermediates into a Hol-
liday junction which might be resolved in a crossover configu-
ration (Fig. 7A).

Factors important for the suppression of LOH and allelic
recombination. A number of factors, operating by either lim-
iting the frequency of mitotic recombination events themselves
or restricting the extent of LOH during mitotic recombination,
may therefore be required to efficiently suppress LOH by mi-
totic recombination. The BLM helicase likely plays a major
role in this suppression, as BLM mutation leads to an increased
frequency of LOH in humans and mice (13, 14, 24, 29). Since
BLM mutants also show a high frequency of sister chromatid
exchange (13), it is possible that the biochemical activity of
BLM in general prevents a crossover outcome to recombina-
tion events.

It is also conceivable that LOH is affected by the balance of
factors in different cell types. Wild-type ES cells have been
found to undergo spontaneous, extensive LOH (26). However,
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other studies provide somewhat conflicting data about cell type
differences and the generation of LOH. In one study, LOH was
shown to occur in ES cells at a 10-fold higher frequency than
in a somatic cell type (i.e., T cells) (53), whereas in a second
study which examined the same locus, LOH (including that

induced by mitotic recombination) was substantially less fre-
quent in ES cells compared with both T cells and embryonic
fibroblasts (6, 47). It is not clear whether the cell type differ-
ences in mitotic recombination are accounted for by an overall
difference in the frequency of recombination events between

FIG. 7. Extensive LOH resulting from allelic recombination can be suppressed at a number of steps. The overall frequency of allelic
recombination can be suppressed by decreasing either the frequency of DSB formation (i) or the efficiency of strand invasion of a broken end into
the homologous chromosome (ii). Strand invasion results in D-loop formation and priming of DNA synthesis, as shown. Normally this intermediate
would be converted to a product with short regions of LOH by joining of the nascent strand, after minimal DNA synthesis, to the other side of
the DSB (data not shown). However, this D-loop intermediate can instead be processed into either of two pathways that result in extensive LOH.
(A) LOH by crossing over. In this pathway, the D-loop intermediate is converted to a double Holliday junction, which can be resolved to a crossover
product (as shown) or a noncrossover product (data not shown). Thus, crossing over may normally be suppressed by inhibiting Holliday junction
formation (iii) or resolution to a crossover product (iv). LOH by crossing over requires that the recombinant chromatids segregate into separate
daughter cells. It is formally possibly that this step is suppressed as well (v), such that recombinant chromatids would instead cosegregate into the
same daughter cell. However, a recent study suggests that recombinant chromatids can segregate away from each other at detectable frequencies
(28). (B) LOH by break-induced replication. In this pathway, the D-loop intermediate persists and migrates to the end of the chromosome arm
as a result of extensive leading-strand synthesis. Lagging-strand synthesis results in replication of the noninvading strand. The other end of the
chromosome arm is lost during this process. Thus, LOH by break-induced replication can be suppressed by inhibiting either extensive replication
(vi) or loss of a chromosome arm (vii).
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homologous chromosomes or whether the outcome of recom-
bination events was altered.

Two other factors that have been shown to affect LOH are
sequence heterology and DNA methylation. ES cells with hy-
pomethylated DNA from Dnmt1 deficiency have elevated rates
of LOH (7). Although much of the increase appears to be from
a nondisjunction mechanism, LOH arising from mitotic recom-
bination may also be somewhat elevated. As with the cell type
differences, it is not clear whether the elevation is due to an
overall increased frequency of recombination or an alteration
in the outcome of recombination events. Interestingly, some
solid tumors, which frequently exhibit a high degree of
genomic instability, have been characterized by a global ge-
nome hypomethylation (23).

Not surprisingly, LOH arising from mitotic recombination
appears to be strongly suppressed by substantial sequence het-
erology. Mitotic recombination events leading to LOH are
readily detected in cells from F1 hybrid mice derived from
inbred mouse strains (47). However, such LOH events do not
occur in F1 hybrid mice derived from interspecific crosses (Mus
musculus and Mus spretus). The degree of heterology appar-
ently also affects meiotic progression, as the F1 hybrid males
from the interspecific cross are sterile (9). That sequence het-
erology affects the frequency of recombination in both yeast
and mammalian cells, including DSB-induced events, is well
established (e.g., see references 8 and 12 and references there-
in). Thus, the reduction in LOH events recovered from the
interspecific crosses may simply reflect a reduced level of re-
combination, although it is possible that there is also an effect
on the extent of LOH.

The approach that we have developed to induce mitotic
recombination between chromosome homologs and to exam-
ine the extent of LOH should allow an assessment of the
specific roles of these and other factors in the suppression of
extensive LOH during HDR.
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