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We designed DNA substrates to study intrachromosomal recombination in mammalian chromosomes. Each
substrate contains a thymidine kinase (¢k) gene fused to a neomycin resistance (neo) gene. The fusion gene is
disrupted by an oligonucleotide containing the 18-bp recognition site for endonuclease I-Scel. Substrates also
contain a “donor” tk sequence that displays 1% or 19% sequence divergence relative to the tk portion of the
fusion gene. Each donor serves as a potential recombination partner for the fusion gene. After stably trans-
fecting substrates into mammalian cell lines, we investigated spontaneous recombination and double-strand
break (DSB)-induced recombination following I-Scel expression. No recombination events between sequences
with 19% divergence were recovered. Strikingly, even though no selection for accurate repair was imposed,
accurate conservative homologous recombination was the predominant DSB repair event recovered from
rodent and human cell lines transfected with the substrate containing sequences displaying 1% divergence. Our
work is the first unequivocal demonstration that homologous recombination can serve as a major DSB repair
pathway in mammalian chromosomes. We also found that Msh2 can modulate homologous recombination in
that Msh2 deficiency promoted discontinuity and increased length of gene conversion tracts and brought about

a severalfold increase in the overall frequency of DSB-induced recombination.

Homologous recombination is understood to play important
roles in a number of biological processes in mammalian cells,
including the repair of DNA double-strand breaks (DSBs).
Recombination must be regulated to prevent unwanted rear-
rangements, and we had previously shown that spontaneous
recombination in mammalian chromosomes normally occurs
only between sequences sharing a considerable length and
degree of homology (36, 60, 61, 66, 67). If recombination
between imperfectly matched sequences (homeologous recom-
bination) were to occur at an appreciable frequency, a genomic
catastrophe could result when one considers the abundance of
imperfectly matched repeated sequences, such as Alu family
repeats, in a mammalian genome. Consistent with expectations
for stringent homology requirements for recombination, we
had previously reported that efficient intrachromosomal re-
combination between linked sequences in a mammalian ge-
nome requires that the sequences share more than 134 bp of
perfect homology and that a single nucleotide mismatch can
measurably reduce recombination (36, 61). For two linked
sequences about 1 kb in length and displaying 19% sequence
divergence, recombination was reduced over 1,000-fold com-
pared to recombination between sequences displaying near
perfect homology (60).

Although it is not yet known precisely which proteins bring
about the notable sensitivity of recombination in mammalian
cells to sequence divergence, a body of evidence points to the
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mismatch repair (MMR) machinery as a likely regulator of
recombination (reviewed in references 20, 26, 30, 49, and 55).
Msh2 (MutS homolog 2) is an important player in MMR in
eukaryotes, functioning as a heterodimer in association with
Msh6 or Msh3. Interest in Msh2 has been sparked by the
finding that inherited deficiency in Msh2 is one cause of he-
reditary nonpolyposis colorectal cancer, a cancer predisposi-
tion syndrome associated with instability of microsatellite se-
quences (27, 38, 40, 44, 63). In addition to its function in
postreplicative MMR, Msh2 is involved in a number of other
pathways that help to preserve genome integrity. Msh2 is in-
volved in response to DNA damage, with a role in a signaling
cascade that activates cell cycle checkpoints or apoptosis (3, 7,
8, 10, 11, 22, 26, 33, 49, 64). Msh2 is a component of the
BRCA-1-associated genome surveillance complex, a multipro-
tein complex involved in the recognition and response to ab-
normal DNA structures (17, 29, 62). In yeast, Msh2 has been
implicated in DSB repair by playing a role in the removal of
nonhomologous DNA tails and possibly assisting in a homol-
ogy search (20, 21, 31, 48, 53, 54). Msh2-deficient mouse cells
display an increase in chromosomal damage and fail to form
Mrell and Rad51 foci in the G, phase of the cell cycle fol-
lowing X-irradiation (24). Further, Msh2 deficiency is associ-
ated with an elevated number of Rad51 foci in mouse and
human cells in the absence of treatment with damaging agents
(24, 68) and an elevated number of Rad51 foci following rep-
lication arrest of human cells with hydroxyurea (68).

The influence of Msh2 on Rad51 focus formation is consis-
tent with a regulatory role for Msh2 in recombinational repair.
Of additional relevance to a potential role for Msh2 in recom-
bination are reports that Msh2 displays high-affinity binding to
substrates resembling Holliday junctions (2). Msh2 colocalizes
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with Msh6, p53, BLM, and Rad51 at sites of DSBs at stalled
replication forks in human cells, where it appears to help
regulate processing of recombination intermediates (68). Re-
cent work with yeast (Saccharomyces cerevisiae) (20, 25, 52, 54)
has suggested that the Msh2-Msh6 heterodimer, perhaps in
conjunction with the Sgsl helicase (a BLM homolog), partic-
ipates in a process of heteroduplex rejection that dismantles
recombination intermediates formed between imperfectly
matched DNA sequences and prevents homeologous recom-
bination. Indeed, deficiency in Msh2 homologs in yeast, moss,
Arabidopsis, and mammalian embryonic stem (ES) cells has
been shown to be associated with an increase in homeologous
recombination (12, 18, 19, 25, 42, 46, 52, 54, 56, 65). It has also
been reported that human cells deficient in Msh2 display a
defect in the completion of accurate recombinational repair of
DSBs in plasmid DNA (58).

In this work, we aimed to investigate the impact of loss of
Msh2 on intrachromosomal recombination in mammalian so-
matic cells. To do so, we developed a novel set of recombina-
tion substrates to study spontaneous as well as DSB-induced
recombination between sequences displaying 1% or 19% di-
vergence. As alluded to above, homologous recombination has
been implicated as a potential means for repairing a DSB.
Nonhomologous end joining (NHEJ) represents an alternative
DSB repair pathway in mammalian cells that involves no tem-
plate and, in contrast to recombinational repair, is error prone
because one or several nucleotides are usually deleted or in-
serted prior to DSB healing. NHE] is generally considered to
be a major DSB repair pathway throughout the mammalian
cell cycle, with homologous recombination apparently playing
a repair role in the late S and G, phases of the cell cycle
(recently reviewed in reference 51). While developing our cur-
rent studies, we came to the realization that, despite an exten-
sive literature on recombination in mammalian cells, there was
actually no published work that definitively demonstrated that
accurate homologous recombination can function as a signifi-
cant DSB repair pathway in mammalian chromosomes. Such a
demonstration would require an experimental scheme that
meets at least the following two criteria: (i) DSB repair must be
monitored in an unbiased fashion involving no selection for
accurate repair, and (ii) DSB repair products must be analyzed
at the nucleotide level to demonstrate faithful exchange of
nucleotides between interacting sequences. A survey of the
literature revealed no work that met both of these criteria. The
substrates developed by us in the present work allowed us to
meet these criteria and provided us with the opportunity to
decisively explore the use of recombination as a means for
DSB repair.

In this report, we present what we believe is the first un-
equivocal evidence that accurate, conservative recombination
can serve as a primary means for the repair of DSBs in mam-
malian chromosomes. Perhaps surprisingly, we found that ac-
curate homologous recombination predominated over NHEJ
as a means for DSB repair in hamster, mouse, and human
somatic cells. Furthermore, by studying recombination in
Msh2-deficient Chinese hamster ovary (CHO) cell line Clone
B (CB) and in Msh2-proficient cell line MT+, from which CB
was derived (4, 5), we found that accurate recombination is not
dependent on Msh2 function. Msh2 deficiency also did not
abrogate the barrier to homeologous recombination between
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FIG. 1. Recombination substrates pLB4 and pBR3. Each substrate
contains a functional hygromycin gene (hyg), used to select for stably
transfected cells, and a tk-neo fusion gene that is disrupted by a 22-bp
oligonucleotide containing the 18-bp recognition site for endonuclease
I-Scel (underlined sequence). Sites of staggered cleavage by I-Scel are
indicated. Substrate pLB4 contains a 2.5-kb HindIII fragment (open
rectangle) containing a complete HSV-1 tk gene, while pBR3 contains
a 1.4-kb HindIII fragment (striped rectangle) containing a complete
HSV-2 tk gene. The orientation, with respect to transcription, of both
the tk gene and tk-neo fusion gene in each substrate is from left to right
as drawn. PCR primers AWS85 and AW91 are indicated by short
horizontal arrows and are located 1.4 kb apart in the tk-neo fusion
gene. BamHI (B) and HindIII (H) sites are shown.

sequences with 19% divergence, alter the rate of spontaneous
recombination between sequences with 1% divergence, or
change the balance of events resolving as crossovers versus
noncrossovers. At the same time, our data revealed that Msh2
deficiency increased gene conversion tract length, promoted
discontinuity of gene conversion tracts, and increased the over-
all rate of DSB-induced recombination. Thus, accurate homol-
ogous recombination can be modulated by Msh2 in several
ways that may promote genome stability in mammalian so-
matic cells.

MATERIALS AND METHODS

Cell culture. CHO cell lines MT+ and CB, an Msh2-deficient derivative of
MT+, were provided by Margherita Bignami and were previously characterized
(4, 5). Normal human fibroblast cell line GM00637 was obtained from the
NIGMS. The CHO and human cell lines were cultured in alpha-modified min-
imum essential medium (Sigma) supplemented with 10% fetal bovine serum.
Mouse Ltk fibroblasts were cultured in Dulbecco’s modified Eagle medium
(Sigma) supplemented with minimal essential medium nonessential amino acids
and 50 pg of gentamicin sulfate per ml. All cells were maintained at 37°C in a
humidified atmosphere of 5% CO,.

Recombination substrates. Plasmids pLB4 and pBR3 (Fig. 1) were derived
from pTNe099-7 which was described previously (6) and contains a tk-neo fusion
gene rendered nonfunctional by the insertion of a 22-bp oligonucleotide that
contains the 18-bp recognition sequence for yeast endonuclease I-Scel. Substrate
pLB4 was produced by inserting a 2.5-kb HindIII fragment containing a com-
plete functional herpes simplex virus type 1 (HSV-1) thymidine kinase (tk) gene
into the unique HindIII site on pTNe099-7. This inserted “donor” fragment
served as a potential recombination partner for the tk-neo fusion gene. The tk
donor on pLB4 shares about 1.7 kb of homology with the tk portion of the fusion
gene. The tk donor and the tk-neo fusion gene are oriented as direct repeats, with
the direction of transcription going from left to right, as drawn in Fig. 1. Due to
several scattered mismatches, the donor on pLB4 displays about 1% sequence
divergence from the rk portion of the tk-neo fusion gene (Fig. 2).
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FIG. 2. Alignment of tk-neo fusion gene sequence with donor tk sequence from pLB4. Nucleotides 308 to 1622 (numbering according to
reference 59) of the tk portion of the tk-neo fusion gene are aligned with the corresponding donor sequence from pLB4. The span of tk sequence
shown comprises the tk portion of PCR products generated by primers AWS85 and AW91 and used in subsequent analyses. Mismatches between
donor and tk-neo fusion gene sequences are highlighted. The 22-bp oligonucleotide containing the 18-bp I-Scel recognition sequence inserted in
the fusion gene (absent from donor) is depicted in boldface, with the actual I-Scel recognition sequence in uppercase. Alul recognition sites (agct)

are underlined and are indicated by downward arrows.

Substrate pBR3 was produced by inserting a 1.4-kb HindIII fragment
containing a complete functional HSV-2 tk gene into the unique HindIII site
on pTNe099-7. This inserted fragment displays 19% sequence divergence with the
tk portion of the tk-neo fusion gene and served as a potential homeologous
recombination partner for the tk-neo fusion gene. The tk donor on pBR3 shares
1.4 kb of homeology with the ¢k portion of the fusion gene. As in pLB4, the donor
and fusion gene reside as direct repeats.

Establishing cell lines stably transfected with recombination substrates. For
each cell line, 5 X 10° cells were electroporated with either 3 pg of pLB4 or 3 ug
of pBR3 using a Bio-Rad Gene Pulser set at 1,000 V, 25 wF. Cells were plated
into 150-cm? flasks and allowed to grow for 2 days under no selection. Cells were
then plated at a density of 1 X 10° cells per 75-cm? flask into medium supple-
mented with hygromycin at either 500 pg/ml (CB CHO cells), 400 pg/ml (MT+
CHO cells), 100 pg/ml (GM00637 human cells), or 400 pg/ml (Ltk~ mouse cells).
After 10 to 14 days, hygromycin-resistant (Hyg®) colonies were picked. These

clones were propagated and screened by Southern blot analysis to identify cell
lines containing a single integrated copy of the transfected plasmid substrate.

Determination of spontaneous intrachr 1 recombination rate. Spon-
taneous recombination rates were determined by fluctuation tests. Starting from
single cells, at least 10 independent subclones were generated from each cell line.
The subclones were propagated to several million cells each and then plated at
a density of 5 X 10° cells per 75-cm? flask into medium containing 1,000 wg/ml
G418 (for CHO and human cells) or 400 pg/ml G418 (for mouse Ltk cells) in
order to select for G418R segregants. After 14 days of growth under selection,
colonies were counted and recombination rates (in terms of events/cell/genera-
tion) were calculated by the method of the median (32).

Recovery of DSB-induced G418® clones. Plasmid pCMV3xnls-I-Scel (“pSce”)
was generously provided by Maria Jasin (Sloan Kettering). This plasmid contains
a gene encoding the I-Scel endonuclease under the control of the cytomegalo-
virus (CMV) promoter and is expressible in mammalian cells. For DSB induc-
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tion, 5 X 10° cells were resuspended in 800 ul of phosphate-buffered saline
containing 20 wg of pSce (or in phosphate-buffered saline alone, for controls).
Cells were electroporated using a Bio-Rad Gene Pulser set to 1,000 V, 25 wF.
Cells were plated into 150-cm? flasks and allowed to grow for 2 days under no
selection. Cells were then plated at a density of 5 X 10° cells per 75-cm? flask into
medium supplemented with G418. After 10 to 14 days, G418R colonies were
counted, picked, and propagated for further analysis.

Southern blotting analysis. Genomic DNA samples (8 ug each) were digested
with appropriate restriction enzymes and resolved on 0.8% agarose gels. DNA
was transferred to nitrocellulose membranes and hybridized with a 3?P-labeled
HSV-1 and/or HSV-2 tk probe as previously described (37).

PCR amplification and DNA sequence analysis. A segment of the tk-neo
fusion gene spanning the I-Scel site was amplified from 500 ng of genomic DNA
isolated from G418R clones using primers AWS85 (5'-TAATACGACTCACTA
TAGGGCCAGCGTCTTGTCATTGGCG-3") and AW91 (5'-GATTTAGGTG
ACACTATAGCCAAGCGGCCGGAGAACCTG-3"). AWSS5 is composed of
nucleotides 308 to 327 of the coding sequence of the HSV-1 tk gene (numbering
according to reference 59), with a T7 forward universal primer appended to the
5" end of the primer. AW91 is composed of 20 nucleotides from the noncoding
strand of the neomycin gene mapping 25 through 44 bp downstream from the
neomycin start codon, with an Sp6 primer appended to the 5’ end of the primer.
PCR was carried out using Ready-To-Go PCR beads (GE Healthcare) and a
“touchdown” PCR protocol. The annealing temperature was initially set to 72°C
and was progressively decreased in steps of 2°C down to 62°C with two cycles at
each temperature. An additional 20 cycles were run at an annealing temperature
of 60°C. For each experiment, the PCR products were expected to be ~1.4 kb in
length unless detectable deletions or insertions had occurred. Prior to sequenc-
ing, PCR products were treated with shrimp alkaline phosphatase and exonu-
clease I (USB). PCR products were then sequenced from a T7 or Sp6 primer on
a LICOR 4000L at the DNA Sequencing and Synthesis Core Facility in the
Department of Biological Sciences at the University of South Carolina. At least
800 bp of DNA sequence was determined for each PCR product sequenced.

RESULTS

Design of substrates to study intrachromosomal recombi-
nation. We engineered substrates pLB4 and pBR3 (Fig. 1) to
study homologous and homeologous recombination, respec-
tively, in mammalian chromosomes. Each substrate contains a
tk-neo fusion gene. Inserted within the tk portion of the fusion
gene in each substrate is a 22-bp oligonucleotide that contains
the 18-bp recognition site for endonuclease I-Scel. This inser-
tion disrupts the function of the fusion gene and allows for the
targeted introduction of a DSB by transfecting pSce (an I-Scel
expression vector) into cells containing an integrated substrate.
Substrates pLB4 and pBR3 are accordingly useful for studying
both spontaneous and DSB-induced recombination. Further-
more, the 18-bp length of the I-Scel recognition site makes it
likely that expression of I-Scel results in the introduction of
only a single DSB in the genome, within the integrated sub-
strate. Recombination events between the tk-neo fusion gene
and a linked tk donor sequence in pLB4 or pBR3 can restore
function to the neo sequence and can be recovered by selection
in G418.

A seminal feature of the recombination substrates is that
restoration of function to the neo portion of the tk-neo fusion
gene does not require that the 22-bp insert in the tk portion of
the fusion gene be removed accurately, since any event that
restores an appropriate reading frame for neo expression will
confer resistance to G418. This feature is of particular rele-
vance to studies of DSB-induced recombination since selection
for accurate recombinational repair is eliminated. This feature
thus allows recovery of a broad spectrum of DSB events.

As shown in Fig. 2, there are several scattered nucleotide
mismatches between the tk portion of the tk-neo fusion gene
and the tk donor sequence on pLB4. These mismatches aid in
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the sequence analysis of products of recombination events and
allow an unambiguous demonstration of transfer of an expanse
of genetic information between the donor tk sequence and the
fusion gene. The mismatches produce a low level of sequence
divergence (about 1%) between the donor sequence and the
tk-neo fusion gene, while preserving substantial stretches of
perfect homology, including 410- and 231-bp segments of con-
tinuous homology. Each of these stretches of continuous ho-
mology exceeds the minimal amount of homology required for
efficient homologous recombination (61). For simplicity, we
refer to the donor and fusion gene sequences on pLB4 as being
“homologous” despite the sparse mismatches. In contrast, the
donor and fusion gene sequences on pBR3 display 19% diver-
gence with no substantial stretches of continuous homology.
We refer to these latter sequences as being “homeologous”.

Recovery of spontaneous homologous recombination events
from wild-type and Msh2-deficient CHO cell lines. We wanted
to study the effect of Msh2 deficiency on homologous and
homeologous recombination in mammalian chromosomes. To
accomplish this, MT+ (Msh2 proficient) and CB (Msh2 defi-
cient) CHO cells were stably transfected with pLB4 or pBR3
(Fig. 1). Hyg® colonies were recovered, and genomic DNA was
isolated. Cell lines containing a single integrated copy of pLB4
or pBR3 were identified by Southern blotting analysis (data
not shown). Two MT+ cell lines and two CB cell lines were
identified that each contained a single integrated copy of
pLB4, and these cell lines were designated MT+/pLB4-3,
MT+/pLB4-22, CB/pLB4-9, and CB/pLB4-20. Two MT+ cell
lines and two CB cell lines were identified that each contained
a single integrated copy of pBR3, and these cell lines were
designated MT+/pBR3-9, MT+/pBR3-10, CB/pBR3-10, and
CB/pBR3-40.

To measure homologous recombination rates, fluctuation
tests were performed on cell lines containing pLB4 to deter-
mine the rate of appearance of G418® segregants (Table 1).
The median number of colonies recovered per subclone of
MT+/pLB4 cell lines was comparable to the median number
of colonies recovered per subclone of CB/pLB4 cell lines.

To ascertain that recovered colonies indeed arose via recom-
bination, a portion of the tk-neo fusion gene encompassing the
original position of the disrupting 22-bp oligonucleotide was
PCR amplified from genomic DNA isolated from G418® col-
onies. A 1.4-kb PCR product was obtained from each clone
(Fig. 3A), as expected (Fig. 1). PCR products were digested
with Alul (Fig. 3B). In parental cell lines, two Alul sites flank
the I-Scel site, while a third Alul site is about 300 bp down-
stream from the I-Scel site (Fig. 2). If recombination had taken
place in a given clone, the 22-bp insert containing the I-Scel
site and the two flanking Alul sites would have been eliminated
and the PCR product would produce a 990-bp fragment and a
381-bp fragment upon digestion with Alul (see Fig. 3B, lanes 3
to 8). On the other hand, retention of the parental Alul re-
striction sites in a PCR product would produce 653-, 381-, 337-,
and 22-bp fragments upon Alul digestion. The latter outcome,
or a substantially similar outcome, would denote that a clone
arose via a mechanism other than accurate homologous re-
combination (see Fig. 3B, lane 9).

In total, 39 G418® clones from MT+/pLB4 cell lines and 34
G418® clones from CB/pLB4 cell lines were screened by PCR
and Alul digestion. As indicated in Table 1, 32 out of 39 clones
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TABLE 1. Recovery of spontaneous recombination events from CHO cell lines

Cell line No. of cells Mediar_l no. of G418% Total no. of cqlonies No. of recqmbinant Recombinjltion
plated (10°)* colonies recovered” analyzed® colonies? rate (1077)¢

MT+/pLB4-3 40 4 19 17 4.58
MT+/pLB4-22 40 7.5 20 15 5.90
CB/pLB4-9 36 7 18 18 7.5
CB/pLB4-20 40 4 16 16 5.12
MT+/pBR3-9 80 2.5 20 0

MT+/pBR3-10 80 2 22 0

CB/pBR3-10 160 5 57 0

CB/pBR3-40 160 13.5 94 0

¢ Total number of cells plated into G418 selection in fluctuation tests.

® Median number of G418R colonies recovered per subclone in fluctuation tests.

¢ Total number of G418® colonies analyzed by PCR amplification and Alul digestion as described in the text.

4 Number of colonies analyzed that displayed the recombinant Alul restriction pattern.

¢ Recombination rates were determined for cell lines containing pLB4 as described in Materials and Methods and were then corrected to reflect the fraction of
colonies analyzed that were bona fide recombinants. For cell lines containing pBR3, rates were not determined since no bona fide recombinants were found among

the clones analyzed.

from the MT+/pLB4 cell lines displayed the restriction pattern
expected for accurate recombinants, while the remaining 7
clones did not. The latter clones, which presumably arose from
mutations that allowed expression of the fusion gene, were not
analyzed further. All 34 clones recovered from the CB/pLB4

2 3 4 5 6 7 8 9

A 1

1.4 kb-
B 1 23 456789
990 bp
—653 b
381 bp —331bp
\337 bp

FIG. 3. Representative analysis of PCR products from spontaneous
G418® segregants. (A) Lane 1 contains DNA size markers (lambda
phage DNA digested with HindIII and phi X phage DNA digested
with Haelll). Lane 2 displays the PCR product generated from
genomic DNA isolated from parental cell line MT+/pLB4-3 using
primers AWS85 and AW91; lanes 3 to 9 display PCR products gener-
ated from G418® segregants from MT+/pLB4-3. All PCR products
were 1.4 kb, as expected. (B) Lane 1 displays DNA size markers. Lanes
2 to 9 display the PCR products from the corresponding lanes in panel
A following digestion with Alul. The digested PCR product from
parental cell line MT+/pLB4-3 in lane 2 served as a control for the
nonrecombinant pattern. The clones displayed in lanes 3 to 8 produced
the recombinant Alul digest pattern, while the clone in lane 9 pro-
duced a nonrecombinant pattern. See text for details.

cell lines displayed the restriction pattern for recombinants.
The calculated recombination rates were corrected to account
for the recovery of the nonrecombinants (Table 1). The aver-
age recombination rate for MT+/pLB4 cell lines was 5.24 X
1077, and the average recombination rate for CB/pLB4 cell
lines was 6.31 X 1077,

Recombination events were further classified as gene con-
versions (noncrossovers) or crossovers. Genomic DNA sam-
ples were digested with BamHI and displayed on a Southern
blot using a tk-specific probe. For gene conversions, 4.5- and
3.9-kb fragments were expected while only a 3.9-kb fragment
would be displayed in the case of a crossover (Fig. 4A). A

A gene conversion:

4.5 kb -

3.9kb —_—
=25 kb= :
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crossover:
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FIG. 4. Representative Southern blot analysis of recombination
events. (A) Schematic illustrations of gene conversion and crossover
events that produce a functional tk-neo fusion gene. Diagnostic ex-
pected BamHI fragments are shown. (B) Genomic DNA samples (8
pg) from G418® colonies recovered from MT+/pLB4 cell lines were
digested with BamHI and hybridized with a probe specific for HSV-1
tk to distinguish gene conversions from crossovers. The samples in
lanes 1t0 7,9, 11, and 12 displayed the 4.5- and 3.9-kb bands diagnostic
for gene conversions, while the samples in lanes 8, 10, and 13 displayed
a single 3.9-kb band diagnostic for crossovers.
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TABLE 2. Lengths of spontaneous gene conversion tracts in
CHO cell lines

Clone Tract length (bp)*
MT+ cell lines
MT+/pLB4-22-1A... 3
MT+/pLB4-22-2A... 3

MT+/pLB4-3-1B..... .21

MT+/pLB4-3-2A... 221
MT+/pLB4-3-3B .. 221
MT+/pLB4-3-4A .. 221
MT+/pLB4-3-5A .. 21

MT+/pLB4-3-7A..... 21

MT+/pLB4-3-10A... .21
MT+/pLB4-22-3A... .21
MT+/pLB4-22-4A ... .21
MT+/pLB4-22-5A.... .21
MT+/pLB4-22-6A... .21
MT+/pLB4-22-6B ... .21
MT+/pLB4-22-7A... .21
MT+/pLB4-22-8B ... .21
MT+/pLB4-3-6A..... ...255
MT+/pLB4-22-9A.... ...432
MT+/pLB4-22-10B .....coceuiiiiiiiiiiiciiccicccciees 666
CB cell lines
CB/pLB4-9-1B .. .21
CB/pLB4-9-2A .. .21
CB/pLB4-9-3A .. .21
CB/pLB4-9-4A .. 21

CB/pLB4-9-6A ... .21

CB/pLB4-20-2A .... .21
CB/pLB4-20-3A ... .21
CB/pLB4-20-4A .... .21
CB/pLB4-20-6B ... .21
CB/pLB4-20-7B ... ..255

CB/pLB4-9-4B ......
CB/pLB4-9-5A ......

...297 (discontinuous)
...297 (discontinuous)
CB/pLB4-20-7A .... ...325 (discontinuous)
CB/pLB4-20-8A .... ...348 (discontinuous)
CB/pLB4-9-8B ...... ...348
CB/pLB4-9-9B ...... ...655
CB/pLB4-20-9A..... ..744
CB/pLB4-20-1A

“ Shown is the minimum gene conversion tract length, calculated as the dis-
tance between the outermost nucleotide markers converted. As indicated, four
gene conversion tracts recovered from CB/pLB4 cell lines were discontinuous
(see Fig. 5). All gene conversion tracts were mutation free.
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representative blot is shown in Fig. 4B. Nineteen out of 25
recombinants analyzed from MT+/pLB4 cell lines displayed
the expected restriction pattern for gene conversions, while 18
out of 23 recombinants from CB/pLB4 cell lines were gene
conversions. All remaining events analyzed were classified as
crossovers. Screening of recombinant clones revealed that all
clones classified as gene conversions retained resistance to
hygromycin, while all clones classified as crossovers were sen-
sitive to hygromycin as expected (see Fig. 4A). To summarize,
there was no evidence for any difference in the relative fre-
quencies of gene conversions and crossovers in MT+ versus
CB cells.

The DNA sequence was determined for the 19 clones re-
covered from MT+/pLB4 cell lines and for the 18 clones re-
covered from CB/pLB4 cell lines that, based on Alul digestions
of PCR products and Southern blotting analysis, had each
apparently undergone a gene conversion event. Using the nu-
cleotide differences between the donor and tk-neo fusion gene
sequences (Fig. 2), we determined the minimal length of gene
conversion tracts (Table 2). For MT+/pLB4 cell lines, spon-
taneous gene conversion tracts ranged from 3 to 666 bp in
length, with an average length of 87 bp. For CB/pLB4 cell lines,
gene conversion tracts ranged from 21 to 795 bp in length, with
an average length of 236 bp. Curiously, four recombinants
recovered from CB/pLB4 cell lines displayed discontinuous
gene conversion tracts (Table 2 and Fig. 5). All gene conver-
sion tracts analyzed were mutation free. The DNA sequence
data also confirmed that screening of clones by Alul digestion
of PCR products was a reliable reporter for accurate recom-
bination.

Substrate pBR3 (Fig. 1) was designed to allow recovery of
intrachromosomal homeologous recombination events be-
tween sequences with 19% divergence, should such events oc-
cur at a detectable frequency. The frequency of spontaneous
appearance of G418% segregants was determined for two MT+
cell lines containing pBR3 and for two CB cell lines containing
pBR3 (Table 1). The colony frequencies were similar for MT+
and CB cell lines and were severalfold lower than those seen
with cell lines containing pLB4 (Table 1).

tk-neo—» G A c G a v c GTA TC T T A
donor— C C AT G T TCG GT c c [of
Clone: Gene conversion tract:

9-4B [ T *CGC

9-5a G T * * G

20-7A G T * *k *x G

20-8a [¢] T *CG GT

9-7 T * *x G

20-12 G T T * x xT

FIG. 5. Discontinuous gene conversion tracts. Shown are the structures of discontinuous gene conversion tracts displayed by six G418® clones
recovered from CB/pLB4 cell lines. At the top of the figure is a schematic of the nucleotide mismatches between the parental tk-neo gene sequence
(above the line) and the HSV-1 tk donor sequence (below the line). The precise sequence context of the nucleotide mismatches is illustrated in
Fig. 2. The position of the I-Scel recognition site in the parental tk-neo fusion gene is indicated by the inverted triangle. In the lower portion of
the figure is a representation of the six discontinuous conversion tracts recovered. The first four tracts were recovered from spontaneous
recombinants, while the last two were recovered from DSB-induced recombinants. For each conversion tract, nucleotide mismatches originating
from the donor sequence and present in the conversion tract are indicated. Asterisks indicate tract discontinuities: that is, positions at which donor
nucleotides were absent from the conversion tract despite the presence of both upstream and downstream donor nucleotides in the conversion

tract.
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TABLE 3. Recovery of DSB-induced recombination events from CHO cell lines

No. of colonies

Cell line No. of Colony fr%qglency
expts” (1077) Analyzed® Recombinant? Nonrecombinant®
MT+/pLB4-3 2 3.01 (2.7-3.32) 45 40 5
MT+/pLB4-22 4 1.55 (0.48-2.48) 93 81 12
CB/pLB4-9 2 19.0 (10.8-27.1) 44 43 1
CB/pLB4-20 3 10.7 (9.5-13.0) 77 77 0
MT+/pBR3-9 1 0.146 27 0 27
MT+/pBR3-10 1 0.214 25 0 25
CB/pBR3-10 1 0.873 28 0 28
CB/pBR3-40 1 0.295 26 0 26

“ Number of electroporations with pSce.

b Average frequency of G418R colonies per electroporation. Colony frequency was calculated for each electroporation as number of G418R colonies divided by
number of cells plated into selection. For each cell line, the range in colony frequencies for all electroporations is shown in parentheses.

¢ Number of G418R colonies analyzed by PCR and Alul digestion.

4 Number of colonies analyzed that displayed the recombinant Alul restriction pattern.
¢ Nonrecombinant colonies included several clones with visible deletions or insertions based on the size of the PCR product produced.

A total of 42 G418® colonies recovered from MT+/pBR3
cell lines and 151 G418® colonies recovered from CB/pBR3
cell lines were analyzed by PCR and Alul digestion similar to
the analysis described above. Again, nonrecombinant G418%
colonies would produce 653-, 381-, 337-, and 22-bp bands when
digested with Alul. Depending on gene conversion tract length
or the position of crossing over, a G418® colony arising from
homeologous recombination could produce one of several dif-
ferent patterns because the HSV-2 tk donor sequence (not
shown) contains three Alul recognition sites. However, all
potential recombinant Alul restriction patterns were distinct
from the parental nonrecombinant pattern. Each of the 193
G418® clones analyzed displayed the restriction pattern of the
parent tk-neo fusion gene, indicating that none of the clones
arose via homeologous recombination (data not shown). These
G418® clones presumably arose from spontaneous mutations
that allowed expression of the fusion gene and were not ana-
lyzed further. Compared to the frequency of spontaneous ho-
mologous recombination observed for cell lines containing
pLB4, the frequency of spontaneous homeologous recombina-
tion was reduced about 100-fold or more for MT+ and CB
cells.

Recovery of DSB-induced homologous recombination events
from wild-type and Msh2-deficient CHO cell lines. Substrates
pLB4 and pBR3 each contain an I-Scel recognition site in-
serted into the tk portion of the tk-neo fusion gene, and a DSB
can be induced within the fusion gene by electroporating the
I-Scel expression plasmid pSce into cell lines containing an
integrated copy of either pLB4 or pBR3. Cell lines MT+/
pLB4-3, MT+/pLB4-22, CB/pLB4-9, and CB/pLB4-22 were
each electroporated with pSce, and DSB-induced G418® col-
onies were recovered (Table 3). Electroporation with pSce
substantially increased colony frequencies above the spontane-
ous frequencies. The colony frequencies for the MT+/pLB4
cell lines were greater than 107, while the colony frequencies
for the CB/pLB4 cell lines exceeded 10~ 2. The difference in the
frequencies of DSB-induced colonies recovered from CB cell
lines versus MT+ cell lines was highly statistically significant
(P = 0.003 by ¢ test).

Overall, 138 DSB-induced G418® colonies from MT+/pLB4
cell lines and 121 colonies from CB/pLB4 cell lines were sub-
jected to PCR and Alul digestion as described above. A total

of 121 out of 138 colonies from MT+/pLB4 cell lines and 120
out of 121 colonies from CB/pLB4 cell lines yielded the re-
combinant Alul restriction pattern (Table 3).

DNA samples from G418® clones that appeared to be re-
combinants based on Alul digests of PCR products were di-
gested with BamHI and analyzed on Southern blots using a
tk-specific probe as described above. A total of 91 out of 101
analyzed G418® clones recovered from MT+/pLB4 cell lines
displayed the pattern expected for gene conversions, while 10
clones appeared to have arisen by crossover events. Among 88
analyzed clones recovered from CB/pLB4 cell lines, 80 had
apparently undergone gene conversions, while 8 arose from
crossovers. As described above, screening of recombinants re-
vealed retention of resistance to hygromycin among all clones
classified as gene conversions and sensitivity to hygromycin
among all clones classified as crossovers, as expected (see Fig.
4A). As observed above for spontaneous recombination
events, there was no difference in the relative abundance of
DSB-induced gene conversions and crossovers recovered from
the MT+/pLB4 versus CB/pLB4 cell lines.

It seemed remarkable that such a high percentage of recov-
ered DSB events (at least 87% for each cell line) appeared to
have arisen via homologous recombination since pLB4 was
designed to allow recovery of an unbiased spectrum of DSB
events. To demonstrate unambiguously that accurate homolo-
gous recombination had occurred, DNA sequence analysis was
performed on clones that were characterized as gene conver-
sions based on the above PCR and Southern blot analyses. The
DNA sequence was determined for gene conversion tracts for
22 DSB-induced G418® colonies recovered from MT+/pLB4
cell lines and for 23 G418® colonies recovered from CB/pLB4
cell lines (Table 4). Such analysis revealed that accurate ex-
change of genetic information occurred in all samples. The
minimal lengths for DSB-induced conversion tracts ranged
from 3 bp to 468 bp for MT+/pLB4 and CB/pLB4 cell lines.
All gene conversion tracts analyzed were mutation free, and
two discontinuous gene conversion tracts were recovered from
CB/pLB4 cell lines (Table 4 and Fig. 5).

A greater number of nonrecombinants were recovered from
MT+/pLB4 cell lines compared with CB/pLB4 cell lines, and
this difference was highly statistically significant (P = 1.4 X
10~* by a Fisher exact test). Sequencing of the nonrecombi-
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TABLE 4. Lengths of DSB-induced gene conversion tracts in
CHO cell lines

Clone Tract length (bp)*

MT+ cell lines
MT+/pLB4-3-7.....
MT+/pLB4-3-18...
MT+/pLB4-3-4.....
MT+/pLB4-3-5.....
MT+/pLB4-3-21...
MT+/pLB4-22-21
MT+/pLB4-3-3-21
MTH/PLB4-3-11 .o
MT+/pLB4-3-21...
MT+/pLB4-3-2.....
MT+/pLB4-3-13...
MT+/pLB4-3-17...
MT+/pLB4-22-9...
MT+/pLB4-22-15.
MT+/pLB4-22-17.....
MT+/pLB4-22-20....
MT+/pLB4-22-30.
MT+/pLB4-22-5 ...
MT+/pLB4-22-6...
MT+/pLB4-22-8...
MT+/pLB4-22-11....
MT+/pLB4-22-13

CB cell lines
CB/PLB4-9-5 ..ottt
CB/pLB4-9-7 .....
CB/pLB4-9-15 ...
CB/pLB4-9-17 ...
CB/pLB4-9-22...
CB/pLB4-20-6 ...
CB/pLB4-20-7 ...
CB/pLB4-20-20.
CB/pLB4-9-8......
CB/pLB4-9-16 ...
CB/pLB4-9-4 .....
CB/pLB4-9-21 ...
CB/pLB4-20-10.
CB/pLB4-20-19......
CB/pLB4-20-20......
CB/pLB4-20-28.
CB/pLB4-20-8....
CB/pLB4-20-22.....
CB/pLB4-20-14.
CB/pLB4-9-7 .....
CB/pLB4-20-12.
CB/pLB4-20-3...
CBpLB4-9-19

279 (discontinuous)
...348 (discontinuous)

“ Shown is the minimum gene conversion tract length, calculated as the dis-
tance between the outermost nucleotide markers converted. All conversion tracts
were mutation free, and two conversion tracts from CB/pLB4 cell lines were
discontinuous. Discontinuous tracts are illustrated further in Fig. 5.
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nants revealed that they arose via NHEJ. The deletion size for
the single NHEJ event recovered from a CB/pLB4 line was 22
bp, while the deletion size for the 17 NHEJ events recovered
from MT+/pLB4 cell lines ranged from 1 bp to over 200 bp
(data not shown). Analysis of NHEJ events recovered from
MT+ and CB cells has been presented in detail previously
(50). Notably, despite the fact that NHEJ events were recov-
erable from the CHO cell lines containing pLB4, accurate
homologous recombination events were predominant among
recovered DSB events.

In attempts to recover DSB-induced homeologous recombi-
nation events, cell lines MT+/pBR3-9, MT+/pBR3-10, CB/
pBR3-10, and CB/pBR3-40 were each electroporated with
pSce and G418® colonies were recovered (Table 3). Colony
frequencies were 10- to 100-fold lower than the frequencies
recorded for recovery of DSB-induced G418® colonies from
cell lines containing the homologous recombination substrate
pLB4 (Table 3).

DNA samples isolated from G418® colonies were subjected
to PCR analysis and Alul digestion as described above. In
total, 52 DSB-induced G418® clones recovered from MT+/
pBR3 cell lines and 54 clones recovered from CB/pBR3 cell
lines were analyzed. As recorded in Table 3, none of the
DSB-induced G418® clones arose from homeologous recom-
bination. The majority of clones displayed the parental nonre-
combinant Alul restriction pattern, and several clones had
apparent insertions or deletions and correspondingly displayed
PCR products larger or smaller than the expected 1.4 kb.
There was no apparent difference in the recovery of deletion or
insertion events from MT+ versus CB cells (data not shown).

Recovery of DSB-induced homologous recombination events
from mouse and human cell lines. The predominance of ac-
curate homologous recombination events among DSB repair
events recovered from the CHO cell lines was striking, and so
we were curious if a similar outcome would be observed for
other types of mammalian cell lines transfected with pLB4. We
derived a cell line from mouse Ltk™ fibroblasts and two cell
lines from normal human GMO00637 fibroblasts that were sta-
bly transfected with a single copy of pLB4. The transfected cell
lines were designated Ltk /pLB4, GMO637/pLB4#1, and
GM637/pLB4#2. Cells were transfected with pSce, and G418®
colonies were recovered (Table 5). The frequency of G418%
colonies recovered from Ltk /pLB4 was 6 X 107, while col-
onies were recovered from GMO637/pLB4#1 and GM637/
pLB4#2 at frequencies of 4.34 X 1072 and 1.68 X 1073, re-
spectively. PCR and Southern blot analysis revealed that,
similar to the findings for the CHO cell lines, DSB events arose

TABLE 5. Recovery of DSB-induced recombination events from mouse and human cell lines

No. of colonies

Cell li No. of Colony frequency
ell line a 10-3)

expts ( ) Analyzed® Recombinant? Nonrecombinant
Ltk /pLB4 2 0.060 (0.058-0.062) 25 20 5
GM637/pLB4#1 6 4.34 (2.01-7.31) 147 109 38
GM637/pLB4#2 2 1.68 (1.46-1.89) 76 61 15

“ Number of electroporations with pSce.

b Average frequency of G418R colonies per electroporation. Colony frequency was calculated for each electroporation as the number of G418R colonies divided by
the number of cells plated into selection. For each cell line, the range in colony frequencies for all electroporations is shown in parentheses.

¢ Number of G418R colonies analyzed by PCR and Alul digestion.

4 Number of colonies analyzed that displayed the recombinant Alul restriction pattern.
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TABLE 6. Lengths of DSB-induced gene conversion tracts in
mouse and human cell lines

Tract No. of
length (bp)” clones”

Ltk /pLB4 3
21

348

535

598

924

Cell line

—

S B

GM637/pLB4#1 21
795

—

GM637/pLB4#2 3
21

255

348

468

924

—_
L = = NN W

“ Shown is the minimum gene conversion tract length, calculated as the dis-
tance between the outermost nucleotide markers converted. All conversion tracts
were mutation free.

® Number of independent clones displaying the indicated gene conversion tract
length.

from the mouse and human cell lines predominantly via ho-
mologous recombination. For the mouse cell line, recombi-
nants comprised 80% of the recovered DSB repair events,
while recombinants represented 74% and 80% of the events
recovered from the two human cell lines (Table 5).

PCR and Southern blot analysis (not shown) revealed that
all of the recombinants isolated from the mouse cell line and
about 80% of the recombinants from the human cell lines were
gene conversions, with the balance being crossovers. DNA
sequence analysis of representative clones characterized as
gene conversions confirmed unambiguously that accurate ge-
netic exchange had occurred in such clones. The lengths of
gene conversion tracts recovered from mouse and human cell
lines ranged from 3 bp to 924 bp (Table 6). Sequence analysis
also showed that the G418® clones classified as nonrecombi-
nants arose from NHEJ. We were thus able to use substrate
pLB4 to show that accurate homologous recombination can
serve as a major DSB repair pathway in several different types
of mammalian somatic cells.

DISCUSSION

We examined homologous and homeologous recombination
in CHO cell lines that were wild type for Msh2 (MT+ cells) or
Msh2 deficient (CB cells). Using cell lines stably transfected
with pLB4 (Fig. 1), we found that deficiency in Msh2 did not
have a discernible impact on the rate or accuracy of sponta-
neous homologous recombination or on the balance between
spontaneous gene conversions versus crossovers. Based on
studies indicating a role for MMR (and MutS homologs in
particular) in the suppression of homeologous recombination
in lower and higher eukaryotes as well as prokaryotes (12, 18,
19, 25, 42, 46, 52, 54, 56, 65), we anticipated that we might see
an increased level of homeologous recombination in Msh2-
deficient CB cells. Experiments using cell lines transfected with
pBR3 revealed, however, that the barrier to spontaneous re-
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combination between 19% diverged sequences could not be
overcome by Msh2 deficiency alone (Table 1). We also failed
to recover any DSB-induced homeologous recombination
events from cell lines containing pBR3, indicating that homeo-
logous recombination was reduced well over 100-fold regard-
less of Msh2 status (Table 3). In yeast, suppression of recom-
bination between sequences displaying only a few percent
sequence divergence is MMR dependent while suppression of
recombination between sequences displaying a level of diver-
gence approaching 20% is only partly MMR dependent (14,
16). Notably, however, it has been reported that a deficiency in
Msh?2 in yeast can increase recombination between sequences
displaying 18% divergence more than 40-fold and, in some
experiments, Msh2 deficiency restored the rate of such homeo-
logous recombination to a level that was only 10- to 30-fold
lower than that of recombination between sequences sharing
100% identity (14, 16). This contrasts with our results, which
suggest that in a mammalian genome, recombination between
sequences with 19% divergence can effectively be precluded
without the involvement of Msh2.

Inducing a genomic DSB by transfecting pSce into cell lines
containing pLB4 brought about a large increase in the fre-
quency of G418® colonies relative to the spontaneous colony
frequency (Table 3). For MT+/pLB4 cell lines, there was
about a 10,000-fold increase in G418® colonies following pSce
transfection, while for CB/pLB4 cell lines the increase in col-
ony frequency was even greater, about 100,000-fold. About
85% of the DSB-induced colonies recovered from MT+/pLB4
cell lines and virtually all DSB-induced colonies recovered
from CB/pLB4 cell lines were found to be recombinants (Table
3). In our previous work (50) using a construct similar to pLB4
but containing no tk donor sequence, we reported that the
frequency of NHEJ events recovered from MT+-derived cell
lines and from CB-derived cell lines was about 3 X 10~ % In
contrast, in our present work the frequency of DSB-induced
colonies recovered from MT+/pLB4 cell lines was about 3 X
1072 and for CB/pLB4 cell lines the colony frequency was
about 2 X 1072 Our collective results indicate that a signifi-
cant portion of DSBs are processed in ways that do not pro-
duce viable G418® clones when a recombination donor se-
quence is absent. We infer that when a donor sequence is
available, as in pLB4, recovery of G418 colonies is substan-
tially enhanced by the channeling of DSBs into a preferred
pathway of repair via recombination.

The latter observation touches on what is perhaps the most
striking observation to come from our work, namely, that ac-
curate homologous recombination was the predominant DSB
pathway among recovered events in mammalian chromo-
somes. Historically, NHEJ has been viewed as the major path-
way for healing DSBs in mammalian genomes (reviewed in
references 28, 35, and 57). In our experimental system, a DSB
was induced in the tk portion of the tk-neo fusion gene and any
NHEJ event that restored an appropriate reading frame to
allow neo function would have been recovered. Despite the
lack of selection for accurate DSB repair, our results indicated
a substantially greater recovery of accurate recombination
events compared with NHEJ. In addition to our initial obser-
vation of a predominance of accurate homologous recombina-
tion among DSB events recovered from CHO cell lines, we
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reproduced such results in mouse and human cell lines trans-
fected with pLB4.

Previous reports of DSB repair via recombination in mam-
malian cells either involved genetic selection for accurate
repair or did not include analysis of repair products at the
nucleotide level. For example, in a previous report in which
DSB repair events were recovered from mammalian cells with-
out any genetic selection (34), 3 out of 22 recovered DSB
events appeared consistent with gene conversions possibly aris-
ing from conservative homologous recombination. However,
no DNA sequence analysis was provided to ascertain that an
accurate exchange of genetic information had occurred. In our
present work, we recovered 431 recombinants out of a total of
507 DSB repair events from cell lines containing pLB4 and
analyzed 95 of the recombinants at the nucleotide level. All 95
sequenced clones displayed accurate recombinational repair of
the DSB within gene conversion tracts extending up to several
hundred base pairs in length. We believe, therefore, that our
current report is the first unequivocal demonstration that ac-
curate, conservative homologous recombination can be a ma-
jor DSB repair pathway in mitotically dividing mammalian
cells. Our work indicates that pLB4 is a useful tool for probing
homologous recombination in mammalian chromosomes. Spe-
cifically what conditions, DNA sequences, and/or genetic back-
ground is critical in prompting the use of homologous recom-
bination as the DSB repair pathway of choice is an area of
intense interest awaiting further investigation.

Our data show that accurate homologous recombination is
not dependent on Msh2 function and that gene conversion
tracts can encompass hundreds of base pairs in the absence of
Msh2. It was previously reported that Msh2 colocalizes with
BLM in Rad51 foci which are believed to represent sites of
recombinational repair of DSBs, perhaps at sites of stalled
replication forks (68). In light of BLM’s antirecombination
activity (9, 25, 41, 52, 54), the reported stimulation of BLM’s
helicase activity by Msh2 (68), and the increase in Rad51 foci
observed in Msh2-deficient human cells (68), one may posit
that Msh2 plays a role in suppressing recombination at lesions
such as DSBs. Our finding of a significantly greater recovery of
DSB-induced recombinants from CB/pLB4 cell lines com-
pared with MT+/pLB4 cell lines (Table 3) directly reinforces
this notion. Msh2 may therefore protect genome integrity by
reducing the likelihood of inappropriate recombination at
DSBs generated by stalled replication forks or generated by
other means in somatic cells. We cannot rule out the formal
possibility that pLB4 integrated into different chromosomal
contexts in the CB and MT+ cell lines such that DSB-induc-
tion was more efficient in the CB lines. However, the similar
DSB-induced colony frequencies for the two MT+ cell lines,
the similar DSB-induced colony frequencies for the two CB
cell lines, and the significantly higher proportion of recombi-
nants among DSB-induced colonies recovered from CB cell
lines compared with MT+ lines suggest quantitative and qual-
itative differences between MT+ and CB cell lines that are not
so readily explainable by simple differences in cutting efficiency
by I-Scel.

Gene conversion tracts recovered from Msh2 mutants were
longer than those recovered from wild-type cells. Among all
gene conversions recovered from CB/pLB4 cell lines, 14 out of
41 events analyzed displayed gene conversion tracts that en-
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compassed 3 or more mismatched nucleotide markers. This
was significantly different (P = 0.0076 by a chi-square test)
from conversion tracts recovered from MT+/pLB4 cell lines,
for which only 4 out of 41 conversion tracts encompassed 3 or
more nucleotide markers. Our finding of a lengthening of gene
conversion tracts in Msh2-deficient CHO cells is similar to
findings reported for the impact of Msh2 deficiency in mouse
ES cells (18) as well as MMR deficiency in yeast (1, 13, 14).
Our work adds to a body of data that suggests that MMR
machinery regulates the extension of heteroduplex DNA
(hDNA) during recombination.

We made the curious observation that a total of six gene
conversion tracts recovered from Msh2-deficient cells were
discontinuous, while none of the conversion tracts recovered
from Msh2-proficient cells were discontinuous (Tables 2 and 4
and Fig. 5). The greater number of discontinuous conversion
tracts recovered from Msh2-deficient versus Msh2-proficient
cells was statistically significant (P = 0.011 by a chi-square
test). A previous report revealed an apparent elevation in the
frequency of discontinuous gene conversion tracts in Msh2-
deficient mouse ES cells (18), although the significance of
discontinuous tracts was not discussed in the previous report.
Discontinuous gene conversion tracts were also recovered in
Msh2- or Pmsl-deficient yeast and in Msh6-deficient Drosoph-
ila (15, 45). Gene conversion tracts are generally viewed as
products of MMR acting on hDNA, and discontinuity of tracts
therefore seemingly implies some form of patchy MMR. It is
thus challenging to explain discontinuous conversion tracts in
the absence of Msh2. A possibility is that discontinuous gene
conversion tracts produced in the absence of Msh2 are pro-
duced by an alternate MMR system. Indeed, good evidence
has been presented that discontinuous gene conversion tracts
produced in yeast in the absence of functional Msh2-depen-
dent “long-patch” MMR are products of a “short-patch”
MMR system operating on hDNA (15). In Saccharomyces cer-
evisiae, short-patch repair is independent of nucleotide exci-
sion repair (NER) functions (15), while short-patch repair in
Schizosaccharomyces pombe is dependent on NER (23). Evi-
dence for NER-independent short-patch MMR in mammalian
cells has been reported (39, 43). Short-patch MMR pathways
may be unmasked in long-patch repair-deficient genetic back-
grounds.

In a previous report, it was shown that homologous recom-
bination and NHEJ are often coupled in mouse ES cells (47).
Specifically, it was reported that a 3’ terminus from one end of
DSB can initiate homologous recombination by invading a
homologous sequence and become extended by DNA synthesis
using the invaded sequence as a template. The nascent strand
of DNA can then be released from the template and joined to
a DNA terminus from the other side of the DSB by NHEJ. In
our experimental system, events of this type (initiation by gene
conversion and completion by NHEJ) would be recoverable
had they occurred. However, our analyses revealed no evi-
dence for such events. Our results therefore demonstrate that,
in the somatic cell lines used in our work, events that initiated
as homologous recombination were completed as homologous
recombination events. Our present results also appear some-
what at odds with a report that Msh2 is needed for the accurate
completion of homologous recombination events in human
cells (58). Aside from the use of different cell types, a possible
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explanation for the discrepancy between our work and the
earlier report is that the earlier work involved the use of
plasmid substrates, while we studied intrachromosomal recom-
bination events.

In summary, we used the novel DNA substrate pLB4 to
provide the first definitive demonstration that accurate recom-
bination can serve as a major DSB repair pathway in mamma-
lian somatic cells. We also found that Msh2 plays roles in
suppressing DSB-induced recombination, limiting the length
of gene conversion tracts, and minimizing the number of re-
combinant sequence junctions in recombination events. The
application of homologous recombination as a DSB repair
pathway and the modulation of this pathway by Msh2 undoubt-
edly coalesce to enhance genome integrity. Efforts aimed at
better understanding the molecular mechanisms in which
Msh2 and other recombination regulatory proteins participate
will increase our understanding of how genome stability is
maintained and how it may be compromised.
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