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Chromosomal double-strand breaks (DSBs) stimulate homologous recombination by several orders of
magnitude in mammalian cells, including murine embryonic stem (ES) cells, but the efficiency of recombina-
tion decreases as the heterology between the repair substrates increases (B. Elliott, C. Richardson, J. Wind-
erbaum, J. A. Nickoloff, and M. Jasin, Mol. Cell. Biol. 18:93-101, 1998). We have now examined homologous
recombination in mismatch repair (MMR)-defective ES cells to investigate both the frequency of recombina-
tion and the outcome of events. Using cells with a targeted mutation in the msh2 gene, we found that the barrier
to recombination between diverged substrates is relaxed for both gene targeting and intrachromosomal
recombination. Thus, substrates with 1.5% divergence are 10-fold more likely to undergo DSB-promoted
recombination in Msh2~/~ cells than in wild-type cells. Although mutant cells can repair DSBs efficiently,
examination of gene conversion tracts in recombinants demonstrates that they cannot efficiently correct
mismatched heteroduplex DNA (hDNA) that is formed adjacent to the DSB. As a result, >20-fold more of the
recombinants derived from mutant cells have uncorrected tracts compared with recombinants from wild-type
cells. The results indicate that gene conversion repair of DSBs in mammalian cells frequently involves
mismatch correction of hDNA rather than double-strand gap formation. In cells with MMR defects, therefore,
aberrant recombinational repair may be an additional mechanism that contributes to genomic instability and

possibly tumorigenesis.

Caretaker genes, such as the genes in the mismatch repair
(MMR) and nucleotide excision (NER) pathways, are involved
in the repair of DNA lesions (6, 12). Loss of function of a
caretaker gene can result in a mutator phenotype, thus allow-
ing the numerous mutations necessary for tumorigenesis to
accumulate. Such a mutator phenotype is now seen as an
important contributor to tumorigenesis (23, 27, 34). Defects in
MMR lead to the inherited cancer syndrome hereditary non-
polyposis colorectal cancer (HNPCC) and possibly to a small
proportion of sporadic colorectal cancers (references 5 and 6
and references therein), while defects in NER lead to xero-
derma pigmentosum (12). In HNPCC, an autosomal dominant
disease, one mutated allele of a gene involved in MMR is
inherited and a somatic mutation occurs in the remaining wild-
type allele, thus promoting colorectal cancer. Mutations in two
MMR genes, MSH2 and MLH]1, have been typically associated
with HNPCC, while mutations in other MMR genes (MSH6,
PMS1, and PMS2) are rarer. HNPCC tumors have frequent
length alterations of microsatellites, such as contractions or
expansions of mononucleotide repeats, which is referred to as
microsatellite instability and which is due to the lack of repair
of slipped replication intermediates.

The MMR pathway is a conserved pathway which maintains
genomic integrity in procaryotes and eucaryotes. The Esche-
richia coli MutHLS MMR pathway has been well-character-
ized genetically and biochemically (37) and has served as a
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paradigm for the yeast and mammalian MMR pathways (re-
viewed in reference 6). A number of homologs of MutS and
MutL have been found in yeast and mammalian cells. The
MutS homologs Msh2 and Msh6 form a heterodimer known as
MutSa that functions in the repair of single-base mismatches
and small (1 bp) insertion-deletion loops (16, 25). Msh2 also
pairs with another MutS homolog, Msh3, to form a het-
erodimer known as MutSpB, which is involved in the repair of
larger (2 to 4 bp) insertion-deletion loops (2, 35). Msh2, there-
fore, plays a central role in eucaryotic MMR since it is respon-
sible for the repair of all mismatches, while Msh6 and Msh3 act
to determine the specific types of mismatches that are recog-
nized.

In addition to their role in the repair of replication errors,
MMR components have been implicated in a second DNA
repair pathway, homologous recombination. In mammalian
cells, as in other organisms, homologous recombination is well-
established as one of the major pathways for the repair of
DNA double-strand breaks (DSBs) (32, 40). As a result of its
role in DSB repair, homologous recombination is stimulated 2
to 3 orders of magnitude by a DSB in the genome (33, 48, 50).
We have found that the frequency of DSB-induced recombi-
nation in mammalian cells can be affected by relatively small
degrees of sequence heterology (17). For example, recombi-
nation is decreased by approximately sixfold between se-
quences that are 1.2% divergent. During recombination, a
gene conversion tract (GCT) around the DSB is formed, where
there is a unidirectional transfer of sequence information from
the unbroken donor DNA molecule to the broken DNA mol-
ecule. In principal, gene conversion can result from either
mismatch correction of heteroduplex DNA (hDNA) or from
the processing of a DSB to a gap, such that the only informa-
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tion available is from the donor DNA molecule. In yeast,
chromosome ends at DSBs appear to be highly protected (21),
such that most DSB-induced gene conversion involves mis-
match correction of hDNA (44, 58).

MMR components function in recombination by suppress-
ing recombination between diverged (homologous) sequences,
a role that appears to be conserved in bacteria, yeast, and in
mammalian cells (reviewed in reference 37). For example, E.
coli strains deficient for MutS or MutL have lost the barrier to
recombination between diverged sequences on the same chro-
mosome as well as between genera, resulting in chromosomal
rearrangements and intergeneric crosses, respectively (43, 45).
As a result, these MMR-deficient strains exhibit a “recombi-
nator phenotype” in addition to their well-characterized mu-
tator phenotype, thus contributing an additional level of ge-
netic instability to these mutants. Similarly, in Saccharomyces
cerevisiae, loss of MMR proteins significantly increases home-
ologous recombination between direct repeats (8, 10, 11, 52),
as well gene targeting of homeologous sequences (29, 39).

In mammals, Msh2-deficient embryonic stem (ES) murine
cells have been shown to be promiscuous for recombination
between diverged sequences in gene-targeting experiments (1,
13). This role of MMR proteins in suppressing recombination
between homeologous sequences may be particularly impor-
tant in mammalian cells, since repetitive elements are naturally
occurring diverged sequences that make up a large fraction of
mammalian genomes. For example, human cells contain ap-
proximately 10° copies of Alu elements, which are around 300
bp and are 70 to 98% homologous to the consensus Alu se-
quence (51). Although rare, Alu-Alu-mediated recombination
has been reported for many diseases with deleterious conse-
quences (reviewed in reference 9), such as in acute myeloid
leukemia, where recombination between two diverged Alu el-
ements in the ALLI gene results in a partial gene duplication
(54).

The large stimulation of recombination by DSBs led us to
investigate the effect of MMR deficiency on DSB-induced re-
combination in mammalian cells. In this report, we investigate
Msh2~'~ ES cells for DSB-induced gene-targeting and intra-
chromosomal recombination between diverged substrates.
Both the frequences of recombination and the GCTs are ex-
amined, the latter so as to determine whether gene conversion
at a DSB occurs primarily by gap repair or MMR of hDNA.
Our goal is to begin to ascertain what genomic alterations in
addition to unrepaired replication errors could be potentiated
in MMR-deficient cells, which may therefore have implications
for tumorigenesis in HNPCC.

MATERIALS AND METHODS

DNA and cell line constructions. Construction of the pneo gene-targeting
plasmids, pneo-WT, pneo-5mu, and pneo-8mu, has been described previously
(17). The pneo-10mu substrate was made by PCR-induced site-directed mu-
tagenesis as follows: the pneo-8mu plasmid was amplified with primer 1B (5'C
AGTCGATGAATCCGGAAAAGCGGCCAT) and primer 4 (5'ACCATGAT
TACGCCAAGCTT) and with primer 2B (5'CCGCTTTTCCGGATTCATCGA
CTGTGGC) and primer 3 (5'TGCTCGACGTTGTCACTGAA). The integrity
of the neo sequence of the pneo-10mu plasmid was checked in both directions
with three primers (Bio Resource Center, Cornell University, Ithaca, N.Y.). To
make the intrachromosomal constructs, the 0.8-kb Sacl-Xbal fragments derived
from the pneo-WT and pneo-8mu plasmids were subcloned into the S2neo/
pgkhygo plasmid (33). The pgkhygro gene was replaced by a puro gene (26) from
pHA262pur (a kind gift of Hein te Riele, Netherlands Cancer Institute, Amster-
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dam, The Netherlands). A 1.6-kb PvulI-Pvull fragment of the HPRT gene from
pGPD351 (15) and a 2.3-kb Xbal-Xbal fragment of the HPRT gene from the
same plasmid were subcloned to flank the S2neo/pgkpuro/pneo repeat, forming 5’
and 3’ targeting arms, respectively.

Cell culture and transfections. The Msh2~/~ mutant cell line dMsh2-9 (a kind
gift of Hein te Riele) was derived from the E14 ES cell line, which served as a
control in our experiments and has both alleles of msh2 disrupted by the hyg
marker (13). All cells were cultured on gelatin-coated dishes in standard medium
supplemented with 10° U of leukemia inhibitory factor (GIBCO/Life Technol-
ogies)/ml as previously described (47). For the construction of cell lines for
gene-targeting assays, the Msh2™/~ mutant cells were electroporated with 60 p.g
of the $2neo gene on a plasmid along with 20 pg of a plasmid containing the
pgk-puro gene. Doubly resistant syg and puro colonies were isolated and tested by
Southern blot analysis for the presence of a single copy of S2neo. Possibly
integrated into the genome of wild-type and Msh2~/~ cells adjacent to the S2neo
gene are bacterial vector sequences which would have homology to vector se-
quences in the pneo gene-targeting plasmids. This homology would be inter-
rupted, however, by sequences unique to the S2neo gene, since it extends 0.3 kb
5" and 0.1 kb 3’ beyond the pneo homology. For the construction of cell lines for
the intrachromosomal recombination assays, the H-DR-WT and the H-DR-8mu
constructs were integrated into the HPRT locus in murine ES wild-type and
Msh2~'~ cells by electroporation of 15 to 20 pg of the Sacl-Xhol-digested
H-DR-WT (or 8mu) construct. Colonies were selected in 6-thioguanine and
puromycin, and the resulting cell lines were checked by Southern blot analysis, as
shown, for the correct integration of the construct.

For each sample of cells in the gene-targeting and intrachromosomal recom-
bination assays, 2 X 107 cells in 1 ml of phosphate-buffered saline were electro-
porated with 20 to 25 g of each uncut plasmid DNA in a 0.4-cm electrode-gap
cuvette (250 V, 960 wF). Electroporated cells were aliquoted into four or five
10-cm-diameter dishes. Colonies were selected in media with one or more of the
following drugs 20 to 24 h after electroporation and were grown in selection
media for 10 to 14 days before colony counts (or after colony expansion): G418
(200 pg/ml), hygromycin (150 pg/ml), puromycein (1.6 pg/ml), or 6-thioguanine (4
pg/ml).

PCR analysis. A region of the chromosomal neo gene in neo™ intrachromo-
somal recombinants from wild-type and Msh2 /" cells containing the H-DR-8mu
construct was PCR amplified with primers Neol (5'GCCAATATGGATCGGC
CATTGAACAA) and Neo3 (5'CCTCAGAAGAACTCGTCAAGA). Amplifi-
cation was performed by denaturation at 94°C for 3 min, followed by 30 cycles of
94°C for 1 min, 58°C for 1 min, and 72°C for 1 min, and then extension at 72°C
for 15 min. Amplified products were digested with I-Scel and appropriate re-
striction enzymes and were electrophoresed on 2% agarose gels (25% agarose—
75% Nusieve agarose).

RESULTS

Gene targeting with diverged repair substrates in wild-type
and Msh2~'~ ES cells. We have previously found in a gene-
targeting assay with wild-type ES cells that the efficiency of
homologous repair of a DSB decreases as the divergence of the
homologous repair substrate increases (17). Using the same
assay, we wanted to determine whether the effects of heterol-
ogy would be overcome in an MMR-deficient genetic back-
ground. The gene-targeting assay consists of three compo-
nents: a chromosomally integrated nonfunctional neo gene
(termed S2neo) which contains the 18-bp I-Scel endonuclease
cleavage site, diverged neo repair substrates on circular plas-
mids, and an expression plasmid for the I-Scel endonuclease
(Fig. 1). With this design, a DSB introduced into the S2neo
gene at the I-Scel site can be repaired from the homologous
repair substrates to restore a neo™ gene.

The repair substrates, which diverged from S2neo in the
range of 0.1 to 1.5%, each consist of an internal neo gene
fragment restricting selected recombination events to non-
crossover gene conversions. Each substrate had the correcting
Ncol site at the position of the I-Scel site in the S2neo gene.
Divergence was created in the 745-bp neo fragments by sub-
stitutions at third-base codon positions that create phenotypi-
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FIG. 1. DSB-induced gene-targeting strategy. The S2neo gene
which is integrated into the genome of wild-type and Msh2™/~
murine ES cells contains the 18-bp I-Scel site (thick vertical bar)
which can be cleaved in vivo by the I-Scel endonuclease. The S2neo
promoter (arrow) is derived from polyomavirus (strain F441) and
the herpesvirus thymidine kinase gene (55). The repair substrates
are internal neo sequences which are 745 bp in length. The percent
divergence of each of these sequences relative to the same region in
S2neo is indicated. For simplicity, heterology at the Ncol-I-Scel
sites is considered to be one change within the 745-bp segment,
although recombination involves loss of the 18-bp cleavage site at
this position and a gain of 4 bp at the Ncol site (17). Silent muta-
tions create the following restriction enzyme site polymorphisms in
the neo sequence: A, Apal; L, Apal.l; P, Pstl; B, BamHI; X, Xbal,
Nr, Nrul; Ns, Nsil; Bs, BspEIL; Na™, loss of Nael; Pm, Pmll. Note
that there is a naturally occurring PstI site within the neo sequence.
Distances (in base pairs) between the 1-bp silent mutations are
indicated. For DSB-induced gene targeting, an expression vector
for the I-Scel endonuclease and a repair substrate on a plasmid are
transfected into wild-type and Msh2 ™/~ cells containing the S2neo
gene. One example of the type of analysis after recombination is
shown after targeting with pneo-8mu. Since a neo™ gene is selected,
the correcting neo gene sequence at the Ncol site has been incor-
porated. As recombination may occur with or without conversion of
adjacent sequences, the presence of the 8 silent mutations (?) was
determined by restriction analysis.
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cally silent mutations as well as restriction enzyme site poly-
morphisms (56). Plasmids pneo-5mu and pneo-8mu have neo
gene fragments with five and eight silent mutations, respec-
tively, as described previously (17). A new repair substrate with
more divergence was created for this study by the addition of
two silent mutations downstream of the Ncol and Nsil sites in
pneo-8mu. With this new substrate, called pneo-10mu, there
were similar densities of heterology both 5’ and 3" of the
correcting Ncol site.

For our assays, we used two wild-type ES cell lines, clones 12
and 5, each of which have a single copy of the S2neo gene
randomly integrated into the genome (53; data not shown). To
create Msh2/~ ES cell lines containing the $2neo gene, we
cotransfected the S2neo gene on a plasmid along with the
puromycin N-acetyltransferase gene (pgk-puro) on a separate
plasmid into Msh2-deficient ES cells which had both alleles of
the msh2 gene disrupted by the hygromycin (hyg) resistance
gene (13). Cells were selected in both puromycin and hygro-
mycin, and 28 doubly resistant colonies were isolated. Colonies
were screened by Southern blotting for the presence of a single
copy of the S2neo gene (data not shown). Four independent
Msh2~'~ cell lines obtained in this screen (termed clones 14,
18, 28, and 30) were used in subsequent analysis.

Effect of heterology on the frequency of gene targeting. To
examine the effect of heterology on DSB-induced gene target-
ing, wild-type and Msh2~'~ cell lines were electroporated with
the I-Scel expression vector pPGK3xnlsI-Scel and each of the
pneo repair substrates. As controls, cells were electroporated
with these plasmids separately, and cells were also electropo-
rated with pMClneo, a plasmid containing a functional neo
gene. Cells were selected with G418, and neo* (G418") recom-
binant colonies were scored 10 to 14 days later. Control elec-
troporations of the I-Scel expression vector or any of the pneo
repair substrates alone yielded very few or no neo™ clones from
any of the cell lines (=1077), yet neo™ clones were readily
obtained from electroporations of the two plasmids together
(Table 1; data not shown). As previously seen with the
pneo-WT substrate, DSBs resulting from I-Scel expression
stimulated gene targeting more than 3 orders of magnitude in
the wild-type ES cells (17). This large increase in stimulation
was also observed in the Msh2 ™'~ cells. The absolute frequency
of targeting was subject to some clonal variation, but overall
the range of gene-targeting frequencies with pneo-WT was
similar for both wild-type and Msh2 parental cell lines (Table 1).

By examining DSB-promoted recombination with the di-
verged substrates, we found that in wild-type cells, the fre-
quency of neo™ clones decreased as the repair substrates be-
came more diverged from the S2neo gene (Table 1). The mean
decrease in frequency from that of pneo-WT was 2.2-fold for
pneo-5mu (0.8% divergent) and 4.8-fold for pneo-8mu (1.2%
divergent) (Fig. 2), similar to previous results (17). Recombi-
nation with pneo-10mu (1.5% divergent) was even more dra-
matically decreased, i.e., by 16.7-fold. Thus, the addition of two
silent mutations in the 101-bp stretch of perfect homology just
downstream of the DSB significantly decreased the frequency
of recombination.

In contrast to results obtained with wild-type ES cells, in
Msh~'~ cells, the frequencies of neo™ colonies obtained with
each of the three diverged repair substrates were only slightly
reduced from the frequency obtained with the pneo-WT con-



2674 ELLIOTT AND JASIN

MoL. CELL. BIOL.

TABLE 1. Gene targeting in wild-type cells (Msh2™/*) and Msh2~'~ cells with diverged repair substrates

Cell line and transfectant

Frequency of neo™ colonies (% wild type)*

pneo and pPGK3xnlsI-Scel

Expt 1

Expt 2

Expt 3

Expt 4

Clone 12 (WT)*

pneo-WT 13 % 107* (100) 1.9 X 10~* (100)
pneo-5mu 4.7 X 107° (37) 7.9 X 1077 (41)
pneo-8mu 2.1 %1073 (17) 6.2 X 1077 (30)
pneo-10mu ND¢ ND
Clone 14 (Msh2™/~)"

pneo-WT 5.9 X 1077 (100) ND
pneo-5mu 3.6 X 107° (62) ND
pneo-8mu 3.4 X 1077 (58) ND
pneo-10mu ND ND

Clone 28 (Msh2™/™)

pneo-WT 2.6 X 1077 (100)
pneo-5mu 1.8 X 1077 (68)
pneo-8mu 1.5 X 1077 (56)
pneo-10mu ND

Clone 30 (Msh2™/™)

7.2 X 107 (100)

6.1 X 1077 (85)

5.6 X 107 (78)
ND

2.9 % 107 (100)
1.3 X 107* (44)
ND
3.4 % 1075 (12)

1.1 X 107* (100)
1.2 X 1074 (110)
ND
8.7 % 1075 (82)

2.9 X 107*(100)
1.4 X 1074 (47)
ND

1.5 X 107 (5)

1.1 X 107 (100)
9.9 X 1077 (93)
ND
5.7 X 1077 (53)

1.1 X 107* (100)
7.7 % 1075 (71)
ND
4.9 X 1075 (45)

pneo-WT 4.3 X 107 (100) 9.0 X 107 (100) 1.4 X 107* (100) ND
pneo-5mu 4.2 X 1077 (98) 7.7 X 107 (86) 1.2 X 107*(87) ND
pneo-8mu 3.8 X 1077 (85) 6.8 X 1077 (76) ND ND
pneo-10mu ND ND 7.1 % 107° (50) ND
pMClneo?
Clone 12 (WT) 41x10* 1.9 X 1072 1.8 %1073 2.0 x 1073
Clone 14 (Msh2™/7) ND ND 9.7 x 107* 1.6 x 1072
Clone 28 (Msh2™'™) 47 %107 ND ND 1.9 X 1073
Clone 30 (Msh2™'™) 42x107* ND 2.0 x 1073 ND

“ The frequency of neo™ colonies was calculated by dividing the number of neo™ cells observed after transfection by the number of electroporated cells (2 X 107),
correcting for 50% viability of cells after electroporation. % Wild type, percent freqency of neo™ colonies from transfection with diverged repair substrate and
pPGK3xnlsI-Scel divided by frequency of neo™ colonies from transfection with pneo-WT and pPGK3xnlsI-Scel and multiplied by 100.

> Not shown are wild type (WT) clone 5 and clone 18 (Msh2~/~), both of which showed a similar decrease in frequency of recombination as wild-type clone 12 and
clones 14, 28, and 30 (Msh2~'™), respectively, as the heterology of repair substrates increased. The absolute frequency of recombination for clone 5 was somewhat lower
than that for clone 12, although the relative frequencies of the four substrates were similar.

¢ ND, not determined.

4 The frequency of neo™ colonies was calculated by plating a dilution (1:50) of cells after electroporation of 2 X 107 cells.

trol (Table 1). Substrates pneo-5mu and pneo-8mu had mean
decreases of 1.2- and 1.5-fold in the frequency of recombina-
tion, respectively, while pneo-10mu had only a 1.7-fold de-
crease. Thus, Msh2~'~ cells had 10-fold more recombination
with pneo-10mu relative to recombination with pneo-WT than
did wild-type cells, threefold more recombination with pneo-
8mu, and twofold more recombination with pneo-5mu (Fig. 2).
Clearly, the barrier to recombination imposed by heterology is
significantly overcome in Msh2-deficient cells.
Intrachromosomal recombination with diverged repair sub-
strates in wild-type and Msh2~'~ ES cells. Gene targeting
provides a rapid assay to evaluate the effect of sequence diver-
gence, but a limitation is that one of the recombining partners
is on a plasmid. We therefore decided to examine the effect of
sequence divergence in a more physiological setting in which
both neo partners would be integrated in chromosomal DNA.
For this, we constructed intrachromosomal recombination sub-
strates and examined both the frequency and products of re-
combination. So as to eliminate possible position effects on
recombination, we integrated the neo genes at the same chro-
mosomal locus in wild-type and Msh2~'~ cells. The locus we
chose for integration is the X-linked hypoxanthine phosphori-

bosyltransferase (HPRT) locus since integrations which disrupt
the HPRT gene can be selected in XY murine ES cells by using
the base analog 6-thioguanine.

The site of integration at the HPRT locus and the intra-
chromosomal recombination substrates are shown in Fig. 3A.
The recombination substrates contained the S2neo gene and
a repair template derived from a pneo plasmid, which were
oriented as direct repeats and separated by the pgk-puro
gene. Two recombination substrates were constructed which
differed by the pneo-derived repair substrate. In the control,
H-DR-WT (HPRT-direct repeat—pneo-WT), the internal neo
fragment was derived from pneo-WT, whereas in the test con-
struct H-DR-8mu (HPRT-direct repeat—pneo-8mu), it was de-
rived from pneo-8mu. As in the gene-targeting experiments,
DSB-promoted recombination between an I-Scel-cleaved
S2neo gene and the internal neo fragment resulted in a neo™
gene. Because crossover in these intrachromosomal recombi-
nation substrates would have resulted in a truncated neo gene,
only recombinants which had undergone a noncrossover gene
conversion were selected, thus simplifying the interpretation of
our results to one repair pathway.

The intrachromosomal recombination substrates were elec-
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FIG. 2. Relative gene-targeting efficiencies of diverged substrates.
The frequency of neo™ colonies after DSB-induced recombination was
plotted for cell lines transfected with each of the diverged pneo sub-
strates relative to frequencies of cell lines transfected with the
pneo-WT substrate. In each case, the transfection included
pPGK3xnlsI-Scel to induce a DSB at the S2neo gene. The means of
seven independent experiments are shown with error bars indicating
the standard deviations. WT, wild type.

troporated into wild-type and Msh2~/~ ES cells. Cells were
selected in puromycin and 6-thioguanine, and doubly resistant
colonies were picked 10 to 14 days later. Clones were examined
by Southern blotting, and the majority (83%) had correctly
integrated the substrates into the HPRT locus (Fig. 3B). For
each of the wild-type and Msh2 '~ ES cell lines, two or three
clones containing the H-DR-WT or H-DR-8mu constructs
were further characterized.

Effect of heterology on the frequency of intrachromosomal
recombination. To examine homologous recombination be-
tween the two neo repeats, cells were electroporated with the
I-Scel expression vector or a control vector, pPGKlacZ. Selec-
tion was in medium containing G418, and G418 (neo™) colo-
nies were isolated 10 to 14 days later. Results from these
experiments are shown in Table 2. As with gene targeting,
DSBs induced intrachromosomal recombination in both wild-
type and Msh2~/~ ES cells, resulting in a similar frequency of
recombination for both cell lines. The absolute frequencies of
DSB-induced intrachromosomal recombination and gene tar-
geting with the pneo-WT repair substrate were similar (ap-
proximately 2 X 10~*). However, since the spontaneous level
of intrachromosomal recombination was readily detectable,
unlike in our gene-targeting assay, DSBs stimulated intrachro-
mosomal recombination only about 2 orders of magnitude,
rather than the >3 orders of magnitude seen in the gene-
targeting experiments.

In wild-type cells, sequence divergence led to a significant
decrease in both break-induced and spontaneous recombina-
tion. For break-induced recombination, the frequency of neo™
colonies obtained from clones containing the H-DR-8mu sub-
strate (1.2% divergent) relative to those containing the control
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H-DR-WT substrate (0.1% divergent) decreased by 4.5-fold
(Table 2). The frequency of spontaneous recombination was
also decreased, approximately 12-fold, although the decrease
in the rate of recombination has not been measured. In
Msh2~'~ cells, the frequency of neo* colonies arising from
transfection of the I-Sce I expression vector was not substan-
tially different between cell lines containing the H-DR-WT and
H-DR-8mu substrates, nor did the spontaneous recombination
frequency differ. Thus, there is little barrier to both DSB-
promoted and spontaneous recombination from sequence di-
vergence in the absence of the MMR pathway.

GCTs from intrachromosomal neo™ recombinants. During
DSB repair, gene conversion can occur by mismatch correction
of hDNA, by repair of a gap formed around the break site, or
by a combination of both mechanisms. In wild-type cells, mis-
matches in hDNA would be expected to be corrected rapidly,
resulting in daughter cells with an identical genotype. In
Msh2~'~ cells, however, mismatches in hDNA would be ex-
pected to remain uncorrected. Segregation of mismatches after
replication and cell division would produce daughter cells with
two different genotypes (Fig. 4A), similar to postmeiotic and
postmitotic segregation found in yeast (36, 42, 44). Since cells
were plated immediately after electroporation of the I-Scel
expression vector, both daughter cells from a recombinant cell
should have been represented in a neo™ colony. Unlike mis-
match correction of hDNA, however, repair of a double-
stranded gap is entirely dependent on sequence information
from the homologous repair template. Therefore, gap repair
involving a particular silent mutation would be expected to
lead to complete conversion in both Msh2~/~ and wild-type
cells, resulting in neo™ colonies with a single genotype.

To gain insight into mechanisms of gene conversion, we
analyzed (GCTs) of neo™ recombinants obtained from our
intrachromosomal recombination assays. The recombinants
were derived from transfection of the I-Scel expression vector
into clones containing the H-DR-8mu construct. Genomic
DNA was isolated from each of the recombinants, and PCR
was performed to amplify the converted S2neo (now neo™)
gene. The neo primers used in this analysis flanked the position
of the DSB site and were mainly outside the region of homol-
ogy of pneo-8mu so as not to amplify the donor repair sub-
strate (Fig. 3). PCR products were digested with restriction
enzymes corresponding to the silent mutations in the repair
substrate to determine which of the silent mutations had been
incorporated into the neo™ gene after gene conversion.

PCR analysis for two recombinants is shown in Fig. 4B.
Products from both recombinants were completely cleaved by
Ncol, as was expected since these clones are G418 resistant,
indicating that neo gene function was restored. The incorpo-
ration of the Ncol site required the loss of heterology from the
I-Scel site, 5 bp from the 5’ side and 9 bp from the 3’ side plus
the 4-base overhang on each side. In addition to the Ncol site,
the PCR product from the recombinant derived from wild-type
ES cells was also completely cleaved by Nsil and Pmll, enzymes
which have restriction sites 3’ of the Ncol site. Thus, this clone
had an observed GCT of 114 bp. This is a unidirectional GCT,
as none of the six polymorphisms 5’ of the Ncol site was
incorporated. (The PCR product was also cleaved by PstI at
the naturally occurring site 5" of the Ncol site which is present
in both the $2neo gene and the pneo-8mu repair substrate but
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FIG. 3. Intrachromosomal recombination substrates integrated at the HPRT locus. (A) The HPRT locus at exons 2 and 3 is shown along with
gene-targeted HPRT loci containing intrachromosomal repair substrates. The H-DR-WT substrate contains a direct neo repeat of S2neo and
pneo-WT, and the H-DR-8mu substrate contains a direct neo repeat of S2neo and pneo-8mu (Fig. 1). Separating the neo repeat in both substrates
is a pgk-puro gene for selection. Repair substrates were cloned into the Pvull (Pv) and Xbal (X) sites of the HPRT locus, as indicated, using Xhol
(Xh) and Xbal sites of the substrates, and this deleted exon 2. Distances between the BamHI (B) and HindIII (H3) sites are shown in kilobases.
Neol and Neo3 indicate the primers used for PCR amplification. Neol has no overlap with pneo-8mu, and Neo3 has an overlap of 6 nucleotides.
(B) Southern blot analysis of BarmHI-HindII-digested genomic DNA indicated that the intrachromosomal substrates were correctly targeted and
had integrated as a single copy in the wild-type and Msh2~/~ cell lines. The probe was a 1.1-kb Xhol-HindlIII fragment containing the entire neo™
gene. Genomic DNA from parental wild-type and Msh2 '~ cells did not hybridize with this probe, as expected (data not shown).

was not cleaved at the polymorphic PstI site present only in
pneo-8mu.) The recombinant derived from the Msh2~/'~ cell
line had a PCR product which was partially cleaved by Nsil and
Pmll. This implies that a small gap of less than 8 bp formed on
the 3’ side of the I-Scel cleavage site (i.e., 7 bp plus the 1-bp
silent mutation at the Nsil site; Fig. 1). In addition, it implies
that hDNA was present at the position of the Niil site (8 bp
from the I-Scel site) as well as that of the PmllI site (102 bp
from the I-Scel site) but that as a result of the MMR deficiency
the hDNA remained uncorrected and segregated to daughter
cells.

A summary of GCTs from 80 neo™ recombinants that were
analyzed is presented in Fig. 5. Each of the recombinants from
both cell lines had lost the I-Scel site and had acquired the
Ncol site. Flanking restriction site polymorphisms in recombi-

TABLE 2. Intrachromosomal recombination in wild-type (Msh2™'")
and Msh2~'~ cells

Frequency of neo™ recombinants (10~4)*

Cell line
DSB induced” Spontaneous®

Wild-type clones

H-DR-WT 1.8 =09 0.05 = 0.05

H-DR-8mu 0.4 *0.1 0.004 = 0.005
Msh2~'~ clones

H-DR-WT 1.9+05 0.08 = 0.06

H-DR-8mu 1.6 =03 0.05 = 0.02

“ Data are averages of four experiments with standard deviations, using two or
three independently derived clones for each cell line.

b Cells were transfected with the I-Scel expression vector, pPGK3xnlsI-Scel.

¢ Cells were transfected with a control plasmid, pPGKlacZ.

nants from the wild-type cells, with one exception, were either
completely cleaved or completely uncleaved by the diagnostic
restriction enzymes (Fig. 5A). This indicated that daughter
cells derived from the initial recombinant cell contained the
same genotype. In the one exception, one of the two polymor-
phic restriction sites incorporated into the recombinant (Nrul)
was partially cleaved. The GCTs were generally short. The
majority (80%) of the observed GCTs in the recombinants
were 58 bp or less, maximally incorporating the two mutations
nearest the Ncol site (Nsil and Nrul), although two tracts were
observed to be as long as 406 bp. (Note: This is a minimum
length of conversion, as it is unknown how far conversion
extended between the polymorphic markers.) The distribution
of silent mutations incorporated in the GCTs inversely corre-
lated with distance from the DSB site, with only the nearby
Nsil site incorporated in the majority of clones. The GCTs
were exclusively continuous, such that each of the mutations
between the outermost converted restriction site and the Ncol
site was converted. Overall, the GCTs derived from intrachro-
mosomal DSB-promoted recombination were very similar to
those we observed previously in gene-targeting experiments
17).

In contrast to recombinants from the wild-type cells, the
majority of recombinants derived from Msh2~/~ cells fre-
quently had GCTs in which the restriction site polymorphisms
were incompletely converted (Fig. 5B). Many of the restriction
sites in the amplified PCR products were only partially cleaved
by one or more restriction enzymes, indicating that segregation
of unrepaired hDNA had occurred in these recombinants. This
strongly suggests that in wild-type cells, hDNA repair is a
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FIG. 4. Analysis of DSB-induced intrachromosomal recombination in
wild-type and Msh2~/~ cell lines. (A) After in vivo expression of the I-Scel
endonuclease, a DSB was introduced in the $2neo gene (top bar) of the
H-DR-8mu substrate. Recombinational repair was initiated using the
pneo-8mu template (bottom bar), restoring the Ncol site at the former
position of the I-Scel site (thick hatch marks) to form a neo™ gene and, in
this case, creating hDNA at the downstream Nsil and PmlI restriction site
polymorphisms (thin hatch marks). Correction of the mismatched hDNA
in a wild-type cell, followed by replication and division, results in both
daughter cells containing the same genotype. However, in Msh2™/~ cells,
MMR correction does not occur, and the uncorrected strands are segre-
gated to daughter cells. (B) PCR analysis of two neo™ clones after DSB-
induced recombination in the H-DR-8mu substrate. The neo™ gene cod-
ing region was amplified by PCR as an 810-bp fragment from genomic
DNA with primers Neol and Neo3 and electrophoresed on agarose gels
following digestion with the indicated restriction enzymes (Fig. 3). The
amplified product from each of the neo™ clones was not cleaved by I-Scel
(data not shown) but was cleaved by Ncol (Nco) and other restriction
enzymes, as indicated by arrows. In the wild-type recombinant 3A-10, the
Nsil (Ns) and Pmll (Pm) sites were fully cleaved, indicating a population
of cells with one genotype (as in lane A). By contrast, in the Msh2 ™/~
recombinant 17A-9, both the Nsil and the Pmill sites were partially
cleaved, indicating a population of cells with two genotypes (as in lane A).
Note that due to the naturally occurring PstI (P) site, the amplified frag-
ment in each of the clones was shifted when cleaved with PstI. M, mixed
digest; MW, 1-kb ladder molecular weight marker; A, Apal; L, ApaLl; B,
BamHI; X, Xbal; Nr, Nrul.
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mechanism of gene conversion during DSB repair. Other dif-
ferences were also seen between the mutant and wild-type
cells. Taking into account the partially converted GCTs, only
52% of the GCT's were 58 bp or less, compared with 80% in the
wild-type cells. The longest observed GCT was 508 bp, and 1 of
the 40 recombinants was found to have incorporated the most
distant polymorphism, Apal, located 487 bp 5’ of the Ncol site.
We have not observed the Apal polymorphism in any of the
120 GCTs we analyzed from wild-type recombinants derived
from either intrachromosomal recombination (this report) or
gene targeting (17). The most distant 3’ polymorphism at the
Pmll site was also found to be more frequently incorporated
into the Msh2~/~ recombinants. We also for the first time
observed discontinuous GCTs in three of the Msh2™'~ recom-
binants. The GCT of one of these clones, for example, was
converted at the Ncol and Pmll sites, but not at the Nsil site.

Although restriction site polymorphisms most distant from
the DSB site were more frequently converted in the Msh2 ™/~
cells, the two closest sites were converted at a frequency similar
to that in the wild-type cells. When examining these sites to see
if they were fully converted or partially converted, we found
that many of the more distant sites were partially converted in
the Msh2~ '~ cells, whereas the sites closest to the DSB site
were often fully converted. That is, the Nsil site was fully
converted in the majority of recombinants containing this site
(23 of 33 recombinants); however, the next closest site, Nrul,
was present in 14 recombinants but was fully converted in only
four of them. The exceptional long GCT that was fully con-
verted in the Msh2~/~ cells was 202 bp. The presence of fully
converted restriction site polymorphisms suggests that gap re-
pair also contributes to gene conversion, although less fre-
quently than hDNA repair.

Segregation of gene converstion tracts from Msh2™'~ re-
combinants. The bidirectional GCTs from Msh2~'~ cells
raised the question as to how the partially converted silent
mutations would segregate. That is, would mutations 5’ of the
DSB site segregate as a group, and if so, would this group of
mutations segregate away from mutations 3’ of the DSB site or
segregate together with 3" mutations? If sequence information
incorporated into hDNA was derived from only one strand of
the repair substrate and this strand spanned the break site,
then the 5’ and 3’ mutations would be expected to segregate
together (Fig. 6A). Alternatively, if sequence information was
derived from both DNA strands of the repair substrate, one
strand 5’ to the break site and the other 3’ to the break site, the
two groups of mutations would be expected to segregate inde-
pendently.

To address this, we subcloned two neo™ recombinants, 17-13
and 17-18 (Fig. 6B). Cells from each recombinant were diluted
and plated into a 96-well plate, and wells were then examined
after a few days for the growth of a single colony. Subclones
were expanded for genomic DNA preparation and PCR anal-
ysis. The bidirectional GCT of recombinant 17-13 can be des-
ignated A™ L™ P™ B™ X™ Nr~ Nc* Ns™, where “m” indicates
mixed (partial) cleavage by the indicated restriction enzyme,
“+” indicates complete cleavage, and “—” indicates no cleav-
age. Two classes of subclones were identified from this recom-
binant. In one class, the genotype was A™ L* P* B* X* Nr™
Nc*, and in the other class it was Nc¢* Ns*. The GCT of
recombinant 17-18 is the longest of all of the neo™ recombi-
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FIG. 5. GCTs after DSB-induced intrachromosomal recombination in cells containing the H-DR-8mu substrate. GCTs were derived from four
independent experiments, and 40 recombinants of each of the wild-type (A) and Msh2~/~ (B) cell lines were analyzed. The pneo-8mu repair
template is shown at the top (rectangle), with the positions of silent mutations and the distances (in base pairs) between the mutations. When GCTs
were being calculated, an additional base pair was added for the conversion of the silent mutation and 4 bp was added for the incorporation of
the Ncol site. The percent of recombinants incorporating each silent mutation is shown. This number is broken down to the percent of
recombinants which had partial restriction cleavage at the site (i.e., mixed) and the percent of recombinants which had complete cleavage (i.e., fully
converted). The correcting Ncol site occurred in 100% of the neo™ recombinants as expected, since it restores a functional gene. The number of

recombinants with each of the indicated GCTs is shown.

nants and is designated L™ P™ B™ X™ Nr* Nc¢™ Ns™ Pm™. This
recombinant also gave rise to two classes of subclones. In this
case, the genotype of one class was L™ P™ B* X Nr™ Nc¢*
Ns™ and the genotype of the other class was Nr* Nc* Ns*
Pm™. Since in both recombinants the mutations segregated
independently, silent polymorphisms appear to have been in-
corporated on both strands of the hDNA. Presumably, one
strand was 5’ to the break site and the other strand was 3’ to
the break site.

DISCUSSION

We have examined the effect of heterology on DSB-induced
homologous recombination in mammalian cells, comparing

wild-type and Msh2~'~ ES cells. We found that in wild-type
cells, the frequency of recombination between diverged se-
quences in a gene-targeting assay was reduced as the sequence
divergence increased, consistent with what was previously ob-
served (17), but that the effect of heterology was significantly
overcome in Msh2~/~ cells. Thus, for a plasmid substrate with
1.5% heterology relative to the chromosomal sequence, DSB-
induced recombination is reduced 17-fold in wild-type cells
when normalized to recombination with a nearly identical sub-
strate, but only 1.7-fold in Msh2~'~ cells. Similar to gene tar-
geting, DSB-induced intrachromosomal recombination be-
tween diverged sequences was also reduced to a greater extent
in wild-type cells than in Msh2 ™/~ cells. The products of re-
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FIG. 6. (A) Two mechanisms for the derivation of bidirectional tracts. (B) Segregation of GCTs from two Msh2™'~ intrachromosomal
recombinants. Both recombinants have a bidirectional GCT (i.e., a detectable GCT on both sides of the Ncol site) that is mixed. After subcloning,

each recombinant yielded two classes of subclones, as shown.

combination in the Msh2 mutant were also significantly al-
tered. Most notably, the majority of GCTs derived from intra-
chromosomal recombination had mixed polymorphic markers
present in the homologous repair substrate, implying that
hDNA formation followed by MMR correction is a major
mechanism for the conversion of markers near a DSB in mam-
malian cells.

These results are in agreement with those previously re-
ported for mammalian cells in which the barrier to spontane-
ous recombination between diverged sequences was found to
be relaxed in MMR-deficient cells (1, 13, 14). The fold reduc-
tion of recombination in wild-type cells in these experiments
was similar to or even greater than what we saw in the wild-
type cells with our most diverged substrate. However, in our
experiments we found that recombination was not fully re-
stored in the Msh2~/~ ES cells, whereas in the previous reports
the barrier to recombination was found to be almost com-
pletely abrogated by Msh2 mutation. This difference may be
attributable to the design of the gene-targeting experiments.
Our experiments examined DSB-induced recombination of
small DNA fragments containing single nucleotide substitu-
tions, whereas the previous experiments investigated recombi-
nation in the absence of induced chromosomal damage using
much larger fragments that contained different types of poly-
morphisms.

In addition to the frequency of recombination, we have also

examined GCTs in the recombinants derived from the Msh2
mutant cell line. This is the first time, to our knowledge, that
GCTs in mammalian cells in an MMR-defective background
have been studied. For this study, we examined phenotypically
silent mutations spaced every 50 to 100 bp or less in the repair
substrate. DSB repair by gene conversion has been proposed to
occur by two possible mechanisms: (i) hDNA formation fol-
lowed by mismatch correction and (ii) gap formation after both
strands adjacent to the DSB are processed. Examination of the
GCTs in cells which lacked MMR activity allowed us to infer
which mechanism of gene conversion was occurring during
DSB repair in wild-type cells. We observed that 55% of
Msh2™'~ neo™ recombinants had mixed GCTs, which were
predicted by hDNA correction, whereas only 2.5% of the wild-
type recombinants had mixed GCTs. Considering the silent
mutations individually, most mutations when converted were
partially converted in the recombinants (i.e., mixed; Fig. 7),
suggesting that the conversion involved hDNA correction. The
mutation that was the one exception was the one nearest the
DSB (the Nsil site), which is frequently fully converted, even in
Msh2~'~ cells. Thus, with the exception of the mutation at the
Nisil site, 39 of 48 (81%) conversion events involved hDNA
formation. The frequency for each mutation depends on the
distance from the DSB site, since mutations at some distance
from the site (=183 bp) were found to be incorporated exclu-
sively by hDNA correction (Fig. 7).
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Gap formation was expected to account for the remaining
conversion events. Fully converted mutations were anticipated
to occur in the Msh2 mutant only if both strands of the DNA
adjacent to the DSB were degraded by nucleases. Information
for the repair would then have come solely from the diverged
donor substrate. In three conversion events, gap formation
may have extended 100 bp or more from the DSB. Gap for-
mation, however, was especially evident at the Nsil site located
8 bp from the I-Scel site, since it was fully converted in 70% (58
out of 83; Fig. 5) of the conversion events (Fig. 7). In the
remaining events at this site, processing at the DNA ends led
to the loss of the I-Scel site but also to the retention of nucle-
otides only 8 bp further away, although it is not clear if the
sequence heterology of the I-Scel site affected the incorpora-
tion of this mutation. In summary, therefore, we infer that gene
conversion occurs primarily by hDNA correction, but that se-
quences near the DSB can be incorporated by gap formation,
the frequency depending on the distance from the DSB. These
results are generally in good agreement with those obtained
with yeast, in which it has been found that sequences close to
the end of a DSB are preserved during gene conversion (22, 44,
58), although the results here suggest that there may be some-
what more nibbling of ends in mammalian cells. Evidence for
hDNA correction during DSB-promoted and spontaneous
gene conversion in wild-type mammalian cells has previously
been obtained using palindromic markers which are not effi-
ciently repaired by MMR (15, 30, 31). However, some other
aspects of the GCTs (i.e., length and discontinuity) differ from
results obtained here with single polymorphisms.

Current models for mitotic gene conversion favor mecha-
nisms in which recombination is coupled to replication (3, 19,
24, 38, 40, 46). In these models, a 3" end invades the unbroken
homologous template and initiates repair synthesis. The newly
synthesized strand is then incorporated into the broken mole-
cule, which can result in hDNA formation. In principle, inva-

sion of either one or both 3’ ends flanking the DSB could
initiate repair synthesis. Our bidirectional GCTs are consistent
with invasion of the template from both 3’ ends, since markers
on each side of the DSB segregate at the next cell division (Fig.
6), as would be expected from hDNA formation involving
opposite strands. The majority of recombinants (27 out of 40;
68%) did not show bidirectional tracts, however. In these
cases, two-ended invasion may have occurred but may not have
incorporated the polymorphic markers. Alternatively, one-
ended invasion may have occurred, as has been proposed for
other mammalian gene conversion events (24, 46).

Our results also indicate a trend toward longer GCTs in the
Msh2 mutant. In 80% of the wild-type recombinants, the ob-
served GCTs were 58 bp or less, consistent with previous re-
sults (17), whereas in the Msh2 '~ recombinants, only 52% of
GCTs were as short. We saw a sixfold increase in the Msh2 ™/~
cells in GCTs extending to the most distant 3" polymorphism
from the break site, Pmll. We also saw for the first time the
incorporation of the most distant 5" polymorphism, Apal, in
one of the mutant recombinants. The mean observed GCT was
also found to be somewhat longer (by 20%) in Msh2~’'~ cells
than in wild-type cells. Two mechanisms could account for the
longer GCTs: (i) MMR proteins may regulate the length of
hDNA formation, as suggested previously (7), or (ii) the length
of hDNA is the same, but in wild-type cells, correction of
hDNA at a distance from the DSB is in favor of the recipient
DNA molecule rather than the donor. Support for the latter
mechanism is that the strand copied from the donor molecule
would be expected to be broken at the end of the hDNA tract,
and strand breaks are known to influence the direction of
mismatch correction. Nevertheless, in bacteria, MMR proteins
have been shown to inhibit RecA-catalyzed strand transfer
(59), consistent with a direct effect on hDNA length.

In MMR-deficient bacteria, gross chromosomal rearrange-
ments involving diverged DNA are increased as a result of the
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recombinator phenotype of these mutants (43). Results in this
report, as well as those previously published, demonstrate that
MMR-deficient mammalian cells also have increased recom-
bination as a result of a relaxation of recombination between
diverged sequences. These results would seem to predict that
MMR-deficient mammalian cells, like bacteria, would exhibit
frequent gross chromosomal rearrangements. Surprisingly, tu-
mors derived from HNPCC patients are generally euploid and
do not display gross chromosomal structure defects, even while
cell lines from sporadic tumors show continuous chromosomal
instability (reference 4 and references therein; 18, 28). Possi-
bly, more subtle chromosomal rearrangements than those that
would be apparent from chromosome number analyses are
present in MMR-deficient cells but have yet to be detected.

Nevertheless, several factors may contribute to the mainte-
nance of a normal genotype in cells with MMR deficiency.
First, the barrier to recombination between diverged elements
is not completely overcome. Although DSBs induce the highest
levels of recombination detected thus far (32), DSB-induced
recombination between sequences that are only 1.5% diverged
are still not fully restored, even with MMR mutation. Considering
that repetitive elements in mammalian genomes are often signif-
icantly more diverged (e.g., an average of 15% for Alu elements;
51), recombination between highly diverged elements is pre-
dicted to be suppressed at least partially in MMR-deficient
cells. Second, the outcome of DSB-induced recombination in
mammalian cells has a strong bias towards noncrossover events
(24, 46). Therefore, recombination between repetitive ele-
ments would not be predicted to have a discernible outcome in
most instances because there would not be an exchange of
flanking markers. Third, in addition to having a role in recom-
bination between diverged sequences, MMR proteins in yeast
are known to have a second role in recombination, such that
their mutation would decrease recombination instead of lead-
ing to its enhancement. This role involves the removal of non-
homologous tails which are 30 nucleotides or longer and which
are formed during some types of recombination (41, 49, 55).
Because dispersed repetitive elements are flanked by DNA
which is not homologous, initiation of recombination outside
two dispersed elements, unlike the events assayed in this re-
port, is likely to lead to the formation of nonhomologous tails
involving the flanking DNA. Although this role for MMR
proteins has yet to be demonstrated in mammalian cells, effi-
cient removal of these tails in yeast requires Msh2 (41, 49, 55),
suggesting that recombination between dispersed elements
could be reduced by Msh2 mutation.

Despite these multiple levels of control that maintain chro-
mosome integrity in MMR-deficient cells, the experiments pre-
sented here nevertheless demonstrate that these cells have a
recombinator phenotype for DSB-induced events, raising the
possibility that these cells undergo promiscuous recombination
at some level. Although tumorigenesis in HNPCC has been
clearly linked to the mutator phenotype arising from an inabil-
ity to repair replication errors (20), recombination between
diverged sequences in MMR-deficient cells may contribute to
the genomic alterations important for the development of the
disease. Additional experiments will be necessary to further
delineate the effect of MMR mutation on homologous recom-
bination in mammalian cells.
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