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Expansion of CTG triplet repeats in the 3� untranslated region of the DMPK gene causes the autosomal
dominant disorder myotonic dystrophy. Instability of CTG repeats is thought to arise from their capacity to
form hairpin DNA structures. How these structures interact with various aspects of DNA metabolism has been
studied intensely for Escherichia coli and Saccharomyces cerevisiae but is relatively uncharacterized in mam-
malian cells. To examine the stability of (CTG)17, (CTG)98, and (CTG)183 repeats during homologous recom-
bination, we placed them in the second intron of one copy of a tandemly duplicated pair of APRT genes. Cells
selected for homologous recombination between the two copies of the APRT gene displayed distinctive patterns
of change. Among recombinants from cells with (CTG)98 and (CTG)183, 5% had lost large numbers of repeats
and 10% had suffered rearrangements, a frequency more than 50-fold above normal levels. Analysis of indi-
vidual rearrangements confirmed the involvement of the CTG repeats. Similar changes were not observed in
proliferating (CTG)98 and (CTG)183 cells that were not recombinant at APRT. Instead, they displayed high
frequencies of small changes in repeat number. The (CTG)17 repeats were stable in all assays. These studies
indicate that homologous recombination strongly destabilizes long tracts of CTG repeats.

Expansions of trinucleotide (triplet) repeats underlie many
human neurological diseases, including myotonic dystrophy
(DM), Huntington disease, fragile X syndrome, Friedreich
ataxia, and several spinocerebellar ataxias (2, 7, 10, 78, 81).
Healthy individuals generally have fewer than 30 repeats at a
disease locus, whereas affected individuals may have from 40 to
several thousand repeats, depending on the specific disease.
Triplet repeats associated with disease have a propensity to
form stable secondary structures in vitro, and it is thought that
these unusual structures interfere with aspects of DNA metab-
olism in cells, leading to repeat expansion and disease (81).
Here, we examine the instability of the CTG � CAG trinucle-
otide repeats (which we will refer to as CTG repeats) that in
their expanded form cause DM.

DM is the most common inherited neuromuscular disorder
in adults, affecting 1 in 8,000 people worldwide (21). The DM
mutation, which is autosomally dominant, arises due to expan-
sion of a CTG repeat located in the 3� untranslated region of
the gene for DM protein kinase (DMPK) (78). The mechanism
by which the expanded CTG repeats cause the characteristic
features of the disease is not well defined and is likely to be
complicated. It has been shown previously that transcripts
from the mutant allele are retained in the nucleus (12), that the
distribution of DMPK cytoplasmic mRNA isoforms is altered
(76), that expression of the adjacent SIX5 homeodomain gene
is decreased (34), and that binding of CUG binding proteins to

mutant DMPK mRNAs (75) can alter the splicing of other,
unrelated mRNAs (42, 56). The lack of DM patients with point
mutations in the DMPK gene suggests that simple haploinsuf-
ficiency does not account for the disease phenotype (78), a
conclusion supported by the relatively minor phenotype dis-
played by DMPK-knockout mice (28).

The size distributions of normal and mutant DM alleles,
along with extensive analyses of CAG � CTG repeats (hereaf-
ter, CAG repeats) in sperm (39, 84), suggest that the instability
thresholds for CTG repeats in DM and for CAG repeats in
other diseases are around 30 repeats (80). Typically, there is a
bias for male germ line transmission to generate the first clin-
ically recognized disorder in a DM pedigree (40) and a bias for
female germ line transmission to generate congenital DM, the
most severe form of the disease (20). It is unclear whether
germ line instability of CTG repeats in DM results from mei-
otic or from mitotic events. Instability of CAG triplet repeats,
which are associated with other diseases, can occur before
meiosis (39), during arrest in prophase I (32), and in postmei-
otic haploid cells (35). It is clear that CTG instability can occur
during mitotic divisions, based on changes in repeat length in
different tissues from DM patients (22, 43, 83), in patient-
derived cell lines upon serial passage (1, 82), and in tissues and
cell lines from transgenic mouse models (19, 79).

The ability of long CTG repeats to form unusual secondary
structures is the likely basis for expansion at the DMPK locus
(81). Several in vitro studies have shown that CTG and CAG
repeats can form hairpins (18, 73, 74) and slipped-strand DNA
duplexes (55). In addition, studies of Escherichia coli (11, 30,
67) and Saccharomyces cerevisiae (48) suggest that CTG and
CAG repeats form unusual DNA structures in cells. One of the
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strongest links between unusual secondary structures and dis-
ease progression is the effect of nucleotide changes within the
repeat sequence. Interruptions that decrease the propensity of
the repeat to form secondary structures also reduce the fre-
quency of expansions and the potential for disease (7, 37, 73).

Both E. coli and S. cerevisiae provide useful model systems to
probe genetic influences on triplet repeat instability, especially
of CTG and CAG repeats. Virtually every process that exposes
single strands of DNA destabilizes triplet repeats, including
transcription (6, 70), nucleotide excision repair (50, 53), mis-
match repair (29, 61, 68, 71), replication (23, 30, 44, 67), and
recombination (17, 24, 25, 26, 27, 58, 59). CTG and CAG
triplet repeats also cause double-strand DNA breaks in yeast
(17, 26). Differences in assays and differences in frequencies of
contractions and expansions make it difficult to rank order
these processes in terms of their effects on repeat instability.
Nevertheless, it is thought that errors in mismatch repair cor-
respond to small changes in repeat length, errors in replication
correspond to small and intermediate changes, and errors dur-
ing recombination correspond to intermediate and large changes
(7, 78). Studies in these systems have shaped present models
for replication-based and recombination-based instability of
triplet repeats (7, 60, 78).

The causes of triplet repeat instability in mammalian cells
are difficult to investigate directly. Changes in repeat length
upon serial passage of cell lines derived from patients (1, 82) or
transgenic mice (16, 19) have been characterized, and the
influences of mismatch repair (36, 79) and replication (9, 51)
have been examined. Present approaches in mammalian cells
are limited, however, because different sizes of repeats cannot
be readily tested in the same genetic background, different
genomic contexts and orientations of the repeats are difficult to
compare, and different genetic influences cannot be easily ex-
amined. An additional significant restriction is a lack of sensi-
tivity, which is limited to a frequency of 10�2 to 10�3 for
changes in repeat length that must be screened for in the cell
population.

In this paper we describe a model system in CHO cells that
is designed to overcome some of these limitations. We have
deposited CTG repeats from the DM gene into an intron in
one copy of a tandemly duplicated pair of APRT genes at their
endogenous locus in CHO cells. By selecting for homologous
recombination between the duplicated copies of the APRT
gene, we can examine changes to the inserted CTG repeats in
a population of cells that have experienced a nearby recombi-
nation event. Within this selected population we show that
long CTG repeats experience large contractions and generate
a high frequency of rearrangements that extend beyond the
repeat tract. These distinctive changes were not observed for
long tracts of CTG repeats in replicating cells that were not
recombinant at APRT. Instead, replicating cells displayed a
high frequency of expansions and contractions that usually
involved just one to three triplets. These results indicate that
homologous recombination dramatically destabilizes long
CTG repeats in CHO cells.

MATERIALS AND METHODS

Construction of vectors. CTG triplet repeats that included 19 nucleotides of
5�- and 43 nucleotides of 3�-flanking sequences from the DM locus were inserted
into the polylinker in intron 2 of the APRT gene in pGS100, as described

previously (23). Plasmids pRW3502, pRW3504, and pRW3506 carry (CTG)17,
(CTG)98, and (CTG)175, respectively, with the repeats oriented so that the CTG
sequences are in the noncoding strand of the DNA (23). This is the same
orientation as at the DM locus. The (CTG)17 and (CTG)98 tracts of repeats are
pure, whereas the (CTG)175 repeat is interrupted by two G-to-A changes, which
in the CTG orientation are located in repeats 27 and 67 (30). The APRT genes
in plasmids pRW3502, pRW3504, and pRW3506, like the one in their parent
plasmid pGS100, are truncated in exon 5 and are nonfunctional as a result.

Construction of cell lines. Site-specific recombination involving the FLP re-
combinase and the FLP recombinase recombination target (FRT) site was used
to generate tandemly duplicated APRT genes, as described previously (46). The
APRT� gene in the RMP41 cell line carries a point mutation in exon 2 that
eliminates APRT function and removes an EcoRV recognition sequence (63).
The RMP41 cell line also carries an FRT site in intron 2, which does not affect
the function of the APRT gene (46). Plasmids pRW3502, pRW3504, and
pRW3506 each carry an FRT site adjacent to the tracts of inserted CTG repeats.
FLP recombinase-mediated site-specific recombination between the FRT sites in
these plasmids and the FRT site in RMP41 cells was used to generate APRT�

colonies with the tandemly duplicated gene structures shown in Fig. 1. Sequenc-
ing of the triplet repeats in each cell line showed that GS3502 carried (CTG)17

and GS3504 carried (CTG)98, as expected. Cell line GS3506, however, carried
(CTG)183 instead of the expected (CTG)175. The presence of 183 CTG repeats,
instead of the expected 175, presumably reflects some instability that occurred in
the growth of the plasmid in E. coli or in the targeting and establishment of the
cell line. In GS3506 the G-to-A changes are located in CTG repeats 27 and 70
(instead of CTG repeats 27 and 67). In each of these cell lines, the upstream copy
of APRT is inactive due to the point mutation in exon 2 and the exon 5 trunca-
tion, whereas the downstream APRT gene, which carries the CTG triplet repeats
in intron 2, is functional. Structures of all cell lines were verified by Southern
blotting after digestion with restriction enzymes diagnostic for the predicted
structure.

Cell culture and fluctuation analysis. Cell lines were maintained in Dulbecco’s
modified Eagle’s medium supplemented with amino acids and 10% fetal calf
serum. Selections were carried out as previously described (63). APRT� cells
were selected by growth in ALASA medium (25 �M alanosine, 50 �M azaserine,
100 �M adenine). APRT� cells were selected by growth in medium made with
10% dialyzed fetal calf serum and supplemented with 400 �M 8-azaadenine.
TK� APRT� cells were selected by growth in APRT� selection medium supple-
mented with 0.3 �M fluoroiodoarabinosyluridine (FIAU).

Fluctuation analysis (38, 41) was carried out by using 12 parallel cultures
grown from initial populations of 50 to 100 cells for each rate determination, as
described previously (63). The numbers of APRT� or TK� APRT� colonies in
parallel cultures were used to calculate rates by the method of the median (38).
A single colony was picked from each parallel culture to ensure that all analyzed
colonies arose independently.

Southern analyses, PCR analysis, and DNA sequencing. Southern analyses
were carried out according to standard protocols (62). The probe for Southern
analysis was the 3.9-kb BamHI fragment containing the entire APRT gene,
labeled by random priming with [32P]dCTP. PCR analysis of the recombination
products was carried out as previously described (63). The distinction between
conversions and point mutations was based on restriction digestion of a PCR
product that includes exon 2. The copy of exon 2 in the downstream APRT gene
was specifically amplified by using one primer that was located in unique se-
quences adjacent to the CTG repeat in intron 2. PCR products from convertants
give rise to PCR products that are not cleaved by EcoRV because they have
picked up the EcoRV mutation from the upstream copy of the APRT gene. By
contrast, colonies that have acquired point mutations elsewhere in the APRT
gene give rise to a PCR fragment that is cleaved by EcoRV.

PCR amplification of triplet repeat fragments for sequencing used one primer
in intron 2 and a second primer at the 3� end of the gene, which is unique to the
downstream copy. This choice of primers allowed the downstream insertion site
to be specifically amplified. In addition, it was found that embedding the CTG
repeats in a larger PCR fragment gave more reliable sequencing results. The
locations of PCR primers used for analysis of rearrangements and their se-
quences are available on request. DNA sequencing was carried out on amplified
PCR fragments to determine the numbers of triplet repeats and to decipher the
structures of the rearrangement junctions.

Statistical analysis. Means were compared by the two-tailed t test. Standard
errors of the means are reported in Table 2 and were used to determine the
propagated errors reported in Table 4. For t test comparisons of the means in
Table 4, however, the propagated error was recalculated by using standard
deviations (which is the standard error � the square root of the sample size).
Distributions were compared by the chi-square test. For two-by-two comparisons
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with 1 df, the Yates adjustment was used to compensate for the tendency of such
comparisons to exaggerate significance. This adjustment consists of changing the
observed frequencies by half a unit to give smaller deviations from the expected
values, thereby giving a larger, more realistic P value (8). For all comparisons a
P value of 0.05 was used to accept or reject the null hypothesis, which was that
the means or distributions were the same. All calculations for the statistical tests
were performed by using the PHStat add-in for Excel.

RESULTS

Construction of cell lines and experimental rationale. To
test the effects of homologous recombination on the stability of
CTG triplet repeats, we used site-specific recombination to
construct cell lines that carried tandem duplications of the
APRT gene (Fig. 1A; see Materials and Methods). In each cell
line, the upstream, APRT� copy of the gene carries an inacti-
vating point mutation that eliminates an EcoRV site in exon 2,
a deletion of its 3� end beginning in exon 5, and the site-specific
recombination target—the FRT site—in intron 2. The down-
stream, APRT� copy is wild type, except that it carries a tract
of CTG repeats located in a polylinker adjacent to the FRT

site in intron 2. Homologous recombination between the tan-
dem copies of APRT is detected by the appearance of APRT�

cells that have incorporated the upstream point mutation into
the downstream copy of the gene by gene conversion or cross-
over recombination (Fig. 1B).

We chose to test CTG repeats in the same orientation in
which they occur in the DM gene, that is, so that the RNA
transcript carries CUG repeats. In contrast to the DMPK
mRNA, which retains the CUG sequences, the CUG repeats
are absent from the APRT mRNA because they are removed
by splicing, along with the rest of the sequences in intron 2.
Because cells that carry the CTG repeats in the otherwise
wild-type copy of the gene are phenotypically APRT�, the
CUG repeats in the RNA evidently do not interfere with nor-
mal splicing, nor do they have any observable effects on cell
growth. We tested three lengths of CTG repeats. (CTG)17 is
within the range of repeats in healthy individuals and was
anticipated to be unaffected by DNA replication and homolo-
gous recombination. By contrast, (CTG)98 and (CTG)183 are in

FIG. 1. Structures of the APRT locus in parental CHO cells and in colonies isolated under various selections. (A) Molecular structures of the
tandem duplication of APRT sequences at the endogenous locus. The locations of the CTG triplet repeats in the parental cell lines are shown above
their common site of insertion in the second intron of the downstream, functional APRT gene (the five exons of APRT are shown as boxes). The
sequences immediately surrounding the upstream FRT site (black triangle) and downstream FRT site (open triangle) are different and therefore
distinguishable. The upstream copy of APRT is nonfunctional by virtue of a truncated fifth exon and a point mutation in exon 2 that eliminates
an EcoRV site (filled box). The upstream and downstream copies share 6.8 kb of homology indicated by brackets: 4.5 kb upstream of the APRT
gene (thick line) and 2.3 kb of homology within the gene itself. (B) Molecular structures of the APRT locus in APRT� and TK� APRT� colonies.
Products were distinguished by a combination of Southern blotting and PCR analysis. Conversions have a structure like the parental tandem
duplication, except that some lose the insert as part of the conversion process (status of the insert is indicated by �/�). CTG� conversions were
distinguished from mutations by PCR analysis. Mutations are assumed to carry point mutations or small deletions elsewhere in the APRT gene;
however, they were not further characterized. Crossovers have a single copy of the APRT gene whose digestion pattern depends on whether the
insert (�) was retained or lost (�). Rearrangements yield a Southern blot pattern that does not correspond to conversions, crossovers, or mutations.
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the range found in affected individuals and have been demon-
strated previously to cause instability in E. coli (30).

CTG repeat stability in replicating cells. To measure the
influence of replication on CTG repeat stability, we grew the
(CTG)17, (CTG)98, and (CTG)183 cell lines (GS3502, GS3504,
and GS3506, respectively) through about 30 cell doublings and
then isolated individual colonies from each cell line. Individual
colonies were grown to about 106 cells and analyzed by PCR
amplification with flanking primers. Out of 43 colonies from
the (CTG)17 cell line, 118 colonies from the (CTG)98 cell line,
and 134 colonies from the (CTG)183 cell line, no colonies gave
rise to a PCR fragment that differed substantially from its
siblings, suggesting that these repeat lengths are reasonably
stable during cell proliferation (data not shown). However, a
slight unevenness in the alignment of bands was evident in gels
from (CTG)183 colonies, as is apparent in the long gel run
shown in Fig. 2.

As a more sensitive measure, we sequenced the PCR prod-
ucts from several individual colonies for each of the three cell
lines. Sequencing of longer CTG repeats typically gave a clear
pattern of repeats followed abruptly by unreadable sequence.
If the population comprises PCR fragments with different
numbers of repeats—either due to slippage during PCR or due
to a mixture of lengths in the starting population—the repeat
pattern will remain evident through the longest major species.
Beyond the repeats, however, the unique sequences will be out
of phase, giving rise to unreadable sequences. One manifesta-
tion of this effect was evident in the sequences of the (CTG)183

PCR products. Each of the G-to-A changes in triplets 27 and
70 was represented as a major peak at the expected position,
preceded by two to three smaller A peaks. Despite these prob-
lems, numbers of CTG repeats could be determined reproduc-
ibly from the sequencing runs. As shown in Table 1, no changes
were detected in (CTG)17 repeats, but small changes in num-
bers of repeats occurred in 5 of 11 colonies isolated from the
(CTG)98 cell line and in 7 of 10 colonies from the (CTG)183

cell line. Of the 12 colonies with altered repeat length, seven
had longer repeats and five carried shorter ones. These
frequent, minor changes serve as a baseline against which to

evaluate the changes found among homologous recombi-
nants.

Effects of CTG repeats on homologous recombination. To
assess whether CTG repeats affected homologous recombina-
tion at APRT, we selected for APRT� colonies from the
APRT� parent cell lines, which carry tandemly duplicated cop-
ies of APRT genes (Fig. 1B). Although these tandem duplica-
tions can give rise to APRT� cells in several ways, previous
analyses of spontaneous events at the APRT locus in CHO cells
indicated that homologous events were predominant, account-
ing for about 95% of the APRT� products, compared to 5% for
mutations and �0.5% for rearrangements (63, 65). Homolo-
gous recombination can generate APRT� cells by crossover
recombination, which eliminates one copy of the APRT gene,
and by gene conversion, in which the exon 2 mutation in the
upstream copy is transferred to the downstream copy (5) (Fig.
1B). In those studies we also showed that TK� APRT� cells
were generated entirely by crossover recombination.

Initially, we measured the rates of production of APRT� and

FIG. 2. Agarose gel electrophoresis of PCR fragments generated
by amplification across the CTG repeats in individual colonies isolated
from a population of proliferating GS3506 cells. The individual colo-
nies correspond to those in Table 1, and the PCR products shown here
(marked by CTG) were the ones that were isolated and subjected to
DNA sequence analysis. The bands in the outside lanes show standard
2.5- and 3.0-kb markers from a commercial ladder. To accentuate the
slight differences between bands, the fragments were electrophoresed
through about 20 cm of gel. The source of the faint band at around 2.5
kb in all lanes is unknown.

TABLE 1. Lengths of CTG triplet repeats in colonies
from a population of proliferating cells

Colonya CTGb

GS3502 (parent) 17
GS3502-234 17
GS3502-238 17
GS3502-239 17
GS3502-244 17
GS3502-253 17
GS3502-257 17
GS3502-262 17
GS3502-265 17
GS3502-312 17
GS3502-314 17

GS3504 (parent) 98
GS3504-954 99
GS3504-978 98
GS3504-1051 98
GS3504-1052 98
GS3504-1059 98 (2)c

GS3504-1061 99
GS3504-1063 99
GS3504-1064 99
GS3504-1068 99 (2)c

GS3504-1069 98 (2)c

GS3504-1072 98 (3)c

GS3506 (parent) 183
GS3506-1252 180
GS3506-1255 184
GS3506-1257 180
GS3506-1261 185
GS3506-1266 183
GS3506-1276 181
GS3506-1290 183
GS3506-1298 182
GS3506-1312 183
GS3506-1317 174

a Colonies from which the cell population was grown are indicated as “parent.”
After about 30 cell doublings, individual colonies (numbered) were isolated and
analyzed.

b The length of the repeat is indicated as the number of CTG triplets.
c Numbers in parentheses indicate the number of times that a sample was

independently PCR amplified and sequenced. For each colony the results of
independent analyses were the same.
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TK� APRT� cells to determine whether CTG repeats might
stimulate homologous recombination, as long CTG repeats
have been shown elsewhere to do in E. coli and yeast (17, 24,
25, 26, 27, 58, 59). As shown in Table 2, the (CTG)17, (CTG)98,
and (CTG)183 cell lines yielded APRT� and TK� APRT� col-
onies at rates that were not substantially different from the
mean rates for the other cell lines, which each carried the
identical tandemly duplicated APRT locus, but with different
DNA inserts in the downstream copy of the gene. Thus, CTG
repeats of these lengths do not dramatically stimulate homol-
ogous recombination in mammalian cells.

To measure the contributions of homologous recombina-
tion, mutation, and rearrangement to the measured rates, in-
dependent APRT� and TK� APRT� colonies were isolated
and examined by Southern blotting and PCR analysis. A com-
bination of these two approaches was used to identify the
molecular structure of the APRT locus and to assign each
colony to a specific category of event. An example of a South-
ern blot analysis of BamHI-cleaved DNA from several APRT�

colonies derived from the (CTG)98 cell line is shown in Fig. 3B.
Colonies 194, 198, 207, 208, 210, and 218 (lanes 1, 5, 10, 11, 12,
and 16, respectively) have Southern blot patterns that are con-
sistent either with a conversion event that has retained the
CTG sequence or with a point mutation elsewhere in the
APRT gene. Subsequent PCR analyses showed that colonies
198, 207, and 218 (lanes 5, 10, and 16, respectively) are con-
version events and that colonies 194, 208, and 210 (lanes 1, 11,
and 12, respectively) arose by point mutation. Colonies 195
and 196 (lanes 2 and 3) are conversion events that have lost the
repeats. Colonies 215 and 217 (lanes 13 and 15) are crossover
events that have retained the CTG repeat, and colony 199
(lane 6) is a crossover event that has lost the repeat. Colonies

200 and 203 (lanes 7 and 8) are rearrangements. The results of
all such analyses are listed in Table 3.

Analysis of the distributions in Table 3 gives the first indi-
cation of a length-dependent effect of CTG repeats during
recombination at the APRT locus. The distribution of APRT�

products from the (CTG)17 cell line is not significantly dif-
ferent from the pooled distribution of products from the
other cell lines (P � 0.06); however, the distributions for the
(CTG)98 and (CTG)183 cell lines are dramatically different
(P � 3 � 10�5 and P � 8 � 10�13, respectively). Similarly, the
distributions of TK� APRT� products from the (CTG)98 and
(CTG)183 cell lines are significantly different from the pooled
distribution (P � 2 � 10�5 and P � 1 � 10�4, respectively).

As expected, most of the APRT� colonies for all CTG cell
lines arose by homologous recombination. The proportion of

FIG. 3. Southern analysis of APRT� colonies isolated from the
(CTG)98 cell line, GS3504. (A) Restriction map for conversions and
crossovers. Arrows indicate the sites at which BamHI cleaves, and the
sizes of the resulting fragments are indicated in kilobases. Because a
BamHI site is located adjacent to the CTG sequence in the insert, the
Southern blot pattern depends on whether the insert is retained or lost.
A conversion that has lost the insert yields fragments of 12.3 and 4.0
kb. If the insert is retained, the 4.0-kb fragment is replaced by a pair of
fragments at 1.3 and 3.1 kb. Similarly, a crossover that has lost the
insert yields a single band at 4.0 kb, whereas a crossover that has
retained the repeat yields bands at 1.3 and 3.1 kb. (B) Southern blot of
BamHI-digested DNA from APRT� colonies isolated from the (CTG)98
cell line, GS3504. DNAs from individual colonies were digested with
BamHI, and the fragments were resolved by gel electrophoresis and
made visible by Southern blotting. Numbers at the side indicate the
lengths of fragments in kilobases. Numbers at the top identify the in-
dividual colonies. The structures of GS3504-200 and GS3504-203,
which are rearrangements, are shown in more detail in Fig. 4.

TABLE 2. Rates of APRT� and TK� APRT� colony formation

Cell line(s) Insert
Insert
length
(bp)

Rate of colony
formatione (10�7)

APRT� TK� APRT�

GS3502 (CTG)17 270 7.1 � 2.5 0.90 � 0.10
GS3504 (CTG)98 513 6.9 � 1.2 2.0 � 1.4
GS3506 (CTG)183 768 9.0 � 2.7 3.9 � 1.7
GSC4, GSC6a None 0 15.5 � 2.5 0.75 � 0.15
GS21-15b FRT 67 14.0 � 1.9 1.40 � 0.27
GSE1, GSE3a HOFRTf 114 12.3 � 2.8 1.33 � 0.53
GSB2, GSB5a (GT)29 200 16.3 � 1.8 1.55 � 0.24
AK209c HPRTg intron 810 14.1 � 3.8 1.20 � 0.40
AK784d HPRT intron plus I-SceI 835 17.0 1.10

Mean Non-CTG containing 14.4 � 1.1 1.29 � 0.14

a Results for GSB2, GSB5, GSC4, GSC6, GSE1, and GSE3 were previously
published (63).

b Results for GS21-15 were previously published (65).
c Results for AK209 were previously published (33).
d Results for AK784 were previously published (66).
e Rates were determined by fluctuation analysis. For GS3502 the rates for

formation of TK� APRT� and APRT� colonies were determined from two
fluctuation analyses. For GS3504 the rates were determined from four fluctua-
tion analyses. For GS3506 the rates were determined from three fluctuation
analyses. The overall mean rates of APRT� and TK� APRT� colony formation
for cell lines that did not contain a CTG insert are the averages of 17 and 16
fluctuation analyses, respectively. The standard error of the mean is shown for all
rates.

f HOFRT, the recognition sequence for HO endonuclease is located adjacent
to the FRT site.

g HPRT, hypoxanthine phosphoribosyltransferase.

3156 MESERVY ET AL. MOL. CELL. BIOL.



homologous recombinants for the (CTG)17 cell lines (87%) is
not significantly less than the 95% for the pooled data from the
other cell lines (P � 0.07); however, the proportions of homol-
ogous recombinants for the (CTG)98 and (CTG)183 cell lines
(72 and 82%, respectively) are significantly less (P � 7 � 10�7

and P � 4 � 10�4, respectively). This suggests that these two
cell lines generate homologous recombinants at lower rates
and/or generate mutations and rearrangements at higher rates.

To determine the rates for specific types of events for each
cell line, the percentage of each event (Table 3) was multiplied
by the overall rate of APRT� or TK� APRT� colony formation
(Table 2). The individual rates are presented in Table 4. All
three CTG cell lines have significantly lower rates of conver-
sion relative to the pooled data from the other cell lines
[(CTG)17, P � 0.02; (CTG)98, P � 0.0004; (CTG)183, P � 0.001].
In addition, the rates of crossover recombination in the
APRT� population and in the TK� APRT� population are
significantly elevated for the (CTG)183 cell line (P � 0.005 for
both). These changes are evident in the ratios of conversions to
crossovers, which decrease from 6.1 in cell lines that do not
contain CTG repeats to 3.8 for the (CTG)17 cell line, 2.5 for
the (CTG)98 cell line, and 0.9 for the (CTG)183 cell line.

Effects of homologous recombination on CTG repeats.
These results indicate that CTG repeats affect homologous
recombination processes in their vicinity; however, they do not
address the issue of CTG repeat stability during homologous
recombination. One way that instability might manifest itself
would be as changes in repeat length in APRT� and TK�

APRT� recombinants. To detect such changes, conversion and
crossover recombinants that retained their CTG repeats were
screened by PCR. No changes were found in recombinants
isolated from the (CTG)17 cell line. However, in addition to
the expected small variations detected in replicating popula-
tions of (CTG)98 and (CTG)183 cell lines (data not shown), five
large contractions were found among the 95 CTG-positive
recombinants from the (CTG)98 and (CTG)183 cell lines. Con-
tractions to 58, 76, and 81 repeats were isolated from the
(CTG)98 cell line; contractions to 96 and 157 repeats were
isolated from the (CTG)183 cell line. These contractions were

all associated with homologous recombination events: three
with conversions and two with crossovers. The contraction to
76 repeats, which arose in a conversion event, is shown in lane
10 in Fig. 3B. Five large contractions among 95 recombinants
(5%) represent a significant increase (P � 0.002) over repli-
cating cell populations, which yielded no large changes out of
252 colonies (�0.4%). These results indicate that long CTG
repeats yield large contractions at a 	10-fold-higher rate dur-
ing homologous recombination than during replication.

A second way that instability might manifest itself is as
rearrangements that disrupt the function of the APRT gene, or
of both the TK and APRT genes. Among 176 APRT� and TK�

APRT� colonies isolated from the (CTG)98 and (CTG)183 cell
lines, 17 were rearrangements, accounting for nearly 10% of all
colonies (Table 3). In contrast, the (CTG)17 cell line yielded no
rearrangements out of 69 colonies, and the other cell lines (33,
63, 65, 66) have yielded no rearrangements out of 429 APRT�

and TK� APRT� colonies (Table 3). Seventeen rearrange-
ments out of 176 colonies (10%) from the (CTG)98 and
(CTG)183 cell lines is significantly different (P � 2 � 10�12)
from 0 rearrangements out of 498 colonies (�0.2%) from the
(CTG)17 cell line and the pooled data from the other cell lines.
Thus, in a population that has been selected for a nearby
homologous recombination event, long CTG repeats are asso-
ciated with a 	50-fold-higher frequency of rearrangements
(10% compared with �0.2%).

To determine whether there might be a direct link between
recombination and the formation of rearrangements, 12 of the
17 rearrangements were examined by more extensive Southern
blotting and PCR analyses (Fig. 4). These rearrangements in-
clude a variety of deletions and insertions, but their common
feature is that they all involve the CTG sequence. In 7 of the
12 rearrangements, one or both of the restriction sites that

TABLE 3. Distribution of types of products among APRT�

and TK� APRT� colonies

Colony type and
cell line

No. of products (% of total)

Conversions Cross-
overs Mutations Rearrange-

ments Total

APRT�

GS3502 (CTG)17 38 (69) 10 (18) 7 (13) 0 55
GS3504 (CTG)98 27 (51) 11 (21) 10 (19) 5 (9) 53
GS3506 (CTG)183 31 (39) 34 (43) 8 (10) 7 (9) 80
Othera 172 (82) 28 (13) 10 (5) 0 210

TK� APRT�

GS3502 (CTG)17 0 14 (100) 0 0 14
GS3504 (CTG)98 0 11 (85) 0 2 (15) 13
GS3506 (CTG)183 0 27 (90) 0 3 (10) 30
Otherb 0 219 (100) 0 0 219

a These numbers are the sum of published data for cell lines GSB2, GSB5,
GSC4, GSC6, GSE1, GSE3, GS21-15, and AK209 (33, 63, 65).

b These numbers are the sum of published data for cell lines GSB2, GSB5,
GSC4, GSC6, GSE1, GSE3, GS21-15, AK209, AK784, and JAM1-41 (33, 63, 65,
66).

TABLE 4. Individual rates of formation of
different types of colonies

Colony type and
cell line

Rate (10�7)a

Conversions Cross-
overs Mutations Rearrange-

ments

APRT�

GS3502 (CTG)17 4.9 � 1.9 1.3 � 0.6 0.9 � 0.5 �0.13
GS3504 (CTG)98 3.5 � 0.9 1.4 � 0.5 1.3 � 0.5 0.7 � 0.3
GS3506 (CTG)183 3.5 � 1.2 3.8 � 1.3 0.9 � 0.4 0.8 � 0.4
Otherb 11.8 � 1.3 1.9 � 0.4 0.7 � 0.2 �0.07

TK� APRT�

GS3502 (CTG)17 0.9 � 0.3 �0.06
GS3504 (CTG)98 1.7 � 1.3 0.3 � 0.3
GS3506 (CTG)183 3.5 � 1.7 0.4 � 0.3
Otherb 1.3 � 0.2 �0.006

a Rates were obtained by multiplying the overall rate (Table 1) by the propor-
tion of all colonies represented by the specific type (Table 3). For example, for
GS3502 APRT� conversions the rate is 7.1 � (38/55) � 4.9. Standard rules for
propagation of error were used to combine the standard errors associated with
the rates in Table 2 with the sampling errors associated with the numbers of
events in Table 3, where the sampling error is plus or minus the square root of
the number of events. Specifically, the standard errors and sampling errors were
expressed as fractional errors, and the fractional error of the product was cal-
culated as the square root of the sum of the squares of the fractional errors. For
GS3502 APRT� conversions, the propagated error is 4.9 � [(2.5/7.1)2 � (6.2/
38)2]0.5 � 1.9.

b Other cell lines are those that do not contain a CTG repeat. The mean rates
shown in Table 1 were used for these calculations.
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flank the triplet repeat were deleted, indicating that the rear-
rangement encompasses the CTG repeat or ends within or
adjacent to it. In the other five rearrangements, extra DNA was
present at the site of the repeat.

In five cases the junction fragments were successfully ampli-
fied by PCR and sequenced. GS3504-200 from the (CTG)98

cell line and GS3506-289 from the (CTG)183 cell line were
shown to be simple deletions in which the entire CTG repeat,
along with adjacent sequences, was removed (Fig. 4). In the
other three sequenced rearrangements, a segment of DNA
including or immediately adjacent to the CTG repeat was
deleted and other sequences were inserted in their place. Sur-
prisingly, in each case the inserted sequences were derived
from the upstream copy of the APRT gene.

GS3504-639 from the (CTG)98 cell line appears to have been
derived from a conversion event that went awry. The down-
stream copy of the APRT gene now resembles the upstream
copy: it includes the mutation in exon 2, the FRT site from the
upstream sequence, the 3� truncation of exon 5, and the con-
tiguous plasmid sequences (Fig. 4). This homologous copy of
the upstream sequence is joined nonhomologously through its
plasmid sequences to the downstream APRT flanking se-
quences. GS3504-657 from the (CTG)98 cell line has picked up
34 bp from the upstream FRT sequence, which is joined non-
homologously to the remaining two CTG repeats and homolo-
gously to sequences on the 3� side of the downstream FRT site
(Fig. 4). GS3506-295 from the (CTG)183 cell line has retained
its CTG repeat but carries an insert in place of a 65-bp deletion
(Fig. 4). The insert consists of inverted copies of two discon-
tinuous segments of upstream sequences. One segment in-
cludes plasmid sequences and contiguous APRT sequences
extending from the truncated fifth exon into intron 3. The
other segment is an inverted 47-bp copy of sequences around
the upstream FRT site. These two segments are linked by a
6-bp sequence whose source is unclear.

The five sequenced rearrangements contain a total of eight
nonhomologous junctions. For six of those junctions the se-
quences of the DNAs that formed the junction are known,
allowing the homology at each of these junctions to be deter-
mined. These junctions display the microhomology that is typ-
ical of nonhomologous junctions in mammalian cells (64). One
junction had one nucleotide of homology, one junction had
two nucleotides of homology, and four junctions had three
nucleotides of homology. Thus, the rearrangements generated
during homologous recombination are complex, with elements
of both homologous and nonhomologous recombination in
evidence.

DISCUSSION

In this study we show that homologous recombination and
DNA replication destabilize CTG triplet repeats in distinct
ways, indicating that CTG repeats in CHO cells respond dif-
ferently to these two processes. During replication, the repeats
in the (CTG)17 cell line were stable, but those in the (CTG)98

and (CTG)183 cell lines were very unstable, giving rise to col-
onies with altered repeat lengths at very high frequencies: 45%
for (CTG)98 and 70% for (CTG)183. These changes included
expansions and contractions, usually less than three repeats in
length.

In contrast to the small changes observed in replicating cells,
large changes were common among homologous recombi-
nants. Once again, the changes were confined to the longer
CTG repeats, with (CTG)17 repeats being stable. The (CTG)98

and (CTG)183 cell lines showed two kinds of instability in
response to recombination. Large contractions of these CTG

FIG. 4. Molecular structures of rearrangements. The structure of
the APRT locus in the parental (CTG)98 and (CTG)183 cell lines,
GS3504 and GS3506, respectively, is indicated at the top. B and H
indicate sites of BamHI and HindIII cleavage, respectively. The CTG
tracts in these cell lines carry a BamHI site to the left of the CTG
sequence and a HindIII site to the right. Numbers to the right identify
individual colonies. Southern blotting was carried out on BamHI-
digested DNA and on HindIII-digested DNA for each colony. PCR
analyses were used to refine estimates of the positions of the ends of
the rearrangements. Boxes above the site of the original CTG se-
quence indicate various inserted sequences. Open boxes in GS3504-
658 and GS3506-859 indicate insertions that have not been further
characterized. For GS3504-200, GS3504-639, GS3504-657, GS3506-
289, and GS3506-295 the rearrangement junction fragment was iso-
lated and sequenced.
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repeats (greater than 15 repeats) were stimulated more than
10-fold by nearby homologous recombination events. High fre-
quencies of recombination-stimulated repeat instability have
also been reported for E. coli and yeast. In experiments where
both contractions and expansions could be assayed, some stud-
ies have reported a two- to eightfold preponderance of con-
tractions (26, 58, 59), whereas others have shown mainly ex-
pansions (17, 24, 25). Given the small number of characterized
examples in the present study, we can conclude only that re-
combination-associated instability in our system is biased in
favor of contractions.

The most striking manifestation of recombination-associ-
ated repeat instability, however, was a novel class of rearrange-
ments that extended outside the CTG repeats. These occurred
at a frequency more than 50-fold above the normal frequency
of rearrangements (33, 63, 65, 66). Three of the five sequenced
rearrangements had inserted DNA from the upstream copy of
the APRT gene at the site of the CTG repeat. In two of these
cases, one end of the rearrangement was clearly formed by a
homologous recombination event, while the other end was
formed by a nonhomologous event. These footprints of recom-
bination at the sites of rearrangements involving the CTG
repeats argue that homologous recombination is responsible
for these events.

Rearrangements associated with triplet repeats have been
noted previously for E. coli (24, 25, 57) and in patients with
fragile X syndrome (13, 15, 45, 47, 69). The characterized
fragile X rearrangements include deletions that encompass the
CGG repeat (13, 69) and deletions that have one end within
the repeat (45, 47), which are similar to the types of rearrange-
ments that we have identified for CTG repeats. Like the more
common CGG repeat expansion, deletions are observed at the
fragile X MR gene (FMR1) because they can eliminate the
function of FMR1, which is the basis for the disease phenotype.
By contrast, deletions of CTG repeats and flanking DNA se-
quences have not been observed as the cause of DM, presum-
ably because inactivation of the DMPK gene does not lead to
the disease (28, 78). Our results suggest that careful examina-
tion of somatic tissues from DM patients would uncover cells
with rearrangements of the type described here. Analysis of
patient samples, which usually focuses on changes in repeat
number with flanking PCR primers, may overlook these rear-
rangements. In general, rearrangements triggered by long
tracts of triplet repeats might be expected to contribute to the
progression of diseases such as fragile X syndrome and Frie-
dreich ataxia, which are caused by loss-of-function mutations,
but not of diseases such as DM and Huntington disease, which
are caused by gain-of-function mutations (10, 78).

For both replication and transcription, the effects on triplet
repeat stability in E. coli and yeast (6, 17, 23, 44, 53, 67) are
accompanied by a reciprocal effect on the process itself. Triplet
repeats have been shown elsewhere to interfere, for example,
with the progress of DNA polymerase (31, 77) and RNA poly-
merase (54). These reciprocal effects are presumed to have the
same root cause: the unusual structure adopted by the repeat.
In this study we have shown not only that CTG triplet repeats
are significantly destabilized by homologous recombination but
also that CTG repeats have a reciprocal effect on homologous
recombination. The most dramatic effect was observed for the
(CTG)183 cell line, which displayed a three- to fourfold-lower

rate of conversion and a two- to threefold-higher rate of cross-
over. In this cell line, an additional difference was evident
among the crossover class of recombinants. In previous studies
with other inserted sequences (63), the insert was retained (25
examples) about as often as it was lost (29 examples). Equal
retention versus loss was also observed for (CTG)17 (12 versus
12) and for (CTG)98 (9 versus 13); however, for (CTG)183

there was a significant bias (P � 0.002) toward loss of the
repeat (10 retained versus 41 lost).

In yeast, long triplet repeat sequences have been shown
previously to cause frequent double-strand DNA breaks, which
stimulate homologous recombination (3, 17, 26). In our stud-
ies, no substantial increase in homologous recombination was
observed, suggesting that CTG repeats do not induce frequent
DNA breaks at the APRT locus in CHO cells. Unlike E. coli
and S. cerevisiae, however, which repair breaks almost exclu-
sively by homologous recombination, mammalian cells repair
breaks by both homologous and nonhomologous processes. It
was shown previously that I-SceI-induced double-strand breaks
at the site where the CTG repeat sequences were inserted lead
to a 100-fold increase in homologous recombinants and to a
1,000-fold increase in rearrangements (64). In the present
studies we observed more than a 50-fold increase in rearrange-
ments for long CTG repeats. If these rearrangements had
resulted from CTG-induced breaks and the ratio of break
resolution by homologous and nonhomologous recombination
were maintained, we might have expected a fivefold increase in
homologous recombination, which would have been readily
detected. This line of reasoning does not rule out a low fre-
quency of CTG-induced breaks in CHO cells, but it does en-
courage us to think about other ways by which long CTG
repeats might influence homologous recombination.

Focusing on the (CTG)183 cell line, where the effects were
most evident, and on known recombination activities, we can
envision the following pathway. We assume that recombination
is initiated at a spontaneous double-strand break (that is, one
not induced by the CTG repeat) and the ends are stripped
normally, as outlined in Fig. 5. When the repeat becomes
single stranded, however, we propose that it forms a hairpin,
which triggers removal of the single-stranded tail by Ercc1/Xpf
endonuclease (14). This nuclease is known to remove single-
strand tails from standard DNA hairpins (14) but has not been
tested against triplet repeat hairpins. The resulting hairpin cap
might reasonably be expected to alter the ability of this inter-
mediate to participate in conversions and crossovers. For ex-
ample, if the terminal hairpin blocked strand invasion by pre-
venting the loading of Rad51 (4, 49, 72), then gene conversion,
which occurs predominantly by synthesis-dependent strand an-
nealing (SDSA), would be inhibited, as it is in the (CTG)183

cell line. By contrast, formation of crossovers, which occurs
mainly by single-strand annealing (SSA) and is not dependent
on Rad51 (52), would not be inhibited and might be increased,
as it is in the (CTG)183 cell line, if recombination intermediates
are diverted from the more common SDSA pathway. This
proposed scenario would also account for the preferential loss
of repeats from the crossover class of recombinants in the
(CTG)183 cell line. Finally, it is possible that the hairpin cap
shunts this abnormal intermediate toward resolution by a non-
homologous pathway, leading to rearrangements. This model
makes several testable predictions.
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In summary, our studies of CTG repeats in a mammalian
cell model system have revealed that replication and recombi-
nation each destabilize CTG triplet repeats in a length-depen-
dent manner. For (CTG)98 and (CTG)183, but not (CTG)17,
replication caused frequent small changes, while homologous
recombination caused frequent contractions and rearrange-
ments. The relative roles of these two processes, as well as
other aspects of DNA metabolism, in the normal etiology of
triplet repeat diseases are unclear. Additional studies with
model systems in mammalian cells and in animals will be re-
quired to define their contributions.
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