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M
yotonic dystrophy type 1 (DM1) is the most frequent
cause of adult muscular dystrophy. It is a progressive
multisystem disorder with an incidence of 1 in 8000

newborns. Its molecular basis is an expansion of a CTG repeat
in the 3’ untranslated region (UTR) of the DMPK gene on
chromosome 19.1 Fragile X syndrome is the most common
inherited cause of mental retardation. It is caused by an
expansion of a CGG repeat in the 5’ UTR of the FMR1 gene.2 3

The full mutation appears in approximately 1 in 4000 males
and 1 in 9000 females. The number of trinucleotide repeats
(TNRs) in most unaffected individuals is in the range of 5–35
repeats in DM1 and around 14–35 repeats in fragile X
syndrome. However, pathogenic loci bear expanded alleles of
up to several hundred or even thousand repeats in severe
cases.1 2 4 5

As with many other tandemly repeated microsatellite
sequences, pathogenic TNRs are highly unstable in both the
somatic and germ cell lineage, leading to expansions and
contractions in the length of the repeats in successive cell or
individual generations.6–8 Expansions in the number of TNRs
are known to be a molecular basis of genetic anticipation,9

the progressively earlier age of onset of a disease with
increasing severity in successive generations. An important
consequence of genetic anticipation is that the genetic
transmission is interrupted and, therefore, new pathogenic
alleles have to be generated from unexpanded alleles. Little is
known, however, about the mechanism(s) that cause a
stable, non-expanded allele to become unstable and patho-
genic, probably because normal length alleles are thought to
be stable compared with expanded pathogenic alleles. In
addition, much of the evidence for the mechanisms that are
thought to produce repeat expansion in pathological TNRs
are dismissed as irrelevant for normal alleles. Therefore,
understanding the factors influencing the instability of
normal unexpanded alleles is of critical importance.

A number of trans and cis acting factors have been proposed
to play a modulating role in the instability of expanded,
disease related TNRs.10 These factors are not mutually
exclusive and include the purity and length of the repeated
sequence,7 11 age of individuals,6 7 mitotic drive,12 the relative
position of the TNR with respect to adjacent origins of DNA
replication,13 and mutations in genes involved in DNA repair,
replication, and recombination.14–30 Mutagenic agents are
known to interfere with DNA metabolism by inducing DNA
lesions and repair, blocking transcription and replication,
and/or generating recombinational events to bypass or repair
the induced DNA lesions.31 Therefore, we have hypothesised
that mutagenic stress could result in an induction of
instability of unexpanded TNR sequences, leading to an
increase in the frequency of spontaneously occurring
contractions/expansions in repeat number. To test this
hypothesis, we analysed normal length TNR sequences at a
single repeat resolution by radioactive PCR and denaturating
polyacrylamide gels, using DNA from multiple single cell
clones expanded in the presence or absence of mitomycin-C

(MMC), a mutagenic agent able to induce interstrand DNA
cross links, strand breaks, and replication blockage. In
addition, and in order to uncover a potential role of a
functional mismatch repair (MMR) system in mutagen-
induced TNR instability, all experiments were done in MMR
proficient (SW480) or deficient cell lines (HCT116 and LoVo),
as well as in the HCT116 cell line corrected for MMR
deficiency by microcell mediated chromosome 3 transfer.
Here we show that normal length alleles are not as stable as
previously believed and that mutagenic stress induces TNR
instability through an MMR independent trans acting
mechanism.

MATERIALS AND METHODS
Cell l ines
The human (male) colon cancer fibroblast cell lines SW480
(MMR proficient), HCT116 (hMLH1 deficient), and LoVo
(hMSH2 and hMSH6 deficient) (kindly provided by Dr
M A Peinado, Institut de Recerca Oncològica, Hospital Duran
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Abbreviations: DM1, myotonic dystrophy type 1; MMC, mitomycin-C;
MMR, mismatch repair; TNR, trinucleotide repeat; UTR, untranslated
region

Key points

N The objective of this study was to explore the effect of
the mismatch repair genes MLH1 and MSH2/MSH6,
and mutagenic stress in the instability of normal length
(CTG)n and (CGG)n repeats within the myotonic
dystrophy and fragile X syndrome genes, respectively.

N Multiple single cell clones expanded in the presence or
absence of mutagenic stress (mitomycin-C) show that
normal length alleles can be destabilised with a clear
bias towards repeat contractions. The data also
suggest two mechanisms of mitomycin-C induced
repeat instability: a major mechanism independent of
mismatch repair and a minor mechanism dependent
on MLH1 deficiency.

N The major mechanism of mitomycin-C induced trinu-
cleotide repeat instability acts in trans, as the clones
presenting instability induced by mitomycin-C at the
CTG locus also presented instability at the CGG locus,
but not in a concurrently analysed mononucleotide
repeat. Our data therefore indicate that (a) normal
length trinucleotide repeats can be destabilised in their
natural genomic context and (b) that mitomycin-C
induces trinucleotide repeat contractions at normal
length alleles, through a major mismatch repair
independent trans acting mechanism.
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i Reynals, L’Hospitalet, Barcelona, Spain) were maintained in
RPMI medium supplemented with 15% fetal bovine serum,
1% pyruvate, 1% L-glutamine, and (1%) penicillin–strepto-
mycin as described previously.32 The HCT116 cell line
corrected for MMR deficiency by microcell mediated chromo-
some 3 transfer (HCT116+chr.3 cell line; generously provided
by Dr T Kunkel, National Institute on Environmental Health
Sciences, Research Park, NC, USA) was maintained under
G418 (400 mg/ml) selection in the same culture medium. The
length and sequence of the repeats in the different cell lines
are summarised in table 1.

Single cell cloning and culturing
Single cell clones were isolated from confluent cultures by
limiting dilution into 96 well plates. The cells were diluted in
culture medium at a concentration of 1 cell per 5 ml. Multiple
5 ml drops were deposited in Petri dishes and visualised using
an inverted microscope. Only drops with one cell were
individually plated into 96 well plates, in 100 ml of culture
medium (with or without mutagen, see below). The clones
were allowed to grow in the well and the medium was
changed once a week. The expanded clones were transferred
to 25 cm2 flasks and maintained until confluence, when DNA
was extracted by standard phenol–chloroform precipitation.
Because of the limitations of the PCR to amplify rare alleles,
only those contractions or expansions generated during the
first population doublings can be detected; however, the
clones were expanded until confluence to increase the yield
of DNA.

Treatment of single cell clones
MMC was diluted to a concentration of 1 mg/ml and stored
at 4 C̊. The concentration used in the microsatellite instability
assays (0.005 mg/ml) induced a similar reduction of 30–50% of
cell viability in all the cell lines analysed (data not shown).
Mutagenic treatment was continuous in all cases. The
medium with mutagen, at the indicated concentration, was
replaced once a week. Parallel single cell cultures were left
untreated to control for spontaneous instability.

Molecular analysis of microsatelli te instability
A total of 32–57 (40 in most cases) single cell clones per
treatment point and cell line were analysed for instability of
the CTG repeats at the DMPK locus (chromosome 19), CGG
repeats at the FMR1 locus (X chromosome), and the polyA
mononucleotide repeat BAT-25 (chromosome 1), which is
known to be unstable in MMR deficient backgrounds and
was included as an internal control of microsatellite
instability. Microsatellite instability was analysed by radio-
active PCR amplification and subsequent sequencing gel
electrophoresis to detect changes in the length of the alleles
at a single repeat resolution. The number of repeats in the
amplified sequences was checked using a 30–330 bp ladder
(GibcoBRLH) labelled with [c-33P]dATP. All PCR reactions

were performed in duplicate and run in parallel lanes of the
gels to replicate the results. The reactions were carried out in
a total volume of 25 ml with 1 mg of DNA using 3 mCi
[a-33P]dCTP or dATP. Amplification of the DM1-CTG repeats
was performed as described by Cobo and co-workers33 but
using the primers 101 and 102 described previously by Brook
et al.1 The amplification of the FMR1-CGG repeat was
performed using the PCR conditions and primers (C and F)
described by Fu et al.2 The BAT-25 mononucleotide micro-
satellite was analysed basically as previously reported,34 but
using the primers described by Parsons and co-workers.35 The
reaction products were separated by denaturing electrophor-
esis in 6% polyacrylamide gels containing 8 mol/l urea and
visualised by autoradiography, essentially as described
previously.36–38

Criteria for microsatell ite instabili ty quantification
Under the experimental design and conditions used, only
those mutant alleles generated during the first divisions of
the single cell clonal culture could be detected. Those
mutations that occur in later divisions remained non-
amplified because the normal pre-existing alleles were
preferentially amplified in the competitive PCR reaction.
However, those mutant alleles generated in the first divisions
were predominant enough to be detected because they were
clonally expanded. Each clone was derived from a single cell
and, therefore, any clone presenting alleles with repeat sizes
shorter (contracted) or longer (expanded) than the progeni-
tor allele was counted as an unstable clone bearing mutant
alleles. Thus, the mutation frequency can only be measured
at the single clone level. All mutant clones presented new or
additional alleles with a gain or loss of only one or two repeat
units.

Statistics
Statistical analysis of mutagen induced instability of micro-
satellite sequences was performed using Fisher’s exact test
comparing treated and untreated cultures. The degree of
coincidence in the profile of genomic instability of the three
markers, in multiple single cell clones of each cell line, was
performed either by analysing contingency tables and
performing the x2 test, or by the p value of Fisher’s exact
test, depending on the number of unstable clones.

RESULTS
The instability of three microsatellites (BAT-25, DM1-CTGn,
and FMR1-CGGn) has been studied in multiple single cell
clones expanded under the effect of a biologically effective
subtoxic concentration of MMC. A total of 32–57 (40 in most
cases) single cells derived from MMR proficient (SW480 and
HCT116+chr.3) and deficient (HCT116 and LoVo) cell lines
were clonally expanded in the presence or absence of MMC.
All single cell clones were analysed for instability of each of
the three microsatellite loci by radioactive PCR, sequencing
gels, and autoradiography. All single cell clones were PCR
amplified twice and electrophoresed in consecutive lanes of
the gels to confirm the results. PCR reactions and analyses
were repeated when PCR products of replicated reactions
gave non-coincident band patterns in consecutive lanes of the
autoradiographs. Some examples of the banding patterns
obtained in the present investigation are shown in fig 1.

Table 2 and fig 2 summarise the results on the spontaneous
and MMC induced instability of the mononucleotide repeat
BAT-25 and the DM1 and FMR1 TNRs in multiple single cell
clones of MMR proficient (SW480 and HCT116+chr.3) and
deficient (HCT116 and LoVo) cell lines. We found elevated
levels of spontaneous instability of the microsatellite BAT-25
in HCT116 (11 clones with expansions or contractions in the
repeat number out of 33 clones analysed, or 11/33 clones) and

Table 1 Sequence and size of the trinucleotide repeats
in the cell lines studied

Cell line

Myotonic dystrophy Fragile X*

Sequence
(CTG)

Size (no.
of repeats) Sequence (CGG)

Size (no.
of repeats)

SW480 Pure 12/13 10+AGG+8+AGG+9 29
HCT116 Pure 11/12 9+AGG+1+AGG+19 31
LoVo Pure 10/12 19+AGGAGG+8 29

HCT116+chr.3 was identical to HCT116 with the exception that the 11
CTG repeat allele was absent.
*All cells are male and therefore contain a single fragile X syndrome
allele.
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especially in the LoVo cell line (25/35) compared with the
MMR proficient cell lines SW480 (6/39) or HCT116+Chr.3
(0/40). This is consistent with the mutator phenotype

characteristic of MMR deficiency and confirmed the suit-
ability of our experimental design to detect microsatellite
instability.

Although a statistically non-significant tendency towards
higher instability of TNRs in MMR deficient cells (especially
the CGG repeat in the LoVo cell line and the CTG repeat in the
HCT116 cel line) was observed, both trinucleotides presented
a low spontaneous instability compared with the mono-
nucleotide repeat, irrespective of the MMR genetic back-
ground (table 2, fig 2). This result indicates that, in the
absence of mutagenic stress, a functional MMR plays a
secondary role in human cells to maintain the stability of
unexpanded TNRs associated with human diseases in their
natural genomic context.

MMC dramatically increased the frequency of unstable
clones in the SW480 cell line and, to a lesser extent, in the
HCT116 cell line (table 2, fig 3). DNA sequencing analysis of
the mutants confirmed that changes in the size of the PCR
products were to changes in the repeat number, rather than
to deletions elsewhere in the flanking regions (data not
shown). MMC induced an 18-fold increase in the frequency
of CTG repeat mutations (from 2.6 to 45% in untreated and
MMC treated cells, respectively; p,0.001) and a .20-fold
increase in the frequency of CGG repeat mutations (from 0.0
to 53.8%; p,0.001) in the SW480 cell line. In addition, all
MMC induced mutations had a contraction of the repeat
sequence (fig 3). This increase was not observed in the MMR
proficient HCT116+chr.3 cell line, indicating that the

Figure 1 Representative images of the analysis of microsatellite
instability by radioactive PCR and sequencing gels. Examples are shown
on the microsatellite BAT-25 in untreated SW480 (A) and LoVo (B) cells,
DM1 CTG repeat in untreated HCT116 cells (C) and MMC treated
SW480 cells (D), and the fragile X syndrome CGG repeat in untreated
(E) and MMC treated (F) SW480 cells. Eight (A,B) or seven (C–F) single
cell clones are shown in each case, with two repeated PCR amplicons in
each consecutive lane. The length of repeated sequences and the number
of alleles in each cell line are shown in table 1.

Figure 2 Spontaneous instability of the mononucleotide repeat BAT-25
and the trinucleotide repeats (CTG)n and (CGG)n in MMR proficient
(SW480 and HCT116+chr.3) and deficient (LoVo and HCT116) cell
lines.

Table 2 Spontaneous and mutagen induced instability of the mononucleotide repeat
BAT-25 and the myotonic dystrophy type 1 (CTG) and fragile X syndrome (CGG)
trinucleotide repeats in multiple single cell clones of MMR proficient (SW480 and
HCT116+chr.3) and deficient (HCT116 and LoVo) cell lines

Treatment Marker

Cell line

SW480 LoVo HCT116 HCT116+ch3

MC/TC (%) MC/TC (%) MC/TC (%) MC/TC (%)

Control BAT-25 6/39 (15.4) 25/35 (71.4) 11/33 (33.3) 0/40 (0.0)
CTG 1/39 (2.6) 0/36 (0.0) 3/32 (9.4) 1/40 (2.5)
CGG 0/41 (0.0) 6/57 (10.5) 1/44 (2.3) 0/40 (0.0)

MMC BAT-25 15/40 (37.5) 27/38 (71.0) 23/40 (57.5) 0/40 (0.0)
CTG 18/40 (45.0)*** 1/40 (2.5) 8/40 (20.0) 3/40 (7.5)
CGG 21/39 (53.8)*** 2/40 (5.0) 10/40 (25.0)** 0/40 (0.0)

MC/TC (%), mutant clones/total clones (percentage of mutant clones).
The difference between control and MMC treated cells is statistically significant with **p,0.01 or ***p,0.001.

Trinucleotide repeats within human disease genes 3 of 6

www.jmedgenet.com

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

g.2003.010298 on 16 January 2004. D
ow

nloaded from
 

http://jmg.bmj.com/


observed TNR instability induced by MMC in the SW480 cell
line is not dependent on a functional MMR. However, the
level of MMC induced TNR contractions is higher (p,0.001)
in the MLH1 deficient HCT116 cell line than in its genetically
matched MLH1 proficient HCT116+chr.3 counterpart (fig 3),
suggesting two mechanisms of MMC induced TNR instabil-
ity: a major mechanism independent of MMR and a minor
mechanism dependent on MLH1 deficiency. The negative
results obtained in the LoVo cell lines indicate that MSH2/
MSH6 deficiency plays no role in MMC induced instability.

To obtain further insights into the mechanisms of MMC
induced TNR instability in the SW480 and the HCT116 cell
lines, we next analysed the profile of MMC induced
microsatellite instability in multiple single cell clones (fig 4).
Surprisingly, we observed that most SW480 clones presenting
instability in the CTG marker (black squares) also presented
instability in the CGG marker but not necessarily in the
mononucleotide marker which profile of instability is not
coincidental. That was not the case in the HCT116 cell line
after MMC treatment. The coincidence in the profile of MMC
induced CTG and CGG contractions was highly significant
(p,0.001) and cell type (SW480) specific, suggesting a trans
acting mechanism of MMC induced TNR instability in this
cell line.

DISCUSSION
Expansions of TNRs are causally related to an increasing
number of human genetic diseases. Most studies have been
focused on expanded (pre-) pathogenic alleles that, unlike
normal length alleles, are known to be highly unstable at
both the somatic and germinal levels. Mouse models and

micro-organisms have been used to study such instability
and the role of MMR deficiency, although in these genetic
models the expanded pathogenic allele is out of its human
natural genomic context. In addition, the results are
conflicting, as MMR deficiency leads to TNR instability in

Figure 3 MMC induced expansions and contractions of the
trinucleotide repeats (CTG)n (DM1 locus) and (CGG) n (fragile X locus) in
MMR proficient (SW480 and HCT116+chr.3) and deficient (LoVo and
HCT116) cell lines.

Figure 4 Profile of MMC induced BAT-25, (CTG)n, and (CGG)n
microsatellite instability in 40 independent single cell clones derived from
the cell lines SW480 and HCT116. Grey and black boxes represent
stable and unstable (with contracted or expanded alleles) clones,
respectively, for each microsatellite analysed.
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Escherichia coli and yeast,15 21 whereas MSH214 and MSH322 are
required for TNR instability in mice. Other studies have
predicted no role of MMR in TNR instability in yeast.23 All
these studies were performed with expanded disease causing
alleles. Studies on the instability of non-expanded alleles are
very scarce. Here we show that non-expanded alleles are not
as stable as previously believed and can be dramatically
destabilised in their natural genomic context after mutagenic
stress by a trans acting mechanism independent of MMR. A
minor role for MLH1 was also observed in our study and,
therefore we concluded that there are two mechanisms of
MMC induced TNR instability: a major mechanism indepen-
dent of MMR and a minor mechanism dependent on MLH1
deficiency. To reach this conclusion, we have used a novel
approach based on the detection of instability of normal
length alleles at single repeat resolution in cell clones
expanded in the presence or absence of mutagenic MMC
treatment. This approach led us to conclude that MMC was
able to induce a .18-fold increase in the frequency of mutant
clones bearing contractions in both TNRs in the SW480 cell
line only. A minor increase in MMC induced TNR contrac-
tions was also observed in the MLH1 deficient cell line
(HCT116); however, such inductions were not observed in
the MSH2/MSH6 deficient cell line (LoVo) or in the HCT116
cell line corrected for MLH1 deficiency by microcell mediated
chromosome 3 transfer. This is in agreement with previous
data suggesting that MSH2 deficiency plays a minor role in
disease associated TNR instability in human cells24 or yeast.23

A previous study in cell lines also indicated that mutations in
hMLH1 or hMSH2/6 does not result in the instability of CTG or
CGG tracts to the levels observed in individuals with DM1 or
fragile X syndrome.25 However, the method used in that study
(Southern blot) did not allowed the detection of mutant
alleles resulting from expansions or deletions of single
repeats.

Interestingly, those single cell SW480 clones showing
MMC induced contractions at the DM1 repeat also presented
contractions at the FMR1 repeat. This finding is probably
unrelated to the number of repeats and their sequence or
purity in the different cell lines, as they all have a pure 10–12
CTG repeat sequence in the DM1 locus and 29–31 CGG
repeats with two interruptions in the fragile X locus. The
coincidence in the profile of TNR instability in the SW480
cells is highly indicative of a trans acting mechanism of TNR
instability in this cell line instead of a direct cis action of
MMC on the repeated sequence at both loci in each unstable
clone.

The exact mechanism(s) explaining our observation is
currently unknown. MMC is an S phase dependent mutagen
that induces DNA cross links that block replication. The
relationship between replication and TNR expansion is well
documented, especially in yeast, where mutations in genes
involved in the replication apparatus have been shown to
increase TNR instability.26 27 According to the literature, a
possible candidate is FEN1, a protein involved in base
excision repair and in the processing of the Okazaki
fragments during replication of the lagging strand,28 with
an important role in TNR stability, at least in yeast.29 30

However, human FEN1 immunoblotting experiments indi-
cate that FEN1 is present at normal expression levels and
molecular size in SW480 cell extracts (data not shown).
Another candidate gene we are now extensively investigating
is p53, as it is known that the SW480 cell line expresses a
non-functional p53 protein.

The fact that the non-coincidental increase of CTG and
CGG instability after MMC treatment is observed in
the HCT116 cell line but not in the corrected HCT116+chr.3
cell line suggests a cis effect of MMC in TNR instability
in an hMLH1 deficient background. Our results also

indicate that hMLH1 plays a role in the cellular response to
MMC.

In the present study we have identified mutagenic stress as
a new factor in disease associated normal length TNR
instability, suggesting that normal length alleles are not as
stable as previously believed. As all MMC induced altered
clones had contractions, this effect is probably unrelated to
the generation of (pre)pathogenic alleles from normal length
alleles. Moreover, the process regulating repeat instability in
somatic mitotic cells may be different to the situation in the
germline in vivo. To clarify a potential role of MMC in the
formation of pathogenic alleles, we are currently investigat-
ing by small pool PCR6 whether MMC modulates the repeat
dynamics of DM1 alleles in successive cell generations.
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