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Microsatellites in the Eukaryotic DNA Mismatch Repair
Genes as Modulators of Evolutionary Mutation Rate
Dong Kyung Chang,1 David Metzgar,2 Christopher Wills,2,3

and C. Richard Boland1,4
1Department of Medicine and Cancer Center, 2Department of Biology, and 3Center for Molecular Genetics, University of California San
Diego, La Jolla, California 92093-0688, USA

All “minor” components of the human
DNAmismatch repair (MMR) system—MSH3,
MSH6, PMS2, and the recently discovered
MLH3—contain mononucleotide microsatel-
lites in their coding sequences. This intrigu-
ing finding contrasts with the situation
found in the “major” components of the
DNA MMR system—MSH2 and MLH1—and,
in fact, most human genes. Although eukary-
otic genomes are rich in microsatellites, non-
triplet microsatellites are rare in coding re-
gions. The recurring presence of exonal
mononucleotide repeat sequences within a
single family of human genes would there-
fore be considered exceptional.

A study of 10,000 random primate (pri-
marily human) coding sequences (8.6 million
base pairs) showed that the average-sized se-
quence coding for a human gene is expected
to contain approximately 0.1, 0.03, and 0.006
mononucleotide runs of length 7 bp or more,
8 bp or more, and 9 bp or more, respectively
(Metzgar et al. 2000). Together, the four mi-
nor MMR genes contain three 7-bp runs, four
8-bp runs, and one 9-bp run. By nature of
their form and position within the genes,
these runs do not appear to be evolutionarily
homologous. The probability of finding this
many mononucleotide microsatellites by
chance in a group of four genes is 3.2 � 10�7

(0.43 � 0.124 � 0.024). Controlling for gene
length yields a probability of 1.3 � 10�6.
Therefore, the human minor MMR genes
contain a significant excess of mononucleo-
tide repeats. The probability would be even
lower if the calculation included the MED1
(MBD4) gene, considered by some to be an-
other minor MMR gene, which has an exonal
10-bp polyadenosine sequence.

We surveyed MMR gene sequences in or-
ganisms that ranged in complexity from pro-
karyotes to humans and found that the con-
stellation of microsatellites in the coding re-

gions of the minor MMR genes is a general
feature among eukaryotes (Table 1). Al-
though in some species, 7-bp mononucleo-
tide runs are sporadically found in the major
MMR genes, the longer runs, which are expo-
nentially more mutable, are exclusively pre-
sent in the minor MMR genes. Microsatellite
sequences are exceptionally vulnerable to
spontaneous insertion or deletion mutations,
and nontriplet microsatellites, when located
in coding sequences, are expected to intro-
duce frameshift loss-of-function mutations at
high frequency (Moxon et al. 1994). It is a
paradox that the MMR system, which limits
mutations in microsatellite sequences, would
be particularly vulnerable to mutation by vir-
tue of having microsatellites in its own cod-
ing regions. In the minor MMR genes, these
otherwise rare and generally negatively se-
lected sequences may have evolved by pro-
viding a survival advantage for eukaryotic
species. What evolutionary advantage could
microsatellites provide in the coding regions
of the minor MMR genes? We hypothesize
that the exceptional density of microsatellites
in the minor MMR genes represents a genetic
switch that allows the adaptive mutation rate
to be modulated over evolutionary time.

The demonstration of a surprisingly

high frequency of mutator strains among
bacterial pathogens appears to illustrate this
paradigm, which is an example of the pos-
sible advantage of a high mutation rate
within a population of organisms subjected
to marked changes in environmental condi-
tions (LeClerc et al. 1996). Under adverse ex-
perimental conditions, MMR-deficient bacte-
rial mutators outcompete nonmutators and
are common in natural and laboratory popu-
lations subjected to intensive selection
(Rosenberg et al. 1998). Theoretical work also
supports the advantage of mutator pheno-
types under conditions that require rapid
evolution (Sniegowski et al. 1997; Taddei et
al. 1997). Does this paradigm apply to eukary-
otes? We propose that the existence of mic-
rosatellites in MMR genes might be evidence
that extends this concept to higher organ-
isms (Fig. 1).

MMR proteins correct replication errors
and actively inhibit recombination between
diverged sequences (Chen and Jinks-
Robertson 1998; Kolodner and Marsischky
1999), thus controlling rates of mutation and
evolutionary adaptation. From yeast to hu-
mans, the MMR system is composed of ho-
mologs of the MutS and MutL genes of Esch-
erichia coli. Either MSH3 or MSH6 het-
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Table 1. Microsatellites in the Coding Regions of the DNA MMR Genes

MSH2 MSH3 MSH6 MLH1 PMS2a MLH3

Homo sapiens A7 A8, A7 C8, A7, T7 none A8 A9, A8
Mus musculus none noneb T7 none none –c

Saccharomyces cerevisiae none A10, A7 A8, T7, T7 T7, T7 A8, A7 none
Saccharomyces pombe A7, A7 A7d T8, A7, T7 A7, A7 A7 –
Drosophila melanogaster none – – A7 A7 –
Arabidopsis thaliana A7 none none none – –

MutS MutL

Escherichia coli none none

aIn yeast, PMS1.
bAAGAAAAAA in place of human A8 homologous sequence.
c(–) No available data.
dSwi4 gene, which has homology to MSH3.
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erodimerizes with MSH2, which creates
MutS-� or MutS-� complexes, respectively.
Similarly, PMS2 (PMS1 in yeast) heterodimer-
izes with MLH1 to make MutL-�, and MLH3
is also presumed to combine with MLH1.
When the function of either MSH2 or MLH1,
the major MMR proteins, is impaired, all
MMR activity is lost. However, when one of
the minor proteins is impaired, MMR func-
tion is retained or only partially perturbed be-
cause MSH3 and MSH6 have some functional
redundancy and can compensate, at least in
part, for the loss of the missing proteins. The
case may be similar with PMS2 (PMS1 in
yeast) and MLH3. As a result, the loss of ac-
tivity in any one of these minor proteins gen-
erates a weaker mutator phenotype than oc-
curs with loss of the major MMR proteins. A
high rate of frameshift mutations that inacti-
vate the minor MMR genes would provide a
eukaryotic lineage with a subpopulation of
individuals that exhibit mildly increased mu-
tation rates. These individuals would be ex-
pected to suffer decreased fitness owing to in-
creased deleterious mutations. Nonetheless,
under circumstances favoring rapid evolu-
tion, a hypermutable subpopulation would
also experience an increase in the rate of nec-
essary adaptive mutations. If these microsat-

ellite sequences had appeared in the coding
regions of the major DNA MMR genes, a
strong mutator phenotype would be likely to
occur; this phenotype might be less capable
of overcoming the hazardous effects of the
accumulation of deleterious mutations.

When strains acquire “favorable” muta-
tions during a transient hypermutable state,
they need to revert to a nonmutator pheno-
type to keep the newly-obtained adaptive
characteristics. Among the strains that have
acquired favorable mutations, only those that
revert to the nonmutator phenotype are
likely to survive. Asexual eukaryotes could
achieve the nonmutator phenotype through
direct reversion of the loss-of-function muta-
tion, because microsatellite mutations can re-
vert at a high rate. In contrast to other types
of mutations, such as transitions or transver-
sions, deletion/insertion mutations within
repeated sequences have a higher probability
of wild-type reversion, because only one ad-
ditional cycle of DNA polymerase slippage is
required to regain the original sequence. In
sexually reproducing eukaryotes, recombina-
tion would rapidly separate these adaptive
mutations from the (otherwise deleterious)
mutator phenotypes with which they would
initially be associated. Many of these mutator

alleles may in fact be removed by selection,
but recombination allows this to happen
while simultaneously retaining (or even fix-
ing) beneficial mutations that arose as a result
of the mutator alleles’ activity. In the minor
DNA mismatch repair genes, the microsatel-
lites may therefore act as an evolutionary
switch that modulates the mutation rate un-
der conditions that require rapid evolution.

Is the pool of mutator individuals large
enough to be relevant in a putative crisis? In
evolutionary terms, even a rare, more fit phe-
notype might be sufficient if these individu-
als survive and their progeny increase in
number. For example, in humans, there is a
non-negligible number of MSH6 minor MMR
gene germ-line mutations in families with a
weakly penetrant form of hereditary colon
cancer. Kolodner et al. (1999) estimated that
germ-line mutations in MSH6 might be pres-
ent in 1.5% of all the United States colorectal
cancer cases, because familial colon cancer
clusters that do not fulfill the Amsterdam cri-
teria for hereditary nonpolyposis colorectal
cancer (HNPCC) account for approximately
18% of colorectal cancers, and 8.1% of these
probands harborMSH6mutations. Moreover,
in 4.5% of the familial non-HNPCC pro-
bands, the germ-line mutations have been re-
ported to be located in the exonal polycyto-
sine repeat of the MSH6 gene (Shin et al.
1999). Perhaps these families represent a case
in point of the process we have described.
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Figure 1 Model of the survival advantage under conditions requiring rapid evolution conferred by the
weak mutator phenotype with a microsatellite (MS) sequence in coding regions of the minor DNA MMR
genes.
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