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Abstract
Fragile X-associated tremor and ataxia syndrome, Fragile X-associated primary ovarian
insufficiency and Fragile X syndrome are Repeat Expansion Diseases caused by expansion of a
CGG•CCG-repeat microsatellite in the 5′ UTR of the FMR1 gene. To help understand the
expansion mechanism responsible for these disorders we have crossed mice containing ~147
CGG•CCG repeats in the endogenous murine Fmr1 gene with mice containing a null mutation in
the gene encoding the mismatch repair protein MSH2. MSH2 mutations are associated with
elevated levels of generalized microsatellite instability. However, we show here for the first time
that in the FX mouse model all maternally and paternally transmitted expansions require Msh2.
Even the loss of one Msh2 allele reduced the intergenerational expansion frequency significantly.
Msh2 is also required for all somatic expansions and loss of even one functional Msh2 allele
reduced the extent of somatic expansion in some organs. Tissues with lower levels of MSH2 were
more sensitive to the loss of a single Msh2 allele. This suggests that MSH2 is rate-limiting for
expansion in this mouse model and that MSH2 levels may be a key factor that accounts for tissue-
specific differences in expansion risk.
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Introduction
The Fragile X-related disorders are a group of genetic conditions resulting from expansion
of a CGG•CCG-repeat tract in the 5′ UTR of the FMR1 (MIM# 309550) gene. These
disorders include a late onset neurodegenerative condition known as Fragile X-associated
tremor/ataxia syndrome (FXTAS; MIM# 300623) and Fragile X-associated primary ovarian
insufficiency (FXPOI; MIM# 300624), an ovarian disorder that is associated with infertility,
menstrual irregularities and menopause before the age of forty. These conditions are seen in
carriers of FMR1 Premutation (PM) alleles which have 55–200 repeats. These alleles show a
propensity to expand both in the germline and somatic tissue with the expansion risk being
related to repeat number. Children who inherit alleles with >200 repeats have Fragile X
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syndrome (FXS; MIM# 300624), the most common heritable cause of intellectual disability.
Repeat expansion is also responsible for a growing number of other human diseases as well,
including Myotonic Dystrophy type I (DM1; MIM# 160900), Huntington Disease (HD;
MIM# 143100) and Friedreich ataxia (FRDA; MIM# 229300). These disorders are
collectively referred to as the Repeat Expansion Diseases (Usdin, 2008; Usdin and
Grabczyk, 2000). The expansion mechanism is not known. It is not even known whether
different repeats/diseases share a common expansion mechanism or even whether germline
and somatic expansions in the same model system do.

Whatever the mechanism or mechanisms involved, expansion is thought to be related to the
ability of the disease-associated repeats to form secondary structures which act as substrates
for the expansion process. These structures, which include hairpins, tetraplexes and triplexes
(Mirkin, 2006; Mitas, et al., 1995a; Mitas, et al., 1995b; Suen, et al., 1999; Yu, et al., 1997;
Yu, et al., 1995), could potentially form whenever the DNA is unpaired, for example during
transcription or replication.

We have previously developed a mouse model for the Fragile X premutation (FX PM)
(Entezam and Usdin, 2008; Entezam and Usdin, 2009). This mouse contains a targeted
insertion of CGG•CCG-repeats in the PM range in the endogenous mouse Fmr1 gene. Using
this model we have shown that expansion occurs in postmitotic cells such as neurons
(Lokanga, et al., 2013) and that oxidative damage exacerbates repeat expansion (Entezam, et
al., 2010). This suggests that aberrant DNA damage repair rather than a DNA replication
problem may be responsible for expansion in FX.

Experiments with mouse models of DM1, HD and FRDA have shown a variable effect of
mutations in other genes involved in DNA replication and repair. Perhaps the most striking
of these is the effect of a mutation in the mutS homolog 2 (Msh2; MIM# 609309) gene. The
Msh2 gene product is involved in mismatch repair (MMR) as well as a variety of other DNA
repair processes including Transcription Coupled Repair (Leadon and Avrutskaya, 1997;
Mellon, et al., 1996) and the suppression of homologous recombination (HR), a DNA repair
process associated with the repair of double-strand DNA breaks and stalled replication forks
(Smith, et al., 2007). Msh2 null mutations abolish 96% of paternally and maternally
transmitted expansions in a mouse model of DM1, a disorder that involves CTG/CAG
repeats (Foiry, et al., 2006; Savouret, et al., 2003). Msh2 mutations abolished most
paternally transmitted expansions in a mouse model of another CTG/CAG-expansion
disorder, HD, but did not affect the frequency of the maternally transmitted expansions
(Wheeler, et al., 2003). In contrast, in a transgenic mouse model of the GAA/TTC-
expansion disorder FRDA, Msh2 mutations reduced somatic (Bourn, et al., 2012) but not
germline expansions (Ezzatizadeh, et al., 2012), and protected the parental gamete against
repeat contractions. Thus expansion may be generated in a number of different ways, some
of which involve Msh2 and some of which do not.

In order to assess the role of MSH2 in CGG/CCG-repeat expansion in FX PM mice we
examined the effect of an Msh2 null mutation on expansion in these animals. We show here
that the FX PM mouse falls at one end of what could be considered the “MSH2-dependence
spectrum” with MSH2 being required for all intergenerational and somatic expansions. Thus
our data serves to reinforce the idea of just how variable the consequences of the loss of
Msh2 can be for repeat instability in mouse models of different Repeat Expansion Diseases.
Furthermore, the effect of the loss of Msh2 in the FX PM mouse is also different in some
respects from what is seen even with MSH2-dependent expansions in the other mouse
models. Whether this reflects the modifying effects of cis- or transacting factors or a
fundamental difference in mechanisms that maintain genomic stability remains to be seen.
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Materials and Methods
Mouse maintenance

The generation of the FX PM mice was described previously (Entezam, et al., 2007). Msh2
mutant mice were a kind gift of Tak Mak (University Health Network, Toronto, Canada).
Both mice were in a C57BL/6 background. Mice were maintained in accordance with the
guidelines of the NIDDK Animal Care and Use Committee and with the Guide for the Care
and Use of Laboratory Animals (NIH publication no. 85-23, revised 1996).

Mouse breeding
Crosses were carried out with FX PM mice with ~147 repeats and Msh2 null mice to
generate Msh2+/+, Msh2+/−, and Msh2−/− mice carrying a single copy of the PM allele. These
mice were then crossed with Msh2+/+, Msh2+/−, and Msh2−/− mice carrying a normal Fmr1
allele. At least 3 different breeding pairs were used for each cross and the data pooled. The
relative proportion of expansions and contractions seen in Msh2+/+ mice was consistent with
data previously obtained for a large number of breeding pairs (Entezam, et al., 2007;
Entezam, et al., 2010; Entezam and Usdin, 2008; Entezam and Usdin, 2009).

Genotyping and analysis of repeat number
Msh2 genotyping was carried out as described previously (Reitmair, et al., 1995). The repeat
size was determined using a fluorescent PCR assay and FraxM4 and FraxM5 primer pair as
described previously (Lokanga, et al., 2013). The statistical significance of the differences in
the number of intergenerational expansions, contractions and unchanged alleles was
determined using Fisher’s exact test (QuickCalcs GraphPad Software; www.graphpad.com/
quickcalcs/) and pair-wise comparisons of different allele classes. The differences in the
distribution of repeats added or lost with intergenerational transmission were evaluated
using both the t test (QuickCalcs GraphPad Software) and the Mann-Whitney test
(VassarStats; VassarStats.net). To evaluate young animals and to help distinguish what
fraction of the PCR products observed represents bona fide expansions and contractions and
what are PCR artifacts we compared the PCR profiles generated by GeneMapper for
multiple animals of each genotype. The composite PCR profile for each genotype was
calculated by comparing the peak height of the PCR products corresponding to −5 to +5
repeats relative to the major allele in the PCR profile of 9–14 animals of each genotype. The
threshold for analysis was set at 10% of the height of the highest peak. Peaks higher than
this threshold were expressed as a fraction of the major allele. The normalized peak heights
for each genotype were averaged and the data plotted. Statistical evaluation was carried out
using the t test (QuickCalcs GraphPad Software). The Somatic Instability Index (SII) was
calculated as previously described (Lee, et al., 2010) and used to evaluate the extent of
somatic expansion in adult mice.

Results
MSH2 is required for both paternally and maternally transmitted expansions in the FX PM
mice

In order to assess the role of MSH2 in the expansion of the FX repeat we crossed our FX
PM mice, which have ~147 repeats in the endogenous Fmr1 gene, with Msh2−/− mice to
generate mice that had one copy of the PM and that were Msh2+/+, Msh2+/− or Msh2−/−. We
then crossed these mice with mice that had a normal Fmr1 allele but the same Msh2
genotype. We then examined the repeat number in the progeny of these mice using the DNA
from tails taken at 3 weeks of age. We also examined the repeat number in the organs of
mice at different ages. The repeat size was measured at single repeat resolution by capillary
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electrophoresis (CE) of a PCR product generated using a fluorescently labeled primer (24).
In 3-week old animals PCR amplification of these repeats produces a symmetrical size
distribution centered on the most prominent (major) PCR product. This product is thought to
represent the original allele in the offspring since it is also the major PCR product seen in all
organs of 2 month old animals (Lokanga, et al., 2013). While in principle, PCR products
smaller and larger than this product may reflect contractions and expansions respectively
from the original allele, some fraction of these products, particularly those smaller than the
major PCR product are thought to be “stutter-products” resulting from strand-slippage
during the PCR and the preferential amplification of alleles containing fewer repeats (Hite,
et al., 1996; Shinde, et al., 2003). In older animals the PCR profile typically shifts towards
larger alleles and broadens as somatic expansions accumulate. For intergenerational
transmissions, the major peak in the PCR profile of the offspring in the tail DNA at three
weeks of age was compared to the major product seen in the parental PCR profile using
DNA taken at the same age. PCR of the offspring and parental DNA was done at the same
time and the samples were analyzed in the same CE run. For the assessment of the extent of
postnatal somatic expansion, the PCR profile for each organ was compared to the PCR
profile in the heart, an organ that we have previously demonstrated to show little or no
expansion in adult animals (Lokanga, et al., 2013). The profiles were generated at the same
time and analyzed in the same CE run.

In Msh2+/+ mice expansions predominate when the repeat is transmitted intergenerationally.
They are seen in 62% of the offspring of Msh2+/+ females and 96% of the offspring of
Msh2+/+ males. In contrast, no expansions were seen in the offspring of Msh2−/− mice
irrespective of whether the PM allele was maternally or paternally transmitted (Fig. 1)
demonstrating that MSH2 is required for all maternally and paternally transmitted
expansions. While the loss of Msh2 eliminated expansions, the frequency of alleles that were
the same size as the parental allele or smaller than the parental allele both increased. The
increase in contractions seen in Msh2−/− mice suggests that MSH2 is not required for
intergenerational repeat contraction, supporting the idea that expansions and contractions of
the FX repeat occur via different mechanisms in these animals. However, it remains to be
seen whether defective mismatch repair itself contributes to contraction.

Even the loss of one Msh2 allele reduces the intergenerational expansion frequency
Female Msh2+/− mice had an intergenerational expansion frequency that was 41% lower
than Msh2+/+ animals, while male Msh2+/− mice had an intergenerational expansion
frequency that was 25% lower. However, while Msh2+/− parents transmitted expansions less
frequently than Msh2+/+ parents, the Msh2+/− and Msh2−/− offspring of Msh2+/− parents had
a similar likelihood of having an expansion as their Msh2+/+ littermates (Table 1). This
would suggest that intergenerational expansions are sensitive to the parental Msh2 gene
dosage but not the offspring’s Msh2 gene dosage.

The average size of each expansion was also sensitive to Msh2 gene dosage but only when
the PM allele was paternally transmitted (Fig. 2). In Msh2+/+ animals the average number of
repeats added was 7.7 when only those transmissions that resulted in expansions were
considered. In the case of Msh2+/− parents the average number of repeats added with each
paternally transmitted expansion was 5.5 repeats. The difference was significant at the level
of p=0.009 (t test) and p=0.007 (Mann-Whitney test). No significant difference in the
average expansion size between Msh2+/+ and Msh2+/− animals was seen when the PM allele
was maternally transmitted (3.2 vs 3.0 repeats added). No significant difference in the
average contraction size was seen in Msh2+/+, Msh2+/− or Msh2−/− animals further
supporting the idea that MSH2 is not involved in the contraction process itself in the FX
mouse model.
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Msh2 is required for early post-natal somatic expansion
The PCR profile in Msh2+/+ mice changes with age (Figs. 3 and 4), accumulating ever larger
alleles. In contrast, the PCR profile of Msh2−/− mice remains constant over the lifetime of
the animal. Comparisons of composite profiles of 1 day-old Msh2+/+ mice with either 21
day-old Msh2+/+ mice or 21 day-old Msh2−/− mice showed significant differences in the
proportion of PCR products with 2–5 repeats more than the original allele (p=0.004 and
p=0.041 respectively; Fig. 3B). The Msh2+/+ and Msh2−/− mice were also significantly
different at 21 days of age (p=0.00001). While the phenomenon of PCR “stutter” is known
to generate supernumerary peaks from templates containing simple repeats, the fact that
statistically significant differences are observed in the composite PCR profiles between
genotypes and time points in the fraction of +2 to +5 repeats present, argues strongly that
somatic expansions are occurring in Msh2+/+ mice and that early postnatal somatic
expansion requiring MSH2 is a feature of the FX PM repeats in this mouse model. Our data
suggests that at birth Msh2+/+ animals have already accumulated more expansions than 21
day-old Msh2−/− animals and these expansions continue to accumulate as the Msh2+/+

animals age.

There were no significant differences between any of the three composite PCR profiles in
the region containing 2–5 repeats fewer than the major allele. Whether these smaller PCR
products are in vitro artifacts or represent genuine in vivo contraction events or are some
combination of both is not known, but since they are same in Msh2+/+ and Msh2−/− animals,
whatever their origin, they are MSH2-independent.

Msh2 is also required for adult somatic expansion
We compared the extent of adult somatic expansion by examining the PCR profiles and
somatic instability index (SII), a general measure of repeat instability (Lee, et al., 2010), in
heart, liver, kidney, testes and brain taken from Msh2+/+ and Msh2−/− mice of different ages.
As previously reported, in the initial profiles taken 3 weeks post-partum no significant
differences between different organs were observed in Msh2+/+ animals (Lokanga, et al.,
2013). However, by 16 weeks of age differences in the profiles could be already be
distinguished in many organs including liver, brain, and testis (Fig. 4), with these differences
becoming more marked as the animals aged (Lokanga, et al., 2013). In contrast, neither the
PCR profile or the SII of the heart changed over time indicating that continued somatic
expansion does not occur in the adult heart (Lokanga, et al., 2013).

In Msh2−/− mice the PCR profiles of the organs of older mice were indistinguishable from
the PCR profiles of the same organs in young mice. These PCR profiles were also
indistinguishable from that of the heart at the same age (Fig. 4). The absence of any
effective change in repeat number is reflected in the fact that the SII does not change with
age in Msh2−/− mice (note that the instability index in the absence of expansions is negative
because the GeneMapper profiles are biased towards smaller products due the presence of
PCR artifacts and the potential preferential amplification of alleles with fewer repeats (Lee,
et al., 2010)). This suggests that there is no net gain or loss of repeat units in Msh2−/− mice
with age.

Msh2 gene dosage also affects the average size of somatic expansions
Msh2+/− animals showed less extensive increases in repeat number in adult somatic tissue
than Msh2+/+ animals (Fig. 5). In Msh2+/+ animals organs such as brain and liver show
saltatory increases in repeat number with age consistent with a series of successive “jumps”
in which an ever increasing number of repeats are added to the derivative allele (Lokanga, et
al., 2013). At 12 months of age these expanded alleles show a mean of 9.5, 20.5 and 12.5
repeats added in brain, liver and testis respectively. In contrast, in Msh2+/− mice, an average
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of 4.2, 11.8 and 9.8 repeats were added over the same period of time. The difference in the
extent of somatic expansion was significant for brain and liver but not testis (Fig. 5). Thus
the loss of even one Msh2 allele has the effect of reducing the number of repeats gained over
time in some organs. While it is formally possible that the smaller net gain in repeat number
in heterozygous mice reflects some contribution of increased contractions in Msh2+/−

animals, the fact that there is no gain in the fraction of PCR products smaller than the major
allele in Msh2−/− animals suggests that this may not be the case. The simplest explanation is
that the smaller net gain of repeats simply reflects a decrease in the rate at which somatic
expansions occur in Msh2-deficient animals.

Discussion
While MSH2 mutations increase the frequency of generalized microsatellite instability
(MSI) characteristic of cancer-predisposition disorders like Lynch Syndrome, we have
shown that Msh2 is required for all intergenerational expansions in the FX PM mice (Fig. 1).
Thus while MSH2 acts to protect the genome against generalized microsatellite instability,
functional MSH2 is required for expansion of the CGG/CCG-repeat tract in the FX PM
mouse. The obligatory role of Msh2 is seen irrespective of the gender of the transmitting
parent. The loss of even one Msh2 allele caused a significant drop in the expansion
frequency

Furthermore, while the Msh2−/− offspring of Msh2−/− mice showed no expansions, i.e., they
had an expansion frequency of zero, Msh2−/− offspring of Msh2+/− parents had expansion
frequencies of 38 % in the case of maternal transmission and 83% in the case of paternal
transmissions i.e., expansion frequencies that were not significantly different from their
Msh2+/+ and Msh2+/− littermates (Table 1). Thus expansion frequencies are sensitive to
parental gene dosage rather than offspring gene dosage. This suggests that the
intergenerational expansion that gives rise to the predominant new allele seen in young FX
PM mice occurs prezygotically. This is consistent with data from humans that demonstrates
that all organs of young full mutation (FM) fetuses, including testis, have a FM allele
(Malter, et al., 1997), indicating that expansion in humans occurs either in the gamete or
early in embryogenesis before germ layer differentiation has occurred.

However, while expansion can occur prezygotically, some post-zygotic expansion was also
seen (Figs. 3–5). Somatic expansion in juvenile Msh2+/+ animals appears to occur uniformly
in all organs. In addition, tissue-specific somatic expansion was also seen in older Msh2+/+

animals. Both juvenile and adult somatic expansions were dependent on Msh2.
Heterozygosity for Msh2 reduced the extent of adult expansions in some expansion-prone
tissue like brain and liver. However, the loss of one Msh2 allele did not have a significant
effect in testis, an organ that is also prone to expansion in Msh2+/+ animals (Fig. 5). The
reason for this may lie in the fact that MSH2 levels are much higher in testis than in brain or
liver (Lokanga, et al., 2013). It may be that the extent of expansion is dependent in part on
the availability of MSH2 to generate expansions and that in adult heterozygous mice, MSH2
is rate-limiting in brain and liver, but not in testis. A similar explanation could account for
the fact that in neonatal mice all tissues are equally expansion prone: MSH2 levels are
generally higher in neonatal rodents (Marietta, et al., 1998) and may thus not be limiting in
any tissue of very young animals. A variety of human MSH2 polymorphisms have been
described that affect protein efficiency (Mo, et al., 2012). Furthermore, a variety of factors
including estrogen (Miyamoto, et al., 2006), oxidative stress (Mo, et al., 2012) and TGF-β
(Yu, et al., 2010) can affect the expression and/or activity of proteins, including MSH2, that
are involved in MMR or other MSH2-dependent processes. Thus it is possible that
differences in genetic or environment factors such as these that affect the efficiency of
MSH2 and its associated proteins could account for the wide variation in somatic instability
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seen in PM and FM patient cells (Govaerts, et al., 2007; Grasso, et al., 1999; Han, et al.,
2006; Mannermaa, et al., 1996; Mila, et al., 1996; Petek, et al., 1999; Taylor, et al., 1999).

While the contraction frequency increased in the offspring of Msh2−/− animals, no change
was seen in the somatic instability index or the PCR profiles of Msh2−/− animals with age,
suggesting that there is no gain or loss of repeats in these animals and thus that somatic
contractions do not accumulate. Thus the loss of Msh2 has different outcomes in gametes
and somatic cells. The data we have presented here, along with our previously published
data suggest that expansions and contractions involve very different molecular pathways
(Entezam, et al., 2010; Entezam and Usdin, 2008; Entezam and Usdin, 2009). It may be that
somatic cells have lower levels of the proteins involved in the pathway that generates
contractions than gametes or that there is a minimum repeat number required for
contractions to occur that is higher in somatic cells.

The percentage of expansions that are MSH2-dependent in mouse models for other REDs
ranges from 0–96% depending on the sequence of the repeat, its genomic location and the
gender of the transmitting parent (Dragileva, et al., 2009; Ezzatizadeh, et al., 2012; Kovtun
and McMurray, 2001; Savouret, et al., 2003; Wheeler, et al., 2003). Thus our data places the
FX PM mouse model at one end of the MSH2-dependence spectrum, with MSH2 being
required for all maternally and paternally transmitted expansions as well as for all somatic
expansions. The loss of even one Msh2 allele has a significant effect on both
intergenerational and somatic expansion.

However, even the Msh2-dependent expansions seen in the different mouse models differ
from one another in many respects. These differences include differences in the expansion
frequency, the cell-type specificity, the sensitivity to Msh2 heterozygosity and the effects of
gender (Foiry, et al., 2006; Kovtun, et al., 2004; Manley, et al., 1999; Savouret, et al., 2003;
Savouret, et al., 2004; van den Broek, et al., 2002). However, evidence from bacteria, yeast,
human cells in tissue culture and work in mice suggests that factors like transcriptional
activity, sequence context and strain background can affect repeat instability (Ditch, et al.,
2009; Freudenreich, et al., 1997; Mochmann and Wells, 2004; Paiva and Sheardy, 2004;
Tome, et al., 2013). More work will be required to understand whether these factors fully
explain the differences between the different mouse models or whether different
mechanisms are in fact responsible for repeat expansion in different disease models.

Differences also exist between different mouse models in their response to the loss of Msh2.
For example, some mouse models of CAG/CTG expansion diseases show an increase in
intergenerational contractions in Msh2−/− animals without any significant increase in the
frequency of alleles corresponding in size to the original parental allele (Savouret, et al.,
2003; Wheeler, et al., 2003). This would be consistent with the idea that all alleles that
would have been expanded in the presence of MSH2 are processed to generate contractions
in its absence. This is different from the situation in FX PM mice where both unchanged and
contracted alleles are seen in Msh2−/− animals. The simplest explanation for this observation
is that in the FX PM mice, alleles that would normally be processed by MSH2 to generate
expansions in Msh2+/+ mice are, in Msh2−/− mice, processed by other pathways to yield both
unchanged alleles and contractions. Why the FX PM mice should differ from the other
mouse models in this respect is currently unknown. Perhaps it is related to differences in
how different repeats are processed in the absence of Msh2. This in turn could be related to
differences in the structures formed by the repeats, the proposed substrates for repeat
instability.

Whatever the molecular basis for these differences, it has been suggested that targeting
Msh2 or its binding partners may be a valid therapeutic approach to reducing expansion in
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disorders like HD and DM1 (Dragileva, et al., 2009; Gonitel, et al., 2008; Lopez Castel, et
al., 2010). Our data suggests that a similar approach could be useful in the FX-related
disorders.
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Fig. 1. The frequency of expansions, contractions and unchanged alleles in the offspring of
Msh2+/+, Msh2+/− and Msh2−/− mice
The repeat length changes resulting from both maternal and paternal transmissions of the FX
PM allele are shown. In all instances the parental repeat number was ~147. All differences
between Msh2+/+ and both Msh2+/− and Msh2−/− animals were significant at p<0.05
(Fisher’s exact test), except the difference in the percentage of unchanged alleles in Msh2+/+

and Msh2+/− females and the difference in the percentage of contractions in the offspring of
Msh2+/− and Msh2−/− females. The number above each bar corresponds to the number of
animals observed in that category.
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Fig. 2. The effect of Msh2 heterozygosity on the repeat length changes seen on intergenerational
transmission of the PM allele
Graph depicting the percentage of alleles with the indicated change in repeat length for each
genotype for paternal (Panel A) and maternal (Panel B) transmissions. Msh2+/+ and Msh2+/−

males showed a significant difference in the average number of repeats added when
expansions were considered separately from contractions (7.7 vs 5.5 repeats; p=0.009 by t
test and p=0.007 by Mann-Whitney). The difference between Msh2+/+ and Msh2+/− females
was not significant (3.2 vs 3.0 repeats, p=0.762 by t test and p=0.889 by Mann-Whitney).
The number of paternal contractions was too small to evaluate differences between
genotypes and no statistically significant difference in the number of repeats lost was seen
on maternal transmission from Msh2+/+ and Msh2+/− and Msh2−/− animals (average repeat
number lost was 2.5 and 2.9 for Msh2+/+ and Msh2−/− animals respectively, p=0.707 by t
test and p=0.105 by Mann-Whitney).
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Fig. 3. The effect of the absence of Msh2 on the PCR product profiles of male PM mice
A) Representative Genemapper profiles from tail DNA of 3 week old Msh2+/+ and Msh2−/−

mice and from tail DNA of 1 day old Msh2+/+ animals showing the PCR products
corresponding to −5 repeats to +5 repeats from the major allele. Note that the 3 week old
Msh2+/+ mouse inherited a parental allele that was one repeat larger than the parental allele
inherited by the other two mice. However, to facilitate comparison of the different peak
heights the PCR profiles were aligned so that the major peaks coincide. B) The composite
PCR profiles for 3 week old Msh2+/+ and Msh2−/− animals and newborn Msh2+/+ pups were
determined as described in the Materials and Methods. The error bars indicate the standard
deviation. *different from Msh2+/+ at p<0.05; **different from Msh2+/+ at p<0.01.
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Fig. 4. The effect of Msh2 gene dosage on somatic expansion in adults
A) GeneMapper profiles of 6 month old Msh2+/+ and Msh2−/− mice each with a starting
allele having ~147 repeats. The dotted line indicates the size of the original allele based on
the allele size in heart, an organ that shows little or no somatic instability (Lokanga, et al.,
2013). A LIZ 1200 standard and a ROX 500 standard were used for the Msh2+/+ and
Msh2−/− mice respectively, but the choice of standard does not affect the profile obtained.
Tail 1 refers to the tail DNA sample taken at weaning (3 weeks of age). Tail 2 refers to the
tail DNA sample taken at 6 months of age. B) The average somatic instability index (Lee, et
al., 2010) was calculated for the indicated organs based on data from 6 Msh2+/+ and 6
Msh2−/− animals at 4 and 6 months of age. The error bars indicate the standard deviation.
Tail 1 refers to the tail DNA sample taken at weaning (3 weeks of age). Tail 2 refers to the
tail DNA sample taken at 6 months of age.
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Fig. 5. Somatic expansion in Msh2+/− mice
A) Superimposed GeneMapper profiles of the repeats in brain, liver, and testis from a 12-
month-old Msh2+/+ and a 12-month-old Msh2+/− mouse, each with a starting allele having
~147 repeats. The dotted line indicates the size of the original allele based on the allele size
in heart, an organ that shows little or no somatic instability (Lokanga, et al., 2013). A ROX
500 standard was used for both the Msh2+/+ and Msh2+/− mice. B) The average difference
between number of repeats in the original allele (indicated by the dotted line) and the
number of repeats in the major derivative allele (repeat number added) for the indicated
organs based on data from 6 Msh2+/+ and 6 Msh2+/− animals at 12 months of age. The error
bars indicate the standard deviation. Differences in the repeat number added to the original
allele in Msh2+/+ and Msh2+/− mice was significant for brain and liver (p=0.0018 and 0.012
respectively). The differences the repeat number added in the testis of Msh2+/+ and Msh2+/−

animals was not statistically significant.
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