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Abstract
Tandem repeat expansion is responsible for the Repeat Expansion Diseases, a group of human
genetic disorders that includes Fragile X syndrome. FXS results from expansion of a premutation
(PM) allele having 55–200 CGG•CCG-repeats in the 5’ UTR of the FMR1 gene. The mechanism
of expansion is unknown. We have treated FX PM mice with potassium bromate (KBrO3), a
potent DNA oxidizing agent. We then monitored the germline and somatic expansion frequency in
the progeny of these animals. We show here that KBrO3 increased both the level of 8-oxoG in the
oocytes of treated animals and the germline expansion frequency. Our data thus suggest that
oxidative damage may be a factor that could affect expansion risk in humans.
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Introduction
Repeat expansion is a particular form of DNA instability seen in mammalian cells. This
expansion process is responsible for the Repeat Expansion Diseases, a group of ~20 human
disorders, that includes the neurodegenerative disorder, Huntington Disease (HD; MIM#
143100), and the leading familial cause of intellectual disability, Fragile X Syndrome (FXS;
MIM# 300624) (see (Mirkin, 2006) for review). Unlike the generalized microsatellite
instability seen when mismatch repair genes are mutated, instability in the Repeat Expansion
Diseases affects just a single tandem array, shows an expansion bias and can involve very
large increases in repeat number that occur within a single generation Furthermore, at least
in the case of CAG•CTG-repeats that are responsible for HD, functional mismatch repair
proteins including MSH2, MSH3 and PMS2 are required for expansion in mouse models
(Foiry, et al., 2006; Gomes-Pereira, et al., 2004; Manley, et al., 1999). The repeats
responsible for these diseases vary with respect to length and sequence. They also form
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intrastrand and interstrand secondary structures that are thought to contribute to the
propensity of the repeats to expand (reviewed in (Usdin and Grabczyk, 2000)).

Work in yeast and bacteria suggests that problems with replication, repair and recombination
can all produce instability (Bhattacharyya and Lahue, 2004; Bhattacharyya, et al., 2002;
Bowater, et al., 1997; Bowater, et al., 1996; Callahan, et al., 2003; Collins, et al., 2007;
Freudenreich, et al., 1998; Hashem, et al., 2004; Hirst and White, 1998; Ireland, et al., 2000;
Iyer and Wells, 1999; Jankowski and Nag, 2002; Jaworski, et al., 1995; Kang, et al., 1996;
Miret, et al., 1997; Napierala, et al., 2004; Parniewski, et al., 1999; Parniewski, et al., 2000;
Razidlo and Lahue, 2008; Refsland and Livingston, 2005; Schumacher, et al., 1998;
Schumacher, et al., 2001; Schweitzer and Livingston, 1998; White, et al., 1999; Yang and
Freudenreich, 2007). However, the mechanism responsible for expansion in humans remains
unknown. It is not even clear whether different diseases share a common expansion
mechanism, or whether the germline expansions occur by the same mechanism as the
somatic expansions seen in a subset of these disorders.

We have previously generated a Fragile X premutation (PM) mouse in which the
endogenous murine Fmr1 gene was retrofitted with ~130 CGG•CCG-repeats (Entezam, et
al., 2007). In humans, expansion of FMR1 (MIM# 309550) alleles with that number of
repeats is common, with small expansions predominating on paternal transmission and
expansion to >200 repeats occurring at high frequency on maternal transmission and
resulting in FX syndrome. We have shown that at least 2 mechanisms of expansion occur in
mice (Entezam and Usdin, 2008; Entezam and Usdin, 2009). One of these mechanisms
occurs in both males and females but has a paternal bias and may account for the small
repeat length changes seen in humans. The second one occurs exclusively on maternal
transmission and may correspond to the mechanism responsible for the large repeat length
changes seen on maternal transmission of human PM alleles. The DNA damage response
(DDR) kinase, Ataxia Telengiectasia Mutated (ATM) normally protects against the
expansions with a paternal bias, while a related kinase, AT and Rad 3-related (ATR)
protects against those expansions occurring exclusively in females (Entezam and Usdin,
2008; Entezam and Usdin, 2009). A number of compounds such as ethidium bromide,
caffeine and aspirin have been shown to affect CTG•CAG-repeat expansion in cells in tissue
culture (Gomes-Pereira and Monckton, 2006; Pineiro, et al., 2003; Yang, et al., 2003).
However, the mechanisms responsible are uncertain and to date no small molecules of any
kind have been tested in animal models.

In this manuscript we describe the effect of exposure of FX premutation mice to the potent
DNA oxidizing agent, potassium bromate (KBrO3). Bromate is a byproduct of the ozonation
process that is sometimes used for the disinfection of municipal drinking water. It is also a
common component of hair permanent wave kits and is still sometimes added to flour, fish
paste, beer and cheese. While renal toxicity is a hallmark of KBrO3 exposure, this
compound is also found in many other organs of treated rodents including liver, thyroid and
testes (Delker, et al., 2006). Bromate treatment also increases the incidence of micronuclei, a
sign of DNA damage, in the blood (Awogi, et al., 1992; Hayashi, et al., 1989) and bone
marrow (Hayashi, et al., 1988) of treated mice, and increases the incidence not only of
kidney tumors, but peritoneal mesotheliomas and thyroid tumors in rats as well (DeAngelo,
et al., 1998; Kurokawa, et al., 1986). KBrO3 is unusual amongst oxidizing agents in that the
predominant oxidized base it generates in DNA is 7,8-dihydro-8-oxo-guanine (8-oxoG)
(Ballmaier and Epe, 2006; Kawanishi and Murata, 2006). Failure to remove this residue
leads to the formation of 8-oxoG: A mispairs, which are poorly repaired. OGG1, an enzyme
that is responsible for excision of this oxidized base has been shown to be essential for the
generation of somatic expansions in a transgenic mouse model of HD, an expansion disease
involving a CAG•CTG repeat tract (Kovtun, et al., 2007).
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We show here that administration of KBrO3 in drinking water increases the frequency of
germline expansions in the FX PM mice. This suggests that KBrO3, perhaps via its ability to
cause oxidative damage to DNA, increases the frequency of FX repeat expansions. We also
show that mice haploinsufficient for Fen1 (Kucherlapati, et al., 2002) and mice homozygous
for a hypomorphic allele of DNA ligase I (LigI) (Harrison, et al., 2002) do not affect repeat
instability in the FX premutation mice. This may have implications for the mechanisms
responsible for repeat expansion.

Materials and Methods
Mice breeding and maintenance

The generation of the Fragile X premutation, Fen1 knockout and Lig146BR mice have been
previously described (Entezam, et al., 2007; Harrison, et al., 2002; Kucherlapati, et al.,
2002). 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). KBrO3 was administered via the drinking water that
was given ad libitum at a concentration of 0.5g/l KBrO3. All breeding pairs were derived
from litters that had been raised for at least 2 generations on bromated water. The breeding
pairs were also raised from birth with this solution as their sole source of drinking water.

Genotyping and repeat length determinations
Genomic DNA is prepared from mouse tail DNA or homogenized mouse tissue as
previously described (Entezam, et al., 2007). Fen1 and Lig146BR genotyping was carried out
as described elsewhere (Barlow, et al., 1996; Harrison, et al., 2002; Kucherlapati, et al.,
2002). The primer pair, frax-c and frax-f (Fu, et al., 1991), was used to detect both wildtype
(WT) Fmr1 and FXS premutation alleles. The size of the CGG•CCG-repeat tract was
monitored by Polymerase chain reaction (PCR) using frax-m5 (5’-
CGGGGGGCGTGCGGTAACGGCCCAA-3’) and 6-carboxyfluorescein (FAM) or 4,7,2′,
4′,5′,7′-hexachloro-6-carboxyfluorescein (HEX) labeled frax-m4 (5’-
CTTGAGGCCCAGCCGCCGTCGGCC-3’). The binding sites for these primers are located
immediately adjacent to the repeat tract and their 3’ ends are unique to the KI allele. The
reaction products were then run on a 3130XL Genetic Analyzer and analyzed using
GeneMapper® 3.7 (Applied Biosystems, Foster City, CA). Results were confirmed where
necessary by Southern blotting. PCR across long repeats typically produces multiple bands
and the size of each allele was calculated based on the mobility of the central band in the
cluster.

Detection of 8-oxoG
The levels of 8-oxoG in treated and control animals were examined in two ways. Ovaries
were immersed in Kahle’s solution (4% formalin, 28% ethanol, and 0.34 M glacial acetic
acid) immediately following euthanasia. After at least 24 hr in Kahle’s solution, the tissue
was embedded in egg yolk gelatin cooled to solidify the egg-gel, post fixed in 4%
paraformaldehyde overnight, and then blocks were sunk in 30% sucrose in 1% buffered
paraformaldehyde (Hoffman, et al., 2008). Sections of 30µm were cut on a freezing
microtome and placed into cryoprotectant antifreeze (Watson, et al., 1986) until staining was
begun. To initiate staining, the sections were rinsed in PBS, placed into 8OH-DG antisera
(AB5830, Millipore, Temecula, CA) diluted 1:75,000 in 0.4% triton X 100 for 48 hr at 4°C.
Sections were reacted using tyramide signal amplification (with biotinylated tyramide)
according to previously published methods (Berghorn, et al., 1994) (Hoffman, et al., 2008).
Following the fluorophore reaction with streptavidin Cy3, the sections were mounted onto
subbed slides, dried overnight, placed into a 0.0001% solution of Hoechst 33258
(pentahydrate (bis-bisbenzamide)), a DNA stain, for 10 min, dehydrated in ascending series
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of alcohol, cleared in xylenes, and coverslipped with Histomount (National Diagnostics).
Sections were viewed on a Nikon Eclipse microscope. Images were captured using a Retiga
cooled CCD camera and iVision software (Biovision Technologies, Exton PA).

The relative levels of 8-oxoG were determined in the ovaries of treated and untreated
animals as previously described (Senthil, et al., 2005). The DNA concentration was
determined using a Nanodrop spectrophotometer (Nanodrop Products, Wilmington, DE).
The quality and amount of this DNA was confirmed by gel electrophoresis in the presence
of ethidium bromide. Equal amounts of DNA from the ovaries of bromate treated animals
and untreated age-matched controls were tested in triplicate alongside an equivalent mass of
a 800 bp PCR fragment from the Fmr1 gene from untreated animals that was used as a
negative control. No signal was detected for the PCR product. The amount of antibody
binding to the treated and untreated samples was assessed by densitometry using a
Chemidoc system (Bio-Rad Laboratories, Hercules CA). The data for each animal was
averaged and expressed as the amount of 8-oxoG binding relative to the untreated sample.

Data analysis
Statistical analysis was carried out using a web-based version of the GraphPad QuickCalcs
Software (http://www.graphpad.com/quickcalcs). Analysis of the frequency of both
deletions and expansions was carried out using Fisher’s exact test. Since the deletion
frequency did not change significantly with either treatment or in either of the mutant
backgrounds, and since this supports previous data suggesting that expansion and
contraction are not reciprocal events but probably occur by completely different
mechanisms, the average expansion size was calculated as the sum of the total number of
repeats added in all transmissions showing an expansion as a function of the total number of
expanded alleles. Because of the presence of a small number of large expansions that could
skew the mean expansion size, we calculated the mean initially using the full data set. We
then recalculated the mean using a data set that excluded expansions more than 2 standard
deviations from the first mean. The significance of the difference between any 2 means was
calculated using Student’s T-test.

Results
KBrO3 exposure increases germline expansions of mouse FX premutation alleles

Potassium bromate generates 8-oxoG lesions in DNA and is carcinogenic to rodents when
provided in drinking water at a concentration as low as 0.02 g/l (DeAngelo, et al., 1998).
While in our experience doses higher than 0.5 g/l impaired survival and fertility, the ad
libitum exposure of mice to 0.5 g/l KBrO3 in their drinking water for multiple generations
produced no discernable effects on fertility (data not shown). Mice raised for at least 2
generations on water containing 0.5 g/l KBrO3 were used to study the effect of bromate on
repeat expansion in their progeny. This bromate dose produced elevated levels of oxidative
damage in some cells of the parents as evidenced by the higher level of 8-oxoG in the nuclei
of oocytes of bromate-treated animals compared to untreated ones (Fig. 1A) and the elevated
amount of 8-oxoG found in total ovary (Fig. 1B).

Consumption of bromate-adulterated water by these animals resulted in litters with fewer
error-free transmissions and more expansions than breeding pairs that were not bromate-
exposed (Fig. 2). Bromate increased the expansion frequency from 37% to 70% (1.9-fold)
and reduced the error-free transmission rate from 35% to 15% (2.3-fold) when the PM allele
was maternally transmitted (p=0.0036). Males showed an increase from 62% to 83% (1.34-
fold) in the expansion frequency (p=0.049) and a 3-fold decrease in the number of error-free
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transmissions, from 24% of alleles in the offspring of untreated males, to 8% in the offspring
of bromate-exposed males.

No significant effect of KBrO3 was seen on either maternal or paternal deletions (p=0.131
and p=0.769). This is one more piece of evidence to support the contention that expansions
and deletions in the repeat tract are caused by different mechanisms in mice (Entezam, et al.,
2007; Entezam and Usdin, 2008; Entezam and Usdin, 2009)..

Untreated males and females show no difference in the distribution of repeat length changes
in their progeny (Entezam and Usdin, 2008; Entezam and Usdin, 2009). When the PM allele
was paternally transmitted, there was a change in the distribution of repeat lengths (Fig. 3A).
In particular, the average size of the expansions changed from 6.58 repeats/expansion on
unadulterated water to 8.64 repeats/expansion on KBrO3 water if all the expansions are
counted. However, both means were affected by the presence of a small number of large
expansions. After correcting for such outliers by removing from consideration any
expansion >2 standard deviations from the mean expansion size, the mean expansion size
drops to 3.47 and 6.34 respectively. This corresponds to a 1.8-fold increase in mean
expansion size in the offspring of bromate-treated males relative to untreated males. In
contrast, the average expansion size and distribution of repeat length changes was smaller in
offspring with maternally transmitted PM alleles (Fig. 3B) and indistinguishable from what
is seen in untreated males (Compare gray bars in Fig. 3B with gray bars in Fig. 3A) and in
untreated females (Entezam and Usdin, 2008; Entezam and Usdin, 2009). We also examined
the brain, heart, liver, kidney and gonads of animals raised on bromate. Little, if any, effect
was seen on somatic expansions in animals 12 months of age (data not shown).

We had previously demonstrated the existence of ATR-sensitive expansions that arise both
in the diploid and haploid gamete of the FX PM mice (Entezam and Usdin, 2008). Thus
these expansions could arise from problems related to DNA damage occurring during
gametogenesis. No significant effect of bromate was seen on the expansion or deletion
frequency seen in the offspring of ATR+/− heterozygous females (p=0.609 and p=0.201
respectively). However, it is possible that the already high expansion frequency seen in this
genetic background, 86%, masks any effect of bromate.

Fen1 and LigI mutations do not affect repeat expansions
Since work in yeast suggests that mutations in the yeast homologs of FEN1 (MIM# 600393)
and LIG1 (MIM# 126391) increase the instability of CTG•CAG and CGG•CCG-repeats
(Callahan, et al., 2003; Freudenreich, et al., 1998; Ireland, et al., 2000; Refsland and
Livingston, 2005; Schweitzer and Livingston, 1998; White, et al., 1999; Yang and
Freudenreich, 2007), we decided to test the effects of mutations on these genes on repeat
instability. Fen1 null mice die early in embryogenesis. However, since heterozygous Fen1
mutant mice still show rapid tumor progression it suggests that Fen1 is insufficient in these
animals (Kucherlapati, et al., 2002). We thus examined the effects of Fen1 heterozygosity
on germline and somatic instability in our FX premutation mice. Lig1 null alleles are also
embryonic lethal. However, mice homozygous for a Lig1 hypomorphic allele, LigI46BR, are
viable but display increased genomic instability and cancer incidence (Harrison, et al.,
2002). We thus also examined the germline and somatic instability of the FX repeat in a
LigI46BR homozygous background. As can be seen in Table 1, no effect on intergenerational
instability was seen in either case. No effect on somatic instability was observed either (data
not shown). The lack of an effect of Fen1 heterozygosity on somatic instability we observe
in the FX PM mice is consistent with what has been reported in a knockin mouse model of
Myotonic dystrophy type I (van den Broek, et al., 2006). In a small study of a transgenic
mouse model of HD an increase in the germline expansion frequency was seen, however this
increase was not statistically significant (Spiro and McMurray, 2003). However, since some
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residual enzymatic activity is present in these animals, it may be that despite the other sorts
of DNA repair abnormalities seen in these animals, that the levels of these proteins are still
high enough to prevent expansion.

Discussion
We have shown that exposure of FX PM mice to KBrO3 results in increased levels of 8-
oxoG in cells of the ovary including the oocyte (Fig. 1). This is associated with a significant
increase in the expansion frequency and a corresponding decrease in the number of error-
free germline transmissions when PM alleles were maternally transmitted (Fig. 2 and 3). An
increased expansion frequency was also seen on paternal transmission. However, somatic
instability was not affected.

KBrO3 is a powerful oxidizing agent that generates a high proportion of 8-oxoG modified
bases in both DNA and RNA. Bromate becomes distributed throughout the bodies of treated
animals and is carcinogenic at doses significantly lower than the one used here (DeAngelo,
et al., 1998; Delker, et al., 2006). While an effect of bromate on processes other than the
generation of 8-oxoG cannot be conclusively ruled out, the presence of increased levels of 8-
oxoG in our treated mice raises the possibility that the bromate effect is mediated via its
ability to generate this oxidative product in DNA. This possibility is intriguing in light of the
demonstration that in a transgenic mouse model of HD, the somatic instability of the
CAG•CTG-repeats responsible for disease pathology has been shown to depend on the
activity of OGG1 (Kovtun, et al., 2007). Since OGG1 is a DNA glycosylase that is
responsible for removal of 8-oxoG as part of the BER process (Nash, et al., 1996), oxidative
damage to guanine may be an important trigger for repeat expansion. While, an OGG1
deficiency had no effect on the germline expansion frequency in the HD mouse model
(Kovtun, et al., 2007), it is possible that an alternative OGG1-independent pathway is used
to reduce the incidence of 8-oxoG lesions during gametogenesis. In principle, our failure to
observe an increase in somatic instability could be due to a lack of oxidative damage
occurring in these tissues. However, it is noteworthy that even the major target organ for
bromate damage, the kidney, showed no evidence of expansion. Thus it may be that somatic
cells have efficient error-free repair processes better able to deal with the increased 8-oxoG
load than oocytes.

A potential effect of oxidative damage on repeat expansion in FX premutation carriers is
important given that oxidative damage is a pervasive source of DNA damage in the
environment with ~2×204 oxidative DNA lesions being introduced into each human cell
each day. The byproducts of aerobic metabolism may be one source of oxidative damage.
This damage may be compounded by external sources of oxidative stress including
cigarettes or other tobacco products or pesticides like paraquat (Halliwell, 1987). Genetic
variation in the proteins involved in the response to oxidative stress may also be trans-acting
modifiers of such expansions.

Although Fen1 heterozygote and Lig1 hypomorphic mice show evidence of a variety of
defects including decreased growth rate and hematopoiesis and increased cancer incidence
(Harrison, et al., 2002; Kucherlapati, et al., 2002), these deficiencies do not result in changes
in either the germline or somatic expansion frequency in FX PM mice. Okazaki fragment
processing, which is essential for lagging strand DNA synthesis, and Long Patch BER, a
process often used to repair oxidative damage in mammals (Lu, et al., 2001), are strongly
dependent on both Fen1 and Lig1. The fact that mutations in these genes had no effect on
repeat expansion suggests that these processes are not involved in either promoting or
repressing repeat expansions in these mice. However, some residual enzyme activity is
present in both mouse mutants. Thus, the possibility that one or both of these processes play
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a role in repeat expansion but are much less sensitive to reduced levels of these enzymes
than other Fen1 or Lig1-dependent processes, cannot be conclusively ruled out.

Whatever the mechanism responsible for the effect of KBrO3 on expansions, our data lend
support to the idea that this compound, and others with similar effects, may be
environmental modifiers of repeat expansion and that mutations in genes that affect the
metabolism of KBrO3 or its products may be modifiers of expansion risk.
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Fig. 1.
8-oxoG in the ovaries of untreated and bromate-treated mice. Panel A. 8-oxoG in the
oocytes of untreated and bromate-treated mice. Sections of the ovaries of untreated mice (i)
and bromate-treated animals of the same age (ii and iii) were stained with antibodies to 8-
oxoG as described in the Materials and Methods. The DNA was stained with Hoechst
33258. The 8-oxoG staining regions are shown in red with the DNA shown in blue. Bars =
100 microns. The white arrows indicate 8-oxoG-positive signals in the oocyte nuclei. Note
that occasional cytoplasmic staining is also seen in bromate-treated ovaries, most likely due
to oxidation of mitochondrial DNA and RNA. Note that the oocyte shown in (iii)
demonstrates the typical perinucleolar clumping of DNA sometimes seen in oocytes of this
stage. The non-uniform distribution of 8-oxoG seen in the nuclei of some cells may reflect
the known clustering of 8-oxoG lesions in the human genome (Ohno, et al., 2006). Panel B.
Relative 8-oxoG levels in the ovaries of 2 bromate-treated mice and their age matched
controls raised on unadulterated water. The 8-oxoG levels in treated animals are expressed
relative to the amount of 8-oxoG in the appropriate age-matched control animals. Each bar
represents the average of 3 independent determinations.
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Fig. 2.
The effect of KBrO3 on the frequency of expansions and deletions seen on maternal and
paternal transmission of the PM allele in animals. The single asterisks on the first pair of
dark gray bars indicates that the difference between the expansion frequency seen in the
offspring of bromate-treated and untreated mothers is significant at a P value of <0.0001.
The double asterisks in the 2nd pair of dark gray bars indicates that the difference between
the expansion frequency seen in the offspring of bromate-treated and untreated fathers is
significant at a P value of 0.0114.
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Fig. 3.
Distribution of repeat length changes on maternal and paternal transmission of the PM allele
with and without KBrO3 treatment. The product of the total number of alleles of each repeat
size and the number of repeats added or lost to that particular allele class was divided by the
total number of expanded alleles examined. A) Transmission of the PM by KBrO3-treated
males leads to an increase in the number of larger expansions. The profile of repeat length
changes on paternal and maternal transmission in untreated animals is indistinguishable
(Entezam, et al., 2007; Entezam and Usdin, 2008). B) Paternal exposure to KBrO3 results in
larger repeat length changes than maternal exposure.
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Table 1

Expansion frequency of premutation alleles in Fen1 heterozygote, Lig1 46BR homozygote and WT mice.

genotype

Expansions

paternal
transmission*

maternal
transmission*

WT 31/51 (67%) 31/85 (37%)

FEN1+/− 51/76 (71%) 24/54 (44%)

Lig146BR 25/40 (63%) 36/107 (34%)

*
No significant effect of the genotype of the transmitting parent on expansion frequency is seen using Fisher’s exact test; no effect of genotype was

seen on expansion size was seen by Student’s t-test.
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