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Abstract
Although oxidative damage has long been associated with ageing and neurological disease,
mechanistic connections of oxidation to these phenotypes have remained elusive. Here we show that
the age-dependent somatic mutation associated with Huntington’s disease occurs in the process of
removing oxidized base lesions, and is remarkably dependent on a single base excision repair enzyme,
7,8-dihydro-8-oxoguanine-DNA glycosylase (OGG1). Both in vivo and in vitro results support a
‘toxic oxidation’ model in which OGG1 initiates an escalating oxidation–excision cycle that leads
to progressive age-dependent expansion. Age-dependent CAG expansion provides a direct molecular
link between oxidative damage and toxicity in post-mitotic neurons through a DNA damage response,
and error-prone repair of single-strand breaks.

Huntington’s disease is one of several progressive neurodegenerative disorders caused by CAG
expansion in the coding region of the Huntington’s disease gene (HD)1–3. Disease severity
and onset depend on the number of CAG repeats, which expand in germ cells during
differentiation. Recently, CAG expansion has also been detected in brains of Huntington’s
disease patients; large increases in CAG length are observed in striatum, the region most
affected in disease4. Age-dependent somatic expansion in brain cells cannot be monitored in
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humans; however, it is well documented in mouse models for Huntington’s disease5,6 and
myotonic dystrophy7. In R6/1 mice, which harbour a transgene containing exon 1 of the human
HD gene and include the CAG repeat, the inherited repeat tracts are stably maintained from
birth until roughly 11 weeks of age, but begin to expand at midlife and continue to increase in
length as these animals age6. The expanding CAG tract serves as a template for synthesis of
an increasingly toxic HD protein in brain1. Thus, in addition to the inherited expansion, somatic
changes in repeat tracts may contribute to toxicity. Indeed, published experiments demonstrate
that expression of the expanded HD gene is toxic in somatic cells, and that cell death is
accelerated and directly proportional to repeat length1,2. These data suggest that somatic
expansion may modulate onset and progression of toxicity, and that blocking somatic
expansion in the brain would be beneficial. However, the mechanism by which CAG
expansions might occur in post-mitotic neurons remains unclear.

Expansion correlates with DNA oxidation in vivo
We investigated whether age-dependent expansion in young (7–15-week-old) and older (15–
52-week-old) R6/1 transgenic mice had any relationship to oxidation, a major factor in ageing
(Fig. 1). Somatic tissues of R6/1 mice vary in the degree of expansion. However, tail, brain
and liver were particularly informative because they represented tissues with very different
degrees of age-dependent instability6 (Fig. 1a).

We found that the level and accumulation of oxidative DNA damage correlated well with the
degree of expansion (Fig. 1a, b). For example, 7,8-dihydro-8-oxoguanine (8-oxo-G) in the tail
was low and expansion was modest at all ages tested, whereas in liver and in brain, the lesion
level was high and expansion continued to progress with age (ref. 6; Fig. 1b). Oxidative lesions
including 8-oxo-G, 5-hydroxyuracil (5-OH-uracil), 5-hydroxycytosine (5-OHC), and
formamidopyrimidine (FAPY) tended to accumulate in brain and liver of R6/1 animals as they
age from 7 to 52 weeks (Fig. 1c, Supplementary Fig. 1a). Neither uracil nor 3-methyladenine
(3-meA) accumulated in any tissue at any age tested (Fig. 1c). Thus, the age-dependent
accumulation in DNA damage seemed to be somewhat restricted to oxidative lesions. Elevation
of oxidative damage was not limited to R6/1 animals. Control animals of equivalent ages
accumulated the same degree of oxidative lesions in all tissues tested (Fig. 1b, c). Thus, the
level of oxidation was not due to the presence of the transgene, but occurred during the process
of ageing.

No reduction in repair of DNA damage in R6/1 mice
The rise in oxidative DNA damage might reflect a decrease in the capacity to repair these
lesions or an increase in endogenous oxidation state with age. To distinguish between these
two possibilities, we directly measured the repair activity in tissue extracts from ageing control
and R6/1 animals. Repair of oxidized bases is typically initiated by cleavage of the C1
glycosidic bond by the action of a DNA glycosylase, followed by ribose-phosphate removal
and generation of a single-strand break (SSB)8. To evaluate repair activity, we synthesized a
DNA oligonucleotide containing a single base lesion, and measured generation of a 22
nucleotide cleavage product (Supplementary Fig. 1b) after incubation with tissue extracts of
young or old animals (Fig. 1d, illustrated is 8-oxo-G). For 8-oxo-G, the most common lesion
in DNA, we found no differences in repair activity between control or R6/1 mice at any age
tested (Fig. 1d). Moreover, repair was not significantly decreased with age for other lesions
tested (5-OHC, 3-meA, FAPY) with the exception of uracil (Fig. 1e). Thus, in vivo,
accumulation of oxidative lesions did not reflect a loss of repair, but rather an increase in
endogenous oxidative damage during normal ageing.
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Expansion occurs during normal repair of SSB
Although trinucleotide expansion in the brain has been observed in vivo, it has not yet been
determined whether the expansions are present in the terminally differentiated neurons in R6/1
animals. To address this issue, we isolated pure populations of neurons or astrocytes from the
cortex of R6/1 animals using fluorescence-activated cell sorting (FACS)9 (Supplementary Fig.
2a) and tracked CAG expansion (Fig. 2a, b). CAG somatic expansions were, indeed, present
in the terminally differentiated neurons from ageing animals. The CAG tracts in pure sorted
neurons were larger than those in the tail at 3 weeks, and were similar in size to the CAG repeats
in whole-cortex suspension before sorting (Fig. 2a, sorted neurons versus cortex mixture, 27
weeks).

Because the accumulation of oxidative damage in the brain correlated with age-dependent
expansion in vivo, we tested whether base oxidation could directly lead to CAG expansion.
CAG repeats posed no impediment to nicking and repair in vitro. In the presence of protein
extract and radiolabelled nucleotides, the CAG tracts within the human HD allele were heavily
labelled when purified plasmid DNA carrying the repeats was exposed to oxidizing conditions
in vitro (Supplementary Fig. 3).

We next tested the effects of base oxidation on the human HD allele in cultured cells. We
treated human Huntington’s disease fibroblasts with non-physiological levels of H2O2, to
artificially induce DNA oxidation and evaluated CAG repeat length. Peroxide was chosen as
the oxidizing agent because a major fraction of endogenous DNA damage arises during
mitochondrial respiration when the superoxide anion radical (O2

•−) is converted into hydrogen
peroxide10. We have previously shown in these cells that repeats are stably maintained when
DNA was replicated over multiple cell divisions11. In the same cells, however, acute treatment
with H2O2 uniformly led to CAG expansion of medium-length and disease-length alleles11
(Fig. 2c–e). Indeed, peroxide treatment caused a dose-dependent increase in SSB as measured
by the comet assay (Fig. 2f). Cells remained viable during the treatment (Supplementary Fig.
4) and repaired the SSBs within 2 h (Fig. 2f). Thus, oxidative DNA damage induced CAG
expansion, which occurred in the process of repairing SSB.

DNA expansion in human disease is length- and sequence-dependent. To test whether oxidative
damage in vitro caused expansion in a length- and sequence-dependent manner, we examined
the stability of other repetitive sites. We failed to observe expansions at other sites. TTC/GAA
repeats have been reported to be the longest tandem repeating array in the genome of
humans12. Despite the fact that this sequence contained C and G nucleotides every third base,
we were unable to detect expansion at this locus in peroxide-treated cells (Supplementary Fig.
2b). The results were similar for other sites tested (data not shown). Only CAG repeats at the
long HD locus expanded in vitro under conditions of oxidative damage, whereas non-CAG
sites seemed to be repaired faithfully.

Age-dependent CAG expansion in vivo depends on OGG1
In vivo, oxidized bases are repaired predominantly by the BER pathway13. The significant
level of SSB in Huntington’s disease fibroblasts after peroxide treatment was consistent with
such a mechanism. Thus, we tested whether DNA glycosylases, the enzymes which initiate
BER, contributed to CAG expansion. We first examined the role of OGG1, the primary enzyme
that recognizes and removes 8-oxoG from opposite C in DNA14,15. We crossed R6/1 mice
with mice lacking OGG1 (ref. 16) and measured the effects on age-dependent somatic
expansion in vivo (Fig. 3a, b). Surprisingly, we found that loss of this single glycosylase
significantly suppressed or delayed age-dependent expansion in vivo (Fig. 3a, b). Although
loss of OGG1 inhibited expansion overall, the effect was not absolute (Fig. 3b). Expansion
was prevented in roughly 70% of R6/1/OGG−/− animals. In the other 30%, tissue-specific, age-
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dependent expansion could be observed in either brain or liver as in age and gender matched
R6/1 littermates (Fig. 3b).

Many glycosylases have preferred but overlapping substrate specificity8,13–19. Therefore, the
dependence of CAG expansion for OGG1 was unexpected because, in vivo, any particular
glycosylase can be ‘backed-up’. To test further the specificity of OGG1 in the expansion
process, we created two additional lines by crossing R6/1 mice with mice lacking alkyladenine
glycosylase (AAG)20 or NTH1 (homologue of Escherichia coli endonuclease III)21
(Supplementary Fig. 5a). NTH1 prefers to excise thymine glycol17,19,21 whereas AAG
excises a variety of alkylated bases with the highest affinity for 3-methyladenine18,20. In
contrast to R6/1/OGG1−/− animals, deletion of either AAG or NTH1 in R6/1/AGG−/− and
R6/1/NTH1−/− mice did not reduce somatic expansion relative to their R6/1 littermate controls
at any age tested (Fig. 3c; Supplementary Fig. 5a). Thus, loss of the single glycosylase, OGG1,
was a dominant factor contributing to age-dependent expansion in vivo, despite the fact that
other DNA glycosylases were present and the tissues were competent for SSB repair.

Somatic expansion in R6/1 mice is length- and sequence-dependent
We tested whether somatic expansion in vivo in R6/1 animals recapitulated the features that
characterize the mutation in humans. First, it is widely accepted that the expansion mutation
occurs primarily at repeats capable of forming secondary structure2,3,22–24, and is not
accompanied by general microsatellite instability2,25 Second, in human disease, there is a
threshold CAG length, below which there is little probability of observing expansion. In
humans, CAG expansion is typically observed at tract lengths above 36 repeats26,27, whereas
in mouse, the threshold is around 100 (refs 5, 6, 28). Therefore, we tested in vivo whether age-
dependent expansion in R6/1 mice was (i) length-dependent, (ii) sequence-dependent, (iii)
occurred at other repetitive sequences, and (iv) whether loss of OGG1 altered these properties.

Expansion did not occur at short CAG repeats in R6/1 and in R6/1/OGG1−/− animals—it was
not observed in endogenous mouse HD gene (6 CAG repeats) in either line (not shown). We
next tested unrelated alleles containing longer CAG tracts. We found that CAG tracts on
chromosome 9 (19 repeats) and chromosome 7 (31 repeats) were stable in both R6/1 animals
and in R6/1/OGG1−/− mice (Supplementary Fig. 5b). Thus, loss of OGG1 in vivo blocked
expansion only at the long CAG tract (135 repeats) within the human HD transgene, the length
of which was above the threshold reported for the mouse homologue. We observed no age-
dependent expansion in R6/1 and in R6/1/OGG1−/− animals at sequences that lacked structure-
forming capability. Shown is polyA microsatellite (Supplementary Fig. 5b) but the same result
was observed for other microsatellites tested (data not shown). Thus, age-dependent somatic
expansion in R6/1 mice showed the properties observed in human disease.

OGG1 initiates CAG expansion during BER reconstituted in vitro
The in vivo requirement of OGG1 for expansion of CAG repeats implicated a BER mechanism.
Therefore, we tested whether expansion could be regenerated in vitro using purified human
OGG1 and the BER machinery. DNA polymerases can generate expansion on CAG-containing
templates by primer extension29–32 and on substrates that mimic BER intermediates32,33.
However, no experiments have tested the entire BER process beginning with the glycosylase
incision of a lesion within CAG duplex DNA. We synthesized two DNA templates, each 100
base pairs in length, in which a single 8-oxoG base was positioned 23 nucleotides from the 5′
end of one strand (Supplementary Fig. 6a, b, top panels). In the random template control
(Supplementary Fig. 6a), the base lesion was flanked by random sequence DNA of roughly
equal CG/AT content, whereas in the CAG template, the sequence was identical except that
the base lesion was flanked on the 3′ side by 19 CAG repeats (Supplementary Fig. 6b).
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We evaluated the BER pathway using a step-by-step addition of OGG1, apurinic/apirimidinic
endonuclease (APE1) and polymerase β (Polβ) to the reconstituted in vitro system. Removal
of the damaged base by OGG1/APE cleavage generates a fragment of 22 nucleotides
(Supplementary Fig. 6a, b). Polβ was chosen as the gap-filling polymerase because it is the
major BER polymerase in mammalian cells, and because it favours single nucleotide
additions34. If the CAG sequences did not promote expansion, the CAG templates should
behave as a random template. Polβ would restore the initial 23 nucleotide length and the
template to 100 nucleotides after ligation (Supplementary Fig. 6a). On the other hand, if the
CAG sequences promoted expansion, then some strand displacement/slippage should occur.
In this case, Polβ should yield multi-nucleotide additions (n > 1 nucleotide) and templates
longer than 100 nucleotides following ligation of looped intermediates (Supplementary Fig.
6b).

With both templates, OGG1 activity was strong, and no difference was observed in the products
between the CAG and random templates (Fig. 4a, lanes 1 and 4). Addition of APE1 resulted
in nicking of the phosphodiester backbone and the production of the 22 nucleotide fragment
(Fig. 4a, lanes 2 and 5). In the absence of APE, Polβ was unable to carry out strand extension
of the 22 nucleotide fragment, as expected (data not shown).

We found that gap filling by Polβ on the random template resulted in a single nucleotide
addition as the major product, and restored the base at the position 23 nucleotides from the end
(Fig. 4a, lane 3). In contrast, on CAG templates, OGG1/APE cleavage and gap filling synthesis
by Polβ generated longer addition products (Fig. 4a, lane 6; black dots). Three nucleotide
additions were favoured (Fig. 4b, black dots). On random templates, the addition of ligase
primarily restored the 100 nucleotide full-length starting material (Fig. 4c, lane 2), whereas on
the CAG template, ligation resulted in appearance of fragments corresponding to the starting
material as well as expanded products (shown in starred bracket Fig. 4c). Thus, OGG1-
mediated BER was able to initiate expansion through strand displacement/slippage during the
gap-filling step of BER, and both displacement and expansion depended on the CAG sequence.

Discussion
Here we demonstrate that, in vivo, age-dependent somatic CAG expansion is initiated in the
process of removing oxidized DNA bases, and is dependent on a single DNA glycosylase,
OGG1. The unexpected specificity for OGG1 is not due to a specific rise of its preferred 8-
oxo-G lesions because many oxidative DNA lesions accumulate in the brains of ageing R6/1
animals. Further, the requirement for OGG1 in CAG expansion does not seem to arise from
lack of functional back-up systems. All DNA glycosylases are present in R6/1 animals and the
tissues were competent for lesion repair (Fig. 1, Supplementary Fig. 1). Because only OGG1
suppressed the mutation, we favour a model in which the unusual dependence of expansion on
OGG1 arises from its interaction with the CAG tract in a manner that is not shared by other
glycosylases. Thus, redundant biochemical activities for removing oxidative DNA damage in
vitro may promote distinct biological consequences in vivo, which are relevant to the
mechanism for human neurodegenerative disease.

The specificity of OGG1 may indicate that 8-oxoG lesions are favoured within CAG sites and
occur frequently. Alternatively, OGG1 might bind better to CAG sequences or their DNA
tertiary structures, or binding may induce conformations that confer specificity. CAG
sequences can form DNA hairpins with mismatched bases every third nucleotide. We have
previously shown that binding of the MSH2/MSH3 complex to the CAG hairpin alters
properties needed for recognition and repair of mispaired bases35. Moreover, we and others
have demonstrated that loss of mismatch repair proteins, MSH2 (refs 6, 35–37), MSH3 (refs
35, 38) and PMS2 (ref. 39) abrogates age-dependent somatic expansion in vivo in a number of
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mouse models for Huntington’s disease and myotonic dystrophy. Because loss of OGG1 also
suppresses the mutation, these data imply that the mismatch repair complex physically or
functionally cooperates with OGG1 to promote expansion of the CAG repeat sequences.

Although many models have been proposed for trinucleotide expansion on the basis of in
vitro systems, the results presented here support the hypothesis that, in vivo, somatic expansion
in mammalian cells initiates from an OGG1-mediated BER mechanism. Somatic expansion
does not require cell division. We find that somatic age-dependent expansion occurs in neurons
well after these cells are terminally differentiated and mitotic replication has ceased. Likewise,
it has been demonstrated that loss of RAD52, RAD54 or Ku did not suppress CTG expansion
in the mouse model for myotonic dystrophy36. Thus, enzymes generally needed for repair of
double-strand breaks are not required for expansion in vivo. Our data indicate that a SSB
mechanism such as BER is more likely. Highly processive polymerases, such as Polδ or
Polε, can copy thousands of base pairs, and are often used to complete long-patch BER40.
Although we have not yet tested this hypothesis, strand displacement and gap-filling synthesis
over a long stretch of triplet repeat DNA might facilitate formation of larger structural
intermediates. Thus, long patch BER might also be relevant for large expansions associated
with non-coding regions of genes1,2.

Inheritance of an expanded CAG tract is the underlying cause for Huntington’s disease toxicity.
However, we propose a ‘toxic oxidation cycle’ model in which somatic mutations contribute
to onset and progression. The oxidation–excision–expansion cycle escalates with age as
oxidative lesions in the brain accumulate (Fig. 4d). The increase in oxidative lesions elicits a
DNA damage response and increases the need for OGG1 repair through a SSB mechanism.
Expansion would result from ‘error-prone repair’ in the process of gap-filling synthesis by a
strand displacement/slippage mechanism (Fig. 4d). Loop entrapment on one strand can place
constraints on the other strand and initiate restoration of duplex DNA. Because the ‘toxic
oxidation cycle’ is iterative with age, the resulting mutation would be predicted to grow
progressively (Fig. 4d). Oxidative damage has been recognized as a major cause of ageing and
neurological disease in all aerobic organisms11,14. CAG expansion at the disease allele in
Huntington’s disease provides a glimpse of the underlying molecular mechanism for at least
one neurodegenerative disease. However, the accumulation of oxidized bases in the brain
overwhelms the repair machinery throughout the genome, thereby increasing the probability
of unrepaired SSBs, which can be fatal41. Thus, the importance of oxidative DNA damage
and SSB intermediates probably extends beyond Huntington’s disease and has general
relevance to late onset neurodegeneration.

METHODS SUMMARY
Transgenic male mice B6CBA-TgN R6/1 (ref. 5) were crossed with C57BL/6J female partners
that lacked one of the glycosylases—AAG (ref. 20), OGG1 (ref. 16) or NTH1 (gift from L.
Samson). Cell lines from Huntington’s disease patients used in the study are described in
Methods. For the comet assay, SK-N cells untreated or treated with H2O2 were used. For in
vitro oxidation, a plasmid DNA that contained a truncated version of human HD
complementary DNA with 40 CAG repeats42 was treated with methylene blue, exposed to
visible light and used as a substrate in in vitro repair assay. Statistical analysis for CAG repeat
change was performed, and change was expressed as mean ± standard deviation (s.d.).
Statistical significance was determined by two-way analysis of variance (ANOVA), followed
by Fisher’s exact test. Details of FACS analysis, preparation of nuclear extracts and enzyme
cleavage assays, in vitro reconstitution of BER, preparation of nuclear DNA and lesion
detection by HPLC can be found in Methods.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Oxidative lesions accumulate in tissues of ageing mice
a, Age-dependent CAG repeat distribution in the tissues of R6/1 transgenic mice at indicated
ages. The vertical line designates the midpoint length of the CAG repeat distribution in the tail
of tested animals. Expansion is an increase in the number of CAG repeats indicated by the shift
of distributions to the right (x axis is length in base pairs). b, Left panel, level of oxidative
lesions in the tail (t), brain (br) (cortex) and liver (lv) for 8-oxo-G in control (Ctrl) and R6/1
animals at 7 (black) and 52 (grey) weeks. Right panel, accumulation (fold change) of the
number of lesions from 7 to 52 weeks. Error bars, s.d. c, Accumulation as in b for 5-OH-uracil,
3-meA and uracil. ★P < 0.01 for b and c. d, Repair activity (Methods) of 8-oxo-G DNA lesion
in R6/1 animals (black circles) and wild-type littermate control (open circles) does not change
with age (weeks) e, Quantified repair activity (%) of 8-oxo-G, 5-OHC, 3-meA, FAPY and
uracil as in d for the indicated tissues at 7 (black) and 52 (grey) weeks. Reported are the mean
repair activity (%) and the s.d. The limit of the s.d. is 50 (3-meA).
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Figure 2. Direct exposure to oxidizing agents causes expansion at the human HD locus in vitro.
aa, CAG repeat distribution of pure sorted cortical neurons at 27 weeks as compared with that
of the tail at 3 weeks and to whole-cortex cell suspensions of the same animal before sorting.
Vertical dashed line designates the midpoint length of the CAG repeat tract in the tail. Numbers
represent size standards. b, The quantified sizes of the repeat tract in tail at 3 weeks (light grey),
cortex mixture (dark grey) and pure sorted neurons at 27 weeks (black). Error bars, s.d.; Δ,
mean length change of CAG repeats. c–e, Fibroblasts (c and e) and lymphoblasts (d) from
Huntington’s disease patients treated in culture with indicated concentrations of hydrogen
peroxide. The expanded allele is 69 repeats and the normal allele is 16 CAG repeats. Expansion
in peroxide-treated cells versus untreated cells (Ctrl) was determined as in Fig. 1. f, Comet
assay for SSBs. Increasing peroxide treatment as indicated induces SSB as detected by comet
tails. SSBs were repaired in cells by 2 h post treatment (5 mM H2O2/recovery) as judged by
the loss of the comet tails.
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Figure 3. Age-dependent expansion is suppressed in mice lacking OGG1 glycosylase
a, b, Representative CAG repeat distributions in the tissues of R6/1 transgenic or R6/1/
OGG1−/− mice. a, Vertical dashed line designates the midpoint of the CAG repeat tract length
in the tail at 3 weeks (t1, white box). The CAG tract lengths in the tail (t2, light grey), brain
(br, dark grey) (cortex) and liver (lv, black) at 25 weeks in the same animal are shown. b, The
mean length change of CAG repeats (Δ) at the indicated ages in the tissues of R6/1 mice and
R6/1/OGG1−/− mice. Each value is expressed as the mean change and the s.d. Tissues are
indicated by colour: tail at 3 weeks in white; brain and liver at indicated ages in dark grey and
in black respectively. c, Quantified data for mean length change of CAG repeats from R6/1
mice, R6/1/AAG−/− or R6/1/NTH−/−. Tissues are indicated by colour: tail at 3 weeks in white;
tail, brain and liver at 27 weeks in light grey, dark grey and black respectively. Analysis is the
same as in a, b.
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Figure 4. OGG1 excision of 8-oxo-G within CAG repeat DNA can initiate strand displacement and
expansion in vitro during BER
a, Reaction products after step-wise addition of OGG1 (lanes 1 and 4), OGG1 + APE (lanes 2
and 5), and OGG1 + APE + Polβ (lanes 3 and 6) to random (left) or CAG (right) templates.
Red dots indicate 22 nucleotide excision/incision product, open and filled circles are 1
nucleotide and 3 nucleotide additions, respectively. b, Triplet pattern on CAG template as a
function of increasing Polβ concentration indicated by the triangle: 0 nM (lane 7); 0.5 nM (lane
8); and 1 nM (lane 9). c, Products of the BER reactions for random (left) or CAG (right)
templates in the absence (−) or presence (+) of DNA ligase. FL, 100 nucleotide full-length
product after ligation. The bracket and asterisk depict the 100 nucleotide FL template and larger
expansion products. Red dot as in a. d, ‘Toxic oxidation cycle’ model for age-dependent
somatic expansion. Endogenous oxidative radicals (O°) arising from mitochondrial (MT)
respiration creates oxidative DNA lesions. Under conditions of normal BER, OGG1/APE
cleavage produces a nick, and polymerase (Pol) facilitates hairpin formation during gap-filling
synthesis. CAG hairpins are stabilized by MSH2/MSH3 binding (red dot is a mismatch in the
stem) and escape FEN-1 loading and cleavage owing to a hidden 5′ end. The hairpin
intermediate is processed to restore duplex DNA generating a longer CAG template, which is
again subject to oxidative DNA damage. The cycle continues with age.
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