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Abstract: OGG1 and MSH2/MSH3 promote CAG repeat expansion at Huntington's disease (HD) locus in vivo during
removal of oxidized bases from DNA. CSB, a transcription-coupled repair (TCR) protein, facilitates repair of some of the
same oxidative lesions. In vitro, a knock down CSB results in a reduction of transcription-induced deletions at CAG repeat
tract. To test the role of CSB in vivo, we measured intergenerational and somatic expansion of CAG tracts in HD mice
lacking CSB, OGG1, or both. We provide evidence that CSB protects CAG repeats from expansion by either active reduction
of the tract length during parent-child transmission, or by antagonizing the action of OGG1, which tends to promote
expansion in somatic cells. These results raise a possibility that actions of transcription-coupled and base excision repair
pathways lead to different outcomes at CAG tracts in vivo.

INTRODUCTION smaller as the genes are passed down from generation to
generation [11,12]. Loss of PMS2 [14], the downstream
The progression and severity of triplet repeat disorders binding partner of MMR recognition complexes, has
are exquisitely sensitive to the size of the triplet tract significantly smaller effects on CAG/CTG instability
length [1-3]. Thus, there has been intense interest in relative to loss of MSH2/MSH3.
determining whether attenuation of tract expansion or
promotion of tract deletion has therapeutic potential. In Recently, we have reported that loss of a base excision
this regard, DNA repair proteins have been the focus of repair  (BER) protein  7,8-dihydro-8-oxoguanine
much attention [1-3]. In mice, loss of Ku, Rad 52, Rad glycosylase (OGGl) significantly diminishes CAG
54 [4], Xeroderma pigmentosum Type C (XPC) [5], expansion in HD mice [8}. We have speculated that the
MSHS6 [6,7], alkyladenine DNA glycosylase [AAG] [8], BER and MMR pathways cooperate to cause expansion
endonuclease III (NTH) [8] have little effect on during an attempt to repair 7,8-dihydro-8-oxoguanine
changing CAG or CTG tract length, indicating that (8-0x0G) lesion [8]. OGGI1 is a main glycosylase
double strand break repair, global genomic nucleotide responsible for recognition and removal of 8-0x0G.
excision repair (GG-NER), and repair of single base Mice lacking OGG1 show accumulation of 8-oxoG
mismatches have little influence on the change in tract lesions and increase in the level of spontaneous
size. On the other hand, the mismatch repair (MMR) mutation frequency [15-17]. However, detailed analyses
pathway for small loops appears to promote expansion. in these studies also indicated that repair of 8-0x0G in
Loss of MMR proteins MSH2 [4-6, 9-13] and MSH3 OGGI1(-/-) cells was not completely abolished
[6,7], specifically attenuates CAG/CTG expansion in suggesting a back up for the repair of this lesion in the
somatic and germ cells. In the absence of MSH2, the absence of OGG1. A number of studies have examined
length of the CAG/CTG tracts become increasingly the role of key transcription-coupled repair (TCR)
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protein, Cockayne’s Syndrome B (CSB), in removal of
oxidative damage. Embryonic fibroblasts from CSB(-/-)
mice were reported to be more sensitive to compounds
which induce oxidative stress [18]. Both nuclear and
mitochondrial DNA have been tested for accumulation
of various oxidative lesions in the absence of functional
CSB protein. The rates of accumulation of 8-0xoG and
8-0x0A in nuclear DNA were higher in CSB-deficient
cells [19,20] than in wild type cells. Similarly, both
CSB-null and helicase motif V/VI mutant cells showed
a lower activity for 8-0xoG incision in nuclear DNA
than cells carrying a functional CSB [21,22]. Lower
incision level for 8-0xoG in CS cells correlated with
reduced expression level of OGG1 [22]. A more recent
reports demonstrated that CSB protein localizes to
mitochondria, and the level of CSB in this cellular
compartment is elevated upon oxidative stress [23,24].
Following treatment with hydrogen peroxide CSB was
detected inside of mitochondria in the complex with
mtDNA, OGG1 and single-stranded DNA binding
protein [24]. Based on these data CSB has been
suggested to play a direct role in mitochondrial BER by
facilitating recruitment and stability of DNA repair
complexes inside of mitochondria [23]. Likewise, in
tissues of CSB knockout mice such as kidney, brain and
liver elevated levels of FapyA and FapyG lesions,
substrates for NEIL1 DNA glycosylase, were detected
(25). In vitro, CSB stimulated enzymatic activity of
NEIL1 (26) and has been shown to interact with other
BER enzymes, including AP endonuclease 1 [26] and
poly(ADP-ribose)polymerase (PARP1) [27]. A role of
CSB in global repair of oxidative damage has been
demonstrated in vivo using a mouse that carried non—
transcribed bacterial gene lac/ [28]. Comparison of
mutation frequencies at lacl between OGGI(-/-),
CSB™™ (mice which contain severely truncated version
of CSB gene) and CSB™"OGGI(-/-) animals has
revealed an elevated level in the latter suggesting that
CSB is involved in the inhibition of mutations caused
by oxidative DNA damage in a non-transcribed gene
[28].

A role of TCR-NER proteins and transcription in
stability of CAG/CTG repeats has been examined in
several model systems. The destabilizing effect of
transcription alone on repeat tract was reported in
bacteria, yeast and flies [29]. CAG/CTG tracts were
shown to delete upon active transcription in human cell
lines carrying long CAG repeats within intronic
sequence of HPRT minigene [29]. siRNA knockdown
of CSB in these cell lines reduces the frequency of the
deletions [30]. Similarly, the transcription-induced
germline instability of expanded CAG repeat locus
within SCA3 transgene was significantly diminished in
germ cells of Drosophila lacking a homolog of XPG,

another key enzyme of TC-NER pathway [31]. The role
of TC-NER in trinucleotide stability in mice in vivo has
not been examined. Whether CSB contributes to repeat
expansion by facilitating repair of oxidized bases within
CAG tract has not been tested in mice. In order to
address this we generated a cross between HD
transgenic mouse R6/1 and a mouse knock out for CSB
protein. In these crosses we have analyzed changes in
CAG tract i) upon parent to progeny transmission and
il) in somatic tissues upon aging. Our results here
indicate that the deletion of CSB leads to expansion
exacerbation in the germ cells. The level of expansion is
largely unchanged in somatic tissues of CSB(-/-) mice
as compared to R6/1 counterparts, while CSB/OGGI
double knock out mice show further progression of
somatic expansion with age, effect opposite to that
caused by the deletion of OGGI.

RESULTS AND DISCUSSION

To test the role of CSB on expansion in vivo, we
crossed R6/1 mice [32] harboring an expanded number
(130-140 units) of CAG repeats in exon 1 of human
HD gene (130-140 CAGs) with mouse lacking CSB
protein [33]. The HD transgene is ubiquitously
expressed in tissues of R6/1 mice [32], and CAG
repeats at the HD locus expand upon repair of oxidative
damage [8]. We analyzed both somatic and
intergenerational changes in CAG tract length in the
R6/1/CSB(-/-) crosses. In the germ cells, when
compared to their R6/1 counterparts (Figure 1, deletion,
white bar) the per cent of deletions in CSB(-/-) animals
was low (Figure 1, deletion, black bar) and the per cent
of stable transmissions remained the same (Figure 1,
stable, compare white and black bars). Remarkably,
however, CSB(-/-) animals showed a 5-fold increase in
expansion (Figure 1, expansion, black bar). In fact, CSB
promoted reduction of the CAG tract size during
transmission in vivo as effectively as MSH2 promoted
expansion (Figure 1, compare dark grey and black). The
absence of OGG1 did not significantly affect the level
of intergenerational instability (Figure 1, light grey),
suggesting that germ cells did not accumulate a
sufficiently high levels of oxidative lesions as did the
aging somatic cells, where OGG1 was shown to play a
more substantial role [8]. Thus, CSB plays a protective
role by reducing the CAG tract size during parent-child
transmission through the germline.

We then examined changes in CAG tract lengths in
somatic tissues of aging CSB(-/-) mice and compared
them to R6/I and OGGI(-/-) mice. Expansion was
previously shown to be attenuated in R6/I/MSH2(-/-),
R6/1/MSH3(-/-), and suppressed in 70% of
R6/1/O0GG1(-/-) animals. In contrast, at 39 weeks of
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age, expansion in liver and brain at the HD locus in
R6/1/CSB(-/-) mice did not diminish and was similar to
that of R6/1 animals (Figure 2). Since both OGGI1 and
CSB are involved in repair of oxidative lesions, and
OGGTI tended to promote CAG expansion in somatic
cells [8], we tested whether CSB and OGG1 had genetic
interactions that affected the CAG tract length (Figure
2). We created R6/I/CSB(-/-)/OGGI(-/-) double
knockout mice, and compared the level of instability in
somatic tissues relative to R6// and each knockout
alone. Opposite to expected, we found that expansion in
liver, brain and even tail in R6/1/CSB(-/-)/OGGI(-/-)
mice has progressed with age more than in
corresponding tissues of R6/1 or each single knock out
animals.
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Figure 1. Intergenerational instability in HD mice deficient in
different DNA repair enzymes. Bars represent the percentage
of progeny that display no change (stable), expansion or
deletion of the CAG repeats in mice that harbor the human HD
transgene in R6/1 (R), n=8 (white); R6/1(-/+)/0Oggl(-/-) (O),
n=8 (light grey), R6/1D(—/+)/Msh2(-/-) (M), n=12 (dark grey)
and R6/1(—/+)/CSB(-/-) (C), n=10 (black). Genescan analysis
was performed on tail DNA at 3 weeks of age. Repeat length
changes ranged from -4 to +4. The asterisk indicates
statistically significant differences in expansions and deletions
as judged by Student's t-test (P<0.05).

Thus, CSB appeared to antagonize and override the
effects of OGG1 in vivo, and exert a stabilizing effect
on the CAG tract in aging somatic cells. The CSB-
OGG1 antagonism at the CAG tract is surprising as
both proteins are involved in repair of oxidative damage
and appear to act in the same pathway. On the other
hand, CSB has been described to have additional
functions. It is known to have chromatin remodeling
activity [34] and to affect transcription [35]. Role of
CSB in transcription regulation is not limited to
damage-containing loci. The protein is reported to
localize to active transcription sites in the absence of
DNA damage [36], to associate with complexes
containing RNA polymerase I, II and III and to
stimulate polymerase elongation activity [37-39]. In
vitro, CSB has been shown to interact with both double
stranded DNA and core histones to modulate
nucleosome structure [34].

It was also reported to directly regulate transcription of
the genes involved in chromatin remodeling in the
absence of external stress [40]. Although recent studies
have identified the exact domains within CSB that are
responsible for its repair [41] and chromatin remodeling
activities [42], the details of how different functions of
CSB are integrated are not well understood. In relation
to the role of CSB in controlling CAG repeat stability,
CSB may facilitate chromatin re-arrangements and
coordinate the action of transcription and/or repair
machinery at the transcription sites or repair sites,
thereby keeping repeat length in check. It is possible
that in the absence of CSB, the stalled at the CAG
repeats polymerase transcription complex is processed
in a chromatin context in a way that promotes the
formation of hairpins [3], resulting ultimately in bigger
expansions. Future studies are needed to elucidate the
mechanism by which CSB regulates stability of triplet
repeats.

In conclusion, our results here suggest that the
mechanism by which CSB is influencing CAG repeat
stability is different from that of OGGl and may
involve its chromatin maintenance/remodeling activity.

MATERIALS AND METHODS

Mouse lines and breeding. Transgenic male mice
B6CBA-TgN R6/1 [32] were crossed with C57BL/6J
female partners that lacked one of the glycosylases
OGG1 [8], or TCR-NER protein CSB and bred until
they were homozygous knockout. Litters were screened
for the presence of human HD transgene [ref. 10 and
below] and the absence of each glycosylase by PCR
using following primers: 1) for OGG1- ATGAGGACC
AAGCTAGGTGAC (common), GCCTCACAATCAA
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Figure 2. Somatic instability in HD mice deficient in different DNA repair enzymes. (A)
Age-dependent somatic expansion in selected tissues of R6/1, R6/1(-/+)/CSB(-/-), R6/1(-
/+)/0GG1(—/-), R6/1(-/+)/CSB(—/-)/OGG1(-/-) presented as the mean length change of CAG repeats
and SD. Ages and tissues are indicated. The asterisks indicate statistically significant differences as
judged by Student's t-test; P<0.01 for (*), (**) and (***). (B) CAG repeat distributions in somatic
tissues of control R6/1 and CSB knock out mice. t1 is repeat distribution in tail at 3 weeks; while
expansion at 39-42 weeks in shown in tail (t2), brain (br) and liver (lv). Vertical dashed line
designates the major CAG length in the distributions measured in tail DNA at 3 weeks of age.

CTTATCCC (wild type) and ATCTGCGTGTTCGAA
TTCGCCAAT (knock out); 2) for CSB-GCTG CTTA
TAATAATCCTCATCTCC (common), ATCTGCGT
GTTCGAATTCGCCAATG (knock out) and GTCTT
CTGATGACGTTAGCTATGAG (wild type), 3) for
NTHI1 TCCCACTTTGTGTTCTAAGTACTGGGT
and GTCACAGACGCGACCATACTC ATTAG-
knock out; and CCTTGGCTCCTGCATGTGCCCAAT
and GCCAGAAGGGCTTCCTATGCATTTGTGGT-
wild type.

GeneScan analysis of CAG repeats. DNA was prepared
from mouse tissues at the indicated age 70 ng of DNA
was amplified with specific primers 1, 5-AAAAGCT
GATGAAGGCCTTCGAG-3',-labeled with a fluo-
rescence tag, propyl-phos phoramidite (6-FAM) (Glen
Research) and 2, 5'-CGGCGGTGGCGGCTGT TG-3'")
as described [10]. An internal size standard (2500-
TAMPA (Perkin Elmer)) was added to a 1.0 pl aliquot
of amplified fluorescent product the products were
analyzed using ABI prism 3700 DNA analyzer
instrument and the GeneMapper software v3.

Statistical analysis. The repeat size of the offspring
(selected as the size of the major CAG length in the
distributions) in each knock out group of mice was
compared to those in wild type group using a ¢ test. P
value for a given sample number is presented (Figure 1).
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