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A B S T R A C T

Xeroderma pigmentosum (XP) is a genetic disorder associated with defects in nucleotide excision repair, a
pathway that eliminates a wide variety of helix-distorting DNA lesions, including ultraviolet-induced pyrimidine
dimers. In addition to skin diseases in sun-exposed areas, approximately 25% of XP patients develop progressive
neurological disease, which has been hypothesized to be associated with the accumulation of an oxidatively
generated type of DNA damage called purine 8,5′-cyclo-2′-deoxynucleoside (cyclopurine). However, that hy-
pothesis has not been verified. In this study, we tested that hypothesis by using the XP group A gene-knockout
(Xpa−/−) mouse model. To quantify cyclopurine lesions in this model, we previously established an enzyme-
linked immunosorbent assay (ELISA) using a monoclonal antibody (CdA-1) that specifically recognizes 8,5′-
cyclo-2′-deoxyadenosine (cyclo-dA). By optimizing conditions, we increased the ELISA sensitivity to a detection
limit of ˜one cyclo-dA lesion/106 nucleosides. The improved ELISA revealed that cyclo-dA lesions accumulate
with age in the brain tissues of Xpa−/− and of wild-type (wt) mice, but there were significantly more cyclo-dA
lesions in Xpa−/− mice than in wt mice at 6, 24 and 29 months of age. These findings are consistent with the
long-standing hypothesis that the age-dependent accumulation of endogenous cyclopurine lesions in the brain
may be critical for XP neurological abnormalities.

1. Introduction

Xeroderma pigmentosum (XP) is an autosomal recessive genetic
disorder associated with defects in the nucleotide excision repair (NER)
pathway, which eliminates a wide variety of helix-distorting types of
DNA damage including ultraviolet (UV)-induced pyrimidine dimers,
such as cyclobutane pyrimidine dimers (CPDs) and (6-4) photo-
products, and bulky chemical adducts [1,2]. XP is characterized by
extreme UV sensitivity, abnormal skin pigmentation and an increased

incidence of sunlight-induced skin cancers [3–5]. There are seven dif-
ferent genetic complementation groups of XP (XP-A to XP-G) and a
variant form [12]. Importantly, about 25% of XP patients develop
progressive neurological abnormalities (XP neurological disease), with
a considerably higher rate in Japan [6–9]. The most severe and earliest
onset cases of XP neurological disease are seen in XP-A patients [10].
The symptoms of XP neurological disease include peripheral neuro-
pathy, sensory deafness, spasticity, cerebellar ataxia, mental dete-
rioration and microcephaly [11]. Those neurological abnormalities are
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caused by the primary degeneration of normally developed neurons
with resultant axonopathy and widespread gliosis [12,13]. However,
the mechanism(s) underlying the development of XP neurological dis-
ease remains obscure [14,15].

More than 40 years ago, Andrews et al. [10] reported that XP
neurological abnormalities correlate with colony-forming ability after
UV radiation using fibroblast strains derived from 24 XP patients. They
hypothesized that since UV radiation from the sun cannot penetrate the
skull, some types of endogenous DNA damage may arise in the brain
that are normally repaired by the NER pathway. In the absence of NER,
this postulated damage would accumulate and ultimately lead to neu-
ronal death due to the decreased expression of essential genes and re-
sult in XP neurological disease. In 2000, two research groups [16,17]
reported a class of oxidatively generated DNA damage called purine
8,5′-cyclo-2′-deoxynucleosides (cyclopurines) that are indeed substrates
exclusively for NER [16,17]. Further, it was demonstrated that these
lesions strongly block gene expression in mammalian cells [16,18–21].
Cyclopurine lesions are formed by the attack of hydroxyl radicals on
DNA and specifically on 2′-deoxyadenosine and 2′-deoxyguanosine
[22]. Hydroxyl radicals react with sugar moieties by abstracting an H
atom from C5′, resulting in the formation of the C5′ radical. The C5′
radical attacks the double bond between N7 and C8 of purine bases,
ultimately resulting in the formation of a covalent 8,5′-bond. Both 8,5′-
cyclo-2′-deoxyadenosine (cyclo-dA) and 8,5′-cyclo-2′-deoxyguanosine
(cyclo-dG) can exist in either of two diastereomers, denoted 5′R and 5′S
[23,24]. Cyclopurines can be induced in DNA by gamma irradiation
under anoxic conditions [25–27] or by transition metal ion-mediated
Fenton reactions [28,29]. Importantly, they are formed endogenously
in cellular DNA of mammals including humans [30–33] and are che-
mically very stable [34,35]. Thus, since cyclopurine lesions fulfill the
criteria for candidates of DNA lesions in the hypothesis regarding the
cause of XP neurological disease, the essential task for testing that
hypothesis is to demonstrate that more cyclopurine lesions accumulate
with age in brain tissues from XP patients or from XP mice than from
their controls. However, such evidence has not been provided, even
though several groups have actively quantified those lesions using a
liquid chromatography-tandem mass spectrometry (LCeMS/MS) cou-
pled with isotope-dilution technique [27,33,36–38].

To test the hypothesis, we used XP group A gene-knockout (Xpa−/

−) mice that are defective in NER and are highly susceptible to UV-B- or
chemical-induced skin carcinogenesis [39]. Moreover, since a sensitive
method capable of measuring small amounts of endogenous cyclo-
purine lesions was needed, we generated a monoclonal antibody (CdA-
1) that is specific for cyclo-dA (including both 5′R-cyclo-dA and 5′S-
cyclo-dA) in DNA [23] and used it in an enzyme-linked immunosorbent
assay (ELISA) for the quantification of cyclo-dA. However, the detection
level of the ELISA was as low as ˜10 cyclo-dA lesions/106 nucleosides in
0.5 μg DNA sample, and therefore was not sufficient to discriminate the
accumulation levels of cyclo-dA in tissues between Xpa−/− and control
wild-type (wt) mice.

In the present study, we first made efforts to increase the ELISA
sensitivity by optimizing several conditions. Then, to test the hypothesis
for the development of XP neurological disease, we used the improved
ELISA to investigate whether more cyclo-dA lesions accumulate with
age in the brain tissues of Xpa−/− mice compared to wt mice. We also
examined age-related accumulations of cyclo-dA in liver, kidney and
testis in Xpa−/− and in wt mice for comparison.

2. Materials and methods

2.1. Chemicals

A 20-mer oligonucleotide containing a single 5′S-cyclo-dA (5′S-
cyclo-dA-oligo; 5′-TCTCCCNXNGCGTGCGCCTT-3′) (where X is 5′S-
cyclo-dA and N is either A, C, G or T) and a corresponding control
oligonucleotide (control oligo) were purchased from Hokkaido System

Science (Sapporo, Japan). Calf thymus DNA (ctDNA) and bovine serum
albumin (BSA) were purchased from Sigma-Aldrich (St. Louis, MO). The
ctDNA treated with Fenton-type reagents (Fenton DNA) was prepared
by incubation for 24 h with 100 μM CuCl2, 800 μM H2O2 and 8mM
ascorbate as described previously [23].

2.2. Mice

All animal experiments in this study were conducted according to
the guidelines for the institutional animal care and use committee and
the safety committee for genetic recombination experiments of Tottori
University. Xpa gene-knockout (Xpa−/−) mice were generated by in-
sertion of the neo gene into exon 4 of the mouse Xpa gene [39], and had
a chimeric genetic background of CBA/C57BL6/CD-1. Xpa−/− and wt
mice were kept under specific pathogen-free conditions, housed in a
controlled environment at 20–26 °C, fed a CE-2 diet (Clea Japan Inc,
Tokyo, Japan) and sterilized water ad libitum.

2.3. Liquid chromatography isotope dilution tandem mass spectrometry
(LC–MS/MS) analysis

The levels of cyclopurine lesions in untreated ctDNA were quanti-
fied by using isotope dilution LC–MS/MS analysis as described pre-
viously [40,41].

2.4. Enzyme-linked immunosorbent assay (ELISA)

The level of cyclo-dA in each DNA sample was measured by a sen-
sitive direct ELISA using the CdA-1 antibody as described previously
[23] with some modifications. The modified ELISA method was the
same as before, except that : (1) the coating amount of single-stranded
DNA sample was increased to 1 μg per well, (2) CdA-1 antibody diluted
1:30,000 in 10mM PBS (0.14M NaCl, pH 7.4) was used, (3) goat anti-
mouse IgG (H+ L) conjugated to biotin, F(ab’)2 fragment (diluted
1:500 in PBS; Rockland Immunochemicals, Limerick, PA) was used, (4)
streptavidin-polyHRP80 (diluted 1:5000 in PBS containing 3% BSA and
1% Tween-20; STD, Baesweiler, Germany) was used.

2.5. Generation of a standard dose-response curve

Oligonucleotide samples containing various amounts of 5′S-cyclo-
dA (1–50 lesions/106 nucleosides) were prepared by mixing 5′S-cyclo-
dA-oligo and unmodified control oligo in different ratios. After coating
the samples on plates, the improved ELISA with the CdA-1 antibody was
performed to generate a standard dose-response curve between the
amount of 5′S-cyclo-dA and the antibody binding to them. A standard
curve was generated in each ELISA experiment to calculate the absolute
amounts of cyclo-dA.

2.6. Quantification of cyclo-dA in DNA from mouse tissues

Xpa−/− and wt mice were sacrificed by cervical dislocation at ages
of 1, 3, 6, 24 or 29 months, and their tissues, including the brain, liver,
kidneys and testes, were removed, soaked in liquid nitrogen and stored
at−80 °C until processed. Genomic DNA was then purified using a DNA
Extractor TIS Kit (Wako Pure Chemical, Osaka, Japan) according to the
manufacturer’s protocol. DNA samples from mouse tissues and un-
treated ctDNA were heat-denatured, coated on the same plate, and then
their binding of antibody (OD492 value) was measured by the im-
proved ELISA. The absolute amounts of cyclo-dA lesions in individual
DNA samples were calculated from their OD492 values, after sub-
tracting the OD492 value of ctDNA, using the standard dose-response
curve obtained from the same plate. In cases where the standard curve
was not obtained correctly, possibly because of detachment of oligo
samples from the plate, we used an average standard curve consisting of
23 typical standard curves that had been collected from the ELISA
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experiments in this study.

3. Results

3.1. Optimization of the sensitivity of the ELISA for cyclo-dA detection

We previously established an ELISA for cyclo-dA with a detection
limit of ˜10 cyclo-dA lesions/106 nucleosides in a 0.5 μg DNA sample
[23]. However, since that detection sensitivity was not sufficient to
discriminate the accumulated levels of cyclo-dA in tissues between
Xpa−/− and wt mice, we increased the ELISA sensitivity by optimizing
several conditions. Fig. 1 shows the effects of doubling the coating
amount of DNA from 0.5 to 1 μg/well on the sensitivity of the ELISA. In
both coating conditions, linear dose-response curves between the
amounts of cyclo-dA and the antibody binding to them were obtained.
As expected, 1 μg DNA coating produced 3-fold higher signals than the
original 0.5 μg coating.

Since the CdA-1 antibody has the ability to bind cyclo-dA in DNA, it
has some affinity for DNA itself, in addition to its strong affinity for the
lesion. In the original ELISA [23], a high salt (0.5M NaCl) buffer was
used to reduce the affinity of CdA-1 for DNA, but it resulted in lowering
the affinity for cyclo-dA in DNA at the same time. Thus, we investigated
the best combination of NaCl concentration in the buffer and the di-
lution of CdA-1 to increase the ELISA sensitivity. We initially measured
the levels of CdA-1 binding to Fenton DNA and to control DNA using
CdA-1 (diluted 1:10,000) in buffer with different NaCl concentrations
(Fig. 2A). Both levels increased with decreasing NaCl concentrations,
with the highest binding at 0.14M NaCl. To identify the optimal dilu-
tion of CdA-1 which produces high binding to cyclo-dA but low binding
to DNA, we performed the ELISA using 0.14M NaCl buffer with dif-
ferent dilutions of CdA-1 (Fig. 2B). We found that a CdA-1 dilution of 1/
30,000 is adequate for this purpose. The combination of CdA-1 diluted
at 1:30,000 and the buffer with 0.14M NaCl increased the ELISA sen-
sitivity more than 3 times. We could not find any further effective al-
terations to improve the ELISA sensitivity.

After incorporating those optimal conditions (shown in Figs. 1 and
2) into the ELISA, we generated a new dose-response curve (Fig. 3). The
linear dose-response curve suggests that the CdA-1′s specificity toward
cyclo-dA has been preserved in new conditions. The improved ELISA
produced a ten-fold increase in sensitivity compared to the original
ELISA with a detection limit of ˜one cyclo-dA lesion/106 nucleosides in
a 1 μg DNA sample.

3.2. Quantification of cyclopurine lesions in ctDNA by LC–MS/MS analysis

Isotope dilution LC–MS/MS analysis revealed that the levels (le-
sions/106 nucleosides) of 5′R-cyclo-dA, 5′S-cyclo-dA, 5′R-cyclo-dG and
5′S-cyclo-dG in untreated ctDNA are 0.43 ± 0.15, 0.00 ± 0.00,
7.79 ± 2.51 and 3.74 ± 1.18, respectively. Those numbers represent
the means (± SD) of n= 4 independent experiments. Thus, our ctDNA
contained 0.43 cyclo-dA lesions/106 nucleosides. When cellular DNA
damage (for example, UV-induced DNA damage) is measured by ELISA,
the difference in levels of antibody binding to antigen between UV-
irradiated DNA and unirradiated control DNA is utilized for calculation
of the lesion levels. However, since cyclo-dA is endogenously produced
in cellular DNA, there is no proper control DNA like unirradiated DNA.
In this study, we chose untreated ctDNA as control DNA, because it
contains only 0.43 cyclo-dA lesions/106 nucleosides, which is below the
detection limit of the improved ELISA. The control DNA was fully uti-
lized for the calculation of cyclo-dA levels in mouse tissues.

Fig. 1. Increase in ELISA sensitivity for the detection of cyclo-dA by increasing
the amount of sample DNA coated on the plate. CdA-1 binding to cyclo-dA was
compared between 0.5 and 1 μg/well oligonucleotides containing various
amounts of cyclo-dA using the ELISA with CdA-1 (diluted 1:10,000 in a high
salt buffer). Each point shows the mean (± SD) of three experiments.

Fig. 2. Increase in ELISA sensitivity to detect cyclo-dA by employing a low salt
buffer with a more diluted CdA-1 antibody. (A) Levels of CdA-1 binding to
Fenton DNA (˜200 cyclo-dA lesions/106 nucleosides) [23] and to control DNA
were measured by ELISA using CdA-1 (diluted 1:10,000) containing buffer with
different NaCl concentrations. Each bar shows the mean (± SD) of three ex-
periments. (B) Levels of CdA-1 binding to Fenton DNA and to control DNA were
measured by ELISA using 0.14M NaCl buffer with different dilutions of CdA-1.
Each bar shows the mean (± SD) of three experiments.

Fig. 3. Ten-fold increase in sensitivity for the detection of cyclo-dA using the
improved ELISA. The binding of CdA-1 to cyclo-dA was measured on oligo
samples containing various amounts of cyclo-dA using the improved ELISA,
which includes DNA coating with 1 μg/well and CdA-1 treatment with a 1/
30,000 dilution in a low salt (0.14M NaCl) buffer. Each point shows the mean
(± SD) of three experiments.
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3.3. Quantification of cyclo-dA lesions in tissues of Xpa−/− and of wt mice
at various ages

With the improved ELISA, we measured the levels of cyclo-dA in
genomic DNAs from brain, liver, kidney and testis from Xpa−/− and
from wt mice aged from 1 to 29 months (Fig. 4). For each data point, 3
different mice were used (with some exceptions), and ELISA measure-
ments were repeated many times to obtain the most reliable results.
Details of those measurements are shown in Table 1.

In the brain (Fig. 4A), cyclo-dA lesions indeed accumulated with age
in DNAs of Xpa−/− and of wt mice. The cyclo-dA levels were 5.9 and
3.8 lesions per 106 nucleosides at 1 month of age, and 36.3 and 18.1
lesions per 106 nucleosides at 29 months of age in Xpa−/− and in wt
mice, respectively. Remarkably, there were significantly more cyclo-dA
lesions in Xpa−/− mice than in wt mice at 6, 24 and 29 months of age.
Moreover, the level of cyclo-dA in the brain of 29-month-old Xpa−/−

mouse was highest of the 4 tissues examined. These results are in line
with the hypothesis for the development of XP neurological disease.

In the liver (Fig. 4B) and kidney (Fig. 4C), cyclo-dA lesions accu-
mulated in DNAs of Xpa−/− and of wt mice in an age-dependent
manner with consistently higher levels in Xpa−/− mice, which is

consistent with the results of the brain. However, differences in the
levels of cyclo-dA between Xpa−/− and wt mice at 6, 24 and 29 months
of age were much smaller in the liver (4.5, 5.8 and 7.8 lesions per 106

nucleosides) and kidney (8.6, 9.1 and 5.5 lesions per 106 nucleosides)
than in the brain (12.3, 12.7 and 18.2 lesions per 106 nucleosides),
respectively. These results indicate that the improved ELISA is suffi-
ciently sensitive to measure cyclo-dA levels in tissues of Xpa−/− and of
wt mice.

In the testis (Fig. 4D), in contrast to the other 3 tissues, very low
accumulations of cyclo-dA were observed both in Xpa−/− and in wt
mice aged from 1 to 29 months. The levels of cyclo-dA were not sig-
nificantly different between Xpa−/− and wt mice except at 29 months
of age. Interestingly, the levels of cyclo-dA in wt mice were higher than
Xpa−/− mice at 24 and 29 months of age. This indicates that the pat-
tern of age-related accumulation of cyclo-dA is tissue-specific.

4. Discussion

4.1. Mechanism(s) underlying the development of XP neurological disease

In the present study, we tested the hypothesis that XP neurological

Fig. 4. Levels of cyclo-dA in the brain, liver,
kidney and testis from Xpa−/− and from wt
mice at various ages. Using the improved
ELISA, cyclo-dA levels in genomic DNA from
the brain (A), liver (B), kidney (C) and testis
(D) from Xpa−/− and from wt mice aged from
1 to 29 months were measured. The data re-
present means (± SD) of the measurement
results. The numbers of mice and measure-
ments for each data point are shown in Table 1.
p values were calculated using an unpaired
two-tailed Student’s t test. *, p<0.05; **,
p < 0.01; ***, p < 0.001.

Table 1
Summary of ELISA measurements in mouse tissues.

Brain Liver Kidney Testis

Age
(months)

Total No
of mice

Total No of
measurements

Total No
of mice

Total No of
measurements

Total No
of mice

Total No of
measurements

Total No
of mice

Total No of
measurements

Xpa−/− 1 3 18 3 18 3 18 3 9
3 3 18 3 18 3 18 3 9
6 3 9 3 24 3 18 3 18
24 3 9 2 16 3 18 3 18
29 1 3 1 8 1 6 1 6

wt 1 3 18 3 18 3 18 3 9
3 1 6 1 6 1 6 1 3
6 3 9 3 24 3 18 3 18
24 3 9 3 24 3 18 3 18
29 1 3 1 8 1 6 1 6
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disease is associated with the accumulation of cyclopurines using the
Xpa−/− mouse model. To quantify cyclopurine lesions, we previously
established an ELISA with the CdA-1 antibody that can measure the
level of cyclo-dA, including both the 5′S and the 5′R diastereomers.
Moreover, by optimizing conditions, including the coating amount of
DNA sample, the concentration of CdA-1 and the NaCl concentration in
the buffer, we succeeded in increasing the ELISA sensitivity 10 times
with a detection limit of ˜one cyclo-dA/106 nucleosides in a 1 μg DNA
sample. Fortunately, this improved ELISA enabled us to determine the
accumulation levels of cyclo-dA in tissues of Xpa−/− and of wt mice. In
the brain, cyclo-dA lesions accumulated with age in genomic DNA of
Xpa−/− and of wt mice, but there were significantly more cyclo-dA
lesions in Xpa−/− mice than in wt mice at 6, 24 and 29 months of age.
Moreover, the level of cyclo-dA in the brain of 29-month-old Xpa−/−

mouse was highest of the 4 tissues examined. Thus, cyclopurine lesions
fulfill the criteria for candidate factors that cause DNA lesions in the
hypothesis regarding XP neurological disease, including: 1) substrates
exclusively for NER, 2) block transcription, 3) endogenous DNA lesions,
and 4) chemically stable DNA lesions. These findings based on the
Xpa−/− mouse model are consistent with the long-standing hypothesis
that the age-dependent accumulation of cyclopurine lesions in the brain
may be critical for XP neurological disease. To further validate that
hypothesis, it is necessary to confirm the accumulation of higher levels
of cyclo-dA lesions in neurons of brain tissues from Xpa−/− mice than
from wt mice.

There has been a report investigating cyclopurine levels at different
ages in NER-deficient Ercc1−/Δand in wt mice [33]. In the liver, cy-
clopurine levels increased with age in wt mice, and were dramatically
higher in age-matched Ercc1−/Δ mice. However, in the brain, there
were no age-dependent increases in the levels of most cyclopurine le-
sions in Ercc1−/Δ and in wt mice, maintaining constant levels such as
0.1-0.2 lesions/106 nucleosides. Since Ercc1 protein is involved in the
repair of DNA interstrand crosslinks and some double-strand breaks, in
addition to NER, the low levels of lesions in Ercc1−/Δ mice were in-
terpreted as possibly reflecting neuronal loss that has been shown to
occur in the brain of those animals [42,15]. However, the results in the
brain of wt mice, which is not damaged, are inconsistent with our
study. The different results provided by the different methods are dis-
cussed later.

Recently, it was reported that the neurodegeneration of XP-A pa-
tients may be associated with mitochondrial and mitophagic dysfunc-
tion through PARP-1 hyperactivation and NAD+/SIRT1 reduction [14].
That study suggested that this pathogenesis appears common to ataxia-
telangiectasia (AT) and Cockayne syndrome (CS), two other DNA repair
disorders with neurodegeneration. However, this may be hard to accept
as a primary mechanism, because there are major differences in neu-
rodegeneration among XP-A, AT and CS patients [43]. Thus, it may be
reasonable to consider that XP neurological disease is primarily asso-
ciated with the accumulation of cyclopurine lesions and secondarily
with mitochondrial and mitophagic dysfunction.

Xpa−/− mice are known not to develop any detectable neurode-
generation, in contrast to human XP-A patients, although they are de-
fective in NER and are highly susceptible to UV-B-induced skin carci-
nogenesis [39,44–46]. The earliest clinical signs of the presence of XP
neurological disease are diminished or absent deep tendon reflexes and
high frequency hearing loss [5]. Indeed, after 6 years of age, XP-A
patients gradually develop areflexia, sensorineural hearing impairment
and mental retardation [47]. These results suggest that it takes at least 6
years for the accumulated cyclopurine lesions to lead to extensive
neuronal death and to XP neurological disease. If the rate of lesion
formation and the mechanism of pathogenesis would not be largely
different between humans and mice, one simple explanation is that the
three-year life-span of Xpa−/− mice might be too short to develop
neurodegeneration. However, it was recently reported that Xpa−/−

mice aged 38–40 weeks exhibit sensorineural hearing loss, with sig-
nificantly higher ABR (auditory brainstem response) thresholds at 4, 8

and 16 kHz than wt mice [48]. Further, the number of spiral ganglion
neurons was reduced in Xpa−/− mice compared with wt mice, which
suggests that the hearing loss is related to spiral ganglion neuron de-
ficiency.

4.2. Differences in age-related cyclo-dA accumulation among mouse tissues

The patterns of age-dependent accumulation of cyclo-dA in Xpa−/−

and in wt mice were different among the 4 tissues examined. In parti-
cular, the largest difference was observed between the brain and testis
tissues. In the brain, as mentioned above, there were age-dependent
accumulations with much higher levels of cyclo-dA in Xpa−/− mice
than in wt mice, indicating that DNA repair (NER) functions steadily to
eliminate cyclopurines from genomic DNA. This is consistent with
evidence that post-mitotic neurons from humans and rodents as well as
astrocytes from rodents have a reduced but substantial ability of global
genome NER [49,50]. In contrast, in the testis, there were minimal
accumulations at the time points assessed without significant differ-
ences in the levels of cyclo-dA between Xpa−/− and wt mice except at
29 months of age. Since all spermatogenic cell types have the ability of
global genome NER [51], the very low cyclo-dA accumulations without
significant differences between Xpa−/− and wt mice suggest that there
is much more efficient cellular mechanism than DNA repair to reduce
cyclopurine levels. Testes contain proliferating spermatogonia for
spermatogenesis. Once a cell divides into two daughter cells, the level
of DNA lesions in each daughter cell is theoretically reduced by half
through DNA replication. Thus, DNA replication of proliferating cells
may play a significant role in reducing the cyclo-dA levels in testis DNA
irrespective of the NER ability of mice. However, it seems inconsistent
that the levels of cyclo-dA in wt mice are higher than Xpa−/− mice at
24 and 29 months of age. In this context, we previously found a pro-
nounced reduction in the weight and degenerative seminiferous tubules
of the testes of Xpa−/− mice [44]. By the age of 24 months, almost all
spermatogenic cells had degenerated in Xpa−/− mice but interstitial
Leydig cells had proliferated. In contrast, essentially all seminiferous
tubules were normal in wt mice even at the age of 24 months. It has
been reported that the ability of global genome NER decreases with age
in postmeiotic spermatogenic cells [51]. Thus, differences in the cel-
lular composition of testes and the reduced NER ability in postmeiotic
cells may be associated with the higher levels of cyclo-dA in wt mice
than Xpa−/− mice at 24 and 29 months of age. Regarding the impaired
spermatogenesis in Xpa−/− mice, this may be explained by the toxic
effects of unrepaired cyclopurine lesions in spermatogenic cells being
associated not only with transcription blockage but also with replica-
tion blockage. At sites of stalled replication forks, DNA double-strand
breaks may arise and work as potent inducers of apoptosis [52]. In the
liver and kidney, there were age-dependent accumulations similar to
those of the brain, but the differences in levels of cyclo-dA between
Xpa−/− and wt mice were much smaller in the liver and kidney than in
the brain. The brain contains post-mitotic neurons, while the liver is an
organ with high regenerative capacity [53]. This suggests that rela-
tively more proliferating cells in the liver and kidney than in the brain
may play a role in reducing those differences. Taken together, the
present results suggest that steady-state cyclopurine levels in total
genomic DNA of animal tissues are primarily determined by DNA repair
(NER) and by DNA replication. This may explain why the basal levels of
cyclopurines are very low in proliferating cultured mammalian cells
[41].

4.3. Comparison of methods for cyclopurine quantification

It is worth comparing the cyclo-dA levels measured by our improved
ELISA with other methods. The data by Wang and colleagues [33,38]
may be a proper choice for comparison, because they measured the
levels of cyclopurines in animal tissues using liquid chromatography-
tandem mass spectrometry approach following an efficient enzymatic
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digestion of DNA sample [40]. For example, the levels of 5′R-cyclo-dA
and 5′S-cyclo-dA were 0.9 and 0.6 lesions per 106 nucleosides in the
liver, and both were ˜0.1 lesions per 106 nucleosides in the brain of 5-
month-old wt mice [33]. Moreover, similar levels of 5′R-cyclo-dA and
5′S-cyclo-dA with ˜0.1 lesions per 106 nucleosides were measured in
both the liver and the brain of 3-month-old wt rats [38]. These levels
are roughly one order of magnitude lower than our present results ex-
cept those of the mouse liver. Recently however, a nanoflow liquid
chromatography-nanoelectrospray ionization-tandem mass spectro-
metry (NanoLC-NSI-MS/MS) coupled with the isotope-dilution method
was developed by the same group [54], which has a much higher
sensitivity than the original LCeMS/MS. Interestingly, NanoLC-NSI-
MS/MS analysis showed that the levels of 5′S-cyclo-dA are 1.2 and 1.5
lesions per 106 nucleosides in the liver and the brain of 4-month-old wt
rats, respectively. Assuming that the levels of cyclo-dA are two-fold of
5′S-cyclo-dA levels, the cyclo-dA levels with 2.4 and 3.0 lesions per 106

nucleosides in the liver and the brain of rats are very similar to those
with 3.5 and 4.1 lesions per 106 nucleosides in the liver and the brain of
3-month-old mice obtained in this study. Thus, it should be emphasized
that cyclo-dA levels measured by the improved ELISA are comparable
to those measured by the most sensitive NanoLC-NSI-MS/MS method.

Another attractive feature of immunoassays is that they can be used
with immunofluorescence to detect DNA lesions within individual cells
or tissues. Indeed, we could observe cyclo-dA as dots in 5′S-cyclo-dA-
oligo-transfected human cells [23]. To further validate the hypothesis
for the development of XP neurological disease, we are currently
comparing the levels of cyclo-dA between neurons of the brain tissues
from Xpa−/− and from wt mice using immunofluorescence with CdA-1.

5. Conclusions

We tested the hypothesis for the development of XP neurological
disease by using the Xpa−/− mouse model. To quantify cyclopurine
lesions in this model, we modified our original ELISA method for cyclo-
dA quantification and increased its sensitivity. The improved ELISA
revealed that cyclo-dA lesions accumulate with age in the brain tissues
of Xpa−/− and of wt mice, but there were significantly more cyclo-dA
lesions in Xpa−/− mice than in wt mice at 6, 24 and 29 months of age.
These findings are consistent with the long-standing hypothesis that the
age-dependent accumulation of endogenous cyclopurine lesions in the
brain may be critical for XP neurological disease.
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