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ABSTRACT

Exposure to reactive oxygen species (ROS) can give
rise to the formation of various DNA damage
products. Among them, d(G[8-5m]T) can be induced
in isolated DNA treated with Fenton reagents and
in cultured human cells exposed to y-rays, d(G[8-
5m]T) can be recognized and incised by purified
Escherichia coli UvrABC nuclease. However, it
remains unexplored whether d(G[8-5m]T) accumu-
lates in mammalian tissues and whether it is a sub-
strate for nucleotide excision repair (NER) in vivo.
Here, we found that d(G[8-5m]T) could be detected
in DNA isolated from tissues of healthy humans
and animals, and elevated endogenous ROS gener-
ation enhanced the accumulation of this lesion
in tissues of a rat model of Wilson’s disease.
Additionally, XPA-deficient human brain and
mouse liver as well as various types of tissues of
ERCC1-deficient mice contained higher levels of
d(G[8-5 m]T) but not ROS-induced single-nucleobase
lesions than the corresponding normal controls.
Together, our studies established that d(G[8-5m]T)
can be induced endogenously in mammalian tissues
and constitutes a substrate for NER in vivo.

INTRODUCTION

Endogenous and exogenous genotoxins induce DNA
damage in living cells (1), which may give rise to muta-
tions and altered gene function, cell senescence or

apoptosis (2). Excess generation of reactive oxygen
species (ROS) in vivo may produce a broad spectrum of
single-nucleobase lesions that have been extensively
characterized at the structural and biological levels (3).
However, ROS may also induce a number of intrastrand
cross-link lesions (4-16), which have been relatively poorly
studied.

Previous studies showed that d(G[8-5m]T), where the
C8 of guanine is covalently bonded with the 5-methyl
carbon of its neighboring 3’ thymine (Figure 1), can
form in an oxygen-free aqueous solution of duplex DNA
exposed to X- or y-rays (4,6), in calf thymus DNA treated
with Fenton reagents under acrobic conditions (9) and in
DNA of cultured human cells exposed to y-rays (17).
Through independent generation of nucleobase radicals,
it was found that d(G[8-5m]T) and its structurally related
intrastrand cross-link lesions are initiated from a sin-
gle pyrimidine radical (4,14-16). In this mechanism,
hydroxyl radical can abstract a hydrogen atom from the
S5-methyl group of thymine to yield the methyl radical of
the nucleobase (18), which may attack its adjacent
5" guanine to yield d(G[8-5m]T) (Figure 1) (4). We
reasoned that hydroxyl radicals produced through
endogenous Fenton-type reactions may also lead to the
formation of this lesion. However, the endogenous for-
mation of d(G[8-5m]T) in mammalian tissues remains
unexplored.

In vitro replication studies demonstrate that d(G[8-
Sm]T) almost completely blocks high-fidelity DNA
polymerases (17,19). Steady-state kinetic measurements
show that yeast pol m-mediated nucleotide insertion
opposite the thymine portion of d(G[8-5m]T) is
error-free; the polymerase, however, exhibits appreciable
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Figure 1. Mechanism for the formation of G[8-5m]T intrastrand cross-link.

misincorporation of dAMP and dGMP opposite the
guanine portion of the lesion (17). In contrast, bypass
of this lesion by human pol n is nearly error-free, and
the polymerase largely incorporates correct nucleotides
opposite each cross-linked nucleobase (20). Along this
line, replication studies using shuttle vector technology
show that the structurely related d(G[8-5]C) lesion is

highly blocking to DNA replication in Escherichia coli

cells, and the guanine portion of the crosslink could
lead to G—T and G—C mutations at frequencies of 8.7
and 1.2%, respectively (21). Previous studies also revealed
that several intrastrand crosslink lesions, including the

d(G[8-5m]T), could be recognized and incised by E. coli

UvrABC nuclease in vitro (22,23). This observation is in
keeping with the finding that these lesions destabilized the
DNA double helix (22). However, it is unclear whether
these lesions are substrates for mammalian nucleotide
excision repair (NER) in vivo.

In the present study, we assessed quantitatively the
levels of d(G[8-5m]T) in tissues of repair-competent and
NER-deficient humans and laboratory animals using a
highly sensitive and accurate LC-MS/MS/MS (MS?)
coupled with a stable isotope-dilution method.

MATERIALS AND METHODS

Detailed Materials and Methods can be found in online
Supplementary Materials.

Materials and animals

The stable isotope-labeled d(G[8-5m]T), 5-formyl-2'-
deoxyuridine  (5-FodU) and  5-hydroxymethyl-2'-
deoxyuridine (5-HmdU), which contained a deuterium
atom at the C2 position and two '°N atoms in the
nucleobase component of the modified thymidine, were
synthesized preV1ously (9). LEA, LEC"”~ and LEC/~
rats, Xpa~/~ mice and wild- type littermates, and the
ERCCl1-deficient (Ercc] /2) ‘mice and repair-competent
littermates (WT, Erccl™~ and Erccl™®) were bred and
genotyped as previously described (24-26).

Human brain samples

Human brain tissues were obtained from the NICHD
Brain and Tissue Bank for Developmental Disorders at the
University of  Maryland, Baltimore (contract
HHSN275200900011C, Ref no. NOI-HD-9-0011). One
sample from a Japanese XPA patient with neurologic
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disease was provided by Dr Nishigori. Details of the XP
cases and controls are provided in Supplementary Table S1.

DNA extraction and enzymatic digestion

DNA was isolated from mammalian tissues using a
high-salt method (27). Nuclease Pl (0.1 U/ug DNA),
phosphodiesterase 2 (0.000125U/pug DNA), EHNA
(20nmol) and a 20-ul solution containing 300mM
sodium acetate (pH 5.6), and 10mM zinc chloride were
added to 80-120 g of DNA. The above digestion was
continued at 37°C for 48h. To the digestion mixture
were then added alkaline phosphatase (0.05 U/ug DNA),
phosphodiesterase 1 (0.00025 U/pg DNA) and 40 pul of
0.5M Tris—HCI (pH 8.9). The digestion was continued
at 37°C for 2h and subsequently neutralized by addition
of formic acid. To the mixture were then added appropri-
ate amounts of isotopically labeled standard lesions,
which included 5-HmdU, 5-FodU and d(G[8-5m]T).
The enzymes in the digestion mixture were subsequently
removed by chloroform extraction twice. The resulting
aqueous layer was subjected to offline HPLC enrichment
of these three lesions.

LC-MS/MS/MS analysis

A 0.5x250mm Zorbax SB-C18 column (particle size,
Sum, Agilent Technologies) was used for the separation
of the fractions containing d(G[8-5m]T). An aqueous
solution of 20mM ammonium acetate (solution A) and
methanol (solution B) was used as mobile phases for the
analyses of d(G[8-5m]T) after HPLC enrichment. The flow
rate was 4 or 10 pul/min, and a gradient of 5min 0-80% B
and 30min 80% B was employed for the separation.

The effluent from the LC column was directed to an
LTQ linear ion-trap mass spectrometer (Thermo Fisher
Scientific), which was set up for monitoring the fragmen-
tation of the labeled and unlabeled d(G[8-5m]T) in the
positive-ion mode. The sensitivity for detecting this lesion
was optimized by varying normalized collision energy (set
to 31%) and activation Q (set to 0.25) of the LTQ mass
spectrometer. The limit of quantification (LOQ) was
estimated to be approximately 0.1 and 0.3 fmol when the
flow rates were 4 and 10 pl/min, respectively.

LC-MS/MS analysis

A 3.0 x 100mm Hypersil GOLD column (particle size,
Sum, Thermo Scientific) was used for the separation of
the fractions containing 5-HmdU and 5-FodU, and the
flow rate was 50 pl/min. A solution of 0.1% (v/v) formic
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acid in water (solution A) and a solution of 0.1% (v/v)
formic acid in methanol (solution B) were employed as
mobile phases, and a gradient of 35min 0-70% B, 1 min
70-0% B and 14min 0% B was used for the separation.
The effluent from the LC column was directed to a TSQ
Vantage triple-quadrupole mass spectrometer (Thermo
Fisher Scientific), which was set up for monitoring the
fragmentation of the [M-H]™ ions of the unlabeled and
labeled 5-HmdU and 5-FodU in the multiple-reaction
monitoring (MRM) mode. The MRM transitions were
mfjz 255—140 and m/z 258—142 for unlabeled and
labeled 5-FodU, respectively, and m/z 257—124 and m/z
260—126 for unlabeled and labeled 5-HmdU, respect-
ively. The S-lens RF amplitude and the collision energy
were maintained at 97 V and 17V, respectively. The LOQ
was estimated to be ~40 fmol for both lesions.

RESULTS

Elevated accumulation of d(G[8-5m]|T) in liver tissues of
an animal model of Wilson’s disease

Transition metal ion-mediated Fenton reaction constitutes
an important endogenous source of ROS (28). Wilson’s
disease (WD) is a single-gene disorder characterized by
defective excretion of copper into bile, along with
hepatic, neurological and renal abnormalities following
copper toxicosis (29,30). The WD gene encodes a
copper-dependent P-type ATPase (ATP7B) which is
highly expressed in the liver, kidney and placenta
(29,30). The Long—Evans Cinnamon (LEC) rat, which
was naturally isolated from inbred Long—Evans Agouti
(LEA) rats, has a deletion in the Azp7b gene (31) with
copper-induced liver damage that worsens with age (32—
34). Thus, LEC rat is a model for pathophysiology of liver
injury in WD (34,35), while LEA rat is the healthy control.
Our recent study revealed that oxidatively induced 8,5'-
cyclopurine-2'-deoxynucleosides (cPu) are present at sig-
nificant levels in liver and brain tissues of LEC rats (26).
Since both cPu and d(G[8-5m]T) can form from a single
hydroxyl radical attack, we reasoned that d(G[8-5m]T)
should also be present in tissues of LEC rats.

By employing an offline enrichment along with LC-MS?
using the stable isotope-dilution method (9), we measured
the levels of d(G[8-5m]T) in DNA isolated from the liver
and brain tissues of LEA, LEC"~ and LEC™/~ rats
(Figure 2 and Supplementary Figure S1). Our results
showed that d(G[8-5m]T) was present at levels of ~0.5
lesions per 10* nucleosides in liver of 3-month old LEA
rats, and the level of this lesion in liver of 3-month old
rats followed the order of LEA <LEC"~ <LEC™/". In
addition, the level of d(G[8-5m]T) in LEC ™/~ rats increased
with age, though the liver of 12-month old LEC™~ rats
contained only slightly higher level of this lesion than that
of the corresponding 3-month old animals (Figure 2).

Similar to what was found with the cPu lesions (26), we
observed an age-dependent accumulation of d(G[8-5m]T)
in brain of LEC™/~ and LEC™~ rats (Figure 2). In
contrast to the observations made for the liver, there
was no significant difference in the level of this lesion in
brain of 3-month old LEA, LEC"~ and LEC™/~ rats,
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Figure 2. Levels of d(G[8-5m]T) in nuclear DNA from the liver and
brain of LEA (3 month old), LEC™~ (3 or 12 month old) and LEC ™/~
(1, 3 or 6 month old) rats. The values represent mean £+ SD of results
obtained from three rats, and the P-values were calculated by using
unpaired two-tailed ¢-test.

which is consistent with the absence of neurological
abnormalities or brain damage in these animals (36).

d(G[8-5m]T) is an endogenous substrate for
mammalian NER

To examine whether d(G[8-5m]T) constitutes a substrate
for NER in vivo, we quantified this lesion in brain (cere-
bellum) of XPA patients and the age/gender-matched,
repair-proficient individuals (Figure 3a and b and
Supplementary Figure S2). It turned out that the levels
of d(G[8-5m]T) ranged from 0.04 to 0.4 lesions per 10’
nucleosides in normal human brain and from 0.15 to 0.72
lesions per 107 nucleosides in brain of XPA patients.
While we made an effort to match samples of control
and XPA patients on the basis of age and gender, the
relatively large variation in the lesion level among the
different brain samples could emanate from multiple
other factors, including heterogeneity in race, genetic
background, nutrition, or agonal state, which could not
be controlled. In spite of this variation, DNA from the
brain of XPA patients contained higher levels of d(G[8-
5m]T) than that of the matched repair-proficient individ-
uals, supporting the involvement of XPA in the repair of
d(G[8-5m]T) in human brain.

To seek further evidence about the role of NER in re-
pairing d(G[8-5m]T), we assessed the levels of this lesion
in liver of Xpa~/~ mice and control littermates. The results
showed that the level of d(G[8-5m]T) is higher in liver of
20-week old Xpa~/~ mice than 19-week old normal
controls, again supporting the involvement of mammalian
NER in repairing d(G[8-5m]T) in vivo (Figure 3a).

To validate and extend the XPA tissue data, we
measured the levels of d(G[8-5m]T) in brain, liver and
kidney of NER-deficient Erccl™/* mice (37) and control
littermates. We found that the liver of 10- and 21-week
old ERCCl-deficient mice contained significantly higher
levels of d(G[8-5m]T) than those of the age-matched
controls (Figure 3c). However, there was no apparent
difference in the levels of d(G[8-5m]T) in the Iliver
between the two age groups of ERCCl-deficient mice or
among the three age groups of control mice.
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Figure 3. (a) Levels of d(G[8-5m]T) in DNA from the brains of XPA
patients and paired XPA-proficient individuals, and from the livers of
Xpa~'~ mice and age-matched wild-type (WT) littermates. For human
brain samples, the data represent the mean &+ SD of results from three
pairs of age- and gender-matched human brain tissues; for mouse
samples, the values represent mean £ SD of results obtained from
two Xpa '~ mice and three wild-type littermates. (b) Levels of
d(G[8-5m]T) in DNA from individual XPA and the corresponding
age- and gender-matched XPA-proficient human brain samples. The
data for each brain tissue sample represent the mean + SD of results
from three independent enzymatic digestion, offline HPLC enrichment
and LC-MS/MS/MS measurements. (¢) Levels of d(G[8-5m]T) in
DNA isolated from the liver, kidney and brain tissues of Erccl™/*
mice (n=3) and the age-matched control littermates (n = 3). The
values represent mean = SD of results obtained from three mice per
group. All the P-values were calculated by using unpaired two-tailed
t-test except the P-values for the human brain data in (a) which were
calculated using paired two-tailed r-test.

We also observed a significantly higher level of
d(G[8-5m]T) in kidney of 21-week old ERCCI-deficient
mice than the corresponding control animals (Figure 3c),
supporting the involvement of NER in the repair of
d(G[8-5m]T) in mouse kidney. No significant difference,
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however, was found for the level of this lesion in kidney of
10-week old ERCCI-deficient and control mice.
Moreover, we found that the level of d(G[8-5m]T) again
increased with age in control mouse kidney, and this
age-dependent accumulation of d(G[8-5m]T) was more
pronounced in kidney of the ERCCI-deficient mice
(Figure 3c).

The brain of 10-week old Erccl™* mice contained
significantly more d(G[8-5m]T) than that of the
age-matched, repair-proficient littermates, and the level of
this lesion increased with age in brain of the
repair-proficient mice (Figure 3c). In stark contrast, the
level of d(G[8-5m]T) was significantly lower in brain of
21-week Erccl™'® mice than that of control littermates of
the same age or the brain of 10-week Erccl/™'* mice. This
suggests that once a certain level of DNA damage is
reached, it induces neuron loss, which could explain
late-life cerebral atrophy, a hallmark of aging (38).

In the presence of molecular oxygen, the 5-methyl radical
of thymine can also lead to the formation of two
single-nucleobase lesions (39), namely, 5-FodU and
5-HmdU. Both 5-FodU and 5-HmdU are good substrates
for base excision repair (BER) but not NER (40). Thus,
comparing the levels of these two lesions and d(G[8-5m]T)
in tissues of NER-deficient and age-matched control
animals may provide information about whether NER is
specifically required for repairing d(G[8-5m]T) but not
5-FodU and 5-HmdU. Our results showed that the levels
of 5-FodU and 5-HmdU were approximately three orders of
magnitude higher than that of d(G[8-5m]T) (Figure 4, and
representative LC-MS/MS results are depicted in
Supplementary Figures S3 and S4). There was no significant
difference (P > 0.5) in the levels of 5-FodU and 5-HmdU
between XPA patients and control individuals (Figure 4a).
Similar observations were made for the kidney and brain of
Ercel™'® mice and age-matched normal littermates at both
10 and 21 weeks of age (Figure 4c). The absence of difference
of 5-FodU and 5-HmdU levels in NER-proficient and defi-
cient backgrounds showed that the elevated level of d(G[8-
Sm]T) observed in NER-deficient animals and humans is
not attributable to the enhanced rate of formation of this
lesion in the repair-deficient background. However, there
was significantly more 5-FodU and 5-HmdU in liver of
Ercel™® mice than that of normal littermates at these two
ages, suggesting that there might be an elevated rate for the
formation of these two lesions in liver of Ercel ' mice than
control animals (Figure 4c). Furthermore, it should be
noted that the level of 5-FodU was several fold higher
than that of 5-HmdU in the liver and kidney, whereas the
levels of the two lesions were very similar in the brain
(Figure 4c), suggesting that there might be a tissue-specific
difference in the repair of these two lesions (41).

DISCUSSION

Previous studies revealed that d(G[8-5m]T) could be
induced in isolated DNA in vitro (4,6,9) and in cultured
human cells exposed to y-rays (17). However, it remains
unknown whether this lesion can accumulate endogen-
ously in mammalian tissues. Our results showed that
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Figure 4. (a) Levels of 5-FodU and 5-HmdU in DNA from the brain
of XPA patients and paired XPA-proficient individuals. For human
brain samples, the data represent the mean £ SD of results from
three pairs of age- and gender-matched human brain tissues; for
mouse samples, the values represent mean + SD of results obtained
from two Xpa~/~ mice and three wild-type littermates. (b) Levels of
5-FodU and 5-HmdU in DNA from individual XPA and the corres-
ponding age- and gender-matched human brain samples. The data for
each brain tissue sample represent the mean + SD of results from three
independent enzymatic digestion, offline HPLC enrichment and LC-
MS/MS/MS measurements. (¢) Levels of 5-FodU and 5-HmdU in
DNA isolated from the liver, kidney and brain tissues of Ercel™®
mice (n=3) and the age-matched control littermates (n = 3). The
values represent the mean = SD of results obtained from three mice
per group. All the P-values were calculated by using unpaired
two-tailed z-test except the P-values for the human brain data shown
in (a) which were calculated using paired two-tailed -test.

d(G[8-5m]T) could be readily detected in DNA isolated
from tissues of humans and laboratory animals (Figures 2
and 3). Moreover, the quantification data for these lesions
in LEA and LEC rat tissues demonstrated that elevated

generation of endogenous ROS arising from aberrant
accumulation of transition metal ions (i.e. Cu®") leads to
higher levels of d(G[8-5m]T) in tissues (Figure 2).

It was observed previously that E. coli UvrABC
nuclease could recognize and excise d(G[8-5m]T) in vitro
(22,23), with the relative excision activity for this lesion
falling between those for cis-syn cyclobutane pyrimidine
dimer and pyrimidine(6-4)pyrimidone photoproducts
formed at TT sites, i.e. d(T[c,s]T) and d(T[6-4]T) (22),
suggesting that d(G[8-5m]T) might constitute an NER
substrate in vivo. Our results obtained from XPA-deficient
human brain and mouse liver, various tissues of
ERCCl-deficient mice, and the normal controls
(Figure 3) demonstrate that NER is indeed required for
repairing d(G[8-5m]T) in vivo.

In contrast to the d(G[8-5m]T) intrastrand cross-link
lesion, deficiency in XPA did not lead to increased
accumulation of the two single-nucleobase lesions,
5-FodU and 5-HmdU, in human brain (Figure 4),
showing that NER is specifically required for the repair
of d(G[8-5m]T). This was further strengthened by the lack
of compromised repair of 5-FodU and 5-HmdU in
ERCCl-deficient mouse brain and kidney (Figure 4). In
addition, while the brain of control humans, mice and rats
had similar levels of 5-FodU and 5-HmdU, the level of
d(G[8-5m]T) in the brain was approximately an order of
magnitude lower in mice compared to the other two
species; further investigation will be required to determine
the origin of this difference.

ROS-induced bulky DNA lesions may have important
implications in human health, including aging and genetic
diseases associated with inherited defects in NER or
aberrant accumulation of transition metal ions. The need
for NER in repairing these bulky DNA lesions
(22,23,42,43) and the lack of NER activity in terminally
differentiated cells (44,45), particularly in neurons, give rise
to accumulation of bulky DNA lesions in these cells, as
demonstrated for d(G[8-5m]T) in the present study. Such
accumulation events may contribute to pathological con-
ditions in patients bearing genetic diseases with deficiency
in NER, e.g. xeroderma pigmentosum (XP), trichothio-
dystrophy (TTD) and Cockayne’s syndrome (46-48).

XP neurologic disease is observed in approximately
20% of XP patients (49). This disease is characterized at
the macroscopic level by the atrophy of the brain, spinal
cord and peripheral nervous system, and at the micro-
scopic level by neuron loss in different regions of the
brain (50). Since UV light cannot reach human brain, it
was hypothesized that XP neurologic disease is caused by
transcription-blocking endogenous DNA damage that is
specifically repaired by NER but not other repair
pathways (51,52). In this context, it is worth noting that
other endogenously induced and oxidatively generated
DNA lesions, including thymine glycol and 8-oxo-7.8-
dihydroguanine, were found to be substrates for NER
in vitro (53-55). These lesions, however, are also substrates
for DNA glycosylase-initiated BER, which is the primary
pathway for the repair of these lesions in vivo (56).
Therefore, the physiological significance of NER in repair-
ing the oxidatively induced single-nucleobase lesions
remains unclear.



While the levels of d(G[8-5m]T) lesions in XPA human
brain samples are higher than in age-matched controls, the
magnitude of the increase is not drastic relative to
variation among samples from XPA or control human
brain. This could be attributed to a variety of other un-
controllable factors as noted above. In relation to XP
neurological disease, it should be emphasized that we
analyzed the cerebellum, a brain region predominantly
comprised of small granule cell neurons that do not
undergo severe degeneration in XP patients (57). While
neurodegeneration is much more severe in other brain
regions of XP patients, such as the cerebral cortex and
striatum, the neuronal loss and resulting proliferation of
glial cells would make it difficult to interpret lesion levels
in these areas.

The d(G[8-5m]T) is an intrastrand cross-link and there-
fore structurally similar to the d(TJ[c,s]T), which is a strong
block to transcription (58). Specifically, access to the
active site of RNA polymerase II requires a dramatic sep-
aration of adjacent template nucleotides at a nearly 90°
angle (59), which would be strongly inhibited by the add-
itional covalent bond in d(G[8-5m]T), thereby rendering
this lesion likely to be a strong block to transcription by a
mechanism analogous to the d(T[c,s]T) (60). Therefore, we
conclude that d(G[8-5m]T) has the characteristics of a
causative endogenous lesion for XP neurologic disease.

In conclusion, the results from the present study dem-
onstrate that the oxidatively induced d(G[8-5m]T) lesion
is present in tissues of healthy animals and humans and is
a substrate for mammalian nucleotide excision repair
in vivo. Future studies about how this and other endogen-
ously induced intrastrand cross-link lesions perturb the
efficiency and fidelity of DNA replication and transcrip-
tion in mammalian cells will help better understand the
biological consequences of these lesions.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Table 1 and Supplementary Figures 1-6.

FUNDING

National Institutes of Health [RO1 CA101864 to Y.W_;
RO1 ESO16114 to L.J.N.; ROl DKO71111, ROl
DKO088561 and P30 DK41296 to S.G.]. This project used
the UPCI Transgenic Animal Facility and was supported
in part by award [P30CA047904]. Funding for open access
charge: NIH [RO1 CA101864].

Conflict of interest statement. None declared.

REFERENCES

1. Lindahl, T. (1993) Instability and decay of the primary structure
of DNA. Nature, 362, 709-715.

2. Friedberg,E.C., Aguilera,A., Gellert,M., Hanawalt,P.C., Hays,J.B.,
Lehmann,A.R., Lindahl,T., Lowndes,N., Sarasin,A. and
Wood,R.D. (2006) DNA repair: from molecular mechanism to
human disease. DNA Repair, 5, 986-996.

20.

21.

22.

23.

Nucleic Acids Research, 2012, Vol. 40, No. 15 7373

. Dizdaroglu,M., Jaruga,P., Birincioglu,M. and Rodriguez,H. (2002)

Free radical-induced damage to DNA: mechanisms and
measurement. Free Radic. Biol. Med., 32, 1102-1115.

. Bellon,S., Ravanat,J.L., Gasparutto,D. and Cadet,J. (2002)

Cross-linked thymine-purine base tandem lesions: synthesis,
characterization, and measurement in y-irradiated isolated DNA.
Chem. Res. Toxicol., 15, 598-606.

. Box,H.C., Budzinski,E.E., Dawidzik,J.B., Gobey,J.S. and

Freund,H.G. (1997) Free radical-induced tandem base damage in
DNA oligomers. Free Radic. Biol. Med., 23, 1021-1030.

. Box,H.C., Budzinski,E.E., Dawidzik,J.B., Wallace,J.C. and

Tijima,H. (1998) Tandem lesions and other products in
X-irradiated DNA oligomers. Radiat. Res., 149, 433-439.

. Box,H.C., Budzinski,E.E., Dawidzik,J.D., Wallace,J.C.,

Evans,M.S. and Gobey,J.S. (1996) Radiation-induced formation
of a crosslink between base moieties of deoxyguanosine and
thymidine in deoxygenated solutions of d(CpGpTpA). Radiat.
Res., 145, 641-643.

. Gu,C. and Wang,Y. (2004) LC-MS/MS identification and yeast

polymerase m bypass of a novel y-irradiation-induced intrastrand
cross-link lesion G[8-5]C. Biochemistry, 43, 6745-6750.

. Hong,H., Cao,H. and Wang,Y. (2006) Identification and

quantification of a guanine-thymine intrastrand cross-link lesion
induced by Cu(Il)/H,O,/ascorbate. Chem. Res. Toxicol., 19,
614-621.

. Liu,Z., Gao,Y. and Wang,Y. (2003) Identification and

characterization of a novel cross-link lesion in d(CpC) upon
365-nm irradiation in the presence of
2-methyl-1,4-naphthoquinone. Nucleic Acids Res., 31, 5413-5424.

. Liu,Z., Gao,Y., Zeng,Y., Fang,F., Chi,D. and Wang,Y. (2004)

Isolation and characterization of a novel cross-link lesion in
d(CpC) induced by one-clectron photooxidation. Photochem.
Photobiol., 80, 209-215.

. Romieu,A., Bellon,S., Gasparutto,D. and Cadet.,J. (2000)

Synthesis and UV photolysis of oligodeoxynucleotides that
contain 5-(phenylthiomethyl)-2’-deoxyuridine: a specific
photolabile precursor of 5-(2’-deoxyuridilyl)methyl radical. Org.
Lett., 2, 1085-1088.

. Wang,Y. (2008) Bulky DNA lesions induced by reactive oxygen

species. Chem. Res. Toxicol., 21, 276-281.

. Zhang,Q. and Wang,Y. (2003) Independent generation of 5-(2’-

deoxycytidinyl)methyl radical and the formation of a novel
cross-link lesion between 5-methylcytosine and guanine. J. Am.
Chem. Soc., 125, 12795-12802.

. Zhang,Q. and Wang,Y. (2004) Independent generation of the

S-hydroxy-5,6-dihydrothymidin-6-yl radical and its reactivity in
dinucleoside monophosphates. J. Am. Chem. Soc., 126,
13287-13297.

. Zhang,Q. and Wang,Y. (2005) Generation of 5-(2’-

deoxycytidyl)methyl radical and the formation of intrastrand
cross-link lesions in oligodeoxyribonucleotides. Nucleic Acids Res.,
33, 1593-1603.

. Jiang,Y., Hong,H., Cao,H. and Wang,Y. (2007) In vivo formation

and in vitro replication of a guanine-thymine intrastrand
cross-link lesion. Biochemistry, 46, 12757-12763.

.von Sonntag,C. (1987) The Chemical Basis of Radiation Biology.

Taylor & Francis, London.

. Bellon,S., Gasparutto,D., Saint-Pierre,C. and Cadet,J. (2006)

Guanine-thymine intrastrand cross-linked lesion containing
oligonucleotides: from chemical synthesis to in vitro enzymatic
replication. Org. Biomol. Chem., 4, 3831-3837.

Colis,L.C., Raychaudhury,P. and Basu,A.K. (2008) Mutational
specificity of y-radiation-induced guanine-thymine and
thymine-guanine intrastrand cross-links in mammalian cells and
translesion synthesis past the guanine-thymine lesion by human
DNA polymerase m. Biochemistry, 47, 8070-8079.

Hong,H., Cao,H. and Wang,Y. (2007) Formation and
genotoxicity of a guanine-cytosine intrastrand cross-link lesion
in vivo. Nucleic Acids Res., 35, T118-7127.

Gu,C., Zhang,Q., Yang,Z., Wang,Y. and Zou,Y. (2006)
Recognition and incision of oxidative intrastrand cross-link
lesions by UvrABC nuclease. Biochemistry, 45, 10739-10746.
Yang,Z., Colis,L.C., Basu,A.K. and Zou,Y. (2005) Recognition
and incision of y-radiation-induced cross-linked guanine-thymine


http://nar.oxfordjournals.org/cgi/content/full/gks357/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks357/DC1

7374

24.

25.

26.

27.

28.
29.
30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Nucleic Acids Research, 2012, Vol. 40, No. 15

tandem lesion G[8,5-Me]T by UvrABC nuclease. Chem. Res.
Toxicol., 18, 1339-1346.

Goss,J.R., Stolz,D.B., Robinson,A.R., Zhang,M., Arbujas,N.,
Robbins,P.D., Glorioso,J.C. and Niedernhofer,L.J. (2011)
Premature aging-related peripheral neuropathy in a mouse model
of progeria. Mech. Ageing Dev., 132, 437-442.

Nakane,H., Takeuchi,S., Yuba.S., Saijo,M., Nakatsu,Y.,
Murai,H., Nakatsuru,Y., Ishikawa,T., Hirota,S., Kitamura,Y.

et al. (1995) High incidence of ultraviolet-B-or
chemical-carcinogen-induced skin tumours in mice lacking the
xeroderma pigmentosum group A gene. Nature, 377, 165-168.
Wang,J., Yuan,B., Guerrero,C., Bahde,R., Gupta,S. and Wang,Y.
(2011) Quantification of oxidative DNA lesions in tissues of
Long—Evans Cinnamon rats by capillary high-performance liquid
chromatography-tandem mass spectrometry coupled with stable
isotope-dilution method. Anal. Chem., 83, 2201-2209.

Miller,S.A., Dykes,D.D. and Polesky,H.F. (1988) A simple salting
out procedure for extracting DNA from human nucleated cells.
Nucleic Acids Res., 16, 1215.

Prousek,J. (2007) Fenton chemistry in biology and medicine. Pure
Appl. Chem., 79, 2325-2338.

Ala,A., Walker,A.P., Ashkan,K., Dooley,J.S. and Schilsky,M.L.
(2007) Wilson’s disease. Lancet, 369, 397-408.

Ferenci,P. (2005) Wilson’s disease. Clin. Gastroenterol. Hepatol.,
3, 726-733.

WuJ., Forbes,J.R., Chen,H.S. and Cox,D.W. (1994) The LEC rat
has a deletion in the copper transporting ATPase gene
homologous to the Wilson disease gene. Nat. Genet., 7, 541-545.
Masuda,R., Yoshida,M.C., Sasaki,M., Dempo,K. and Mori,M.
(1988) High susceptibility to hepatocellular carcinoma
development in LEC rats with hereditary hepatitis. Jpn. J. Cancer
Res., 79, 828-835.

Sawaki,M., Enomoto,K., Takahashi,H., Nakajima,Y. and
Mori,M. (1990) Phenotype of preneoplastic and neoplastic liver
lesions during spontaneous liver carcinogenesis of LEC rats.
Carcinogenesis, 11, 1857-1861.

Yoshida,M.C., Masuda,R., Sasaki,M., Takeichi,N., Kobayashi,H.,
Dempo,K. and Mori,M. (1987) New mutation causing hereditary
hepatitis in the laboratory rat. J. Hered., 78, 361-365.

Mori,M., Hattori,A., Sawaki,M., Tsuzuki,N., Sawada,N.,
Oyamada,M., Sugawara,N. and Enomoto,K. (1994) The LEC rat:
a model for human hepatitis, liver cancer, and much more. Am.
J. Pathol., 144, 200-204.

Lorincz,M.T. (2010) Neurologic Wilson’s disease. Ann. N. Y.
Acad. Sci., 1184, 173-187.

Gregg,S.Q., Robinson,A.R. and Niedernhofer,L.J. (2011)
Physiological consequences of defects in ERCC1-XPF DNA
repair endonuclease. DNA Repair, 10, 781-791.

Akiyama,H., Meyer,J.S., Mortel,LK.F., Terayama,Y., Thornby,J.I.
and Konno,S. (1997) Normal human aging: factors contributing
to cerebral atrophy. J. Neurol. Sci., 152, 39-49.

Cadet,J., Delatour,T., Douki,T., Gasparutto,D., Pouget,J.P.,
Ravanat,J.L. and Sauvaigo,S. (1999) Hydroxyl radicals and DNA
base damage. Mutat. Res., 424, 9-21.

Bjelland.,S. and Seeberg,E. (2003) Mutagenicity, toxicity and
repair of DNA base damage induced by oxidation. Mutat. Res.,
531, 37-80.

Xu,G., Herzig,M., Rotrekl,V. and Walter,C.A. (2008) Base
excision repair, aging and health span. Mech. Ageing Dev., 129,
366-382.

Brooks,P.J., Wise,D.S., Berry,D.A., Kosmoski,J.V., Smerdon,M.J.,
Somers,R.L., Mackie,H., Spoonde,A.Y., Ackerman,E.J.,

43.

44.

45.

46.
47.
48.
49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Coleman,K. et al. (2000) The oxidative DNA lesion 8,5-(S)-
cyclo-2’-deoxyadenosine is repaired by the nucleotide excision
repair pathway and blocks gene expression in mammalian cells.
J. Biol. Chem., 275, 22355-22362.

Kuraoka,I., Bender,C., Romieu,A., Cadet,J., Wood,R.D. and
Lindahl,T. (2000) Removal of oxygen free-radical-induced
5”,8-purine cyclodeoxynucleosides from DNA by the nucleotide
excision-repair pathway in human cells. Proc. Natl. Acad. Sci.
US4, 97, 3832-3837.

Nouspikel, T. and Hanawalt,P.C. (2002) DNA repair in terminally
differentiated cells. DNA Repair, 1, 59-75.

Nouspikel, T. and Hanawalt,P.C. (2003) When parsimony
backfires: neglecting DNA repair may doom neurons in
Alzheimer’s disease. Bioessays, 25, 168—173.

Cleaver,J.E. (2005) Cancer in xeroderma pigmentosum and related
disorders of DNA repair. Nat. Rev. Cancer, 5, 564-573.

Petit,C. and Sancar,A. (1999) Nucleotide excision repair: from.
E. coli to man. Biochimie, 81, 15-25.

Sancar,A. (1996) DNA excision repair. Annu. Rev. Biochem., 65, 43-81.
Cleaver,J.E., Lam,E.T. and Revet,I. (2009) Disorders of
nucleotide excision repair: the genetic and molecular basis of
heterogeneity. Nat. Rev. Genet., 10, 756-768.

Brooks,P.J. (2007) The case for 8,5’-cyclopurine-2’-
deoxynucleosides as endogenous DNA lesions that cause
neurodegeneration in xeroderma pigmentosum. Neuroscience, 145,
1407-1417.

Andrews,A.D., Barrett,S.F. and Robbins,J.H. (1978) Xeroderma
pigmentosum neurological abnormalities correlate with
colony-forming ability after ultraviolet radiation. Proc. Natl.
Acad. Sci. USA, 75, 1984-1988.

Satoh,M.S., Jones,C.J., Wood,R.D. and Lindahl, T. (1993) DNA
excision-repair defect of xeroderma pigmentosum prevents
removal of a class of oxygen free radical-induced base lesions.
Proc. Natl. Acad. Sci. USA, 90, 6335-6339.

Kow,Y.W., Wallace,S.S. and Van Houten,B. (1990) UvrABC
nuclease complex repairs thymine glycol, an oxidative DNA base
damage. Mutat. Res., 235, 147-156.

Lin,J.J. and Sancar,A. (1989) A new mechanism for repairing
oxidative damage to DNA: (A)BC excinuclease removes AP sites
and thymine glycols from DNA. Biochemistry, 28, 7979-7984.
Reardon,J.T., Bessho,T., Kung,H.C., Bolton,P.H. and Sancar,A.
(1997) In vitro repair of oxidative DNA damage by human
nucleotide excision repair system: possible explanation for
neurodegeneration in xeroderma pigmentosum patients. Proc.
Natl. Acad. Sci. USA, 94, 9463-9468.

Friedberg,E.C., Walker,G.C., Siede,W., Wood,R.D., Schultz,R.A.
and Ellenberger,T. (eds), (2006) DNA Repair and Mutagenesis.
ASM Press, Washington.

Itoh,M., Hayashi,M., Shioda,K., Minagawa,M., Isa,F.,
Tamagawa,K., Morimatsu,Y. and Oda,M. (1999)
Neurodegeneration in hereditary nucleotide repair disorders. Brain
Dev., 21, 326-333.

Marietta,C. and Brooks,P.J. (2007) Transcriptional bypass of
bulky DNA lesions causes new mutant RNA transcripts in
human cells. EMBO Rep., 8, 388-393.

Gnatt,A.L., Cramer,P., Fu,J., Bushnell,D.A. and Kornberg,R.D.
(2001) Structural basis of transcription: an RNA polymerase 11
elongation complex at 3.3 A resolution. Science, 292, 1876-1882.
Brueckner,F., Hennecke,U., Carell,T. and Cramer,P. (2007) CPD
damage recognition by transcribing RNA polymerase 1. Science,
315, 859-862.



