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their versatility in detecting lesions in a number of
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Growing evidence suggests that DNA repair capac-
ty is an important factor in cancer risk and is there-
ore essential to assess. Immunochemical assays are
menable to the detection of repair products in com-
lex matrices, such as urine, facilitating noninvasive
easurements, although diet and extra-DNA sources

f lesion can confound interpretation. The production
f single-stranded, lesion-containing DNA oligomers
haracterises nucleotide excision repair (NER) and
ence defines the repair pathway from which a lesion
ay be derived. Herein we describe the characterisa-

ion of a monoclonal antibody which recognises gua-
ine moieties in single-stranded DNA. Application of
his antibody in ELISA, demonstrated such oligomers
n supernatants from repair-proficient cells post-
nsult. Testing of urine samples from volunteers dem-
nstrated a relationship between oligomer levels and
wo urinary DNA damage products, thymine dimers
nd 8-oxo-2*-deoxyguanosine, supporting our hypoth-
sis that NER gives rise to lesion-containing oligomers
hich are specific targets for the investigation of DNA

epair. © 2001 Academic Press

Key Words: antibodies; DNA damage; repair; thymine
imers, 8-oxo-2*-deoxyguanosine, xeroderma pigmen-
osum; urine.

DNA damage, repair and mutation are reported to be
mportant events in carcinogenesis (1). Assessing these
rocesses is therefore a vital approach to elucidating
he pathogenesis of cancer, identifying potential inter-
ention strategies, measuring exposure and determin-
ng disease risk (2). Numerous approaches have been
eported to investigate these issues, including the
omet assay (3), GC-MS (4), LC-MS/MS (5), HPLC (6)
nd 32P-postlabelling (7). Immunochemical assays in
articular, have proven to be useful, largely due to

1 To whom correspondence should be addressed. Fax: 144 [0]116
525887. E-mail: msc5@le.ac.uk.
232006-291X/01 $35.00
opyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
iological matrices, invariably without the need for
ime-consuming sample workup, often associated with
hromatographic techniques (8). Antibodies specific to
wide variety of lesions have been used to locate or

uantify lesions in cells (9), tissues (10), serum (11),
ell culture supernatants (12) and urine (13). Indeed, it
eems that apart from absolute quantitation, the sole
ifficulty with immunochemical methods derives from
enerating a suitable antibody (discussed in (14)).
The hypothesis concerning the potentially important

ole played by DNA repair in cancer risk is gaining
xperimental support (15). This is exemplified by the
arying degrees of cancer susceptibility exhibited by
eroderma pigmentosum and related conditions, ac-
ounted for by defects in the nucleotide excision repair
NER) process (16). Furthermore, a number of poly-

orphisms have been identified in genes encoding for
roteins which maintain the stability of the genome
17, 18), which may affect their effectiveness. Nucleo-
ide excision repair is characterised by the removal of,
argely bulky, adducts in the form of a single-stranded
ligomer, approximately 24–29 bases long (19). The
ost-excision processing of these lesion-containing
ragments is unclear, although it has been proposed
hat exonucleolytic degradation of the oligomer would
ccur until the lesion was reached leaving a lesion-
ontaining 6- to 7-mer (20), which would ultimately
ppear in the urine.
There already exists methods for quantifying an in-

ividual’s repair capacity, however these methods are
nvolved, time consuming and invasive (21, 22)—
equiring a blood sample. Immunoassays represent a
imple means by which large-scale, high-throughput
ssessments might be made and are most suitable for
nalysing complex biological matrices, such as urine.
owever, current methods for measuring urinary DNA
dducts, in particular oxidative lesions, can be con-
ounded by diet and extra-DNA sources of the adduct
nd are hence not reflective of repair (23). We propose
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hat it is possible to circumvent these issues by utilis-
ng an assay which would specify the repair pathway
tudied.
Herein we report the serendipitous finding of an

ntibody raised to the oxidative lesion 8-oxoguanosine,
hich recognises guanine moieties contained within

ingle-stranded DNA. We speculate upon the signifi-
ance of this finding within the context of autoimmune
isease and report the potential use of this antibody in
n in vivo repair assay.

ATERIALS AND METHODS

Ninety-six-well Nunc, Immuno Maxisorp ELISA plates were from
ife Technologies Ltd. (Paisley, Scotland). Dried skimmed milk, was
rovided by Tesco Stores Ltd. (Cheshunt, UK). The secondary anti-
ody, peroxidase-labelled goat anti-mouse immunoglobulins M was
rom DAKO Ltd. (High Wycombe, UK). Calf thymus DNA was from
albiochem (Nottingham, UK). The following reagents were ob-

ained from Sigma-Aldrich Chemical Company (Poole, UK): Tween
0, phosphate buffered saline (PBS, 0.01 M, pH 7.4; prepared from
he tablet form), sodium phosphate, 29-deoxyguanosine, 8-oxo-29-
eoxyguanosine (8-oxodG), and sulphuric acid.

Preparation of 8-oxoguanosine and methylene blue DNA. The
ibonucleoside immunogen, 8-oxoguanosine, was synthesised by a
ethod based on that of the Udenfriend system (24), as reported

reviously (25). Methylene blue DNA (MB DNA) was prepared using
he procedure of Seaman et al. (26) and Floyd et al. (27). Analysis of
he 8-oxodG content of the MB-DNA was performed by high perfor-
ance liquid chromatography with electrochemical detection

HPLC-EC), following enzymatic digestion, as described by Cooke et
l. (25).

FIG. 1. Direct ELISA binding of undiluted supernatant from
espectively) native and methylene blue DNA (MB DNA). Binding
uclease) is also shown. Error bars indicate the standard deviation
233
Immunisation protocol for monoclonal antibodies to 8-oxoguano-
ine. Reference bleeds were obtained from six-week-old, female
ice (n 5 4) prior to immunisation. The 8-oxoguanosine/KLH con-

ugate was then homogenised 1:1 with Freund’s Complete Adjuvant.
he mice were immunised with 50 mL immunogen mix subcutane-
usly at multiple sites then boosted subcutaneously with 50 mg
mmunogen in 100 mL sterile saline four weeks later. Test bleeds
ere performed 10 days post-boost. The animals were sacrificed,

hree days after a final intraperitoneal boost, and spleen and sera
ollected when the appropriate titre of antibody had been obtained.
he latter was assessed by enzyme-linked immunosorbant assay

ELISA). The spleen was collected into a Bijou bottle containing 5 mL
f medium.

Enzyme-linked immunosorbant assay. The direct ELISA was
erformed using the appropriate solid phase antigen, as described
reviously (28).

Mouse monoclonal production. Production of mouse monoclonal
ntibodies and dilution cloning were performed as described previ-
usly (25). Screening was performed by competitive ELISA, once a
avourable response was identified the clone was expanded and the
ntibody purified and characterised.

Antibody purification and characterisation. Cell culture superna-
ant from promising clones was purified by E-Z-Sep (Pharmacia
iotech.), according to the manufacturers instructions prior to char-
cterisation by direct and competitive ELISA. Specificity for single-
tranded DNA was determined by S1 nuclease treatment, as de-
cribed previously (29).

Competitive ELISA. Competitive ELISA was performed for anti-
ody characterisation. The method was essentially as previously
escribed (28). The test supernatant/purified antibody was mixed
ith decreasing amounts of various competitors and then incubated

n the wells for 1 h at 37°C. Detection of bound antibody was
chieved as described for the noncompetitive ELISA.

bridoma F9/3-3 against single- and double-stranded (ss and ds,
F9/3-3 to S1 nuclease-treated single-stranded DNA (denoted S1

3 determinations.
hy
of
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Cell culture and treatment. SV40-transformed, control, disease-
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TABLE 1
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ree lymphoblastoid cells (GM00131B from NIGMS Human Genetic
utant Cell Repository) and a corresponding cell line derived from a

eroderma pigmentosum complementation group A patient
GM02250F from NIGMS Human Genetic Mutant Cell Repository)
ere maintained in 25 cm3 tissue culture flasks in MEM Eagle Earle
edium (pH 7.4), supplemented with 15% foetal bovine serum, 23

ssential amino acids, 23 nonessential amino acids, and 23 vita-
ins at 37°C in a humidified atmosphere of 5% CO2. Conditioned
edia was replaced every 2 days. The fibroblasts were subcultured

ratio 1:3) by removing conditioned media and washing the cells with
hosphate buffered saline (PBS) pH 7.4. Treatment of both cells
ypes was with 300 mM H2O2. Samples of culture supernatants were
aken at 0, 1.3, 3.3, 7.3, 28.0, 30.3 and 40.3 h timepoints and assessed
or oligomers, as described above, or T,.T, or 8-oxodG, by compet-
tive ELISA, based upon the method of Ahmad et al. (30).

Urine samples. Urine samples were obtained from eleven healthy
ubjects (6 female, 5 male; median age 36, age range 20–56 years).
rinary 8-oxodG, T,.T and creatinine levels were determined as
reviously described (30). Creatinine levels were assessed, as im-
aired renal function may affect lesion levels excreted in the urine.
ollected urine samples were stored at 280°C in 20 mL Universal

ubes until analysis. Following thawing and centrifugation (300g for
0 min), the supernatants were assessed for oligomers, 8-oxodG (11)
nd T,.T (30) by competitive ELISA.

ESULTS

ntibody Characterisation

Initial screening of hybridomas for the secretion of
n antibody to 8-oxodG resulted in only one positive,

FIG. 2. Inhibition of purified antibody F9/3-3 binding to single-
tranded native DNA by adenine-, cytosine-, guanine-, or thymine
ontaining 12-mers (A12, C12, G12 and T12, respectively). Maximum
nhibition (100%) was that observed in the absence of solid phase
ntigen. Zero percent inhibition was I the absence of competitors.
alues represent the mean and range of two determinations per
oncentration.
234
enoted F9/3 which was cloned. Screening of the cloned
ybridoma revealed many clones showing positive re-
ctivity to single-stranded MB-DNA, of which three
ere growing well (F9/3-3, -30 and -52) and expanded

nto larger culture flasks for supernatant collection.
sotyping of the clones F9/3-3, -30 and -52 revealed the
ntibodies to be IgM type. The most promising mono-
lonal hybridoma of the three, F9/3-3, was affinity pu-
ified and characterised. Direct ELISA assessment of
he reactivity of F9/3-3 against native versus MB-DNA
evealed a strong affinity for single-stranded DNA ir-
espective of whether the DNA contained significant
evels of 8-oxodG (Fig. 1). The possible detection of
ouble-stranded DNA was ruled out by treatment of
ouble- and single-stranded DNA with S1 nuclease, an
nzyme which digests only single-stranded DNA.
reatment of single-stranded DNA with S1 nuclease
ignificantly reduced the binding of F9/3-3, approxi-
ately tenfold, proving a specificity for single-stranded
NA (Fig. 1).
Competitive ELISA using polynucleotides further

uggested deoxyguanosine specifically, to be involved
n the antigenic determinant (Fig. 2), although not in
he isolated form of the native, or oxidatively modified,
ase, ribonucleoside, or deoxyribonucleoside (Table 1).
he specificity of F9/3-3 was investigated by using a
eries of oligomers containing increasing amounts of
G (G2-G12, Fig. 3). G2 was the least effective oligomer
o induce binding of F9/3-3, although recognition
learly occurred with a maximal absorbance of 0.25
nits at a concentration of 100 mg/mL, indicating the
inimum size for the antigenic determinant. Binding

f F9/3-3 increased with increasing length of oligomer,
ith a maximal absorbance of 0.7 units for G12 at a

oncentration of approximately 10 mg/mL (Fig. 3).

n Vitro Assessment of Nucleotide Excision Repair

The appearance of repair-derived oligomers in cell
ulture medium was investigated using NER proficient
nd deficient (XPA (31)) cell lines. Given that T,.T

Putative urinary constituent IC50 (mg/mL)

Thymine .500
Adenine .500
Guanine .500
Cytosine .500
Bovine serum albumin .250
8-oxoguanine .250
8-oxo-29-deoxyguanosine .250
Deoxyguanosine .250
Guanosine .500
Creatinine .500
Uric acid .500
Urea .500
Xanthine .500
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re removed from mammalian cells solely by NER,
easurement of these lesions was used as a positive

ontrol, using a previously validated assay (30). We
ave previously noted the stimulation of DNA repair
y hydrogen peroxide treatment of cells and used this
ublethal insult to promote the removal of 8-oxodG and
,.T. Viable cell numbers per unit volume of super-
atant remained constant throughout the experiment
nd did not differ between control and XPA cells. In
ontrast to the NER proficient cells, no significant in-
rease in supernatant 8-oxodG with time was noted in
he XPA cells (Fig. 4) and a similar result was seen for
,.T levels (data not shown). However, in both cell

ines a co-appearance of lesion and oligomer was noted
Fig. 4). Indeed, comparison of these results with su-
ernatant oligomer levels demonstrated a relationship
etween both 8-oxodG and T,.T and oligomer levels
n the proficient (r 5 0.61 and 0.67, respectively) and
PA (r 5 0.65 and 0.97, respectively) cell lines, the

atter of which was highly significant (P 5 0.007).

pplication of ELISA to Human Urine Samples

The potential application of this antibody to the de-
ection of single-stranded oligomers in urine samples

FIG. 3. Inhibition of purified antibody F9/3-3 binding to single-s
ncreasing amounts of guanine residues. Values represent the mean
235
as supported by the failure of putative urinary con-
tituents to interfere with the assay (Table 1). Valida-
ion of the competitive ELISA assay for urinary oligo-
ers was performed. Analysis was repeated on a sep-

rate day, but with the same samples and the corrected
rinary oligomers values compared (r2 5 0.48, P 5
.0003; Fig. 5). Proof of the potential use in a repair
ssay derived from application of F9/3-3 in a competi-
ive ELISA with urine from healthy, human volunteers
howed appreciable inhibition (3.89–12.51%), indicat-
ng the presence of oligomers. Furthermore, oligomer
evels correlated with two other urinary products of
NA damage, 8-oxodG and T,.T (r 5 0.54 and 0.61,

espectively).

ISCUSSION

The successful repair of DNA damage is an impor-
ant factor in the prevention of carcinogenesis and
ncreasing evidence suggests that polymorphisms in
NA repair enzymes may be associated with cancer

isk. It is therefore essential to assess in vivo repair
apacity, preferably noninvasively. Immunoassays

nded native DNA in a competitive ELISA, by oligomers containing
EM) of three determinations per concentration.
tra
(S



r
m

t
c
n
H
r
d
m
n
t
b
a
D
m
t

s
s
s
g
e
t
m
a
s
o
i
r
t
s
t
M

fi

Vol. 284, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
epresent a most appropriate method by which this
ay be achieved.
In order to produce monoclonal antibodies to oxida-

ive DNA lesions, we have adopted an established pro-
edure using a protein-bound, C-8 hydroxylated ribo-
ucleoside as the immunogen (8-oxoguanosine (32)).
owever, instead of recognising the immunogen, the

esultant monoclonal shows specificity for the native
eoxynucleoside, requiring a minimum of two guanine
oieties, although longer sequences are also recog-
ised. This property of an antibody raised to a syn-
hetic immunogen is shared with a monoclonal anti-
ody derived from an autoimmune MRL/lpr mouse (33)
nd supports the hypothesis that oxidatively modified
NA, perhaps guanines specifically, may be an im-
unogen driving the autoimmune process seen in sys-

emic lupus erythematosus (28).

FIG. 4. Changes in 8-oxodG and oligomer levels, as determined
broblasts with time, following 300 mM hydrogen peroxide treatmen
236
Failure to recognise the immunogen is perhaps not
urprising, as hydroxylation at the C-8 position repre-
ents only a minor change to the compound’s chemical
tructure (described by Cooke et al. (25)), nevertheless
ross alterations to nucleosides are not certain to gen-
rate lesion specific antibodies. Following immunisa-
ion with benzo[a]pyrene-diolepoxide-treated calf thy-
us DNA, Van der Schans et al. (34) noted the

ntibody produced by one clone specifically recognised
ingle-stranded DNA. Monoclonal antibodies to aden-
sine and guanosine have previously been produced
ntentionally, using the ribonucleoside linked to a car-
ier protein (29). Although whilst suitable for the de-
ection of single-stranded DNA, these antibodies, de-
pite being immunised with the ribonucleoside, failed
o detect RNA (29), supporting the observation by
ueller and Rajewsky (35) that periodate-linked ribo-

ompetitive ELISA, in NER-proficient (control) and -deficient (XPA)
ars indicate mean (6 SD of $three determinations).
by c
t. B
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ucleosides more closely resemble the deoxynucleo-
ide, justifying this approach for the production of an-
ibodies to DNA lesions. In contrast to the monoclonal
ntibodies of Traincard et al. (29) which could detect an
ligomer as short as a 40-mer at 2 mg/mL, F9/3-30
uccessfully detected an oligomer containing only two
uanine bases, despite requiring at least 6 mg/mL. The
uthors proposed the use of these antibodies to the
etection of contaminant single-stranded DNA in bio-
ogical fluids, although such an application has not
ppeared in the literature. Van der Schans et al. (34)
etected single-strand breaks in DNA by utilising al-
aline unwinding of DNA in conjunction with a mono-
lonal antibody to single-stranded DNA, described
bove. This assay was then used to study global DNA
epair in white blood cells whilst still in whole blood,
lthough could not discriminate between NER, glyco-
ylase and endonuclease actions (36).
Examination of 8-oxodG, T,.T and oligomer levels

n the cell culture supernatants from NER proficient
nd deficient cell lines treated with hydrogen peroxide
ould indicate that oligomer levels are reflective of

epair. This is demonstrated by the significant corre-
ation between oligomer and T,.T levels in the XPA
ells and the co-appearance of lesions and oligomers in
he supernatants. Clearly not all oligomers contain
-oxodG or T,.T and hence the poorer relationship
etween 8-oxodG, T,.T and oligomers in repair pro-
cient cells. This trend between oligomers and lesions
as also seen in the urine samples. However, the re-

ationship between T,.T and oligomers was closer
han that between 8-oxodG and oligomers, presumably
ue to the fact that all T,.T are repaired by NER, but
rinary 8-oxodG can arise from other processes.
Measurement of DNA lesions in urine has generally

een accepted as being entirely reflective of repair.
ncreasingly, however, there are reports of urinary le-
ions being derived from diet (37), cell death (38) and
xtra-DNA sources, e.g., nucleotide pool (39), confound-
ng their accurate assessment and limiting meaningful
nterpretation. Measuring lesions in a manner such as

FIG. 5. Reproducibility of F9/3-3-based, competitive ELISA as-
ay for urinary oligomers.
237
nd overcome the above problems. We have previously
peculated that the discrepancy in levels of 8-oxodG
easured by HPLC with electrochemical detection

HPLC-EC) and ELISA methods may, in part, be due to
he presence of lesions in the form of oligomers and
hat a monoclonal antibody to 8-oxodG has the poten-
ial to detect lesions in this form, unlike HPLC-EC
23). Herein, not only do we demonstrate the presence
f urinary oligomers, but also indicate that these oligo-
ers do indeed contain lesions, supporting a recent

eport for the role of NER in 8-oxodG removal (40).
We present preliminary evidence to suggest that this

ntibody to single-stranded DNA may be useful in the
nalysis of DNA repair. Positive correlations between
dduct and oligomer levels in our in vitro model, which
re also observed with in vivo urinary measurements
upport our previous hypothesis that the adducts are
resent, at least in part, in the short oligonucleotides
23) and are therefore highly specific targets for the
nvestigation of DNA repair.

CKNOWLEDGMENTS

The authors gratefully acknowledge financial support from the
cottish Office and Food Standards Agency. The valuable assistance
f the Cell Culture Facility, Centre for Mechanisms of Human Tox-
city, Leicester University, for monoclonal antibody production is
lso appreciated.

EFERENCES

1. Minamoto, T., Mai, M., and Ronai, Z. (1999) Environmental
factors as regulators and effectors of multistep carcinogenesis.
Carcinogenesis 20, 519–527.

2. Groopman, J. D., and Kensler, T. W. (1999) The light at the end
of the tunnel for chemical-specific biomarkers: Daylight or head-
light? Carcinogenesis 20, 1–11.

3. Fairbairn, D. W., Olive, P. L., and O’Neill, K. L. (1995) The comet
assay: A comprehensive review. Mutat. Res. 339, 37–59.

4. Podmore, I. D., Cooke, M. S., Herbert, K. E., and Lunec, J. (1996)
Quantitative determination of cyclobutane thymine dimers in
DNA by stable isotope-dilution mass spectrometry. Photochem.
Photobiol. 64, 310–315.

5. Frelon, S., Douki, T., Ravanat, J-L., Pouget, J-P., Tornabene, C.,
and Cadet, J. (2000) High-performance liquid chromatography-
tandem mass spectrometry measurement of radiation-induced
base damage to isolated and cellular DNA. Chem. Res. Toxicol.
13, 1002–1010.

6. Duez, P., Helson, M., Some, T. I., DuBois, J., and Hanocq, M.
(2000) Chromatographic determination of 8-oxo-7,8-dihydro-29-
deoxyguanosine in cellular DNA: A validation study. Free Radic.
Res., 33, 243–260.

7. Povey, A. C., and Cooper, D. P. (1996) The development, valida-
tion and application of a 32P-postlabelling assay to quantify
O6-methylguanine in human DNA. Carcinogenesis 16, 1665–
1669.

8. Poirier, M. C. (1993) Antisera specific for carcinogen-DNA ad-
ducts and carcinogen-modified DNA: Applications for detection
of xenobiotics in biological samples. Mutat. Res. 288, 31–38.

9. Cooke, M. S., Mistry, N., Ladapo, A., Herbert, K. E., and Lunec,



J. (2000) Immunochemical quantitation of UV-induced dimeric

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

nicity and antigenicity of the oxidative DNA lesion,

2

2

2

2

3

3

3

3

3

3

3

3

3

3

4

Vol. 284, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
and oxidative DNA damage to human keratinocytes. Free Radic.
Res. 33, 369–381.

0. Young, A. R., Sheehan, J. M., Chadwick, C. A., and Potten, C. S.
(2000) Protection by ultraviolet A and B sunscreens against in
situ dipyrimidine photolesions in human epidermis is compara-
ble to protection against sunburn. J. Invest. Dermatol. 115, 37–
41.

1. Cooke, M. S., Evans, M. D., Podmore, I. D., Herbert, K. E.,
Mistry, N., Mistry, P., Hickenbotham, P. T., Hussieni, A., Grif-
fiths, H. R., and Lunec, J. (1998) Novel repair action of vitamin
C upon in vivo oxidative DNA damage. FEBS Lett. 363, 363–367.

2. Kantha, S. S., Wada, S., Tanaka, H., Takeuchi, M., Watabe, S.,
and Ochi, H. (1996) Carnosine sustains the retention of cell
morphology in continuous fibroblast culture subjected to nutri-
tional insult. Biochem. Biophys. Res. Commun. 223, 278–282.

3. Groopman, J. D., Donahue, P. R., Zhu, J., Chen, J., and Wogan,
G. N. (1985) Aflatoxin metabolism in humans: Detection of me-
tabolites and nucleic acid adducts in urine by affinity chroma-
tography. Proc. Natl. Acad. Sci. USA 82, 6492–6496.

4. Cooke, M. S., and Lunec, J. (2001) in Oxidative Stress and Aging:
Advances in Basic Science, Diagnostics and Intervention (Cutler,
R. G., and Rodriguez, H., Eds.), in press.

5. Mohrenweiser, H. W., and Jones, I. M. (1998) Variation in DNA
repair is a factor in cancer susceptibility: A paradigm for the
promises and perils of individual and population risk estimation.
Mutat. Res. 400, 15–24.

6. de Boer, J., and Hoeijmakers, J. H. J. (2000) Nucleotide excision
repair and human syndromes. Carcinogenesis 21, 453–460.

7. Kohno, T., Shinmura, K., Tosaka, M., Tani, M., Kim, S-R., Sugi-
mura, H., Nohmi, T., Kasai, H., and Yokota, J. (1998) Genetic
polymorphisms and alternative splicing of the hOgg1 gene, that
is involved in the repair of 8-hydroxyguanine in damaged DNA.
Oncogene 16, 3219–3225.

8. Ford, B. N., Ruttan, C. C., Kyle, V. L., Brackley, M. E., and
Glickman, B. W. (2000) Identification of single nucleotide poly-
morphisms in human DNA repair genes. Carcinogenesis 21,
1977–1981.

9. Huang, J-C., Hsu, D. S., Kazantsev, A., and Sancar, A. (1994)
Substrate spectrum of human excinuclease, repair of abasic
sites, methylated bases, mismatches and bulky adducts. Proc.
Natl. Acad. Sci. USA 91, 12213–12217.

0. Galloway, A. M., Liuzzi, M., and Paterson, M. C. (1994) Meta-
bolic processing of cyclobutyl pyrimidine dimers and (6–4) pho-
toproducts in UV-treated human cells. Evidence for distinct
excision-repair pathways. J. Biol. Chem. 269, 974–980.

1. Møller, P., Knudsen, L. E., Frentz, G., Dybdahl, M., Wallin, H.,
and Nexo, B. A. (1998) Seasonal variation of DNA damage and
repair in patients with non-melanoma skin cancer and referents
with and without psoriasis. Mutat. Res. 407, 25–34.

2. Dybdahl, M., Frentz, G., Vogel, U., Wallin, H., and Nexo, B. A.
(1999) Low DNA repair is a risk factor in skin carcinogenesis: A
study of basal cell carcinoma in psoriasis patients. Mutat. Res.
433, 15–22.

3. Cooke, M. S., Evans, M. D., Herbert, K. E., and Lunec, J. (2000)
Urinary 8-oxo-29-deoxyguanosine—Source, significance and sup-
plements. Free Radic. Res. 32, 381–397

4. Kasai, H., and Nishimura, S. (1984) Hydroxylation of deoxy-
guanosine at the C-8 position by ascorbic acid and other reducing
agents. Nucleic Acids. Res. 12, 2137–3145.

5. Cooke, M. S., Herbert, K. E., Butler, P. C., and Lunec, J. (1998)
Further evidence for the role of conformation on the immunoge-
238
8-oxodeoxyguanosine. Free Radic. Res. 28, 459–469.
6. Seaman, E., Levine, L., and Van Vanukis, H. (1966) Antibodies

to methylene blue sensitised photooxidation products in deoxyri-
bonucleic acid. Biochemistry 5, 1216–1223.

7. Floyd, R. A., West, M. S., Eneff, K. L., and Schneider, J. E. (1989)
Methylene blue plus white light mediates 8-hydroxyguanine for-
mation in DNA. Arch. Biochem. Biophys. 52, 68–74.

8. Cooke, M. S., Mistry, N., Wood, C., Herbert, K. E., and Lunec, J.
(1997) Immunogenicity of DNA damaged by reactive oxygen
species—Implications for anti-DNA antibodies in Lupus. Free
Radic. Biol. Med. 22, 151–157.

9. Traincard, F., Chevrier, D., Mazie, J. C., and Guesdon, J. L.
(1989) Monoclonal anti-nucleoside antibodies. J. Immunol.
Methods 123, 83–93.

0. Ahmad, J., Cooke, M. S., Hussieni, A., Evans, M. D., Burd, R. M.,
Patel, K., Bleiker, T. O., Hutchinson, P. E., and Lunec, J. (1999)
Urinary thymine dimers and 8-oxo-29deoxyguanosine in psoria-
sis. FEBS Lett. 460, 549–553.

1. Lipinski, L. J., Hoehr, N., Mazur, S. J., Dianov, G. L., Sentürker,
Dizdaroglu, M., and Bohr, V. A. Repair of oxidative DNA base
lesions induced by fluorescent light is defective in xeroderma
pigmentosum group A cells. Nucleic Acids Res. 27, 3153–3158.

2. Park, E. M., Shigenaga, M. K., Degan, P., Korn, T. S., Kitzler,
J. W., Weher, C. M., Kolachana, P., and Ames, B. N. (1992) Assay
of excised oxidative DNA lesions, Isolation of 8-oxoguanine and
its nucleoside derivatives from biological fluids with a monoclo-
nal antibody column. Proc. Natl. Acad. Sci. USA 89, 3375–3379.

3. Munns, T. W., Liszewski, M. K., Tellam, J. T., Ebling, F. M., and
Hahn, B. H. (1982) Antibody z nucleic acid complexes. Identifi-
cation of the antigenic determinant of a murine monoclonal
antibody specific for single-stranded nucleic acids. Biochemistry
21, 2929–2936.

4. Van der Schans, G. P., van Loon, A. A. W. M., Groenendijk, R. H.,
and Baan, R. A. (1989) Detection of DNA damage in cells exposed
to ionising radiation by use of anti-single-stranded DNA mono-
clonal antibody. Int. J. Radiat. Biol. 55, 747–760.

5. Mueller, R., and Rajewsky, M. F. (1980) Immunological quanti-
fication by high-affinity antibodies to O6-ethyl-deoxyguanosine
in DNA exposed to N-ethyl-N-nitrosourea. Cancer Res. 40, 887–
896.

6. Timmerman, A. J., Mars-Groenedijk, R. H., van der Schans,
G. P., and Baan, R. A. (1995) A modified immunochemical assay
for the fast detection of DNA damage in human white blood cells.
Mutat. Res. 334, 347–356.

7. Degan, P., Shigenaga, M. K., Park, E., Alperin, P. E., and Ames,
B. N. (1991) Immunoaffinity isolation of urinary 8-hydroxy-29-
deoxyguanosine and 8-hydroxyguanine and quantitation of
8-hydroxy-29-deoxyguanosine in DNA by polyclonal antibodies
Carcinogenesis 12, 865–871.

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

9. Sakumi, K., Furuichi, M., Tsuzuki, T., Kakuma, T., Kawabata,
S-i., Maki, H., and Sekiguchi, M. (1993) Cloning and expression
of cDNA for a human enzyme that hydrolyses 8-oxo-dGTP, a
mutagenic substrate of DNA synthesis. J. Biol. Chem. 268,
23524–23530.

0. Cooke, M. S., Evans, M. D., Burd, R. M., Patel, K., Barnard,
A., Hutchinson, P. E., and Lunec, J. (2001) Induction and
excretion of UV-induced 8-oxo-29-deoxyguanosine and thy-
mine dimers in vivo: Implications for PUVA. J. Invest. Der-
matol. 116, 281–285.


	FIG. 1
	MATERIALS AND METHODS
	RESULTS
	FIG. 2
	TABLE 1
	FIG. 3

	DISCUSSION
	FIG. 4
	FIG. 5

	ACKNOWLEDGMENTS
	REFERENCES

