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Abstract

Emphasis is placed in this short survey on recent aspects of the photochemistry of
cellular DNA that involve both the effects of UVB and UVA radiations. Direct
excitation of the purine and pyrimidine bases of DNA is known to mostly generate
dimeric pyrimidine photoproducts in oxygen independent photoreactions. Interest-
ingly, the twelve possible dimeric photoproducts at the four main bipyrimidine sites
can now be singled out as dinucleoside monophosphates. This is achieved using
a specific and sensitive assay that associates high performance liquid chromato-
graphy to tandem mass spectrometry (HPLC-MS/MS) operating in the electrospray
ionization (ESI) mode. Thus, it was found that UVB irradiation of human monocyte
cells gives rise predominantly to cis-syn cyclobutadithymine, thymine-cytosine
pyrimidine(6-4) pyrimidone adduct and related cyclobutyl dimer. In contrast the
dimeric photoproducts at (di)cytosine sites are generated in very low yields although
characteristic tandem mutations of UV-B irradiation are observed at the latter CC
sequences. Further, cytosine photohydrate and Dewar valence isomers of the (6-4)
photoproducts are at the best minor UV-B photoproducts. Relevant information on
UVA-sensitized oxidative damage to cellular DNA was gained from measurements
using chromatographic methods and the modified comet assay. Thus, it was shown
that 8-oxo-7,8-dihydro-2'-deoxyguanosine is the predominant DNA oxidation
product, as mostly, the result of singlet oxygen oxidation. In addition, oxidized
pyrimidine bases and DNA strand breaks whose formation involves “OH radical, are
produced in much lower yields. Work is in progress to assess the UVA-induced
formation of other markers of oxidative stress. These include on the one hand DNA-
protein crosslinks and on the other hand DNA adducts with reactive aldehydes that
arise from the breakdown of initially generated lipid peroxides.

1.1 Introduction

Solar UV radiation appears to be the main etiological factor responsible for
the induction of skin cancers in human population. It is well established that UVB
and UVA radiations act mostly on cellular DNA via direct and photosensitized
reactions respectively [for earlier reviews, see 1,2]. Precise assessment of the final
products of these photoreactions has been hampered for years by the lack of accurate
and quantitative methods of measurement. This particularly concerns the individual
determination of dimeric pyrimidine photoproducts including cis-syn cyclobutadi-
pyrimidines (CPDs), pyrimidine (6-4) pyrimidone photoadducts (6-4PPs) and
related valence Dewar isomers (DewarPPs) for which only limited information was
available until recently. However, relevant data on the distribution and repair of the
three latter classes of photoproducts within the DNA of plasmids, isolated cells and
tissues were gained mostly from serological approaches [3-8]. These include
ELISA, RIA and immuno-dot-blot measurements together with immunostaining
detection through the availability of monoclonal and polyclonal antibodies [8—12].
We may also mention the recent development of an immunological method aimed at
measuring CPDs and 6-4PPs in the DNA of isolated cells in association with the
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comet assay [13]. Another suitable method that is receiving major attention is the
ligation-mediated polymerase chain reaction (LM-PCR) [14-16]. This allows the
mapping within DNA at the nucleotide resolution of dimeric pyrimidine
photoproducts and particularly of CPDs, the latter lesions being revealed through
the nicking activity of T4 endonuclease V. Thus, it was found that methylation of
cytosine residues in 5-CCG and 5'-TCG sequences leads to a 10-fold increase in the
UVB formation of CPDs [17]. Interestingly the latter lesions were found to
constitute major p53 mutation hot spots in mouse skin tumors [18]. It was also
shown that accumulation of dimeric DNA photoproducts takes place at the same
locations of the p53 gene in both human skin and epidermal cells of Hupki (human
p53 knock-in) mice [19]. Another striking information inferred from LC-PCR
analysis is the predominant implication of CPDs in a vast majority of UVB-induced
mutations in mammalian cells [20]. LM-PCR measurement of CPDs in the DNA of
the basal layer of engineered human skin led to the conclusion that upper layers
of epidermis protected against the genotoxic effect of UVC but not from those of
solar UVB radiation [21]. Evidence was also provided, still using LM-PCR
detection of CPDs, that human cells either genetically or functionally compromised
for p53 function, are defective in both global and transcription-coupled nucleotide
excision repair (TCNER) [22]. Interestingly, cells functionally compromised for
retinoblastoma tumor suppressor protein function are only defective in TCNER [21].
Preferential repair of CPDs was found to occur in the promoter and quiescent
initiation domain of the CDC2 gene in both quiescent and proliferating human
fibroblasts [23].

There is an increasing attention devoted to the assessment of the molecular
effects of UVA radiation on DNA in relation with the increased formation of
reactive oxygen species (ROS) that for the bulk is mediated by endogenous
photosensitizers. This interest is explained, at least, partly by the likely association
of UVA with skin cancer risk [24,25] and particularly with skin melanoma
incidence whose observation in heavily pigmented hybrids of Xiphophorus fish [26]
requires, however, further support before to be considered as a suitable model for
human. In that respect, UVA does not appear to be a specific mutagen in contrast to
UVB that induces a characteristic mutation fingerprint at bipyrimidine sites and
more precisely at TC and CC sequences [27]. Thus, the incidence of p53 mutations
in UVA-induced skin tumors in hairless mice is very low without any speci-
ficity [27]. The relatively high incidence of A:T—T:A point mutations observed on
the LacZ gene upon exposure of human cells to UVA radiation cannot be correlated
with the formation of any known DNA lesions [28,29]. In contrast, the UVA-
mediated increase in the frequency of T—G transversions in the aprt locus of
Chinese hamster ovary cells that was not observed in the nucleotide excision repair-
deficient cells may be accounted for by the damaging effects of ROS on DNA
[30,31]. It may be pointed out that indirect evidence for the exaltation of the
formation of ROS upon UVA irradiation of human skin fibroblasts was provided by
the observed induction of heme oxygenase [32] and the release of free iron from
ferritin [33]. More direct proofs for the occurrence of oxidation reactions within
human and CHO cells upon exposure to UVA radiation was the observed increase
in the level of 8-oxo0-7,8-dihydroguanine, an ubiquitous biomarker of oxidative
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processes, in both nuclear DNA and RNA [34-38]. In addition, relevant
information on several classes of oxidative damage induced by UVA and visible
radiation to cellular DNA was gained from application of the alkaline elution
technique that involves the use ot two DNA repair enzymes, namely formamido-
pyrimiidne DNA N-glycosylase (Fpg) and endonuclease III (endo III). Thus it was
shown that the formation of Fpg-sensitive sites, likely to mostly involve 8-oxoGua,
are predominant with respect to DNA strand breaks and endo IIl-sensitive sites
(mostly oxidized pyrimidine bases) [39-41].

Emphasis is placed in this short survey on recent aspects on the formation of
UVB and UVA-mediated damage to cellular DNA that mostly involved dimeric
pyrimidine photoproducts and oxidative lesions. The bulk of the measurement of
DNA photoproducts was achieved using the recently available HPLC-tandem mass
spectrometry technique and the modified comet assay.

1.2 Distribution of UVB radiation-induced dimeric pyrimidine
photoproducts within cellular DNA

The advent of the HPLC in the mid 70’s together with the availability of new
stationary phases including octadecylsilyl silica gel (ODS) packing material has
provided a strong impetus to the development of sensitive and highly resolutive
analytical method aimed at monitoring the formation of tiny amounts of lesions
within cellular DNA. Interestingly, it was shown as early applications that the
cis-syn isomer of cyclobutadithymine (c,s Thy <>Thy) was efficiently separated
from the DNA hydrolysis products [42,43]. It should be reminded that the only one
available sensitive detection approach at that time was the radioactive measurement
of the content of HPLC fractions; however, this was not achieved on line due to the
lack of suitable detector. One of the main advantages provided by the HPLC
separation on the ODS columns is that thymine is eluted less rapidly than the
targeted c,s Thy <> Thy, avoiding any contamination of the fractions containing
the latter minor photoproduct due to the trailing of [3H]—thymine [42,43]. However,
the measurement of cis-syn cyclobutane dimer involving cytosine and [*H]-thymine
that is released as Ura<>Thy was difficult due to a co-eluting radioactive
contaminant, the likely 5-hydroxy-5-methylhydantoin that arises from self-radiolysis
process [44]. Interestingly, the assay despite some limitations has received several
relevant applications including the assessment of repair kinetic of c¢,s Thy <> Thy in
UVC-irradiated of normal and xeroderma pigmentosum fibroblast cells [43].
Subsequently, a suitable HPLC method that does not require radioactive pre-labeling
of DNA has become available for monitoring the formation of fluorescent pyrimidine
(6-4) pyrimidone photoproducts (6-4PPs).[45] This has required the use of HF-
pyridine at room temperature as a mild hydrolytic reagent to obtain a quantitative
release of relatively unstable 6-4PPs as nucleobase derivatives. The detection of the
latter photoproducts that exhibit a fluorescence emission spectra with maxima
around 380 nm upon excitation in the UVB range was achieved at the output of
the HPLC column using a fluorescence detector. The distribution of the 6-4PPs
including either two thymine or one thymine and a cytosine was assessed in
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UVC irradiated DNA. However, the relatively low sensitivity of the steady-state
fluorescence detection technique has prevented the application of the assay for
monitoring the formation of 6-4PPs within nuclear DNA of UVC or UVB irradiated
cells.

Interestingly, most of the limitations that have been encountered for measuring the
dimeric pyrimidine photoproducts (vide supra) were overcome using the accurate
HPLC-MS/MS method operating in the electrospray ionization (ESI) mode. This
method that recently became available has already found interesting applications for
the measurement of DNA damage including several oxidized pyrimidine and purine
nucleosides and nucleobases [46,47]. The overall strategy involves enzymatic
digestion of DNA [48,49] from UVB irradiated cells by a cocktail of several enzymes
including 3'-and 5'-exonucleases after the quantitative conversion of Cyt <> Cyt and
5'-end cytosine 6-4PPs into the corresponding uracil derivatives through deamina-
tion. Therefore, in one HPLC analytical run it is possible to accurately measure at the
output of the chromatographic column the twelve possible bipyrimidine adducts at
TT, TC, CT and CC sequences both in isolated and cellular DNA upon exposure to
low doses of UVC and UVB radiations [50,51]. Interestingly, the tandem mass
spectrometric measurement which is achieved in the sensitive multiple reaction
monitoring (MRM) mode provides also a specific way of distinguishing CPD from
6-4PP for a given bipyrimidine site due to the occurrence of a different fragmentation
pattern [52]. Similar trends in the photoproduct distribution are observed in isolated
and cellular DNA upon either UVC or UVB irradiation. As a first remark it may be
noted that the formation of the Dewar valence isomers of 6-4-PPs is barely detectable
upon exposure of cellular DNA to biologically relevant doses of UVB radiation.
Under the latter conditions, only the Dewar isomer at CC sites (Figure 1) was found
to be produced, however, in a very low yield. The three main UVB-induced dimeric

cyclobutane dimer CC sequence (6-4) photoproduct
NH,  NH, NH,
)\ = /L UVB/UVC N ﬁ*w UVB/
1
water
l (deamination) lUVB/UVC
(6] (6]
YOI ﬁ ﬁ
O)\N N o 2\ OH N/K
B I
UU cyclobutane dimer cytosine hydrate Dewar valence isomer

Figure 1. Chemical structure of the main UVB-induced monomeric and dimeric cytosine
photoproducts. An example of secondary deamination reaction that may affect 5,6-
dihydrocytosine residues is provided for the cyclobutane dimer.
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photoproducts appear to be generated in the following decreasing order of impor-
tance: ¢,s Thy <> Thy > 6-4PP at TC sequence > Thy <> Cyt(Table 1). In contrast,
the CT sites and to a lower extent, the CC sequences exhibit a low photoreactivity as
inferred from the low yield formation of both CPDs and 6-4-PPs. It should be
reminded that the CC photoproducts although generated with a low efficiency exhibit
a high mutagenic potential that leads to the observation of the characteristic UV-
induced tandem mutation CC—TT. However, further work is required to definitively
establish the nature of the highly mutagenic UVB-induced photolesion(s). As a final
remark, it may be stressed that the comparison of the HPLC-MS/MS measurements
and LM-PCR analysis of dimeric pyrimidine photoproducts in the DNA of UVC
irradiated cells [53] shows that application of the latter method leads to a strong
underestimation of the yield of 6-4PPs at TT and TC sites. This is likely due to the low
efficiency of the piperidine-mediated conversion of the 6-4PPs into strand cleavage
at the 3'-side since only the related valence Dewar isomers appear to be strongly
alkali-labile.

1.3 UVC and UVB-induced formation of
monomeric base photoproducts

Is was recently confirmed that UVB is able to generate 8-oxoGua in DNA of mouse
keratinocytes [54], mouse epidermis [55] and. Chines hamster ovary cells [56].
However, as shown in a comparative study on the UVB-induced-formation of several
classes of photodamage to cellular DNA, the contribution of 8-oxoGua is rather low.
Thus, the yield of 8-oxoGua measured as the corresponding 2’-deoxyribonucleoside
by HPLC-electrochemical detection in the DNA of UVB irradiated CHO cells was
2.1lesions per 10° bases and kJ.m ™2 [56]. This is about two orders of magnitude lower
than the level of CPDs that was assessed by immunodetection. Further work is
required to better delineate the mechanisms of 8-oxoGua formation that may involve a
Fenton type chemistry, hole migration from initially photo-ionized pyrimidine
and adenine bases or singlet oxygen oxidation. In that respect, we may anticipate a
notable contribution of *OH radical or related reactive oxygen through the Fenton
reaction since UVB irradiation of cellular DNA was found to lead to similar yields of
strand breaks and Fpg-sensitive sites when detected using the alkaline elution
technique [39,40].

Table 1. Distribution of bipyrimidine photoproducts* within DNA of human THP1 mono-
cytes upon exposure to UVB radiation expressed in number of lesions per kJ.m? and 10*
bases (dose range 0-2.6 kJ .m2)

TT TC CT CcC
CPD 3.147%+0.07 1.286%0.047 0.577%0.51 0.279£0.067
6-4PP 0.245%+0.007 1.4000%0.034 <0.01 0.062+0.028
DewarPP <0.01 <0.01 <0.01 <0.03

*From Douki and Cadet [51].
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Table 2. Oxidative damage to DNA of human THP1 monocytes upon exposure to UVA and
ionizing radiations expressed in number of lesions per either kJ.m? (dose range 0-2.6 kJ. m?)
or per Gy (dose range 0-40 Gy)°

Lesions (perlO9 bases) Control UVA radiation (per kJ.m?) Gamma rays (per Gy)

8-OxodGuo” 11 0.8

FapyGua® 27 not determined
DNA strand breaks® 265 130 0.9
Fpg-sensitive sites” 190 18 1.9

Endo Ill-sensitive sites’ 195 53 0.3
“HPLC-ECD.

°HPLC/GC-MS.

“Comet assay (single strand breaks, double strand breaks and alkali-labile sites).
Modified comet assay.

“From Pouget et al. [62].

Another putative UVB DNA photodamage that has received a lot of attention in
early model studies is 6-hydroxy-5,6-dihydrocytosine the so-called ‘“cytosine
photohydrate” that arises from hydration of singlet excited state cytosine [for a
comprehensive review, see 1]. A relevant piece of information on the formation of
cytosine photohydrate in both isolated and cellular DNA was recently gained from
the application of a suitable HPLC-MS/MS assay [57]. This allows the
measurement of 2'-deoxycytidine photohydrates as the 6R and 6S diastereomers
of 6-hydroxy-5,6-dihydro-2’-deoxyuridine upon DNA enzymatic hydrolysis and
quantitative deamination. Thus, it was found that UVC-induced formation of
cytosine hydrate in isolated DNA is a minor photochemical event with a yield of
formation which is about 2 orders of magnitude lower than that of CPDs. The
formation ratio CPDs/cytosine hydrate was found to be even lower by a factor of 10
in cellular DNA as the likely result of lower accessibility of water molecules for
hydration of the cytosine moieties in compacted cellular DNA. These data that, at
the best, suggest a minor contribution of cytosine hydrate to the overall biological
effect of far-UV radiation are in agreement with a previous estimation of
endonuclease III-sensitive sites that were to be 2 orders of magnitude lower than
the level of CPDs [58].

1.4 Damage induced by UVA radiation to cellular DNA

Several lines of evidence that underline the major role played by endogenous
photosensitizers in promoting oxidative reactions to cellular DNA upon activation
by UVA radiation are now available [for a recent review, see 59] are available.
Another indirect support for the UVA-induced generation of reactive oxygen
species is provided by the observation of the enhancement of the cytotoxic and
DNA damaging effects of this component of solar radiation upon addition of
L-arginine to human keratinocyte HaCaT cell cultures [60]. A reasonable
explanation involves the implication of peroxynitrite as a damaging species as
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the result of the reaction of L-arginine-stimulated formation of NO® with
photogenerated O,"". As a more direct proof of the occurrence of oxidation
reactions, it was recently shown that UVA irradiation of cellular DNA gives rise to
8-0xodGuo as assessed by HPLC-ECD measurements [56,61]. Insights into the
mechanism of 8-oxodGuo formation were gained from a study that has involved the
measurement of three main classes of UVA-induced oxidative damage to DNA in
human monocytes using a modified comet assay [62]. These included frank DNA
strand breaks together with alkali-labile lesions on the one hand and additional
nicks provided by incubation with Fpg and endo III enzymes respectively on the
other hand. Interestingly it was found in agreement with previous measurements
achieved using the alkaline elution technique that the level of Fpg-sensitive sites
was much higher than that of either strand breaks or lesions recognized by endo III
[39,40]. Interestingly, the distribution pattern of the oxidative lesions is different
from that induced by exposure to gamma rays (Table 2). Under the latter conditions
where “OH radical is the predominant reactive species, the yield of endo- and Fpg-
sensitive sites is similar, each of them being about three times lower than that of
DNA strand breaks. It should be added that recent investigations using a suitable
derivatized naphthalene endoperoxide as a chemical source of singlet oxygen ('O,)
[63] have shown that the latter ROS reacts in a highly specific way with the guanine
moiety of both isolated and cellular DNA to produce exclusively 8-oxoGua [64,65].
It was found that 'O, is not able to act as a one-electron oxidant as inferred from the
lack of formation of 2,6-diamino-4-hydroxy-5-formamidopyrimiidine (FapyGua)
which is also generated by the reaction of “OH radical with guanine. It should be
added that attempts to detect FapyGua in the DNA of UVA-irradiated cells were
unsuccessful [62], suggesting either the lack or the low involvement of *OH radical
and/or one-electron oxidation process in the formation of 8-oxoGua In fact the
predominance of the latter compound over DNA strand breaks and endolll-
sensitive sites, mostly oxidized pyrimidine bases, may be rationalized in terms of
predominant participation of 'O, (85%) together with a low contribution of *OH
radical (15%). It is expected that the qualitative and quantitative formation of the
different classes of oxidatively generated damage to DNA is likely to vary with the
nature of the cells since they are expected to contain different types of
photosensitizers. This may explain the absence of detection of 8-oxoGua in the
DNA of UVA-irradiated human epidermoid carcinoma cells [66].

It clearly appears that 8-oxoGua, the main oxidative lesion identified so far in the
DNA of UVA-irradiated cells is at the best generated in very low amounts. In fact
exposure of monocyte cells to a dose of UVA radiation up to 50 kJ.m™2 is required
to double the level of steady-state level of 8-oxoGua [62] that arises mostly from
oxidative metabolism in non-irradiated cells. This strongly suggests that the
contribution of 8-oxoGua to the overall biological deleterious effects of UVA
radiation is expected to be very low. In that respect, the role of CPDs that have
been shown to be formed in much higher yield than 8-oxoGua (ratio 19) has to
be further investigated. Interestingly, it was recently found that Thy <> Thy is
the predominant UV A-induced dimeric pyrimidine photoproduct at the exclusion of
other CPDs and 6-4PPs [67,68], suggesting the occurrence of an energy transfer
process for its formation.
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1.5 Conclusions

Major progress has been recently made in the assessment of the main UVB and
UVA-induced damage to cellular DNA through accurate HPLC and biochemical
measurements. Thus, the complete pattern of the dimeric pyrimidine photoproducts
is now available for the main bipyrimidine sequences. It is confirmed that there is a
strong primary sequence effect on the formation of both CPDs and 6-4PPs.
However, information is still lacking on the UVB-induction of 5-methylcytosine
(5-MeCyt) containing dimeric pyrimidine photoproducts in both isolated and
cellular DNA. Indirect measurement has suggested that the presence of a 5-MeCyt
residue in a bipyrimidine sequence would prevent the formation of related 6-4PP
photoproducts in cellular DNA [69]. However, this contrasts with the fact that both
CPDs and 6-4PPs were found to be efficiently produced in 5-MeCyt containing
dinucleoside monophosphates [70]. Further applications of the HPLC-MS/MS
assay are expected for assessing the kinetic of repair of individual bi-pyrimidine
photoproducts in various cell lines as already shown for the thymine dimeric
lesions within the DNA of Arabidopsis thaliana [71]. A major analytical
development is expected for the latter assay with the association of either micro-
HPLC or capillary electrophoresis to the tandem mass spectrometry detection that
may result in a significant increase in sensitivity. Other types of oxidative DNA
damage have to be considered as potential UVA-induced lesions. Relevant
candidates are represented by adducts that arise from the reaction of aminobases
with aldehydes such as malonaldehyde and 4-hydroxy-2-nonenal, breakdown
products of lipid peroxides for which a suitable HPLC-MS/MS is available [72]. A
second class of photosensitized DNA photodamage for which there is still a paucity
of structural and mechanistic information deals with DNA-protein cross-links.

Acknowledgements

The authors acknowledge the financial support from the Centre National d’Etudes
Spatiales.

References

1. J. Cadet, P. Vigny (1990). The photochemistry of nucleic acids, In: H. Morrison (Ed.)
Bioorganic Photochemistry: Photochemistry and the Nucleic Acids (pp. 1-272). Wiley
and Sons, New York, NY.

2. J. Cadet, M. Berger, T. Douki, B. Morin, S. Raoul, J.-L. Ravanat, S. Spinelli (1997).
Effects of UV and visible radiations on DNA - Final base damage. Biol. Chem., 378,
1275-1286.

3. E. Otoshi, T. Yagi, T. Mori, T. Matsunaga, O. Nikaido, S.-T. Kim, K. Hitomi, M. Ikenaga,
T. Todo (2000). Respective roles of cyclobutane dimmers, (6-4)photoproducts, and minor
photoproducts in ultraviolet mutagenesis of repair-deficient xeroderma pigmentosum
A cells. Cancer Res., 60, 1729—-1735.



UVB AND UVA INDUCED DNA DAMAGE 11

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

D. Perdiz, P. Grof, M. Mezzina, O. Nikkaido, E. Moustacchi, E. Sage (2000). Distribution
and repair of bipyrimidine photoproducts in solar UV-irradiated mammalian cells. J. Biol.
Chem., 275, 26732-26742.

. H. Steige, L. Roza, A.A. Vink, T. Ruzicka, S. Grether-Beck, J. Krutmann (2000).

Enzyme plus light therapy to repair DNA damage in ultraviolet-B-irradiated human skin.
Proc. Natl. Acad. Sci. USA, 97, 1790-1795.

. S. Horiki, H. Miyauchi-Hashimoto, K. Tanaka, O. Nikaiddo, T. Horio (2000). Protective

effects of sunscreening agents on photocarcinogenesis, photoaging, and DNA damage in
XPA gene knockout mice. Arch. Dermatol. Res., 292, 511-518.

. D.B. Yarosh, S. Boumakis, S. Brown, M.T. Canning, J.W., Galvin, D.M., Both, E. Kraus,

A. O’Connor, D.A. Brown (2002). Measurement of UVB-induced DNA damage and its
consequences in models of immunosuppression. Methods, 28, 55-62.

. D.L.Mitchell, R. Greinert, F.R. de Gruijl, K.L.H. Guikers, E.W. Breitbart, M. Byrom, M.M.

Gallmeier, M.G. Lowerey, B. Volkmer (1999). Effects of chronic low-dose ultraviolet B
radiation on DNA damage and repair in mouse skin. Cancer Res., 59, 2875-2884.

. T. Mori, M. Nakane, T. Hattori, T. Matsunaga, M. Ihara, O. Nikaido (1991). Simultaneous

establishment of monoclonal antibodies specific for either dimmer or (6-4)photoproduct from the
same mouse immunized with ultraviolet-irradiated DNA. Photochem. Photobiol., 54, 225-232.
T. Mizuno, T. Matsunaga, M. Thara, O. Nikaido (1991). Establishment of a monoclonal
antibody recognizing cyclobutane-thymine dimer in DNA: a comparative study with
64M1 antibody specific for 6-4photoproducts. Mutat Res., 254, 175-184.

T. Matsunaga, Y. Hatakeyama, M. Ohta, T. Mori, O. Nikaido (1993). Establishment and
characterization of a monoclonal antibody recognizing the Dewar isomers of (6-4)
photoproducts. Photochem. Photobiol., 57, 934-940.

L. Roza, K.J.M. Van der Wulp, S.J. MacFarlane, P.H.M. Lohman, R.A. Baan (1988).
Detection of cyclobutane thymine dimers in DNA of human cells with monoclonal
antibodies raised against a thymine-dimer containing tetranucleotide. Photochem.
Photobiol., 48, 627-634.

S. Sauvaigo, C. Serres, N. Signorini, N. Emmonet, M.-J. Richard, J. Cadet (1998). Use
of the single cell gel electrophoresis assay for the immunofluorescent detection of a
specific DNA damage. Anal. Biochem., 259, 1-7.

S. Tornaletti, D. Rozek, G.P. Pfeifer (1993). The distribution of UV photoproducts along
the human p53 gene in relation to mutations and skin cancer. Oncogene, 8, 2051-2057.
S. Tommasi, M.F. Denissenko, G.P. Pfeifer (1997). Sunlight induces pyrimidine dimers
preferentially at 5-methylcytosine bases. Cancer Res. 57, 4727-4730.

R. Drouin, H. Rodriguez, G.P. Holmquist, S.A. Akman (1996). In: G.P. Pfeifer (Ed.),
Technologies for DNA Damage and Mutations (pp. 37—43). Plenum Press, New York, NY.
Y.H. You, G.P. Pfeifer (2001). Similarities in sunlight-induced mutational spectra of
CpG-methylated transgenes and the p53 gene in skin cancer point to an important role of
5-methylcytosine residues in solar UV mutagenesis. J. Mol. Biol., 305, 389-399.

Y.H. You, P.E. Szabo, G.P. Pfeifer (2000). Cyclobutane pyrimidine dimers form
preferentially at the major p5S3 mutational hotspot in UVB-induced mouse skin tumors.
Carcinogenesis, 21, 2113-2117.

J.-L. Luo, W.-M. Tong, J.-H. Yoon, M. Hergenhahn, R. Koomagi, Q. Yang, D. Galendo,
G.P. Pfeifer, Z.-Q. Wang, M. Hollstein (2001). UV-induced DNA damage and mutations
in Hupki (human p53 knock-in) mice recapitulate p53 hotspot alterations in sun-exposed
human skin. Cancer Res., 61, 8158-8162.

Y.-H. You,D.-H. Lee, J.-H.Yoon, S. Nakajima, A. Yasui, G.P. Pfeifer (2001). Cyclobutane
pyrimidine dimers are responsible for the vast majority of mutations induced by UVB
irradiation in mammalian cells. J. Biol. Chem., 276, 44688-44694.



12

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

J. CADET, T. DOUKI, J.-P. POUGET AND J.-L. RAVANAT

J.-P. Therrien, M. Rouabhia, E.A. Drobetsky, R. Drouin (1999). The multilayered
organization of engineered human skin does not influence the formation of sunlight-
induced cyclobutane pyrimidine dimers in cellular DNA. Cancer Res., 59, 285-289.
J.-P. Therrien, R. Drouin, C. Baril, E.A. Drobetsky (1999). Human cells compromised
for p53 function exhibit effective global and transcription-coupled nucleotide excision
repair, whereas cells compromised for pRb function are defective only in global repair.
Proc. Natl. Acad. Sci. USA, 96, 15038-15043.

S. Tommasi, A.B. Oxyzoglou, G.P. Pfeifer (2000). Cell cycle-independent removal of
UV-induced pyrimidine dimers from the promoter and the transcription initiation
domain of the human CDC2 gene. Nucleic Acids Res., 28, 3991-3998.

R.M. Tyrrell, S.M. Keyse (1990). The interaction of UVA radiation with cultured cells.
J. Photochem. Photobiol B: Biol., 4, 349-361.

A. de Laat, J.C. van der Leun, F.R. de Gruijl (1997). Carcinogenesis induced by UVA
(365 nm) radiation: the dose-time dependence of tumor promotion in hairless mice.
Carcinogenesis, 18, 1013-1020.

R.B. Setlow, E. Grist, K. Thompson, A.D. Woodhead (1993). Wavelengths effective in
induction of malignant melanoma. Proc. Natl. Acad. Sci. USA, 90, 6666—6670.

H.J. van Kranen, A. de Lat, J. van der Leun, P.W. Wester, A. de Vries, R.J.W. Berg,
C.F. van Kreijl, F.R. de Gruijl (1997). Low incidence of p53 mutations in UVA
(365 nm)-induced skin tumors in hairless mice. Cancer Res., 57, 1238-1240.

A. Stary, C. Robert, A. Sarasin (1997). Deleterious effects of ultraviolet radiation in
human cells. Mutat. Res., 383, 1-8.

E. Sage (1993). Distribution and repair of photolesions in DNA: genetic consequences
and the role of sequence context. Photochem. Photobiol., 57, 163-174.

E.A. Drobetsky, J. Turcotte, A. Chateauneuf (1995). A role for ultraviolet A in solar
mutagenesis. Proc. Natl. Acad. Sci. USA, 92, 2350-2354.

E. Sage, B. Lamolet, E. Brulay, E. Moustacchi, A. Chateauneuf, E.A. Drobetsky (1996),
Mutagenic specificity of solar UV light in nucleotide excision repair-deficient rodent
cells. Proc. Natl. Acad. Sci. USA, 93, 176-180.

G.F. Vile, RM. Tyrrell (1993). Oxidative stress resulting from ultraviolet A irradiation
of human skin fibroblasts leads to a heme oxygenase-dependent increase in ferritin.
J. Biol. Chem., 268, 14678—14681.

C. Pourzand, R.D. Watkin, J.E. Brown, R.M. Tyrrell (1999). Ultraviolet A radiation
induces immediate release of iron in human primary skin fibroblasts: the role of ferritin.
Proc. Natl. Acad. Sci. USA, 96, 6751-6756.

A. Fisher-Nilsen, S. Loft, K.G. Jensen (1993). Effect of ascorbate and 5-aminosalisylic
acid on light-induced 8-hydroxydeoxyguanosine formation in V79 Chinese hamster
cells. Carcinogenesis, 14, 2431-2433.

J.E. Rosen, A K. Prahalad, G.M. Williams (1996). 8-Oxodeoxyguanosine formation in the
DNA of cultured cells after exposure to H>O, alone or with UVB or UVA irradiation.
Photochem. Photobiol. 64, 117-122.

W.G. Warmer, R.R. Weiss (1997). In vitro photooxidation of nucleic acids by ultraviolet
radiation. Photochem. Photobiol., 65, 560-563.

E. Kvam, R.M. Tyrrell (1997). Induction of oxidative DNA base damage in human skin
cells by UV and near visible radiation. Carcinogenesis 18, 2379-2384.

X.Zhang, B.S. Rosenstein, Y. Wang, M. Lebwohl, D.L. Mitchell, H. Wei (1997). Induction
of 8-0x0-7,8-dihydro-2/-deoxyguanosine by ultraviolet radiation in calf thymus DNA and
HelLa cells. Photochem. Photobiol., 65, 119-124.

C. Kielbassa, L. Roza, B. Epe (1997). Wavelength dependence of oxidative DNA
damage induced by UV and visible light. Carcinogenesis, 18, 811-816.



UVB AND UVA INDUCED DNA DAMAGE 13

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

M. Pfaum, C. Kielbassa, M. Garmyn, B. Epe (1998). Oxidative DNA damage induced by
visible light in mammalian cells: extent, inhibition by antioxidants and genotoxic effects.
Mutat. Res., 408, 137-146.

C. Kielbassa, B. Epe (2000). DNA damage induced by ultraviolet and visible light and
its wavelength dependence. Methods Enzymol., 319, 436—445.

H.J. Niggli, P.A. Cerutti (1983). Cyclobutane-type pyrimidine formation and excision in
human skin fibroblasts after irradiation with 313 nm ultraviolet light. Biochemistry, 22,
1390-1395.

J. Cadet, N.E. Gentner, B. Rozga, M.C. Paterson (1983). Rapid quantitation of
ultraviolet-induced thymine-containing dimers in human cell DNA by reversed-phase
high-performance liquid chromatography. J. Chromatogr., 280, 99-108.

J. Cadet, M. Berger (1985). Radiation-induced decomposition of the purine bases within
DNA and related model compounds. Int. J. Radiat. Biol., 47, 127-143.

T. Douki, L. Voituriez, J. Cadet (1995). Measurement of pyrimidine (6-4) pyrimidone
photoproducts in DNA by a mild acidic hydrolysis-HPLC fluorescence assay. Chem.
Res. Toxicol. 8, 244-253.

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

S. Frelon, T. Douki, J. Cadet (2002). Radical oxidation of the adenine moiety of
nucleoside and DNA. 2-Hydroxy-2'-deoxyadenosine is a minor decomposition product.
Free Radic. Res., 36, 499-508.

M. Liuzzi, M. Weinfeld, M.C. Paterson (1989). Enzymatic analysis of isomeric
trithymidilates containing ultraviolet light-induced cyclobutane pyrimidine dimers 1.
Nuclease P1 hydrolysis of the intradimer phosphodiester linkage. J. Biol. Chem., 264,
6355-6363.

T. Douki, T. Zalizniak, J. Cadet (1997). Far-UV-induced dimeric photoproducts in short
oligonucleotides: sequence effects. Photochem. Photobiol., 66, 171-179.

T. Douki, M. Court, S. Sauvaigo, F. Odin, J. Cadet (2000). Formation of the main UV-
induced thymine dimeric lesions within isolated and cellular DNA as measured by high
performance liquid chromatography-tandem mass spectrometry. J. Biol. Chem., 275,
16678-11685.

T. Douki, J. Cadet (2001). Individual determination of the yield of the main UV-induced
dimeric pyrimidine photoproducts in DNA suggests a high mutagenicity of CC
photolesions. Biochemistry, 40, 2495-2501.

T. Douki, M. Court, J. Cadet (2000). Electrospray-mass spectrometry characterization
and measurement of far-UV-induced thymine photoproducts. J. Photochem. Photobiol.
B: Biol., 54, 145-154.

J.-H. Yoon, C.-S. Lee, T.R. O’Connor, A. Uasui, G.P. Pfeiffer (2000). The DNA damage
spectrum produced by simulated sunlight. J. Mol. Biol., 299, 681-693.

M.S. Stewart, G.S. Cameron, B.C. Pence (1996). Antioxidant nutrients protect against
UVB-induced oxidative damage to DNA of mouse keratinocytes in culture. J. Invest.
Dermatol., 106, 1086-1089.

H. Wei, Q. Cai, M. Lebwohl (1998). Tamoxifen reduces endogenous and UV light-
induced oxidative damage to DNA, lipid and protein in vitro and in vivo.
Carcinogenesis, 19, 1013-1018.

T. Douki, D. Perdiz, P. Grof, Z. Kuluncsics, E. Moustacchi, J. Cadet, E. Sage (1999).
Oxidation of guanine in cellular DNA by solar UV radiation: biological role.
Photochem. Photobiol., 70, 184—190.



14 J. CADET, T. DOUKI, J.-P. POUGET AND J.-L. RAVANAT

57. T. Douki, G. Vadesne-Bauer, J. Cadet (2002). Formation of 2'-deoxyurdine hydrates

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

upon exposure of nucleotides to gamma radiation and UVC-irradiation of isolated and
cellular DNA. Photochem. Photobiol. Sci., 1, 565-569.

J. Jen, D.L. Mitchell, R.P. Cunningham, C.A. Smith, J.-S. Taylor, J.E. Cleaver (1997).
Ultraviolet irradiation produces novel endonucleases IIl-sensitive cytosine photopro-
ducts at dipyrimidine sites. Photochem. Photobiol., 65, 323-329.

J. Cadet, T. Douki, J.-P. Pouget, J.-L. Ravanat, S. Sauvaigo (2001). Effects of UV and
visible radiations on cellular DNA. Curr. Probl. Dermatol., 29, 62-73.

C. Didier, N. Emonet-Piccardi, J.-C. Béani, J. Cadet, M.-J. Richard (1999), L-arginine
increases UVA cytotoxicity in irradiated human keratinocyte cell line: potential role of
nitric oxide. FASEB J., 13, 1817-1824.

P. Duez, M. Hanocq, J. Dubois (2001). Photodynamic DNA damage mediated by
d-aminolevulinic acid-induced porphyrin, Carcinogenesis, 22, 771-778.

J.-P. Pouget, T. Douki, M.J. Richard, J. Cadet (2000). DNA damage induced in cells by
gamma and UVA radiation as measured by HPLC/GC-MS and HPLC-EC and Comet
assay. Chem. Res. Toxicol., 13, 541-549.

G.R. Martinez, J.-L; Ravanat, M.H.G. Medeiros, J. Cadet, P. Di Mascio (2000).
Synthesis of a naphthalene endoperoxide as a source of '8O-labeled singlet oxygen for
mechanistic studies J. Am. Chem. Soc 122, 10212-10213.

J.-L. Ravanat, C. Saint-Pierre, P. Di Mascio, G.R. Martinez, M.H.G. Medeiros, J. Cadet
(2001). Damage to isolated DNA mediated by singlet oxygen. Helv. Chim. Acta, 84,
3702-3709.

J.-L. Ravanat, P. Di Mascio, G.R. Martinez, J. Cadet (2000). Singlet oxygen induces
oxidation of cellular DNA. J. Biol. Chem., 275, 40601-40604.

E. Sage, D. Perdiz, P. Grof, A. Reynaud-Angelin, T. Douki, J. Cadet, P. Rochette,
N. Bastien, R. Drouin, DNA damage induced by UVA irradiation: role in solar
mutagenesis. In: R. Drouin, E. Sage, M. Rouabhia (Eds) From DNA Photolesions to
Mutations, Skin Cancer and Cell Death, Royal Society of Chemistry, Cambridge UK,
this volume pp 33-47.

T. Douki, A. Reynaud-Angelin, J. Cadet, E. Sage (2003). Bipyrimidine photoproducts
rather than oxidative lesions are the main DNA damage involved in the genotoxic effect
of solar UVA radiation. Biochemistry 42: 9221-9226.

P.J. Rochette, J.P. Therrien, R. Drouin, D. Perdiz, N. Bastien, E.A. Drobetsky, E. Sage
(2003). UVA-induced cyclobutane pyrimidine dimers form predominantly at thymine-
thymine dipyrimidines and correlate with the mutation spectrum in rodent cells. Nucleic
Acids Res. 31, 2786-2794.

B.W. Glickman, R.M. Schuaper, W.A. Haseltine, R.L. Dunn, D.E. Brush (1986). The
C-G (6-4) UV photoproducts is mutagenic in Escherichia coli. Proc. Natl. Acad. Sci.,
USA, 83, 6945-6949.

T. Douki, J. Cadet (1994). Formation of cyclobutane dimers and (6-4) photoproducts
upon far-UV photolysis of 5-methylcytosine-containg dinucleoside monophosphates.
Biochemistry, 33, 11942-1950.

A-L. Dany, T. Douki, C. Triantaphylides, J. Cadet (2001). Repair of the main UV-induced
thymine dimeric lesions within Arabidopsis thaliana DNA: evidence for the major involve-
ment of photoreactivation pathways. J. Photochem. Photobiol. B: Biol., 65, 127-135.

S. Frelon, T. Douki, A. Favier, J. Cadet (2002). Comparative study of base damage
induced by gamma radiation and Fenton reaction in isolated DNA. J. Chem. Soc. Perkin
Trans. 1 2866-2870.



