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Forum Review

Role of Reactive Oxygen Species in Skin Carcinogenesis

CHIKAKO NISHIGORI,' YUKARI HATTORI,? and SHINYA TOYOKUNI?

ABSTRACT

Reactive oxygen species (ROS) are associated not only with initiation, but also with promotion and progres-
sion in the multistage carcinogenesis model. In the present review, we will focus on the involvement of ROS in
skin carcinogenesis, especially that induced by ultraviolet (UV) radiation. UV-specific DNA damage has been
well studied thus far. However, recent reports have revealed the previously unknown participation of oxida-
tive stress in UV-induced skin carcinogenesis. Indeed, in addition to transition-type mutations at dipyrimidine
sites, G:C to T:A transversions, which may be induced by the presence of 8-oxoguanine during DNA replica-
tion, are frequently observed in the ras oncogene and p53 tumor suppressor gene in human skin cancers of
sun-exposed areas and in UV-induced mouse skin cancers. Recent studies have shown that not only UV-B, but
also UV-A is involved in UV-induced carcinogenesis. A wide variety of biological phenomena other than direct
influence by UV, such as inflammatory and immunological responses and oxidative modifications of DNA and
proteins, appear to play roles in UV-induced skin carcinogenesis. Furthermore, it has become clear that ge-
netic diseases such as xeroderma pigmentosum show deficient repair of oxidatively modified DNA lesions. The
involvement of ROS in skin carcinogeneisis caused by arsenic and chemical carcinogens will also be discussed.
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INTRODUCTION

THERE is considerable evidence suggesting the critical in-
volvement of oxidative stress in carcinogenesis (35, 87).
Regular intake of radical scavengers has been shown to protect
against cancer developmentin experimental animal models, as
well as in epidemiological studies in humans (1, 17, 99).
Chronic inflammatory states, where oxidative stress increases
with the migrating inflammatory cells, are closely associated
with cancer development (97). In fact, significant benefits
have been reported with the intake of nonsteroidal antiinflam-
matory drugs against colon carcinogenesis (34, 75).
Oxidative stress has been shown to be associated with initi-
ation, promotion or progression processes during multistage
carcinogenesis (29, 37). A permanent genetic alteration that
is passed on to the progeny of the initiated cells should occur
during the initiation of carcinogenesis. It has been reported
that reactive oxygen species (ROS) such as hydroxyl radicals

and singlet oxygen induce various types of oxidative DNA le-
sions that are thought to be important for the initiation stage
in the carcinogenic process (18, 23). Bacterial mutants defec-
tive in the repair of ROS-induced DNA damage exhibit an el-
evated mutation frequency after exposure to free radical-
generating agents (60). The ability of catalase, mannitol, and
superoxide dismutase to decrease mutagenesis indicates the
involvement of ROS in generating mutations (57). The hy-
droxyl radical is known to produce thymine glycol, 5-hydroxy-
methyluracil, and 8-hydroxy-2'-deoxyguanosine (8-OHdG)
when it reacts with DNA (18). Of note is the fact that bio-
logical sources such as activated polymorphonuclear leuko-
cytes cause DNA base modifications such as 8-OHdG, 2,6-
diamino-4-hydroxy-5-formamidopyrimidine, and 4,6-diamino-
5-formamidopyrimidine in vivo, modifications that are typi-
cally induced by hydroxyl radicals (19). ROS are associated
with the promotion and progression stages as well. It is recog-
nized that a low level of oxidants can modify cell signaling
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via redox regulation and that these signal modifications have
functional consequences (61, 84, 88).

Among many oxidative DNA base modifications, 8-OHdG
(42) is now widely accepted as a sensitive marker for oxida-
tive stress, and is either generated under physiological condi-
tions or actively produced via a variety of agents. These in-
clude chemicals, x-radiation, ultraviolet (UV) light, singlet
oxygen mediated by photosensitizers (16, 24), and direct
electron transfer that does not involve the participation of
ROS (43). The importance of 8-OHdG is that it has an ability
to pair with adenine instead of cytosine during DNA replica-
tion, thereby causing G:C to T:A transversions (80). High lev-
els of 8-OHdG are observed in various kinds of human and
animal cancers (89). 8-OHdG is also detected in the target or-
gans of animal carcinogenesis models induced by ROS (41).
Indeed, not a few carcinogens have been indicated to work as
radical metabolites (90).

ROLES OF ROS IN UV CARCINOGENESIS

There is ample evidence to demonstrate that solar UV
light induces human skin cancers. The fact that “the nearer
people live to the equator, the higher the frequencies of skin
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cancers” is true even among people of the same race (85).
Skin cancers can be induced by irradiating mice with UV-B
(14, 62). It has been established that cancers are the products
resulting from an accumulation of DNA lesions in crucial
genes such as oncogenes and/or tumor suppressor genes. UV
irradiation causes DNA modifications, and thus is thought to
be responsible for sunlight-induced skin cancers (2).

Thus far, studies on UV-induced carcinogenesis have fo-
cused on UV-B-induced DNA mutations. However, recent re-
ports indicate the involvement of many other factors (see
Fig. 1). Firstly, UV-B induces not only pyrimidine photoprod-
ucts, but also DNA lesions modified by ROS. Secondly, UV-
A also plays a role in UV-induced carcinogenesis based on
animal experiments, although only UV-B has been considered
to be responsible. Thirdly, biological responses other than
direct influence by UV also appear to be responsible for
carcinogenesis. These include immunological and inflamma-
tory responses, modifications of proteins,
regulation (100).

The maximum action spectrum of UV-induced carcinogen-
esis in animal experiments falls into the UV-B (293 nm)
range (15). Direct absorption of UV-C (100-290 nm) or UV-
B (290-320 nm) by DNA leads to formation of pyrimidine
photoproducts, cyclobutane-type pyrimidine dimers, and pyrim-
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Mechanisms of UV-induced skin carcinogenesis. UV radiation, mainly UV-B, directly induces pyrimidine photoproducts.

UV-B, UV-A, and visible light indirectly induce DNA lesions modified by ROS, especially in the presence of the endogenous photo-
sensitizers in vivo. Although the amounts of generated DNA lesions modified by ROS are smaller than those of pyrimidine photoprod-
ucts, removal and repair of these productsin the skin are slower than those for pyrimidine photoproducts, thus leading to persistent ox-
idative stress in the skin, which enhances the promotion activity. Furtheremore, inflammation by UV light or sunburn causes oxidative
stress in the dermis, which also causes ROS formation. All these mechanisms play a role in UV-induced carcinogenesis. 10,, singlet
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idine pyrimidone (6-4) photoproducts at adjacent pyrimidines.
Previous studies suggested that pyrimidine photoproducts are
the major classes of UV-induced DNA lesions involved in cy-
totoxicity and mutagenesis (20, 44). Pyrimidine photoprod-
ucts preferentially induce transition-type base changes (espe-
cially G:C to A:T) at dipyrimidine sites, as demonstrated in
bacteria (58) and in mammalian shuttle vectors (54). Brash et
al. reported that the most frequent mutagenic change in non-
melanoma skin cancersis a C to T transition commonly found
at CC dinucleotides (10), so this type of mutation is some-
times called a “UV-signature mutation.” At the same time,
several reports have pointed out that types of mutations that
are not theoretically considered to be caused by pyrimidine
photoproducts are frequently observed in the human skin can-
cers of sun-exposed areas (70, 93) and UV-B-induced murine
skin cancer (64).

MURINE UV-INDUCED SKIN
CANCER MODELS

We previously produced UV-induced skin cancers on
hairless mice and analyzed whether there is any UV-specific
mutation in the functionally activated ras oncogene alter-
ations (64). Tumor cell lines were established from the UV-
induced skin cancers. By transfecting tumor cell DNA,
focus-forming transformants were selected, and transfor-
mants with activated ras oncogene were detected by South-
ern blot analysis. Among 15 transformed cell lines studied,
10 showed mouse-derived sequences, and all the transfor-
mants had extra ras genes of mouse origin. As these trans-
formed cells were supposed to have activated ras, DNA se-
quencing was performed. Unexpectedly, transversions were
predominant among the mutations (Table 1). Van der Lubbe
et al. found that introduction of an in vitro UV-irradiated
N-ras gene to Rat2 cells produced transformed cells with
mutations resembling those found in our tumors, with eight
of 14 (57%) mutations being transversions (92). There are
two possibilities for this. One possibility is that the ras onco-

TABLE 1.
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gene needs a transversion-type mutation under the condition
that the focus was selected. The other possibility is the in-
volvement of 8-OHAG formation by the indirect action of
UV-B. G:C to T:A transversions have also been identified in
the ras and p53 genes in the human skin cancers of sun-
exposed areas, in addition to transitions at dipyrimidine sites
(8, 70). These studies suggested the possibility of 8-OHdG
participation in UV-induced skin carcinogenesis. Thereafter,
many studies reporting the involvementof 8-OHdG appeared,
as will be described below.

Ito et al. reported that the photodynamic action of ri-
boflavin caused the formation of 8-OHdG in double-stranded
DNA, and that no enhancing effect by D,0O was observed
(38). The estimated ratio of 8-OHdG yield to total guanine
loss indicated that the photoexcited riboflavin induced
8-OHdG formation specifically at the guanine residues lo-
cated 5’ to another guanine through electron transfer. The
guanine base in genomic DNA is highly susceptible to oxida-
tive stress due to its having the lowest oxidation potential of
all the bases. Therefore, G:C to T:A and G:C to C:G transver-
sions frequently occur under oxidative conditions (38). Kino
and Sugiyama speculated that in photooxidized responses,
8-oxoguanine (8-oxoGua) initially increased and then de-
creased with the formation of 2-amino-5-(2-deoxy-B3-D-
erythro-pentofuranosyl)amino]-4H-imidazol-4-one, suggest-
ing that nascent 8-oxoGua was further oxidized to 2,5-
diamino-4H-imidazol4-one in duplex DNA (45). These facts
explain many of our results and others reported about UV-
induced mutations. Previously, Reid and Loeb reported that
tandem double CC to TT mutations, so-called “UV-signature
mutations,” were also produced by treatments with ROS, as
shown using a sensitive reversion assay (74).

DETECTION OF 8-OHDG IN MOUSE
SKIN IRRADIATED WITH UV-B

To examine the involvement of 8-OHdG in UV-induced
skin carcinogenesis, 8-OHdG in mouse skin was measured

TRANSFORMING ACTIVITY OF DNA FROM UV-INDUCED MOUSE SKIN TUMOR CELLS AND

THE MUTATIONS IN RAS ONCOGENES

Focus-forming

efficiency

(no. of foci per

100 ug of DNA) ras mutation
Tumor cell line Primary Secondary Activated ras Position Mutation
HL1 24 33 Ha-ras 13 GGC(Gly) - GTC(Val)
HL5 1.0 8.0 N-ras 61 CAA(GIn) - AAA(Lys)
HL6 1.2 5.0 N-ras 61 CAA(GIn) - CAT (His)
HL9 5.5 23 Ki-ras 61 CAA(GIn) - GAA(Glu)
HL10 1.8 2.5 N-ras 61 CAA(GIn) - AAA(Lys)
HL13 0.87 25.5 Ha-ras 13 GGC(Gly) - AGG(Ser)
HL19 1.0 5.6 N-ras 61 CAA(GIn) - CAT (His)
HL31 4.5 114 Ha-ras 13 GGC(Gly) - GTC(Val)
HL41 0.38 1.6 Ki-ras 61 CAA (Gln) - GAA(Glu)

Modified from Nishigori et al. (64).
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with HPLC after exposure to UV-B at a dose similar to that
used in our protocol for murine UV-induced skin carcino-
genesis. UV-B irradiation induced 8-OHdG formation in a
dose-dependent manner between 33.5 and 168 kJ/m?. The
yield of 8-OHdG was 2.6/10'0 dG/J/m? (32). This is consis-
tent with the yield of UV-induced 8-OHdG in cultured cells
[~ 3/10° dG/J/m? (65)] considering the transmission of
UV-B as ~10%.

Next, we studied the relation between the method of UV
exposure and the induced oxidative stress by irradiating mice
with UV-B using different protocols: mice were irradiated
with a single dose of UV-B at 2 minimal erythema doses
(MED)/time or 10 MED/time, three times per week for 1-4
weeks (Table 2) (32, 65). Repeated UV-B exposure at a physi-
ologically relevantdose (2 or 10 MED) generated §-OHdG in
the mouse skin tissue. The amounts of 8-OHdG produced
were not completely dose-dependent. Of note was the fact
that continuous inflammatory reactions observed at 2 MED
of UV exposure were closely associated with 8-OHdG forma-
tion. Repeated exposure to 2 MED (total dose 20.4 kJ/m?) in-
duced much more 8-OHdG than a single exposure to 168
kJ/m? (Table 2). The highest amount of 8-OHdG in this study
was obtained after 10 MED exposure three times per week for
2 weeks. At the same time, the levels of 4-hydroxy-2-nonenal-
modified proteins and 3-nitro-L-tyrosine in the proteins of
skin were examined by western blot analysis using mono-
clonal and polyclonal antibodies against those modified pro-
teins. Signals for 3-nitro-L-tyrosine modifications were sig-
nificantly increased for the 10 MED-irradiated groups. This
implies that not only UV-B itself, but also a chronic inflam-
matory state is closely associated with §-OHdG formation
because 3-nitro-L-tyrosine is considered to be evidence of ni-
tric oxide-mediated oxidative damage in chronic inflamma-
tion (31). Peroxynitrite is generated through the reaction of
nitric oxide with superoxide, which is released by infiltrating
neutrophils and macrophages (9). Immunohistochemical
studies of chronically sun-exposed skin specimens revealed
that 8-OHdG was produced not only in the nuclei of epider-
mal keratinocytes, but also in the inflammatory cells. These
results indicate that not only the direct UV energy is involved
in skin carcinogenesis, but also an inflammatory condition
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leading to oxidative stress. Giri et al. showed that ROS gener-
ation is followed by the development of cutaneous inflamma-
tion that is maximal 6 hours after photosensitization (25).

Moore et al. reported that proinflammatory cytokine, tumor
necrosis factor-a (TNF-«a)-deficient mice are resistant to skin
carcinogenesis (59). This may be one of the mechanisms by
which chronic inflammation increases susceptibility to can-
cer. This is consistent with the epidemiological fact that in-
tense intermittent sun exposure is a risk factor for skin can-
cer. Noonan et al. reported that a single dose of burning UV
radiation to neonates, but not to adults, in hepatocyte growth
factor/scatter factor-transgenic mice is necessary and suffi-
cient to induce melanoma with a high incidence (67). This
also provides experimental support for the epidemiological
evidence that childhood sunburn is a major risk factor for the
development of melanomas (7, 98).

Another point is the rate of removal of generated lesions.
UV-induced 8-OHdG in mouse skin is removed slowly and
still remains at a high level in the epidermis 7 days after ex-
posure, whereas pyrimidine photoproducts are completely re-
paired within 5 days (32, 71). Persistent oxidative stress in
cancer (89) may also cause activation of transcription factors
and protooncogenes such as c-fos and c-jun (13), as well as
genetic instability. Such stress may also contribute to main-
tain the malignant characteristics of neoplasms.

UV-AAND SKIN CANCERS

The role of UV-A in photocarcinogenesis has been con-
troversial. However, recently UV-A has come to be consid-
ered as partly responsible for photocarcinogenesis (15). UV-
A and visible light in the presence of photosensitizer (53, 76)
participate in ROS generation. 8-OHdG is generated in fi-
broblasts derived from human skin in response to exposure
to sunlamp or monochromatic radiation ranging from a UV-
B wavelength (312 nm) up to near visible (434 nm). Kvam
and Tyrrell demonstrated that the spectrum for the yield of
oxidative damage in confluent, non-growing, primary skin
fibroblasts implied that it is UV-A and near visible radiation
that cause almost all of this guanine oxidation (53). Phillip-

TABLE 2. LEVELS OF 8-OHDG IN MOUSE SKIN AFTER UV-B IRRADIATION

Duration Dose at Ratio of
of the one exposure Total dose irradiated/

exposure (kJ/m?) (kJ/m?) 8-OHdG/105 dG* unirradiated

0 0 0 245+0.54 1

1 day 101 101 343 1.4

1 day 168 168 5.15 2.1

1 week 34 10.2 3.92+0.17 1.6

2 weeks 34 20.4 6.04 +£0.45 2.4

4 weeks 34 40.8 6.08 £ 0.47 2.5

1 week 16.8 50.4 5.12+0.58 2.0

2 weeks 16.8 100.8 1491+£2.38 6.1

Modified from Hattori et al. (31) and Hattori-Nakakuki ef al. (32). UV dose and protocols of UV

exposure were added.
*Means + SEM.
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son et al. suggested that UV-A radiation is a risk factor in
skin carcinogenesis, and demonstrated the significance of
ROS in skin carcinogenesis by showing that UV-A radiation,
which reduced the plating efficiency, increased the “sponta-
neous” mutant fraction of a keratinocyte cell line, and that
this effect was prevented by catalase (69). This may indicate
arole for hydrogen peroxide in UV-A mutagenesis (69). Dro-
betsky et al. found that T to G transversions, a generally rare
class of mutation, are induced at high frequency (up to 50%)
in UV-A-exposed cells in a mutation detection system in-
volving adenine phosphoribosyltransferase genes (21). Van
Kranen et al. reported that UV-A-induced murine skin can-
cers are less frequent than UV-B-induced murine skin can-
cers, and that the incidence of p53 alterations in UV-A-
induced tumors is low compared with that in UV-B-induced
tumors (94). These facts imply that UV-B is more mutagenic
and carcinogenic than UV-A. Much of the mutagenic and
carcinogenic ability of UV-A may be attributed to ROS. The
strong association of the risk for non-melanoma skin cancer
and polymorphisms in glutathione S-transferases also sug-
gests that oxidative stress plays a role in non-melanoma skin
cancer (72, 83). Both epidemiological and experimental models
using animals suggest the importance of UV-A irradiation in
the development of melanoma (79).

Both non-melanoma skin cancers and melanomas are induced
by solar light, but there are some differences. Melanocytes show
resistance to UV-B-induced apotosis. Increased pheomelanin
photosensitizes DNA and thus induces DNA damage. Eume-
lanin predominates in mouse melanocytes, whereas various
compositions of eumelanin and pheomelanin are observed in
human melanocytes depending on the skin type. Therefore, care-
ful consideration is necessary when comparing the results in
mice with those in humans (33).

SKIN CANCER DEVELOPMENT
IN GENETIC DISORDERS

In mammalian cells, DNA lesions are fixed by several
kinds of repair systems, such as nucleotide excision repair
(NER), base excision repair, and mismatch repair (95). If the
DNA lesions remain at the replication fork, homologous re-
combination or translesional DNA synthesis systems may
work on them there. Bulky DNA lesions causing DNA confor-
mational changes, such as UV-induced pyrimidine photoprod-
ucts, are removed by NER. DNA lesions existing in actively
transcribed genes are removed by transcription-coupled repair
(TCR). This enables the prompt and selective repair of the
transcriptionally active strand, and consequently maintains
cellular function and survival, whereas lesions prevailing in
other parts of the genome are removed in a slow and nonselec-
tive manner, designated global genome repair. Deficiency in
NER may lead to three kinds of human genetic diseases: xero-
derma pigmentosum (XP), Cockayne syndrome (CS), and tri-
chothiodystrophy. Among patients with these three syn-
dromes, only patients with XP (subdividedinto XP-A through
XP-G according to the responsible genes) are predisposed to
skin cancers. XP-A, the severest type among the types of XP,
reveals severe photosensitivity that is noticed at an age of
<1 year and early onset of both non-melanoma skin cancers
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and melanomas as early as an age of <10 years (63, 95). The
majority of p53 mutations in skin cancers from XP patients
are CC to TT base substitutions, “UV-signature mutations”
(22, 77, 81). XP patients have a 10-20-fold increased risk of
developing internal malignancies as well (49). One possible
explanation for this is that patients with XP have a deficiency
in the repair of chemically induced DNA lesions in the inter-
nal organs. Some investigatorshave suggested a repair insuffi-
ciency for oxidative modifications in XP cells (73, 78). More-
over, recent studies have shown that the NER pathway is
involved in the removal of 8,5'-purine cyclodeoxynucleoside
lesions, which are induced by ROS, and this is considered to
be a possible causative type of DNA damage responsible for
neurological manifestations in XP patients (11, 52). Patients
with CS are deficient in TCR. They show physical and mental
retardation and photosensitivity, although they are not predis-
posed to develop skin cancers. Le Page et al. found that CS
cells, including CS-B, XP-B/CS, XP-D/CS, and XP-G/CS, not
only lack TCR, but cannot remove 8-oxoGuain the transcribed
strand, whereas XP cells and normal cells show strand-specific
removal of 8-oxoGua and thymine glycol. They also found
that defective TCR leads to a mutation frequency at 8-oxoGua
of 30-40% compared with the normal 1-4% (55). Mutation of
MSH?2, one of the mismatch repair genes, is reported to result
in Muir-Torre syndrome, an autosomal dominant genetic dis-
order predisposing to both sebaceous skin tumors and internal
neoplasms (51).

Nevoid basal cell carcinoma syndrome (NBCCS) is an au-
tosomal dominant disease characterized by the development
of tumors such as multiple basal cell carcinomas (BCCs) and
odontogenic keratocysts, and by developmental abnormalities
(28). Germline mutations in the PTCH gene have been identi-
fied in patients with NBCCS (12, 30, 40, 91).

The role of UV in the development of BCCs in NBCCS
was indicated by the site-specific distribution of the BCCs in
NBCCS patients (26). In the general population, ~10% of
BCCs occur on the trunk, versus 35% in NBCCS cases. The
site-specific distribution of BCCs in Japanese patients with
NBCCS also shows the same tendency (66). This suggests
that NBCCS patients might be sensitive to low-dose sun ex-
posure or intermittent intense sun exposure because these an-
atomical sites are where people receive occasional intermit-
tent intense sun exposure. Skin fibroblasts from patients with
NBCCS are hypersensitive to UV-B, but not to UV-C radia-
tion in comparison with skin fibroblasts from normal individ-
uals, and they are not impaired in the removal of thymine
dimers (3, 66). One report indicated that removal of §-OHdG
in fibroblasts after UV-B exposure is slightly impaired in
NBCCS cells in comparison with normal cells, implying that
oxidative stress may play a role in the development of BCCs
and other tumors in NBCCS (66). Aszterbaum et al. reported
that UV-A and ionizing radiation enhance the growth of
BCCs and trichoblastomas in patched heterozy gous knockout
mice (5), in accordance with our data (66).

ROS AND PROMOTION

It is recognized that low levels of oxidants can modify
cell-signaling proteins and that these modifications have
functional consequences (61). Gopalakrishna and Jaken
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pointed out that various antioxidant preventive agents also in-
hibit protein kinase C (PKC)-dependent cellular responses
and speculated that PKC is a logical candidate for redox mod-
ification by oxidants and antioxidants, and that PKC modifi-
cation may determine their cancer-promoting and anticancer
activities, respectively (27). TNF-a-deficient mice are resis-
tant to skin carcinogenesis induced by 7,12-dimethylbenz
(12)anthracene (DMBA) and 12-O-tetradecanoylphorbol 13-
acetate (59). Proinflammatory cytokine TNF-a is a critical
mediator of tumor promotion, acting via a PKC-a and AP-1-
deficient pathway (4). Arnott et al. also reported that the fre-
quency of DNA adduct formation and c-Ha-ras mutations
was the same in wild-type and TNF-a (—/—) epidermis after
DMBA treatment. This implies that the pathway of TNF-« is
independent of carcinogenic initiation. ROS has been re-
ported to enhance the expression of c-fos, c-jun, c-myc. By
the use of cDNA arrays, Jean et al. showed that UV-A induces
genes encoding transcription factors (EGR-1, ETR-101, c-JUN,
ATF4) (39).

CHEMICALLY INDUCED
SKIN CARCINOGENESIS

Arsenic is widely found in nature in the form of either
metalloids or chemical compounds (36), and is a well estab-
lished carcinogen. Although experimental animal models of
arsenic-induced cancer have not been successfully developed
(36), several findings suggest a relationship between ROS
and arsenic. Dimethylarsenic acid (DMAA), one of the major
metabolites of inorganic arsenics, induces DNA damage via
formation of superoxide and dimethylarsenic-peroxyl radical
(101, 102). Recently, a significant increase in the formation
of 8-OHdG in the livers of rats after administration of DMAA
was reported (96). Increased levels of 8-OHdG were reported
in 78% of 28 cases of arsenic-related skin neoplasms and ar-
senic keratosis in comparison with only one of 11 cases (9%)
of arsenic-unrelated Bowen’s disease (p < 0.001 by k2 test)
(56). This suggests the involvement of ROS in the carcino-
genesis of arsenic-induced human skin cancers.

DMAA has the potential to promote rat liver carcinogene-
sis, possibly via a mechanism involving stimulation of cell
proliferation and DNA damage caused by ROS. ROS induced
by arsenic may work as a promoter for cells in which carcino-
genesis has been initiated by other carcinogens (96). Persis-
tent oxidative stress in cancer (89) may also cause activation
of transcription factors and protooncogenes such as c-fos and
c-jun (13), as well as genetic instability. Such stress may also
contribute toward maintaining the malignant characteristics
of arsenic-related neoplasms.

Other chemicals associated with promotion of skin car-
cinogenesis include a free radical-generating compound,
benzoyl peroxide, that enhances malignant conversion of
murine skin benign papillomas into carcinomas (6, 50).
4-Nitroquinoline 1-oxide (4-NQO) is a potent carcinogen that
causes squamous cell carcinoma of the tongue (46). A possi-
ble mechanism of the carcinogenic action of 4-NQO is the
formation of quinoline-adenine cyclic adducts (86). Kohda
et al. found that a considerable amount of 8-OHdG was
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generated in the DNA of Ehrlich ascites cells exposed to
4-NQO, and in calf thymus DNA treated with 4-hydrox-
yaminoquinoline 1-oxide and seryl-AMP (47, 48). Nunoshiba
and Demple reported that in E. coli 4-NQO was a powerful
inducer of the soxS gene, which is induced by superoxide
generators such as paraquat, and that mutant strains that
were deficient in either superoxide dismutase or oxidative
DNA repair enzymes were hypersensitive to 4-NQO (68).
These findings suggest that 4-NQO generates superoxide,
which plays a role in carcinogenesis in addition to the forma-
tion of cyclic adenine adducts.

CONCLUDING REMARKS

In UV-induced skin carcinogenesis, the mutagenic nature
of pyrimidine photoproducts has been well studied. Recently,
it has been established that oxidative stress plays an impor-
tant role in UV-induced skin carcinogenesis. Oxidative stress
is important in other skin carcinogenesis models as well. The
authors believe that global studies will be necessary to see
whether there are any target genes or proteins for ROS in dif-
ferent various types of carcinogenesis in the near future.

ABBREVIATIONS

BCC, basal cell carcinoma; CS, Cockayne syndrome;
DMAA, dimethylarsenic acid; DMBA, 7,12-dimethylbenz
(12)anthracene; MED, minimal erythema dose; NBCCS,
nevoid basal cell carcinoma syndrome; NER, nucleotide exci-
sion repair; 4-NQO, 4-nitroquinoline 1-oxide; 8-OHdG,
8-hydroxy-2'-deoxyguanosine; 8-oxoGua, 8-oxoguanine; PKC,
protein kinase C; ROS, reactive oxygen species; TCR,
transcription-coupled repair; TNF, tumor necrosis factor; UV,
ultraviolet; XP, xeroderma pigmentosum.
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