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Abstract

To investigate a possible involvement of metallothionein (MT) in chem
ical carcinogenesis, MT-l and MT-ll gene-deficient [MT (-/-)] transgenic
mice and wild-type [MT (+/+)] control mice were topically applied at a
single dose of 100,250,500, or 1000fig of 7,12-dimethylbenz[a]anthracene
(DMBA) on the dorsal skin and thereafter compared. After 14 weeks of
DMBA treatment, the skin tumor occurred in MT (-/-) mice only and in
a dose-dependent manner, whereas no change was observed in MT (+/+)
mouse skin given the same DMBA treatment. The tumor cells showed
proliferative activity, as shown by proliferative cell nuclear antigen stain
ing. These results demonstrate that MT acts as an endogenous defensive
factor against DMBA-induced skin tumorigenesis.

Introduction

DMBA,3 a polycyclic aromatic hydrocarbon, is one of the most

potent mouse skin chemical carcinogens. Some chemical carcinogens
induce primary genotoxicity through the free radical-mediated path

way, especially in the tumor promotion stage (1). The involvement of
oxidative stress has also been found in the processes of DMBA
carcinogenesis. The free radical hypothesis was also supported by the
fact that its carcinogenesis has been inhibited by several free radical
scavengers and antioxidant supplementation (1). These results suggest
that endogenous antioxidative/anti-free radical capacity is important

for suppressing carcinogenesis.
MT is a cysteine-rich, small (Mr 6000) metal-binding protein with

free radical-scavenging effects (2). This protein is induced by various

metals, oxidative stress, and many other factors (2). MT is found
ubiquitously in tissues of various animal species and distributes in
both the nucleus and cytoplasm of not only rapidly proliferating
normal cell types but also various types of human tumors (3). MT
detoxifies heavy metals, oxidants, mutagens, and anticancer agents
(4). Pretreatment with MT-inducing metals such as zinc and bismuth
can suppress carcinogenesis caused by DMBA (5), 3-methyl cholan-
threne (6), cisplatin (7), melphalan (7), and X-irradiation (8). How

ever, it is not still clear whether MT acts as a major suppressing factor
against carcinogenesis induced by these agents. The role of endoge
nous MT in chemical carcinogenesis has not been studied.

Recently, transgenic mice that are deficient in MT-l and A/7"-//

genes (MT-null mice) were produced and proved to be a good model

for studying its normal function and the consequences of its defi
ciency (9). The MT-null mice were very susceptible to the toxicity of

paraquat, which induces oxidative stress (10). Cells derived from
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MT-null mice were also very sensitive to oxidative stress caused by
ÃÃ‰Tf-butylhydroperoxide(11). To evaluate possible protective roles of

MT against chemical carcinogenesis through the free radical pathway,
we studied the sensitivity of MT-null mice to DMBA-induced skin

tumorigenesis.

Materials and Methods

Chemicals. DMBA was purchasedfrom Sigma Chemical Co. (St. Louis,
MO). Acetone and 10% neutral-buffered formalin solution were obtained
from Wako Pure Chemical Industries (Osaka, Japan). Monoclonal mouse
anti-PCNA (clone PC 10) and ABC reagents were from Dako Japan Co.
(Tokyo, Japan) and Vector Laboratories, Inc. (Burlingame, CA), respec
tively.

Transgenic Mice. MT-null [MT (-/-)] mice and wild-type OLA129/
C57BL6 [MT (+/+)] control mice were kindly provided by Dr. A. Choo
(9). The mice were housed in screen-bottomed stainless steel cages, which
were kept in a stainless steel ventilation cabinet. The animal facility was
maintained with a 12-h light/dark cycle, a temperature of 24 Â±2Â°C,a

relative humidity of 55 Â±10%, and a negative atmospheric pressure. The
mice received mouse chow and filtered tap water ad libitum. Female mice,
10 weeks of age, were used at the start of this experiment. Animals received
humane care throughout the experiment according to the National Institute
for Environmental Studies guidelines for animal welfare.

Experimental Protocol. The dorsal skin of each mouse was shaved
using hair clippers under pentobarbital anesthesia. Each mouse was topi
cally administered 100, 250, 500, or 1000 /xg of DMBA in 100 /xl acetone
on their shaved dorsal skin. Shaved control mice were treated with acetone
(100 jal) alone. Each dosing group consisted of 10 mice. At week 14 after
DMBA treatment, the mice were sacrificed by an overdose of ether anes
thesia. The tumors >1 mm in diameter were counted. A portion of skin
specimens including part of tumor tissue was collected for the histopatho-
logical examination.

HistolÃ³gica!Examination, Immunochemical Analysis, and Statistical
Analysis. Skinspecimenswerefixed in neutral-bufferedformalinsolutionand
processed for paraffin embedding. Skin sections (5 /mm)were prepared and
placed either on a glass slide for routine H&E staining or on a poly-L-lysine-
coated glass slide for PCNA histochemical staining. For PCNA staining,
deparaffmized tissue sections were treated with 3% hydrogen peroxide solu
tion for 5 min. Following preincubation with 1%normal goat serum in PBS for
30 min, PC10 (dilution 1:300) was applied to each section for 2 h at room
temperature. Biotinylated goat anti-mouse IgG was used as secondary antibody
(dilution 1:300), and the immunoreaction was visualized by the ABC method
using diaminobenzidine as substrate. Mayer's hematoxylin was used for coun-

terstaining. The control section was treated with normal mouse serum instead
of PC10.

MT determination in mouse tissue was performed by an RIA method
described previously (12). The x1 test was used for analyzing differences in
tumor frequency between MT-null mice and wild-type control mice.

Results and Discussion

The basal MT concentrations in the skin, liver, and kidney were
determined before topical application of DMBA. In MT (+/+) mice,
MT concentrations were 1.9 Â±0.5, 2.4 Â±0.5, and 3.5 Â±0.5 jug/g
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Table 1 Mouse skin tumor caused by a single topical application of DM BA for
14 weeks

Incidence of skin tumor

DMBA (^tg) MT (-/-) mice

0
100
250
500
1000

0/10
0/10
0/10
0/10
0/10

0/10
0/10
2/10
4/10"
7/10''

" Significantly different from MT ( +/+ ) mice treated by the same dose of DMBA
(P < 0.05) as determined by \2 test.

Significantly different from MT (+/+) mice treated by the same dose of DMBA
(P < 0.01) as determined by x~ test.

tissue (mean Â±SD; n = 4) in the skin, liver, and kidney, respectively,
whereas in the MT (â€”/â€”)mice, MT was not detected (<0.2 jug/g

tissue), confirming the deficiency of MT protein.
The results of skin tumor induction by DMBA treatment are sum

marized in Table 1. No tumor was observed in MT (+/+) mice at a
DMBA dose up to 1000 ju,g/mouse. In contrast, MT (â€”/â€”)mice

responded to 250 jag of DMBA/mouse to develop skin tumor, and the
tumor response was as high as 70% at a DMBA dose of 1000
/xg/mouse, showing a dose-dependent elevation of tumorigenesis. The

responding skin of nearly all of the mice had a single tumor, and only
one mouse had two tumors (Fig. ÃŒA).This study demonstrated that
MT (â€”/â€”)mice were more sensitive to DMBA-induced skin tumor

than MT (+/+) mice, suggesting that basal amounts of MT in the skin
play an important role in preventing against DMBA-induced tumor
igenesis. The MT-deficient condition may render mice sensitive to

chemical carcinogenesis.
The tumors found in the MT (â€”/â€”)mice were classified histo-

logically as of epithelial origin, and a typical section of a papilloma
is shown in Fig. IB. The skin tumors showed many PCNA-positive

cells in the basal cell layer (Fig. 1C), indicating cell proliferating
activity. There were more PCNA-positive cells in the tumor tissue

than in the normal skin epidermis surrounding the tumor. DNA is
a target molecule of DMBA, and metabolically activated DMBA
can bind DNA to form adducts (13), cause mutations (14), and then
induce tumor formation (15). Transversion from A to T on codon
61 of the H-ras oncogene is a highly consistent finding in DMBA/
TPA-induced mouse skin papilloma (16). However, we failed to
detect A to T transversion on codon 61 of H-ras in all of the
DMBA-induced skin tumors in MT (-/-) mice (data not shown).

The absence of A to T mutation on codon 61 of H-ras suggests that

the carcinogenic mechanism may differ depending upon the pres
ence or absence of MT.

In the process of DMBA-caused carcinogenesis, oxidative stress
is thought to play a procarcinogenic role. 8-Hydroxy-2'-deoxy-

guanosine, which is the manifestation of DNA damage by oxida
tive stress, has been observed in DMBA-treated mouse skin (17).

The lipid peroxide level in rat liver increased after DMBA treat
ment (18). The antioxidant effect of MT, which is a potent hy-

droxyl radical scavenger in vitro and can also inhibit hydroxyl
radical-induced DNA degradation, was higher than that of gluta-

thione in vitro (19). MT can protect DNA from oxidative damage
in V79 Chinese hamster cells (20). MT preinduction can also
protect mice against lung tumorigenesis induced by anticancer
drugs (7). The present study demonstrated that MT is an endoge
nous inhibitor of DMBA tumorigenesis. It is rational to suggest
that MT may scavenge electrophilic intermediates of DMBA
and/or free radicals related to DMBA. The mechanism of endog
enous promotion/protective activity of MT against chemical car
cinogenesis remains to be studied.
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Fig. 1. Skin tumors in MT (-/-) mouse treated with 500 Â¿igof DMBA. A, a large

tumor (18 mm in diameter) and a small tumor (3 mm in diameter) in dorsal skin. B.
histological section of a skin tumor with H&E staining. Bar. 100 urn. C. immunohisto-
chemical detection of PCNA in a section of skin tumor. PCNA-positive nuclei were

stained brown in the basal layer of epidermis. Bar, 100 ju.m.
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