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ABSTRACT

Manganese superoxide dismutase (MnSOD) is a nuclear encoded pri-
mary antioxidant enzymelocalized in mitochondria. Because expression of
MnSOD plays a major role in maintaining cellular redox status and
reactive oxygen speciesareknown toplay arolein signal transduction and
carcinogenesis, we investigated the role of MnSOD in the development of
cancer using a two-stage [7,12-dimethylbenz(a)-anthracene plus 12-O-
tetradecanoylphorbol-13-acetate (TPA)] skin carcinogenesis model. Fe-
male transgenic mice expressing the human MnSOD gene in the skin and
their nontransgenic counterparts were used in this study. Pathological
examination demonstrated significant reduction of papillomaformation in
transgenic mice. Quantitative analysis of 4-hydroxy-2-nonenal-modified
proteins showed greater accumulation of oxidative damage products in
nontransgenic compared with transgenic mice, and this oxidative damage
was demonstrated to be present in both mitochondria and nucleus. TPA
increased activator protein-1 (AP-1) binding activity within 6 h in non-
transgenic mice, but increased AP-1 binding activity was delayed in the
transgenic mice. Electrophoretic mobility shift assay, transcription of the
target genes, and Western analysis studies indicated that the increased
AP-1 binding activity was attributable to induction of the Jun but not the
Fos protein families. Overexpression of MnSOD selectively inhibited the
TPA-induced activation of protein kinase Ce and prevented subsequent
activation of c-Jun NH,-terminal kinase in response to TPA. Overall,
theseresultsindicate that MnSOD regulatesboth cellular redox statusand
selectively modulates PK Ce signaling, thereby delaying AP-1 activation
and inhibiting tumor promotion, resulting in reduction of tumors in
MnSOD transgenic mice.

INTRODUCTION

MnSOD? is one of the major cellular defense enzymes that protects
against toxic effects of ROS. Recent evidence suggested the possibil-
ity that MnSOD may function as anew type of tumor suppressor gene.
Previous investigations from this and other laboratories have demon-
strated that tumor cells have abnormal MnSOD activity (1-3), and
overexpression of MnSOD reduced tumorigenicity and metastatic
capability of many tumor types (4—6). However, despite the positive
correlation between increased expression of MnSOD and the suppres-
sion of cancer, the specific stage and mechanisms by which MnSOD
acts to suppress cancer development is unknown.

The multistage skin carcinogenesis model in mice involves three

Received 4/3/01; accepted 6/12/01.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

1 This work was supported by NIH Grants CA 73599 and CA 73599-S1.

2 Present address: Chang Gung University, Tao-Y uan 333, Taiwan, Republic of China.

3 Present address: National Institute of Radiological Sciences, Chiba 263-8555 Japan.

4 To whom requests for reprints should be addressed, at Graduate Center for Toxicol-
ogy, University of Kentucky, Lexington, KY 40536. Phone: (859) 257-3956; Fax:
(859) 323-1059; E-mail: dstcl00@pop.uky.edu.

5 The abbreviations used are: MnSOD, manganese superoxide dismutase; ROS, reac-
tive oxygen species; DMBA, 7,12-dimethylbenz(a)-anthracene; TPA, 12-O-tetradecano-
ylphorbol-13-acetate; PMSF, phenylmethylsulfonyl fluoride; 4-HNE, 4-hydroxy-2-
nonenal; TBS, Tris-buffered saline; EMSA, electrophoresis mobility shift assay; AP-1,
activator protein-1; INK, c-Jun NH,-terminal kinase; PKC, protein kinase C.

well-defined stages: initiation, promotion, and progression. This
model has been used to evaluate carcinogens, investigate chemicals
that exhibit antitumor promotion activity, and determine biochemical
and molecular events accruing in each stage (7). It has been estab-
lished that polycyclic aromatic hydrocarbons, such as DMBA, can act
either as a complete carcinogen or as an initiator of mouse skin
carcinogenesis. A large dose of DMBA, acting as a complete carcin-
ogen, is capable of inducing skin tumors in mice; in this model,
papillomas appear after a short latency period (8). In contrast, appli-
cation of a subthreshold dose of DMBA, followed by repetitive
treatments with a tumor promoter such as the phorbol ester TPA, will
also induce tumors. In the latter protocoal, initiation is achieved by
mutational activation of the Ha-ras proto-oncogene (7, 9). Mutation in
the Ha-ras gene is thought to result in a population of initiated cells
that remain dormant until stimulated to expand clonally upon treat-
ment with promoters, resulting in the formation of papillomas (7).

As one of the most thoroughly studied classes of tumor promoters,
phorbol esters are known to act by mediating signal transduction to
the nucleus through activation of kinases and inactivation of phos-
phatases, respectively (7, 10). Treatment with TPA also produces
ROS, with resultant oxidative damage to macromolecules, leading to
changesin cellular redox status (11, 12). It is now well recognized that
superoxide radicals, a major intracellular ROS, are not just a toxic
by-product of molecular oxygen but are aso signaling molecules.
Thus, superoxide radicals can transmit important information to the
cellular genetic machinery (13). We have shown previously that
overexpression of MnSOD modulates the activity of the Jun-associ-
ated transcription factors in cancer cells in vitro. However, whether
MnSOD will modulate these transcription factors in intact animalsis
unknown. Furthermore, the upstream signaling events leading to the
MnSOD-modulated activation of these transcription factors remain to
be investigated.

In this study, we have developed aline of transgenic mice express-
ing the human MnSOD gene in the skin. We have investigated the
extent to which MnSOD suppresses cancer development, quantitated
the formation of oxidative damage products, measured the activity and
expression of oncoproteins and their target genes, and analyzed the
upstream signaling pathways using transgenic mice and their non-
transgenic littermates. Our results demonstrate that MnSOD overex-
pression modulates each of these critical events in vivo.

MATERIALS AND METHODS
Mice Strain

Human MnSOD transgenic mice were generated in our laboratory as de-
scribed previously (14). Briefly, human MnSOD cDNA was introduced into
pronuclei of fertilized eggs by microinjection. Mice used for producing trans-
genic mice were the F, progeny of C57BL/6 mice crossed with C3H hybrid
(B6C3) mice that were purchased from Harlan Sprague Dawley (Indianapolis,
IN). The identification of MnSOD transgenic mice has been reported previ-
ously (14). For the skin carcinogenesis experiments, female transgenic mice
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that exhibited a high level of MnSOD activity (TgH) and their female non-
transgenic littermates (NTg) were used.

Expression of the Human MnSOD Gene in the Skin of Transgenic Mice

Northern Analysis. Total RNA from dissected skin tissues of transgenic
and nontransgenic mice was isolated by the guanidine isothiocyanate method
(15). Thirty ug of total RNA were separated by formal dehyde-agarose (1.1%)
gel electrophoresis and transferred to a Nytran membrane (Schleicher &
Schuell, Keene, NH). The membrane was air dried, baked, prehybridized, and
hybridized with *>P-labeled MnSOD cDNA probe and subsequently washed
under high stringency conditions as described previously (16). The membrane
was exposed to a Kodak XAR film at —80°C. The level of B-actin RNA was
used as an internal loading control.

Western Analysis of the Human MnSOD Gene Product. Thirty ug of
tissue homogenate were separated on a 10% SDS-PAGE gel according to the
method of Landriscina (17). To detect levels of human MnSOD protein in the
skin, rabbit antihuman MnSOD antibody (kindly provided by Dr. Larry Ober-
ley at the University of lowa, lowa City, |A) was used.

Immunogold Electron Microscopy. The localization of the human
MnSOD protein in mitochondria was accessed by electron microscopy as
described previously (14).

SOD Activity Gel. SOD activity gel was performed following our method
published previously (6). Protein concentration was measured by a colorimet-
ric assay (Bio-Rad Laboratories, Richmond, CA).

Two-Stage Carcinogenesis

Hair from the back of female mice, 6—8 weeks of age, were shaved 2 days
prior to application of vehicle or carcinogen. Mice in the resting stage of hair
cycle were chosen for subsequent treatment. A single dose of 20 nmol of
DMBA (Sigma Chemical Co., St. Louis, MO) dissolved in DM SO was painted
on each mouse. After 2 weeks, 4 ug of TPA, aso dissolved in DMSO, was
applied daily to the same area 5 days/week for 14 weeks. After euthanasia, skin
from each mouse was removed and fixed in 4% neutral buffer formaldehyde
for subsequent pathological examination. For study of the early events of
carcinogenesis by biochemical and molecular analyses, TPA was applied for
no more than 1 week after DMBA initiation.

Light Microscopy

Skin tissues were fixed in 4% formaldehyde in PBS for 1 h. After rinsing
with PBS, tissues were dehydrated with graded ethanol and embedded in
paraffin. Paraffin sections were cut at 4 um and mounted on glass slides.
Tissue sections were stained with H& E, and H& E sections were analyzed in a
blinded fashion by a pathologist (T. D. O.) to determine the number of papil-
lomas.

Immunogold Labeling of 4-HNE-modified Proteins

LR white embedded tissue blocks were trimmed and sectioned. Thin sec-
tions were mounted on 1% collodion membrane-coated nickel grids. Sections
were rinsed and blocked with BSA-C block solution for 30 min to block
nonspecific staining and then incubated with primary antibody at 4°C over-
night. Rabbit anti-4-HNE polyclonal antibody (kindly provided by Dr. Luke
Szweda, Case Western Reserve University, Cleveland, OH) was used at a
dilution of 1:60. After incubation with primary antibody overnight at 4°C,
grids were rinsed in four changes of TBS washing buffer for 5 min each and
one change of akaline TBS for 10 min. Then the grids were incubated with
diluted (1:75) gold conjugated secondary antibody (gold-conjugated goat an-
tirabbit IgH+L; GAR15 BB Internationa) for 90 min at room temperature.
The sections were washed in two changes of TBS wash buffer for 10 min, each
followed by two changes of distilled water; the grids were counterstained with
7.5% uranyl acetate, observed, and photographed with a Hitachi H-600 trans-
mission electron microscope. All of the sections for quantitative Immunogold
electron microscopy analysis were stained simultaneously under the same
conditions.

Quantitative Analysis of Oxidative Damage Products

Micrographs were randomly taken at % 10,000 from whole epidermis (in
areas where the epidermis was thin) or from selected equal numbers of

keratinocytes (identified by the presence of desmosomes, keratohyaline gran-
ules, and tonofilaments) from stratum germinativum, spinosum, and basal cells
of the epidermis (for areas of the skin which were thick). Non-keratinocytes,
stratum corneum, and the cells of the hair follicles were not included in the
analysis. The area of mitochondria, cytoplasm, and nucleus in selected epider-
mal cells and the densities of Immunogold labeling of 4-HNE-modified protein
were quantitatively analyzed with image analysis software-Scion Image 3 4.02
(Scion Corp., Frederick, MD) with a PC computer (Dell OptiPlex GX200). The
mean values were obtained from an average of 30 cells from each group.
Statistical analysis was performed by Student’s t test. Results were presented
as the means + SD.

Preparation of Nuclear Extract from Skin Samples

Skin cells were stripped off using an autoclaved glass slide and suspended
in 400 wl of buffer A [10 mm HEPES-KOH with 1.5 mm MgCl,, 10 mm KCI,
0.2 mm PMSF, 5 um of DTT, and protease inhibitors (5 wg/ml of pepstatin,
leupeptin and aprotinin)]. After gently vortexing and centrifugation, the su-
pernatant was transferred to a new tube. The pellet was resuspended in 400
buffer A, and homogenized by a 10-ml Wheaton homogenizer (15 times
up-and-down). The supernatant was kept on ice for 30 min, and then 25 ul of
10% NP-40 were added and vortexed vigorously for 25 s. Lysate was centri-
fuged at 14,000 rpm (or 17,500 X g) for 1 min. The supernatant was collected
and subsequently referred to as cytoplasmic fraction. The pellet was dissolved
in 120 wl of buffer B [20 mm HEPES-KOH with 1.5 mm MgCl,, 420 mm
NaCl, 35% glycerol, 0.2 mm PMSF, 5 um of DTT, and 0.2 mm EDTA (pH
8.0)] containing the protease inhibitors (5 wg/ml of pepstatin, leupeptin, and
aprotinin). The sample was kept on ice for 30 min and centrifuged at 12,000
rpm for 5 min, and the supernatant was identified as nuclear extract and was
frozen at —80°C. Protein concentration was measured by a colorimetric assay
(Bio-Rad Laboratories, Richmond, CA).

Preparation of Total Cell Lysate, Cytosol, and Membrane Fractions

Skin cells were stripped and extracted by homogenization as described
above except 1 ml of homogenization buffer [20 mvm HEPES (pH 7.0), 5 mm
EGTA, 10 mm 2-mercaptoethanol, 1 mm PMSF, 1 ug/ml leupeptin, 1 pg/ml
aprotinin, and 1 pg/ml pepstatin] was used instead of buffer A. The total cell
lysate, cytosol, and membrane fraction were prepared as described previously
(18). Briefly, after homogenization, the lysate was centrifuged (50 X g or 600
rpm for 5 min) to remove tissue debris, the resulting supernatant was desig-
nated total cell lysate, and 100 ul of it was kept at —80°C. The remainder of
the total cell lysate was centrifuged at 10,000 X g for 1 h at 4°C; the
supernatant was designated as cytosolic fraction and kept at —80°C. The
10,000 X g pellet was washed with homogenization buffer once and then
suspended in 140 wl of the homogenization buffer containing 0.5% Triton
X-100 and incubated on ice for 30 min with intermittent vigorous vortexing.
After centrifuging (14,000 X g, 30 min), the resulting supernatant was desig-
nated as membrane fraction and stored at —80°C.

EMSAs

AP-1-DNA binding activity was analyzed in nuclear extracts. The AP-1
double-strand oligonucleotide (5'-CGCTTGATGAGTCAGCCGGAA-3') was
purchased from Promega Corp. (Madison, WI). A 25-ul reaction solution
contained 6 ng of nuclear extract, 5 ul of 5X binding buffer [50 mm Tris-HCI
(pH 7.4), with 20% glycerol, 5 mm MgCl,, 2.5 mm EDTA, 5 mm DTT, and
0.25 mg/ml poly(deoxyinosinic-deoxycytidylic acid)] and 50,000 cpm labeled
probe. After 20 min of incubation at room temperature, 3 ul of 10X loading
buffer were added, and samples were separated on a 6% native polyacrylamide
gel for 3—4 h. DNA-protein complexes were visualized by exposing the gelsto
Kodak film at —80°C. For supershift assays, the nuclear extract was preincu-
bated with 5 g of respective antibody to each member of the AP-1 family
(anti-c-Jun, Jun B, Jun D, c-Fos, and Fra-1, all from Santa Cruz Biotechnology,
Santa Cruz, CA) for 1 h at room temperature, and then the same steps as
described above were followed.

Western Blot Analysis

Ten pg of the membrane fraction were separated on a 10% SDS-PAGE gel
to detect the levels of PKC. Ponceau staining was used to assess transfer of
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protein onto the nitrocellulose membrane. The membrane was washed with
distilled water to remove excess stain and blocked in Blotto [5% milk, 10 mm
TrissHCI (pH 8.0), 150 mm NaCl, and 0.05% Tween 20] for 2 h at room
temperature. Membranes were probed with specific rabbit polyclonal antibod-
ies against each PKC isoform (PKCe;, BI, BII, 8, €, A, n, and ¢, al from Santa
Cruz Biotechnology) at a 1:1000 dilution. To detect the phosphorylated form
of INK (pINK), the cytosolic fraction was loaded, and anti-pIJNK antibody
(G-7, sc-6254; Santa Cruz Biotechnology) was used at 1:1000 dilution. To
detect Jun D and c-Jun, 30 ug of the nuclear extract were loaded on a 10%
SDS-PAGE gel. After transferring and blocking, a rabbit polyclonal antibody
against Jun D was used (Santa Cruz Biotechnology) at a 1:1000 dilution. After
visualization of protein bands, the membrane was stripped and reprobed with
an anti-c-Jun antibody (Santa Cruz Biotechnology) at a 1:1000 dilution. Before
adding the secondary antibody, the membrane was washed twice with TBST
(10 mm Tris-HCI with 150 mm NaCl and 0.05% Tween 20), and then the
membrane was incubated with horseradish peroxidase-conjugated secondary
antibodies (Santa Cruz Biotechnology) at a 1:4000 dilution. The final washing
stepsincluded three times (5 min each) with TBST and two times (5 min each)
with TBS (10 mm TrissHCI with 150 mm NaCl). The antibody bands were
visualized by the enhanced chemiluminescence detection system (ECL; Am-
ersham Pharmacia Biotech, Piscataway, NJ).

RESULTS

Expression and L ocalization of the Human MnSOD Genein the
Skin of TgH Mice. To verify that the human MnSOD gene in the
transgenic mice was expressed and properly translated into active
protein, the presence of the human MnSOD mRNA and protein in
mouse skin was assessed, and MnSOD activity was measured. mMRNA
levels of the human MnSOD gene were determined by Northern
analysis. Fig. 1A is arepresentative blot demonstrating that in the nTg
mouse, human MnSOD mRNA was not detectable, whereas the 1-kb
mRNA band corresponding to the human MnSOD cDNA was present
in the transgenic mouse.

Western blot shows that the level of MnSOD protein was aso
increased in the skin of transgenic mouse (Fig. 1B). The enzymatic
function of the human MnSOD was confirmed by SOD activity gel
(Fig. 1C). In the skin, the MnSOD activity in the nTg and TgH was
determined to be 83 = 19 and 171 * 32 unitymg, respectively.
Immunogold analysis indicated higher levels of MnSOD in the TgH
mice (data not shown) and showed that the human MnSOD was
localized in the mitochondria (Fig. 1D). These results demonstrate
that authentic human MnSOD was expressed and properly targeted to
the mitochondria.

Tumor Formation. Tumor types and incidence were determined
by pathological examination of H& E sections. The data in Table 1
show that there were no papillomas identified in the transgenic and
nontransgenic mice treated with vehicle alone. Seventy-eight % of the
nTg mice developed papillomas, whereas 50% of the TgH mice
developed papillomas. There were 19 papillomas in the nTg mice,
averaging 2.1 papillomas/mouse, compared with 9 papillomas in the
TgH mice, averaging 0.75 papillomas/mouse. No carcinomas were
identified in any of the mice. The results indicate that overexpression
of MnSOD reduced tumorigenicity in this two-stage carcinogenesis
model.

Oxidative-Damage Products. It has been demonstrated previ-
ously by other laboratories that oxidative stress is present in DMBA/
TPA-induced carcinogenesis (19, 20). We determined the levels of
protein adducts of a highly toxic adehyde product of lipid peroxida-
tion, 4-HNE, in mouse skin. 4-HNE-modified protein levels were
increased 6 h after TPA treatment in both the nTg mice and TgH mice,
and the increase was greater in the nTg mice (~3-fold) than the TgH
mice (~2-fold), as shown in Table 2. The increase of 4-HNE-modi-
fied proteins occurred to a significant extent in both nucleus and
mitochondria but much less in cytoplasm. The levels of 4-HNE-

nTg TgH
A
B
MnSOD
C
MnSOD
CuZnSOD

MnSOD RNA. Thirty ug of total RNA from each sample were electrophoresed and
transferred. Blot was hybridized with 32P-labeled human MnSOD cDNA or -actin probe.
B, Western analysis of human MnSOD protein levels in the skin. Thirty ug of tissue
homogenate were separated on a 10% SDS-PAGE gel, electrotransferred to a nitrocellu-
lose membrane, and detected with polyclona antibody against human MnSOD. C, SOD
activity gel. Two hundred g of protein were separated on anative polyacrylamide gel and
stained for SOD activity by photo-induced nitro blue tetrazolium reduction. D, Immuno-
gold localization of MnSOD in mitochondria. LR white embedded sections were stained
with antibody against human MnSOD. Mitochondria (M) are identified by the presence of
cristae (C). Immunogold beads (arrows) are identified in mitochondria and not in
cytoplasm. Sections treated with normal rabbit serum in place of primary antibody did not
show label.

modified proteins were higher in the nTg compared with that in the
TgH mice in both the mitochondria and nucleus.

Expression of MnSOD Reduced TPA-induced AP-1 Activation.
TPA has been demonstrated to cause an induction of AP-1 activity in
the skin (8). Our results showed that AP-1 binding activity was
activated as early as 6 h after TPA treatment in the nTg mice. In the
TgH mice, the increase of AP-1 binding activity was delayed until
24 h after TPA treatment and was less prominent at aimost all of
the time points examined, with an exception at the 48-h time point

(Fig. 2).
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Table 1 Pathology results from mouse skin

TgH and nTg female mice received either DM SO alone or daily treatments with 4 ug
of TPA in DM SO, 5 days/week, for 14 weeks after a single application of 20 nm DMBA.

No. of Tumor Papillomas/ Total

Strain mice incidence mouse papillomas
nTg (DMBA + TPA) 9 78% 21 19
TgH (DMBA + TPA) 12 50% 0.75 9
nTg (DMSO) 2 0% 0 0
TgH (DMSO) 3 0% 0 0

Because the AP-1 complex may consist of homo- or heterodimers
of various Fos, Jun, and Fra family members, supershift experiments
were performed by preincubating samples used in the EM SA reaction
with antibodies against members of the AP-1 family. Fig. 3 shows that
an antibody against Jun D clearly shifted the AP-1 complex; less
prominent shifted bands were seen with anti-c-Jun and anti-Jun B
antibodies. There was no shift with antibodies to c-Fos and Fra-1.
Western analysis (Fig. 4) further demonstrated that Jun D was the
member of the Jun family that was increased in the skin within 24 h
after TPA treatment. The presence of other Jun family members was
undetectable in the same set of samples used for Jun D (data not
shown). These results suggest that Jun D may play a major role in
AP-1 activity, at least in the early stages of the TPA treatment.

JNK Kinase Was Activated upon TPA Treatment. JNK kinase
was identified as a INK and other jun family members kinase. To
determine whether activation of AP-1 is associated with JNK activity,
Western analysis of JNK kinase after TPA treatment was performed.
Fig. 5 shows the results within 24 h. In the cytosolic fraction from the
nTg mice, the levels of phosphorylated forms of JNK (pINK) were
dightly increased at 6 h after TPA treatment and significantly in-
creased at 24 h after TPA treatment. In the TgH mice, the levels were
increased at 24 h after TPA treatment. The increased level at 24 hin
the nTg mice was higher than that in the TgH mice. These results
suggested that INK participated in tumor promotion by TPA, and
overexpression of MnSOD may regulate the activation of pINK,
either by delaying or reducing its activation.

PKCe Was Activated upon TPA Treatment. PKC is afamily of
serine/threonine protein kinases, which has been found to be involved
in the mechanism of the action of TPA (10, 21). It is well established
that TPA can directly activate PKC by binding to its regulatory
domain, in turn leading to an increased expression of certain onco-
genes (22).

We examined eight isoforms of PKC in skin tissue and found that
six of them were expressed at a detectable level (PKCa, PKCBI,
PKC¢, PKCRII, PKCS, and PKCe). Among these PKCs, the levels of
PK Ce were increased in the nTg mice at 6 h after TPA treatment, but
there was no increase in TgH mice (Fig. 6). The levels of other PKCs
were not found to be significantly changed after TPA treatment (data
not shown).

DISCUSSION

It has been suggested that MnSOD, a primary antioxidant enzyme,
may function as a new type of tumor suppressor gene for the follow-
ing reasons. (a) many types of cultured tumor cells have reduced
MnSOD activity when compared with their normal counterparts (1,
23, 24); (b) transformation of normal fibroblasts by SV40 virus leads
to the reduction of MNnSOD activity (4); (c) mutations in the MNnSOD
gene and its regulatory sequence have been observed in severa types
of human cancer (3, 25); and (d) overexpression of MnSOD reduces
tumorigenicity and metastatic ability in alarge number of experimen-
tal tumors in vitro and in vivo (5, 26, 27). However, the mechanisms
by which MnSOD suppresses the malignant phenotype are unclear.

Cancer development is a multistage process that involves both the
activation of proto-oncogenes and the inactivation of tumor suppres-
sor genes (28). The mouse skin model of multistage carcinogenesisis
an excellent model in which to study the biochemistry and molecular
biology of cancer susceptibility. This is particularly true with regard
to tumor promotion, a process that occurs in other organs and species
including humans. The multistage model of carcinogenesis in mouse
skin has, for >50 years, provided a conceptual framework from which
to study the carcinogenesis process. However, most of the models
developed focused on obtaining alarge number of skin tumors/mouse,
acondition rarely found in humans. In the present study, the incidence
of skin tumorsin B6C3F1 miceis high, but the number of papillomas/
mouse is relatively low compared with other more sensitive mouse
models (29, 30). Our finding, that overexpression of MnSOD in the
skin in this model reduces the number and incidence of papillomas,
provides direct evidence to support the involvement of superoxide-
mediated mechanism(s) in the DMBA/TPA carcinogenesis process.
Although free radicals and resulting oxidative stress have been shown
to be involved in the carcinogenesis process, our results, which
indicate that TPA rapidly increased the levels of 4-HNE-modified
proteins in both mitochondria and nucleus and that increased expres-
sion of MnSOD in the mitochondria can reduce 4-HNE modified
protein levels in both the mitochondria and the nucleus, provide
important new evidence that TPA results in oxidative stress in both
cellular compartments. These results confirm the link between the
protection of mitochondria to reduction of oxidative injury in the
nuclear compartment. This result is consistent with our previous
studies in the embryonic fibroblast C3H10T1/2 cell line, which dem-
onstrated a link between mitochondrial antioxidant status and radia-
tion-induced neoplastic transformation (31).

Because tumor promotion is an important component of carcino-
genesis in humans, the identification of genes that modify response(s)
to tumor-promoting agents would be a significant advancement in our
understanding of the genetic basis of susceptibility to cancer. The
process of tumor promotion involves the production and maintenance
of sustained cellular proliferation of epidermal cells (8). Changes
induced by TPA are thought to result from epigenetic mechanisms,
including activation of the cellular receptor protein kinase C. The
initiation step of two-stage carcinogenesis has been described as the
result of permanent genetic alterations in basal cells of the epidermis
that make these cells resistant to signals for terminal differentiation
(8). Mutational activation of the Ha-ras proto-oncogene is an early
event clearly associated with chemical initiation of skin tumors (8).
The process of skin tumor initiation appears to be similar in various
mouse strains, and most data suggest that differences in response to
tumor promoters are major determinants in controlling susceptibility
to multistage skin carcinogenesis (32, 33).

In our mouse model, treatment with DMBA |eads to Ha-ras muta-
tion in both transgenic and nontransgenic mice (data not shown).
However, after 14 weeks of TPA application, tumor incidence was

Table2 Quantitative analysis of Immunogold labeling for 4-HNE-modified proteins in
keratinocytes
The density of gold particles is mean = SD (um?). Statistical analysis was performed
by Student’s t test.

nTg6h TgH 6 h
nTg control after TPA TgH control after TPA
Cells counted 63 33 67 32
Cytoplasm 512+ 228 698+ 2.40° 399+200 698+ 181°
Nucleus 800*552 27.37+7.15°°  656=267 1430+ 4.13°
Mitochondria ~ 9.12 + 7.78 2399 + 14.00°° 6.63+6.19 1347 * 11.60

2P < 0.01 compared with control TgH group.
b P < 0.01 compared with control group.
¢P < 0.01 compared with TgH group.
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Fig. 2. EMSA detection of AP-1 binding activity in DMBA/TPA treated transgenic or
nontransgenic mice (TPA was applied after DMBA treatment). Six ug of nuclear extract
and radiolabeled AP-1 oligonucleotide were used. Three sets of samples from individual
mouse skin are shown.

Control
nTg TgH

Jun B
nTg TgH

Jun D
nTg TgH

c-Fos
nTg TgH

Fral
nTg TgH

c-Jun
nTg TgH

'

— AP-1

L

Fig. 3. Supershift identification of AP-1 family members that were involved in AP-1
induction by TPA (TPA was applied after DMBA treatment). The nuclear extract was
preincubated with respective antibody to each AP-1 member, followed by the steps for
EMSAs,

Control DMBA TPA
o T o T o T
}_,
e sy = 2 c 4
—

Fig. 4. Western analysis of the levels of Jun D protein in the nuclear extract from
mouse skin. TPA was applied after DMBA treatment.

lower in TgH mice than nTg mice. The papillomas/mouse and total
papillomas were also lower in the TgH mice. These data provide
evidence that overexpression of MnSOD reduced tumorigenicity at
the promotion step in this two-stage carcinogenesis model.

It is well recognized that DMBA or TPA treatment can induce
oxidative stress (20, 34). We demonstrated for the first time that TPA
application induced rapid oxidative stress at the subcellular level, as
indicated by increased 4-HNE-modified protein levels in both the
mitochondria and nucleus, and that overexpression of MnSOD re-
duced the levels of 4-HNE-modified proteins. Our model is consistent
with the notion that oxidative stress participates in the carcinogenesis
process. It has been shown in vitro that ROS can increase the activity
of redox sensitive transcription factors including AP-1. Here we
showed that the activation of AP-1 could be detected within 6 h after

TPA treatment in the nTg mice, which is consistent with the results
that have been reported (8). In the TgH mice, the initia activation of
AP-1 hinding was delayed but reached a higher level than that in the
nTg mice at 48 h. Because overexpression of MnSOD delayed and
gradually reduced AP-1 activation, these results support the idea that
inhibition of AP-1-mediated transcriptional activation is sufficient to
suppress the tumorigenic phenotype of mouse epidermal cells. How-
ever, we could not rule out the possibility of TPA-induced activation
of other transcription factors that were not investigated in this study.
Our laboratory has established a MnSOD-transfected murine fibro-
sarcoma cell line, FSa-1l cell, which exhibits low endogenous levels
of MnSOD. We found that overexpression of MnSOD reduced the
metastasis rate of fibrosarcoma cells transplanted into syngeneic mice
(6). The reduction of tumor metastasis was consistent with our sub-
sequent findings that overexpression of MnSOD in this cell line
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Fig. 5. Therelative levels of pINK in the cytosol fraction after DMBA/TPA treatment
(TPA was applied after DMBA treatment). The relative densities of the pJNK protein
bands were quantitated using Western blots from three sets of independent experiments.
Statistical analysis was performed by using ANOVA. *, difference from the vehicle
control group, P < 0.05. =, significant difference from the vehicle control group,
P < 0.01; #, difference from the TgH group, P < 0.05. Bars, SD.
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Fig. 6. The relative levels of PKCe in the membrane fraction at 6 h after DMBA/TPA
treatment (TPA was applied after DMBA treatment). The relative densities of the PKCe
protein bands were quantitated from Western blots. Data represent average result from
four sets of independent experiments. Statistical analysis was performed using ANOVA.
##, significant difference from the vehicle control group, P < 0.01. ##, significant
difference from the TgH group, P < 0.01. Bars, SD.
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selectively reduced the binding activity of Jun-associated transcription
factors (AP-1 and cyclic AMP-responsive element binding protein)
but not NFkB or p53 (35). Taken together, the results from our
previous work in established cancer cells and our current work in an
in vivo model of carcinogenesis strongly implicates the modulation of
AP-1-mediated pathways by MnSOD.

A number of posttranslational mechanisms are known to regulate
AP-1 activity, including phosphorylation states of the Jun or Fos
protein (36) and redox regulation of the Jun protein (37). The 4-HNE
protein adduct data demonstrated that oxidative stress occurred rap-
idly in mice after TPA treatment. Thus, it is possible that changes in
intracellular redox status may directly or indirectly modify the acti-
vation of AP-1. Our results from Western analysis, which indicates an
increase in Jun protein and the presence of high levels of phospho-
rylated INK at 24 h after TPA treatment in the nontransgenic mice,
suggests the possibility of both transcriptional and posttranscriptional
modulation. It has been suggested that increased amounts and post-
trandational modifications of c-Jun, Fra-1, Fra-2, and ATF-2 proteins
account for a high percentage of the increased AP-1 activity (38).
c-Jun and ATF-2 proteins are phosphorylated by highly active INK
kinases present in tumor cells (38). It has been shown that INK is
involved in both cell growth and cell death pathways (39—42). For an
example, Lee et al. (42) reported that expression of catalytically
inactive, dominant-negative JNK1 protein is capable of suppressing
persistent INK activation as well as oxidative stress and cytotoxicity
caused by glucose deprivation in MCF-7/ADR multidrug-resistant
human breast adenocarcinoma cells. Our results suggested that INK
signaling mainly participates in growth-stimulatory responses. Fur-
thermore, we found that members of the Jun but not Fos family are
responsible for AP-1 binding activity. It is possible that our results are
representative of an early stage of skin carcinogenesis.

Major insights into the mechanism of action of the phorbol esters
and other tumor promoters were largely derived from the discovery of
their interactions with PKC (10, 21, 43). The involvement of PKC, a
TPA receptor, in the transcriptional regulation of TPA-inducible
genes has been well established. In our mouse model, PKCe was
activated early after TPA treatment, and overexpression of MnSOD
reduced PK Ce activation. We propose that in our mouse model, TPA
treatment caused an activation of PKCe leading to an activation of
downstream JNK and AP-1 activities. The importance of PKCe in
DMBA/TPA skin carcinogenesis was demonstrated recently by the
fact that overexpression of PKCe in transgenic mice resulted in rapid
formation of skin carcinomas (30, 44).

Overall, by using the MnSOD transgenic and nontransgenic litter-
mates, we observed that tumor incidence and levels of oxidative stress
were reduced, the levelg/activities of AP-1 were suppressed or the
induction was delayed, and the activation of PKCe by TPA was aso
delayed in transgenic mice compared with their nontransgenic litter-
mates, which is consistent with suppression of tumor formation. Thus,
tumor suppression and antioxidant functions of MnSOD are indeed
interrelated. These results not only provide direct links between re-
duction of oxidative stress induced by DMBA/TPA treatment to the
development of papillomas but also identify a redox-sensitive signal-
ing pathway leading to skin tumor promotion by TPA.
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