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ABSTRACT

To study early subcellular pathologic changes of tumorigenesis in mouse skin and possible modulation by
overexpression of the mitochondrial antioxidant enzyme manganese superoxide dismutase (MnSOD), skin
keratinocytes from nontransgenic (Ntg) and transgenic (TgH) mice overexpressing MnSOD topically treated
with one dose of 7,12-dimethylbenz(a)anthracene (DMBA) and a subsequent dose of 12-O-tetradecanoylphor-
bol 13-acetate (TPA) were analyzed in situ for levels of MnSOD and the oxidative damage product 4-hydroxy-
2-nonenal (4HNE)-modified proteins using specific antibodies and immunogold electron microscopy. At all se-
lected time points analyzed after TPA treatment, there was more MnSOD immunoreactive protein in
mitochondria of keratinocytes of TgH mice than Ntg mice. Compared with untreated groups, there was a
large increase in 4HNE-modified proteins at 6-24 h after TPA treatment, and this increase was larger in Ntg
than TgH mice. Indices of mitosis and apoptosis of keratinocytes were greater in DMBA/TPA-treated TgH
than Ntg mouse skin. Mitochondrial injury detected by transmission electron microscopy was delayed in ker-
atinocytes of TgH compared with Ntg mice. The present study demonstrated that overexpression of MnSOD
not only protected cells from oxidative damage, but also affected cell turnover kinetics. Thus, previously iden-
tified reduction in papilloma formation observed in TgH mice is correlated with mitochondrial events.
Antioxid. Redox Signl. 6, 537-548.

INTRODUCTION

AMULTISTAGE CARCINOGENESIS MODEL has been used to
study skin tumor formation in the mouse for many
years (4). Stages of carcinogenesis in this model have been
defined as initiation, promotion, and progression. 7,12-
Dimethylbenz(a)anthracene (DMBA) has been used as a
tumor initiator, and 12-O-tetradecanoylphorbol 13-acetate
(TPA) has often been used as a tumor promoter. Whereas

DMBA is known to result in DNA damage with subsequent
mutations, the role of TPA in tumor promotionis less well un-
derstood, even though it has been shown that TPA binds to the
enzyme protein kinase C (PKC) and hence regulates phos-
phorylation within cells (12). The biologic role of PKC in
tumor promotion is postulated to be clonal expansion of initi-
ated epidermal cells (23).

TPA may have other biochemical roles in tumor promotion.
Keratinocytes treated with TPA in vitro show increased levels
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of reactive oxygen species (ROS) (31), and superoxide dis-
mutase (SOD) mimetics, which reduce levels of superoxide
anion, have been shown to reduce skin papilloma formation
following DMBA/TPA treatment (7). ROS have been demon-
strated to have physiologic effects in cells at low concentra-
tions, whereas high concentrations of ROS are known to be
toxic (24). To study the role of a mitochondrial antioxidant
enzyme in papilloma formation, we developed transgenic
(TgH) mice that overexpressed human manganese superoxide
dismutase (MnSOD), and these TgH mice showed reduced
papilloma formation compared with their nontransgenic
(Ntg) littermates (39). The mechanism by which the mito-
chondrial enzyme MnSOD affects papilloma formation is
presently not known.

The present study was designed to determine whether topi-
cal DMBA/TPA treatment caused oxidative damage in sifu in
mouse skin, to analyze whether mitochondrial overexpression
of MnSOD reduced oxidative damage, to determine whether
mitochondral overexpression of MnSOD affected keratino-
cyte cell turnover following DMBA/TPA treatment, and to
define mitochondrial changes in a multistage skin carcino-
genesis model. To study oxidative damage, we used a specific
antibody to 4-hydroxy-2-nonenal (4HNE)-modified proteins
and immunogold electron microscopy with computerized
image analysis, a technique we have previously documented
to show tight correlation with biochemical assessment of
lipid peroxidation (37). This technique allows for the first
time an analysis of biochemical events occurring at the sub-
cellular level in keratinocytes of intact mouse skin after
DMBA/TPA treatment. We document both nuclear and mito-
chondrial lipid peroxidation-protein adducts, mitochondrial
injury, and amelioration or delay of these changes by overex-
pression of MnSOD. In addition, we demonstrate that
MnSOD overexpression increases cell turnover, both mitosis
and apoptosis, in DMBA/TPA-treated skin. Taken together
with our recent demonstration of regulation of nuclear tran-
scription factor activator protein-1 (AP-1) activity and p53
levels by MnSOD modulation (39, 41), our results suggest the
possibility of mitochondrial-mediated regulation of tumor
promotion via mitochondria-to-nucleus signaling events.

MATERIALS AND METHODS

Mice

Human MnSOD TgH mice were generated as previously
described (36). In brief, human MnSOD c¢cDNA was intro-
duced into pronuclei of fertilized eggs by microinjection.
Mice used for producing TgH mice were the F1 progeny of
C57BL/6 mice crossed with C3H hybrid (B6C3) mice that
were purchased from Harlan Sprague-Dawley (Indianapolis,
IN, U.S.A.). Methods for identification and characterization
of TgH mice have been previously reported (36). For skin tu-
morigenesis experiments, female TgH mice that exhibited a
high level of MnSOD activity and their Ntg littermates were
used. Previous studies have demonstrated a decrease in papil-
loma formation in MnSOD-overexpressing female but not
male mice (unpublished observations). Therefore, previous
published studies characterizing this system used only female
mice (39,41).
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Two-stage carcinogenesis

Hair from the backs of 6-8-week-old female mice was
shaved prior to application of vehicle dimethyl sulfoxide
(DMSO) (Sigma, St. Louis, MO, U.S.A.) or carcinogen. Mice
in the resting stage of the hair cycle were used in all experi-
ments. A single dose of 20 nM DMBA (Sigma) dissolved in
DMSO was painted on each mouse. After 2 weeks, one dose
of 4 ug of TPA (Sigma) dissolved in DMSO was applied to
the same area; these mice are referred to in the text as
“DMBA/TPA” treated mice. Additional groups studied in-
cluded mice treated with DMSO alone, DMBA dissolved in
DMSO (referred to in the text as “DMBA” treated mice), or
TPA dissolved in DMSO (referred to in the text as “TPA”
treated mice). Mice were euthanized at varying time points
after chemical application.

Conventional electron microscopy

Techniques for routine electron microscopy have been
previously published (10). In brief, skin tissues were fixed in
glutaraldehyde, embedded in Epon, and thin-sectioned with
an ultramicrotome; then sections were placed on nickel grids,
stained with lead citrate and uranyl acetate, and examined
and photographed with a Hitachi H-600 electron microscope.

Immunogold electron microscopy

After euthanasia, skin from each mouse was removed and
fixed in Carson—-Millonig’s fixative. Carson-Millonig’s fixa-
tive was used because of its well-known ability to preserve
antigenicity. Procedures for immunogold labeling of tissues
with antibodies to MnSOD or 4HNE-modified proteins have
been previously described (26, 28, 29, 38). Fixed tissues were
embedded in LR White resin. LR White-embedded tissue
blocks were trimmed and sectioned. Thin sections were
mounted on 1% collodion membrane-coated nickel grids.
Sections were rinsed and treated with a 0.5% solution of
bovine serum albumin in phosphate-buffered saline, pH 7.4,
for 30 min to block nonspecific staining and then incubated
with primary antibody at 4°C overnight. Rabbit polyclonal
anti-human MnSOD (a gift from Dr. Larry Oberley, Univer-
sity of Iowa) was used at a dilution of 1:200, whereas rabbit
polyclonal anti-4HNE-modified proteins (from Dr. Luke
Szweda, Case Western Reserve University) were used at a
dilution of 1:60. The latter antibody was directed against
4HNE bound to keyhole limpet hemocyanin and recognizes
the hemiacetal form of the 4HNE-derived portion of protein—
4HNE adducts (5). After incubation with primary antibody
overnight at 4°C, grids were rinsed in four changes of Tris-
buffered saline (TBS) washing buffer for 5 min each and one
change of alkaline TBS for 20 min. The grids were then in-
cubated with diluted (1:75) gold-conjugated secondary anti-
body (gold-conjugated goat anti-rabbit [gH+L, GAR15, BB
International, Cardiff, U.K.) for 90 min at room temperature.
The sections were washed in two changes of distilled water,
and the grids were counterstained with 7.5% uranyl acetate,
and observed and photographed with a Hitachi H-600 trans-
mission electron microscope. For each antibody studied, all
of the sections for quantitative immunogold electron mi-
croscopy analysis for each experiment were stained simulta-
neously under the same conditions.
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Analysis of cell turnover in keratinocytes
of interfollicular epidermis

Mitosis and apoptosis were counted in LR White-
embedded thick sections from the same skin tissues that were
analyzed for MnSOD immunoreactive protein by immuno-
gold ultrastructural analysis. Skin is composed of hair folli-
cles with associated follicular epidermis and epidermis be-
tween hair follicles (interfollicular epidermis). Skin tumors
have been shown to arise in both follicular and interfollicular
epidermis (11, 35), but the specific site of tumor formation in
the hair follicle is not certain (22). To avoid the latter contro-
versy, we decided to study interfollicular epidermis only.
Thus, cell turnover was analyzed in the interfollicular epider-
mis. Thick sections of epidermis from each mouse were ana-
lyzed for mitosis or apoptosis using morphologic criteria.
Mitosis was defined using standard criteria for identification
of various mitotic stages: prophase, metaphase, anaphase,
telophase, and cytokinesis. Apoptosis was defined by the
presence of chromatin condensation, cell shrinkage, and the
formation of apoptotic bodies. Conventional electron mi-
croscopy was performed to confirm that light microscopy re-
sults were accurate by also identifying apoptosis and mitosis
using ultrastructural criteria. Three blocks from each mouse
were trimmed, and thick sections (0.5 um) were analyzed
with a light microscope. Five hundred cells from each block
at each time point were counted (1,500 total cells), and results
expressed as a percentage of apoptosis or mitosis per total
cells.

Quantitative analysis of MnSOD
immunoreactive protein and immunoreactive
4HNE-modified proteins

Micrographs were randomly taken at 10,000X magnifica-
tion from whole epidermis (in areas where the epidermis was
thin) or from an equal number of keratinocytes from stratum
germinativum (squamous layer), stratum spinosum (granular
layer; characterized by frequent desmosomes, keratohyaline
granules, and tonofibrils), and basal cells of the epidermis
(the latter analysis performed in areas of the skin that were
thick). Nonkeratinocytes, stratum corneum, and cells of the
hair follicle were not included in the analysis. The area of mi-
tochondria, cytoplasm, and nucleus in selected epidermal
cells and the densities of immunogold labeling of MnSOD
and 4HNE-modified proteins were quantified with image
analysis software (Scion Image Beta 4.02, Scion Corp., Fred-
erick, MD, U.S.A.) with a PC computer (Dell OptiPlex
GX200). The mean values were obtained from an average of
30 cells from each group.

Statistics

Statistical analyses were performed by paired Student’s ¢
test or ANOVA. Paired Student’s ¢ test was used to compare
Ntg and TgH mice at each time point. ANOVA with LSD
(least significant difference) post-hoc test was used to com-
pare the earliest time point in an individual experiment (0 or
6 h) with later time points. Results were presented as the
means = SEM.
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RESULTS

In situ ultrastructural analysis of mouse skin

Keratinocytes in mouse skin demonstrated a basal layer
adjacent to the basement membrane, an intermediate layer
(squamous layer), a more superficial layer (granular layer),
and the stratum corneum (Fig. 1a). The stratum corneum was
the most superficial layer and consisted of layers of acellular
material without cell organelles. Cells from basal, intermedi-
ate, and superficial layers had varying numbers of very small
but normal-appearing mitochondria with cristae identified
(Fig. 1b), and these mitochondria showed immunogold label-
ing with antibody to MnSOD (Fig. 1c¢). Mitochondria in skin
of mice treated with DMBA/TPA often had injury, as evi-
denced by the presence of electron-dense mitochondrial inclu-
sions, either single or multiple, with resultant loss of mito-
chondrial cristae; these inclusions were easily identifiable as
round electron-dense structures in material examined by con-
ventional electron microscopy following double staining with
lead citrate and uranyl acetate (Fig. 1d). These inclusions were
less electron-dense in material prepared for immunogold
analysis, at least partially because tissue was stained with
uranyl acetate only (Fig. 1e). These inclusions were not ob-
served in untreated mouse skin. One component of these mito-
chondrial inclusions was lipid peroxidation products, because
inclusions were labeled with specific antibody to 4HNE-
modified proteins (Fig. 1f). Inclusions were often multiple, re-
sulting in enlargement of mitochondria in comparison with
those examined in untreated epidermal cells. Morphologic
analysis thus indicated that one major effect of DMBA/TPA
treatment was mitochondrial injury, at least partially mediated
by lipid peroxidation products reacting with mitochondrial
protein(s). The mitochondria with inclusions are probably
nonfunctional because cristae cannot be identified.

In situ analysis of MnSOD immunoreactive protein
and cell cycle kinetics in mouse skin

Previous studies indicated an increase in MnSOD activity
in TgH compared with Ntg mouse skin; MnSOD activity in
untreated Ntg and TgH mouse skin was determined to be 83 +
19 and 171 + 32 units/mg of protein, respectively (39). To
determine whether the transgene was properly located in mi-
tochondria of keratinocytes, immunogold analysis was per-
formed. Qualitative studies localized MnSOD immunoreac-
tive proteins in mouse epidermal cells to mitochondria of
both TgH and Ntg mice (Fig. 1¢). Immunogold morphologic
techniques and computerized image analysis were used to
quantify MnSOD immunoreactive protein in mouse epider-
mal cells after DMBA/TPA treatment. Ntg and TgH mice
were treated with a single dose of DMBA and 2 weeks later
with a single dose of TPA. After mice were killed, the skin
was removed and analyzed with quantitative immunogold
analysis for levels of MnSOD immunoreactive protein at
varying time points after TPA treatment. Immunogold label-
ing was observed in mitochondria of keratinocytes, but not in
significant amounts in other subcellular locations within ker-
atinocytes (Fig. 1¢). At all time points examined (6—-168 h) in
mice treated with DMBA/TPA, there was more MnSOD im-
munoreactive protein in TgH than Ntg mice (Fig. 2a).



540 OBERLEYET AL.

FIG. 1. Ultrastructural analysis of epithelium of normal mouse skin. (a) Conventional electron microscopy of mouse
skin, low magnification. Normal mouse skin consists of several layers of keratinocytes, including the basal layer, the squa-
mous layer, the granular layer, and the stratum corneum. Representative cells from these layers are labeled. Basal cells have
a cytoplasm with a few mitochondria and a cell surface with tight junctions, and are immediately adjacent to the basement
membrane (BM; upper left corner of micrograph); squamous cells have a cytoplasm with prominent tonofilaments, and
these tonofilaments converge on tight junctions at the cell surface; and granular cells are similar to squamous cells with the
additional feature of cytoplasmic keratohyaline granules. The stratum corneum consists largely of keratin without cell or-
ganelles. Mitochondria are very small in normal mouse skin, and so higher magnification is necessary to identify this sub-
cellular organelle. Bar = 1 um. (b) Conventional electron microscopy of epithelium of normal mouse skin, high magnifica-
tion. Mitochondria (M) of normal mouse skin have normal morphology, with single outer membrane and inner membrane
arranged in cristae. However, mitochondria in mouse skin are very small, with only a few cristae. Bar = 1 um. (¢) Immuno-
gold electron microscopy of epithelium of normal mouse skin using antibody to MnSOD, high magnifcation. Immunogold
label (arrows) was present over mitochondria (M) and not cytoplasm. Bar = 0.5 pm. (d) Conventional electron microscopy
of epithelium of mouse skin treated with DMBA/TPA, high magnification. Round electron-dense inclusions (double arrow)
were identified within mitochondria (M). Mitochondria with inclusions showed loss of cristae. Bar = 1 um. (e) Electron mi-
croscopy of epithelium of mouse skin treated with DMBA/TPA, but using same processing as for immunogold electron mi-
croscopy, high magnification. Mitochondrial (M) inclusions (double arrow) were identified, but these were much less
electron-dense than when conventional microscopy techniques were used, largely because lead citrate was not used as a
counterstain. Bar = 0.5 um. (f) Immunogold electron microscopy of epithelium of mouse skin treated with DMBA/TPA and
immunostained with antibody to 4HNE-modified proteins. Oxidative damage (immunogold beads identified by single ar-
rows) was present both in mitochondria (M) without morphologic evidence of injury and in mitochondria with inclusions
(double arrow). Bar = 0.5 um.
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In addition, the level of MnSOD immunoreactive protein
varied significantly as a function of time after DMBA/TPA
treatment in TgH but not in Ntg mouse skin (Fig. 2a). In TgH
skin, compared with 6-h levels there was a significant de-
crease in MnSOD immunoreactive protein at 72 h and a sub-
sequent peak in MnSOD immunoreactive protein at 120 h.

Although the 5'-flanking region of the human MnSOD gene
promoter has a TPA-responsive element (14), we reasoned
that this TPA-responsive element was not responsible for the
changes in MnSOD immunoreactive protein in TgH mice be-
cause this element was not present in the human MnSOD
cDNA used to create the TgH mice. We thus soughtan alterna-
tive explanation for the variations in MnSOD immunoreactive
protein levels observed as a function of time after DMBA/TPA
treatment in the TgH mice. As previous studies have demon-
strated that TPA induced epidermal cell proliferation (23) and
as MnSOD has been demonstrated to vary as a function of
growth state (27), we examined mouse skin using conventional
electron microscopy. We observed high levels of both mitosis
and apoptosis with a peak at 72 h after DMBA/TPA treatment
in TgH skin (Fig. 3) in comparison with Ntg skin.
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To quantify this observation, mitosis and apoptosis in
mouse skin were counted as a function of time after DMBA/
TPA treatment using light microscopy and morphologic cri-
teria. There was an increase in both mitosis (Fig. 2b) and
apoptosis (Fig. 2c) after DMBA/TPA treatment, and these
changes in tissue cell kinetics were much increased in TgH
mouse skin in comparison with Ntg mouse skin. Mitosis was
increased in TgH mouse skin from 48 to 144 h in comparison
with Ntg skin (Fig. 2b). Apoptosis was increased at 72, 96,
and 144 h in TgH skin in comparison with Ntg skin (Fig. 2¢).

In time-course analyses, in comparison with 6 h after
DMBA/TPA treatment, mitosis in TgH mouse skin was ele-
vated at 48—144 h, whereas in Ntg mouse skin, mitosis was
elevated only at 72- and 96-h time points (Fig. 2b), but the
latter elevations were much less in Ntg than TgH skin. In
comparison with 6 h, apoptosis was increased in TgH mouse
skin from 48 to 168 h, whereas in Ntg mouse skin apoptosis
was increased first at 48—72 h and then again at 168 h, but the
latter elevations were much less in Ntg than TgH skin. Con-
trol untreated skin had much lower levels of apoptosis than
DMBA/TPA-treated mouse skin at the earliest time point
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FIG. 2. MnSOD immunoreactive protein in mitochondria and keratinocyte cell kinetics of mouse skin treated with
DMBA/TPA. (a) MnSOD immunoreactive protein. At the indicated time points after TPA applicationfollowing prior DMBA treat-
ment, skin samples were studied with immunogold analysis using specific antibody to MnSOD. Gold beads over mitochondriawere
quantified, and then image analysis was used to quantify area of mitochondria. Thirty keratinocytes were analyzed per mouse at
each time point. Closed stars indicate statistical significance (p < 0.05) between TgH and Ntg groups at each time point. Open stars
indicate statistical significance (p < 0.05) in TgH mice in comparison with 6-h time point. (b) Quantitative analysis of mitoses in in-
terfollicular epidermis. Thick sections from the same LR White-embedded material examined in a were analyzed for mitoses using
morphologic criteria. Closed stars indicate statistical significance (p < 0.05) in comparison of TgH with Ntg mice. Open stars indi-
cate statistical significance (p < 0.05) in Ntg mouse skin in comparison of later time points with 6-h time point. Double open stars
indicate statistical significance in TgH mouse skin in comparison of later time points with 6-h time point. (¢) Quantitative analysis
of apoptosis in interfollicularepidermis. Thick sections from the same LR White-embedded material examined in a were analyzed
for apoptosis using morphologic criteria. Closed stars indicate statistical significance (p < 0.05) in comparison of TgH with Ntg
mice. Open stars indicate statistical significance (p < 0.05) in Ntg mouse skin in comparison of later time points with 6-h time
point. Double open stars indicate statistical significance in TgH mouse skin in comparison of later time points with 6-h time point.
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studied in both Ntg and TgH skin, whereas levels of mitosis
in untreated control skin were similar to levels in DMBA/TPA
mouse skin at the earliest time point analyzed (compare re-
sults at 6 h in Fig. 2b and ¢ with 0-h controls in Table 1).

In mice treated with DMSO alone, DMBA, or TPA (3-48 h),
there was more immunoreactive MnSOD in skin of TgH than
Ntg mice (data not shown). Untreated control groups had ap-
proximately fourfold more MnSOD immunoreactive protein in
TgH than Ntg mice (data not shown). These results confirm
that, regardless of treatment or time after treatment, TgH mouse
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FIG. 3. Conventional electron microscopy of mouse
skin treated with DMBA/TPA. At 72 h after TPA applica-
tion following previous treatment with DMBA, frequent
apoptosis (A) (a) and mitosis (m) (b) were observed in the
basal layer of the skin. In some cases, apoptosis and mitosis
were immediately adjacent to each other (c).

keratinocytes expressed more MnSOD immunoreactive protein
in mitochondria than keratinocytes from Ntg mice. Our results
also demonstrated that MnSOD immunoreactive protein de-
creased at a time when cell turnover kinetics increased.

In situ analysis of 4HNE-modified
proteins in mouse skin

To determine how MnSOD overexpression affects lipid
peroxidation within the cell, immunogold ultrastructural
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TABLE 1. KERATINOCYTE TISSUE KINETICS
IN UNTREATED MOUSE SKIN

Ntg mouse skin TgH mouse skin

0.8+0.5
0.7+0.6

0.6+0.8
0.6+0.8

Mitosis
Apoptosis

*Two Ntg and two TgH mice were studied. LR White-
embedded skin was analyzed by light microscopy for mitosis
and apoptosis. A total of 1,500 cells were counted per mouse
and results expressed as a percentage: mitotic or apoptotic
cells/total cells X 100. Results are presented as means +SEM.
Statistical analyses did not reveal significant differences in mi-
tosis or apoptosisin TgH in comparison with Ntg mice.

analysis of keratinocytes was performed using antibody to
4HNE-modified proteins. Consistent with previous studies
in rat kidney (37), 4HNE-modified proteins were observed
primarily in mitochondria and nucleus, although some cyto-
plasmic labeling was also evident. Results of quantitative
immunogold ultrastructural data and statistical analyses are
shown in detail in Fig. 4. Patterns of immunolabeling were
very similar in mitochondria and nucleus, but very differ-
ent in the cytoplasm. In all cases, the trend is toward more
4HNE-modified proteins in Ntg than TgH skin. However,
both mitochondria and nucleus show high levels of 4HNE-
modified proteins at early time points in both Ntg and TgH
mouse skin, whereas this early increase is not noted in the
cytoplasm.

Quantitative analysis of skin from DMBA/TPA-treated Ntg
mice showed increased levels of 4HNE-modified proteins at
6 and 24 h, but 4HNE-modified proteins declined to levels
found in untreated skin (see Fig. 5, time O for representative
values in untreated skin) at 48 h. In contrast, TgH mice
treated with DMBA/TPA demonstrated only a moderate in-
crease in 4HNE-modified protein levels at 6—48 h compared
with untreated skin. Comparisons between Ntg and TgH mice
treated with DMBA/TPA showed lower levels of 4HNE-
modified proteins in mitochondria (Fig. 4a) or nucleus
(Fig. 4b) in TgH compared with Ntg mice at early time points,
with statistical significance comparing Ntg and TgH achieved
in both compartments at 6 h. The cytoplasm showed only low
levels of immunolabeling in both Ntg and TgH mouse skin
(Fig. 4c¢), although because of low variability, these levels at-
tained statistical significance; again, TgH in general had
lower levels of immunolabeling than Ntg mice.

Keratinocytes from both Ntg and TgH mice treated with
DMSO alone or DMBA had only low levels of 4HNE-
modified proteins at 3—48 h (data not shown). Detailed re-
sults and statistical analysis of mice treated with TPA alone
are shown in Fig. 5. Keratinocytes from both Ntg and TgH
mice treated with TPA had lower levels of 4HNE-modified
proteins at early time points than mice treated with DMBA/
TPA (compare Figs. 4 and 5). TgH mice treated with TPA
had a baseline level in mitochondria (0 h) of twofold less
4HNE-modified proteins compared with levels in mito-
chondria of Ntg mice (Fig. 5a). TgH mice showed a further
approximate twofold decrease in 4HNE-modified proteins
compared with Ntg mice in mitochondria at 3 h after TPA
application (Fig. 5a). The nucleus (Fig. 5b) and cytoplasm
(Fig. 5¢) of keratinocytes treated with TPA also showed a
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FIG.4. 4HNE-modified proteins in keratinocytes in mouse
skin treated with DMBA/TPA. At the indicated time points
after TPA application following prior DMBA treatment, skin
samples were analyzed with immunogold techniques using spe-
cific antibody to 4HNE-modified proteins. Gold beads over var-
ious subcellular compartments (nucleus, mitochondria, and cy-
toplasm) were quantified, and then image analysis was used to
quantify area of each subcellular compartment. Thirty keratino-
cytes were analyzed per mouse at each time point. (a) Gold
beads/um? area of mitochondria. (b) Gold beads/um? area of nu-
cleus. (¢) Gold beads/um? area of cytoplasm. Closed stars indi-
cate statistical significance (p < 0.05) when comparing each sub-
cellular compartment in skin of TgH with Ntg mice at each time
point. Open stars indicate statistical significance (p < 0.05) when
comparing each subcellular compartment of Ntg mice as a func-
tion of time in comparison with 6-h time point. Double open stars
indicate statistical significance (p < 0.05) when comparing each
subcellular compartment of TgH mice as a function of time in
comparison with 6-h time point.
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FIG. 5. 4HNE-modified proteins in keratinocytes from
mouse skin treated with TPA. At the indicated time points after
TPA application, skin samples were analyzed with immunogold
techniques using specific antibody to 4HNE-modified proteins.
Gold beads over various subcellular compartments (nucleus, mi-
tochondria, cytoplasm) were quantified, and then image analysis
was used to quantify area of each subcellular compartment.
Thirty keratinocytes were analyzed per mouse at each time point.
(a) Gold beads/um?2 of mitochondria. (b) Gold beads/um? of nu-
cleus. (¢) Gold beads/um? of cytoplasm. Closed stars indicate
statistically significant (p < 0.05) differences when comparing
each subcellular compartment in skin of TgH with Ntg mice at
each time point. Open stars indicate statistical significance (p <
0.05) when comparing each subcellular compartment of Ntg
mice as a function of time in comparison with 0-h control. Dou-
ble open stars indicate statistical significance (p < 0.05) when
comparing each subcellularcompartment of TgH mice as a func-
tion of time in comparison with 0-h control.
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FIG. 6. Mitochondrial inclusions in keratinocytes from
mouse skin treated with DMBA/TPA. At the indicated
time points after TPA application following DMBA treat-
ment, skin samples were analyzed for mitochondrial inclu-
sions. Results are expressed as percentage of total mito-
chondria. Closed stars indicate statistically significant
differences (p < 0.05) when comparing skin of TgH and Ntg
at each time point. Open stars indicate statistical signifi-
cance (p < 0.05) when comparing mitochondrial inclusion
percentage in Ntg mice as a function of time in comparison
with 6-h time point. Double open stars indicate statistical
significance (p < 0.05) when comparing mitochondrial in-
clusion percentage in TgH mice as a function of time in
comparison with 6-h time point.

significant decrease in lipid peroxidation-protein adducts at
3 hin TgH compared with Ntg mice, but these decreases were
less than those observed in mitochondria.

Mitochondrial injury is delayed in TgH mice

Detailed results and statistical analyses of mitochondrial
inclusion formation in Ntg and TgH mouse skin are presented
in Fig. 6. Mitochondrial inclusions expressed as a percentage
of total mitochondria peaked at 24 h in Ntg mice, but at 96 h
in TgH mice. At early time points (24 h) in keratinocytes from
TgH mice, there were no inclusions identified, whereas ker-
atinocytes from Ntg mice had a significant number of inclu-
sions at this time point. Mitochondria with inclusions demon-
strated loss of cristae (Fig. 1d). Mice treated with DMBA
alone did not show inclusions (data not shown).

DISCUSSION

The present study documents that overexpression of a mi-
tochondrial antioxidant enzyme, MnSOD, can have profound
effects not only on mitochondrial injury, but also on events
occurring elsewhere in the cell, i.e., the nucleus. A previous
study has documented that overexpression of MnSOD in mice
reduced papilloma incidence two- to threefold (39). This same
study showed decreases in immunoreactive protein levels of
PKCe, JNKinase, and Jun D and a decrease in the activity of
nuclear transcription factor AP-1 following DMBA/TPA treat-
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ment in skin of TgH compared with Ntg mice. These re-
sults demonstrated that overexpression of a mitochondrial en-
zyme can affect proteins present in the nucleus (Jun D) and
cytoplasm (JNKinase). Because ROS are able to function as
signal mediators, it is possible that MnSOD achieves these
pleiotropic effects by affecting cell redox state, thus affect-
ing mitochondria-to-nucleus signaling pathways. In turn, mi-
tochondria-to-nucleus signaling pathways have been shown
to be responsible for induction of MnSOD by tumor necrosis
factor-a (32).

The present study documents that the MnSOD overexpres-
sion that occurs in TgH mice was detectable to an appreciable
extent only in mitochondra. Previous studies analyzing skin
homogenates with activity gels have demonstrated increased
MnSOD activity in TgH compared with Ntg skin, and bio-
chemical analysis has shown an approximate twofold increase
in activity (39). Although the present study measured only
MnSOD immunoreactive protein, immunogold beads were
not found in significant amounts in any subcellular location
other than mitochondra, indicating that the increase in
MnSOD activity in skin homogenates in TgH compared with
Ntg mice must be primarily due to an increase in mitochon-
drial activity. Therefore, biochemical and biologic effects ob-
served in TgH mice must be due to biochemical effects of
MnSOD overexpression in mitochondria.

How mitochondrial events affect whole cell behavior is a
subject of great interest. The p53 tumor suppressor protein can
act as a transcription factor and cause cell cycle arrest when it
is located in the nucleus; however, when cells are oxidatively
damaged, this protein can translocate to mitochondria, result-
ing in apoptosis (21). Another protein that functions in mito-
chondria is Bel-2. Bel-2 was originally identified as a human
lymphoma oncogene. A growing body of evidence indicates
that the crucial site of Bcl-2 action appears to be the mito-
chondria (8). Interestingly, Bcl-2 is able to inhibit the apop-
totic effects of p53. Recently, it has been demonstrated that
Ras may localize to mitochondria to effect apoptosis, and the
apoptotic effect of Ras is blocked by Bcl-2 (6). As it is known
that mutated ras is a primary initiation event in papilloma for-
mation (23) and it is known that oncogenic ras leads to the
production of oxygen radicals (19), it is tempting to speculate
that MnSOD overexpression prevents papilloma formation by
blocking the effects of Ras-mediated ROS formation. Future
studies will be necessary to test this exciting hypothesis.

Numerous studies have demonstrated that MnSOD has
pleiotropic effects on cells. In a cell culture model, we have
demonstrated that MnSOD suppressed radiation-induced
neoplastic transformation (33). In two other cell culture mod-
els, we showed that MnSOD overexpression promoted cellu-
lar differentiation (34, 40). We have demonstrated that
MnSOD overexpression can inhibit apoptosis secondary to
injurious stimuli (20). A recent study has documented that
MnSOD overexpression using MnSOD c¢DNA transfection
can result in apoptosis in noninjured cells (30). We have
shown that MnSOD overexpression inhibits cell cycle pro-
gression in tissue culture models (16, 17). MnSOD has also
been demonstrated to protect cells from oxidative stress dur-
ing quiescence (15). Thus, results of MnSOD overexpression
have many effects on cell behavior, which may in turn depend
on cell type and physiologic and pathologic variables not yet
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well understood. The present study is the first to study effects
of MnSOD overexpression on cell kinetics in situ and clearly
demonstrates that MnSOD overexpression affects both cell
birth and cell death after injury. How MnSOD regulates these
complex processes is a subject of great importance. The
above results imply mitochondria-to-nucleus signaling events
as important regulators of cell function.

The biologic effects of MnSOD on cells are complex for
many reasons. First, the enzyme converts superoxide anion
into hydrogen peroxide. Normally, hydrogen peroxide is
removed by either catalase or glutathione peroxidase. How-
ever, in cases where hydrogen peroxide is not completely re-
moved, alterations in cell redox state will occur, resulting in
modifications of redox-sensitive proteins, i.e., transcription
factors [AP-1, nuclear factor-kB, (NF-kB), p53, etc.] and
proteins involved in signal transduction pathways (24). Sec-
ond, MnSOD is induced at the transcriptional level by several
factors, including ROS, cytokines (32), and TPA (14). Third,
MnSOD is regulated by transcription factors that are redox-
sensitive [cRel (2), p53 (41)], resulting in reciprocal regula-
tion. NF-kB has been demonstrated to both positively and
negatively regulate proliferation and apoptosis, and it has
been shown in HeLa cells that MnSOD activity is crucial in
effecting these decisions induced by NF-kB (2). Finally,
MnSOD has both physiologic [regulation of mitochondrial
redox state, mitochondrial function (16), and regulation of
cell cycle progression (20)] and pathologic functions [protec-
tion against ROS, induction of apoptosis]. Thus, MnSOD is
critical in regulating cell behavior.

It seems paradoxical that MnSOD may both protect against
and promote apoptosis. The simplest explanation for these
apparent discrepant findings (protection versus apoptosis) is
that the effects of MnSOD modulation in cell behaviorare de-
pendent on changes in cell redox state, which can be oxidiz-
ing or reducing depending on the unique biochemistry of
each cell type, including the ability of each cell type to adapt
to increased hydrogen peroxide formation generated by the
enzymatic function of MnSOD. In fact, our laboratory has di-
rectly demonstrated that overexpression of high levels of
MnSOD in mouse fibroblasts using an adenoviral vector sys-
tem results in cell death, which correlates with increasing
ROS levels and altered redox levels as assessed by glu-
tathione/glutathione disulfide ratios (13).

Levels of 4HNE-modified proteins were increased com-
pared with those of controls at early time points after TPA
treatment in mice previously treated with DMBA. Localiza-
tion of this oxidative damage product was primarily in mito-
chondria and nucleus. Epidermal cells from TgH mice treated
with DMBA/TPA had much less oxidative damage than
corresponding epidermal cells from Ntg mice. These results
demonstrated that DMBA/TPA treatment caused oxidative
damage in both nucleus and mitochondria, and MnSOD over-
expression was able to protect against this damage in both
locations. Keratinocytes from Ntg mice treated with TPA
alone exhibited significant levels of mitochondrial lipid peroxi-
dation-protein adducts, but less nuclear and cytoplasmic lipid
peroxidation-protein adducts. These results imply that TPA-
mediated oxidative damage is primarily mitochondrial. Lipid
peroxidation-modified proteins were lower at early time
points in TPA- compared with DMBA/TPA-treated mice in all
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subcellular locations, suggesting that DMBA/TPA is more
oxidative than TPA alone. Levels of 4HNE-modified proteins
in TgH mice treated with TPA were significantly reduced in
all subcellular compartments, again suggesting that overex-
pression of MnSOD can affect redox status throughout the
cell. It is not certain how MnSOD causes these changes, but
possibilities include modulated diffusion of hydrogen perox-
ide and/or lipid hydroperoxides throughout the cell and/or di-
rect effects on cell signaling pathways. It has been recently
demonstrated that overexpression of catalase in either mito-
chondria or cytosol was equally protective against oxidants
generated in mitochondria by rotenone or antimycin A (1).
These data suggest that hydrogen peroxide readily diffuses
into the cytosol. As it has been shown that treatment with
high concentrations of DMBA alone can cause oxidative
stress (9), our data are consistent with the hypothesis that
DMBA and TPA are synergistic in causing oxidative damage.

To our knowledge, mitochondrial inclusions have not been
identified previously in a multistage carcinogenesis model. A
literature search did not reveal similar inclusions in other ex-
perimental or human cancers. We have identified these inclu-
sions in early preneoplastic skin lesions (11) in other strains
of mice that have been treated with DMBA/TPA (unpublished
observations), which suggests the possibility that these le-
sions are associated with cancer formation. In the present
model, the inclusions are transient because inclusions are no
longer present 120 h after TPA treatment in both Ntg and TgH
mice, but are delayed in TgH compared with Ntg mice. It is
not known whether the inclusion-containing mitochondria are
degraded or repaired. It has been previously demonstrated
that overexpression of cRel transcription factor in cultured
cells caused an increase in MnSOD levels, resulting in oxida-
tive damage, presumably due to hydrogen peroxide produc-
tion via the enzymatic activity of MnSOD, and injury to mito-
chondria (3). Interestingly, these injured mitochondria were
subsequently degraded by lysosomes, resulting in the forma-
tion of lipofuscin. Previous studies in our laboratory have
demonstrated that lipofuscin contains 4HNE-protein adducts
(29), suggesting the possibility that the mitochondrial inclu-
sions identified in the skin in the present study will be even-
tually degraded by lysosomes to lipofuscin. The delay in ap-
pearance of these inclusions in TgH compared with Ntg mice
suggests a role for ROS in their development, and, indeed,
these lesions contain 4HNE-modified proteins (Fig. If).
4HNE-modified proteins peaked between 6 and 24 h in Ntg
mice, and mitochondrial inclusions reached a maximum at
24 h, showing good correlation. 4HNE-modified proteins are
elevated above control until 48 h in TgH mice, a time at which
inclusions first begin to appear. Thus, in both Ntg and TgH
mice, 4HNE-modified protein levels parallel inclusion for-
mation, suggesting the possibility that lipid peroxidation is
causal in inclusion formation. The facts that application of
SOD mimics (7) and overexpression of MnSOD both inhibit
papilloma formation strongly implicate ROS in their genesis.
Another group has demonstrated the in vitro reaction of
4HNE with mitochondrial proteins in a study of isolated mi-
tochondria using western analysis (5).

There are some inherent difficulties with the immunomor-
phologic techniques utilized in the present study. Large num-
bers of samples to be stained at the same time is a limiting
factor. Thus, the experiments outlined herein were performed
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in two groups: (a) DMBA/TPA, DMBA, and DMSO alone,
and (b) TPA and DMSO alone. This creates potential prob-
lems with analysis of immunogold results, because accurate
analyses depend on precise fixation, embedding, and stain-
ing. Using parallel biochemical measurements, we have dem-
onstrated that immunogold results are sensitive, specific, and
reproducible when all tissues are processed at the same time
(37, 38). Each of the two groups analyzed above had a com-
mon group, i.e., mice treated with DMSO alone as control,
and quantitative results from these two sets of DMSO-treated
mice were nearly identical. Therefore, we are confident that
the results from other treatment groups described above are
directly comparable.

There was variation in levels of MnSOD immunoreactive
protein (approximate twofold differences at maximal and
minimal levels) as a function of time after TPA treatment in
TgH mice, and statistical analysis showed these variations to
be significant. These variations may reflect biochemical
changes associated with mitosis after TPA application. As
mentioned previously, in vitro studies in our laboratory have
demonstrated variations in ROS and antioxidant enzymes
during the cell cycle in mammalian cells (16, 17, 27). Serum
starvation studies in NIH/3T3 fibroblasts have shown that
MnSOD levels decrease as quiescent cells enter the cell cycle
(27). Studies in synchronized NIH/3T3 fibroblasts and
DU145 prostate carcinoma cells showed a decrease in
MnSOD activity in S but not M phases of the cell cycle (16,
18). The decrease in MnSOD immunoreactive protein ob-
served in the present study may be at least partially due to in-
creased cells in S phase of the cell cycle. However, as the
transgene was constructed with a [-actin promoter, the
changesin MnSOD could also be due to changes in actin lev-
els as a result of altered cell tissue kinetics. Previous studies
have demonstrated that MnSOD levels increase in many ep-
ithelial cell types during development and differentiation
(25). The increase in MnSOD immunoreactive protein at
120 h following DMBA/TPA treatment is most likely due to
cell differentiation following unscheduled mitosis.

The present study documents a time course of biochemical
and morphologic events in DMBA/TPA-treated mouse skin.
A single dose of TPA following prior DMBA treatment re-
sults in lipid peroxidation at 6 h, with less lipid peroxidation
in the MnSOD TgH mice. Mitochondrial inclusions occurred
at 24 h in Ntg mice and 96 h in TgH mice. Alterations in ker-
atinocyte cell kinetics occur at 48 h in both types of mice, al-
though TgH mice showed increased levels of both mitosis and
apoptosisin comparison with Ntg mice. A future study of im-
portance is whether initiated cells in MnSOD-overexpressing
mice are differentially sensitive to apoptosis, thus explaining
the decrease in papilloma formation in TgH mice.

In summary, the present study demonstrates for the first
time in intact skin that overexpression of the mitochondrial
antioxidant enzyme MnSOD protects not only the mitochon-
dria, but also the nucleus from lipid peroxidation. The man-
ner by which this is achieved will be studied in our laboratory
and should prove to be of considerable interest. The present
study also demonstrates that DMBA/TPA treatment affects
cell turnover kinetics and results in mitochondral injury in
treated mouse skin; which or both of these effects results in
decreased papilloma formation in MnSOD-overexpressing
mice will be the subject of future studies.
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