MOLECULAR AND CELLULAR BIOLOGY, May 2006, p. 3773-3784
0270-7306/06/$08.00+0  doi:10.1128/MCB.26.10.3773-3784.2006

Vol. 26, No. 10

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Nrf Transcription Factors in Keratinocytes Are Essential for Skin
Tumor Prevention but Not for Wound Healing¥
Ulrich auf dem Keller,"! Marcel Huber,”> Tobias A. Beyer,1 Angelika Kiimin,' Christina Siemes,’

Susanne Braun,' Philippe Bugnon,' Varvara Mitropoulos,' Delinda A. Johnson,’
Jeffrey A. Johnson,” Daniel Hohl,? and Sabine Werner'*

Institute of Cell Biology, Department of Biology, ETH Zurich, Honggerberg, CH-8093 Zurich, Switzerland'; Service de
Dermatologie, CHUV Hoépital Beaumont, BT-437, CH-1011 Lausanne, Switzerland?; and University of Wisconsin,
School of Pharmacy, 777 Highland Avenue, Madison, Wisconsin 53705-2222°

Received 30 January 2006/Accepted 3 March 2006

The Nrf2 transcription factor is a key player in the cellular stress response through its regulation of
cytoprotective genes. In this study we determined the role of Nrf2-mediated gene expression in keratinocytes
for skin development, wound repair, and skin carcinogenesis. To overcome compensation by the related Nrfl
and Nrf3 proteins, we expressed a dominant-negative Nrf2 mutant (dnNrf2) in the epidermis of transgenic
mice. The functionality of the transgene product was verified in vivo using mice doubly transgenic for dnNrf2
and an Nrf2-responsive reporter gene. Surprisingly, no abnormalities of the epidermis were observed in
dnNrf2-transgenic mice, and even full-thickness skin wounds healed normally. However, the onset, incidence,
and multiplicity of chemically induced skin papillomas were strikingly enhanced, whereas the progression to
squamous cell carcinomas was unaltered. We provide evidence that the enhanced tumorigenesis results from
reduced basal expression of cytoprotective Nrf target genes, leading to accumulation of oxidative damage and
reduced carcinogen detoxification. Our results reveal a crucial role of Nrf-mediated gene expression in
keratinocytes in the prevention of skin tumors and suggest that activation of Nrf2 in keratinocytes is a

promising strategy to prevent carcinogenesis of this highly exposed organ.

Due to its accessibility, the skin is permanently exposed to
harmful environmental influences, such as UV irradiation and
noxious xenobiotics. Many of these induce the formation of
reactive oxygen species (ROS), e.g., hydrogen peroxide, oxy-
radicals, or organic hydroperoxides. Endogenous ROS are
generated in the course of common metabolic processes, and
particularly large amounts are produced in wounded and in-
flamed tissues, where they are released by activated macro-
phages and neutrophils as a defense against microbial infec-
tion. Since excessive accumulation of ROS causes cell aging,
severe cell damage, and even neoplastic transformation, cells
need to develop strategies to protect themselves against these
insults (4, 16, 48).

Of particular importance is the expression of ROS-detoxi-
fying enzymes. Interestingly, many of them as well as other
cytoprotective proteins are controlled by NF-E2-related factor
2 (Nrf2). The latter is a member of the “cap ‘n’ collar” family
of transcription factors (40), which, among others, also in-
cludes the closely related proteins Nrfl and Nrf3 (5, 6, 31).
Together with their heteromeric interaction partners, the small
Maf proteins, Nrfl, Nrf2, and Nrf3 bind to cis-acting elements
in the promoters of target genes, called antioxidant response
elements (AREs) or electrophile response elements (42). At
least the binding of Nrfl and Nrf2 activates the expression of
these genes (34), which encode for example NAD(P)H:qui-
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none oxidoreductase 1 (NQO1), several glutathione S-trans-
ferases (GSTs), y-glutamylcysteine synthetase heavy subunit
(y-GCS,)) and light subunit, heme oxygenase 1 (HO-1), and
peroxiredoxin 1 (42).

Under normal conditions, Nrf2 is sequestered in the cytosol
via binding to the actin-binding protein Keap1 (26), which also
mediates its degradation through the ubiquitin-proteasome
pathway (12, 32). Upon addition of electrophilic substances,
which directly interact with Keapl through Michael addition,
and possibly through oxidation of Keapl via ROS, Nrf2 be-
comes liberated and shuttles to the nucleus, where it activates
its target genes. In addition, phosphorylation of Nrf2 by dif-
ferent kinases can also result in liberation from Keap1 (25, 43).

The important role of Nrf2 in the cellular stress response is
reflected by the phenotype of Nrf2 knockout mice. Whereas
young Nrf2 knockout animals have no obvious phenotype un-
der normal laboratory conditions (7), older mice develop a
severe autoimmune disease resembling systemic lupus ery-
thematosus (36). Furthermore, even young Nrf2 null mice are
highly susceptible to electrophilic and oxidative stress exerted
by various chemicals (25).

Finally, our recent studies suggested a role of Nrf2 in tissue
repair. Thus, it is strongly expressed in macrophages and ke-
ratinocytes of healing skin wounds. We showed that Nrf2
knockout mice have a prolonged inflammatory response after
skin injury (3), most likely reflecting the important role of Nrf2
in macrophages (24). By contrast, no abnormalities in the epi-
dermis were observed, possibly due to up-regulation of Nrf3
(3). To determine the effect of Nrf2 exclusively in keratinocytes
and to overcome a possible compensatory effect exerted by
Nrf3 and/or Nrfl, we generated and analyzed transgenic mice
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expressing a dominant-negative mutant of Nrf2 (dnNrf2) in
basal keratinocytes of the epidermis. Our results reveal that
Nrf-mediated gene expression in keratinocytes is dispensable
for wound healing but crucial for skin tumor prevention.

MATERIALS AND METHODS

Plasmid construction. The cDNA encoding dnNrf2 was amplified by PCR
from cDNA of mouse skin wounds using oligonucleotides 5'-TCCCCCCGGGC
CACCATGCGTGAATCCCAATG-3" and 5'-CGGGATCCATCCTCCCGAA
C-3’, subcloned, and completely sequenced. It was then inserted into an expres-
sion cassette, which includes a 2-kb human keratin 14 (K14) promoter followed
by a 0.65-kb rabbit B-globin intron and a transcription termination/polyadenyla-
tion fragment (0.65 kb) of the human growth hormone gene (41).

Generation and identification of transgenic mice. Fertilized eggs were obtained
following superovulation and mating of FVB/N females. The 3.8-kb insert was
separated from vector sequences, purified, and injected into the pronuclei of one-
cell-stage embryos. Microinjected zygotes were transferred into the oviducts of
pseudopregnant recipient females. Mouse tail DNA was analyzed for integration of
the transgene by PCR using oligonucleotides specific for the rabbit B-globin intron
fragment, since they do not cross-hybridize with chromosomal mouse DNA.

RNA isolation and RPA. RNA isolation and RNase protection assay (RPA)
were carried out as described previously (9, 53). The following templates were
used: nucleotides (nt) 320 to 543 of the murine cyclooxygenase 2 (COX2) cDNA
(accession no. NM_011198), nt 85 to 296 of the murine y-GCS;, cDNA (U85414),
nt 160 to 436 of the murine GST-Ya cDNA (NM_008181), nt 659 to 898 of the
NQO1 c¢DNA (NM_008706), nt 1816 to 1983 of the murine Nrf2 cDNA
(BC026943), and fragments specific for murine interleukin 6 (IL-6) (3), murine
HO-1 (19), and murine IL-1B (3). As a loading control the RNA was hybridized
with a probe for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (nt 566
to 685 of the cDNA; NM_008084).

Histological analysis. Back skin, tail skin (separated from the bone), or wound
tissue was fixed overnight at 4°C in 4% paraformaldehyde in phosphate-buffered
saline (PBS) and embedded in paraffin. Sections (6 pm) were stained with
hematoxylin and eosin.

Wounding and preparation of wound tissues. Mice 10 to 12 weeks old were
anesthetized with a single intraperitoneal injection of ketamine-xylazine. For
each time point of wound healing at least four mice were injured, and two
independent experiments were performed. Four full-thickness excisional wounds
(5-mm diameter, 3 to 4 mm apart) were generated on the shaved back, two on
each side of the spinal cord, by excising skin and panniculus carnosus as de-
scribed previously (52). The wounds were allowed to dry to form a scab. The
complete wounds were isolated including 2 mm of the wound margins. Wounds
used for RNA isolation were frozen in liquid nitrogen and stored at —80°C until
further processing. For histological analysis bisected wounds were fixed overnight
in 4% paraformaldehyde in PBS or in 95% ethanol-1% acetic acid, followed by
paraffin embedding. Sections (6 wm) from the middle of the wound were stained
with hematoxylin and eosin or used for immunofluorescence. Only littermates of
the same sex were used for direct histological comparison. All experiments with
animals were carried out with permission from the local veterinary authorities.

Topical application of tBHQ to hyperproliferative epidermis. Mice 10 to 12
weeks old were anesthetized (see above), and the dorsal region was shaved and
treated with a depilatory agent (Pilca). For the treatment of hyperproliferative
epidermis with zer-butylhydroquinone (tBHQ) two full-thickness incisions (1 cm)
were made at one anterior and one posterior dorsal site and the skin margins
were closed with strips of a wound plaster (Fixomull; Beiersdorf, Hamburg,
Germany). Four days after wounding, the skin area adjacent to the incisions was
treated three times with a 2:1 mixture of tBHQ (100 mM dissolved in dimethyl
sulfoxide [DMSO]) and hydrophilic cream within a period of 24 h. Two h after
the last application the mice were killed, and the treated skin area was embedded
in tissue freezing medium (Jung, Nussloch, Germany) without prior fixation.
Twelve-um frozen sections were used for human placental alkaline phosphatase
(hPAP) staining using the nitroblue tetrazolium method as described below.

Immunofluorescence. Ethanol-acetic acid-fixed paraffin sections (6 wm) from
tail skin were incubated overnight at 4°C with the primary antibodies diluted in
PBS containing 3% bovine serum albumin and 0.025% NP-40. After three
10-min washes with PBS-0.1% Tween 20, sections were incubated for 1 h with the
secondary antibodies, washed again, mounted with Mowiol (Hoechst, Frankfurt,
Germany), and photographed with a Zeiss Axioplan fluorescence microscope.
We used a goat polyclonal antibody directed against pankeratin (Abcam, Cam-
bridge, United Kingdom), a rabbit polyclonal anti-K14 antibody (BabCO, Rich-
mond, CA), and a rabbit polyclonal anti-Nrf2 antibody (3). All secondary anti-
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bodies (coupled to Cy2 or Cy3) were from Jackson ImmunoResearch (West
Grove, PA). To visualize cleaved caspase 3, methanol-fixed cryosections (7 pm)
were used and treated as described above using a rabbit polyclonal antibody (Cell
Signaling Technology, Beverly, MA).

Preparation of protein lysates and Western blot analysis. Cultured cells were
lysed in 20 mM Tris-HCI (pH 8.0), 1% (vol/vol) Triton X-100, 137 mM NacCl, 2
mM EDTA, 10% (vol/vol) glycerol, 0.5 mM aminoethylbenzenesulfonyl fluoride,
and 0.15 U/ml aprotinin. Preparation of tissue lysates from skin was performed
as described previously (53). Proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to nitrocellulose filters. An-
tibody incubations were performed in 5% nonfat dry milk in TBS-T (10 mM
Tris-HCI [pH 8.0], 150 mM NaCl, 0.05% Tween 20). The following antibodies
were used: anti-B-actin (Sigma), anti-Cdk4 (Santa Cruz), anti-IkBa (Calbio-
chem), anti-RelA (Santa Cruz), anti-lamin A (Santa Cruz), anti-Nrf2 (3), anti-
p42/44 mitogen-activated protein kinase (Cell Signaling Technology), anti-phos-
pho-p42/44 mitogen-activated protein kinase (Cell Signaling Technology), and
anti-phospho-Jun N-terminal protein kinase (anti-phospho-JNK; Cell Signaling
Technology).

Oxyblot. Oxidized proteins were detected using the Oxyblot assay kit (Chemi-
con, Temecula, CA) according to the manufacturer’s instructions. The method is
based on the detection of protein carbonyl groups derivatized with 2,4-dinitro-
phenylhydrazine to convert carbonyl groups to dinitrophenylhydrazone deriva-
tives. After derivatization protein samples were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and subsequently analyzed by West-
ern blotting using an antibody against dinitrophenylhydrazone.

hPAP histochemistry. Frozen sections were fixed with 4% paraformaldehyde
in PBS and subsequently incubated in TMN buffer (50 mM Tris, 5 mM MgClL,,
100 mM NaCl [pH 10]) at 65°C for 15 min to heat inactivate endogenous alkaline
phosphatase. After being washed with PBS sections were stained for hPAP
activity by replacing the TMN with a staining solution containing 1 mg/ml of
nitroblue tetrazolium and 1 mg/ml 5-bromo-4-chloro-3-indolylphosphate (X-
phosphate; Promega, Wisconsin) and incubating the mixture at 37°C for 30 to 45
min. In combination with immunofluorescence hPAP activity was visualized
using the VECTOR Red alkaline phosphatase substrate kit (Vector Laborato-
ries, Burlingame, CA) as recommended by the manufacturer.

Transient transfection of COS-1 cells. COS-1 cells were transiently transfected
using the calcium phosphate method (8). Briefly, 3 X 10° COS-1 cells in 60-mm
dishes were transfected with 4 to 6 pg plasmid DNA in a calcium phosphate
precipitate. After 5 h of incubation cells were washed once with 3 ml HEPES buffer
(142 mM NaCl, 10 mM HEPES, 6.7 mM KCI, pH 7.3) and cultured for 2 days in
Dulbecco modified Eagle medium-10% fetal calf serum before harvesting.

Establishment of primary mouse keratinocytes and tBHQ treatment. Murine
epidermal keratinocytes were isolated as described previously (3) with the ex-
ception that cells were seeded at a density of 5 X 10* cells per cm? on collagen
IV (2.5 pg per cm?)-coated dishes (17). Subsequently, cells were incubated for 20
min at 37°C, and the medium was replaced afterwards. For each experiment,
keratinocytes were freshly isolated, grown to confluence in defined keratinocyte
serum-free medium (Gibco, BRL) supplemented with 10 ng/ml of epidermal
growth factor and 107'° M cholera toxin, and rendered quiescent by incubation
in defined keratinocyte serum-free basal medium without additives. Subse-
quently, the medium was replaced by the same medium containing tBHQ (Acros,
New Jersey), and the cells were harvested for RNA isolation.

Two-stage skin carcinogenesis. Female 7- to 9-week-old K14-dnNrf2 or wild-
type mice were shaved, and 25 wg 7,12-dimethylbenz(a)anthracene (DMBA)
dissolved in 200 pl acetone or acetone alone was applied topically to the shaved
area on the back. One week later 5 ug 12-O-tetradecanoylphorbol-13-acetate
(TPA) dissolved in 200 pl acetone or acetone alone was applied to the same site
once a week for 20 weeks. Mice were weekly checked for occurrence and number
of papillomas. To determine the rate of progression to squamous cell carcino-
mas, some of the animals were maintained for up to 15 weeks after the last TPA
treatment. The number of papillomas and squamous cell carcinomas per mouse
was determined, and the type of tumor was verified by histopathological analysis.
To monitor ARE activation, ARE-hPAP mice were subjected to the same pro-
cedure, with the exception that at different time points after DMBA treatment
and at different time points during promotion animals were sacrificed and ana-
lyzed for hPAP activity in the epidermis.

RESULTS

Generation of transgenic mice expressing dnNrf2 in the
epidermis. The analysis of Nrf2 knockout mice suggested a
possible redundancy and/or compensation among the Nrf tran-
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FIG. 1. Expression and functionality of dnNrf2 in the skin of transgenic mice. (A) Left panel: 20 pg total cellular RNA from the skin of dnNrf2
transgenic mice (lines 3 and 16) and of wild-type littermates was analyzed by RNase protection assay for the expression of endogenous Nrf2 and dnNrf2
using a riboprobe that can distinguish between RNAs encoding the wild-type and the mutant proteins. One thousand counts per minute of the
hybridization probe was loaded in the lane labeled “probe” and used as a size marker. Twenty micrograms of tRNA was used as a negative control. Middle
panel: protein lysates from the skin of dnNrf2 transgenic mice (lines 3 and 16) and of wild-type littermates were analyzed by Western blotting for the
presence of the dnNrf2 protein. Lysates from COS-1 cells transiently transfected with the transgene construct were used as a positive control. The
sensitivity of the blot is insufficient to detect the endogenous Nrf2. Right panel: immunofluorescence analysis of tail skin of transgenic mice using
antibodies against Nrf2 (red) and pankeratin (green). The transgene construct is shown above. (B) Alkaline phosphatase (upper panels) and hematoxylin
and eosin (lower panels) staining of hyperproliferative back skin of ARE-hPAP (left panels) or ARE-hPAP/K14-dnNrf2 (right panels) double-transgenic
mice topically treated with tBHQ. The staining in double-transgenic animals reveals the specific inhibition of Nrf2 action in the epidermis. D, dermis, E,
epidermis, HF, hair follicle. (C) Primary keratinocytes from dnNrf2 transgenic mice and wild-type littermates were treated with tBHQ (50 uM) (5h) or
DMSO (She) for 5 h. Ten pg total RNA was analyzed by RPA for the expression of y-GCS,,, GST-Ya, HO-1, and GAPDH.

scription factors (3). To circumvent this problem and to spe- promoter in the epidermis of transgenic mice (Fig. 1A) using a
cifically determine the role of ARE-dependent transcription in well-characterized expression cassette (41, 51). The K14 pro-
keratinocytes, we expressed a dominant-negative mutant of moter targets transgenes to basal cells of stratified epithelia,
Nrf2 (dnNrf2) (1) under the control of the keratin 14 (K14) particularly to the epidermis and to outer root sheath cells of
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FIG. 2. Normal wound healing in K14-dnNrf2 mice and ARE activation in murine skin wounds. (A) Full-thickness excisional wounds were
made on the back of wild-type (wt) and K14-dnNrf2 transgenic (tg) mice. Sections from the middle of 1-day, 5-day, and 13-day wounds were stained
with hematoxylin and eosin. (B) Wounds were made on the back of ARE reporter mice and wild-type littermates. Sections from the middle of 5-day
wounds were stained for hPAP activity. Keratinocytes were visualized by keratin 14 staining (green). Note the hPAP staining (red) of cells in the
granulation tissue (indicated by arrows) and the lack of hPAP activity in the hyperproliferative epithelium. CL, clot; D, dermis; E, epidermis; ES,
eschar; HE, hyperproliferative epithelium; G, granulation tissue. The dashed white line indicates the border of the wound area.
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the hair follicles (50). The dominant-negative mutant lacks
both transactivation domains and the Keapl binding domain
but includes the DNA binding domain. Therefore, it is ex-
pected to continuously bind to AREs, thereby competing with
endogenous Nrf transcription factors. This mutant had previ-
ously been characterized in vitro (1). In spite of the similarity
between AREs and AP1 sites (42), AP1 responsiveness is not
affected by dnNrf2 (data not shown). Two transgenic founder
mice with different integration sites of the transgene were
generated, which strongly overexpress the mutant compared to
the endogenous Nrf2 as shown by RNase protection assay and
Western blotting (Fig. 1A, left and middle panels). Immuno-
fluorescence analysis revealed the expected expression and
nuclear localization of dnNrf2 in the skin (Fig. 1A, right
panel, red).

To verify the dominant-negative effect of the transgene, we
mated our K14-dnNrf2 mice with transgenic ARE reporter
mice. The latter harbor a reporter construct in their genome
that includes a 51-bp ARE-containing fragment of the rat
NQOI1 promoter upstream of an initiator element (Inr)-con-
taining minimal promoter, followed by the hPAP cDNA (27).
Therefore, they allow monitoring of ARE activation in vivo by
staining for hPAP activity. Since Nrf2 is highly expressed in
hyperproliferative keratinocytes (3, 46), we generated inci-
sional wounds on the back of ARE transgenic animals and
treated the hyperproliferative skin adjacent to the wound site
with the electrophilic Nrf2-activator tBHQ or the solvent
DMSO. There was a strong hPAP staining in keratinocytes of
the hyperproliferative epidermis as well as in cells of the un-
derlying dermis in single-transgenic ARE reporter mice,
whereas the staining in double-transgenic mice (ARE-hPAP/
K14-dnNrf2) was restricted to the mesenchyme (Fig. 1B). No
staining was seen in any of these mice upon treatment with
DMSO (data not shown). These results demonstrate that Nrf2
can be activated in keratinocytes of hyperproliferative skin and
confirm the efficient blockade of ARE-dependent gene expres-
sion in K14-dnNrf2 mice.

To further determine the functionality of the transgene, we
cultured primary keratinocytes from wild-type and dnNrf2-
transgenic mice and treated them with tBHQ. The expression
of known Nrf2 target genes (y-GCS,,, GST-Ya, and HO-1) in
quiescent and tBHQ-treated primary keratinocytes was deter-
mined by RPA. A strong induction of these genes was observed
in cells derived from wild-type mice but not in those from
transgenic littermates (Fig. 1C).

dnNrf2 does not affect skin morphogenesis. K14-dnNrf2
mice were macroscopically normal, and they had no defects in
fertility. Histologically, no abnormalities in tail and back skin
of these mice were detectable (data not shown), and the kera-
tinocyte differentiation markers keratins 14, 10, and 6 were
normally expressed in the epidermis (data not shown). These
results reveal that Nrf-mediated gene expression in keratino-
cytes is dispensable for epidermal morphogenesis.

Normal wound healing in K14-dnNrf2 transgenic mice. We
next examined if our transgenic mice revealed phenotypic ab-
normalities under stress conditions. Therefore, we first sub-
jected them to skin injury, since high levels of ROS are pro-
duced in wounded skin by inflammatory cells. However, no
histological abnormalities were observed at any stage of the
healing process of full-thickness excisional wounds (Fig. 2A).
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In particular, reepithelialization occurred normally, and 13
days after injury wounds in control and transgenic mice were
fully reepithelialized. These results were unexpected, because
Nrf2 is highly expressed in the hyperproliferative wound epi-
thelium (3, 46). Since Nrf2 activity is regulated at the posttran-
scriptional level (25), we wondered whether the insult to ke-
ratinocytes in the hyperproliferative epithelium during the
normal wound healing process is sufficient to activate Nrf2. For
this purpose we performed wound healing studies in ARE
reporter mice. Consistent with the lack of abnormalities in
wound reepithelialization in K14-dnNrf2 mice, we could not
see activation of the reporter in the wound epidermis (Fig. 2B).
However, there was a strong induction of reporter activity in
cells of the granulation tissue (Fig. 2B), which predominantly
represent inflammatory cells (data not shown).

Enhanced chemically induced skin carcinogenesis in K14-
dnNrf2 mice. We subsequently analyzed the consequences of a
blockade of Nrf-mediated gene expression in keratinocytes in
a situation with abnormal and continuous hyperproliferation of
the epidermis. For this purpose we used the well-characterized
model of two-stage chemical carcinogenesis in mouse skin (14,
54). K14-dnNrf2 mice (n = 28) started to show papillomas
already at 8 weeks after the first TPA treatment, whereas age-
and sex-matched wild-type mice (n = 28) remained papilloma
free up to this time point (Fig. 3A). At week 16 almost 100%
of transgenic mice had developed papillomas, in comparison to
only 60% of control mice (Fig. 3A). Furthermore, the number
of papillomas per mouse was significantly higher in transgenic
mice than in wild-type animals (Fig. 3B and C). Mice of both
genotypes which were treated with only DMBA or TPA did not
develop tumors, demonstrating that both a mutagenic insult
and a proliferative stimulus are required (data not shown). No
obvious histological differences were observed between the
papillomas of wild-type and transgenic mice (Fig. 3D), and
there were no differences in the number of apoptotic or pro-
liferating cells between wild-type and transgenic mice—neither
in the tumors nor in nontumorigenic skin after the first or last
TPA treatment (Fig. 3D; data not shown).

We also determined the rate of progression of papillomas to
squamous cell carcinomas in nine wild-type animals and nine
transgenic animals. Malignant conversion was observed in a
subset of papillomas from mice of both genotypes, but the
frequency of malignant conversion was not affected by the
dominant-negative Nrf2 mutant (Fig. 4).

To determine if the enhanced tumorigenesis in dnNrf2
transgenic mice results from reduced basal or inducible expres-
sion of Nrf target genes, we subjected ARE reporter mice to
the two-stage skin carcinogenesis protocol. Activation of the
reporter was determined 6, 12, 24, and 48 h after DMBA
treatment and at different time points after TPA treatment (1
to 16 weeks). To our surprise, ARE reporter activation was not
detectable at any time point (Fig. 5 and data not shown),
although tBHQ treatment of hyperproliferative skin efficiently
activated the reporter (Fig. 1B). This finding strongly suggests
that the basal rather than the inducible expression of Nrf target
genes is responsible for the tumor-preventive effect of Nrf
transcription factors in the skin.

Although enhanced tumorigenesis is often a result of in-
creased inflammation (11, 29), the inflammatory infiltrate and
the expression of the proinflammatory cytokines IL-13, IL-6,
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Genotype No. of mice carcinomas/papillomas Frequency of malignant conversion
wt 9 5/35 14.29%
K14-dnNrf2 9 16/90 17.78%

FIG. 4. Inhibition of Nrf2-mediated gene expression does not affect the frequency of malignant conversion of skin tumors. Progression from
papillomas to squamous cell carcinomas was monitored in nine wild-type and nine transgenic mice. (A) The ratio of carcinomas to papillomas at
week 15 after the last TPA treatment as well as the frequency of malignant conversion is indicated. (B) Sections from squamous cell carcinomas
of a wild-type mouse and a transgenic mouse were stained with hematoxylin and eosin. The tumors were identified as squamous cell carcinomas
by a histopathologist. S, stroma; T, tumor cells.

and tumor necrosis factor alpha (TNF-a) was rather reduced
than enhanced in the papillomas of dnNrf2 transgenic mice
(Fig. 6A; data not shown).

Blockage of the NF-«B signaling pathway with concomitant
up-regulation of Cdk4 and enhanced JNK activity has been
implicated in higher susceptibility to skin carcinogenesis (13,
38, 57, 58). However, Western blot analysis revealed that the
levels of RelA, IkBa, Cdk4, and phospho-JNK were similar in
wild-type and dnNrf2 transgenic mice, in both nontumorigenic
and tumorigenic skin (see Fig. S1A in the supplemental mate-
rial). Furthermore, expression of the NF-«B target gene cyclo-
oxygenase 2 (cox-2) was unaltered in nontumorigenic and tu-

morigenic skin of our transgenic mice compared to control
littermates as determined by RNase protection assay (see Fig.
S1B in the supplemental material).

Therefore, the most likely mechanism underlying the en-
hanced tumorigenesis in K14-dnNrf2 transgenic mice is re-
duced basal expression of Nrf target genes. Indeed, expression
of NQO1, which is involved in DMBA detoxification and in the
prevention of ROS accumulation (44), and of y-GCS,, the
rate-limiting enzyme in glutathione biosynthesis, was reduced
in DMBA/TPA-treated nontumorigenic skin as well as in pap-
illomas of transgenic mice (Fig. 6A). Furthermore, we found
higher levels of oxidized proteins in papillomas and adjacent

FIG. 3. Enhanced tumor susceptibility of K14-dnNrf2 transgenic mice. Back skin of transgenic mice and wild-type littermates was treated once
topically with DMBA in acetone. Subsequently, the animals were treated weekly with TPA in acetone for 20 weeks. (A) Tumor incidence. The
number of animals with papillomas was determined every week. The graph shows the percentages of animals with papillomas (n = 28 per
genotype). (B) Tumor multiplicity. The number of papillomas per mouse was determined every week. The graph represents the averages of 28
animals per genotype. Error bars indicate the standard errors of the means. (C) Representative DMBA/TPA-treated wild-type or transgenic mice
are shown. (D) Sections from papillomas from transgenic animals and wild-type littermates were stained with hematoxylin and eosin. Papillomas
from both genotypes show characteristic cellular atypisms and inflammatory infiltrates. D, dermis; E, epidermis; P, papilloma. Stainings of tumor
sections with an antibody against cleaved caspase 3 are shown above the histological pictures (left picture, middle of the tumor; right picture, edge
of the tumor).
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FIG. 5. Lack of ARE activation by DMBA and TPA during the development of skin papillomas. ARE reporter mice were subjected to the
two-stage skin carcinogenesis protocol. Sections from DMBA- and DMBA/TPA-treated skin were analyzed by alkaline phosphatase staining to
determine ARE reporter activity (upper panels) or stained with hematoxylin and eosin (lower panels). D, dermis; E, epidermis; HF, hair follicle.

nontumorigenic skin of our transgenic animals (Fig. 6B). By
contrast, no obvious differences in the levels of oxidized pro-
teins were observed in nontreated skin of mice from both
genotypes (Fig. 6B, left lanes) as well as after the first DMBA
or TPA treatment (Fig. 6C). Therefore, accumulation of oxi-
dative damage in combination with reduced DMBA detoxifi-
cation is most likely responsible for the increased tumor sus-
ceptibility of K14-dnNrf2 mice.

DISCUSSION

The cytoprotective transcription factor Nrf2 is strongly ex-
pressed in the hyperproliferative epithelium of skin wounds
and in epidermal cancer (3, 46). In addition, Nrfl and Nrf3 are
also expressed in keratinocytes, in particular in Nrf2 knockout
mice, suggesting functional redundancy/compensation (3).
Therefore, we attempted to inhibit the activity of all Nrf tran-
scription factors in the epidermis using a dominant-negative
Nrf2 mutant. The latter was targeted to keratinocytes to spe-
cifically determine the role of Nrf transcription factors in this
cell type.

Several findings confirm that the activity of Nrf transcription
factors is efficiently inhibited in keratinocytes of K14-dnNrf2
transgenic mice: (i) the same mutant was shown to inhibit
binding of Nrf transcription factors to the common ARE (1),
(ii) expression of dnNrf2 was more than 10-fold higher than
that of the endogenous Nrf2 (Fig. 1A), (iii) dnNrf2 was present
in the nucleus of keratinocytes (Fig. 1A), (iv) tBHQ-mediated

induction of Nrf2 target genes was inhibited in cultured kera-
tinocytes of K14-dnNrf2 transgenic mice (Fig. 1C), and (v)
mice doubly transgenic for dnNrf2 and an ARE-driven re-
porter gene failed to activate the reporter in the epidermis
under conditions where single ARE reporter mice showed
strong activation (Fig. 1B). In spite of the similarity between
AREs and AP1 sites (42), AP1-mediated gene expression was
not affected as demonstrated for HaCaT cells stably trans-
fected with a dnNrf2 expression vector (data not shown). Fur-
thermore, the phenotype seen in our transgenic mice was dif-
ferent from the phenotype of mice lacking c-jun or both c-jun
and junB in the epidermis (35, 55, 56). In conclusion, Nrf-
mediated gene expression is efficiently and specifically sup-
pressed in keratinocytes of K14-dnNrf2 transgenic mice.
Surprisingly, dnNrf2-transgenic mice revealed no obvious
phenotypic abnormalities, suggesting that Nrf2-mediated gene
expression in keratinocytes is important only under stress con-
ditions. To address this question, we performed wound healing
studies in our transgenic mice, since Nrf2 and Nrf3 are highly
expressed in the hyperproliferative wound epidermis (3) and
since high amounts of ROS-producing inflammatory cells are
present in the healing skin wound (10). To our surprise, how-
ever, wound reepithelialization proceeded normally in dnNrf2
transgenic mice (Fig. 2A), demonstrating that the strong ex-
pression of Nrf2 in the wound epidermis is obviously not a
prerequisite for healing under normal laboratory conditions.
The normal reepithelialization seen in our transgenic mice
and also in Nrf2 null mice (3) suggested that Nrf2 is not
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FIG. 6. Reduced expression of cytoprotective target genes and enhanced oxidative stress in skin and papillomas of dnNrf2 transgenic mice.
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samples per genotype) of wild-type and transgenic mice were analyzed by RPA for the presence of NQO1, y-GCS,, IL-6, IL-1B, Nrf2, and GAPDH
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FIG. 7. Model for skin tumor prevention by Nrf transcription fac-
tors. The carcinogen DMBA causes mutations in the DNA of kerati-
nocytes, including a critical mutation in the ha-ras proto-oncogene
(30). Detoxification of DMBA is at least in part achieved by the Nrf
targets NQO1 and GST-m (21, 45). On the other hand, DMBA as well
as TPA triggers the generation of ROS, which further enhance the rate
of mutagenesis. In addition, ROS enforce the activity of TPA as a
tumor-promoting agent (48). Nrf transcription factors allow ROS de-
toxification through positive regulation of ROS-detoxifying enzymes,
such as y-GCS and NQOI.

activated in keratinocytes of the wound epidermis (Fig. 2B).
This hypothesis was proven through wounding of ARE re-
porter mice where no hPAP staining was observed in kerati-
nocytes, even when the inflammatory response was enhanced
by addition of neutrophil chemokines (data not shown). Con-
sistent with this observation, we did not observe ARE activa-
tion in cultured keratinocytes from ARE reporter mice upon
addition of hydrogen peroxide. By contrast, only electrophilic
agents, which can directly couple to Keapl via Michael addi-
tion, induced ARE-mediated gene expression in cultured ke-
ratinocytes. A similar result was obtained in vivo, where tBHQ
and other agents that can undergo Michael addition, but not
hydrogen peroxide, DMBA, or TPA, activated ARE-mediated
gene expression in keratinocytes of hyperproliferative skin
(Fig. 5 and data not shown). This is different from reports from
other cells, where Nrf2 activation was achieved, e.g., by hydro-
gen peroxide, peroxynitrate, or ROS generated by particles of
diesel exhaust (2, 23, 28). Interestingly, we found ARE activa-
tion in cells of the wound granulation tissue, which most likely
represent inflammatory cells. These findings reveal cell-type-
specific differences in ARE activation and indicate that Nrf2 is
activated in keratinocytes only by electrophilic compounds.
Thus, a major function of Nrf2 in the epidermis may be the
protection from toxic environmental chemicals.

The most striking finding of our study was the enhanced
onset, incidence, and multiplicity of skin tumors in K14-dnNrf2
transgenic mice (Fig. 3). This result is consistent with the
observed susceptibility of Nrf2 knockout mice to acetamino-
phen-mediated liver cancer and indicates a general tumor-
preventive role of Nrf2 (15). However, our study is the first
demonstration that Nrf-mediated gene expression in epithelial
cells is crucial for skin tumor prevention and that Nrf-mediated
gene expression in stromal cells is not required for this pro-
tective effect. In spite of the enhanced formation of papillo-
mas, progression to squamous cell carcinomas was not altered
by dnNrf2 (Fig. 4), demonstrating that Nrf2-mediated gene
expression protects from the development of skin tumors but
not from malignant progression of existing benign tumors.

The enhanced skin carcinogenesis is obviously not due to
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excessive inflammation or to alterations in NF-«kB signaling.
No activation of the latter was observed, and expression of the
NF-«B target gene cyclooxygenase 2 was also unaltered (see
Fig. S1 in the supplemental material). This result confirms
previous studies, which showed that enhanced levels of ROS,
as seen in the papillomas and the adjacent nontumorigenic skin
of our transgenic animals, do not result in NF-«kB activation
(20). However, our results strongly suggest that reduced ex-
pression of cytoprotective Nrf2 target genes is responsible for
the phenotype. The latter encode proteins which are involved
in the detoxification of the mutagen DMBA and/or of ROS.
Indeed, we found reduced expression of NQO1, a DMBA-
detoxifying enzyme (45, 49), in papillomas as well as in the
adjacent nontumorigenic, DMBA/TPA-treated skin of trans-
genic mice (Fig. 6). This down-regulation is of obvious func-
tional importance, since skin carcinogenesis was also enhanced
in NQO1 knockout mice (39). However, the effect was less
severe than in K14-dnNrf2 mice, demonstrating that other
Nrf2 targets also contribute to the phenotype of our animals.
One of them may be GST-m, another DMBA-detoxifying en-
zyme, which is important for skin tumor prevention (21). In-
deed, mice lacking GST-w were also more susceptible to
DMBA/TPA-induced carcinogenesis (21).

Finally, expression of enzymes involved in ROS detoxifica-
tion was also reduced in DMBA/TPA-treated skin and in pap-
illomas of our transgenic animals. The latter include y-GCS,
the rate-limiting enzyme in glutathione biosynthesis, as well as
NQO1, which prevents accumulation of ROS through its abil-
ity to circumvent redox cycling of quinones (44). Thus, the re-
duced expression of these enzymes results in enhanced oxidative
stress in the presence of DMBA and TPA as demonstrated by
the elevated levels of oxidized proteins in the long-term
DMBA/TPA-treated skin and in papillomas of our K14-
dnNrf2 transgenic animals. The reduced detoxification of
DMBA as well as of ROS is likely to enhance the rate of
mutations in keratinocytes, including activating mutations in
the ha-ras proto-oncogene. Furthermore, ROS accumulation
during the promotion phase will speed up tumorigenesis. A
comprehensive scheme of the proposed model of skin tumor
prevention by Nrf transcription factors is shown in Fig. 7.

The contribution of the individual members of the Nrf fam-
ily to the tumor-preventive effect remains to be determined.
However, we recently mated ARE-hPAP reporter mice with
Nrf2 knockout mice and observed that the lack of Nrf2 com-
pletely inhibited the tBHQ-induced activation of the reporter
in keratinocytes and fibroblasts (see Fig. S2 in the supplemen-
tal material). This finding demonstrates that Nrf2 comprises
the major ARE-binding activity upon activation by tBHQ.
Nevertheless, it is still possible that in addition to Nrf2 the
basal activities of the other family members also contribute to
this effect or that other stimuli are required to activate these
factors.

It has been suggested that the toxin-inducible expression of
cytoprotective Nrf2 target genes is responsible for the tumor-
suppressive effect (47). To our surprise, however, we did not
observe ARE activation in our reporter mice, which were also
subjected to the chemical carcinogenesis protocol (Fig. 5).
Since Nrf2 also regulates the basal expression of several target
genes (33), we propose that the long-term reduction in the
basal levels of ROS-detoxifying enzymes results in a continu-
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ous increase in intracellular ROS as previously shown for the
livers of Nrf2 knockout mice upon aging (36). Together with
reduced detoxification of DMBA, the accumulation of oxida-
tive damage is likely to result in enhanced tumorigenesis.

In summary, we identified a crucial role of Nrf-mediated
gene expression in skin tumor prevention. This finding suggests
that activation of Nrf2 in keratinocytes, e.g., by synthetic tri-
terpenoids or avicins (18, 22, 37), could be used for the pro-
tection of this highly exposed organ from environmental car-
cinogenic insults.
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