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c-Jun Regulates Eyelid Closure and Skin Tumor
Development through EGFR Signaling

and CREB/ATF protein families, as well as other bZip
proteins. In addition, associations have been observed
between Fos or Jun and the p65 subunit of NF�B (Stein
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Mice lacking c-Jun die at midgestation with heart de-A-1030 Vienna
Austria fects and impaired hepatogenesis (Eferl et al., 1999),

whereas fibroblasts derived from c-jun�/� mouse em-2 Department of Anatomy and Developmental
Biology bryos exhibit a severe proliferation defect caused by

upregulation of p53 and p21 (Schreiber et al., 1999). InUniversity College London
Gower Street the epidermis of newborn mice, c-Jun is expressed in

the basal and spinous layer of the epidermis. Basal cellsLondon WC1E 6BT
United Kingdom also express c-fos, junB, and fra1, whereas, in the granu-

lar layer, junB and fra2 are the only AP-1 members ex-3 DIAID
Department of Dermatology at VIRCC/BMT pressed (Rutberg et al., 1996). Numerous genes control-

ling skin differentiation, e.g., Keratin 1, 5, 6, 8, 14, 18,University of Vienna Medical School
A-1235 Vienna and 19, filaggrin, loricrin, and involucrin, harbor AP-1

binding sites in their promoters (Angel et al., 2001). InAustria
addition, human keratinocytes cultured with mouse
c-jun�/� fibroblasts in an organotypic coculture system
proliferate slower and are less differentiated (SzabowskiSummary
et al., 2000). A plethora of extracellular signals and stress
stimuli lead to rapid and transient expression of AP-1To investigate the function of c-Jun during skin devel-

opment and skin tumor formation, we conditionally proteins, suggesting that AP-1 activity may be required
under conditions where the balance of keratinocyte pro-inactivated c-jun in the epidermis. Mice lacking c-jun

in keratinocytes (c-jun�ep) develop normal skin but ex- liferation and differentiation has to be rapidly and tempo-
rally altered. The phenotypes of mice lacking c-Fos,press reduced levels of EGFR in the eyelids, leading

to open eyes at birth, as observed in EGFR null mice. FosB, or JunD in the epidermis do not provide evidence
for a critical role of these proteins in normal skin (JochumPrimary keratinocytes from c-jun�ep mice proliferate

poorly, show increased differentiation, and form prom- et al., 2001). In contrast, there is strong evidence that
c-Jun/AP-1 might be involved in the process of woundinent cortical actin bundles, most likely because of

decreased expression of EGFR and its ligand HB-EGF. healing. c-Jun, c-Fos, and ATF proteins are rapidly and
transiently upregulated by wound edge cells (Martin andIn the absence of c-Jun, tumor-prone K5-SOS-F trans-

genic mice develop smaller papillomas, with reduced Nobes, 1992) and appear to be at the receiving end of
signaling pathways initiated by cytokines and growthexpression of EGFR in basal keratinocytes. Thus, using

three experimental systems, we show that EGFR and factors in appropriate target cells (Angel et al., 2001).
Another important regulator of keratinocyte prolifera-HB-EGF are regulated by c-Jun, which controls eyelid

development, keratinocyte proliferation, and skin tu- tion and differentiation includes the epidermal growth
factor receptor (EGFR) signaling pathway. Activation ofmor formation.
the EGFR by several ligands, such as epidermal growth
factor (EGF), transforming growth factor � (TGF-�), andIntroduction
heparin binding EGF (HB-EGF), is a central event in the
regulation of epidermal development. Mice deficient forThe skin consists of two major compartments, the epi-

dermis and the dermis, which are separated by the basal TGF-� develop a wavy coat and curly whiskers and
show occasionally open eyes at birth (EOB) because oflamina. The basal keratinocyte layer, which is directly

attached to the basal lamina, contains the stem cell a defect in eyelid closure during embryonic development
population. Continuous proliferation in the basal layer (Luetteke et al., 1993; Mann et al., 1993). A similar pheno-
and a shift in the balance between proliferation and type is observed in the hypomorphic EGFR mutant strain
differentiation in cells of the adjacent layers are a prereq- waved-2 (wa2), whereas mice deficient for EGFR are
uisite to replace the terminally differentiated keratino- always born with open eyes and fail to develop a wavy
cytes from the surface of the skin (Angel et al., 2001; coat (Fowler et al., 1995; Luetteke et al., 1994; Miettinen
Kaufman and Fuchs, 2000; Watt, 2001). et al., 1995; Sibilia and Wagner, 1995; Threadgill et al.,

A functional role for the transcription factor complex 1995). Moreover, cell culture experiments have shown
c-Jun/AP-1 in the skin has been suggested for keratino- that EGFR signaling negatively affects keratinocyte dif-
cyte differentiation, carcinogenesis, UV response, pho- ferentiation (Hansen et al., 1997; Sibilia and Wagner,
toaging, and wound repair (for review see Angel et al., 1995; Wakita and Takigawa, 1999).
2001). AP-1 consists of various dimers of the Fos (c-Fos, It is well established that members of the Jun and Fos
FosB, Fra-1, and Fra-2), Jun (c-Jun, JunB, and JunD), protein families as well as their retroviral derivatives

transform tissue culture cells and induce tumors in
avian, rat, and mouse (Jochum et al., 2001). Furthermore,*Correspondence: wagner@nt.imp.univie.ac.at
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Figure 1. Epidermal-Specific Inactivation of
c-jun by the K5-cre2 Transgene

(A) Schematic outline of the genomic wild-
type (c-jun�), floxed (c-junf), and deleted c-jun
(c-jun�) locus. Location of loxP sites (black
triangles), PCR primer binding sites, and the
Southern probe are indicated. Genotyping by
PCR (B), Southern blot (C), and immunohisto-
chemistry for c-Jun in newborn mouse skin
(D) demonstrating tissue-specific deletion of
c-jun. The disruption of c-jun in the epidermis
occurred very efficiently (�95%). Further indi-
cated in (B) are the bands for the wild-type
allele of c-jun� and the K5-cre2 transgene in
epidermis (E) and dermis (D); mice without a
transgene were used as controls.
(C) Southern blot with epidermal DNA show-
ing the wild-type c-jun�, the floxed c-junf, and
the deleted c-jun� allele in the epidermis.
(D) In contrast to c-junf/f skin ([D], arrows, left
side), no c-Jun-positive keratinocytes were
detected in c-jun�ep epidermis.

JunB and c-Jun are selectively upregulated and func- occurred with almost 100% efficiency (Figures 1B–1D).
As expected, some deletion of c-jun was also observedtionally implicated in fibrosarcoma development in vivo

(Bossy-Wetzel et al., 1992). Skin-specific transgenic ex- in other epithelia, e.g., esophagus, tongue, and stomach
(data not shown), where the K5 promoter is known to bepression of a c-Jun transactivation mutant (TAM67)

showed dramatic inhibition of papilloma induction in active (Byrne and Fuchs, 1993). As previously reported in
wild-type skin, c-Jun was expressed in the stratum ba-two-stage skin carcinogenesis experiments (Young et

al., 1999). In addition, c-fos-deficient tumors failed to sale and the stratum spinosum (Rutberg et al., 1996) but
was completely absent in c-junf/f K5-cre-2 mice (c-jun�ep;undergo malignant conversion, and v-H-ras-trans-

formed c-fos-deficient keratinocytes grafted to nude Figure 1D).
c-jun�ep mice were born with Mendelian frequenciesmice are unable to form tumors (Saez et al., 1995). Skin

papillomas develop with very high efficiency in K5- and showed a fully penetrant eye open at birth (EOB)
phenotype (Figure 2A). One hundred percent of mutantSOS-F transgenic mice and are strictly dependent on

the presence of functional EGFR (Sibilia et al., 2000). newborns and embryos at late stages of development
(E16.5) could be readily identified by this phenotypeMoreover, K5-SOS-F transgenic mice harboring an allele

of c-jun (junAA) that cannot be phosphorylated by JNK (Figures 2A and 2C). Histological analyses of the eyes
revealed that eyelids failed to fuse during ontogenesisshow a reduction of tumor mass, suggesting that activa-

tion-dependent target genes of c-Jun are critically in- (Figure 2C). This first became evident at E16.5, at which
stage the developing eyelids of control embryos hadvolved in the development of skin papillomas (Behrens

et al., 2000). already fused (Figure 2B). Other significant differences
at this stage involved the developing corneal layers andTo investigate the function of c-Jun during skin devel-

opment and skin tumor formation, we conditionally inac- the iris. In c-jun�ep eyes the corneal stroma was less well
organized and the iris, which was clearly separated fromtivated c-jun in the epidermis. Here we show that mice
the cornea in control embryos, was attached to the pos-lacking c-Jun in keratinocytes (c-jun�ep mice) develop a
terior side of the cornea in the mutant embryos (Figuresnormal skin but have open eyes at birth. In addition,
2E–2G). In newborn mutants the eyelid fissure containedprimary keratinocytes lacking c-Jun proliferate poorly
an inflammatory infiltrate. In some cases, most likely asand display increased differentiation. Furthermore, in
a consequence of the open eyelid defect, we also sawthe absence of c-Jun, skin tumor development in K5-
microphtalmia and highly dysplastic retinal tissue withSOS-F transgenic mice is impaired, concomitant with
numerous folds and rosettes (data not shown). Adultreduced EGFR expression.
c-jun�ep mice showed corneal opacity (data not shown),
and histological examination revealed corneal epithelial

Results and stromal abnormalities. Extensive adherence of iridal
tissue to the posterior surface of the cornea was ob-

Embryonic Eyelid Closure Depends on c-Jun served, resulting in obliteration of the anterior chamber
To investigate the role of c-Jun during skin development, (Figure 2I, arrow).
we tissue-specifically inactivated c-jun in keratinocytes As the eyelids in the wild-type embryo approach one
of mice carrying a floxed c-jun allele (c-junf/f) by em- another, they appear to zipper together at their nasal
ploying the K5-cre2 transgenic line (Behrens et al., 2002; and lateral margins (Figure 3A). Transmission electron
Tarutani et al., 1997; Figure 1A). Tissue-specific deletion microscopy reveals that the leading epidermal cells at
of c-jun in newborn skin was assessed by PCR analy- this stage are rich in filopodia and that confronting epi-
sis, Southern blot, and immunohistochemistry, which dermal cells from the two eyelids exhibit filpodial inter-

actions, including interdigitation (Figure 3C). In c-jun�epshowed that the disruption of c-jun in the epidermis
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Figure 3. Filopodia that Do Not Express EGFR Are Formed in
c-jun�ep Eyelids

(A) Scanning electron microscopy (SEM) of an E16.0 wt embryo face
with closed eyelid.
(B) A similar view of a c-jun�ep sibling with a wide-open eye showing
no apposition of eyelids at nasal or lateral margins.
(C and D) Transmission electron microscopy (TEM) detail of filopod-
ial interdigitation, where leading edge epidermal cells confront one
another as the eyelids zipper together in the wild-type embryo (C).
(D) In the c-jun�ep mutant leading edge, epidermal cells still express
filopodia, although these appear to be fewer and shorter.
(E) Immunofluorescense studies of the E15.5–E16.0 eyelid just prior
to eyelid fusion reveals expression of EGFR by the columnar epithe-
lial cells at the leading edge. At the same stage, c-jun�ep eyelids (F)
express reduced levels of EGFR (red staining).

EGFR expression was analyzed in eyelids of E15.5 fe-
tuses at the stage when keratinocyte migration starts.
In contrast to wild-type embryos, reduced expression
of EGFR was observed in keratinocytes at the leading
edge of eyelids in c-jun�ep embryos (Figures 3E and 3F).
These results suggest that reduced EGFR expression
in the leading edge keratinocytes of c-jun�ep embryos

Figure 2. Mice without c-Jun in the Epidermis Show an EOB Phe- might be responsible for the lack of eyelid closure.
notype

(A) c-jun�ep mice are born with open eyes (arrows). In contrast to
Normal Skin Differentiation and Stressc-junf/f embryos (B and D), late stage mutant fetuses (E16.5) have
Responses in c-jun�ep Micefailed to close their eyelids (C). Histological analysis (H&E staining)
Histological examinations revealed a normal architec-of E16.5 embryos showed open eyelids, poorly differentiated corneal

stroma ([E], arrows), and attachment of iridial tissue to the posterior ture of newborn c-jun�ep skin, and the expression of
side of the cornea ([G], arrows). the differentiation markers Keratin 5, 10, and 14 was
(H and I) H&E staining of adult cornea indicating severe cornea comparable to that in controls (Figures 4A–4F; data not
defects and extensive adherence of iridal tissue to the posterior

shown). Occasionally, curly whiskers and a distinctlysurface of the cornea in c-jun�ep mice ([I], arrow).
wavy appearance of the first coat was observed, remi-
niscent of the phenotype seen in mice defective for
EGFR signaling (Luetteke et al., 1993, 1994; Mann et al.,eyelids, the leading cells still formed filopodia, although

they were slightly fewer in number and shorter (Fig- 1993). The skin of c-jun�ep mice was analyzed following
treatment with the phorbol ester TPA, which inducesure 3D).

Since EGFR knockout mice show a similar phenotype, keratinocyte hyperproliferation and activates c-Jun/
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Figure 4. Normal Skin Histology and Stress
Response in c-jun�ep Mice

Normal development of skin and hair follicle
in c-jun�ep mice (B, D, and F) demonstrated
by H&E staining (A and B) and immunohisto-
chemistry for the skin differentiation markers
Keratin 5 (C and D) and Keratin 10 (E and F) of
P3 mouse skin. Treatment of adult epidermis
with TPA revealed no difference between
c-jun�ep mice (H) and c-junf/f littermates (G).
Neither keratinocyte stratification (I) nor the
number of proliferating keratinocytes stained
for Ki67 was reduced (J).
(K) Wound healing upon excisional full-thick-
ness wounding followed up to day 10 (d 10)
postwounding did not reveal obvious healing
defects in c-jun�ep mice. Lower portion, histo-
logical analysis of day 4 and day 10 wounds
(H&E staining) confirmed that keratinocyte
migration (day 4, arrows), wound closure, and
formation of a neoepidermis in jun�ep mice are
unchanged. Quantification of wound closure
was comparable to that in c-junf/f littermate
mice (L).

AP-1 (Angel et al., 1988). Treatment of the epidermis 5M), and TUNEL staining showed a significant increase
of apoptotic cells in mutant cultures (Figures 5G, 5H, andwith TPA revealed no differences between c-jun�ep mice

and controls (Figures 4G and 4H). Neither keratinocyte 5N). In addition, actin microfilaments were organized
primarily in cortical bundles in c-Jun-deficient keratino-stratification nor the number of proliferating keratino-

cytes was reduced (Figures 4I and 4J). cytes, suggesting that c-Jun is involved in the organiza-
tion of the actin cytoskeleton (Figure 5J).During wound healing the adult skin has to reform a

neoepidermis, and the wound edges must coordinate In an attempt to rescue these defects, we supple-
mented the cultures with conditioned medium as wellkeratinocyte migration, proliferation, and differentiation

(Martin, 1997). When full-thickness excisional wounds as with paracrine and autocrine growth factors. Interest-
ingly, conditioned medium from wild-type keratinocyteswere analyzed in c-jun�ep mice, no apparent repair defect

was observed, and wound healing appeared compara- completely rescued the proliferation defect of c-jun�/�

keratinocytes (Figure 5O). Moreover, addition of auto-ble to littermate controls at all stages (Figures 4K and
4L). Histological analyses revealed no differences in ker- crine factors, such as HB-EGF, EGF, and TGF-�, as well

as the paracrine factors KGF and GM-CSF to the cultureatinocyte proliferation and migration from the wound
edges and adjacent hair follicles, and the wounds were medium also rescued the proliferation defect, although

high concentrations of EGF and TGF-� were requiredcompletely closed within 10 days (Figure 4K). These
results indicate that c-Jun is apparently not required (Figures 5P and 5Q). High concentrations of EGF also

reduced the number of differentiating and dying kera-under this condition for efficient wound healing.
tinocytes to wild-type levels and rescued the actin cy-
toskeleton defect, suggesting that EGFR signaling mightKeratinocyte Proliferation In Vitro
be impaired in keratinocytes lacking c-Jun (Figures 5M,Depends on c-Jun
5N, and 5L).Primary keratinocytes were isolated from newborn

c-jun�ep mice to investigate whether the absence of
c-Jun affects their proliferation and/or differentiation in K5-SOS-F-Dependent Tumor Formation

in the Absence of c-Junvitro. Cultured keratinocytes lacking c-Jun grew very
slowly and often had a very flat appearance (Figure 5B). To determine the function of c-Jun in skin tumor develop-

ment, we bred tumor-prone K5-SOS-F mice to c-jun�epThe number of BrdU-positive cells was dramatically re-
duced, and the cells never reached confluency (Figures mice. K5-SOS-F transgenic mice develop skin tumors

in a strictly EGFR-dependent manner. The first hyper-5B and 5D). Staining for the keratinocyte differentiation
marker Keratin 10 revealed a 6-fold increase in the num- plastic abnormalities induced by K5-SOS-F are visible

already 2 weeks after birth and then progress into highlyber of differentiating keratinocytes (Figures 5E, 5F, and
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Figure 5. c-jun�ep Keratinocytes Are More Differentiated and Have a Cytoskeleton Defect

Primary keratinocytes isolated from newborn c-jun�ep mice (B and D) never reached confluency and showed a flat appearance, and the number
of BrdU-positive cells was dramatically reduced compared to that in c-junf/f keratinocytes (C and D).
(A and B) Phase contrast microscopy, Keratin 5 staining ([A and B], insets), and BrdU staining (C and D).
(E and F) Staining for Keratin 10 demonstrated a relative increase in differentiating keratinocytes in the absence of c-Jun (M).
(G and H) TUNEL staining showed a significant increase in the number of apoptotic keratinocytes when c-Jun was absent (N). Conditioned
medium from c-junf/f keratinocytes, as well as HB-EGF, EGF, TGF-�, KGF, and GM-CSF, could rescue the proliferation defect.
(O, P, and Q) Quantification of BrdU-positive keratinocytes in rescue experiments with conditioned medium (O), HB-EGF, EGF, and TGF-�

(P), and KGF and GM-CSF (Q).
(M and N) High-dose EGF (100 ng) reduced the number of differentiating and dying keratinocytes to wild-type levels.
(I and J) Actin-phalloidin staining revealed a cytoskeleton defect in c-jun�ep keratinocytes that is characterized by the formation of prominent
cortical actin bundles ([J], arrows). This defect could be rescued by addition of high dose EGF (L).

disorganized papillomatous structures (Sibilia et al., striking differences in the histological appearance and
cellular composition (Figures 6D and 6E). Staining with2000). In the absence of c-Jun (c-jun�ep SOS�), the tumor

volume at the age of 5 weeks was decreased approxi- Keratin 5 and the proliferation marker Ki67 showed that
the majority of basal cells were proliferating and thatmately 50%, whereas the average number of papillomas

per mouse was unchanged (Figure 6A and data not proliferating cells, which are normally confined to the
basal layer, had expanded to the suprabasal compart-shown). Despite a significant difference in tumor size,

analysis of both mutant and control tumors revealed no ments (Figures 6F and 6J, arrows). In contrast, Ki67- and
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Figure 6. K5-SOS-F-Dependent Tumor For-
mation in the Absence of c-Jun

(A) Quantification of the relative tumor volume
of K5-SOS-F c-junf/f (c-junf/f SOS�) and K5-
SOS-F c-jun�ep (c-jun�ep SOS�) mice reveals
an average decrease in tumor size of approxi-
mately 50%. Analysis of c-junf/f SOS� and
c-jun�ep SOS� tumors showed no striking dif-
ferences in the histological appearance (D
and E) and cellular composition. In contrast
to c-junf/f SOS� tumors (F), Ki67-positive kera-
tinocytes in c-jun�ep SOS� tumors were
mainly localized in the basal layer, and their
number was significantly reduced (G and B),
whereas TUNEL staining (data not shown) re-
vealed no difference in the apoptotic index
(C). EGFR was strongly expressed only in
c-junf/f SOS� tumors (H), but not in tumors
lacking c-Jun (I). Proliferating K5-positive
keratinocytes had expanded to the su-
prabasal compartments in c-junf/f SOS� tu-
mors ([J], arrows), whereas they were con-
fined to the basal layer in c-jun�ep SOS�

tumors (K). Keratinocytes in c-jun�ep SOS� tu-
mors (M) exhibit increased differentiation, as
shown by immunohistochemistry for Keratin
10 (L and M). RT-PCR (N) for EGFR, EGFR
ligands, and paracrine factors from SOS-F-
induced tumors and Western blot analysis (O)
confirmed reduced expression of EGFR and
increased expression of K10 in tumors lack-
ing c-Jun.

K5-positive cells in c-jun�ep SOS� tumors were largely because of induction of keratinocyte differentiation,
rather than proliferation (Figure 7F).localized to the basal layer, and the number of proliferat-

ing cells was significantly reduced (Figures 6B, 6G, and
6K). No significant difference in the number of apoptotic
cells was detected in the basal or suprabasal layers with c-Jun Regulates EGFR in Keratinocytes

and FibroblastsTUNEL staining (Figure 6C).
Immunohistochemistry for EGFR showed that the re- c-Jun-deficient fibroblasts proliferate more slowly, likely

because of increased p53 and p21 levels (Figure 7A;ceptor is efficiently expressed in c-junf/f SOS� tumors,
whereas, in the absence of c-Jun, EGFR protein levels Schreiber et al., 1999). In contrast, in c-jun�ep keratino-

cytes, the levels of p53 and p21 were comparable towere strongly reduced (Figures 6H and 6I). Downregula-
tion of EGFR is linked to the differentiation of keratino- those in controls, suggesting that the molecular mecha-

nism responsible for the proliferation defect in the twocytes in vivo and in vitro, and SOS� tumors in an EGFR-
deficient background are more differentiated (Peus et cell types is different (Figure 7A). Semiquantitative RT-

PCR analysis in primary keratinocytes revealed thatal., 1997; Sibilia and Wagner, 1995; Wakita and Taki-
gawa, 1999; Sibilia et al, 2000). Similarly, c-jun�ep SOS� EGFR and HB-EGF mRNA were downregulated, whereas

amphiregulin and TGF-� expression were unchangedtumors were more differentiated and showed increased
K10 expression (Figures 6L, 6M, and 6O). To analyze (Figure 7B). Furthermore, the reduced levels of EGFR

expression in c-Jun-deficient keratinocytes were con-the regulation of EGFR by c-Jun, we performed semi-
quantitative RT-PCR and Western blot analysis. EGFR firmed by Western blot analysis (Figure 7C). Interest-

ingly, EGFR expression was also found to be regulatedmRNA and protein were expressed at reduced levels,
whereas the expression of hSOS as well as autocrine by c-Jun in 3T3 fibroblasts. Western blot analysis dem-

onstrated reduced EGFR expression levels in c-Jun-and paracrine factors was unchanged (Figures 6N and
6O). These results suggest that impaired EGFR expres- deficient cells, whereas high levels of EGFR were ob-

served when c-Jun was stably overexpressed in c-jun�/�sion is most likely responsible for reduced tumor growth
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Figure 7. c-Jun Regulates EGFR Expression

(A) Western blot analysis for p53 and p21 in
fibroblasts (left side) and in primary keratino-
cytes lacking c-Jun (right side). In contrast to
fibroblasts, the levels of p53 and p21 were
comparable in c-jun�ep keratinocytes.
(B) RT-PCR for EGFR and EGFR ligands (HB-
EGF, amphiregulin, and TGF-�) show reduced
EGFR and HB-EGF expression in primary ker-
atinocytes lacking c-Jun (c-jun�ep).
(C) Western blot of primary keratinocytes
demonstrating reduced expression of EGFR
in c-jun�ep keratinocytes.
(D) EGFR expression is regulated by c-Jun in
3T3 fibroblasts. Western blot analysis dem-
onstrated reduced EGFR expression in c-Jun-
deficient cells, whereas high levels of EGFR
were observed when c-Jun was stably over-
expressed.
(E) Luciferase reporter assays performed in
fibroblasts demonstrated reduced EGFR ex-
pression in the absence of c-Jun and strong
upregulation in c-jun�/� fibroblasts overex-
pressing exogenous c-Jun.
(F) Schematic model summarizing the pro-
cesses in keratinocytes, which require c-Jun
to regulate the expression of EGFR. At the
eyelid tips expression of EGFR is required for
eyelid closure during development. Primary
keratinocytes lacking c-Jun show a severe
proliferation defect and increased differentia-
tion and subsequently die by apoptosis,
which is likely caused by reduced EGFR sig-
naling. SOS-F-induced tumors lacking c-Jun
fail to efficiently express EGFR, leading to an
imbalance between proliferation and differ-
entiation, thereby yielding reduced tumor
sizes.

fibroblasts (Figure 7D). To analyze whether the regula- epidermis. In both cultured keratinocytes and K5-SOS-
tion of EGFR by c-Jun occurs at the transcriptional level, induced tumors lacking c-Jun, reduced expression of
we performed luciferase reporter assays by employing EGFR was observed, suggesting a regulatory loop from
a mouse EGFR promoter fragment ranging from �1359 EGFR signaling to c-Jun-dependent EGFR expression
to �2. Compared to that in controls, basal EGFR expres- (Figure 7F).
sion was significantly reduced in c-jun�/� fibroblasts,
but strongly upregulated in fibroblasts overexpressing
exogenous c-Jun (Figure 7E). These data indicate that c-Jun Is a Regulator of Embryonic Eyelid Closure
the regulation of EGFR by c-Jun occurs at the transcrip- Although an increasingly large number of mutant mice
tional level. are born with open eyes (EOB), the primary events in-

volved in eyelid fusion are still not known (Carroll et al.,
1998; He et al., 2002; Juriloff et al., 2000; Li et al., 2001).Discussion
Deletion of c-jun in the epidermis leads to an EOB phe-
notype. Electron microscopy of leading edge cells re-To study the role of c-Jun in skin development and skin
vealed slightly fewer and shorter filopodia, suggestingtumor formation, we tissue-specifically deleted c-jun in
that the zippering machinery may not be responsiblekeratinocytes of mice. These c-jun�ep mice displayed a
for the failure to close the eyelids. Calcium-stimulatednormal epidermal architecture, and their skin responded
filopodia formation and directed actin polymerizationnormally to stress stimuli, like treatment with the phorbol
have been shown to be the driving force for epithelialester TPA or excisional full-thickness wounding. How-
cell-cell adhesion in keratinocytes (Vasioukhin et al.,ever, c-jun�ep mice were born with open eyes, likely be-
2000). Here we show that, in primary keratinocytes lack-cause of insufficient expression of EGFR at the leading
ing c-Jun, the actin microfilaments are primarily orga-edges of developing eyelids during embryonic develop-
nized in prominent cortical bundles. This cytoskeletonment. Primary keratinocytes lacking c-Jun exhibited a
defect could be rescued by high doses of EGF, furthersevere proliferation defect that could be rescued by
suggesting that insufficient EGFR expression in the ab-conditioned medium, but also by autocrine and para-
sence of c-Jun might be causal for this defect. In addi-crine growth factors such as HB-EGF, EGF, TGF-�, KGF,
tion, the results presented by Li et al. (2003) in this issueand GM-CSF. In addition, skin tumor formation was im-

paired in K5-SOS-F transgenic mice lacking c-Jun in the of Developmental Cell and Y. Xia and M. Karin (personal
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communication) showed cytoskeletal defects in kera- the wound edges and adjacent hair follicle, suggesting
that c-Jun is not absolutely required during wound heal-tinocytes deficient for the MAPK/JNK/c-Jun pathway.
ing. However, a difference at later stages of wound heal-These leading edge cells fail to elongate centripetally,
ing was observed in the study by Li et al. (2003), whichas they do in wild-type fetuses, and these defects may
may be explained by the use of a different promoterwell be responsible for the failure of c-jun�ep eyelid epi-
to express the cre transgene or by different geneticdermis to spread forward over the developing cornea.
backgrounds of the mice under study.Several mutations in mice that result in a failure of prena-

tal eyelid fusion cause a variety of ocular pathologies
Severe Proliferation Defect in Keratinocytesresulting from subsequent postnatal inflammation and
Lacking c-Juncorneal damage (Carroll et al., 1995; Fujii et al., 1995;
Primary keratinocytes isolated from newborn c-jun�epLuetteke et al., 1993; Mann et al., 1993; Vassalli et al.,
mice exhibited a severe proliferation defect, with in-1994). Similar to the defects observed in c-jun mutant
creased numbers of differentiating and apoptotic cells.mice, disruption of the genes encoding EGFR, TGF-�,
Cultured keratinocytes loose their attachment to theand MEKK1 or overexpression of fra-2 and h-SOS resulted
basal lamina, and paracrine factors are no longer pro-in an EOB phenotype (Luetteke et al., 1993; Mann et al.,
vided by the adjacent dermal cells. Fibroblast-derived1993; Miettinen et al., 1995; Sibilia and Wagner, 1995;
KGF and GM-CSF were identified as key regulators ofMcHenry et al., 1998; Sibilia et al., 2000). Since the failure
paracrine signaling responsible for the balance of kera-of eyelid closure in c-jun�ep fetuses was associated with
tinocyte proliferation and differentiation in an organo-reduced EGFR expression, these data indicate the exis-
typic coculture system of human keratinocytes andtence of a signaling pathway from the EGFR via activa-
mouse fibroblasts (Szabowski et al., 2000). Indeed, thetion of MAPK to AP-1-dependent gene expression.
proliferation defect was rescued by exogenous additionEGFR signaling has been linked to the activation of c-Jun/
of KGF and GM-CSF, suggesting that, in vivo, the cell-AP-1 in keratinocytes (Malliri et al., 1998). In addition,
autonomous proliferation defect might be compensatedAP-1 was found to be required for EGF-induced activa-
by paracrine factors. The rescue by conditioned mediumtion of Rho-like GTPases, cytoskeletal rearrangements,
from wild-type keratinocytes indicates that the produc-motility, and in vitro invasion of human squamous carci-
tion or release of a soluble factor is impaired in c-jun�ep

noma-derived A431 cells. Expression of the dominant-
keratinocytes. HB-EGF was strongly reduced in kera-negative mutant of c-Jun (TAM67) inhibited EGF-induced
tinocytes lacking c-Jun and is the likely candidate formembrane ruffling, lamellipodia formation, cortical actin
the factor present in the conditioned medium. Additionpolymerization, and cell rounding in vitro (Malliri et al.,
of HB-EGF to cultured keratinocytes rescued the prolif-1998). These results indicate a prominent role for c-Jun
eration defect. Previous reports showed HB-EGF ex-in the regulation of cytoskeleton remodeling, which
pression to be dependent on c-Jun and MAPK signalingseems to be necessary for embryonic eyelid closure
(Fu et al., 1999). Furthermore, HB-EGF release from the(see Li et al., 2003).
membrane by matrix metalloproteases, which are often
regulated by AP-1, have been described (Tokumaru etSkin Development and Stress Responses Are Not
al., 2000). A defect in the release of HB-EGF from the

Affected in Mice Lacking c-Jun
membrane would impair the proliferation of keratino-

Specific deletion of c-Jun in cells of the stratum basale
cytes in vitro. This idea is supported by the less severe

did not yield an obvious skin phenotype, suggesting that proliferation defect observed when keratinocytes were
c-Jun is not required for skin development under these plated at very high cell density, suggesting that mem-
conditions and that other members of the Jun protein brane-bound HB-EGF might act via juxtacrine signaling
family may functionally compensate for the loss of (data not shown). EGF could also rescue the proliferation
c-Jun. This idea is supported by the observation that defect and reduced the number of differentiating and
c-jun�ep/� junB�ep double-mutant mice spontaneously dying keratinocytes to wild-type levels. However, high
develop papillomas (3 out of 12), suggesting that a bal- concentrations were needed, suggesting that EGFR sig-
anced level of activators and inhibitors of keratinocyte naling is impaired in keratinocytes lacking c-Jun. Pri-
proliferation is required for epidermal differentiation mary keratinocytes deficient for the EGFR do not show
(R.Z., unpublished data). an obvious proliferation defect (M.S., unpublished data),

Treatment of the epidermis with TPA known to acti- suggesting that reduced EGFR and reduced HB-EGF
vate c-Jun/AP-1 and to induce keratinocyte hyperprolif- levels together are responsible for the drastic phenotype
eration revealed no differences between c-jun�ep mice seen in c-Jun null keratinocytes.
and controls. Neither keratinocyte proliferation nor their Differentiation of keratinocytes has been linked to the
stratification was reduced. This is in agreement with inhibition of EGFR (Sibilia and Wagner, 1995; Wakita
results from Young et al. (1999), who showed that a and Takigawa, 1999), and it has been shown that, after
transactivation mutant of c-Jun (TAM67) expressed un- EGFR inhibition, the differentiation markers Keratin 1
der the Keratin 14 promoter did not prevent TPA- and 10 are induced in human keratinocytes (Peus et al.,
induced hyperproliferation. These results exclude a func- 1997). Interestingly, seven functional AP-1 sites were
tional role for c-Jun in TPA-induced stress response. found in the human EGFR promoter, and c-Jun was

Healing upon full-thickness wounding also did not shown to regulate EGFR promoter activity in a dose-
exhibit an obvious defect in c-jun�ep mice, and wound dependent manner in transformed epithelial cell lines
closure was comparable to that in control littermates. and mouse 3T3 fibroblasts (Johnson et al., 2000). Using
Histological analyses revealed no significant differences c-jun�/�, c-jun�/�, and c-jun�/� Tg� fibroblasts, we dem-

onstrate, at the protein level and by luciferase reporterin the proliferation and migration of keratinocytes from
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LVC for EGFRwa2/wa2, and a C57Bl/6 � CBA backcross to LVCassays, that c-Jun is indeed a transcriptional regulator of
for K5-SOS-F mice.EGFR expression. Accordingly, we observe insufficient

expression of EGFR under conditions where induced
PCR

EGFR expression seems to be important—during eyelid Tail epidermis was separated from dermis by dispase II-digest
closure, in cultured keratinocytes, and during tumor for- (Roche), and DNA was extracted according to standard protocols.
mation. Moreover, sequence comparison of the human The following primers were used for genotyping: Jun1, CTCATACCA

GTTCGCACAGGCGGC; Jun2, CCGCTAGCACTCACGTTGGTAGGC;and mouse EGFR genes revealed highly conserved se-
Jun3, CAGGGCGTTGTGTCAC-TGAGCT; Cre1, CGGTCGATGCAACquences in the promoter and first intron, both containing
GAGTGATGAGG; Cre2; CCAG-AGACGGAAATCCATCGCTCG.AP-1 binding sites (data not shown). Reduced EGFR

expression was also found in fibroblasts lacking c-Jun,
Histology, Immunohistochemistry, and TUNEL Assay

which exhibit a cell cycle defect due to elevated p53 Tissues were fixed overnight with neutral buffered 4% PFA at 4�C
and p21 protein levels (Schreiber et al., 1999; Shaulian and embedded in paraffin. Five-micrometer sections were stained
et al., 2000). However, p53 and p21 expression were either with hematoxylin and eosin (H&E) or processed further. Immu-

nohistochemistry staining for Ki67 (Novocastra), c-Jun (Transduc-not changed in mutant keratinocytes, suggesting that
tion Laboratories), Keratin 5, Keratin 10 (BabCO), and EGFR (Santadifferent molecular mechanisms control cell prolifera-
Cruz) was performed with the ABC staining kit (Vector Laboratories)tion in fibroblasts and keratinocytes.
according to the manufacturer’s recommendations. TUNEL staining
was performed with the in situ cell death detection kit (Roche).
Immunfluorescence for Keratin 5 and 10 (BabCO) and F-actin (AlexaK5-SOS-F-Dependent Tumor Formation
Fluor 568 phalloidin; Molecular Probes) was performed after fixationRequires c-Jun
with 4% PFA, and nuclei were counterstained with the DAPI reagent.

Tumor formation by the K5-SOS-F transgene is impaired
in the absence of c-Jun, although the histological ap- Scanning Electron Microscopy (SEM), Transmission Electron
pearance and cellular composition was comparable to Microscopy (TEM), and Resin Histology

Specimens for SEM, TEM, or resin histology were fixed in half-control tumors. An increase in the number of differenti-
strength Karnovsky’s fixative (Karnovsky, 1965) at 4�C. After fixationated keratinocytes was observed in c-jun mutant tumors.
embryonic heads were dissected sagitally in the midline (for SEM)Again, similarly to data obtained with cultured keratino-
or eyelids were dissected free and the lenses were removed (for

cytes, this was associated with reduced expression of resin histology and TEM), rinsed in 0.1 M sodium cacodylate buffer,
the EGFR in these tumors. Interestingly, K5-SOS-F- postfixed in 1% osmium tetroxide in sodium cacodylate, and further
induced tumor formation was strongly reduced in tu- rinsed in cacodylate buffer before being dehydrated through a

graded ethanol series. Specimens for SEM were then critical pointmors lacking EGFR, where the EGFR provides an essen-
dried in the standard way and sputter coated with approximatelytial survival signal (Sibilia et al., 2000). In c-jun�ep SOS�

30 nm of gold before they were viewed on a Jeol 5410LV scanningtumors there was no increase in the number of apoptotic
electron microscope. Specimens for resin histology were embedded

cells, suggesting that EGFR is most likely sufficiently in Araldite, sectioned at 5 	m, and stained with Toluidine blue. For
expressed to provide this survival signal. In wild-type examination by TEM, ultrathin Araldite sections were cut, stained
tumors EGFR signaling appears to delay the commit- with uranyl acetate and lead citrate, and examined with a Jeol 1010

transmission electron microscope.ment to differentiate, suggesting that maintaining cells
in the proliferative compartment may yet be another

TPA-Induced Hyperproliferationfunction of EGFR in rapidly proliferating tissues. Thus,
Eight-week-old littermates (n 
 5) were shaved and, after 24 hr,we argue that, in tumors lacking c-Jun, the levels of
treated three times every 48 hr with 5 	g TPA or solvent alone

EGFR expression are sufficient to signal survival but are (aceton). Forty-eight hours after the last treatment, the back skin
too low to maintain keratinocytes in a proliferative state, was isolated and fixed for histological analysis. Ten high-power

fields per back skin were scored for epidermal thickness and Ki67-and, therefore, increased differentiation is observed,
positive cells.which leads to reduced tumor growth.

Activation of the EGFR provides important signals
Wound-Healing Experimentessential to several aspects of keratinocyte biology, in-
Eight-week-old littermates were anesthetized (Avertin) and shaved,

cluding cell cycle progression, differentiation, cell move- and excisional full-thickness wounds were placed on their back
ment, and cellular survival. Here we have identified skins by skin biopsy punches (5 mm; KAI). The healing of the wounds
c-Jun as a transcriptional regulator of EGFR and HB- was followed, and, after 2, 4, 7, and 10 days postwounding (n 


5–6 for every time point), the wound size was measured and theEGF in three experimental systems. Through modulation
wounds were isolated and fixed for histological analysis.of HB-EGF and EGFR expression, c-Jun controls eyelid

development, keratinocyte proliferation, and skin tumor
Quantification of Tumorsformation and thereby strongly influences the fate of
c-jun�ep SOS� mice (n 
 12) and their control littermates (c-junf/f

keratinocytes. SOS�; n 
 16) were killed at 5 weeks of age, and the number and
weight of tumors were determined. For quantification the ratio of
total tumor weight to body weight was calculated. Statistical signifi-Experimental Procedures
cance was confirmed by Student’s t test. Isolated tumors were
frozen in liquid nitrogen or fixed in neutral-buffered 4% PFA at 4�CGeneration of c-jun�ep and K5-SOS-F c-jun�ep Mice
and processed further.Mice carrying a floxed c-jun allele (c-junf/f; Behrens et al., 2002) were

crossed to transgenic mice expressing the Cre recombinase under
the control of the keratinocyte-specific Keratin 5 promoter (K5-cre2; RNA Isolation and RT-PCR

Total RNA was isolated from cultured keratinocytes and tumors byTarutani et al., 1997). To obtain K5-SOS-F c-jun�ep transgenic and
K5-SOS-F transgenic control littermates, we crossed offspring of the TRIZOL protocol (Sigma). cDNA synthesis was performed with

the SuperScript Preamplification System (GibcoBRL) according to thethe c-junf/f EGFRwa2/wa2 intercross with K5-SOS-F EGFRwa2/wa2
transgenic mice (Sibilia et al., 2000) with the K5-cre2 line. The genetic manufacturer’s instructions. RT-PCR analysis was performed with

primers described by Sibilia et al. (2000) and Szabowski et al. (2000).background was C57Bl/6 � 129 for c-junf/f, B6C3F1 for K5-cre2,
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Isolation and Culture of Mouse Keratinocytes factors junB and c-jun are selectively up-regulated and functionally
implicated in fibrosarcoma development. Genes Dev. 6, 2340–2351.Primary mouse keratinocytes were isolated as described by Hen-

nings (1994) and cultured on vitrogen-fibronectin-coated dishes in Byrne, C., and Fuchs, E. (1993). Probing keratinocyte and differentia-
low-calcium MEM (SIGMA M8167) medium containing 8% chelated tion specificity of the human K5 promoter in vitro and in transgenic
FCS (Carroll et al., 1995). Conditioned medium was harvested and mice. Mol. Cell. Biol. 13, 3176–3190.
filtered (22 	m; Millipore) from primary mouse keratinocyte cultures

Carroll, J.M., Romero, M.R., and Watt, F.M. (1995). Suprabasal integ-
at days 4, 7, and 10. Rescue experiments were performed with

rin expression in the epidermis of transgenic mice results in develop-
growth factors from Sigma (HB-EGF, EGF, TGF-�, and KGF) and

mental defects and a phenotype resembling psoriasis. Cell 83,
R&D (GM-CSF) and quantified by BrdU staining (Becton Dickinson).

957–968.

Carroll, J.M., Luetteke, N.C., Lee, D.C., and Watt, F.M. (1998). RoleSouthern and Western Blot Analysis
of integrins in mouse eyelid development: studies in normal embryosFor Southern blots, 10 	g of epidermal DNA was digested with XbaI,
and embryos in which there is a failure of eyelid fusion. Mech. Dev.yielding a 6.9 kb fragment for the floxed c-jun allele and a 3.3 kb
78, 37–45.fragment for the deleted c-jun allele. For detection of the bands, a
Du, W., Thanos, D., and Maniatis, T. (1993). Mechanisms of transcrip-0.6 kb BamHI fragment from the c-jun promoter region was used as
tional synergism between distinct virus-inducible enhancer ele-a probe (Behrens et al., 2002). Western blot analysis was performed
ments. Cell 74, 887–898.according to standard procedures (Sibilia et al., 2000) with antibod-

ies specific for c-Jun (Transduction Laboratories), actin, p53, p21 Eferl, R., Sibilia, M., Hilberg, F., Fuchsbichler, A., Kufferath, I., Guertl,
(Sigma), and EGFR (Santa Cruz). B., Zenz, R., Wagner, E.F., and Zatloukal, K. (1999). Functions of

c-Jun in liver and heart development. J. Cell Biol. 145, 1049–1061.
Cloning of Reporter Construct, Transfection, Fowler, K.J., Walker, F., Alexander, W., Hibbs, M.L., Nice, E.C.,
and Luciferase Assay Bohmer, R.M., Mann, G.B., Thumwood, C., Maglitto, R., Danks, J.A.,
The mouse EGFR gene promoter fragment ranging from �1359 to et al. (1995). A mutation in the epidermal growth factor receptor in
�2 (EGFR-P1) was amplified by PCR from a previously described waved-2 mice has a profound effect on receptor biochemistry that
EGFR genomic fragment of 129/Sv background (Sibilia and Wagner, results in impaired lactation. Proc. Natl. Acad. Sci. USA 92, 1465–
1995). The EGFR-P1 fragment was cloned into the BglII and HindIII 1469.
sites upstream of the Firefly luciferase reporter gene of the pGL3-

Fu, S., Bottoli, I., Goller, M., and Vogt, P.K. (1999). Heparin-binding
Basic vector (Promega, Madison, WI). The pGL3-EGFR-P1 reporter

epidermal growth factor-like growth factor, a v-Jun target gene,
construct was transfected into c-jun�/�, c-jun�/�, and c-jun�/� c-jun

induces oncogenic transformation. Proc. Natl. Acad. Sci. USA 96,
Tg� fibroblast cell lines (Schreiber et al., 1999) by employing the

5716–5721.
Lipofectamine Plus Reagent (Life Technologies, Gaithersburg, MD).

Fujii, S., Hatakenaka, N., Kaneda, M., and Teramoto, S. (1995). Mor-Each transfection was performed in triplicates in 12-well plates, and
phogenetic study of the eyelids in NC-eob mice fetuses with anthe Renilla luciferase reporter pRL-SV40 (Promega, Madison, WI)
open-eyelid malformation at birth. Lab. Anim. Sci. 45, 176–180.was cotransfected as an internal control. Cells were harvested 24
Hansen, L.A., Alexander, N., Hogan, M.E., Sundberg, J.P., Dlugosz,hr after transfection, cell extracts were prepared, and the luciferase
A., Threadgill, D.W., Magnuson, T., and Yuspa, S.H. (1997). Geneti-activity was measured according to the Dual-Luciferase Reporter
cally null mice reveal a central role for epidermal growth factorAssay System protocol (Promega, Madison, WI). All Firefly luciferase
receptor in the differentiation of the hair follicle and normal hairreporter activities were normalized for transfection efficiency by
development. Am. J. Pathol. 150, 1959–1975.determining the ratio between Firefly and Renilla luciferase activity.
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