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[CANCER RESEARCH 63, 319–323, January 15, 2003]

Inducible Activation of Ras and Raf in Adult Epidermis1

Masahito Tarutani,2 Ti Cai,2 Maya Dajee, and Paul A. Khavari3

Veterans Affairs Valo Alto Healthcare System and the Program in Epithelial Biology, Stanford University School of Medicine, Stanford, California 94305

ABSTRACT

Ras effects vary with developmental setting, with oncogenic RAS acti-
vation implicated in epithelial carcinogenesis. In epidermal cells, previous
studies described conflicting Ras impacts on growth and differentiation,
with the only in vivo studies relying on constitutive alterations of Ras
function throughout development. To study Ras effects in developmentally
mature adult epidermis, we expressed a 4-hydroxytamoxifen (4OHT)-
regulated Ras fusion in transgenic mice using the keratin 14 promoter.
Resulting adult K14-ER:Ras mice displayed 4OHT-inducible activation of
Ras as well as elements of Raf/mitogen-activated protein kinase (MAPK)
but not RalGDS/Ral or phosphatidylinositol 3�-kinase (PI3K)/Akt down-
stream Ras effector pathways. Ras reversibly induced massive cutaneous
hyperplasia and suppressed differentiation. Ras-driven hyperprolifera-
tion was accompanied by increases in �1 and �4 integrin epidermal
progenitor markers. Epidermal expression of inducible Raf produced
similar changes. These findings indicate that activation of Ras in adult
epidermis promotes proliferation and inhibits differentiation and that Raf
is sufficient to mediate these effects.

INTRODUCTION

Ras GTPases can either promote or oppose cellular growth and
differentiation, depending on the tissue context and developmental
setting, as well as the signal strength and duration (1, 2). Somatic
mutations leading to expression of active Ras mutants have been
observed in epidermal carcinogenesis (3, 4) and are believed to
contribute to the pathogenesis of a subset of human SCCs.4 In epi-
dermal keratinocytes, however, conflicting data have been presented
suggesting that Ras/Raf/MAPK either promotes proliferation and sup-
presses differentiation (5–7) or does the opposite (8, 9). Work per-
formed to date in vivo has altered Ras function in a constitutive
manner throughout epidermal development. These studies have shown
that overexpression of constitutively active oncogenic RAS leads to
epidermal proliferation and inhibits differentiation (7, 10–12),
whereas expression of dominant-negative Ras leads to hypoprolifera-
tion and premature differentiation (7). These in vivo studies, however,
suffer from the limitation that they all rely on overexpressing Ras
mutants through gestation, making it difficult to separate primary Ras
impacts from secondary developmental effects. The results of direct
activation of Ras signaling in adult epidermis have not yet been reported.

Ras GTPases act via downstream effector cascades to alter cellular
growth and differentiation (13). Of these cascades, those proceeding
via Raf/MAPK, PI3K/Akt and RalGDS/Ral are perhaps the best
characterized (14). Assigning Ras effector function, however, is com-
plicated by the fact that Ras does not activate all of its known targets

in all cell types. For example, although Ras triggers PI3K pathway
function readily in fibroblasts, it fails to do so in lymphocytes (15). In
epidermal tissue, the effects of activating specific Ras effectors have
not been systematically examined. The role of specific effector cas-
cades in epidermal Ras signaling and whether Ras is even capable of
activating specific individual downstream cascades in epidermal tis-
sue is also not fully characterized.

Here we demonstrate that activation of Ras in developmentally
mature epidermis promotes proliferation and suppresses differentia-
tion. These effects are accompanied by increases in markers associ-
ated with epidermal progenitor cells. In epidermal tissue, Ras induc-
tion leads to activation of elements of the Raf/MAPK but not PI3K/
Akt or RalGDS/Ral downstream signaling cascades. Inducible
activation of Raf itself in adult epidermis demonstrates that Raf is
sufficient to mediate these Ras effects on growth and differentiation.
Our findings thus indicate that activating Ras in adult epidermis
promotes the proliferative undifferentiated epidermal cell state char-
acteristic of neoplasia and suggest that these effects can proceed via
the Raf downstream effector pathway.

MATERIALS AND METHODS

Transgenic Animals. Sequence encoding the NH2-terminal ER:Ras (7)
and COOH-terminal Raf:ER (16) fusions were subcloned downstream of a
2075-bp human K14 promoter construct, which targets expression to kerati-
nocytes within the basal epidermal layer, and used to produce transgenic mice.
Transgene integration and copy numbers were confirmed by PCR followed by
Southern blot analysis. The following primers are used in PCR genotyping:
5�-CACCACCAGCTCCACTTCAG CACATT-3� and 5�-CGCACCAACGT-
GTAGAAG GCATCCTC-3� (for K14-ER:Ras); 5�-CGTGC TGGTTATTGT-
GCTGTCT CATCA-3� and 5�-GAGGCGGTCGTGGGTCTGGAAA-3� (for
K14-Raf:ER). An EcoRI-EcoRV fragment of K14-ER:Ras and an XhoI-EcoRI
fragment of Raf:ER were used in Southern analysis. To activate ER:Ras and
Raf:ER in the skin of adult transgenic mice, 1 mg of 4OHT (Sigma) per day,
dissolved in ethanol (1 mg/0.1 ml), was applied topically to a shaved area of
dorsal skin. Genetically matched wild-type littermates were treated in the same
way as controls in all of the experiments.

Protein Expression. Skin samples were homogenized in lysis buffer [25
mM HEPES (pH7.5), 150 mM NaCl, 1% NP40, 10 mM MgCl2, 1 mM EDTA,
10% glycerol] with protease inhibitors and were denatured by boiling with
�20 �g of extract loaded per lane. Antibodies were obtained from the
following sources: pan-Ras (Oncogene); phospho-ERK1/2, ERK1/2, phospho-
Akt1 and Akt1 (Cell Signaling); RalA (Transduction Laboratories); Raf1
(Santa Cruz Biotechnology). Immunoblots were stripped and reprobed with
antibodies to �-actin (Santa Cruz Biotechnology) as an additional control for
loading and extract quality.

Active Ras and Ral Pull-Down Assay. Pull-down assays to analyze levels
of GTP-bound Ras (17) and Ral (18) were performed under nonsaturated
conditions as described. Briefly, 150 �l of Escherichia coli GST-RBD or
GST-RalBD lysate was incubated with 30 �l of glutathione-Sepharose beads
(Amersham) at room temperature for 30 min with shaking. After washing, 500
�g of epidermal tissue extract was added at 4°C for 1 h with shaking. After 3
washes, the samples were subjected to 12% SDS PAGE. Levels of active Ras and
Ral protein were detected by a pan-Ras antibody (Oncogene) or a monoclonal
anti-RalA antibody (Tranduction Laboratories) and quantitated as noted above.

Immunohistochemistry. For immunostaining, 5-�m cryosections were al-
lowed to air-dry for 30 min and were permeabilized with cold acetone for 10
min. Sections were blocked with 10% horse serum for 1 h and treated with the
primary antibody for 1 h at room temperature. Slides were then washed three
times with PBS and incubated for 30 min with secondary antibodies. After
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three washes with PBS, slides were mounted in vectashield (Vector Labora-
tories) and examined under a Zeiss 100M Axiovert microscope. The following
panel of antibodies were used in immunostaining: antimouse involucrin, ker-
atin 10 (Babco); antimouse Ki-67 (Dako); nidogen, anti-integrin �4, �1
(Chemicon); FITC-conjugated goat-antimouse IgG, FITC-conjugated goat-
antirabbit IgG, and FITC-conjugated rabbit-antirat IgG (Sigma); Cy3-conju-
gated goat-antirat IgG (Jackson). Apoptosis was detected in paraffin-embedded
sections by the TUNEL assay with the ApopTagR peroxidase in situ apoptosis
detection kit (Intergen) following the manufacturer’s instructions.

RESULTS

To study regulated Ras activation in adult epidermis, we expressed
a NH2-terminal fusion of H-RasG12V to a 4OHT-responsive mutant
ER ligand binding domain (ER:Ras) (7) in transgenic mice using the
K14 promoter. Multiple lines of K14-ER:Ras mice were generated,
including those with low, medium, and high transgene copy number
and expression of the ER:Ras fusion protein in epidermis (Fig. 1a).
All of the mice were viable and fertile, exhibiting no detectable
phenotype. Biochemically, ER:Ras remained inactive in untreated
adult transgenic skin; however, topical application of 4OHT induced
activation of the ER:Ras fusion (Fig. 1b), as assessed by GST-RafBD
pull-down assay of epidermal tissue extracts under nonsaturating
conditions (17). Endogenous levels of GTP-bound Ras remained
stable (Fig. 1b). Increased GTP-bound active ER:Ras levels occurred
within 16 h of application and returned to normal within 72 h. These
studies confirmed the inducibility of ER:Ras in adult murine epider-
mis in vivo.

Constitutively altering Ras function through development is asso-
ciated with perinatal death (7). To explore the impact of activating Ras
in a localized region of epidermis in adult mice, we applied 4OHT
topically to the skin of K14-ER:Ras transgenic lines daily for 1 month.
Although 4OHT application over this period produced no visible
changes in the skin of genetically matched littermate controls, K14-
ER:Ras lines underwent significant cutaneous changes (Fig. 2).
Hyperkeratosis and skin thickening were observed, with increasing
degree of severity in low-, medium-, and high-expressing ER:Ras
lines. This phenotype was fully developed by 3 weeks of application
and remained stable for the final week, with complete resolution
within 1 month after cessation of topical 4OHT (Fig. 2). Therefore,
activation of Ras function in adult epidermis leads to reversible

cutaneous hyperkeratosis and thickening, with progressively greater
changes seen with higher transgene expression levels.

Three of the best accepted downstream Ras effector cascades
encompass the Raf/MAPK, PI3K/Akt, and RalGDS/Ral proteins (14).
To determine whether ER:Ras induction altered the status of these
pathways, we examined markers of their activation in epidermal tissue
16, 24, and 48 h after 4OHT application. Epidermal Ras activation
increased levels of phosphorylated active ERK1/2 (Fig. 3a), consist-
ent with activation of the Raf/MEK/MAPK cascade. In contrast,
levels of phosphorylated active Akt1 and GTP-bound RalA were
unchanged in epidermal tissue extracts (Fig. 3, a and b); extracts from
keratinocytes expressing constitutively active mutants RalGDS-
CAAX and PI3K p110�-CAAX served as positive controls (Fig. 3c).
These findings indicate that regulated Ras primarily activates the Raf
effector pathway; however, they do not exclude induction of PI3K and
RalGDS by Ras at alternate time points. In all cases, no changes were
observed in genetically matched nontransgenic littermate controls
treated with either 4OHT or vehicle alone. These findings indicate that
epidermal Ras induction via the ER:Ras fusion selectively activates
features of the Raf/MAPK downstream Ras effector pathway.

In addition to Raf, PI3K, and RalGDS, Ras has been shown to
influence a number of other effector pathways (14), and it is possible
that the observed epidermal Ras effects may proceed via such alter-
nate signaling cascades. To determine the sufficiency of Raf to me-
diate the observed epidermal effects of Ras activation, we generated
transgenic mice with inducible epidermal Raf function. To do this, we
expressed a 4OHT-inducibly active Raf1:ER fusion (16) in epidermis
using the K14 promoter. K14-Raf:ER mice expressed the fusion
protein in epidermis (Fig. 4a). As in the case of ER:Ras, three
independent lines of viable and fertile mice were generated; however,
all of the K14-Raf:ER mice that were generated displayed similar
levels of fusion protein expression (data not shown). Inducible Raf
activation in response to topical 4OHT was confirmed by the dem-
onstration of increased active ERK1/2 protein levels on tissue immu-
noblot and immunohistochemistry (Fig. 4, b and c). Application of
4OHT for 1 month produced the clinical hyperkeratosis and thicken-
ing observed in mid-copy K14-ER:Ras mice (data not shown). K14-

Fig. 1. Expression of inducible Ras in transgenic epidermis. a, Western blots demon-
strating expression of ER-Ras fusion protein in epidermal tissue extracts from low- (L),
medium- (M), and high- (H) expressing transgenic lines. The upper band, the constitu-
tively present ER-Ras fusion protein expressed at differing amounts in each line; the lower
band, endogenous Ras proteins (detected in both cases by pan Ras antibodies). b,
pull-down assay assessment of levels of GTP-bound Ras in wild-type (WT) and medium
expressing transgenic [K14-ER:Ras(M)] epidermal tissue extracts in response to topical
4OHT. Levels of active GTP-bound ER-Ras fusion (ER-Ras-GTP, top panel) and endog-
enous active Ras (Ras-GTP, second panel from the top) in tissue treated with ethanol
vehicle (-) or 4OHT were assessed by immunoblotting 16 h after application. Levels of
total Ras and actin loading control are shown in the bottom two panels.

Fig. 2. Appearance of skin from K14-ER:Ras transgenic lines before, during, and after
Ras induction with topical 4OHT. Back skin of WT and K14-ER:Ras transgenic mice
before (top row), at the completion of 4 weeks of topical vehicle alone (-) or 4OHT
(middle row), and 4 weeks after cessation of treatment (bottom row). Photos are shown of
the same mouse in each group through the course of the treatment regimen and are
representative (n � 5 mice/group/time point).
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Raf:ER mice thus display evidence of regulated Raf induction and
provide the opportunity to study phenotypic resemblance to K14-ER:
Ras mice.

Activation of Raf function led to epidermal changes indistinguish-
able from those induced by Ras. Both Ras and Raf induced epidermal
hyperplasia, with histological changes including acanthosis and hy-
pogranulosis (Fig. 4d). To further characterize and compare epidermal
changes triggered by Ras and Raf in developmentally mature epider-
mis, we analyzed expression of markers of proliferation, differentia-
tion, and epidermal progenitor cell function. Although untreated K14-
ER:Ras and K14-Raf:ER epidermis was indistinguishable from 4OHT
and untreated wild-type control in all respects, treated K14-ER:Ras
and K14-Raf:ER epidermis displayed similar changes of all features
studied (Fig. 5). These changes included an increased mitotic index,
decreased expression of differentiation markers and increased expres-
sion of �1 and �4 integrin subunits (Fig. 5). In the case of differen-
tiation marker expression, involucrin and keratin 10, which normally
appear in the spinous layer, were virtually absent. �1 and �4 integrin

subunits, implicated with their partners as increased in epidermal
progenitors (6, 19), were expressed strongly and in cells multiple-cell-
layers above the basement membrane zone in a pattern that was
similar to that observed in epidermal SCC (20). No increases in
apoptotic cells were observed, as assessed by in situ TUNEL staining
(data not shown). These findings indicate that activation of both Ras
and Raf in adult epidermis promotes the undifferentiated, proliferative
phenotypic characteristics observed in epidermal cancer. They also
confirm that Raf induction is sufficient to recapitulate effects of Ras
in driving these epidermal changes.

DISCUSSION

Here we have demonstrated that activation of Ras in adult epider-
mal tissue selectively activates MAPK but not other characterized
cascades and leads to reversible epidermal hyperplasia. Increasing
epidermal ER:Ras expression in individual lines of mice led to pro-
gressively more pronounced visible effects. These changes were ac-
companied by suppression of epidermal differentiation and enhanced
expression of integrins normally constrained to regions of the epider-
mal basal layer. Ras-driven epidermal alterations were recapitulated
by inducible Raf activation, indicating that Raf is sufficient to mediate
Ras effects in this setting.

Prior studies of the effects of activating Ras and Raf in postnatal
human and murine keratinocytes in culture presented contradictory
findings with respect to growth and differentiation (5–9). In vivo,
however, epidermal overexpression of active Ras mutants consti-
tutively, through development in transgenic mice by a number of
groups, led to hyperplasia in all cases (7, 10 –12). Signal strength
and cellular context have been clearly implicated as contributing to
the disparities with in vitro findings (7). Nonetheless, the possi-
bility remained that the developmental state of the keratinocytes
studied could also play a role. Because adult activation of Ras has
been implicated in development of epidermal SCC in UV- and
chemically induced carcinogenesis (3, 21, 22), it was of interest to
examine the effects of controlled epidermal Ras activation in the
adult context. Our data indicate that such activation produces
effects similar to those seen with constitutive expression of active
oncogenic Ras through development in transgenic mice. Moreover,
we show here that these epidermal Ras effects are entirely revers-
ible. This suggests that the changes induced by Ras, seen in both

Fig. 3. Induction of downstream Ras effectors. a, Western blots demonstrating induc-
ible increases in active phosphorylated ERK1/2 (p-ERK1/2) but not Akt1 (p-Akt) in
epidermal tissue from K14-ER:Ras transgenic mice 16 h after treatment with topical
4OHT or vehicle alone (-). Levels of total ERK1/2 and Akt1 are shown in the same
samples. b, pull-down assay assessment of levels of active GTP-bound Ral in epidermal
tissue 16 h after treatment with topical 4OHT or vehicle alone (-). Levels of total RalA and
actin-loading control are shown in the bottom two panels. c, positive controls for Ral-GTP
and phosphorylated Akt1. Ral-GTP pull-down assay/immunoblotting for RalA-GTP (left
panel) and immunoblotting for active Akt1 (right panel) were performed using extracts
from primary keratinocytes expressing constitutively active RalGDS-CAAX and p110�-
CAAX mutants.

Fig. 4. Expression of inducibly active Raf in transgenic epidermis. a, Western blots demonstrating expression of Raf1:ER (Raf:ER) fusion protein in epidermal tissue extracts from
wild-type littermate (WT) and K14-Raf:ER transgenic mice. The upper band denotes the constitutively expressed Raf:ER fusion protein and the lower band represents endogenous Raf
proteins, as detected in both cases by Raf1 antibodies. b, Western blots demonstrating inducible increases in active phosphorylated ERK1/2 (p-ERK1/2) in epidermal tissue from
K14-Raf:ER transgenic mice 16 h after treatment with topical 4OHT or vehicle alone (-). Levels of total ERK1/2 and actin-loading control are shown in the bottom two panels. c,
epidermal expression of active p-ERK1/2 protein 48 h after treatment with topical 4OHT or vehicle, detected immunohistochemically with antibodies to phosphorylated ERK1/2
(augmented p-ERK1/2 and increased thickness of K14-Raf:ER epidermis can be seen at this time point). d, histology of adult skin of mice after induction of Ras and Raf. K14-ER:Ras
(ER:Ras) and K14-Raf:ER (Raf:ER) mice were treated daily with topical 4OHT or ethanol vehicle for 2 weeks before assessment. There were marked hyperplasia and diminished
granular layer in epidermis subjected to Ras and Raf activation.
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development and adulthood, require the presence of active Ras
itself and are not a stable compensatory change sustained by other
factors. The present study, therefore, supports prior in vivo work
and indicates that Ras induction in the adult tissue setting is
sufficient to drive major changes seen in SCC, including hyper-
proliferation, suppressed differentiation, and enhanced integrin
expression (20, 23).

Although observed in some human epidermal SCC, oncogenic
RAS mutations have been reported to vary in frequencies between
different studies, and an actual pathogenic role of RAS mutations in
human SCC is not established. Epithelial malignancies with low
incidences of detected mutations, however, can display high levels
of pathogenically significant Ras protein activation, as recently
shown in breast cancer (24). This can occur via mechanisms
distinct from primary RAS mutation that lead to strong Ras induc-
tion, such as overexpression of upstream receptor tyrosine kinases.
In this regard, the mice generated here offer resources needed to
perform long-term studies to determine whether chronic activation
of Ras in adult epidermis leads to the development of invasive
neoplasia. Further work will be necessary to study this possibility
and to determine the therapeutic potential of strategies to inhibit
Ras function in human epidermal cancer.

By generating transgenic mice with inducibly active Raf function,
we demonstrated that Raf induction is sufficient to trigger changes in
epidermal growth and differentiation similar to those induced by Ras.
To our knowledge, this is the first in vivo Raf gain-of-function study
performed in epidermis. On the basis of the congruency of the present
regulated Ras findings with prior constitutive expression efforts, we
believe it is likely that constitutive Raf expression through develop-
ment would produce similar effects. The sufficiency of Raf in medi-
ating Ras-driven changes emblematic of epidermal cancer is signifi-
cant because it is possible that RAF mutations may contribute to a
proportion of cutaneous malignancies. In this regard, it has recently
been demonstrated that a majority of malignant cutaneous melanomas,
whereas known for some time to display evidence of MAPK pathway
activation, have recently been shown to express enzymatically active
Raf mutants via mutation in the BRAF gene (25). Combined with the
present work, these findings provide a rationale for future studies of
epithelial carcinogenesis designed to assess the control and function
of MAPKs, which are known to be up-regulated in epithelial SCC
(26). Thus, the present work supports the expansion of prior epidermal
cancer studies focused solely on Ras to include additional downstream
mediators of the Raf/MEK/MAPK pathway.

Fig. 5. Expression of markers of differentiation, proliferation, and progenitor cell phenotype. Skin of adult wild-type (WT), K14-ER:Ras (ER:Ras) and K14-Raf:ER (Raf:ER) mice
was analyzed by immunofluorescence after 4 weeks of daily treatment with topical 4OHT or ethanol vehicle (-). The top 2 panels represent double immunostaining for the differentiation
markers involucrin and K10 (both in green) and nidogen (orange) to mark the basement membrane zone. There is a loss of differentiation marker expression in the hyperplastic
epidermis that is seen with Ras and Raf induction. The bottom 3 panels represent single immunostains for the �1 (green) and �4 (orange) integrin subunits as well as the proliferation
marker Ki-67 (green). Induction of Ras and Raf leads to augmented expression of �1 and �4 integrin subunits extend multiple-cell-layers above the basement membrane zone (white
dots) along with an increased proportion of actively dividing Ki-67(�) cells. E, epidermis; D, dermis; arrowheads, Ki-67(�) cells in nonhyperplastic epidermis.
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