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Abstract

Ras genes are commonly mutated in human cancers of the skin and other tissues. Oncogenic Ras
signals through multiple effector pathways, including the Erk1/2 MAPK, phosphatidylinositol-3
kinase (PI13K), and the Ral guanine nucleotide exchange factor (RalGEF) cascades. In epidermis,
activation of oncogenic Ras induces hyperplasia and inhibits differentiation, features characteristic
of squamous cell carcinoma (SCC). The downstream effector pathways required for oncogenic
Ras effects in epidermis, however, are undefined. In this study we investigated the direct
contribution of Mek1 and Mek2 MAPKKSs to oncogenic Ras signaling. The response of murine
epidermis to conditionally active oncogenic Ras was unimpaired by deletion of either Mek1 or
Mek2 MAPKKSs individually. In contrast, Ras effects were entirely abolished by combined
deletion of all Mek1/2 alleles while epidermis retaining only one allele of either Mek1 or Mek2
showed intermediate responsiveness. Thus, the effects of oncogenic Ras on proliferation and
differentiation in skin display a gene dosage-dependent requirement for the Erk1/2 MAPK cascade
at the level of Mek1/2 MAPKKS.
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Introduction

The epidermis is a stratified squamous epithelium that provides an essential barrier between
the interior and exterior of an organism by blocking the entry of foreign microorganisms and
the exit of body fluids. It is maintained by stem cells that possess the ability to self-renew
and generate daughter cells that differentiate along the lineages of the interfollicular
epidermis, hair follicles, and sebaceous glands (Fuchs and Horsley, 2008). The epidermis
relies on a finely calibrated homeostatic balance between cell division in the undifferentiated
basal cell layers and terminal differentiation in the outer cell layers, such that the epidermis

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms

*Correspondence: Paul A. Khavari Program in Epithelial Biology 269 Campus Drive, Room 2145 Stanford, CA 94305 (650)
725-5266 Phone (650) 723-8762 FAX khavari@stanford.edu.


http://www.nature.com/authors/editorial_policies/license.html#terms

1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Scholl et al.

Page 2

is continually regenerated. Epidermal homeostasis, however, is perturbed in many skin
diseases, including cancer, in which cell proliferation is inappropriately increased and
differentiation is inhibited. Ras, a small GTPase protein mutated in approximately 30% of
all cancers (Castro et al., 2005; Hoshino et al., 1999; Pierceall et al., 1991), is activated by a
variety of receptors, including growth factor receptor tyrosine kinases and integrins.
Activating Ras mutations have been found in epidermal SCCs at frequencies as high as 46%
(Pierceall et al., 1991), and tumors lacking Ras mutations display increased levels of active,
GTP-bound Ras in a majority of cases (Dajee et al., 2003). The finding that Ras is a potent
oncogene in skin and other tissues has stimulated efforts to treat Ras-associated tumors by
targeting Ras effectors.

Ras signals via a host of effector pathways, among which are the Raf/Mek/Erk pathway, the
type | phosphatidylinositol-3 kinases pathway, and the Ral guanine nucleotide exchange
factors pathway (Dhillon et al., 2007; Shaul and Seger, 2007). Recent work has identified
the Erk1/2 mitogen-activated protein kinase (MAPK) cascade as an essential regulator of
epidermal homeostasis. This three-tiered kinase cascade—comprising Raf MAPKKKSs, Mek
MAPKKSs, and Erk1/2 MAPK—translates extracellular signals into changes in gene
expression and protein activity to regulate a wide range of cellular functions, including
proliferation, differentiation, and survival (Chambard et al., 2007; Sturgill, 2008). Upon
activation, Ras recruits Raf (Raf-1, B-Raf, and A-Raf) to the cell membrane, where it is
phosphorylated. Raf then phosphorylates Mek (Mek1 and Mek2), which in turn
phosphorylates Erk1 and Erk2, the only known Mek1/2 substrates. To date, only Mek1 and
Mek2 are known to activate Erk1/2, which in turn phosphorylate over 160 proteins,
including numerous cytoplasmic and nuclear targets, such as kinases, phosphatases,
transcription factors, and cytoskeletal proteins (Yoon and Seger, 2006).

Mek1 and Mek2 are highly homologous proteins with 85% sequence identity. They are
activated not only by Raf kinases, but also by c-mos, tpl-2, and Mek kinase 1. Selective
knockouts in mice have been valuable in delineating the functional roles of Mek1 and Mek2
in development. Mek1 knockout mice die during embryogenesis, but further analysis
demonstrated that Mek1 is required only for extraembryonic ectoderm formation, since
depletion of Mek1 specifically in the embryo proper had no effect on development
(Bissonauth et al., 2006; Giroux et al., 1999). In contrast, Mek2 knockout animals are
viable, fertile, and phenotypically normal (Belanger et al., 2003). A recent study established
the necessity of Mek1/2 function in mammals by showing that combined Mek1/2 deletion in
mouse skin results in tissue hypoplasia, hypo-proliferation, and perinatal lethality (Scholl et
al., 2007). Depletion of Mek1 in the skin of adult Mek2 knockout mice led likewise to
hypoplasia, hypo-proliferation, and apoptosis. Similarly, combined depletion of Mek1/2 in
human skin grafts through siRNA resulted in hypoplasia and hypo-proliferation (Scholl et
al., 2007). Thus, function of the Erk1/2 MAPK pathway in epidermis is required for
viability in mammals and displays functional redundancy at the level of Mek1/2 MAPKKS.

The Erk1/2 MAPK pathway has gained recent attention due to the unexpected finding that
gain of function mutations in Ras, Raf, Mek1, and Mek2 underlie three clinically
overlapping human genetic disorders: Noonan, cardio-facio-cutaneous, and Costello
syndromes (Aoki et al., 2008; Kratz et al., 2007). The Erk1/2 MAPK pathway has largely
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been studied in vitro, however. Conflicting data have been presented for keratinocytes in
these studies, and limited in vivo data are available. Mouse studies have shown that
dominant negative Ras induces epidermal hypoplasia and increases differentiation when
expressed in the basal epidermal layer, but has no effect when expressed in the suprabasal
layer, indicating that Ras activity is required in basal layer keratinocytes, where it acts to
promote proliferation and oppose differentiation (Dajee et al., 2002). Mice expressing
oncogenic Ras in suprabasal layers of the epidermis develop papillomas (Bailleul et al.,
1990; Brown et al., 1998; Greenhalgh et al., 1993). Furthermore, expression of
constitutively active Ras in the basal layer of mouse skin effects epidermal hyperplasia
marked by increased cell proliferation, increased integrin expression, and reduced
expression of differentiation markers (Oh et al., 2007; Tarutani et al., 2003). Transgenic
mice expressing active forms of Raf-1 and Mek1 similarly display hyperplasia and
decreased differentiation marker expression in skin (Scholl et al., 2004; Tarutani et al.,
2003), indicating that the Erk1/2 MAPK pathway may be an important mediator of the
effects of oncogenic Ras in epidermis. The requirement for Erk1/2 MAPK pathway function
in mediating oncogenic Ras effects in epidermis, however, is unknown.

Other major pathways downstream of Ras have also been implicated in Ras-driven
hyperplasia. Activation of the PI3K pathway in skin has been shown to induce hyperplasia
and promote hair growth (Murayama et al., 2007). P13K consists of four isoforms: p110a,
p110pB, p1105, and p110y. p110a has been associated with cancer-specific mutations and is
required for Ras-driven tumorigenesis in mice (Denley et al., 2008a; Gupta et al., 2007).
The functions of the PI3K isoforms may not be completely independent from the Erk1/2
MAPK pathway, for the Erk pathway is required for p110y and p100p transformation
capacity (Denley et al., 2008b). In addition, the RalGEF pathway has been implicated in
cancer, as loss of RalGDS reduces tumor incidence in the DMBAJ/TPA skin carcinogenesis
model due to reduced survival of RalGDS knockout cells (Gonzalez-Garcia et al., 2005). To
understand the signaling targets of oncogenic Ras and to design therapies against Ras-driven
tumors, it will be important to delineate the necessity of each effector cascade in mediating
the effects of Ras. Indeed, the Erk1/2 MAPK pathway has been a major focus for drug
development, with Ras, Raf and Mek1/2 as the main targets, although no isoform-specific
inhibitors for Mek1/2 are yet available (McCubrey et al., 2008; Wallace et al., 2005).
Genetic studies designed to define the effector pathways required for oncogenic Ras effects
in cancer-relevant tissues may help focus drug development efforts targeting Ras-driven
tumors.

Here we investigated the importance of Mek1 and Mek2 MAPKKSs in mediating Ras-
induced hyperplasia in epidermis, a common tissue site of Ras-driven tumors. To do so,
oncogenic Ras was conditionally activated in the skin of mice deficient in Mek1, Mek2, or
both genes. Oncogenic Ras activation in skin in which two of the four Mek alleles were
replaced by null alleles was reactive to oncogenic Ras signals in a manner indistinguishable
from that of wild-type skin. In contrast, skin retaining only one wild-type Mek allele
displayed dramatically reduced hyperplasia in response to oncogenic Ras activation, and
skin lacking all Mek alleles was refractory to the oncogenic Ras stimulus. These data
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indicate that Mek1/2 MAPKKSs are required in a gene dosage-dependent manner to mediate
oncogenic Ras effects in epidermis.

Results

Mek1 is dispensable for oncogenic Ras-induced epidermal hyperplasia

To study the extent to which Mek1 disruption affects Ras signaling, we analyzed the effect
of Ras activation in adult mouse skin lacking the Mek1 MAPK. Transgenic mice expressing
a 4-hydroxytamoxifen (4OHT) inducible oncogenic Ras construct driven by the keratin 14
promoter (K14-ER:Ras mice, denoted in figures as ER:Ras) were crossed to skin-restricted
Mek1 knockout mice. As previously described, activation of Ras in wild-type skin
(Mek1f/flER:Ras) induced massive hyperplasia and hyperproliferation after as few as 5
days, with the first clinical signs of hyperplasia appearing after 3 days of 40HT treatment
(Tarutani et al., 2003). We observed the same level of hyperplasia in Mek1 heterozygous
(Mek1f*CreER:Ras) and Mek1 knockout animals (Mek1/fICreER:Ras) following Ras
activation (Figure 1). In all cases, Ras-induced hyperplasia was marked by increased
proliferation as well as increased expression of 34 integrin and the proliferation-associated
keratin 6. Further, as expected, differentiation marker expression, including that of loricrin
and keratin 10, was reduced. These results reflect a consequence of Ras activation in the
skin, since ethanol vehicle treatment alone had no effect on either skin thickness or the
expression of any marker analyzed. Thus, Mek1 expression is dispensable for Ras-induced
hyperplasia.

Recently, it was reported that Cre recombinase has toxic effects that may have complicated
interpretation of several mouse knockout models (Editorials, 2007; Naiche and
Papaioannou, 2007; Schmidt-Supprian and Rajewsky, 2007). To rule out a toxic effect of
Cre in our experiments, we analyzed our transgenic mouse lines, which express Cre or
inducible Cre (Cre:ER) from the keratin 14 promoter, which restricts Cre expression to
stratified epithelial tissues. Five days of treatment with ethanol or 4OHT had no effect on
adult mouse skin from either the Cre line or the Cre:ER line, similar to observations made in
wild-type animals (Supplemental Figure 1). Further, no differences in expression of keratin
6, loricrin, keratin 10, keratin 5, Ki67, or B4 integrin were seen. We thus observe no Cre
toxicity in our transgenic mouse lines with the treatment used in our experiments. Similarly,
the epidermis of skin-restricted Mek1 knockout mice, inducible skin-restricted Mek1
knockout mice, and Mek1/2 double knockout mice was investigated in regard to potential
nonspecific or toxic Cre side effects. Both types of conditional Mek1 knockout mice showed
no response to ethanol or 4OHT treatments, similar to wild-type mice (Supplemental Figure
2). In contrast, as previously reported (Scholl et al., 2007), knockout of both Mek1/2
proteins led to apoptosis, since activation of Cre results in a total loss of Mek1/2 and
abolishes function of the Erk1/2 MAPK signaling cascade, which is crucial for cell survival
(Supplemental Figure 2). Taken together, these data demonstrate the absence of Cre
recombinase toxicity in this setting.
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Mek2 is dispensable for oncogenic Ras-induced epidermal hyperplasia

We next assessed the requirement for Mek2 in Ras-induced epidermal hyperplasia. Mek2
knockout animals were crossed with K14-ER:Ras transgenic mice. Wild-type (Mek2*/*),
Mek2 heterozygous (Mek2*/~), and Mek2 knockout (Mek2~~) ER:Ras transgenic mice
were treated topically with either ethanol or 4OHT for 5 days. Activation of Ras, achieved
by 40HT treatment, led to hyperproliferation and hyperplasia that did not depend on the
presence of Mek2 (Figure 2). Furthermore, loss of Mek2 did not alter the expression of
keratin 5, 6, and 10, loricrin, Ki67, or f4 integrin. As seen in wild-type and Mek1 knockout
skin (Figure 1), activation of Ras in Mek2 knockout skin caused acanthosis, hypogranulosis,
and hyperkeratosis. As a control, ethanol treatment alone had no effect on the skin of any
genotype. Together, these data demonstrate that Mek2 deletion does not alter epidermal
response to Ras-mediated signals in skin.

Mek1/2 gene dosage influences Ras-induced epidermal hyperplasia

Because Mek1 and Mek2 show high structural and functional similarities, it is possible that
our inability to see an effect on Ras-induced hyperplasia after deleting one isoform of Mek
was due to functional compensation by the remaining Mek isoform. To further investigate
the necessity of the Erk1/2 MAPK pathway in mediating Ras-induced hyperplasia, we
generated mice having combinations of Mek1 and Mek2 wild-type and null alleles in the
background of the K14-ER:Ras transgene. Upon Ras activation, mice having at least two
functional alleles of either Mek1 or Mek2 showed hyperplasia indistinguishable from that
induced by Ras activation in wild-type skin (Figure 3a). This massive hyperplasia, which
caused a 13.5-fold increase in skin thickness as compared to normal skin, was always
accompanied by hypogranulosis, hyperkeratosis, and some inflammation. In contrast, mice
having solely one Mek1 or Mek?2 allele (Mek1f/*Mek2~/~CreER:Ras,
Mek1f/fIMek2*/~CreER:Ras) displayed only mild hyperplasia, with a 3.5-fold increase in
skin thickness as compared to normal skin (Figure 3b). Furthermore, skin lacking all alleles
of Mek1/2 was entirely unresponsive to Ras-induced hyperplasia and resembled normal
mouse skin. No epidermal apoptosis, as assessed by TUNEL staining, was visible after 5
days of 40HT treatment in any of the genotypes studied; a magnified view of the
histological appearance of each genotype is shown in Supplemental Figure 3. As expected,
treatment of skin of any genotype with ethanol alone had no effect on thickness or
differentiation marker expression (Supplemental Figure 4). The lack of Mek1/2 expression
in the mutant mouse skin was previously demonstrated (Scholl et al., 2007).
Immunohistochemical staining of mutant mouse skin with an antibody that recognizes both
Mek1 and Mek?2 further confirmed the lack of epidermal Mek1/2 expression (Figure 4c¢ and
Supplemental Figure 5).

Thus, Mek1/2 gene dosage strongly influences Ras-induced hyperplasia in mouse skin.
Whereas loss of any two Mek alleles does not affect Ras-induced hyperplasia, skin lacking
three Mek alleles is minimally responsive to Ras-induced hyperplasia, and Mek1/2 double
knockout skin is entirely refractory to the actions of oncogenic Ras.
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Activation of Ras effector pathways is altered depending on degree of Mek1/2 loss

Ras signals through a multitude of effector pathways. Therefore, the effect of Mek1/2 loss in
inducible oncogenic Ras activated skin on the three main downstream signaling pathways
was assessed, namely the Erk1/2 MAPK pathway, the PI13K pathway, and the RalGEF
pathway. Epidermal skin extracts were obtained after 5 days of daily 4OHT or ethanol
treatment and phospho-Erk1/2 levels were assessed by Western blot. Activation of
oncogenic Ras led to a massive increase in Erk1/2 phosphorylation over the basal level of
Erk1/2 phosphorylation in mouse skin, which can only be detected with longer exposures
(data not shown). No change in the amount of Ras-induced Erk1/2 phosphorylation was seen
as long as at least two Mek alleles were present, regardless of whether these alleles are
Mek1 or Mek2. In contrast, a single allele of Mek1 or Mek?2 was capable of inducing only a
minimal amount of Erk1/2 phosphorylation (Figure 4 a). Thus, the level of Erk1/2
phosphorylation induced by oncogenic Ras correlates with the increase in epidermal
thickness stimulated by this oncogene. Immunochistochemical staining of phospho-Erk1/2 in
treated mouse skin sections confirmed the Western blot findings (Figure 4a,c and
Supplemental Figure 5).

To assess the activation of the Ral pathway, RalA-GTP level in epidermal extracts was
measured by a pulldown assay. As expected, Ras activation in mouse skin led to an increase
of RalA-GTP, but this increase was very modest as compared to that of human keratinocytes
activated by EGF (Figure 4b). The number of Mek alleles did not broadly affect the extent
of Ras-induced RalA-GTP increase, although loss of all four Mek1/2 alleles appeared to
reduce the RalA-GTP increase slightly.

Activation of the PI3K pathway was assessed by immunohistochemical staining of phospho-
Akt in treated mouse skin sections. The level of phospho-Akt activation correlated with
epidermal hyperplasia, with tissue containing 2—4 Mek alleles showing pronounced staining
(Figure 4c and Supplemental Figure 5). There was no increase of phospho-Akt staining in
Mek1/2 double knockout skin in which Ras is activated, as compared to that of skin in
which Ras was not activated.

Long-term activation of oncogenic Ras in skin results in papilloma-like hyperplasia, which
is Mek1/2 gene dosage-dependent

We next wanted to assess the Mek1/2 dependence of oncogenic Ras over a longer period of
Ras action. Long-term topical 4OHT treatment influences not only lower back skin but also
the mouth epithelium—perhaps due to mouse grooming—and impairs long-term viability
(Scholl, FA unpublished observations). To circumvent these effects, we grafted skin from
genetically altered mice onto immune-deficient mice. Dorsal skin was harvested from
ER:Ras, Mek1/flcreER:Ras, Mek2/"ERRas, Mek1/flMek2~/~Cre:ER,
Mek1%/*Mek2~/~CreER:Ras, Mek1/fIMek2*/~CreER:Ras, and
Mek1f/flMek2/-Cre:ERER:Ras mice. Two skin pieces, each from a different mouse, were
grafted onto individual CB-17 scid mice. This procedure was performed in duplicate to
generate identical mouse pairs. After the grafts were allowed to heal for 3 months, the
animals were shaved, and for each pair of identical mice, one was treated with 4OHT and
the other with ethanol (Figure 5a).
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Consistent with our previous results (Scholl et al., 2007) and depicted in Supplemental
Figure 2, combined Mek1/2 deletion led to tissue death, as treatment of
Mek1f/fIMek2~/~Cre:ER grafts with 4OHT led to epidermal erosions and eschar formation
after 14 days, and progressed over the next 7 days to skin graft loss. In contrast, treating the
skin of any genotype with ethanol had no effect (Supplemental Figure 6). As observed
previously, activation of the ER:Ras transgene with 40HT in wild-type, Mek1f/fiCre, or
Mek2~/~ skin resulted in massive hyperplasia that was equivalent in each genotype (Figure
5b). The whole skin graft became hyperplastic, resembling a large papilloma (Figure 5b, left
graft in first column). Skin grafts containing only one Mek1 or Mek2 allele
(Mek1f/*Mek2~-CreER:Ras, Mek1f/fIMek2*/~CreER:Ras) also responded to Ras
activation, but with formation of smaller papillomas, consistent with our short-term studies.
In contrast, activation of oncogenic Ras in the setting of combined Mek1/2 deletion failed to
produce either papillomatosis or tissue death: treatment of Mek1f/fIMek2~/~Cre:ERER:Ras
mouse skin with 40HT initially caused some eschar formation, but no epidermal erosions
were seen, and after 21 days of treatment, the skin was normal or minimally hyperkeratotic.
These data thus show that combined deletion of Mek1 and Mek2 disrupts the epidermal
response to long-term activation of oncogenic Ras.

Discussion

Here we have observed that the Mek1/2 MAPKK components of the Erk1/2 MAPK pathway
are required for the epidermal hyperplasia and impaired differentiation induced by
oncogenic Ras and that this relationship is gene dosage-dependent. To demonstrate this,
mice expressing conditionally active, 4OHT-responsive oncogenic Ras in the epidermis,
skin-restricted Mek1 knockout mice, and Mek2 knockout mice were used. The presence of
any combination of two or more of the four total alleles of Mek1 and Mek2 were sufficient,
in the context of oncogenic Ras activation, to mediate hyperplasia, hyperproliferation, and
reduced expression of differentiation markers in skin. In contrast, the presence of a single
allele of Mek1 or Mek2 was not sufficient to support maximal oncogenic Ras signaling, as
hyperplasia was reduced significantly in these genotypes. Finally, Mek null skin was
completely refractory to the effects of oncogenic Ras, confirming the primary importance of
the Erk1/2 MAPK cascade in mediating the effects of this oncogene (Supplemental Figure
7).

Functional redundancy of Mek1 and Mek?2

Our results indicate overlapping functions for Mek1 and Mek2 in oncogenic Ras-induced
hyperplasia. This is in concordance with normal homeostasis, where loss of Mek1 or Mek2
in skin has no effect on epidermal development or maintenance (Belanger et al., 2003;
Bissonauth et al., 2006). Further, mice expressing only one of the four total Mek1/2 alleles
in skin, whether Mek1 or Mek2, are viable and fertile, show no skin abnormalities, and are
indistinguishable from normal mice (Scholl et al., 2007). Therefore, a single Mek allele is
sufficient for normal skin homeostasis, but is not adequate to transmit the total extent of
oncogenic Ras action. This activity appears to require at least two Mek1/2 alleles, whether
two Mek1, two Mek2, or one Mek1 and one Mek?2 allele. These results thus suggest that
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Mek1 and Mek?2 contribute similarly to Ras-induced hyperplasia and that both may have to
be targeted by therapeutics aimed at Ras-associated tumors in this tissue.

In contrast, a previous report (Scholl et al., 2004) investigating the effect of expression of
active forms of Mek1 and Mek2 in mouse as well as human skin showed that constitutively
active Mek1 promotes proliferation and hyperplasia, whereas constitutively active Mek2 has
no effect. The apparent functional difference between these two isoforms may have been
due to the use of oncogenic forms the proteins, as overexpression of mutant proteins could
have allowed for nonphysiologic activity. Interestingly, MEK1 mutations have been
identified in cancer, but MEK2 mutants have not (Estep et al., 2007; Marks et al., 2008).

Gene dosage and oncogenic Ras-responsiveness

Limiting the amount of Mek1/2 directly limits the extent of hyperplasia, hyperproliferation,
and hyperkeratosis induced by oncogenic Ras. Similarly, the hyperplasia of three different
lines of Ras transgenic mice was directly proportional to the level of Ras expression in
transgenic lines (Tarutani et al., 2003). Another study demonstrates as well that the level of
oncogenic H-Ras correlates with tumorigenicity and malignancy (Sun et al., 2008). Thus,
the effects of oncogenic Ras signaling are limited not only by the amount of activated Ras
expressed in cells, but also by the levels of the downstream kinases Mek1/2.

Interestingly, although Mek1/2 double knockout skin is phenotypically normal after 5 days
of Ras activation and shows no hyperplasia or cell death, Mek1/2 double knockout skin
displays apoptosis after 5 days of Raf-1 activation (Scholl et al., 2007). Whereas Raf
activates only the Erk1/2 MAPK cascade, Ras activates many additional signaling pathways,
and it is likely that one of these pathways is able to rescue the cell death induced by Mek1/2
loss. Long-term, 21-day treatment of skin grafts demonstrates that skin possessing a single
Mek allele is capable of substantial hyperplasia, but this hyperplasia remains reduced as
compared to that of epidermis having 2—4 Mek1/2 alleles. Mek1/2 double knockout skin,
however, is barely hyperproliferative, even at this late time point. Thus, gene dosage appears
to be a central determinant of tissue responsiveness to Ras and Erk1/2 MAPK signaling
during both short and long timeframes.

Oncogenic Ras activates multiple effector pathways, including the Erk1/2 MAPK, RalGEF,
and PI3K cascades. Loss of all Mek1/2 alleles blocks the hyperplasia induced by oncogenic
Ras in epidermis, suggesting that the skin phenotype observed in response to Ras activation
is transmitted predominantly through the Erk1/2 MAPK pathway. Interestingly, it was
shown that activation of the PI3K pathway through expression of active Akt in skin results
in hyperplasia and hair growth (Murayama et al., 2007), which appears to contradict our
observations. However, our studies focused on the requirement for Erk1/2 MAPK function
in oncogenic Ras-driven effects and it is possible that PI3K/Akt signaling contributes in a
synergistic fashion with Erk1/2 MAPK action. Consistent with this, a recent report, based on
in vitro data, demonstrates that two out of the four subunits of PI3K depend on a functional
Erk1/2 MAPK pathway for their ability to transform cells (Denley et al., 2008b). Our study
shows that Akt activation is higher in hyperplastic skin than in nonhyperplastic skin,
suggesting that Erk activity aids activation of Akt, which provides support for a functional
interaction model. Further, no increased phoshpo-Akt staining was seen in Mek1/2 double
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knockout skin in which Ras is activated, as compared to the skin in which Ras is not
activated, suggesting that Akt activation does not explain the reduced apoptosis observed in
this genotype. It cannot be excluded that the crucial time point was missed, however, and
that transient Akt activation explains the lack of apoptosis in the presence of oncogenic Ras.
It will be interesting to further investigate the interactions between these pathways in vivo.
Further, the extent of oncogenic Ras-induced RalA-GTP increase was not significantly
affected by the number of Mek alleles present, although loss of all Mek1 and Mek?2 alleles
appeared to slightly reduce Ral-GTP levels.

Materials and methods

Mice

Mek2~~ mice and Mek1™"/f mice were maintained in a 129/SVEv background (Belanger et
al., 2003; Bissonauth et al., 2006). K14-ER:Ras transgenic mice, Jax stock number 006403,
were kept in a 129/SvEv background (Tarutani et al., 2003). K14-Cre transgenic mice were
obtained from Elaine Fuchs (Vasioukhin et al., 1999) and K14-Cre:ER mice were provided
by Pierre Chambon (Li et al., 2000); each line was backcrossed to 129/SvEv mice. All
mouse husbandry and experimental procedures were conducted in compliance with the
protocols established by the Stanford University Animal Care and Use Committee. Mice
were genotyped as previously described (Scholl et al., 2007). The ER:Ras transgene was
detected with either the following primers: 5'-CACCACCAGCTCCACTTCAGCACATT-3'
and 5'-CGCACCAACGTGTAGAAG GCATCCTC-3' or by genotyping performed by
Transnetyx Inc. (Cordova, TN). The lower backs of mice were shaved and a 5-day, once-
daily topical application of 4-hydroxytamoxifen (4OHT, Sigma) (1 mg/0.1 ml ethanol) was
used to activate the ER:Ras and Cre:ER transgenes.

Grafting of mouse skin onto immune-deficient mice

Skin samples from 5-6 week old mice were harvested, stored overnight at 4°C in PBS with
100 U/ml penicillin and 100 pg/ml streptomycin, and then grafted onto 6 — 8 week old
female CB-17 scid mice (Charles River). Grafts of adult mouse skin were maintained for
three months after surgery, at which point they began a three-week regimen of once-daily
40HT (1mg/0.1ml ethanol) or ethanol (vehicle) treatment. Samples were harvested 24 hours
after the final treatment.

Active Ral pull-down assay

Pull-down assay to analyze levels of GTP-bound RalA was performed under nonsaturated
conditions as described (Wolthuis et al., 1998). Briefly, bacterially produced GST-RalBD
lysate was pre-coupled to glutathione-Sepharose beads (12ul/sample, Amersham) at room
temperature for 30 min with shaking. After washing, 100 pg of epidermal tissue extract was
added at 4°C for 1 hour with shaking. After 3 washes, the samples were separated on 12%
SDS PAGE. Levels of active Ral protein were detected by a monoclonal anti-RalA antibody
(1:1000, Transduction Laboratories).
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Western Blot

Histological

Mice were treated with 4OHT or ethanol daily for 5 days. For immunoblotting, epidermal
skin extract was obtained by incubating the dorsal skin in 1:1 dispase/PBS (Invitrogen,
Carlsbad, CA) at 37°C for 3 hours to separate the epidermis from the dermis. The epidermis
was lysed in lysis buffer and run on Western blots as previously described (Scholl et al.,
2007). Antibodies used for immunoblotting were goat anti-RalA (1:1,000, R&D), rabbit
anti-phospho-p44/42 MAPK (1:1,000, Cell Signaling Technologies, Danvers, MA), rabbit
anti-p44/42 MAPK (1:1,000, Cell Signaling Technologies, Danvers, MA), donkey anti-
rabbit 1gG conjugated to horseradish peroxidase (HRP) (1:40,000, Amersham Biosciences,
Piscataway, NJ) and bovine anti-goat HRP (1:10,000, Santa Cruz Biotechnology, Santa
Cruz, CA).

and immunohistochemical analyses of tissues

Skin samples of the lower backs of treated mice were harvested, fixed overnight in 10%
neutral buffered formalin (Accustain, Sigma-Aldrich, USA), embedded in paraffin, cut into
5 um sections, and stained with hematoxylin and eosin (H&E) or by immunohistochemistry
according to standard methods. Permeabilization for antigen retrieval was achieved by
microwaving samples in Antigen Unmasking Solution (Vector Laboratories, Burlingame,
CA), after which the sections were stained with rabbit anti-phosho-Akt (1:150), rabbit anti-
Akt (1:900), rabbit anti-MEK (1:150), rabbit anti-phospho-p44/p42 MAPK (1:600), and
rabbit anti-p44/42 MAPK (1:750) Cell Signalling Technologies) as primary antibodies and
biotinylated horse anti-rabbit IgG as secondary antibody (RTU Vectastain Universal Elite
ABC Kit, Vector Laboratories). Staining and development were performed using the Elite
ABC Reagent (Vector Laboratories) and DakoCytomation liquid DAB+ substrate
chromogen system (Dako). The slides were counterstained with hematoxylin and PBS
blueing. A minimum of three specimens was analyzed per genotype. Tissue stains were
examined using a Leica DM LB microscope. The thickness of the interfollicular epidermis
was measured from the basal layer to the top of the stratified layer using a micrometer (the
cornified layer was not included).

Immunostaining

Statistics

For each mouse genotype, specimens from at least 3 individual mice were harvested and
analyzed. Samples from all genotypes were stained simultaneously and representative
pictures were taken using a Zeiss 100M Axiovert microscope. Lower back skin samples
were frozen in OCT (Sakura Finetek, Torrance, CA), cut into 7 um cryosections, and fixed
with either acetone or 4% paraformaldehyde. Detailed procedures and antibody information
were previously described (Scholl et al., 2007). TUNEL assays were performed on skin
sections as recommended by the manufacturer (Roche Diagnostics).

ANOVA and subsequent post hoc comparisons using Student's t test were performed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Mek1 deletion fails to alter oncogenic Ras-induced epidermal hyperplasia. Histology and

immunofluorescence staining of adult mouse skin after 5 days of treatment with ethanol
(vehicle) or 4-hydroxytamoxifen (4OHT). Tissue genotypes and treatment groups are noted
at the top of each column. Skin sections were stained with antibodies against keratin 6,
loricrin, keratin 10, keratin 5, Ki67, and 4 integrin (orange), and counterstained with
Hoechst 33342 nuclear dye (blue) as noted at the right of each corresponding row; scale bars
=50 pm.
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Ras-induced hyperplasia is not dependent on Mek?2. Histology and immunofluorescence
staining of adult mouse skin after 5 days of treatment with ethanol (vehicle) or 4-
hydroxytamoxifen (4OHT). Tissue genotypes studied and treatment groups are noted at the

top of each column, and markers stained are noted to the right. Scale bars = 50 um.
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a 40HT

Figure 3.
Ras-induced hyperplasia is Mek gene dosage-dependent. Whereas the presence of two Mek

alleles is sufficient for full hyperplasia, the presence of one Mek allele is associated with
reduced hyperplasia, and no hyperplasia is observed in skin with no Mek alleles. (a)
Histology and immunofluorescence staining of adult mouse skin after 5 days of treatment
with 4-hydroxytamoxifen (4OHT). Tissue genotypes are noted at the top of each column and
markers stained are noted to the right. Scale bars = 50 um. (b) Quantification of hyperplasia.
The interfollicular epidermis was measured using a micrometer. Error bars represent the
mean + SEM (n = 5 per genotype). The difference in skin thickness between wild-type (WT)
skin versus ER:Ras induction in 2—4 allele Mek skin (*, p < 2x107°) and WT skin versus
ER:Ras induction in 1 allele Mek skin (**, p < 0.0008) are statistically significant by
Student's t test analysis.
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Figure4.
Changes in Ras effector pathways following ablation of Mek1/2 alleles. (a) Epidermal

extracts of the noted genotype, after treatment with either 4OHT or ethanol diluent control,
were probed with the antibodies indicated at right. (b) GTP-bound Ral recovered with GST-
RalBD (upper panel) and Ral present in the epidermal mouse extract or EGF-stimulated
normal human keratinocytes (NHK) (lower panel) were identified by Western analysis using
a RalA specific antibody. (c) Immunohistochemistry of adult mouse skin after 5 days of
treatment with 40OHT or ethanol. The genotypes are noted on top, the antibodies used at
right. Scale bar = 50 um.
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Figure5.
Long-term activation of Ras in mouse skin. (a) Skin strips from 5-6 week old transgenic

mice were grafted adjacently onto immune-deficient mice. This procedure was performed in
duplicate to generate identically grafted mice, which were subsequently treated topically
with either ethanol or 40OHT. (b) Mice were treated with 4OHT over the course of 21 days;
time points are noted to the left. Genotypes are noted at the top of each column over each
corresponding graft. The lower panel displays the histologic appearance of each graft at day
21. Scale bar = 200 pm.
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