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 paper typeCOMMENTARY

Proliferation and differentiation of 
epidermal keratinocytes are tightly 

controlled to ensure proper develop-
ment and homeostasis of the epidermis. 
The Ras family of small GTPases has 
emerged as a central node in the coordi-
nation of cell proliferation in the epider-
mis. Recent genetic evidence from mouse 
models has revealed that the intensity of 
Ras signaling modulates the prolifera-
tive capacity of epidermal keratinocytes. 
Interfering with Ras signaling either by 
combined elimination of the 3 Ras genes 
from the basal layer of the epidermis or by 
overexpression of dominant-negative Ras 
isoforms caused epidermal thinning due 
to hypoproliferation of keratinocytes. 
In contrast, overexpression of oncogenic 
Ras mutants in different epidermal cell 
layers led to hyperproliferative pheno-
types including the development of pap-
illomas and squamous cell carcinomas. 
Here, we discuss the value of loss- and 
gain-of-function studies in mouse mod-
els to assess the role of Ras signaling in 
the control of epidermal proliferation.

Introduction

Tight regulation of cell proliferation is 
critical for tissue homeostasis in embryonic 
as well as in postnatal life. Unbalanced 
proliferation could result either in tissue 
atrophy in the case of insufficient prolifer-
ation, or in tumor development in case of 
unscheduled growth. The skin epidermis 
is a tissue characterized by a high rate of 
cellular turnover that requires strict con-
trol of cell proliferation.1 The stratified 
epidermis is the outermost structure of the 
skin and protects organisms against water 

loss and prevents inclusion of toxic agents 
as well as microorganisms. This protec-
tion is achieved by the formation of a non-
permeable barrier consisting of a large, 
intercalated network of keratinocytes.2,3 
The epidermis consists of various layers of 
keratinocytes characterized by differential 
proliferative capacities as well as varying 
degrees of differentiation.2-4 The basal 
layer (stratum basale) is highly proliferative 
and constantly gives rise to new basal cells 
as well as more differentiated suprabasal 
cells (stratum spinosum) through balanced 
symmetric and asymmetric cells divisions, 
respectively. Whereas basal keratinocytes 
are characterized by expression of keratins 
5 and 14, suprabasal cells display a shift 
toward expression of keratins 1 and 10, 
thereby forming a more robust keratin 
network accompanied by an increase in 
cell-cell junctions.1 As these cells further 
differentiate to form the granular layer 
(stratum granulosum), the process of strati-
fication continuously proceeds to generate 
layers of dead, enucleated cells forming 
the corneal envelope (stratum corneum).2,4 
Cells of the granular and corneal layers 
gradually reduce expression of keratins 1 
and 10 and start to produce other proteins 
such as involucrin, loricrin, or filaggrin, 
thereby further contributing to establish a 
non-permeable barrier.2-5

Although the structural and morpho-
logical traits of epidermal development 
have been well characterized, the molecu-
lar pathways controlling these processes are 
only beginning to emerge.6 Accumulating 
evidence obtained from mouse mod-
els suggests that the Ras family of small 
GTPases plays a fundamental role in these 
processes. In mammals, Ras proteins are 
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encoded by three independent loci, H-Ras, 
N-Ras and K-Ras.7,8 Genetic studies have 
indicated that H-Ras and N-Ras, either 
individually or in combination, are dis-
pensable for mouse development and tis-
sue homeostasis. In contrast, K-Ras is an 
essential gene and mice lacking this locus 
die between 12 and 14 d of gestation due 
to anemia and liver defects.8-11 However, 
expression of H-Ras from the K-Ras locus 
rescues these defects and supports embry-
onic development and adult homeostasis. 
Thus, suggesting that Ras isoforms per-
form redundant functions and that their 
unique properties are largely due to tissue 
distribution and/or expression levels.12 In 
this article we will discuss the role of Ras 
signaling in epidermal biology and tumor-
igenesis based on evidence derived from 
genetic studies in mouse models.

Ras Signaling in Epidermal 
Development and Homeostasis

In vivo genetic analyses of the role of 
Ras signaling in epidermal biology has 
been challenging due to the high redun-
dancy of the different Ras isoforms. Dajee 
et al. addressed this issue by expressing a 
dominant-negative H-RasS17N mutant that 
presumably blocks signaling from all Ras 
isoforms under control of the keratin 14 
promoter in mice.13 This study demon-
strated that interfering with Ras signal-
ing in the highly proliferative basal layer 
caused epidermal thinning and hyper-
keratosis. Interestingly, the authors also 
observed a striking increase in more dif-
ferentiated suprabsal cells. Likewise, 
overexpression of H-RasS17N in cultured 
keratinocytes diminished their prolifera-
tive capacity, thus suggesting a relevant 
role for Ras signaling in the maintenance 
of keratinocyte proliferation.

Dissecting the role of individual Ras 
isoforms by gene knockout studies is a 
difficult task due to the high redundancy 
among Ras GTPases. Mice deficient 
for H-Ras and N-Ras did not show any 
abnormalities in the skin, suggesting that 
K-Ras expression is sufficient for epider-
mal development and to maintain tissue 
homeostasis.11 Moreover, ubiquitous dele-
tion of K-Ras in adult mice did not induce 
significant defects in the skin (our unpub-
lished observations).14,15 Thus, it seems 

reasonable to assume that any of the Ras 
isoforms might be able to sustain cell pro-
liferation in the epidermis. To determine 
whether Ras signaling is required for epi-
dermal development, we eliminated all 
three Ras isoforms from the epidermis by 
generating a compound strain deficient for 
H-Ras and N-Ras loci that harbored condi-
tional K-Ras alleles. In these mice, specific 
ablation of K-Ras from the epidermis was 
achieved by breeding this strain to mice 
expressing a Cre recombinase under the 
control of the keratin 5 promoter.16 In this 
model, Cre expression was turned on dur-
ing embryonic development in the basal 
layer of the epidermis, thus leading to 
complete ablation of K-Ras protein expres-
sion by midgestation. Elimination of all 3 
Ras loci from the epidermis was not com-
patible with postnatal life, indicating that 
Ras proteins provide essential functions in 
epidermal homeostasis. Indeed, combined 
deficiency of H-Ras, N-Ras and K-Ras was 
associated with epidermal thinning and a 
dramatic decrease in proliferation of epi-
dermal keratinocytes.17

Removal of all Ras isoforms from kera-
tinocytes in vitro also caused cell cycle 
arrest. Interestingly, cell cycle arrest, both 
in vitro and in vivo, was accompanied by 
downregulation of c-Myc and ΔNp63, 
2 well-known regulators of proliferation 
recognized to play vital roles in epidermal 
homeostasis and development.18,19 The 
regulation of c-Myc by Ras signaling has 
been studied in great detail, and there-
fore, it was not surprising that c-Myc was 
absent in cells lacking Ras molecules.20 
ΔNp63 on the other hand is the most 
abundant isoform (> 99%) expressed from 
the p63 locus in keratinocytes as well as 
in other epithelial cell types.21 Mice lack-
ing p63 display severe defects in epidermal 
morphogenesis which are partially res-
cued by overexpression of ΔNp63, thus 
indicating that ΔNp63 is critical for kera-
tinocyte proliferation.22 Given the simi-
larities between the phenotypes observed 
in keratinocytes lacking ΔNp63 and the 
three Ras isoforms, it seems reasonable to 
propose that Ras signaling might directly 
regulate expression of ΔNp63.

In the absence of Ras signaling, we also 
observed a striking increase in the expres-
sion of the cell cycle regulators p21Cip1 and 
p15INK4b in the basal layer of the epidermis. 

Similar results were obtained in cultured 
keratinocytes.17 Both proteins are known 
to act as inhibitors of cyclin-dependent 
kinase complexes involved in cell cycle 
progression. Early work has established 
p21Cip1 as a mediator of cell cycle arrest and 
induction of differentiation in keratino-
cytes.23,24 Accordingly, p21Cip1 levels were 
undetectable in the highly proliferative 
basal layer of the epidermis and were sub-
sequently induced upon asymmetric cell 
division in the suprabasal layer.17 In con-
trast, we detected strong p21Cip1 expression 
in the basal layer of the epidermis in the 
absence of Ras expression. Interestingly, 
both c-Myc and ΔNp63 have previously 
been implicated as negative regulators of 
p21Cip1, thus suggesting that the absence of 
c-Myc and/or ΔNp63 may contribute to 
p21Cip1 induction and subsequently, to cell 
cycle arrest.25,26 Similarly, p15INK4b, which 
displayed an expression pattern similar to 
that of p21Cip1 in cells of the basal layer was 
subject to repression by c-Myc.27 These 
observations suggest that Ras signaling 
is critical for keratinocyte proliferation, 
possibly through positive stimulation of 
c-Myc and ΔNp63 expression which, in 
turn, prevent the accumulation of the 
cell cycle inhibitors p21Cip1 and p15INK4b 
(Fig. 1).

Previous genetic studies have indi-
cated that Ras proteins mediate prolifera-
tive signaling through the Raf/Mek/Erk 
pathway.28,29 In vitro data from cultured 
keratinocytes lacking Ras expression also 
confirmed these observations.17 Ectopic 
expression of a constitutively active Erk2 
kinase allowed keratinocytes to prolif-
erate in the absence of Ras signaling. 
Furthermore, constitutive Erk signaling 
rescued c-Myc/ΔNp63 expression leading 
to inhibition of p21Cip1/p15INK4b. Likewise, 
genetic elimination of both Mek isoforms, 
which are crucial for Erk activation, caused 
hypoproliferation of keratinocytes in vivo, 
thus indicating that the linear Ras-Raf-
Mek-Erk cascade plays a fundamental role 
in controlling keratinocyte proliferation.30

Although blocking Ras signaling by 
overexpression of dominant-negative Ras 
caused an increase in differentiated supra-
basal cells, genetic elimination of the 
three Ras loci from the epidermis resulted 
in delayed appearance of differentia-
tion markers.13,17 Disruption of both Mek 
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isoforms displayed a phenotype similar to 
the one observed after Ras elimination.30 
These observations suggest that interfering 
with Ras or its downstream target Mek in 
the epidermis results in hypoproliferation 
accompanied by defects in differentiation 
and possibly also barrier formation.30 The 
reason for the increase in differentiated 
suprabasal cells observed in the epidermis 
expressing dominant-negative Ras is cur-
rently unknown, but might involve altered 
signaling capacities of Ras-independent 
pathways, probably affecting those driven 
by other members of the Ras superfamily 
of proteins. However, elimination of the 
Ras loci from keratinocytes in vitro did 
cause induction of suprabasal marker pro-
teins, thus indicating that arrested kerati-
nocytes in vitro do not exactly recapitulate 
the behavior of keratinocytes in the basal 
layer of the epidermis, at least after elimi-
nation of the 3 Ras loci. The appearance 
of senescence markers in vitro, but not in 
vivo, further supports this hypothesis.17

Taken together, these results indicate 
that elimination of all Ras isoforms, or 

their downstream targets such as the Mek 
kinases, strongly interferes with the tightly 
regulated control of proliferation in the 
epidermis; thus, indicating that Ras pro-
teins perform essential functions in epi-
dermal development. Furthermore, these 
observations demonstrate that mitogenic 
signals cannot be effectively transmitted 
in their absence, thereby ultimately caus-
ing severe hypoproliferation of epidermal 
keratinocytes.

Ras Signaling in Epidermal 
Tumorigenesis: Transgenic Mice

There is ample evidence for a caus-
ative role of deregulated Ras signaling 
in tumor development.31 To date, muta-
tions in one of the RAS genes have been 
detected in at least 16% of all human 
cancers, although the actual number of 
tumors harboring a constitutively active 
RAS pathway might be significantly 
higher, given that activating mutations 
were found in upstream regulators such as 
the EGFR, or downstream targets such as 

the B-RAF and MEK kinases.32 In 
keratinocyte-derived skin cancer, 
such as squamous cell carcinoma, 
RAS mutations occur in up to 22% 
of cases, with H-RAS being the 
most frequently mutated locus fol-
lowed by K-RAS.33 Likewise, it has 
been observed that RAS GTPases 
are constitutively activated in the 
majority of squamous cell carcino-
mas in spite of carrying wild-type 
RAS alleles.33

To study the role of Ras signal-
ing in skin cancer, researchers have 
been taking advantage of mouse 
models for many years. Initially, it 
was demonstrated that the chemical 
carcinogen 7,12-dimethylbenz(a)
anthracene (DMBA) induced 
mutations in H-Ras and initi-
ated skin tumors in combination 
with the inflammation promoter 
12-O-tetradecanoylphorbol-13-
acetate (TPA), often accompanied by 
amplification of the H-Ras locus.34,35 
Later on, a number of transgenic 
strains were developed that specifi-
cally expressed H-Ras or K-Ras onco-
genes in the epidermal compartment. 
Development of transgenic strains 
constitutively expressing H-Ras or 

K-Ras oncogenes under control of strong 
promoters active in the basal layer, such 
as the keratin 5 or keratin 14 promoters, 
resulted in embryonic lethality.33 To avoid 
this drawback, one group used a truncated 
keratin 5 promoter that displayed a patchy, 
restricted expression pattern, being mostly 
active only in hair follicles and a few cells 
of the interfollicular epidermis.36 However, 
despite its restricted expression pattern, 
expression of an H-Ras oncogene was suf-
ficient to induce papillomas that occa-
sionally progressed to carcinomas even in 
the absence of a tumor promoter.36 Other 
strategies such as expression of an induc-
ible H-Ras oncogene fused with the ligand 
binding domain of the estrogen receptor 
from the keratin 14 promoter or a K-Ras 
oncogene under control of an inducible 
keratin 5 promoter also yielded hyper-
proliferative phenotypes ranging from 
benign papillomas to invasive squamous 
cell carcinomas even in the absence of 
tumor-promoting inflammatory agents.37,38 
Likewise, infection of keratinocytes in 

Figure  1. Ras activity and epidermal proliferation. Genetic elimination of H-Ras, N-Ras and K-Ras from 
epidermis (Ras KO) causes a defective epidermis characterized by low levels of expression of c-Myc and 
ΔNp63 and high expression levels of p21Cip1 and p15INK4b in the basal layer. In contrast, normal epidermis 
(wild-type Ras) expresses high levels of c-Myc and ΔNp63 in the basal but not in the suprabasal layer. An 
opposite pattern of expression is shown by p21Cip1 and p15INK4b which are highly expressed in the suprabasal 
layer but not in the basal layer. In most scenarios, expression of endogenous oncogenic H-Ras and K-Ras 
mutants in the epidermis do not affect epidermal development. However, when oncogenic Ras mutants 
are expressed at unphysiologically elevated levels in transgenic mice, they efficiently induce papillomas 
and squamous cell carcinomas. See text for details.
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mice with retroviruses expressing H-Ras 
oncogenes yielded benign papillomas 
that occasionally even progressed to  
carcinomas, but only when promoted with 
TPA.39

Targeting Ras oncogene expression to 
suprabasal layers by using the keratin 1 or 
keratin 10 promoters for transgene expres-
sion did not per se result in tumor forma-
tion, but rather required a second stimulus 
such as a wound or inflammation.40,41 
Another transgenic strain that expressed 
an oncogenic H-Ras transgene under 
control of the mouse ζ-globin promoter 
developed benign papillomas as well as 
malignant squamous carcinomas, but only 
when treated with the tumor promoter 
phorbol-12-myristate-13-acetate (PMA).42 
Other, indirect strategies to activate Ras 
signaling, such as expression of a consti-
tutively active form of the guanine nucleo-
tide exchange factor SOS under control 
of the keratin 5 promoter, yielded severe 
skin hyperplasia and papilloma develop-
ment.43 Taken together, these studies indi-
cate that overexpression of H-Ras or K-Ras 
oncogenes can be sufficient to initiate skin 
carcinogenesis.

Ras Signaling in Epidermal 
Tumorigenesis: Genetically 

Engineered Mice

A major limitation of the models 
described above is that papilloma or tumor 
development requires ectopic expression 
of a Ras transgene. More recently, several 
laboratories have generated mouse strains 
that harbor oncogenic mutations in their 
endogenous Ras loci. Expression of an 
endogenous K-RasG12D oncogene following 
activation of an inducible Cre recombi-
nase under control of the keratin 5 pro-
moter produced benign papillomas when 
promoted with TPA.44 Moreover, combin-
ing endogenous K-Ras oncogene expres-
sion with expression of a mutant p53 allele 
(R172H) yielded a significant increase in 
carcinomas after TPA promotion, thus 
providing evidence for a cooperation 
between mutated K-Ras and p53 alleles in 
skin carcinogenesis.44

However, expression of an endogenous 
H-RasG12V oncogene in the germ line of 

mice failed to yield any skin phenotype 
even in homozygosity.45 Moreover, expo-
sure of these animals to repeated TPA 
treatments also failed to induce papillo-
mas or any other type of tumor growth. 
However, these mutant mice developed 
papillomas with the same frequency as 
their wild-type littermates when treated 
with DMBA and TPA.45 Interestingly, 
those papillomas that developed in het-
erozygous H-RasG12V mice treated with 
DMBA and TPA harbored mutations in 
their wild-type allele. No mutations, other 
than the G12V mutation engineered in the 
germ line, were present in the H-Ras locus 
in homozygous H-RasG12V animals. Thus, 
indicating that DMBA must mutate other 
loci to initiate skin carcinogenesis in these 
mice. These observations also suggest that 
oncogenic H-Ras isoforms are not suffi-
cient to initiate skin carcinogenesis when 
expressed at endogenous levels, although 
they may contribute to papilloma forma-
tion.45 A similar mouse model generated in 
another laboratory expressing endogenous 
H-RasG12V in heterozygosity did develop 
skin papillomas after a long latency even 
in the absence of TPA.46 Yet, all papil-
lomas analyzed displayed elevated copy 
numbers of the mutated H-RasG12V allele, 
thus suggesting that oncogenic H-Ras 
needs to be expressed above a certain 
threshold to be able to induce skin pap-
illomas. Although a rigorous analysis of 
ectopic oncogenic H-Ras expression levels 
in the transgenic strains mentioned earlier 
is lacking, it appears likely that mutated 
H-Ras might be expressed at higher levels 
than its endogenous counterpart.

The contribution of Ras signaling to 
skin carcinogenesis has been further sup-
ported by carcinogenesis studies using 
H-Ras knockout mice.47 Treatment of 
these mutant mice with the standard 
DMBA+TPA carcinogenesis protocol 
resulted in significantly fewer papillo-
mas than wild-type mice. Interestingly, a 
high proportion of those papillomas that 
arose in mice lacking H-Ras alleles, car-
ried mutated K-Ras oncogenes, suggesting 
that K-Ras can substitute for H-Ras in skin 
carcinogenesis. These observations, taken 
together, highlight the importance of 
using mouse models harboring mutations 

in their endogenous loci, since they might 
substantially differ from transgenic strains 
in certain settings, possibly as a result of 
the lack of proper transcriptional regula-
tion of the artificial transgenes.

Conclusions

From the work generated in various 
laboratories over the past years, a picture 
is beginning to emerge where the level of 
Ras activity has direct consequences on 
the proliferation of epidermal keratino-
cytes (Fig. 1). Whereas lack of Ras activ-
ity causes hypoproliferation and atrophy 
of the epidermis, increased Ras activity 
might lead to hyperproliferation and even-
tually tumor development in the skin. Yet, 
the molecular mechanisms as well as the 
downstream targets of Ras proteins that 
control epidermal development, homeo-
stasis, and tumor development remain 
largely unknown. A large array of molecu-
lar players and signaling pathways acting 
in epidermal biology have been identified 
over the last years with the help of mouse 
models.35,48 Therefore, it would not be 
surprising if some of these regulators even-
tually turned out to be connected to Ras 
signaling pathways. Nevertheless, genetic 
studies using mouse models will be an 
adequate way to verify these signaling net-
works, especially with regard to the devel-
opment of new strategies for the treatment 
of skin cancer.
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