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The development and maintenance of the skin are dependent on myriad signaling
pathways that regulate a variety of cellular processes. In cutaneous epithelial cells,
the Notch cascade plays a central role in ensuring that proliferation and differentiation
are coordinated appropriately, a function that it imparts during both ontogeny and
homeostasis. Aberrations of the Notch signaling pathway result in severe abnormalities
in the epidermis and its appendages and cause functional defects such as perturbed
barrier function. In addition, impaired Notch signaling is associated with diseases of the
skin such as atopy and cancer. The pathology associated with aberrant cutaneous Notch
signaling reflects the complex mechanisms underpinning its function in this tissue and
involves both cell-autonomous and nonautonomous mechanisms. This review summa-
rizes our current knowledge of the role of Notch signaling in the skin during health and
disease.

The Notch signaling pathway is an evolution-
arily conserved cascade that regulates the

development and homeostasis of a variety of
tissues (Hansson et al. 2004; Wilson and
Radtke 2006). Consistent with its central role
in regulating these events, aberrant Notch sig-
naling is often causative for a range of diseases
including cancer (Radtke and Raj 2003; Koch
and Radtke 2007). The cellular processes that it
controls include, but are not restricted to, the
maintenance and differentiation of stem cells,
cell fate determination, and cell-cycle regula-
tion (Wilson and Radtke 2006). Additional
functions are being revealed as investigations
continue, and it is clear that the role of Notch

signaling is highly complex and multifaceted.
Furthermore, it frequently elicits disparate out-
comes in different tissues, illustrating that the
effects of Notch signaling are highly context
dependent.

This review is focused on the role that Notch
signaling plays in the epithelial cells of the in-
terfollicular epidermis (IFE) and its appendag-
es, such as the hair follicle (HF). An overview of
the current understanding of the role of Notch
signaling in cutaneous epithelial cells is provid-
ed with respect to both its physiological func-
tion and its influence on diseases of the skin,
with a particular focus on its role during cuta-
neous carcinogenesis.
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NOTCH-MEDIATED SIGNAL
TRANSDUCTION

Notch signal transduction is initiated by ligation
of Notch receptors with ligands expressed on
neighboring cells. Mammals possess four Notch
receptors (Notch1–4) and five ligands (Jagged1
and 2 and Delta-like 1, 3, and 4) (Radtke et al.
2004). The receptors are synthesized as single
precursor proteins that are cleaved during trans-
port to the cell surface, where they are expressed
as heterodimers. Ligand–receptor interaction
between two neighboring cells results in two
successive proteolytic cleavages. The first is me-
diated by a metalloprotease of the ADAM family
(TACE, tumor necrosis factor-a-converting en-
zyme), which cleaves the receptor in the extra-
cellular domain, close to the transmembrane
domain. The released extracellular domain is
then transendocytosed by the ligand-expressing
cell. The second cleavage occurs within the
transmembrane (TM) domain and is mediated
by the g-secretase activity of a multiprotein
complex consisting of presenilin, nicastrin,
APH1, and PEN2 (Fortini 2002). This final
cleavage liberates the cytoplasmic domain of
the Notch receptor (NICD), which subse-
quently translocates to the nucleus, where it
binds to its downstream transcription factor
CSL (CBF1 in humans, Suppressor of hairless
in Drosophila, and LAG in Caenorhabditis ele-
gans, also known as RBP-J in mice) and thereby
activates transcription (Fig. 1). To date, only a
few Notch target genes have been identified,
some of which are dependent on Notch signal-
ing in multiple tissues, whereas others are tissue-
specific. The best known targets are members
of the basic helix–loop–helix (bHLH) tran-
scription factor family, Hairy enhancer of split
(Hes), which function as transcriptional repres-
sors and negatively regulate gene expression
(Ishibashi 2004).

SITES OF NOTCH ACTIVITY IN THE SKIN

The site of Notch activity in the skin has been
determined by analyzing the expression of
Notch signaling components during develop-
ment and homeostasis.

Studies in mice and in human tissue in-
dicate that Notch receptors and ligands are
distributed in spatially restricted expression
patterns throughout the epidermis and its ap-
pendages.

In the IFE, Notch 1, 2, and 3 are expressed at
the highest levels in the suprabasal cells of the
spinous and granular layers, where cells are un-
dergoing differentiation (Kopan and Weintraub
1993; Powell et al. 1998; Favier et al. 2000; Nicko-
loff et al. 2002; Thelu et al. 2002; Pan et al.
2004; Blanpain et al. 2006). Human IFE has
also been shown to express Notch 4 (Nickoloff
et al. 2002).

The ligands expressed in the IFE are Jagged-
1 and Jagged-2, which are expressed predomi-
nantly in the suprabasal layers, with limited ex-
pression in basal cells (Powell et al. 1998; Nick-
oloff et al. 2002; Thelu et al. 2002; Pan et al.
2004; Estrach et al. 2006). Delta-like 1 expres-
sion has been shown in fetal and adult human
tissue, where it is found throughout the basal
layer of the IFE (Lowell et al. 2000; Thelu et al.
2002), although the highest levels of expression
are restricted to clusters thought to represent
epidermal stem cells (Lowell et al. 2000). In
mouse, Delta-like 1 expression was initially re-
ported only in the mesenchymal cells of the
embryonic skin (Powell et al. 1998; Favier
et al. 2000), but more recently the use of a Del-
ta-like 1 reporter strain has revealed a similar
expression pattern to that observed in humans,
with expression in clusters of cells in the basal
layer (Fig. 2A) (Estrach et al. 2008).

In HFs, Notch 1, 2, and 3 are expressed in
the matrix and pre-cortex of the follicle base and
are also found in the more distal locations of the
hair shaft and inner root sheath (Fig. 2B) (Ko-
pan and Weintraub 1993; Powell et al. 1998;
Favier et al. 2000; Pan et al. 2004). Jagged-1
and Jagged-2 are the only ligands detected in
the HFs and are expressed in the matrix and
pre-cortex and also in the outer root sheath
(Fig. 2B) (Powell et al. 1998; Favier et al. 2000;
Estrach et al. 2006). As with the IFE, the loca-
tions of Notch receptor and ligand expression in
the HF are restricted to areas where cells are
undergoing both early and late stages of differ-
entiation.
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The expression of Notch signaling compo-
nents that are indicative of receptor activation,
such as NICD and the Hes/Hey family of tran-
scriptional repressors, largely confirms the sites
of Notch activity inferred from the patterns of
receptor/ligand expression (Lin and Kopan

2003; Okuyama et al. 2004; Pan et al. 2004; Vau-
clair et al. 2005; Blanpain et al. 2006; Estrach
et al. 2006; Moriyama et al. 2006; Ambler and
Watt 2007; Lee et al. 2007). More recent studies
have used reporter systems to determine sites
of Notch activity. Transgenic systems in which
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Figure 1. Notch signaling. Vertebrates have four Notch receptors (Notch1–Notch4, N1–N4) and five conven-
tional ligands (Jagged1, Jaggged2, Delta-like1 [Dll1], Delta-like3 [Dll3], and Delta-like4 [Dll4]). Notch proteins
are synthesized as single precursor proteins, which are cleaved in the Golgi by a Furin-like convertase at site
S1. Cleavage at S1 generates two subunits held together noncovalently. EGF-like repeats present within the
extracellular domain of the receptors are glycosylated by Fringe proteins in the Golgi before receptors are
transported to the cell surface. Notch signaling is initiated by ligand–receptor interaction, which induces a
second cleavage at site S2 (close to the transmembrane domain) mediated by ADAM-type metalloproteases,
followed by a third cleavage at S3 within the transmembrane domain mediated by the g-secretase activity of a
multiprotein complex containing presenilins. This last proteolytic cleavage liberates the cytoplasmic domain of
Notch receptors (NICD), which translocate to the nucleus and bind to the transcription factor RBP-J, converting
it from a transcriptional repressor into a transcriptional activator by recruiting coactivators to induce target gene
expression.
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Figure 2. Expression of Notch signaling components in the skin. (A) Schematic representation of the murine
skin showing the expression pattern of components of the Notch signaling pathway. The epidermis is a stratified
squamous epithelium that is composed of multiple cell layers. The basal cell layer localizes to the basement
membrane (BM) and consists mostly of TA cells intermingled with a few stem cells. The basal cell layer gives rise
first to the spinous layer followed by the granular layer and then the cornified layer. The expression of Notch
receptors and ligands is indicated. (B) Schematic depiction of Notch receptor and ligand expression in the hair
follicle. Notch1 is expressed in the matrix and pre-cortex, Notch2 in the upper portion of the pre-cortex and
inner root sheath, and Notch3 in the hair shaft. Jagged1 is expressed in a small portion of the matrix and in the
pre-cortex. Jagged2 is expressed in the cells adjacent to the dermal papilla and in the outer root sheath. (Image
based on data from Watt et al. 2008.)
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a GFP reporter gene is placed under the control
of RBP-J response elements or the endogenous
Hes1 promoter reveal GFP expression in supra-
basal cells of the interfollicular epidermis and
in the matrix cells of the anagen hair follicle
(Estrach et al. 2006; Moriyama et al. 2006).

Collectively, these studies indicate that
Notch activity is associated with differentiation
in both the IFE and the growing hair follicle.

FUNCTIONAL ANALYSIS OF CUTANEOUS
NOTCH SIGNALING

The physiological role of cutaneous Notch sig-
naling has been determined by the analysis of
genetically modified mice carrying loss- and
gain-of-function mutations in components of
the Notch pathway.

Skin-specific deletion of RBP-J in mice re-
sults in complete ablation of cutaneous Notch
signaling and causes severe abnormalities of
both the IFE and HFs. Ablation during devel-
opment results in loss of the spinous and gran-
ular layers of the IFE, causing severe barrier
defects resulting in death shortly after birth
(Blanpain et al. 2006). In these mice, the basal
layer of the epidermis is present, although it is
maintained in a nonproliferative state. Specifi-
cation and patterning of HFs in RBP-J mutants
occur normally, but differentiation of the ma-
trix cells, pre-cortex, and inner root sheath
is impaired (Pan et al. 2004; Blanpain et al.
2006). In a separate model, ablation of RBP-J
in the skin is induced in a mosaic fashion that
prevents neonatal lethality and thus allows post-
natal evaluation of RBP-J-deficient skin (Yama-
moto et al. 2003). In these mice, the IFE also
displays loss of the differentiated layers, but the
basal layer is maintained. However, in contrast
to the phenotype observed in neonates, basal
progenitor cells in the postnatal skin show se-
vere hyperproliferation. Postnatal RBP-J-defi-
cient HFs adopt an epidermal fate and degen-
erate into large cysts, resulting in complete hair
loss. Similar results are obtained when Presene-
lin 1 and 2 are deleted in the developing hair
follicles, resulting in loss of g-secretase activity
and therefore abrogation of Notch signaling
(Pan et al. 2004). Postnatal deletion of RBP-J

in the IFE and HFs recapitulates many of the
abnormalities observed upon ablation during
development, including perturbed proliferation
and differentiation of the IFE and degeneration
of HFs into epidermal cysts (Dumortier et al.
2010). This shows that Notch activity is re-
quired throughout the lifetime of the mamma-
lian skin.

The studies described above indicate that a
key function of cutaneous Notch signaling is the
promotion and maintenance of the differenti-
ated state. In keeping with this, overexpression
of N1ICD in the basal layer of the IFE promotes
the early stages of differentiation with a con-
comitant loss of basal progenitor cells, causing
severe blistering (Blanpain et al. 2006; Estrach
et al. 2006). In vitro experiments also show that
Notch induces growth arrest in keratinocytes as
well as promoting the early stages of differenti-
ation (Rangarajan et al. 2001; Okuyama et al.
2004). Thus, Notch1 negatively regulates the
proliferation of cutaneous epithelial progenitor
cells and is essential for their subsequent differ-
entiation.

The receptors responsible for mediating
Notch signaling in cutaneous epithelial cells
have been identified using mice carrying condi-
tional mutations in Notch1–4. In these exper-
iments, deletion of Notch1 alone, either during
development or postnatally, results in pheno-
typic abnormalities in both the IFE and HF
(Nicolas et al. 2003; Vauclair et al. 2005). In
contrast, ablation of Notch2, 3, or 4 does not
cause any overt phenotype in the skin (Krebs
et al. 2000, 2003; Pan et al. 2004). However,
Notch1 ablation does not fully recapitulate the
abnormalities observed in RBP-J mutants. For
example, although the Notch1-deficient IFE
does display abnormal basal cell proliferation
and aberrant late-stage differentiation, the spi-
nous and granular layers are present (Nicolas
et al. 2003; Vauclair et al. 2005). In addition,
only a proportion of the HF degenerate into
epidermal cysts after Notch1 deletion, and the
cysts that do form are generally much smaller
(Vauclair et al. 2005). These findings suggest
that the loss of Notch1 is partially compensated
for by Notch2, 3, and/or 4. Consistent with this,
combined deletion of Notch1 and Notch2 in the
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skin fully recapitulates the phenotype observed
in RBP-J mutants (Dumortier et al. 2010), thus
confirming that Notch2 also mediates canonical
Notch signaling in the skin.

Of the ligands expressed in skin, Jagged 1
appears to be the primary inducer of Notch
signaling, because conditional Jagged1 mutants
show HF degeneration and hyperproliferation
of the IFE (Estrach et al. 2006). In contrast,
ablation of Jagged 2 in the skin causes no overt
abnormalities (Watt et al. 2008). Loss of Dll1
expression causes defects in the proliferation
and differentiation of the IFE but has no effect
on the HFs and is consistent with the spatial
localization of Dll1 exclusively in the basal layer
of the IFE (Estrach et al. 2008). Interestingly,
Dll1 appears to play a critical role in regulating
the maintenance of stem cells in the IFE. In
human skin, the highest levels of Dll1 expres-
sion are found in distinct clusters of cells in the
basal layer that are thought to represent epi-
dermal stem cells (Lowell et al. 2000). In vitro
studies using human epidermal keratinocytes
indicate that Dll1 maintains stem cells in an
undifferentiated state by cis inhibition of Notch
signaling while promoting the differentiation of
cells adjacent to the stem-cell clusters (Lowell

et al. 2000; Estrach et al. 2007). In this way,
Dll1 mediates a mode of Notch signaling rem-
iniscent of lateral inhibition in the Drosophila-
sensory organ precursor (Heitzler and Simpson
1993). In addition, Dll1 is critical for the for-
mation of cohesive clusters of stem cells, a func-
tion that is Notch independent (Lowell et al.
2000; Estrach et al. 2007). It is therefore likely
that Dll1 ensures that the stem-cell compart-
ment remains restricted to its specific niche.
Consistent with this, single-cell gene expression
profiling reveals a striking correlation between
the expression of Dll1 and genes associated with
stem-cell-niche interactions (Tan et al. 2013).

MOLECULAR MECHANISMS AND CROSS
TALK WITH OTHER SIGNALING PATHWAYS

The molecular mechanisms by which Notch
signaling regulates cutaneous development
and homeostasis are complex and multifaceted
and involve interactions with a variety of other
signaling pathways (Fig. 3).

One mechanism by which canonical Notch
signaling mediates its effects is via the induction
of CDKN1A/p21, which negatively regulates
cell-cycle progression and induces growth ar-
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Figure 3. Molecular mechanisms of Notch-mediated epidermal homeostasis. A schematic diagram depicting the
intersecting pathways and downstream effectors during Notch-induced differentiation. Notch expression and/
or signaling in epidermal keratinocytes are promoted by p53 and antagonized by AP-1, which represses p53
expression. Notch also represses AP-1 activity, suggesting that the Notch and AP-1 pathways are mutually
antagonistic. Notch signaling subsequently promotes cell-cycle arrest of progenitor cells in the basal layer by
repressing p63 and by inducing the expression of the cell-cycle inhibitor CDKN1a/p21. Differentiation is
promoted by the induction of factors including IRF6 and the Hes/Hey family of transcriptional repressors.
Notch also promotes RA signaling by inducing the expression of retinol-binding proteins such as CRABP2,
FABP5, and CRBP-1. Activation of the RA pathway promotes the differentiation of the epidermal epithelium.
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rest. In vitro studies on mouse epidermal ker-
atinocytes indicate that the induction of
CDKN1A/p21 by Notch is RBP-J dependent
(Rangarajan et al. 2001). There is also evidence
that CDKN1A/p21 is regulated by Notch in hu-
man keratinocytes, although the magnitude of
the increase is smaller, and the effect on growth
is more prolonged (Nguyen et al. 2006).

The canonical Notch target Hes1 accounts
for some of the prodifferentiation functions of
Notch signaling in the epidermis, because inter-
mediate stages of maturation are perturbed in
Hes1 mutant mice (Moriyama et al. 2008).
However, large elements of the Notch mutant
phenotype are independent of the Hes/Hey
transcriptional repressors, thus pointing to al-
ternative mechanisms of action.

In this respect, Notch signaling seems to
affect the function of a variety of other signal-
transduction cascades that play clear roles in
development and homeostasis of the skin. Per-
haps one of the most significant is p63, which
belongs to the p53 family of transcription fac-
tors and exists as several isoforms that show
distinct expression patterns (Yang et al. 2002).
The DNp63a isoform is generally associated
with epithelial stem/progenitor cells in strati-
fied epithelial tissues (McKeon 2004) and plays
an important functional role in the prolifera-
tion of progenitors during the process of strat-
ification (Senoo et al. 2007; Keyes et al. 2011;
Shalom-Feuerstein et al. 2011). p63 displays a
reciprocal expression pattern to sites of Notch
activation (Senoo et al. 2007). Consistent with
this, Notch signaling represses p63 expression
during differentiation, and overexpression of
p63 in human epidermal keratinocytes counter-
acts the prodifferentiation function of Notch
(Nguyen et al. 2006). The mechanism by which
Notch opposes p63 expression involves the reg-
ulation of interferon response factors (IRFs). In
human and mouse epidermal keratinocytes,
Notch-mediated repression of p63 is concomi-
tant with the repression of IRF3/7, both of
which prevent p63 down-regulation when over-
expressed (Nguyen et al. 2006). Conversely, a
recent study has shown that another IRF family
member, IRF6, is a primary Notch target gene in
human epidermal keratinocytes and is required

for their differentiation in response to Notch
activation (Restivo et al. 2011). Thus, Notch
signaling may differentially regulate specific
IRFs to suppress p63 and to directly promote
differentiation (Fig. 3).

Notch also positively regulates vitamin A/
retinoic acid (RA) signaling in the skin and in
other stratified epithelia (Vauclair et al. 2007;
Collins and Watt 2008). RA signaling is active
in the IFE and HF, where it performs a prodif-
ferentiation function (Saitou et al. 1995). Notch
signaling leads to increased expression of reti-
nol-binding proteins such as CRBP1, CRABP2,
and FABP5, which facilitate the binding of RA
to nuclear receptors and thus play an important
role in mediating RA signal transduction (Col-
lins and Watt 2008). The positive regulation of
the RA pathway by Notch is opposed, at least in
the HFs, by the Wnt signaling cascade, which
represses the expression of CRABP2 and FABP5,
suggesting that Notch and Wnt signaling act
antagonistically in the HF via the regulation of
the RA pathway. Conversely, there is evidence
supporting a cooperative relationship between
Notch and Wnt signaling in the HF, because
Jagged1, which promotes Notch-mediated dif-
ferentiation of the inner root sheath, is a b-cat-
enin target gene (Estrach et al. 2006). These
disparities likely reflect the complex interplay
that exists between the Notch and Wnt path-
ways, which are highly complex and context de-
pendent.

There is an increasing body of data indicat-
ing that Notch signaling and AP-1 signaling in-
teract significantly in the skin to regulate epi-
dermal homeostasis and function. AP-1 is a
transcriptional complex consisting of hetero-
dimers composed of members of the jun, fos,
and Fra family of proteins. The AP-1 factors
become activated in response to stress via a va-
riety of extracellular stimuli, where they regulate
target gene expression and control processes
such as proliferation, apoptosis, differentiation,
and inflammation (Eferl and Wagner 2003).
One of the key regulators of AP-1 activity is
the EGFR pathway, which activates c-jun via
ERK-mediated phosphorylation. Interestingly,
the effects of increased EGFR activity in the
skin mimic to some degree the Notch mutant
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phenotype, because high levels of EGFR signal-
ing promote proliferation and impair differen-
tiation of the IFE and promote an epidermal
fate in HFs (Kolev et al. 2008). Conversely, in-
hibition of EGFR signaling leads to increased
epidermal differentiation of keratinocytes via
up-regulation of Notch1 and its downstream
targets. It has subsequently been shown that
c-jun mediates the effects of EGFR by down-
regulating p53, a transcription factor that di-
rectly induces Notch1 transcription (Kolev et
al. 2008). A similar mechanism has been shown
with respect to c-fos, which also represses p53,
although in this example, p53 was shown to ac-
tivate Notch signaling by inducing ADAM17/
TACE-mediated receptor cleavage (Fig. 3)
(Guinea-Viniegra et al. 2012). Each of these
studies positions AP-1 upstream of Notch in
regulating epidermal differentiation. However,
there is evidence that Notch and AP-1 show
reciprocal antagonism, because genetic ablation
of ADAM17/TACE results in high levels of AP-1
activity that induce many of the abnormalities
associated with loss of Notch signaling in the
skin (Murthy et al. 2012). The extent to which
AP-1 is directly regulated by Notch remains to
be determined, because the observed effects
may be a secondary consequence of impaired
differentiation and function. Nonetheless, it is
clear that there is a link between Notch and
AP-1 in the skin and that disruption of their
interaction has severe consequences for cutane-
ous development and homeostasis.

NOTCH AND THE REGULATION OF
CUTANEOUS INFLAMMATION

An emerging role of cutaneous Notch signaling
is the regulation of inflammation. Ablation of
cutaneous Notch signaling in mice, by either
RBP-J deletion or combined loss of Notch1
and Notch2, results in the overexpression of
proinflammatory cytokines causing a chronic
inflammatory disorder resembling atopic der-
matitis (AD) (Demehri et al. 2008; Dumortier
et al. 2010). A link between Notch signaling and
human AD is provided by the demonstration
that patients with atopic dermatitis show re-
duced expression of Notch receptors in the epi-

dermis (Dumortier et al. 2010). Furthermore,
the proinflammatory cytokine that displays the
highest elevation upon ablation of Notch sig-
naling in mice is thymic stromal lymphopoietin
(TSLP), a proinflammatory cytokine with pleio-
tropic effects that is causative for human aller-
gic disorders such as atopic dermatitis and asth-
ma (Ziegler and Artis 2010; Jariwala et al. 2011).

Additional evidence showing a link between
the Notch pathway and inflammation is provid-
ed by the demonstration that ectopic Notch ex-
pression in basal epidermal cells results in se-
rious abnormalities in the underlying dermis,
characterized by an inflammatory infiltrate con-
sisting of T cells (Ambler and Watt 2010). Thus,
inflammation appears to be extremely sensitive
to aberrations in epidermal Notch signaling,
either with respect to signal strength or spatial
localization.

The induction of aberrant inflammatory re-
sponses in the absence of Notch activity is likely
to have consequences with respect to the phe-
notypic abnormalities observed in epithelial
cells of the IFE and HF. Chronic inflammation
leads to the expression and secretion of a variety
of factors that can activate critical pathways in-
volved in proliferation and differentiation. In
light of this, it is interesting to note that basal
hyperproliferation of RBP-J-deficient IFE oc-
curs only during postnatal life (Yamamoto
et al. 2003; Blanpain et al. 2006), when a chronic
inflammatory microenvironment has been es-
tablished.

The mechanism by which Notch signaling is
able to regulate inflammation remains unclear,
although it is noteworthy that many of the sig-
naling cascades that show a mutually repressive
relationship with Notch play a positive regula-
tory role with respect to cutaneous inflamma-
tion. For example, AP-1 can induce the expres-
sion of proinflammatory cytokines including
TSLP, suggesting that Notch can prevent/atten-
uate inflammation via its repressive activity
toward AP-1 (Murthy et al. 2012). EGFR signal-
ing, which also shows an antagonistic relation-
ship with Notch, induces the epidermal expres-
sion of the proinflammatory cytokine GM-CSF
via the activation of c-jun (Mascia et al. 2010),
providing further evidence for the operation of
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a Notch-AP-1 axis in the regulation of cutane-
ous inflammation.

NOTCH SIGNALING AND CUTANEOUS
CARCINOGENESIS

The ability to conditionally ablate Notch sig-
naling in mouse epidermis and its appendages
has enabled a detailed analysis of its role during
the development of nonmelanoma skin cancer.
Nonmelanoma skin cancers are among the
most common human malignancies in north-
ern Europe and the United States and are gen-
erally classified into three types depending on
their histopathological appearance and the ge-
netic lesions underlying their development (Ar-
wert et al. 2012). The most frequent is basal cell
carcinoma (BCC), which usually shows histo-
pathological hallmarks suggestive of follicular
differentiation and is dependent on activation
of the Sonic hedgehog pathway (Hahn et al.
1996; Oro et al. 1997). The second most com-
mon is squamous cell carcinoma (SCC), which
shows morphological characteristics of IFE and
is dependent on Ras pathway activation (Owens
and Watt 2003; Ridky and Khavari 2004). Al-
though not as prevalent as BCC, SCC is gener-
ally more aggressive and, unlike BCC, can me-
tastasize. Finally, Wnt/b-catenin activation can
induce tumors from progenitor cells in the HF
and sebaceous glands (Gat et al. 1998; Chan et al.
1999; Takeda et al. 2006; Lo Celso et al. 2008;
Arwert et al. 2012).

In each of these tumors, aberrant regulation
of stem/progenitor cell proliferation underlies
the initial carcinogenesis (Owens and Watt
2003; Arwert et al. 2012). However, studies us-
ing mouse models suggest that the precise cell of
origin can vary and instead indicate that the
primary determining factor is the genetic lesion
driving tumorigenesis (Arwert et al. 2012).

NOTCH1 FUNCTIONS AS A TUMOR
SUPPRESSOR IN BCC AND SCC

Evidence linking Notch signaling to the de-
velopment of nonmelanoma skin cancer has
been provided predominantly by the analysis
of Notch1-deficient skin in mice. Ablation of

Notch1 in the IFE and HFs results in the spon-
taneous development of BCC over time, in
addition to the physiological abnormalities
described previously (Nicolas et al. 2003). Con-
sistent with a BCC classification, Notch1-defi-
cient tumors show increased expression of the
Hedgehog targets Gli1, Gli2, and Patched, indi-
cating increased activity of the Hedgehog sig-
naling cascade (Nicolas et al. 2003). Thus, loss
of Notch1 in the skin results in increased sus-
ceptibility to BCC, indicating that Notch1 func-
tions as a tumor suppressor in this context.

Skin-specific ablation of Notch1 in mice al-
so renders these mutants highly susceptible
to two-stage chemical carcinogenesis (Nicolas
et al. 2003; Demehri et al. 2009), which induces
the development of SCC by promoting the
expansion of epidermal stem cells carrying
H-ras mutations (Arwert et al. 2012). These le-
sions also develop spontaneously over time in
Notch1-deficient skin, showing that in mice,
Notch1 also acts as a tumor suppressor with re-
spect to SCC. A recent study has subsequently
identified loss-of-function mutations in Notch1
in patient samples of cutaneous SCC, support-
ing the hypothesis that Notch signaling coun-
teracts cutaneous SCC development (Agrawal
et al. 2011; Stranskyet al. 2011; Wang et al. 2011).

The role of Notch1 in the development of
HF-derived tumors is less clear. Although dele-
tion of Notch1 in the HF results in perturbed
differentiation, the abnormal follicles do not
form the benign tumors associated with over-
activation of the Wnt/b-catenin pathway. How-
ever, complete loss of Notch signaling can lead
to follicular tumor development in specific con-
texts (Di Piazza et al. 2012), suggesting that fol-
licular epithelial cells are still subject to Notch-
mediated tumor suppression but to lower levels
of sensitivity.

CELL-INTRINSIC MECHANISMS
OF NOTCH1-MEDIATED TUMOR
SUPPRESSION

The mechanisms underlying the tumor-sup-
pressor role of Notch1 remain to be fully eluci-
dated. However, the fact that nonmelanoma skin
cancers are associated with aberrant regulation
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of stem-cell activity suggests that it is partially
due to its intrinsic prodifferentiation effects.

In support of this, the protumorigenic role
of pathways such as EGFR and AP-1 are associ-
ated with their capacity to impair Notch1-in-
duced differentiation, whereas the tumor-sup-
pressive function of p53 seems to rely in part on
its ability to induce Notch1 expression and
therefore promote maturation. For example,
the ability of AP-1 to promote SCC develop-
ment is dependent on its ability to suppress
p53 and thereby inhibit Notch1-induced differ-
entiation (Kolev et al. 2008; Guinea-Viniegra
et al. 2012). Conversely, p53 prevents tumor
development via Notch1-dependent suppres-
sion of the ROCK1/2 and MRCKa kinases, re-
sulting in loss of adhesion to the basement
membrane and subsequent differentiation (Le-
fort et al. 2007).

Notch1 is also likely to mediate tumor sup-
pression by inducing cell-cycle arrest in epider-
mal stem/progenitor cells. As described above,
Notch1 inhibits DNp63a expression, which
promotes proliferation of epithelial stem cells
and can exert oncogenic effects in the skin (Keyes
et al. 2011). It is also possible that CDKN1A/
p21, which is induced by Notch1 and induces
cell-cycle arrest, is an important downstream
effector during tumor suppression.

Notch1 may also inhibit tumorigenesis by
suppressing the Wnt/b-catenin pathway in the
IFE (Nicolas et al. 2003), which is required for
the maintenance of SCC cancer stem cells (Ma-
lanchi et al. 2008). However, the evidence sup-
porting this is purely correlative, and no direct
mechanistic link between Notch and Wnt/
b-catenin in the IFE has been shown.

NONAUTONOMOUS MECHANISMS OF
NOTCH-MEDIATED TUMOR SUPPRESSION

An increasingly important theme emerging in
cancer biology is how malignant cells of the
tumor interact with nontransformed cells of
the host. A large body of evidence now indicates
that malignancies develop in the context of a
protumorigenic stroma, which includes hema-
topoietic cells, fibroblasts, and vascular endo-
thelial cells (Erez et al. 2010; Pietras and Ostman

2010; Beck et al. 2011; Hanahan and Weinberg
2011). Importantly, these constituents have
been shown to play a critical role during all
stages of carcinogenesis, including initiation,
malignant progression, and the promotion of
metastasis. In light of this, the demonstration
that loss of epidermal Notch signaling induces
considerable aberrations in the underlying der-
mis suggests that the nonautonomous conse-
quences of Notch ablation in the skin are likely
to be significant with respect to carcinogenesis.

In this respect, there is some evidence that
loss of Notch signaling in the epidermis can
indeed promote tumorigenesis by inducing a
protumorigenic stroma. Utilization of the
two-stage chemical carcinogenesis protocol on
mice that undergo mosaic deletion of Notch1 in
the skin results in tumor development from
both Notch1-deficient and Notch1 wild-type
epithelial cells (Demehri et al. 2009). In this
system, tumor development remains associated
with Notch1 deficiency in the IFE, but the car-
cinogenic effect is not dependent on a cell-in-
trinsic mechanism. Although this does not di-
rectly show that the Notch1-deficient epidermis
promotes a protumorigenic microenviron-
ment, it does nonetheless support the hypoth-
esis that nonautonomous mechanisms are ac-
tive in promoting skin cancer upon loss of
Notch1 signaling.

In a more recent study, it has been shown
that deletion of RBP-J in the dermis results in
the development of chronic inflammation, fi-
brosis, and SCC (Hu et al. 2012). Because in
this system no predisposing oncogenic muta-
tions are induced in the IFE, tumor develop-
ment occurs in response to the changes in the
underlying dermis following Notch-signaling
ablation, thus confirming that the induction
of a protumorigenic microenvironment is suf-
ficient to initiate carcinogenesis.

The nonautonomous effects of Notch sig-
naling during cutaneous carcinogenesis may be
linked to its role in regulating cutaneous inflam-
mation. Depending on its qualitative aspects,
inflammation can be either anti- or protumori-
genic and has been shown to be an essential
constituent of the protumorigenic stroma in
many epithelial malignancies (Balkwill et al.
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2005; Mantovani et al. 2008; Solinas et al. 2010;
Balkwill and Mantovani 2012), including those
of the skin (Andreu et al. 2010; Arwert et al.
2010). Furthermore, the development of cuta-
neous malignancies that are associated with loss
of Notch signaling can be induced by wound-
ing, which elicits both stem-cell activation and
inflammation (Sibilia et al. 2000; Kasper et al.
2011; Arwert et al. 2012). This is consistent with
the hypothesis that Notch signaling may prevent
skin cancer in part by regulating inflammatory
responses.

NOTCH SIGNAL STRENGTH INFLUENCES
CUTANEOUS CARCINOGENESIS BY
MODULATING INFLAMMATION

The tumor-suppressor function of Notch sig-
naling in the skin has been studied largely
with respect to the role of Notch1. An impor-
tant question, therefore, is how does complete
loss of canonical Notch signaling affect cutane-
ous carcinogenesis? Two recent studies have
addressed this issue by analyzing tumor devel-
opment in both RBP-J-deficient mice and
Notch1:Notch2 compound mutants (Demehri
et al. 2012; Di Piazza et al. 2012). As described
above, in addition to the abnormalities in the
IFE and HFs, skin-specific ablation of either
RBP-J or Notch receptors 1 and 2 results in a
chronic inflammatory phenotype mediated by
the proinflammatory cytokine TSLP (Demehri
et al. 2008; Dumortier et al. 2010). Intriguingly,
the epidermis in these mice is also resistant to
both spontaneous tumor development and
chemically induced carcinogenesis, in contrast
to the consequences of Notch1 deletion alone.
This protective effect is mediated by TSLP,
because abrogation of signaling via the TSLP re-
ceptor results in severe tumor burden in Notch-
deficient skin, manifested by spontaneous de-
velopment of invasive HF tumors and exophytic
tumors resembling SCC. It was subsequently
shown that TSLP elicits an antitumor immune
response dependent on both CD4 and CD8 T
cells, and in this way invokes an inflammatory
response that prevents carcinogenesis. Impor-
tantly, this effect is not restricted to Notch-de-
ficient tumors, because cutaneous malignancies

carrying wild-type alleles of Notch receptors are
also sensitive to TSLP-mediated tumor suppres-
sion (Demehri et al. 2012; Di Piazza et al. 2012).

Tumor development in Notch12/2:
Notch22/2 and RBP-J2/2 skin occurs rapidly
in the absence of TSLP-mediated immune re-
sponses, suggesting that cutaneous epithelial
cells deficient in canonical Notch signaling are
intrinsically predisposed to malignancy. How-
ever, in keeping with previous studies, tumor
development is also highly dependent on pro-
tumorigenic inflammation (Andreu et al. 2010;
Arwert et al. 2010, 2012). In this respect, Notch-
deficient epithelial cells elicit a qualitatively dis-
tinct type of inflammation, characterized by
high numbers of myeloid cells that promote
tumor growth by augmenting Wnt signaling
(Di Piazza et al. 2012). Thus, Notch-deficient
epithelial cells escape immune surveillance in
the absence of TSLP-mediated immune re-
sponses and invoke protumorigenic inflamma-
tion that favors their expansion.

These findings indicate that the outcome of
Notch-signaling ablation with respect to cuta-
neous carcinogenesis is highly dependent on the
degree of signaling impairment. This, in turn, is
a function of the inflammatory response elicited
in the skin following Notch ablation. Thus, in
the complete absence of Notch signaling, the
inflammatory response is skewed toward anti-
tumor immunity owing to the high levels of
TSLP secreted from the epidermis. Importantly,
this immune response is of sufficient strength to
prevent the outgrowth of cells that may have
intrinsic tumorigenic potential (Fig. 4). Con-
versely, the reduction in signal strength induced
by loss of Notch1 alone results in intermediate
levels of TSLP secretion (Demehri et al. 2008),
thus inducing a permissive environment for the
outgrowth of malignant cells (Fig. 4).

Collectively, these recent findings show that
the tumor-suppressor function of cutaneous
Notch signaling involves the coordination of
both autonomous and nonautonomous cellular
responses. The extent to which this regulation is
direct remains to be determined. Nonetheless, it
is clear that Notch plays a central role in con-
trolling many of the processes that contribute to
the development of skin cancer.
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CONCLUDING REMARKS

Notch signaling plays a pivotal role in maintain-
ing the homeostasis of cutaneous epithelial
cells. It is now clear that this function is medi-
ated by both autonomous and nonautonomous
mechanisms, a finding that has important im-
plications for understanding the role that aber-

rant Notch signaling plays in diseases of the
skin. In particular, further investigation of the
link between Notch, inflammation, and cancer
is likely to yield significant advancements in our
understanding of how cutaneous epithelial ma-
lignancies, and perhaps other epithelial cancers,
are initiated and maintained. A more in-depth
knowledge of the biology underlying these pa-

Wild type

NSS

Notch1–/–

NSS

Inflammatory
cytokines

Defective barrier

AD-like
disease

TSLP

Tumor-suppressive
inflammation

Protumorigenic
inflammation/stroma

Protumorigenic
inflammation/stroma

Notch1–/–:Notch2–/– or RBP-J–/–

Notch1–/– basal progenitor

T cell

Notch1–/–:Notch2–/– or
RBP-J–/– basal progenitor

Dermal fibroblast

Myeloid cell Tumor-promoting factors Tumor-suppressive factors

Notch1–/–: Notch2–/– :TSLPR–/–

Tumor outgrowth

Inflammatory
cytokines

Tumor outgrowth
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D

Figure 4. A model of how aberrant Notch signaling in the IFE influences carcinogenesis by regulating inflam-
mation. (A) Depiction of wild-type epidermis in which normal levels of Notch signaling (red triangle to the left
of diagram) ensure the correct balance between proliferation and differentiation. Fibroblasts constitute a sig-
nificant proportion of the underlying dermis and provide support for epidermal stem/progenitor cells. (B)
Partial reduction of Notch signal strength by ablation of Notch1 results in perturbed epidermal differentiation
and the secretion of proinflammatory cytokines. This leads to the infiltration of hematopoietic cells, including
cells of the myeloid lineage, into the underlying dermis and the formation of a protumorigenic stroma, which
promotes tumor development from Notch12/2 and wild-type epidermal cells. (C) Complete ablation of
epidermal Notch signaling, by either compound deletion of Notch1 and Notch2 or ablation of RBP-J, results
in extremely high levels of TSLP secretion and the subsequent development of an atopic-dermatitis (AD)-like
disease. Elevated TSLP expression may occur by direct regulation of TSLP by Notch or may be a consequence of
loss of barrier function. In addition to inducing AD, high levels of TSLP prevent tumor development from the
IFE and its appendages by inducing T-cell-mediated antitumor immunity. (D) Abrogation of TSLP-mediated
immune responses by genetic ablation of the TSLPR results in rapid tumor development from cutaneous
epithelial cells. Tumor growth remains dependent on protumorigenic inflammation, which is induced by the
Notch-deficient IFE. NSS, Notch signal strength.
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thologies will ultimately lead to the develop-
ment of more efficacious therapeutic strategies.
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