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Abstract

Since many decades, nonmelanoma skin can-
cer (NMSCs) is the most common malignancy 
worldwide. Basal cell carcinomas (BCC) and 
squamous cell carcinomas (SCC) are the 
major types of NMSCs, representing approxi-
mately 70% and 25% of these neoplasias, 
respectively. Because of their continuously 
rising incidence rates, NMSCs represent a 
constantly increasing global challenge for 
healthcare, although they are in most cases 
nonlethal and curable (e.g., by surgery). While 
at present, carcinogenesis of NMSC is still not 
fully understood, the relevance of genetic and 
molecular alterations in several pathways, 
including evolutionary highly conserved 
Notch signaling, has now been shown con-
vincingly. The Notch pathway, which was first 

developed during evolution in metazoans and 
that was first discovered in fruit flies 
(Drosophila melanogaster), governs cell fate 
decisions and many other fundamental pro-
cesses that are of high relevance not only for 
embryonic development, but also for initia-
tion, promotion, and progression of cancer. 
Choosing NMSC as a model, we give in this 
review a brief overview on the interaction of 
Notch signaling with important oncogenic and 
tumor suppressor pathways and on its role for 
several hallmarks of carcinogenesis and can-
cer progression, including the regulation of 
cancer stem cells, tumor angiogenesis, and 
senescence.
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BCC  Basal cell carcinoma
BMP Bone morphogenic protein
cKO  Conditional knockout
CSC  Cancer stem cell
CSL   CBF-1, Su (H), Lag-1-type transcrip-

tion factor (also termed RBP-J)
DBD DNA-binding domain
Dll  Delta-like
E  Embryonic day
FGF  Fibroblast growth factor
GLI1 Glioma-associated oncogene homolog 1
Hes  Hairy and enhancer of split
Hf  Hair follicle
HPV  Human papilloma virus
Hrt  Hes-related transcription factor
IP  Intermediate progenitor
IPC  Intermediate progenitor cell
JAG  Jagged
KO  Knockout
MAML Mastermind-like
MET Mesenchymal-to-epithelial transition
MMP Matrix metalloproteinase
MR  Mortality rate
NID  Notch intracellular domain
NMSC Nonmelanoma skin cancer
NO  Nitric oxide
OD  Oligomerization domain
PDGF Platelet-derived growth factor
PDT  Photodynamic therapy
PTCH Patched
RBP-J  Recombinant recognition sequence- 

binding protein at the Jκ site (also termed 
CSL)

SCC  Squamous cell carcinoma
Sema Semaporin
Shh  Sonic hedgehog
SMC Smooth muscle cell
TA  Transactivation domain
TLR  Toll-like-receptor
UVR Ultraviolet radiation
VEGF Vascular endothelial growth factor
Wnt  Wingless-related integration site

 Ancient Friends, Revisited: A Short 
Introduction to the Relevance 
of Notch Signaling for Skin 
and Cancer

Although most types of nonmelanoma skin can-
cers (NMSCs) are not documented in the cancer 
registries of most countries, there is no doubt that 
they are since many decades the most common 
malignancies worldwide (Reichrath and 
Reichrath 2012a; Reichrath and Rass 2014). 
Basal cell carcinomas (BCCs) and cutaneous 
squamous cell carcinomas (SCCs), that are in 
general nonlethal and curable (e.g., by surgery), 
represent in many populations approximately 
70% and 25% of NMSCs, respectively (Reichrath 
and Reichrath 2012a; Reichrath and Rass 2014). 
Because of their continuously rising incidence 
rates, NMSCs represent a constantly increasing 
challenge for global healthcare (Reichrath and 
Reichrath 2012a). BCCs and SCCs share many 
characteristics, including that both of them may 
be induced by solar or artificial ultraviolet radia-
tion (UVR), but they are very different from eti-
ology to progression (Reichrath and Reichrath 
2012a; Reichrath and Rass 2014). Both UVA and 
UVB may cause DNA damage and immunosup-
pression, which play crucial roles in skin photo-
carcinogenesis (Reichrath and Reichrath 2012a; 
Reichrath and Rass 2014). UVB can be directly 
absorbed by DNA molecules, thereby resulting 
in characteristic UV-signature DNA damages 
(Reichrath and Reichrath 2012a; Reichrath and 
Rass 2014). UVA, on the other hand, may, to a 
lesser extent, also exert DNA damage, through 
inducing cellular reactive oxygen species (ROS) 
which then induces oxidative DNA damages 
(Reichrath and Reichrath 2012a; Reichrath and 
Rass 2014). Although the photocarcinogenesis of 
NMSC is still not fully understood, it has shown 
promise as a well-suited model to investigate the 
relevance of various signaling networks, includ-
ing pathways that are also of relevance for 
embryonic development and for the multistep-
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carcinogenesis of solid tumors (Reichrath and 
Reichrath 2012a; Reichrath and Rass 2014). In 
NMSC, the relevance of genetic and molecular 
alterations in many pro- and anticarcinogenic 
pathways, including evolutionary highly con-
served Notch signaling, has now been shown 
convincingly (Reichrath and Reichrath 2012a). 
The tale that earned the gene Notch, its name 
started over a century ago at Olivet College 
(Olivet, Michigan, USA), when the American 
Scientist John S. Dexter observed and described 
the characteristic notched-wing phenotype (a 
nick or notch in the wingtip) in his mutant fruit 
flies Drosophila melanogaster (Dexter 1914; 
Reichrath and Reichrath 2020a, b, c). Notably, 
the Notch pathway is simple in design but has a 
striking versatility in function (Andersson et al. 
2011; Reichrath et  al. 2010; Reichrath and 
Reichrath 2020a, b, c). Notch signaling first 
developed during evolution in metazoans and 
was first discovered in fruit flies (Drosophila 
melanogaster) (Gazave et al. 2009; Richards and 
Degnan 2009). It orchestrates and governs from 
sponges to humans during embryonic develop-
ment and in adult tissues cell fate decisions and 
many other fundamental cellular processes 
(Andersson et al. 2011; Reichrath and Reichrath 
2020a, b, c). Besides the ability to activate and 
orchestrate cell proliferation, thereby keeping 
precursor and stem cells in a nondifferentiated 
state as well as generating and maintaining stem 
cells, these flagship functions include regulation 
of important hallmarks during the multistep pro-
cess of skin carcinogenesis, including initiation, 
promotion, and progression of cancer cells. In 
general, these functions involve canonical, 
ligand-dependent stimulation of Notch receptors 
(McIntyre et  al. 2020). However, ligand- 
independent Notch activation has also been 
observed in several distinct cellular contexts (rev. 
in McIntyre et al. 2020; Reichrath and Reichrath 
2020a, b, c). During the last decades, a huge 
mountain of new scientific information – ranging 
from the elucidation of the Notch pathway (Kidd 
et  al. 1986; Kiernan et  al. 2001, 2006, 2007; 
reviewed by Bray 2016; Kopan and Ilagan 2009; 
McIntyre et  al. 2020; Reichrath and Reichrath 

2020a, b, c), to the generation of knockouts in 
model organisms and the discovery of mutated 
Notch genes in humans (Gridley 2003)  – has 
confirmed an essential role for Notch signaling 
for various types of cancers, including NMSC. As 
outlined above, environmental hazards, including 
solar and artificial UV-radiation, represent impor-
tant risk factors for carcinogenesis of both mela-
noma and NMSC (Reichrath and Rass 2014). 
Notably, the skin (with the epidermis and its 
adjoining structures, including hair follicles (HF) 
and associated sebaceous glands; that together 
comprise the pilosebaceous unit) is not only the 
human body’s largest organ but also its first line 
of defense against UV-radiation and many other 
environmental hazards, providing protection 
from dehydration, injury, and infection (Shi et al. 
2017). Hair follicles have been described as self- 
renewing structures that continuously generate 
new epithelial cells to guarantee skin integrity 
and to renew the skin and its epidermal append-
ages in response to injury or environmental haz-
ards (Rishikaysh et  al. 2014). It is well known 
that Notch signaling is of high importance for 
skin homeostasis and wound repair, that both 
depend on the presence of epithelial stem cells as 
the primary source for regenerative cells 
(Blanpain and Fuchs 2006; Shi et  al. 2017). 
Multipotent stem cells that reside within the epi-
dermis and in the bulge region of HFs can give 
rise to a variety of different cell types, including 
those forming HFs, interfollicular epidermis, and 
associated epithelial glands (Shi et  al. 2017). 
Notch signaling has been shown to govern prolif-
eration and differentiation of these cell types, two 
processes whose alterations have the potential to 
disrupt normal cell growth and skin homeostasis 
(Shi et al. 2017) and may finally result in malig-
nant transformation of these cells.

Besides certain other disorders of the skin, 
such as chronic wounds, skin atrophy, skin fragil-
ity, hirsutism, and alopecia, NMSC show charac-
teristic features that are well in line with a 
disorder of skin stem cells (Najafzadeh et  al. 
2015; Shi et al. 2017). In NMSC and many other 
malignancies, it has been hypothesized that 
tumor formation is caused by inappropriate stim-
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ulation/regulation of distinct cellular signaling 
pathways (including Notch signaling), thereby 
activating these stem cells or their immediate 
pluripotent progenitors (Burkert et al. 2006; Shi 
et  al. 2017). In line with this concept is the  
observation that several types of NMSCs can 
obviously be derived from HFs, an assumption 
that is supported by characteristic histological 
findings and the detection of specific molecular 
markers both in HFs and in skin malignancies 
(Jahoda and Reynolds 2000; Shi et al. 2017). It 
has been concluded that understanding the 
molecular mechanisms by which proliferation 
and differentiation are regulated in skin append-
ages may provide important insights into the 
molecular basis of NMSC and other diseases, and 
may also identify promising targets for treatment 
intervention (Shi et al. 2017). In this review, we 
give a brief overview on the role of Notch signal-
ing for the multistep process of photocarcinogen-
esis of NMSC (including the roles of the Notch 
pathway for the regulation of cancer stem cells 
(CSCs) and tumor angiogenesis), for progression 
and clinical management of NMSC (including 
Notch’s role as an emerging therapeutic target). 
Because understanding the fundamental role of 
Notch for embryonic development of skin, HFs, 
and other appendages is of critical importance for 
understanding the relevance of Notch signaling 
for skin carcinogenesis, we will also give a short 
introduction on this topic.

 A Snapshot on the Role of Notch 
Signaling for Embryonic 
Development and Tissue 
Homeostasis of Skin and Hair 
Follicles

It has been convincingly shown that the evolu-
tionary, highly conserved Notch pathway gov-
erns fundamental developmental processes that 
include binary decision, lateral inhibition, and 
boundary formation (Artavanis-Tsakonas et  al. 
1999; Reichrath and Reichrath 2020a, b, c). In 
general, Notch-mediated cell–cell communica-
tion is context and cell-type dependent and 
exerted by coordinated, differential expression of 
distinct Notch receptors and corresponding 

ligands on the surface of adjacent cells (reviewed 
in McIntyre et al. 2020). In mammals, four evolu-
tionary, highly conserved transmembrane Notch 
receptors (Notch1–4) have been identified, that 
can be activated via five corresponding ligands of 
the Delta-like (Dll 1, 3, and 4) and Jagged (JAG1 
and 2) families (Kiernan et al. 2001; reviewed in 
McIntyre et  al. 2020), In general, neighboring 
cells stimulate each other to produce elevated 
levels of ligands, thereby inducing an increased 
activation of Notch receptors (Artavanis- 
Tsakonas et al. 1999; reviewed in McIntyre et al. 
2020). In most cases, elevated expression of 
ligands with subsequent Notch activation results 
in cellular differentiation (and cell growth arrest), 
thereby regulating the cluster size of cell popula-
tions (Artavanis-Tsakonas et al. 1999; reviewed 
in McIntyre et al. 2020). At the molecular level, it 
has been shown that in the canonical Notch- 
signaling pathway, ligand-induced Notch recep-
tor stimulation results in cleavage of the 
intracellular domain of the Notch receptor (NID) 
(reviewed in McIntyre et al. 2020). The NID then 
consecutively translocates to the nucleus where it 
forms a ternary complex with the transcriptional 
coactivator, Mastermind-like (MAML) protein, 
as well as the DNA-binding protein, CBF-1, Su 
(H), Lag-1-type transcription factor (CSL, also 
termed Recombinant recognition sequence bind-
ing protein at the Jκ site, RBP-J), which have 
been shown to direct specific binding to response 
elements in DNA regions of target genes and to 
regulate target gene expression (reviewed in 
McIntyre et al. 2020). Until today, only a limited 
number of Notch target genes have been identi-
fied and characterized, most importantly basic- 
helix–loop-helix proteins of the hairy and 
enhancer of split (Hes) and Hes-related transcrip-
tion factor (Hrt) families, which function as tran-
scriptional repressors (reviewed in McIntyre 
et al. 2020).

 Notch Signaling in Skin: Simple 
in Design but Versatile in Function

Recent scientific findings indicate that Notch sig-
naling orchestrates the process of epidermal dif-
ferentiation and proliferation through the 
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sequential activation of different Notch ligands, 
receptors, and downstream pathways. Notch 
receptors and corresponding ligands are present 
in the skin (Reichrath and Reichrath 2012a, b), 
although until today, most of their particular 
functions are still uncertain. It has been shown 
that Notch receptors and ligands are differentially 
expressed in the different cell layers of the viable 
epidermis (reviewed in Reichrath and Reichrath 
2012a). In healthy skin Notch receptor 1 and its 
corresponding ligands, Dll1 and JAG1 are pres-
ent in all cell layers of the viable epidermis, with 
pronounced expression of Dll1 and JAG 1 in the 
epidermal basal layer (Table  9.1). It has been 
observed in various cell types that Delta/Notch 
signaling is increased in cells that undergo a nor-
mal differentiation program, as in human kerati-
nocytes of cell layers of the normal adult 
epidermis. In contrast, activity of Notch signal-
ing has been described to be decreased in psoria-
sis vulgaris and other hyperproliferating skin 
diseases. In line with these investigations, it was 
reported that loss of Notch receptor1  in young 
mice induces hyperproliferation of the basal epi-
dermal layer and deregulates expression of mul-
tiple differentiation markers, including reduced 
expression of p21 and elevated expression of 
Gli2. In epidermal keratinocytes, activation of 
Notch receptor 1 has been shown to induce p21 
expression in a CBF-1, Su (H), Lag-1 (CSL)-type 
(also termed RBP-J) transcription factor–depen-
dent manner, resulting in cell cycle withdrawal 
and terminal differentiation. In addition, stimula-
tion of Notch receptor 1 directly promotes cas-
pase 3 activity, that is required for terminal 
differentiation of embryonic keratinocytes.

The importance of Notch signaling for skin 
embryogenesis is underlined by characteristic 
cutaneous findings in several inherited syn-
dromes, including Alagille syndrome (Kamath 
et  al. 2004, 2012, 2013; McCright et  al. 2001, 
2002, 2006) and Adams–Oliver syndrome. 
Adams–Oliver syndrome is a rare genetic disor-
der that has been linked to mutations in several 
different genes, including DLL4 (OMIM 605185; 
cytogenetic location: 15q15.1) and NOTCH1 
(OMIM 190198; cytogenetic location: 9q34.3), 
as well as in RBP-J (OMIM 147183; cytogenetic 

location: 4q15.2), EOGT (OMIM 614789; cyto-
genetic location: 3p14.1), ARHGAP31 (OMIM 
610911; cytogenetic location: 3q13.2–3q13.33), 
and DOCK6 (OMIM 614194; cytogenetic 
 location: 19p13.2) (reviewed in Mašek and 
Andersson 2017; Meester et al. 2019; Reichrath 
and Reichrath 2020a). Adams–Oliver syndrome 
is diagnosed based on the presence of aplasia 
cutis congenita and several other clinical hall-
marks, namely terminal transverse limb malfor-
mations and a partial absence of skull bones 
(reviewed in Mašek and Andersson 2017; Meester 
et  al. 2019; Reichrath and Reichrath 2020a; 
Zanotti and Canalis 2016). Typically, aplasia 
cutis congenita is found in the skull region, how-
ever other body parts, including the abdomen, 
may also be affected (reviewed in Meester et al. 
2019; Zanotti and Canalis 2016). The severity 
and symptoms of aplasia cutis congenita may 
greatly vary (reviewed in Meester et  al. 2019; 
Zanotti and Canalis 2016). At birth, the affected 
skin region typically presents as healed but 
scarred skin, and skin histology shows character-
istic findings that may include absent epidermis, 
dermal atrophy, and a lack of elastic fibers and 
other skin structures (reviewed in Meester et al. 
2019; Reichrath and Reichrath 2020a; Zanotti 
and Canalis 2016). However, symptoms may 
range from a localized region with complete 
absence of skin to patches of skin that lack hair 
(reviewed in Meester et  al. 2019; Zanotti and 
Canalis 2016).

A large body of convincing evidence from 
clinical and laboratory investigations has shown 
the importance of Notch signaling for the 
embryonic development of all anatomical struc-
tures of the skin, including the epidermal com-
partment, HFs, and other appendages. It was 
demonstrated that in response to external cues, 
embryonic skin cells have to make a cell fate 
decision whether or not to differentiate and gen-
erate stratified epidermis, or to invaginate and 
initiate morphogenesis of HF (Fuchs 2007). It 
has been demonstrated that the cell fate deci-
sions of epidermal keratinocytes whether or not 
to transit from basal to suprabasal epidermal cell 
layers begin around embryonic day 13.5 (E13.5). 
At this time, the activation of Notch receptors by 
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Table 9.1 Notch signaling in skin embryology and in nonmelanoma skin cancer: lessons learned from in vitro inves-
tigations and animal studies

Topic Clinical and laboratory findings References (Selection)
Relevance of 
Notch signaling 
for NMSC

Pathology of 
NMSC: HFs 
and BCCs

Pathology of HFs and BCCs: examples for 
“ordered” and “disordered” variants of skin 
appendage growths, respectively

Dahmane et al. (1997)

   A significant subset of BCCs may be directly 
HF-derived

Garber (2007)

   Cells of both BCCs and HFs have the ability to 
indefinitely and repeatedly proliferate, a key 
mechanism that is responsible for maintaining a 
tumor mass or regular hair fiber production

Grachtchouk et al. 
(2000)

   The stem cells of the HF bulge region and 
adjacent cells represent a potential primary source 
of BCCs derived from HFs

Hutchin et al. (2005)

   All BCCs, HF-derived or not, may express 
similar fundamental growth mechanisms to those 
that regulate HF growth and cycling

Jayaraman et al. 
(2014)

   The primary mechanism by which most BCCs 
develop, a constitutive activation of the Hedgehog 
pathway, is a fundamental regulatory mechanism 
in HF development

Liu et al. (2008)

Notch and other pathways involved in pathogenesis 
of BCCs

Lowell et al. (2000)

   Mutations in genes encoding for components of 
the sonic hedgehog (Shh) and patched (PTCH) 
signaling pathways are the molecular hallmarks 
for pathogenesis of BCCs; significance of 
mutations in NOTCH1 and NOTCH2 was also 
shown

McMahon et al. 
(2003)

   Shh signaling is required for the proliferation 
and normal cycling of HF epithelium. 
Modifications of Shh signaling can result in tumor 
development in tissues of different origins 
Hyperactivation of the Shh signaling pathway is 
found in several HF-derived tumors and in BCCs. 
Enhanced expression of GLI1 and GLI2 
(indicating increased Shh signaling) was 
demonstrated in BCCs and in HF root sheaths, 
compared with normal skin

Nicolas et al. (2003)

   Several signaling pathways involved in 
regulation of stem cell functions (such as the 
process of cellular self-renewal), including Notch, 
sonic hedgehog (Shh) and Wingless-related 
integration site (Wnt) signaling, are active in 
normal HFs and in BCCs, although their roles for 
BCC growth remain until today only poorly 
understood

Oro et al. (1997)

   Defining gene expression patterns and pathways 
in BCCs that are distinct from HF growth and 
cycling may lead to a better understanding of the 
abnormal proliferation that these cells undergo in 
the development of NMSC

Yamamoto et al. 
(2003)

(continued)
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Table 9.1 (continued)

Topic Clinical and laboratory findings References (Selection)
Notch signaling pathway activity is suppressed in 
BCCs as compared to HFs

Purow (2012)

   Several key Notch signaling factors showed 
significant differential expression in BCCs 
compared with HFs indicating that selected Notch 
pathway genes are differentially activated and 
inhibited in BCCs, which may be due to positive 
feedback, and reciprocal negative feedback, from 
differences in Delta and Notch cell surface 
expression, or the irregular activation of 
downstream Notch signaling pathway genes

Rishikaysh et al. 
(2014)

   Downstream components of the Notch pathway, 
including the transcription factor RBP-J and 
downstream target genes of the Hes and Deltex 
families, show a high expression in hair shafts 
compared with BCCs and normal skin

Shi et al. (2017)

   By contrast, two genes that affect the 
co-repression of RBP-J, CTBP1 and CREBBP, 
show significantly lower expression in HFs 
compared with BCCs. Studies suggest a reduced 
expression of downstream genes of the Notch/
RBP-J signaling pathway in BCCs. Deletion of 
RBP-J from follicular stem cells results in an 
aberrant cell fate switch that leads to the 
establishment of epidermal progenitors and basal 
cells the Notch/RBP-J signaling pathway is 
strongly activated in HFs. Since the Notch 
signaling pathway promotes a stem cell phenotype 
in skin the degree of Notch signaling pathway 
activation may be important for HF stem cell 
proliferation and differentiation

Thelu et al. (2002)

   High level of Notch/RBP-J signaling may be 
required for the formation and maintenance of HF

Weng and Aster 
(2004)

   Loss of RBP-J action in BCCs may promote 
cells toward a more stem, or progenitor, cell-like 
status, enabling basal cell tumor growth

Wuest et al. (2007)

Notch signaling as a target for BCC treatment Yamamoto et al. 
(2003)

   Notch signaling via NID translocation into the 
nucleus, and subsequent binding to the 
transcription factor RBP-J, represents an 
important stage of BCC development, identifying 
RBP-J signaling as a promising target for 
development of new BCC therapies

   The role of Notch signaling as promising 
therapeutic target for NMSCs is supported by 
demonstrating that JAG1 protein is upregulated in 
BCCs following topical treatment with imiquimod 
(a small synthetic compound that stimulates 
Toll-like-receptor 7 (TLR-7), which is present in 
plasmacytoid dendritic cells, macrophages, and 
monocytes, thereby causing an increased 
production of inflammatory cytokines, including 
interferon-α and leading to potent stimulation of 
antitumor immunity that finally results in tumor 
destruction)

(continued)
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Table 9.1 (continued)

Topic Clinical and laboratory findings References (Selection)
  Topical treatment of BCCs with imiquimod
   mRNA (expression of Notch1, JAG1, and Dll1 

transcriptionally upregulated in tumor cells of 
BCCs (real-time PCR; n = 6)

   Minor increase of Notch1 protein expression on 
infiltrating cells and strong increase in JAG1 
protein expression in regressing BCCs 
(immunohistochemistry; n = 6)

   Conclusion: Imiquimod may act as a stimulator 
of the Notch pathway in sBCC tumor cells by 
upregulating protein expression of JAG1. 
Imiquimod may exert tumor suppressor function 
via induction of Notch signaling, which together 
with its proinflammatory properties may result in 
tumor regression

Pathology of 
NMSC: Notch 
and SCCs

Notch signaling and carcinogenesis of cutaneous 
SCCs (cSCCs)

Dahmane et al. (1997)
Garber (2007)

  Crosstalk between Notch and p53 signaling Grachtchouk et al. 
(2000)
Hutchin et al. (2005)

   Mutations in the tumor suppressor p53 (TP53) 
are a hallmark of photocarcinogenesis of cSCCs

Jayaraman et al. 
(2014)
Koch and Radtke 
(2007)

   Cross-regulations among Notch signaling and 
p53 family members, p63 (TP63), and p73 (TP73) 
contributes to the photocarcinogenesis of 
cutaneous SCCs

Kouwenhoven et al. 
(2010)
Lang et al. (2004)

   p53 exerts its tumor suppressive function by 
inducing expression of differentiation-stimulating 
Notch1 and the cell cycle inhibitor p21/CDKN1A, 
among other target genes

Lane and Levine 
(2010)
Liu et al. (2008)

   A complex crosstalk exists between p63 and the 
Notch signaling: p63 directly induces JAG1 and 
Notch expression, as well as the Notch target 
IRF6, promoting initial steps of terminal 
differentiation. At the same time, p63 suppresses 
expression of Notch downstream target genes, 
p21/CDKN1A and Hes1, sustaining cell cycle 
progression and repressing late stages of 
differentiation. Notch and IRF6 counteract p63 
activity in a negative feedback loop

Lokshin et al. (2007)
Lowell et al. (2000)

   Little is known about impact of p73 for 
photocarcinogenesis of cutaneous SCCs. In other 
cell types p73 positively regulates JAG1 and JAG2

McMahon et al. 
(2003)
Missero and Antonini 
(2014)

The effects of Notch1 deletion on multistage skin 
carcinogenesis

Nicolas et al. (2003)
Oro et al. (1997)

   Notch1 deletion in epidermal keratinocytes 
causes skin carcinogenesis, while in contrast 
Notch1 acts in most other tissues as a 
proto-oncogene

Purow (2012)
Rishikaysh et al. 
(2014)

(continued)
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Table 9.1 (continued)

Topic Clinical and laboratory findings References (Selection)
   Deleting Notch1 either before or after DMBA 

treatment in the K14CreERT system indicates that 
loss of Notch1 is not involved in the initiating 
event of multistage skin carcinogenesis

Roemer (2012)
Shi et al. (2017)

   Notch1 loss acts as a skin cancer-promoting 
event. Delaying Notch1 deletion in K14CreERT 
mice until after the tumor-promotion stage of 
carcinogenesis demonstrated that late deletion of 
Notch1 contributes to malignant progression of 
benign papillomas (a phenotype that is observed 
upon loss of p53 but not loss of p21WAF1/Cip1, a 
specific Notch1 target in skin)

Thelu et al. (2002)
Weng and Aster 
(2004)

   The main effect of Notch1 loss in skin 
carcinogenesis may be to provide the initiated 
cells with a proliferative signal to promote tumor 
growth and proceed to invasive skin cancer

Wuest et al. (2007)
Yamamoto et al. 
(2003)

   It has been speculated that this proliferative 
signal is located downstream of Notch1 loss and 
could be originated from within the initiated cells, 
supporting Notch1’s role as a classical tumor 
suppressor in epidermal keratinocytes

Yang et al. (2010)

Expression of Notch1 and its ligands in normal skin 
and in NMSC

Dahmane et al. (1997)
Erb et al. (2008)

   Varies in the different layers of the epidermis 
(most studies report immunoreactivity for Notch1 
and its corresponding ligands Dll1 and JAG1 in all 
cell layers of the viable epidermis, with 
pronounced expression of the latter two in the 
basal layer

Garber (2007)
Grachtchouk et al. 
(2000)

   In BCCs, the protein expression of Notch 
receptors and corresponding ligands, Dll1 and 
JAG1 is markedly lowered in tumor regions as 
compared to healthy epidermis

Hutchin et al. (2005)
Jayaraman et al. 
(2014)

   One immunohistochemical study reports absent 
immunoreactivity for Notch1 in normal epidermis 
and in BCCs, while Notch2 and its downstream 
target gene Hes1 were detected in both cytoplasm 
and nuclei of normal skin epithelia (8/8) and, of 
BCCs (with reduced detection rates)

Kouwenhoven et al. 
(2010)
Lane and Levine 
(2010)

   Protein expression of Notch1 and its 
corresponding ligands Dll1 and JAG1 was 
reduced/undetectable in BCC regions comprised 
of palisading cells penetrating the dermis

Lang et al. (2004)
Liu et al. (2008)

   Ablation of Notch1 from epidermal cells in 
mice leads to an uncontrolled proliferation of the 
basal epidermal layer and finally results in 
BCC-like tumors

Lokshin et al. (2007)
Lowell et al. (2000)

   In BCCs, in absence of Notch1, Dll1, and 
JAG1, missing or reduced Notch signaling activity 
may cause disordered epidermal terminal 
differentiation and proliferation

McMahon et al. 
(2003)
Missero and Antonini 
(2014)

(continued)
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Table 9.1 (continued)

Topic Clinical and laboratory findings References (Selection)
   BCCs lack expression of Fas, but strongly 

express Fas ligand, which may help prevent attack 
from surrounding immune-effector cells, while 
also lacking Fas, potentially to make the tumor 
cells resistant to apoptosis. Fas ligand is a type II 
transmembrane protein that can induce apoptosis 
upon binding to Fas. Decreasing Fas expression in 
tumor cells and simultaneously upregulating the 
expression of Fas ligand to induce apoptosis in 
Fas-expressing T-cells is a mechanism by which 
some malignant tumors resist Fas ligand-mediated 
T-cell cytotoxicity

Nicolas et al. (2003)
Oro et al. (1997)

   Stimulating Notch signaling with JAG1 (by 
adding exogenous JAG1 into BCC cell culture) 
induces apoptosis of BCC cells by increasing Fas 
ligand mRNA and protein expression and 
downstream caspase-8 activation

Purow (2012)
Rishikaysh et al. 
(2014)

   In animal models, mice lacking Notch1 
spontaneously develop epidermal skin tumors that 
display basal cell carcinoma (BCC)-like 
phenotype

Shi et al. (2017)
Thelu et al. (2002)

   In absence of Notch1, Dll1, and JAG1, missing 
or decreased Notch signaling may lead to disorder 
in epidermal differentiation and proliferation, and 
promotes formation of BCCs

Wang et al. (2012)
Weng and Aster 
(2004)

   Impaired Notch signaling is also reported to 
promote the development of cutaneous squamous 
cell carcinoma (SCC), as outlined above, and 
malignant melanoma (MM). In summary, it can be 
assumed that in contrast to other tissues, Notch 
seems to function in the skin as a tumor 
suppressor

Wuest et al. (2007)
Yamamoto et al. 
(2003)

   Notch receptor family members 1 and 2 may 
exert equivalent or reverse biological effects in 
cell type-dependent fashions

Yang et al. (2010)

Skin 
embryology

Notch signaling 
in skin 
development

Cell fate decisions of epidermal keratinocytes 
whether or not to transit from basal to suprabasal 
cell layers

Blanpain et al. (2006)
Fuchs (2007)

   Begin around E13.5
   Associated with stratification of the epidermis
   Associated with activation of notch receptors by 

corresponding ligands (on the molecular level 
mediated by enzymatic cleavage of NID and its 
translocation to the nucleus, where it associates in 
suprabasal keratinocytes with DNA-binding 
protein RBP-J to regulate downstream target 
genes)

Notch and 
angiogenesis

Notch 
signaling, 
angiogenesis, 
and congenital 
disorders

Congenital disorders associated with cardiovascular 
defects or abnormal angiogenesis and linked to 
mutations in the Notch pathway

Allard et al. (2004)
Benedito et al. (2009)
Boucher et al. (2013)

(continued)
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Table 9.1 (continued)

Topic Clinical and laboratory findings References (Selection)
   Alagille syndrome (mutations in JAG1 or 

NOTCH2), characterized by congenital heart 
disease (especially pulmonary artery stenosis, and 
vascular disease including a predisposition to 
intracranial bleeding)

Djokovic et al. (2015)
Folkman and 
Klagsbrun (1987), 
Folkman (1996) 
Gonzalez-Perez and 
Rueda (2013)

   Hajdu–Cheney syndrome (HCS) (mutations in 
NOTCH2), clinical findings may include 
cardio-vascular defects

Hamada et al. (1999)
Hellström et al. (2007)

   Adams–Oliver syndrome (mutations in several 
genes, including Dll-4, NOTCH1, RBPJ, EOGT, 
ARHGAP3, and DOCK6), clinical findings may 
include congenital heart defects (around 23%), 
pulmonary or portal hypertension, vascular 
anomalies (including dilated surface blood 
vessels, resulting in marbled appearance of 
affected skin areas, termed cutis marmorata 
teleangiectatica) and retinal hypervascularization

High et al. (2008)
Kiernan et al. (2007)
Lee et al. (2016)

   Cerebral autosomal–dominant arteriopathy with 
subcortical infarcts and leukoencephalopathy 
(CADASIL) (mutations in NOTCH3), clinical 
findings include arteriopathy that shows 
breakdown of vSMC that causes multiple 
ischemic strokes

Lobov et al. (2007)
Mašek and Andersson 
(2017)
McCright et al. (2006)

   Early onset arteriopathy with cavitating 
leukodystrophy (mutations in NOTCH3), clinical 
findings include childhood-onset arteriopathy. 
Vessels are characterized by smooth muscle 
degeneration as in CADASIL, but without 
deposition of granular osmiophilic material, the 
CADASIL hallmark

Nishida et al. (2006)
Pedrosa et al. (2015)
Reichrath and 
Reichrath (2020a, b)

Notch signaling 
and vascular 
development

Notch signaling governs many core processes during 
embryologic vascular development, from vascular 
growth and endothelial tip and stalk cell selection to 
vSMC development

Scheppke et al. (2012)
Segarra et al. (2008)
Wang et al. (2012)

  Dll4-mediated Notch signaling
   Absolutely required for normal arterial 

specification during embryonic development
   It is a key regulator of embryonic, postnatal 

developmental, regenerative, and tumor-sprouting 
angiogenesis

   It mediates communication between adjacent 
endothelial cells (ECs) that lead the sprout 
formation and adjacent ECs that under Dll4/Notch 
control remain in the quiescent state in preexisting 
vasculature or rather proliferate then migrate, 
forming the trunk of the new vessel

   Mechanistically, Dll4/Notch enables the 
selective EC departure from preexisting activated 
endothelium and organized sprout outgrowth by 
decreasing the VEGFR2/VEGFR1 ratio and 
therefore reducing the sensitivity of signal- 
receiving ECs to VEGF

(continued)
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Table 9.1 (continued)

Topic Clinical and laboratory findings References (Selection)
   Balanced sprouting is achieved by Dll4-induced 

“high” Notch signaling and inhibition of 
sprouting, via suppression of VEGFR signaling in 
tip cells, which is antagonized in stalk endothelial 
cells exhibiting JAG1-mediated “low” Notch 
signaling activity

   Although Dll4/Notch blockade potentiates the 
tumor-driven angiogenic response, it inhibits 
tumor growth due to the formation of immature 
and poorly functional vessels that result in 
reduced tumor perfusion

  JAG1
   Loss of vSMCs and severe disruption of 

angiogenesis found in JAG1 mutants
   Systemic knockout of JAG1 or NOTCH2 

(homozygous) is embryonic lethal in mice at 
∼E11.5 (because of resulting defects in 
angiogenesis of the embryonic and yolk sac 
vasculature) and at ∼E10.5 (because of 
widespread apoptosis), respectively

   Both endothelial-specific (via Tie1- or 
Tie2-Cre) and complete deletion of JAG1 results 
in embryonic lethality and cardiovascular defects, 
demonstrating that lack of JAG1 signaling from 
the vascular endothelium likely results in these 
anomalies

   Functions in adults downstream of Dll4/Notch1 
signaling to stimulate maturation of vSMCs after 
injury through P27kip1-mediated inhibition of 
proliferation

   JAG1-induced expression of integrin αvβ3, 
which facilitates binding to a basement 
membrane-specific von Willebrand factor protein, 
may mediate the perivascular coverage of newly 
formed vessels by vSMCs and pericytes

   Governs angiogenesis-associated sprouting 
(both gain- and loss-of-function investigations in 
endothelial cells demonstrate that JAG1 stimulates 
the sprouting of new tip cells during retinal 
angiogenesis)

  NOTCH2:
   Loss of vSMCs demonstrated in embryos with 

homozygous hypomorphic Notch2
Angiogenesis 
in NMSC

Vascularization 
in BCCs

Angiogenesis is a characteristic feature of BCCs, 
that are clinically characterized by the presence of 
telangiectasias

Wuest et al. (2007)

Notch and 
Cancer stem 
cells (CSC)

CSC hypothesis Postulates that malignant tumors are characterized 
by a hierarchical structure of different cell 
subpopulations, including so-called cancer stem–
(like) cells or tumor-initiating cells (TIC), that have 
the capacity for self-renewal and to develop 
heterogeneous lineages of cancer cells that build up 
the tumor

Chatterjee and Sil 
(2019)
Espinoza et al. (2013)
Quan et al. (2018)
Reichrath and 
Reichrath (2020a, b, c)
Shi et al. (2017)
Venkatesh et al. 
(2018)

(continued)
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Table 9.1 (continued)

Topic Clinical and laboratory findings References (Selection)
CSCs: common 
features

Characteristic findings

   Slow growth rate
   Colony- and tumor-forming capacities
   Altered differentiation
   Altered migration
   Altered treatment sensitivity (often resistant to 

chemotherapy and radiotherapy, thereby resulting 
in the failure of these conventional therapies

   Activate Notch and other distinct signal 
transduction pathways that are of importance for 
embryonic development and for tissue homeostasis

Defining existence and biological function of distinct 
CSCs
   Great progress was achieved in different types 

of human solid tumors through identification of 
specific subpopulations characterized by 
expression of distinct surface determinants and 
other molecular markers, including CD133, 
CD44, CXCR4, and ALDH1

Therapeutic implication
   Targeting Notch signaling in CSCs represents a 

promising future direction for the ultimate 
therapeutic goal to cure cancer

CSCs in NMSC Maintaining the CSC population in cSCC
   Maintaining the CSC population in SCC 

governed by a complex network of multiple 
pathways (including WNT, HEDGEHOG, NF-κB, 
growth factor receptors, RAS-mitogen–activated 
protein kinase, PI3K–Akt–mTOR, and TP53) 
important for cellular growth, death or survival, 
senescence migration, and/or epithelial/
mesenchymal differentiation/transition

   Significant genetic alterations and inactivation 
or activation of Notch and other pathways relevant 
for maintaining the CSC population in SCC

   In primary human cSCC tumors and cell line 
models, the small and distinct CD133+ 
subpopulation (live CD133+ cells that form 
spheroid colonies in vitro and tumors in vivo) 
differentially expresses stem-like and cancer gene 
signatures linked to Notch1-mediated NF-κB 
modulation, NF-κB, and WNT pathways

   Gene signatures in CD133+ stem cells revealed 
activation of a highly orchestrated, complex 
network of multiple pathways, which were linked 
to Notch and NF-κB signaling and demonstrated 
sensitivity to genetic and pharmacologic inhibitors 
of Notch and NF-κB

   Functional, genetic, and pharmacologic studies 
uncovered a linkage between Notch1, Wnt, 
Hedgehog, IKKα, and NF-κB pathway activation 
in maintaining the CD133+ population and its 
self-renewal ability in established primary cSCC 
and cell lines

(continued)
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Table 9.1 (continued)

Topic Clinical and laboratory findings References (Selection)
   Crosstalk of Notch signaling with two other 

major developmental pathways, Hedgehog and 
Wnt, of importance in many embryological 
development cascades and in maintaining 
stemness of stem cells

   Every single one of these pathways (Notch, 
Hedgehog, and Wnt) is potent in inducing 
tumorigenesis, driving tumor progression, and 
aiding epithelial to mesenchymal transition in 
malignant cells, apart from maintaining cancer 
stem cells population inside the tumor tissue

   Inhibition of all the three pathways individually 
have resulted in tumor regression, but not 
optimally, as treatment failure and cancer relapse 
have been found to occur

   Wnt pathway is an evolutionarily conserved 
signaling pathway determining patterning of 
animal embryos, cell fate, cell polarity, and a 
substantial role in the origin and maintenance of 
stem cells

   IKK and NF-κB signaling: Implicated in 
promoting tumor cell survival, inflammatory, and 
angiogenesis responses. How the molecular 
components of these signaling pathways are 
orchestrated to comprise the functionally versatile 
network that governs the induction and regulation 
of the different phenotypes that are associated 
with the distinct CSC/TIC subpopulations in 
cSCC tumors is not well understood

   Identification of significant molecular/genetic 
alterations in key pathways that govern the 
maintenance of the CD133+ CSC phenotype could 
potentially help identify promising new targets for 
pharmacological cancer prevention and therapy

Therapeutic implications
   Instead of targeting a single pathway, targeting 

the crosstalk network could be a better alternative 
to conventional cancer treatment. Elimination of 
both tumor cells as well as cancer stem cells 
implies a reduced risk of relapse. Drugs developed 
to target these cross-talking networks (e.g., Notch, 
Wnt, Shh), when used in combinatorial therapy, 
can hopefully increase the efficacy of the therapy 
to a very large extent

Abbreviations (selection): BCC Basal cell carcinoma, cKO conditional knockout, CSC cancer stem cell, CSL CBF-1, Su 
(H), Lag-1-type transcription factor, DBD DNA binding domain, Dll delta-like, E embryonic day, FGF fibroblast 
growth factor, GOF gain of function, Hes hairy and enhancer of split, HF hair follicle, HPV human papilloma virus, Hrt 
Hes-related transcription factor, IP intermediate progenitor, IPC intermediate progenitor cell, JAG jagged, KO knock-
out, MET mesenchymal-to-epithelial transition, MAML mastermind-like, MMP matrix metalloproteinase, NID Notch 
intracellular domain, NMSC nonmelanoma skin cancer, NSC neural stem cell, NO nitric oxide, OD oligomerization 
domain, PDGF platelet-derived growth factor, PTCH patched, RBP-J recombinant recognition sequence binding pro-
tein at the Jκ site, Sema Semaporin, SCC squamous cell carcinoma, Shh sonic hedgehog, TA transactivation domain, TLR 
toll-like receptor, VEGF vascular endothelial growth factor, vSMC vascular smooth muscle cell, Wnt wingless-related 
integration site

J. Reichrath and S. Reichrath



137

their corresponding ligands is associated with 
the stratification of the epidermis (Blanpain 
et al. 2006). On the molecular level, this process 
is mediated by enzymatic cleavage of the NID 
and its translocation to the nucleus, where it 
associates in keratinocytes of suprabasal cell 
layers with DNA-binding protein RBP-J to reg-
ulate downstream target genes (Kopan and 
Ilagan 2009; Lowell et al. 2000; Moriyama et al. 
2008; Okuyama et al. 2004; Wang et al. 2008).

In skin, the epidermis is maintained through-
out life through the proliferation of stem cells and 
differentiation of their progeny. The innermost 
(basal) layer of the epidermis consists of prolif-
erative progenitor cells which give rise to multi-
ple differentiating layers, a stratified epithel 
providing a barrier that keeps the inside of the 
body moist and protects the body from environ-
mental hazards by physical, chemical, and bio-
logical factors, including ultraviolet 
(UV)-radiation (Massi and Panelos 2012). 
Investigations using transgenic mice have dem-
onstrated that in contrast to embryonic develop-
ment of the HF that can be achieved without 
Notch, its postnatal development requires an 
intact Notch signaling in two important compart-
ments of the hair, the bulb, and the outer root 
sheath (reviewed in Aubin-Houzelstein 2012, 
reviewed in Massi and Panelos 2012). In the hair 
bulb, Notch governs cell differentiation, ensuring 
the proper development of every layer of both the 
hair shaft and the inner root sheath (reviewed in 
Aubin-Houzelstein 2012, reviewed in Massi and 
Panelos 2012). Among the many roles played by 
Notch in the skin and HF, it has to be highlighted 
that in the bulge, Notch controls a cell fate switch 
in HF stem cells or their progenitors, preventing 
them from adopting an epidermal fate (reviewed 
in Aubin-Houzelstein 2012). Notch function in 
the skin and HF is both cell autonomous and cell 
nonautonomous and involves intercellular com-
munication between adjacent cell layers 
(reviewed in Aubin-Houzelstein 2012, reviewed 
in Massi and Panelos 2012).

The tightly regulated Notch function depends 
on a large network of contributing pathways that 
have also been shown to be of importance for 

skin carcinogenesis, including Wnt-mediated 
signals from adjacent epidermal cells and sup-
pressing bone morphogenic protein (BMP)–
mediated signals from underlying mesenchymal 
condensates, which converge to activate Sonic 
hedgehog (Shh) in the developing hair bud. Loss 
of Shh signaling widely disturbs this highly regu-
lated epithelial–mesenchymal cross-talk, impair-
ing HF down-growth and maturation in the 
embryo and distorting homeostasis throughout 
postnatal skin epithelium (Chiang et  al. 1999; 
Gritli-Linde et al. 2007; Oro and Higgins 2003). 
Notably, it was shown that epidermal morpho-
genesis not only precedes but also may be 
observed independently of Hh signaling (Oro and 
Higgins 2003).

 Notch Signaling and Nonmelanoma 
Skin Cancer (NMSC)

The physiological/pathophysiological function 
and the regulation of the Notch pathway in the 
pathogenesis of human NMSCs (Table 9.1) are at 
present not completely understood. Previous 
studies indicate an important role of Notch sig-
naling both for pathogenesis and progression of 
SCCs and BCCs (reviewed in Reichrath and 
Reichrath 2012a).

It was demonstrated that in accordance with 
its function in inducing differentiation of kerati-
nocytes, mice with an experimentally induced 
epidermal deletion of the Notch1 gene develop 
extensive epidermal hyperplasia and spontane-
ously develop BCCs (reviewed in Reichrath and 
Reichrath 2012a). Consequently, this finding has 
resulted in the hypothesis that Notch1 may act in 
the skin as a tumor suppressor (Table  9.1). 
Moreover, in mice with epidermal inactivation of 
Notch1, chemical injury promoted the formation 
of cutaneous lesions representing both BCCs and 
SCCs, in addition to inducing numerous papillo-
mas. It has been shown that mice expressing a 
dominant negative MAML1 (DNMAML1) pro-
tein to inhibit RBP-J dependent Notch signaling 
in the epidermis exhibit multiple skin defects 
including diffuse alopecia, epidermal hyperpla-
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sia, and hyperkeratinization (reviewed in 
Reichrath and Reichrath 2012a). These mice 
develop spontaneous lesions resembling human 
SCC and actinic keratoses, but do not develop 
BCC. In contrast to normal epidermis, keratino-
cytes and lesional cells from DNMAML1 mutant 
mice express nuclear ß-catenin and cyclin D1 in 
a pattern similar to that observed in human cuta-
neous SCC, suggesting a conserved role for these 
molecules in SCC (reviewed in Reichrath and 
Reichrath 2012a). Taken together, these data 
strongly suggest that functional interactions 
between Notch signaling, ß-catenin, and cyclin 
D1 play critical roles in the pathogenesis of cuta-
neous SCC.

 Epidemiology and Clinical Findings 
of NMSC

BCCs and SCCs, the two major types of NMSC, 
vary considerably in their clinical presentation, 
growth patterns, and metastatic capability. In 
general, most cases of both BCCs and SCCs have 
a good prognosis, especially when detected at 
their early stages (Apalla et  al. 2017; Didona 
et al. 2018; Leiter et al. 2014). BCC cells resem-
ble many characteristic features of epidermal 
basal cells (Apalla et al. 2017; Didona et al. 2018; 
Leiter et al. 2014). There is evidence that BCCs, 
at least in part, originate from the basal layer of 
the outer root sheath of the hair follicle, which 
closely resembles the interfollicular basal layer 
of the epidermis with respect to protein expres-
sion patterns, including members of the Notch 
signaling pathway (Table 9.1). BCCs have been 
described as the least aggressive type of 
NMSC. They very rarely metastasize and show a 
low degree of malignancy, despite of the capabil-
ity of local invasion, tissue destruction, and 
recurrence (Apalla et  al. 2017; Didona et  al. 
2018; Leiter et al. 2014). It was reported that the 
prevalence of BCCs and SCCs has increased by 
35% and 133%, respectively, over 2 decades. 
BCCs contribute minimally to the NMSC mortal-
ity rate (MR). An incidence rate of 1 case per 
14,000,000 for metastatic BCC, and 2 patients 
per 14,000,000 who die from locally advanced 

BCC have been reported. In consequence, a MR 
of 0.02 per 10,000 is to be expected (Apalla et al. 
2017; Didona et  al. 2018; Leiter et  al. 2014). 
Individual risk factors for BCC include gender, 
age, immunosuppression, genetic diseases (e.g., 
Gorlin–Goltz syndrome), and Fitzpatrick skin 
types I and II (Apalla et al. 2017; Didona et al. 
2018; Leiter et al. 2014). Ultraviolet (UV) radia-
tion represents the most important environmental 
risk factor for BCC pathogenesis, although the 
precise relationship (chronic or intermittent (sun-
burn) UV exposure) between UV radiation and 
BCC development remains controversial (Apalla 
et al. 2017; Didona et al. 2018; Leiter et al. 2014). 
BCCs develop predominantly in elderly patients 
on sun-exposed skin areas. BCCs rarely develop 
on palmoplantar surfaces and are never found on 
the mucosa (Apalla et  al. 2017; Didona et  al. 
2018; Leiter et al. 2014). Individuals who develop 
BCC have an elevated risk of developing new 
foci of BCC, as well as other types of skin cancer, 
including melanoma and SCC.  Their incidence 
has increased strongly over time, also reflecting 
our aging population.

SCCs are characterized by atypical, invasive 
proliferation of squamous cells, which have the 
potential to metastasize. SCCs show a consider-
able potential for recurrence, which depends on 
many factors, including tumor size, degree of 
histological differentiation, depth of the lesion, 
perineural invasion, patient’s immune system, 
and anatomic localization (Apalla et  al. 2017; 
Didona et al. 2018; Leiter et al. 2014). Several 
risk factors have been reported in SCC patients, 
including Fitzpatrick skin types I and II, outdoor 
occupation, human papillomavirus (HPV) types 
16, 18, and 31, and several cutaneous genetically 
inherited skin diseases (including albinism, 
xeroderma pigmentosum, and epidermodyspla-
sia verruciformis) (Apalla et  al. 2017; Didona 
et  al. 2018; Leiter et  al. 2014). However, the 
most important environmental risk factor is UV 
radiation (artificial and solar) (Apalla et al. 2017; 
Didona et al. 2018; Leiter et al. 2014). A direct 
correlation between psoralen and UVA (PUVA) 
exposure and the incidence of SCC has been 
reported (Apalla et al. 2017; Didona et al. 2018; 
Leiter et al. 2014). In most cases, SCCs arise on 
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sun-exposed areas, with about 55% and 18% of 
all SCCs presenting on the head and neck area 
and on the extensor surfaces of the hands and 
forearms, respectively (Apalla et  al. 2017; 
Didona et  al. 2018; Leiter et  al. 2014). 
Nevertheless, up to 13% of SCC cases arise on 
the legs (Apalla et al. 2017; Didona et al. 2018; 
Leiter et al. 2014). Actinic keratoses (AKs) rep-
resent in situ SCCs, the earliest manifestation of 
SCCs. Although their prevalence varies accord-
ing to geographical location and age, AKs are 
extremely common, showing a prevalence 
greater than 40% in many adult populations. 
AKs occur usually on  chronically UV-exposed 
skin. AKs share several pathological features 
with SCC, and they represent a continuum in a 
multistep process over the years on chronically 
sun exposed fair skin. Normal- appearing skin 
that surrounds AKs may develop AKs, because 
of the UV exposure and expression of molecular 
alteration, including p53 mutations. This whole 
area is today known as “field cancerization.” 
SCCs show a variable metastatic rate of 0.1–
9.9% and they account for about 75% of deaths 
due to NMSC (Apalla et al. 2017; Didona et al. 
2018; Leiter et  al. 2014). Although the first- 
choice therapy is still surgical excision, plenty of 
alternative approaches have been reported to 
manage NMSC, including photodynamic ther-
apy (PDT), cryotherapy, and topical imiquimod 
5% (Apalla et  al. 2017; Didona et  al. 2018; 
Leiter et al. 2014).

 The Role of Notch Signaling 
for Carcinogenesis of Basal Cell 
Carcinomas

Several studies, including investigations from 
Thélu and coworkers, compared the expression 
of Notch receptor family members and their cor-
responding ligands in BCCs and unaffected and 
healthy skin (Table  9.1). Expression of Notch1 
and its ligands varies in the different layers of the 
epidermis (Fig.  9.1d–f). In unaffected, healthy 
skin Notch receptor 1, Dll1 and JAG1 are detect-
able in the whole epidermis, with pronounced 
expression of the latter two in the basal layer. 

Thélu and coworkers demonstrated that the pro-
tein expression of Notch receptor 1 and its cor-
responding ligands Dll1 and JAG1 was markedly 
reduced in BCC tumor regions as compared with 
unaffected normal skin (Thelu et  al. 2002). 
Moreover, in that study, all three proteins were 
undetectable in BCC regions comprised of pali-
sading cells penetrating the dermis. The authors 
concluded that because in normal human skin 
Notch receptor 1 and its corresponding ligands 
Dll1 and JAG1 are detectable in all cell layers of 
the viable epidermis (with pronounced expres-
sion of the latter two in the basal layer), in 
absence of Notch1, Dll1 and JAG1, missing or 
reduced Notch signaling activity may cause dis-
ordered epidermal terminal differentiation and 
proliferation (Thelu et al. 2002). It has been spec-
ulated that during malignant transformation of 
BCCs, keratinocytes may enter a pathological 
status when they neither transcribe Notch 
 receptor family members nor corresponding 
ligands, thereby resulting in abolishing a funda-
mental signal for terminal differentiation (Thelu 
et al. 2002).

In another immunohistochemical study, 
immunoreactivity for Notch receptor 1 was 
absent in viable normal epidermis and in BCCs, 
while Notch receptor 2 and its downstream target 
gene Hes1 could be detected in both cytoplasm 
and nuclei of normal skin epithelia (8/8) and, 
with reduced detection rates, of BCCs (Liu et al. 
2008). The authors of this study (Liu et al. 2008) 
concluded that Notch signaling in normal epider-
mis may be mediated mainly by Notch receptor 
2, and that Notch signaling might have twofold 
bioactivities: It may benefit normal maintenance/
renewal of epidermal cells, while its attenuation 
may favor epidermal tumor growth due to its 
tumor inhibitory effects (Bolós et  al. 2007; Liu 
et  al. 2008). In contrast to other organs, Notch 
receptor 1 appears to act as a tumor suppressor in 
the skin (Table 9.1). It was shown that ablation of 
Notch receptor 1 from epidermal cells in mice 
leads to an uncontrolled proliferation of the basal 
epidermal layer and finally results in BCC-like 
tumors. The immunohistochemical detection of 
Notch receptor 1 and JAG1 in BCCs is shown in 
Fig. 9.1d–f, respectively.
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Previous findings indicate that at least a sig-
nificant subset of BCCs is directly HF derived 
(Table  9.1) (Shi et  al. 2017; Crowson 2006; 
Grachtchouk et al. 2011; López-Takegami et al. 
2016; Peterson et al. 2015). It has been reported 
that the stem cells of the HF bulge region and 
adjacent cells represent a potential primary 
source of BCCs derived from HFs (Shi et  al. 
2017; Grachtchouk et  al. 2011; Peterson et  al. 
2015). In some regard, HFs and BCCs represent 
“ordered” and “disordered” variants of skin 
appendage growths, respectively (Shi et al. 2017). 
An important property both of BCCs and HFs is 
the ability of their cells to indefinitely and repeat-
edly proliferate, a key mechanism that is respon-
sible for maintaining a tumor mass or regular hair 
fiber production (Shi et  al. 2017). It has been 
speculated that all BCCs, HF-derived or not, may 
express similar fundamental growth mechanisms 
to those that regulate HF growth and cycling (Shi 
et  al. 2017). Several specific molecular mecha-
nisms involved in this process of self-renewal, 
including the Notch and other pathways, includ-
ing sonic hedgehog (Shh) and Wingless-related 
integration site (Wnt) signaling, have been 
found to be active in normal HFs and in BCCs 
(Thélu et  al. 1998; McMahon et  al. 2003; 
Jayaraman et  al. 2014; Wuest et  al. 2007; 

Rishikaysh et al. 2014; Shi et al. 2017). Notably, 
the roles of these signaling networks for BCC 
growth, particularly the Notch pathway, and their 
crosstalk, remain until today only poorly under-
stood. Mutations in genes encoding for compo-
nents of the sonic hedgehog (Shh) and patched 
(PTCH) signaling pathways are the hallmarks of 
BCC pathogenesis (Hutchin et al. 2005; Shi et al. 
2017). The primary mechanism, by which most 
BCCs develop, a constitutive activation of the 
Hedgehog pathway, is a fundamental regulatory 
mechanism in HF development (Hutchin et  al. 
2005; Shi et al. 2017). Shh signaling is required 
for the proliferation and normal cycling of HF 
epithelium. Modifications of Shh signaling can 
result in tumor development in tissues of differ-
ent origins (McMahon et  al. 2003). 
Hyperactivation of the Shh signaling pathway is 
found in several HF-derived tumors and in BCCs 
(Dahmane et al. 1997; Oro et al. 1997; Shi et al. 
2017). Overexpression of GLI1 and GLI2 gene 
products have been reported in BCCs, indicating 
increased Shh signaling (Dahmane et  al. 1997; 
Grachtchouk et al. 2000; Shi et al. 2017). In line 
with previous reports (Dahmane et  al. 1997; 
Grachtchouk et  al. 2000; Shi et  al. 2017), 
enhanced expression of glioma-associated onco-
gene homolog 1 (GLI1) and GLI2 was demon-

Fig. 9.1 Immunohistochemical detection in cutaneous 
squamous (a–c) and basal cell (d–f) carcinomas of Notch 
receptors 1 (b, f; ), 2 (c; )  

and corresponding ligand JAG1 (a, d, e; ). 

Note weak-to-moderate cytoplasmic and/or nuclear 
immunoreactivity (representative tumor areas marked as 
examples with arrows)
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strated in BCCs and in HF root sheaths, compared 
with normal skin. In these investigations, HF root 
sheaths exhibited significantly elevated expres-
sion levels of GLI1 and GLI2 compared with 
BCCs. Interestingly, several reports (Jayaraman 
et al. 2014; Shi et al. 2017) demonstrated the sig-
nificance of mutations in NOTCH1 and 
NOTCH2 in BCCs.

It has been speculated that defining gene 
expression patterns and pathways in BCCs that 
are distinct from HF growth and cycling may 
lead to a better understanding of the abnormal 
proliferation that these cells undergo in the 
 development of skin cancer. A recent study iden-
tified specific molecular mechanisms that are 
involved in the process of cell self-renewal in 
HFs and BCCs, including Notch and Hedgehog 
signaling pathways. Interestingly several key 
Notch signaling factors showed in that study sig-
nificant differential expression in BCCs com-
pared with HFs. In that study, a number of genes 
were uniquely expressed in HFs or BCCs only, 
indicating that selected Notch pathway genes 
were differentially activated and inhibited in 
BCCs, which may be due to positive feedback, 
and reciprocal negative feedback, from differ-
ences in Delta and Notch cell surface expression, 
or the irregular activation of downstream Notch 
signaling pathway genes.

Moreover, examination of downstream com-
ponents of the Notch pathway revealed that the 
transcription factor RBP-J and downstream target 
genes of the Hes and Deltex families exhibited a 
high expression in hair shafts compared with 
BCCs and normal skin. By contrast, two genes 
that affect the co-repression of RBP-J, CTBP1, 
and CREBBP were observed to have a signifi-
cantly lower expression in HFs compared with 
BCCs. Deletion of RBP-J from follicular stem 
cells results in an aberrant cell fate switch that 
leads to the establishment of epidermal progeni-
tors and basal cells (Yamamoto et al. 2003; Shi 
et al. 2017). This result, therefore, demonstrated 
that the Notch/RBP-J signaling pathway is 
strongly activated in HFs. Since the Notch signal-
ing pathway promotes a stem cell phenotype in 
skin (Lowell et  al. 2000; Shi et  al. 2017), the 
degree of Notch signaling pathway activation 
may be important for HF stem cell proliferation 

and differentiation. It has been speculated that 
the high level of Notch/RBP-J signaling pathway 
activation may be required for the formation and 
maintenance of HF.

Importantly, results of this study suggest a 
reduced expression of downstream genes of the 
Notch/RBP-J signaling pathway in BCCs. This 
may allow basal cells to escape from the normal 
regulation of proliferation that is normally found 
in the absence of Notch signaling activity, as 
observed in mammary epithelium cell lineages 
(Buono et  al. 2006; Shi et  al. 2017). Loss of 
RBP-J action in BCCs may promote cells toward 
a more stem, or progenitor, cell-like status, 
enabling basal cell tumor growth. Notch signal-
ing via NID translocation into the nucleus, and 
subsequent binding to the transcription factor 
RBP-J, may be an important stage of BCC devel-
opment. As such, RBP-J signaling may be a 
focus for the introduction of promising, new 
BCC therapies, as has been suggested for other 
types of cancer (Garber 2007; Purow 2012; Shi 
et al. 2017).

Notably, Notch receptor family members 1 
and 2 have been reported to exert equivalent or 
reverse biological effects in cell type-dependent 
fashions (Weng and Aster 2004). JAG1 plays an 
important role in the differentiation of keratino-
cytes, as the activation of Notch pathway triggers 
terminal keratinocytes differentiation. It was 
demonstrated that stimulating Notch signaling 
with JAG1 induced apoptosis of BCC cells by 
increasing Fas ligand expression and downstream 
caspase-8 activation. In that study, activation of 
the Notch signaling pathway by adding exoge-
nous JAG1 into BCC cell culture resulted in 
increased Fas ligand mRNA and protein expres-
sion. This further activated downstream caspase-
 8 to initiate BCC cell apoptosis. Fas ligand is a 
type II transmembrane protein that can induce 
apoptosis upon binding to Fas (Wang et al. 2012; 
Shi et  al. 2017). However, some tumors can 
decrease Fas expression to resist Fas ligand–
mediated T-cell cytotoxicity, and simultaneously 
upregulate the expression of Fas ligand to induce 
apoptosis in Fas-expressing T-cells (Satchell 
et  al. 2004; Shi et  al. 2017). BCCs strongly 
express Fas ligand, which may help prevent 
attack from surrounding immune effector cells, 
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while also lacking Fas, potentially to make the 
tumor cells resistant to apoptosis (Erb et al. 2008; 
Shi et al. 2017). Further investigation is required 
to characterize the exact role of elevated Fas 
ligand expression induced by Notch signaling 
activation by in vivo experiments.

This study adds to the body of evidence that 
Notch signaling pathway activity is, in contrast to 
HFs, where it is very strong, suppressed in BCCs. 
As outlined above, animal models have shown 
that epidermal skin tumors that spontaneously 
develop in mice lacking Notch1 display basal cell 
carcinoma (BCC)–like phenotype. In line with 
these findings, it has been shown that in BCCs, 
the protein expression of Notch receptors and 
corresponding ligands, Dll1 and JAG1 is mark-
edly lowered in tumor regions as compared to 
healthy epidermis. Interestingly, Thélu and 
coworkers also reported that they were unable to 
detect these proteins in the regions with palisad-
ing cells penetrating the dermis. In summary, an 
increasing body of evidence indicates that in the 
absence of Notch1, Dll1, and JAG1, missing or 
decreased Notch signaling leads to disorder in 
epidermal differentiation and proliferation, and 
promotes formation of BCCs. Impaired Notch 
signaling is also reported to promote the develop-
ment of cutaneous squamous cell carcinoma 
(SCC), as outlined above, and malignant mela-
noma (MM). In summary, it can be assumed that 
in contrast to other tissues, Notch seems to func-
tion in the skin as a tumor suppressor, as shown 
by Nicolas et al. (2003).

It has been speculated that pharmacologic 
modulation of Notch signaling could be a new 
promising target for the treatment of skin cancer, 
including BCC, and potentially for hair follicle 
engineering (Shi et al. 2017). Different therapeu-
tic options are available to treat BCC pharmaco-
logically, including topical immunotherapy 
(Wuest et  al. 2007) and oral treatment with the 
hedgehog-inhibitor vismodegib. Imiquimod is a 
small synthetic compound that has been approved 
for the topical treatment of superficial BCC 
(sBCC), representing a strong immune response 
modifier via stimulation of Toll-like-receptor 7 
(TLR-7), which is present in plasmacytoid den-
dritic cells, macrophages, and monocytes (Wuest 
et al. 2007). This activation of toll-like receptor 7 

(TLR7) results in an activation of NF-κB, 
increased synthesis of proinflammatory cyto-
kines (including interferon-α), and a potent stim-
ulation of antitumor Th1 immunity that finally 
results in tumor destruction. In a clinical and 
laboratory investigation, six patients with BCC 
were evaluated for expression of Notch receptor 
1 and corresponding ligands JAG1 and Dll1 
before and along with topical treatment with 
imiquimod using real-time PCR and immunohis-
tochemistry. Interestingly, selective transcrip-
tional upregulation of Notch pathway members 
(Notch1, JAG1 and Delta1) was detected in that 
study post-treatment in tumor cells of the BCCs 
(Wuest et  al. 2007). Furthermore, a minor 
increase of Notch1 protein expression on infil-
trating cells as well as strong increase in Jagged1 
protein expression was detected in regressing 
sBCCs post-treatment. Interestingly, Jagged1 is 
implicated to represent a downstream target of 
NF-κB activation providing a link between these 
two signaling pathways. It was speculated that 
via these mechanisms imiquimod may act as a 
stimulator of the Notch pathway in sBCC tumor 
cells by upregulating protein expression of the 
Notch ligand, JAG1 (Wuest et  al. 2007). 
Moreover, imiquimod may exert tumor suppres-
sor function via induction of Notch signaling, 
which together with its proinflammatory proper-
ties may result in tumor regression.

 The Role of Notch Signaling 
for Carcinogenesis and Progression 
of Cutaneous Squamous Cell 
Carcinomas

 An Introduction to the Molecular 
Biology of Cutaneous Squamous Cell 
Carcinomas: Crosstalk Between 
Notch and p53 Signaling

Interestingly, cross-regulation among the p53 
family members and the Notch signaling path-
way has been shown (Missero and Antonini 
2014; Roemer 2012). The individual functions of 
the tumor suppressor p53 (TP53) and its family 
members, p63 (TP63) and p73 (TP73), and their 
interactions in the photocarcinogenesis of cuta-
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neous SCCs have been extensively investigated 
(Kouwenhoven et  al. 2010; Lang et  al. 2004; 
Lokshin et al. 2007; Missero and Antonini 2014; 
Yang et al. 2010; Roemer 2012). Many different 
functions have been assigned to p53, which is 
often referred to as the “guardian of the genome” 
because of its ability to prevent mutations (that 
may be induced upon DNA-damaging stress, 
including UV-radiation or by other environmen-
tal hazards) in the genome by promoting cell 
cycle exit, senescence or apoptosis (Erb et  al. 
2008; Hoare and Narita 2018; Lane and Levine 
2010; Missero and Antonini 2014; Roemer 
2012). The architecture of the p53 protein con-
tains the following domains: transactivation 
domain (TA), DNA-binding domain (DBD), and 
oligomerization domain (OD) (Missero and 
Antonini 2014; Roemer 2012). Due to its crucial 
role in maintaining genomic stability, inactiva-
tion of p53 is the most common event in human 
cancers, being mutated in over half of human 
cancers, and often indirectly inactivated via its 
regulators in other half (Edlund et al. 2012; Lane 
and Levine 2010; Missero and Antonini 2014; 
Muller and Vousden 2013; Roemer 2012). 
Notably, the percentage of C →  T transition in 
the most common mutated amino acids is higher 
in cSCC as compared to all cancers (consistent 
with an UV-B radiation signature. No C are found 
in the codon for R249 (−); data obtained from the 
UMD TP53 mutation database, release: June 
2012_R1; http://p53.fr) (Edlund et  al. 2012). 
Most p53 mutations observed in human tumors 
fall into the DNA- binding domain (DBD) and 
inhibit p53 binding to its consensus DNA 
sequence (Missero and Antonini 2014; Muller 
and Vousden 2013). As p53 binds DNA as a tetra-
mer, mutant p53 proteins can act with a domi-
nant-negative mechanism on the wild-type 
protein by heterotetramer formation (Missero 
and Antonini 2014; Roemer 2012). In addition, 
some p53 mutants have been shown experimen-
tally to gain novel activities in the absence of a 
wild-type p53 (Lang et  al. 2004; Missero and 
Antonini 2014; Muller and Vousden 2013; Olive 
et al. 2004; Roemer 2012).

Each p53 family member encodes several pro-
tein isoforms, generated by the presence of alter-
native promoters, translation initiation sites, and 

splicing sites. The canonical transactivation 
domain (TA) present at the N-terminus of the lon-
ger protein isoforms is required for transcription 
of a number of canonical target genes with antip-
roliferative, pro-senescence or pro-apoptotic, and 
DNA repair functions. A second internal pro-
moter drives expression of ∆N proteins that lack 
the TA domain, can exert dominant-negative 
functions toward the TA proteins and can transac-
tivate a number of specific target genes. This is 
the case of ∆Np63 and ∆Np73, whereas ∆Np53 
(∆133p53) lacks a small portion of the DNA- 
binding domain and thus is a selective modula-
tors of some TAp53 functions without binding to 
canonical p53-binding sites (Missero and 
Antonini 2014; Roemer 2012). As p53 family 
members can regulate each other at the transcrip-
tional level (Antonini et  al. 2006; Chen et  al. 
2001; Harmes et al. 2003; Kartasheva et al. 2002; 
Marcel et al. 2012; Missero and Antonini 2014; 
Wang and El-Deiry 2006; Roemer 2012), this 
may in part explain the unbalance expression of 
their transcripts in cancer.

The structural similarity among the p53 fam-
ily members and their property to function as tet-
ramers allow heterotetramerization between p63 
and p73 isoforms (Davison et  al. 1999; Della 
Gatta et  al. 2008; Missero and Antonini 2014; 
Rocco et al. 2006) and between mutant p53 and 
p63 or p73 (Di Como et al. 1999; Gaiddon et al. 
2001; Missero and Antonini 2014; Strano et  al. 
2000, 2002; Roemer 2012). The interaction with 
mutant p53 can lead to p63/p73 inactivation (Di 
Como et  al. 1999; Adorno et  al. 2009; Missero 
and Antonini 2014). Competition for a virtually 
identical DNA binding site is another crucial 
level of regulation among p53 family members 
(Kouwenhoven et al. 2010; Lokshin et al. 2007; 
Missero and Antonini 2014; Yang et al. 2010). In 
p53-mutant keratinocytes, p63 and mutant p53 
bind to partially overlapping elements, some of 
which are different from the canonical p63 bind-
ing elements found in normal keratinocytes 
(Martynova et  al. 2012; Missero and Antonini 
2014). In addition, even when wild-type p53 and 
p63 bind to the same genomic sites, they regulate 
largely nonoverlapping gene sets as shown in a 
lung SCC cell line (Gallant-Behm et  al. 2012; 
Missero and Antonini 2014).
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Interestingly, cross-regulation among the p53 
family members and the Notch signaling path-
way has been shown (Missero and Antonini 
2014; Roemer 2012). In keratinocytes, p53 exerts 
its tumor suppressive function by inducing 
expression of the pro-differentiation Notch1 and 
the cell cycle inhibitor p21/CDKN1A, among 
other target genes (Missero and Antonini 2014; 
Roemer 2012). A more complex crosstalk exists 
between p63 and the Notch signaling pathway. 
p63 directly induces JAG1 and Notch expression, 
as well as the Notch target IRF6, favoring the ini-
tial steps of terminal differentiation (Missero and 
Antonini 2014). At the same time, p63 suppresses 
expression of the Notch downstream target genes, 
p21/CDKN1A and Hes1, sustaining cell cycle 
progression and repressing late stages of differ-
entiation (Missero and Antonini 2014). 
Importantly, Notch and IRF6 counteract p63 
activity in a negative feedback loop. Relatively 
little is known about p73, although in other cell 
types it has been reported to positively regulate 
JAG1 and JAG2 (Missero and Antonini 2014; 
Sasaki et al. 2002; Roemer 2012). The p53 fam-
ily member can potentially regulate each other as 
indicated and described above.

 Notch, p53, and Senescence

Recent findings indicate that Notch signaling is 
intimately involved in the development of cellu-
lar senescence (Hoare and Narita 2018). In con-
trast to earlier assumptions that thought of 
cellular senescence as an autonomous tumor sup-
pressor mechanism, cellular senescence has 
recently been emerging as a phenotype and 
effector present throughout the life of an organ-
ism from embryogenesis to senile decline (Hoare 
and Narita 2018). Senescent cells exert powerful 
nonautonomous effects upon multiple players 
within their microenvironment that they orches-
trate mainly through their secretory phenotype 
(Hoare and Narita 2018). How senescent cells 
coordinate numerous, sometimes functionally 
contrasting, outputs through their secretome and/
or other mechanisms is still not completely 
understood, but recent findings indicate a key 

role of the complex physical and functional 
interplay between Notch and p53 for the regula-
tion of cellular senescence in both non-malignant 
and in cancer cells (Hoare and Narita 2018). It 
has been suggested that a better understanding of 
the interplay between Notch, p53, and senes-
cence, and how it acts to coordinate the composi-
tion and functional effects of the senescence 
secretome could allow us to develop promising 
new therapeutics to improve cancer treatment 
(Hoare and Narita 2018).

 The Effects of Notch1 Deletion 
on Multistage Events in Skin 
Carcinogenesis

As outlined above, it has been shown convinc-
ingly that Notch1 deletion in epidermal keratino-
cytes causes skin carcinogenesis, while in 
contrast Notch1 acts in most other tissues as a 
proto-oncogene (Koch and Radtke 2007). 
Figure  9.1 shows the immunohistochemical 
detection of Notch1 in human SCC (b) and BCC 
(f). The mechanisms underlying the 
carcinogenesis- promoting characteristics of 
Notch1-deficient skin have been analyzed in 
mice with a global or chimeric deletion pattern in 
their epidermis (Demehri et al. 2009). Results of 
this study (Demehri et  al. 2009) obtained by 
deleting Notch1 either before or after DMBA 
treatment in the K14CreERT system indicate that 
loss of Notch1 is not involved in the initiating 
event of multistage skin carcinogenesis (Demehri 
et al. 2009; Zoumpourlis et al. 2003). However, it 
was shown that Notch1 loss acts as a skin cancer- 
promoting event. In this study, delaying Notch1 
deletion in K14CreERT mice until after the 
tumor-promotion stage of carcinogenesis demon-
strated that late deletion of Notch1 contributed to 
malignant progression of benign papillomas 
(Demehri et  al. 2009), a phenotype that is 
observed upon loss of p53 but not loss of p21WAF1/

Cip1, a specific Notch1 target in the skin. In sum-
mary, the authors concluded that the main effect 
of Notch1 loss in skin carcinogenesis is to pro-
vide the initiated cells with a proliferative signal 
to promote tumor growth and proceed to invasive 
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skin cancer. It has been speculated that this pro-
liferative signal is located downstream of Notch1 
loss and could be originated from within the initi-
ated cells, supporting Notch1’s role as a classical 
tumor suppressor in epidermal keratinocytes. As 
an alternative pathway, it has been hypothesized 
that this signal could be delivered by the skin 
microenvironment reacting to Notch1 loss in the 
epidermis. The experimental system used by 
Demehri et  al. allowed to distinguish between 
these two possibilities (Demehri et al. 2009). In 
their study, the chimeric pattern of Notch1 dele-
tion by Msx2-Cre created neighboring territories 
of Notch1-expressing and Notch1-deficient kera-
tinocytes coexisting in the same microenviron-
ment. Examining a large number of tumors 
isolated from DMBA/TPA-treated Msx2-N1CKO 
mice clearly demonstrated that tumors comprised 
mostly (>99%) of Notch1-expressing cells were 
as likely to form as tumors comprised predomi-
nantly of Notch1-deleted cells in the same envi-
ronment. The authors concluded that Notch1 loss 
in the epidermis generates a non-cell autonomous 
signal, promoting tumorigenesis from any initi-
ated cell exposed to the microenvironment condi-
tioned by Notch1-deficient keratinocytes. These 
results underline the relevance of the microenvi-
ronment as an active contributor to tumor devel-
opment by demonstrating that it can be the 
primary source of proliferative signals to initiated 
cells (Demehri et al. 2009).

 Tumor Angiogenesis and Cancer 
Stem Cells: Emerging Therapeutic 
Targets in NMSC

 Tumor Angiogenesis: An Introduction

Malignant tumors, including BCCs and SCCs, 
consist of a population of constantly and rapidly 
dividing cancer cells that have lost their ability to 
control cell division and that progressively accu-
mulate mutations. However, in order to grow and 
to expand beyond a certain size, malignant 
tumors need sufficient vascularization 
(McDougall et al. 2006; Spill et al. 2015). It was 
reported that malignant solid tumors are unable 

to grow any more than 2–3 mm in diameter with-
out a sufficient blood supply which corresponds 
to about 50–100 cells (Nishida et al. 2006). While 
some scientists believe that the major task of 
these capillaries is to supply cancer cells with the 
oxygen and with the essential nutrients that they 
require, other researchers are convinced that 
angiogenesis really represents a waste pathway, 
taking away the biological end products secreted 
by rapidly dividing cancer cells. To accomplish 
these needs of supply and/or waste disposal, 
SCCs and BCCs, like other malignant solid 
tumors, induce blood vessel growth (angiogene-
sis), by secreting various growth factors and pro-
teins, that may exert endocrine and paracrine 
effects (Djokovic et  al. 2015; Folkman and 
Klagsbrun 1987; Folkman 1996). These pro- 
angiogenic stimulators are then transported to 
endothelial cells of already existing, nearby 
located blood vessels, where they cause, via 
receptor activation, the release of proteolytic 
enzymes from the vasculature. These enzymes 
target a particular point on the blood vessel and 
induce the formation of a characteristic pore that 
represents the starting point where the new blood 
vessel will grow from (Nishida et  al. 2006). 
Unlike normal blood vessels, tumor blood ves-
sels are in general dilated with an irregular shape 
(Gonzalez-Perez and Rueda 2013). It can be 
emphasized that in either case angiogenesis is an 
obligate requirement both for transition from 
small harmless clusters of cells to large life- 
threatening tumors, and for the metastatic spread 
of these malignant tumors. Tumor angiogenesis 
may provide the transport vehicle that enables 
single cancer cells after these cells have sepa-
rated from a localized solid tumor have then 
migrated to and entered these newly build blood 
vessels, to travel via the bloodstream to distant 
sites, where they can implant and start the growth 
of metastases. Evidence from some investiga-
tions indicates that the blood vessels in a malig-
nant solid tumor may, in fact, may represent 
mosaic vessels that are composed not only of 
endothelial cells but also of tumor cells (Allard 
et al. 2004). This mosaicity may enable substan-
tial shedding of tumor cells into the vasculature, 
possibly promoting the distribution of circulating 
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tumor cells in the peripheral blood of cancer 
patients (Allard et  al. 2004). The subsequent 
growth of the resulting metastases will also need 
both the supply of nutrients and oxygen and a 
waste disposal pathway as obligate requirements 
(Allard et al. 2004).

The angiogenesis-modulating growth factors 
produced by tumor cells include fibroblast growth 
factor (FGF  – governs via binding to 
 corresponding cell surface FGF receptors in the 
presence of heparin proteoglycans a variety of 
cellular functions such as proliferation and dif-
ferentiation of all cell types required for building 
arterial vessels, including endothelial cells and 
smooth muscle cells), vascular endothelial 
growth factor (VEGF – stimulates primarily the 
formation of new capillaries; induces endothelial 
cells via binding to VEGF receptor-2 a tyrosine 
kinase signaling cascade that promotes the pro-
duction of factors that variously stimulate vessel 
permeability [eNOS, producing NO], prolifera-
tion/survival [bFGF], migration [ICAMs/
VCAMs/MMPs], and finally differentiation into 
mature blood vessels), platelet-derived growth 
factor (PDGF), angiopoietins (Ang – required for 
the formation of mature blood vessels), matrix 
metalloproteinases (MMPs – required for the for-
mation of new capillaries; promote the degrada-
tion of proteins that keep the walls of blood 
vessels solid, enabling by this proteolysis endo-
thelial cells to migrate into the interstitial matrix, 
for example, in sprouting angiogenesis), class 3 
semaphorins (SEMA3s  – regulate angiogenesis 
by modulating endothelial cell adhesion, sur-
vival, proliferation, migration, and the recruit-
ment of pericytes), and the transmembrane ligand 
Dll4 of the Notch receptor family. Interestingly, 
potent negative regulatory effects of Dll4 on 
angiogenesis have been reported (Hellström et al. 
2007; Lee et al. 2016; Lobov et al. 2007; Segarra 
et al. 2008). One study investigated the effects of 
DII4 both on tumor vascularity and growth. It 
was shown that the combined inhibition of VEGF 
and DII4 in endothelial cells blocks proliferation 
and sprouting of these cells, thereby blocking 
angiogenesis throughout the tumor and tumor 
progression. With this inhibition, cancer growth 
is stopped very effectively. However, after lifting 

the blockade, cancer cells will start again to pro-
liferate (Hellström et  al. 2007; Lee et  al. 2016; 
Lobov et  al. 2007; Segarra et  al. 2008). It has 
been demonstrated that, in contrast to normal 
blood vessels, tumor blood vessels are dilated 
with an irregular shape.

As outlined above, pro-angiogenic growth 
factors, such as FGF and VEGF, can induce cap-
illary growth into malignant tumors. Anti- 
angiogenic therapies are being employed to fight 
cancer and malignancies (Folkman and Klagsbrun 
1987; Folkman 1996), which require an abun-
dance of oxygen and nutrients to proliferate. 
Several anti-angiogenic therapeutic approaches 
can be discriminated regarding their mechanism 
of action including gene therapy (targeting genes 
of interest for amplification or inhibition) and 
protein replacement therapy (which primarily 
targets pro-angiogenic growth factors like FGF-1 
or VEGF). A large number of preclinical studies 
have investigated efficacy and safety of protein-, 
gene-, and cell-based therapies in animal models 
of angiogenesis, including models of cardiac 
ischemia and of peripheral artery disease. 
Reproducible, promising, and credible successes 
in these early in vitro and animal studies led to 
high enthusiasm that this new therapeutic 
approach could be rapidly translated to a clinical 
benefit for millions of patients in the Western 
world suffering from these disorders. However, 
several decades of clinical testing both gene- and 
protein-based treatment modalities designed to 
stimulate angiogenesis in underperfused tissues 
and organs, has resulted from one disappoint-
ment to another.

Notably, there are still serious, fundamental 
questions and unsolved problems related to gene 
therapy that are in part due to the complexity of 
the genetic and molecular basis of angiogenesis. 
These obstacles include the potentially increased 
risk for oncogenesis that may be caused by the 
viral vectors used for successful and effective 
integration of the therapeutic genes into the 
genome of target cells, and for other undesired 
adverse events (AEs), such as inflammatory auto-
immune responses and potential toxicity. In  
contrast, anti-angiogenic protein therapies are  
in general based on well-defined, precisely  
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structured proteins, with previously defined opti-
mal therapeutic doses and with well-known bio-
logical effects of the individual protein that may 
vary for different disease states. On the other 
hand, protein therapy is also associated with dif-
ficulties that include the optimal mode of deliv-
ery. Oral, intravenous, intra-arterial, or 
intramuscular routes of protein administration 
are not always comparable in their safety and 
efficacy, because the therapeutically applied pro-
tein may be cleared or metabolized before it can 
enter the target tissue. For many years, there was 
the assumption that endothelial cells are geneti-
cally more stable than cancer cells. This differ-
ence in genomic stability may represent an 
advantage to targeting endothelial cells using 
anti-angiogenic therapy, as compared to targeting 
cancer cells, which rapidly mutate and thereby 
may acquire so called “drug resistance” to ther-
apy with conventional chemotherapy. For this 
reason, it has been concluded that endothelial 
cells represent an optimal therapeutic target for 
gene therapy.

 Angiogenesis in BCCs: Lessons 
Learned from Embryology

Angiogenesis is a characteristic feature of BCCs 
that are clinically characterized by the presence 
of telangiectasias (Table 9.1). It has convincingly 
been shown that in embryology, components of 
the Notch signaling pathway govern various 
important aspects of vascular development, from 
vascular growth and endothelial tip and stalk cell 
selection to vascular smooth muscle cell (vSMC) 
development (Table 9.1).

Notably, Dll4/Notch signaling is absolutely 
required for normal arterial specification during 
embryonic development and is a key regulator of 
embryonic, postnatal, developmental, regenera-
tive, and tumor-sprouting angiogenesis (Djokovic 
et al. 2015; Lobov et al. 2007). It mediates com-
munication between adjacent endothelial cells 
(ECs) that lead the sprout formation and adjacent 
ECs that under Dll4/Notch control remain in the 
quiescent state in preexisting vasculature or 
rather proliferate and then migrate, thereby form-

ing the trunk of the new vessel (Djokovic et al. 
2015). Mechanistically, Dll4/Notch enables the 
selective EC departure from preexisting activated 
endothelium and organized sprout outgrowth by 
decreasing the VEGFR2/VEGFR1 ratio and 
therefore reducing the sensitivity of signal- 
receiving ECs to VEGF (Djokovic et  al. 2015). 
Balanced sprouting is achieved by Dll4-induced 
“high” Notch signaling and inhibition of sprout-
ing, via suppression of VEGFR signaling in tip 
cells, which is antagonized in stalk endothelial 
cells exhibiting JAG1-mediated “low” Notch sig-
naling activity (Djokovic et al. 2015). Although 
Dll4/Notch blockade potentiates the tumor- 
driven angiogenic response, it inhibits tumor 
growth due to the formation of immature and 
poorly functional vessels that result in reduced 
tumor perfusion (Djokovic et al. 2015).

Because of resulting defects in angiogenesis 
of the embryonic and yolk sac vasculature, the 
systemic knockout of Jag1 is embryonic lethal in 
mice at ∼E11.5 (Kiernan et al. 2007, reviewed in 
Mašek and Andersson 2017; reviewed in 
Reichrath and Reichrath 2020b). A similar pic-
ture is found in homozygous Notch2 knockout 
mice that are characterized by widespread apop-
tosis and die at ∼E10.5 (Hamada et  al. 1999; 
McCright et  al. 2006; reviewed in Mašek and 
Andersson 2017; reviewed in Reichrath and 
Reichrath 2020b). The endothelial-specific abla-
tion (via Tie1- or Tie2-Cre) of JAG1 phenocopies 
systemic Jag1 deletion, demonstrating that a lack 
of JAG1 signaling from the vascular endothelium 
likely results in the differentiation defects, loss of 
vSMCs, and severe disruption of angiogenesis 
that can be found in JAG1 mutants (Benedito 
et  al. 2009; High et  al. 2008; reviewed in 
Reichrath and Reichrath 2020b). A similar loss of 
vSMCs has been demonstrated in embryos with 
homozygous hypomorphic Notch2 (McCright 
et  al. 2001; Wang et  al. 2012; reviewed in 
Reichrath and Reichrath 2020b). Additionally, it 
has been speculated that the perivascular cover-
age of newly formed vessels by vSMCs and peri-
cytes is mediated by JAG1-induced expression of 
integrin αvβ3, which facilitates binding to a base-
ment membrane-specific von Willebrand factor 
protein (reviewed in Reichrath and Reichrath 
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2020b; Scheppke et  al. 2012). In adults, JAG1 
instead functions downstream of Dll4/Notch1 
signaling to stimulate maturation of vSMCs after 
injury through P27kip1-mediated inhibition of 
proliferation (Boucher et al. 2013; Pedrosa et al. 
2015; reviewed in Mašek and Andersson 2017; 
reviewed in Reichrath and Reichrath 2020b).

JAG1 also governs angiogenesis-associated 
sprouting; both gain- and loss-of-function inves-
tigations in endothelial cells demonstrate that 
JAG1 stimulates the sprouting of new tip cells 
during retinal angiogenesis (High et  al. 2008; 
reviewed in Benedito and Hellström 2013; 
reviewed in Mašek and Andersson 2017; reviewed 
in Reichrath and Reichrath 2020b). Notably, bal-
anced sprouting is achieved by Dll4-induced 
“high” Notch signaling and inhibition of sprout-
ing, via suppression of VEGFR signaling in tip 
cells, which is antagonized in stalk endothelial 
cells exhibiting JAG1-mediated “low” Notch sig-
naling activity (Benedito et  al. 2009; Pedrosa 
et  al. 2015; reviewed in Mašek and Andersson 
2017; reviewed in Reichrath and Reichrath 
2020b). Although these different aspects of JAG1 
and Notch2 signaling have not yet been con-
nected to Alagille or Hajdu–Cheney syndromes 
(reviewed in Reichrath and Reichrath 2020a, b), 
they may be of relevance for the severity of these 
conditions, and the risk for vascular accidents, 
such as ruptured aneurysms and bleeding 
(Kamath et  al. 2004, 2013; reviewed in Mašek 
and Andersson 2017; reviewed in Reichrath and 
Reichrath 2020a, b).

 Notch and Cancer Stem Cells: 
Challenge and Promise to Cure 
Cancer

An increasing body of evidence indicates an 
important role of cancer stem cells (CSC) for 
pathogenesis and progression of many malignan-
cies, including NMSC (Chatterjee and Sil 2019; 
Espinoza et al. 2013; Quan et al. 2018; Venkatesh 
et al. 2018). The CSC hypothesis postulates that 
malignant tumors are characterized by a hierar-
chical structure that consists of different cell sub-
populations, including so called cancer stem–like 

cells or tumor-initiating cells (TIC), that have the 
capacity for self-renewal and to develop hetero-
geneous lineages of cancer cells that comprise 
the tumor (Quan et  al. 2018). Moreover, these 
cells have in general a slow growth rate, reveal 
colony- and tumor-forming capacities, as well as 
altered differentiation, migration, and treatment 
sensitivity (Quan et  al. 2018). They are often 
resistant to chemotherapy and radiotherapy, 
thereby resulting in the failure of these conven-
tional therapies (Chatterjee and Sil 2019; 
Venkatesh et al. 2018). Preventing cancer recur-
rence and progression by targeting the CSCs is at 
present a promising perspective to reach the ulti-
mate goal to cure cancer. Although the develop-
ment of new systemic pharmaceuticals for the 
treatment of advanced NMSC does not belong to 
the most urgently needed advances in oncology, 
the analysis of biology and function of CSC in 
NMSC has proven to be of particular importance 
for this rapidly growing field, opening new ave-
nues for the development of new treatment 
options for a broad variety of different types of 
cancers (Chatterjee and Sil 2019; Venkatesh et al. 
2018). Like any other stem cells, CSCs activate 
distinct signal transduction pathways, including 
the Notch signaling pathway, that are of impor-
tance for embryonic development and for tissue 
homeostasis (Chatterjee and Sil 2019; Reichrath 
and Reichrath 2020a, b, c; Venkatesh et al. 2018). 
At present, new therapeutic options that target 
Notch signaling and other pathways that govern 
stem-cell replication, survival, growth, and dif-
ferentiation are being developed (Amin et  al. 
2015; Espinoza et  al. 2013; Quan et  al. 2018). 
Notch inhibitors have been introduced to fight 
cancer and its recurrence either single or in com-
bination with chemotherapy drugs. Targeting 
Notch and other relevant signaling pathways in 
CSCs represents a promising future direction for 
the ultimate therapeutic goal to cure cancer 
(Espinoza et al. 2013). Great progress in defining 
the existence and the biological function of dis-
tinct CSCs and TICs was achieved in different 
types of human solid tumors through identifica-
tion of specific subpopulations characterized by 
expression of distinct surface determinants and 
other molecular markers, including CD133, 
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CD44, CXCR4, and ALDH1 (Quan et al. 2018). 
Recent studies have revealed in cSCC (and also 
in HNSCC and lung SCC tumors) significant 
genetic alterations, involving components of 
Notch, and inactivation or activation of several 
other common and distinct canonical pathways 
important for cellular growth, death or survival, 
senescence migration, and epithelial/mesenchy-
mal differentiation/transition, including WNT, 
HEDGEHOG, NF-κB, growth factor receptors, 
RAS-mitogen–activated protein kinase, PI3K–
Akt–mTOR, and TP53 (Chatterjee and Sil 2019; 
Quan et al. 2018; Venkatesh et al. 2018), but their 
expression and role in CSC and TIC versus other 
populations in cSCC have until today not been 
clearly elucidated. Interestingly, it was demon-
strated in primary human cSCC tumors and cell 
line models that the small and distinct CD133+ 
subpopulation (live CD133+ cells that form 
spheroid colonies in vitro and tumors in vivo) dif-
ferentially expresses stem-like and cancer gene 
signatures linked to Notch1-mediated NF-κB 
modulation, NF-κB, and WNT pathways (Quan 
et al. 2018). Furthermore, characterization of the 
landscape of gene signatures in these CD133+ 
stem cells revealed activation of a highly orches-
trated, complex network of multiple pathways, 
which were linked to Notch and NF-κB signaling 
and demonstrated sensitivity to genetic and phar-
macologic inhibitors of Notch and NF-κB.  The 
authors of this investigation concluded that their 
functional, genetic, and pharmacologic studies 
uncovered a linkage between Notch1, IKKα, and 
NF-κB pathway activation in maintaining the 
CD133+ population and its self-renewal ability in 
established primary cSCC and cell lines (Quan 
et al. 2018). IKK and NF-κB signaling has been 
implicated in promoting tumor cell survival, 
inflammatory, and angiogenesis responses. 
However, how the molecular components of 
these signaling pathways are orchestrated to 
comprise the functionally versatile network that 
governs the induction and regulation of the dif-
ferent phenotypes that are associated with the 
distinct CSC/TIC subpopulations in cSCC tumors 
are not well understood (Quan et al. 2018). It has 
been suggested that identification of significant 
molecular/genetic alterations in key pathways 

that govern the maintenance of the CD133+ CSC 
phenotype could potentially help identify prom-
ising new targets for pharmacological cancer pre-
vention and therapy (Quan et  al. 2018). Wnt 
pathway is an evolutionarily conserved signaling 
pathway determining patterning of animal 
embryos, cell fate, cell polarity, and a substantial 
role in the origin and maintenance of stem cells. 
Wnt signaling has been found to crosstalk with 
Notch, and another major developmental path-
way, Hedgehog, in many embryological develop-
ment cascades and in maintaining stemness of 
stem cells (Chatterjee and Sil 2019). Research 
has shown that every single one of these three 
pathways is potent in inducing tumorigenesis, 
driving tumor progression, and aiding epithelial 
to mesenchymal transition in malignant cells, 
apart from maintaining cancer stem cells popula-
tion inside the tumor tissue (Espinoza et  al. 
2013). The role of the crosstalks between Wnt, 
Hedgehog, and Notch signaling in cancer is 
under intensive research. Inhibition of all the 
three pathways individually have resulted in 
tumor regression, but not optimally, as treatment 
failure and cancer relapse have been found to 
occur (Chatterjee and Sil 2019). Hence, instead 
of targeting a single pathway, targeting the cross-
talk network could be a better alternative to con-
ventional cancer treatment. Also, elimination of 
both tumor cells as well as cancer stem cells 
implies a reduced risk of relapse. Drugs devel-
oped to target these crosstalking networks, when 
used in combinatorial therapy, can hopefully 
increase the efficacy of the therapy to a very large 
extent (Chatterjee and Sil 2019).

 Conclusion

Notch signaling controls tissue development dur-
ing embryonal organogenesis, while in adult tis-
sues it contributes to maintenance of cellular 
differentiation, proliferation, and apoptosis. 
Moreover, it governs tumor angiogenesis, main-
tenance of cancer stem cells, and senescence, 
thereby playing an important role for pathogene-
sis and progression of skin cancer. Recent find-
ings demonstrate that Notch signaling has in 
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cancer a dual action (either as an oncogene or as 
a tumor suppressor), depending on the tumor 
type and the synchronous modulation of other 
intracellular signaling pathways. Further under-
standing of the pleiotropic roles of the complex 
network of Notch and other signaling pathways 
(including hedgehog, Wnt) in BCC and SCC will 
hopefully finally result in the development of 
successful new therapies for NMSC.
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