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Abstract: Skin, the largest organ in the human body, is a crucial protective barrier that plays essential
roles in thermoregulation, sensation, and immune defence. This complex organ undergoes intricate
processes of development. Skin development initiates during the embryonic stage, orchestrated by
molecular cues that control epidermal specification, commitment, stratification, terminal differentia-
tion, and appendage growth. Key signalling pathways are integral in coordinating the development
of the epidermis, hair follicles, and sweat glands. The complex interplay among these pathways is
vital for the appropriate formation and functionality of the skin. Disruptions in multiple molecular
pathways can give rise to a spectrum of skin diseases, from congenital skin disorders to cancers. By
delving into the molecular mechanisms implicated in developmental processes, as well as in the
pathogenesis of diseases, this narrative review aims to present a comprehensive understanding of
these aspects. Such knowledge paves the way for developing innovative targeted therapies and
personalised treatment approaches for various skin conditions.
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1. Introduction

The skin, the largest organ and outermost layer of the human body, performs various
functions [1]. These include maintaining hydrostatic pressure to prevent fluid loss, acting as
a barrier against mechanical trauma and pathogen invasion, regulating body temperature,
and facilitating sensory discrimination [2–4]. The skin comprises three primary layers:
the epidermis, dermis, and hypodermis [5]. Within the epidermis, five distinctive layers
are present [6]. The deepest one, known as the stratum basale or basal layer, consists of
cuboidal or columnar cells [7]. Additionally, the basal layer hosts stem cells, allowing
skin homeostasis, and serves as the anchorage site for migrating melanocytes and Merkel
cells [8–10]. The following epidermal layer is the stratum spinosum, which is the thickest
one. It consists of eight to ten bands of cells known as spines due to their polyhedral shape
with centrally positioned nuclei. This region harbours Langerhans cells, which function
as antigen-presenting cells [11]. Within the stratum spinosum, adjacent keratinocytes are
bound tightly together through robust interactions facilitated by junctional complexes
called desmosomes [12].

Diamond-shaped cells are organised in three to five bands and form another lamina
above the spinous layer, known as the stratum granulosum. These cells contain keratohyalin
granules, formations that enclose a protein called filaggrin [13]. Filaggrin undergoes decom-
position to produce keratin bundles, while the resulting amino acids maintain the moisture
of the cornified layer, ensuring the preservation of the skin’s barrier function [14,15]. Fur-
thermore, lamellar granules filled with glycolipids promote cell cohesion and contribute to
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skin integrity within the stratum granulosum [16]. Subsequently, the stratum lucidum is
only present in areas of thick skin, such as the palms and soles. It forms two to three layers
of keratinocytes enclosing a product derived from the modification of keratohyalin known
as eleidin [17]. The outermost layer of the epidermis, the stratum corneum, is composed of
non-viable keratinocytes devoid of nuclei and organelles. These cells generate a stratified
squamous epithelium with varying thickness to complete the skin barrier [18].

The basement membrane is a boundary between the basal layer, the innermost part
of the epidermis, and the dermis. The dermis is a fibrous structure composed of elastic
tissue and collagen, providing protection for the underlying skin structures [19]. It is
anatomically divided into the superficial papillary layer and the deeper reticular layer. The
last one is thicker and contains denser connective tissue compared to the papillary layer [20].
Within the dermis, various skin appendages such as sebaceous glands, hair follicles, sweat
glands, sensory neurons, blood vessels, and muscles are located [21]. Afterwards, the
hypodermis or subcutaneous fascia represents the deepest skin layer and insulates the
body from temperature changes. Comprising mainly adipose and loose connective tissue,
the hypodermis lacks collagen and elastic fibres. Nonetheless, it also shelters hair follicles,
nerves, blood vessels, and muscles [22].

Skin ontogeny encompasses the intricate processes involved in the development and
maturation of the skin during the embryonic and foetal stages of an organism’s life. These
processes specifically entail the formation and differentiation of the various layers of the
skin as well as appendageal growth. As evidenced in numerous tissues, the precise regu-
lation of embryonic development by specific molecules is imperative in ensuring proper
functionality [23–25]. Following suit with other biological systems, regulatory molecules
may play a pivotal role in orchestrating the establishment of the skin layers [26]. The
intricate molecular pathways and the genes involved in skin organogenesis have only
recently begun to be elucidated, owing to the advancement of technological methods such
as in vivo lineage tracing, immunofluorescence techniques, single-cell transcriptomics, and
intravital imaging [27,28]. Despite these advancements, a comprehensive understanding of
skin ontogeny remains challenging. Given the skin’s involvement in diverse pathological
conditions, efforts must be directed towards this pursuit [29]. Disrupted embryogenesis,
mutations, or dysregulations in genes encoding proteins essential for skin formation and
resilience underlie many inherited skin diseases and various types of cancers, including epi-
dermolysis bullosa, basal cell carcinoma, squamous cell carcinoma, and other pathological
phenotypes [30–33].

This narrative review seeks to present molecular signals that coordinate the embryonic
development of the skin. Moreover, this review aims to consolidate the existing literature to
identify which molecular drivers are also implicated in the pathophysiological mechanisms
underlying skin diseases. A comprehensive understanding of the theoretical foundations
of skin disorders and associated cancers empowers scientists to leverage this knowledge in
the advancement of more targeted therapeutic strategies.

2. Embryonic Development of the Skin

Epidermis development can be subdivided into the following stages: epidermal
specification, commitment, stratification, terminal differentiation, and appendageal growth.
Through these morphogenetic events, embryonic skin cells differentiate into specific cell
types, forming the characteristic layers of the epidermis. Precise spatiotemporal regulation
is necessary to create these intricate structures, mediated by various molecular cues and
signalling cascades. Each stage of epidermal development is linked to the maturation
of the underlying mesenchyme, emphasising the continuous communication between
these tissues.

2.1. Specification

The epidermal specification is a developmental process during which early ectodermal
cells undergo specific changes to acquire their epidermal fate. This process usually occurs
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in mouse embryos around embryonic day 8.5 (E8.5) [34]. Embryonic skin development
begins immediately after gastrulation, a crucial stage in early embryonic development.
Gastrulation involves the transformation of the embryo from a one-dimensional layer
of cells into a multi-layered structure. This process includes the inward folding of the
epiblast along the primitive streak, followed by the division and downward migration of
epiblast cells. As a result, the three primary germ layers, namely ectoderm, mesoderm, and
endoderm, are formed [35].

The ectoderm, one of these germ layers, is responsible for developing the nervous
system and the skin epithelium [36,37]. Whether ectodermal cells will become neural or epi-
dermal depends on the influence of Wnt, FGF, and BMP signalling after gastrulation [38–40].
Wnt signalling restricts the ectoderm’s response to FGFs. FGF signalling is crucial for neural
induction; upon inhibition, it can lead the cells to acquire an epidermal fate [39,41]. The
reduction in FGF signalling triggers the expression of BMPs, which inhibit neural develop-
ment and commit the ectoderm to form the epidermis. This process shapes a single layer
of versatile epithelial cells, known as the surface ectoderm, that covers the entire embryo.
The surface ectoderm, comprising ectodermal progenitors expressing keratin 8/18, is then
restricted to keratinocyte differentiation [27,34,42].

2.2. Commitment

Epidermal commitment is a crucial process that directs the primordial skin cells to
adopt the fate of squamous stratified epithelial cells. During epidermal commitment, the
surface ectoderm develops to become the embryonic basal layer, ultimately giving rise to
all components of the future epidermis. This process is also essential for the formation of
the basal membrane [34,43]. Additionally, a shift in keratin expression within the surface
ectoderm occurs during epidermal commitment. Initially, a single layer of surface ectoderm
cells expresses keratin 8/18, which is later replaced by keratin 5/14 before stratification
begins. In mouse embryos, epidermal commitment occurs as early as E9.5 [44–46].

Keratins 5 and 14 are transcribed at high levels and are markers for cells with prolifer-
ative potential in the skin tissue [47]. The expression of keratins 5/14 is regulated by p63, a
gene homologous to the tumour suppressor gene p53. Notably, p63 is vital for epidermal
commitment. It is predominantly active in the progenitor layers of the epidermis within
the ectodermal surfaces of limb buds, branchial arches, and epidermal appendages. In
these regions, a reciprocal signalling interaction occurs between the epidermis and the
mesenchyme, influencing the morphogenetic organisation of the underlying mesoderm,
which supplies essential growth factors for epidermal development [48,49]. Mice lacking
the p63 gene exhibit significant developmental defects in the limbs, craniofacial structures,
and epithelial development, underscoring the critical role of p63 in maintaining the cell
populations of the surface ectoderm necessary for supporting keratinocyte development
and morphogenesis [50].

∆Np63 and TAp63, two isoforms of the p63 protein, are critical mediators in epider-
mal commitment, although the precise timing of their actions during this stage remains
debated [51]. ∆Np63, a homolog of a nuclear protein specific to keratinocytes, interacts
with a conserved motif within the enhancer of keratin 14, located upstream of the gene [52].
Studies on gene expression have shown that ∆Np63 can bind to a specific DNA sequence
within the keratin 14 enhancer, leading to the transcription of the keratin 14 gene. This
binding results in the shift in keratin expression needed for epidermal commitment and
subsequent stratification. On the other hand, TAp63 regulates the expression of one or
more AP-2 genes and induces AP-2γ expression in the embryonic epidermis of mouse
embryos. AP-2γ is crucial for keratin 14 expression, as demonstrated by reduced keratin
14 levels upon the knockdown of AP-2γ expression in mice [51]. Furthermore, p63 can
directly activate the production of Perp, a tetraspan membrane protein component of
desmosomes. Perp’s expression is essential for developing the basal layer by contributing
to forming desmosomal adhesive complexes. Perp is also critical for maintaining the in-
tegrity of the basal layer and its adhesion to the basal membrane [53]. Ultimately, epidermal
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commitment culminates in forming the basal layer, originating from the surface ectoderm
and serving as the precursor to all epidermal cells (Figure 1) [7].
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2.3. Stratification and Terminal Differentiation

After epidermal commitment, a single protective layer of endodermal-like cells, known
as periderm or “stratum germinativum,” covers the basal layer (Figure 1) [54,55]. Studies in
mouse embryos using light and electron microscopy have shown that, by E9, the epidermis
consists of a single cell layer. Periderm formation begins in the upper limb bud region
around late E9, coinciding with the initiation of limb development. By E11, the periderm
fully encases the surfaces of the limb buds, while in other regions, its formation remains
incomplete until E12. Peridermal cells produce flat squamous protrusions that spread over
neighbouring cells, detach from the basal lamina, migrate to the surface, and acquire a
morphology resembling endothelial cells [56,57]. These findings indicate that the periderm
is a protective barrier against regions with an actively developing basal epithelium [56].
In human embryos, the periderm emerges during the fourth to eighth week of gestation
and is shed after the onset of stratification. Beneath the periderm, the basal layer gives
rise to an “intermediate” layer of cells [37,58]. Although the presence of the periderm has
been evidenced for a long period, its molecular identity has remained insufficient despite
the application of scRNA-seq. Recently, a range of periderm markers, such as Cldn6/23,
Krt6/8/17/18/19, Grhl3, Sfn, Myh14, Paqr6, Tgfb2, and Sox9, have been discovered [59]. The
periderm goes through maturation and exhibits a distinct molecular signature; however,
the precise functional role of molecular signals involved in the periderm ontogeny is yet to
be completely elucidated.

Epidermal stratification is the process through which the embryonic epidermis devel-
ops into distinct layers, acquiring its characteristic stratified structure (Figure 1). Following
epidermal commitment, the basal layer undergoes development and differentiation into
specific cell types [27,60,61]. During stratification, basal layer cells proliferate and migrate
upward. They form the transient intermediate layer beneath the periderm. This intermedi-
ate layer eventually divides and matures into the spinous layer. Terminal differentiation,
where the spinous layer transitions into the granular and cornified layers, is typically
observed around gestational weeks 22–24 in the interfollicular epidermis [60,62]. In mouse
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embryos, the completion of full epidermal stratification and differentiation is typically
achieved by approximately E17.5 after the shedding of the periderm [56].

Two potential models exist regarding the initiation of stratification, with no clear
preference for either. In the first model, the initiation of stratification occurs through the
detachment of differentiated cells from the basement membrane after a decrease in integrin
levels. Stem cells expressing high integrin levels remain undifferentiated and attached to the
basement membrane [60,62]. The second model posits that, during stratification, at around
weeks 8–11 of gestation, basal cells change their mitotic spindle orientation, undergoing
asymmetric cell divisions with the spindle perpendicular to the basement membrane.
This mechanism generates both committed suprabasal cells and undifferentiated basal
cells [63–65]. Progression through asymmetric cell divisions relies on the transcription factor
p63; the downregulation of p63 impedes intermediate layer development and disrupts
stratification [64,66].

Cells within the intermediate layer lose their proliferative capacity, synthesising struc-
tural proteins and enzymes, including keratins and associated proteins [67]. Key keratins
in the spinous layer, such as keratins 1 and 10, are induced by Notch signalling [47]. Notch
signalling also regulates the proliferation and differentiation of basal cells, mainly through
its effector Hes1 [68]. In the absence of RBPJ, a critical Notch-signalling mediator, spinous
layers are absent in the mouse epidermis. Conversely, increased Notch1 signalling ex-
pands spinous layers. Hes1, a target of NICD/RBPJ, positively regulates spinous gene
activation and the acquisition of spinous fate. However, the repression of basal genes
is independent of Hes1 [56,69]. The expression patterns of Notch receptors and ligands
in different epidermal layers underscore the active role of Notch signalling in epidermal
stratification [68]. Moreover, Wnt signalling has been implicated in epidermal stratification
and terminal differentiation processes. Utilising a genetic mouse model that disrupts Wnt
production in basal cells, it has been shown that Wnt production in the epidermis triggers a
signalling cascade involving BMP and FGF in the underlying mesenchyme. This signalling
cascade is crucial for activating the feedback regulation between the mesenchyme and the
epidermis to control the formation of the spinous layer [70]. Additionally, Ovol1, IRF6, and
Sfn regulate spinous layer maturation and are essential for inhibiting the proliferation of
basal cells [71–73].

A single-cell transcriptome profiling study was conducted on the developing mouse
epidermis at E14.5, E16.5, and P0, utilising both wild-type and Grhl3−/− mice [74]. The key
finding of this study was the identification of the transcription factor GRHL3 as a crucial
regulator of interfollicular epidermis differentiation, acting through the transcriptional
activation of terminal differentiation genes. The process of murine epidermal differen-
tiation was characterised as a single-step gradualistic process featuring a considerable
population of transitional cells residing between the basal and spinous layers. CDH1 may
also play a role in epidermal differentiation by facilitating altered adhesion properties that
enable keratinocytes to undergo differentiation [59,75]. Regarding the epidermal master
regulator, namely p63, it demonstrated binding to the ZNF750 promoter and was essential
for its activation. ZNF750 restored differentiation in p63-deficient tissue, indicating its
downstream role in the regulatory cascade initiated by p63. Importantly, ZNF750 promotes
terminal epidermal differentiation through the expression of late terminal differentiation
genes without influencing the early ones [76].

Protein kinase C likely plays a role in converting spinous cells to granular cells. As
cells differentiate to form the granular layer, they express filaggrin [15]. Extracellular Ca2+

concentrations closely control the terminal differentiation and maturation of the granular
and cornified layers [77]. As cells progress toward the outermost layers of the stratum
corneum, they undergo a process similar to apoptosis, becoming metabolically inactive.
During this stage, they shed lipid bilayers and lose cytoplasmic organelles, including the
nucleus. Between gestational weeks 24 and 26, the cornified layer begins to form [67,78].
It is important to note that another layer of the epidermis exists in adult skin, known as
the stratum lucidum. This specific layer is only present in some regions of human skin,
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particularly in the fingertips, palms, and soles, located between the granular layer and the
stratum corneum. The mechanisms governing the morphogenesis of the stratum lucidum
remain incompletely understood [79].

2.4. Appendageal Growth

The appendageal growth of the skin involves the development of structures such as
hair follicles, sweat glands, and sebaceous glands. This process is intricately regulated by
molecular signalling pathways and cellular interactions to ensure the proper formation
and maintenance of these essential skin components. In this review, we have examined
both hair follicles and sweat glands because of their crucial roles in skin embryogenesis,
physiology, and functionality. The literature concerning the molecular mechanisms that
underlie the formation of sebaceous glands is scant.

2.4.1. Hair Follicle (HF)

HF development relies on interactions between the epithelium and the underlying
mesenchyme. In human embryos, the onset of HF development typically occurs around
the 11th to 12th week of gestation. The progression of HF formation can be separated
into eight discernible stages [80]. At stage 0, a basal layer of multipotent epithelial cells is
established. At stage 1, localised condensations called placodes emerge in the embryonic
epidermis in response to an inductive signal from the dermis [80,81]. Following this, stage
2 involves the downward elongation of the hair placode into the dermis, accompanied by
the aggregation of dermal fibroblasts beneath the placode, forming dermal condensates
(DCs). During stage 3, epidermal cells organise into a column structure, known as the hair
peg, which comprises multiple cell layers. Simultaneously, the dermal fibroblasts in the
dermal condensates give rise to the dermal papilla close to the hair peg [80]. In stage 4, the
hair bulb thickens the peg, enclosing a segment of the elongated dermal papilla. At the
same time, the inner root sheath begins to develop above the dermal papilla. Stage 5 sees
the upward extension of the inner root sheath within the HF. In stage 6, the HF extends
deep into the subcutis, with the inner root sheath forming the hair shaft and the formation
of a sebaceous gland at the follicle’s apex [82,83]. Finally, in stage 7, the hair shaft enters
the hair canal, and by stage 8, the hair shaft protrudes beyond the skin’s surface [84].

The development of HFs entails an exceptionally intricate and meticulously controlled
process orchestrated by specific and numerous molecular signals. In mouse HF morphogen-
esis, the hair placodes form at E14.5 [85]. Before their emergence, epidermal Wnt10b, Edar,
Dkk4, and K17, as well as dermal Sox2 and Sdc1, are expressed [86]. In mouse embryos, the
activation of β-catenin leads to increased epidermal Wnt activity [87]. The Wnt/β-catenin
pathway is essential for initiating the first signal that triggers placode formation [88]. The
deletion of β-catenin in the skin epidermis or overexpression of Dkk1, a Wnt signalling
inhibitor, results in the absence of HFs [89,90]. Wnt signalling also contributes to the upreg-
ulation of Notch expression. Experiments involving loss-of-function or gain-of-function
mutants of different Notch ligands and receptors revealed that this signalling pathway
did not impact placode formation or the patterning of HFs. Notch assumed functional
significance in the development of HFs during late embryogenesis, playing a crucial role in
the differentiation of HF stem cells [91].

Early in HF development, the Eda-A1/Edar/NF-κB signalling pathway is vital for
inducing HF morphogenesis [92]. The Eda-A1/Edar/NF-κB pathway is necessary to
maintain Wnt10a and Wnt10b levels in the hair placodes, ensuring the continued activity of
Wnt/β-catenin signalling in the later stages of placode formation [87]. On the other hand,
BMP signalling plays a role in inhibiting hair placode formation (Figure 2). It has been
suggested that BMP signalling, while active in the region where the placode forms, diffuses
into the interfollicular epidermis, suppressing follicular fate [93]. In both mouse and
avian embryos, BMP2, BMP4, and BMP7 antagonists like noggin and follistatin maintain
a delicate balance in follicle development by inhibiting BMP signalling [94–98]. Noggin
expression by the underlying mesenchyme is essential for HF formation, partly through the



Curr. Issues Mol. Biol. 2024, 46 8245

induction of Lef1 expression and the enhancement of the Wnt response [96,99]. Furthermore,
follistatin plays a crucial role in the initial advancement of hair peg growth [86]. Specifically,
the interaction between follistatin and activin is significant in HF development and cycling,
potentially by controlling the expression of BMP2 [100].
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BioRender.com.

Additionally, both Wnt and Shh signalling pathways regulate the specification of DCs.
These pathways are further modulated by FGF20, secreted by hair placode cells [101,102].
Subsequently, the DC differentiates into the dermal papilla [102]. Interestingly, Shh was
found to be non-essential for hair placode formation, while in the same line, a regular array
of hair placodes still formed despite the absence of primary dermal condensations in Fgf20
mutant mice [103,104]. Shh expression is vital for dermal papilla development, the transi-
tion from the hair placode to the hair peg, and the regulation of PDGFRA expression in the
dermis [105–107]. During the down-growth phase of the HF, the dermal papilla expresses
crucial signalling factors. Shh signalling, which is reliant on Wnt signalling, originates
from the dermal papilla, and its importance in the morphogenesis of the developing HF is
evident from its deletion, resulting in placodes and hair germs that are unable to penetrate
the dermis and develop into various HF lineages [90,103].

HF invagination into the dermis is controlled by PDGF signalling. PDGFA is expressed
in the HF placode, while PDGFRA is expressed in the dermal papilla [108]. Perturbations
in PDGF signalling cause dermal papilla abnormalities, hindering the further development
of the HF [105]. TGF signalling plays a pivotal role in HF down-growth and potentiates HF
morphogenesis. Precisely, TGF-β2 transiently activates the transcription factor Snail and
the MAPK pathway in the hair bud, promoting the proliferation of bud cells [109]. In TGF-
β2-deficient mice, there is a significant reduction in the total number of HFs [110]. In the
final stages of HF morphogenesis, which occur during the second trimester of pregnancy,
a maturation process occurs, resulting in the development of seven layers of cells [85].
Throughout this maturation process, Wnt and BMP signalling pathways remain active,
contributing to hair shaft differentiation [89,111,112]. FGF and Notch signalling pathways
are also involved in the maturation of the HF [92]. In human embryos, a hair canal forms
by the 21st week of pregnancy, followed shortly after that by the growth of the hair shaft.
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Mature HFs consist of a single layer of basal cells known as the outer root sheath, which
express keratin-5 and keratin-14 and are in contact with the basement membrane [85,92].

2.4.2. Sweat Glands

There are two types of sweat glands: eccrine and apocrine. Eccrine sweat glands,
except for the lips and auditory canal, are widely distributed throughout the human body
and comprise a single long and coiled sweat duct consisting of two layers of cells [113].
In human embryos, eccrine sweat gland development begins at around the 13th week
of gestation and is completed by around the 24th week. In mouse embryos, eccrine
sweat glands develop at E17.5 and reach maturity around two weeks after birth [114,115].
Apocrine glands, found only in hairy regions of the human body, start developing during
the fifth month of gestation and originate from the upper part of the HF [116]. They have
a brief functional period during the third trimester and remain inactive throughout the
neonatal period. The exact origin of apocrine glands still needs to be fully understood [117].

During appendageal development, basal cells form buds, which are collections of
progenitor cells. These buds invaginate into the dermis, eventually shaping HFs as well
as apocrine and eccrine glands [117,118]. Eccrine sweat gland development involves the
generation of a sweat duct and coiled gland originating from epidermal basal cells ex-
pressing keratin 5/14 [118]. A shared multipotent sweat gland cell precursor known as
the “sweat bud progenitor” generates the sweat duct. The sweat gland duct comprises
keratin 14-expressing basal progenitors and keratin 14/18-expressing suprabasal progen-
itors, which are multipotent in the initial stages of development [117,119]. As the sweat
duct matures, these progenitors proliferate independently within their respective layers,
eventually giving rise to the myoepithelial cells and luminal cells of the coiled gland [117].
By 22 weeks, myoepithelial and luminal cells in the secretory portion can be identified.
Mesenchymal BMP stimulation initiates the sweat gland development process, while its
inhibition favours HF generation [117].

In mouse embryos, the differentiation of the eccrine sweat gland placode from the
HF placode requires the increased expression of epidermal En1 and upregulation of the
Wnt inhibitor Dkk4 [120]. Nevertheless, in humans, Wnt signalling, particularly its effector
WNT10a, is crucial for eccrine gland induction and formation, as demonstrated by individ-
uals with WNT10a mutations who displayed significant sweating abnormalities [121]. Wnt
activity is detectable in the dermis of mouse embryos before the morphological signs of
eccrine gland induction but decreases as gland germs form [122]. Epidermal Eda signalling,
activated downstream of Wnt signalling, plays a vital role in complete sweat gland germ
formation and upregulates the Shh signalling pathway in the early stages of develop-
ment [121,123–125]. Moreover, the morphogenesis of the coiled sweat gland is a process
potentially regulated by Foxa1 and Foxi1, especially in late phases [126]. The exact role of
these signalling cascades in sweat gland formation requires further elucidation.

2.5. Migration of Cells within the Epidermis

Various migration cells are located along the layers of the epidermis, originating from
different anatomical regions of the embryo and migrating into the epidermis at different
time points. These cells include melanocytes, Langerhans, and Merkel cells [10,127,128].
Regarding melanocytes, neural crest cells play a primary role in their formation [9]. Trunk
melanocyte progenitors migrate dorsolaterally and express signalling pathways involved in
melanogenesis, such as WNT, KIT, and EDNRB signalling, as well as distinct transcription
factors like Mitf, FoxD3, Sox10, and Pax3 [129]. Upon reaching the epidermis, melanoblasts
differentiate into melanocytes, producing melanin [130]. Melanocytes are present in the
skin by week 12 of gestation in human embryos [131,132].

Langerhans cells are key components in the skin’s immune response, serving as
antigen-presenting cells similar to dendritic cells [133]. These leukocytes are found in
the spinous layer of the epidermis and originate from embryonic myeloid precursors
in the foetal liver and yolk sac, sharing ontogeny with macrophages. Langerhans cells
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are derived through two pathways: c-myb-independent yolk sac macrophages and c-
myb+ foetal liver monocytes, appearing in the foetal epidermis as early as week six of
gestation [134–138]. Postnatally, Langerhans cells are self-renewable and not derived from
bone marrow precursors. Their development and maintenance involve various TGF-β
signalling pathways and transcription factors like Runx3 and Id2 [139–141]. The interaction
between the CSF1R receptor and the keratinocyte-produced cytokine IL-34 is crucial for
Langerhans cell differentiation [142]. Additional information on Langerhans cells can be
found in relevant reviews [139,143].

Responsible for light touch sensation, Merkel cells are multimodal epidermal sensory
cells that appear at around week 18 of gestation in human skin. Located in the basal
layer and the lower epidermis at the dermal–epidermal junction, Merkel cells are closely
associated with afferent neurons. Their origin is debatable, with some theories suggesting
neural crest cells as the source and others proposing an epithelial/epidermal lineage based
on the expression of epithelial keratins 8/18/20 [10,144]. Shh signalling is essential for
Merkel cell specification in murine embryos, triggered by the Shh ligand produced in
developing HFs. Merkel cell differentiation is strongly linked to HF morphogenesis [145].
The in-depth investigation of the ontogeny of migratory cells is not aligned with the scope
of this review.

3. Molecular Basis of Congenital Skin Diseases and Cancer

Understanding the molecular mechanisms underlying congenital skin diseases and
cancer has significantly advanced in recent years, providing crucial insights into the patho-
genesis of these conditions. Researchers have uncovered key genetic mutations, signalling
cascades, and cellular interactions that drive the development and progression of these
disorders by unravelling the intricate molecular pathways affected. This section emphasises
that the various molecular signals involved in embryonic development are also implicated
in the pathophysiology of certain congenital skin diseases and types of cancer. Analysing
these connections provides valuable insights into the molecular mechanisms underly-
ing both skin development and the pathogenesis of skin cancers, such as basal cell and
squamous cell carcinoma. Skin cancers often stem from disruptions in essential biologi-
cal pathways that are also involved in normal skin development. Therefore, identifying
these specific molecules can pave the way for developing new targeted therapies through
laboratory-based interventions.

3.1. Congenital Skin Disorders
3.1.1. Nevoid Basal Cell Carcinoma Syndrome (NBCCS)

NBCCS, also known as Gorlin syndrome, is an inherited disorder characterised by
multiple developmental abnormalities and increased tumour predisposition. This condition
follows an autosomal dominant inheritance pattern, with a noteworthy clinical charac-
teristic being the presence of numerous jaw keratocysts, often accompanied by basal cell
carcinoma. Predominant sites for cancer manifestation include the facial region, thorax, and
dorsum [146]. Additional clinical features encompass fat herniation and ectopic calcification
sites within the central nervous system, as well as a spectrum of skeletal, ophthalmological,
genitourinary, and cardiovascular issues. Typically, the syndrome presents between ado-
lescence and around 35 years of age, with childhood onset indicating a potentially more
aggressive disease course [147,148]. While both NBCCS and basal cell carcinoma involve
abnormalities in the Hedgehog pathway, the difference lies in the genetic predisposition
and the multifocal nature of basal cell carcinomas in NBCCS patients compared to the
sporadic occurrence in adults [149,150].

The gene associated with NBCCS is PTCH1, whose mutation is responsible for the
syndrome. Its product, a transmembrane glycoprotein known as PATCHED1, acts as a
tumour suppressor by regulating the cell cycle of epidermal cells [151]. Specifically, this
glycoprotein serves as the receptor for SHH and, upon binding, inhibits the transcription
of specific signalling molecules belonging to the Wnt and TGF-beta families [152]. Wnt
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signalling plays a critical role in epidermal development, renewal, and the formation of skin
appendages. Additionally, it is involved in osteogenesis induction, the inhibition of adipose
tissue formation, and the stimulation of fibroblasts. Consequently, the phenotypic manifes-
tations of skeletal defects and fat herniation in NBCCS can be attributed to the disrupted
physiological functions downstream of PTCH1/SHH signalling [153,154]. On the contrary,
basal cell carcinoma could also arise from a variety of other genetic mutations. Therapeutic
strategies for NBCCS include the surgical excision of affected areas, cryosurgery, carbon
dioxide laser ablation, systemic drugs, and topical creams. More targeted therapies, such
as gene therapy, remain an unexplored avenue in the management of this syndrome [155].

3.1.2. Epidermolysis Bullosa (EB)

EB is a heterogeneous group of inherited dermatoses characterised by mucocutaneous
fragility. Clinical manifestations include chronic injuries and blisters that occur sponta-
neously or following mechanical stress, as well as poor healing that may be accompanied
by inflammation. Tissue separation occurs within the epidermis layers or between the
epidermis and dermis. EB can be classified into four distinct subtypes, each with unique
etiopathogenesis and symptoms [156].

Epidermolysis bullosa simplex (EBS) is associated with either autosomal dominant or
recessive inheritance patterns. This condition arises from mutations in genes responsible for
maintaining epidermal integrity, leading to the formation of blisters, itching, pigmentation
irregularities, and potential discomfort [157]. The most commonly observed mutations
occur in the KRT5 and KRT14 genes, which encode keratin 5 and keratin 14 proteins,
respectively. These keratins are expressed prior to the epidermal stratification process,
indicating the completion of epidermal commitment [44]. The expression of keratin 14
is regulated by the p63 protein, a member of the p53 protein family, and its absence
hinders epithelial stratification, thereby impacting embryonic development and organs
derived from the epithelial–mesenchymal lineage [52,158]. Following stratification and
differentiation, keratin 5 and keratin 14 are also expressed in the basal membrane, where
they interact to provide basal keratinocytes with flexibility and strength [159]. Reduced
keratin expression compromises mechanical resilience, making cells more susceptible to
proteolysis under increased mechanical stress [157]. Furthermore, cells with decreased
keratin levels are more sensitive to heat, explaining the heightened blistering tendency,
particularly in warm environmental conditions [160].

Mutations in the DST, PLEC, and EXPH5 genes can be correlated with EBS. Normally,
these genes are responsible for proper cytoskeletal organisation and lysosomal exocyto-
sis [161–163]. Mutations in these genes have significant implications as they disrupt the
structure of the keratin cytoskeleton in basal membrane cells, leading to the skin fragility
and blistering characteristic of EBS [164]. Additionally, KLHL24 and CD151, also known
as tetraspanin 24, are genes implicated in EBS. Mutations in these genes indirectly affect
the proteostasis of keratin. KLHL24 is part of a ubiquitination complex with K14 as its
substrate. However, the mutations of KLHL24 identified in EBS exhibit varied effects on the
level of K14 expressed in patients [165–167]. Regarding the CD151 antigen, it plays a role in
hemidesmosome formation, which are structures mediating integrin attachments between
cells and the extracellular matrix by linking the basement membrane to the keratin filament
network. Therefore, a defective CD151 antigen is associated with blistering and epidermal
fragility in EBS [168].

Junctional epidermolysis bullosa (JEB) is an inherited autosomal recessive disorder
characterised by skin blistering within the lamina lucida, a basement membrane component,
and may also affect mucous membranes [31]. Several mutated genes are associated with JEB,
three of which impact the proper function of laminin 332. Specifically, mutations in LAMA3,
LAMB3, or LAMC2 result in a defective laminin 332 protein, disrupting the function of
anchoring filaments and the migration routes of keratinocytes during wound healing [164].
Laminin 332 is essential for skin stability through dermal–epidermal attachment [169].
Its involvement in epithelial function in organs beyond the skin contributes to systemic
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symptoms in severe JEB cases [170]. Integrins, particularly ITGA6 and ITGB4, are also
implicated in JEB. These genes encode integrin α6β4, a transmembrane receptor involved
in hemidesmosome formation, mediating cell–matrix adhesion [171]. ITGA6 is a molecular
marker on neural crest cells’ skin derivatives during embryonic development, while ITGB4
mediates epithelial–mesenchymal transition [172,173]. Mutations in either gene lead to
a phenotype characterised by skin blisters due to the disrupted adhesion between the
epidermis and dermis, resulting in loss of skin integrity and additional clinical features
such as pyloric atresia from gastrointestinal mucosal dysfunction [174].

Another gene encoding integrins that is correlated with JEB is ITGA3. Specifically,
ITGA3 encodes the integrin α3 subunit and participates in the epithelial–mesenchymal
transition process [175]. Aside from skin fragility, mutations in this gene result in nephrotic
syndrome and interstitial lung disease, underlining the importance of integrin α3β1 for the
proper function of keratinocytes, podocytes, and alveolar epithelial cells [176,177]. Muta-
tions in COL17A1 are also implicated in the pathogenesis of JEB, leading to the production
of abnormal collagen XVII, a crucial component of hemidesmosomes that promotes stable
binding between basal cells and the basement membrane [178]. Moreover, collagen XVII is
a vital niche protein in the epidermis and HFs that maintains epidermal and melanocyte
stem cells [179,180]. COL17A1 expression in the interfollicular epidermis stem cell niches
promotes keratinocyte differentiation [181]. Consequently, mutations in COL17A1 can
result in increased skin fragility, skin thinning, alterations in skin pigmentation, hair loss,
and an elevated risk of cancer development [182,183].

Dystrophic epidermolysis bullosa (DEB), also known as recessive DEB, is a condition
that causes fragility detected beneath the epidermis. Specifically, blistering occurs below
the lamina densa level. The lamina densa, along with the lamina lucida, forms the basal
lamina and lies on the dermal connective tissue, with its primary component being type IV
collagen [184]. DEB results from mutations in the COL7A1 gene, which typically produces
type VII collagen necessary for maintaining the skin’s integrity and homeostasis [185]. Type
VII collagen plays a significant role in anchoring fibrils, essential complexes for attaching
the lamina densa to the upper papillary layer of the dermis [186,187]. Thus, mutations in
COL7A1 cause blistering and scarring. DEB also disrupts junctions in deeper skin layers,
leading to mucosal involvement, including blistering in the oesophagus, anal canal, oral
cavity, and eyes [188–190]. Type VII collagen is thought to influence the development of
epidermal tumours, so patients with DEB may be at a higher risk of developing SCC [187].

A rare subtype of EB constitutes Kindler EB or Kindler Syndrome (KS) following an
autosomal recessive inheritance pattern. Clinical manifestations encompass skin fragility
and blister formation on the extremities from birth [191]. Other phenotypic characteristics
include generalised cutaneous thinning, mottled skin pigmentation, sunlight sensitivity,
widespread skin thickening on the palms and soles, pseudosyndactyly, and mucosal le-
sions [192]. KS is caused by a mutation in the FERMT1 gene, producing a defective kindlin-1
protein [193]. During embryonic development, FERMT1 appears to mediate epithelial–
mesenchymal transition and plays a role in the adhesion, movement, and migration of
epithelial cells [194]. This is accomplished by enhancing the affinity of integrins for their
ligands, a phenomenon referred to as integrin activation. Subsequent integrin-mediated
signalling pathways facilitate cell adhesion, migration, proliferation, and eventual differ-
entiation [195]. In FERMT1 mutants, faulty kindlin-1 leads to aberrant integrin activation,
amplifying mechanical stress within keratinocytes upon skin damage. This provokes an
increased release of cytokines and growth factors, stimulating dermal fibroblasts to pro-
duce excessive extracellular matrix, resulting in scarring and fibrosis [196,197]. The loss
of kindlin-1 is associated with decreased TGFβ1 and increased Wnt/β-catenin signalling,
affecting melanocyte homeostasis and contributing to observed poikiloderma in KS [198].
Furthermore, the disruption of skin homeostasis leads to epidermal atrophy in KS due to
the sustained activation of stem cells through TGFβ1 and Wnt/β-catenin signals, culminat-
ing in stem cell depletion [195,199]. A comprehensive overview of the EB-related genes is
provided in Table 1.
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Table 1. Genes implicated in congenital skin disorders and their chromosomal loci.

Skin Disease Gene Chromosomal Locus Ref.

Nevoid basal cell
carcinoma syndrome PTCH1 9q22.32 [151,200]

Epidermolysis
bullosa simplex

KRT5 12q13.13 [164]
KRT14 17q21.2 [164]
DST 6p12.1 [161]
PLEC 8q24.3 [162]

EXPH5 11q22.3 [163]
KLHL24 3q27.1 [166]
CD151 11p15.5 [168]

Junctional
epidermolysis bullosa

LAMA3 18q11.2 [164]
LAMB3 1q32.2 [164]
LAMC2 1q25.3 [164]
ITGA6 2q31.1 [171]
ITGB4 17q25.1 [171,173]
ITGA3 17q21.33 [175,201]

COL17A1 10q25.1 [178,181]

Dystrophic
epidermolysis bullosa COL7A1 3p21.31 [185]

Kindler
epidermolysis bullosa FERMT1 20p12.3 [193,194]

Hypohidrotic
ectodermal dysplasia

EDA Xq13.1 [202]
IKBKG Xq28 [203]

WNT10A 2q35 [204]
EDAR 2q13 [204]

EDARADD 1q42.3-q43 [204]
Data are retrieved from “The Human Protein Atlas” [205]. CD151: Cluster of differentiation 151. COL17A1:
Collagen type XVII alpha 1 chain. COL7A1: Collagen type VII alpha 1 chain. DST: Dystonin. EDA: Ectodysplasin
A. EDAR: Ectodysplasin A receptor. EDARADD: EDAR-associated death domain. EXPH5: Exiphilin 5. FERMT1:
FERM domain containing kindlin 1. IKBKG: Inhibitor of nuclear factor kappa B kinase regulatory subunit gamma.
ITGA3: Integrin subunit alpha 3. ITGA6: Integrin subunit alpha 6. ITGB4: Integrin subunit beta 4. KLHL24:
Kelch-like member 24. KRT14: Keratin 14. KRT5: Keratin 5. LAMA3: Laminin subunit alpha 3. LAMB3: Laminin
subunit beta 3. LAMC2: Laminin subunit gamma 3. PLEC: Plectin. PTCH1: Patched 1.

When considering the therapeutic approaches available for patients with different
types of EB, apart from symptomatic treatment, a range of methods involving micro-
molecules, cell injections, and gene editing are employed [156]. Initially, gene therapy has
shown promising outcomes in specific JEB and DEB cases, albeit largely limited to in vitro
experimentation and early-stage clinical trials. In this therapeutic strategy, fibroblasts or
keratinocytes are isolated from skin biopsies, genetically modified with the functional
cDNA strand of the mutated gene, and subsequently reintroduced into the skin through
grafting procedures [206]. Gene therapy was first administered to a patient diagnosed with
JEB due to a mutation in the LAMB3 gene, while clinical trials are investigating its efficacy
in EB cases caused by mutations in COL17A [207,208]. The potential use of gene therapy in
targeting mutations in COL7A1 for DEB cases is also under evaluation [209].

An alternative treatment option for EB involves the intradermal injection of fibroblasts,
leading to improved adhesion between the epidermis and dermis in DEB patients despite
adverse events such as excessive pain [210]. Additionally, mesenchymal stromal cells
derived from bone marrow have been administered intravenously to some children with
DEB, resulting in overall health enhancement, even though collagen VII levels remained
suboptimal [211]. The direct infusion of collagen VII has been explored as a potential treat-
ment for DEB, yet its effectiveness requires further clarification [212]. Gene editing presents
another avenue for EB therapy, facilitated by the development of designer endonucleases
such as TALEN or CRISPR/Cas9, aimed at correcting mutations in keratinocytes associated
with EB [213–215].
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3.1.3. Hypohidrotic Ectodermal Dysplasia (HED)

HED is characterised by sparse hair on the scalp and body (hypotrichosis), reduced
sweating ability (hypohidrosis), and the congenital absence of teeth (hypodontia). Its
inheritance may follow X-linked recessive, autosomal dominant, or autosomal recessive
patterns [216]. X-linked HED is attributed to mutations in the EDA gene, typically re-
sponsible for ectodysplasin production. Ectodysplasin is a protein belonging to the TNF
family and is essential for proper placode development [202]. Specifically, the EDA protein
serves as a signalling molecule during embryogenesis, facilitating the interaction between
the ectoderm and mesoderm, thereby orchestrating placode formation. These placodes
eventually give rise to various ectodermal structures such as HFs, sweat glands, and teeth.
The mutated EDA protein leads to multiple ectodermal deficiencies, accounting for the
observed phenotype [217]. In some instances, X-linked HED may be associated with im-
munodeficiency, which arises from mutations in the gene encoding the NF-κB essential
modulator, which is crucial for the induction of pro-inflammatory genes [203,218].

Mutations in WNT10A, EDAR, or EDARADD genes cause autosomal recessive and
dominant HED (Table 1) [204]. Precisely, alterations in WNT10A disrupt the normal activity
of the β-catenin pathway, which is crucial for the proliferation of epithelial progenitors.
Additionally, WNT10A influences the specification process in certain epithelial regions
through the transcription factor KLF4. Consequently, its mutation hampers the expres-
sion of specialised keratins in epithelial cells, resulting in abnormal skin structure and
integrity [219]. The normal WNT10A gene is also involved in proper odontogenesis and
the embryonic development of HFs, with modifications in its sequence explaining the hy-
potrichosis and hypodontia seen in HED [220]. On the other hand, EDAR and EDARADD
genes are part of the Eda pathway, which is essential for forming structures derived from
the embryonic ectoderm such as teeth, HFs, and sweat glands [202].

The treatment of HED primarily focuses on symptom management. Recently, a
promising approach involved carbon dioxide laser therapy and appropriate ointments
containing triamcinolone, lidocaine, and prilocaine, yielding positive outcomes [221–223].
For patients with X-linked HED, attempts have been made to replace the defective EDA1
protein postnatally with EDI200. This homologue can bind effectively to the EDAR receptor,
promoting proper ectodermal development [224]. However, initial trials were unsuccessful
in achieving sweat gland development [225]. Alternative strategies include the intra-
amniotic administration of the EDA1 homologue to influence sweat gland embryogenesis.
Some X-linked HED cases treated with this method have shown promising results, leading
to ongoing clinical trials and new perspectives in the field [226].

3.2. Skin Cancer
3.2.1. Basal Cell Carcinoma (BCC)

BCC is the most common malignancy among individuals with light skin colour, ac-
counting for approximately two-thirds of all skin cancers in light-skinned people [227].
BCC’s molecular underpinnings are complex, involving a combination of inherited genetic
predisposition and spontaneous somatic mutations. The inherited predisposition includes
single nucleotide polymorphisms and hereditary conditions, while somatic mutations are
usually an initiating factor that triggers tumour development [228]. BCCs constitute the
majority of keratinocyte carcinomas and typically arise in sun-exposed areas of the skin,
such as the head, neck, thorax, and lower limbs. In the context of sun-induced damage, ox-
idative stress serves as the connecting factor between sun exposure and molecular pathway
dysregulation [229]. These tumours exhibit a slow growth pattern and rarely metastasise to
other body parts. A characteristic feature of BCC is the formation of basaloid cell islands
within the epidermis, some of which have the potential to invade the dermis [230,231].
Clinical presentations of BCC are diverse, with the carcinoma manifesting nodular, pig-
mented, superficial, or sclerosing patterns [232]. BCC is believed to originate from HFs
due to the histological and biochemical characteristics shared between the two. Bulge
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stem cells appear to be BCC’s primary cellular source when it is triggered by ionising
radiation [233,234].

In the molecular pathogenesis of BCC, the HH signalling pathway has a central role.
Its primary function is to regulate the skin’s stem cell population and contribute to forming
sebaceous glands and HFs [235]. Additionally, components such as the transmembrane
receptors PTCH1 and PTCH2, SMO, GPCR, GLI1, GLI2, and GLI3 are part of the HH
signalling cascade, interacting with the primary cilium [236]. The primary cilium is a
microtubule-based cellular protrusion that senses extracellular signals [237]. The activation
of the HH pathway occurs when HH molecules bind to PTCH1. In the absence of HH
ligands, PTCH1 inhibits SMO, which is localised at the base of the primary cilium, thereby
blocking further signalling. Upon the detection of external signals by the primary cilium,
HH ligands bind to PTCH1, relieving the inhibition and allowing SMO to translocate to the
ciliary tip [238]. In conjunction with other signalling molecules like SUFU, SMO activates
the GLI transcription factors, which translocate to the nucleus and promote the expression
of genes involved in cellular homeostasis, regeneration, and angiogenesis [239,240].

In most cases of BCCs exceeding 90%, loss-of-function mutations have been identified
in the HH signalling cascade, predominantly involving the PTCH1 gene. The disruption
of this molecular pathway results in the dysregulation of the cell cycle through the im-
pairment of SMO inhibition. This leads to the continuous activation of HH signalling
and epidermal cell hyperproliferation, thus contributing to BCC development [240–242].
Rarely are genetic alterations also observed in the SMO gene, leading to the sustained
activation of its transcriptional product. Additionally, loss-of-function mutations in the
SUFU gene and the PTCH2 gene have been reported in some cases. These alterations in
critical protein molecules typically drive tumorigenesis by pathologically increasing GLI
protein transcription. The excessive transcription of GLI proteins triggers uncontrolled
proliferation of their target cells, furthering BCC progression [243,244]. Another common
mutation in BCC development is the inactivation of the TP53 gene, which typically acts
as a tumour suppressor, promoting cell apoptosis [245,246]. Consequently, epidermal
cells exhibit excessive proliferation tendencies, fostering the accumulation of additional
mutations that drive tumorigenesis and culminate in BCC formation [247].

In addition to the direct role of the mutated TP53 in BCC by disrupting the cell cycle,
alternative mechanisms have been identified. In specific mouse models displaying BCC,
the loss of TP53 gene function led to the upregulation of SMO, thereby enhancing the
HH molecular cascade, as previously indicated [234]. Similarly, the downstream effectors
of the HH cascade, such as the MYCN/FBXW7 signalling pathway, are implicated in
BCC pathogenesis [248]. Particularly, the MYC family of transcription factors, including
MYCN, govern cell growth, proliferation, and the programmed cell death of keratinocytes
in the epidermal layers. Thus, missense mutations in the MYCN gene could elucidate
its role in BCC development, attributed to increased cell proliferation rates and reduced
apoptosis [243].

Apart from the mutations previously mentioned in particular BCC cases, genetic alter-
ations in the Notch signalling pathway have also been observed. This molecular cascade
downregulates keratinocyte proliferation and is induced by the tumour suppressor protein
p53 [249]. In individuals with BCC, Notch signalling is suppressed, enabling continuous
keratinocyte proliferation, ultimately leading to tumour formation [250]. Moreover, Notch
signalling governs the adhesion between keratinocytes and facilitates the differentiation
of epidermal cells into spinous cells [251,252]. Another intriguing molecular pathway
implicated in the pathogenesis of this keratinocyte carcinoma is the Hippo–YAP/TAZ
pathway, which is integral to skin morphogenesis [253]. It specifically activates epidermal
stem cells, contributing to the development of HFs, interfollicular epidermis, and sebaceous
glands essential for skin homeostasis [254]. This pathway is upregulated, leading to the ex-
cessive proliferation of epidermal-derived cells, a key factor in BCC development [255,256].
New cases of BCC also involve mutations in gene promoters, with TERT and DPH3 being
among the most significant [257,258]. While surgical excision remains BCC’s primary
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treatment modality, radiotherapy and systemic therapies can also be beneficial. Never-
theless, exploring more advanced therapeutic strategies targeting the pertinent genes or
proteins is essential for future advancements in BCC management [259]. A summary of the
BCC-implicated genes is provided in Table 2.

Table 2. Genes implicated in skin cancers and their chromosomal loci.

Skin Cancer Gene Chromosomal Locus Ref.

Basal cell carcinoma

PTCH1 9q22.32 [240]
PTCH2 1p34.1 [243]
SMO 7q32.1 [243]
SUFU 10q24.32 [243]
TP53 17p13.1 [245]

MYCN 2p24.3 [243]
TERT 5p15.33 [257]
DPH3 3p25.1 [258]

Squamous cell
carcinoma

TP53 17p13.1 [260,261]
CDKN2A 9p21.3 [262]
CCND1 11q13.3 [263]

MYC 8q24.21 [263,264]
FGFR1 8p11.23 [265]
FGFR2 10q26.13 [265]
FGFR3 4p16.3 [265]
EGFR 7p11.2 [266]
TP63 3q28 [48]
SOX2 3q26.33 [267]

NOTCH1 9q34.3 [268]
NFE2L2 2q31.2 [269]

FAT1 4q35.2 [270]
Data are retrieved from “The Human Protein Atlas” [205]. CCND1: Cyclin D1. CDKN2A: Cyclin-dependent kinase
inhibitor 2A. DPH3: Diphthamide biosynthesis 3. EGFR: Epidermal growth factor receptor. FAT1: FAT atypical
cadherin 1. FGFR1: Fibroblast growth factor receptor 1. FGFR2: Fibroblast growth factor receptor 2. FGFR3:
Fibroblast growth factor receptor 3. MYC: MYC proto-oncogene, bHLH transcription factor. MYCN: MYCN
proto-oncogene. NFE2L2: Nuclear factor-erythroid 2-like bZIP transcription factor 2. NOTCH1: Neurogenic locus
Notch homolog protein 1. PTCH1: Patched 1. PTCH2: Patched 2. SMO: Smoothened, frizzled class receptor. SOX2:
SRY-box transcription factor 2. SUFU: Suppressor of fused homolog. TERT: Telomerase reverse transcriptase.
TP53: Tumour protein p53. TP63: Tumour protein p63.

3.2.2. Squamous Cell Carcinoma (SCC)

SCC ranks among the most common human cancers not related to melanoma and is
characterised by highly invasive behaviour with elevated mortality rates [271]. Clinically, it
typically presents as red patches, hyperkeratosis, and irregular vessels, while more severe
cases may exhibit ulcers, papillomas, and papules [272]. Environmental factors impli-
cated in SCC include ultraviolet radiation, smoking, alcohol consumption, and infectious
agents [273–275]. SCC often shows signs of squamous differentiation, suggesting a possible
origin from cells, such as those in the interfollicular epidermis, that typically undergo
squamous differentiation [276]. There is a debate regarding whether the initial genetic
alteration occurs in stem cells with prolonged lifespans or in differentiated epidermal
cells [276,277].

The etiopathology of this keratinocyte carcinoma subtype typically involves loss-
of-function mutations in tumour suppressor genes, particularly in TP53 and CDKN2A
(Table 2) [260]. As mentioned above, P53 plays a crucial role in modulating the cell
cycle [261]. On the other hand, CDKN2A functions by inhibiting cyclin-dependent kinases
that regulate the activity of p105-Rb, a tumour suppressor protein encoded by the RB1 gene.
In SCC, the suppression of p105-Rb function results in uncontrolled cell proliferation [262].
Additional mutations affecting the cell cycle process involve CCND1, which encodes for
cyclin D1 and MYC. These mutations lead to hyperproliferation, characterising SCC [263].
Tumorigenesis resulting from the above mutations is typically not associated with infectious
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agents, such as exposure to the HPV virus, which has been implicated in some cases of
SCC [278].

Furthermore, gain-of-function mutations are commonly observed in SCC. Specifically,
the most frequently mutated genes include FGFR1, FGFR2, FGFR3, and EGFR, which en-
code growth factor receptors crucial for skin embryonic development [265,266]. The FGF
signalling pathway facilitates mesodermal formation and maintains a balanced interaction
between the mesenchyme and the epidermis, while EGFR is essential for keratinocyte prolif-
eration. Mutations in these genes lead to excessive cell proliferation and reduced apoptosis,
which are features of SCC [279,280]. Downstream of these receptors, the RAS and PI3K sig-
nalling pathways are impacted indirectly through altered interactions with their receptors
and directly via de novo mutations in their sequences, resulting in reduced cell apoptosis
that contributes to tumorigenesis in SCC [281,282]. Another gene implicated in SCC patho-
genesis is TP63, which regulates the transition from simple to stratified epithelium and
supports the maintenance of the skin SC population [48]. TP63 is vital for squamous cell
metaplasia, and its missense mutations are involved in SCC development [283].

Aside from TP63, SOX2 is also implicated in squamous cell fate determination. Muta-
tions in SOX2 can lead to increased proliferation rates and reduced cell death [284]. SOX2
also regulates the Notch signalling pathway, which controls keratinocyte differentiation
and the skin’s barrier function [285,286]. Thus, mutations in NOTCH1 can also be detected
in SCC. Other genes involved in the pathogenesis of some SCC cases include NFE2L2,
which regulates the response to oxidative stress and keratinocyte differentiation, and FAT1,
which codes for desmosome proteins such as DSG1–4 [269,270]. The standard treatment
for SCC is surgical excision, aiming to remove the tumour and surrounding affected tissue
completely. Targeted gene therapy for SCC has yet to be developed [287].

4. Conclusions

The development of the skin during embryogenesis is tightly regulated by various
molecular mechanisms that coordinate to ensure its proper functioning. Despite advanced
technological methods offering comprehensive information on the skin’s structure and com-
ponents, the molecular pathways orchestrating its formation still need further investigation.
An in-depth examination of the heterogeneity of cell populations within the developing
skin tissues could provide unprecedented insights into lineage specification and intercellu-
lar signalling dynamics during embryogenesis. The potential role of non-coding RNAs,
cellular crosstalk, and epigenetic regulation have also been considered. Many inherited
skin diseases and epidermal-derived cancers result directly from mutations in various
molecular pathways. Therefore, as discussed in this review, a comprehensive understand-
ing of the genes implicated in skin ontogeny and their relationship to epidermal pathology
could enable researchers to develop laboratory-based manipulations to treat skin diseases.
However, the practical application of such approaches is still in its early stages, with only a
few genetic and molecular therapies currently in clinical trials.
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Abbreviations

AP-2 Activating protein 2
BCC Basal cell carcinoma
BMP Bone morphogenetic protein
Ca2+ Calcium ion
CAS9 CRISPR-associated protein 9
CCND1 Cyclin D1
CD151 Cluster of differentiation 151
CDH1 Cadherin 1
CDKN2A Cyclin-dependent kinase inhibitor 2A
cDNA Complementary deoxyribonucleic acid
CLDN23 Claudin 23
CLDN6 Claudin 6
COL17A1 Collagen type XVII alpha 1 chain
COL7A1 Collagen type VII alpha 1 chain
CRISPR Clustered regularly interspaced short palindromic repeats
CSF1R Colony-stimulating factor 1 receptor
DCs Dermal condensates
DEB Dystrophic epidermolysis bullosa
DKK Dickkopf WNT signalling pathway inhibitor
DPH3 Diphthamide biosynthesis 3
DSG Desmoglein
DST Dystonin
E Embryonic day
EB Epidermolysis bullosa
EBS Epidermolysis bullosa simplex
EDA-A1 Ectodysplasin-A1
EDAR Ectodysplasin A receptor
EDARADD EDAR-associated death domain
EDI200 Ectodysplasin-A1 replacement therapy
EDNRB Endothelin receptor type B
EGFR Epidermal growth factor receptor
EN1 Engrailed homeobox 1
EXPH5 Exiphilin 5
FAT1 FAT atypical cadherin 1
FBXW7 F-box and WD repeat domain containing 7
FERMT1 FERM domain containing kindlin 1
FGF Fibroblast growth factor
FGFR Fibroblast growth factor receptor
FOXA1 Forkhead box protein A1
FOXD3 Forkhead box D3
FOXI1 Forkhead box I1
GLI Glioma-associated oncogene
GPCR G protein-coupled receptor-like protein
GRHL3 Grainyhead-like transcription factor 3
HED Hypohidrotic ectodermal dysplasia
HES1 Hes family bHLH transcription factor 1
HF Hair follicle
HH Hedgehog
HPV Human papillomavirus
ID2 Inhibitor of DNA binding 2
IKBKG Inhibitor of nuclear factor kappa B kinase regulatory subunit gamma
IL-34 Interleukin 34
iPSCs Induced pluripotent stem cells
IRF6 Interferon regulatory factor 6
ITGA3 Integrin subunit alpha 3



Curr. Issues Mol. Biol. 2024, 46 8256

ITGA6 Integrin subunit alpha 6
ITGB4 Integrin subunit beta 4
JEB Junctional epidermolysis bullosa
KIT KIT proto-oncogene
KLF4 Krüppel-like factor 4
KLHL24 Kelch-like member 24
KRT Keratin
KS Kindler syndrome
LAMA3 Laminin subunit alpha 3
LAMB3 Laminin subunit beta 3
LAMC3 Laminin subunit gamma 3
LEF1 Lymphoid enhancer binding factor 1
MAPK Mitogen-activated protein kinases
MITF Melanocyte-inducing transcription factor
MYC MYC proto-oncogene, bHLH transcription factor
MYCN MYCN proto-oncogene
MYH14 Myosin heavy chain 14
NBCCS Nevoid basal cell carcinoma syndrome
NF-κB Nuclear factor kappa B
NFE2L2 Nuclear factor-erythroid 2-like bZIP transcription factor 2
NICD Notch intracellular domain
NOTCH1 Neurogenic locus Notch homolog protein 1
OVOL1 Ovo like transcriptional repressor 1
P Postnatal day
PAX3 Paired box 3
PDGF Platelet-derived growth factor
PDGFRA Platelet-derived growth factor receptor alpha
PERP P53 apoptosis effector related to PMP22
PI3K Phosphatidylinositol-3-kinase
PKC Protein kinase C
PLEC Plectin
PTCH1 Patched 1
PTCH2 Patched 2
Rb Retinoblastoma
RBPJ Recombination signal binding protein for immunoglobulin kappa J region
RUNX RUNX family transcription factor
SCC Squamous cell carcinoma
scRNA-
seq

Small conditional ribonucleic acid sequencing

SDC1 Syndecan 1
SFN Stratifin
SHH Sonic Hedgehog
SMO Smoothened, frizzled class receptor
SOX SRY-box transcription factor
SUFU Suppressor of fused homolog
TALEN Transcription activator-like effector nuclease
TAZ Transcriptional coactivator with PDZ-binding motif
TERT Telomerase reverse transcriptase
TGF Transforming growth factor
TNF Tumour necrosis factor
TP53 Tumour protein p53
TP63 Tumour protein p63
YAP Yes1-associated transcriptional regulator
ZNF750 Zinc finger protein 750
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148. Şereflican, B.; Tuman, B.; Şereflican, M.; Halıcıoğlu, S.; Özyalvaçlı, G.; Bayrak, S. Gorlin-Goltz Syndrome. Turk Pediatri Ars.

2017, 52, 173–177. [CrossRef]
149. Göppner, D.; Leverkus, M. Basal Cell Carcinoma: From the Molecular Understanding of the Pathogenesis to Targeted Therapy of

Progressive Disease. J. Ski. Cancer 2011, 2011, 650258. [CrossRef] [PubMed]
150. Fujii, K.; Miyashita, T. Gorlin Syndrome (Nevoid Basal Cell Carcinoma Syndrome): Update and Literature Review. Pediatr. Int.

Off. J. Jpn. Pediatr. Soc. 2014, 56, 667–674. [CrossRef] [PubMed]
151. Bare, J.W.; Lebo, R.V.; Epstein, E.H. Loss of Heterozygosity at Chromosome 1q22 in Basal Cell Carcinomas and Exclusion of the

Basal Cell Nevus Syndrome Gene from This Site. Cancer Res. 1992, 52, 1494–1498.
152. Sidransky, D. Is Human Patched the Gatekeeper of Common Skin Cancers? Nat. Genet. 1996, 14, 7–8. [CrossRef] [PubMed]
153. Ghosh, S.K.; Dutta, A.; Sarkar, S.; Nag, S.S.; Biswas, S.K.; Mandal, P. Focal Dermal Hypoplasia (Goltz Syndrome): A Cross-Sectional

Study from Eastern India. Indian J. Dermatol. 2017, 62, 498–504. [CrossRef]
154. Ellenbogen, E. Embryology of the Skin. In Skin and the Heart; Salavastru, C., Murrell, D.F., Otton, J., Eds.; Springer International

Publishing: Cham, Switzerland, 2021; pp. 3–9. ISBN 978-3-030-54779-0.
155. van der Geer, S.; Ostertag, J.U.; Krekels, G.A.M. Treatment of Basal Cell Carcinomas in Patients with Nevoid Basal Cell Carcinoma

Syndrome. J. Eur. Acad. Dermatol. Venereol. 2009, 23, 308–313. [CrossRef] [PubMed]
156. Prodinger, C.; Reichelt, J.; Bauer, J.W.; Laimer, M. Epidermolysis Bullosa: Advances in Research and Treatment. Exp. Dermatol.

2019, 28, 1176–1189. [CrossRef] [PubMed]
157. Coulombe, P.A.; Kerns, M.L.; Fuchs, E. Epidermolysis Bullosa Simplex: A Paradigm for Disorders of Tissue Fragility. J. Clin.

Investig. 2009, 119, 1784–1793. [CrossRef] [PubMed]
158. Morasso, M.I.; Tomic-Canic, M. Epidermal Stem Cells: The Cradle of Epidermal Determination, Differentiation and Wound

Healing. Biol. Cell 2005, 97, 173–183. [CrossRef]
159. Kim, S.; Coulombe, P.A. Intermediate Filament Scaffolds Fulfill Mechanical, Organizational, and Signaling Functions in the

Cytoplasm. Genes Dev. 2007, 21, 1581–1597. [CrossRef]
160. Morley, S.M.; Dundas, S.R.; James, J.L.; Gupta, T.; Brown, R.A.; Sexton, C.J.; Navsaria, H.A.; Leigh, I.M.; Lane, E.B. Temperature

Sensitivity of the Keratin Cytoskeleton and Delayed Spreading of Keratinocyte Lines Derived from EBS Patients. J. Cell Sci.
1995, 108 Pt 11, 3463–3471. [CrossRef]

161. Yoshioka, N. Roles of Dystonin Isoforms in the Maintenance of Neural, Muscle, and Cutaneous Tissues. Anat. Sci. Int. 2024, 99, 7–16.
[CrossRef] [PubMed]

162. Winter, L.; Türk, M.; Harter, P.N.; Mittelbronn, M.; Kornblum, C.; Norwood, F.; Jungbluth, H.; Thiel, C.T.; Schlötzer-Schrehardt,
U.; Schröder, R. Downstream Effects of Plectin Mutations in Epidermolysis Bullosa Simplex with Muscular Dystrophy. Acta
Neuropathol. Commun. 2016, 4, 44. [CrossRef] [PubMed]

163. Monteleon, C.L.; Lee, I.Y.; Ridky, T.W. Exophilin-5 Supports Lysosome-Mediated Trafficking Required for Epidermal Differentia-
tion. J. Investig. Dermatol. 2019, 139, 2219–2222.e6. [CrossRef]

164. Has, C.; Bauer, J.W.; Bodemer, C.; Bolling, M.C.; Bruckner-Tuderman, L.; Diem, A.; Fine, J.-D.; Heagerty, A.; Hovnanian, A.;
Marinkovich, M.P.; et al. Consensus Reclassification of Inherited Epidermolysis Bullosa and Other Disorders with Skin Fragility.
Br. J. Dermatol. 2020, 183, 614–627. [CrossRef]

165. Lin, Z.; Li, S.; Feng, C.; Yang, S.; Wang, H.; Ma, D.; Zhang, J.; Gou, M.; Bu, D.; Zhang, T.; et al. Stabilizing Mutations of KLHL24
Ubiquitin Ligase Cause Loss of Keratin 14 and Human Skin Fragility. Nat. Genet. 2016, 48, 1508–1516. [CrossRef] [PubMed]

166. Lee, J.Y.W.; Liu, L.; Hsu, C.-K.; Aristodemou, S.; Ozoemena, L.; Ogboli, M.; Moss, C.; Martinez, A.E.; Mellerio, J.E.; McGrath,
J.A. Mutations in KLHL24 Add to the Molecular Heterogeneity of Epidermolysis Bullosa Simplex. J. Investig. Dermatol.
2017, 137, 1378–1380. [CrossRef] [PubMed]

167. Bolling, M.C.; Jonkman, M.F. KLHL24: Beyond Skin Fragility. J. Investig. Dermatol. 2019, 139, 22–24. [CrossRef] [PubMed]
168. Walko, G.; Castañón, M.J.; Wiche, G. Molecular Architecture and Function of the Hemidesmosome. Cell Tissue Res. 2015, 360,

363–378. [CrossRef] [PubMed]
169. Lau, C.H.; Rouhani, M.J.; Maughan, E.F.; Orr, J.C.; Kolluri, K.K.; Pearce, D.R.; Haughey, E.K.; Sutton, L.; Flatau, S.; Balboa,

P.L.; et al. Lentiviral Expression of Wild-Type LAMA3A Restores Cell Adhesion in Airway Basal Cells from Children with
Epidermolysis Bullosa. Mol. Ther. 2024, 32, 1497–1509. [CrossRef] [PubMed]

170. Kiritsi, D.; Has, C.; Bruckner-Tuderman, L. Laminin 332 in Junctional Epidermolysis Bullosa. Cell Adhes. Migr. 2013, 7, 135–141.
[CrossRef]

https://doi.org/10.1034/j.1600-0463.2003.11107805.x
https://doi.org/10.1111/j.1432-0436.1984.tb00277.x
https://doi.org/10.1371/journal.pgen.1006151
https://www.ncbi.nlm.nih.gov/pubmed/27414999
https://doi.org/10.4103/0976-237X.107459
https://www.ncbi.nlm.nih.gov/pubmed/23633824
https://doi.org/10.1186/1750-1172-3-32
https://doi.org/10.5152/TurkPediatriArs.2017.2992
https://doi.org/10.1155/2011/650258
https://www.ncbi.nlm.nih.gov/pubmed/21253551
https://doi.org/10.1111/ped.12461
https://www.ncbi.nlm.nih.gov/pubmed/25131638
https://doi.org/10.1038/ng0996-7
https://www.ncbi.nlm.nih.gov/pubmed/8782809
https://doi.org/10.4103/ijd.IJD_317_17
https://doi.org/10.1111/j.1468-3083.2008.03040.x
https://www.ncbi.nlm.nih.gov/pubmed/19207641
https://doi.org/10.1111/exd.13979
https://www.ncbi.nlm.nih.gov/pubmed/31140655
https://doi.org/10.1172/JCI38177
https://www.ncbi.nlm.nih.gov/pubmed/19587453
https://doi.org/10.1042/BC20040098
https://doi.org/10.1101/gad.1552107
https://doi.org/10.1242/jcs.108.11.3463
https://doi.org/10.1007/s12565-023-00739-1
https://www.ncbi.nlm.nih.gov/pubmed/37603210
https://doi.org/10.1186/s40478-016-0314-7
https://www.ncbi.nlm.nih.gov/pubmed/27121971
https://doi.org/10.1016/j.jid.2019.04.014
https://doi.org/10.1111/bjd.18921
https://doi.org/10.1038/ng.3701
https://www.ncbi.nlm.nih.gov/pubmed/27798626
https://doi.org/10.1016/j.jid.2017.01.004
https://www.ncbi.nlm.nih.gov/pubmed/28111128
https://doi.org/10.1016/j.jid.2018.08.010
https://www.ncbi.nlm.nih.gov/pubmed/30579426
https://doi.org/10.1007/s00441-014-2061-z
https://www.ncbi.nlm.nih.gov/pubmed/25487405
https://doi.org/10.1016/j.ymthe.2024.02.032
https://www.ncbi.nlm.nih.gov/pubmed/38429928
https://doi.org/10.4161/cam.22418


Curr. Issues Mol. Biol. 2024, 46 8263

171. Schumann, H.; Kiritsi, D.; Pigors, M.; Hausser, I.; Kohlhase, J.; Peters, J.; Ott, H.; Hyla-Klekot, L.; Gacka, E.; Sieron, A.L.; et al.
Phenotypic Spectrum of Epidermolysis Bullosa Associated with A6β4 Integrin Mutations. Br. J. Dermatol. 2013, 169, 115–124.
[CrossRef]

172. Ma, S.; Li, X.; Cao, R.; Zhan, G.; Fu, X.; Xiao, R.; Yang, Z. Developmentally Regulated Expression of Integrin Alpha-6 Distinguishes
Neural Crest Derivatives in the Skin. Front. Cell Dev. Biol. 2023, 11, 1140554. [CrossRef] [PubMed]

173. Poyyakkara, A.; Raji, G.R.; Padmaja, K.P.; Ramachandran, V.; Changmai, U.; Edatt, L.; Punathil, R.; Kumar, V.B.S. Integrin
B4 Induced Epithelial-to-Mesenchymal Transition Involves MiR-383 Mediated Regulation of GATA6 Levels. Mol. Biol. Rep.
2023, 50, 8623–8637. [CrossRef] [PubMed]

174. Mariath, L.M.; Santin, J.T.; Frantz, J.A.; Doriqui, M.J.R.; Schuler-Faccini, L.; Kiszewski, A.E. Genotype-Phenotype Correlations on
Epidermolysis Bullosa with Congenital Absence of Skin: A Comprehensive Review. Clin. Genet. 2021, 99, 29–41. [CrossRef]

175. Zhang, H.; Cui, X.; Cao, A.; Li, X.; Li, L. ITGA3 Interacts with VASP to Regulate Stemness and Epithelial-Mesenchymal Transition
of Breast Cancer Cells. Gene 2020, 734, 144396. [CrossRef] [PubMed]

176. He, Y.; Balasubramanian, M.; Humphreys, N.; Waruiru, C.; Brauner, M.; Kohlhase, J.; O’Reilly, R.; Has, C. Intronic ITGA3 Mutation
Impacts Splicing Regulation and Causes Interstitial Lung Disease, Nephrotic Syndrome, and Epidermolysis Bullosa. J. Investig.
Dermatol. 2016, 136, 1056–1059. [CrossRef] [PubMed]

177. McGrath, J.A. Recently Identified Forms of Epidermolysis Bullosa. Ann. Dermatol. 2015, 27, 658–666. [CrossRef] [PubMed]
178. Wang, Y.; Kitahata, H.; Kosumi, H.; Watanabe, M.; Fujimura, Y.; Takashima, S.; Osada, S.-I.; Hirose, T.; Nishie, W.; Nagayama, M.;

et al. Collagen XVII Deficiency Alters Epidermal Patterning. Lab. Investig. 2022, 102, 581–588. [CrossRef]
179. Tanimura, S.; Tadokoro, Y.; Inomata, K.; Binh, N.T.; Nishie, W.; Yamazaki, S.; Nakauchi, H.; Tanaka, Y.; McMillan, J.R.; Sawamura,

D.; et al. Hair Follicle Stem Cells Provide a Functional Niche for Melanocyte Stem Cells. Cell Stem Cell 2011, 8, 177–187. [CrossRef]
180. Liu, N.; Matsumura, H.; Kato, T.; Ichinose, S.; Takada, A.; Namiki, T.; Asakawa, K.; Morinaga, H.; Mohri, Y.; De Arcangelis, A.;

et al. Stem Cell Competition Orchestrates Skin Homeostasis and Ageing. Nature 2019, 568, 344–350. [CrossRef]
181. Watanabe, M.; Natsuga, K.; Nishie, W.; Kobayashi, Y.; Donati, G.; Suzuki, S.; Fujimura, Y.; Tsukiyama, T.; Ujiie, H.; Shinkuma, S.;

et al. Type XVII Collagen Coordinates Proliferation in the Interfollicular Epidermis. eLife 2017, 6, e26635. [CrossRef]
182. Has, C.; Kern, J.S. Collagen XVII. Dermatol. Clin. 2010, 28, 61–66. [CrossRef]
183. McGrath, J.A.; Gatalica, B.; Christiano, A.M.; Li, K.; Owaribe, K.; McMillan, J.R.; Eady, R.A.; Uitto, J. Mutations in the 180-KD

Bullous Pemphigoid Antigen (BPAG2), a Hemidesmosomal Transmembrane Collagen (COL17A1), in Generalized Atrophic
Benign Epidermolysis Bullosa. Nat. Genet. 1995, 11, 83–86. [CrossRef]

184. Roig-Rosello, E.; Rousselle, P. The Human Epidermal Basement Membrane: A Shaped and Cell Instructive Platform That Aging
Slowly Alters. Biomolecules 2020, 10, 1607. [CrossRef]

185. Conradt, G.; Hausser, I.; Nyström, A. Epidermal or Dermal Collagen VII Is Sufficient for Skin Integrity: Insights to Anchoring
Fibril Homeostasis. J. Investig. Dermatol. 2024, 144, 1301–1310.e7. [CrossRef]

186. Burgeson, R.E. Type VII Collagen, Anchoring Fibrils, and Epidermolysis Bullosa. J. Investig. Dermatol. 1993, 101, 252–255.
[CrossRef]

187. Chung, H.J.; Uitto, J. Type VII Collagen: The Anchoring Fibril Protein at Fault in Dystrophic Epidermolysis Bullosa. Dermatol.
Clin. 2010, 28, 93–105. [CrossRef]

188. Baardman, R.; Bremer, J.; Diercks, G.F.H.; Jan, S.Z.; Lemmink, H.H.; Bolling, M.C.; Van den Akker, P.C. Single Glycine Deletion in
COL7A1 Acting as Glycine Substitution in Dystrophic Epidermolysis Bullosa. J. Eur. Acad. Dermatol. Venereol. 2021, 35, e597–e600.
[CrossRef]

189. So, J.Y.; Nazaroff, J.; Yenamandra, V.K.; Gorell, E.S.; Harris, N.; Fulchand, S.; Eid, E.; Dolorito, J.A.; Marinkovich, M.P.; Tang,
J.Y. Functional Genotype-Phenotype Associations in Recessive Dystrophic Epidermolysis Bullosa. J. Am. Acad. Dermatol. 2024.
[CrossRef]

190. Fine, J.-D.; Bruckner-Tuderman, L.; Eady, R.A.J.; Bauer, E.A.; Bauer, J.W.; Has, C.; Heagerty, A.; Hintner, H.; Hovnanian, A.;
Jonkman, M.F.; et al. Inherited Epidermolysis Bullosa: Updated Recommendations on Diagnosis and Classification. J. Am. Acad.
Dermatol. 2014, 70, 1103–1126. [CrossRef] [PubMed]

191. Lai-Cheong, J.E.; Tanaka, A.; Hawche, G.; Emanuel, P.; Maari, C.; Taskesen, M.; Akdeniz, S.; Liu, L.; McGrath, J.A. Kindler
Syndrome: A Focal Adhesion Genodermatosis. Br. J. Dermatol. 2009, 160, 233–242. [CrossRef]

192. Shimizu, H.; Sato, M.; Ban, M.; Kitajima, Y.; Ishizaki, S.; Harada, T.; Bruckner-Tuderman, L.; Fine, J.D.; Burgeson, R.; Kon,
A.; et al. Immunohistochemical, Ultrastructural, and Molecular Features of Kindler Syndrome Distinguish It from Dystrophic
Epidermolysis Bullosa. Arch. Dermatol. 1997, 133, 1111–1117. [CrossRef]

193. Heinemann, A.; He, Y.; Zimina, E.; Boerries, M.; Busch, H.; Chmel, N.; Kurz, T.; Bruckner-Tuderman, L.; Has, C. Induction of
Phenotype Modifying Cytokines by FERMT1 Mutations. Hum. Mutat. 2011, 32, 397–406. [CrossRef] [PubMed]

194. Li, L.; Li, P.; Zhang, W.; Zhou, H.; Guo, E.; Hu, G.; Zhang, L. FERMT1 Contributes to the Migration and Invasion of Nasopha-
ryngeal Carcinoma through Epithelial–Mesenchymal Transition and Cell Cycle Arrest. Cancer Cell Int. 2022, 22, 70. [CrossRef]
[PubMed]

195. Rognoni, E.; Ruppert, R.; Fässler, R. The Kindlin Family: Functions, Signaling Properties and Implications for Human Disease. J.
Cell Sci. 2016, 129, 17–27. [CrossRef] [PubMed]

https://doi.org/10.1111/bjd.12317
https://doi.org/10.3389/fcell.2023.1140554
https://www.ncbi.nlm.nih.gov/pubmed/37255601
https://doi.org/10.1007/s11033-023-08682-0
https://www.ncbi.nlm.nih.gov/pubmed/37656269
https://doi.org/10.1111/cge.13792
https://doi.org/10.1016/j.gene.2020.144396
https://www.ncbi.nlm.nih.gov/pubmed/31987909
https://doi.org/10.1016/j.jid.2015.11.031
https://www.ncbi.nlm.nih.gov/pubmed/26854491
https://doi.org/10.5021/ad.2015.27.6.658
https://www.ncbi.nlm.nih.gov/pubmed/26719633
https://doi.org/10.1038/s41374-022-00738-2
https://doi.org/10.1016/j.stem.2010.11.029
https://doi.org/10.1038/s41586-019-1085-7
https://doi.org/10.7554/eLife.26635
https://doi.org/10.1016/j.det.2009.10.007
https://doi.org/10.1038/ng0995-83
https://doi.org/10.3390/biom10121607
https://doi.org/10.1016/j.jid.2023.11.003
https://doi.org/10.1111/1523-1747.ep12365129
https://doi.org/10.1016/j.det.2009.10.011
https://doi.org/10.1111/jdv.17328
https://doi.org/10.1016/j.jaad.2024.04.073
https://doi.org/10.1016/j.jaad.2014.01.903
https://www.ncbi.nlm.nih.gov/pubmed/24690439
https://doi.org/10.1111/j.1365-2133.2008.08976.x
https://doi.org/10.1001/archderm.1997.03890450057007
https://doi.org/10.1002/humu.21449
https://www.ncbi.nlm.nih.gov/pubmed/21309038
https://doi.org/10.1186/s12935-022-02494-1
https://www.ncbi.nlm.nih.gov/pubmed/35144617
https://doi.org/10.1242/jcs.161190
https://www.ncbi.nlm.nih.gov/pubmed/26729028


Curr. Issues Mol. Biol. 2024, 46 8264

196. Maier, K.; He, Y.; Wölfle, U.; Esser, P.R.; Brummer, T.; Schempp, C.; Bruckner-Tuderman, L.; Has, C. UV-B-Induced Cutaneous
Inflammation and Prospects for Antioxidant Treatment in Kindler Syndrome. Hum. Mol. Genet. 2016, 25, 5339–5352. [CrossRef]
[PubMed]

197. Has, C.; Bruckner-Tuderman, L.; Uitto, J. Epidermolysis Bullosa. In Reference Module in Biomedical Sciences; Elsevier: Amsterdam,
The Netherlands, 2014; ISBN 978-0-12-801238-3.

198. Nishimura, E.K.; Suzuki, M.; Igras, V.; Du, J.; Lonning, S.; Miyachi, Y.; Roes, J.; Beermann, F.; Fisher, D.E. Key Roles for
Transforming Growth Factor Beta in Melanocyte Stem Cell Maintenance. Cell Stem Cell 2010, 6, 130–140. [CrossRef]

199. Piccinni, E.; Di Zenzo, G.; Maurelli, R.; Dellambra, E.; Teson, M.; Has, C.; Zambruno, G.; Castiglia, D. Induction of Senescence
Pathways in Kindler Syndrome Primary Keratinocytes. Br. J. Dermatol. 2013, 168, 1019–1026. [CrossRef] [PubMed]

200. Nakase, Y.; Hamada, A.; Kitamura, N.; Hata, T.; Toratani, S.; Yamamoto, T.; Okamoto, T. Novel PTCH1 Mutations in Japanese
Familial Nevoid Basal Cell Carcinoma Syndrome. Hum. Genome Var. 2020, 7, 38. [CrossRef] [PubMed]

201. Kurata, S.; Okuyama, T.; Osada, M.; Watanabe, T.; Tomimori, Y.; Sato, S.; Iwai, A.; Tsuji, T.; Ikawa, Y.; Katoh, I. P51/P63 Controls
Subunit A3 of the Major Epidermis Integrin Anchoring the Stem Cells to the Niche *. J. Biol. Chem. 2004, 279, 50069–50077.
[CrossRef] [PubMed]

202. Yang, R.; Mei, Y.; Jiang, Y.; Li, H.; Zhao, R.; Sima, J.; Yao, Y. Ectodysplasin A (EDA) Signaling: From Skin Appendage to Multiple
Diseases. Int. J. Mol. Sci. 2022, 23, 8911. [CrossRef]

203. Keller, M.D.; Petersen, M.; Ong, P.; Church, J.; Risma, K.; Burham, J.; Jain, A.; Stiehm, E.R.; Hanson, E.P.; Uzel, G.; et al.
Hypohidrotic Ectodermal Dysplasia and Immunodeficiency with Coincident NEMO and EDA Mutations. Front. Immunol.
2011, 2, 61. [CrossRef]

204. Wohlfart, S.; Hammersen, J.; Schneider, H. Mutational Spectrum in 101 Patients with Hypohidrotic Ectodermal Dysplasia and
Breakpoint Mapping in Independent Cases of Rare Genomic Rearrangements. J. Hum. Genet. 2016, 61, 891–897. [CrossRef]
[PubMed]

205. The Human Protein Atlas. Available online: https://www.proteinatlas.org/ (accessed on 14 June 2024).
206. Shchaslyvyi, A.Y.; Antonenko, S.V.; Tesliuk, M.G.; Telegeev, G.D. Current State of Human Gene Therapy: Approved Products and

Vectors. Pharmaceuticals 2023, 16, 1416. [CrossRef] [PubMed]
207. Mavilio, F.; Pellegrini, G.; Ferrari, S.; Di Nunzio, F.; Di Iorio, E.; Recchia, A.; Maruggi, G.; Ferrari, G.; Provasi, E.; Bonini, C.; et al.

Correction of Junctional Epidermolysis Bullosa by Transplantation of Genetically Modified Epidermal Stem Cells. Nat. Med.
2006, 12, 1397–1402. [CrossRef] [PubMed]

208. Holostem Terapie Avanzate s.r.l. Prospective, Open-Label, Uncontrolled Clinical Trial to Assess the Safety and Efficacy of
Autologous Cultured Epidermal Grafts Containing Epidermal Stem Cells Genetically Modified with a Gamma-Retroviral (Rv)
Vector Carrying COL17A1 CDNA for Restoration of Epidermis in Patients with Junctional Epidermolysis Bullosa. 2022. Available
online: https://clinicaltrials.gov/ (accessed on 29 July 2024).

209. Siprashvili, Z.; Nguyen, N.T.; Gorell, E.S.; Loutit, K.; Khuu, P.; Furukawa, L.K.; Lorenz, H.P.; Leung, T.H.; Keene, D.R.; Rieger, K.E.;
et al. Safety and Wound Outcomes Following Genetically Corrected Autologous Epidermal Grafts in Patients With Recessive
Dystrophic Epidermolysis Bullosa. JAMA 2016, 316, 1808–1817. [CrossRef] [PubMed]

210. Wong, T.; Gammon, L.; Liu, L.; Mellerio, J.E.; Dopping-Hepenstal, P.J.C.; Pacy, J.; Elia, G.; Jeffery, R.; Leigh, I.M.; Navsaria, H.; et al.
Potential of Fibroblast Cell Therapy for Recessive Dystrophic Epidermolysis Bullosa. J. Investig. Dermatol. 2008, 128, 2179–2189.
[CrossRef] [PubMed]

211. Rashidghamat, E.; McGrath, J.A. Novel and Emerging Therapies in the Treatment of Recessive Dystrophic Epidermolysis Bullosa.
Intractable Rare Dis. Res. 2017, 6, 6–20. [CrossRef] [PubMed]

212. Nyström, A.; Bruckner-Tuderman, L.; Kern, J.S. Cell- and Protein-Based Therapy Approaches for Epidermolysis Bullosa. Methods
Mol. Biol. 2013, 961, 425–440. [CrossRef]

213. Osborn, M.J.; Starker, C.G.; McElroy, A.N.; Webber, B.R.; Riddle, M.J.; Xia, L.; DeFeo, A.P.; Gabriel, R.; Schmidt, M.; von Kalle, C.;
et al. TALEN-Based Gene Correction for Epidermolysis Bullosa. Mol. Ther. J. Am. Soc. Gene Ther. 2013, 21, 1151–1159. [CrossRef]

214. Kocher, T.; Peking, P.; Klausegger, A.; Murauer, E.M.; Hofbauer, J.P.; Wally, V.; Lettner, T.; Hainzl, S.; Ablinger, M.; Bauer, J.W.;
et al. Cut and Paste: Efficient Homology-Directed Repair of a Dominant Negative KRT14 Mutation via CRISPR/Cas9 Nickases.
Mol. Ther. J. Am. Soc. Gene Ther. 2017, 25, 2585–2598. [CrossRef]

215. Hainzl, S.; Peking, P.; Kocher, T.; Murauer, E.M.; Larcher, F.; Del Rio, M.; Duarte, B.; Steiner, M.; Klausegger, A.; Bauer, J.W.;
et al. COL7A1 Editing via CRISPR/Cas9 in Recessive Dystrophic Epidermolysis Bullosa. Mol. Ther. J. Am. Soc. Gene Ther.
2017, 25, 2573–2584. [CrossRef]

216. Anbouba, G.M.; Carmany, E.P.; Natoli, J.L. The Characterization of Hypodontia, Hypohidrosis, and Hypotrichosis Associated
with X-Linked Hypohidrotic Ectodermal Dysplasia: A Systematic Review. Am. J. Med. Genet. Part A 2020, 182, 831–841. [CrossRef]
[PubMed]

217. Yu, K.; Huang, C.; Wan, F.; Jiang, C.; Chen, J.; Li, X.; Wang, F.; Wu, J.; Lei, M.; Wu, Y. Structural Insights into Pathogenic Mechanism
of Hypohidrotic Ectodermal Dysplasia Caused by Ectodysplasin A Variants. Nat. Commun. 2023, 14, 767. [CrossRef] [PubMed]

218. Trzeciak, W.H.; Koczorowski, R. Molecular Basis of Hypohidrotic Ectodermal Dysplasia: An Update. J. Appl. Genet.
2016, 57, 51–61. [CrossRef] [PubMed]

https://doi.org/10.1093/hmg/ddw350
https://www.ncbi.nlm.nih.gov/pubmed/27798104
https://doi.org/10.1016/j.stem.2009.12.010
https://doi.org/10.1111/bjd.12184
https://www.ncbi.nlm.nih.gov/pubmed/23278235
https://doi.org/10.1038/s41439-020-00126-6
https://www.ncbi.nlm.nih.gov/pubmed/33298892
https://doi.org/10.1074/jbc.M406322200
https://www.ncbi.nlm.nih.gov/pubmed/15361520
https://doi.org/10.3390/ijms23168911
https://doi.org/10.3389/fimmu.2011.00061
https://doi.org/10.1038/jhg.2016.75
https://www.ncbi.nlm.nih.gov/pubmed/27305980
https://www.proteinatlas.org/
https://doi.org/10.3390/ph16101416
https://www.ncbi.nlm.nih.gov/pubmed/37895887
https://doi.org/10.1038/nm1504
https://www.ncbi.nlm.nih.gov/pubmed/17115047
https://clinicaltrials.gov/
https://doi.org/10.1001/jama.2016.15588
https://www.ncbi.nlm.nih.gov/pubmed/27802546
https://doi.org/10.1038/jid.2008.78
https://www.ncbi.nlm.nih.gov/pubmed/18385758
https://doi.org/10.5582/irdr.2017.01005
https://www.ncbi.nlm.nih.gov/pubmed/28357176
https://doi.org/10.1007/978-1-62703-227-8_29
https://doi.org/10.1038/mt.2013.56
https://doi.org/10.1016/j.ymthe.2017.08.015
https://doi.org/10.1016/j.ymthe.2017.07.005
https://doi.org/10.1002/ajmg.a.61493
https://www.ncbi.nlm.nih.gov/pubmed/31981414
https://doi.org/10.1038/s41467-023-36367-6
https://www.ncbi.nlm.nih.gov/pubmed/36765055
https://doi.org/10.1007/s13353-015-0307-4
https://www.ncbi.nlm.nih.gov/pubmed/26294279


Curr. Issues Mol. Biol. 2024, 46 8265

219. Xu, M.; Horrell, J.; Snitow, M.; Cui, J.; Gochnauer, H.; Syrett, C.M.; Kallish, S.; Seykora, J.T.; Liu, F.; Gaillard, D.; et al. WNT10A
Mutation Causes Ectodermal Dysplasia by Impairing Progenitor Cell Proliferation and KLF4-Mediated Differentiation. Nat.
Commun. 2017, 8, 15397. [CrossRef] [PubMed]

220. Mues, G.; Bonds, J.; Xiang, L.; Vieira, A.R.; Seymen, F.; Klein, O.; D’Souza, R.N. The WNT10A Gene in Ectodermal Dysplasias and
Selective Tooth Agenesis. Am. J. Med. Genet. Part A 2014, 164A, 2455–2460. [CrossRef] [PubMed]

221. Klineberg, I.; Cameron, A.; Whittle, T.; Hobkirk, J.; Bergendal, B.; Maniere, M.-C.; King, N.; Palmer, R.; Hobson, R.; Stanford, C.;
et al. Rehabilitation of Children with Ectodermal Dysplasia. Part 1: An International Delphi Study. Int. J. Oral Maxillofac. Implant.
2013, 28, 1090–1100. [CrossRef]

222. Lee, H.-E.; Chang, I.-K.; Im, M.; Seo, Y.-J.; Lee, J.-H.; Lee, Y. Topical Minoxidil Treatment for Congenital Alopecia in Hypohidrotic
Ectodermal Dysplasia. J. Am. Acad. Dermatol. 2013, 68, e139–e140. [CrossRef]

223. Mineroff, J.; Dowling, J.R.; Golbari, N.M.; Wechter, T.; Jagdeo, J. Hypohidrotic Ectodermal Dysplasia Milia Treatment With
Fractional Carbon Dioxide Laser and Laser-Assisted Drug Delivery of Triamcinolone. J. Drugs Dermatol. 2023, 22, 1130–1132.
[CrossRef] [PubMed]

224. Huttner, K. Future Developments in XLHED Treatment Approaches. Am. J. Med. Genet. Part A 2014, 164A, 2433–2436. [CrossRef]
[PubMed]

225. Körber, I.; Klein, O.D.; Morhart, P.; Faschingbauer, F.; Grange, D.K.; Clarke, A.; Bodemer, C.; Maitz, S.; Huttner, K.; Kirby, N.; et al.
Safety and Immunogenicity of Fc-EDA, a Recombinant Ectodysplasin A1 Replacement Protein, in Human Subjects. Br. J. Clin.
Pharmacol. 2020, 86, 2063–2069. [CrossRef]

226. Schneider, H.; Faschingbauer, F.; Schuepbach-Mallepell, S.; Körber, I.; Wohlfart, S.; Dick, A.; Wahlbuhl, M.; Kowalczyk-
Quintas, C.; Vigolo, M.; Kirby, N.; et al. Prenatal Correction of X-Linked Hypohidrotic Ectodermal Dysplasia. N. Engl. J. Med.
2018, 378, 1604–1610. [CrossRef]

227. Adolphe, C.; Xue, A.; Fard, A.T.; Genovesi, L.A.; Yang, J.; Wainwright, B.J. Genetic and Functional Interaction Network Analysis
Reveals Global Enrichment of Regulatory T Cell Genes Influencing Basal Cell Carcinoma Susceptibility. Genome Med. 2021, 13, 19.
[CrossRef] [PubMed]

228. Choquet, H.; Ashrafzadeh, S.; Kim, Y.; Asgari, M.M.; Jorgenson, E. Genetic and Environmental Factors Underlying Keratinocyte
Carcinoma Risk. JCI Insight 2020, 5, e134783. [CrossRef] [PubMed]

229. Karampinis, E.; Nechalioti, P.-M.; Georgopoulou, K.E.; Goniotakis, G.; Roussaki Schulze, A.V.; Zafiriou, E.; Kouretas, D. Systemic
Oxidative Stress Parameters in Skin Cancer Patients and Patients with Benign Lesions. Stresses 2023, 3, 785–812. [CrossRef]

230. Dourmishev, L.A.; Rusinova, D.; Botev, I. Clinical Variants, Stages, and Management of Basal Cell Carcinoma. Indian Dermatol.
Online J. 2013, 4, 12–17. [CrossRef] [PubMed]

231. McDaniel, B.; Badri, T.; Steele, R.B. Basal Cell Carcinoma. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2024.
232. Josiah, A.J.; Twilley, D.; Pillai, S.K.; Ray, S.S.; Lall, N. Pathogenesis of Keratinocyte Carcinomas and the Therapeutic Potential of

Medicinal Plants and Phytochemicals. Molecules 2021, 26, 1979. [CrossRef] [PubMed]
233. Perez-Losada, J.; Balmain, A. Stem-Cell Hierarchy in Skin Cancer. Nat. Rev. Cancer 2003, 3, 434–443. [CrossRef] [PubMed]
234. Wang, G.Y.; Wang, J.; Mancianti, M.-L.; Epstein, E.H. Basal Cell Carcinomas Arise from Hair Follicle Stem Cells in Ptch1+/− Mice.

Cancer Cell 2011, 19, 114–124. [CrossRef] [PubMed]
235. Epstein, E.H. Basal Cell Carcinomas: Attack of the Hedgehog. Nat. Rev. Cancer 2008, 8, 743–754. [CrossRef]
236. Bangs, F.; Anderson, K.V. Primary Cilia and Mammalian Hedgehog Signaling. Cold Spring Harb. Perspect. Biol. 2017, 9, a028175.

[CrossRef]
237. Briscoe, J.; Thérond, P.P. The Mechanisms of Hedgehog Signalling and Its Roles in Development and Disease. Nat. Rev. Mol. Cell

Biol. 2013, 14, 416–429. [CrossRef]
238. Rohatgi, R.; Milenkovic, L.; Scott, M.P. Patched1 Regulates Hedgehog Signaling at the Primary Cilium. Science 2007, 317, 372–376.

[CrossRef]
239. Katoh, Y.; Katoh, M. Hedgehog Target Genes: Mechanisms of Carcinogenesis Induced by Aberrant Hedgehog Signaling Activation.

Curr. Mol. Med. 2009, 9, 873–886. [CrossRef]
240. Pellegrini, C.; Maturo, M.G.; Di Nardo, L.; Ciciarelli, V.; Gutiérrez García-Rodrigo, C.; Fargnoli, M.C. Understanding the Molecular

Genetics of Basal Cell Carcinoma. Int. J. Mol. Sci. 2017, 18, 2485. [CrossRef]
241. Xie, J.; Murone, M.; Luoh, S.M.; Ryan, A.; Gu, Q.; Zhang, C.; Bonifas, J.M.; Lam, C.W.; Hynes, M.; Goddard, A.; et al. Activating

Smoothened Mutations in Sporadic Basal-Cell Carcinoma. Nature 1998, 391, 90–92. [CrossRef]
242. Aszterbaum, M.; Rothman, A.; Johnson, R.L.; Fisher, M.; Xie, J.; Bonifas, J.M.; Zhang, X.; Scott, M.P.; Epstein, E.H. Identification of

Mutations in the Human PATCHED Gene in Sporadic Basal Cell Carcinomas and in Patients with the Basal Cell Nevus Syndrome.
J. Investig. Dermatol. 1998, 110, 885–888. [CrossRef]

243. Bonilla, X.; Parmentier, L.; King, B.; Bezrukov, F.; Kaya, G.; Zoete, V.; Seplyarskiy, V.B.; Sharpe, H.J.; McKee, T.; Letourneau,
A.; et al. Genomic Analysis Identifies New Drivers and Progression Pathways in Skin Basal Cell Carcinoma. Nat. Genet.
2016, 48, 398–406. [CrossRef]

244. Smyth, I.; Narang, M.A.; Evans, T.; Heimann, C.; Nakamura, Y.; Chenevix-Trench, G.; Pietsch, T.; Wicking, C.; Wainwright, B.J.
Isolation and Characterization of Human Patched 2 (PTCH2), a Putative Tumour Suppressor Gene Inbasal Cell Carcinoma and
Medulloblastoma on Chromosome 1p32. Hum. Mol. Genet. 1999, 8, 291–297. [CrossRef]

https://doi.org/10.1038/ncomms15397
https://www.ncbi.nlm.nih.gov/pubmed/28589954
https://doi.org/10.1002/ajmg.a.36520
https://www.ncbi.nlm.nih.gov/pubmed/24700731
https://doi.org/10.11607/jomi.2980
https://doi.org/10.1016/j.jaad.2012.10.019
https://doi.org/10.36849/JDD.7650
https://www.ncbi.nlm.nih.gov/pubmed/37943264
https://doi.org/10.1002/ajmg.a.36499
https://www.ncbi.nlm.nih.gov/pubmed/24678015
https://doi.org/10.1111/bcp.14301
https://doi.org/10.1056/NEJMoa1714322
https://doi.org/10.1186/s13073-021-00827-9
https://www.ncbi.nlm.nih.gov/pubmed/33549134
https://doi.org/10.1172/jci.insight.134783
https://www.ncbi.nlm.nih.gov/pubmed/32434987
https://doi.org/10.3390/stresses3040054
https://doi.org/10.4103/2229-5178.105456
https://www.ncbi.nlm.nih.gov/pubmed/23439912
https://doi.org/10.3390/molecules26071979
https://www.ncbi.nlm.nih.gov/pubmed/33915735
https://doi.org/10.1038/nrc1095
https://www.ncbi.nlm.nih.gov/pubmed/12778133
https://doi.org/10.1016/j.ccr.2010.11.007
https://www.ncbi.nlm.nih.gov/pubmed/21215705
https://doi.org/10.1038/nrc2503
https://doi.org/10.1101/cshperspect.a028175
https://doi.org/10.1038/nrm3598
https://doi.org/10.1126/science.1139740
https://doi.org/10.2174/156652409789105570
https://doi.org/10.3390/ijms18112485
https://doi.org/10.1038/34201
https://doi.org/10.1046/j.1523-1747.1998.00222.x
https://doi.org/10.1038/ng.3525
https://doi.org/10.1093/hmg/8.2.291


Curr. Issues Mol. Biol. 2024, 46 8266

245. Dasgeb, B.; Pajouhanfar, S.; Jazayeri, A.; Schoenberg, E.; Kumar, G.; Fortina, P.; Berger, A.C.; Uitto, J. Novel PTCH1 and Concurrent
TP53 Mutations in Four Patients with Numerous Non-Syndromic Basal Cell Carcinomas: The Paradigm of Oncogenic Synergy.
Exp. Dermatol. 2022, 31, 736–742. [CrossRef]

246. Lane, D.P. Cancer. P53, Guardian of the Genome. Nature 1992, 358, 15–16. [CrossRef]
247. Piipponen, M.; Riihilä, P.; Nissinen, L.; Kähäri, V.-M. The Role of P53 in Progression of Cutaneous Squamous Cell Carcinoma.

Cancers 2021, 13, 4507. [CrossRef]
248. Hatton, B.A.; Knoepfler, P.S.; Kenney, A.M.; Rowitch, D.H.; de Alborán, I.M.; Olson, J.M.; Eisenman, R.N. N-Myc Is an Essential

Downstream Effector of Shh Signaling during Both Normal and Neoplastic Cerebellar Growth. Cancer Res. 2006, 66, 8655–8661.
[CrossRef] [PubMed]

249. Nowell, C.; Radtke, F. Cutaneous Notch Signaling in Health and Disease. Cold Spring Harb. Perspect. Med. 2013, 3, a017772.
[CrossRef] [PubMed]

250. Shi, F.-T.; Yu, M.; Zloty, D.; Bell, R.H.; Wang, E.; Akhoundsadegh, N.; Leung, G.; Haegert, A.; Carr, N.; Shapiro, J.; et al. Notch
Signaling Is Significantly Suppressed in Basal Cell Carcinomas and Activation Induces Basal Cell Carcinoma Cell Apoptosis. Mol.
Med. Rep. 2017, 15, 1441–1454. [CrossRef]

251. Massi, D.; Panelos, J. Notch Signaling and the Developing Skin Epidermis. Adv. Exp. Med. Biol. 2012, 727, 131–141. [CrossRef]
[PubMed]

252. Totaro, A.; Castellan, M.; Battilana, G.; Zanconato, F.; Azzolin, L.; Giulitti, S.; Cordenonsi, M.; Piccolo, S. YAP/TAZ Link Cell
Mechanics to Notch Signalling to Control Epidermal Stem Cell Fate. Nat. Commun. 2017, 8, 15206. [CrossRef] [PubMed]

253. Zhao, B.; Li, L.; Lei, Q.; Guan, K.-L. The Hippo-YAP Pathway in Organ Size Control and Tumorigenesis: An Updated Version.
Genes Dev. 2010, 24, 862–874. [CrossRef]

254. Rognoni, E.; Walko, G. The Roles of YAP/TAZ and the Hippo Pathway in Healthy and Diseased Skin. Cells 2019, 8, 411. [CrossRef]
[PubMed]

255. Overholtzer, M.; Zhang, J.; Smolen, G.A.; Muir, B.; Li, W.; Sgroi, D.C.; Deng, C.-X.; Brugge, J.S.; Haber, D.A. Transforming
Properties of YAP, a Candidate Oncogene on the Chromosome 11q22 Amplicon. Proc. Natl. Acad. Sci. USA 2006, 103, 12405–12410.
[CrossRef]

256. Schlegelmilch, K.; Mohseni, M.; Kirak, O.; Pruszak, J.; Rodriguez, J.R.; Zhou, D.; Kreger, B.T.; Vasioukhin, V.; Avruch, J.;
Brummelkamp, T.R.; et al. Yap1 Acts Downstream of α-Catenin to Control Epidermal Proliferation. Cell 2011, 144, 782–795.
[CrossRef]

257. Griewank, K.G.; Murali, R.; Schilling, B.; Schimming, T.; Möller, I.; Moll, I.; Schwamborn, M.; Sucker, A.; Zimmer, L.; Schadendorf,
D.; et al. TERT Promoter Mutations Are Frequent in Cutaneous Basal Cell Carcinoma and Squamous Cell Carcinoma. PLoS ONE
2013, 8, e80354. [CrossRef]

258. Wang, L.; Shi, Y.; Ju, P.; Liu, R.; Yeo, S.P.; Xia, Y.; Owlanj, H.; Feng, Z. Silencing of Diphthamide Synthesis 3 (Dph3) Reduces
Metastasis of Murine Melanoma. PLoS ONE 2012, 7, e49988. [CrossRef]

259. BASSET-SEGUIN, N.; HERMS, F. Update on the Management of Basal Cell Carcinoma. Acta Derm. Venereol. 2020, 100, 5750.
[CrossRef]

260. Freed-Pastor, W.A.; Prives, C. Mutant P53: One Name, Many Proteins. Genes Dev. 2012, 26, 1268–1286. [CrossRef]
261. Ayaz, G.; Yan, H.; Malik, N.; Huang, J. An Updated View of the Roles of P53 in Embryonic Stem Cells. Stem Cells 2022, 40, 883–891.

[CrossRef]
262. Martincorena, I.; Roshan, A.; Gerstung, M.; Ellis, P.; Van Loo, P.; McLaren, S.; Wedge, D.C.; Fullam, A.; Alexandrov, L.B.; Tubio,

J.M.; et al. Tumor Evolution. High Burden and Pervasive Positive Selection of Somatic Mutations in Normal Human Skin. Science
2015, 348, 880–886. [CrossRef]

263. Cancer Genome Atlas Network Comprehensive Genomic Characterization of Head and Neck Squamous Cell Carcinomas. Nature
2015, 517, 576–582. [CrossRef]

264. Li-Bao, L.; Díaz-Díaz, C.; Raiola, M.; Sierra, R.; Temiño, S.; Moya, F.J.; Rodriguez-Perales, S.; Santos, E.; Giovinazzo, G.; Bleckwehl,
T.; et al. Regulation of Myc Transcription by an Enhancer Cluster Dedicated to Pluripotency and Early Embryonic Expression.
Nat. Commun. 2024, 15, 3931. [CrossRef]

265. Wu, Y.-M.; Su, F.; Kalyana-Sundaram, S.; Khazanov, N.; Ateeq, B.; Cao, X.; Lonigro, R.J.; Vats, P.; Wang, R.; Lin, S.-F.; et al.
Identification of Targetable FGFR Gene Fusions in Diverse Cancers. Cancer Discov. 2013, 3, 636–647. [CrossRef]

266. Li, J.-C.; Zhao, Y.-H.; Wang, X.-Y.; Yang, Y.; Pan, D.-L.; Qiu, Z.-D.; Su, Y.; Pan, J.-J. Clinical Significance of the Expression of
EGFR Signaling Pathway-Related Proteins in Esophageal Squamous Cell Carcinoma. Tumor Biol. J. Int. Soc. Oncodev. Biol. Med.
2014, 35, 651–657. [CrossRef]

267. Weina, K.; Utikal, J. SOX2 and Cancer: Current Research and Its Implications in the Clinic. Clin. Transl. Med. 2014, 3, 19. [CrossRef]
268. South, A.P.; Purdie, K.J.; Watt, S.A.; Haldenby, S.; den Breems, N.; Dimon, M.; Arron, S.T.; Kluk, M.J.; Aster, J.C.; McHugh, A.; et al.

NOTCH1 Mutations Occur Early during Cutaneous Squamous Cell Carcinogenesis. J. Investig. Dermatol. 2014, 134, 2630–2638.
[CrossRef]

269. Bigarella, C.L.; Liang, R.; Ghaffari, S. Stem Cells and the Impact of ROS Signaling. Development 2014, 141, 4206–4218. [CrossRef]
270. Sadeqzadeh, E.; de Bock, C.E.; Thorne, R.F. Sleeping Giants: Emerging Roles for the Fat Cadherins in Health and Disease. Med.

Res. Rev. 2014, 34, 190–221. [CrossRef]

https://doi.org/10.1111/exd.14510
https://doi.org/10.1038/358015a0
https://doi.org/10.3390/cancers13184507
https://doi.org/10.1158/0008-5472.CAN-06-1621
https://www.ncbi.nlm.nih.gov/pubmed/16951180
https://doi.org/10.1101/cshperspect.a017772
https://www.ncbi.nlm.nih.gov/pubmed/24296353
https://doi.org/10.3892/mmr.2017.6163
https://doi.org/10.1007/978-1-4614-0899-4_10
https://www.ncbi.nlm.nih.gov/pubmed/22399344
https://doi.org/10.1038/ncomms15206
https://www.ncbi.nlm.nih.gov/pubmed/28513598
https://doi.org/10.1101/gad.1909210
https://doi.org/10.3390/cells8050411
https://www.ncbi.nlm.nih.gov/pubmed/31058846
https://doi.org/10.1073/pnas.0605579103
https://doi.org/10.1016/j.cell.2011.02.031
https://doi.org/10.1371/journal.pone.0080354
https://doi.org/10.1371/journal.pone.0049988
https://doi.org/10.2340/00015555-3495
https://doi.org/10.1101/gad.190678.112
https://doi.org/10.1093/stmcls/sxac051
https://doi.org/10.1126/science.aaa6806
https://doi.org/10.1038/nature14129
https://doi.org/10.1038/s41467-024-48258-5
https://doi.org/10.1158/2159-8290.CD-13-0050
https://doi.org/10.1007/s13277-013-1089-0
https://doi.org/10.1186/2001-1326-3-19
https://doi.org/10.1038/jid.2014.154
https://doi.org/10.1242/dev.107086
https://doi.org/10.1002/med.21286


Curr. Issues Mol. Biol. 2024, 46 8267

271. Stang, A.; Khil, L.; Kajüter, H.; Pandeya, N.; Schmults, C.D.; Ruiz, E.S.; Karia, P.S.; Green, A.C. Incidence and Mortality for
Cutaneous Squamous Cell Carcinoma: Comparison across Three Continents. J. Eur. Acad. Dermatol. Venereol. 2019, 33, 6–10.
[CrossRef]

272. Combalia, A.; Carrera, C. Squamous Cell Carcinoma: An Update on Diagnosis and Treatment. Dermatol. Pract. Concept.
2020, 10, e2020066. [CrossRef]

273. Armstrong, B.K.; Kricker, A. The Epidemiology of UV Induced Skin Cancer. J. Photochem. Photobiol. B 2001, 63, 8–18. [CrossRef]
274. Brooks, P.J.; Zakhari, S. Acetaldehyde and the Genome: Beyond Nuclear DNA Adducts and Carcinogenesis. Environ. Mol.

Mutagen. 2014, 55, 77–91. [CrossRef]
275. Egawa, N.; Egawa, K.; Griffin, H.; Doorbar, J. Human Papillomaviruses; Epithelial Tropisms, and the Development of Neoplasia.

Viruses 2015, 7, 3863–3890. [CrossRef]
276. Owens, D.M.; Romero, M.R.; Gardner, C.; Watt, F.M. Suprabasal Alpha6beta4 Integrin Expression in Epidermis Results in

Enhanced Tumourigenesis and Disruption of TGFbeta Signalling. J. Cell Sci. 2003, 116, 3783–3791. [CrossRef]
277. Morris, R.J. Keratinocyte Stem Cells: Targets for Cutaneous Carcinogens. J. Clin. Investig. 2000, 106, 3–8. [CrossRef]
278. Ojesina, A.I.; Lichtenstein, L.; Freeman, S.S.; Pedamallu, C.S.; Imaz-Rosshandler, I.; Pugh, T.J.; Cherniack, A.D.; Ambrogio, L.;

Cibulskis, K.; Bertelsen, B.; et al. Landscape of Genomic Alterations in Cervical Carcinomas. Nature 2014, 506, 371–375. [CrossRef]
279. Teven, C.M.; Farina, E.M.; Rivas, J.; Reid, R.R. Fibroblast Growth Factor (FGF) Signaling in Development and Skeletal Diseases.

Genes Dis. 2014, 1, 199–213. [CrossRef]
280. Wee, P.; Wang, Z. Epidermal Growth Factor Receptor Cell Proliferation Signaling Pathways. Cancers 2017, 9, 52. [CrossRef]
281. Cox, A.D.; Der, C.J.; Philips, M.R. Targeting RAS Membrane Association: Back to the Future for Anti-RAS Drug Discovery? Clin.

Cancer Res. 2015, 21, 1819–1827. [CrossRef]
282. Hoadley, K.A.; Yau, C.; Wolf, D.M.; Cherniack, A.D.; Tamborero, D.; Ng, S.; Leiserson, M.D.M.; Niu, B.; McLellan, M.D.;

Uzunangelov, V.; et al. Multiplatform Analysis of 12 Cancer Types Reveals Molecular Classification within and across Tissues of
Origin. Cell 2014, 158, 929–944. [CrossRef]

283. Daniely, Y.; Liao, G.; Dixon, D.; Linnoila, R.I.; Lori, A.; Randell, S.H.; Oren, M.; Jetten, A.M. Critical Role of P63 in the Development
of a Normal Esophageal and Tracheobronchial Epithelium. Am. J. Physiol. Cell Physiol. 2004, 287, C171–C181. [CrossRef]

284. Porter, L.; McCaughan, F. SOX2 and Squamous Cancers. Semin. Cancer Biol. 2020, 67, 154–167. [CrossRef]
285. Lefort, K.; Mandinova, A.; Ostano, P.; Kolev, V.; Calpini, V.; Kolfschoten, I.; Devgan, V.; Lieb, J.; Raffoul, W.; Hohl, D.; et al.

Notch1 Is a P53 Target Gene Involved in Human Keratinocyte Tumor Suppression through Negative Regulation of ROCK1/2 and
MRCKalpha Kinases. Genes Dev. 2007, 21, 562–577. [CrossRef]

286. Demehri, S.; Turkoz, A.; Kopan, R. Epidermal Notch1 Loss Promotes Skin Tumorigenesis by Impacting the Stromal Microenviron-
ment. Cancer Cell 2009, 16, 55–66. [CrossRef]

287. Mohs, F.E. Chemosurgery for the Microscopically Controlled Excision of Skin Cancer. J. Surg. Oncol. 1971, 3, 257–267. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/jdv.15967
https://doi.org/10.5826/dpc.1003a66
https://doi.org/10.1016/S1011-1344(01)00198-1
https://doi.org/10.1002/em.21824
https://doi.org/10.3390/v7072802
https://doi.org/10.1242/jcs.00725
https://doi.org/10.1172/JCI10508
https://doi.org/10.1038/nature12881
https://doi.org/10.1016/j.gendis.2014.09.005
https://doi.org/10.3390/cancers9050052
https://doi.org/10.1158/1078-0432.CCR-14-3214
https://doi.org/10.1016/j.cell.2014.06.049
https://doi.org/10.1152/ajpcell.00226.2003
https://doi.org/10.1016/j.semcancer.2020.05.007
https://doi.org/10.1101/gad.1484707
https://doi.org/10.1016/j.ccr.2009.05.016
https://doi.org/10.1002/jso.2930030307

	Introduction 
	Embryonic Development of the Skin 
	Specification 
	Commitment 
	Stratification and Terminal Differentiation 
	Appendageal Growth 
	Hair Follicle (HF) 
	Sweat Glands 

	Migration of Cells within the Epidermis 

	Molecular Basis of Congenital Skin Diseases and Cancer 
	Congenital Skin Disorders 
	Nevoid Basal Cell Carcinoma Syndrome (NBCCS) 
	Epidermolysis Bullosa (EB) 
	Hypohidrotic Ectodermal Dysplasia (HED) 

	Skin Cancer 
	Basal Cell Carcinoma (BCC) 
	Squamous Cell Carcinoma (SCC) 


	Conclusions 
	References

