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Abstract

Desmosomal cadherins constitute the adhesive core of desmosomes. The different types of these
cadherins are differentially expressed in a tissue specific as well as differentiation dependent
manner. The skin and the heart are two examples of tissues whose vital functions require the
ability to endure mechanical stress, and therefore, the integrity of desmosomal adhesion. When
this adhesion is compromised via mutations in genes encoding desmosomal cadherins or
associated plaque proteins, both tissues can suffer the consequences. Open questions revolve
around whether the resulting phenotypes are solely due to physical disruption of cell adhesion, or
whether these events are coupled with signaling mechanisms that influence many additional
cellular processes. In this review, we focus on new developments in desmosomal adhesion with an
emphasis on the skin, hair and heart.
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Introduction

In recent years, elegant research from many different laboratories has provided definitive
evidence that desmosomes, the “welding spots” of cell-cell junctions, are essential for the
morphogenesis, differentiation, and maintenance of tissues that are subjected to high
mechanical stress such as the skin and heart [1]. The highly electron dense and symmetric
desmosomes are abundant between the keratinocytes of the skin epidermis and its
appendages, as well as the myocytes of the heart, but can also be found in some specialized
cells of the meninges and lymph nodes [2]. The importance of desmosomes lies in their
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unique ability to connect cells on the extracellular side while coupling this connection to the
intermediate filament cytoskeleton on the intracellular side, for example, to keratins in
keratinocytes and to desmin in myocytes (Figure 1). This extracellular-intracellular
connection confers resilient mechanical properties to the whole tissue, in addition to
regulating cytoskeletal organization and impacting on gene expression.

The desmosomal cadherins are calcium-dependent adhesive glycoproteins whose N-termini
comprise the outermost extracellular junctional interface of desmosomes (Figure 1). They
belong to two families, the desmogleins (DSG) and desmocollins (DSC) [3], and interact
preferentially in a heterophilic manner [4]. To date, there are four known desmogleins
(DSG1-4) and three desmocollins (DSC1-3) that reside in a genomic cluster on human
chromosome 18¢21, and the syntenic regions of chromosome 18 in the mouse and rat
genomes [5]. DSG and DSC are expressed in a tissue- and differentiation-specific manner,
as exemplified by their expression pattern in the epidermis and hair follicle, highlighting the
unique nature of each of these desmosomal cadherins in conferring or maintaining cellular
differentiation programs (see below) [6].

Desmosomal cadherins interact on the intracellular side with desmosomal plaque proteins of
the armadillo and plakin families that provide the continuum with the intermediate filament
cytoskeleton of the cell (Figure 1). The armadillo protein, plakoglobin (PKG, gene symbol
JUP for junction plakoglobin), and the plakin protein, desmoplakin (DSP), are ubiquitously
expressed in all desmosome-containing tissues, including the skin and heart. The armadillo
proteins, plakophilins (PKP1-4), on the other hand, also show tissue and differentiation
specific expression patterns [7].

In this review, we will focus on recent developments in studying the roles of desmosomal
cadherins in epidermal and hair follicle keratinocytes, as well as cardiac myocytes, through
loss of function and gain of function analyses.

Lessons from Human Skin and Heart Diseases and Mutant Animals

Desmosomal Cadherins in the Skin

In 1997, Koch et al. reported the first targeted ablation of a desmosomal cadherin, Dsg3,
which is allelic to the naturally occurring balding mouse [8]. Dsg3 knockout mice are
runted, display hair loss due to failure of telogen club hair anchorage, and recapitulate many
of the aspects of the autoimmune disease pemphigus vulgaris such as oral blistering. To
date, no equivalent human mutations have been found in the DSG3 gene. On the other hand,
Dscl knockout mice show epidermal barrier defects and ulcerating lesions and hair follicle
degeneration in older mice, thus revealing a role for Dscl in the integrity of the
differentiating layers of the epidermis and its appendages [9]. Likewise, no known human
diseases have been associated with DSC1 mutations. Dominant mutations in the DSG1 gene
result in haploinsufficiency which causes striate palmoplantar keratoderma in humans
(OMIM# 148700 ) characterized by callous thickening of the palms and soles, areas that are
under continuous mechanical stress and friction [10], however, in this case no corresponding
mouse model exists. Unlike in humans and rats, the mouse genome has three Dsgl genes
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(Dsgla, Dsglp, Dsgly) that show redundant expression patterns, and due to their genomic
proximity, a tandem knockout might prove to be technically difficult [11].

The most recently discovered desmosomal cadherin, desmoglein 4, is essential for hair shaft
integrity and its loss of function leads to localized autosomal recessive hypotrichosis in
humans (LAH, OMIM# 607903) and the lanceolate hair phenotype in mice and rats [5,12].
DSG4 is highly expressed in the hair shaft cortex where the abnormal phenotype arises in
LAH patients and lah rodents [6]. In recently reported cases, recessively inherited human
mutations in DSG4 can also result in moniliform hairs [13—15]. Interestingly, there is some
clinical overlap between monilethrix (OMIM# 158000 and # 252200) which is caused by
dominant mutations in type Il hair keratin genes that are also expressed in the hair cortex
(Hb1, Hb3, or Hb6) and LAH. It is conceivable, therefore, that DSG4 interacts
intracellularly with the hair keratin proteins, though this remains to be shown
experimentally, and therefore mutations in their respective genes cause similar hair
phenotypes [16]. This suggests that LAH and monilethrix are skin desmosomal diseases
associated primarily with the hair shaft.

Not all desmosomal cadherin knockout mutations are born alive and exhibit a phenotype, in
fact, somewhat surprisingly, some are embryonic lethal in early development. For example,
Dsg2 knockout mice die around the time of implantation, revealing the importance of this
desmosomal cadherin, and perhaps desmosomes in general, during embryonic development
[17]. More recently, Den et al. reported that Dsc3 knockout mice die before implantation
[18]. Surprisingly, Dsc3 knockout mice die even before the formation of any discernible
mature desmosomes, hinting at a novel and perhaps extra-desmosomal role for desmosomal
cadherins during development [18]. Similar to DSG3 and DSC1, there is no known human
disease associated with mutations in DSC3 (Table 1). DSG2 mutations in humans will be
discussed below.

Desmosomal Caderins in the Heart

Unlike DSG1/3/4 and DSC1/3 which are predominantly expressed in the skin epidermis and
its appendages, DSG2 and DSC?2 are highly expressed in the myocardium of the heart. In
support of the important function of these desmosomal cadherins in the heart, recent studies
show that heterozygous mutations in DSC2 and DSG2 in humans cause arrhythmogenic
right ventricular cardiomyopathy (ARVC, OMIM# 107970) characterized by right
ventricular fibro-fatty replacement of myocardial tissue by the conversion of myocytes into
adipocyes [19-22] (Table 1). As mentioned earlier, desmosomes are important in tissues that
must withstand high significant mechanical stress. Accordingly, the major affected areas of
the heart in ARVC are the thinnest portions of the right ventricle [23]. This explanation
relies on the physical and mechanical aspects of desmosomal adhesion, but what is the
mechanism of transdifferentiation of myocytes into adipocytes? A study by Garcia-Gras et
al. offers an explanation that invokes a signaling role for desmosomes [24]. This study
suggests that mutations in the desmosomal cadherins expressed in the heart lead to the
accumulation of nuclear PKG. They provide evidence that excess PKG translocates to the
nucleus and displaces B-catenin, thus compromising Wnt signaling. These authors propose
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that the ensuing suppression of Wnt/R-catenin signaling could direct the differentiation of
cardiac myocytes into adipose cells [24].

Desmosomal Plague Components: Binding Together the Skin and Heart

If mutations in the genes encoding desmosomal cadherins cause abnormal skin and heart
phenotypes, it is conceivable that corresponding mutations in genes encoding desmosomal
plaque components (PKG, DSP and PKP), which are also expressed in all desmosome-
bearing tissues, might lead to similar phenotypes in these tissues. It is noteworthy that
knockout mice for PKG and DSP are early embryonic lethal, thus highlighting the
importance of desmosomes in the developing vital embryonic tissues, such as the heart [25].
However, in humans, milder recessive mutations in the genes encoding the plaque proteins
PKG and DSP cause Naxos disease (OMIM# 601214) and Carvajal syndrome (OMIM#
605656), respectively, characterized by ARVC in addition to woolly hair and striate
palmoplantar keratoderma (Table 1) [26-28]. There must be yet additional gene mutations
underlying Naxos syndrome since DSP and PKG have been excluded as candidate genes in
some families [29]. Moreover, dominantly inherited mutations in PKP2 also cause ARVC in
humans, whereas Pkp2 knockout mice show reduced heart trabeculation, rupture of cardiac
walls, and blood leakage into the pericardiac cavity leading to lethality at mid-gestation [30-
33]. Therefore, these studies suggest that ARVC is a cardiac desmosomal disease that can be
caused by mutations in the genes encoding the desmosomal cadherins DSG2 and DSC2, as
well as desmosomal plagque components such as PKG, DSP and PKP2 (Table 1) [34]. The
same reasoning is also true for skin and hair diseases that can arise due to mutations in either
genes encoding desmosomal cadherins that are expressed in the skin or genes encoding
desmosomal plaque components (e.g. DSP, PKG and PKP1) (Table 1). In addition to the
above examples on DSP and PKG, it is now well established in the literature that mutations
in PKP1 cause ectodermal dysplasia- skin fragility syndrome (OMIM# 604536)
characterized by skin blistering, alopecia, nail dystrophy, and focal keratoderma [35]. In
mice, the conditional knockout of DSP from the epidermis compromises epidermal sheet
formation and integrity in vivo and in vitro [36].

Disturbing the Balance of Desmosomal Cadherins: Transgenic Mouse
Models and Cancer

A key unsolved question in the field of desmosomal cadherins is why there are so many
different cadherins that are so uniquely differentially expressed? The previous dogma was
that desmsomes are simply a “clamp” between neighboring cells. Under this premise, a
logical answer to this question maybe that different desmosomal cadherins possess different
adhesive properties that are custom suited for different types of cells or differentiation
programs. In this respect, different permutations are possible between different desmosomal
cadherins in order to adjust the level of adhesiveness of desmosomes. However, an emerging
view is that desmosomes, like the classical adherens junctions, are involved in signaling
pathways that dictate or maintain the differentiation status or program of the cells [1]. Due
to its functional similarity to B-catenin in desmosomes, the armadillo protein PKG, also
called y-catenin, has been at the center of investigation with ample evidence to support a
signaling role besides its adhesive role [37,38]. These two possibilities of desmosome
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function are by no means mutually exclusive and more in vivo experiments will be required
to thoroughly explore the signaling role desmosomal components.

Transgenic Mouse Models: Ectopic Expression of Desmosomal Cadherins in the

Epidermis

Transgenic mice with ectopic gene expression are very useful tools to assess whether
different desmosomal cadherins are tailored for one differentiation program or another.
Moreover, the epidermis is an excellent stratified epithelium in which to test these
hypotheses. Desmosomal cadherins show gradients of expression in the epidermis that are
correlated with the differentiation status of keratinocytes from the proliferative basal layer to
the fully differentiated cornified layer [6]. In addition, the ability to target gene expression to
a particular layer using well-defined promoters, such as K5/K14 to the basal layer and
K1/K10 and involucrin to the suprabasal layers, enables the ectopic expression of a
particular desmosomal cadherin to a layer in which it is normally not expressed or is
expressed at lower levels.

Using this strategy, Hardman et al. ectopically expressed Dsc3 under the regulation of the
K1 promoter in the suprabasal layers of the epidermis where it is normally expressed at low
levels [39]. The transgenic mice developed ventral alopecia in adulthood associated with a
hyperproliferative epidermal phenotype. In addition, a link between [3-catenin stability and
Dsc3 transgene expression was noted in this study, thus pointing once again to a connection
between desmosomal cadherins and the Wnt signaling pathway [39]. This study also
provided evidence for an equivalent function between the two Dsc isoforms “a” and “b”
which differ in their cytoplasmic tail due to alternative splicing, the latter of which was
assumed to have no function so far.

A similar and more recent study by Brennan et al. utilized the involucrin promoter to
ectopically express Dsg?2 in the suprabasal layers where it is not normally detected [40].
These transgenic mice developed epidermal hyperplasia that is NF«B dependent, and
notably, were more susceptible to chemically induced carcinogenesis [40].

Desmosomes and Cancer

DSG2 misexpression has been associated with human squamous cell carcinomas and gastric
cancers, where it is either lost or overexpressed [41-43]. Along the same lines, DSC2 and
DSC3 expression is downregulated in colorectal and breast cancer, respectively [44,45];
whereas DSG3 is overexpressed in squamous cell carcinoma and head and neck cancer
[43,46]. In general, whether desmosomes are involved in cancer and metastasis is very
poorly understood [47]. The links between classical cadherin (such as E-cadherin)
downregulation and metastasis through epithelial-mesenchymal transition are well
established [48]. It remains to be determined whether a similar link between desmosomes
and cancer exists and if so, which desmosomal components or which type of desmosomal
cadherins.

Desmosomes have evolved to enable tissues like the heart and the skin and its appendages
(e.g. hair) withstand mechanical stress. Consequently, when desmosomal adhesion is
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mpromised through gene mutations these tissues are primarily affected. As more research
conducted on desmosomes, we are bound to further understand not only the physical

ture of these junctions but also their prospective roles as signaling centers during
velopment, homeostasis and disease.
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Abbreviations

DSG desmoglein
DSC desmocollin
DSP desmoplakin
PKG plakoglobin
PKP plakophilin
LAH localized autosomal recessive hypotrichosis
ARVC arrhythmogenic right ventricular cardiomyopathy. Genes are italicized and non-
human genes/proteins with only the first letter capitalized
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Figure 1.

Desmosomal adhesion is essential between cell types that must withstand high mechanical
stress such as skin keratinocytes and cardiac myocytes.
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