'\ ANNUAL
f\ ¥ REVIEWS

Annual Review of Pathology: Mechanisms of Disease

Desmosomes in Human Disease

Nicole A. Najor

Department of Biology, University of Detroit Mercy, Detroit, Michigan 48221;
email: najorn@udmercy.edu

aess Further

Click here to view this article's
online features:

¢ Download figures as PPT slides
* Navigate linked references

* Download citations

 Explore related articles

® Search keywords

——

Annu. Rev. Pathol. Mech. Dis. 2018. 13:51-70 KCYWOI‘dS
"The Annual Review of Pathology: Mechanisms of desmosomal cadherins, armadillo proteins, plakin proteins, desmosomal
Disease is online at pathol.annualreviews.org .
diseases
https://doi.org/10.1146/annurev-pathol-020117-
044030 Abstract
S opiE EREEROI Sy i REviEyE Tissue integrity is crucial for maintaining the homeostasis of living organ-

All rights reserved . .. g .
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of debilitating disorders. The desmosome is an essential cell-cell junctional
protein complex in tissues that undergo stress, and it orchestrates intracel-
lular signal transduction. Desmosome assembly and junctional integrity are
required to maintain the overall homeostasis of a tissue, organ, and organ-
ism. This review discusses the desmosome and the human diseases associated
with its disruption.
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Tight junctions:
form a tight seal
between two cells,
provide polarity, and
are often linked with
barrier functions; also
known as occluding
junctions

Gap junctions:
specialized channels
between two
neighboring cells; also
known as
communicating
junctions

Adherens junctions:
cell junctional protein
complexes that
extracellularly interact
with adherens
junctional components
of a neighboring cell
and intracellularly link
to the actin
cytoskeleton network

Genodermatoses:
genetic skin diseases

Cardiocutaneous
disorders: diseases
that display cardiac
and skin phenotypes

INTRODUCTION

The development of multicellular organisms occurred 3.8 billion years ago in a series of events
that gave rise to cellular specialization, differentiation, and morphogenesis. The ability of multi-
cellular eukaryotes to develop specialized tissues is dependent on cellular adhesion in establishing
connections between neighboring cells at intercellular junctions. Investigations of these criti-
cal structures have provided essential information for understanding tissue architecture and cell
polarity. Multicellular organisms contain a variety of specialized junctional complexes, which
predominately include tight junctions, gap junctions, adherens junctions, and desmosomes. The
latter has been identified as the cell adhesion complex that is essential for tissue integrity. His-
torically, desmosomes were first described as small dense nodules and named nodes of Bizzozero
by the pathologist Giulio Bizzozero (1) in the mid-1800s (2-7). In the 1920s, it had been as-
signed the term desmosome based on the Greek terminology for bond (desmz0) and body (sormza)
“,6,8,9).

Today, the desmosome is classified as a calcium-dependent anchoring junction that tethers cells
together through its extracellular contacts and internally links to the intermediate filament (IF)
cytoskeleton. Through this linkage between cells, the desmosome provides tissues with the ability
to resist mechanical forces (10). This anchoring complex is composed of three gene superfamilies:
the desmosomal cadherins, the armadillos, and the plakins. Within each family, there are multiple
isoforms that can constitute a desmosome, with the exception of the obligate desmosomal com-
ponent, desmoplakin (Dp), from the plakin family, which also consists of periplakin, plectin, and
envoplakin. The cadherin family consists of desmogleins (Dsgl-4) and desmocollins (Dsc1-3),
whereas the armadillo family consists of plakophilins (Pkp1-3) and plakoglobin (Pg). Desmo-
somes are found in a variety of tissue types and are particularly notable in tissues that undergo a
high degree of mechanical stress, such as the myocardium, bladder, gastrointestinal mucosa, and
epidermis (8, 11). Intracellularly, the desmosome links to the IF cytoskeleton, which can further
be classified depending on the cell type. For example, most epithelial cells contain type I acidic
keratins and type II basic keratins. Myocardial cells are rich in the type III IF, known as desmin,
and subsequently, leukocytes, fibroblasts, and follicular dendritic cells of lymph nodes contain the
most widely distributed of all IF proteins, vimentin (type III) (12). The IF family of proteins is
extensive and large, but only the members mentioned above have been found to associate with
desmosomes (Figure 1).

Because multiple isoforms of the desmosomal components exist, the precise desmosomal com-
position depends on the type of tissue and the relative degrees of differentiation within that tissue.
The exact transcriptional program underlying desmosomal isoform expression is largely unknown;
however, tight regulation of specific desmosomal isoforms is required for homeostasis within a
tissue. Some research has been able to link transcriptional regulators to the desmosomal compo-
nents, but the differences in cell types within these reports must be noted (see 13). The importance
of desmosomal compositions is underscored by the presence of specific mutations identified in
diseases that gives rise to a spectrum of histological abnormalities. Disorders range from genetic
skin diseases (genodermatoses) to cardiomyopathies, including skin and heart (cardiocutaneous)
disorders, and some cancers. In the following sections, the desmosome is reviewed in a normal
state and a disease-associated state for each protein family within this cell junctional complex. We
have yet to gain much information in terms of understanding the desmosome in either context.
By analyzing the desmosome in normal tissues, we can gain insight into diseased states and vice
versa, which will provide an appreciation for how the desmosome contributes to the integrity and
homeostasis of tissue structure and function.
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Figure 1

Keratin
Desmin
Vimentin

Desmosome structure and organization. The cell on the left displays the basic components and structure of a desmosome, which
extracellularly tethers to desmosomes on neighboring cells and intracellularly links to the intermediate filament (IF) cytoskeleton. The
proteins that make up the desmosome fall under three gene superfamilies: the desmosomal cadherins [desmogleins (Dsgl-4) and
desmocollins (Dsc1-3)], the armadillo family [plakophilins (Pkp1-3) and plakoglobin (Pg)], and the plakin family [desmoplakin (Dp)].
The cell on the right displays the different types of isoforms that exist for certain desmosomal components and also displays the IF

cytoskeleton networks (keratin, desmin, vimentin) that have been shown to associate with the desmosome.

DESMOSOME ASSEMBLY

Early reports noted that keratinocytes grown in media without calcium did not develop cell con-
tacts. In response to an elevation of extracellular calcium, desmosomal cadherins clustered and
became more stabilized (14). It is thought that Dscs may initiate desmosome assembly, and Dsgs
arrive later to stabilize the complex (15). Regardless, desmosomal cadherins are constantly syn-
thesized and delivered to the plasma membrane (16, 17), following the classic cadherin secretory
route, which begins with the synthesis and folding of the cadherins in the endoplasmic reticulum,
then with further protein processing via the Golgi apparatus, and ends with sorting into post-Golgi
carriers via a microtubule-dependent motor (18, 19). Desmosomal cadherins, specifically the Dsg
family and Dsc family, are synthesized as soluble proteins and it is only upon their incorporation
into cell contacts that they become insoluble (20). Additionally, posttranslational modifications
may contribute to desmosomal cadherin insolubility, specifically glycosylation, which is a modifi-
cation that largely occurs in the endoplasmic reticulum and Golgi apparatus, whereby a glycosyl
group (a carbohydrate) is attached to a molecule (21).

The desmosomal cadherins, Dsgs and Dscs, are closely related to the family of classic cad-
herins, which consists of E-cadherin (E-cad), P-cadherin (P-cad), and N-cadherin (N-cad) known
to incorporate in adherens junctions. Whereas classical cadherins typically undergo homophillic
interactions to effect adhesions, it remains unclear whether heterophilic or homophilic interac-
tions are required for desmosomes (22-25). Because desmosomal cadherins are the portions of the
desmosome that transverse the plasma membrane, one might question the extent to which mem-
brane dynamics may play a role in desmosome assembly. In fact, it has been shown that desmosomal
cadherins can localize to cholesterol-rich raft domains and may rely on this membrane associa-
tion for their assembly and compartmentalization into functional junctions (26). Interestingly, the
same question can be asked whether interactions with other desmosomal components affect the
dynamics and trafficking of desmosomal cadherins. Research has shown that Pkp2 is required for
kinesin-2-dependent trafficking of Dsc2 (19), further supporting the notion that the construction
of the desmosome is not just a sum of its parts but rather a multistep process with intricate lines of
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Basal layer: cells
directly in contact with
basement membrane,
which retain
proliferative/mitotic
potential

Spinous layer: cells
found immediately
superior to the basal
layer; cells have
entered the process of
epidermal
differentiation

Suprabasal layer:

all layers of the skin
superior to the basal
layer, including the
spinous, granular, and
corneal layers

communication among all parties. Within the armadillo family of proteins, Pkp3 has been found
to associate with dynamin-like protein DNMIL, which is involved in vesicle trafficking (27). An-
other armadillo protein, Pg, can associate with the classic cadherins found in adherens junctions or
with the desmosomal cadherins in desmosomes. Pg serves as a regulator molecule in desmosome
formation because it temporally switches its binding partner interactions with either cell junction
protein complex, depending on the presence of Pg-associated E-cad or P-cad (28). Additionally,
insoluble pools of newly synthesized Pg associated with Dsg are required for its stabilization and
incorporation in desmosomes (29).

The armadillo family of proteins has also been shown to participate in the temporal regulation
of Dp dynamics. This large plakin protein member is an obligate component of the desmosome
and is the key linker between IF and the plasma membrane (30-33). When observing newly formed
contacts, Dp accumulates within 5 min. Shortly thereafter, within 15-20 min, non-membrane-
bound Dp-containing particles appear in the cortical region of the cell. This pool is also found to
be associated with the IF cytoskeleton. Finally, Dp-IF precursors translocate to cell-cell contacts to
bolster the desmosomal plaque in a microtubule-independent manner (34). The armadillo family
member Pkp2 has been found to colocalize with Dp precursors to assist in the promotion of Dp’s
translocation by scaffolding a complex containing Dp and protein kinase C alpha (35). Whereas
some interactions among armadillo proteins, desmosomal cadherins, and Dp have been identified,
the full extent of the cross talk among these proteins during recruitment to sites of cell contact
has not been fully defined (reviewed in 6).

DESMOSOMAL EXPRESSION PATTERN

Desmosomes have been observed in a variety of tissue types, and they are particularly predomi-
nant in tissues that experience mechanical stress. Desmosome structures have been found in the
skin, heart, intestine, gallbladder, uterus, oviduct, liver, pancreas, stomach, salivary glands, thyroid
glands, and the epithelial cells of nephrons (11, 36, 37). Multiple isoforms exist within the desmo-
somal cadherin and armadillo families. Itis known that tight regulation and control of the isoform
patterns are required for tissue homeostasis. However, why certain isoforms exist in specific tissues
or why certain isoforms predominate in specific regions of tissue is still largely unknown.

Desmosomal cadherins consist of Dsg and Dsc proteins, of which Dsg2 and Dsc2 are found
widely in multiple tissues, whereas the other desmosomal cadherins are present predominantly in
stratified epithelia. Most notable among stratified epithelia is the epidermis, which expresses the
seven desmosomal cadherins (Dsg1-4, Dsc1-3). Dsg2, Dsg3, Dsc2, and Dsc3 are found in the basal
layer of the epidermis, whereas the distribution of some of these isoforms decreases in the upper
layers of the skin. Specifically, Dsg3, Dsc2, and Dsc3 are found in the basal and spinous layers of
the skin, and Dsg2 is restricted to the basal layer. In contrast, Dsgl and Dscl begin to appear in
the spinous layers of the skin, with increasing protein expression through each subsequent layer
of the skin, and reaching the highest abundance of protein expression in the uppermost suprabasal
layers. A role for Dsgl’s predominance in the suprabasal layers has been underscored through
the finding that it promotes epidermal differentiation. It has been reported that Dsgl drives
epidermal differentiation through the attenuation of epidermal growth factor receptor (EGFR)
and downstream signaling effectors such as Erk1/2 (extracellular signal-regulated kinase 1, 2),
which did not require the adhesive ectodomain of Dsgl (38).

Additionally, reports have identified novel interactions of Dsgl that are required to inhibit
EGFR directly and downstream signaling events of EGFR (39, 156). These reports highlight
an emerging concept that the desmosome may function as a signaling hub, opposed to its
historically known “spot-welding” function. Moreover, these reports also provide insight into
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why desmosomal isoforms may predominate in certain tissues or in certain regions of tissues.
For example, forced expression of Dsg3 in suprabasal layers via a keratin 1-driven promoter
in mice resulted in epidermal hyperproliferation and abnormal differentiation (40). Moreover,
Dsg3 expression in suprabasal layers via an alternative promoter, involucrin, resulted in a more
severe aberration of skin morphogenesis (41). Given the specific functions of each desmosomal
component, individual desmosomal isoforms may not be able to compensate for the absence
or disruption of a particular component. This is revealed by diseases associated with certain
desmosomal components, further supporting that the complexity of the desmosome is not solved
by redundancy of individual components. Together, these reports suggest that the tight regulation
of the expression pattern of desmosomal isoforms is required for proper tissue morphogenesis.

DESMOSOMAL CADHERINS

The desmosomal cadherin family is closely related to the classic cadherin family (E-cad, P-cad, and
N-cad); both families are type 1 integral membrane glycoproteins that contain five extracellular
subdomains (ECs) (42). The ECs are connected by flexible linkers that form calcium-binding pock-
ets for up to three calcium ions, all of which allow desmosomes to display calcium-dependent as-
sembly and adhesion. Following the extracellular portion, desmosomal cadherins contain a domain
most proximal to the membrane called the extracellular anchor (43). The desmosomal cadherins
cross the plasma membrane once through their transmembrane domain, and on the cytoplas-
mic side contain an intracellular anchor domain and an intracellular cadherin-typical sequence
(ICS) domain. The Dsgs have additional unique sequences defined by an intracellular proline-rich
linker domain, a repeating units domain, and a Dsg terminal domain (Figure 2). The desmosomal
cytoplasmic domains exhibit a high degree of divergence from the classical cadherins, with the
exception of the ICS domain, which is required for Pg binding (44-47). Desmosomal cadherins
consist of Dsg1-4 and Dsc1-3, of which the DSC genes give rise to variants a and b via alternative
splicing where Dsc-b is the shorter form (48, 49) (Figure 2).

DESMOSOMAL CADHERIN GENODERMATOSES

The importance of cadherin components in the desmosome is underscored by the adhesive
ectodomain. The first human cadherin gene mutation was reported in the DSGI gene in 1999
in a Dutch family; this mutation led to a dominantly inherited skin disease, striate palmoplantar
keratodermas (SPPKs). Within the family of inherited palmoplantar keratodermas (PPKs), there
are four patterns of hyperkeratosis (striate, focal, diffuse, and punctate). Phenotypically, these
Dsgl-haploinsufficient individuals displayed hyperkeratotic bands on their palms and soles (50).
Subsequently, numerous other DSGI mutations were identified that had features of SPPK, but
without hair and nail abnormalities (51-54). Additionally, two homozygous mutations in DSGI
were shown to result in severe skin dermatitis, multiple allergies, and metabolic wasting syn-
drome (55, 56). One of these mutations was more severe than the others and led to loss of Dsgl
expression versus cytoplasmic mislocalization of Dsgl. The differences in the phenotypic con-
sequences of these two mutations could indicate that nonjunctional cytoplasmic Dsgl may be
partially functional, suggesting that in a normal state the protein maintains adhesive and signaling
functions. More recently, unrelated American, African, and European families were found to have
one recurrent and five novel DSGI mutations, causing an autosomal dominant PPK that displayed
phenotypic variation despite molecular similarities (57).

Mutations in other Dsg isoforms can also have devastating effects. Dsg4, which is expressed
in the more differentiated layers of stratified epithelium, is also predominately expressed in the
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Figure 2

Desmosomal cadherins and associated diseases. (79p) Desmosomal cadherins, Dsg and Dsc, are depicted
crossing a plasma membrane. Dsgl and Dscl contain four highly conserved ECs, followed by an EA. Both
types of desmosomal cadherins cross the plasma membrane once through the TM. Intracellularly, Dsgs and
Dscs contain an IA and an ICS. Dsgs contain an additional PL and up to five RUDs, which are
isoform-dependent. Dsc-a and Dsc-b isoforms contain an IA and ICS domain, with Dsc-b possessing a
unique cytoplasmic sequence depicted in gray. The diseases associated with desmosomal cadherins are listed
on the right. Abbreviations: ARVC/ACM, arrhythmogenic right ventricular cardiomyopathy/
arrhythmogenic cardiomyopathy; Dsc, desmocollin; Dsg, desmoglein; D'TD, desmoglein terminal domain;
EA, extracellular anchor; EC, extracellular domain; IA, intracellular anchor; ICS, intracellular cadherin-like
sequence; LAH, localized autosomal recessive hypotrichosis; PF, pemphigus foliaceus; PL, proline-rich
linker; PV, pemphigus vulgaris; RUD, repeated unit domain; SAM, skin dermatitis, multiple allergies and
metabolic wasting syndrome; SPPK, striate palmoplantar keratoderma; TM, transmembrane domain.

hair follicle (5). Various mutations in the DSG# gene have been shown to cause localized autoso-
mal recessive hypotrichosis (LAH), which is characterized by short, sparse, coarse, brittle hair on
the scalp, trunk, extremities, eyebrows, and eyelashes, but sparing beard, pubic, and axillary hairs
(58-62). Other DSG4 mutations have displayed LAH with monilethrix-like hairs. Monilethrix is
an autosomal dominant hair shaft disorder in which hair displays a beaded appearance (63-66).
Additionally, nonsense mutations in DSC3 were identified in an Afghan family with hereditary
hypotrichosis and recurrent skin vesicles; family members also presented with an absence of eye-
brows and eyelashes (67). Human diseases with mutations in DSG3 and DSCI have yet to be
identified. Regardless, the importance of these desmosomal cadherins is underscored by mouse
knockout experiments, which displayed epidermal abnormalities and hair loss in dsg3-deficient
mice (68), and epidermal fragility with localized hair loss in dscI-deficient mice (69).
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DESMOSOMAL CADHERIN CARDIOMYOPATHIES

Dsgl, Dsg3, Dsg4 and Dscl are predominately expressed in the epidermis, which is why ge-
netic mutations in these components cause a variety of skin and hair abnormalities. Interestingly,
whereas Dsg2 and Dsc2 are present in the epidermis, they are also highly expressed in the my-
ocardium (70). Mutations in these desmosomal cadherins have been shown to cause arrhythmo-
genic right ventricular cardiomyopathy/arrhythmogenic cardiomyopathy (ARVC/ACM) (71-75),
a hereditary disorder of cardiac muscle. ARVC/ACM can result in ventricular arrhythmias, cardiac
failure, and sudden cardiac death, and is characterized by the fibrofatty replacement of normal
cardiac tissue in the right ventricle (76). The right ventricle usually predominates; however, left
ventricle involvement is increasingly recognized (77). Mutations in these desmosomal cadherins
have also been shown to lead to skin and heart defects, termed cardiocutaneous disorders. Specif-
ically, a homozygous mutation of DSC2 led to ARVC/ACM with mild PPK and woolly hair (78).

AUTOIMMUNE-TARGETED DESMOSOMAL CADHERIN DISORDERS

The two major autoimmune diseases known to target desmosomal cadherins are pemphigus foli-
aceus (PF) and pemphigus vulgaris (PV). Early reports of these diseases in the 1960s found that
IgG autoantibodies targeting the cell surface of keratinocytes were present in the sera of individ-
uals harboring these diseases (79). It was not until approximately 20 years later that researchers
found the target antigens of pemphigus (80-82). IgG autoantibodies produced against Dsg3, with
later stages of the disease targeting Dsgl, cause PV (83-90), which is characterized by suprabasal
acantholysis, mucous membrane erosion, and epidermal blisters (91). Individuals with the disease
PF have antibodies against only Dsg1, which causes superficial blisters, without mucous membrane
involvement (90). Phenotypic differences of pemphigus diseases could be due to tissue localiza-
tion and distribution (92). The basic pathophysiology of pemphigus is the inhibition of cellular
adhesion in which the pathogenic autoantibodies attach to EC1 and EC2 domains of Dsgs in both
PF (93) and PV (94). While pemphigus is a rare disease found in five out of 1 million individuals
per year, these research findings give key insight into mechanisms of acantholysis.

Additionally, bacteria such as Staphylococcus aurens and Streptococcus pyogene have been shown
to cause a variety of blistering disorders classified as bullous impetigo and nonbullous impetigo.
Bullous impetigo is a common infection caused by S. aureus strains that produce an exfoliative
toxin. Staphylococcal scalded skin syndrome is a generalized form of bullous impetigo that more
commonly affects young children. The exfoliative toxin that induces blisters in these disorders can
circulate throughout the body and cause blisters at distant sites (95, 96). Both of these diseases
share a clinical resemblance to PF (97), which is largely due to the fact that Dsgl is targeted by
the exfoliative toxin. Collectively, the diverse clinical manifestations of these genetic mutations,
autoimmune disorders, and bacterial infections highlight the importance of individual desmosomal
cadherin isoforms to desmosomal function and cellular adhesion.

ARMADILLO FAMILY

The first human sequence encoding a desmosomal component to be published was in 1989 for Pg,
an armadillo family protein (98). The other armadillo family members found in desmosomes are
the Pkps, which are also members of the p120-catenin subfamily. The armadillo proteins found
in desmosomes, Pg and Pkp1-3, are placed within this family because they contain arm repeats,
which are composed of 42 amino acids forming three short o-helices. Pg is encoded by the 7UP
gene and contains 12 arm repeats flanked by short N- and C-terminal domains, whereas Pkps

www.annualreviews.org ¢ Desmosomes in Human Disease

Woolly hair: tightly
coiled hair

Acantholysis: loss of
intracellular
connections

57



Pg Central arm repeats

Diseases:

Ectodermal dysplasia skin
fragility syndrome

ARVC/ACM

Figure 3

Armadillo proteins and associated diseases. Pg contains 12 arm repeats that are flanked by a short amino
terminal (head) domain, and carboxyl terminal (tail) domain, whereas Pkps have 9 arm repeats. The Pkp arm
domain is interrupted between repeats five and six by a sequence, introducing a kink into the overall
structure. Abbreviations: ARVC/ACM, arrhythmogenic right ventricular cardiomyopathy/arrhythmogenic
cardiomyopathy; Pg, plakoglobin; Pkp, plakophilin.

have 9 arm repeats. The Pkp arm domain is interrupted between repeats five and six by a sequence
that introduces a kink into the overall structure (Figure 3) (10, 99, 100). Similar to desmosomal
cadherins, Pkps also display a differentiation-specific expression pattern in stratified epithelia.
Pkpl, similar to Dsg1, is found in the suprabasal layers of the epidermis, whereas Pkp2 expression
decreases in the most differentiated layers of the epidermis. Pkp3 and Pg display the most uniform
expression in simple and stratified epithelia (13), and the latter is known to interact with the ICS
domain of desmosomal cadherins as well as the amino terminal domain of Dp, functioning as
a structural connection between the plasma membrane and IF (5, 10, 11, 101). Pkps have been
shown to interact with many of the desmosomal proteins, including desmosomal cadherins, Pg,
and Dp (5, 10, 11, 100).

ARMADILLO PROTEIN GENODERMATOSES

Pg and Pkps have been implicated in a variety of skin abnormalities. Pkpl was the first desmo-
somal protein to be linked to a genetic skin disorder. In 1997, it was found that an autosomal
recessive mutation led to a loss of Pkpl, in which the phenotypic characterization presented skin
fragility and blistering upon trauma (102). This disease is called ectodermal dysplasia skin fragility
syndrome, and various mutations in PKPI have since been identified with ranging phenotypes
of skin fragility (103-105). Cross talk among desmosomal components is expected, and recent
research supports the clinical implications of this. In the autoimmune disease PV (discussed in
the section titled Autoimmune-Targeted Desmosomal Cadherin Disorders), Pkpl overexpres-
sion protects keratinocytes by forming calcium-independent desmosomes (106). This finding
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demonstrates that manipulating the expression of a desmosomal plaque protein can block the
pathogenic effects of targeting the desmosomal cadherins.

Additional armadillo genodermatoses include lethal congenital epidermolysis bullosa, which
has been identified in one patient and is caused by a homozygous nonsense mutation in the JUP
gene. This disorder results in no cardiac dysfunction but causes total alopecia, severe congenital
skin fragility, generalized epidermolysis, and massive transcutaneous fluid loss. The mutation was
identified in a patient who died 12 days after birth due to respiratory failure caused by compression
of the thorax caused by infected and stiffened skin (107). Very few desmosomes formed in this
patient, and these altered desmosomes displayed abnormal formation. Additionally, the expres-
sion and distribution of desmosomes were severely affected, suggesting an essential role for Pg
in desmosome assembly. Because Pg can also interact with adherens junction components, these
researchers also analyzed this cell-cell junctional protein complex and found that it was localized to
the plasma membrane of keratinocytes but did not assist properly in establishing cellular adhesion
(107). This is likely due to the classical cadherins of the adherens junctions binding to Pg and
[3-catenin, whereas desmosomal cadherins associate exclusively with Pg (11). Acantholytic ecto-
dermal dysplasia is another genetic skin disease associated with Pg mutations that is caused by
homozygous loss of function mutation in 7UP. This disease is characterized by skin fragility,
trauma-induced blisters, diffuse PPK, hyperkeratotic-fissured plaques in skin covering flexor and
extensor joints, and woolly hair (108).

ARMADILLO CARDIOMYOPATHIES

Because desmosomal proteins are predominately found in tissues that undergo mechanical stress,
it is not surprising that mutations can cause skin and heart phenotypes. Naxos disease is caused by
a homozygous recessive mutation in 7UP and manifests as cardiomyopathy, PPK, and woolly hair
(109). This triad of phenotypes begins with woolly hair at birth, with PPK developing in the first
year of life. Cardiomyopathy will manifest in the adolescent years of the patient with ventricular
tachycardia or sudden death (110).

Pg’s role in maintaining desmosomal integrity was underscored in 2007, when the first domi-
nantly inherited ARVC/ACM-linked mutation was reported in 7UP (111). It has been proposed
that nuclear Pg is necessary for the differentiation of cardiac cells into adipocytes (112). This is an
important finding because ARVC/ACM is characterized by fibrofatty replacements and fibrosis.
One possible explanation of this phenotype is that a Pg, 3-catenin, Yes-associated protein complex
can promote adipogenesis through Hippo signaling (113).

PKP mutations have also been identified in ARVC/ACM, most notably in the Pkp2 isoform,
which is the only Pkp expressed in cardiomyocytes. Whereas dominant and recessive PKP2 mu-
tations have been identified, the most common genetic mutations to cause ARVC/ACM are
heterozygous mutations in PKP2, which lead to abnormal gap junctions at intercalated discs (114).
Through the disruption of gap junctions, pathways for ions between cardiomyocytes are negatively
affected due to the defects in electrical communication, further emphasizing why ARVC/ACM
disorders are detrimental. Other mutations have also been identified in PKP2, which include
missense mutations and truncating mutations (115).

DESMOPLAKIN

Dp is considered to be the obligatory desmosomal component linking desmosomes to the IF
cytoskeletal system. There are two splice variants of Dp, DPIand DPII, which have differentlengths
of their «-helical coiled-coil domain but retain the same globular amino and carboxyl termini
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Figure 4

Desmoplakin domains and associated diseases. (T0p left) Dimerized Dp within the context of a desmosome.
(Right) The domains of Dp, indicating the N-head mediating interactions with armadillo family proteins,
and indicating the C-tail, which regulates intermediate filament interactions through a GSR. Abbreviations:
C-tail, carboxy terminal tail; Dp, desmoplakin; Dsc, desmocollin; Dsg, desmoglein; GSR, glycine/serine-rich
domain; N-head, amino terminal globular head; SPPK, striate palmoplantar keratoderma.

(Figure 4). The protein product of the longer splice variant, DPI, is detectable among almost all
desmosome-containing tissues. Previously, DPII messenger RINA was thought to be undetectable
in cardiomyocytes (116). However, it was more recently shown to exist in cardiac tissue (117). The
central coiled-coil domain is responsible for the dimerization of Dp and the amino terminal domain
of Dp, which interacts with armadillo family proteins, which in turn target Dp to the desmosomal
components at the plasma membrane. The carboxyl terminal domain contains three plakin repeat
domains (A, B, and C) and is thought to mediate Dp-IF interactions (reviewed in 5, 11).

DESMOPLAKIN GENODERMATOSES

Owing to Dp’s obligate role as a linker to the IF cytoskeleton, it is not surprising that genetic
mutations in the Dp gene, DSP, manifest in a variety of clinical phenotypes. The first human DSP
mutation, identified in 1999, was characterized by a null allele and haploinsufficiency. The disease
was classified as SPPK with a linear pattern of skin thickening on the fingers and palms of the
hands and circumscribed areas of skin thickening on the soles of the feet. The affected skin demon-
strated loosening of intercellular connections and a disruption of desmosome-IF interactions (118,
119). Compound heterozygous or homozygous mutations in DSP with amino terminal missense
mutations and carboxyl terminal nonsense mutations have been found in a disease termed skin
fragility-wooly hair syndrome. Specifically, individuals with Dp haploinusfficiency in combina-
tion with missense mutations on the other allele display more severe keratodermas than those who
are just Dp haploinsufficient. Additional phenotypes that have been found in skin fragility—wooly
hair syndrome are skin blistering, woolly hair, degrees of alopecia, nail dystrophy, and focal or
diffuse PPK. Biopsies from these individuals indicated intraepidermal blisters with acantholysis.
Additionally, it was noted that Dp mostly localized to the cytoplasm, but some punctate molecules
were visible at the cell periphery (120-122).

DESMOPLAKIN CARDIOCUTANEOUS MYOPATHIES

Mutations in DSP can also resultin heart pathologies. Because DPII messenger RNA was not found
in cardiomyocytes until recently, these mutations are mainly identified in the DPI splice variant.
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Carvajal syndrome, caused by mutations in the DSP gene, is found to display three phenotypes:
SPPK, left ventricular dilated cardiomyopathy, and woolly hair (123, 124). Individuals with these
mutations can develop skin and heart phenotypes separately or in combination. The first autosomal
recessive mutation in DSP causing Carvajal syndrome was identified in 2000 (125) with the triad
of clinical features. The mutation in DSP for these individuals caused a truncated version of Dp
that lacked part of the carboxyl terminal tail domain.

Other autosomal recessive mutations in DSP have been shown to cause severe skin and mu-
cosal fragility at birth, total alopecia, possible cardiomyopathy, and stillbirth or early neonatal
lethality due to transcutaneous fluid loss because of extensive skin erosion. This DSP mutation
was first reported in 2005 and was termed lethal acantholytic epidermolysis bullosa (LAEB) (126).
The compound heterozygous mutation caused a truncated carboxyl terminus of Dp (126). Other
mutations causing LAEB have also been identified causing shortening of the Dp rod domain and
carboxyl terminal truncations (127).

IMPLICATIONS FOR DESMOSOMES IN CANCER

Potential roles of adherens junctions in tumor progression have been noted (128-132), which is
not surprising because metastasis of many tumors requires breaking the junctions that hold cells
together in a tissue. With more than 90% of cancers being of epithelial origin, it is plausible
that other cell junctional protein complexes could be implicated in the progression of cancer,
including the desmosome. Recent research highlights a potential role for desmosomes in driving
cancer progression and, specifically, for their disassembly in cancer progression.

EGFR and ADAM (a disintegrin and metalloprotease) sheddase cooperate to regulate endocytic
trafficking of the desmosomal cadherin Dsg2, exposing a mechanism for weakening intercellular
adhesion in oral cancer cells (133). Additionally, knockdown of Dsg2 in intestinal cancer cells
leads to decreased EGFR and downstream Erk1/2 signaling and suppresses cell proliferation
(134). Dsg2 is one of four Dsg cadherins and is predominant in the basal cells of the epidermis,
whereas Dsgl is expressed in more differentiated layers. A quantitative study showed that in
78 head and neck squamous cell carcinomas, Dsgl protein was decreased and was associated with
worse disease-specific survival (135). These and other studies have demonstrated that desmosome
downregulation may contribute to early invasion and tumor progression. Specifically, Dsgl-3,
Dsc2, Dsc3, Pg, and Pkpl-3 are downregulated in gastric, colorectal, prostate, bladder, breast,
skin, head/neck, cervical, and endometrial cancer, which correlates with advanced tumor grade,
increased metastasis, and poor prognosis (136). Other examples have also shown decreases in
desmosomal components, such as human malignant chondrosarcoma cells, which have decreased
Dsgl, Dp, and Pg that are all rescued by overexpression of proline-rich polypeptide-1 (137).
Conversely, studies have shown that overexpression of Dsg? in the suprabasal layers of the mouse
epidermis induced tumor development (138). Dsg2, Dsg3, and Pkp3 were found to be elevated
in lung, prostate, head/neck, and skin cancers and were associated with disease progression and
reduced patient survival (27, 139-142). This research supports the concept that the desmosome is
abrogated in many cancer types and further highlights its complexity due to evidence supporting
both upregulation and downregulation of certain components.

Recently, a global proteomic analysis of digested peptides and RNA expression profiles of oral
cavity squamous cell carcinoma was performed to identify changes that reflect patient outcomes.
Three patient outcomes were assessed, two of which were distant metastasis and disease-specific
death. Patients who developed distant metastases and disease-specific death had significantly lower
Dp at the RNA and protein levels. Low levels of Pkpl protein and RNA were also associated
with distant metastases and disease-specific death (143). Pkp1, which is in the family of armadillo
proteins, has a direct effect on cellular proliferation by regulating protein synthesis via eIlF4A1 in an
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adhesion-independent manner (144), which is significant because protein translation pathways are
often deregulated in cancer (100). Pkp1 has been shown to be downregulated in head/neck cancer
and esophageal adenocarcinoma (145-147). Also, Pkp1 levels were largely reduced in aggressive
prostate cancer and were associated with lymph node metastases (142, 148). Additionally, the
loss of Pkpl has been shown to upregulate an extracellular matrix-related gene, SPOCKI, in
prostate adenocarcinomas, which suggests that Pkpl has a role in prostate tumor progression
(149). Whereas Pkp1 has been found to be downregulated in multiple cancers, a study of bladder
cancer found Pkp2 to be upregulated.

Additionally, whereas Pkp3 is downregulated in bladder cancers correlated with invasiveness
(150), it was also identified as a potential prognostic marker in lung cancer (27, 151, 152). Recently,
it was shown that reactive oxygen species trigger c-Src kinase-mediated phosphorylation of Pkp3
at Tyr-195. EGFR can also phosphorylate Pkp3 at Tyr-195, which sheds light on how a pathway
known to be overactive in cancer (EGFR) may communicate with the desmosome. Further sup-
porting this notion, it was shown that Pkp3 phosphorylation occurs in adenocarcinomas of the
prostate and may contribute to tumor progression (153).

To resolve some of the reported discrepancies in the proposed roles of various components of
desmosomes in cancer, researchers have turned to mouse models. A mouse model of pancreatic
islet cell tumorigenesis has shown a reduction in gene expression of DP, DSG2, DSC2, and PKP2
in highly invasive tumors compared to noninvasive tumors, suggesting that desmosome downreg-
ulation may contribute to malignant progression (154). This group further found that the deletion
of DSP resulted in an increase in local tumor invasion, independent of adherens junction status.
Dp has also been found to be decreased in non-small-cell lung cancer (NSCLC). Additionally,
ectopic expression of Dp resulted in the inhibition of cell proliferation, migration, and invasion
(155). This group found that Dp expression promoted an increased expression of Pg, which re-
sulted in decreased canonical Wnt signaling, which supports the role of Dp as a tumor suppressor
in NSCLC through the inhibition of Wnt/[3-catenin signaling (155).

The differences in the roles of desmosomes and their components in the array of cancer types
discussed here may be due to the differences among the actual cancer types. Because there are
research reports that support a dual role for the desmosome as a tumor suppressor and an onco-
gene, additional studies will be critical to more fully understand the complexities of the roles of
desmosomes in cancer.

CONCLUDING REMARKS

"This review highlights the features of the desmosome and describes the human diseases that result
when the desmosome is disrupted. Although this cell junctional protein complex was firstidentified
in the 1800s, a remarkable amount of knowledge has been gained since then. In earlier days, the
desmosome was classically thought of as a structural “spot weld.” Research has expanded how
we think about this adhesion complex, which is now known to display a high level of structural
organization and assembly. Through identification of novel binding partners and signaling events
associated with the desmosome, researchers have re-defined the desmosome’s functions. While
research has uncovered how the desmosome assists in the promotion of epidermal differentiation,
itis still unclear whether there are any implications for tissue patterning and development. Further
research is required to shed light on this understudied new area of desmosomal biology.
Additionally, the exact mechanisms regulating differentiation dependent protein expression
patterns of the desmosome have yet to be identified. It is clear that tight regulation of protein ex-
pression pattern is required, and in some instances forced expression of desmosomal components
at points where they are not normally expressed can cause negative effects. This partially explains
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why desmosomal diseases and disorders can be so debilitating, as other components are unable to
compensate for their loss. In addition to understanding the communication and cross talk among
desmosomal components and isoforms, another area that has been poorly researched is the com-
munciation between desmosomes and other cell junctional protein complexes. The importance of
this communication is underscored by the critical roles of gap junctions in cardiomyocyte physi-
ology. If certain desmosomal mutations are able to cause a variety of disorders and diseases, one
must also question the homeostasis of neighboring protein complexes such as tight junctions,
adherens junctions, and gap junctions, as well as the cross talk between those protein complexes.
While exciting and important research is continuing to emerge on the desmosome, future studies
will be critical in providing scientists and physicians with sufficient additional understanding of
the desmosome to permit the development of potential therapeutics.
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