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Abstract Desmosomes are cell-cell adhesive organelles with
a well-known role in forming strong intercellular adhesion
during embryogenesis and in adult tissues subject to mechan-
ical stress, such as the heart and skin. More recently, desmo-
some components have also emerged as cell signaling regula-
tors. Loss of expression or interference with the function of
desmosome molecules results in diseases of the heart and skin
and contributes to cancer progression. However, the underly-
ing molecular mechanisms that result in inherited and ac-
quired disorders remain poorly understood. To address this
question, researchers are directing their studies towards deter-
mining the functions that occur inside and outside of the junc-
tions and the extent to which functions are adhesion-
dependent or independent. This review focuses on recent dis-
coveries that provide insights into the role of desmosomes and
desmosome components in cell signaling and disease; wher-
ever possible, we address molecular functions within and out-
side of the adhesive structure.
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Introduction

Desmosomes are intercellular junctional complexes that con-
fer strong cell-cell adhesion in tissues that undergo large
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amounts of mechanical strain, such as in the heart and skin
(Green and Simpson 2007). They act as anchors linking the
intermediate filament (IF) cytoskeletons of neighboring cells
thus forming an integrated, mechanically resistant unit
throughout a tissue. In addition to mediating adhesion, des-
mosomes have been recognized as signaling scaffolds that
regulate pathways involved in normal physiological processes
such as proliferation and differentiation (Johnson et al. 2014).
Desmosomes are calcium-dependent junctions. The core
desmosomal components comprise three main protein families
(Fig. 1): transmembrane cadherins (desmogleins and
desmocollins), armadillo proteins (plakophilins and
plakoglobin) and plakin proteins (mainly desmoplakin). The
desmosomal cadherins of adjacent cells form trans-interactions
coupling the two cells together (Garrod and Chidgey 2008).
Intracellularly, desmosomal cadherins interact with the linker
armadillo proteins, which are in turn linked to desmoplakin.
They are similar in molecular organization to the adherens
junction (AJ), which is a cell-cell adhesion complex that links
instead to the actin cytoskeleton through different adaptor mol-
ecules. Components of the AJ have widely been studied both
in and out of the context of junctions (Niessen and Gottardi
2008; Kim et al. 2013). On the other hand, desmosome func-
tions outside of adhesion are not as well understood.
Desmosomes are compromised in human diseases, includ-
ing genetic disorders leading to blistering diseases of the skin,
in cardiomyopathies and in some cancers. This review focuses
on recent reports of desmosomal constituents in human dis-
ease and associated signaling mechanisms (Tables | and 2).

Desmosomal cadherins
Desmosomal cadherins couple adjoining cells together

through homo- and heterophilic interactions, although the spe-
cifics of these molecular interactions are not well understood.
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Fig. 1 Representation of the
desmosome (PM plasma
membrane, Dsg desmoglein, Dsc
desmocollin, PKP plakophilin,
PG plakoglobin, DP
desmoplakin, /F intermediate
filaments)

In humans, four desmogleins (Dsg1-4) and three desmocollins
(Dscl1-3) have been detected, which are expressed in a tissue-
and differentiation-dependent manner (Kowalczyk and Green
2013). Dsg2 and Dsc2 are the primary isoforms in simple
epithelia and are present at low levels in the basal layer of
stratified epithelia, such as the epidermis (Garrod and
Chidgey 2008). Dsgl/3 and Dscl/3 are present in stratified
epithelia and Dsg4 is found in stratified epithelia and hair
(Garrod and Chidgey 2008; Brooke et al. 2012; Johnson
et al. 2014). Desmosomal cadherins are important in regulat-
ing normal physiological processes, such as epithelial mor-
phogenesis and differentiation. Moreover, their misregulation
is associated with diseases of the skin, hair, heart and digestive
tract and with cancer (Thomason et al. 2010).

In skin epithelium, Dsgl expression increases in the
suprabasal layers in which it plays a role in both normal epi-
dermal differentiation and in skin diseases such as pemphigus
foliaceus, bullous impetigo, staphylococcal scalded skin syn-
drome and striate palmoplantar keratoderma (Amagai and
Stanley 2012). Dsgl can support keratinocyte differentiation
through the suppression of the mitogen-activated protein
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kinase (MAPK) pathway via epidermal growth factor receptor
(EGFR) signaling and modulating the interaction of Erbin,
SHOC2 and Ras (Getsios et al. 2009; Harmon et al. 2013).
These functions do not require the extracellular regions of
Dsgl that are needed for adhesion. In addition, the receptor
tyrosine kinase EphA2, in a ligand-dependent manner, pro-
motes entry of keratinocytes into a terminal differentiation
pathway through a mechanism reliant on Dsgl (Lin et al.
2010). Finally, the RhoA GEF breakpoint cluster region
(Bcr) has been shown to promote keratinocyte differentiation
through the regulation of MAL/SRF signaling, again in a
manner that is dependent on Dsgl (Dubash et al. 2013).
Although progress has been made delineating the signaling
pathways by which Dsgl regulates physiological processes
such as differentiation, much less is known about the mecha-
nism by which perturbation of Dsgl leads to disease. Recent
familial studies have identified two homozygous mutations in
Dsgl that lead to severe skin dermatitis, multiple allergies and
metabolic wasting (SAM) syndrome (Samuelov et al. 2013;
Has etal. 2015). One mutation led to a loss of Dsg1 expression
and was associated with an apparently more severe
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Table1 Desmosome regulation in disease as reported recently without molecular mechanisms (DP desmoplakin, PKP plakophilin, PG plakoglobin,
Dsg desmoglein, ARV C arrhythmogenic right ventricular cardiomyopathy, AC arrhythmogenic cardiomyopathy)
Desmosomal  Genetic/protein alteration Reported disease/phenotype Reference(s)
component
DP Nonsense mutation ARVC Campuzano et al. 2013
Nonsense mutation Left-dominant AC Lopez-Ayala et al. 2014
Nonsense mutation Acantholytic epidermolysis bullosa with and ~ Asimaki et al. 2009; Hobbs et al. 2010
without cadiomyopathy
Missense mutation Carvajal/Naxos syndrome with and without Keller et al. 2012; Chalabreysse et al. 2011
dental phenotype
Deletion in mouse Tumor invasion in model of pancreatic Cabral et al. 2012
Decreased expression carcinogenesis non-small cell lung cancer Yang et al. 2012
PKP2 Nonsense and missense mutations ARVC Rasmussen et al. 2014
Missense mutation Brugada syndrome Cerrone et al. 2014
PKP3 Elevated mRNA Gastrointestinal cancer Valladares-Ayerbes et al. 2010
Increased expression Breast cancer Demirag et al. 2012
Increased expression Pancreatic cancer Breuninger et al. 2010
PG Nonsense and splice site mutations Skin fragility, palmoplantar keratoderma Cabral et al. 2010
and woolly hair
Nonsense mutation Severe congenital skin fragility, generalized Pigors et al. 2011
epidermolysis and considerable
transcutaneous fluid loss
Conditional knockout in mouse ARVC Lietal 2011a, b
Dsgl Missense mutation and nucleotide Severe skin dermatitis, multiple allergies Samuelov et al. 2013
deletion and metabolic wasting (SAM)
Dsg2 Increased expression Malignant skin carcinomas Brennan and Mahoney 2009

phenotype. The other mutation occurred within the Dsg1 sig-
nal peptide and resulted in cytoplasmic mislocalization of the
protein. Differences in the observed phenotypic severity raise
the possibility that this non-junctional Dsg1 could still be par-
tially functional, conceivably through signaling outside of the
adhesive plaque. This condition is also associated with an
increase in cytokine expression and points to a role for Dsgl
in regulating skin allergies in addition to its other dermatolog-
ical effects (Samuelov et al. 2013).

Dsgs contain a Dsg unique region (DUR) that lies within
their C-terminal tail and whose function remains poorly un-
derstood. Removal of this region in Dsgl abrogates its inter-
action with Erbin and reduces the effects of Dsgl on dampen-
ing MAPK signaling to promote differentiation (Harmon et al.
2013). In addition, the DUR in Dsg2 has been shown to pro-
mote strong adhesion by increasing surface retention of the
cadherin via promotion of dimerization and inhibition of in-
ternalization (Chen et al. 2012). A mutation in the DUR of
Dsg?2 that is associated with cardiomyopathy, V977fsX1006,
promotes the rapid internalization of Dsg2 and leads to the
loss of dimerization in cardiac cells (Chen et al. 2012).
Other mutations related to heart disease in Dsg2 have been
suggested to alter post-translational modifications of Dsg2
itself (Gehmlich et al. 2010) and phosphorylation of connexin
43 (Gehmlich et al. 2012).

Recently, Dsg2 has been identified as the primary high-
affinity receptor used by a group of species B adenoviruses:
Ad3, Ad7, Adl1 and Ad14 (Wang et al. 2011a). The binding
of adenovirus to Dsg2 leads to a transient opening of intercel-
lular junctions, uncovering receptors that are normally inac-
cessible, such as CAR and Her2 (Wang et al. 2011a, 2011b); a
recombinant protein called junctional opener (JO) has been
generated, which contains the Ad3 domain responsible for
Dsg?2 interaction. Multiple versions of junctional opening pro-
teins have been used to improve the efficacy, safety and pen-
etration of anti-cancer drugs in mice (Beyer et al. 2011, 2012;
Wang et al. 2013).

Autoantibodies against Dsgl and Dsg3 lead to the autoim-
mune skin disorders pemphigus foliaceus (PF) and pemphigus
vulgaris (PV), respectively. In the epidermis, Dsgl and Dsg3
have inverse distribution patterns. High levels of Dsg3 occur
in the basal layer with little Dsgl, whereas the upper layers
have high levels of Dsgl and little Dsg3. PF (targets Dsgl)
induces blister formation only in the most superficial layers of
the skin, whereas PV (targets Dsg3) causes blisters in the basal
layer of the skin (Kitajima 2013). In the intermediate layers, a
mixture of Dsgl/3 is expressed and blisters do not typically
form in these layers. This is attributable to the apparent ability
of these two desmogleins to compensate for the loss of each
other in the so-called compensation hypothesis (Shirakata
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Table 2 Desmosome-related signaling pathways (DP desmoplakin,
PKP plakophilin, PG plakoglobin, Dsg desmoglein, Dsc desmocollin,
SERCA2 sarcoendoplasmic reticulum Ca®-ATPase isoform 2, EBI

end-binding 1, ARVC arrhythmogenic right ventricular cardiomyopathy,

MAPK mitogen-activated protein kinase, EGFR epidermal growth factor

receptor, YAP Yes-associated protein)

Desmosomal Associated signaling pathway Cellular outcome/ phenotype Reference(s)
component
DP PG/beta-catenin Proliferation, migration and invasion Cabral et al. 2012

SERCA2/PKCalpha DP translocation/ adhesion
EB1/microtubules Gap junction localization/function
PKP1 elF4A1 Protein synthesis
Insulin/Akt Switch from promoting adhesion to hyperproliferation
PKP2 Connexin 43/Ankyrin-G Sodium channel function
INa and NaV1.5
RhoA GTPase Adhesion and migration
EGFR activation Proliferation/migration/tumor development
PKP3 Calpain-mediated proteolysis ARVC
Keratin 8 phosphorylation Cancer progression/metastasis
Rapl GTPase Desmosome assembly/adherens junction maturation
PG p38 MAPK Cell adhesion/keratin cytoskeleton regulation
Beta-catenin/YAP Adipogenesis
Nm23 Metastasis suppression
p53 and 14-3-3sigma Tumor suppression proliferation, migration,
SATBI and invasion
E-cadherin and desmocollin-2 Cell-cell adhesion
Nucleophosmin Cell growth and invasion
Src and fibronectin or vitronectin ~ Migration and adhesion
Dsgl EGFR and Erk1/2 Differentiation
EphA2 Differentiation
Erbin/SHOC2/Ras Differentiation
Ber/MAL/SRF Differentiation
Dsg2 Connexin 43 phosphorylation ARVC
Species B Intercellular junctional weakness and increased
access to receptors
EGFR and Erk1/2 Cell proliferation
Dsg3 PG, c-myc, cyclin D1, and MMP-7 Cell growth and invasion
Src Migration, filopodial formation
Dsc2 Akt/beta-catetin Cell proliferation/growth

miR-25/beta-catenin

Transcriptional regulation and tumor aggressiveness

Hobbs et al. 2011

Patel et al. 2014

Wolf et al. 2010

Wolf et al. 2013

Sato et al. 2011; Fidler et al. 2009
Cerrone et al. 2014

Godsel et al. 2010; Koetsier et al. 2014
Arimoto et al. 2014

Kirchner et al. 2012

Khapare et al. 2012

Todorovi¢ et al. 2014

Spindler et al. 2014

Chen et al. 2014

Aktary et al. 2010

Aktary et al. 2013

Aktary and Pasdar 2013

Fang et al. 2014

Lam et al. 2012

Todorovi¢ et al. 2010; Franzen et al. 2012
Getsios et al. 2009

Lin et al. 2010

Harmon et al. 2013

Dubash et al. 2013

Gehmlich et al. 2012

Wang et al. 2011a, b

Kamekura et al. 2014
Chen et al. 2013
Tsang et al. 2010
Kolegraff et al. 2011
Fang et al. 2013

et al. 1998). At a cellular level, IgG against Dsgl affects the
size of desmosomes but this does not occur with Dsg3 IgG
(van der Wier et al. 2014). The exposure of keratinocytes to
PV IgG induces Dsg3 redistribution, endocytosis and subse-
quent protein degradation (Jolly et al. 2010).

The relative contribution of PV IgG-dependent steric hin-
drance of cadherin interactions and induced cellular signaling
changes to loss of cell-cell adhesion remains to be determined.
A recent study provided evidence that non-desmosomal Dsg3
regulates Src activity, whereby PV IgG reduces the expression
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of Dsg3 and is associated with a decrease in active Src (Tsang
et al. 2012). However, another study found that, under some
conditions, Src activity promotes PV acantholysis (Cirillo
et al. 2014). Here, PKP3 is phosphorylated in response to
PV IgG leading to dissociation from Dsg3 (Cirillo et al.
2014). This results in the destabilization of adhesion and
can be attenuated by using a Src inhibitor (Cirillo et al.
2014). Possible explanations for these disparities in sig-
naling include the different model systems utilized and the
type of antibodies employed to study the effects of IgG on
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PV. A recent study examined the differences between
monoclonal and polyclonal versions of PV IgG.
Polyclonal PV patient IgG leads to aberrant clustering of
Dsg3 on the cell surface followed by endocytosis, both of
which are dependent on p38 MAPK (Saito et al. 2012).
However, pathogenic monoclonal IgG targeting Dsg3
leads to the loss of adhesion independently of p38
MAPK, possibly functioning through the steric hindrance
of cadherin oligomerization (Saito et al. 2012).

Several reports have identified alterations in desmosomal
cadherin expression in cancer; nevertheless, these results are
somewhat contradictory. For example, the expression of des-
mosome components, including Dsg2 and Dsg3, are elevated
in cancers of the lung, prostate, head and neck and skin in
which they are associated with disease progression (Kurzen
et al. 2003; Furukawa et al. 2005; Chen et al. 2007; Brennan
and Mahoney 2009; Breuninger et al. 2010). However, Dsg] -
3 and Dsc2/3 have also been reported to be downregulated
in gastric, colorectal, prostate, bladder, breast, skin and
head and neck cancers (Dusek and Attardi 2011). These
differences might be attributable to specific tissue con-
texts and/or to the finding that some desmosomal
cadherins signal differently from others. Below, we will
discuss recent discoveries in signaling associated with
desmosomal cadherins and cancer.

The molecular mechanisms linking the desmosomal
cadherins to cancer remain poorly understood but some recent
progress has been made. For instance, in intestinal cancer
cells, knockdown of Dsg2 leads to decreased EGFR and
downstream Erk1/2 signaling and suppresses cell proliferation
(Kamekura et al. 2014). In some head and neck cancers, Dsg3
functions as an oncogene, promoting cancer cell growth and
invasion through a mechanism mediated by plakoglobin (PG)
signaling (Chen et al. 2013). This occurs through the modu-
lation of c-myc, cyclin D1 and MMP-7 (Chen et al. 2013).
Moreover, overexpression of Dsg3 in various epithelial cell
lines leads to the downregulation of E-cadherin with an in-
crease in migratory capacity and filopodial formation, which
is attributed to downstream regulation of Src kinase activity,
whereas knockdown of Dsg3 has the opposite effects (Tsang
etal. 2010). On the other hand, loss of Dsc2 has been reported
in colorectal cancer, facilitating cell proliferation and growth
through the activation of Akt/beta-catenin signaling
(Kolegraff et al. 2011). Furthermore, in esophageal squamous
cell carcinoma (SCC), overexpression of Dsc2 leads to an
inhibition of beta-catenin-mediated transcription by altering
its localization in an E-cadherin-dependent manner (Fang
etal. 2013). The same study identified Dsc2 as a downstream
target of miR-25, which reduces Dsc2 expression and pro-
motes cancer aggressiveness (Fang et al. 2013). Clearly, sig-
naling downstream of the desmosomal cadherins regulates
multiple processes underlying cancer progression, including
migratory and growth capacity. However, mechanistic

differences exerted by specific cadherin isoforms in each tis-
sue context are not well understood.

We are beginning to understand the functions of individual
desmosomal cadherins in both normal tissue and in disease.
However, they coexist in the context of a tissue-type and
differentiation-dependent milieu. An understanding of the
way that the array of desmosomal cadherins is coregulated
and works in collaboration to regulate important signaling
pathways might give us insights into their complex biological
and pathogenic roles.

Desmoplakin

Desmoplakin (DP) is a member of the plakin family of
cytolinker proteins and is an essential desmosomal component
that links the desmosomal core proteins to the IF cytoskeleton.
Global knockout of DP in mouse leads to a dramatic decrease
in the number of desmosomes within null embryos and results
in lethality at embryonic day 6.5 (Gallicano et al. 1998).
Tissue-specific mouse knockout studies indicate critical roles
for DP in the skin and heart (Vasioukhin et al. 2001; Yang
et al. 2006). Indeed, human mutations have been identified
that result in diseases of the skin and heart (Thomason et al.
2010) and some recent progress is discussed below.

DP assembles into junctions in three temporally overlap-
ping phases that are differentially regulated by the IF and actin
cytoskeletons (Godsel et al. 2005). Two major isoforms of DP,
namely DPI and DPII, are known and they have recently been
discovered not to be equally capable of promoting adhesive
strength. Work in keratinocytes indicates that the loss of DPII
leads to a more severe adhesion defect in response to mechan-
ical stress (Cabral et al. 2012). In addition, DP-mediated des-
mosome adhesive strengthening is regulated by post-
translational modification of the DP c-terminal tail region in
which a non-phosphorylatable mutant of a protein kinase C
(PKC) consensus site promotes hyperadhesion (Hobbs and
Green 2012). In an epidermal-derived system,
sarcoendoplasmic reticulum Ca?*-ATPase isoform 2
(SERCA?2), which is often mutated in Darier’s disease, has
been shown to regulate DP translocation to sites of cell-cell
adhesion in a PKC-dependent manner (Hobbs et al. 2011). An
understanding of the way that DP is post-translationally mod-
ified might help to elucidate the complex nature of its incor-
poration into junctions.

Mutations in DP that result either in the loss of the IF-
binding c-terminus or in complete protein loss have been iden-
tified in cases of lethal acantholytic epidermolysis bullosa, an
inherited blistering disease attributed to the loss of cell-cell
adhesion, with and without apparent associated cardiomyop-
athy (Asimaki et al. 2009; Hobbs et al. 2010). DP missense
mutations can lead to Carvajal/Naxos syndrome, which is
characterized by cardiomyopathy, palmoplantar keratoderma
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and wooly hair and is occasionally coupled with dental phe-
notypes (Chalabreysse et al. 2011; Keller et al. 2012). Recent
genetic familial studies of arrhythmogenic cardiomyopathies
have identified additional DP nonsense mutations that result in
right- or left-dominant cardiomyopathies (Campuzano et al.
2013; Lopez-Ayala et al. 2014). Finally, a “hotspot” for ar-
rhythmogenic cardiomyopathy mutations was identified with-
in the N terminus of DP spanning residues 250-604
(Kapplinger et al. 2011). A wide range of DP mutations have
been identified in cardiocutaneous disease but the basis for
onset of skin vs. heart vs. mixed disease phenotypes remains
poorly understood.

Although detailed molecular mechanisms that cause
cardio/cutaneous disease remain poorly understood, several
reports indicate that desmosome mutations can lead to aber-
rant gap junctions, which could detrimentally impact both
heart and epidermal functions. In the skin, gap junctions play
an important role in normal barrier homeostasis, wound clo-
sure and skin disease pathogenesis (Scott et al. 2012). In the
heart, cardiomyocytes are electrically coupled through gap
junctions allowing action potentials to propagate throughout
the cardiac tissue. Abnormal electrical signaling can lead to
defects in cardiac rthythm and contraction (van der Velden and
Jongsma 2002). Recent evidence highlights the potential for
desmosome-associated cardiomyopathies being linked to im-
proper electrical coupling. For example, mutations in DP that
lead to cardiomyopathies, with or without described associat-
ed skin abnormalities, induce the loss of the gap junction
protein connexin 43 at cell-cell junctions (Asimaki et al.
2009; Gomes et al. 2012). Some of these changes can be
detected earlier than is possible by using conventional cardiac
imaging and this could have important implications for the
earlier diagnosis of cardiomyopathies.

Recent work has revealed that the desmosome-dependent
regulation of connexins can occur through its ability to mod-
ulate microtubule dynamics. In the heart, desmosome and gap
junction remodeling occurs concurrently with the
relocalization of the microtubule-associated proteins end-
binding 1 (EB1) and Kif5b (Chkourko et al. 2012) and EB1
is important in mediating the proper trafficking of connexin 43
to gap junctions (Shaw et al. 2007). Recently, DP has been
shown to interact with EB1 and a subset of previously identi-
fied DP cardio/cutaneous disease mutations inhibits DP inter-
action with EB1, alters microtubule dynamics and hinders
proper connexin 43 localization and gap junction function in
both heart and skin cells (Patel et al. 2014). A point mutant
associated with skin fragility and wooly hair syndrome in-
duces aberrant DP localization and loss of connexin 43 local-
ization at the cell membrane (Patel et al. 2014). Two of the
identified arrhythmogenic cardiomyopathy mutations disrupt
DP binding to EB1 but are still incorporated into desmosomes
to which they confer adhesive strength (Patel et al. 2014).
Again, these mutations lead to a loss of connexin 43
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localization at the cell membrane. The proposed model sug-
gests that DP captures EB1-associated microtubule “plus
ends” at sites of cell-cell contact. This stabilizes the route for
targeted trafficking of connexin 43 to gap junctions. This
mechanism might also be relevant beyond arrhythmo-
genic cardiomyopathy to heart failure in general, as de-
creased levels of connexin 43 at cardiomyocyte borders
are associated with both ischemic and non-ischemic car-
diomyopathies (Shaw 2014).

Unsurprisingly, because of the important role of DP in reg-
ulating cell-cell adhesion, the loss of DP has been associated
with some cancers. Deletion of DP in a mouse model of pan-
creatic neuroendocrine carcinogenesis promotes local tumor
invasion, without affecting widespread invasion or metastasis
(Chun and Hanahan 2010). Interestingly, this study provides
evidence for the independent roles of desmosomes and AJs in
cancer progression, as no effects have been seen on the AJ
component E-cadherin (Chun and Hanahan 2010). It also pro-
vides support for a two-step cancer progression model, in
which local invasion is promoted by the loss of desmosomal
function and further loss of AJs promotes full disease progres-
sion (Dusek and Attardi 2011). In humans, DP is often down-
regulated in non-small cell lung cancer (NSCLC) and ectopic
DP expression leads to an inhibition of cell proliferation, mi-
gration and invasion (Yang et al. 2012). In addition to its role
in adhesion, DP expression also increases the levels of PG
with the concurrent downregulation of beta-catenin (Yang
et al. 2012) suggesting that DP has a tumor suppressor func-
tion in NSCLC via the inhibition of Wnt/beta-catenin
signaling.

The connection between DP mutation and phenotypic out-
come remains poorly understood. However, advances in the
elucidation of the molecular mechanisms underlying DP-
related diseases, including the ability of DP to regulate junc-
tions other than desmosomes and critical signaling pathways
such as Wnt/beta-catenin, might clarify the relationship of DP

genotype to phenotype.

Plakophilins

Desmosomal armadillo protein constituents include the
plakophilins PKP1, 2 and 3 and have diverse biological and
pathological roles (for a review, see Hatzfeld 2007). Like des-
mosomal cadherins, PKP1-3 exhibit tissue- and
differentiation-dependent expression patterns (Hatzfeld
2007). PKP1 expression is high in the suprabasal layers of
complex and stratified epithelia. PKP2 is more widely
expressed and is present in simple, complex and stratified
epithelia and in other cell types such as cardiomyocytes.
PKP3 is present more uniformly in most simple and stratified
epithelia, with the exception of hepatocytes. The PKPs act as
scaffolds, interacting with both desmosomal cadherins and
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desmoplakin and, to variable degrees, promote desmosome
assembly, maturation and linkage to the cytoskeleton
(Hatzfeld 2007). PKP1/2 are also present in the nucleus, al-
though their nuclear functions remain poorly understood.

All three PKPs have been implicated in human genetic
disorders and/or cancer. For example, the first identified
desmosome-associated disorder involved mutations in PKP1
leading to a skin disease called ectodermal dysplasia-skin fra-
gility syndrome (McGrath et al. 1997). These loss-of-function
PKP1 mutations result in defects in skin integrity, hair devel-
opment, sweating and inflammation (McGrath et al. 1997,
Lai-Cheong et al. 2007; Tanaka et al. 2009). In the auto-
immune blistering disease PV, keratinocyte adhesion is
compromised by loss of Dsg3 from cell-cell junctions.
However, overexpression of PKP1 can rescue this loss
of Dsg3 and other desmosome proteins at the cell bor-
ders and also induces formation of calcium-independent
desmosomes (Tucker et al. 2014).

In addition to its role in skin diseases, PKP1 is elevated in
some tumors such as head and neck carcinomas and Ewing
sarcoma but the molecular mechanisms involved are poorly
understood. PKP1 controls cell proliferation and size by reg-
ulating protein synthesis via eIF4A1 in an adhesion-
independent manner (Wolf et al. 2010). PKP1 recruits
elF4A1 to the initiation complex and directly regulates its
activity (Wolf et al. 2010). Moreover, insulin signaling via
Akt2 can switch the function of PKPI from stabilizing cell
adhesion, via recruitment of desmosomal components to cell
borders, to promoting hyperproliferation (Wolf et al. 2013).
These studies support a role for PKP1 in tumor formation by
regulating cell proliferation and growth.

PKP2 is the only PKP in cardiomyocytes and hetero-
zygous mutations in PKP2 are the most common genet-
ic source of arrhythmogenic right ventricular cardiomy-
opathy (ARVC; Bass-Zubek et al. 2009). ARVC-related
missense mutations in PKP2 can cause instability of the
protein via calpain-mediated proteolysis (Kirchner et al.
2012). Moreover, truncating PKP2 mutations are associ-
ated with decreased PKP2 protein expression in both
myocardial and epidermal tissues (Rasmussen et al.
2014). As with other forms of ARVC, heterozygous
mutations in PKP2 lead to abnormal gap junction
connexin 43 localization and expression at the interca-
lated disk (Fidler et al. 2009). This loss strengthens the
concept that defects in electrical communication are a
major component underlying arrhythmogenic disorders
such as ARVC. Supporting this notion, a recent study
demonstrated a molecular interaction of PKP2 with
connexin 43 and Ankyrin-G, a cytoskeletal adaptor pro-
tein that regulates the voltage-gated sodium channel
complex in the heart (Sato et al. 2011). Moreover, mis-
sense mutations in PKP2 have been identified in pa-
tients with Brugada syndrome and lead to defects in

sodium channel function through the loss of INa and
NaV1.5 at sites of cell contact, although without signs
of ARVC (Cerrone et al. 2014). PKP2 is required for
the recruitment of DP to desmosomes (Bass-Zubek et al.
2008); therefore, a connection between the loss of PKP2
and the loss of DP at desmosomes might exist in regu-
lating these diseases as they exhibit similar changes in
gap junctions.

In addition to modulating intercellular adhesion, PKP2 has
also been implicated in the regulation of actin cytoskeletal
dynamics, cell migration and tumor development.
Knockdown of PKP2 leads to a defect in the remodeling of
the cortical actin network after cadherin engagement, without
affecting the AJ component p120 catenin (Godsel et al. 2010).
This is presumably attributable to a lack of active RhoA at
sites of cell-cell contact. PKP2 can affect cell migration via the
regulation of focal adhesion dynamics, a process that is also
regulated by RhoA signaling (Koetsier et al. 2014). Finally,
PKP2 is a novel positive regulator of EGFR activation and
knockdown of PKP2 attenuates EGFR-mediated signaling,
decreasing cancer cell migration, proliferation and tumor de-
velopment (Arimoto et al. 2014).

Although no human genetic diseases have been found to be
associated with PKP3, mice lacking this PKP exhibit morpho-
logical abnormalities in hair follicles and often exhibit cuta-
neous inflammation (Sklyarova et al. 2008). In addition, a role
for this protein is emerging in cancer. For example, in gastro-
intestinal cancer, relative PKP3 mRNA expression has been
found to be significantly higher in cancer patients compared
with controls (Valladares-Ayerbes et al. 2010). A higher blood
level of PKP3 is also associated with advanced-stage tumors
and metastases (Valladares-Ayerbes et al. 2010). Moreover,
PKP3 protein expression is increased in breast and pancreatic
cancers (Breuninger et al. 2010; Demirag et al. 2012).
However, the mechanistic basis of these connections has not
been determined. In contrast, loss of PKP3 in HCT116 colon
cancer cells leads to an increase in cancer progression and
metastasis through changes in keratin 8 phosphorylation
(Khapare et al. 2012). Furthermore, a recent study in the
SCC line, SCC9, demonstrated that PKP3 mediates both des-
mosome assembly and E-cadherin-based junctional matura-
tion via Rapl GTPase (Todorovi¢ et al. 2014), thereby
strengthening cell-cell adhesion. Further studies will be need-
ed in order to understand this apparent contradiction in the role
of PKP3 in cancer.

PKPs are clearly more than just linker proteins that
strengthen intercellular adhesion. They are emerging as criti-
cal regulators of diverse signaling programs controlling cellu-
lar processes ranging from protein synthesis, growth, prolifer-
ation, migration, to invasion and tumor development. Future
work is warranted that examines the adhesion-dependent and -
independent roles of the PKPs and their as yet elusive nuclear
functions.
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Plakoglobin

PG is another member of the armadillo family of proteins that
is present in desmosomes in which it promotes adhesion
through interactions with desmosomal cadherins, PKPs and
DP. PG, like the PKPs, has both a cytoplasmic and nuclear
pool; however, it has some known nuclear functions, such as
the regulation of transcription and the inhibition of Wnt/beta-
catenin signaling (Chidgey and Dawson 2007; Aktary and
Pasdar 2012).

Mice lacking PG usually die between embryonic day 10.5
and birth because of severe heart and skin defects (Bierkamp
etal. 1996). In humans, alterations in PG have been associated
with various diseases of the skin, heart and some types of
cancer. The first reported desmosome-associated
cardiocutaneous syndromes stemmed from PG mutations
(McKoy et al. 2000; Asimaki et al. 2007). Recently, a study
reported the discovery of two human mutations that resulted in
skin disease without associated cardiomyopathy (Cabral et al.
2010). The two homozygous mutations led to a marked de-
crease in the protein expression of PG, skin fragility, diffuse
palmoplantar keratoderma and woolly hair (Cabral et al.
2010). Another study identified a lethal nonsense mutation
in PG that resulted in undetectable PG protein expression in
the skin; the patient displayed severe congenital skin fragility,
generalized epidermolysis and considerable transcutaneous
fluid loss, with no apparent cardiac dysfunction (Pigors et al.
2011). The more severe skin phenotype in this study might be
attributable to a dramatic decrease in both PG protein and
mRNA, compared instead with just the expression of a mutant
version of PG. Since PG is critically important to both skin
and heart, it remains a mystery as to why defects in this protein
can lead to such severe phenotypes in one tissue without ap-
parent consequences in the other.

PG is important in normal skin physiology, as knockout of
PG in mouse epidermal keratinocytes leads to an increase in
cornification, epidermal thickening, ulceration and inflamma-
tion (Li et al. 2012). The assembly of both desmosomes and
Als is disturbed and a compensational effect also occurs in
beta-catenin expression without apparent change in its signal-
ing activity (Li et al. 2012). Knockdown of PG in human
keratinocytes causes activation of p38 MAPK-dependent loss
of cell adhesion and keratin network collapse, which can be
rescued by extranuclear PG expression (Spindler et al. 2014).
This suggests that the adhesive and signaling functions of the
cytoplasmic pool of PG are more important in triggering as-
sociated skin diseases than in the transcriptional function of
nuclear PG.

PG has important roles in normal heart development and in
multiple reported cardiomyopathies. Two recent PG condi-
tional loss-of-function studies in mouse cardiac tissue have
been shown to recapitulate the clinical phenotypes of human
ARVC, including progressive loss of cardiac myocytes,
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inflammation, fibrosis and arrhythmias (Li et al. 2011a, b).
An increase in the expression of beta-catenin was reported in
both studies; however, in one case, signaling downstream of
beta-catenin is described as being activated (Li et al. 2011b),
whereas in the other, no changes are apparent (Li et al. 2011a).
This discrepancy can be explained by the level and timing of
genetic PG ablation. Simultaneous knockout of both PG and
beta-catenin in the mouse heart results in the disruption of the
intercalated disk, loss of connexin 43 from cell borders and
sudden cardiac death, thus demonstrating their requirement
for maintaining normal mechanoelectrical properties in the
heart (Swope et al. 2012). ARVC is also characterized by
fibrofatty deposits and nuclear PG has been shown to be nec-
essary for the differentiation of cardiac progenitor cells into
adipocytes in ARVC (Lombardi et al. 2011). In addition, PG
forms a complex with beta-catenin and Yes-associated pro-
tein (YAP) to regulate adipogenesis through the Hippo
signaling pathway (Chen et al. 2014). These results
point to a clear role for nuclear PG in regulating cardiac
function, both in normal and diseased states, although
they do not exclude the involvement of cytoplasmic PG.

Unlike the well-defined oncogenic activity of beta-ca-
tenin, signaling downstream of PG typically has a tumor
suppressor function. Although the molecular mechanisms
for this are not well understood, recent progress has been
made in identifying signaling events downstream of PG
that regulate tumor biology. PG has been shown to promote
the expression and stability of the metastasis suppressor
Nm23 (Aktary et al. 2010) and increases p53-mediated
expression of the tumor suppressor 14-3-3sigma (Aktary
et al. 2013). Moreover, PG functions to decrease the ex-
pression of SATB1, which leads to decreased proliferation,
migration and invasion (Aktary and Pasdar 2013). PG has
also been reported to be downregulated in esophageal can-
cer in which it is associated with a decrease in the Triton-X
100 insoluble pool of E-cadherin and desmocollin-2 and
decreased E-cadherin at the cell membrane, suggesting de-
creased cell-cell adhesion (Fang et al. 2014). The nucleolar
phosphoprotein nucleophosmin interacts directly with PG
in MDA-MB-231 carcinoma cells and PG expression in-
hibits nucleophosmin-mediated cell growth and invasion,
potentially through the regulation of its subcellular locali-
zation (Lam et al. 2012).

A mechanism by which PG might inhibit cancer progres-
sion is through its role in impeding cell migration (Yin et al.
2005). PG inhibits cell motility in both primary keratinocytes
and prostate cancer cell lines at least in part by modulating
cell-substrate adhesion dynamics in a Src-dependent and
extracellular-matrix-dependent (fibronectin and vitronectin)
manner (Todorovi¢ et al. 2010; Franzen et al. 2012). In con-
trast, in acute myeloid leukemia, PG has been reported to be
upregulated (Morgan et al. 2013). Here, PG expression pro-
motes the stabilization beta-catenin and its nuclear
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translocation and enhances TCF-dependent transcription
(Morgan et al. 2013), all of which are associated with en-
hanced cell motility and tumorigenesis (Muller et al. 2002).

PG has also been shown to promote cancer progression. A
recent study highlighted the role of PG in circulating tumor
cell clusters. These clusters have a much higher metastatic
potential than single circulating tumor cells and are dependent
on PG as the knockdown of PG abrogates both cluster forma-
tion and metastasis in mouse models (Aceto et al. 2014).

Some of the discrepancies mentioned above can be ex-
plained by the site in the cell in which the changes in PG
functions are occurring. For instance, loss-of-function of PG
at junctions might decrease intercellular adhesion and promote
cancer progression, whereas the same loss-of-function of PG
in the nucleus might promote proliferation, migration and in-
vasion. A similar issue might underlie differences seen in car-
diomyopathies. Therefore, we need to determine the location
in the cell at which PG is acting and the way in which the
balance of junctional and non-junctional (cytoplasmic and nu-
clear) protein affects these processes.

Concluding remarks

Desmosomes play a clear role in the normal physiology of
tissues that experience frequent mechanical insult, such as
the heart and skin. Emerging evidence points to their
misregulation occurring in these tissues in several disease
states, including mechanically sensitive diseases such as can-
cer. In cancer, some uncertainty exists as to the specific con-
tribution of individual desmosomal components to disease
progression; this can potentially be explained by their com-
plex expression pattern in epithelia and variable downstream
signaling events. Because of their heavy involvement in tis-
sues and diseases that either bear or are regulated by mechan-
ical forces, the role of desmosomes in mechanotransduction
(the transformation of mechanical stimulation into biochemi-
cal signals) has surprisingly not been a major focus of inves-
tigation. Recent work has indicated that AJs are responsible
for the establishment of tension in epithelial monolayers and
that interference with desmosome function does not have an
effect on this early event (Harris et al. 2014). However, a gap
in our knowledge remains at the level of complex tissue mor-
phogenesis and homeostasis.

Recently, we have begun to appreciate the non-adhesive
and non-junctional functions of desmosomal components in
signaling. As progress is made, it will be important to identify
the signaling networks regulated downstream of the desmo-
some constituents and also distinguish their dependence on
functioning within the adhesive plaque. This might be accom-
plished through the use of specific mutants functioning only in
particular pools coupled with super-resolution imaging to im-
prove the definition of junctional and non-junctional pools.

An understanding of the disease contributions of desmosomal
constituents and the underlying molecular mechanisms both
within and outside of the adhesive plaque should ultimately
enhance our ability to treat desmosome-associated diseases.
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