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Desmosomes are intercellular junctions that tether intermediate filaments to the plasma
membrane. Desmogleins and desmocollins, members of the cadherin superfamily,
mediate adhesion at desmosomes. Cytoplasmic components of the desmosome associate
with the desmosomal cadherin tails through a series of protein interactions, which serve to
recruit intermediate filaments to sites of desmosome assembly. These desmosomal plaque
components include plakoglobin and the plakophilins, members of the armadillo gene
family. Linkage to the cytoskeleton is mediated by the intermediate filament binding
protein, desmoplakin, which associates with both plakoglobin and plakophilins. Although
desmosomes are critical for maintaining stable cell-cell adhesion, emerging evidence
indicates that they are also dynamic structures that contribute to cellular processes beyond
that of cell adhesion. This article outlines the structure and function of the major desmosomal
proteins, and explores the contributions of this protein complex to tissue architecture and

morphogenesis.

he desmosome is an adhesive intercellular
Tjunction that is crucial to tissues that experi-
ence mechanical stress, such as the myocar-
dium, bladder, gastrointestinal mucosa, and
skin (Getsios et al. 2004b; Holthofer et al.
2007). The desmosome was first observed in
the spinous layer of epidermis by the Italian
pathologist Giulio Bizzozero (1846—1901).
Bizzozero’s observations of these small dense
nodules, subsequently named “nodes of
Bizzozero,” led him to the insightful interpre-
tation of these structures as adhesive cell—cell
contact points. The term desmosome was later
coined by Josef Schaffer in 1920 and is derived
from the Greek words “desmo,” meaning bond
or fastening, and “soma,” meaning body
(Wells 2005; Calkins and Setzer 2007). The

introduction of electron microscopy yielded
a series of advances by Porter, Odland, and
Kelly in the 1950s and 1960s, which revealed
desmosome organization at the ultrastructural
level. These studies and others indicated that
the desmosome can be divided into three mor-
phologically identifiable zones: the extracellular
core region (desmoglea), the outer dense plaque
(ODP), and the inner dense plaque (IDP)
(Fig. 1A) (Kowalczyk et al. 1994; Schmidt
et al. 1994; Green and Jones 1996; North et al.
1999; Garrod and Chidgey 2008).

In the mid 1970s, Skerrow and Matoltsy
(Skerrow and Matoltsy 1974a; Skerrow and
Matoltsy 1974b) advanced the field by isolating
desmosomes using biochemical approaches
(Bass-Zubek and Green 2007).
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Figure 1. A model for the structure of desmosomes. (A) Electron micrograph of a desmosome. (B) Schematic of
desmosomal proteins and relative distance from the plasma membrane (PM). The desmosomal cadherins, the
desmogleins and desmocollins, extend into extracellular core and outer dense plaque (ODP) to establish contact
and adhere to neighboring cells in a Ca®>"-dependent manner. The cadherin cytoplasmic tails associate linker
proteins, plakoglobin (PG), the plakophilins (PKP), and desmoplakin (DP). DP binds to keratin
intermediate filaments (KIF) within the inner dense plaque (IDP), serving to tether the intermediate
filaments to the plasma membrane. (Adapted with permission from Kottke et al. 2006.)

These landmark studies provided a founda-
tion for the Franke and Steinberg laboratories
to characterize the transmembrane glyco-
proteins and cytoplasmic plaque proteins that
linked the structure to the intermediate fila-
ment cytoskeleton, and to develop immuno-
logical tools for localizing specific components
(Franke et al. 1981; Kapprell et al. 1985;
Steinberg et al. 1987). Collectively, these and
other studies shaped our current view of how
desmosomal components are organized.

The transmembrane glycoproteins, termed
desmogleins and desmocollins (Garrod and
Chidgey 2008), represent separate subfamilies
of the cadherin superfamily of calcium depen-
dent adhesion molecules. The extracellular
domains of the desmogleins and desmocollins
mediate adhesion, whereas the cytoplasmic
tails of these cadherins associate with the des-
mosomal plaque proteins. The outer dense
plaque consists of the cytoplasmic tails of
the desmosomal cadherins, which bind to
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members of the armadillo and plakin family of
linker proteins (Kowalczyk et al. 1994; Getsios
et al. 2004b; Garrod and Chidgey 2008).
Plakoglobin, a member of the armadillo family,
binds directly to the cytoplasmic tails of both
the desmogleins and the desmocollins (Wahl
et al. 1996; Witcher et al. 1996). Desmoplakin,
a member of the plakin family, interacts with
both plakoglobin and another subgroup of
armadillo family proteins, the plakophilins
(Cowin and Burke 1996). Finally, the inter-
action between desmoplakin and the keratin
filaments forms the inner dense plaque, tether-
ing the cytoskeletal network to the adhesion
complex (Fig. 1B) (Kowalczyk et al. 1994;
Getsios et al. 2004b; Garrod and Chidgey 2008).

The following sections of this article
describe the structural and functional charac-
teristics of the major desmosomal proteins.
In addition, we discuss differences in tissue
expression patterns of desmosomal proteins
and the role of desmosomes in human disease.
A comprehensive review of additional proteins
found to regulate or associate with desmosomes
is provided elsewhere (Holthofer et al. 2007)
and discussion of desmosome dynamics is pro-
vided in Green et al. 2009.

EC1 EC2 EC3 EC4 EA

EC1 EC2 EC3 EC4 EA

The Desmosome

THE DESMOSOMAL CADHERINS

Desmogleins and Desmocollins: Structure
and Function

Desmogleins (Dsgs) and desmocollins (Dscs)
are the two types of desmosomal cadherins
(Nollet et al. 2000). In humans, there are three
isoforms of desmocollins (Dsc 1-3) and four
isoforms of desmogleins (Dsg 1-4) (Green
and Simpson 2007). All three desmocollin
gene products undergo alternative splicing,
resulting in the generation of the Dsc “a” form
and a shorter Dsc “b” form of the proteins,
which differ in the length of their respective
carboxy-terminal domains (Fig. 2) (Collins
et al. 1991; Parker et al. 1991). Evolutionarily
and structurally, the desmocollin genes are
more closely related to the classical cadherins
(i.e., E- and N-cadherin) than they are to the
desmogleins (Kljuic et al. 2004).

The desmogleins and desmocollins both
contain four extracellular cadherin homology
repeats and a fifth domain termed the extra-
cellular anchor (Fig. 2). Cadherin repeats are
approximately 110 amino acids each and are
separated by calcium binding motifs. Extra-
cellular calcium supports cadherin mediated

D
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Figure 2. Domains of the desmosomal cadherins. Desmogleins (Dsg) and desmocollins (Dsc) contain four
highly conserved extracellular (EC) domains, a more variable extracellular anchor (EA), a single
transmembrane domain (TM), and an intracellular anchor (IA), which is followed by additional cytoplasmic

« »

domains. Desmocollin “a” isoforms and desmogleins contain an intracellular cadherin-like sequence (ICS)
that binds plakoglobin. Desmogleins contain the additional intracellular proline-rich linker (IPL), a variable
number of repeat unit domains (RUD), and a desmoglein terminal domain (DTD). The numbers of RUDs
contained in each desmoglein isoform are as follows: Dsg 1, 5 repeats; Dsg 2, 6 repeats; Dsg 3, 2 repeats; and

Dsg 4, 3 repeats.
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adhesion by allowing the cadherin extracellular
domain to assume a rigidified and functional
conformation (Pokutta and Weis 2007).

A single pass transmembrane domain is
followed by an intracellular anchor (IA)
located at the cytoplasmic face of the plasma
membrane (Kowalczyk et al. 1999a; Green and
Simpson 2007; Holthofer et al. 2007).
Desmogleins and the longer Dsc “a” form
contain an intracellular cadherin-like sequence
(ICS), which binds plakoglobin (Mathur et al.
1994; Troyanovsky et al. 1994; Roh and Stanley
1995). The desmogleins also harbor other
unique motifs that are specific to this subfamily
of the cadherins, including an intracellular
proline-rich linker (IPL) domain, a variable
number of repeat unit domain (RUD), and a
glycine-rich desmoglein terminal domain
(DTD) (Fig. 2) (Holthofer et al. 2007; Garrod
and Chidgey 2008).

Desmosomes show Ca®-dependent assem-
bly and adhesion, although the precise mech-
anisms of desmosomal cadherin adhesion and
specificity are not fully understood. Classical
cadherins typically show homophilic inter-
actions, which support cell—cell adhesion and
tissue patterning. Most studies to date suggest
that both desmocollins and desmogleins are
required for strong cell-cell interactions
(Marcozzi et al. 1998; Tselepis et al. 1998;
Getsios et al. 2004a). However, it remains
unclear whether homophilic or heterophilic
interactions are primarily responsible for des-
mosome adhesion. Heterophilic interactions
between Dsg2 and Dscla were observed in
human fibrosarcoma cells (HT-1080) (Chitaev
and Troyanovsky 1997) and between Dsg2 and
Dsc2 using recombinant polypeptides encom-
passing the first two extracellular domains of
the proteins (Syed et al. 2002).

Other studies using atomic force micros-
copy suggest homophilic interactions medi-
ated by the desmogleins (Waschke et al. 2005;
Heupel et al. 2008). Additional studies are
required to understand precisely how these
cadherins associate and assemble into the
highly organized adhesive interface observed
in mature desmosomes (Al-Amoudi and
Frangakis 2008).

Role of Desmosomal Cadherins in Epithelial
Differentiation

The desmosomal cadherins show complex
developmental and differentiation patterns of
expression (Holthofer et al. 2007). Dsg2 and
Dsc2 are expressed widely and in all desmosome
bearing tissues, whereas the other desmosomal
cadherins are predominantly expressed in strati-
tying epithelia. In the epidermis, all seven des-
mosomal cadherins are present. Furthermore,
these genes are differentially expressed as ker-
atinocytes and undergo terminal differentiation
(Fig. 3) (Kottke et al. 2006; Holthofer et al.
2007). Dsg2 and Dsg3 are mainly distributed
throughout the lower layers of the epidermis,
whereas Dsgl is expressed at higher levels in
the upper layers. Dsg4 is primarily expressed
in the hair follicle and in the granular layer.
With respect to the desmocollins, Dsc2 and
Dsc3 are present in the basal and spinous
layers, whereas Dscl is expressed in the granular
layer. The differential expression pattern of the
desmosomal cadherins implies that desmo-
somes within different tissues are biochemi-
cally, and presumably functionally, distinct.
The precise role for the tissue-specific
expression patterns of desmosomal cadherins
is not fully understood, but manipulation of
desmosomal cadherin expression suggests that
tight regulation of their expression pattern is
critical to tissue homeostasis. Misexpression
of Dsg3 using the keratin 1 promoter to drive
expression in the suprabasal epidermal layers
in transgenic mice resulted in epidermal hyper-
proliferation and abnormal differentiation
(Merritt et al. 2002). Furthermore, expressing
Dsg3 in the upper layers of the epidermis using
the involucrin promoter resulted in an even
more severe phenotype, including a resem-
blance to oral mucosa, a reduction in epidermal
barrier function, and early postnatal lethality
because of extensive water loss (Elias et al.
2001). More recently, Dsg2 misexpression in
the differentiated layers of the epidermis was
found to cause hyperproliferation and suscep-
tibility to chemically induced carcinogenesis
(Brennan et al. 2007). Gene ablation studies
have also revealed key roles for desmosomal
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Figure 3. Expression patterns of the desmosomal cadherins in the epidermis. The epidermis is a stratified
epithelium comprised of four distinct layers—the basal layer, spinous layer, granular layer, and the stratum
corneum. Keratin filaments are shown connecting to desmosomes at sites of cell—cell contact and to
hemidesmosomes at the basement membrane. The relative expression profiles of the various desmosomal
cadherins and plaque proteins in the epidermal layers are depicted on the right. (Adapted with permission

from Kottke et al. 2006.)

cadherins in development and in adult tissue
function. For example, loss of mouse Dsg3
resulted in animals with compromised cell—
celladhesion in the oral mucosa, with separation
of keratinocytes and weakened desmosomal
adhesion (Koch et al. 1997). Ablation of Dsg2,
on the other hand, results in embryonic lethality
shortly after implantation (Eshkind et al. 2002).
Interestingly, this lethality on loss of Dsg2 was
attributed in part to decreased embryonic stem
cell proliferation, suggesting roles of Dsg2 that
transcend desmosomal adhesive functions.

Desmocollins also play an important role in
the structural integrity of the epidermis and
in the control of keratinocyte proliferation
and differentiation. Mice lacking Dsc1, which
is normally expressed in the upper layers of
the epidermis, display loss of cell—cell adhesion
in the granular layer as well as hyperprolifera-
tion, hair follicle degeneration, and increased
expression of the wound keratins, 6 and 16
(Chidgey et al. 2001). Similarly, the conditional
ablation of DSC3 in mouse epidermis also
resulted in epidermal fragility and hair loss
(Chen et al. 2008).

Even more remarkable is that complete loss
of Dsc3 expression resulted in preimplantation
embryonic lethality (E2.5), strongly suggesting
nondesmosomal roles for Dsc3 during develop-
ment (Den et al. 2006). Lastly, misexpression
of Dsc3 in the suprabasal epidermis results
in keratinocyte hyperproliferation and abnor-
mal differentiation. These defects were attrib-
uted to increased stability of B-catenin, an
adherens junction protein known to regulate
gene expression and epithelial proliferation
(Hardman et al. 2005).

The studies outlined in this section using
mouse genetic models implicate desmosomal
cadherins in epithelial proliferation and differ-
entiation, and in the robust cell—cell adhesion
that is required for tissue integrity. As discussed
next, a number of inherited and acquired
human diseases confirm these conclusions.

Desmosomal Cadherins and Disease

During the past 10—15 years, a wide range of
studies revealed roles for desmosomal cadhe-
rins in human diseases, particularly in disorders
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affecting the heart and the skin. Mutations in
three of the desmoglein isoforms cause inher-
ited disorders. Loss of DSG4 is associated with
defective hair-follicle differentiation (Kljuic
et al. 2003), whereas DSG1 haploinsufficiency
leads to striate palmoplantar keratoderma, an
epidermal-thickening disease (Rickman et al.
1999). The localized impact of these mutations
in DSG1 and DSG4 on the skin is consistent
with the tissue expression patterns of these
genes (Fig. 3). In contrast, mutations in DSG2
result in arrhythmogenic right ventricular
cardiomyopathy (ARVC) (Awad et al. 2006;
Pilichou et al. 2006).

In this case, heart manifestation of disease
most likely reflects a strict requirement for
Dsg2 function in resisting mechanical stresses
associated with cardiac contraction. To date,
no examples of DSG3 mutations have been
reported. However, Simpson and colleagues
recently reported the first case of a human
mutation in a desmocollin (DSC2) and its
association with autosomal recessive ARVC
(Simpson et al. 2008). Similar to the mouse
genetic models described previously, these
human disorders further reveal functions for
desmosomal cadherins in both tissue integrity
and differentiation.

In addition to inherited disorders, desmo-
somal cadherins are also targets of autoimmune
disease. Pemphigus is a class of diseases in which
autoantibodies target the desmosomal cadher-
ins, predominantly Dsgl and Dsg3. The term
“pemphigus” is derived from the Greek word
“pemphix,” which means blister. These pathol-
ogies include pemphigus foliaceus (PF) and
pemphigus vulgaris (PV) (Prajapati and
Mydlarski 2008). PV is a potentially fatal auto-
immune skin disease characterized by circulat-
ing autoantibodies (IgG) against Dsg3 and
sometimes Dsgl (Amagai et al. 1991; Amagai
1996; Amagai 1999; Amagai 2002; Payne et al.
2004). PV is characterized histologically by
suprabasal acantholysis (loss of cell—cell adhe-
sion) and clinically by mucous membrane
erosion and epidermal blisters (Stanley and
Amagai 2006). In contrast, PF patients show
antibodies against Dsgl and present clinically
with superficial blisters of the epidermis and

without mucous membrane involvement. The
difference in the clinical presentation in PV
and PF is thought to be because of the tissue
distribution of Dsgl and Dsg3 (Mahoney et al.
1999). Nonetheless, in both cases, autoanti-
bodies directed against the desmosomal cadher-
ins are known to cause loss of keratinocyte
adhesion (Amagai et al. 2006).

Pemphigus is relatively rare, but these
diseases have proven important in revealing
functions of desmogleins as well as the mecha-
nisms by which desmosome function is regu-
lated. For example, the fact that IgG against
Dsg3 and Dsgl causes loss of epidermal integ-
rity substantiates a key role for these proteins
in epithelial cell-cell adhesion strength.
Furthermore, advances in understanding the
molecular mechanisms of pemphigus led
Stanley and Amagai to correctly predict that
bullous impetigo, a common infection caused
by a staphylococcal bacterium, causes epider-
mal blistering by targeting Dsg1. The bacterium
produces exfoliative toxin, a serine protease that
cleaves the Dsgl extracellular domain. The
cleavage results in blistering in the granular
layer that is histologically identical to the
acantholysis caused by Dsgl autoantibodies in
PF patients (Amagai et al. 2000; Stanley and
Amagai 2006). Thus, epidermal integrity is
compromised by either autoantibodies or
bacterial toxins that target desmogleins.

Although great strides have been made in
identifying the pemphigus antigens, it remains
unclear exactly how pemphigus antibodies
cause loss of adhesion. One likely explanation
is that antibody binding to the Dsg extracellular
domain simply blocks adhesion by steric hin-
drance. However, this hypothesis is called into
question by several observations. For example,
PV IgG are unable to induce acantholysis in
plakoglobin-null cells (Caldelari et al. 2001).
In addition, human keratinocytes treated with
PV IgG at 4°C do not show loss of cell—cell
adhesion until the cells are shifted to 37°C,
suggesting that keratinocyte responses are
required in order for the antibodies to cause
loss of adhesion (Calkins et al. 2006). Other
studies have implicated a role for signal trans-
duction in mediating PV-induced acantholysis.
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Pemphigus IgG binding has been shown to
cause activation of numerous cell signaling
pathways.

Work by the Rubenstein laboratory has
illustrated that PV IgG binding induced phos-
phorylation of heat shock protein 27 (HSP27)
via p38 mitogen-activating protein kinase
(p38MAPK) (Berkowitz et al. 2006; Berkowitz
et al. 2007; Berkowitz et al. 2008). p38MAPK
has also been shown to be involved in phos-
phorylation of Dsg3 in response to PV IgG
(Kawasaki et al. 2006). Furthermore, inhibition
of p38MAPK activity prevents keratin retrac-
tion, actin reorganization, and formation of epi-
dermal blisters in a mouse model (Berkowitz
et al. 2005; Berkowitz et al. 2006). Similarly, sig-
naling through the c-myc pathway has also been
implicated in PV pathogenesis (Williamson
et al. 2006). These studies suggest that either
the activation of signaling pathways on auto-
antibody binding to the desmosomal cadherins
causes loss of adhesion, or alternatively, that
manipulation of intracellular signaling path-
ways can bolster baseline adhesion strength
and prevent blistering caused by pemphigus
IgG. Either scenario implies that pemphigus
patients could be treated by targeting these
regulatory networks.

A number of observations have also illus-
trated that pemphigus IgG binding may in-
terfere with the normal turnover of the
desmogleins. Early studies found that PV IgG
were internalized after binding to the surface
of keratinocytes (Patel et al. 1984; Iwatsuki
et al. 1989; Sato et al. 2000). Work from our
lab has shown that PV IgG binding results in
clathrin independent endocytosis of Dsg3 and
subsequent routing of the cadherin to a lyso-
somal compartment for degradation (Calkins
et al. 2006; Delva et al. 2008). Furthermore,
blocking Dsg3 endocytosis (Delva et al. 2008)
or up-regulating Dsg3 biosynthesis by exoge-
nously expressing Dsg3 prevents keratinocyte
loss of adhesion in response to PV IgG (JM
Jennings and A. Kowalczyk, unpubl.).

Work performed by Payne and Kitajima also
lends support to the impact of PV IgG on des-
mosomal assembly, as PV IgG causes inter-
nalization of newly synthesized pools of Dsg3

The Desmosome

(Sato et al. 2000; Mao et al. 2008). Altogether,
these findings suggest that pemphigus IgG
disrupt the normal turnover and assembly of
desmosomes. In fact, a growing body of evi-
dence suggests that regulation of post Golgi traf-
ficking of cadherins is a key mechanism by
which cell adhesion is regulated during devel-
opment and disease (Mosesson et al. 2008;
Delva and Kowalczyk 2009).

ARMADILLO FAMILY OF PROTEINS

Cadherins, like other transmembrane adhesion
proteins, require cytoplasmic interactions for
strong adhesion and cytoskeletal attachment.
In the desmosome, the cytoplasmic associations
with the cadherins are partly mediated by the
armadillo family proteins, plakoglobin, and
the plakophilins. Armadillo was originally dis-
covered as a regulator of segment polarity in
Drosophila, and later found to be the homolog
of the vertebrate junctional and signaling
proteins, (-catenin and plakoglobin (Peifer
et al. 1992). The armadillo proteins are charac-
terized by the presence of a central domain,
containing repeating units of a 42 amino acid
sequence homology domain (arm repeats)
(Peifer et al. 1992). These proteins include
B-catenin, plakoglobin (<y-catenin), pl20-
catenin, p0071, ARVC, &-catenin, and the
plakophilins 1-3 (PKP 1-3) (Hatzfeld 2005;
Hatzfeld 2007). The roles of these proteins in
the desmosome appear to be to facilitate the
tethering of desmoplakin and keratin inter-
mediate filaments to the desmosome, and to
regulate clustering of the desmosomal com-
ponents. In addition to these structural roles,
armadillo proteins also mediate important
signal transduction pathways.

Plakoglobin

Plakoglobin is the best characterized armadillo
protein in the desmosome. Structurally, the
protein contains 12-arm repeats flanked by dis-
tinct amino- and carboxy-terminal domains
(Fig. 4) (Peifer et al. 1992; Huber et al. 1997;
Garrod and Chidgey 2008). High resolution
structural  studies of the desmosomal
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Figure 4. Armadillo protein family members. Plakoglobin (PG) contains 12-arm repeats that are flanked by
distinct amino- and carboxy-termini. The plakophilins (PKP) contain 9-arm repeats with an insert between
repeats 5 and 6 that introduces a bend into the overall structure. PKP1 and PKP2 exist as two isoforms, each

« »

generating a short “a” form and a longer “b” form, differing by the addition of 21 amino acids in arm repeat
three (PKP1) and the addition of 44 amino acids in arm repeat four (PKP2).

cadherin—plakoglobin complex have not yet
been reported, but deletion mutagenesis studies
suggest that the plakoglobin amino-terminus
and several arm repeats near the carboxy-
terminus are key for desmosomal cadherin
binding (Chitaev et al. 1996; Wahl et al. 1996;
Witcher et al. 1996). Although plakoglobin
localizes to desmosomes and adherens junc-
tions, its affinity for desmosomal cadherins is
several times greater than for E-cadherin
(Chitaev et al. 1996).

The central armadillo domain of plakoglo-
bin also interacts with desmoplakin, which
tethers intermediate filaments to the desmoso-
mal plaque (Kowalczyk et al. 1997; Smith and
Fuchs 1998; Bornslaeger et al. 2001). These
data have been used to generate models in
which the desmosomal cadherins are linked to
desmoplakin and the intermediate filament
cytoskeleton in a simple linear chain. This
type of linkage was also thought to be respon-
sible for classical cadherin associations with
actin, whereby B-catenin functioned in an
analogous manner to link E-cadherin to actin
binding proteins such as a-catenin. However,
this model was called into question by studies
from the Nelson and Weis laboratories (Drees
et al. 2005; Yamada et al. 2005).

Thus, it remains speculative as to whether
plakoglobin associates with the desmosomal

cadherins and the desmoplakin—intermediate
filament complex simultaneously. Nonetheless,
plakoglobin clearly plays a key role in desmo-
some assembly as revealed by both human dis-
eases and mouse genetic model systems (see
the following).

A critical role for plakoglobin in desmo-
some assembly in vivo first emerged from
plakoglobin knockout studies in mice. Plako-
globin null animals die because of fragility of
the myocardium (Bierkamp et al. 1996; Ruiz
et al. 1996). These mice also show acantholysis,
indicative of compromised desmosome func-
tion (Acehan et al. 2008). In some genetic back-
grounds, mouse pups are born but show serious
epidermal fragility, heart defects, and early
postnatal lethality. Consistent with these find-
ings, Naxos disease, an autosomal recessive
disease characterized by ARVC, woolly hair,
and palmoplantar keratoderma, develops as a
result of a plakoglobin gene mutation leading
to the truncation of the carboxy-terminus of
the protein (McKoy et al. 2000). The heart
defect occurs as a result of fragility of the
myocyte syncytium, which leads to its degra-
dation and fibrofatty replacement (Kottke
et al. 2006). Although the palmoplantar kerato-
derma phenotype may result from weakened
cell adhesion, the epidermal manifestations
seen in Naxos patients are not as severe as the
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plakoglobin-null mice (Kottke et al. 2006).
Interestingly, Naxos disease patients also show
woolly hair, in which the hair shaft is lighter
and finer than unaffected individuals. The
precise mechanism by which this hair defect
occurs is unknown, but plakoglobin and
B-catenin have both been implicated in hair
follicle formation.

Both B-catenin and plakoglobin function as
regulators of the T-cell factor (TCF) family of
transcription factors and modulators of Wnt
growth factor signaling, a pathway known to
be important in hair follicle development
(Huelsken and Behrens 2002; Chien et al.
2009). Interestingly, plakoglobin overexpression
in mouse epidermis decreases keratinocyte
proliferation and shortens the anagen phase
of the hair cycle (Charpentier et al. 2000),
whereas (3-catenin overexpression causes hyper-
proliferation and hair follicle differentiation
(Gat et al. 1998). These observations suggest
that either the balance between plakoglobin
and B-catenin signaling is misregulated in
Naxos patients, or that the hair defect is
caused by loss of proliferation and/or adhesion
in the hair follicle and shaft.

Plakophilins

The other armadillo members represented in
the desmosome are the plakophilins (PKPs).
Based on the number and organization of the
central armadillo repeat domain, the plakophi-
lins are considered to be members of the
p120-catenin subfamily of armadillo proteins.
In contrast to pl20-catenin, the plakophilins
are predominantly found at desmosomes
instead of adherens junctions, with PKP1 and
2 also localizing to the nucleus. Plakophilins
1-3 share approximately 55% sequence simi-
larity within the armadillo repeats and approx-
imately 50% sequence similarity with the
p120-catenin arm domain (Hatzfeld 2007).
Both PKP1 and 2 exist as two isoforms, each
generating a short “a” form and a longer “b”
form, differing in the addition of 21 amino
acids in arm repeat three (PKP1) and the
addition of 44 amino acids in arm repeat four
(PKP2) (Mertens et al. 1996; Schmidt et al.
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1997). Based on structural analysis, the plako-
philins contain 9 arm repeat domains (Fig. 4)
(Choi and Weis 2005).

Although the armadillo domain of plako-
globin, P-catenin, and other p120-catenin
family members all function as a scaffold
for numerous binding partners, plakophilin
binding partners that have been identified to
date associate with the plakophilin amino-
terminal head domain. Thus, the precise role
of the central armadillo domain of the plako-
philins remains mysterious.

Similar to the desmosomal cadherins, the
plakophilins show tissue and differentiation-
specific patterns of expression. PKP1 is more
highly expressed in the suprabasal layers of
stratified epithelia, whereas PKP2 is expressed
in simple epithelia, the lower layers of stratified
epithelia, and in nonepithelial tissues such as
cardiac muscle and lymph nodes (Heid et al.
1994; Mertens et al. 1996; Schmidt et al. 1997;
Mertens et al. 1999; Franke et al. 2007). PKP3
resides in simple and stratified epithelia,
showing uniform expression throughout the
epidermis (Fig. 3) (Bonne et al. 1999; Schmidt
et al. 1999). It is unclear how these expression
patterns are integrated with potential differ-
ences in functions of the various plakophilin
isoforms.

An obvious morphological difference be-
tween desmosomes and adherens junctions is
the remarkably electron-dense and highly orga-
nized disk-shaped plaque that characterizes the
desmosome. Plakophilins are likely to play a key
role in the clustering that drives the formation
of this highly ordered structure. This function
is particularly evident in PKP1. The amino-
terminal head domain of PKP1 associates with
Dsgl, desmoplakin, and keratin intermediate
filaments (Hatzfeld et al. 2000). The binding
of the PKP1 head domain to desmoplakin
appears particularly robust, and this binding
event drives desmoplakin recruitment to cell-
cell junctions (Kowalczyk et al. 1999b;
Hatzfeld et al. 2000; Wahl 2005).

Based on these interactions, a model has
been proposed in which plakophilins play a role
in the lateral interactions between desmoso-
mal plaque complexes (Kowalczyk et al. 1999b).
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In support of this model, PKP1 is highly
expressed in the suprabasal layers of the epider-
mis where desmosomes are larger and more
numerous than in the lower layers of the
tissue. In contrast, PKP3 overexpression does
not result in larger desmosomes or an increase
in desmosome number (Bonne et al. 1999;
Schmidt et al. 1999; Bonne et al. 2003).
However, PKP3 interacts with the largest
number of desmosomal proteins, including
desmoplakin, plakoglobin, all three desmoglein
proteins, Dsc 3a and 3b, and Dsc la and 2a
(Hatzfeld 2007). PKP2 is also less efficient
than PKP1 at recruiting desmoplakin and
other desmosomal proteins to the plasma mem-
brane (Chen et al. 2002), suggesting differences
in plakophilin isoform function. Recent studies
from the Green lab indicate that PKP2 plays an
important role in transport of desmoplakin to
the plasma membrane during desmosome
assembly. In this model system, PKP2 functions
as a scaffold for PKC-a and thereby regulates
desmoplakin association with intermediate fila-
ments (Godsel et al. 2005; Bass-Zubek et al.
2008; see also Green et al. 2009). Additional
studies will be needed to determine whether
PKP1 and PKP3 also regulate assembly
through PKC-a.

The importance of plakophilins in main-
taining desmosomal integrity is underscored
by various diseases and/or defective cellular
processes that are associated with mutations in
each of the plakophilins. For example, patients
who suffer from a severe autosomal recessive
ectodermal dysplasia and skin fragility syn-
drome were found to have mutations in PKP1
(McGrath et al. 1997; McGrath et al. 1999).

The dysplasia suggests that in addition to its
role in regulating desmosome stability, PKP1
may also regulate epidermal morphogenesis.
Because PKP2 is the only isoform expressed in
the heart, mutations associated with this par-
ticular plakophilin cause ARVC (Gerull et al.
2004). In most cases, the mutations are found
within the carboxy-terminus of the PKP2
protein, although other mutations have been
observed. Based on experiments in which the
gene encoding PKP2 is ablated in mice,
the effects seen in ARVC patients are likely the

result of mechanical fragility. These mice
display mid-gestational embryonic lethality
caused by cardiac patterning defects and fra-
gility of the myocardium (Grossmann et al.
2004). PKP2-null mice also display retraction
of intermediate filaments from the plasma
membrane, further illustrating the importance
of plakophilins in desmoplakin recruitment
and intermediate filament tethering to the
desmosome plaque. Although no human
pathologies are associated with mutations in
PKP3, conditional ablation of PKP3 in mouse
epidermis resulted in defective hair follicle
morphogenesis, increased keratinocyte prolifer-
ation, and desmoplakin mislocalization. These
mice are also more susceptible to dermatitis
(skin inflammation) and secondary alopecia
(hair loss) (Sklyarova et al. 2008).

Emerging evidence indicates that plakophi-
lins also function outside of the desmosome.
Plakophilins, especially PKP1, show striking
nuclear localization, although it is currently
unclear what functions these proteins may
play in gene regulation and/or nuclear structure
(Mertens et al. 1996; Hatzfeld et al. 2000).

In addition, PKP2 was found in RNA poly-
merase III complexes and PKP3 in cytoplasmic
particles containing RNA-binding proteins
(Mertens et al. 2001; Hofmann et al. 2006).
Additional studies are clearly warranted to
understand how these associations and
nuclear localization are integrated with func-
tion in the desmosome, and more broadly,
with epithelial cell contributions to tissue
architecture.

DESMOPLAKIN

Desmoplakin is the most abundant component
of the desmosome (Mueller and Franke 1983)
and serves as the key linker between inter-
mediate filaments and the plasma membrane
(Bornslaeger et al. 1996; Gallicano et al.
1998; Vasioukhin et al. 2001). Desmoplakin is
among the founding members of a large
family of proteins termed the plakin family of
cytolinkers (Green et al. 1992b; Sonnenberg
and Liem 2007). These large molecules link
cytoskeletal networks to the plasma membrane
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and integrate actin, microtubules, and inter-
mediate filaments. Desmoplakin contains glob-
ular amino- and carboxy-termini, connected by
a central, a-helical coiled-coil rod domain. The
amino-terminal head domain provides binding
sites for plakoglobin and plakophilins, and
thereby targets the protein to the cadherin-
armadillo complex at the desmosome (Born-
slaeger et al. 1996; Kowalczyk et al. 1999a; Born-
slaeger et al. 2001; Holthofer et al. 2007). The
carboxy-terminal tail contains three plakin
repeat domains (PRDs; A, B, C), as well as a
glycine-serine-arginine rich domain thought
to regulate desmoplakin binding to intermedi-
ate filaments (Fig. 5) (Choi et al. 2002; Getsios
et al. 2004b; Yin and Green 2004). There are
two desmoplakin isoforms (I and II), with des-
moplakin II missing approximately two-thirds
of the rod domain (Green et al. 1992a).
Similar to the “a” and “b” forms of desmo-
collins, desmoplakin I and II are produced as a
result of alternative RNA splicing. Although
both isoforms of desmoplakin are widely
expressed in numerous tissues, desmoplakin II
is absent from the heart and its expression is
lower in simple epithelia (Angst et al. 1990).
Several studies highlight the importance of
desmoplakin in desmosome structure and
function. Mice lacking desmoplakin die shortly
after implantation at day E6.5 and show
fewer desmosomes, compared with wild-type
mice (Gallicano et al. 1998). Furthermore, des-
mosomes that are observed in desmoplakin-
null embryos do not attach to intermediate
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filaments. These observations support in vitro
studies and illustrate the importance of desmo-
plakin in linking intermediate filaments to the
plasma membrane (Bornslaeger et al. 1996).
There is also striking evidence that desmo-
plakin plays roles in tissue morphogenesis.
Desmoplakin-null embryos fail to undergo the
massive increase in cell proliferation normally
observed at E5-6, and other studies have illus-
trated that desmoplakin is pivotal in the devel-
opment of the epidermis, neuroepithelium,
heart and blood vessels (Gallicano et al. 2001;
Vasioukhin et al. 2001). Interestingly, loss of
desmoplakin dramatically alters actin organi-
zation at the cell periphery, demonstrating
that key aspects of cross-talk between desmo-
somes and adherens junctions are somehow
mediated by desmoplakin during epithelial
sheet formation (Vasioukhin et al. 2001).
Perhaps not surprisingly, there are a number
of human genetic disorders associated with
desmoplakin mutations, with varying degrees
of severity, depending on the particular
mutation generated (Lai Cheong et al. 2005).
For example, desmoplakin haploinsufficiency
causes striate palmoplantar keratoderma
(Armstrong et al. 1999; Whittock et al. 1999).
Compound heterozygosity with amino-
terminal missense mutations and carboxy-
terminal nonsense mutations leads to a more
severe keratoderma, skin fragility, and woolly
hair/alopecia (Whittock et al. 2002). One
patient harboring compound heterozygous
mutations that truncated the desmoplakin

C-Tail
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Figure 5. Desmoplakin. Shown above are the different domains that form the two desmoplakin isoforms,
DP I and II. The two isoforms differ in the length of the central rod domain (Rod), with DP II missing
approximately two-thirds of the Rod domain. The carboxy-terminal tail (C-Tail) contains three plakin repeat
domains (A, B, C), as well as a glycine-serine-arginine rich domain (GSR) thought to regulate desmoplakin
binding to intermediate filaments. The amino-terminal globular head domain (Head) mediates protein—

protein interactions. See text for additional details.
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carboxy-terminus presented with severe acan-
tholytic epidermolysis bullosa. This lethal
disorder included complete alopecia (lack
of hair), neonatal teeth, nail loss, and death
10 days postpartum because of transcutaneous
fluid loss as a result of extensive skin erosion
(Jonkman et al. 2005). This finding illustrates
that attachment of intermediate filaments
to the desmosome (via the desmoplakin
carboxy-terminus) is necessary for supporting
strong cell—cell attachment, particularly in the
epidermis.

CONCLUDING REMARKS

The desmosome is a remarkable protein
complex that was appreciated by early micro-
scopists as a key structural element in a wide
range of epithelial tissues. Work in the 1970s
and 1980s led the identification and localization
of the major desmosomal components. This
foundation led to the employment of molecular
and genetic approaches in the 1990s to identify
desmosomal protein binding partners and roles
during development.

A number of exciting and important chal-
lenges have emerged with our growing under-
standing of desmosome biology and with the
development of new tools and model systems.
For example, desmosomes are clearly not static
structures, even though they mediate robust
adhesion.

Significant effort is being focused on the
mechanisms by which individual desmosomal
components traffic to and from the desmo-
some, and how these dynamics are coordinated
with the assembly of other intercellular junc-
tions, including adherens junctions, tight junc-
tions, and gap junctions. One of the most
exciting and perhaps important issues to
address is how desmosomal proteins contribute
to tissue patterning and epithelial homeostasis.
As outlined above, mutations in many of the
desmosomal genes result in keratodermas or
ectodermal dysplasia. Whether these changes
in epithelial structure are compensatory, or if
they reflect direct loss- or gain-of-function phe-
notypes because of misregulation of signaling
pathways in the absence of the wild-type gene

is unclear. A related issue arises when one con-
siders the number of desmosomal cadherins
and plakophilin isoforms that show tissue-
specific expression patterns. It is clear that the
correct spatial and temporal patterns of expres-
sion of these isoforms is driven by tissue- and
differentiation-specific functions of each mol-
ecule. The continued use of human and mouse
genetics, in combination with emerging studies
of desmosome dynamics, promises to advance
our understanding of how specific desmosomal
proteins function at the molecular, cellular, and
tissue levels.
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