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Hideko Kamino, USA
D. V. Kazakov, Czech Republic
Lajos Kemeny, Hungary
Elizabeth Helen Kemp, UK
Kaoru Kiguchi, USA
Yasuo Kitajima, Japan
Rossitza Lazova, USA
Philip E. LeBoit, USA
Jan A. Marcusson, Norway
Ashfaq A. Marghoob, USA
M. Michal, Czech Republic
Luigi Naldi, Italy
Johannes Norgauer, Germany
Jean Revuz, France
J. Ring, Germany

Gavin P. Robertson, USA
Franco Rongioletti, Italy
Stefano Rosso, Italy
Toshiaki Saida, Japan
Mario Santinami, Italy
Tadamichi Shimizu, Japan
Bruce Robert Smoller, USA
Hans Peter Soyer, Australia
Giuseppe Stinco, Italy
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and Mỹ G. Mahoney
Volume 2010, Article ID 410278, 10 pages

Apoptotic Pathways in Pemphigus, Meryem Bektas, Puneet Jolly, and David S. Rubenstein
Volume 2010, Article ID 456841, 8 pages



Targeted Immunotherapy with Rituximab Leads to a Transient Alteration of the IgG Autoantibody
Profile in Pemphigus Vulgaris, Ralf Müller, Nicolas Hunzelmann, Vera Baur, Guido Siebenhaar,
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In the last two decades desmosomal research has developed
from a highly specialized area of cell biology to an area of
biomedical research aimed at elucidating the role of these cell
junctions in tissue and organ development and homeostasis.

Until the late 1980s, desmosomal research focused, to
a large extent, on the morphological characterization of
desmosomes and the biochemical identification of desmoso-
mal proteins. Towards the end of that decade, the first desmo-
somal transmembrane proteins (desmogleins and desmo-
collins) were cloned, demonstrating that these proteins are
sequence related to cadherins, a family of calcium-dependent
cell adhesion proteins. Subsequent knockout experiments
in mice, published in the 1990s, demonstrated that at least
some of the desmosomal cadherins (e.g., desmoglein 3) are
required to maintain tissue integrity in the oral mucosa (see
the paper of Ganeshan et al.). Around the same time, it was
shown that patients who suffer from autoimmune diseases
characterized by skin and mucous membrane blistering
produce autoantibodies against desmogleins 1 and 3 (DSG1,
DSG3). These two observations suggested that the loss of
normal desmosome function could lead to tissue fragility
disorders.

Subsequent to the identification of pemphigus as a
desmosomal disease, reports began to emerge suggesting that
mutations in desmosomal genes can cause a variety of skin
blistering disorders and cardiomyopathy (see the paper by J.
Li and G. L. Radice).

Recently the question has emerged: Are all desmosomal
diseases caused by a loss of cell adhesion? Mounting evidence
suggests that abnormal cell signaling might contribute to
the pathophysiology of at least certain types of desmosomal
diseases, such as pemphigus (see the paper of M. Bektas et al.
and D. Brennan et al.). The putative contributions of cell
adhesion defects and abnormal cell signaling in diseases like
pemphigus are still under intense debate. We can expect to
see a continued influx of exciting new findings in this area.

The present special issue is a collection of reviews and
original research articles that focus on fundamental aspects
of desmosome biology and on clinical research relating to
desmosomal diseases of the skin, mucous membranes, and
heart. These papers are also examples of how a synergistic
approach that utilizes the tools of genetic engineering in
mice, human genetics, cell and molecular biology and
immunology have led to a significant advancement of our
understanding of the pathological mechanisms underlying
desmosomal diseases. We sincerely thank the authors for
their high-quality and exciting contributions. We hope that
these provocative papers will stimulate discussions and
promote future collaborations.

Basic Biological Features

The paper entitled “Desmosomes in vivo” D. Garrod discusses
the importance of desmosome assembly and disassembly
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during development and in disorders such as blistering
diseases of the skin. Most of our understanding of the
underlying regulatory mechanisms has been gathered from
investigations on cultured cells where desmosomes are in a
calcium-dependent as opposed to a calcium-independent or
hyperadhesive state. This thought-provoking review from a
leader in the desmosomal field critically discusses the state
of desmosomes in cell culture and in vivo, the properties
of calcium-independent desmosomes, and their reversion to
a calcium-dependent state during wound healing. Highly
instructive for researchers interested in disorders affecting
desmosomal structure and function, this paper is a “must”
for young investigators in the field (Editor: E. J. Müller).

The paper entitled “Exploring the nature of desmosomal
cadherin associations in 3D”, by G. R. Owen and D. L.
Stokes, states that the expression of desmosomal proteins is
highly regulated in both a spatial and temporal manner, thus
establishing an intricate, dynamic network of proteins that
must provide both structural stability as well as flexibility
to cells and tissues. This paper highlights the use of a
state-of-the-art technique known as high-resolution electron
tomography, to examine the interactions between cadherins
within the desmosome structure. The findings from these
studies offer us an architectural perspective of cadherin
interactions and how the binding of pathogenic pemphigus
antibodies to these cadherins could disrupt desmosome
adhesion and induce intra-epithelial blistering (Editor: M. G.
Mahoney).

“Leaving the desmosome—the desmosomal plaque proteins
of the plakophilin family” by S. Neuber et al. reviews the
diverse cell adhesion-dependent and adhesion-independent
functions of junctional proteins. In this paper, the authors
discuss the plakophilin family of proteins and the com-
plexity of their roles, which ranges from cell signaling to
organization of the cytoskeleton and control of protein
biosynthesis. Aberrant expression and disrupted function
of these proteins can result in abnormal tissue and organ
development (Editor: M. G. Mahoney).

“Desmosomes in developing human epidermis” by S. Pelto-
nen et al. tackles a rare topic: the distribution of desmosomes
and other adhesive structures in the developing epidermis
of human embryos. The authors encourage investigators
in skin to complement these existing data by mechanistic
analyses that can link up with current knowledge obtained
from animal models. Of great value for the reader, this
paper provides a comprehensive insight into the time line of
epidermal morphogenesis from the surface ectoderm to the
periderm and stratified epithelium (Editor: E. J. Müller).

Disease Models

The paper entitled “Desmosomal molecules in and out of
adhering junctions—normal and diseased states of epidermal,
cardiac and mesenchymally derived cells” by S. Pieperhoff et
al. explores the heterogeneity of cell junctions in terms of
morphology and composition and how these factors relate
to the development of diseases. Special emphasis is given to
cell-cell junctions of the mammalian heart, a target organ

for severe diseases caused by impaired desmosome function
(Editor: P. J. Koch).

“A new prospective on intercalated disc organization—
implications for heart disease” by J. Li and G. L. Radice reviews
arrhythmogenic right ventricular cardiomyopathy/dysplasia
(ARVC/D), an inherited fibrotic heart muscle disease result-
ing from mutations in many desmosomal proteins including
plakoglobin, desmoplakin, plakophilin-2, and desmoglein-
2. The skin and the heart are two tissues that undergo
tremendous mechanical stress. Unlike in the skin, where
the adherens junctions are distinct from the desmosomes,
in the heart they are integrated into a specialized hybrid
structure called the area composita, localized in the cardiac
intercalated discs. In their paper, Li and Radice discuss the
crosstalk among different junctions and their implications in
the pathophysiology of ARVC/D (Editor: M. G. Mahoney).

The paper entitled “Desmosomal component expression in
normal, dysplastic and oral squamous cell carcinoma” by N.
Narayana et al. shows that during malignant transformation,
cell-cell adhesion is often reorganized with dramatic changes
in various junctional proteins. The authors showed that the
desmomal plaque proteins desmoplakin and plakophilin-1
are downregulated in dyplasias and squamous cell carcino-
mas as compared to control epithelia. The results identify
these proteins as potential markers for neoplastic lesions of
the oral cavity (Editor: M. G. Mahoney).

In the paper entitled “Loss of the desmosomal component
perp impairs wound healing in vivo” by V. G. Beaudry et
al., the authors investigated cutaneous wound healing in
mice with a conditional null mutation in the desmoso-
mal Perp gene. The mice showed a delay in cutaneous
wound healing, suggesting that desmosome formation or
desmosome remodeling might play an important role during
reepithelialization of skin wounds (Editor: P. J. Koch).

Wier et al.’s “Experimental human cell and tissue models
of pemphigus” discusses the advantages and disadvantages
of various in vitro skin models (keratinocyte cultures,
raft cultures, reconstructed skin, and human and mouse
keratinocyte grafts) used to study the pathophysiology of
pemphigus, a group of human autoimmune bullous diseases
(Editor: P. J. Koch).

“Mouse models for blistering skin disorders” by R. Gane-
shan et al. discusses the important roles that autoantibodies
play in autoimmune diseases such as pemphigus vulgaris,
with antibodies targeting several proteins including the
desmosomal cadherins, desmoglein-3, and desmocollin-3.
In this paper the authors explore the expression patterns
of desmoglein-3 and desmocollin-3 in various stratified
epithelial tissues including skin. Furthermore, the authors
discuss genetically engineered Dsg3-null and Dsc3-null mice,
which develop blistering phenotypes similar to human
pemphigus vulgaris patients, thus providing insights into
the roles of these proteins in cell-cell adhesion and intra-
epidermal blister formation (Editor: M. G. Mahoney).

The paper entitled “Suprabasal Dsg2 expression limits
epidermal blister formation mediated by pemphigus foliaceus
antibodies and exfoliative toxins” by D. Brennan et al. demon-
strates that, upregulation of Dsg2 in the upper epidermis of
mice can compensate for a loss of Dsg1 function induced
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by pathogenic pemphigus foliaceus antibodies or exfoliative
toxins, thus preventing blistering. This supports the idea
that compensatory upregulation of desmogleins could be
a therapeutic approach to suppress skin blistering in PF
(Editor: P. J. Koch).

“Apoptotic pathways in pemphigus” by M. Bektas et al. is a
comprehensive review of pemphigus, a group of devastating
human autoimmune blistering diseases of the skin and
oral mucosa. Although the major uncontested culprits of
the disease are the autoantibodies to desmogleins, the
pathomechanism of pemphigus is still a heavily debated
topic. In this review, they explore the role of cellular
apoptosis in pemphigus and summarize substantial evidence
suggesting that blister formation can occur independent of
apoptosis. However, the authors suggest that the activation of
proapoptotic proteins may play important roles in sensitizing
the keratinocytes to the acantholytic effects of pemphigus
IgG (Editor: M. G. Mahoney).

In “Targeted immunotherapy with rituximab leads to tran-
sient alteration of the IgG autoantibody profile in pemphigus
vulgaris” by Ralf Müller et al., the authors present a clinical
evaluation of the B-cell-depleting antibody rituximap in
pemphigus patients. The results support the notion that this
treatment can lead to a reduction of pathogenic antibodies
and, consequently, a temporary disappearance of disease
symptoms (Editor, P. J Koch).

In “Hypothesis concerning a potential involvement of
ceramide in apoptosis and acantholysis induced by pemphigus
autoantibodies” by W. B. Bollag, the author presents an
exciting and provocative new hypothesis linking certain types
of pemphigus to abnormal ceramide metabolism (Editor:
P. J. Koch).

Mỹ G. Mahoney
Eliane J. Müller

Peter J. Koch
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The structure, function, and regulation of desmosomal adhesion in vivo are discussed. Most desmosomes in tissues exhibit
calcium-independent adhesion, which is strongly adhesive or “hyperadhesive”. This is fundamental to tissue strength. Almost all
studies in culture are done on weakly adhesive, calcium-dependent desmosomes, although hyperadhesion can be readily obtained
in confluent cell culture. Calcium dependence is a default condition in vivo, found in wounds and embryonic development.
Hyperadhesion appears to be associated with an ordered arrangement of the extracellular domains of the desmosomal cadherins,
which gives rise to the intercellular midline identified in ultrastructural studies. This in turn probably depends on molecular order
in the desmosomal plaque. Protein kinase C downregulates hyperadhesion and there is preliminary evidence that it may also be
regulated by tyrosine kinases. Downregulation of desmosomes in vivo may occur by internalisation of whole desmosomes rather
than disassembly. Hyperadhesion has implications for diseases such as pemphigus.

1. Introduction

Desmosomes are intercellular junctions that are uniquely
able to provide very strong intercellular adhesion [1, 2]. This
is especially important in tissues that are subject to mechan-
ical stress such as epidermis and cardiac muscle. They are
present in the lowliest, jawless vertebrates, hagfishes, but
appear to be absent from our nearest chordate ancestors [3–
7]. It is probable, therefore, that they have played a key role in
vertebrate evolution by contributing to a strong integument
and a powerful heart.

Desmosomes are composed of a small number of well-
defined molecular components (Figure 1). These are their
adhesion molecules, the desmosomal cadherins desmoglein
and desmocollin, the plakin desmoplakin that links the
adhesion molecules to the intermediate filaments (IFs), and
the armadillo proteins plakoglobin and plakophilin that
link the adhesion molecules to desmoplakin and appear to
regulate desmosomal assembly and size. For details please see
recent reviews in [1, 9–16].

2. Epithelial Cells In Vivo: Some Myths and
Specific Junctional Considerations

The major topic of this review will be a consideration of
how desmosomes function in vivo with particular reference

to their adhesive properties. It is relatively easy to study
cell behaviour and function in culture. Cellular organelles
are readily visualized, extracted, and subjected to a wide
range of analytical techniques. The results obtained are often
striking, but are they relevant in vivo? At worst they may be
complete artefacts; at best they may suggest a relevant in vivo
mechanism, but this needs to be demonstrated. An ideal but
perhaps unrealistic goal would be for all discoveries made
in tissue culture to be followed by attempts to show their
relevance in vivo.

We have a striking example of this in the field of cell adhe-
sion. Focal contacts are small, usually elongated structures of
the order of 1 μm in length where the basal surfaces of cells
spread on solid surfaces in culture approach the substratum
to a separation of about 15 nm [17]. Cytoplasmically they
provide the insertion points for actin stress fibers. They
are easily visualized by interference refection microscopy,
electron microscopy, or fluorescence imaging of any one of
a prodigious number of proteins that are associated with
them [17, 18]. They are fascinating structures but what is
their relevance in vivo? This issue seems hardly to have been
addressed, though it is beginning to be [19, 20]. An extreme
view, hopefully incorrect, would be that they are culture
artifacts and that their study does little to elucidate relevant
in vivo mechanisms of cell adhesion.
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Figure 1: Schematic model of a desmosome showing the relative positions of the major desmosomal components. (See Figure 4 for an
electron micrograph of desmosomes.) The scale on the right-hand side indicates distance in nanometres. The figure is largely based on the
immunogold labelling experiments of North et al. [8]. Reproduced from the study by Garrod and Chidgey in [1].

Desmosomes occur predominantly in epithelial cells. In
vivo these cells contribute to epithelia, which are continuous
or confluent cell sheets providing dynamic barriers between
body compartments. The confluence of the sheet is vital;
without it the barrier function of the epithelium cannot be
maintained. If confluence is broken in a healthy individual,
the epithelium repairs itself to restore the barrier as rapidly
as possible, as most easily and dramatically seen in epidermal
wound healing.

Maintenance of confluence and barrier function appears
to be a compulsive behaviour of epithelial cells. Intercellular
junctions, including desmosomes, are key contributors to
this process. Two commonly held myths in cell biology
are that (i) cells lose adhesion during cell division and (ii)
cell division is inhibited by intercellular contact, the so-
called “contact inhibition of cell division”. The former notion
seems to have arisen from watching isolated fibroblasts

round up when they divide in culture. Certainly cell division
necessitates a change of shape and some remodelling of cell
contacts. But epithelial cells in confluent sheets, both in
culture and in vivo, retain tight and adherens junctions and
desmosomes throughout cell division [21] (Figure 2). If this
were not the case, the barrier function of the epithelium
would be compromised every time a cell divided. The drive
to maintain confluence and barrier function is also manifest
when cells in epithelial cell sheets undergo apoptosis. The
dying cell is often extruded from the sheet and this would
leave a hole if nothing were done about it. In fact neighbours
of the extruded cell move to fill the gap, zipping up junctions
as they go and presumably enabling a seamless continuity
of barrier function [22]. Although junctions are maintained
throughout these processes, it is likely that modulation of
junctions in localised regions of the cell surface may be
required in order to facilitate cell shape changes.
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Figure 2: Epithelial cells retain junctional contact during cell division. (a) and (b) MDCK cells stained with monoclonal antibody to
desmoplakin by the ABC technique and counterstained with haematoxylin. (a) Cells at various stages of division are shown: w, anaphase; x,
telophase; y, early cytokinesis; z, advanced cytokinesis. All dividing cells show prominent peripheral staining for desmoplakin. In some cases
(e.g., small arrowhead), the desmoplakin staining is punctate and not obviously confined to the cell periphery. However, similar staining
is commonly seen in nondividing cells (e.g., large arrowhead) and appears to be due to oblique viewing of the cell interfaces. (b) High-
power photographs of similar cell in advanced cytokinesis. Note the prominent peripheral desmoplakin staining, even at the borders of
the cleavage furrow. Although the cytoplasm is generally more darkly staining than that of neighbouring non-dividing cells, this does not
indicate desmosome internalisation (see following fluorescence micrographs). Bars: 20 m (a) and 10 m (b) (c)–(e) MDCK cells stained with
monoclonal antibody to desmoplakin and propidium iodide to show chromosomes. (c) Two cells in metaphase, (d) cell in early anaphase,
and (e) cell in late anaphase. All dividing cells show peripheral punctate staining for desmoplakin, comparable to that seen in non-dividing
neighbours. However, no punctate staining indicative of desmosome internalisation is present in the cytoplasm of the dividing cells. Bar:
10 m. (f)–(i) MDCK cells stained with monoclonal antibody to tight junction protein ZO-1. (j)–(m) Corresponding phase-contrast images.
The cell in (F,J) is in prophase, that in (g) and (k) in metaphase and those in the remaining pictures in telophase. Each dividing cell is
surrounded by a complete ring of ZO-1 staining and shows no evidence of junction internalization or disruption. Dividing cells in epidermis
and intestine also showed retention of junctions by electron microscopy. Bar: 10 m. Reproduced from the study by Baker and Garrod in [21].
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Maintenance of cell-cell contact during cell division
graphically demonstrates that division of epithelial cells is
not inhibited by intercellular contact. A careful analysis of
fibroblast division has shown that this is also not inhibited
by contact [23]. A moment’s thought about cells in vivo
suffices to conclude that the very existence of multicellular
organisms would be impossible if there were such a thing
as “contact inhibition of cell division”. In vivo all epithelial
cells are in continuous or confluent cell sheets, yet many
epithelia exhibit rapid cell turnover involving continuous cell
division to replenish lost cells. How would this be possible if
cell division were inhibited by intercellular contact? In saying
this it is also recognised that cell-cell adhesion can contribute
to the regulation of the plane and, in some cases, the rate of
cell division and the latter may be particularly important in
some situations, for example, in cancer [24–27].

The key reason for retention of junctions during cell
division is that epithelial barriers must be maintained at
all costs. Small skin wounds can be tolerated temporarily
provided that the hole is rapidly plugged by a clot and that
the epidermal covering is restored with reasonable alacrity.
When the epidermal barrier is severely compromised, as in
extensive burning, the consequences are lethal. Intercellular
junctions are vital for the barrier as illustrated by some
human mutations and engineered defects in mice [28–32] in
which loss of junctional function compromises the epider-
mal barrier causing rapid neonatal death. Less obvious but
equally important is the maintenance of internal epithelial
barriers. Diminished barrier function in the gut gives rise
to inflammatory bowel disease and airway epithelial barrier
is compromised both in asthma and by invading allergens,
leading to enhanced allergen delivery and respiratory allergy
[33, 34].

When interpreting studies on cultured epithelial cells
careful attention should be given to the degree of culture
confluence under which the observations were made. Many
such observations are made on subconfluent cells. This is fine
provided it is recognised that subconfluent epithelial cells
are in an abnormal or “activated” state broadly equivalent
to cells at the edge of a wound. The behaviour of such cells
is fundamentally different from the behaviour of epithelial
cells in cell sheets in culture or, most important, in vivo. A
simple example will illustrate this. Clumps of subconfluent
cultured epithelial cells such as MDCK treated with hep-
atocytes growth factor (HGF) (scatter factor) will scatter,
undergoing epithelial-mesenchymal transition (EMT) and
downregulating their intercellular junctions [35, 36]. Other
growth factors produce similar effects with other types of
epithelial cell. However, treatment of confluent epithelial
cells with HGF or a range of other growth factors has no
effect whatsoever on cell-cell adhesion [37]. Thus, although
scattering by growth factors and EMT are fascinating
behaviours, some change in the epithelium equivalent to
wounding or “activation” would appear necessary for them
to become relevant to an epithelium in vivo. However, the
essential role for such signalling mechanisms in specific
in vivo aspects of cell migration, for example, limb bud
development, is clear [38].

For many purposes confluent cells are less easy to study
than subconfluent cells. However, confluence is essential if it
is desired to approach in culture the “normal” situation for
epithelial cells in vivo.

3. Calcium-Induced Desmosome
Assembly and Its Significance

It is frequently stated that desmosomal adhesion is calcium
dependent. This is because of the following. (a) The desmo-
somal adhesion molecules, desmocollin and desmoglein,
are members of the cadherin family and bind calcium; (b)
desmosomes (and other junctions) do not form when cells
are cultured at an extracellular calcium concentration of
<0.1 mM; (c) when the calcium concentration is raised,
desmosomes form rapidly between cells cultured as in (b);
(d) desmosomal adhesion is lost by subconfluent or early
confluent cells when extracellular calcium is depleted.

This is all indisputable but it must be realised that
desmosomes in tissues do not behave and are not regulated in
this way. In the first place the calcium concentration of tissue
fluid is rigorously maintained at about 1 mM. Variations
from this level have serious consequences for many bodily
functions including nerve conduction and muscle contrac-
tion. It is therefore unlikely in the extreme that variations in
extracellular calcium concentration have anything to do with
the regulation of cell adhesion in vivo. At worst, observations
on junctional changes induced by “calcium switching” in
culture may be completely artefactual. On the other hand
“calcium switching” may be a suitable model for junction
assembly in vivo, but this needs to be rigorously tested.

Calcium-induced desmosome assembly appears to be a
simple process of stabilisation of adhesion. Cells cultured in
low-calcium medium (LCM) synthesise desmosomal com-
ponents [39, 40]. The desmosomal cadherins, or assemblies
of desmosomal proteins in the form of half-desmosomes,
are transported to the cell surface where they are unable to
participate in adhesive binding [39, 41]. They are therefore
internalised and degraded, so in LCM they have short half-
lives. Desmoplakin also has a short half life in LCM but
usually appears to remain in the cytoplasm in punctate form
associated with the cytoskeleton, or in a more diffuse pool
[42, 43]. When the calcium concentration is raised, adhesion
is triggered and desmosomes assemble at cell interfaces, a
process that continues for up to 36 hours in MDCK cells [42–
46]. Such desmosomes become relatively stable structures;
nevertheless desmocollin remains fairly mobile [47].

Adhesion is triggered because a calcium concentration
of ca. 1 mM is necessary to maintain cadherin extracellular
domains in an extended configuration such that they are
adhesion competent [48]. In vivo every cadherin molecule
emerging onto the cell surface is instantly exposed to such
a concentration of calcium (intracellular calcium is in the
M range) and therefore will immediately become adhesion
competent. Thus the only calcium switch in vivo probably
occurs when a molecule emerges from the intracellular into
the extracellular environment.

A similar argument indicates that calcium depletion does
not induce loss of junctional adhesion in vivo. On the other
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hand, depletion or chelation of extracellular calcium can be
used as an experimental assay of desmosomal adhesiveness.
Calcium depletion applied to subconfluent or early con-
fluent epithelial cells in culture induces a genuine loss of
desmosomal adhesion, which is a splitting of desmosomes
through the intercellular region, resulting in the formation
of half desmosomes that are subsequently internalized by
the cells [49, 50]. This presumably occurs because of the
reverse of the process described above; the cadherin extra-
cellular domains lose their extended, adhesion-competent
configuration. However, this type of “calcium-dependent”
desmosomal adhesion, though commonly encountered with
cells in culture, appears to be rare in vivo, only being
encountered in special situations where cells are “activated”
for tissue modelling or remodelling, such as embryonic
development or wound closure.

4. Desmosomes Form an Insoluble Complex
with Intermediate Filaments

Fey et al. sequentially extracted confluent epithelial cells to
generate the nuclear matrix-intermediate filament (NM-IF)
scaffold [51]. This is the cytoskeletal network remaining
after extraction with the nonionic detergent Triton X-100,
high salt, RNase, and DNase. The NM-IF contains junctional
components including desmosomes, as verified by electron
microscopy. To dissolve the NM-IF it was necessary to treat
it with sodium dodecyl sulphate (SDS) and a reducing agent
or urea. Even when isolated from intermediate filaments,
desmosomes remain highly insoluble. Thus desmosomes
isolated from bovine nasal epithelium by treatment with
citric acid-sodium citrate buffer at pH2.6, which dissolves
keratin filaments, have to be dialysed for hours against SDS-
containing buffer in order to dissolve them [52, 53].

Such insolubility is an indicator of the toughness of
desmosome that fits them for their role of extremely
strong adhesion. From the biologist’s viewpoint it makes it
extremely difficult to study protein-protein interactions in
desmosomes because dissolving them disrupts such inter-
actions. Many biochemical procedures such as pull-down
assays carried out on various soluble fractions of cultured
cells must therefore be interpreted with extreme caution
when applied to desmosomal components because they do
not provide information relating to intact desmosomes. The
interactions that they reveal apply to upstream events, that
is, prior to desmosome assembly, or downstream events, that
is, after proteins have left the desmosome. They may also
reflect interactions within desmosomes but it should not be
assumed that they do without further proof.

5. Desmosome “Modulation” Requires
Epithelial Confluence

Using the calcium chelation assay it has been shown that,
while the maintenance of desmosomal adhesion is initially
calcium dependent, it matures to become functionally
calcium independent [37, 45, 46, 54] (Figure 3). Mature,
calcium-independent desmosomes do not lose adhesion and

split in the intercellular space when extracellular calcium is
depleted. Although other types of junction, the tight and
adherens junctions, may break down leading to substantial
loss of intercellular adhesion, the desmosomes remain
adherent and continue to bind cells together [37, 50, 54].
This can cause the cells to adopt a stellate appearance since,
although largely rounded, they remain attached at points
where desmosomes accumulate during the retraction process
[37] (Figure 3).

Development of calcium independence requires culture
confluence. If cells are maintained at subconfluent density,
calcium independence does not develop [37]. In confluent
epithelial cell cultures the onset of calcium independence is
gradual, in the sense that it takes several days for all of the
cells to acquire mature desmosomes [37, 54]. Slow junctional
maturation is also found in tight junctions, which generally
take several days of confluent culture to develop so that
transepithelial electrical resistance is maximal [57–59].

In order to maintain desmosomal calcium-indepen-
dence, culture confluence must also be maintained. If a
cell sheet in which calcium-independence has reached 100%
is scratch wounded, the cells at the wound edge reacquire
calcium dependence within about an hour [37]. This effect
is then propagated away from the wound edge through the
cell sheet. No evidence could be found for the involvement
of extracellular diffusible factors or for the release of
cytoskeletal tension in this propagation. The most likely
explanation is that some form of cell-cell communication
via gap junctions, such as intercellular calcium signals, is
involved, but this has yet to be demonstrated.

6. Calcium-Independence Is the Normal
State for Desmosomes In Vivo

Epithelia of animal tissues are confluent cell sheets and
remain so unless wounded or diseased. If the above obser-
vations on the adhesive properties of desmosomes in cell
culture are of in vivo relevance, it would be expected that
desmosomes in vivo should generally be calcium indepen-
dent. That this is the case has been rigorously demonstrated
for the epidermis by exposing small pieces of excised mouse
epidermis to EGTA for several hours and examining junc-
tional structure by electron microscopy [55]. It was found
that all 200 desmosomes examined retained adhesion and
apparently unaltered structure after 6 hours of incubation
in EGTA (Figure 4). Previously it had been found in a wider
survey of adult mouse tissues by immunofluorescence that
desmosome calcium-independence was the norm [37]. In
addition to epiderm are these included trachea, oesophagus,
tongue, liver, and cardiac muscle. Here it was shown that
adherens junctions (E-cadherin staining) were internalised
upon EGTA treatment, so there is no doubt that the chelating
agent was able to penetrate the tissues.

It was surprising to find that calcium-independence was
so all-pervading; no calcium-dependent desmosomes were
found, even in the basal layer of epidermis. Presumably
desmosome assembly is likely to be a continuous process in
epidermis because of cell turnover. This may indicate that
desmosomal adhesion matures very rapidly in vivo or that
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(a) (b) (c)

(d) (e) (f)

Figure 3: Desmosomes of MDCK cells can be calcium-dependent or calcium-independent. (a) Desmosomes of MDCK cells in confluent
culture stained with monoclonal antibody to desmoplakin. Note that the desmosomes are located at the cell peripheries and that the staining
is generally punctate. (b) A monolayer that has been cultured at confluent density for 24 hours in SM and then treated with LCM-EGTA
for 90 minutes, showing loss of intercellular contact and of desmosomal staining from the cell peripheries. This is indicative of calcium-
dependent desmosomes. (c) A 6-day-confluent monolayer treated with LCM-EGTA for 90 minutes, showing partial loss of intercellular
contact but persistence of joining processes with intense desmosomal staining (e.g., arrow). This is indicative of calcium-desmosomes. Bar,
20 m. (d) When subconfluent or 1-day-confluent cells are treated with LCM-EGTA adhesion is lost and desmosomal halves separate. The
half desmosomes are then internalised ((e), arrows). (f) By contrast when 6-day-confluent cells are treated with LCM-EGTA desmosomes
remain adherent and accumulate at the cell surface between interconnecting cell processes. Bars: 0.3 m in (d) and (f); 0.4 m in (e) (a)–(c).
Reproduced from the study by Wallis et al. in [37]. The isoform of protein kinase (c) is involved in signalling the response of desmosomes to
wounding in cultured epithelial cells. (d)–(f) Reproduced from the study by Mattey and Garrod in [50].
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Figure 4: Transmission electron micrographs of desmosomes in mouse epidermis. Normal (a) and wound-edge (b) mouse epidermis
after exposure to LCM-EGTA for 6 hours (a) and 1 hour (b). Note that the desmosomes in (a) are intact and two that are sectioned
precisely transversely exhibit entirely unaltered structure, whereas in (b) the desmosomal halves (arrows) have lost adhesion and separated
(compare with Figure 3(d)). Thus the desmosomes in (a) are calcium independent and those in (b) are calcium dependent. (c) An example
of transversely sectioned desmosomes from untreated wound-edge epidermis showing absence of midline but plaque structure appears
unchanged at this resolution. ML, midline; ODP, outer dense plaque; IDP, inner dense plaque; IF, intermediate filaments. Bar: 0.1 m.
Reproduced from the study by Garrod et al. in [55].
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newly formed desmosomes are extremely rare and therefore
difficult to find. In order to determine whether desmosomal
calcium-dependence occurs at any stage in vivo we have
examined desmosomes in developing mouse epidermis (T. E.
Kimura, A. J. Merritt, and D. R. Garrod; unpublished). Using
both immunofluorescence and electron microscopy to assay
the results, we found that epidermal desmosomes remained
entirely calcium dependent until E12 (embryonic day 12)
but by E14 > 75% of epidermal cells possessed calcium-
independent desmosomes. By E19 this had increased to
almost 100%. In contrast, adherens junctions remained
calcium dependent throughout. Thus it appears that desmo-
somal adhesiveness is developmentally upregulated.

Our results should be compared with earlier results
on tissues of the frog Rana pipiens that were exposed to
the nonspecific chelating agent EDTA and examined by
electron microscopy [60]. Borysenko and Revel showed that
desmosomes of stratified squamous and glandular epithelia
were insensitive to EDTA but that those of simple columnar
epithelia were EDTA-sensitive. The latter result was in
agreement with that of a study on oxyntic cells of the
gastric glands, in which it was found that EDTA induced
desmosomal changes were reversed by readdition of calcium
[61]. Since our studies have shown that mammalian simple
epithelial cells such as MDCK readily develop calcium-
independent desmosomes, it appears that mammals and
frogs may differ in this respect. It is interesting that
the oxyntic cell desmosomes studied by Sedar and Forte
showed no intercellular midlines, whereas those of the frog
epidermis, shown by Borysenko and Revel, had very distinct
midlines (see below for the significance of this observation).

7. Desmosomes Revert to Calcium-Dependence
in Wounded Epidermis

Culture experiments suggest that wounding a confluent cell
sheet causes desmosomes to revert from calcium indepen-
dence to calcium dependence. In order to determine whether
similar changes occur in vivo, wound-edge epithelium from
mouse epidermis was incubated in EGTA and the desmo-
somes examined by electron microscopy [55]. It was found
that 53.3% of such desmosomes were calcium dependent by
48 hours after wounding and 63.8% by 72 hours (Figure 4).
Thus the change in desmosomal adhesiveness shown on
wounding by simple epithelial cells in tissue culture is also
an in vivo phenomenon in the epidermis indicating that cell
culture potentially provides a good model for desmosome
regulation in tissues.

8. Calcium-Independent Desmosomes
Are Hyperadhesive

Because calcium independence makes desmosomes difficult
or impossible to dissociate, it seemed likely that it rep-
resents a strongly adhesive state. In order to test this we
compared the adhesiveness of dispase-detached sheets of epi-
dermal keratinocytes (HaCaT) with calcium-dependent and
calcium-independent desmosomes using a fragmentation
assay [54]. So as to be sure that we, really were comparing

adhesiveness we confirmed by electron microscopy that
the fragmentation was occurring by splitting desmosomes
in the intercellular region rather than by breaking cells.
Differential cell breaking could also increase the number
of sheet fragments in response to mechanical stress, but
would indicate differences in other cellular properties, such
as cytoskeletal changes, rather than adhesiveness (see below
for disease situations where cell breaking occurs). The results
showed that sheets with calcium-independent desmosomes
were considerably more cohesive than those with calcium-
dependent desmosomes. Moreover, this greater cohesiveness
persisted in the presence of EGTA, indicating that it was a
truly calcium-independent phenomenon.

The greater adhesiveness of calcium-independent des-
mosomes has been termed “hyperadhesion” because it
is a unique and very important property. It is unique
because it does not appear to be a feature of the other
major adhesive junction, the adherens junction, which is
always calcium dependent according to all reports and to
our experience with cultured cells and tissues. It is very
important because it is fundamental to the strength and
integrity of vertebrate tissues. In contrast to hairy animals
human beings are surrounded by an extremely thin epithelial
layer, the epidermis, and this is their only protection against
severe environmental stresses such as physical abrasion
and dehydration. It would not be able to do this without
desmosomal hyperadhesion, which binds its cells tightly
together into a tough, cohesive epithelium. In addition they
have cardiac muscle that can generate a pressure of almost
1/3 atmospheric, again demanding tight cohesion between
cardiac myocytes.

It has long been axiomatic that desmosomes provide
strong adhesion but it has never before actually been
demonstrated that this strong adhesion is a regulable prop-
erty dependent on desmosome maturation and requiring
calcium-independent adhesive binding by cadherins. The
assumption of strong adhesiveness has been based on a
number of considerations. Firstly, desmosomes are most
abundant in tissues such as epidermis where resistance to
physical stress is essential. Secondly, desmosomal adhesion
is the intercellular link in the desmosome-intermediate fila-
ment complex, which forms a cytoskeletal network extending
throughout tissues that contain it. Such a bracing network
needs equivalent strength at every point or it would not
function [1]. Thirdly, several human diseases that affect
desmosomal components weaken the tissues that are most
affected, such as the epidermis and the heart [16, 62, 63].
Fourthly, several constitutive or conditional deletions of
desmosomal genes from mice also result in weakening of the
epidermis and/or the heart [32, 64–67]. The demonstration
of hyperadhesion provides experimental confirmation of a
long-held belief.

9. Acquisition of Hyperadhesion Involves No
Change in the Composition of Desmosomes

A simple explanation of hyperadhesion and its regulation
might be that one or other of these components is recruited
to or lost from desmosomes to regulate this adhesive
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change. We had previously found that inhibition of protein
synthesis with cycloheximide did not prevent the conversion
of desmosomes making this explanation unlikely. Because
the extent of hyperadhesion in HaCaT cell sheets was easily
quantifiable and the desmosomes in these cells could be
readily and rapidly converted between the two states (see
below), we made qualitative and quantitative comparison
between the desmosomal components in cells expressing one
state and the other. The cells express plakoglobin, desmo-
plakin, two isoforms each of desmoglein and desmocollin,
and three isoforms of plakophilin. There was no qualitative
or quantitative difference in any of the components between
cells in the two adhesive states, nor in the localisation of any
component to desmosomes at the cell periphery [54].

10. Desmosome Structure Suggests a Basis
for Hyperadhesion

A striking and unique feature of the structure of desmosomes
is the presence of an electron-dense midline between the
plasma membranes in the intercellular space [60, 68, 69].
The midline lies at the centre of the adhesive interface
between adjacent cells and thus may represent a structural
specialisation for hyperadhesion. The other major adhesive
junction, the adherens junction, which does not appear to
adopt hyperadhesion, notably lacks a midline. A signifi-
cant finding is that desmosomes in epidermal wound-edge
epithelium, which are generally calcium dependent, lack a
midline and their intercellular space is ca.10% narrower than
that of hyperadhesive, midline-possessing desmosomes of
unwounded epidermis [55]. The intercellular space of the
calcium-dependent adherens junction is generally reported
as being narrower than that of the desmosome. The calcium-
dependent desmosomes of embryonic epidermis also lack
midlines, but midlines are acquired together with hyperad-
hesion (T. E. Kimura et al., unpublished). Thus hyperadhe-
sion seems to go together with a wider intercellular space and
the presence of a midline, while calcium-dependence seems
to be accompanied by a narrower intercellular space with no
midline.

A short paper by Rayns et al. provided the only significant
insight into the structure of the desmosomal interspace until
very recently [70]. The most noteworthy feature of this
structure was its regularity. Infiltration of guinea-pig heart
muscle with the electron-dense tracer, lanthanum, revealed
a highly regular structure in which the midline appeared as
a zigzag that was connected to the plasma membranes by
alternating cross-bridges (alternating light and dark parallel
lines) of 70–75 periodicity. Tangential sections through these
structures revealed arrays of dense particles of 75 periodicity
or quadratic arrays of dense particles of 55 centre-to-centre
spacing [70].

In order to form crystals, molecules must pack into
regular arrays. When the crystal structure of the partial
EC domain of the classical cadherin, N-cadherin, was
published, it was described as an “adhesion zipper” that
resembled the ultrastructure of the desmosome rather than
the adherens junction [71, 72]. The later publication of the
crystal structure of the full-length EC domain of Xenopus

C-cadherin produced a model that seemed even more
to resemble a desmosome [56]. We were struck by the
remarkable similarity between the periodicity found in the
C-cadherin structure and that previously reported by Rayns
et al. [70]. Homology models for Dsc2 and Dsg2 were
generated using the C-cadherin ectodomain as a template.
Modelling of the desmosomal cadherins (Dsc2 and Dsg2)
in the crystal packing observed for C-cadherin shows that
it is feasible to produce a similar array, despite the modest
sequence identity between them (ca.30%) [55]. However,
some differences in detail between the intermolecular and
intramolecular interactions in the desmosomal cadherins
may be expected. The final quality of the models for Dsc2
and Dsg2 was compared with the C-cadherin structure. The
root mean square deviation for all equivalent carbons was
1.03 for Dsc2 and 1.04 for Dsg2.

In an attempt to model the Ca2+-independent desmo-
some structure we computed a 3D array of Dsc2 molecules
generated according to the crystallographic cell symmetry
of C-cadherin [55]. A similar array was generated for Dsg2.
In these arrays, the adhesion interfaces are aligned to the x-
axis (along the crystallographic x-axis) (Figure 5 shows the
Dsc2 array). The structure seemed to account very well for
the desmosomal midline and showed remarkable agreement
with the repeating periodicity shown by Rayns et al. [70]
Therefore, we proposed that this 3D array is a good model
for the highly ordered, quasicrystalline desmosome structure
observed in ultrastructural studies.

A most exciting development has been the study of the
extracellular domains of tissue desmosomes by cryoelectron
tomography of vitreous sections [73]. This technique enables
the visualization of three-dimensional molecular structure
under close-to-native conditions. Three-dimensional recon-
struction showed a regular array of densities at 70 intervals
along the midline, with a curved shape resembling the X-ray
structure of C-cadherin.

How is it possible for desmosomes to alternate between
calcium-independent hyperadhesion and calcium depen-
dence without changing their molecular composition? We
suggest that the ordered arrangement of the EC domains
of the desmosomal cadherins is dynamically variable. In
support of this are our observations that the midline
structure is not evident in calcium-dependent embryonic
and wound-edge epithelial desmosomes. It is probable that
such desmosomes have a less ordered arrangement of the
EC domains, which therefore appear more diffuse in the
electron microscope. Thus we suggest that a type of locking
mechanism operates; in the ordered arrangement, the EC
domains are locked together giving strong adhesion that
cannot be readily dissociated, while in the less ordered
arrangement, adhesion is weaker and dissociation is possible.
We also suggested that the locked form may involve entrap-
ment of calcium ions, a possible explanation of “calcium
independence”.

An alternative view of desmosome structure is that the
desmosomal cadherins in the desmosomal interspace form a
series of tangled knots rather than a regular structure [74].
It seems to the author that such an arrangement is less likely
to account for the dynamic properties of desmosomes and
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Modelling the desmosome
on C-cadherin crystal structure

En face view shows quadratic array

with repeat periodicity of ca. 75 Å

Rotation of lattice shows four views
with distinct midlines, each repeated
twice in 360◦
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Figure 5: Schematic representation of the Dsc2 ectodomain model 3D array, generated from the crystallographic structure of C-cadherin
[56]. In the centre we represented the desmosomal interspace as a cylinder, showing the midline formed by trans and cis interactions between
molecules on opposed cell surfaces. Monomers from one cell surface are coloured in red and monomers from the opposed cell surface are
coloured in blue. The midline is aligned with the x-axis of the cylinder (coincident with the x-axis in the crystallographic lattice). Rotation
of the 3D array around the x-axis by 90◦ (top) shows a regular lattice with distances between rows of molecules of 73.85 and distances of
75.14 between layers. Rotations around the z-axis produce four different views, all of them with a midline dense zone (bottom). These are
strand dimer1 at z = 0◦, “boat” at z = 30◦, strand dimer 2 (inverse form strand dimer 1) at z = 60◦, and “zipper” at z = 120◦. The cis and
trans interfaces between distal domains are indicated by arrows. Reproduced from the study by Garrod et al. in [55].

for their great adhesive strength. The desmosomes studied
in this paper were from neonatal mouse epidermis. It is
possible that their cadherins appeared irregular because the
desmosomes were calcium dependent, though this seems
unlikely for two reasons. Firstly they had midlines, which in
our experience are invariably associated with calcium inde-
pendence. Secondly, a study of the developmental regulation
of desmosomal adhesion in the mouse epidermis has shown
a major change to calcium independence by E14 and by E19:
100% of keratinocytes have calcium independent adhesion,
as in the adult (Kimura at al., unpublished) [55]. A more
probable explanation is that the desmosomes studied were
calcium independent and that the structure was distorted
during preparation, which involved freeze substitution and
resin embedding.

11. An Ordered Intercellular Zone Requires
an Ordered Plaque

The cytoplasmic domains of the desmosomal cadherins
lie in the desmosomal plaque. An ordered arrangement
of their extracellular domains would seem to require an
equally ordered arrangement of their cytoplasmic domains

and therefore of the plaque in general. Several ultrastructural
studies have provided preliminary evidence that the plaque
has a lamellar structure parallel to the membrane and a
periodic structure at right angle to it.

Thus, the desmosomal plaque shows filamentous or peri-
odic organisation perpendicular to the plasma membrane
and lamellar organisation parallel to it. The former was
revealed by early freeze-fracture studies [75–78]. Cryosec-
tions of tissue prepared by the Tokyasu method revealed
an electron opaque lamina ca. 17 nm from the plasma
membrane while negative staining of polyvinyl alcohol-
embedded material revealed the presence of at least two
laminae in the outer dense plaque [8, 79]. Miller et al.
[79] noted transverse periodicity of approximately 2.6 nm
in a region probably corresponding to the inner dense
plaque (IDP) and North et al. [8] observed fine filaments
perpendicular to the membrane in the outer dense plaque
(ODP). A remarkably similar picture has emerged from
cryoelectron microscopy of rapidly frozen, fully hydrated
human epidermis [80, 81]. The desmosomal plaque showed a
10-11 nm region of medium electron density adjacent to the
plasma membrane (PM) followed by a 7-8 nm thick electron
dense layer showing a transverse periodicity of about 7 nm.
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The major challenge to elucidating the structure of
the desmosomal plaque is its density. The most effective
method of analysis thus far has been immunogold electron
microscopy [79, 82–84]. The most detailed study used
quantitative analysis of immunogold labelling of the N- and
C-termini of DP, PG, and PKP 1 and the C-termini of Dsg
3, Dsc 2a, and Dsc 2b to produce a molecular map of the
desmosomal plaque [8]. This showed that the ODP is the
region where the armadillo proteins probably interact with
the N-terminus of DP and the cytoplasmic domains of the
desmosomal cadherins while the C-terminus of DP lies in the
IDP in accordance with its known function of binding the
IFs. Mapping the localisation data from the study of North
et al. in [8] onto the structure reported by Al-Amoudi et al.
[80, 81] suggests that the density Al-Amoudi et al. reported
in the plaque corresponds to this same region of substantial
protein-protein interaction.

12. Protein Kinase C Modulates
Desmosomal Adhesiveness

Since modulation of desmosomal adhesion involves no
change in protein composition, an alternative mechanism
might involve some type of inside-out signalling such as has
been found to modulate the adhesiveness of, for example,
integrins [85, 86]. That such is also the case for desmosomes
was indicated by the observations that treatment of MDCK
and HaCaT cells with protein kinase C (PKC) activa-
tors rapidly converted desmosomes from hyperadhesive to
calcium dependent [37, 54]. Conversely, PKC inhibitors
induced hyperadhesiveness in calcium-dependent desmo-
somes. Because (i) MDCK cells contain relatively few PKC
isozymes, (ii) an inhibitor of conventional PKC isozymes was
effective in calcium-dependence/hyperadhesion conversion,
and (iii) PKC was localised to the membranes of cells with
calcium-dependent desmosom es but diffuse cytoplasmic in
cells with hyperadhesive desmosomes, it was concluded that
PKC plays an important role in this conversion [37]. Is this
also the case in vivo?

In normal mouse epidermis where all desmosomes
appear to be hyperadhesive, PKC is most strongly expressed
in the basal layer, has a diffuse cytoplasmic distribution,
and shows no colocalisation with desmosomes. (N. B. PKC
expression may differ between layers of the epidermis in
humans and mice [87].) However, in wound-edge epi-
dermis where the desmosomes are predominantly calcium
dependent, PKC is abundantly localised to desmosomal
plaques [55]. This strongly suggests that PKC plays a role
in regulating desmosomal adhesiveness in vivo but does not
constitute definitive functional evidence.

During epidermal development calcium-dependent
desmosomes at E12 could be converted to hyperadhesiveness
by treatment with the conventional PKC isozymes inhibitor
Gö 6976 suggesting that in vivo, as in culture, PKC is involved
in desmosomal regulation (Kimura et al., unpublished).
However, PKCα−/− mice developed normal desmosomes
that showed developmental regulation to hyperadhesion
with the same timing as wild-type mice, suggesting either
that additional regulatory mechanisms are involved or

that other isozymes compensate for the absence of PKC.
If the above observations on the relocalisation of PKC in
epidermal wound healing have functional significance,
inhibition/activation of this isozyme should have predictable
effects on wound healing and this is currently being tested.

We were surprised to find recently that treatment of
MDCK cells with the general tyrosine phosphatase inhibitor
sodium pervanadate caused a substantial conversion of
calcium-dependent desmosomes of subconfluent MDCK
cells to hyperadhesion [88]. This treatment caused increased
tyrosine phosphorylation of plakoglobin and desmoglein 2,
which nevertheless remained in complex in the soluble cell
fraction. The observation also clearly suggested that protein
tyrosine kinases in addition to PKC may be involved in
regulating desmosomal adhesiveness.

How could protein kinases regulate desmosomal adhe-
siveness? Given the clear localisation of PKC to the desmo-
somal plaque during conversion of desmosomes, the most
likely mechanism would seem to involve phosphorylation of
one or more of the desmosomal plaque components. This
could then cause a configurational change within the plaque
that could in turn lead to a disordering of the plaque and
a consequent disordering of the extracellular domains of
the desmosomal cadherins leading to calcium dependence.
Dephosphorylation would then restore order and lead to
hyperadhesion. Such a mechanism would require no change
in the major components of desmosomes, in accordance with
our results, though it may require the recruitment and/or
loss of protein kinases and phosphatases. The difficulty is
in determining which desmosomal protein(s) is the key
phosphorylation target.

We and others have shown by metabolic labelling and
immunoprecipitation that all major desmosomal compo-
nents in cultured cells are phosphorylated under normal
conditions [89, 90]. The phosphorylation may be on ser-
ine/threonine or tyrosine in the case of plakoglobin and
desmoglein [88, 91–94]. The difficulty with such experi-
ments lies in knowing the origin of the desmosomal compo-
nents concerned; only phosphorylation changes that occur
within desmosomes themselves can account for the adhesive
changes. Changes that occur in soluble cell fractions are not
relevant, though they may be associated with desmosome
assembly.

An alternative approach is mutagenesis of known or
potential phosphorylation sites. Quantitative analysis of the
location of PKC in the plaques of epidermal wound-edge
desmosomes suggested a biphasic distribution, one peak
lying within a few nanometers of the inner leaflet of the
plasma membrane and the other within the outer dense
plaque [55]. Based on our previous molecular mapping
of the desmosomal plaque, no desmosomal component
could be eliminated on the basis of colocalisation with PKC
[8]. Accordingly we undertook mutagenesis of conserved
consensus phosphorylation sites in the cytoplasmic domains
of desmocollin 2 and desmoglein 2, the desmosomal cad-
herins with the widest tissue distributions, reasoning that
sites involved in such a key regulatory process would be
likely to be conserved (A. Smith, S. Haddad, Z. Nie, and
D. Garrod; unpublished) (Figure 6). Mutant proteins were
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Figure 6: Mutations of phosphorylation sites in desmoglein and desmocollin produce slight increases in desmosomal hyperadhesion. (a)
and (b) show conserved predicted phosphorylation site (in red) in the cytoplasmic domains of desmogleins and (c) shows similar sites in
desmocollins. These were mutated to alanine and the mutant proteins expressed in MDCK cells. The effects on desmosomal adhesiveness
are described in the text. (d) shows stick models of the desmosomal cadherins desmocollin 2 (Dsc2) and desmoglein 2 (Dsg2). Sites S810
and S814 are located towards the C-terminal end of the ICS (intracellular cadherin-specific) region of Dsg2, S866 towards the C-terminal
end of the IPL (intracellular proline-rich) region, and S1051 in the sixth repeat of the specific repeat unit domain (RUD). Sites S729, S733,
and S738 are towards the C-terminal end of the ICS region of Dsc2a but are absent from the shorter C-terminal region of Dsc2b because
alternative splicing truncates this region. (d) is reproduced from the study by Garrod and Chidgey in [1].

expressed in MDCK cells and the cells assessed at an early
stage of confluent culture for increased hyperadhesiveness.
It was found that the combined mutations S729A and
S738A in Dsc2 and S810A and T1051A in Dsg2 increased
the percentage of sub-confluent/early confluent cells with
hyperadhesive desmosomes to 22% compared with 6% for
cells transfected with plasmids encoding wild-type proteins.
RNAi depletion of endogenous Dsg2 increased this figure
to about 37%. Furthermore, both mutations significantly
slowed the rate of healing in a scratch wound assay. These
rather modest effects probably indicate that regulation of

desmosomal adhesiveness is a complex process involving
multiple sites on several desmosomal proteins.

13. Downregulation of Desmosomes In Vivo:
Internalisation versus Disassembly

A vital aspect of tissue homeostasis is the turnover of
molecules and organelles. In the case of desmosomes in
epithelial tissues such as the epidermis, the need for such
turnover is clear. As keratinocytes migrate upwards through
the epidermal layers, the protein composition of individual
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desmosomes changes, the more basally expressed desmo-
somal cadherin and plakophilin isoforms being gradually
replaced by others that are upregulated in the upper
layers [1, 10], while the other components, desmoplakin
and plakoglobin, which do not have multiple isoforms,
continue to be expressed. It is not known how this change
is achieved; it could be by molecular exchange within
existing desmosomes, as seems possible in cultured cells
[47], or by downregulation of existing desmosomes and
replacement with new ones of differing composition. Of
these two alternatives, there is no evidence for the former
in vivo, while there is evidence for the latter, not as far as
I know from intact, normal epidermis, but from situations
where desmosome downregulation would be expected to be
increased, such as wound healing and disease.

Downregulation of desmosomes in wound-edge epi-
dermis appears to have been first reported by Croft and
Tarin [95]. It seems intuitively obvious that for multilayered
keratinocytes to form a single migrating layer they must
reduce their intercellular adhesions. Reduce but not abolish,
because maintenance of cell-cell adhesion appears essential
for coordinated migration of epithelial cell sheets [96].
When examining wound-edge epidermis we were surprised
that we never found half desmosomes [55]. (Apparently
desmosome splitting occurs when calcium is chelated but
does not appear to be the “normal” methods of down-
regulation.) Instead, whole, apparently intact desmosomes
were frequently observed inside wound-edge cells. This
suggests that engulfment of entire desmosomes may be the
mechanism of downregulation, consistent with a mechanism
for desmosomal engulfment previously proposed by Allen
and Potten [97]. Membrane processes originating from one
of a pair of cells were suggested to engulf the desmosome
enclosing it in a cytoplasmic vesicle within the protagonist.
What determines which member of the cell pair gets the
desmosome is not known. Such a mechanism would be
consistent with the finding that the actin cytoskeleton is
involved in internalisation of half desmosomes in cultured
cells [98]. The puzzle in our studies was that the majority
of internalized desmosomes did not appear to be enclosed
in vacuoles, and the reason for this is not clear. Internalised
desmosomes, usually with at least a partial associated
vacuole, have been reported from a variety of skin lesions
(see [55] for references) but it is not clear whether this is the
general mechanism for desmosome downregulation in vivo.

Desmosome downregulation is frequently referred to as
desmosome “disassembly”, largely on the basis of research
on cultured cells. “Disassembly” implies the dissolution or
disruption of an object into its component parts or in
this case its component molecules. In order for this to be
conclusively demonstrated it has to be shown that molecules
appearing in the soluble fraction of cells were previously
incorporated into desmosomes. The author submits that
this is rarely, if ever, the case. Comparison between the
non-ionic detergent-soluble and insoluble fractions is a
start but is in itself inadequate because some desmosomal
components enter the insoluble fraction shortly after syn-
thesis and probably before incorporation into desmosomes
[99]. Thus the difference between the soluble and insoluble

fractions could represent prevention of assembly rather
than promotion of disassembly. Furthermore, in the lack
of any convincing evidence to the contrary, such studies
have invariably been carried out on immature, calcium-
dependent desmosomes, the in vivo relevance of which is
doubtful. There is no evidence that the author is aware of
that desmosome disassembly ever occurs in vivo.

Even when calcium-dependent desmosomes are dis-
rupted in culture by chelation of extracellular calcium,
there is no evidence that they disassemble. Under these
circumstances desmosomes split in the midline (Figure 4)
and the resulting half desmosomes are internalised into
cytoplasmic vacuoles [49, 50]. Such half desmosomes are
gradually transported to the perinuclear region of the cell
and continue to be so even if a new round of desmosome
assembly is initiated by once again restoring extracellular
calcium [47, 50]. This suggests that desmosomes are not
disassembled and their components reutilised for the assem-
bly of new desmosomes. Our unpublished studies based on
immunofluorescent colocalisation of all major components
of internalised desmosomes and their insolubility in inter-
nalising cells reaffirm that internalised desmosomal halves
do not disassemble (McHarg, Hopkins, Lin, and Garrod;
unpublished).

14. Some Implications for and Suggestions
from Human Disease

In pemphigus vulgaris (PV), a potentially fatal blistering
disease of skin and mucous membranes, autoantibodies to
the desmosomal cadherins Dsg3 (and Dsg1 in some patients)
cause loss of cell-cell adhesion or acantholysis [100, 101].
Suggested alternative but not necessarily mutually exclu-
sive mechanisms for acantholysis include direct disruption
of desmosomal adhesion due to steric hindrance by the
autoantibodies and activation of outside-in signalling by
autoantibody binding [16, 102].

A review of the literature on the ultrastructural analysis
of PV appears to show that direct disruption of desmosomal
adhesion is not the primary event [103–107]. Rather there
is extensive loss of cell-cell adhesion in interdesmoso-
mal regions and possible intracellular cleavage behind the
desmosomal plaque that might indicate a weakening of
the cytoskeleton, perhaps through a signalling mechanism
involving plakoglobin [102, 103]. By contrast abundant split
desmosomes with inserted keratin filaments were found in a
mouse model of PV [108]. This model involves immunising
desmoglein 3 null mice against desmoglein 3 and then
transferring splenocytes from the immunised mice to Rag2
null mice, which then produce antidesmoglein 3 and develop
symptoms of PV [109]. Ingenious though this model is, the
above results on disruption of desmosomal adhesion should
be regarded with caution because there is no guarantee that
the antibodies produced function by the same mechanism as
PV autoantibodies.

A series of publications reporting work in which ker-
atinocytes were treated with PV autoantibodies in cul-
ture showed that desmosomes are downregulated and that
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desmoglein 3 is depleted and internalised [110–115]. How-
ever, all of this work was presumably carried out with
keratinocytes possessing calcium-dependent desmosomes,
which, as we have shown, do not represent the in vivo situa-
tion. A recent study in which comparison was made between
keratinocytes with calcium-dependent desmosomes and
those with hyperadhesive desmosomes showed that hyper-
adhesion substantially inhibited PV autoantibody-induced
acantholysis and internalisation of adhesion molecules
including desmoglein 3 and E-cadherin [116]. Further work
is needed to determine the extent to which hyperadhesive
keratinocytes in culture provide a suitable model for PV but
the results of Cirillo et al. are extremely encouraging.

While the primary effect of PV autoantibodies does not
appear to be direct disruption of existing desmosomal adhe-
sion, they could inhibit de novo desmosome assembly, which
must be a continuous process in stratified epithelia [117].
During the progress of disease this would be expected to
result in gradual downregulation of desmosomes and loss of
cell-cell adhesion. It would therefore be interesting to know
whether the abovementioned results obtained with calcium-
dependent keratinocytes in culture have any counterpart
in vivo. It could also be the case that the primary loss of
inter-desmosomal adhesion found in PV might resemble
epidermal wounding and thus cause activation of PKC and
consequent weakening of desmosomal adhesion as we have
described [55]. In this case inhibition of PKC could provide
a novel therapy for Pemphigus, as Cirillo et al. and others
have suggested [116, 118].

Does human disease provide any suggestions as to how
hyperadhesion might be regulated? A certain amount of
speculation on this point appears possible.

A single case of lethal acantholytic epidermolysis bullosa
has been described [119]. This was caused by the occur-
rence of two different recessive mutations in the carboxy-
terminal domain of desmoplakin resulting in the loss of IF
attachment to desmosomes, a consequence that is entirely
consistent with molecular cell biological studies on the
role of desmoplakin in IF attachment [32, 120–123]. This
resulted in massive epidermal acantholysis during birth,
not because of loss of desmosomal adhesion, but because
of cellular disruption behind desmosomal plaques [119].
Careful examination of the electron micrographs in the latter
paper suggests that, though lacking IFs, the desmosomes
were otherwise perfectly formed including a normal plaque
structure and a clear midline in the intercellular space. If we
are correct in our suggestion that the presence of a midline
is consistent with hyperadhesion, this would indicate that
hyperadhesion does not depend on desmosomal interaction
with the IF cytoskeleton.

Ectodermal dysplasia-skin fragility syndrome, the first
human disease shown to result from a mutation in a
desmosomal component, results from a mutation in the gene
for plakophilin-1 [124]. Effectively a plakophilin-1 knockout,
this condition results in skin blistering, complete absence of
hair, and pachyonychia and is nonlethal probably because of
compensation by other plakophilin isoforms. There are small
epidermal desmosomes with absence of midline and inner
dense plaque, and detachment of IFs. Keratinocytes isolated

from diseased epidermis fail to develop desmosomal resis-
tance to depletion of extracellular calcium and thus hyper-
adhesion [125]. This suggests that plakophilin-1 contributes
to the development of desmosomal hyperadhesion. Similarly,
mouse keratinocytes lacking plakoglobin do not develop
hyperadhesion (McHarg, Müller, and Garrod; unpublished
observations).

The above observations together with our afore-
mentioned mutagenesis of desmosomal cadherins suggest
that the establishment and regulation of hyperadhesion may
be a complex process involving more than one desmosomal
component and more than one kinase. An experimental
investigation of the molecular basis of hyperadhesion and its
regulation is currently in progress.
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Desmosomes are a complex assembly of protein molecules that mediate adhesion between adjacent cells. Desmosome composition
is well established and spatial relationships between components have been identified. Intercellular cell-cell adhesion is created
by the interaction of extracellular domains of desmosomal cadherins, namely, desmocollins and desmogleins. High-resolution
methods have provided insight into the structural interactions between cadherins. However, there is a lack of understanding
about the architecture of the intact desmosomes and the physical principles behind their adhesive strength are unclear. Electron
Tomography (ET) studies have offered three-dimensional visual data of desmosomal cadherin associations at molecular resolution.
This review discusses the merits of two cadherin association models represented using ET. We discuss the possible role of sample
preparation on the structural differences seen between models and the possibility of adaptive changes in the structure as a direct
consequence of mechanical stress and stratification.

1. The Desmosome-a Historical Perspective

The desmosome ultrastructure has been the topic of many
investigations since it was first described by the Italian
pathologist Bizzozero in 1864 [1]. Schaffer [2] later intro-
duced the term “desmosome” from the greek “desmos”
meaning bond and “soma” meaning body. During this
era the desmosome was thought to be a cytoplasm-filled
intercellular bridge. This hypothesis was dismissed by the
electron microscopy (EM) study of desmosomes by Porter
[3], which was the first to display the desmosome as contacts
between adjacent cells. A novel staining approach for EM
by Rayns and coworkers [4] suggested that discrete dense
particles of 4 nm in diameter provided the connections
between cells. These particles were arranged in a staggered
pattern with respect to the opposing membrane establishing
a zipper-like mechanism of intercellular adhesion. Later on
in the 1970’s ultrastructural work focused on desmosome
formation [5] and was complemented by biochemical and
molecular biology approaches. The latter techniques were
applied to identify the desmosome components and char-

acterize their interactions [6–10] enabling the production
of antibodies against each component. The spatial relation-
ships between individual desmosome components were then
identified, at the EM level, by immunogold localization [11].
Once the individual components involved in intercellular
adhesion were established, high resolution EM [12], X-ray
crystallography [13], Nuclear Magnetic Resonance (NMR)
[14], and molecular force approaches [15] were used to
study the extracellular associations between transmembrane
glycoproteins named desmosomal cadherins, thus shedding
light on the ability of desmosomes to resist mechanical shear
force.

At present the main focus of investigations involve the
role of desmosomes in cell differentiation [16–18], cancer
[19] and inherited diseases of the heart and skin [20].
However, a revived interest in the structural mechanism
of desmosomal function has become more prominent in
the last few years with the advent of electron tomography
(ET). ET provides high-resolution imaging of cellular com-
plexes in their natural cellular environment, thus bridging
the gap between structural studies at the single molecule
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(NMR, X-ray crystallography) and cellular (Transmission
Electron Microscopy (TEM), Light Microscopy) levels.
ET studies have offered three-dimensional visual data of
desmosomal cadherin associations at molecular resolution
[21–23] complementing biochemical and molecular data.
However, differences have been observed in the organization
of the desmosomal cadherins, raising questions about the
preservation of native structure during specimen prepara-
tion.

The purpose of this review is to discuss (1) the
desmosome structure and its importance in maintaining
tissue integrity; (2) high-resolution models of cadherin
associations; and (3) current ET models of desmosomal
cadherin associations in situ.

2. Desmosome Structure and Tissue Integrity

Today, desmosomes are widely recognized as an adhesive
junction that are prevalent in tissue subjected to shear
force (e.g., skin and heart and many epithelia). Desmo-
somes maintain tissue organization and provide mechanical
strength by linking intermediate filaments (IF) networks of
neighboring cells to each other, thus producing a scaffold that
propagates across the entire tissue [24].

Structurally desmosomes resemble rivets at cell borders
with a diameter of approximately 300 nm. They have two
principal domains: the extracellular core domain (ECD) or
“desmoglea” which is ∼30 nm wide and bisected by a dense
mid-line region, and a cytoplasmic dense plaque which lies
parallel to the plasma membrane and separated from it
by a less dense zone. The ECD is made up of extracel-
lular domains of transmembrane glycoproteins belonging
to the cadherin super family, which generally mediate
calcium-dependent cell-cell adhesion in vertebrate tissue
[25–27]. The desmosomal cadherins are called desmocollin
(Dsc) and desmoglein (Dsg) and their cytoplasmic tails
bind to a heterogeneous assembly of cytoplasmic compo-
nents (desmoplakin (DP) I and II, plakoglobin (PG) and
plakophilin (PKP)) to form the cytoplasmic dense plaque
at the intracellular surface of the membrane. By providing
the anchoring site for IF, this plaque indirectly connects
the intercellular cadherins to the IF network of the cell
(Figure 1).

Disruption of the desmosome structure generally has
devastating consequences to the integrity of the tissue and
the viability of the organism. For example, knockout of Dsc-
1 causes epidermal fragility, barrier defects, abnormal dif-
ferentiation, hyperproliferation, and hair loss [28] whereas
the knockout of Dsc-3 causes permeability barrier defects of
the stratum corneum and mice die shortly after birth with
severe dehydration [29]. The targeted Dsc-3 null mutation
is lethal before implantation in homozygous mutants [30]
whereas the targeted Dsg-2 null mutation is lethal shortly
after implantation. In the case of Dsg-2, defects are thought
to be desmosome independent during early development
when Dsg-2 is needed for survival of both embryonic stem
cells and the early embryo [31].

IF
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∗

Figure 1: A tomographic slice of a desmosome bridging two
opposing keratinocytes (delineated by two blue arrows) from the
epidermis of a newborn mouse. Intermediate filaments (labeled IF
and marked by a yellow asterix) from neighboring cells are inter-
connected to each other via the transmembrane cadherin proteins.
Intracellular bridging proteins of the inner dense plaque (labeled
IDP is a structural framework that includes cadherin intracellular
domains, plakoglobin, plakophillin, and the N-terminal domain
of desmoplakin) and the outer dense plaque (labeled ODP is a
structural framework consisting of the rod domain and C-terminal
domain of desmoplakin) link the intermediate filaments to the
extracellular core domain (ECD). The ECD is composed of extra-
cellular domains of desmosomal cadherins, namely, desmocollins
and desmogleins. The area of cadherin interaction appears as a
dense mid-line bisecting the ECD due to heterophilic associations
between desmocollins and desmogleins. Scale bar represents 50 nm.

The importance of cytoplasmic plaque proteins such
as DP or PG is also evident from mutational studies.
Dsp mutant embryos die very early in E5.5–6.5 owing to
defects in the extraembryonic tissues causing the expansion
failure of the developing embryo egg cylinder [32]. Most
PG-null embryos die of heart failure from E10.5–12.5
onwards [33]. However those PG-null mice that survive
birth exhibit skin blistering and heart abnormalities [34].
Mutations to the desmosome components, such as DP
and PG found in human genetic diseases, can lead to
heart [16], skin [35], and hair defects [36]. Even Dsg-2
mis-expression has been associated with human squamous
cell carcinomas for example, gastric cancer, where it is
underexpressed, overexpressed [37] or upregulated [38].
However, the dependence of tissues on desmosome integrity
is most evident in the autoimmune disease pemphigus
vulgaris [39] and the exfoliative toxin in staphylococcal
scalded skin syndrome [40]. Pemphigus vulgaris gives rise
to acantholysis (i.e., the loss of cell-cell adhesion between
keratinocytes) due to binding of autoantibodies to the EC1
domain of Dsg-1 and Dsg-3 [41], thus inhibiting cell-cell
adhesion through steric hindrance [42]. In staphylococcal
scalded skin syndrome superficial epidermal splitting is
caused by the exfoliative toxin serine protease, which cleaves
Dsg-1 between EC3 and EC4 again disrupting the cell-
cell adhesion between keratinocytes [43]. Recent evidence
suggests that antibody binding to desmosomal cadherins
trigger external cascades, which may indeed amplify the
disease pathogenesis [44] supporting the premise that
the desmosome is a dynamic rather than a static struc-
ture.
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3. High-Resolution Models of
Cadherin Associations

When first formed, desmosome cadherin associations are
relatively weak, but eventually they are capable of locking
themselves in a hyperadhesive state [45]. Unlike the early
desmosomes, this hyperadhesive junction is resistant to
disruption by the calcium chelator, ethylene glycol bis (2-
aminoethyl ether)-N,N,N′,N′- tetraacetic acid (EGTA) and
is termed calcium independent [45]. In wound healing
situations it has been demonstrated that desmosomes can
revert to the weaker, calcium dependent state, when cell
migration is necessary for regeneration of the epithelium.
These observations indicate that the desmosome is not
a static entity and is able to respond to environmental
cues. The mechanism for controlling these adhesive states
is believed to involve protein kinase C signaling, directly
affecting cadherin association in the ECD [46]. Although
no high-resolution structural work on desmsomes has yet
addressed these states, there is evidence that cadherin
organization may be involved. Understanding the mode
of cadherin associations in these adhesive states would be
a significant step in determining how signaling can alter
adhesivity and would provide possible targets for treating
conditions related to compromised desmosome integrity.

Cadherin association in the ECD is a calcium dependent
process and defines this family of adhesion molecules.
Cadherins are composed of an extracellular portion with five
tandem Ig-like domains (Figures 2(a) and 2(b)), a single
transmembrane helix and a cytosolic domain designed to
interact with various proteins that compose the intracellular
plaque. Each extracellular domain consists of ∼110 amino
acids [47] that adopt a β-sandwich fold with the topology
of a Greek key [14, 48] of which the dimensions are
4.5 × 2.5 × 2.5 nm3. Three calcium ions are bound to the
loop connecting successive domains via conserved sequence
motifs [49, 50]. X-ray crystallographic data reveal that the
three calcium ions bind between successive domains and are
coordinated by conserved amino acids at the base of one
domain and the top of the next and this coordination is
similar in each of the four interdomain interfaces. In this way
calcium binding confers rigidity to the domain interface and
has been shown to induce extension of the entire extracellular
portion of the molecule [12]. In the fully extended state,
the molecule assumes a curved structure [51] with an angle
of ∼100◦ between the N-terminal EC1 domain and the
juxtamembrane EC5 domain [50].

The majority of the structural studies on cadherin-
cadherin interactions have been carried out on the classical
cadherins or type I cadherins. A conserved tryptophan
residue near the N-terminus has been shown to be critical
for adhesion in this type of cadherin (Figures 2(c) and
2(d)). The side chain of Trp2 has been suggested to bind
within a hydrophobic pocket in EC1 of a crystallographic
neighbor, presumably corresponding to a partner cadherin
from the opposing cell membrane [13, 48, 50] (Figure 2(e)).
This interaction is known as the strand dimer (Figure 2(f)).
Although desmosomal cadherins engage in heterophilic
interactions whereas classic cadherins engage in homophilic

interactions, interestingly despite their functional distinc-
tions, Trp2 is also conserved in desmosomal cadherins
and is believed to be critical for heterophilic interactions.
Heterophilic interactions can be formed by strand (other-
wise known as cis) or lateral (otherwise known as trans)
interactions. Lateral interactions describe cadherin domain
associations from the same cell surface whereas strand
interactions describe cadherin domain associations between
opposite cell surfaces. Both lateral, trans, strand and cis
interactions will be used in this review in accordance to
the terms used in the original work. Due to the greater
binding partner options available to desmosomal cadherins
alternative models to the strand dimer model (Figure 3(a))
have been suggested as seen in Figures 3(b)–3(e). These being
as follows.

(1) Cadherin adhesive dimerization by both lateral and
strand associations via the surface of EC1 domain
containing His233/Val235 residues [13] (Figure 3(b)).

(2) Lateral dimerization via the EC1/EC2 calcium bind-
ing sites [49, 51] (Figure 3(c)).

(3) Lateral interaction between the EC1 and EC2
domains [50] (Figure 3(d)).

(4) Adhesive interactions between antiparallel cadherin
molecules along their full length-interdigitation
model [52] (Figure 3(e)).

The strand dimer and the interdigitation models are
the most plausible candidates for cadherin heterophilic
interactions. This is because there is no evidence for
adhesive interactions via the His233/Val235 containing EC1
domain surface or for lateral dimerization via the EC1–
EC2 calcium-binding site [54–57]. However, the strand
dimer model emphasizes symmetric interaction between
EC1 domains and the interdigitation model implies very
different interactions of EC1 with EC2–EC5. A recent
study using intramolecular force microscopy may resolve
the discrepancies between the two models [58]. This study
confirms the existence of multiple binding sites for cadherins
and proposes that as cadherins are pushed together, multiple
bonds are formed as they form a parallel alignment in the
middle of the extracellular gap. An increase in the curvature
in the EC2-4 domains would be required to accommodate
this parallel interaction at the mid-point between cells
allowing for the formation of a mid-line bisecting the ECD
[59]. Such cadherin associations would allow for the domain
swap between EC1 domain proposed by Shapiro et al. [13]
and Boggon et al. [50] and could explain the existence of
associations between other extracellular domains proposed
Zhu et al. [52].

4. Electron Tomography of Desmosomal
Cadherin Associations

The models, described in the previous section, provide
evidence for possible modes of desmosomal cadherin asso-
ciations. However, an explanation for the ability of cadherins
to recognize specific binding partners is still unresolved. The
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Figure 2: Type I or classical cadherin structure obtained from X-ray crystallographic studies. Structurally the extracellular portion of the
cadherin molecule (also known as ectodomains and abbreviated EC) appears as five tandem Ig-like domains, each domain adopting a β-
sandwich fold with the topology of a Greek key. Between each domain reside three calcium ions (green spheres) conferring rigidity to
the domain interface and inducing the entire structure to assume an extended curve with a defined tilt of ∼100◦ between the long axes
of EC1, and 5. Disulfide bonds, O-linked sugars, and N-linked sugars are represented in cyan, red, and blue, respectively (a). In classical
cadherins a conserved tryptophan residue near the N-terminus of EC1 has been shown to be crucial in the process of adhesion and is also
conserved in desmosomal cadherins (abbreviated to Trp2 and is depicted in purple by space filling representation in both a, and b. This
Trp2 is visibly protruding from the cadherin molecule when viewed at 90◦ rotation from a (b)) The tip-to-tip associations between the EC1
domains of cadherin molecules from opposing cells membranes form the strand dimer interface (c and at 90◦ rotation in d). EC1 domain
binding interaction between opposing cadherins is highlighted in the magnified view (e). The side chain of Trp2 has been suggested as a
possible binding site within a hydrophobic pocket in EC1 of a corresponding partner cadherin from the opposing cell membrane. Trp2 side
chains (displayed as a backbone worm trace) can be seen inserting into a large concave cavity (depicted as grey shading in the molecular
surface model) of the opposing EC1 domain (f). As the Trp2 is conserved in desmosomal cadherins it is assumed that the Trp2 interaction
from classical cadherin studies is a compelling model for desmosomal cadherin association, forming a symmetric interdigitation interaction
between cadherins of opposing cell membranes, and is known as the strand dimer model (g). Cadherin ectodomains from opposing cells
are represented by blue or pink colors. Trp2 side chains (space filling representation) are depicted in the color representing the cell. Yellow
represents disulfide bonds. Modified from [50] reprinted with permission from AAAS.

difficulty lies in the artificial molecular constructs required
for NMR or X-ray crystallography. In contrast, ET allows
the study of desmosome structure in the native cellular
environment.

Over the past decade technical advances in TEM hard-
ware, imaging software, and sample preparation methods
have significantly increased the resolving power of such
instruments. The technique of ET has gained popularity
as a high resolution imaging method because it provides
three-dimensional visual data from any given asymmetric

object and bridges the gap between structural studies at the
molecular level and the cellular level [60]. Most importantly
ET allows the investigation of the molecular architecture
of cellular complexes in their natural cellular environment
and therefore can be used to elucidate their structure-
function relationships. Currently, a significant amount of
data investigating desmosomal cadherin associations has
been collected by ET. Before elaborating on the findings we
will briefly introduce the concept of ET and the methodology
involved. This understanding should then allow the reader
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Figure 3: A visual representation of alternative desmosomal cadherin association models from the strand dimer (a), that consider the
heterophilic interactions of desmosomal cadherins. Individual desmosomal cadherin ectodomains (1 to 5) are portrayed as ovals and
are colored accordingly to clearly separate lateral from strand interactions. Identical color-coding is used to separate lateral and strand
interactions in the ribbon representations. Cadherin ectodomains spanning from one cell surface are colored dark or light blue respectively
and ectodomains spanning from an opposing cell surface are shown in green. (b) Cadherin dimerization via the surface of EC1 domains
containing His233/Val235 residues (residues not shown). Lateral dimers interact with strand dimers from an opposing cell. The insert shows
a ribbon representation of the Trp2-mediated lateral-contact. (c) Lateral dimerization via EC1/EC2 calcium binding sites facilitated by the
rod-like shape of cadherin ectodomains. The inset shows a ribbon representation of the domain pair dimer from the same cell surface, the
position of the calcium ions are represented by spheres and are color coded dark or light blue to represent the cadherin ectodomains in c.
(d) Lateral interaction at EC1 between strand dimers bound together by EC1 and EC2 interactions. The left inset is a ribbon representation
of Trp2 mediated contact between N-terminal domains; the right inset is a ribbon representation of lateral interactions between EC1 and
EC2 domains. (e) Adhesive interactions between antiparallel cadherin molecules along their full length. Strand interactions occur between
more than two EC domains resulting in the formation of three types of adhesive complexes of different length. Modified from [53] with
permission from Birkhäuser Verlag AG.

to follow the discussion on the differences seen in each
desmosomal cadherin association model and the possible
reasons for those differences.

4.1. Electron Tomography. The principle of creating a three-
dimensional (3D) object from two-dimensional (2D) projec-
tions was conceived by Radon [61]. Theoretical predictions
were then put into practice much later by DeRosier [60]
when computing technology became available. The steps
of creating a 3D object involve collecting 2D projection
images at different tilt angles. The 2D projections are then
represented as a 2D Fourier transform, which corresponds
to the central section of the objects’ 3D Fourier transform,
that is, normal to the imaging angle. By tilting the object
to different angles, the objects’ entire Fourier transform can
conceivably be sampled. The resolution of the technique is
dependent on range and increment of the tilt angles. Due
to practical limits of using a planar sample, the tilt range
is limited to 160◦, whereas the tilt increment is dependent
on the electron dose that can be tolerated by the sample.
Practically, the resolution of the technique depends upon
the method of sample preservation and data collection

parameters [62]. These two points will be briefly discussed
in the next section.

4.2. Sample Preservation. Water is important in biologi-
cal samples because the surfaces of nearly all biological
macromolecules, macromolecular assemblies, and biological
membranes are hydrophilic. Due to the nature of the
exposed chemical groups transient hydrogen bonds are
formed with water, forming a hydration shell. This shell
prevents molecules from aggregating and maintains protein
conformation. For this reason, native biological samples are
incompatible with the high vacuum conditions maintained
in the EM and are generally dehydrated prior to being
embedded in a hard plastic and sectioned.

This process is innately destructive to the components
of the tissue and a major goal of specimen preparation
is to preserve cellular structure at a scale finer than the
desired resolution. Preserving the specimen with cross-
linking chemicals helps it withstand aggregation and extrac-
tion during dehydration. However, the conformation of the
molecular constituents are often affected by this fixation and
do not represent the native state.
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Cryofixation is an alternative that exploits the high
water content in cells and utilizes it as a physical fixative.
Theoretically, it has the potential to preserve biological
structures at the atomic level. Amorphous ice, a non-
crystalline vitreous state of water, is the goal of cryofixation.
Two techniques are currently used to cryofix samples for ET
and are chosen depending on the size of the sample. High
pressure freezing (HPF) is used to preserve bulk samples.
This technique subjects the sample to a pressure of 2045 bar,
thus decreasing the melting point of water to a minimum
of 251 K. Within a few milliseconds a jet of liquid nitrogen
cools the sample below the vitrification temperature. Plunge
freezing is the technique normally used for smaller samples
normally present in an aqueous suspension. Samples in
aqueous suspension are spread thinly onto a glow discharged
holey carbon grid and plunged into a cryogen at 1 m/s,
embedding them in vitrified ice. Samples preserved with
both methodologies can be imaged in their native frozen state
at low temperature. Both methodologies serve a purpose in
cryofixation, namely, to preserved samples of differing sizes.
Samples preserved in vitrified thin films created by plunge
freezing are generally isolated macromolecular complexes
that are small enough to fit in a 200–300 nm thick layer of
water. Objects larger than 1 μm are too thick to be observed
by normal TEM and also too thick to vitrify by plunge
freezing. Both problems can be overcome by HPF followed
by physically cutting the vitrified sample into thin sections
that can be observed with the TEM. This method is known
as cryoelectron microscopy of vitreous sections (CEMOVIS)
and has been shown to be applicable for tissue preservation
in electron tomography [63]. Although cryoultramicrotomes
are commercially available for cutting these sections, prac-
tical difficulties in handling these thin flakes of tissue and,
specifically, in establishing their adherence to EM specimen
support films make this method very technically demanding
and its application is therefore limited to a few specialized
laboratories worldwide.

An alternative technique known as freeze substitution has
been developed so that cryofixed specimens can be imaged at
room temperature with minimal changes from the vitrified
state. The process of freeze substitution involves substituting
the amorphous ice produced by HPF with solvents while
maintaining the sample in the vitrified (frozen) state.
Fixatives can optionally be added to the solvent so that
cell constituents are preserved as the hydration shell is
slowly removed by the dehydrating action of the solvent.
Such mild conditions for fixation and dehydration minimize
artifacts associated with aggregation and extraction. When
the sample eventually reaches room temperature, after a step-
wise increase in temperature, it is dehydrated and can then be
embedded in epoxy resin and processed for imaging.

4.3. Data Acquisition. Whether the goal is to image the
biological sample embedded in vitreous ice or in epoxy
resin the irradiation of both samples by electrons can
damage the specimen and alter the structures of interest.
Low dose microscopy is a technique used during ET data
acquisition to minimize the electron dose on the specimen

while maximizing the signal-to-noise ratio in the resulting
image [64].

4.4. In Situ Desmosome Cadherin Association Models in 3D.
Desmosomes are readily identifiable in 2D TEM micro-
graphs by their lamellar structure, prominent dense mid-line
between opposing cell surfaces, and intermediate filaments
inserting into an electron dense cytoplasmic plaque. Only
two models of desmosomal cadherin associations in 3D have
been described and their findings remain controversial. In
the next section each model will be described and their
differences discussed.

He and coworkers [21] investigated the desmosomal
cadherin interaction in epidermis from newborn mice. The
epidermis was processed by high pressure freezing followed
by freeze substitution and embedding at room temperature
in epoxy resin. Ultrathin sections were cut and stained
with the conventional lead and uranium stains. Tomo-
grams were collected by tilting about two orthogonal axes
and tomograms were generated with isotropic resolution
of approximately 2 nm. The authors’ observed finger-like
projections spanning across the intercellular space (28 nm
wide) forming a dense mid-line believed to correspond to
the area of cadherin associations (Figure 4(a)). These finger-
like projections were tracked through the 3D volume and
were found to be arranged in an irregular manner with
tip-to-tip interaction only (Figure 4(b)i). These observations
are inconsistent with the interdigitation model, though bore
some resemblance to the molecular packing observed in the
x-ray crystal of C-cadherin. In particular, the curved nature
of the cadherin molecule seen by electron tomography did
resemble C-cadherin ectodomains [50]. Since C-cadherins
have 30–35% sequence identities to those of desmosomal
cadherin ectodomains [59] the C-cadherin crystal structure
was fitted into individual densities of cadherins to follow
their interactions. Three distinct geometries were found
resembling the letters W (Figure 4(b) ii), S (Figure 4(b) iii),
and the greek letter λ (Figure 4(b) iv). Trans interactions
occurred in W (23%) and S (43%) shaped cadherins pairs,
whereas the addition of a third molecule with cis interactions
produced a λ shape (40%) (Figure 4(b) v). The W shape
closely resembled the two-fold symmetric strand dimer
observed in the x-ray structure, which creates an exclusive
molecular pairing due to the mutual binding of Trp2 side
chains to the hydrophobic pocket of the dimeric partner.
However, the S and λ shapes distorted this symmetry to
allow nonsymmetric interactions amongst larger groups of
molecules. In particular, the S-shape also formed trans
interactions and was related to the W-shape by rotation
of the lower molecule relative to the upper one by 90◦.
This rotation had the effect of pulling one of the Trp2 side
chains out of its neighbors hydrophobic pocket, thereby
making available for binding of a third molecule. Addition
of this third molecule produced the λ-shape, which used
the free Trp2 to form a cis interaction. Interestingly this
strategy of adding additional molecules in both cis and
trans appeared to generate interacting networks of up to
6 molecules (Figure 4 vi). In such networks, a stochastic
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Figure 4: Two models of desmosomal cadherin associations generated from two methods of preparation. A single TEM projection of
a newborn mouse epidermis desmosome preserved by high pressure freezing followed by freeze substitution (a). The dense midline is
visible bisecting the extracellular core domain (ECD) (white line). Cadherins spanning the extracellular space are separated in an irregular
nonsymetrical fashion. A model of cadherin association generated from a dual axis tomogram of newborn mouse epidermis (b i) preserved
as in a. C-cadherin crystal structure has been traced onto densities in the ECD believed to be cadherins. The model displays the irregularity of
cadherin associations however a dense mid-line is created by tip-to-tip association. The arrangement of cadherins differs to that of the strand
dimer model. Three distinct geometries were found resembling the letters W (b ii), S (b iii), and the greek letter λ (b iv). Trans interactions
mostly occurred in W and S whereas with λ, cis interactions mostly with S occurred if a third molecule was added (b v). An addition of
a third molecule in cis could form a network in associations between up to 6 molecules (b vi). A single TEM projection of a desmosome
from vitrified human epidermis processed by cryoelectron microscopy of vitreous sections (c). Densely packed and periodically arranged
cadherins can be seen spanning the extracellular space in a straight manner (white line) and associating to form a dense mid-line. A model
of cadherin association generated from a single axis tomogram of vitrified human epidermis processed as in c (d). The ribbon representation
of the cadherin association model shows a periodic arrangement of curved cadherin densities that are organized with alternating trans and
cis associations tip-to-tip. Two distinct geometries were visible in the model. The W shape formed the trans interactions (see d i) whereas
the V-shape formed cis interactions resulting in a highly packed regular zipper-like organization. The organization is better visualized when
then model is rotated at 90◦ from d i, revealing two trans interactions and one cis interaction (d ii). Images 4 B modified from [21] reprinted
with permission from AAAS. Images 4 a & c modified from, [65] reprinted with permission from Elsevier, and Images 4D from [22] by
permission from Macmillan Publishers Ltd. Scale bars 50 nm.
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arrangement of cadherins interwoven at the midline formed
a tangle of molecules (Figure 4 vi). Despite the distortion
of the strand dimer interface seen in the x-ray structure,
the authors concluded Trp2 insertion into the hydrophilic
pocket of a neighboring molecule was responsible for many
of the interactions within the network. Such interactions
were possible because of flexibility in the peptide linking
Trp2 to the EC1 domain, and to potential flexibility between
successive EC2–EC5 domains. Calcium binding at the EC
domain linkers is likely to control the overall flexibility of the
cadherin molecule and perhaps to control the propensity of
these various observed shapes. Flexibility was also observed
in the orientation of the EC5 domain relative to the
membrane. These EC5 domains were observed to form
pairs or triplets with other EC5 domains. Interestingly, the
molecules involved in EC5 groups near the membrane were
engaged with different molecules at the midline, providing a
mechanism for propagating interactions along the plane of
the membrane. In summary, this investigation stressed the
crucial role of Trp2 and its hydrophobic pocket suggesting
that Trp2 can mediate both cis and trans interactions.
Such interactions are possible due to the flexibility of the
cadherin maximizing interactions between cadherin forming
the junctions. As a result the tangle arrangement of cadherins
at the midline may form physical bonds between cells
whereas the intracellular domain may be responsible for the
lateral stabilization of the groups.

A new model of cadherin associations in 2D by Al-
Amoudi et al. [65] contradicted the irregular or stochastic
cadherin associations observed by He et al. [21]. Desmo-
somes from human epidermis were imaged by CEMOVIS.
The extracellular domains of desmosomal cadherins were
visualized as densely packed and periodically arranged but
protruding in a straight manner from the opposing cell
membranes (Figure 4(c)). Cadherin periodicity at the dense
mid-line was 5 nm within the 33 nm wide ECD. Differences
in cadherin associations were attributed to the deleterious
effect of conventional specimen preparation, citing that
aggregation forces during dehydration may have caused
the cadherins to form the observed stochastic associations
[66]. However, such conclusions were derived from a single
2D projection and from a preparation technique, which is
known to create sections that have been compressed between
30–45% along the cutting direction [67].

Recently, a 3D model of the human epidermis desmo-
some was presented by Al-Amoudi et al. [22]. The epidermis
was processed by CEMOVIS and ultrathin cryosections of
tissue were then imaged in low dose mode. Tomograms were
generated by tilting about a single axis, thus producing an
anisotropic resolution of approximately 3.4 nm. The study
verified the periodic arrangement of the cadherins observed
in 2D but at ∼7 nm intervals along the mid-line rather than
the 5 nm previously reported. In 3D, these periodic array
of densities were curved (at an angle of 20◦ with the cell
membrane), resembling the X-ray structure of C-cadherin
and adopting an organization with alternating trans and cis
interactions. The authors state that the highly conserved Trp2

was most likely involved in adhesive binding and two distinct
geometries were seen. The W-shape (as described in the He

et al. model [21]) formed the trans interactions between
molecules emanating from opposing cell surfaces. However,
differing from the He et al. model [21] V-shape interactions
between molecules emanating from the same cell membrane
formed the cis interactions. These interactions were likely to
be restricted to the EC1 domain when their concave surfaces
faced each other. Such arrangement at the midline formed
alternate cis and trans dimers resulting in a highly packed
regular zipper-like organization (Figure 4(d) i–iii).

Of the two 3D models that exist describing cadherin
interactions, they differ in that one describes the cadherin
interaction with periodicity and the other with irregularity.
Explanations for the disparity in these models are that cad-
herin packing varies in different tissue or that the preparative
methodologies affect the results. A study by Owen et al. [23]
attempted to evaluate the effects of the preparation methods
on cadherin interactions in two types of tissues from two
different species in 3D. In this study high pressure frozen,
freeze substituted epoxy resin ultrathin sections of neonatal
mouse epithelium and the well-characterized bovine snout
stratum spinosium were first compared with electron tomog-
raphy. Desmosome structure displayed similar features in
both samples although the densities of cadherins and IF
were much lower in the mouse epithelium (Figure 5(a))
compared to bovine snout (Figure 5(b)). A remarkable
difference in ECD distances was seen between both tissues.
Mouse skin ECD distances of 32.70 ± 1.97 nm (n = 4)
confirmed existing results by He et al. [21], whereas the
bovine snout ECD distances of 42.7 ± 2.63 nm (n = 8)
were notably larger than the mouse. In order to compare the
effects of preparation methods on the desmosome structure,
purified isolated desmosomes from bovine snout were used
as the sample because of their well-documented biochemical
constitution [68, 69] and because milligram quantities of
desmosomes cores were readily isolated, consisting of their
plasma membrane and intracellular components as well as
some intracellular filamentous material. For tomography,
isolated desmosomes were vitrified in suspension by plunge
freezing and imaged at low temperature in low-dose mode.
In this way the need for sectioning was unnecessary therefore
eliminating any possibility of compression artifacts that may
have been caused by sectioning. In 3D the basic trilaminar
features as seen in stained desmosomes in situ were observed
that is, apposed membranes separated by a distinct midline
and flanked by remnants of intracellular material. Irregular
patterns of globular densities within the intracellular space
were consistent with the presence of unresolved groups of
cadherin molecules along the mid-line (Figure 5(c)). Such
irregular groupings of cadherin molecules were observed
previously in freeze substituted mouse epidermis. Therefore,
this study suggested that the protocol used for freeze
substitution did not cause major rearrangement of cadherin
packing within the intercellular region. The authors hypoth-
esized that, if any possibility of compression artifacts were
eliminated then, the differences reported between cadherin
associations in freeze substituted resin-embedded new-born
mouse epidermis and frozen hydrated sections of human
forearm epidermis might be due to different mechanical
conditions experienced by the respected tissues. In tissues
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Figure 5: Electron tomography of desmosomes from freeze-substituted resin-embedded epidermis of newborn mouse (a). Cadherin
densities can be seen spanning the extracellular space and individual intermediate filaments projecting towards the cell membrane in the
cytoplasm. The inset provides a magnified view of the irregular nature of cadherin association creating the dense mid-line. (b) In the cow
snout stratum spinosium, cadherin densities can be seen spanning the extracellular space but the density of cadherin molecules is appreciably
much higher. The dense mid-line can be observed by viewing the slice at a glancing angle however, in some areas, the irregular nature
of cadherin association is visible (arrows) and can be seen magnified in the inset. Membranes are highlighted by lines and the cadherins
by arrows in both a and b. (c) Cryoelectron tomography of isolated desmosomes in the frozen unstained state. A slice from a tomogram
showing a desmosome which has curled up at the edge to provide a direct view of cadherin organisation. The two bilayers are clearly visible
and a midline composed of globular densities can be seen bisecting the extracellular space (inset). These globular densities (arrow) probably
correspond to the groups of cadherin molecules seen previously in freeze-substituted samples. Reproduced with permission from, [23] the
Biochemical Society (http://www.biochemsoctrans.org/). Scale bars 50 nm.

placed under repeated, directional stress, irregular groups of
cadherin molecules might be remodeled to form a quasi-
ordered array to provide the greatest directional adhesive
strength.

5. Conclusion, Perspectives, and Prospects
for the Future

Desmosomes have an intrinsic mechanical role in main-
taining the integrity of epithelium and this characteristic
has been well documented. The desmosome also plays
a role in directing tissue morphogenesis, sensing envi-
ronmental signals, regulating tissue homeostasis, and as
being a phenotypic determinator. On a structural level,
these processes are controlled by the interconnection of
the proteins composing the desmosome. Of particular
interest is how desmosomal cadherin isoforms contribute to
tissue morphogenesis and phenotypic determination. These
processes are almost certainly controlled by intercellular
interactions between desmosomal cadherins, which has been

the topic of this review. In particular, cadherin interaction
models using isolated cadherin domains have provided
evidence for various modes of cadherin associations. In
electron tomograms of desmosomes from both mouse skin
and human skin samples, the highly conserved Trp2 and
its hydrophobic pocket has been deemed the most likely
mechanism of adhesive binding. Neither structure shows
any evidence for the interdigitation model proposed on
the basis of intermolecular force measurements. However,
these two models differ in that one observed cadherin
interactions with periodicity and the other with irregularity.
Although differences in preparation methods may have
contributed to the observed differences, a study comparing
freeze substituted samples with native vitrified samples of
bovine snout desmosomes suggested that freeze substitution
is capable of preserving molecular detail in the tissue.
Another explanation for the structural differences may be the
different mechanical conditions experienced in the various
tissues: newborn mouse skin, cow snout, and the human
forearm skin. The ∼30% increase in Dsg-3 and Dsc-3
expression in thick versus thin skin may well signify how
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differing mechanical differences can affect desmosome com-
position [70, 71] and, indirectly, cadherin association pat-
terns. Therefore, further analyses of desmosomal cadherin
associations are warranted to unequivocally demonstrate the
adaptive response of desmosomal cadherin associations to
mechanical stress. Indeed, although the basic organization of
desmosomes is conserved across different species and tissues,
they differ in their polypeptide composition [72, 73]. In
fact, variation in desmosome frequency, diameter [74] and
ECD thickness [75] have all been observed within a given
tissue. Distinct expression profiles of cadherins across the
epidermis is also well documented [71]. Such changes are
thought to reflect the adhesive requirements of the epidermis
as stratification proceeds [70], but might also reflect that
desmosomes are less dynamic and able to form a more
stable structure whilst allowing keratinocytes to maintain
their adhesive properties [76, 77]. Understanding the effects
of differentiation and mechanical shear on the structural
associations within desmosomes represents a challenging,
but important task for future investigations.
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Three related proteins of the plakophilin family (PKP1 3) have been identified as junctional proteins that are essential for
the formation and stabilization of desmosomal cell contacts. Failure of PKP expression can have fatal effects on desmosomal
adhesion, leading to abnormal tissue and organ development. Thus, loss of functional PKP 1 in humans leads to ectodermal
dysplasia/skin fragility (EDSF) syndrome, a genodermatosis with severe blistering of the epidermis as well as abnormal
keratinocytes differentiation. Mutations in the human PKP 2 gene have been linked to severe heart abnormalities that lead to
arrhythmogenic right ventricular cardiomyopathy (ARVC). In the past few years it has been shown that junctional adhesion is not
the only function of PKPs. These proteins have been implicated in cell signaling, organization of the cytoskeleton, and control of
protein biosynthesis under specific cellular circumstances. Clearly, PKPs are more than just cell adhesion proteins. In this paper
we will give an overview of our current knowledge on the very distinct roles of plakophilins in the cell.

1. Introduction

Cellular adhesion is mediated by distinct protein complexes
at the cytoplasmic membrane, termed junctions, that have
been characterized by their morphology on the ultrastruc-
tural level [1]. Desmosomes reveal a characteristic appear-
ance and anchor different types of intermediate filaments
(IF) to the cell membrane. The fundamental functional
importance of desmosomal cell contacts for cellular and
tissue architecture, differentiation, development, and tissue
stability is generally accepted and has previously been
described [2–4]. Experimental evidence for the importance
of desmosomal adhesion for specific tissues and organs has
been established by knockout experiments of desmosomal
genes in mice (see, e.g., [5]). Moreover, examination of
a variety of human diseases characterized by a loss, or
impairment of desmosomal adhesion—regardless of genet-
ical, autoimmune, or infectious etiology—advanced our
understanding of desmosomal function [6]. Desmosomes
are formed by all epithelial tissues and tumors derived there-
from as well as by specific nonepithelial tissues such as heart
muscle cells. Desmosomal cadherins (i.e., desmogleins DSGs

and desmocollins DSCs) located on adjacent cells mediate
intercellular connection via interactions of their extracellular
domains (for review see [7]). On the cytoplasmic side of
the plasma membrane, IF are linked to the desmosomal
cadherins via desmosomal plaque proteins. Besides the con-
stitutive desmosomal plaque proteins desmoplakin (DSP)
and plakoglobin (JUP), at least one of the three classical
members of the plakophilin family (PKP 1 to PKP 3) is
required for the formation of functional desmosomes [8–
10]. The role of PKPs in cellular adhesion have been analyzed
in detail during the past decade [8–10]. However, additional
functions of the plakophilins that are not directly linked to
desmosomal adhesion have recently been described. In this
review we want to provide insights not only into the known
properties and functions of plakophilins in desmosomes, but
also into cellular functions not related to adhesion.

2. Common Features of the Plakophilins

Plakophilins are probably the most basic proteins identified
in cellular adhesion complexes so far with an isoelectric point
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Figure 1: Immunohistochemical staining of sections of human skin with antibodies against PKP 1. Sections of formaldehyde-fixed tissue
samples of human skin were stained with a monoclonal antibody (clone PP1 5C2; Progen, Heidelberg; for methods see [18]) against PKP 1
a to d. (a) Overview of epidermis showing a strong reaction of the antibodies at the desmosomes of all layers. (b) At a higher magnification,
the basal layers exhibit a somewhat weaker desmosomal staining that can be resolved occasionally into individual spot-like desmosomes
containing PKP 1. During keratinocyte differentiation, desmosomal labeling is getting more pronounced. (c) Cross-section of a hair follicle
(Hf) with desmosomal staining of the outer root sheath while the hair-shaft is not stained (Sg, sebaceous gland). Arrow marks the duct of a
sebaceous gland. (d) Eccrine sweat ducts are marked intensively by antibodies while the secretory portions of eccrine glands show a distinct
but weaker staining (arrow). Apocrine sweat glands (lower left corner) are negative. Scale bars: 100 μm (b); 200 μm a, c, and d.

(pI) of about pH 9.3. Based on their primary sequences, PKPs
have been classified as a distinct subfamily of the armadillo
repeat proteins (for review see [11]). The carboxyl-terminal
part of the proteins includes nine armadillo repeats which
contain a spacer sequence between the fifth and sixth repeat
that leads to a characteristic kink in the domain structure as
determined by crystallography of the armadillo domain of
PKP 1 [12]. The amino-terminal parts (head domain) of the
three plakophilins are rather diverse and exhibit no obvious
homology to themselves or other proteins. Only a small
sequence near the amino-terminus, designated homology
region (HR) 2, shows some degree of homology between the
plakophilins. An analysis of amino acid sequence homology
reveals that the PKPs are related to the catenin proteins of the
p120ctn-group, which are associated with classical cadherins,
such as E-cadherin, in adherens junctions. The PKPs are
more distantly related to the classical catenins, β-catenin and
plakoglobin [8, 13]. PKPs show complex but overlapping
expression patterns in mammalian tissues. Certain cells and
tissues express only one type of PKP. Mutations affecting the
corresponding PKPs thus can lead to severe diseases in these
tissues since compensatory PKP isoforms are not expressed
or may not substitute for all functional aspects. This probably
explains the severe skin diseases caused by PKP 1 mutations
and the heart diseases caused by PKP 2 mutations.

2.1. Plakophilin 1. PKP 1 is the smallest of the plakophilins,
with a calculated molecular weight of 80.497 Da and an
apparent molecular weight of approximately 75 kDa as
judged by SDS-PAGE [14]. This protein is localized in the
desmosomes of stratified, complex, and transitional epithelia
but is absent in simple epithelia [14–16]. In stratified
epithelia, PKP 1 is synthesized in all cell layers, with an
increase in expression from the basal to the granular com-
partment as determined by quantifications of PKP 1-specific
immunofluorescence signal intensity in human epidermis
[17]. This indicates that PKP1 is a marker for keratinocyte
differentiation. PKP 1 appears to be absent in the stratum
corneum of stratified squamous epithelia though (Figure 1).

The human PKP 1 gene is expressed as two different
splice variants which differ with respect to cell-biological
behavior, molecular weight, and abundance. PKP1a is the
smaller isoform while the larger PKP1b isoform (predicted
molecular weight: 82.860 kDa) is less abundant in stratified
epithelia. The additional amino acid sequence contained
in PKP1b is encoded by exon 7 which is spliced out of
the PKP1a mRNA [19]. The PKP1b-specific amino acid
sequence is located at the end of the fourth armadillo repeat
and has a distinct effect on the cell biological activities
of the protein. In addition to its desmosomal localization,
PKP 1 has been detected in the nucleus of a broad range
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Figure 2: Position of mutations in human PKP 1 gene. Schematic representation of the protein structure of PKP 1 with head domain “Head”
in blue color containing the homologous region 2 “HR2” near the amino-terminus which is followed by nine armadillo repeats (yellow boxes;
numbered in circles from 1 to 9). Finally, a short domain (blue) at the carboxyl-terminus is shown. Positions of homozygous mutations are
marked by double arrows, positions of compound heterozygous mutations by connected arrows. Green arrows designate mutations affecting
the coding region, red arrows denote splice-site mutations. For numbering and references of the mutations see Table 1.

of cell types, even in those that do not incorporate PKP
1 in desmosomes such as simple epithelial cells [14, 19].
This distinct subcellular distribution has been observed for
both variants of PKP 1. While the smaller PKP 1a may
also be present in desmosomes, PKP 1b localization is
restricted to the nucleus and not detectable in desmosomes.
This conclusion is supported by transfection of cDNAs into
cultured cells, where PKP 1a accumulates in desmosomes
and is also rapidly transferred into the nucleus, while PKP
1b is only nuclear (own observations). Nevertheless, neither
the way PKP 1 enters the nucleus nor the functions of this
protein therein are yet known.

Both the nuclear and desmosomal PKP 1 pool are
degraded by caspases rapidly during apoptosis of ker-
atinocytes suggesting that this protein is involved in the
remodeling of the cytoskeleton under these conditions [20].
Signaling functions, as shown for some of the related catenins
such as β-catenin, plakoglobin, and p120ctn, have been
postulated for PKP 1, but proof is still lacking [21, 22]. A
typical nuclear localization signal has not been identified
in the protein so far, but cDNA transfection studies of the
complete protein or individual parts of the protein into cells
have shown that the head domain on its own, and to some
extent the armadillo domain, are able to enter the nucleus
[23]. The mechanism of the PKP 1 nuclear migration is
currently unknown, but may utilize a piggyback mechanism.

Various in vitro approaches revealed that the binding
of desmosomal PKP 1 to other desmosomal proteins such
as DSP, DSG 1, DSC 1, and different keratins is mediated
by its head domain sequence [24–28]. The armadillo repeat
domain of PKP 1 alone is sufficient to localize the protein
to the plasma membrane [23]. The PKP 1 binding partner
at the plasma membrane has not been determined but
might be one of the desmosomal proteins or even cortical
actin. In particular, it has been observed that the armadillo
domain coaligns with actin microfilaments under certain
circumstances and may be involved in the reorganization of
this cytoskeletal component [26]. Nevertheless, the carboxyl-
terminal part, in particular the last 40 amino acids, seems
to be essential for the recruitment of the entire PKP 1
to the plasma membrane as shown by transfection stud-
ies of mutant cDNA constructs into A431 keratinocytes
[28].

Important clues for the understanding of PKP 1 function
came from a report of an autosomal-recessive genodermato-
sis that is caused by mutations in the PKP 1 gene [29].
The ectodermal dysplasia/skin fragility (EDSF) syndrome
(OMIM 604536; the collection of known mutations in the
PKP 1 gene is shown in Figure 2 and published cases of
EDSF syndrome are listed in Table 1) clinically manifests in
the skin and its appendages. Patients suffer from blistering
with erosions of their skin upon mechanical stress. Nails are
dystrophic and the epidermis of soles and palms displays
hyperkeratosis. The hair density on the scalp, eyebrows, and
eyelashes is reduced. In severe cases, hair might be completely
absent from these body regions. Impaired sweating has
occasionally been observed. All other epithelial tissues that
express PKP 1, including mucous membranes, seem to be
normal in these patients, suggesting functional compensa-
tion by the other PKPs. Histological examination of affected
skin reveals that the intercellular space is widened and
epidermal keratinocytes are acantholytic from the suprabasal
layers upwards, suggesting loss of cell-cell adhesion. Cell
rupture, as noticed for epidermolytical bullous dermatosis,
has not been observed. Immunofluorescence microscopy
analyses of patients’ skin biopsies showed that certain desmo-
somal components such as desmogleins, desmocollins, and
plakoglobin are still localized at the plasma membrane. In
contrast, PKP 1 is completely absent or drastically reduced
[30]. As a consequence, desmoplakin is no longer localized
in the desmosomes but instead is dispersed throughout
the cytoplasm. On the ultrastructural level, desmosomes
appear smaller and are numerically reduced in the affected
epidermal layers. Additionally, keratin filaments have lost
contact to desmosomal junctions and are collapsed around
the nucleus. Biochemical analysis of patients’ skin revealed
that the other PKPs are upregulated to some extent and may
compensate in part for the loss of PKP 1 in nonaffected
epidermal layers [17]. Interestingly, it does not seem to mat-
ter for the development of the clinicopathological findings
of EDSF syndrome to what extent the protein is truncated
due to the mutations in PKP 1 gene. In a case reported by
McGrath and colleagues the mutations occurred close to the
amino-terminus of the protein, which could result either in
a severely truncated protein or—more likely—in complete
loss of the protein (i.e., a functional null mutation) as
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Table 1: Published cases of EDSF syndrome with clinical features and observed mutations in PKP 1 gene.

Case1 Clinicopathological findings Observed
mutations2 Reference

Epidermal fragility
Hyperkeratosis
on palms/soles

Alopecia Nail dysplasia Hypohidrosis

1 yes yes yes yes yes (a) p.Q304X (b)
c.1132ins28

[29]

2 yes yes yes yes yes (a) p.Y71X (b)
IVS1−1G>A

[31]

3 yes yes yes yes no IVS6−2A>T [32]

4 yes yes yes yes yes IVS11+1G>A [30]

5 yes no yes yes no IVS4−2A>G [33]

6 yes yes yes yes not observed IVS1−1G>A [33]

7 yes yes no yes no IVS9+1G>A [34]

8 yes yes yes yes no
(a) c.1053T>A

+IVS5+1G>A (b)
IVS10−2G>T

[35]

9 yes yes yes yes no c.888delC [36]

10 yes yes yes yes not observed p.R672X [37]
1
Numbering of the case correlates to the positions of mutations shown in Figure 2.

2 For compound heterozygosity, mutations of both alleles are given as (a) and (b).

judged by immunofluorescence microscopy [29]. In contrast,
the mutations in the PKP 1 gene reported by Hamada
et al. occurred near the carboxyl-terminus resulting in
the expression of a truncated protein. Based on the mild
phenotype of the ESDF syndrome in these patients, it can
be assumed that this truncated protein is at least partially
functional but clinicopathology of ESDF still manifests [30].
Surprisingly, most of the EDSF-related mutations in human
PKP 1 gene involve splice-site mutations (8 out of 13
known mutated alleles) leading to impaired splicing products
and subsequent mRNA degradation or the generation of
truncated proteins. The reason for the prevalence of splice-
site mutations in EDSF is not known.

These findings in conjunction with cell biological data
obtained in transfection studies convincingly illustrate that
PKP 1 is essential for the recruitment of desmoplakin to
the desmosomal plaque and probably is involved into lateral
enlargement of the plaque structure in skin, explaining the
structural and functional defects in epidermal desmosomes
lacking PKP 1. Evidently, integration of PKP 1 in the
desmosomes provides the epidermal keratinocytes with
stability against mechanical stress. A sequence stretch in the
HR2 domain of PKP 1 is thought to be essential for the
recruitment of DSP and represents a conserved motif of all
the PKPs, suggesting that DSP recruitment is a common
function of all PKPs [28].

Although a direct interaction of PKP 1 with keratins
has been demonstrated frequently in vitro, it is not clear
whether this protein alone is sufficient to connect the inter-
mediate filament cytoskeleton to the desmosome. Specific
inactivation of DSP in the skin of mice demonstrates the
necessity of both proteins, DSP and PKP 1 (in cooperation
with plakoglobin), for anchorage of keratins [38] suggesting
that all three components are required. This is further
demonstrated by the fact that failure of either PKP 1 or

DSP can lead to loss of cell-cell adhesion and acantholysis
in the epidermis. The mechanism underlying the failure of
epidermal desmosomes without PKP 1 to maintain adhesion
is not known. It is tempting to speculate that besides struc-
tural defects cell signaling defects could contribute to this
phenomenon, similar to the disease mechanisms postulated
for the autoimmune blistering diseases of the pemphigus
group in which autoantibodies target desmosomal cadherins.
Binding of autoantibodies to the desmosomal cadherins
seems to trigger intracellular signaling pathways that lead to
the reorganization of the cytoskeleton involving the discon-
nection of desmosomal cadherins of adjacent cells (for the
mechanisms of this outside-in signaling see [39]). The same
pathways may be involved in the dissolution of desmosomal
adhesion when PKP 1 is lost. Given that patients with PKP
1 null mutations show defects in differentiation pathways
affecting skin appendage formation and homeostasis, it is
unlikely that adhesion defects can account for the entire
spectrum of disease phenotypes.

Analysis of keratinocytes derived from patients suffering
from EDSF syndrome exhibits some interesting properties.
Quantitative analyses of the desmosome size in cultured
cells revealed that reintroduction of PKP 1 increases the
lateral extent of desmosomes. As proposed by others [25,
40], desmosomal cohesiveness might be increased by lateral
interactions of PKP 1 with DSP, making additional linkage
between desmosomal proteins and keratin network accessi-
ble [41]. It is noteworthy that PKP 1 null keratinocytes show
increased cell migration, which has implications for tumor
biology.

2.2. Plakophilin 2. PKP 2 is, with a predicted mass of
92.756 Da and an apparent molecular weight of 100 kDa
(estimated from Western blot analysis), the largest of the
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Figure 3: Immunohistochemical staining of sections of human skin a, and b and liver c, and d with antibodies against PKP 2. (a) The staining
of samples of human skin with a monoclonal antibody against PKP 2 (clone PP2-150; Progen, Heidelberg) demonstrates a weak and delicate
desmosomal staining as well as cytoplasmic staining in the basal layer of the interfollicular epidermis (arrow). Suprabasal keratinocytes
remain unstained. (b) Eccrine sweat glands and ducts show a strong reaction with PKP 2-specific antibodies while apocrine sweat glands
exhibit an apical, distinct but weak desmosomal reaction (arrow). (c) Hepatocytes as well as bile ductules are marked at the cell-cell contacts
by PKP 2-specific antibodies (arrow). (d) Bile ducts also show a sharp and apical staining of desmosomal structure by the PKP 2-antibodies.
The samples shown in (c) and (d) are derived from liver tissue in the vicinity of a metastasis of a gastrointestinal stromal tumor with portal
and periportal fibrosis and ductal and ductular proliferation. Scale bars: 100 μm (d), 200 μm (a, b, c).

three plakophilins and it is also the prevailing isoform since
it is expressed in all cell types with desmosomal junctions
[42]. PKP 2 is found in the basal cells of certain stratified
epithelia while more differentiated keratinocytes are negative
for desmosomal PKP 2 (Figure 3). Moreover, PKP 2 has
recently also been found in new types of cell junction which
differ in terms of their biochemical composition from both
classical desmosomes and conventional adherens junctions
(reviewed in [43]). Similar to PKP 1, PKP 2 also occurs as
two different splice variants. An additional exon coding for
44 amino acids is integrated into PKP 2 b close to the border
of the second to third armadillo repeat of the protein [42].
The two PKP 2 splice variants appear to be coexpressed in
all cell types analyzed thus far, and it is not known whether
these two proteins have different functions.

Like PKP 1, PKP 2 has been detected in the nucleus of
many cell types [42]. Its presence in the nucleus is inde-
pendent of its presence in desmosomes. Some nonepithelial
cell types, which do not assemble desmosomes, show only
nuclear localization of PKP 2 (e.g., fibroblasts [42]). In strat-
ified epithelia, nuclear and desmosomal localization of PKP2
is regulated independently. In the differentiated layers of
stratified epithelia, PKP 2 is excluded from desmosomes and
accumulates in the nuclei of keratinocytes. Recently, Müller

and colleagues identified a molecular pathway that appears to
regulate nuclear accumulation of PKP 2 [44]. The Cdc25C-
associated kinase 1 (C-TAK 1) emerges to be involved in
cell-cycle regulation and Ras-signaling. It was shown that C-
TAK 1 phosphorylates Cdc25C and KSR1, a scaffold protein
for mitogen-activated protein kinase (MAPK) and Raf-1
kinase. Müller et al. demonstrated that PKP 2 is also a
substrate for C-TAK 1 [44]. This phosphorylation of PKP 2
enforces an interaction of PKP 2 with 14-3-3 proteins, which
prevents the nuclear accumulation of PKP 2. Consequently,
mutation of the C-TAK 1 phosphorylation site or the 14-3-
3 binding domain in PKP 2 increases nuclear accumulation
of PKP 2. The pathways that trigger C-TAK 1-mediated
phosphorylation of PKP 2 and its retention in the cytoplasm
have not been analyzed so far.

What does PKP 2 do in the nucleus? Recent experiments
by Mertens and colleagues provided some insights [45].
Immunoprecipitation experiments revealed an association
of PKP 2 with the largest subunit of RNA-polymerase-III
holoenzyme, protein RPC155, as well as other components
such as RPC82 and RPC39. The PKP 2-positive complexes
also contain RNA-polymerase-III-associated transcription
factor TFIIIB but not TFIIIC. The colocalization of PKP 2
and RPC155 in particles in the interchromatin space has
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been shown by immunofluorescence microscopy. Mertens
and colleagues [45] postulated that these particles do not
represent active forms of polymerase-III, because the PKP 2-
positive particles do not contain transcription factor TFIIIC,
a factor required for the formation of an active RNA
polymerase III complex. Thus, the actual function of these
complexes remains unclear. Nevertheless, the almost general
appearance of PKP 2, as well as PKP 1, in the nucleus
seems to differ fundamentally from the nuclear localization
of other related catenins such as β-catenin or p120ctn, which
are translocated into the nucleus upon specific signals and
have been shown to be involved in gene regulation [21, 22].

Besides these nuclear functions, PKP 2 may be involved
in cytoplasmic signaling, which is based on the observation
that it can bind β-catenin [46], a key downstream effector
protein of the canonical Wnt-signaling pathway [21]. Using
two-hybrid and immunoprecipitation assay, it was shown
that PKP 2 can bind to β-catenin. However, when bound
to PKP 2, β-catenin cannot associate to E-cadherin, which
may reduce the pool of β-catenin available to function in cell
adhesion. Overexpression of PKP 2 in colon carcinoma cells
leads to an increase in β-catenin/TCF signaling suggesting a
regulatory role of PKP 2 in Wnt signaling and providing a
potential functional link between desmosomal adhesion and
signaling [46].

PKP 2 also seems to be involved in the assembly of
the desmosomal components into desmosomes. siRNA-
mediated depletion of PKP 2 in keratinocytes leads to
changes in the subcellular localization of DSP which mimics
the behavior of a DSP mutant deficient for a PKCα (i.e.,
protein kinase C) phosphorylation site. Different isoforms
of PKC have been implicated in the regulation of cellular
processes such as migration, cellular adhesion, or cytoskeletal
reorganization (for review see [47]). Bass-Zubeck et al.
investigated the connection between PKP 2, DSP, and PKC
[48]. The authors found that PKP 2 binds to PKCα and
DSP via its head domain. A detailed analysis revealed that
PKP 2 simultaneously binds DSP and PKCα, which facilitates
the subsequent phosphorylation of DSP at its IF-binding
domain by PKC [48]. This increases DSP integration into
the desmosomes and the subsequent attachment of IFs to
desmoplakin.

Insights into the function of PKP 2 also came from
gene knockout experiments in mice, as well as the analysis
of an autosomal-dominant human hereditary disease linked
to PKP 2 mutations [49, 50]. Ablation of the PKP 2
gene in mice leads to a lethal phenotype around mid-
gestation (E10.5) [49]. Homozygous PKP 2-null embryos
died because of severe alterations of the heart structure
resulting in the outflow of blood into the pericardium and
subsequent collapse of the embryonic blood circulation.
On the microscopic level, PKP 2 deficient hearts display
reduced trabeculation as well as abnormally thin cardiac
walls. The reason for the instability of cell contacts between
cardiomyocytes is apparent on the ultrastructural level.
The junctional complexes of the areae compositae (formerly
designated as intercalated disks; see [43]) that connect
cardiomyocytes include at least two types of junctions in an
amalgamated fashion, desmosomes and adherens junctions.

The areae compositae are altered significantly in PKP 2-
mutant mice. Associated with the deficiency of PKP 2, DSP
is depleted from the desmosomal junctions and accumulates
in the cytoplasm. Additionally, DSG 2 expression seems to
be reduced in PKP 2-null cardiomyocytes and desmosomal
components were less resistant to detergent extraction, sug-
gesting impaired function of cell junctions. Therefore, PKP 2
seems to be essential for the regular subcellular distribution
of desmoplakin and its accumulation in the areae compositae
of cardiomyocytes. Interestingly, Grossmann et al. found no
alteration in other PKP 2-expressing epithelia in the mutant
animals [49]. This is likely due to the expression of multiple
PKP isoforms in many cell types (except for the heart which
expresses only PKP 2), providing functional compensation in
case one isoform is not functional.

The essential function of PKP 2 in the heart was also
demonstrated by the identification of a haplo-insufficiency of
PKP 2 in a hereditary human disease, autosomal-dominant
arrhythmogenic right ventricular cardiomyopathy (ARVC;
[50]). In ARVC, cardiomyocytes are progressively replaced by
fibro-fatty tissue, especially in the right ventricle (for a recent
review see [51]). This replacement leads to abnormal electri-
cal conductance with syncopes and tachycardia and an often
lethal failure in the mechanical capability of the heart (e.g.,
“sudden cardiac death” of young athletes). The mechanism
leading to ARVC may include apoptosis of cardiomyocytes
due to the weak and disrupted intercellular adhesion of
cardiomyocytes caused by haplo-insufficiency of PKP 2 and
subsequent insufficient anchorage of DSP [52]. The decline
of cardiomyocytes may therefore lead to the development
of scar tissue in the right ventricle. Moreover, transdiffer-
entiation of cardiomyocytes into fibro- or adipocytes may
take place, probably caused by disturbed Wnt/β-catenin-
signaling [53, 54]. This is supported by further observations.
The decrease of DSP in cultured atrial myocytes by siRNA
results in the redistribution of plakoglobin to the nucleus and
the suppression of the canonical Wnt/β-catenin-signaling
pathway [54]. Genes inducing adipogenesis and fibrogenesis
were upregulated in these DSP-deficient cells. Decrease of
DSP was also noticed in cardiomyocytes of PKP 2-deficient
mice [49], suggesting that a cellular transdifferentiation
may also occur in ARVC. At least 12 different genes or
chromosomal loci have been associated with the autosomal-
dominant or recessive types of ARVC so far, including all five
known desmosomal genes expressed in cardiomyocytes (i.e.,
DSG 2, DSC 2, DSP, JUP, and PKP 2).

The loss of PKP 2 may also contribute to the abnormal
electrical conductance of the heart [55]. Gap junctions play
an essential role in the electrical coupling of cardiomyocytes
and the coordinated heart contraction (reviewed in [56]).
Downregulation of PKP 2 in primary cardiomyocytes of
rat heart leads to reduced expression of the gap junction
protein connexin 42. In addition, a decrease of cellular
coupling via gap junctions is also detectable, which may
result in the disturbed transmission of electrical impulses in
the ventricle. Therefore, it appears that PKP 2 can influence
the organization of different types of cellular junctions
such as gap junctions and areae compositae in heart muscle
cells.
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Figure 4: Immunohistochemical staining of sections of human skin a, and b and liver c, and d with antibodies against PKP 3. (a) Intensive
reaction of desmosomes and cytoplasm is visible by staining sections of human skin with a monoclonal antibody against PKP 3 (clone PKP3
310.9.1; Progen, Heidelberg). Basal and lower suprabasal keratinocytes exhibit a strong cytoplasmic staining while desmosomal staining is
less prominent. With ongoing differentiation, the desmosomal labeling is increasing. (b) Eccrine and apocrine (arrows) sweat glands show
strong desmosomal labeling with PKP 3-specific antibodies. (c) Reaction of PKP 3-specific antibodies on liver is restricted to bile ductules
(arrow; see description of liver tissue in the legend to Figure 3) while hepatocytes are completely negative for PKP 3. The insert presents a
magnification of a bile ductule of human liver stained with antibodies against PKP 3, exhibiting a labeling of the desmosomal junctions. (d)
Bile ducts (here in a large portal field) show a clear desmosomal reaction at the apical pole of cells (arrow). Scale bars: 100 μm (d), 200 μm a,
b, c.

2.3. Plakophilin 3. PKP 3 has a calculated mass of 87,081 Da
and is detected with an apparent molecular weight of approx-
imately 87 kDa on Western blot analysis [57, 58]. Strikingly,
in contrast to the other PKP gens, PKP3 gene seems not
to encode for different splice variants. PKP 3 is present
in the desmosomes of all cell layers of stratified epithelia
and in almost all simple epithelia, with the exception of
hepatocytes (Figure 4). In epidermal cells, PKP 3 is expressed
in a homogeneous pattern. Furthermore, it is detectable in
the desmosomes of some nonepithelial cells with the notable
exception of cardiomyocytes. This fact may explain the severe
heart phenotype of PKP 2 loss, since PKP 2 is the only
PKP expressed in cardiomyocytes and its loss of function
cannot be compensated by the other PKPs. Although PKP
3 is mainly located in desmosomes, a significant proportion
of the protein remains soluble in the cytoplasm. In contrast
to the other PKPs, PKP 3 has not been detected in the
nucleus.

A better understanding of the functions of PKP 3
came from the analyses of PKP 3 knockout mice [59].
In contrast to the other two PKPs, the PKP 3 knockout
phenotype is fairly mild. PKP 3-null animals are viable
and exhibit defects in the morphogenesis and morphology
of specific hair follicles. Moreover, alterations in density

and spacing of desmosomes and adherens junctions in
PKP 3-null epidermis and oral cavity were observed (own
unpublished observations). Consequently, PKP 3 is involved
in the development or maintenance of skin appendages.
Other PKP 3-positive epithelia appear normal in PKP 3-
null animals. In addition, an upregulation of the expression
of specific junctional proteins, such as the other PKPs, was
noticed. In comparison to the other two PKPs, the PKP
3 knockout phenotype is modest, which may in part be
due to the fact that an additional PKP is coexpressed in
most epithelia and may compensate for at least some of
the PKP 3 functions. Diseases in associated with the loss or
heterozygosity of PKP 3 have not been reported so far.

Surprisingly, among the three plakophilins, PKP 3
exhibits the most extensive binding repertoire to other
desmosomal components [60] and it demonstrates in silico
the most extensive interaction rate of desmosomal proteins,
as predicted for keratinocytes by Cirillo and Prime [61]. It is
capable to bind to most of the desmosomal proteins such as
all DSG and DSC isoforms, JUP and DSP and furthermore,
it is the only PKP that interacts with the smaller DSC-b
isoforms that are missing the binding site for plakoglobin
[60]. This implicates an apparent binding site for PKP 3
at the juxtamembrane domain of desmosomal cadherins.
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Both the PKP 3 head domain and the arm-repeats seem to be
crucial for these interactions, since most of the interactions
to other desmosomal proteins occur in yeast two-hybrid
assay only using the entire PKP 3 but not using the individual
domains [60].

Further PKP 3 interaction partners are emerging, that are
not linked to cell adhesion, suggesting a broader biological
role of PKP 3. PKP 3 has been shown, for example, to
interact with RNA-binding proteins such as poly-A binding
protein C1 (PABPC1), FXR1 (Fragile X mental redartation-
1), and G3BP (GAP SH3 domain-binding protein) in stress
granules [62]. Stress granules develop when cells respond to
diverse environmental stress conditions and these particles
represent stalled translational complexes (for a recent review
of stress granules see [63]). The function of PKP 3 in stress
granules and the basis for the integration into stress granules
remain unclear, but it seems likely that this is not a general
function of all PKPs, since in addition to PKP 3, only PKP
1 but not PKP 2 has the ability to integrate into the stress
granules.

Another PKP 3-binding protein identified is dynamin-
like protein DNM-1L [64]. DNM-1L is involved in the
peroxisomal and mitochondrial fission and fusion as well
as mitochondrial-dependent apoptosis of cells [65, 66].
Although the biological significance for this interaction is not
clear, it is tempting to speculate that the PKP 3 could affect
the apoptotic response of cells.

2.4. Plakophilins in Tumors. Cellular adhesion molecules,
especially components of the adherens junctions such as E-
cadherin and β-catenin, have been shown to be important
in the development, progression, and metastasis of tumors
[67]. Likewise, several desmosomal proteins have also been
linked to malignant processes (reviewed in [68]). Reliable
data demonstrating a causal link between plakophilins and
tumor development are still forthcoming. Thus far, most
published studies focused on the expression of PKPs in
tumors and a correlation of PKP expression and tumor
prognosis. Well and moderately differentiated squamous
cell carcinomas (SqCC) of skin express PKP 1, whereas in
poorly differentiated tumors, PKP 1 is downregulated [69].
Tumor cells of basal cell carcinomas (BCC) exhibit a more
heterogeneous expression of PKP 1, being confined to small
patchy areas [69]. In solid nodular BCCs, PKP 1 expression
has been found to be reduced in comparison to normal
overlaying epidermis and was hardly detectable in nodules
growing close to the basal epidermis. Immunohistochemical
analysis of the expression of PKP 1 in oral SqCCs revealed
similar results to those obtained with skin tumors [18, 70].
This is, however, conflicting with observations made by
others [71], who found that PKP 1 is strongly expressed
only in a small proportion of well-differentiated SqCCs.
Furthermore, these authors found that most of the well-
differentiated tumors are negative for PKP 1. Interestingly,
using cells derived from oral SqCCs, Sobolik-Delmaire et
al. [70] could demonstrate that cell lines expressing low
levels of PKP 1 exhibit increased cell mobility which is
reduced by ectopic expression of PKP 1. In contrast, another

cell line of an oral SqCC that expresses comparably high
levels of PKP 1 becomes more mobile and invasive in
vitro when PKP 1 is diminished by a shRNA knock-down
approach.

Interestingly, in a part of oral and pharyngeal SqCCs
analyzed by Schwarz et al. [18], nuclear localization of PKP 1
in tumor cells was noticed. This is remarkable since adjacent
non-neoplastic squamous epithelium did not show nuclear
PKP 1. In contrast to PKP 1, immunostaining for PKP 2 in
histological sections of SqCC is low and often restricted to
peripherally located tumor cells or is even completely absent
[18], whereas PKP 3 expression patterns are similar to PKP 1
in SqCC. The expression of PKP 3 seems to correlate inversely
with the degree of malignancy of tumors.

An analysis of adenocarcinomas from different organs
such as colon and pancreas revealed that PKP 1 is not
detected whereas PKP 2 and PKP 3 are frequently expressed
[18, 72], sometimes associated with a change from an apical
desmosomal staining to a staining of almost complete lateral
surface. The only exceptions were prostate adenocarcinomas
which displayed a low level of PKP 1 immunoreactivity.
Interestingly, in non-small cell lung carcinomas (NSCLC;
adenocarcinomas and SqCC) and cultured cells derived
thereof, Furukawa et al. observed an elevated expression
of PKP 3 [64]. Inhibition of PKP 3 expression by siRNA
approach in NSCLC cultured cells led to reduced colony for-
mation and less viability of cells. Moreover, over-expression
of PKP 3 in COS-cells caused enhanced proliferation rate
and elevated activity in in vitro invasion assay. The authors
postulated that PKP 3 may have an oncogenic function
when localized in the cytoplasm under certain conditions.
It thus appears that PKP 3 can potentially both, advance
tumorigenesis (as seen in some NSCLC) or suppress it (as
noticed for some SqCCs). Recent observations suggest that
PKP 3 may be involved in epithelial-mesenchymal transition
(EMT) that is of relevance especially for metastasis of tumor
cells [73]. Analysis of PKP 3 expression in invasive cancer
cells revealed that PKP 3 expression seems to be repressed
by the transcription factor ZEB 1, a potent repressor of E-
cadherin expression that is also involved in EMT, at least
in breast cancer cells. Nuclear accumulation of ZEB 1 (i.e.,
Zinc finger E-box-binding homeobox-1) correlated with a
loss of membrane staining for PKP 3. Similar observations
have been reported for PKP 2-repression by ZEB 2 in colon
cancer cells [74]. In conclusion, the precise role of PKPs in
tumor development and tumor progression is not clear. It
is possible that some of these proteins can function both,
as oncogenes or as tumor suppressors, depending on the
cell type studied. Further research is needed to establish a
causal link between PKP expression (or loss of expression)
and cancer.

In summary, in the past few years PKPs have been
recognized to be essential for desmosomal adhesion and
tissue integrity. Nevertheless, recent data suggest that PKPs
exert cellular functions unrelated to cell adhesion. Further
questions like the ability of individual PKPs to compensate
for the loss of one isoform and the role of PKPs in cell
signaling and in tumor development need to be further
investigated.
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Desmosomes play important roles in the cell differentiation and morphogenesis of tissues. Studies on animal models have
greatly increased our knowledge on epidermal development while reports on human developing skin are rare due to the difficult
accessibility to the samples. Although the morphology of periderm cells and the process how the epidermis develops very much
resemble each other, the timetable and the final outcome of a mature human epidermis markedly differ from those of murine
skin. Even the genetic basis of the junctional components may have profound differences between the species, which might affect
the implementation of the data from animal models in human studies. The aim of this review is to focus on the development of
human skin with special emphasis on desmosomes. Desmosomal development is mirrored in perspective with other simultaneous
events, such as maturation of adherens, tight and gap junctions, and the basement membrane zone.

1. Introduction

The literature on developing human epidermis is limited,
collectively not exceeding 100 cases in the reports covering
the fetal age. The development of human skin has been
studied at the morphological level in quite detail by elec-
tron microscopy [1–3]. The timetable for the formation
of epidermal architecture is based on the evaluation of
sixty human fetuses, age 7–20 weeks [2]. Sparsely located
desmosomes are detected already in the samples from the
youngest fetuses, and during the maturation the density of
desmosomes increases [2, 4].

Since desmosomes are relatively easily identifiable by
their ultrastructural appearance, they were the first spe-
cific cell junctions recognized in human skin by electron
microscopy. The other cell junctions, adherens, tight, and
gap junctions, were originally identified and named in simple
epithelia using electron microscopy, but their ultrastructural
characteristics in simple epithelia are not directly applicable
to those of stratified epithelia, such as epidermis. The
recognition of a number of biomarkers of cell junctions
and subsequent availability of specific antibodies at 80’s
and 90’s enabled investigation of the junctional proteins of
epidermis using immunohistochemical approaches at light

and electron microscopic levels. Immunolocalization studies
thus helped the identification of desmosomal, adherens
junction, gap junction and tight junction, components in
developing epidermis. Although some studies regarding reg-
ulation of development of human skin have been published,
very little is known about the regulatory signals regarding
developmental regulation of human skin.

2. Morphological Development of
Human Epidermis

Human epidermis is derived from a single layer of embryonic
surface ectoderm. The ectoderm proliferates in the 4th week
of development and produces two layers of cells [1, 2]
(Figure 1). The inner layer of cells is the basal layer while
the outer layer is called the periderm, and proliferation
takes place in both cell layers [2]. In the 11th week of
EGA, the basal layer produces a new intermediate cell layer
between itself and the periderm which marks the beginning
of stratification and more complicated differentiation of the
epidermis. The periderm cells in contrast, cease dividing in
the first trimester, become larger and elevated, and exhibit
rounded blebs on their outer surfaces [2]. The periderm cells
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Figure 1: Schematic representation of developing human epider-
mis. (a) Two cell layers, peridermal cells and basal cells at the
first trimester (8 weeks). (b) Three cell layers at 11 weeks. The
periderm cells become elevated. (c) By 21–24 weeks all the cell
layers of mature epidermis are present. Tight junctions are shown
in blue, desmosomes in red, adherens junctions in yellow, and green
indicates gap junctions. The density of junctions increases during
the maturation.

form a cornified cell envelope in the three-layered stage of
development [5, 6]. By 21–24 weeks EGA, the intermediate
cell layer has apparently given rise to the definitive three
layers of the outer epidermis: the spinous, the granular,
and the cornified cell layers. As the keratinization proceeds,
the periderm is gradually shed into the amniotic fluid by
the beginning of the last trimester [3]. The periderm cells
display characteristics consistent with apoptosis prior to
being sloughed off [7]. Cornified cell envelope is formed in
the upper cell layers of epidermis after the shedding of the
periderm cells [5, 6]. Mice and man show clear differences
in the development of the epidermis including the time
schedule, maturity at newborn and differences at the genetic
level. For example, mice posses three dsg1 genes with distinct
epidermal expression patterns whereas there is only a single
human DSG1 gene.

3. Formation of Intercellular Junctions in Early
Two-Layered Epidermis: 4–9 Weeks

Desmosomes are easily detectable in transmission electron
microscopy. Ultrastructural studies have revealed desmo-
somes at 5 weeks of EGA between the basal and periderm
cells [2]. It is possible that desmosomes exist earlier but this
has not been verified because of lack of samples representing
earlier time points. Formation of desmosomes is thus a very
early event well preceding, for example, the maturation of
the basement membrane zone. In the youngest fetal samples
investigated, the desmosomes are widely separated [2] and

evaluation of the electron microscopic images suggests that
the desmosomal plaque is considerably thinner and less
prominent than in later developmental stages, although this
was not highlighted in the original publication.

The protein composition of early fetal desmosomes has
been studied at 5 weeks using serum from pemphigus
patients, but no intercellular fluorescence was detected at
that time [8]. Correspondingly, pemphigus sera revealed
positive immunoreaction only after 11 weeks in the study by
Lane et al. [9]. Thus, the presence of desmogleins could not
be proved in the samples of earliest developmental points
studied. However, at 8 weeks indirect immunofluorescence
with antibodies to desmoplakin, pan-desmocollin, and pan-
desmoglein showed punctate labeling associated with plasma
membranes of peridermal and basal cells [4] (Figures 1 and
2), indicating that developing desmosomes have the elements
for transmembrane and plaque parts. The suggestive inter-
mediate filaments binding to the desmosomal plaques in
basal cells are CK5 and CK14 which can be first detected
between 8 and 10 weeks [10] while the periderm cells contain
CK19 and CK8 [11].

At eight weeks of EGA, desmosomal proteins were also
localized to the basal plasma membrane of the basal cells
suggesting that separation of cell membranes to basal and
apicolateral compartments had not taken place at this time.
At this time, immunolabeling for β4 integrin shows widely
distributed spots [4], instead of a linear labeling of mature
basement membrane zone. Structural hemidesmosomes are
also not seen in the electron microscopy [2, 12, 13]. These
findings support the view that the polarity of the basal cells
has not developed yet. It is however known that at 5 weeks
EGA, the basement membrane zone is composed of a basal
cell plasma membrane, lamina lucida, and lamina densa [12]
which contain laminin and type IV collagen [9, 14, 15].
β1 integrin can also be seen in the periphery of the basal
cells, including the basal and apicolateral plasma membranes
[4, 16, 17].

In vitro studies on human primary keratinocytes have
shown that adherens junctions precede the development
of desmosomes [18]. Classical cadherins are important
in the initiation of intercellular junction formation, and
regulation of desmosome assembly depends at least to some
extent, on expression of classical cadherins [19], Tinkle et al.
[20]. In two-layered developing human epidermis of eight
weeks, E-cadherin is expressed in the periphery of basal
cells, including the basal aspect, and in the periphery of
peridermal cells. E-cadherin and P-cadherin are also present
in the intercellular junctions of the basal and peridermal
cells [4, 10, 21]. The same localization was also noted for
α catenin, vinculin, and α actinin [4]. This indicates that
the prerequisite for desmosome formation in the form of
adherens junction components is available and thus the
formation of desmosomes may follow the same sequence of
events as has been described in vitro. It should be noted that
the adherens junctions were not reported in the ultrastuctural
studies. This is, however, not surprising since the plaque
of the adherens junctions is much less prominent than the
desmosomal plaque and is difficult to visualize even in the
adult epidermis [22].
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Figure 2: Expression and localization of desmosomal proteins in developing human skin at 8, 11, and 21 weeks of EGA and at newborn
age (NB). Note the gradual increase in the density of desmosomes. At 8 weeks EGA, the epidermis is composed of basal and peridermal cell
layers (a, e, i). Antibodies to desmoplakin (a), desmocollin (e), and desmoglein (i) label cell membranes of basal and peridermal cells. Note
also immunolabeling in the dermal-epidermal junction. At 11 weeks EGA, the intermediate cell layer has developed in the epidermis (b, f, j).
An intense signal for desmoplakin (b), pan-desmocollin (f), and pan-desmoglein (j) is apparent in the peridermal cells. Intermediate cells
also show desmosomal antigens, while lateral membranes of basal cells are almost devoid of these desmosomal proteins. At 21 weeks EGA,
the peridermal cell layer has been shed and the epidermis is composed of the four definitive layers of epidermis (c, g, k). Desmoplakin (c),
desmocollin (g), and desmoglein (k) antibodies label all the cell layers, the basal cells being only weakly labelled (arrowheads point to the
dermal-epidermal junction; bars (a, e, i) 10 μm, (b, c, d, f, g, h, j, k, i) 20 μm).

It should also be noted that tight junctions are visible
between the neighboring peridermal cells [23]. Of the
components of tight junctions, ZO-1 and occludin have been
demonstrated in the cell junction complexes of peridermal
cells between 8 and 21 weeks of EGA [23]. Tight junctions
are responsible for the epidermal diffusion barrier at this age
when mature stratum corneum does not exist. Providing dif-
fusion barrier for the epidermis might also be an important
basic function of the periderm.

Gap junctions, composed of connexin (Cx) subunits,
are channels that allow intercellular communication between
adjacent cells. They are considered to play a key role in the
regulation of cell proliferation and differentiation. The major
Cx subtypes in human skin are Cx26 and Cx43 [24]. The
first connexin type expressed already at 7 weeks is Cx26 [25]

and sparse gap junctions containing connexin 43 are present
at eight weeks [4]. Formation of gap junctions increases
while the epidermis develops and matures, suggesting that
gap junctions may play an important role in fetal skin
development.

4. Initiation of Stratification and
Differentiation of the Basal Cells
between 9 and 20 Weeks

Between 9 and 20 weeks, the intermediate filament bun-
dles associated with desmosomes become larger and more
prominent, and the number of desmosomes increases [2,
11]. The new intermediate layer of cells contains more



4 Dermatology Research and Practice

desmosomes and more prominent keratin filaments than
the basal and periderm cells. The putative binding partners
for desmosomal plaque proteins are CK5 and CK14 in the
basal cells, while the intermediate cells change the expression
to CK1 and CK10 [11]. As the stratification proceeds, CK1
and CK10 are expressed in all suprabasal cell layers. CK8
and CK19 are still expressed in both the basal and periderm
cell layers at this stage of development, but disappear with
keratinization, by about 24 weeks EGA [11].

When the stratification takes place, labeling of the
basal cells for desmoplakin, pan-desmocollin, and pan-
desmoglein becomes very weak and only some distinct spots
of desmosomes are visible between the basal cells [4] (Figures
1 and 2). The basal cells have acquired their polarity and
the desmosomal proteins have disappeared from the dermal-
epidermal junction. Both of these characteristics resemble
those of mature epidermis. The intermediate cells express
all the desmosomal proteins studied which is in accordance
with the presence of numerous desmosomes in the mature
spinous cell layers. A study using pemphigus sera suggests
that at this developmental state desmoglein3 is present in the
basal and intermediate layers [9] while the peridermal cells
merely show diffuse cytoplasmic labeling for many proteins
studied [4, 9]. By 21 weeks, EGA the labeling pattern for
desmosome components becomes more continuous which
indicates the presence of more numerous desmosomes at the
cell-cell contacts (Figure 2).

During stratification the expression profiles of adherens
junction proteins undergoes minor changes. The basal cells
continue to express both E- and P-cadherins, while the
intermediate cells express only E-cadherin [21]. The α-
actinin disappears from the peridermal cells already by 11
weeks, while being prominently expressed in the junctions
connecting basal and intermediate cells throughout the
development [4]. α-catenin and vinculin are expressed in all
the three epidermal layers. Between 13 and 21 weeks, as the
number of intermediate cell layers increases, the expression
pattern remains essentially the same and by 21 weeks EGA,
the labeling patterns of adherens junction antigens resemble
that of neonatal epidermis. The expression of β1 integrin
continues in the basal cell layer as described earlier [16, 26].

Simultaneously with the initiation of stratification, the
basement membrane zone goes through major changes
as hemidesmosomes and anchoring fibrils begin to shape
[12, 13]. Between 9 and 15 weeks (EGA), the number of
hemidesmosomes is increased by about fourfold, they are
matured and become increasingly associated with intermedi-
ate and anchoring filaments [9, 14]. By 20 weeks (EGA), the
expression of α6β4 integrin becomes mostly concentrated at
the basal surface of the basal cells [4, 26, 27]. The basement
membrane becomes continuous and thicker.

5. Keratinization of the Epidermis and
Shedding of the Periderm Cells after
20 Weeks of EGA

By approximately 21–24 weeks EGA, the intermediate cell
layer has proliferated and produced the definitive three layers

of the outer epidermis: the spinous, the granular, and the
cornified cell layers [28] (Figure 1). As the keratinization
proceeds, the periderm is gradually shed into the amniotic
fluid [3]. After 20 gestational weeks the morphology of
the epidermis increasingly resembles that of a newborn.
The expression patterns of the cell junction and basement
membrane components remain essentially the same and little
alterations have been noted during this period of epidermal
development. Desmosomes become more densely located in
the spinous cell and granular cell layers. This is also shown in
the immunofluorescence labeling for desmosomal antibodies
which gradually reveal more continuous pattern in the cell-
cell contacts [4] (Figures 1 and 2). The uppermost granular
cell layer and the lowest layer of the stratum corneum, as
well as the lateral plasma membranes of the granular layer
are interconnected with tight junctions that are intermingled
with numerous desmosomes [23, 29]. The density of gap
junctions increases [4].

6. Regulation of the Development of
Human Epidermis

Even though some of the signaling molecules and path-
ways are universally conserved, marked differences between
human and mouse exist. Thus, findings in mice are not
directly applicable for human development, or diseases.
Yet, only few reports concerning the regulation of the
differentiation of fetal human skin are available, and selected
ones of those are reviewed here.

Wnt/β catenin signaling is known to play important roles
in the development of skin and its appendages [30]. One
study which was based on five fetal skin samples aged over
20 weeks, showed expression of Wnt3a, active β catenin
and Dkk1 in fetal epidermis [31]. The authors suggest that
Wnt/β catenin, signaling thus plays a role in human fetal
skin development and homeostasis. Further studies would
however be needed in order to investigate this pathway in
more detail and at earlier time points.

Desmosome assembly and disassembly are regulated, for
example, by calcium and cross-talk with adherens junctions
(for review see [32]). Adherens junctions and tight junctions
are also regulated by calcium [33]. The effect of calcium is
at least in part mediated by the epidermal calcium gradient
which results in typical calcium concentrations in different
epidermal cell layers [34]. However, no evidence on the
epidermal calcium levels in fetal skin is available.

The epidermal growth factor (EGF) family comprises
multiple mediators such as transforming growth factor
α, amphiregulin, heparin binding-EGF, and epiregulin,
which are crucially involved in the tissue-specific prolifer-
ation/differentiation homeostasis [35]. TGFα is believed to
play a role in cell proliferation and differentiation via an
autocrine mechanism. It exerts its effects on cells through
binding to the epidermal growth factor receptor (EGFR)
[35]. TGFα has showed a vertical progressive increase in
expression in the fetal skin of 14, 20, and 34 weeks [36].
In contrast to normal adult human skin in which the
EGFR is primarily restricted to the basal and immediately
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suprabasal keratinocytes, the fetal epidermis showed a
persistent expression of EGFR in all cell layers [37]. Based
on these observations it has been suggested that TGFα and
EGFR interact strictly to promote skin development during
fetal period.

Periderm is an embryonic- and fetal-specific transient
cell layer which is destined to detach into the amniotic
fluid. During human skin development periderm cells and
incompletely keratinized cells are replaced by differentiating
keratinocytes. The fate of the peridermal cells has been
shown to take place via apoptosis [7]. Immunohistochemical
localization of transglutaminases in fetal periderm and inter-
mediate epidermal cells coincides with DNA fragmentation
indicating that apoptosis is involved in deletion of these
stage-specific cells. The detachment of periderm cells also has
to involve disassembly of the desmosomes.

7. Conclusions

Studies on human skin are needed to relate the findings
of animal studies with human development, physiology,
and pathological conditions. Detailed timetables of the
expression of several cell junction components are available,
and based on these studies it is likely that the development
of desmosomes is synchronized with the maturation of other
junction types. However, studies on even the most profound
mechanisms of differentiation of human skin are still lacking.

Abbreviations

EGA: Estimated gestational age = the time from
fertilization

EGF: Epidermal growth factor
TNF: tumor necrosis factor.
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Current cell biology textbooks mention only two kinds of cell-to-cell adhering junctions coated with the cytoplasmic plaques:
the desmosomes (maculae adhaerentes), anchoring intermediate-sized filaments (IFs), and the actin microfilament-anchoring
adherens junctions (AJs), including both punctate (puncta adhaerentia) and elongate (fasciae adhaerentes) structures. In addition,
however, a series of other junction types has been identified and characterized which contain desmosomal molecules but do not
fit the definition of desmosomes. Of these special cell-cell junctions containing desmosomal glycoproteins or proteins we review
the composite junctions (areae compositae) connecting the cardiomyocytes of mature mammalian hearts and their importance
in relation to human arrhythmogenic cardiomyopathies. We also emphasize the various plakophilin-2-positive plaques in AJs
(coniunctiones adhaerentes) connecting proliferatively active mesenchymally-derived cells, including interstitial cells of the heart
and several soft tissue tumor cell types. Moreover, desmoplakin has also been recognized as a constituent of the plaques of the
complexus adhaerentes connecting certain lymphatic endothelial cells. Finally, we emphasize the occurrence of the desmosomal
transmembrane glycoprotein, desmoglein Dsg2, out of the context of any junction as dispersed cell surface molecules in certain
types of melanoma cells and melanocytes. This broadening of our knowledge on the diversity of AJ structures indicates that it may
still be too premature to close the textbook chapters on cell-cell junctions.

1. Introduction

Typical desmosomes (maculae adhaerentes) are cell-cell
junctions connecting cells of epithelial, meningothelial, and
myocardial nature or malignantly transformed cells derived
therefrom. Over the past two decades the molecular and
ultrastructural organization of diverse cell-cell-connecting
plasma membrane structures has been elucidated and two
novel categories and architectonic principles have been
recognized: desmosomal molecules as functionally impor-
tant components of special non-desmosomal junctions and
the existence of certain desmosomal molecules in a non-
junction-bound form.

2. The Desmosomes of Stratified and
Other Epithelia

The ultrastructural organization and the high lateral packing
density of desmosomes in the epidermis or other multi-
stratified vertebrate epithelia is best seen in the electron
microscope (e.g., Figure 1), and the corresponding protein
compositions of the various desmosomal subtypes in the
specific strata have been determined by biochemical analyses
and immunolocalization techniques [1–7].

In most stratified epithelia, epidermis included, the
desmosome packing density is so high that more than half
of the entire cell-cell membrane contact area is represented
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Figure 1: High-magnification electron micrograph of two cross
sectioned desmosomal structures connecting stratum spinosum cells
of human fetal (20 wk) foot-sole epidermis. Brackets and label
“P”: cytoplasmic dense plaque; black arrows: midline structure;
white arrows: trilaminar “unit membrane” structure of the plasma
membrane; arrowheads (top and bottom): secondary dense layer of
the plaque; IF: intermediate-sized filaments (for further details see
[7]); PM: plasma membrane. Bar: 0.1 μm.

by desmosomal structures. Using immunohistochemical
techniques with desmosomal markers this high packing
density is directly demonstrable not only for all layers of the
highly cornified mammalian epidermis but also in the skin
of lower vertebrates such as fishes and amphibia (Figure 2(a)
shows the immunolocalization of plakoglobin on a sec-
tion of fixed, paraffin-embedded skin of the eel, Anguilla
anguilla; Figure 2(b) shows desmoplakin immunostaining
on the skin of the frog, Rana pipiens; for details see [8]).
Clearly, in stratified epithelia the desmosomal constituents
are, together with the keratin filaments, among the most
frequent proteins. Moreover, the molecular composition of
the epidermal desmosomes—and those of similar multistrat-
ified epithelia—has been found to show fundamental strata-
specific differences, notably with respect to the desmogleins,
Dsg1-4, the desmocollins, Dsc1-3, and the plaque proteins
plakophilins, Pkp1-3 (Table 1 and [4–6, 9]).

The stratum-specific molecular ensembles, specifically
the Dsg and Dsc glycoproteins, are also of marked impor-
tance with respect to the pathogenesis of autoimmune skin
diseases of the pemphigus type which show a more or less
direct correlation with the specific desmosomal glycoprotein
complement of the affected layer (see, e.g., [4, 6, 9, 24–
28]). These autoimmune diseases are specifically dealt within
other articles of this issue. Another aspect of the desmosomal
arrays in the epidermis and other stratified epithelia is their
frequent—in some areas almost regular—punctuation by
very small “sandwich junctions” (iuncturae structae) con-
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Figure 2: Immunofluorescence microscopy of cryostat sections
through fish and amphibian skin, showing the localization of
desmosomal components in all layers of the epidermis. (a)
Immunofluorescence labeling of plakoglobin (red), in addition to
nuclear DAPI staining (blue), in a section through the paraffin-
embedded skin of an eel (Anguilla anguilla). The section is shown
after antigen retrieval and immunoreaction (for methods see [8])
using a monoclonal mouse plakoglobin antibody (mAb PG 5.1;
Progen Biotechnik, Heidelberg, Germany). Note the distinct basal
layer (stratum basale) of the epidermis and the relatively large
club shaped cells (“club cells”) as well as the mucous goblet cells
and the dense-packed apical cell layers. (b) Immunofluorescence
labeling of desmoplakin on a cryostat section through the skin
of the frog, Rana pipiens, using mAb DP447 (Progen Biotechnik).
Note the continuous pattern of very closely spaced, finely punctate
staining of the epidermal desmosomes. Bl: basal layer; cc: club
cells; gc: goblet cells; sec: superficial epithelial cells (for histological
terminology see [8]). Bar in (a): 100 μm; bar in (b): 50 μm.

taining the four times-membrane-spanning tight junction
hallmark protein, occludin [29, 30].

3. The Composite Junctions of
the Intercalated Disks (IDs)
Connecting Mammalian Cardiomyocytes

In mammals the development of the ID junctional system
connecting cardiomyocytes does not stop at birth but
continues postnatally [15, 31, 32]. In particular the two
types of adhering junctions originally distinguishable show
further polar translocation, accumulation in the ID region
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Table 1: Shown are specific cell-cell adhering junctions containing transmembrane glycoproteins and cytoplasmic plaque proteins of
“classic” desmosomes and adherens junctions (AJs). Special types of adhering junctions containing desmosomal proteins in human tissues
and cell cultures.

Type Cells
Transmembrane
glycoproteins

Some representative
plaque proteins

References

Macula adhaerens
(desmosome)

Epithelial and
mesothelial cells and
carcinomas derived
therefrom,
cardiomyocytes of
immature hearts and
cardiac conductive cells

Desmogleins-1-4
Desmocollins-1-3

Plakophilins-1-3
Plakoglobin
Desmoplakin

Franke et al. [10, 11]
Cowin et al. [12]
Mertens et al. [13]

Area composita
(composite junction)

Cardiomyocytes and
Purkinje fiber cells

N-Cadherin
Cadherin-11
Desmoglein-2
Desmocollin-2

α- and β-Catenin
Proteins p120, p0071
and
ARVCF
Plakoglobin
Plakophilin-2
Desmoplakin
Afadin
Myozap

Franke et al. [14]
Pieperhoff and
Franke [15]
Goossens et al. [16]
Seeger et al. [17]

Complexus adhaerens

Certain endothelia
(spec. endothelial and
virgultar tissues of
lymph node sinus)

VE-Cadherin
N-Cadherin
Claudin-5
JAM-A

α- and β-Catenin
Protein p120
Plakoglobin
Desmoplakin, Afadin

Schmelz and Franke
Hämmerling et al.
[18]
Moll et al. [19]

Zona limitans externa Neural retina N-Cadherin

Neurojungin
α- and β-Catenin
Plakoglobin
Plakophilin-2

Paffenholz et al. [20]

Colligatio permixta
Astrocytes and
astrocytoma cells

N-Cadherin
Cadherin-11
VE-Cadherin

α- and β-Catenin
Protein p120
Plakoglobin
Plakophilin-2
Afadin

Boda-Heggemann
et al. [21]

Coniunctio adhaerens

Mesenchymally derived
cells of high
proliferative activity in
situ and in culture

N-Cadherin
Cadherin-11

α- and β-Catenin
Proteins p120 and
p0071
Plakoglobin
Plakophilin-2
[Plakophilin-3]
Afadin

Rickelt et al. [22]
Barth et al. [23]

and fusions of the desmosomal and the fascia adhaerens
components, accompanied by an increasing amalgamation
of the two kinds of molecular ensembles into the new mixed
category of area composita (AC) structures (Figures 3(a)–
3(c), 4(b), and 5(a); for details of molecular localizations and
biochemical analyses see [14, 15, 33]; for non-mammalian
species see however [8, 34]). As a typical result rather
extended AC structures are seen which combine composi-
tional and ultrastructural properties of desmosomes with
those of AJs (Figures 3 and 4(b)). In addition, the “mixed
AC ensembles” of the ID (Table 1; Figure 4(b)) include
a series of additional proteins such as α-T-catenin [16]
and the recently identified plaque protein called “myozap”
[17]. The special organizational importance of certain
armadillo-type proteins, in particular plakoglobin and
plakophilin-2, for the entire ID contact of cardiomyocytes
has also been demonstrated for early stages of murine heart

formation in the absence of the genes encoding these proteins
[35, 36] and in siRNA-downregulation experiments ([37–
39], for related experiments see also [40, 41]).

The physiological and medical importance of desmoso-
mal molecules in the composite junctions of the myocar-
diac IDs is most impressively demonstrated by the recent
avalanche of publications that specific mutations in genes
encoding desmosomal proteins can result in arrhythmogenic
cardiomyopathies (ARVC/D), mostly in the right ventricle
but left ventricle damages have also been reported (Table 2).
Here the gene encoding plakophilin-2 appears to be espe-
cially vulnerable as defects in this gene alone seem to
account for about two thirds of the cases. This category of
ARVC/D-based diseases and “sudden death” events resulting
from altered desmosomal proteins also includes complex
hereditary syndromes such as combinations of dermatolog-
ical disorders (“woolly hair”, diverse patterns of striate and
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(a)

(b)

(c)

Figure 3: Micrographs showing the immunolocalization of the
desmosomal plaque protein, desmoplakin, on cryostat sections
through the murine myocardium. (a) Immunofluorescence micro-
graph showing the localization of desmoplakin (red) in all
composite junction structures of the intercalated disks (IDs).
(b) Immunofluorescence micrograph showing desmoplakin (red)
labeling of the composite junctions on the background of phase-
contrast optics. (c) Merged image showing plakophilin-2 (red), β-
catenin (green) and nuclear DAPI-staining (blue), on an interfer-
ence contrast microscopy background. Composite junctions (CJs)
are characterized by their yellow merge colour whereas the zonulae
adhaerentes and other AJs of the capillary endothelial cell layers
here show only β-catenin-positivity. Bar in (a): 100 μm; bar in (b):
50 μm; bar in (c): 25 μm.

diffuse keratoderma changes, particularly in palmoplantar
skin) and cardiac disease features such as in the classic
“Naxos disease” type or the “Carvajal syndrome” subtype,
first identified in the year 2000 in three Ecuadorian families,
which may also include damages in both ventricles (for an
anthology see [42]). The specific dominant and recessive
forms of the human diseases ascribed to mutations of genes
encoding desmosomal proteins have been dealt with in
several specific recent review articles [42, 97–102].

4. Adhering Junctions in the Specialized
Cells of the Cardiac Conduction System

The specialized cells of the mammalian cardiac conduction
system are connected by three different types of AJs [103]:
desmosomes, which in certain cell regions occur in impres-
sively high packing density, as well as AJs and CJs (Figures
5(b)–5(d)). The conductive cells of the ovine and bovine
Purkinje fiber systems have been studied in special detail
with respect to their nature as modified cardiomyocytes
and to the various forms of junctions of which a major
proportion is located at lateral cell-cell contact sites [103–
105]. These findings have led to the hypothesis that the
abundance of apparently “normal-looking” desmosomes in

Desmosome
Punctum adhaerens

Stud junction
Gap junction

(a)

Desmosome
Area composita
Gap junction

(b)

Figure 4: Schematic comparison of the different principles of
organization of cell-cell junctions containing desmosomal proteins
in mammalian epidermal and myocardiac tissue. (a) Junction orga-
nizations between epidermal keratinocytes as observed in the stra-
tum spinosum. Note the densely spaced desmosomes (red plaques),
which anchor bundles of intermediate sized filaments contain-
ing keratins (dark-green). Smaller adherens junctions (puncta
adhaerentia, yellow plaques) anchor actin-microfilament bundles
(red filaments). Furthermore, special types of tight junction-like
structures, the small “stud junctions” (black dots), and channel-
like connexin paracrystals (gap junctions, blue) are also generally
found. For details see [29, 30]. (b) The area composita (composite
junction, orange) structures of intercalated disks (ID) connecting
cardiomyocytes of an adult mammalian heart. This amalgamated
type of adhering junction is characterized by a mixture of typical
desmosomal and AJ molecules. This kind of composite junction
is the predominating adhering junction structure in the ID of the
adult mammalian heart.

the conductive tissue might also—and perhaps primarily—
be affected by the desmosomal protein mutations in cases
of human ARVC/D (Table 2), as also suggested from the
much higher conduction speed of these “cell fibers” (see, e.g.,
[103, 106, 107]).

The various size classes of the desmosomal protein-
rich junctions connecting conduction cells are presented by
desmoplakin immunoelectron microscopy in Figures 5(b)–
5(d), including some very small junctions (arrowheads in
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Table 2: During the last few years an avalanche of publications has appeared—and is still continuing to do so—showing the involvement
of mutations in desmosomal components in the development of arrhythmogenic cardiomyopathies, including “sudden death” cases (for
references see [10–12, 38, 40, 42–96]). Recent references reporting that certain mutations in human genes encoding desmosomal proteins
and glycoproteins contribute to arrhythmogenic ventricular cardiomyopathies (ARVC).

Protein Reference

Plakophilin-2

Gerull et al. [43]
Antoniades et al. [44]
Calkins [45]
Nagaoka et al. [46]
Kannankeril et al. [47]
Dalal et al. [48]
Syrris et al. [49]
Tsatsopoulou et al. [50]
Van Tintelen et al. [51]
Awad et al. [60]
Lahtinen et al. [52]
Otterspoor et al. [53]

Fidler et al. [38]
Joshi-Mukherje et al. [54]
Ram and Van Wagoner, [55]
Tandri et al. [56]
Wu et al. [57]
Qiu et al. [58] (5 cases)
Hall et al. [40]
Bhuiyan et al. [59] (23 cases)
den Haan et al. [64] (21 cases)
Xu et al. [61] (38 cases)
Bauce et al. [62] (7 cases)
Cox et al. [95] (58 cases)

Desmoplakin

Norgett et al. [84]
Rampazzo and Danieli [97]
Alcalai et al. [86]
Bauce et al. [77]
Norman et al. [85]
Sen-Chowdhry et al. [87]
Norgett et al. [75]
Uzumcu et al. [74]
Sen-Chowdhry et al. [88]

Tsatsopoulou et al. [50]
Yang et al. [89]
den Haan et al. [64] (1 case)
Mahoney et al. [81]
Xu et al. [61] (10 cases)
Bauce et al. [62] (5 cases)
Cox et al. [95] (1 case)
Bolling et al. [96]

Desmoglein-2

Pilichou et al. [90]
Tsatsopoulou et al. [50]
Awad et al. [60]
Syrris et al. [73]
Yu et al. [91]

Bhuiyan et al. [59] (4 cases)
den Haan et al. [64] (8 cases)
Xu et al. [61] (10 cases)
Bauce et al. [62] (4 cases)
Cox et al. [95] (3 cases)

Desmocollin-2

Heuser et al. [83]
Syrris et al. [72]
Beffagna et al. [79]
Bhuiyan et al. [59] (2 cases)

Simpson et al. [76]
Xu et al. [61] (4 cases)
Bauce et al. [62] (2 cases)
Cox et al. [95] (3 cases)

Plakoglobin

McKoy et al. [80]
Protonotarios et al. [78, 82]
Kaplan et al. [71]
Garcia-Gras et al. [92]

Asimaki et al. [93]
Asimaki et al. [94]
den Haan et al. [64] (1 case)
Xu et al. [61] (2 cases)

Selected review articles: Bazzi and Christiano [65]; Marcus et al. (Eds.) [42]; Awad et al. [66]; Corrado et al. [67]; Herren et al. [68]; Saffitz [69]; Sen-Chowdhry
et al. [63].
First animal model (boxer dog): Oxford et al. [70].

Figure 5(b)). Frequently, a number of individual desmin-
containing intermediate filaments can be resolved at such
junctions (e.g., Figure 5(c)), often revealing closely-parallel
plaque associations (e.g., arrows in Figure 5(d)).

5. Desmosomal Plaque Proteins in
Special Non-Desmosomal Adhering
Junctions (Coniunctiones and
Complexus Adhaerentes)

Proteins of the plakophilin-subfamily of armadillo proteins
are constitutive, apparently necessary components of desmo-
somal plaques [13, 108–113]. Their special organizational
role and architectonic importance has been demonstrated

perhaps most convincingly in the case of plakophilin-2 by
gene abrogation as well as siRNA-mediated mRNA reduction
experiments [36, 37, 39–41]. Moreover, the functional
importance of some plakophilins, in particular plakophilin-
2, may extend beyond desmosomal plaques to gap junctions
[37, 38] and into the interior of the cell, including certain
cytoplasmic as well as nuclear complexes [114–116].

Recently, however, we have discovered that the occur-
rence of both plakophilin-2 and plakophilin-3 is not neces-
sarily restricted to the plaques of desmosomes but that these
proteins can also occur as constitutive molecules in plaques
of some non-desmosomal junctions such as the puncta
adhaerentia-like AJs of certain cell cultures [22, 23, 117]
or in proliferatively active cells of certain tumors, for example
in cardiac myxomata [118]. Here the rapid acquisition
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Figure 5: Immunoelectron microscopy of ultrathin sections through bovine myocardium (a) and Purkinje fibers ((b)–(d)) using antibodies
against desmoplakin. (a) Immunogold labeling of a typical extended area composita structure in an intercalated disk (ID) of adult
cardiomyocytes. (b) By contrast, note the relatively small desmoplakin-positive junctions that connect cells of the Purkinje fiber conductive
system ((d), desmosomes; arrowheads denote some particularly small desmosome-like junction structures with asymmetric labeling).
The desmoplakin-rich plaques of such junctions are very intensely labeled. (c) The morphology and the relatively close packing of the
major type of junctions are similar to those of the area composita structures of adult mammalian cardiomyocytes. (d) High-magnification
immunoelectron micrograph of a composite junction. Note the very close near parallel association of intermediate-sized filaments (some
are denoted by arrows) with junctional plaques. Bars in (a) and (b): 1 μm; bar in (c): 0.25 μm.

(a)

(b) (d) (e)(c)

(a’)

Figure 6: Double-label immunofluorescence micrographs, showing the localization of the “desmosomal protein”, plakophilin-2, in
mesenchymally derived cultures of valvular interstitial cells (VICs). (a), (a′) Phase contrast and immunofluorescence micrograph showing
ovine VICs forming clusters of AJs positive for the typical desmosomal plaque component plakophilin-2 (red; vimentin filaments are labeled
in green). (b)–(d) Represent merged images of ovine VICs, showing colocalization staining (yellow) of plakophilin-2 (red) with typical AJ
proteins such as cadherin-11 (green, (b)), β-catenin (green, (c)), protein p120 (green, (d)) all on a phase contrast background. (e) Human
VICs exhibit similar colocalization of plakophilin-2 (red) here with N-cadherin (green) as shown by the yellow merge colour (for further
details see [23]). Bar in (a): 25 μm; bar in (b): 30 μm; bars in (c) and (d): 20 μm; bar in E: 10 μm.
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of plakophilin-2 to the non-desmosomal plaques of these
tumor cell AJs, in particular the fact that it appears in the
earliest in vitro culture passages of cardiac valvular inter-
stitial cells from various mammalian species [23], suggests
that the addition of plakophilin-2 alone—or together with
plakophilin-3—to these junctions is somehow related to the
induction of proliferation and cell cycle growth. It is there-
fore likely that in the future the systematic examination of the
presence of plakophilins in such AJs will give valuable diag-
nostic informations. Figures 6(a)–6(e) present the early inte-
gration of plakophilin-2 into a series of small puncta adhaer-
entia connecting interstitial cells freshly brought from car-
diac valve matrix tissue into cell culture (for details see [23]).

The junctional system connecting the endothelial cells
of blood and lymph vessels is obviously of great biological
importance and has been studied extensively (reviews: [119,
120]). There is, however, a special category of variously-sized
and -shaped AJs which connect certain types of endothelial
cells in some parts of the lymphatic system, including the
three-dimensionally branched “virgultar” cells of lymph
node sinus as well as specific cutaneous and other peripheral
lymph capillaries, which are characterized by AJs containing
in addition desmoplakin as a major plaque protein, in most
cases probably in combination with plakoglobin [18, 121–
123]. The existence of such complexus adhaerentes in special
parts of the vascular endothelial system has since been
confirmed several times ([124–126], for a recent review
see [19]). The formation of plaque complexes of VE-
cadherin with desmoplakin and plakoglobin has also been
demonstrated for dermal capillary endothelium in special
molecular assembly experiments [127].

Beyond this role of desmoplakin as a regular constituent
of the plaques of such “complex junctions” in certain
lymphatic endothelia of the mature body a fundamental
and general role of desmoplakin in the formation of the
vascular endothelial system is also indicated by the transgene
embryogenesis studies of Gallicano et al. [128, 129]. Thus,
the complexus adhaerens junctions have to be added to the
list of novel kinds of adhering junctions in their own right
(see Table 1; for recent reviews see: [19, 130, 131]).

6. Dispersed, Non-Junction Bound States of
Desmosomal Cadherins: Desmoglein Dsg2

Desmosomal cadherins typically associate with each other
and form close-packed cis-clusters in the membranes of cyto-
plasmic vesicles, then exocytose to form a “half-junction”
on the cell surface and under sufficient Ca2+-concentration
may further associate head-to-head in transform with
another “half-junction”, usually a domain of an adjacent
cell, to a symmetrical junction [132–137]. Isolated, that
is, non-junction-bound, desmosomal cadherin molecules
that have not been included in desmosome structures and
consequently may be dispersed over extended parts of the
plasma membrane until recently had not been observed
in natural cells. Only in certain cell culture lines deficient
of most junction components such as the human fibrosar-
coma HT-1080 cells states of the isolated desmosomal

cadherin, Dsg2, have been described to occur on cell
surfaces and could be integrated into junction-like structures
only upon introduction of further desmosomal proteins
[137, 138].

Thus it was with great surprise when we noted the
occurrence of Dsg2 molecules dispersed over large portions
of the surface membrane of certain cultures of human
melanocytes or neval cells as well as on surfaces of a
subtype of melanoma cells in situ and in culture [139,
140]. As far as it could be concluded from the biochemical
analyses and immunolocalization experiments so far per-
formed, these Dsg2 glycoprotein molecules were not stably
complexed with specific other transmembrane or with any
plaque molecules but nevertheless seemed to be somehow
involved in close membrane-to-membrane associations. It is
obvious that such stages, that is, dispersed, non-junction-
bound desmosomal cadherins will have to be studied with
special care as they point to the existence of yet unknown,
radically different cell-cell adhesion mechanisms involving
desmosomal cadherins.
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Adherens junctions and desmosomes are intercellular adhesive junctions and essential for the morphogenesis, differentiation, and
maintenance of tissues that are subjected to high mechanical stress, including heart and skin. The different junction complexes
are organized at the termini of the cardiomyocyte called the intercalated disc. Disruption of adhesive integrity via mutations in
genes encoding desmosomal proteins causes an inherited heart disease, arrhythmogenic right ventricular cardiomyopathy (ARVC).
Besides plakoglobin, which is shared by adherens junctions and desmosomes, other desmosomal components, desmoglein-2,
desmocollin-2, plakophilin-2, and desmoplakin are also present in ultrastructurally defined fascia adherens junctions of heart
muscle, but not other tissues. This mixed-type of junctional structure is termed hybrid adhering junction or area composita.
Desmosomal plakophilin-2 directly interacts with adherens junction protein alphaT-catenin, providing a new molecular link
between the cadherin-catenin complex and desmosome. The area composita only exists in the cardiac intercalated disc of
mammalian species suggesting that it evolved to strengthen mechanical coupling in the heart of higher vertebrates. The cross-
talk among different junctions and their implication in the pathogenesis of ARVC are discussed in this review.

Arrhythmogenic right ventricular cardiomyopathy (ARVC)
is an inherited heart muscle disease estimated to affect
approximately 1 in 5,000 individuals [1]. The prominent
features are myocytes loss, fibro-fatty tissue replacement,
and life-threatening ventricular arrhythmias [2–4]. Approx-
imately a third of patients with ARVC have one or more
mutations in genes encoding cardiac desmosomal proteins;
hence ARVC is referred to as “a disease of the desmosome”
[5, 6].

Desmosomes and adherens junctions are intercellular
adhesive junctions that anchor intermediate filaments and
actin cytoskeleton, respectively, at the plasma membrane
of adjoining cells, thereby provide mechanical attachment
between the cells, and support the structural and functional
integrity of the tissues. Desmosomes consist of three families
of proteins, desmosomal cadherins, armadillo proteins, and
plakins (Table 1) [7]. Desmosomal cadherins, desmogleins
(DSGs), and desmocollins (DSCs) form the extracellular
connections by homophilic and heterophilic binding. The
cytoplasmic tails of desmosomal cadherins bind to the

armadillo protein plakoglobin (PG) and plakophilins (PKP),
which in turn bind to the plakin protein, desmoplakin (DP).
Desmoplakin links desmosomes to intermediate filament
protein. Different desmosomal proteins are differentially
expressed in a tissue-specific as well as differentiation-
dependent manner. Unlike DSG-1, -3, and -4 and DSC-1 and
3, which are predominantly expressed in the skin epidermis,
DSG-2 and DSC-2 are highly expressed in the myocardium
of the heart. PKP-1 and PKP-3 are the major epidermal
PKPs, whereas PKP-2 is the sole PKP present in cardiac
tissue. Desmosomal proteins DP, PG, and plectin are shared
by epidermis and myocardium (Table 1). Consistent with
differential expression pattern of desmosomal components
between heart and skin, human mutations causing ARVC in
the genes encoding PG, DP, and DSC-2 are associated with
the cardiocutaneous syndrome [8]. In addition to ARVC,
patients exhibit woolly hair and palmoplantar keratoderma,
and they may also have skin blistering.

The classical cadherins are calcium-dependent cell adhe-
sion receptors, located in the adherens junction. The
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extracellular domain of cadherins interacts homophilically
mediating strong cell-cell adhesion and plays a key role in
the maintenance of tissue structure. In the classic model for
adherens junction, the cytoplasmic tail of cadherin interacts
in a mutually exclusive manner with either β-catenin or
PG. β-catenin or PG links cadherins to α-catenin, and α-
catenin interacts with the actin cytoskeleton. Gap junction
is another intercellular junction in the cell responsible for
cell-cell communication and electrical coupling by mediating
small molecules and ion transfer between the cells. Each
gap junction is composed of two hexameric structures called
connexons or hemichannels that dock across the extracellular
space and form a permeable pore. Each connexon consists
of six transmembrane proteins called connexin (Cx). Cx43
is the most abundant connexin isotype in the heart. The
different junctional complexes must be properly organized
in the intercalated disc (ICD) of the myocardium to preserve
normal mechanical and electrical function of the heart.

Plakoglobin, also known as γ-catenin, is the only linker
protein present in both desmosomes and adherens junctions
in skin and heart [9]. Plakoglobin was also the first compo-
nent of the desmosome to be implicated in the pathogenesis
of ARVC. Studies of individuals from the Greek island of
Naxos identified an autosomal recessive inherited ARVC with
palmoplantar keratoderma and woolly hair. Gene sequencing
revealed a homozygous 2 bp deletion (2157-2158delGT) in
the junction plakoglobin gene (JUP) in affected individuals
[10]. A study of a German family recently reported the first
dominantly inherited JUP mutation (S39 K40insS) to cause
ARVC without cutaneous abnormalities [11]. Importantly,
reduced immunoreactive signal of PG at the ICD is a
consistent feature in patients with ARVC making it an
important diagnostic tool for ARVC in affected individuals
[12]. Most recently, studies on cardiac restricted deletion
of PG in adult mice have shown similar features to ARVC,
including myocytes loss, inflammation, fibrosis, and cardiac
dysfunction [13].

The mixing of junctional components in the heart
was first described in PG null mice. The homozygous PG
null animals die between embryonic days 12–16 due to
ventricular rupture and hemorrhaging into the pericardial
cavity. Desmosomes are not detected in the mutant hearts.
Instead extended adherens junctions develop, which contain
desmosomal proteins such as desmoplakin, forming “mixed
type” adhering junction [14, 15]. In the heart of PKP-2
null embryos, the desmosome-like structures are also not
present, and two morphotypes of desmosomes and adherens
junctions are found difficult to distinguish [16]. These
observations in mutant mice suggest that the formation of
hybrid adhering junctions may be compensatory response to
weakened adhesion due to loss of desmosomal proteins PG
or PKP-2 in the myocardium.

The typical morphological appearance of cardiac inter-
calated disc at the ultra structural level in the mice is sub-
membranous plaques with electron dense material adjacent
to intercellular space between the myocytes (Figure 1(A)).
A relatively large junction that anchors primarily bundles
of actin myofilaments is fascia adhaerens-like junction, and
junction that anchors primarily intermediate filaments is a

Table 1: The different composition of desmosomes in skin and
heart.

Skin Heart

Desmosomal
cadherins

Desmoglein (DSG) 1–4 Desmoglein (DSG)-2

Desmocollin (DSC) 1–3 Desmocollin (DSC)-2

Armadillo
proteins

Plakoglobin (PG) Plakoglobin (PG)

Plakophilin (PKP) 1–3 Plakophilin (PKP)-2

Plakins

Desmoplakin (DP)

Plectin Desmoplakin (DP)

Envoplakin Plectin

Periplakin

desmosomal-like junction (Figure 1(A)). For desmosomes,
distinct electron dense material is often observed in the
intercellular space. During embryonic development, the
shape of the individual cardiomyocyte changes from more
polygonal to more elongate with alignment of the myofibrils
to the longitudinal axis of the cell. Accompanying the
morphological change, the junctional components distribute
from all round the cell to the sites of myofibril attachment
and eventually restrict to the cell-cell contact of polarized
adult myocytes (i.e., ICD) [17].

By comprehensive immunoelectron microscopy with
immunogold DP antibody labeling, Franke et al. observed
that in normal heart muscle, DP is located in all plaques
of both the desmosome-like and fascia adhaerens-type junc-
tions. Very intensely labeled junctions with DP are seen in
the more desmosome-like junctions (Figure 1(B)), whereas
equal label intensity of continuous DP is seen in mixed-
type junctions or hybrid adhering junctions (Figure 1(C)).
Using various antibodies to desmosomal plaque proteins,
Franke et al. further found that other desmosomal molecules,
PG, PKP-2, DSC-2, and DSG-2, are also not restricted
to the desmosome-like junctions but also can be detected
in adherens junction structures. This large plaque-coated
hybrid structure therefore has been termed an “area com-
posita” [18] (Figure 2). By light and electron microscopy, the
molecules known as typical components of fascia adhaerens,
including N-cadherin, α-catenin, and β-catenin, also have
been shown to colocalize with desmosomal proteins in the
majority of the area composita junctions [19]. These studies
suggest that the area composita is an unusual high molecular
complexity and the elements that exist in this hybrid
structure are intimately associated [19]. Consistent with late
maturation of the ICD structure during development, the
formation of the extended area composita junction is also a
late, primarily postnatal process in mammalian heart [20].
By contrast, in nonmammalian species (fishes, amphibia,
birds), adherens junctions and desmosomes remain separate
and distinct structures in these adult hearts, suggesting that
the formation of the area composita is not only a relatively
late process in mammalian ontogenesis but also in vertebrate
evolution [20, 21].

αT-catenin is a recently identified member of α-catenin
family with restricted expression in testis, brain, and cardiac
muscle [22]. Extensive studies from Goossens et al. provided
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Figure 1: (A) Transmission electron microscopy of intercalated disc in the normal mouse heart, showing the plasma membranes of
the adjacent cardiomyocytes with a region structurally resembling a desmosome (arrow) anchoring intermediate filaments, and fascia
adhaerens-like structure anchoring predominantly bundles of actin filaments (arrowheads). (B) and (C) Immunoelectron microscopy of
the myocardium of mouse heart, showing desmoplakin (DP) antibody labeling with silver amplification at cell-cell junctions. Note that DP
immunogold label is enriched in plaques of the junctions. Higher label intensity of DP is desmosome-like structure (the right hand junction
in Figure 1(B)), and the fascia adhaerens-like junction is shown in less intensity of DP labeling (the left hand junction in Figure 1(B)). A
continuous and equal intensity of DP labeling shows the hybrid junctions (Figure 1(C)) [16]. Figures 1(B) and 1(C) was originally published
in “The Journal of Cell Biology, Grossman et al., 2004. doi:10.1083/jcb.200402096” [16].

Area composita

Hybrid adhering junction Desmosome

Desmosomal
cadherins

N-cadherin Desmosomal
cadherins

Plasma membrane

PG PG PG PG
PG

PG

Actin

DP

IF

DP

IF
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PKP-2
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Figure 2: Model for cadherin-based area composita in the heart. αT-catenin recruits desmosomal protein, plakophilin- (PKP-) 2 to hybrid
adhering junction (left drawing), thereby forming, together with desmosome (right drawing), an area composita, which is an enforced,
mixed-type junctional structure attached to both the actin cytoskeleton and the intermediate filament (PG: plakoglobin; DP: desmoplakin).

molecular evidence that αT-catenin, a unique molecule of
adherens junction, functions as cytoskeletal linker protein
that specifically brings the desmosomes and adherens junc-
tions together in the intercalated disc of the heart [23].
Using yeast two-hybrid and co-immunoprecipitation, αT-
catenin was shown to interact specifically with desmoso-
mal PKP-2 implicating a novel molecular linkage between
the adherens junction and desmosome. By double αT-
catenin/PKP-2 immunolabeling electron microscopy, αT-
catenin is observed to colocalize with other molecules of
cadherin/catenin complex, β-catenin, and N-cadherin at the
fascia adhaerens-like junctions, but also with desmosomal
proteins such as PKP-2, DSG-2, and DP. By contrast, no
localization of either αE-catenin or β-catenin could be
seen at desmosome-like junctions of the ICD. Based on

the biochemical and morphological studies, αT-catenin is
thought to recruit desmosomal proteins to hybrid adhering
junctions, forming a mixed-type, reinforced junction at the
ICD that is attached to both the intermediate filaments
and actin cytoskeletons (Figure 2). Accordingly, interfering
with αT-catenin function may impaire intercellular coupling
between αT-catenin, PKP-2, and the cytoskeleton, which may
subsequently result in destabilization of the ICD structure,
cardiac dysfunction, as well as cardiac arrhythmia [23]. αT-
catenin is coexpressed with a closely related family member,
αE-catenin, in the heart. Most importantly, αE-catenin lacks
the PKP-2 binding domain; therefore mutations in αT-
catenin are predicted to have an adverse affect on the
organization of the area composita since αE-catenin is not
able to interact with PKP-2. Human αT-catenin gene CTNN3
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has been mapped to chromosome 10q21, a region that links
to autosomal dominant familial dilated cardiomyopathy
(DCM) [24]. Although genetic screening has not detected
any DCM-linked CTNN3 mutations to date, αT-catenin is
considered a candidate gene and may be the potential cause
of DCM or ARVC [24].

It is estimated that as many as 70% of the desmosomal
mutations linked to familial ARVC are in the gene coding
for PKP-2 [25]. Abnormal expression of gap junction protein
Cx43 has been observed in heterozygous human PKP-2
mutations [26, 27]. Similar observations have also been made
in patients with mutations in plakoglobin (Naxos disease) or
desmoplakin (Carvajal syndrome) genes [5, 28–30]. These
studies suggest that abnormalities in intercellular adhesion
caused by mutations in desmosomal proteins may promote
remodeling of gap junctions, which, in turn, alters cardiac
conduction and potentially leads to ventricular arrhyth-
mogenic phenotype in this disease [5]. This hypothesis
has been supported in a cellular model in which PKP-2
was knockdown by shRNA [31]. Loss of PKP-2 expression
in the cells leads to a decrease in total Cx43 content, a
significant redistribution of Cx43 to the intercellular space,
and a decrease in dye coupling between cells. GST-pulldown
assays have shown that PKP-2 and Cx43 coexist in the
same macromolecular complex. Recently, siRNA-mediated
reduction of PKP-2 has been shown to disintegrate area
composita junction structures in cardiac myocytes [32].
These results provide a possibility that PKP-2 is directly
involved in the stabilization of Cx43 within the gap junction
plaques [31].

The presence of stable mechanical coupling mediated
by N-cadherin/catenin adhesion complex is of paramount
importance for maintaining the structural integrity of the
heart. We demonstrated that cardiac-specific deletion of
N-cadherin in mice (N-cad CKO) causes dissolution of
the adherens junction, desmosomes, and area composita
resulting in absence of ICD structure in the N-cadherin
mutant heart [33]. Gap junction protein Cx43 is also
markedly decreased from the ICD in the N-cad CKO mice,
leading to spontaneous ventricular tachycardia and sudden
cardiac death [34]. In contrast, induced deletion of Cx43 in
the adult heart did not affect the structure of the ICD with
respect to the spatial organization of adherens junction and
desmosome [35]. To our knowledge, N-cad CKO is the first
animal model with such a dramatic structural phenotype
affecting all the junctional complexes in the heart. Our
studies demonstrated that the integrity of ICD structure
including the area composita is dependent on N-cadherin
function in the adult myocardium [33].

In conclusion, the idea that anchoring junctions of the
ICD are segregated into distinct domains performing inde-
pendent functions needs to be reevaluated based on recent
data demonstrating novel protein interactions between com-
ponents from different junction complexes; for example,
αT-catenin/PKP-2 and PKP-2/Cx43. The different junctional
complexes must be properly localized in the ICD to medi-
ate normal mechanical and electrical coupling between
cardiomyocytes. The mixed-type, reinforced junction at the
ICD may have evolved to maintain the exceptionally large

gap junction plaques found in the mammalian heart, which
is under high mechanical stress. Given the large number
of PKP-2 mutations identified in ARVC patients, it will be
imperative to understand the function of this plakophilin in
maintaining electrical synchrony in the heart. Recent studies
from human genetics and animal models suggest cross-
talk between intercellular junctions constituting the ICD,
including adherens junction, desmosome, area composita,
and gap junctions. Loss-of-function studies in mice have
provided important insight into the hierarchical relationship
between the different junction complexes; however subtle
mutations in ICD proteins will be necessary to understand
the molecular mechanisms underlying ARVC. In the future,
it will be interesting to know how the area composita
is affected in ARVC patients and its implication in the
pathogenesis of the disease.

Abbreviations

ARVC: Arrhythmogenic right ventricular
cardiomyopathy

DCM: Dilated cardiomyopathy
ICD: Intercalated disc
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DP: Desmoplakin
Connexin: Cx.
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Squamous cell carcinoma (oral SCC) is the most common oral cancer in the U.S., affecting nearly 30,000 Americans each year.
Despite recent advances in detection and treatment, there has been little improvement in the five-year survival rate for this
devastating disease. Oral cancer may be preceded by premalignant disease that appears histologically as dysplasia. Identification
of molecular markers for cellular change would assist in determining the risk of dysplasia progressing to oral squamous cell
carcinoma. The goal of this study was to determine if any correlation exists between histological diagnosed dysplasia and OSCC
lesions and altered expression of desmosomal cell-cell adhesion molecules in the oral epithelium. Our data showed that oral SCC
tissue samples showed decreased immunoreactivity of both desmoplakin and plakophilin-1 proteins compared to normal oral
epithelium. Furthermore, significant decrease in desmoplakin immunoreactivity was observed in dysplastic tissue compared to
normal oral epithelium. In contrast, the level of desmoglein-1 staining was unchanged between samples however desmoglein-
1 was found localized to cell borders in oral SCC samples. These data suggest that changes in expression of desmoplakin and
plakophilin-1 may prove to be a useful marker for changes in tissue morphology and provide a tool for identifying pre-neoplastic
lesions of the oral cavity.

1. Introduction

Oral cancer affects 3% of the United States population and it
is estimated that 35,000 new cases will be diagnosed this year
[1]. Despite recent advancements in detection and treatment
of oral SCC, survival has only modestly improved in the past
30 years (reviewed in [2]). Changes in tumor cell migration
and interactions with the extracellular environment have
been demonstrated to promote the progression of many
solid tumors. Alterations in adhesive characteristics of cancer
cells allow rapidly growing tumor cells to detach from their
neighbors, infiltrate the underlying stroma, and disseminate
to distant sites in the body establishing a tumor metastasis.
Therefore understanding the changes in adhesion molecule
expression is important for determining the invasive capacity
of cells in a tissue and predicting the likelihood of metastasis.
It has been proposed that areas of oral dysplasia may progress

to oral SCC over time [3, 4] and therefore can be considered
premalignant lesions. However, diagnosing dysplasia using
tissue morphology is subjective and depends upon the
training and experience of the oral pathologist. Therefore,
identification of molecular markers for cellular change would
assist in recognition of premalignant lesions and assist in
determining the risk of dysplasia progressing to malignancy.
Characterization of novel markers would also assist in earlier
diagnosis and thereby improve the prognosis of oral cancer.

Desmosomes are the most prominent cell-cell junctional
complex in stratified squamous epithelial tissues. Loss of
desmosomes in various types of carcinomas is associated
with increased migratory capacity of the tumor cells [5–7].
The transmembrane core of the desmosome is comprised
of single pass desmosomal cadherins (desmogleins and
desmocollins) that are believed to interact heterotypically
and homotypically in the extracellular space to mediate
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Figure 1: Morphologic evaluation of normal oral mucosa (a), dysplastic oral mucosa (b), and oral squamous cell carcinoma (c). Represent-
ative sections were stained with Hematoxylin and eosin to verify the initial diagnosis of the tissue blocks used in the present study.

cell-cell adhesion [8, 9]. In addition to the desmosomal
cadherins, the recently identified tetraspan protein, PERP has
also been shown to localize to the desmosome and affect
desmosome assembly in keratinocytes [10]. The cytoplasmic
domain of the desmosomal cadherins associates directly with
several desmosomal plaque proteins, including plakoglobin
and plakophilins that in turn recruit the keratin intermediate
filament cytoskeleton via interactions with desmoplakin
[11]. Assembly of the desmosomal junction allows the
keratin intermediate filament cytoskeleton to stretch across
cells and provide epithelial tissues a mechanism to withstand
mechanical stress. Inactivation of specific desmosomal adhe-
sion complexes by autoimmune sera as seen in pemphigus
vulgaris or pemphigus foliaceus results in epidermal blisters
[12].

Inherited mutations in desmosomal genes have been
identified that result in various skin, hair, and heart
defects (reviewed in [13, 14]). Mutations in plakophilin-1
are associated with ectodermal dysplasia and skin fragility
syndrome [15] while mutations in desmoglein-1 are asso-
ciated with striate palmoplantar keratoderma. Mutations
in desmoplakin and plakophilin-2, two genes encoding
desmosomal components expressed in the heart, have been
implicated in the development of arrhythmogenic right
ventricular cardiomyopathy (ARVC) [16]. ARVC patients
exhibit fibro-fatty replacement of the heart muscle which
can result in sudden cardiac death. Often patients harboring
desmoplakin mutations can also exhibit defects in hair and
skin due to disruption of desmosomes in these epithelial
tissues.

Given these findings, we hypothesize that altered expres-
sion and/or localization of the desmosomal proteins may
result as cells become dysplastic and eventually progress
to squamous cell carcinoma. While many studies have
described the localization and expression of desmosomal
components in skin and skin tumors, relatively little is
known regarding desmosomal component expression in
tumors arising from the oral mucosa. In this study we
examined the expression of two desmosomal plaque pro-
teins, desmoplakin and plakophilin-1. Desmoplakin is found
in desmosomes in all the living layers of the epidermis
while plakophilin-1 is most highly expressed in differentiated
layers. Additionally, we examined the expression of the

differentiation specific desmosomal cadherin, desmoglein-
1. In this study we hypothesized that changes in differ-
entiation specific components are more likely to exhibit
changes in expression between normal and dysplastic sam-
ples. These changes are likely to be maintained in oral SCC
samples.

2. Materials and Methods

2.1. Tissue Procurement and Immunostaining. Archival tissue
sections from The UNMC Oral Pathology service were
obtained with approval from the UNMC Institutional
Review Board. Eight of normal (oral buccal mucosa) fifteen
histologically confirmed dysplasia samples and fifteen oral
squamous cell carcinoma samples were used for analysis.
All paraffin embedded tissue sections cut into 5 μm sec-
tions and collected onto charged Superfrost slides (Elec-
tron Microscopy Sciences, Hatfield, PA.). Formalin fixed
paraffin embedded sections were dewaxed using xylene
and rehydrated through a graded alcohol series and water.
Antigen retrieval was achieved by microwave treatment for 5
minutes in freshly prepared 10 mM Sodium citrate (pH 6.0).
Tissues were incubated in blocking buffer (1 x phosphate
buffered saline, 0.1% Triton x-100, and 1% bovine serum
albumin) for 30 minutes prior to incubation with primary
antibodies overnight at 4◦C. Excess primary antibodies were
removed by extensive washing with 1 x phosphate-buffered
saline. Tissues were incubated with appropriate FITC-
conjugated antimouse secondary antibodies and mounted
in vectashield mounting media containing DAPI (Vector
Laboratories, Burlingame, CA). Images were collected on
a Zeiss axiovert 200 M microscope and axiocam CCD
camera using SlideBook software from Intelligent Imaging
Innovations (Denver, CO.)

2.2. Antibodies. Mouse monoclonal antidesmoplakin (10F6),
plakophilin-1, and desmoglein-1 were generated in our
laboratory as previously described [17, 18]. Antidesmoplakin
antibody 10F6 recognizes the carboxy terminal domain
of human desmoplakin (AA 1960-2151). Generation of
antiplakophilin-1 and antidesmoglein-1 monoclonal anti-
bodies has been described previously [18, 19].



Dermatology Research and Practice 3

Normal oral mucosa

(a)

Oral dysplasia

(b)

Oral SCC

(c)

Aby negative control

(d)

Figure 2: Representative antidesmoplakin staining of oral tissues. Antidesmoplakin monoclonal antibody (10F6) was used to stain normal
oral mucosa (a), dysplastic oral mucosa (b), and oral squamous cell carcinoma (c). Normal oral mucosa processed in the absence of primary
antibody serves as a negative control (d). The scale bar in panel A corresponds to 20 μm.

2.3. Evaluation of Staining Behavior. Immunostaining was
evaluated in a semiquantitative system based on the scoring
of at least three independent evaluators. Scoring was based
on overall staining throughout the tissue rather that staining
at one field of view. As a negative control, normal oral
mucosa was processed without the primary antibodies and
this signal intensity was determined to be background. A
numerical score for each sample was assigned based on
the following scale. Intense cell border signal and relatively
weak cytoplasmic signal was given a score of “3”, moderate
cell border and cytoplasmic staining intensity was given a
score of “2”, overall weak staining intensity was scored a
“1”, and staining intensity similar to background levels was
scored “0”. For plakophilin-1 immunostaining, the observers
were instructed to judge the nuclear signal together with the
cytoplasmic signal to arrive at an overall signal intensity score
since the nuclear signal was often heterogeneous throughout
a given tissue sample. Statistical analysis of scores was
carried out by ANOVA analysis and significant differences
were determined by Kruskal-wallis multiple comparisons.

3. Results and Discussion

To begin our analysis we selected a panel of previously
diagnosed dysplasia and oral SCC tissue samples available
as part of the UNMC oral pathology biopsy service within
the college of dentistry. We selected fifteen dysplasia samples
and fifteen oral SCC samples to be compared to eight normal
oral mucosa samples. Dysplastic tissues were chosen based

on the presence of basal cell layer hyperplasia, cellular pleo-
morphism, increased mitotic figures, and disorganization
of stratification within the epithelium compared to normal
oral mucosa (Figure 1(b)). For the purposes of this study
we chose not to further stratify the dysplasia samples due
to the high degree of subjectivity in the diagnosis of these
samples. Oral SCC samples corresponded to moderately
differentiated squamous cell carcinomas as diagnosed by oral
pathologists within the UNMC biopsy service (Figure 1(c)).
Normal oral mucosa was obtained from samples exhibiting
underlying fibroma with normal appearing surface epithe-
lium (Figure 1(a)). Hematoxylin and eosin staining of the
tissue was used to reconfirm the diagnosis and representative
sections are shown in Figure 1.

Previous reports have demonstrated that desmosomal
component expression is often reduced or absent in oral
SCC when compared to normal epithelium [5, 20]. For our
analysis we chose to include dysplastic samples to determine
if loss of desmosomal adhesion is an early event in the
progression to squamous cell carcinoma. We stained a panel
of tissues using monoclonal antibodies specific for human
desmosomal components (desmoplakin, plakophilin-1, and
desmoglein-1) and compared the staining patterns of dys-
plastic and oral SCC samples to that of normal oral mucosa.

Desmoplakin is an obligatory component of the desmo-
somal plaque that has been shown to play an essential role in
recruiting the keratin intermediate filament cytoskeleton to
sites of cell-cell adhesion. As expected, desmoplakin staining
in normal oral mucosa displayed an intense staining pattern
present at cell-cell borders in all the differentiated layers of
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Figure 3: Representative antiplakophilin-1 staining of oral tissues. Antiplakophilin-1 monoclonal antibody (14B11) was used to stain normal
oral mucosa (a), dysplastic oral mucosa (b), and oral squamous cell carcinoma (c). Normal oral mucosa processed in the absence of primary
antibody serves as a negative control (d). The scale bar in panel A corresponds to 20 μm.

epidermis (Figure 2(a)). Some diffuse cytoplasmic signal was
observed; however this signal was minor compared to the cell
border staining. Some faint nuclear signal was also present
that was determined to be background signal arising from
the secondary antibody since this signal was also seen in the
negative control samples in which the antibody was omitted
(Figure 2(d)).

Desmoplakin immunostaining of oral dysplastic tissues
revealed a disruption in the desmosomal localization of
desmoplakin resulting in diffuse cytoplasmic localization.
In addition, there was a decrease in the overall intensity of
the antidesmoplakin signal (Figure 2(b)). Areas of relatively
normal desmoplakin localization could be seen but these
regions were small and did not extend throughout the
dysplastic tissues (data not shown). Staining of oral SCC
samples with antidesmoplakin antibodies revealed relatively
low protein expression in several samples; however the small
amount of desmoplakin that was present could be seen
localized at cell borders in a pattern similar to that seen
in normal tissues (Figure 2(c)). Most oral SCC samples
displayed no antidesmoplakin immunoreactivity and were
scored as negative.

Semiquantitative scoring was performed to assess the
desmoplakin signal intensity across the panel of tissues. At

least three independent observers were trained to recog-
nize normal cell border-associated desmoplakin staining in
normal tissues and negative background signal associated
with a negative control tissue. Identifiers were removed
from the slides and scores were recorded. Desmoplakin
staining in normal oral mucosa samples scored highest while
staining in dysplastic samples and oral SCC samples scored
significantly lower (Figure 5). These data suggest that loss of
antidesmoplakin immunoreactiviy is detectable during the
transition from normal to dysplasia in the oral cavity.

Plakophilins are a family of armadillo repeat proteins
that play an important role in assembly and maintenance of
the desmosome [14, 21]. Interestingly, plakophilin-1 has also
been identified as a nuclear protein in cultured cells derived
from stratified epithelial tissues [22, 23]. Plakophilin-1
has been reported to be highly expressed in the most
differentiated layers of stratified squamous epithelium such
as skin [7, 24]. Unlike plakophilin-1 localization in the
keratinizing epithelium of the skin, plakophilin-1 localized
to all the living layers of the epithelium in the oral mucosa
(Figure 3(a)). This difference in expression is likely to reflect
a difference between keratinized and nonkeratinized tissues.

In addition to the expected cell border localization of
plakophilin-1 in normal oral mucosa, we also observed
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Figure 4: Representative anti-desmoglein-1 staining of oral tissues. Anti-desmoglein-1 monoclonal antibody (27B2) was used to stain
normal oral mucosa (a), dysplastic oral mucosa (b), and oral squamous cell carcinoma (c). Normal oral mucosa processed in the absence of
primary antibody serves as a negative control (d). The scale bar in panel A corresponds to 10 μm.
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Figure 5: Semiquantitative scoring of desmosomal component
expression. Relative intensity of desmoplakin, plakophilin-1, and
desmoglein-1 was scored by three observers and the average score
is presented (+ or − the standard error) for normal oral mucosa
(N), dysplastic epithelium (D), and oral squamous cell carcinoma
(S) (∗ : z value > 2.394 indicate significant difference).

intense nuclear localization of plakophilin-1. The cell border
signal seen for plakophilin-1 resembled that of desmoplakin
although the intensity was somewhat reduced. The majority
of plakophilin-1 signal seen in normal samples was con-
centrated in the nucleus (Figure 3(a)) and often obscured
the signal seen at the cell periphery. Nuclear localization of
plakophilin-1 in cultured cells has been previously reported
[22, 25, 26]. Nuclear localization of plakophilin-1 in formalin
fixed tissues is not homogenous throughout the individual

tissues. Some areas of the tissue were observed in which
no nuclear plakophilin-1 was observed while strong cell
border staining was present. Currently, the nuclear func-
tion of plakophilin-1 is unknown. Plakophilin-1 immunos-
taining of dysplasia samples often revealed a decrease in
overall intensity, especially in the nuclear plakophilin-1
pool (Figure 3(b)). Nuclear plakophilin-1 was only rarely
and weakly observed in dysplastic and oral SCC samples.
Plakophilin-1 localization in oral SCC samples was most
often diffusely localized in the cytoplasm with little to no
nuclear signal (Figure 3(c)). Complete loss of cell border
association of plakophilin-1 was often seen in the oral SCC
samples (data not shown).

Scoring of the antiplakophilin-1 signal in these tissues
revealed an overall slight decrease in the dysplastic tissues
compared to normal oral mucosa although this change was
not significant. Comparison of plakophilin-1 staining in oral
SCC samples to staining in normal oral mucosa revealed
a significant decrease in plakophilin-1 immunoreactivity
between these tissue samples (Figure 5). Consistent with
previous reports, plakophilin-1 staining is decreased in SCC
compared to normal tissue [7, 24, 27]; however plakophilin-1
is not significantly decreased in dysplastic tissues.

Desmoglein-1 is a transmembrane desmosomal cadherin
most highly expressed in the differentiated layers of the
epidermis. In our oral mucosa samples, this differentiation
specific desmosomal cadherin was highly expressed in all
the living layers of normal oral mucosa unlike skin where
desmoglein 1 expression is restricted to the most differ-
entiated cell layers [28]. Interestingly, we observed robust
desmoglein-1 signal in dysplastic tissues and in oral SCC
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samples. The staining intensity of the antidesmoglein-1
signal was often slightly reduced; however we consistently
observed significant desmoglein-1 protein in all of the
samples we observed (Figure 4). Although desmoglein-1
localization in oral SCC was at cell borders, it was possible
to also observe some cytoplasmic punctuate signal near cell
borders. This altered localization was consistently observed
in all the oral SCC samples. Scoring of the antidesmoglein-1
staining in these tissues did not reveal a significant change in
anti-desmoglein-1 immunoreactivity between our samples.

Although our sample size is relatively small, we are able to
detect clearly significant changes in desmoplakin immunore-
activity between normal and dysplastic oral epithelium
suggesting that disruption of desmosomal adhesion may
be an early event in the progression to oral SCC. In
addition, changes in plakophilin-1 expression appear at
a later stage compared to changes seen for desmoplakin
immunoreactivity, possibly in response to altered keratin
intermediate filament attachment at sites of cell-cell contact.

In our samples, desmoglein-1 immunoreactivity was
not significantly altered between normal and oral SCC
samples. This finding is in disagreement with a recent
study that showed an inverse correlation of desmoglein-1
expression and poor prognosis of head and neck squamous
cell carcinoma patients [29]. The relatively small size of our
sample pool may explain the differences observed between
the two studies. The distribution of desmoglein-1 was often
disrupted and was not concentrated at cell borders but was
rather diffuse throughout the cells, most likely on the cell
surface (Figure 4(c)). Based on the loss of the desmosomal
plaque proteins, desmoplakin and plakophilin-1, diffuse
localization of desmoglein-1 is not unexpected. Examination
of these cell adhesion markers, particularly desmoplakin, in
dysplastic tissues may provide a good marker of tissues at
increased risk for progression to oral SCC.
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Epithelial wound closure is a complex biological process that relies on the concerted action of activated keratinocytes and
dermal fibroblasts to resurface and close the exposed wound. Modulation of cell-cell adhesion junctions is thought to facilitate
cellular proliferation and migration of keratinocytes across the wound. In particular, desmosomes, adhesion complexes critical
for maintaining epithelial integrity, are downregulated at the wound edge. It is unclear, however, how compromised desmosomal
adhesion would affect wound reepithelialization, given the need for a delicate balance between downmodulating adhesive strength
to permit changes in cellular morphology and maintaining adhesion to allow coordinated migration of keratinocyte sheets. Here,
we explore the contribution of desmosomal adhesion to wound healing using mice deficient for the desmosomal component Perp.
We find that Perp conditional knockout mice display delayed wound healing relative to controls. Furthermore, we determine that
while loss of Perp compromises cell-cell adhesion, it does not impair keratinocyte proliferation and actually enhances keratinocyte
migration in in vitro assays. Thus, Perp’s role in promoting cell adhesion is essential for wound closure. Together, these studies
suggest a role for desmosomal adhesion in efficient wound healing.

1. Introduction

A fundamental aspect of the skin’s ability to maintain barrier
function is its rapid response to wounding. Critical com-
ponents of adult wound healing include the contraction of
the dermal tissue beneath the wound, which helps draw
the wound edges in proximity, and reepithelialization, in
which keratinocytes become activated to proliferate and
migrate as an invading sheet to resurface the wound [1–
3]. Keratinocytes display a number of distinct characteristics
during wound healing, including increased size, elongated
polarized morphology, compromised cell-cell adhesion, and
retracted keratin filaments [2, 4, 5]. In addition, they
undergo enhanced proliferation several cell diameters away
from the wound edge [1, 3, 6]. These changes are thought
to reflect reprogramming of epidermal keratinocytes to ones
dedicated to wound healing.

The dynamic regulation of cell-cell adhesion junctions,
including desmosomes, is thought to be an important
facet of wound healing. Desmosomal adhesion junctions
are initially destabilized at the wound front, presumably
to facilitate proliferation and migration, and are reassem-
bled later during the sealing of the epithelium [7, 8].
Desmosomes are multiprotein cell-cell adhesion complexes
essential for maintaining the structural integrity of tissues
through connection to the intermediate filament network
[9–12]. Transmembrane desmosomal cadherins, known as
Desmogleins and Desmocollins, mediate contact between
apposing cells, and the cytoplasmic tails of these cadherins
interact with Plakoglobin and Plakophilins, which connect
to the intermediate filament cytoskeleton via Desmoplakin.
Recently, the Perp tetraspan membrane protein was iden-
tified as an additional member of the desmosome [13].
Perp’s critical role in desmosomal adhesion was evidenced by
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the presence of dramatic blisters observed in the epidermis
and oral mucosa of mice lacking Perp as well as by the
ultrastructural abnormalities observed in desmosomes of
these mice.

The role of desmosomal adhesion junctions in wound
reepithelialization has been queried through in vitro studies
to examine the consequence of desmosome-deficiency on
individual cellular functions critical for wound healing, such
as proliferation, adhesion, and migration. Because of the
complex nature of wound healing, however, it is unclear
what effect desmosome dysfunction would have on proper
wound repair in vivo. Loss of desmosomal components
might result in enhanced keratinocyte proliferation and
migration, which could facilitate wound closure. Indeed,
desmosomal component loss enhances proliferation in vivo
[13–15] and increases cell migration in vitro [16–19]. Fur-
thermore, signaling cascades that drive cell proliferation and
migration in response to wounding, such as EGFR signaling,
induce desmosome dissolution, and therefore desmosome
loss might promote wound healing by accelerating the
effects of the factors activating these pathways [17, 20, 21].
Alternatively, desmosome loss might be expected to hinder
wound healing, due to the lack of cell-cell junctions to enable
efficient coordinated migration of epithelial sheets or the
inability to seal the wound. However, the consequences of
desmosomal protein deficiency in wound healing have not
been addressed using an in vivo genetic model, in part due
to the lethal phenotypes observed in many knockout mouse
strains lacking individual desmosome components [22]. We
circumvent this problem by using Perp conditional knockout
mice that we generated to assess the role of desmosomes in
epidermal wound healing in vivo. Our studies here reveal an
important role for Perp in efficient wound closure.

2. Materials and Methods

All animal studies were approved by the Stanford University
Administrative Panel on Laboratory Animal Care.

2.1. Wounding Study in Mice. Keratin 14CreERT2 mice were
bred to Perpfl/fl conditional knockout mice and kept on a
129/Sv; C57BL/6 mixed background [23]. At 6 weeks of age,
0.1 mg of tamoxifen diluted in corn oil was administered
to mice for 5 consecutive days via intraperitoneal injection.
4 weeks later mice were anesthetized with avertin (2,2,2-
Tribromoethanol, Sigma Chemical Corp. St. Louis, MO),
shaved, and subjected to 6 mm punch biopsies using a
Dermal Biopsy Punch (Miltex, York, PA). The area of
the wounds was measured on a daily basis for 10 days.
Paraffin sections from adult skin were processed by standard
methods.

2.2. Immunofluorescence Analysis. Samples were deparaf-
finized, rehydrated, and unmasked using Trilogy (Cell Mar-
que, Rocklin, CA) in a pressure cooker for 15 minutes
according to manufacturer’s instructions. Samples were then
rinsed in PBS, blocked in PBS containing 5% normal
goat serum (Sigma Chemical Corp.), 2.5% BSA (Sigma

Chemical Corp.), and 0.01% Triton X-100 (Fisher Scien-
tific, Pittsburgh, PA). Sections were incubated in primary
antibody overnight at 4◦C, rinsed in PBS with Tween-
20 (0.01%), incubated with secondary antibody and DAPI
for 1 hr at 37◦C, washed in PBS, and then mounted in
Mowiol (Calbiochem, San Diego, CA). Antibodies used in
this study were directed against Perp (1 : 150; [13]), Dsg 1
(18D4; 1 : 100 Santa Cruz Biotechnology, Santa Cruz, CA),
Desmoplakin (11-5F; 1 : 50; gift of David Garrod, University
of Manchester, Manchester, UK) Dsg1/3 (32-2D 1 : 50; gift of
David Garrod, University of Manchester, Manchester, UK),
Loricrin (1 : 500; Covance, Princeton, NJ), PCNA (1 : 100;
Santa Cruz Biotechnology), and Keratin 1 & 14 (1 : 500;
Covance). Secondary antibodies were FITC or AlexaFluor594
conjugated donkey anti-rabbit or anti-mouse IgG (1 : 400;
Jackson Immunoresearch, West Grove, PA, and Invitrogen,
Carlsbad, CA, resp.). Fluorescence images were examined
using a Leica DM6000B microscope (Leica Microsystems,
Bannockburn, IL), and images were acquired using a Retiga
Exi Camera (Q imaging, Surrey, British Columbia, Canada)
and Image Pro 6.2 software from Media Cybernetics (Silver
Spring, MD).

2.2.1. Explant Assay. Skin explants from wild-type and
Perp−/− newborns were grown as described [24]. A mini-
mum of 8 biopsies per mouse per experiment was examined.

2.2.2. Transwell Migration Assay. 24 well transwell plates
(Costar, Corning, NY) were coated for 1 hour with a
collagen-fibronectin solution. Primary mouse keratinocytes
were isolated as described [13]. 50 000 cells for each genotype
were plated into each well in triplicate, and 24 hours later
cells that had migrated through the transwell were fixed in
4% paraformaldehyde for 15’, rinsed in PBS, and stained
with 0.01% crystal violet. The number of migrated cells was
counted in three separate 200× fields. The average number of
cells migrated per well was averaged over three independent
experiments.

2.2.3. Adhesion Assay. Mechanical dissociation assays were
performed as described [25] on mouse keratinocytes grown
to confluence in 0.05 mM calcium media, then switched to
0.2 mM calcium for 24 hours. Cell fragments were counted
in four different 100× fields, in triplicate, using a Leica M×6
dissecting microscope (Leica Microsystems).

3. Results

3.1. Perp-Deficiency Delays Wound Healing In vivo. To define
the role of Perp and desmosomes in wound healing, we
analyzed wound reepithelialization in vivo using Perp-
deficient mice. We generated cohorts of 6-week-old control
and conditional Perp knockout mice (Perpfl/fl; fl=floxed)
expressing a K14CreER transgene, which allows deletion of
the Perp locus in the epidermis upon introduction of tamox-
ifen. Immunohistochemistry confirmed that Perp expression
was successfully abolished in the majority of these mice 4
weeks after tamoxifen injection (Figure 1(a)). Specifically,
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∼70% of these mice exhibited highly efficient Perp ablation
(>90%) throughout the epidermis, while the other ∼30%
displayed somewhat less efficient Perp loss in the epidermis
(>50%). Analysis of the skin from these mice revealed
specific alterations in the epidermis of K14CreER; Perpfl/fl

mice compared to controls (Figures 1(b)–1(e)). For example,
we noted an increase in the percentage of proliferating basal
cells in the K14CreER; Perpfl/fl mice compared to controls
(Figures 1(c), 1(d)), similar to that observed in constitutive
Perp knockout mice. Furthermore, this enhanced prolifera-
tion led to the expansion of differentiation marker staining
in the skin (Figure 1(e)), although there were no apparent
aberrations in the differentiation patterns of the skin in the
K14CreER; Perpfl/fl mice compared to controls. Occasional
blisters were also observed in K14CreER; Perpfl/fl mice, and
accordingly, we found that desmosomes were functionally
compromised in the skin of K14CreER; Perpfl/fl mice using
a solubility assay (Figure 1(f)). This assay relies on the fact
that stably formed desmosomal complexes can only be solu-
bilized by chaotropic agents, whereas improperly assembled
desmosomal components can be solubilized by the nonionic
detergent Triton X-100. We found that Desmoglein 1 and
Plakoglobin display enhanced Triton X-100 solubility in
skin from K14CreER; Perpfl/fl mice compared to skin from
control mice, confirming that acute deletion of Perp leads to
impaired desmosome formation similar to that observed in
constitutive Perp−/− mice [13].

To assay wound reepithelialization, we subjected mice
in the Perp-deficient and control cohorts to full skin thick-
ness punch biopsies. The experimental cohort consisted of
tamoxifen-treated K14CreER; Perpfl/fl mice, while the control
cohorts comprised tamoxifen-treated K14CreER; Perp+/+,
Perpfl/+, and Perpfl/fl mice as well as untreated Perpfl/fl, Perpfl/+,
K14CreER; Perpfl/fl, and K14CreER; Perpfl/+ mice. Four 6 mm
punches were performed on each mouse, and the sizes of
the wounds were measured daily for approximately 10 days
to determine the rate of wound closure. We found that
mice lacking Perp in the epithelial compartment exhibited a
delay in wound healing relative to controls, underscoring the
importance of Perp in the wound healing process (Figures
2(a), and 2(b)).

To further examine the wound healing process in the
cohorts, histological analysis of transverse sections of wound
sites from both control and K14CreER; Perpfl/fl mice was
performed 1, 5, 7, and 10 days post wounding (Figure 3,
data not shown). These analyses revealed that while reep-
ithelialization typically neared completion in the control
mice by day 5, the epithelial cells had not fully migrated
across wounds in the K14CreER; Perpfl/fl mice (Figure 3(c)).
In addition, by day 7, many of the wounds in control mice
were not only fully reepithelialized but had reestablished
normal epidermal architecture (data not shown). In contrast,
in the K14CreER; Perpfl/fl mice, keratinocytes had migrated
across the wound but had not yet formed a full thickness
skin layer by day 7 (data not shown). By day 10, both cohorts
of mice exhibited fully reepithelialized wounds (Figure 3(d)).
These data reinforce our observations at the macroscopic
level that Perp loss delays wound healing after cutaneous
injury.

3.2. Dynamic Changes in Desmosomal Protein Expression
during Wound Healing in Wild-Type and Perp-Deficient
Mice. The desmosomal component Desmoplakin has been
reported to exhibit decreased expression in migrating ker-
atinocytes at the leading edge of the wound both in ker-
atinocyte scratch wound assays and in wounded epidermis
[8]. However, adhesion remains intact between more distant
cells of the epithelium, presumably to allow coordinated
migration of the tissue. Examining changes in desmosomal
protein localization during the stages of wound healing and
determining how these patterns are affected in the absence
of Perp may provide a clue to how Perp and potentially the
desmosome are involved in wound closure. We examined the
expression pattern of Perp and the desmosomal components
Desmoglein 3/1 (Dsg3/1) and Desmoplakin (Dp) at different
times after wounding in vivo, to determine their expression
at the leading edge and in regions more internal to the
wound. Analysis of samples from control mice 1 day post
wounding revealed a decrease in membrane staining of Perp
and Dsg3/1 near the leading edge of the epithelial tongue
compared to uninjured epidermis (Figures 4(b), 4(c), 4(f)
and 4(g)). By day 5, expression of Perp and Dsg3/1 became
uniform throughout the migrating epithelium and by day 10,
expression of all desmosomal components was restored to
levels similar to those observed in uninjured epidermis (data
not shown, and Figures 4(d) and 4(h)). Expression pattern
changes for Dp were similar to those of other components
(data not shown). These data support the notion that
desmosome proteins are downregulated near the leading
edge during the initial stages of the wound healing process
but then are quickly restored, potentially to provide adhesive
strength to the migrating epithelium. Similar patterns were
observed in the wounds from K14CreER; Perpfl/fl mice,
suggesting that gross disruptions in desmosomal component
targeting to the plasma membrane do not provide an
explanation for the delayed wound closure observed in
the Perp-deficient mice (Figures 4(i)–4(p)). We did note
a few isolated migrating cells expressing Perp during the
wound healing experiment, likely reflecting incomplete Perp
deletion in stem cells of the interfollicular epidermis or the
bulge. However, the number of cells expressing Perp was
minimal and therefore unlikely to significantly affect our
results. Importantly, any incomplete deletion we observed is
likely to result in an underestimation of the extent of our
phenotype.

3.3. Loss of Perp Does Not Enhance Proliferation or Apop-
tosis during Wound Reepithelialization. Defective wound
closure could reflect alterations in keratinocyte prolifera-
tion. Specifically, enhanced cellular proliferation several cell
diameters away from the edge is associated with wound
reepithelialization [3]. We therefore examined whether the
delayed wound healing observed in the absence of Perp
was attributable to decreased cellular proliferation at and
near the wound margin by staining for Ki67, a proliferation
marker. Uninjured regions of control skin exhibit Ki67-
positive cells scattered throughout the actively dividing
basal layer (Figure 5(a)). One day post wounding, Ki67-
positive cells were found in the area proximal to the wound
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Figure 1: Acute deletion of Perp leads to desmosome defects. (a) Perp immunohistochemistry on skin samples from control (Perpfl/fl) and
K14CreER; Perpfl/fl mice 4 weeks post tamoxifen injection. (b) H&E analysis of control (Perpfl/fl) and K14CreER; Perpfl/fl mice 4 weeks post
tamoxifen injection, 200× and 400× magnification. (c) Graph displays the average percentage of PCNA positive cells in the basal cell layer
in both control (Perpfl/fl) and K14CreER; Perpfl/fl mice 4 weeks post tamoxifen injection. Graph represents the average of 3 separate fields
from each of 4 mice +/− SEM. Statistical significance was determined using the Mann-Whitney test ∗ = P < .03. (d) Representative image
of the proliferation in the basal layer of the epidermis measured by PCNA immunostaining in control (Perpfl/fl) and K14CreER; Perpfl/fl mice
4 weeks post tamoxifen injection. (e) Immunofluorescence analysis of differentiation markers on control (Perpfl/fl) and K14CreER; Perpfl/fl

mice 4 weeks post tamoxifen injection. Keratin 14, Keratin 1, and Loricrin mark the basal, the spinous, and the granular layers, respectively.
DAPI is used to mark nuclei. (f) Solubility/western blot analysis of Dsg1 and Pg in K14CreER; Perpfl/fl or control (K14CreER; Perp+/+) mouse
skin. Both Triton X-100-soluble and Urea fractions are presented. Gapdh and Keratin 14 serve as loading controls for the Triton X-100
and urea fractions, respectively. Scale bar for panels (a, b) (right column), (d), and (e) equals 20μm. Scale bar for panel (b) (left column)
equals 100μm.
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Figure 2: Loss of Perp delays wound healing in vivo. (a) Represen-
tative photos of dorsal skin bearing open wounds at the beginning
of the study and fully closed wounds at the end of the study. (b)
Graph displays the average area of all wounds as a function of time
post-biopsy. Combined controls: n = 64 wounds amongst 16 mice.
K14CreER; Perpfl/fl mice: n = 32 wounds amongst 8 mice. Error bars
represent the SEM. Statistical significance was determined using
ANOVA ∗ = P < .03.

edge (Figure 5(b)). However, at day 5, the epithelial sheet
migrating across the wound expressed few Ki67-positive cells
(Figure 5(c)). By day 10, Ki67-positive cells were observed
throughout the basal layer of the healed epithelium, as in
uninjured epidermis (Figure 5(d)). Upon analysis of Perp-
deficient mice, we found no clear decrease in the levels of
Ki67-positivity post wounding relative to controls (Figures
5(e)–5(h)). We also performed cleaved caspase 3 staining
at days 1, 3, 5, and 10 post wounding to determine if
there was any depletion of cells in the absence of Perp that
could contribute to delayed wound healing, but we found
no significant apoptosis in mice of either genotype (data not
shown). Thus, altered levels of proliferation or apoptosis do
not appear to account for delayed wound healing in Perp-
deficient mice.

3.4. Perp Loss Disrupts Cell-Cell Adhesion and Enhances
Keratinocyte Migration. As defects in cell migration provide
another potential mechanism for compromised wound
healing, we next assessed effects of Perp loss on keratinocyte

motility. First we confirmed that Perp loss leads to a demon-
strable defect in cell-cell adhesion in vitro, where we planned
to model migration, using a mechanical dissociation assay.
This assay entails inducing desmosome formation in sheets
of keratinocytes, detaching the epithelial sheet from the
tissue culture dish using dispase, and incubating these sheets
while rocking [25]. The number of fragments released pro-
vides a quantitative measurement of intercellular adhesive
strength and the integrity of the epithelium. We found
that Perp-deficient keratinocytes are indeed less adhesive
than wild-type keratinocytes, as reflected by an increase in
fragments seen after mechanical dissociation (Figure 6(a)).

We next used two different approaches to examine
the role of Perp in regulating keratinocyte migration. We
first examined cell migration using a transwell filter assay
utilized previously to demonstrate that Plakoglobin-deficient
cells display enhanced motility [26]. Wild-type and Perp−/−

keratinocytes were grown in the upper chamber of transwell
motility plates, and after 48 hours, their migration capacity
was assessed by measuring the number of cells traveling
through this filter to a lower chamber coated with collagen IV
and fibronectin. Using this approach, we found that Perp loss
does not compromise cell migration but instead augments it
(Figures 6(b) and 6(c)). We also assessed migratory capacity
in the context of an intact epithelial sheet using an ex vivo
explant culture assay in which punch biopsies from mouse
skin are cultured in vitro and the outgrowth of cells from the
explant is measured, as a model for the behavior of cells at
the edge of a wound [24]. We cultured punch biopsies of
newborn skin from wild-type or constitutive Perp−/− mice
and monitored the outward migration of keratinocytes from
the “wounded” edge of the biopsy over time. Consistent with
the transwell assays, these experiments demonstrated that
Perp-deficiency resulted in an enhanced area of outgrowth
relative to wild-type mice, suggesting that cell migration is
not defective, but instead is enhanced, in the absence of Perp
(Figures 6(d) and 6(e)). Thus, a defect in migration per se
does not account for the delayed wound healing observed
in the Perp-deficient epidermis. Intriguingly, however, there
appeared to be a qualitative difference in the way in which
keratinocytes migrated in the absence of Perp. Specifically,
despite migrating further, the leading edge of the migrating
sheets from the Perp−/− explants displayed a disorganized
border, with cells detaching from one another and single
cells transiting away. This phenotype is in contrast to that
observed in the wild-type explants, in which keratinocytes
appeared completely cohesive and moved as a coordinated
epithelial sheet (Figure 6(f)). This disorganization, which is
presumably a direct consequence of the impaired cell-cell
adhesion seen in Perp null cells, could potentially contribute
to the impaired wound healing in vivo, as coordinated
migration is thought to be necessary for efficient wound
reepithelialization.

4. Discussion

The regeneration of a functional epithelial barrier after
wound healing is essential for preventing dehydration and
infection [27]. Epithelial wound healing is a complex
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Figure 3: Wounded K14CreER; Perpfl/fl mice exhibit delays in reepithelialization. (a) Cartoon sketch depicting the different stages occurring
during the wound healing process. The black dashed line marks the boundary between the epidermis and dermis. Black dashed box
demarcates region with migrating keratinocytes, as shown in panel (c). Red dashed box represents region of fully closed wound, as shown in
panel (d). EP signifies epidermis and D, dermis. (b) Representative H&E-stained section of open wounds from tamoxifen-injected control
(Perpfl/fl) and K14CreER; Perpfl/fl mice 1 day post wounding. (c) Representative H&E-stained section of wounds from tamoxifen-injected
control (Perpfl/fl) and K14CreER; Perpfl/fl mice 5 days post wounding. The migrating epithelial sheets are outlined by the black dashed line.
(d) Representative H&E-stained section of closed wounds from tamoxifen-injected control (Perpfl/fl) and K14CreER; Perpfl/fl mice 10 days
post wounding. Sizes of boxes in (b) and (c) were determined by the edges of the wound, as marked by the panniculus carnosus.

process, relying on the coordinated activation of fibroblasts
mediating dermal contraction and keratinocytes responsible
for reepithelialization of the wound as well as communi-
cation between these compartments [2, 3]. Differentiated
keratinocytes undergo profound alterations to allow them to
proliferate and migrate during the resurfacing of a wound.
One notable change is the weakening of cell-cell adhesion at
the leading edge of the wound. Although the dynamic regula-
tion of cell-cell adhesion junctions like desmosomes has been
suggested to be relevant for wound healing, the contribution
of these complexes to efficient wound reepithelialization

in vivo has not been elucidated genetically. Here, we queried
the role of desmosomal adhesion junctions in epithelial
wound closure using conditional knockout mice lacking the
desmosomal component Perp. We observed a clear delay
in wound healing in the absence of Perp, underscoring the
importance of Perp and potentially desmosome function in
epidermal cells for efficient wound closure in vivo.

As wound healing relies on keratinocyte proliferation
and migration, the delay in wound healing observed in the
absence of Perp could reflect deficits in these processes.
However, we found that keratinocytes lacking Perp do not
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Figure 4: Migrating keratinocytes display reduced desmosomal protein expression at the wound edge. (a)–(d) Immunofluorescence images
of Perp expression in the epithelium at different timepoints post wounding in control mice. The dashed yellow line represents the border
between the migrating keratinocytes and underlying dermis. (e)–(h) Desmoglein 3/1 expression at different timepoints post wounding
in control mice (tamoxifen-injected Perpfl/fl mice). (i)–(l) Immunofluorescence images of Perp expression in the epithelium at different
timepoints post wounding in K14CreER; Perpfl/fl mice. (m)–(p) Desmoglein 3/1 expression at different timepoints post wounding in
K14CreER; Perpfl/fl mice. DAPI is used to mark nuclei. Arrows indicate cells with reduced desmosomal protein staining. Scale bar in (a)
equals 20μm, scale bar in (b) equals 50μm, and scale bar in (c) equals 10μm.

display a defect in proliferation and, moreover, are more
migratory than wild-type keratinocytes. This phenotype is
consistent with other studies demonstrating that loss of
desmosome components, including PKP1, PKP3, Pg, and DP,

fails to affect proliferation but increases migration, either in
scratch wound assays or in transwell assays [16, 18, 19, 26].
Instead of strictly affecting the rate of cell motility, the
defective adhesion in Perp null cells could impede the ability
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of the migrating sheet to move efficiently in a coordinated
manner, thereby potentially contributing to the delayed
wound closure observed in vivo. This notion is consistent
with the disorganized cells at the leading edge of the wound
in the explant assays we performed.

The ability of desmosomes to confer strength and
resiliency to the skin relies on their connection to the keratin
intermediate filament network. Analysis of mice deficient
for keratins has supported the notion that intermediate
filaments are important for efficient wound healing. Specif-
ically, loss of Keratin 17 results in delayed wound healing
using a mouse embryonic limb amputation system [28], and
inactivation of its partner Keratin 6 impairs the closure of
partial thickness wounds in adult mice [29]. These findings
are consistent with the observation that induction of Keratins
6, 16, and 17 occurs rapidly in response to injury to the skin
at the wound edge [28]. Given the tight linkage between the
keratin intermediate filament network and the desmosome,
it is possible that desmosomes would be affected in the
keratin knockout mice and that their loss would contribute
to the observed delay in wound healing [30, 31].

Mutations in genes encoding desmosomal components
or the production of autoantibodies against desmosomal
constituents have been associated with several human dis-
eases. Mutations found in PKP1, DSG1, PG, or DP give
rise to symptoms typical of ectodermal dysplasias, while
autoantibodies against desmosomal proteins induce Pem-
phigus Vulgaris or Pemphigus Foliaceus, accompanied by
blisters in the oral mucosa and/or skin [32, 33]. Patients
bearing mutations in PKP1 display chronic erosions and
excessive scale-crust after trauma, suggesting a deficit in

wound healing [18]. The inability of wounds to fully heal in
these patients is likely attributable to defects in desmosome-
mediated adhesion. Understanding how the desmosome
participates in the wound healing process may lead to
improved treatments for these patients.

Our studies examining the role of Perp and desmosomes
in epithelial wound healing have implications for other
biological processes as well, as many of the events taking
place during wound healing are important in other contexts.
In particular, wound healing mimics the transitions occur-
ring during a key developmental and tumorigenic process,
epithelial-mesenchymal transition or EMT [34]. Consistent
with this idea, Slug, a basic-helix-loop-helix transcriptional
repressor required for certain characteristics of EMT, has
been shown to be important for wound healing [35]. Slug
is critical for wound outgrowth of cultured explants, and
Slug overexpression induces desmosome dissolution, cell
migration, and accelerated wound healing of keratinocytes
[21, 35, 36]. Thus, studying the dynamics of desmosome
behavior during wound healing may help illuminate path-
ways involved in development and cancer.

Our studies have highlighted a role for Perp in efficient
wound closure. Not only is desmosome dissolution likely
important at the leading edge of wounds early in wound heal-
ing, but intact desmosomal function may also be important
for proper wound closure, potentially for efficient migration
of the epithelium. These data suggest that precise spatial
and temporal regulation of desmosomal complexes may be
critical for wound healing. Future investigation into the
signals regulating desmosome dynamics will provide further
insight into both wound healing and cancer.



Dermatology Research and Practice 9

0

5

10

15

20

25

30

35

40

45
Adhesion assay

N
u

m
be

r
of

fr
ag

m
en

ts

Wild-type
Perp−/−

∗

(a)

Wild-type

Perp−/−

(b)

0

20

40

60

80

100

120

140

160

180
Migration assay

C
el

ls
/2

00
×

fi
el

d

Wild-type
Perp−/−

∗∗∗

(c)

Wild-type

Perp−/−

(d)

0

10000

20000

30000

40000

50000

60000
Explant outgrowth

A
re

a
of

ou
tg

ro
w

th
(μ

m
2
)

Wild-type
Perp−/−

∗∗

(e)

Wild-type

Perp−/−

(f)

Figure 6: Perp−/− keratinocytes display enhanced migration capacity in vitro. (a) A mechanical dissociation assay was performed on wild-
type and Perp−/− keratinocyte monolayers. The number of cellular fragments per 4 100× fields was counted and averaged. Graphs show the
average of three independent experiments performed in triplicate and error bars represent +/− SEM. (b) A transwell migration assay was used
to assess the migration potential of wild-type and Perp−/− keratinocytes. Representative image of migrated cells stained with crystal violet.
(c) The number of cells migrated in each of 3 200× fields was counted and averaged. The results represent the average of three individual
experiments +/− SEM. (d) Representative phase-contrast images of wild-type and Perp−/− explants. The red dashed boxes represent the area
seen in (f). (e) The average areas of outgrowth after 10 days for wild-type and Perp−/− explants are quantified in the graph. Wild-type: n = 26.
Perp−/−: n = 50. Error bars represent the SEM. (f) Enlarged phase-contrast images of the areas boxed in red in panel (d) showing wild-type
and Perp−/− explants. Statistical significance was determined using a Student’s unpaired t-test ∗ = P < .04, ∗∗ = P < .03, ∗∗∗ = P < .003.
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Pemphigus is a chronic mucocutaneous autoimmune bullous disease that is characterized by loss of cell-cell contact in skin
and/or mucous membranes. Past research has successfully identified desmosomes as immunological targets and has demonstrated
that acantholysis is initiated through direct binding of IgG. The exact mechanisms of acantholysis, however, are still missing.
Experimental model systems have contributed considerably to today’s knowledge and are still a favourite tool of research. In this
paper we will describe to what extent human cell and tissue models represent the in vivo situation, for example, organ cultures
of human skin, keratinocyte cultures, and human skin grafted on mice and, furthermore, how suitable they are to study the
pathogenesis of pemphigus. Organ cultures closely mimic the architecture of the epidermis but are less suitable to answer posed
biochemical questions. Cultured keratinocyte monolayers are convenient in this respect, but their desmosomal make-up in terms
of adhesion molecules does not exactly reflect the in vivo situation. Reconstituted skin is a relatively new model that approaches
organ culture. In models of human skin grafted on mice, acantholysis can be studied in actual human skin but now with all the
advantages of an animal model.

1. Introduction

Pemphigus is a chronic mucocutaneous autoimmune bul-
lous disease, characterized by the presence of autoantibodies
against the desmosomal cadherins, desmoglein 1 (Dsg1),
and/or desmoglein 3 (Dsg3). There are two main forms
of pemphigus: pemphigus foliaceus (PF) and pemphigus
vulgaris (PV). PF presents as superficial blistering of the skin
and the presence of autoantibodies against Dsg1. In the case
of mucosal dominant PV, patients have suprabasal blistering
of the mucous membranes and auto-antibodies against
Dsg3 only. Patients with mucocutaneous PV have suprabasal
blistering of both the skin and the mucous membranes, in
combination with autoantibodies against both Dsg1 and 3.

Since the discovery by Beutner and Jordon in the
sixties, who demonstrated by indirect immunofluorescence
(IIF) microscopy that sera of pemphigus vulgaris patients
contained IgG antibodies directed against a substance on
the surface of keratinocytes [1], investigators have tried to
answer an intriguing question: how do these antibodies cause

acantholysis in skin? In the nineties, Mahoney et al. presented
their theories on steric hindrance and desmoglein com-
pensation [2] as an explanation for acantholysis. Recently,
researchers are also focusing on other putative mechanisms
for example, cell signalling [3, 4], apoptosis [5], desmosome
assembly and disassembly [6], and endocytosis [7].

Although the exact steps in the process of acantholysis
in pemphigus are still not clear, research herein has consid-
erably benefitted from experimental models, for example,
mouse models and in vitro models. Unlike the animal
models, the in vitro models have been used to study
the effector-phase of pemphigus and not its cell-mediated
immune regulation. In this paper we will discuss the in vitro
models and focus on human cell and tissue models. These
models comprise organ cultures of human skin, cultured
human monolayer keratinocytes, reconstituted skin, and
human skin grafted on mice. We will discuss how well these
human cell and tissue models represent the in vivo situation
in human skin and their suitability to study the pathogenesis
of pemphigus.
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Figure 1: Incubation of normal human skin with pemphigus IgG or Fab fragments leads to suprabasal or subcorneal acantholytic blistering.
(a) Normal human skin (NHS) before incubation. Incubation of NHS for 24 hours in (b) medium only or in medium with added (c)
control Fab fragments or (e) control IgG leads to limited spongiosis of the epidermis. Incubation of NHS in medium with added (d) PF Fab
fragments and (f) PF IgG induces a subcorneal split. Incubation of NHS in medium with (g) PV IgG induces suprabasal acantholysis.

2. Organ Cultures of Human Skin

Michel and Ko were among the first who successfully pro-
duced acantholysis in vitro by using an organ culture model
[8]. They described a relatively simple and reproducible
method based on the work of Sarkany et al. [9]. Michel
et al. placed a skin explant on lens paper which floated
on the surface of liquid that contained crude pemphigus
serum. Since then, more research groups have used this
organ culture model to study pemphigus [10–18]. We
ourselves have recently performed experiments using an

organ culture model with air-liquid interface in which a
biopsy of normal human skin is not floated on lens paper
but instead placed on a transwell such that the bottom of
the biopsy contacts the solution containing IgG (Figure 1).
In a second approach we submerged biopsies in solution.
This enabled culturing more biopsies in one and the same
volume of medium with added pemphigus IgG or Fab
fragments. Biopsies can be easily harvested at any time
and processed for light microscopy, immunofluorescence, or
electron microscopy. Although submerged culturing induces
shifts in the expression of the different cadherins, for
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Figure 2: Shift in expression of Dsg1, Dsc1, and Dsg3 in submerged skin cultures after more than 24 hours. (a) Dsg1 is expressed throughout
all the layers of NHS. (b) The expression of Dsg1 by skin incubated in medium for 24 hours is comparable to that of NHS. (c) After incubation
in medium for 72 hours, Dsg1 expression is reduced. (d) Dsc1 is expressed in the upper layers of the epidermis. (e) The expression of Dsc1
by skin incubated in medium for 24 hours is comparable to that of NHS. (f) After incubation in medium for 72 hours, Dsc1 expression is
reduced. (g) Dsg3 is expressed in the basal and suprabasal layers of the epidermis in NHS. (h) The expression of Dsg3 after incubation in
medium for 24 hours is comparable to that of NHS. (i) After incubation in medium for 72 hours, Dsg3 is also expressed in the upper layers
of the epidermis.

example, substantial loss of Dsg1 and desmocollin 1 (Dsc1)
with increased expression of Dsg3 in higher cell layers,
this only manifests after prolonged culturing, and their
expression remains comparable to normal human skin when
the experiments are limited to 24 hours (Figure 2).

Michel and Ko incubated normal human skin with
undiluted sera from pemphigus patients. Direct immunoflu-
orescence (DIF) showed intercellular staining of IgG. Light
microscopy showed a split after 24-hours incubation. Unfor-
tunately, this first attempt was not as successful as had been



4 Dermatology Research and Practice

hoped and both PF and PV sera induced a suprabasal split
[8]. Later investigators, however, did succeed in producing
correct subcorneal splits in normal human skin with PF
IgG [16]. In our own organ culture model subcorneal
acantholysis can be induced not only by PF IgG but also by
PF Fab fragments (Figure 1(f)).

Next to whole serum, Michel and Ko also performed
incubations with heated serum in order to inactivate
complement [8]. Heated serum also led to acantholysis,
which showed that the pathogenesis of pemphigus was not
complement dependent [8, 19, 20]. The demonstration that
Fab fragments of pemphigus IgG also induce acantholysis
confirmed the concept that complement fixation was not
a necessary step in this disease [21]. Acantholysis thus is
independent of IgG subclass.

Hu et al. studied the effects of pemphigus IgG incuba-
tion on normal human skin by electron microscopy [22].
After 12-hours incubation the first changes, for example,
intercellular widening, were seen. After 24 hours the inter-
cellular widening had progressed, and dissolution of the
desmosomes became visible. Also desmosome remnants
could be seen on the surfaces of the keratinocytes; the
tonofilaments had retracted from the cell periphery and were
concentrated in a perinuclear position. After 72 hours a
suprabasal split and widening between the basal cells (a row

of tombstones) were seen [22]. Most of the observations
described by Hu et al. are comparable to those seen in
pemphigus patient skin, but whether or not the observed
retraction of tonofilaments in this organ culture model is
comparable to the in vivo situation remains a matter of
debate. Unlike others [23], we ourselves did not observe
this retraction of tonofilaments in pemphigus patient skin
[24].

The human organ culture model has been very valuable
in obtaining information on the mechanisms of acan-
tholysis and, moreover, has also been used to test old
and new therapeutic drugs for pemphigus, for example,
hydrocortisone [13], dapsone [13], methylprednisolone [17],

and protease inhibitors [15]. Although most popular in
the eighties, it is still used today, often in combination
with other models [16, 25–28]. The major advantage of
skin explants remains that it is actual human skin with
correct architecture of all epidermis layers. Layer-specific
changes in morphology or protein localization can easily
be studied by light microscopy, immunofluorescence, or
electron microscopy. However, explants are less suitable
to answer biochemical questions concerning molecular
pathways, that is, the activation of receptor molecules or
changes in phosphorylation state of pathway intermediates.
In contrast to cultured cells, cells in the skin explant reside
in layers of varied differentiation that most likely respond
differently to external stimuli. Aside from this, cultured
cells will instantaneously make contact with the added
IgG, while in organ cultures the IgG must diffuse into
the epidermis and will not reach all cells simultaneously.
Therefore, more easily manageable culture models are the
preferred models for biochemical and molecular biological
research on acantholysis.

3. Keratinocyte Cultures

A year after the first publication on the organ culture model,
Schiltz et al. incubated human keratinocytes with pemphi-
gus IgG [29]. The results of these experiments suggested
that binding of pemphigus antibodies to the keratinocytes
initiates a series of events which result in the release or
activation of hydrolytic enzymes by the keratinocytes with
subsequent autolysis and acantholysis. This made it clear that
keratinocyte cultures could serve as a model for acantholysis.
Various sources of cells are now being used, with most
researchers using normal human epidermal keratinocytes
(NHEKs) [30–32]. These keratinocytes are often derived
from neonatal foreskin [6, 7, 28, 33–37] but can also be
obtained from surgical excised skin [38]. HaCaT cells, a non-
tumorigenic human keratinocyte cell line, are also popular
[16, 39–43]. Less commonly used is the squamous cell
carcinoma (SCC) cell line DJM-1 [35, 44].

Cultured keratinocytes are mostly used as monolayers
or alternatively as reconstituted skin. Keratinocytes grown
in low calcium medium will proliferate until confluent and
then become growth arrested. In high-calcium medium
(1.2 mM or higher) cells will differentiate, form desmosomes,
and stratify [45]. For reconstituted skin, it is a requisite
to culture the keratinocytes on a dermal equivalent [46].
Varying the calcium concentration provides a tool to induce
and study desmosome assembly and disassembly [6, 45].
Whether cultured keratinocytes are a reliable model, to study
pemphigus pathogenesis, be it in the form of monolayers
or reconstituted skin, will depend mainly on their ability to
form mature desmosomes with correct make-up of cadherins
and associated molecules. The expression and localization
of the pemphigus antigens and other desmosomal adhesion
molecules in cultured cells, therefore, became an early
subject of research.

By IIF staining with patient sera it was shown that the PV
antigen is expressed in human epidermal monolayers when
cultured under high-calcium conditions, but at the same
time these monolayers lack the PF antigen [47].

Low-calcium cultured monolayer cells do not express
Dsg1 [47, 48] and Dsg2 [48], while high-calcium cultured
monolayers express Dsg1 [47]. As shown by immunoblot,
Dsg1 is detectable after 1 to 6 days of culturing [48], but
the expression levels appear to be low [33]. As keratinocytes
become stratified, Dsg1 expression increases and can be
detected on the plasma membrane of stratified cells in a
membrane-bound pattern [47]. The Dsg2 expression in
high-calcium cultured monolayers is only positive after
5-6 days as shown by immunoblot [48]. Some groups
report that the immunoblot does not show expression of
Dsg3 by low-calcium cultured monolayers [48]. Dsg3 was
detected in the cytoplasm of cells grown under low-calcium
conditions while the protein is translocated to the plasma
membrane when cultured under high-calcium conditions
[6]. Staining of desmocollin 3 (Dsc3) in NHEKs cultured
under low-calcium conditions shows a diffuse cytoplasmic
and a focal desmosomal pattern, but comparable to Dsg3
the desmosomal staining intensifies after raising the calcium
concentration [6].
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Table 1: Expression of desmosomal components by monolayers composed of different cell types cultured in low- or high-calcium medium.
−: negative, ±: weak positive, +: positive.

Low calcium High calcium

Cell type Dsg1 Dsg2 Dsg3 Dsc3 Dsg1 Dsg2 Dsg3 Dsc3

NHEK − − − + ± + + +

HaCaT − + + + + +

SCC − − − + + +

HaCaT cells are capable of expressing Dsg1, Dsg2, and
Dsg3 [43, 48], and similar to normal keratinocytes, Dsg1
expression is induced by high levels of calcium [48].

Most tested SCC cell lines have weak or focal intercellular
expression of PV antigens and expression of PF antigens in
localized areas [47]. Denning et al. tested several SCC cell
lines and showed by immunoblot Dsg2 and Dsg3 expression
by these cells when cultured in normal or high-calcium
media [48]. Aoyama and Kitajima used the DJM-1 cell line
and showed expression of Dsg1 and Dsg3 when cultured in
high calcium [49].

From the information summarized in Table 1, we can
conclude that NHEKs have limitations as an experimental
model for pemphigus since these cells do not express
significant amounts of Dsg1. Consequently, these experi-
mental systems are not suitable to study acantholysis in
PF and mucocutaneous PV. HaCaT cells and DJM-1 cells
(Table 1), which express Dsg1 in monolayers, might be more
appropriate model systems. It must be taken into account,
however, that these cells might express Dsg2 [50] that is not
present in most skin areas affected by pemphigus. Despite
all drawbacks, monolayers have contributed much to our
knowledge on acantholysis and have been at the basis of
new ideas and insights. An elegant practical example of their
use is the in vitro keratinocyte dissociation assay that can
quantify the anti-Dsg3 acantholytic effects of patient IgG
[7, 32, 33, 42, 44, 51–53]. After incubation of monolayers
with IgG, dispase is used to release the cell sheet from the
culture dish. This sheet is then subjected to fierce mechanical
stress by means of pumping in and out of a syringe. The
resulting number of cell fragments is a quantification of the
acantholytic effect of the IgG [54]. An illustration of just how
important the cadherin composition of the desmosomes is
becomes apparent when HaCaT cells are used in the same
assay and no fragments are formed. This is likely due to the
high Dsg2 expression [54].

Keratinocytes cultured in reconstituted skin will differ-
entiate and stratify. Therefore both PV and PF antigens are
expressed in reconstituted skin [47, 55–57]. By culturing
keratinocytes air-exposed on a dermal equivalent, it is
possible to reconstruct a multilayered epidermis [46, 58].
The morphology of this reconstituted skin can be compared
to that of epidermis in vivo [46, 58, 59]. Ultrastructural
assessment of a skin equivalent showed mature desmosome
formation [46, 59]. Unfortunately, the expression of the
desmosomal proteins, the cadherin antigens, and the forma-
tion of desmosomes in these skin equivalents are not well
documented. DIF or IIF of desmosomes showed intercellular
staining, but in contrast to human skin, there is also strong

staining at the top level or cornified layer [58, 59]. Few
researchers used reconstituted skin as an in vitro model to
study the pathogenesis of pemphigus [60–62].

4. Human Skin Grafted on Mice

As mentioned in the introduction, mouse models are often
used in pemphigus research next to the human in vitro
models. By using mouse models, however, pemphigus is
induced in murine skin which might differ in its function
from human skin. By grafting human skin on mice, acan-
tholysis can be studied in human skin while at the same
time providing the researcher with the advantages of a mouse
model [63]. There is only limited experience with these
mouse models in pemphigus. Zillikens et al. grafted full-
thickness human skin onto the back of SCID mice [64].
PF and PV IgG were injected in the dermis of the graft.
Histopathologic findings and DIF of the grafted human skin
were comparable to histopathologic findings and DIF in PF
and PV patient skin. Others used reconstituted skin grafted
onto SCID mice, and subcorneal blistering was induced by
injection of PF IgG [27]. These graft models therefore seem
very promising.

5. Model Comparison

When studying a human disease, a model is required
that approaches the in vivo human situation as closely
as possible. Studying the pathogenesis of pemphigus in
patients unfortunately has its limitations. For ethical reasons,
biopsies cannot be taken too often making it impossible
to in detail follow the time course of disease development.
Mouse models have given great insight into the disease,
but mice are not completely comparable to humans, so
some questions remain that will have to be addressed in
human models. The human in vitro models described in
this paper all have their advantages and disadvantages.
Therefore no single model may be preferred, but different
models may be used in a complementary fashion. Organ
cultures and skin equivalents have the advantage that they
are most comparable to human skin in terms of desmoglein
expression and mature desmosomes. Acantholysis can be
evaluated easily with light microscopy, immunofluorescence
or electron microscopy. To study pathways and to follow the
fate of individual molecules in a narrow time frame in terms
of expression level, shifts in localization, phosphorylation,
or molecular interaction, easily manageable culture models
are favoured. Cell lines should be chosen such that they
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reflect the skin situation as closely as possible. As discussed
before they are suitable to study aspects of acantholysis in
PV but not PF for the simple reason that no cells so far
have been cultured that express Dgs1 in absence of Dsg3.
The mechanism of pemphigus acantholysis has been studied
for the past forty years and has taught us which molecules
are involved and that acantholysis occurs in the absence of
inflammation mediators. How desmosomes split and what
molecular pathways lead to acantholysis is still being debated.
The use of different experimental models is required to
investigate the patho-mechanism.

Abbreviations
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[50] S. Schäfer, P. J. Koch, and W. W. Franke, “Identification of the
ubiquitous human desmoglein, Dsg2, and the expression cata-
logue of the desmoglein subfamily of desmosomal cadherins,”
Experimental Cell Research, vol. 211, no. 2, pp. 391–399, 1994.

[51] N. Cirillo, M. Lanza, F. Femiano, et al., “If pemphigus vulgaris
IgG are the cause of acantholysis, new IgG-independent
mechanisms are the concause,” Journal of Cellular Physiology,
vol. 212, no. 3, pp. 563–567, 2007.



8 Dermatology Research and Practice

[52] W.-M. Heupel, T. M’sduller, A. Efthymiadis, E. Schmidt,
D. Drenckhahn, and J. Waschke, “Peptides targeting the
desmoglein 3 adhesive interface prevent autoantibody-
induced acantholysis in pemphigus,” Journal of Biological
Chemistry, vol. 284, no. 13, pp. 8589–8595, 2009.

[53] V. Spindler, W.-M. Heupel, A. Efthymiadis, et al., “Desmo-
collin 3-mediated binding is crucial for keratinocyte cohesion
and is impaired in pemphigus,” Journal of Biological Chemistry,
vol. 284, no. 44, pp. 30556–30564, 2009.

[54] K. Ishii, R. Harada, I. Matsuo, Y. Shirakata, K. Hashimoto,
and M. Amagai, “In vitro keratinocyte dissociation assay for
evaluation of the pathogenicity of anti-desmoglein 3 IgG
autoantibodies in pemphigus vulgaris,” Journal of Investigative
Dermatology, vol. 124, no. 5, pp. 939–946, 2005.

[55] K. Iwatsuki, H. Harada, R. Yokote, and F. Kaneko, “Differences
in the expression of pemphigus antigens during epidermal
differentiation,” British Journal of Dermatology, vol. 133, no.
2, pp. 209–216, 1995.

[56] J. R. Stanley, P. Hawley-Nelson, M. Poirier, S. I. Katz, and S. H.
Yuspa, “Detection of pemphigoid antigen, pemphigus antigen,
and keratin filaments by indirect immunofluorescence in
cultured human epidermal cells,” Journal of Investigative
Dermatology, vol. 75, no. 2, pp. 183–186, 1980.

[57] D. Woodley, J. H. Saurat, M. Prunieras, and M. Regnier,
“Pemphigoid, pemphigus and Pr antigens in adult human
keratinocytes grown in nonviable substrates,” Journal of
Investigative Dermatology, vol. 79, no. 1, pp. 23–29, 1982.

[58] D. Asselineau, B. A. Bernard, C. Bailly, et al., “Human
epidermis reconstructed by culture: is it “normal”?” Journal
of Investigative Dermatology, vol. 86, no. 2, pp. 181–186, 1986.

[59] E. Tinois, M. Faure, and P. Chatelain, “Growth and differentia-
tion of human keratinocytes on extracellular matrix,” Archives
of Dermatological Research, vol. 279, no. 4, pp. 241–246, 1987.

[60] T. Hunziker, C. Boillat, H. A. Gerber, U. Wiesmann, and
B. U. Wintroub, “In vitro pemphigus vulgaris model using
organotypic cultures of human epidermal keratinocytes,”
Journal of Investigative Dermatology, vol. 93, no. 2, pp. 263–
267, 1989.

[61] M. D. Orlov, A. I. Chernyavsky, J. Arredondo, and S. A.
Grando, “Synergistic actions of pemphigus vulgaris IgG, Fas-
ligand and tumor necrosis factor-α during induction of basal
cell shrinkage and acantholysis,” Autoimmunity, vol. 39, no. 7,
pp. 557–562, 2006.

[62] L. Williamson, N. A. Raess, R. Caldelari, et al., “Pemphigus
vulgaris identifies plakoglobin as key suppressor of c-Myc in
the skin,” The EMBO Journal, vol. 25, no. 14, pp. 3298–3309,
2006.

[63] M. Garcia, M. J. Escamez, M. Carretero, et al., “Modeling
normal and pathological processes through skin tissue engi-
neering,” Molecular Carcinogenesis, vol. 46, no. 8, pp. 741–745,
2007.

[64] D. Zillikens, E. Schmidt, S. Reimer, et al., “Antibodies to
desmogleins 1 and 3, but not to BP180, induce blisters in
human skin grafted onto SCID mice,” The Journal of Pathology,
vol. 193, no. 1, pp. 117–124, 2001.



Hindawi Publishing Corporation
Dermatology Research and Practice
Volume 2010, Article ID 584353, 7 pages
doi:10.1155/2010/584353

Review Article

Mouse Models for Blistering Skin Disorders

Radhika Ganeshan,1 Jiangli Chen,1 and Peter J. Koch1, 2

1 Department of Dermatology, University of Colorado Medical School, 12800 East 19th Avenue, Aurora, CO 80045, USA
2 Department of Cell and Developmental Biology, University of Colorado Medical School, Aurora, CO 80045, USA

Correspondence should be addressed to Peter J. Koch, peter.koch@ucdenver.edu

Received 12 January 2010; Accepted 24 February 2010

Academic Editor: Mỹ G. Mahoney
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Genetically engineered mice have been essential tools for elucidating the pathological mechanisms underlying human diseases.
In the case of diseases caused by impaired desmosome function, mouse models have helped to establish causal links between
mutations and disease phenotypes. This review focuses on mice that lack the desmosomal cadherins desmoglein 3 or desmocollin
3 in stratified epithelia. A comparison of the phenotypes observed in these mouse lines is provided and the relationship between
the mutant mouse phenotypes and human diseases, in particular pemphigus vulgaris, is discussed. Furthermore, we will discuss
the advantages and potential limitations of genetically engineered mouse lines in our ongoing quest to understand blistering skin
diseases.

1. Introduction

In recent years, mouse models have become an essential tool
for studying genetic diseases, especially in cases where the
disease is caused by mutations in a single gene (monogenic
disorders). It has been a challenge, however, to faithfully
reproduce the pathophysiology of autoimmune disorders in
mice, in part because the human disease is influenced by
complex factors such as the genetic background, the nature
of the autoantibodies (epitopes recognized and antibody
subclass) and titers of the circulating autoantibodies.

Pemphigus is a class of autoimmune blistering skin
diseases which manifest itself in the form of painful lesions
in the skin and oral mucosa and which, in the case of
pemphigus vulgaris, can be lethal if left untreated. The
sera of patients with pemphigus contain autoantibodies
directed against desmosomal cadherins (e.g., desmogleins
and most likely desmocollins; see below) [1, 2], a group of
transmembrane glycoproteins that are required to establish
and maintain cell-cell adhesion between epidermal ker-
atinocytes (reviewed in [3]). Desmogleins and desmocollins
are transmembrane glycoproteins that are thought to estab-
lish cell coupling via binding of their extracellular domains.
On the cytoplasmic surface of the plasma membrane,

these cadherins are connected to the intermediate filament
cytoskeleton via a network of desmosomal plaque proteins
(desmoplakin, plakoglobin, plakophilins).

How does the binding of pathogenic pemphigus autoan-
tibodies induce intraepithelial blistering, the characteristic
histopathological feature of the disease? Do these antibodies
inhibit the function of these proteins? A simple approach
to test this hypothesis is to eliminate the target protein in
genetically engineered mice and to determine whether the
resulting loss-of-function phenotype replicates the disease.

Pemphigus vulgaris (PV) patients develop autoantibod-
ies that target desmoglein (DSG) 3 and under certain condi-
tions desmoglein (DSG) 1 [1]. Patients with DSG3 antibodies
alone develop mucous membrane lesions whereas, in the
presence of both DSG3 and DSG1 antibodies, skin lesions
are observed as well [1]. Furthermore, it has been shown that
injecting DSG3-specific PV antibodies into newborn mice
can replicate the histopathology of the disease, demonstrat-
ing the pathogenicity of these antibodies (see [1]).

Based on the assumption that autoantibodies neutralize
adhesive functions, one would predict that loss of Dsg3 func-
tion in mice would mimic the phenotype of PV restricted
to mucous membranes. To test this hypothesis, we generated
Dsg3 null mice.
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2. Null Mutation in Dsg3 Provided First
Functional Link to PV

Mice with a targeted disruption of Dsg3 exhibited pheno-
types very similar to those seen in PV patients and provided
direct evidence for a role of DSG3 in maintaining cell-cell
adhesion between keratinocytes. A hallmark feature of PV
in humans is acantholysis (loss of cell-cell adhesion) just
above the basal layer in stratified epithelia. Furthermore,
basal keratinocytes often lose lateral cell contact, leading
to a histological finding that has been called a “row of
tombstones”. The Dsg3-null mice developed severe erosions
of the oral mucosa (similar to that seen in PV patients)
that prevented them from feeding thus causing runting.
Suprabasal blistering was also evident in other stratified
epithelia such as the vaginal epithelium (see below). Overt
skin lesions were not noted in these mice, except for areas
exposed to significant mechanical stress such as the skin
around the snout, the nipples of nursing females, and the
muco-cutaneous junctions in the eyes [4, 5]. A histological
examination of other mouse tissues that express DSG3, such
as the esophagus, the forestomach (which is lined by a
stratified epithelium structurally similar to the epidermis),
and the thymus, did not reveal abnormalities. Note that the
forestomach is a characteristic feature of the mouse which is
not present in humans.

A likely explanation for the absence of lesions in these
tissues lies in the expression of functionally redundant
desmoglein isoforms which compensate for the loss of DSG3.
This idea is consistent with the compensation hypothesis,
put forward by John Stanley and colleagues (see [2]), to
explain the tissue-specificity of pemphigus autoantibodies.
Based on this idea, one would predict that DSG3 is the
predominant or the only DSG isoform expressed in the area
where acantholysis occurs (e.g., in the deep layers of the oral
mucosa). Further, extensive overlap between DSG3 and other
DSG isoforms should exist in tissues and cell layers where no
spontaneous lesions were detected. The distribution of the
three major DSG isoforms (DSG1–3) in affected (mucous
membranes) and unaffected tissues (e.g., skin) appears to
be largely consistent with this idea as illustrated in Figure
1. In the skin of mice, DSG3 is restricted to the basal
and immediate suprabasal cell layers, whereas DSG1 and 2
are present throughout the epithelium. Thus, DSG1 and 2
ensure that cell-cell adhesion is maintained in Dsg3 null skin
(Figure 1). Nevertheless, traumatizing the skin by rubbing or
scratching resulted in lesions, indicating that in the absence
of DSG3, the mechanical strength of the epithelial tissue
was compromised. In mucous membranes, DSG1 and 2 are
present throughout the epithelium but are weaker in the deep
epidermis where DSG3 dominates as judged by immunohis-
tochemical staining (Figure 1(b)), thus explaining the PV-
like acantholysis observed in Dsg3 null oral mucosa.

3. Loss of Dsc3 and Dsg3 Lead to Similar
Histopathology but Target Different Tissues

Desmosomal adhesion is thought to be mediated both by
homophilic as well as by heterophilic interactions between

desmogleins and desmocollins, which form the adhesive core
of desmosomes (e.g., [6, 7]). The relative contributions of
homophilic (DSG-DSG; DSC-DSC) and heterophilic (DSG-
DSC) interactions to establish and maintain cell adhesion are
currently not known. In the case of DSG3, it had originally
been speculated that a DSG3-DSC3 complex might be
essential to maintain keratinocyte adhesion in the deep layers
of stratified epithelia (for an alternative view see [6]). We
thus hypothesized that ablating Dsc3 in mice might mimic
the effects of loss of DSG3, leading to PV-like histopathology.

Since germline deletion of the Dsc3 gene was embryonic
lethal [8], conditional Dsc3 null mutant mouse lines were
generated that lacked DSC3 expression in basal keratinocytes
of stratified epithelia, including skin and mucous mem-
branes [9]. These tissue-specific Dsc3 null mice developed
skin blisters (Figures 2(a) and 2(b)) that were histologically
similar to those found in humans with muco-cutaneous
PV. In contrast to skin lesions in Dsg3-null mice (which
were restricted to areas exposed to significant mechanical
trauma), Dsc3 null skin blisters developed spontaneously and
were present in all skin samples of newborn mice that were
analyzed. Nevertheless, the extent of blister formation varied
between individual mice, most likely due to different degrees
of mechanical stress to which the animals were exposed prior
to tissue harvesting. Even small trauma resulted in extensive
skin blistering in Dsc3 null skin, a typical characteristic of PV
in humans (Nikolsky’s sign).

Unlike the lesions observed in Dsg3-null mutants (Fig-
ures 2(c) and 2(d)), lesions in the Dsc3 null mice were
restricted to the skin and were not present in internal
stratified epithelia, such as those of the oral cavity. As in the
case of the Dsg3-null mice, we believe that the restriction
of the blistering phenotype to the skin can be explained
by the expression of compensatory proteins, in this case
DSC isoforms. In the skin, DSC3 is present throughout the
epithelium with weaker expression levels in the granular
layers (Figure 1). DSC1 is mainly restricted to the granular
cell layer of the interfollicular epidermis. The distribution of
DSC2 in the mouse epidermis is currently not known, due
to the lack of antibodies that recognize the mouse isoform.
Nevertheless, in humans and cows, it is known that Dsc2
is only weakly expressed or even absent in most of the
interfollicular epidermis, with the notable exception of the
palms and soles (see [9]). Given that the DSC1 and DSC3
expression patterns are very similar in mice and humans,
it is reasonable to speculate that the distribution of DSC2
is also very similar in both species. Consequently, DSC3
would be the major DSC isoform expressed in the deep
layers of the epidermis, thus explaining why loss of Dsc3
causes acantholysis in these cell layers. How to explain the
absence of lesions in the oral cavity of Dsc3 mutants? We
believe that the key to understanding the tissue specificity of
these lesions is the distribution of DSC2. Data from bovine
samples indicated that Dsc2 is strongly expressed throughout
all layers of internal stratified epithelia, such as tongue [10–
13]. The combination of DSC1 and DSC2 is thus likely to
maintain cell-cell adhesion in oral mucosa in the absence
of DSC3 (Figure 1, and data not shown). Nevertheless,
little is known regarding the molecular (homophilic and
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Figure 1: Expression of the desmosomal cadherins desmoglein 1, 2, and 3 (DSG1–3) and desmocollin 1 and 3 (DSC1, 3) as well as α6-
integrin (ITGA6) in the interfollicular epidermis and the tongue epithelium of mice: Immunofluorescence staining of newborn epidermis
((a), (e), (c), (g)) and adult tongue ((b), (d), (f), (h)). The cadherins are shown in green while the integrin is shown in red. ((i), (j), (k),
(l)) Schematic representation of the distribution of each desmosomal cadherin in the epidermis ((i), (k)) and tongue epithelium ((j and l)).
Note that DSC2 antibodies which recognize the mouse isoform are currently not available (see text for details). Immunofluorescence signals
from the stratum corneum are due to nonspecific binding of secondary antibodies (white bar). Cell layers expressing the relevant proteins
are marked with brackets. The white arrow in (g) points towards the basal layer, which does not synthesize DSC1. Note that the expression
of DSG1 + 2 in the tongue is low in the basal layers. (i, j, k, l) Distribution of the desmosomal cadherins in stratified epithelia (BL, basal layer;
SC, stratum corneum). High expression levels are symbolized by a broad base and low expression levels are symbolized by narrow tips.
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Figure 2: Acantholysis in the interfollicular epidermis and mucous membranes of Dsc3 and Dsg3 null epithelia. (a) Acantholysis between the
basal and first suprabasal layer in the back skin epidermis of newborn conditional Dsc3 null mice (Dsc3 f l/ f l/K14-Cre). (b) Severe skin lesions
of a 140 day-old Dsc3 f l/ f l/K14-Cre mouse showing blistering in a healing wound. Note that these mice enter a cycle in which acantholysis
triggers epithelial tongue formation and secondary blistering in the epithelium that covers the original wound. (c) Tongue section from a
25-day-old Dsg3 null mouse showing acantholysis and massive inflammation in the epithelium. (d) Vagina of a 6-month-old Dsg3 null
mouse showing acantholysis in the deep epithelium (between basal and suprabasal layer). (e) Back skin of an adult wild type mouse.
(f) Tongue histology of an adult wild type mouse. Stars indicate blister cavities.

heterophilic) interactions between desmosomal cadherins in
vivo; that is, other models of compensation are possible.
Given that homophilic interactions between desmosomal
cadherins might occur in vivo, it is also possible that DSG3-
DSG3 interactions alone might be sufficient to maintain cell
adhesion in the Dsc3 null mucosa.

The data summarized above suggest that DSG3 and
DSC3 have comparable functions in desmosomes. However,
they have different roles in cell adhesion of specific tissues,
due to the presence of different compensatory proteins in
different tissues. Thus, whereas DSG3 appears to be essential
for maintaining cell-cell adhesion of internal stratified
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epithelia, DSC3 plays a similar role in the epidermis of the
skin.

4. Null Mutations in Desmosomal Cadherins
Cause Hair Loss

Interestingly, both desmosomal cadherins are required to
anchor hair follicles in the skin, as demonstrated by the
cyclic hair loss observed both in Dsg3 null and Dsc3 null
mice (Figure 3). The hair loss in both mutants was initiated
around the time of weaning and progressed from the top
of the head to the tail. This hair loss was never observed
in wild type litter mates, that is, this phenotype was strictly
linked to the null mutations in the two desmosomal cadherin
genes. Further, loss of telogen hair, as demonstrated by
tape hair-stripping experiment (Figures 5(c) and 5(g)), was
observed only in the mutant animals and not in wild type
littermates. Histology of the bald areas of the skin revealed
intraepithelial blistering affecting the two keratinocyte cell
layers surrounding the telogen club hair (Figures 3(b) and
3(f)). Acantholysis led to a loss of the hair shaft followed
by formation of empty dermal cysts (Figures 3(d) and
3(h)). Nevertheless, the hair in these animals grew back
and was lost again in the next telogen phase. This cycle
repeated itself several times. Eventually, some of the older
mice remained bald, possibly due to hair follicle stem cell
depletion.

The patterned loss of hair is due to synchronization of
the hair cycle in mice; around the time of weaning hair
follicles progress from the first postnatal anagen (the active
phase of hair growth cycle) to telogen (resting phase of
the hair growth cycle). Further, the wave of hair follicle
cycling proceeds from head to tail of the mouse. In rare
instances, hair loss has been reported in PF and PV patients
[5, 14], suggesting that the mouse models discussed here
mimic a human disease phenotype. However, due to the
synchronization of the mouse hair cycle (which does not
occur in humans), this effect is much more severe in
desmoglein and desmocollin null mice than in humans with
the autoimmune disease.

5. Dissecting the Roles of Desmosomal
Cadherins in Cell Adhesion, Signaling,
and Skin Disorders

The Dsg3 null mice do not develop an autoimmune disease;
that is, they do not provide us with a tool to dissect
autoantibody-mediated pathology. Nevertheless, these mice
enabled us for the first time to link the loss of DSG3
function to PV histopathology. In other words, we were
able to functionally identify DSG3 as a likely key tar-
get in a subset of pemphigus patients. Subsequent to
the development of the Dsg3-null mouse model, Amagai
and colleagues utilized this mouse line to develop an
autoimmune model for PV in mice [15], demonstrating
the usefulness of genetically engineered mouse models for

understanding the molecular pathology of human diseases.
Nevertheless, the mechanism by which PV autoantibod-
ies induce loss of DSG3 function and cause PV is still
a controversial issue. The hypotheses range from direct
inhibition of desmoglein function to indirect loss of cell-
cell adhesion. For instance, PV antibodies appear to trig-
ger aberrant intracellular signaling in several pathways.
Several reports have provided a link between pemphigus
and abnormal signaling mediated by p38 MAPK pathway
and by plakoglobin ([16, 17], see [3]). Based on studies
that used cultured keratinocytes, it appears that pemphi-
gus autoantibodies trigger phosphorylation of p38 MAPK
which in turn induces acantholysis by affecting downstream
effectors such as RhoA or HSP27 [16, 18]. Interestingly,
inhibitors of p38 MAPK activation could prevent skin blister
formation in newborn mice injected with PV autoantibodies
(passive antibody transfer model for PV), which suggests
that signaling mechanisms involving p38 MAPK are central
to acantholysis in pemphigus. Results from another group
implicated depletion of the cellular plakoglobin pool leading
to increased expression of c-Myc to be critical for PV
pathogenesis [17, 19]. Although the role of c-Myc signaling
in acantholysis is not clearly understood, the fact that c-
Myc inhibitors abrogated skin blistering induced by PV
autoantibodies illustrates that this mechanism could be
important in PV pathogenesis. It, therefore, appears that the
mechanisms driving the loss of cell adhesion by impaired
desmosomal function are more complex than previously
believed.

Although it has been well established that DSG3 plays
a key role in the development of PV, less is known about
a potential role of desmocollins in autoimmune diseases.
DSC1 has been linked to IgA pemphigus (see [3]), whereas
a role for DSC3 in autoimmune diseases has not yet been
established. The phenotypic consequences of a Dsc3 null
mutation in stratified epithelia of mice suggest that loss of
function of this protein, either due to mutations or due
to autoantibodies, would result in PV-like lesions. Recent
reports suggest that this might indeed be the case. Bolling
and colleagues reported the case of a patient with PV-
like symptoms who had developed DSC3- but not DSG3-
autoantibodies [20]. This report did not establish, however,
whether the DSC3-specific antibodies from this patient were
pathogenic. Further, Ayub and colleagues recently reported
a DSC3 mutation in a family in Afghanistan that was
associated with hair loss and recurrent skin blistering [21],
that is, a phenotype strikingly similar to the phenotype of our
Dsc3 mutant mice. Nevertheless, this report did not provide
histological data demonstrating intraepidermal blistering;
that is, further evidence is required to convincingly link
impaired DSC3 function to intraepidermal blistering in
humans.

Taken together, our mouse study demonstrated that loss
of Dsc3 function can lead to PV-like lesions while the human
studies cited above suggest that this finding is relevant for
at least a subgroup of patients with PV-like disease. Further
studies will be necessary to determine the extent to which
DSC3 plays a role in inherited and acquired desmosomal
diseases.
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Figure 3: Hair loss phenotype of conditional Dsc3 null ((a), (b), (c), (d)) and conventional Dsg3 null mice ((e), (f), (g), (h)). Both mouse
lines show cyclic hair loss beginning around the time of weaning when the hair follicles on the back of the head enter telogen, the resting
phase of the hair growth cycle. (a) Hair loss of a 56-day-old conditional Dsc3 null mouse and (b) a 53-day-old Dsg3 null mouse. (b and f)
Acantholysis between the two cell layers surrounding the telogen hair club leads to loss of the hair shaft. Arrows indicate separation of the
two cell layers. Note that early lesions are shown, that is, before the hair shaft is actually lost. (c and g) Telogen hairs with a single epithelial cell
layer surrounding the club hair (brackets, nuclei of the epithelial sheet surrounding the clubs are stained in dark (c) and light (g) blue, resp.).
In both cases, hair loss leads to the development of dermal cysts ((d and h); stars). Note that the hair loss in both mouse lines appears to
follow the same mechanism, that is, loss of cell-cell adhesion between the two epithelial cell layers which anchor the telogen hair in the skin.

6. Conclusions

The last decade has seen a surge of information regarding
the roles of individual desmosomal genes in normal devel-
opment and diseases based on the analysis of transgenic
and knockout mice. The ability to switch genes on or

off in specific cell types and tissues at predetermined
time points has made the mouse model a premier tool
for discovering gene functions and for the elucidation of
disease mechanisms. Moreover, the core genetic and phys-
iologic pathways that control epithelial cell differentiation
(including appendage development) are highly conserved
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between humans and mice. Although the ease of genetic
manipulations and the resemblance to human physiology
make mice an attractive choice to study skin disorders, there
are potential pitfalls, such as the possibility of species-specific
differences in the histology of the skin. Further, it is also
not possible to exclude the existence of species-specific gene
functions, requiring confirmation of experimental results in
a human test system. Nevertheless, the mouse will remain
a valuable tool for the analysis of human diseases and for
the advancement in our understanding of basic epithelial cell
biology.
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Cell-cell adhesion mediated by desmosomes is crucial for maintaining proper epidermal structure and function, as evidenced by
several severe and potentially fatal skin disorders involving impairment of desmosomal proteins. Pemphigus foliaceus (PF) and
staphylococcal scalded skin syndrome (SSSS) are subcorneal blistering diseases resulting from loss of function of the desmosomal
cadherin, desmoglein 1 (Dsg1). To further study the pathomechanism of these diseases and to assess the adhesive properties of
Dsg2, we employed a recently established transgenic (Tg) mouse model expressing Dsg2 in the superficial epidermis. Neonatal Tg
and wild type (WT) mice were injected with purified ETA or PF Ig. We showed that ectopic expression of Dsg2 reduced the extent
of blister formation in response to both ETA and PF Ig. In response to PF Ig, we observed either a dramatic loss or a reorganization
of Dsg1-α, Dsg1-β, and, to a lesser extent, Dsg1-γ, in WT mice. The Inv-Dsg2 Tg mice showed enhanced retention of Dsg1 at the
cell-cell border. Collectively, our data support the role for Dsg2 in cell adhesion and suggest that ectopic superficial expression of
Dsg2 can increase membrane preservation of Dsg1 and limit epidermal blister formation mediated by PF antibodies and exfoliative
toxins.

1. Introduction

Desmogleins and desmocollins are the transmembrane
adhesive components of intercellular junctions known as
desmosomes. Four distinct desmogleins (Dsg 1-4) have
been reported with unique expression profiles dependent
on the tissue type and differentiation state [1, 2]. Unlike
Dsg1 and Dsg3, whose expression is restricted to complex
stratified epithelia, Dsg2 and Dsg4 are expressed in a wide
range of other cell types. In stratified epithelia, such as
the human epidermis, Dsg2 is expressed at low levels and
is restricted to the proliferative basal cell layer while Dsg3
expression extends from the basal into the spinous cell
layers. Conversely, Dsg1 and Dsg4 expression is driven by
cell differentiation. Dsg1 is expressed from the immediate
suprabasal layer up, with marked higher abundance in
the differentiated granular cell layers. Dsg4 expression is
restricted to the highly differentiated upper cell layers.

It is well established that desmosomal cadherins play
a significant role in cell adhesion and tissue integrity, as
they have been identified as the target proteins in several
autoimmune, infectious, and inherited skin/hair fragility
diseases [3]. Pemphigus is a devastating and debilitating
autoimmune skin disease [4]. This disorder is generally
characterized by the production of pathogenic antibodies
targeting different components of cell-cell adhesion, in
particular, Dsg1 and Dsg3. The autoantibodies commonly
cause cell-cell disadhesion (acantholysis), as well as blis-
ters of the skin and mucous membranes. In pemphigus
foliaceus (PF), patients develop pathogenic autoantibodies
that target Dsg1 and promote cell-cell disadhesion in the
superficial epidermis, where Dsg1 is highly expressed, but
which lacks Dsg3 and Dsg2. Passive transfers of puri-
fied PF Ig into newborn mice produce blisters similar
to those observed in PF patients [5, 6]. Interestingly,
in the toxin-mediated disease bullous impetigo (and its
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generalized form staphylococcal scalded skin syndrome
(SSSS)), the bacterium S. aureus produces exfoliative tox-
ins (glutamic-specific serine proteases) that cleave Dsg1
between extracellular domains 3 and 4 [7]. Reminiscent
of PF, SSSS patients develop superficial skin blisters [8].
Furthermore, newborn mice treated with exfoliative toxins
develop skin blisters similar to those observed with the
passive transfer of PF Ig. Both pathogenic pemphigus
autoantibodies and exfoliative toxins target specific confor-
mational epitopes found within the N-terminal extracellular
domains of desmogleins [9]. These domains are believed
to play an important role in cadherin-cadherin interac-
tion, thereby alluding to the importance of desmogleins
in controlling intercellular adhesion and in maintaining
the structural stability and integrity of the epidermis [10–
13].

To assess the ability of Dsg2 to enhance cell adhesion and
to test the hypothesis that Dsg2 expression in the suprabasal
epidermis can limit PF/ETA blister formation by increasing
keratinocyte adhesion, we employed a transgenic mouse
model expressing Dsg2 in the superficial epidermis under
the involucrin promoter (Inv-Dsg2 Tg) [14]. We selected
Dsg2 since it is not a pemphigus antigen [15] and does not
appear to have the consensus sequence required for cleavage
by exfoliative toxins. We subjected the Tg mice and their WT
littermates to ETA and PF Ig treatments and assessed the
extent of skin blister formation. These experiments allowed
us to compare the relative intensity of the ETA- and PF-
induced blister formation in the presence or absence of
Dsg2 in the superficial epidermis. The results obtained here
provide some insights into the pathomechanisms of diseases
targeting Dsg1.

2. Results

2.1. Expression of Dsg2 in the Superficial Epidermis of Inv-Dsg2
Tg Mice. As previously described in detail, we generated Tg
mice expressing Dsg2 in the superficial epidermis, under
the control of the involucrin promoter [14]. Newborn Tg
mice appeared normal, with no gross abnormalities of
the skin or hair. Examination of the skin by histology
revealed minor epidermal hyperplasia in newborn Tg mice
compared to WT littermates (Figure 1(a)). We assessed the
expression of the Dsg2-Flag transgene in skin from newborn
Tg mice by immunostaining; antibodies against Flag and
Dsg2 (MP6) (Figure 1(b)) showed expression of Dsg2-Flag
in the superficial cell layers. In keeping with the literature, we
observed some negligible expression of endogenous Dsg2 in
the basal cell layer.

To confirm the immunoblotting results, we extracted
total skin protein from WT and Tg skin in RIPA buffer
and resolved it with SDS-PAGE. Immunoblotting with the
MP6 and Flag antibodies detected bands of approximately
160 kDa in Tg skin lysates (Figure 1(c)). MP6, but not Flag,
antibody picked up a weak signal for a similar sized band in
the WT skin, which is indicative of low levels of endogenous
Dsg2 in the newborn mouse skin. In summary, we generated
transgenic mice expressing Dsg2 in the superficial epidermis
of newborn mice.

2.2. Dsg2 Protects Skin from ETA-Mediated Blister Formation.
It is well established that ETA cleaves Dsg1 and causes
epidermal blisters in the upper layers of the epidermis, where
Dsg1 is highly expressed [16]. Mice treated with purified ETA
develop blisters similar to those seen in patients infected with
S. aureus. To determine whether Dsg2 could compensate
for the loss of Dsg1, we treated neonatal WT and Tg mice
with purified ETA. In response to subcutaneous injection of
ETA, we observed dramatic gross blisters in WT, but not Tg,
mice (Figure 2(a)). However, the results from the histologic
analysis were less definitive, since some Tg mice developed
extensive blisters while others showed a resistance to blister
formation (Figure 2(b), top panels).

Upon further analysis, we observed that the site of
blister formation in WT mice after ETA treatment was
superficial and occurred in the middle of the granular cell
layer (Figure 2(b), lower left panel), where Dsg1 is highly
expressed. However, in the Inv-Dsg2 Tg skin treated with
ETA, the site of epidermal splitting was often just beneath
the granular cell layer (Figure 2(b), lower right panel). These
results suggest that coexpression of Dsg2 with Dsg1 in the
superficial epidermis may protect from the loss of Dsg1 by
ETA although we cannot rule out the possibility that ectopic
expression of Dsg2 may also impair the ETA-digestion of
Dsg1 molecules. However, the latter scenario is unlikely, as
ETA is enzymatically efficient, and we did not observe any
significant increase in uncleaved Dsg1 in ETA-treated Tg
mice (see below).

The extent of the histologic blistering was graded on a
scale from 0, for no blisters, to +4, for extensive blisters.
We observed that overexpression of Dsg2 provided enhanced
protection against blister formation in response to ETA
(Figure 2(c)). To confirm that ETA cleaves mouse Dsg1 when
injected into newborn WT and Tg mice, skin biopsies were
taken after ETA treatment and the total cellular proteins
were extracted in Laemmli buffer. Western blotting showed
that ETA cleaves Dsg1, resulting in a smaller fragment
approximately 113 kDa in both WT and Inv-Dsg2 Tg mouse
skin (arrow, Figure 2(d)) [8, 16]. We previously showed
that antibody 27B2 recognizes an epitope present in the
cytoplasmic domain of all mouse Dsg1 (α, β, and γ) isoforms
[17]. In that report, we also demonstrated that ETA cleaves
only Dsg1-α and -β. Thus, the remaining full-length Dsg1
fragment left after ETA-treatment observed here is most
likely Dsg1-γ, but may also show inefficient Dsg1-α or -
β cleavage. Interestingly, we observed a slight increase in
Dsg1 in the ETA treated Tg skin (Figure 2(d)). This increase
in Dsg1 was reflected in a more intense 113 kDa band in
response to ETA cleavage. Finally, we showed here that ETA
did not cleave Dsg2.

To assess whether ectopic expression of Dsg2 in the
Tg skin had an effect on Dsg1 in response to ETA, we
performed immunofluorescence staining for Dsg1. We deter-
mined the expression pattern of Dsg1-α, -β, and -γ using
antibodies specific against each Dsg1 isoform (Figure 3).
These antibodies were generated against either synthetic
peptides or recombinant proteins localized within the extra-
cellular domain of Dsg1 and would thus detect the full-
length, membrane-spanning product after ETA digestion
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Figure 1: Suprabasal expression of Dsg2-Flag in newborn Inv-Dsg2 transgenic mice. (a) Histology showing slight epidermal hyperplasia
in a newborn Inv-Dsg2 Tg overexpressing Dsg2 in the superficial epidermis under the involucrin promoter, but not in WT mice. (b)
Immunostaining of newborn Tg skin with Flag (green) and Dsg2-specific MP6 (red) antibodies showing expression of Dsg2-Flag in the
differentiated cell layers of the transgenic epidermis. (c) Immunoblot of WT and Tg skin with MP6 and Flag antibodies, showing Dsg2-Flag
in the Tg but not WT skin. Actin was used for equal loading.

[17]. Despite the extensive cleavage of Dsg1 by ETA, as
shown by Western blotting above, we did not observe a
dramatic change in the Dsg1 pattern in either WT or Tg
skin. Dsg1 remained intact at the cell-cell border. To further
confirm these results, we immunostained ETA-treated WT
and Tg skin with antibody 27B2, which was raised against
the intracellular domain of human Dsg1 and recognizes
all three mouse Dsg1s. Staining with 27B2 showed cell-cell
border staining of Dsg1s even at the blister sites (Figure 3).
Collectively, our results demonstrate that ectopic expression
of Dsg2 could partially compensate for the loss of Dsg1-
mediated adhesion in response to ETA digestion.

2.3. Dsg2 Protects against PF Ig-Mediated Blister Formation.
Next, we wanted to assess whether ectopic expression of
Dsg2 could protect against skin blister formation induced
by PF pathogenic antibodies. We purified Ig from the sera
of PF patients with the active disease and performed passive
transfer of the PF Ig into newborn WT and Tg mice. We,
and others, have shown that mice injected with normal
human Ig do not develop skin blister formation [6]. In
accordance with the literature, we observed extensive gross
blisters in WT mice 18 hours after injection with PF Ig

[6]. However, the Inv-Dsg2 Tg mice injected with PF Ig
developed significantly less extensive blisters (Figure 4(a)).
The severity of skin blistering was similar between gross
observation and histological analysis (Figure 4(b)). Again
similar to the blistering observed with ETA in Figure 2,
we observed a slight downward shift in the site of blister
formation in Tg, as compared to WT, skin (Figure 4(b), lower
panels). The extent of histological blistering was then graded,
and the results showed that Tg mice were less susceptible
to blister formation in response to PF Ig (Figure 4(c)).
Thus, ectopic expression of Dsg2 in the superficial epidermis
rendered the Tg mice more resistant to PF Ig-induced skin
blisters.

To test the effects of PF Ig on epidermal Dsg1, skin
biopsies were collected after PF Ig treatment, and the total
cellular proteins were extracted in Laemmli buffer. Western
blotting showed that (1) up-regulation of Dsg2 did not
alter the expression level of Dsg1 in newborn mouse skin,
and (2) incubation with PF Ig reduced the level of Dsg1
(Figure 4(d)). Thus, our results demonstrate that, at the
Western blot level, PF Ig depletes Dsg1 and that superficial
expression of Dsg2 in Tg mice did not appear to modulate
the level of Dsg1 in response to PF Ig.
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Figure 2: Superficial expression of Dsg2 offers protection from ETA-induced blister formation. (a) Newborn WT and Inv-Dsg2 Tg mice were
injected subcutaneously with 0.5 μg ETA in PBS. Visible blisters were observed in WT but not Tg mice, 6–8 hours after ETA treatment. (b)
Mice were sacrificed, and their skin was processed for histological analysis, revealing slightly more extensive blisters in the WT mice (n = 14),
as compared to Tg mice (n = 23), in response to ETA. Top panels show 3X magnification, and lower panels show 40X magnification of the
site of blister formation. (c) The extent of blistering was graded based on the following semiquantitative scale: 0: no blisters, 1+: minor
blisters at the edge; 2+: localized blisters <50%; 3+: extensive blisters >50%; and 4+: very extensive blisters >75%. Each dot represents one
mouse. The average blister scores were 2.6 ± 1.2 for WT and 1.7 ± 1.3 for Tg. These values were statistically significant, P ≤ .038260921
(2-tailed unequal variance) or ≤ .01913046 (1-tailed unequal variance). (d) The back skin biopsies were homogenized in Laemmli buffer,
proteins were resolved with SDS-PAGE and immunoblotted for Dsg1 (27B2), Dsg2-Flag (Flag), and Actin (for equal loading). Western
blotting demonstrates that ETA cleaved Dsg1 (arrowhead), but not Dsg2. Note. antibody 27B2 was raised against the cytoplasmic epitope of
human Dsg1, and recognizes mouse Dsg1-a, -β, and -γ. Thus, the full-length signal is most likely ETA-resistant Dsg1-γ.
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Figure 3: Dsg1 is maintained at the cell-cell border in ETA-treated epidermis. Formalin-fixed paraffin-embedded skin sections from
newborn WT and Tg mice treated with ETA, as described in Figure 2, were immunostained with antibodies AP61, AP498, Ab15, and
27B2. Antibodies AP61, AP498, and Ab15 were raised against the extracellular domain of Dsg1-α, Dsg1-β, and Dsg1-γ, respectively [17].
Immunofluorescence shows undisturbed cell-cell border staining of all Dsg1 isoforms in both WT and Tg skins treated with ETA. DAPI
(blue) was used as a nuclear stain. Similar results were observed in skin treated with ETA for 18 hours. Arrows demarcate site of blister
cleavage.

Next, we wanted to evaluate whether or not superficial
expression of Dsg2 had an effect on Dsg1 fate and localization
in response to PF Ig. We first confirmed, by direct immunos-
taining, the presence of human antibodies in the skin of mice
treated with PF Ig (Figure 5(a), left panels). The human Ig
was detected in the epidermis of both WT and Tg skin. In
WT skin, staining for human antibodies was diffuse and was
disrupted by some cytoplasmic staining. Interestingly, in the
Tg epidermis, the staining for human antibodies was clearly
at the cell-cell borders, suggesting, perhaps, the presence
of more intact desmosomes (Figure 5(a), lower left panel).
We also immunostained the same tissues for Dsg2-Flag to

demonstrate that Tg, but not WT, mice expressed the Dsg2-
Flag transgene (Figure 5(a), middle panels). Double labeling
(Figure 5(a), right panels) showed colocalization (yellow) of
Dsg2 (green) and human Ig (red) at the cell-cell border in the
superficial epidermis (lower right panel).

Next, we assessed the expression and localization of Dsg1
(α, β, and γ) by indirect immunofluorescence (Figure 5(b)).
In WT animals, PF Ig treatment induced extensive redistri-
bution of Dsg1-α and Dsg1-β from a uniform cell-cell border
pattern to a disrupted granular pattern, which is indicative
of potential dissolution of the desmosomes (Figure 5(b), left
panels). The dissolution occurred throughout the epidermis
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Figure 4: Dsg2 offers protection against PF Ig-induced acantholysis. (a) Newborn WT and Inv-Dsg2 Tg mice were injected subcutaneously
with 10 mg of purified PF Ig for 18 hours. Gross blisters were more pronounced in WT mice, as compared to Tg mice. (b) Mice were
sacrificed, and their skin was processed for histology, revealing more dramatic blisters in the WT (n = 6) than in Tg mice (n = 10). Top
panels show 3X magnification, and lower panels show 40X magnification of the site of blister formation (arrows). (c) The extent of blistering
was graded as described in Figure 2. Each dot represents one animal. The average blister scores were 4.0 ± 0.0 for WT mice and 2.1 ± 0.7 for
Tg mice. These values were statistically significant, P ≤ .000022 (2-tailed unequal variance) or ≤ .000012 (1-tailed unequal variance). (d)
Back skin biopsies of WT and Tg mice treated with PF Ig were homogenized in Laemmli buffer, the proteins were resolved with SDS-PAGE
and immunoblotted for Dsg1 (27B2), Dsg2, and Actin. Western blotting demonstrates that superficial Dsg2 slightly enhances retention of
Dsg1 in response to PF Ig.
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Figure 5: Superficial expression of Dsg2 reduces disruption of Dsg1 in response to PF Ig. Newborn WT and Dsg2 Tg mice were injected
subcutaneously with PF Ig, and, 18 hours later, back skin samples were frozen in OCT or were fixed in formalin and embedded in paraffin
for immunostaining. (a) Direct immunostaining for human Ig (hIg, left panels), showing localization of human antibodies to the epidermis
after PF Ig passive transfer. The same tissue was immunostained with Flag antibodies, demonstrating the presence of Dsg2-Flag in the Tg, but
not WT, skin (middle panels). Double labeling for the human Ig (red) and the Flag tag (green) is shown (right panels). Staining of human
Ig was considerably more intact at the cell-cell border in the Tg skin, particularly in the superficial epidermis, where Dsg2 was expressed.
Thus, superficial Dsg2 retains PF Ig at the cell-cell borders. (b) Lesional and nonlesional back skin sections were then immunostained with
antibodies AP61, AP498, and Ab15, which were raised against the extracellular domain of Dsg1-α, Dsg1-β, and Dsg1-γ, respectively. DAPI
(blue) was used as a nuclear stain. Arrows demarcate site of blister cleavage (lesional skin). In WT mice, treatment with PF Ig dramatically
disrupted cell-cell border staining of Dsg1-α and Dsg1-β but not Dsg1-γ (left panels). Superficial expression of Dsg2 reduced the extent of
Dsg1 perturbation (internalization and degradation). There was no significantly observable difference between lesional and non-lesional
epidermis.

but was more extensive in the less differentiated cell layers.
Intriguingly, PF Ig had a minor effect on Dsg1-γ, showing
a slight reduction in the deep epidermis as compared to
untreated control skin. In Tg mice treated with PF Ig, the
presence of Dsg2 in the superficial epidermis helped retain

Dsg1 at the cell-cell border (Figure 5(b), middle and right
panels). The level of Dsg1 dissolution was not dramatically
different between unaffected and lesional skin. In conclusion,
superficial expression of Dsg2 appears to maintain the
organization of Dsg1 in response to PF Ig treatment.
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3. Discussion

In this paper, we showed that superficial expression of Dsg2
in Tg mice offers protection against skin blister formation
in response to the bacterial toxin ETA and pathogenic PF
antibodies. These results suggest that Dsg2 can enhance
mechanical adhesion, likely contributing to this protective
effect. In the case of ETA, this enhancement could counter
the loss of adhesive function due to the removal of sequences
in the ectodomain of Dsg1 known to be important for
desmoglein-dependent adhesion [12, 13]. In the case of
PF Ig, increased adhesion may compensate for possible
steric hindrance of desmoglein trans-interaction induced by
antibody-antigen binding [6, 18, 19].

Despite considerable progress in pemphigus research,
there is still a controversy over the mechanism of pemphigus
Ig-induced acantholysis—is it a disease of steric hindrance,
cell signaling, or both? Steric hindrance of desmoglein
trans-interaction induced by antibody-antigen binding was
initially proposed based on evidence that one desmoglein
could compensate for the loss of another [6, 18, 19]. The
most compelling data supporting this hypothesis comes
from a study showing that ectopic expression Dsg3 in the
superficial epidermis of Tg mice [19] protects from blister
formation induced by PF antibodies [20]. Furthermore,
toxins such as ETA can induce PF-like skin blisters by
proteolysis of Dsg1 in the absence of antibody binding [16].
In this paper, we demonstrate that ectopic expression of Dsg2
in the superficial epidermis could limit both PF Ig- and
ETA-induced skin blister formation, suggesting that steric
hindrance plays a role in the mechanism of pemphigus.

However, desmoglein compensation in response to
pathogenic antibodies may work through mechanisms other
than steric hindrance [3, 21, 22]. Indeed, in the case of
PF, anti-Dsg1 antibodies can induce blister formation by
triggering intracellular signaling pathways, without disrupt-
ing Dsg1-Dsg1 interactions [23]. Intracellular signaling may
then promote alterations in cortical actin remodeling and
may induce other changes that lead to the depletion of
desmogleins from the desmosome and lead to consequent
blistering. It is possible that Dsg2 counters the impact of PF
Ig on these pathways, resulting in the retention of Dsg1 at the
cell surface and maintenance of desmosome structure and
function.

Also, suprabasal expression of Dsg2 in Tg mice offers
greater protection against PF Ig, as compared to ETA
(Figure 4). The difference in the response to ETA and PF
Ig in transgenic mice may be due to differences in the
mechanism by which ETA and PF Ig induce blistering, the
mechanism by which suprabasal Dsg2 limits the blistering,
or both. For instance, whereas PF antibodies disrupt and
reduce cell-cell border staining of Dsg1 (Figure 5), ETA
cleavage does not appear to alter the plasma membrane
localization of Dsg1 despite inducing extensive skin blisters
(Figure 3). It is possible that retention of this truncated
Dsg1 molecule at the cell surface may attenuate Dsg2’s
protective effects. In addition, either alterations in the
subcellular distribution of armadillo proteins or the dif-
ferential impact on other signaling pathways could also

account for the observed differences in Dsg2’s protective
effect between ETA- or PF-treated Tg mice. It has been
reported that pemphigus antibodies trigger a rapid turnover
and reduction of the nuclear pool of plakoglobin, thereby
abolishing plakoglobin’s role as a transcriptional repressor of
the proto-oncogene c-Myc [24]. We recently demonstrated
that Dsg2 enhances c-Myc expression [14]. In that study,
we demonstrated that Dsg2 plays a role in cell signaling
activation, and many signaling pathways directly involved in
epithelial cell growth and survival are activated in Dsg2 Tg
mice.

In summary, we propose that desmogleins mediate cel-
lular homeostasis through cell-cell adhesion and activation
of signaling pathways; changes in desmosome structure
and integrity by pemphigus antibodies or ETA can disrupt
this balance. Compensating with another desmoglein can
offset this deregulation, thus restoring homeostasis, possibly
through a combination of cell-cell adhesion and the regula-
tion of cell signaling. What remains to be addressed in future
studies is (1) whether ectopic expression of Dsg2 alters the
sensitivity of Dsg1 to degradation by ETA or loss of function
upon antibody binding, and (2) whether the loss of Dsg1
function in pemphigus is caused by altered signaling and/or
steric hindrance.

Currently, there are no FDA-approved prescription drugs
specifically for the treatment of pemphigus. The combi-
nation of corticosteroids and other nonsteroidal immuno-
suppressive or anti-inflammatory drugs offers the most
effective means to lower mortality while reducing long-
term morbidity due to chronic systemic exposure to steroids
[25]. Several ongoing clinical trials targeting cell-signaling
molecules such as p38MAPK and TNF-a appear promising
[26, 27]. As mentioned above, we recently demonstrated
that Dsg2 activates multiple growth and survival pathways,
including PI 3-kinase/AKT, MEKMAPK, STAT3, and NF-
κB. In this paper, we show that Dsg2 can limit epidermal
blister formation mediated by PF antibodies. Thus, finding
a drug/agent that could increase Dsg2 levels in the skin or,
preferably, activate the signaling pathways downstream of
Dsg2 offers a potential therapeutic treatment for this life-
threatening blistering disease.

4. Materials and Methods

4.1. Histology, Immunohistochemical Staining, and Immunob-
lotting. For histology, skin tissues were fixed at room tem-
perature overnight in a 10% formalin solution. Tissues were
then processed for paraffin embedding, sectioned (5 μm),
mounted on glass slides, and stained with Hematoxylin and
Eosin.

For immunohistochemistry, mouse skin biopsies were
fixed in either OCT or 10% formalin (Sigma) and were
embedded in paraffin. Tissues were sectioned (5 μm) as
previously described in detail [6, 17]. To detect normal
human Ig, the Flag tag, or Dsg1, OCT frozen sections were
fixed in methanol (−20◦C) for 15 minutes, permeabilized
with 1% TX-100 in PBS for 5 minutes, and blocked in
IF blocking buffer (5% normal goat serum, 1% BSA,
and 0.02% TX-100 in PBS) for 1 hour at RT. Tissues



Dermatology Research and Practice 9

were incubated with primary antibodies (anti-Flag (1 : 1000,
Sigma) and 27B2 (1 : 10)) overnight at 4◦C and secondary
antibodies for 1 hour at room temperature. Antibodies were
incubated in IF blocking buffer. For polyclonal antibodies
against mouse Dsg1 isoforms, paraffin embedded tissues
were deparaffinized in 100% xylene (5 minutes; 3 times),
100% ethanol (5 minutes; 2 times), 95% ethanol (5 min-
utes; 2 times), 75% ethanol (2 minutes), 50% ethanol (2
minutes), and H2O (2 minutes). Antigens were retrieved
in an antigen-retrieving medium (Signet, Dedham, MA) by
the microwave method and digestion with trypsin (Sigma).
Primary and secondary antibodies were suspended in IF
blocking buffer. Nuclei were stained with DAPI (Sigma), and
slides were mounted for analysis via fluorescence microscopy.
Polyclonal antibodies against mouse Dsg1 include AP61
(Dsg1-α; 1 : 100), AP498 (Dsg1-β, 1 : 100), and Ab15 (Dsg1-
γ, 1 : 1000). Alexa Fluor-conjugated secondary antibodies
(488 and 594 nm) were from Invitrogen (Eugene, OR)
and were used at 1 : 200. Images were acquired using a
Hamamatsu monochromatic digital camera and Phase 3
Imaging Systems software (Glen Mills, PA, USA; C4742–
95).

In preparation for immunoblotting, mouse back skin was
pulverized in liquid nitrogen in RIPA buffer (50 mM Tris-
HCl (pH 7.5), 150 mM NaCl, 1% Nonidet P-40, 0.5% deoxy-
cholate, 0.1% SDS, and a protease inhibitor cocktail (Roche
Diagnostics, Indianapolis, IN)). Protein concentration was
determined (Pierce BCA kit, Pierce Biotech, Rockford, IL),
and immunoblotting was performed, as described previously
[17], with 20 μg of protein in each lane resolved with 7%
SDS-PAGE (Bio-Rad Laboratories, Hercules, CA). Signals
were detected with chemiluminescence (ECL; Amersham
Biosciences, Piscataway, NJ). Antibodies used were 27B2
(1 : 100), Flag (1 : 1000), and Actin (1 : 10 000).

4.2. PF Ig Purification. Preparation of serum Ig was done
as previously described [28]. Briefly, human sera (10–20 ml)
were dialyzed overnight at 4◦C against 20 mM KH2P04 (pH
8.0), and 0.02% sodium azide and was purified with a DEAE
Affi-Gel Blue column (Bio-Rad Labs, Hercules, CA). Serum
Ig was concentrated using Centriprep10 (Amicon Millipore,
Billerica, MA) and was dialyzed against PBS at 4◦C. Protein
concentration was determined, and the sera were stored at
−80◦C.

4.3. Passive Transfer of Pemphigus Ig and Injection of ETA
into Neonatal Mice. Newborn mice (∼2 g) were injected
subcutaneously with purified Ig (10 mg in 100 μl) between
the shoulder blades with a 1 cc insulin syringe (Becton
Dickinson) as previously described [6]. For ETA treatment,
newborn control and Tg mice were injected subcutaneously
in the back of the neck with either ETA (0.5 μg in 50 μl
PBS, Toxin Technology, Sarasota, FL) or PBS alone as
previously described [8]. Animals were photographed and
sacrificed, and their back skin was processed in 10% PBS-
buffered formalin (Sigma) for histology and in OCT for
immunohistochemistry or was frozen in liquid nitrogen for
DNA and protein extraction.

Abbreviations

ETA: Exfoliative toxin A
Dsg: Desmoglein
PF: Pemphigus foliaceus
PV: Pemphigus vulgaris
Tg: Transgenic
WT: Wild-type.
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Pemphigus is a group of human autoimmune blistering diseases of the skin in which autoantibodies to desmosome cadherins
induce loss of cell-cell adhesion (acantholysis). In addition to steric hindrance and activation of intracellular signaling, apoptosis
has been suggested to contribute to the mechanism by which pathogenic IgG induces acantholysis. We review the current literature
examining the role of apoptosis in pemphigus. Current data suggest that apoptosis is not required for blister induction, but
that activation of proapoptotic proteins, including caspase cysteine proteinases, may sensitize cells to the acantholytic effects of
pemphigus IgG.

1. Introduction

Pemphigus is a group of autoimmune blistering diseases
characterized by loss of keratinocyte cell adhesion that leads
to clinical blister formation. Pemphigus vulgaris (PV) and
pemphigus foliaceus (PF) are the two main variants. In
these disorders, autoantibodies to desmosome cadherins
induce blister formation. In PF, pathogenic IgG target the
desmosome cadherin desmoglein-1 (dsg-1) [1], inducing
loss of adhesion in the subcorneal region of epidermal
epithelia; whereas, in PV, antibodies to desmoglein-3 (dsg-3)
in mucosal PV [2] and to dsg-3 and dsg-1 in mucocutaneous
PV [3–5] induce loss of adhesion in the suprabasal layer.

2. Signal Transduction and Acantholysis

When injected into neonatal mice, IgG fractions from
pemphigus patients induce blister formation reproducing
the histology, immunohistology, and clinical appearance of
the human disease [6, 7]. This seminal observation pro-
vided the evidence that the autoantibodies themselves were
pathogenic, inducing blister formation in the target organ,
the skin. A variety of mechanisms have been proposed to
explain how pemphigus autoantibodies disrupt keratinocyte

cell-cell adhesion. The observation that pemphigus IgG
were directed against the desmosomal cadherins dsg-1 and
dsg-3 led to the suggestion that the IgG inhibited trans
interactions of desmosome adhesion proteins across the
adhesive interface, a mechanism know as the steric hindrance
hypothesis. Alternative hypotheses have been suggested,
including antibody induction of intracellular signaling that
leads to loss of adhesion, and antibody induction of ker-
atinocyte apoptosis.

Changes in cell-cell adhesion are often accompanied by
significant alterations in the biology of the cell. When cells
become adherent to adjacent cells, they often cease to migrate
and proliferate, a concept referred to as contact inhibition
and loss of which often characterizes the malignant pheno-
type of cancer cells. In contrast, when cells lose adhesion to
their neighbors, they can undergo apoptosis, or proliferate,
and, or migrate. Which of these later fates occur is often
context dependent. For example, loss of adhesion to and
migration from the wound margin is typical of the biology
of a keratinocyte migrating into a healing wound. Therefore,
it is not surprising that alterations in cell adhesion complexes
initiate, inhibit, and/or regulate signaling processes.

Kitajima’s group was the first to describe the activation
of signaling pathways in cells exposed to pemphigus IgG.
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They first reported increased intracellular calcium levels
in keratinocytes treated with sera from PV patients [8].
In subsequent studies, using either PV sera or fractions
enriched for pathogenic IgG, they demonstrated activation
of additional signaling molecules including protein kinase C
[9] and phospholipase C [10]. Other signaling events have
been observed in pemphigus treated keratinocytes and may
contribute to loss of or to biologic transitions induced by
altered adhesion [11–18].

3. Apoptosis

Programmed cell death is a mechanism used by multicellular
organisms to remove unwanted cells. For example, the
shaping of tissues during development is a coordinated
process of proliferation, migration, and cell death. In fully
developed organisms, tissues that continuously proliferate,
including the skin, must balance cell proliferation and death
to prevent unchecked growth. In pathologic states, including
actinic damage that may lead to neoplastic transformation,
apoptosis is employed to remove from the host tissue these
potentially damaging cells. Apoptosis is characterized by
a number of well recognized cytological and biochemical
features including, (i) nuclear condensation, (ii) activation
of caspase cysteine proteinases, (iii) DNA fragmentation
at regular intervals resulting in DNA laddering, (iv) cell
shrinkage, and (v) membrane blebbing (reviewed in [19]).

A number of reports indicate that apoptosis occurs
as a consequence of exposure of human keratinocytes to
pemphigus sera or purified IgG fractions, observed in both in
vitro tissue culture systems, in vivo utilizing passive transfer
mouse models, or in human patient skin biopsies. Induction
of apoptosis or of proapoptotic proteins by pemphigus
IgG may be (i) part of the mechanism by which sera
and IgG induce acantholysis or (ii) a consequence of loss
of adhesion and a result of acantholysis. Apoptosis has
been proposed to have a role in the mechanism by which
pemphigus IgG induce acantholysis [20, 21]. Initial reports
examined histological sections of skin biopsies and TUNEL
positive keratinocytes, indicative of DNA fragmentation
characteristic of cells undergoing apoptosis, in both lesional
PF [22] and PV [20] and in perilesional pemphigus skin
[23]. Markers for apoptotic cells, apart from TUNEL include
components of the proapoptotic pathway such as caspases,
PARP, or Fas. These proapoptotic markers have also been
used to investigate the presence of apoptotic cells in PV
patient skin biopsies.

4. Immune Cells and Fas/FasL

Although there is a fairly broad consensus that apoptosis
can be observed in pemphigus IgG induced disease pro-
cesses, there remains an ongoing discussion about whether
apoptosis is a (i) cause, (ii) result, or (iii) “byproduct” of
acantholysis. For example, modeling anoikis, it would be
straightforward to think of apoptosis as consequence of
acantholysis. Anoikis is a special form of apoptosis of
epithelial cells triggered when cells become detached from
the substratum. Disruption of integrin-extracellular matrix

binding is a main trigger for anoikis [24]. In contrast, the
main adhesive forces between cells in the suprabasal layers
of the epidermis are adherens junctions and desmosomes;
therefore, anoikis seems to be unlikely to be important in
pemphigus. Furthermore, it has been reported that PV IgG,
but not normal human IgG, cause cell death as measured by
trypan blue exclusion in suspension keratinocytes [25]. The
ability of pemphigus IgG to induce cell death in nonadherent
keratinocytes would seemingly exclude the loss of cell attach-
ment as a trigger for pemphigus IgG induced cell death.

As early as 1994, Sayama and coworkers, and later
other groups, reported upregulation of soluble Fas ligand
in either PV patient sera and, or skin, suggesting that
apoptosis in the target organ skin is triggered via the Fas/FasL
system [20, 23, 26, 27]. Importantly, anti-FasL blocking
antibodies only partially inhibited this proapoptotic effect
of pemphigus sera on cultured keratinocytes suggesting
that other mechanisms may contribute to induction of
apoptosis. Rodrigues and colleagues also reported observing
TUNEL positive keratinocytes in perilesional biopsies in
patients with Fogo selvagem, the endemic form of PF [28].
Interestingly, these authors also noted the presence of the
inflammatory cytokines TNF-α, IFN-γ, and IL-1 in the
lesion exudate which led them to suggest that inflammatory
mediators could contribute to the induction of apoptosis
in pemphigus. Similarly, Pacheco-Tovar and colleagues sug-
gested that CD8+FasL+ lymphocytes in pemphigus skin may
have a role in inducing apoptosis [26]. In contrast, other
groups have suggested that pemphigus associated apoptosis
is independent of changes in Fas-ligand levels. For example,
Reich and colleagues did not see increased levels of FasL in
PNP patient sera, despite observing increased apoptotic cells
in PNP skin biopsies [29].

Genetic polymorphisms in genes encoding apoptotic
factors have been identified in autoimmune disorders.
Köhler and Petzl-Erler reasoned that if apoptosis has a role
in pemphigus, then genetic polymorphisms in apoptotic
factors might similarly explain the susceptibility of certain
individuals to this disease; however, they were unable to
find an association between specific polymorphisms in the
genes encoding either the p53 or BAX in a Brazilian focus of
endemic PF [30].

Taken together, pemphigus lesions have been described
with or without the infiltration of immune cells suggesting
that inflammation is not necessarily an early event nor
required for pemphigus disease induction. Nevertheless, the
latter observation could explain the contradictory finding
of the presence or absence of FasL in pemphigus lesions by
different labs.

5. The Temporal Association of
Acantholysis and Apoptosis

Apoptosis leads to cell death; whereas, in pemphigus, the
engagement of cell surface antigens by pathogenic leads to
loss of adhesion, a point discussed by Grando and colleagues
in a recent commentary [31]. The timing of these events and
their relation to one another, that is the loss of adhesion
and activation of proapoptotic proteins, has been subject to
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debate and investigation. Grando uses the term apoptolysis
to suggest a relationship between the activation of apoptotic
proteins including caspases, and acantholysis emphasizing
that caspase activation and acantholysis can proceed in the
absence of cell death. Namely, that caspases could serve cell
regulatory functions in addition to apoptosis. In support of
this hypothesis is data demonstrating that many desmosome
components as well as intermediate filaments can serve as
caspase substrates [32–35]. Thus, caspases may have a role
in regulating desmosome protein turnover under normal as
well as pathophysiologic states.

Differing reports on the role of apoptosis in pemphi-
gus IgG mediated acantholysis may reflect the different
systems and experimental conditions used. For example,
different keratinocyte culture systems, including primary
human keratinocytes, squamous cell carcinoma cell lines,
and the immortalized HaCat keratinocyte cell line, have
been used to examine in vitro the role of apoptosis in
pemphigus acantholysis. Similarly, cell cultures that have
been passaged multiple times, believed to reproduce some of
the biochemical and physiologic alterations associated with
aging, appear more susceptible to the apoptosis inducing
activity of pemphigus IgG [36]. Utilizing cell culture systems,
extended incubations are often used to examine the ability
of pemphigus sera or pemphigus IgG to induce keratinocyte
apoptosis. Incubations with pemphigus sera and/or IgG
from 8 to 72 hours have been used in experiments in
which activation of proapoptotic markers including TUNEL
positivity have been observed at typically later time points
[37]. Moreover, monolayer cultures cannot fully replicate
the in vivo situation, as cells in culture are proliferating;
whereas, the cells affected and involved in pemphigus disease
processes are suprabasal keratinocytes that have ceased to
proliferate, but are differentiating. Differences in prolifera-
tion and differentiation could lead to altered susceptibility to
apoptotic stimuli. Skin biopsies are a snapshot in time of the
disease progression and reported differences in the biopsies
may be attributed to different stages of disease progression.
While very early disease lesions may be negative for apoptotic
markers, late lesions may show apoptosis as well as immune
cell infiltrates.

6. The In Vivo Effect of Caspase Inhibitors

Li and colleagues explored the ability of caspase inhibitors
to block acantholysis in vivo using the PF passive transfer
mouse model [38]. They reported that pretreatment of
neonatal mice with 0.034–6.8μg/g body weight of the
caspase inhibitors Ac-DEVD-cmk or Boc-D-fmk prevented
PF IgG induced blister formation in the mice at 20 hours.
Interestingly, in time course studies they observed increased
amounts of the proapoptotic factor Bax initially and sub-
sequent decreases in the antiapoptotic factor Bcl-xL at later
time points, an observation they suggest supports a role for
induction of apoptosis via the mitochondrial pathway. They
interpret these results to implicate caspase activity in the
mechanism of acantholysis. This report stands in contrast to
an in vitro study by Schmidt and colleagues suggesting that
caspase inhibitors do not block acantholysis [39]. Using the

immortalized HaCat keratinocyte cell line as well as normal
human epidermal keratinocyte cultures as in vitro model
systems, they observed PV IgG induced keratinocyte dissoci-
ation and cytokeratin retraction without observable markers
of apoptosis such as nuclear condensation, TUNEL staining,
and caspase-3 activation. The caspase inhibitor z-VAD-fmk
did not block PV IgG mediated acantholysis in cultured
keratinocytes. In addition to using pharmacologic inhibitors
of apoptosis, genetic approaches also failed to demonstrate
a role for apoptosis in PV IgG mediated acantholysis. In
these experiments, overexpression in HaCat cells of the
Fas-associated death domain-like interleukin-1-β-converting
(FLICE)-like inhibitory proteins FLIPL and FLIPS, inhibitors
of caspase-8 mediated activation and apoptosis, blocked Fas
induced apoptosis, but failed to block PV IgG mediated
acantholysis. An additional important finding in the above
mentioned report is that not all lesions from the same
patients, particularly very early ones, showed markers of
apoptosis, an observation suggesting that apoptosis is not
essential for acantholysis.

7. Pemphigus, P38MAPK, Acantholysis,
and Apoptosis

In a series of experiments initially designed to look at
signaling pathways downstream of changes in desmosome
mediated cell-cell adhesion, our research group identified
activation of p38 mitogen activated protein kinase (MAPK)
as a necessary event for pemphigus IgG induced acantholysis
[40]. Phosphorylation is a common, reversible modification
that regulates protein structure, function, and activity.
Because changes in protein phosphorylation are common
in signal transduction cascades and can be readily detected
and quantified with radioactive phosphate, we designed a
strategy to screen for signaling downstream of pemphigus
IgG induced changes in desmosome mediated adhesion.
Primary human keratinocytes were loaded with 32P-H3PO4

and then exposed to purified PV IgG for 30 minutes. Protein
extracts were prepared from labeled cells and separated by
two-dimensional gel electrophoresis. Radioactive proteins
were detected by autoradiography and quantified by phos-
phoimage analysis. Using this approach, we identified several
radioactive spots whose signal was consistently increased in
samples treated with PV IgG, but not in normal human
IgG nor buffer treated controls. Through this screen we
first identified the small heat shock protein (HSP) 27 and
p38MAPK as components of a putative signaling cascade
downstream of PV IgG induced changes in desmosome
adhesion. Because p38MAPK was known to be upstream of
HSP27, it was not surprising that keratinocytes pretreated
with the p38MAPK inhibitors SB202190 or SB203580, but
not the inactive analog SB202474, failed to induce HSP27
phosphorylation when treated with PV IgG. What was
surprising was that the p38MAPK inhibitors also blocked PV
IgG induced actin reorganization and keratin intermediate
filament retraction. This observation suggested that activa-
tion of p38MAPK might not be a signal activated by loss
of adhesion, but could in fact be part of the mechanism by
which PV IgG induced loss of adhesion. These observations



4 Dermatology Research and Practice

were later confirmed using passive transfer mouse models
of both PV [41] and PF [42]. Phosphorylation of both
HSP27 and p38MAPK were observed in skin biopsies from
PV and PF IgG treated neonatal mice. Significantly, in
mice pretreated with p38MAPK inhibitors, p38MAPK and
HSP27 phosphorylation and blister formation were blocked.
Activation of p38MAPK in keratinocytes treated with PV
IgG has now been independently confirmed by several labs
actively investigating the mechanism of acantholysis [12, 16,
43].

Our earlier studies had demonstrated a role for
p38MAPK in the mechanism by which pemphigus IgG
induce acantholysis. Based on (i) the known roles of
p38MAPK and HSP27 in regulating both the actin and
intermediate filament cytoskeletons [44–50] and (ii) the
ability of p38MAPK inhibitors to block PV IgG induced actin
reorganization and keratin intermediate filament collapse
in keratinocyte tissue cultures [40], we had proposed that
p38MAPK was acting upstream of and regulating both
actin and keratin intermediate filament cytoskeletal changes
induced by pemphigus IgG. Recent work in our lab has also
demonstrated a role for p38MAPK in regulating pemphigus
IgG induced desmoglein endocytosis [51].

Because of the well-characterized involvement of
p38MAPK in apoptosis [52–54], we initiated a series of
experiments to investigate the potential relationship of PV
IgG induced activation of p38MAPK to apoptosis [55]. In
this series of experiments, both tissue culture and animal
model systems were employed. Primary human keratinocyte
cultures allowed us to very accurately follow the time course
of biochemical changes induced by pemphigus IgG; whereas,
utilization of the pemphigus passive transfer mouse model
allowed us to determine if the events observed in vitro were
reflective of the in vivo state. Primary human keratinocytes
were exposed to PV IgG and examined biochemically and
by confocal immunofluorescent microscopy at various times
after addition of PV IgG to the cultures. Interestingly, two
sequential peaks of p38MAPK activation were observed, the
first beginning within minutes after addition of PV IgG,
peaking at 30 minutes, and then dropping down to baseline
by 4 hours. A second extended peak of p38MAPK activation
was observed to begin at 6 hours and continued out to 10
hours. Analogous to the observations in tissue culture, a
similar biphasic activation of p38MAPK in the skin was
observed in the passive transfer PF mouse model. An initial
peak of p38MAPK activation was seen at 2 to 4 hours after
subcutaneous administration of purified PF IgG to neonatal
C57BL/6J mice which dropped down to baseline levels at 6
hours. A second peak of p38MAPK was observed in murine
skin at 8 hours post PF IgG injection and was sustained out
to at least 21 hours post injection. Along with p38MAPK
activity, markers of apoptosis, including TUNEL staining,
PARP cleavage, and caspase-3 cleavage were also examined
at sequential time points after treatment with pemphigus
IgG. In both primary human keratinocyte cultures and the
passive transfer mouse model, markers of apoptosis were
late events occurring coincident or subsequent to the second
peak of p38MAPK activation. In the passive transfer mouse
model, acantholysis was readily apparent at 21 hours after

treatment with PF IgG; however, neither cleaved PARP nor
cleaved caspase-3 could be detected at either the 21- or 24-
hour-time points, well after the second peak of p38MAPK
activity had begun. It was not until 30 hours post PF IgG
injection that these markers of apoptosis (cleaved PARP and
cleaved caspase-3) were detected by immunoblot of skin
extracts. Similarly, only in skin biopsies from mice treated
with PF IgG for times exceeding 21 hours were increases in
TUNEL positive keratinocytes detected.

To investigate the relationship of the first and second
peak of p38MAPK activity to acantholysis, and apopto-
sis, inhibitor experiments were performed in both pri-
mary human keratinocyte culture and passive transfer
mouse models. By either pretreating cultures or mice
with p38MAPK inhibitors prior to pemphigus IgG or at
a time after the first, but prior to the second peak of
p38MAPK activity, either both peaks or the second peak of
p38MAPK activity could be selectively inhibited. Utilizing
this approach, inhibition of the first, but not second, peak
of p38MAPK activity inhibited blister formation in vivo and
cytokeratin retraction in vitro [55]. We interpreted these
results to indicate that the first, but not second peak, of
p38MAPK activity observed after exposure to pemphigus
IgG was part of the mechanism of acantholysis. Importantly,
although it failed to inhibit cytokeratin retraction and
acantholysis, selective inhibition of the later second peak
of p38MAPK activity inhibited caspase-3 activation in vivo.
Thus, the time course studies revealed that apoptosis occurs
at or after the second peak of p38MAPK activation and that
inhibition of this later peak of p38MAPK activity blocked
activation of the proapoptotic proteinase caspase-3, but not
acantholysis. Collectively, these observations suggest that the
earlier peak of p38MAPK activation is part of the mechanism
leading to acantholysis; whereas, the later peak of p38MAPK
and apoptosis are subsequent to and likely not essential for
acantholysis (Figure 1).

Interestingly, pemphigus IgG induced cytokeratin retrac-
tion may trigger apoptosis as suggested by a recent report
from the Omary lab implicating a role for keratin inter-
mediate filaments in the induction of apoptotic pathways.
Mutations in the hepatocyte keratin K8 were associated with
altered mitochondrial morphology and increased suscepti-
bility to proapoptotic stimuli [56]. Null K8 or K8 mutants
show decreased mitochondrial size, a shift from diffuse to
cortical distribution and clumping, and increased mitochon-
drial release of cytochrome c from mutants. Therefore, it
may be the collapse of the intermediate filament network
in pemphigus that contributes to activation of apoptosis in
these cells.

8. Making Sense of It All

From studies to date, it is clear that activation of proapop-
totic proteins, including caspases, occurs in pemphigus.
Although studies from our lab and from Waschke’s group
indicate that apoptosis is not essential for acantholysis
to proceed, Li and coworkers have shown that caspase
inhibitors can block acantholysis in the PF passive transfer
mouse model. The challenge of resolving these seemingly
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Figure 1: Pemphigus, p38MAPK, acantholysis and apoptosis. Two sequential peaks of p38MAPK activation are observed when keratinocytes
are exposed to either PV or PF IgG. (a) Pemphigus IgG binds to dsg and biases the equilibrium of desmosome assembly/disassembly towards
disassembly which is linked by an, as yet, undefined mechanism towards activation of p38MAPK. Subsequent p38 dependent alterations in
the cell state include RhoA inactivation, dsg endocytosis, HSP27 phosphorylation, keratin intermediate filament retraction, actin, and loss
of cell-cell adhesion (acantholysis). (b) A second late peak of p38 activity is observed that is likely a stress response signal induced by loss of
cell-cell adhesion and leads to activation of proapoptotic pathways including caspase-3 activation.

mechanistically divergent observations is not as difficult as
it would first appear.

Although caspases are cysteine proteinases implicated
in apoptosis, they may have additional nonapoptotic bio-
logic functions [57] including regulating desmosome asse-
mbly/disassembly. This is particularly relevant because data
is accumulating that desmosomes are dynamic complexes
in which the adhesive structure is maintained by the
equilibrium between desmosome assembly and disassembly.
In pemphigus, pathogenic antidsg antibodies promote dsg
internalization [14, 15, 51, 58–61] and bias the equilibrium
towards disassembly. Similarly, caspases have been shown to
cleave desmosome proteins and therefore may be important
to the physiologic cycling/turnover of dsg in keratinocytes.
The desmosome proteins dsg-3, dsg-1, plakoglobin, and
desmoplakin [32, 33], as well as intermediate filaments
[34, 35], have all been shown to undergo caspase-depen-
dent cleavage. Furthermore, caspases may also regulate
matrix metalloproteinase (MMP) dependent cleavage of
desmogleins [33]. In A431 epithelial cells induced to undergo
apoptosis by UV exposure, UV-induced MMP cleavage of
dsg-1 ectodomain could be inhibited by both MMP specific
inhibitors as well as by the caspase inhibitor ZVAD-fmk [33].
Staphylococcal Scalded Skin Syndrome (SSSS) demonstrates
that proteolytic cleavage of desmogleins can cause
acantholysis. In SSSS, the Staphylococci secrete exfoliative
toxin, a serine proteinase that cleaves the ectodomain of
dsg-1; thereby, disrupting desmosome mediated adhesion
in the subcorneal layers of epidermal epithelia and yielding

a phenotype mimicking the subcorneal blisters of PF
[62, 63]. Thus, caspase-dependent proteolysis has the
potential to augment the acantholytic effects of pemphigus
IgG. Analogously, blocking caspase dependent proteolysis
of desmosome proteins and intermediate filaments may
stabilize keratinocyte cell-cell adhesion thereby increasing
their resistance to pemphigus IgG induced acantholysis.

Pemphigus induced acantholysis is a disease specific
model system that has facilitated the investigation of desmo-
some dynamics, adhesion, and the mechanisms by which
alterations in desmosome structure impact intracellular
signaling and regulatory pathways. Although activation of
proapoptotic pathways appears to be a late event and may
not be essential for blistering in pemphigus, activation
of components of apoptotic signaling, including caspase
family member proteinases, could augment the blistering
response as downstream effects of p38MAPK activation.
Adhesion is a dynamic process that is linked to other biologic
events including cell migration, proliferation, differentiation,
and death. Changes in desmosome adhesion impact these
processes and is likely to involve multiple components
and signaling pathways. Elucidating these components and
pathways will provide fertile ground for future investigations.

Abbreviations

dsg-1: Desmoglein 1
dsg-3: Desmoglein 3
HSP: Heat shock protein
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MMP: Matrix metallo-proteinase
p38MAPK: p38 mitogen activated protein kinase
PF: Pemphigus foliaceus
PNP: Paraneoplastic pemphigus
PV: Pemphigus vulgaris
SSSS: Staphylococcal Scalded Skin Syndrome.
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In pemphigus vulgaris (PV), IgG autoantibodies against the ectodomain of desmoglein 3 (Dsg3) have been shown to be directly
responsible for the loss of keratinocyteadhesion. The aim of the present study was to study the effect of the B cell depleting
anti-CD20 monoclonal antibody, rituximab, on the profile of pathogenic IgG against distinct regions of the Dsg3 ectodomain in
22 PV patients who were followed up clinically and serologically by Dsg3 ELISA over 12-24 months. Prior to rituximab, all the
22 PV patients showed IgG against Dsg3 (Dsc3EC1-5). Specifically, 14/22 showed IgG reactivity against the Dsg3EC1 subdomain,
5/22 patients against Dsg3EC2, 7/22 against Dsg3EC3, 11/22 against Dsg3EC4, and 2/22 against Dsg3EC5. Within 6 months
after rituximab, all the patients showed significant clinical improvement and reduced IgG against Dsg3 (5/22) and the various
subdomains, that is, Dsg3EC1 (7/22), Dsg3EC2 (3/22), Dsg3EC3 (2/22), sg3EC4 (2/22), and Dsg3EC5 (0/22). During the entire
observation period, 6/22 PV patients experienced a clinical relapse which was associated with the reappearance of IgG against
previously recognized Dsg3 subdomains, particularly against the Dsg3EC1. Thus, in PV, rituximab only temporarily depletes
pathogenic B cell responses against distinct subdomains of Dsg3 which reappear upon clinical relapse.

1. Introduction

Pemphigus vulgaris (PV) is a life-threatening autoimmune
blistering disease caused by IgG autoantibodies (auto-Ab)
against the extracellular domain (ECD) of desmoglein 3
(Dsg3) and Dsg1, desmosomal adhesion molecules present
on epidermal keratinocytes [1]. Auto-Ab production in PV
is polyclonal, and in active PV, most auto-Abs are of the IgG4

subclass [2, 3]. It has been postulated that auto-Ab against
Dsg3 and Dsg1 primarily target the NH2-terminal portion of
the Dsg3 ectodomain, that is, the Dsg3EC1 subdomain [4–8].
The EC1 domains of Dsg3 and Dsg1, respectively, according
to morphologic studies in desmosomes, are increasingly rec-
ognized as the part of the desmosomal cadherin ectodomain
which is involved in Dsg transinteraction [9]. Moreover,
it seems that IgG auto-Ab reactivity against the Dsg3EC1
domain correlates with active disease in PV although

the titers of the auto-Ab do not show a strict correlation
with disease activity [10, 11]. Recently, we found a significant
correlation between IgG reactivity against Dsg3EC1 and
the extent of clinical involvement in PV [8]. IgG against
the Dsg3EC1 was seen preferentially in PV patients with
mucocutaneous involvement but not in patients with either
mucosal or skin involvement only [8].

IgG auto-Ab from pemphigus sera cause loss of adhesion
of human skin in vivo and in vitro [12, 13]. Because auto-
Ab in pemphigus are directed against desmosomal adhesion
molecules, it was suggested that these autoantibodies might
directly interfere with Dsg transinteraction binding sites
[14–17]. Previous studies showed that IgG against the
NH2-terminus of the Dsg3 ectodomain is pathogenic [18].
Affinity-purified IgG of sera from PV patients injected into
neonatal mice which were reactive with the EC1 and EC2 of
Dsg3, respectively, induced suprabasilar acantholysis, while
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IgG reactive with the EC3-5 of Dsg3 did not [10]. AK23,
a mouse monoclonal Ab against Dsg3 which targets the
predicted binding motif of the Dsg3EC1, has been shown to
be pathogenic in vivo whereas IgG targeting other regions
of the Dsg3 ectodomain was not [5, 19]. AK23 directly
interferes with homophilic adhesion of two Dsg3 proteins
[20] which supports the hypothesis that auto-Ab from
PV patients directly inhibit Dsg3-mediated epidermal cell
adhesion [21].

Apart from major advances in our understanding of the
immune pathogenesis of pemphigus, therapeutic options in
cases of recalcitrant pemphigus are rather limited. The stan-
dard immunosuppressive treatment of pemphigus consists of
systemic glucocorticoids and adjuvant immunosuppressive
drugs which induce partial or complete clinical remission
in the majority of the patients. In the remaining refractory
cases, the B-cell depleting anti-CD20 monoclonal Ab, rit-
uximab, has been recently introduced as a highly effective
rescue medication. Rituximab is a chimeric human/mouse
IgG1 monoclonal ab and is directed against CD20, a pan B
cell glycoprotein on B lymphocytes from the preB cell to the
preplasma-cell stage. Among several mechanisms involved in
B cell killing, rituximab exerts B cell cytolytic activity mainly
through ab-dependent cell-mediated cytotoxicity. A plethora
of case series and two prospective clinical trials strongly
suggest that rituximab is highly effective in recalcitrant
pemphigus [22].

In the present study, the impact of rituximab treatment
on the profile of Dsg3-specific auto-Ab was studied in a
cohort of 22 well-characterized patients with PV. During a
12 to 24 months’ observation period, IgG reactivity against
distinct regions of the Dsg3 ectodomain was correlated
with clinical parameters such as involvement of body
surface area and mucosal surfaces. Our findings suggest
that rituximab treatment only temporarily depletes distinct
IgG reactivity against the Dsg3 ectodomain and that the
reappearance of such auto-ab is associated with clinical
relapses. In particular, IgG reactivity against the NH2-
terminal EC1 subregion of the Dsg3 ectodomain was pref-
erentially detected in PV patients who experienced a clinical
relapse.

2. Patients and Methods

2.1. PV Patients. Serum samples were obtained from 22
adult patients with PV who were seen at the Dermatology
Departments at the Universities of Cologne, Marburg, and
Rouen. Patients gave written consent to participate in this
study which was adherent to the Declaration of Helsinki
Guidelines and which was approved by the local Ethics Com-
mittees. The clinical diagnosis of PV was confirmed by (1)
histopathology (suprabasal acantholytic blisters), (2) direct
immunofluorescence microscopy (epidermal intercellular
IgG and/or C3 deposits in perilesional skin), (3) detection
of serum IgG auto-ab by indirect immunofluorescence
microscopy (intercellular IgG binding to epithelial cells of
monkey esophagus), and (4) by ELISA with recombinant
Dsg3 and Dsg1. All the 22 PV patients (mean age: 51.3 ±
15.7 years; 11 females and 11 males) mainly presented with

mucocutaneous involvement and elevated anti-Dsg IgG titers
(Table 1) despite ongoing (> 3 months) immunosuppressive
treatment with systemic corticosteroids (initially 1 mg/kg/d;
tapered logarithmically upon clinical response) and the
immunosuppressive agents, azathioprine (100–150 mg/day)
or mycophenolate mofetil (1-2 g/day), respectively (Table 1).

The clinical extent and severity of PV was classified
according to the number of blisters or erosions as either
mucosal or cutaneous involvement (the later was quantitated
by the body surface area; BSA). All the PV patients were
treated i.v. with rituximab at 375 mg/m2 on days 0, 7, 14,
and 21 and were kept on an immunosuppressive treatment
regimen consisting of prednisolone and azathioprine or
mycophenolate mofetil, respectively.

2.2. ELISA with Dsg3 Recombinants. Recombinants repre-
senting the entire Dsg3 ectodomain (Dsg3EC1-5) and dis-
tinct subregions of the Dsg3 ectodomain, that is, Dsg3EC1-
5 (aa 1-566), Dsg3EC1 (aa 1-161), Dsg3EC2 (aa 87-227),
Dsg3EC3 (aa 184-349), Dsg3EC4 (aa 313-451) and Dsg3EC5
(aa 424-566) were produced in an eukaryotic baculovirus
expression system and were purified using Nickel-NTA as
previously described [8, 23]. By ELISA, the patients’ sera
were tested for IgG reactivity against the Dsg3 ectodomain
(Dsg3EC1-5) as well as IgG reactivity against subdomains of
the extracellular portion of Dsg3 as recently described [8, 23].
In short, the recombinant Dsg proteins were immobilized on
microtiter plates and were incubated with the PV patients’
sera at a dilution of 1 : 50. IgG binding was visualized as
optical density (OD) at 405 nm. Samples were run at least
in duplicate and OD’s were expressed as mean values. The
threshold for IgG binding of the Dsg3 recombinants in
the ELISA yielded an OD value of 0.376 as determined by
a ROC curve generated for Dsg3EC1-5 [23]. OD values
above the cutoff point defined positive IgG reactivity, while
IgG reactivity below the cutoff point was considered to be
negative.

2.3. Scoring of Disease Activity in Pemphigus. Scores for
mucosal involvement were set as follows: 0, if the patient
had no mucosal involvement, 1 point for each additional
location of blisters (i.e., oral, dysphagia, genital, conjunctival
involvement) and additionally, 1 point for >3 erosions with
a diameter >2 mm. Skin involvement was assessed by body
surface area and was expressed as percentage of affected area.

3. Results

3.1. Clinical Response to Rituximab of the Studied PV
Patients. All the 22 PV patients showed a marked clinical
response to rituximab treatment which was expressed as
dramatically reduced mucosal (baseline: 4.60 ± 1.96; 1.59
± 1.80 after 6 months) and BSA (baseline: 11.05 ± 13.14;
0.53 ± 1.01 after 6 months) scores within six months
after treatment (Figure 1(a)). Among the studied patients,
18/22 (81.8%) had skin involvement and 18/22 (81.8%)
mucosal involvement. Except for patient PV6 whose clinical
symptoms were unknown, all the PV patients had mucosal
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Table 1: Clinical and immunological characteristics of the pemphigus vulgaris (PV) patients on adjuvant treatment with rituximab.

Patients Treatment(1) Sex Age Clinical phenotype of PV(2) Severity(3) IgG autoantibody profile(4)

Mucosa BSA (%) Anti-Dsg1 Anti-Dsg3

PV1 Pred., MMF, Dapson m 53 mucocutaneous 2 3 103 549

PV2 Pred., MMF, MTX m 67 mucocutaneous 4 1 10 484

PV3 Pred., MMF, Azathioprin f 69 mucosal 7 0 neg 810

PV4 Pred. f 69 no mucosal involvement 0 4 163 2368

PV5 Pred. MMF, Azathioprin f 37 mucocutaneous 3 5 183 94

PV6 n.d. m 48 n.d. n.d. n.d. 979 906

PV7 Pred., MMF m 50 mucocutaneous 8 1 82 201

PV8 Pred., MMF, Dapson f 23 mucocutaneous 2 12 357 145

PV10 Pred., MMF f 57 mucosal 6 0 3 124

PV11 Pred., MMF, MTX f 28 mucosal 5 0 6 229

PV12 Pred., MMF f 54 mucocutaneous 7 5 199 175

PV13 n.d. m 62 mucocutaneous 7 10 78 220

PV14 Pred. m 79 mucocutaneous 6 10 170 200

PV15 Pred. m 36 mucocutaneous 4 60 155 201

PV16 n.d. m 64 mucocutaneous 6 20 163 58

PV17 Pred. f 51 mucocutaneous 5 10 181 209

PV18 Pred. f 70 mucocutaneous 4 10 neg 143

PV19 n.d. m 59 mucocutaneous 4 10 98 156

PV20 Pred. m 38 mucocutaneous 4 20 36 138

PV21 Pred. f 41 mucocutaneous 5 10 18 119

PV22 Pred. m 24 mucocutaneous 4 20 138 135

PV23 Pred. f 50 Mucocutaneous 5 10 176 163
(1)Systemic prednisolone (Pred) was administered throughout the observation period and was logarithmically tapered upon clinical reponse to treatment;
azathioprine (AZA) or mycophenolate mofetil (MMF), respectively, was also administered throughout the observation period. n.d., not determined.
(2)Before treatment with rituximab.
(3)Determined by the extent of cutaneous involvement as body surface area (BSA) and the extent of mucosal involvement.
(4)Determined by enzyme-linked immunosorbent assay (ELISA) with recombinant desmoglein (Dsg) 1 and 3; optical densities are expressed as PIV (protein
index value).
(5)PIV cutoff is 20.

involvement. Clinical improvement to rituximab was also
monitored as a marked reduction of systemic treatment with
prednisolone from 0.63± 0.60 mg/kg body weight (baseline)
to 0.20 ± 0.17 mg/kg body weight (6 months after rituximab
treatment) (Figure 1(a)). Noteworthy, 6/22 PV patients expe-
rienced a relapse 12 to 24 months after rituximab treatment.

3.2. IgG Titers against Distinct Dsg3 Subdomains and Disease
Activity of the PV Patients Are Reduced upon Treatment
with Rituximab. IgG auto-ab of the 22 PV patients against
the Dsg3 ectodomain and its subdomains was analysed
by ELISA during the course of the disease (Figure 1(b)).
Prior to treatment with rituximab, all PV patients showed
IgG reactivity against at least some part of the entire
Dsg3 ectodomain (Dsg3EC1-5), 14/22 showed IgG reactivity
against the Dsg3EC1 subdomain, 5/22 patients against
Dsg3EC2, 7/22 against Dsg3EC3, 11/22 against Dsg3EC4,
and 2/22 against Dsg3EC5. Within 6 months after treatment,
there was a marked reduction of IgG reactivity against the
Dsg3 ectodomain as well as against distinct subdomains
(Figure 1(b)). Because of the availability of patients sera at all
time points, the persistence or disappearance of IgG against

distinct Dsg3 regions upon treatment with rituximab was
studied in more detail in 16 PV patients.

Among these patients, the number of patients with IgG
reactivity against the recombinant proteins of Dsg3 of less
than 80% of the initial level was studied 6 and 12 months
after rituximab (Figure 2). Initially, 16 PV patients showed
IgG reactivity against Dsg3EC1-5, 11 against Dsg3EC1, 4
against Dsg3EC2, 5 against Dsg3EC3, 6 against Dsg3EC4,
and 2 against Dsg3EC5. Of the 16 patients, a total of 11
showed reduced (by more than 80%) IgG reactivity against
the Dsg3 ectodomain (Dsg3EC1-5): Six months after treat-
ment with rituximab, IgG reactivity against Dsg3EC1 was
more than 80% reduced in 4/11 patients, against Dsg3EC2
in 1/4 PV patients, against Dsg3EC3 in 3/5 patients against
Dsg3EC4 in 4/6, and against Dsg3EC5 in 2/5 patients. Twelve
months after treatment with rituximab, IgG reactivity of less
than 80% of the initial value was noticed in 11/16 (Dsg3EC1-
5), 4/11 (Dsg3EC1), 1/4 (Dsg3EC2), 2/5 (Dsg3EC3), 3/6
(Dsg3EC4) and 2/2 (Dsg3EC5) PV patients. Specifically, the
impact of rituximab treatment on IgG reactivity against
distinct Dsg3 subdomains is given in Table 2 (0 and 6
months).
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Figure 1: Rituximab (Rtx) treatment of pemphigus vulgaris (PV)
patients leads to clinical improvement of skin and mucosal lesions
and is accompanied by decreased IgG titers against distinct regions
of desmoglein 3 (Dsg3) ectodomain. Treatment with Rtx of 22 PV
patients led to a significant improvement of mucosal and skin
lesions and is expressed as reduced mucosal and body surface area
(BSA) scores within 6 months after treatment (Figure 1(a)). In the
same way, the dose of prednisolone was reduced (Figure 1(a)). By
enzyme-linked immunosorbent assay, there was clearly a reduction
of IgG reactivity against the Dsg3 ectodomain (Dsg3EC1-5) and
defined regions of the Dsg3 ectodomain (Figure 1(b)). The number
of studied patients or sera, respectively, is given in parenthesis. Rtx
(time when rituximab was administered).

3.3. Reappearance of IgG against Distinct Regions of the
Dsg3 Ectodomain in PV Patients with Clinical Relapses after
Rituximab Treatment. Six of the 22 PV patients treated with
rituximab showed a clinical relapse 12 months (n = 3;
PV3, PV5, PV6) or 18 months (n = 3; PV13, PV19, PV23),
respectively, after rituximab treatment (Table 3). Clinical
relapses were defined as newly arisen mucosal or cutaneous
lesions which persisted for more than 7 days. All the relapsed
PV patients showed increased IgG auto-ab against at least
some part of the entire Dsg3 ectodomain (Figure 3) but with
individual patterns of IgG recognition of Dsg3 subdomains
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Figure 2: IgG reactivity against desmoglein 3 (Dsg3) subdomains
in pemphigus vulgaris (PV) patients on rituximab (Rtx). Illustrated
is the number of PV patients showing IgG against Dsg3 subdomains
before and 6 and 12 months after treatment with Rtx, respectively.

(Table 3). In the individual PV patients, clinical relapses were
associated with the reappearance of distinct auto-ab profiles
(Figure 3). Four of the 6 relapsed PV patients had IgG against
the Dsg3EC1 subdomain prior to rituximab treatment, that
is, patients PV3, PV6, PV13, and PV19 (Figure 3). In these
PV patients, IgG auto-ab against Dsg3EC1 decreased (PV6,
PV13) or remained constant (P3, P19) upon rituximab
treatment. Noteworthy, in all these patients, IgG against the
Dsg3EC1 persisted until or reappeared at the time of clinical
relapse. PV patient PV23 did not initially show IgG against
Dsg3EC1 but at the time of relapse 18 months after rituximab
treatment.

Only PV patient PV5 had a different auto-ab profile
and showed IgG against Dsg3EC3 and Dsg3EC4 prior to
rituximab. At the time of clinical relapse 12 months later, he
showed IgG against Dsg3EC4 which exceeded pretreatment
levels (Figure 3). In patient PV5, IgG against Dsg3EC1 was
not detected at the time of clinical relapse.

Noteworthy, some of these patients showed IgG reac-
tivity against distinct Dsg3 subdomains in addition to IgG
against Dsg3EC1 at the time of clinical relapse. Patient PV3
showed IgG against Dsg3EC1, Dsg3EC2, and Dsg3EC4 when



Dermatology Research and Practice 5

0 2 4 6 8 10 12
0

0.4

0.8

1.2

1.6

αDsg3EC1-5

αDsg3EC2

αDsg3EC1

αDsg3EC4

R

O
pt

ic
al

de
n

si
ty

Rtx

(months)

PV3

(a)

0 2 4 6 8 10 12
0

0.4

0.8

1.2

1.6

αDsg3EC1-5

αDsg3EC3
αDsg3EC4

R

O
pt

ic
al

de
n

si
ty

Rtx

PV5

(months)

(b)

0 2 4 6 8 10 12
0

0.4

0.8

1.2

1.6

αDsg3EC1-5

αDsg3EC1

R

O
pt

ic
al

de
n

si
ty

Rtx

(months)

PV6

(c)

0 4 8 12 16 20
0

0.4

0.8

1.2

1.6

αDsg3EC1-5

αDsg3EC1
αDsg3EC4

R

O
pt

ic
al

de
n

si
ty

Rtx

PV13

(months)

(d)

0 4 8 12 16 20 24
0

0.4

0.8

1.2

1.6

αDsg3EC1-5
αDsg3EC4

αDsg3EC1
αDsg3EC5

R

O
pt

ic
al

de
n

si
ty

Rtx

(months)

PV23

(e)

0 4 8 12 16 20 24
0

0.4

0.8

1.2

1.6

αDsg3EC1-5
αDsg3EC1
αDsg3EC4

R

O
pt

ic
al

de
n

si
ty

Rtx

PV19

(months)

(f)

Figure 3: Association of clinical relapses of rituximab (Rtx)-treated pemphigus vulgaris (PV) patients and the reappearance of IgG against
distinct regions of the Dsg3 ectodomain. Three of the 6 PV patients (PV3, PV6, PV23) showed an increase of IgG reactive with the Dsg3EC1
subdomain upon clinical relapse after Rtx therapy. Patient PV13 showed increased serum levels of IgG against the Dsg3EC4 subdomain while
patients PV5 and PV19 did not show altered IgG levels against any of the studied Dsg3 subdomains upon clinical relapse.
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Table 2: Profile of desmoglein 3 (Dsg3)-specific IgG autoantibodies of the pemphigus vulgaris (PV) patients before and 6 months after
treatment with rituximab (Rtx).

Dsg3EC1 Dsg3EC2 Dsg3EC3 Dsg3EC4 Dsg3EC5

Time point 0 6 0 6 0 6 0 6 0 6

PV1 + + + + + + − − − −
PV2 + + + + − − − − − −
PV3 + + − + − − − + − −
PV4 + − − − + + + − − −
PV5 − − − − + − + + − −
PV6 + − − − − − − − − −
PV7 + + + + − − − − − −
PV8 − − − − + − − − − −
PV10 − − − + − − + − − −
PV11 + + − − − − − − − −
PV12 + + + − + + + + − −
PV13 + − − − − − + − − −
PV14 + − + − − − + − + −
PV15 − − − − + − − − − −
PV16 − − − − − − + + − −
PV17 + + − − − − − − − −
PV18 − − − − − − + − − −
PV19 + + − − − − − − − −
PV20 + + − − − − − − − −
PV21 + + − − + + + − − −
PV22 − − − − − − + − − −
PV23 − − − − − − + + + −

Table 3: Synopsis of the IgG autoantibody profile of the pemphigus vulgaris (PV) patients prior to rituximab (preRtx) treatment and at the
time of clinical relapse (CR).

IgG against extracellular subdomains of Dsg3

Dsg3EC1 Dsg3EC2 Dsg3EC3 Dsg3EC4 Dsg3EC5

Time point preRtx 6
months

CR preRtx 6
months

CR preRtx 6
months

CR preRtx 6
months

CR preRtx 6
months

CR

PV3 (CR, months 12) + + + − + + − − − − + + − − −
PV5 (CR, months 12) − − − − − + + − + + + + − − −
PV6 (CR, months 12) + − + − − − − − − − − − − − −
PV13 (CR, months 18) + − + − − − − − − + − + − − −
PV19 (CR, months 18) + + + − − − − − − − − + − − −
PV23 (CR, months 18) − − + − − − − − − + + + + − −

he developed new cutaneous lesions and patient PV5 had
IgG against Dsg3EC1, Dsg3EC2, Dsg3EC3, and Dsg3EC4
when he relapsed. Finally, PV patient PV23 showed IgG
against Dsg3EC1 and Dsg3EC4 upon clinical relapse. None
of the 6 PV patients showed IgG against the COOH-
terminal Dsg3EC5 subdomain at the time of clinical relapse
(Figure 3).

4. Discussion

The present study strongly suggests that rituximab, a mon-
oclonal antibody against CD20 on B cells, does not perma-

nently deplete pathogenic B cell responses against Dsg3 in
patients with PV, a potentially lethal autoimmune bullous
disorder of skin and mucosa. Here, a total of 22 patients
with refractory PV were treated with rituximab which had
been recently identified as a potent treatment in refractory
PV [24, 25]. Specifically, these patients did not adequately
respond to standard immunosuppressive treatment consist-
ing of high dose systemic corticosteroids combined with the
immunosuppressive adjuvants, azathioprine, or mycopheno-
late mofetil, respectively.

In the cohort of studied patients, all of the 22 PV patients
initially showed an excellent clinical response to rituximab
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treatment. However, within 12–18 months after rituximab
treatment, 6/22 PV patients experienced a clinical relapse
which was associated with the persistence or reappearance
of IgG auto-ab against distinct extracellular subdomains
of Dsg3, the major autoantigen of PV (Figure 3). The
majority, that is, 5/6 of the relapsed PV patients, showed the
reappearance of IgG against the NH2-terminal subdomain
Dsg3EC1 which has been previously identified as the site
where most of the pathogenic PV auto-Ab bind [11, 19,
26, 27]. In addition, several of the relapsed patients showed
IgG reactivity against additional subdomains of Dsg3 most
of which had initially disappeared upon treatment with
rituximab. Of note, IgG reactivity against the COOH-
terminal EC5 subdomain of Dsg3 was not observed in
relapsed patients. This region which is located close to the
keratinocyte cell membrane is presumably not a target for
pathogenic auto-ab in PV [11]. Thus, IgG reactivity against
distinct regions of the Dsg3 subdomain which was abolished
by rituximab treatment reappeared in these patients at the
time of clinical relapse strongly suggesting that the repertoire
of Dsg3-specific B cells was only temporarily deleted by
rituximab treatment. The frequent detection of Dsg3EC1-
specific IgG in clinically relapsed PV patients supports the
concept that pathogenic PV auto-ab preferentially target the
NH2-terminal EC1 domain of Dsg3. The relative pathogenic
role of IgG against Dsg3 subdomains other than Dsg3EC1
awaits further analysis.

The majority, that is, 16/22 PV patients, were successfully
controlled by treatment with rituximab and prednisolone
over 12 and 24 months, respectively. The other 6 patients
showed a clinical relapse during the observation period. Our
findings with rituximab are in line with previous reports
demonstrating an excellent clinical response associated with
a strong reduction of Dsg1- and Dsg3-specific IgG levels on
adjuvant treatment with rituximab [2, 25].

Of note, clinical improvement of mucosal and skin
lesions of the rituximab-treated PV patients was significantly
associated with a decrease of IgG auto-ab titers. However,
we did not find any significant correlation between IgG
against distinct subdomains of Dsg3 and skin or mucosal
involvement. However, our findings suggest that IgG against
the Dsg3EC1 domain is associated with active PV as shown
earlier by our group and others [5, 8, 11, 23]. The Dsg3
recombinants of the present studies may not contain all the
conformational epitopes that are relevant in the immune
pathogenesis of pemphigus. However, as proven in two
recent reports, these findings with these Dsg3 recombinants
are valid and show differential reactivity against distinct
portions of the Dsg3 ectodomain in different pemphigus
patients and different diseases stages [8, 23].

Recently, we found a significant correlation between IgG
reactivity against the Dsg3EC1 and the extent of clinical
involvement in PV [8]. IgG against the Dsg3EC1 was
seen preferentially in PV patients with muco-cutaneous
involvement but not in patients with either mucosal or skin
involvement only [8]. IgG auto-ab from pemphigus sera are
sufficient to cause blistering in human skin in vivo and in
vitro [12, 13] by direct interference with Dsg transinteraction
binding sites [14–17].

Previous studies showed that IgG against the NH2-
terminus of the Dsg3 ectodomain is pathogenic [18].
Affinity-purified IgG from sera of PV patients injected into
neonatal mice which were reactive with the EC1 and EC2 of
Dsg3 induced suprabasilar acantholysis, while IgG reactive
with the EC3-5 of Dsg3 did not [10]. AK23, a mouse
monoclonal ab against Dsg3 which targets the predicted
binding motif of the Dsg3EC1, has been shown to be
pathogenic in vivo whereas IgG that targets other parts of
the Dsg3 ectodomain was not [5, 19]. Additionally, AK23, is
able to directly interfere with homophilic Dsg3 binding [20]
which supports the hypothesis that auto-ab from PV patients
directly inhibit Dsg3-mediated epidermal cell adhesion
[21].

Sekiguchi et al. suggested that, both pathogenic and
nonpathogenic auto-ab exist in PV [5]. This heterogene-
ity among anti-Dsg3 antibody due to specific epitope
recognition was previously demonstrated [19]. In addition
to pathogenic IgG auto-ab against Dsg3EC1, IgG against
additional Dsg3 subdomains, that is, DsgEC2, DsgEC3, and
Dsg3 EC4, may not be pathogenic per se but may act
synergistically in inducing the pathology of intraepidermal
loss of adhesion [8]. This contention is supported by a recent
study showing that nonpathogenic monoclonal IgG ab that
recognize regions of the Dsg3 ectodomain other than the
NH2-terminus induce desmosomal loss of adhesion when
injected together into mice [28].

Further studies are necessary to investigate the dynamics
of pathogenic IgG against the Dsg3EC1 and auto-ab against
other Dsg3 subdomains in the immune pathogenesis of
PV. At present, it remains to be elucidated why rituximab
only temporarily depletes pathogenic auto-ab in PV. Pre-
vious observations from our laboratory strongly suggest
the presence of short-lived, Dsg3-reactive plasma cells since
rituximab rapidly reduced Dsg3-specific IgG auto-ab but not
IgG against recall antigens such as tetanus toxoid, Epstein
Barr virus or influenza virus [29, 30]. Based on the present
and previous observations, detection and monitoring of IgG
against the Dsg3EC1 may be a more sensitive marker of
disease activity in patients with PV than monitoring IgG
against the entire Dsg3 ectodomain.

Abbreviations

Autoantibody: auto-ab
Dsg: desmoglein
Dsg3EC1-5: baculoprotein representing the entire
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desmoglein 3
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Autoimmune diseases affect more than 50 million Americans, resulting in significant healthcare costs. Most autoimmune diseases
occur sporadically; however, endemic pemphigus foliaceus (EPF) is an autoimmune skin disease localized to specific geographic
loci. EPF, and the related diseases pemphigus vulgaris (PV) and pemphigus foliaceus (PF), are characterized by skin lesions
and autoantibodies to molecules found on epidermal keratinocytes. A variant of EPF in patients from El Bagre, Colombia,
South America, has recently been reported to be distinct from previously described loci in Brazil and Tunisia epidemiologically
and immunologically. As in PF and EPF, El Bagre EPF patients exhibit autoantibodies towards desmoglein-1, a cell adhesion
molecule critical for maintaining epidermal integrity. An association of El Bagre EPF with sun exposure has been detected, and
ultraviolet irradiation also exacerbates symptoms in PV, PF and EPF. Our hypothesis is that: (1) the autoantibodies generate
pathology through an alteration in ceramide metabolism in targeted keratinocytes, resulting in apoptosis and/or cell death and
acantholysis, but only when the cell’s ability to metabolize ceramide is exceeded, and (2) apoptosis in response to this altered
ceramide metabolism is initiated and/or exacerbated by other agents that increase ceramide levels, such as cytokines, ultraviolet
irradiation, and senescence.

1. Introduction

More than 50 million Americans suffer from autoimmune
diseases. Because of the chronic nature of this group of
diseases, their treatment results in a tremendous cost to
healthcare as well as to serious reductions in the quality of
life of affected individuals. Pemphigus refers to a class of
rare autoimmune skin diseases characterized by epithelial
blistering and acantholysis. Pemphigus vulgaris (PV) blisters
occur in mucosal tissues and the skin whereas the lesions
of pemphigus foliaceus (PF) exhibit a localization to the
suprabasal epidermis. The main pathogenic PV autoanti-
body recognizes desmoglein—(Dsg) 3, a desmosomal cad-
herin expressed in mucosae and the epidermis. PF antibodies
are predominantly directed towards Dsg-1, another cell
adhesion molecule critical for the maintenance of epidermal
integrity. Most autoimmune diseases, including PV and PF,

occur sporadically and are widely scattered geographically.
However, endemic pemphigus foliaceus (EPF) represents
an autoimmune disorder that is limited to a well-defined
geographic area (reviewed in [1, 2]), such as Brazil or, as
reviewed below, El Bagre, Columbia in South America [3].
This El Bagre EPF is also characterized by acantholytic skin
lesions and by autoantibodies to Dsg-1 [3–5]. However, the
mechanism by which the autoantibodies found in the sera of
patients with El Bagre EPF, as well as with PV, PF, and EPF,
result in the blistering skin lesions typical of pemphigus is
largely unknown.

2. El Bagre Endemic Pemphigus Foliaceus (EPF)

A novel variant of EPF in patients from an area around
E1 Bagre, Colombia, South America was recently identified
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by Abreu-Velez and colleagues [3]. This focus of EPF is
distinct from previously described EPF foci in Brazil and
Tunisia both epidemiologically and immunologically. Thus,
patients with El Bagre EPF are typically men aged from
forty to sixty (with a few postmenopausal women), and
symptoms often resemble those of paraneoplastic pemphi-
gus, but without the accompanying malignancy [3]. The
autoantibody profile of these El Bagre EPF patients is distinct
from that of patients with the Brazilian form of EPF, also
known as fogo selvagem (see below). As with other EPF
foci as well as PF, the El Bagre disease is characterized
by skin lesions with hyperkeratosis, acanthosis, and acan-
tholysis. Immunofluorescence studies indicate that the sera
of these patients possess autoantibodies that recognize an
antigen(s) on the keratinocyte cell surface producing typical
intercellular staining in the epidermis [4]. Approximately
two-thirds of the E1 Bagre EPF patients exhibit a form
localized to the skin; however, one-third develop a more
severe form characterized by systemic symptoms resembling
lupus. There also appears to be a genetic component to
the development of this disease, since certain ethnic groups
show a predisposition to acquire E1 Bagre EPF. On the
other hand, the involvement of environmental factors in the
development of El Bagre EPF is suggested by the restricted
geography (this EPF is limited to individuals living in
the area surrounding E1 Bagre) as well as the fact that
some patients have converted from the systemic to the
localized form of the disease after moving from the area
[3]. Additional evidence of an environmental parameter is
the finding of a strong association between the amount
of sun exposure and the development of the disease [3].
However, the precipitating factor(s) that triggers the disease
is unknown.

3. Immunologic Features of El Bagre EPF

Indirect immunofluorescence (with El Bagre EPF sera)
on human skin sections revealed intercellular staining in
all patients, with some EPF sera also showing reactivity
with the basement membrane zone [4]. Approximately
10% of the control individuals from within, but not from
outside, the endemic area also demonstrated intercellular
immunoreactivity. Immunoprecipitation and immunoblot-
ting analyses indicated that the antigens recognized by the
EPF autoantibodies comigrated (by gel electrophoresis) with
Dsg-1, desmoplakin, envoplakin, and periplakin; and studies
using baculovirus-expressed desmosome-associated proteins
showed that these patients possess antibodies recognizing
Dsg-1, envoplakin, and periplakin [6]. Dsg-1 represents
an important antigen for the autoantibodies of patients
with fogo selvagem [7] as well; however, this study [6]
demonstrated a distinct immunoreactivity profile in El Bagre
EPF versus fogo selvagem. These results again point to the
idea that El Bagre EPF represents a novel variant of the
disease. Nevertheless, the mechanism by which recognition
of Dsg-1, and perhaps other antigens, contributes to the
observed apoptosis [8, 9] and development of lesions in EPF
is not known [1].

4. Pemphigus and Apoptosis, Apoptolysis
and Oncosis

Although it is appreciated that there is significant apopto-
sis in pemphigus, there has been controversy concerning
whether or not apoptosis precedes and/or is required for
acantholysis (reviewed in [10]). Recent evidence suggests
that while other processes, such as oncosis [11], cell
shrinkage, and a process that has been termed apoptolysis
(reviewed in [12]), play a role in the development of
skin lesions, apoptotic cell death also clearly contributes
to acantholysis. Indeed, many investigators have reported
the ability of inhibitors of apoptosis-activated caspases to
inhibit acantholysis both in vitro and in vivo, in a passive
transfer mouse model of pemphigus ([11] and reviewed in
[12]). On the other hand, there seems to be some differences
in the mechanism of cell death induced by autoantibodies
from different patients. Thus, Grando and colleagues [11]
found two subsets of PV autoantibodies: for one subset, cell
death seemed to be primarily initiated by caspase-dependent
processes (although calpain was also involved), and in the
other, calpain initiated cell death (although caspases also
contributed).

Data in the literature indicate that pemphigus sera are
able to trigger lipid metabolism in treated keratinocytes.
Based on an in-depth understanding of ceramide and
sphingolipid metabolism and the role of ceramide as a
mediator of apoptosis in multiple cell systems (reviewed
in [13, 14]) as well as data in the literature, we hypoth-
esize that pemphigus autoantibodies contribute to lesional
pathology by altering sphingomyelin metabolism to result in
elevated ceramide levels that trigger cell death via apoptosis
(Figure 1). Furthermore, we hypothesize that this process is
exacerbated in keratinocytes exposed to other agents that
affect ceramide metabolism, such as cytokines and ultraviolet
(UV) irradiation (see below). This hypothesis represents a
novel interpretation of the data and could potentially provide
a mechanism by which autoantibodies lead to cell death and
apoptosis, oncosis and apoptolysis.

5. Ceramide As an Antiproliferative,
Proapoptotic Signal

Ceramides are well-known structural components of the
skin and help to form the water-permeability barrier of
the epidermis (reviewed in [15]). However, ceramide can
also function as a lipid second messenger. Approximately
two decades ago, investigators began reporting on the
ability of certain cytokines and other signals to activate
sphingomyelinase, an enzyme that hydrolyzes sphingomyelin
to form ceramide and phosphorylcholine (reviewed in [16]).
In addition, using synthetic ceramides to mimic the effects
of sphingomyelinase-activating agents, researchers demon-
strated the ability of this lipid to function as a signaling
molecule, mediating a number of important effects. Other
studies have shown that ceramide can be generated by a de
novo pathway initiated by serine palmitoyltransferase as well
(Figure 1), for instance, in response to chemotherapeutic



Dermatology Research and Practice 3

Palmitoyl-CoA + serine

Sphingomyelin

SMase

SPT

CerS

Ceramide

SMSCDaseGCS

Glucosylceramide Sphingosine Sphingomyelin

SphK

Sphingosine
1-phosphate

Survival

Apoptosis

Figure 1: Ceramide Metabolism. Ceramide is produced de novo via
serine palmitoyltransferase (SPT) and ceramide synthase (CerS), or
from sphingomyelin via sphingomyelinase (SMase), and induces
apoptosis. In turn, ceramide is metabolized via multiple mech-
anisms, including glucosylceramide synthase (GCS), ceramidase
(CDase) sphingosine kinase (SphK), and sphingomyelin synthase
(SMS), with this metabolism of ceramide allowing cell survival.

agents (reviewed in [13]). Most often, these increases in
ceramide are associated with growth arrest, differentiation,
senescence, and apoptosis, as has been shown in numerous
cell types (reviewed in [17]), including keratinocytes [18,
19]. In particular, ceramide produced in response to a
number of cell stresses has been shown to trigger apoptosis
(reviewed in [17]).

Interestingly, hyperproliferative cancer cells are often able
to evade the apoptosis triggered by agents that increase
ceramide by utilizing multiple metabolic enzymes to decrease
ceramide below critical levels (reviewed in [20]). As an exam-
ple, in multidrug-resistant cells the enzyme glucosylceramide
synthase (GCS), which glycosylates the ceramide induced
by chemotherapeutic agents to produce glucosylceramide
(Figure 1 and reviewed in [11]), is elevated. Overexpression
of GCS converts drug-sensitive cells to resistant ones,
whereas decreasing GCS levels with antisense constructs
changes resistant cells to a sensitive phenotype [21, 22].
This same enzyme also appears to protect keratinocytes
against ceramide-induced stress/apoptosis by converting
ceramide to glucosylceramide [23]. Similarly, virally trans-
formed cells (SV40-transformed human lung fibroblasts)
exhibit increased sphingomyelin synthase activity [24]. Sph-
ingomyelin synthase transfers the choline headgroup from
phosphatidylcholine to ceramide to generate sphingomyelin
and diacylglycerol (Figure 2), thereby decreasing ceramide
levels. Ceramide can also be metabolized by ceramidase,
which hydrolyzes ceramide to sphingosine and is activated,
for instance, by growth factors (e.g., [25]). In general,
sphingosine is antiproliferative and/or proapoptotic, that is,
induces similar effects to ceramide (reviewed in [26]). On
the other hand, sphingosine can be phosphorylated to yield
sphingosine 1-phosphate (S1P) by sphingosine kinase (of
which there are two identified isoforms, sphingosine kinase-
1 and -2). S1P can act as a first messenger by binding to a

Phosphatidylcholine

SM synthase D609

DiacylglycerolCeramide

Sphingomyelin

Figure 2: Sphingomyelin synthase. The reaction catalyzed by
sphingomyelin synthase (SM synthase) results in a reduction in
ceramide and an increase in diacylglycerol and sphingomyelin
levels. The reported phosphatidylcholine-specific phospholipase C
inhibitor D609 also inhibits sphingomyelin synthase activity.

family of GTP-binding protein-coupled receptors, the S1P
receptors, but may also signal intracellularly (reviewed in
[27]). In most cases, S1P mediates proliferative cell responses
and/or cell survival [27], with the combined activities of
ceramidase and sphingosine kinase possibly accounting for
the observation that in some cell types certain ceramide-
elevating agents increase proliferation. Thus, any agent that
increases ceramide levels might be expected to activate one
or more ceramide metabolic pathways as the cell strives
to reduce ceramide and protect itself from the apoptotic
effects of this lipid signal. Indeed, 1,25-dihydroxyvitamin
D3-stimulated sphingomyelinase activation, which would be
expected to increase ceramide production, appears not to
induce apoptosis because of the concominant generation of
S1P [28], which in human keratinocytes S1P is reported
to be prodifferentiative (e.g., [29]). In contrast, if ceramide
levels rise beyond a critical threshold, that is, above the levels
that can be metabolized by the various ceramide metabolic
pathways apoptosis might be anticipated to result.

6. Pemphigus and Ceramide

Seishima et al. [30] investigated the effect of PV autoanti-
bodies on signaling processes in DJM-1 cells, a squamous
cell carcinoma cell line. These authors found that addition
of immunoglobulins from pemphigus patients increased
the levels of diacylglycerol derived from phosphatidyl-
choline. This increase was not the result of activation of
phosphatidylcholine-hydrolyzing phospholipase D, resulted
in the release of phosphorylcholine and could be inhibited by
D609. Furthermore, preadsorption of the immunoglobulins
with Dsg-1 and -3 prevented the signaling effect [30].
Stanley and colleagues have suggested that autoantibodies
to either Dsg-1 or -3 can produce blisters in pemphigus
diseases, with the location of the lesions dependent on the
distribution of these two molecules in various epithelia [31].
Thus, antibodies directed at either of these desmosomal
components should induce similar effects, and anti-Dsg
antibodies present in PV, PF, or EPF, including El Bagre EPF,
would be expected to trigger the same signaling events as
those elicited by the autoantibodies in PV sera. Seishima et
al. suggested that the pemphigus autoantibodies activate a
phosphatidylcholine-specific phospholipase C [30]; however,
no such enzyme has as yet been purified and/or cloned in
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mammals. In addition, it has been shown that D609 inhibits
sphingomyelin synthase [24, 32] in addition to (or instead
of) the reported phosphatidylcholine-specific phospholipase
C. As mentioned previously, sphingomyelin synthase trans-
fers the choline headgroup from phosphatidylcholine to
ceramide to form diacylglycerol and sphingomyelin (see
above and Figure 2). Because phosphatidylcholine is “con-
sumed” and diacylglycerol is generated by this enzyme, it is
difficult to distinguish between the activity of sphingomyelin
synthase and that of a hypothetical phosphatidylcholine-
specific phospholipase C without monitoring sphingolipid
metabolism. Thus, the idea that the pemphigus autoantibod-
ies activate a sphingomyelinase to generate ceramide (and
release phosphorylcholine), and this ceramide is metabolized
by sphingomyelin synthase (to decrease phosphatidylcholine
and increase diacylglycerol) is consistent with the observed
findings.

The possible involvement of ceramide in the pathology
of the skin lesions is also consistent with the observed asso-
ciation of El Bagre EPF disease with certain environmental
factors such as sun exposure [3]. Sun exposure has also
been reported as an exacerbating factor in PV, PF, and fogo
selvagem (e.g., [33, 34]) (see below). UV irradiation is known
to raise ceramide levels in keratinocytes [19, 35], as do many
cell stresses in other cell types (reviewed in [36]), suggesting
that the autoantibodies in and of themselves may not be
pathogenic without some additional perturbation of the
cells. Indeed, relatives of the El Bagre EPF patients have been
observed to possess immunoreactivity to EPF antigens, as
measured by immunoprecipitation, immunoblotting [5, 6],
and an enzyme-linked immunosorbent assay (ELISA) [37],
yet these individuals show no evidence of disease [3, 37].
A similar phenomenon has been observed in fogo selvagem
(Brazilian EPF) [38], and, in addition, fogo selvagem autoan-
tibodies are also known to bind to oral mucosa but do not
induce lesion formation [39]. On the other hand, cytokines,
such as tumor necrosis factor-alpha (TNF-α), interleukin-
1 (IL-1), and interferon gamma (IFNγ), are all known to
elevate ceramide levels ([40] and reviewed in [41, 42]) and
are present in the lesions of autoimmune skin diseases [43–
45]. Thus, environmental factors that elevate the quantities
of these agents may contribute to the cell perturbations that
result in pathology of the autoantibodies. Indeed, Puviani
et al. [8] have demonstrated that pemphigus sera contain
high levels of Fas ligand (FasL). FasL is also a well-known
activator of ceramide production through sphingomyelinase
activation (reviewed in [41]) and may stress the keratinocytes
sufficiently that they may be unable to metabolize the
ceramide below apoptotic levels. If ceramide cannot be
reduced below certain levels, the keratinocyte would be
triggered to undergo apoptosis, as has been seen in anti-
FasL-treated cultured keratinocytes [46] and in acantholytic
lesions in pemphigus (reviewed in [10]). Finally, Wang
et al. [47] have demonstrated that replicative senescence
enhances the apoptotic effect of pemphigus autoantibodies.
Ceramide levels are known to be elevated in senescence
[48, 49], providing another link between ceramide and
apoptotic cell death in pemphigus. Thus, we hypothesize
that the autoantibodies, and perhaps FasL [8, 50], and/or

other cytokines, present in pemphigus sera increase ceramide
levels and in conjunction with other cell stresses, such as
sun exposure and age, raise ceramide sufficiently to trigger
apoptosis.

7. Possible Mechanisms of Ceramide Action

The question remains: how does ceramide act as a signal
to induce apoptosis and other cellular responses? As this
lipid second messenger is further studied, it has become
apparent that it affects multiple enzymes and proteins,
both directly and indirectly, to exert its effects. As an
example, ceramide and ceramide-stimulating stresses are
known to activate the mitogen-activated protein kinase, p38
(e.g., [51–53]). Activation of p38 has also been observed
in keratinocytes upon treatment with pemphigus sera
[12], providing another possible link between pemphigus
and ceramide. Ceramide has also been shown to activate
both a protein phosphatase and a protein kinase, the so-
called ceramide-activated protein kinase identified as kinase
suppressor of ras (ksr) (reviewed in [13]). In addition,
ceramide, or its phosphorylated metabolite ceramide 1-
phosphate, appears to modulate the activity of enzymes
involved in alternative splicing to yield differential splicing
of certain gene products such as caspase-9 (a proapoptotic
enzyme) and Bcl-xL (an antiapoptotic mediator) [54]. The
result is greater levels of the proapoptotic splice forms of
these proteins (Bcl-xS and caspase-9L) [54]. Ceramide also
affects multiple proteins involved in the apoptotic pathway,
including Akt (an antiapoptotic, prosurvival protein that is
inhibited by ceramide action) and cathepsin D, a lysosomal
protease involved in apoptosis, among others (reviewed in
[55]). In addition, ceramide inhibits mitochondrial function
[14], thereby enhancing mitochondrial pathway-mediated
apoptosis (reviewed in [14]). Thus, ceramide functions
through multiple mechanisms as a proapoptotic cell signal
in many cell types including keratinocytes. In addition,
ceramide and its metabolites also likely play a role in
inflammation (reviewed in [56]).

Although ceramide seems to function generally as an
antiproliferative and/or antisurvival (proapoptotic) signaling
molecule, there is emerging evidence that the cellular local-
ization of the generated ceramide may affect the ultimate cell
response (reviewed in [17, 57]). For instance, overexpression
of a bacterial SMase in mitochondria, but not the cytoplasm,
Golgi apparatus, endoplasmic reticulum, plasma membrane,
or nucleus, triggers apoptosis in MCF7 breast cancer cells
[58]. In addition to effects of compartmentalization, differ-
ent ceramide species, possessing diverse fatty acids from 16
to 24 carbons in length, appear to have different signaling
roles. There are five ceramide synthase isoforms, CerS1-5,
which have distinct specificities for the formation of various
ceramide species with different carbon lengths (reviewed in
[17]). Knock down of CerS6, which produces 16 carbon-
containing ceramide (C16-ceramide), induces endoplasmic
reticulum stress-induced apoptosis, and overexpression of
this enzyme protects against ER stress and promotes squa-
mous cell carcinoma tumor growth in vivo [59]. On the other
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Figure 3: Hypothesized Involvement of Sphingolipid Metabolism
in the Keratinocyte Response to Pemphigus Autoantibodies. Our
hypothesis is that pemphigus autoantibodies binding to Dsgs results
in the activation of sphingomyelinase (SMase) to produce ceramide
and phosphorylcholine. In an attempt to survive, keratinocytes
activate sphingomyelin synthase (SM synthase). The result is
an increase in phosphorylcholine and diacylglycerol levels and
a reduction in phosphatidylcholine. Stimuli that overwhelm the
ability of the cell to metabolize ceramide, such as cytokines or
ultraviolet (UV) light (or senescence), which increase ceramide
levels, are proposed to allow manifestation of pathologic skin
lesions. Note that UV light increases ceramide in at least two
ways: first, by activation of both SMase-mediated [35] and de novo
ceramide production [19] and second, by decreasing ceramidase
activity/expression [60]. Ceramidases are key in the response of
keratinocytes to UV light because (1) they metabolize ceramide
and decrease its levels and (2) they generate sphingosine, which
can be converted to S1P (which allows cell survival) by the action
of sphingosine kinase. Indeed, knocking down sphingosine kinase
sensitizes keratinocytes to UV-induced apoptosis [60]. In addition,
ceramide and its metabolites can activate cytosolic phospholipase
A2 and cyclooxygenase-2, suggesting that eicosanoids might be
elevated and potentially contribute to the pemphigus disease
process (reviewed in [56]).

hand, overexpression of CerS1 (forming C-18 ceramide)
inhibits tumor formation, indicating that not only the site
of ceramide production but also the species generated is
important.

8. Hypothesis

We propose the idea that pemphigus autoantibodies, upon
binding to Dsgs, trigger sphingomyelin hydrolysis accom-
panied by a corresponding stimulation of sphingomyelin
synthase activity (Figure 3), as the cell attempts to reduce
proapoptotic ceramide amounts. If the cell is efficient
enough, no change in ceramide or sphingomyelin levels may
occur, although a reduction in phosphatidylcholine levels
and an increase in phosphorylcholine release and diacyl-
glycerol quantities would be expected. In this case, acantholy-
sis and other hallmarks of pemphigus would not be observed
despite the ability of the antisera to bind Dsgs. Indeed, this

need for interaction between the binding of autoantibodies
and additional changes in ceramide metabolism may be
one explanation for the low levels of anti-Dsg antibodies
without concomitant disease seen in some individuals in the
El Bagre area [37] and fogo selvagem [61], as well as non-
pathogenic antibodies observed in some pemphigus patients
(reviewed in [62]). We also hypothesize that coincubation
of keratinocytes with pemphigus sera and cytokines, such as
FasL, or the combination of pemphigus sera and irradiation
with UV light, will result in enhanced levels of ceramide
relative to any of the agents alone. Since these combinations
would be expected to overwhelm the ability of the cell
to metabolize the pemphigus sera-induced production of
ceramide, we would also anticipate that cytokines and UV
light will act synergistically with pemphigus autoantibodies
to stimulate markers of apoptosis and cell death. Consistent
with this idea, inhibition of the action of some cytokines,
in particular FasL and TNF-α, can inhibit acantholysis in
experimental models of pemphigus (reviewed in [12]), and
a beneficial action of new TNF-α blocking biological agents
in patients has also been reported [63, 64]. In addition,
ultraviolet irradiation is known to worsen pemphigus [11].
Similarly, there is a clear association between sunlight
exposure and El Bagre EPF [3]. The idea that UV induces
ceramide production that is at least partially compensated
for by an increase in ceramide clearance is supported
by the findings of Uchida and colleagues, who reported
(in abstract form) that both knock down of ceramidase
levels [60] and incubation with N-acyl-ethanolamine (NAE)
compounds that inhibit acidic and neutral ceramidases
sensitize keratinocytes to UV-induced apoptosis [65]. These
authors also showed that inhibition of the NAE-hydrolyzing
enzymes, NAE amidohydrolase, fatty acid amidohydrolase,
and NAE-hydrolyzing acid amidase, further exacerbates the
effects of UV irradiation. NAE compounds occur naturally
and increase with cell stresses including UV exposure and
xenotoxics; thus, enhanced production of NAEs, as well as
decreased ceramidase activity/expression in response to UV,
could significantly impair ceramide clearance [65]. It should
be noted that the epidermis has been shown to express all five
known ceramidase isoforms, with some localized to the basal
layer and others to the differentiating compartments [66]. In
addition, alkaline (aCER1) and acid (AC) ceramidases are
upregulated during elevated extracellular calcium-induced
keratinocyte differentiation and appear to mediate the
differentiative effects of calcium [67]. Thus, ceramidases
are clearly vital to epidermal physiology and perhaps also
pathophysiology, likely by both decreasing ceramide levels
and providing sphingosine for production of S1P [60].

On the other hand, it is possible that pemphigus sera
do not activate sphingomyelinase but rather stimulate the
activity of sphingomyelin synthase through the ligation of
cell adhesion molecules. It is widely recognized that cell
adhesion can elicit signal transduction processes (reviewed
in [68]). Perhaps antibody binding of Dsgs (or possibly
other cell surface proteins recognized by pemphigus autoan-
tibodies) results in stimulation of signaling and activation
of sphingomyelin synthase. This result would then predict
that antibody-mediated loss of the Dsg (or other cell
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surface proteins) would inhibit this signal, again leading to
apoptosis, either through elevations in ceramide levels or via
reductions in protein kinase C-activating diacylglycerol. Dia-
cylglycerol appears to be a prosurvival, antiapoptotic signal
in most cell types (reviewed in [13]), presumably in part
through its ability to activate sphingosine kinase and stim-
ulate the production of S1P from ceramide [69]. Pemphigus
sera have also been reported to stimulate phosphoinositide
hydrolysis [70], which would result in the generation of
diacylglycerol. Alternatively, it is possible that antibody-
mediated loss of Dsg function (rather than of the protein
itself) may mediate the changes in cell signaling processes
that lead to blister formation in pemphigus. However, this
possibility is argued against by recent evidence suggesting
that Dsg-1 is proapoptotic, such that RNA interference
to decrease Dsg-1 protects keratinocytes against ultraviolet
irradiation-mediated apoptosis [71]. In any case, these ideas
should be testable by experiments to examine the effect
of pemphigus sera on the levels of ceramide and other
sphingolipids in keratinocytes, and research into the role
of sphingolipid metabolism in the keratinocyte acantholytic
response to pemphigus autoantibodies seems warranted.
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