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Summary

Desmosomes provide strong intercellular adhesion and therefore are essential in tissues
exposed to constant mechanical stress, e.g. the epidermis or the heart. The molecular
composition of desmosomes consists of several protein families, including intercellular
adhesion molecules and plaque proteins. Desmosomal cadherins represent the adhesion
molecules and are a group of proteins comprising four desmogleins (Dsg1-4) and three
desmocollins (Dsc1-3) isoforms. These are transmembrane proteins which interact in a
Ca2+-dependent homophilic or heterophilic manner, thereby mediating strong intercellular
adhesion with their neighboring cell counterparts. Within the desmosome, plaque proteins
serve as linkers of desmosomal cadherins to the intermediate filament cytoskeleton. The
plaque proteins consist of armadillo family proteins, plakoglobin (PG) and plakophilins
(Pkps), and desmoplakin (DP), a protein of the plakin family. Pkps act as scaffolds in order
to mediate adhesion and signaling and further regulate desmosomal turnover and assembly.
They exist in three different isoforms (Pkp1-3) which show a tissue-specific expression.
Further, Pkps show a wide ranging role in the cell-biological context and their physiological
significance is evident in diseases, e.g. mutations in Pkp1 lead to ectodermal dysplasia skin
fragility syndrome.
However, their role in regulating Dsg binding properties as well as Dsg clustering is not
yet elucidated. Murine keratinocytes lacking either Pkp1 or Pkp3 were compared to wild
type (wt) cells to characterize the role of Pkp1 and Pkp3 in the regulation of Dsg1- and
Dsg3-binding properties and contribution to Dsg3 clustering. Dsg1 and Dsg3 are of par-
ticular interest since they are the main targets of autoantibodies in the autoimmune skin
blistering disease pemphigus vulgaris (PV).

In the first part of the thesis, the roles of Pkp1 and Pkp3 in desmoglein clustering and
adhesion were investigated. Characterization of Pkp1- or 3-deficient cell lines revealed
reduced cell cohesion and especially in Pkp1-deficient cells loss of intercellular adhesion

vii
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is strong. Force mapping measurements, performed with atomic force microscopy (AFM),
revealed reduced binding frequency of Dsg1 and Dsg3 at the cell borders and displayed
low membrane availability of Dsg1 and Dsg3 in Pkp1- or Pkp3-deficient cell lines. This
indicates that both proteins are important for proper membrane availability of desmogleins.
The single molecule-binding properties of the remaining membrane-bound desmogleins
showed Pkp-dependent changes. However, because their numbers were low, presumably
these altered binding properties of the remaining cadherins have no strong effect on overall
adhesion. Extracellular crosslinking revealed that Pkp1 but not Pkp3 is required for Dsg3
clustering. Overexpression of Dsg3 rescued the reduced number of Dsg3 clusters in Pkp3-
but not in Pkp1-deficient cells, as shown by AFM and stimulated emission depletion (STED)
microscopy experiments. This demonstrates that Pkp1 and Pkp3 regulate the membrane
availability of Dsgs. Furthermore, these data demonstrate that Pkp1 but not Pkp3 is
required for the clustering of Dsg3. This novel function of Pkp1 appears to be essential for
proper intercellular adhesion.

In the second part of the thesis, regulation of desmosomal hyper-adhesion was studied. An
interesting property of desmosomes is their ability to occur in two adhesive states, a weaker
and a stronger one. Desmosomes in the stronger adhesive state become independent from
extracellular Ca2+ and are called hyper-adhesive. However, the roles of Pkps and Dsgs in
desmosomal hyper-adhesion is not fully elucidated yet. To address this unsolved issue, the
aforementioned cell culture model, a murine keratinocyte Dsg3 knockout cell line and an
ex-vivo skin model were used. Murine keratinocytes acquire the hyper-adhesive state 72
hours after exposure to high Ca2+, whereas Pkp- and Dsg3-deficient cell lines fail to reach
this state during this time line. AFM force mappings revealed that the hyper-adhesive state
correlates with increased Dsg3 single molecule binding strength and prolonged interaction
lifetime. Both parameters were unchanged in the Pkp-deficient cells. In parallel, during
differentiation, i.e. during the acquisition of hyper-adhesion, the Dsg3 clusters become
Ca2+-independent. In contrast, deficiency of Pkp1 prevented Ca2+-independency of Dsg3
clusters whereas lack of Pkp3 led to a reduced amount of Ca2+-independent Dsg3 clusters.
Interestingly, Dsg1 clusters remained the same during the investigated time period. In
accordance, Dsg1 single molecule binding properties were not altered. This shows that
acquisition of hyper-adhesion may not be a state acquired by the entire desmosome but
rather reveals an isoform-dependent regulation by Pkps. Ca2+ chelation of ex-vivo human
skin samples showed further isoform-specific differences in membrane localization between
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desmosomal cadherins. Immunostaining for Dsg3 at the cell membrane appeared to be more
resistant to Ca2+ chelation compared to Dsg1 staining. This demonstrates that desmosomal
cadherins have different roles in the acquisition of hyper-adhesion and that Pkp1-mediated
clustering of desmogleins is required for the acquisition of the hyper-adhesive state of
desmosomes.

In summary, this project revealed that Pkp1 and Pkp3 are important for membrane
availability of desmogleins. However, for Pkp3 this phenotype is differentiation-dependent
and decreases over time. Pkp1, in contrast to Pkp3, plays a crucial role in the clustering of
desmogleins. This Pkp1-mediated clustering contributes to acquisition of hyper-adhesion
and correlates with altered single molecule binding properties such as binding strength
and interaction-lifetime of Dsg3 when becoming hyper-adhesive. Thus, development of
the hyper-adhesive state is paralleled by alterations of binding properties of specific Dsg
isoforms rather than by the entire desmosome.

In a side-project, keratin-dependent regulation of desmoglein-binding was characterized.
Keratin filament detachment from the desmosomal plaque occurs as one of the pathomech-
anism of PV. We found that p38 mitogen-activated protein kinases (p38MAPK) signaling is
regulated by keratins. Moreover, this signaling is essential for the regulation of cell adhesion
and involves both keratin-dependent and -independent mechanisms. Using fluorescence
recovery after photobleaching (FRAP) experiments it was observed that desmosomal cad-
herin uncoupling from the cytoskeleton resulted in higher Dsg3 mobility in the plasma
membrane.

The studies presented demonstrate that Pkp1-mediated regulation of desmosomal clustering
is important for desmosomal adhesion and contributes to hyper-adhesion of desmosomes.
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Chapter 1

Introduction

1.1 Human skin

1.1.1 Structure and function

The human skin consists of three layers, namely the epidermis, dermis and subcutis. The
subcutis loosely connects the skin with the underlying tissue, and is responsible for the
different degrees of mobility of the skin. It consists mainly of loose connective and fatty
tissue. The dermis is composed of connective tissue which supports the epidermis and
connects it to the lower subcutis. Primarily, it is in charge of the mechanical stability of the
skin. Further, it contains lympathic and blood vessels as well as nerves. The outermost layer
of the skin is the epidermis, which is discussed in more detail in the following part. The
functions of the skin are manifold and range from protection against mechanical, thermal or
chemical stress, registration of pressure, touch, pain and temperature to thermal isolation,
energy storage and protection against dehydration [1] [2].

1.1.2 The epidermis

Being hardly thicker than a piece of paper, the epidermis is the outermost layer of the
skin. The mature epidermis, which mainly consists of keratinocytes, has a multilayered and
stratified structure which is subjected to homeostatic regulation [3]. Hence, it renews itself
every 28 days due to the proliferating keratinocytes. Those are connected with each other
via intercellular junctions (explained in more detail in part 1.2) and are further the prevailing
cell type [4] [5]. Keratinocytes synthesize keratin filaments among other proteins, which are
the main structural protein of the epidermis [6]. Other cellular components of the epidermis
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2 1. Introduction

are melanocytes, Langerhans cells and Merkel cells. Furthermore, there are also so-called
skin appendages such as hairs, glands and nails [1] [2]. Due to differentiation and maturation,
keratinocyte morphology as well as the protein expression pattern change as they are shifted
upwards across the epidermis. Therefore, the epidermis can be subdivided into different
layers (Figure 1.1 A) [7]. The basal layer, stratum basale, is connected via hemidesmosomes
and focal adhesion contacts to the basal lamina and consists of stem cells whose progeny
differentiate and move towards the upper layers. The stratum spinosum is the next layer
in which the different cell layers are interconnected via desmosomes. The nomenclature
resulted due to an artifact in the fixation of the tissue for histological analysis. The cells
shrink due to fixation and dehydration of water, but are still connected by desmosomes and
their incoming keratin filaments. This leads to their spinous appearance and the naming of
the cell layer. Next layer is the stratum granulosum which contains flattened cells. In this
state, the cells start to lose their cell nucleus and organelles. Further keratohyalin granules
are expressed which are a sign for the beginning cornification. Cornification is a specific
form of differentiation and programmed cell death in epidermal keratinocytes. Within this
process, intermediate filaments start to fill out the cell interior. Additionally, crosslinkage of
proteins in the cell periphery forms the cornified envelope. This is orchestrated by precisely
timed expression of specific genes [8]. The most apical layer is the stratum corneum, which
is the result of the cornification process. It consists of multiple layers of flattened, cornified
cells without a cell nucleus or organelles. Degradation of intercellular linkages between the
cornified cells leads to a separation of the cells from each other [8]. Here the keratinocytes
eventually end up as lifeless scales and detach from the skin surface [4] [9].

1.2 Intercellular junctions of the epidermis

Intercellular junctions are responsible for adhesion and communication between cells. Beside
that, they are able to form barriers between tissues as well as between tissues and the
environment. Four different types of intercellular junctions are required to fulfill the mani-
fold tasks of the epidermis. First, there are tight junctions (TJs) which are needed to seal
the intercellular space and prevent leakage. The second group ensures the communication
between cells. This is done via a protein complex called gap junctions. Mechanical coupling
and adhesion between cells is carried out by the third and fourth type of intercellular
junctions, namely by adherens junctions (AJs) and desmosomes. The principal molecular
composition of intercellular junction complexes is preserved throughout all types. There
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Figure 1.1: A: Layers of the epidermis and their sub-cellular structures as well as intercellular
junctions consisting of: Desmosomes, adherens junctions, tight junctions and gap junctions
(the latter two are not shown). Further, the cell-matrix contacts consist of hemidesmosomes
and focal adhesions. B: Desmosomal proteins are not equally distributed along the multiple
layers, some of them rather show a differentiation-dependent expression pattern.

are transmembrane proteins and plaque proteins, the latter connecting those to the cyto-
skeleton of the cell [7] [10]. The following section introduces the four different components
of intercellular junctions in more detail.

The main function of TJs is to prevent leakage of molecules across the epithelium. They
seal the gap between adjacent cells. TJs create a continuous strand around the cells
[11]. In addition to its barrier-forming function, TJs also act as a fence to maintain cell
polarity by preventing diffusion of apical and basolateral membrane components. Taking
the epidermis as an example, the sealing strand is only present in the second layer of the
stratum granulosum [12]. However, sealing is not complete. Some ions or small molecules
are able to diffuse through the epithelial cells, a process known as paracellular transport.
Depending on the tissue, the paracellular transport shows specific differences which are
maintained by the molecular composition of the TJs [11]. Tissue-dependent regulation of
paracellular transport is of high physiological importance. For example, the skin needs
to prevent the uptake of pathogens and other harmful substances or vice versa the loss
of water. In contrast, the epithelial in the intestine needs to absorb water, electrolytes or
other macromolecules to fulfill its nutritive function [13]. The molecular composition of TJ
consists of transmembrane components as well as of plaque proteins. The transmembrane
proteins are comprised of many constituents, however the following three subfamilies are
the most frequent ones. First there are claudins, of which 24 different isoforms exist. Those
are essential for TJ formation. Further relevant transmembrane proteins are the MARVEL
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domain proteins, which are occludin, relevant for junctional permeability and tricellulin,
which is responsible for sealing adjacent cells at tricellular contacts. The third part of the
constituents are junctional adhesion molecules (JAMs)-A, B and C. This constituent is a
member of the immunoglobulin-G family which is essential in barrier formation as well as
in regulating signal complex assembly [14] [15] [16] [17]. These transmembrane proteins
are bound, organized and anchored to the actin cytoskeleton on their cytoplasmic side
via scaffolding proteins, namely zona occludens (ZO)-1, 2 and 3 proteins. E.g. the ZO1
protein is expressed in epithelial and endothelial cells and contains three PDZ domains at
the N-terminal site. Those PDZ domains are followed by a SH3 domain and a GUK domain.
The PDZ domain is able to interact directly with claudin and JAMs. The GUK domain
associates with occludin, while the SH3 domain connects with actin and thus establishes
a direct link to the cytoskeleton [18]. In the epidermis, TJs structures are particularly
found in the stratum granulosum. There they function as an indispensable barrier in order
to prevent inside-out leakage. TJs in the epidermis comprise of multiple members of the
claudin family proteins such as claudin-1, claudin-4 and claudin-7, occludin, JAM-A and
ZO-1 [19].

Gap junctions connect neighboring cells directly to each other by interconnecting both cells
cytoplasms and thus enable cellular communication [20]. They are present in almost all
animal tissues, demonstrating the importance of this protein complex for cell communication
[20]. The channel of the gap junctions is formed by channel-forming proteins called connex-
ins (Cxs) in vertebrates and innexins in non-vertebrates [20] [21]. A semichannel consists
of six Cxs, which builds a so called connexon. Two opposing connexons from adjacent cells
create one continuous channel, called a gap junction. About 20 Cxs have been found in
the human genome [22]. The pore diameter of the gap junctions is 1.4 nm, hence passage
of only small molecules e.g. inorganic ions, sugars, amino acids and signaling molecules
as cyclic adenosine monophosphate (cAMP) are possible. Transport of macromolecules
e.g. proteins or polysaccharides is not feasible. Further, also electric coupling via gap
junctions is possible [23] [24]. This is an important cell feature, hence action potentials can
spread easily through the tissue, e.g. simultaneous contraction of the heart muscle cells. In
physiological conditions many of those gap junction channels are found in close proximity,
forming so-called gap junction plaques [20]. Hence gap junctions can be built via different
Cxs, this leads to tissue specific permeabilities [25]. Gap junctions are almost expressed in
the complete epidermis but not in the stratum corneum. Different types of Cxs are found in
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the corresponding layers of the epidermis. In the basal epidermal layer of adult mice, Cx43
and Cx40 are expressed while Cx43 and Cx31 are present in the spinous layer. Cx31 but
not Cx43 is found in the granular layer [26]. In addition, a cell differentiation-dependent
alteration in Cxs isoform expression, in keratinocytes, was observed [27]. Further, Cxs
play a role in epidermal wound healing, hence different Cxs are expressed upon wounding [28].

AJs belong to the adhesion-mediating complexes between cells in multicellular organ-
isms. Their main function is to resist external forces that would otherwise pull cells apart.
Classical cadherins and nectins are their transmembrane proteins, which link the cytoskele-
tons of neighboring cells. The name cadherin refers to their dependency of Ca2+, as without
extracellular Ca2+-ions, no adhesion between neighboring cells is possible [29]. There are
over 20 different members of the classical cadherins, some of them are named after their
tissue of main occurrence, e.g. E-cadherin (E-Cad) in epithelial, N-cadherin (N-Cad) in
nerve cells or P-cadherin (P-Cad) in the placenta [11]. However, these members are not
limited to this particular tissue. Adhesion between neighboring cells is accomplished with
the extracellular domain of nectins and cadherins in a homophilic manner. The intracellular
part of cadherins is bound to plaque proteins and thereby indirectly linked to the actin
cytoskeleton [30]. These plaque proteins comprise α-, β-, γ-catenin and p120-catenin. The
cadherins directly interact with β-, γ-catenin or p120-catenin. The complex is connected
to the actin cytoskeleton via α-catenin, which interacts with β-catenin and therefore links
the cadherin proteins to the actin cytoskeleton [31]. For nectins, the cytoplasmic tail binds
to afadin, which in turn links the nectins to the actin cytoskeleton [32]. In contrast to
cadherins-catenin-complex, the nectin-afadin complexes do not mediate strong adhesion,
but is essential for AJs maturation and cell polarity [30] [32] [33]. Even though binding
of classical cadherins has a low affinity, the presence of many bonds in parallel results in
strong adhesion. AJs are vast complexes, existing of up to 105 cadherin molecules [11].

Desmosomes belong together with the AJs to the adhesion complexes of the intercellular
junctions. Both adhesive units share a quite similar basic structure. From an evolutionary
point of view, desmosomes have appeared for the first time with the origin of vertebrates.
Hence they can be considered as an updated version of AJs [34] [7]. Their molecular
composition however is different, as they use desmosomal cadherins and plaque proteins
linking the complex to intermediate filaments (IFs) instead of actin filaments. In principle,
desmosomes can withstand higher external forces as AJs. One cause for this is because
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of the different cytoskeleton binding partner. IFs can withstand higher mechanical forces
compared to actin. That is one reason of the desmosome-IF complex’s ability to withstand
higher forces than the AJ-actin complex, an important difference between desmosomes
and AJs [7] [35]. Another reason is that desmosomes can adopt a stronger adhesive state
compared to AJs (see 1.3.4) [36]. Desmosomes are therefore very important in vertebrates,
as they provide mechanical integrity. The relevance of this strong linkage can be seen in the
case of some diseases, where the function of desmosomes or their adhesive mechanisms are
compromised. Impairment of desmosomal function can be caused due to autoantibodies,
genetic defects of desmosomal components or bacterial infections leading to cleavage of des-
mosomal cadherins [37] [38] [39]. Desmosomes are found in almost all vertebrate epithelial,
especially in mechanically stressed tissue, e.g. skin and heart [40]. Hence, investigation of
desmosomal cadherin binding properties is the main part of this thesis, the desmosome will
be described in more detail in the next section (see 1.3).

1.3 Desmosomes

Desmosomes are especially found in tissues which are particularly exposed to mechanical
stress. These include stratified epithelial, e.g. the human epidermis (Figure 1.1 and 1.2 A-B).
Other examples are mucous membranes and the myocardium. In addition, desmosomes
can also be found in simple epithelial and non-epithelial cells including meningeal cells of
the arachnoidea and in the follicular dendritic cells of lymph follicles [38]. In polarized
epithelial cells desmosomes are located below the TJ and AJ, when viewed from the apical
to the basal side [41].

The molecular composition of desmosomes consists of three building blocks or protein
families: The adhesion-mediating transmembrane desmosomal cadherin proteins, armadillo
proteins which are part of the desmosomal plaque and plakin proteins. The function of
which is to create a connection to the IFs within the desmosomal plaque (Figure 1.2 C).
The desmosomal cadherins are a subgroup of the cadherin superfamily. They consist of
four desmoglein (Dsg 1-4) and three desmocollin (Dsc1-3) isoforms. Desmosomal cadherins
are Ca2+-dependent adhesion proteins consisting of five extracellular domains (EC1-5), a
transmembrane and a cytoplasmic domain. Ca2+-ions are essential as they stabilize the
EC-domains, an important requirement for intercellular adhesion. Trans-interactions with
partner molecules from opposing cells were suggested to be performed by the EC1-domain
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via a strand-swap mechanism, while cis- or lateral interactions are carried out by a different
regime of the EC1-domain, allowing both interactions to occur simultaneously (see 1.5.2)
[42]. Ultrastructure images (Figure 1.2 B) show that desmosomes consist of a highly ordered,
dense electron structure, which is less than 1 µm in diameter. There is a symmetrical
midline between opposing cells spanning the extracellular space. This dense midline is
believed to be the result of a highly ordered arrangement of the extracellular domains of
desmosomal cadherins [43] [44] [45]. Following this model, at this line, trans-interactions
between the extracellular domains of desmosomal cadherins, located on opposite cells, take
place. On both sides of the dense midline, the desmosomal plaques, which are associated
with the IF network, are located. They are composed of an outer dense plaque (ODP) and
an inner dense plaque (IDP). The IFs attach at the IDP [45]. The Ca2+ concentration
required to form desmosomes is between 1.2− 1.8 mM [46]. The cytoplasmic domain of
the desmosomal cadherins contains binding sites for the plaque proteins PG and Pkps 1-3,
which are members of the armadillo family and are part of the desmosomal plaque. Dscs
appear in two different isoforms, with respect to their cytoplasmic domain, an “a”- and
a “b”-form. The shorter “b”-form lacks binding sites for the plaque protein PG. Further
functions of the two different splice isoforms are poorly understood [7]. PG mediates
the main linkage between the cytoplasmic domain of the desmosomal cadherins to DP, a
member of the plakin family. Pkps are interacting with all parts of the desmosomal plaque
and contribute to plaque assembly. The association of PG, Pkp and DP forms the ODP.
Beside the linkage of cadherins to DP, plaque proteins are also able to translocate to the
cell’s nucleus, therefore creating a link between intercellular junction and regulating the
gene expression [39]. The role of DP is to provide a linkage between PG and Pkps to the
IF. The IDP is formed by the binding of DP to the IF [39].

The expression of the different desmosomal component isoforms is tissue- and differentiation-
dependent [47]. Dsg2 and Dsc2 are found in all tissues containing desmosomes [48]. As
an example, the human intestinal epithelium contains only Dsg2 and Dsc2 as desmosomal
cadherin isoforms [49]. Desmosomes in cardiomyocytes consist only of DP, Pkp2, Dsg2, Dsc2
and PG, while the other desmosomal components are missing [50]. These are only expressed
in stratified epithelium such as the epidermis [48]. There, all desmosomal cadherins are
present and reveal a differentiation-specific expression pattern [49]. Dsg1 and Dsc1 are
mainly expressed in the upper layers of the epidermis, in contrast to Dsg3 and Dsc3, which
are found more in the basal layers (see Figure 1.1B) [38]. The specific distribution pattern
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of desmosomal components has an essential role in the proper differentiation and function
of the epithelium [51] [38]. This was demonstrated by artificially induced overexpression
of Dsg3 in mouse suprabasal epidermis. Phenotypes showed an abnormal differentiation,
hyperproliferation and perinatal lethality due to transepidermal loss of water [52]. In the
adult human epidermis, however, the expression patterns of the different cadherins overlap
[47] [53].

Figure 1.2: A: HE staining of a human skin section showing the different layers of the
epidermis. B: Desmosomes appear as two opposing discs in an electron microscopy image.
C: Ultrastructural image with superimposed schematic representation of a desmosome and
its molecular components. Characters represent the following ultrastrucural regions: ∗
dense midline, # outer dense plaque (ODP), + inner dense plaque (IDP). Modified from (A)
Welsch, Histologie, 2006 [2], (B) Radtke-Schuller and Bartels, 2012 [54] and (C) Wanzhong
et al., 2003 [55].

1.3.1 Desmosomal cadherins

Desmosomal cadherins are also found outside of desmosomes on the cell surface of kerat-
inocytes. There, they are not attached to the intermediate filaments and more soluble to
detergents such as Triton-X-100 [56]. Outside of the desmosomal complex, they are then
referred to as extradesmosomal cadherins. The latter do not only contribute to intercellular
adhesion but rather act as adhesion receptors. In pemphigus, extradesmosomal Dsg3
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molecules are the first molecules to be internalized. Due to this, desmosome assembly is
perturbed, which leads to incomplete desmosomes and therefore compromised adhesion, a
phenomenon described as non-assembly-disassembly hypothesis. This process occurs before
the separation of desmosomes [57] [56].
Extradesmosomal cadherins serve as adhesion-dependent sensors, triggering intracellular
signaling [58]. Supporting this hypothesis, stabilization of Dsg3 trans-interactions with
peptides was carried out, leading to prevention of phosphorylation of p38MAPK after
PV-IgG incubation [59]. Hence, activation of p38MAPK is a key aspect in the pathogen-
esis of pemphigus which supports a sensory role of extradesmosomal cadherins. Further,
extradesmosomal Dsg3 is an upstream regulator of Rho GTPases, which are involved in
the regulation of actin organization. This property is essential for cellular polarization,
morphogenesis and tissue remodeling [60]. In line with this, stabilization of actin filaments
inhibits PV-IgG-induced loss of intercellular adhesion. Taken together, extradesmosomal
Dsg3 serves as a signal transducer involved in the regulation of adhesion [61].
As mentioned above, another property of extradesmosomal cadherins is their contribution
to desmosome assembly. Interestingly, AJs and desmosomes do not independently mediate
intercellular adhesion but are also interconnected and regulate each other. Complete AJs
are required for desmosome formation [62] [63]. In this context, extradesmosomal Dsg3 is
associated with E-Cad and sarcoma-associated kinase (Src) activation, which is important
for desmosome assembly [60] [64] [65]. Activity of Src in combination with E-Cad is neces-
sary for anchoring Dsg3 to the cytoskeleton. Further, Dsg3 regulates the activity of Src via
forming a complex [65]. In summary, extradesmosomal desmogleins might act as primary
signaling hubs which are important for the regulation of desmosomes, thus contributing to
intercellular adhesion in an indirect fashion [39]. In addition to Dsg3, other desmosomal
cadherins also occur outside of desmosomes. For example, Dsg1 and Dsg2 control epidermal
growth factor receptor (EGFR) signaling, which regulates cell differentiation [66]. Moreover,
Dsg2 interacts with caveolin-1, a property important for desmosome turnover [67] [68].

1.3.2 Plakophilins

Pkp1-3 belong to the armadillo-protein family [69]. The Pkp structure consist of a N-
terminal head domain, which is between 246 and 348 amino acids long. In this section, the
binding sites of the interacting binding partners are located. In the middle are the nine
armadillo repeats. Between the fifth and sixth repeat a wedge is located, which leads to
a bend in the protein structure [70]. The C-terminus domain is rather short (Figure 1.3)
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[71]. Pkps localize to the desmosomal plaque where they interact with the cytosolic part
of the desmosomal cadherins and DP, thereby supporting stable adhesion via cadherins.
Similar to the desmosomal cadherins, Pkps have a tissue-dependent expression pattern.
Further, in the human epidermis, Pkps also show a differentiation-dependent expression
(Figure 1.1 B) [38]. Pkp1 is present in stratified epithelial where it is mainly expressed in
the superficial layers. In contrast, Pkp2 is present in all simple and stratified epithelial and
non-epithelial tissue such as the heart muscle. Pkp3 is expressed in simple and stratified
epithelial and is abundant in the basal layers of the epidermis [69]. For Pkp1 and 2 two
isoforms exist, a shorter “a” and a longer “b” form, while no further splice variant is known
for Pkp3. The variation in length is due to an insertion of 21 amino acids of the third
armadillo repeat for Pkp1 and 44 amino acids of the fourth armadillo repeat for Pkp2
[72] [73]. Besides their localization to the desmosomal plaque and their role to mediate
linkage between DP and the desmosomal cadherins, Pkps fulfill other functions and are
present outside of desmosomes as well. For instance, Pkp1a, Pkp2a and b are present in
the cytoplasm and even localize to the nucleus. In contrast, Pkp1b appears to reside in the
nucleus only [72] [73]. Resulting from that, the different distribution of the Pkp1 variants
could explain various effects of the Pkp1 cellular functions. Nothing is so far known about
the different functions of the Pkp2 splice variants [74] [75].

Pkps are also important for signal transduction. Their specific functions depend on
the localization of the respective Pkps, as Pkp1-3 occurs in the cytoplasm, Pkp1-3 is present
in the cell membrane and Pkp1 and Pkp2 are found in the nucleus [76]. A possible indication
of the involvement of Pkps for signal transduction is that Pkp1 and Pkp3 occur in stress
granules, which are aggregates of inactive translational complexes in the cytoplasm that are
on hold due to cell stress [77]. In these stress granules, Pkp3 associates with RNA-binding
proteins, indicating a function of Pkp3 for translation or RNA metabolism [77]. Other
studies showed that Pkp1 and Pkp3 stimulate translation in vitro as well as in cells, via
binding of the cap-binding complex [76]. Pkp2 in the cytoplasm is involved in signal trans-
duction of the Wnt-pathway. There, it competes with E-Cad for binding to β-catenin and
thus negatively regulates cell adhesion [78]. Regulation of Pkps during cell differentiation
occurs via post-translational modification, mainly via its multiple phosphorylation sites
or via palmitoylation [79] [80]. Pkp1 has an adhesive function in its unphosphorylated
state, in contrast to its phosphorylated state. This change is mediated by insulin/IGF-1
signaling through the PI3K-AKT pathway. It follows a stabilization of the cytoplasmic
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Pkp1 pool, which in turn increases translation rate and proliferation while cellular adhesion
is decreased [81]. Palmitoylation describes a post-translational modification in which a
16-carbon fatty acid is attached to a specific cysteine residue. This process plays a role in
several protein properties, including protein localization, activity, stability and to increase
the probability of incorporation into the cell membrane [82]. For Pkps, palmitoylation is
important for proper assembly and adhesion of desmosomes [80].

Although they fulfill different functions and reveal distinct localizations, all Pkps in-
teract with desmosomal components and plaque proteins, which leads to a stabilization
of intercellular adhesion and contributes to proper assembled desmosomes. Because of
their various interaction partners, Pkps are regarded as scaffolding proteins, essential for
desmosome assembly. Further, the respective Pkps show different functions with regard to
cell adhesion, cytoskeleton interactions and signaling, which is explained for the individual
isoforms in more detail in the following part.

Figure 1.3: Structure of the plakophilin isoforms. The Pkp isoforms are composed of a
N-terminus head domain, nine armadillo repeats with a characteristic bend between repeat
five and six and a short C-terminus tail domain. The superscript numbers represent the
amino acid residues.

Pkp1 interacts through its N-terminal head domain with DP and Dsg1 [83]. It further
promotes the assembly and lateral clustering of DP [84]. Therefore, Pkp1 enhances the
recruitment of desmosomal components to the plasma membrane, regulating desmosomal
size. This leads to an indirect support of desmosomal mechanical stability [83] [74]. Further,
Pkp1 can initiate the assembly of desmosomal components in a cell, even in the absence of
classical cadherins. Classical cadherins however are required to form desmosomes between
adjacent cells. Hence, Pkp1 is a key protein for DP clustering and is important for the
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amount of desmosomal components [85]. According to that, Pkp1 seems to have an im-
portant role in promoting and stabilizing cell adhesion [74]. Due to the fact that Pkp1a is
present at the desmosomes or at the nucleus and Pkp1b is only present in the cell nucleus
it can be concluded that post-translational splicing is important for Pkp1 localization and
therefore function. The generation of Pkp1-/- mice by Rietscher et al., showed the specific
role of Pkp1 for a functional desmosome [86]. Mice lacking the Pkp1 gene were born with
reduced weight but other than that appeared normal. However, their condition declined
seriously and, without mechanical trauma, they developed fragile skin and lesions leading
to death within 24 h. Desmosomes in the epidermis of Pkp1-/- mice were sparse and small.
The observed phenotype revealed the importance of Pkp1 for desmosome function. Skin
of Pkp1-/- mice was used to create spontaneously immortalized keratinocytes, which were
used in this thesis (a kind gift from M. Hatzfeld) [86].

Pkp2 can interact with more desmosomal components compared to Pkp1 via its N-terminal
head domain, namely with DP, Pg, Dsg1 and 2, Dsc1a and 2a [87]. Therefore, it can be
speculated that Pkp2 has different functions compared to Pkp1 [78]. In cardiomyocytes,
Pkp2 colocalizes with AJs, indicating that Pkp2 plays a role in forming some sort of mixed
junctions [88]. Pkp2 colocalizes with DP in nonmembrane-bound precursors, which are
transported to the membrane to regulate desmosome assembly [87]. Therefore, Pkp2 is
required for DP accumulation in desmosomes of epithelial cells. Desmosome assembly
requires Pkp2, which facilitates the association of protein kinase C (PKC) α to DP, and
thereby weakens the interaction between DP and cytoplasmic IF. Unbound DP promotes
desmosome assembly. Loss of Pkp2 inhibits the normal accumulation of DP at the cell
membrane and, consequently, desmosome assembly [89]. Pkp2a and b can be localized at
the cytoplasmic plaque of desmosomes as well as at the nucleus. Pkp2 was found to form
a complex with RNA polymerase III [90]. This suggests that the amount of Pkp2 which
exceeds the need for desmosome formation may be important in regulating growth control.
The vital role of Pkp2 is shown in Pkp2 knockout mice, which display embryonic lethality
during E10.5-E11. Hence, Pkp2 seems to be an essential factor for morphogenesis and an
architectural component of the heart [91].

Pkp3 interacts with the highest number of proteins from the desmosome family, including
PG, DP, Dsg1-3 and Dsc1a, 2a, 3a. The binding mechanism is via the N-terminal head
domain. Furthermore, Pkp3 appears to contain two DP interaction sites. This feature
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might be responsible for lateral DP-Pkp3 interactions, resulting in increased desmosome size
and more keratin filaments anchoring points [92]. Consistent with this, Pkp3 knockdown
experiments in human keratinocyte cell lines resulted in a decrease in desmosome size and
reduced cell border staining of desmosomal proteins [93]. Pkp3 appears at the cell border
even under low environmental Ca2+ concentrations. Where it appears in a complex with
E-Cad and PG. Therefore, it can be concluded that Pkp3 has an important role in the
initiation of desmosome formation [93]. In agreement with this, overexpression of Pkp3
led to an increase in desmosome size and its stability, which was achieved via increased
expression of Dsc2. This highlights the manifold capabilities of Pkp3 [94]. As for Pkp2,
the role of Pkp3 is to provide a scaffold for desmosomal assembly [74]. Pkp3-null mice
showed hair coat abnormalities and were susceptible for dermatitis. In the basal layer of the
epidermis desmosome density was significantly altered [95]. Spontaneously immortalized
keratinocytes from those Pkp3 knockout mice were used in this study [95].

1.3.3 Desmosome turnover

Desmosome assembly

Prior to the assembly of desmosomes, extracellular Ca2+ as well as classical cadherins on
the cell surface are required [96]. In a Ca2+-dependent process, actin gets polymerized.
This leads to the formation of filopodia which physically embed into neighboring cells
forming transient contact points [97]. At the cellular contact sides, E-Cad clusters are
formed leading to junctions, a process that depends on α-catenin and VASP/Mena [98].
Those formed junctions mature into AJs. Afterwards, desmosomes are assembled at these
intercellular contacts. Keratinocytes in a cell culture model showed desmosomal plaque
formation with incoming cytokeratin filaments five minutes after being switched to high
Ca2+ medium, followed by the appearance of asymmetric desmosomes after ten minutes
and symmetric desmosomes after one hour [99]. It is thought that Pkp3 is involved in
desmosome formation, hence even under low Ca2+ conditions Pkp3, E-Cad and PG are
present at the cell borders. Due to the ability of PG to localize to desmosome as well as
AJs, it plays a central role in the process of desmosome assembly [100]. In contrast, the
localization of Pkp3 at the cell borders depends on the recruitment through PG and E-Cad
[93]. Palmitoylation of Pkps is an important part of proper desmosome assembly. Mutation
of a single cysteine residue prevents palmitoylation, which results in incorrect localization of
desmosomal components [80]. Dscs are thought to be important for desmosome formation.
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In Madin-Darby canine kidney II cells (MDCK), Dsc2 is the first desmosomal cadherin to
appear at the cell surface within the first 30 min, followed by Dsg2 [101]. Further evidence
for the role of Dscs in desmosome formation is provided by the N-terminal deleted Dsc3 in a
human keratinocyte cell model. This mutation compromises the ability to form desmosomes,
but mutant Dsc3 cadherins were able to bind β-catenin. This indicates that Dsc3 is able to
interact with existing AJs via β-catenin, inducing desmosome formation [102].
Desmosomal components, after synthesis and post-translational modification, are trans-
ported to cellular contact sites by various mechanisms [103]. One is that cytoplasmic
particles containing DP and Pkp2 are brought in an actin-dependent manner to the sites
of desmosome formation. DP then first assembles in nascent junctions near the emerging
desmosomes and is then gradually incorporated into the developing desmosomes [104].
For proper incorporation, Pkp2 is required to secure normal accumulation of DP in the
desmosome. Afterwards Pkp2 recruits PKCα to DP. Due to PKCα, DPs interactions with
their cytoplasmic part and IF are weakened, leading to a better assembly of DP [89]. Apart
from the function of Pkp2 regulating the DP-IF complex, it is also involved in another
pathway. For a proper DP translocation towards emerging desmosomes, an organized actin
cytoskeleton is necessary. Pkp2 modulates the actin cytoskeleton via RhoA, hence enabling
desmosome assembly [105]. It can be concluded that at the plasma membrane Pkp2 acts as
a scaffold for PKCα and RhoA and thus connecting those pathways. This supports DP
phosphorylation and actin remodeling which is important for desmosome assembly [89] [105].
The carriage of the remaining desmosomal cadherins relays on a microtubule-dependent
transport, mediated by distinct kinases [106].
Desmosomal cadherins in cooperation with PG and DP are already able to nucleate the
desmosomal plaque [107]. So far, it is unclear whether the desmosomal cadherins are
directly incorporated into the desmosome or not. For Dsg3 it is known that at first ex-
tradesmosomal clusters occur, which are then laterally incorporated into the desmosome
[108]. Those extradesmosomal Dsg3 molecules are linked to actin. It seems that this
state could represent a stopover towards desmosome formation [109]. In MDCK cells on
a temporal level, first vesicles with the size of 60 nm, which mainly contain Dsc2, are
brought to the cell membrane within the first 30 min. In a second step, vesicles with the
size of 200 nm transport desmogleins, E-Cadherin, PG and β-catenin to the nucleation
sites. Afterwards, plaque proteins are added. The whole process of desmosome assembly
takes 2 h [101]. Once desmosomes have formed, they are stable and do not separate during
mitosis. On the contrary, desmosomes are dynamic units able to adapt to external changes.
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They are exposed to a high turnover with a half-life of roughly 30 min [110]. However,
since the desmosomes are in a steady-state, this suggests that there is a freely diffusing
pool of desmosomal components outside the desmosome, which represents a reservoir of
desmosomes or an intermediate state [111].

Desmosome disassembly

Desmosomes are strong adhesive units, however their adhesive strength must be precisely
controlled through assemble and disassemble dynamics. This is important to provide strong
mechanical strength on the one side, but on the other side the cells must be able to undergo
migration and rearrangement during wound healing. The degradation of desmosomes under
non-pathological conditions is poorly studied. However, information about this process can
be obtained from pemphigus autoantibody binding in model systems. Pemphigus antibodies
bind to Dsg3 proteins and binding against extradesmosomal Dsg3 initiates raft-mediated
Dsg3 endocytosis [112]. This leads to a lack of Dsg3 replenishment from the freely diffusing
pool and subsequently to a reduction in Dsg3 level within the desmosome, ultimately leading
to loss of desmosomal adhesion [113]. Furthermore, binding of pemphigus antibody to
Dsg3 activates the signaling molecule p38MAPK. In the absence of pemphigus antibodies,
p38MAPK is responsible for regulating the anchorage of the desmosomal plaque to the
keratin filament cytoskeleton [114]. However, activation of p38MAPK leads to retraction of
the keratin filament cytoskeleton followed by depletion of Dsgs, a phenomenon associated
with loss of cell cohesion [111].

1.3.4 Concept of hyper-adhesion

One major difference between AJs and desmosomes is, that desmosomes can resist higher
external forces. Intercellular adhesion complexes can be considered as a chain consisting of
several subunits. Therefore, the rule applies that a chain is only as strong as its weakest
link. This simple physical model can also be used for intercellular adhesion complexes.
Hence, we have to consider the desmosome-IF complex as three components with individual
linkages, namely the IF, the plaque proteins acting as the linkage point and the cadherins.
Each connection needs to withstand the external tension force. The same amount of applied
force is experienced by each individual part of the chain. Therefore, all linkages need to be
equally strong, as the breakage threshold is defined by the weakest link. The desmosome-IF
complex turns out to be more stress-resistant compared to the AJ-actin complex. As
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mentioned above, IF can be stretched to a higher extend than actin [35]. This prevents the
dissociation of tissue due to rupture of cells. The IFs are coupled to desmosomes via the
plaque proteins, representing a linking point of the chain. Consequently, the desmosomal
cadherins represent the next component of the chain, while desmosomal cadherin binding
builds up the extracellular linkage. This bond connects the whole chain to the opposing
complex of the neighboring cell. And it is this cadherin-cadherin-interaction that gives
desmosomes their special property. Desmosomes appear in a weaker and a stronger adhesive
state, the latter known as the hyper-adhesive state, in which desmosomes are independent
of extracellular Ca2+ [44] [50]. The stronger adhesive state of desmosomes is considered
to be the normal state, which appears in most tissues constantly exposed to mechanical
stress [115]. Hyper-adhesive desmosomes contain a dense midline [43]. In their weaker state,
desmosomes are Ca2+-dependent and are comparable to AJs in terms of force bearing. In
the development of tissue it was found that desmosomes depend on Ca2+ until embryonic
day 12. After embryonic day 14, a dense midline was observed, suggesting that desmosomes
are hyper-adhesive from this date onward [116]. Hyper-adhesive desmosomes have been
found not only in the epidermis but also in numerous other tissues, e.g., the oesophagus,
liver and cardiac muscle [115][117]. Moreover, hyper-adhesive desmosomes could also be
detected in cell culture models, e.g., in the simple epithelial cell line MDCK and in cultured
human keratinocytes (HaCaT) [36] [115]. Hyper-adhesive desmosomes are resistant to the
chelation of Ca2+. In case of Ca2+ removal, they remain in their strong adhesive state,
whereas Ca2+-dependent desmosomes show a reduced level of adhesion.

The experimental way to test for hyper-adhesion in cell culture models underlies a simple
protocol [115] [36]. However, it is important to consider that this approach is completely
artificial as Ca2+-depletion does not occur in a physiological setup. Normal cell culture
media, as well as most body fluids, have a Ca2+ concentration of 1− 2 mM . To remove free
Ca2+ from the solution, the cells are exposed to ethylene glycol tetraacetic acid (EGTA), a
specific Ca2+ chelator [36]. Hyper-adhesive desmosomes remain in their strong adhesive
state even after chelation of Ca2+. In contrast, non-hyper-adhesive desmosomes and AJs
lose their adhesive strength after Ca2+-chelation. The withdrawal of Ca2+ is a good and
simple approach to identify the two different adhesive states of desmosomes. A concordantly
performed dispase-based dissociation assay provides insights into overall intercellular adhe-
sion [118]. A more concise approach is to investigate ultrastructural images. Here, it was
proposed that Ca2+-independent desmosomes show a dense midline whereas Ca2+-dependent



1. Introduction 17

desmosomes do not. Thus, this dense midline seems to be the ultrastructural correlate of a
more precise arrangement of desmosomal cadherin [44].

Desmosomes are not locked in one adhesive state but are rather dynamic entities, which
are able to change their adhesive properties. Transition between the two states was shown
in the epidermis as well as in cell culture models [44] [115]. This ability is very important
in order to adopt to various biological circumstances. Strong adhesion is required in intact
tissue but in case of wounded tissue, cell migration is essential. This was proven in cell
culture models as well as in the epidermis. It was shown that the transition between the
normal Ca2+-independent state to the weaker Ca2+-dependent state underlies a couple of
steps. At first, PKCα gets activated and translocates from the cytosol to the desmosomal
plaque. There, PKCα activates DP leading to a rearrangement of the desmosomal plaque
[115]. Following that altered desmosomal plaque composition might transmit signals to
the EC-domains leading to a decrease of order [43]. In line with that, inhibition of PKCα
supports the acquisition of the hyper-adhesive state.

On an ultrastructural level, hyper-adhesive desmosomes appear with an ordered and regular
structure of their desmosomal cadherin EC-domains. Further, they show a prominent mid-
line in ultrastructural images, which is not present in Ca2+-dependent desmosomes [44] [119].
As stated before, the assembly of desmosomes depends on Ca2+, followed by their ability to
form trans binding [120] [121] [122]. It is therefore surprising how desmosomes can become
independent of Ca2+. A possible explanation may be the unique composition and structure
of desmosomes. Ca2+ may be locked within the arrangement of the EC-domains. Thereby
the ions can not be removed by chelating agents. From classical cadherins it is known that
cis binding takes place between the EC1-domain, which is involved in a swap-dimer forma-
tion (1.5.2), and the linker regions of the EC2- and EC3-domain of a neighboring cadherin
molecules. The bound Ca2+ ions are located between the EC2- and EC3-domain. Because of
the high structural similarity between classical and desmosomal cadherins, Garrod suggested
that cis-interactions between desmosomal cadherins trap the Ca2+ and therefore lead to
a resistance of Ca2+ chelation [44]. Garrod et al. used the C-Cadherin structure in order
to model the hyper-adhesive state [44][123]. Further, a β − helix may be involved in this
process, hence it covers one of the free Ca2+ ions, therefore protecting it from extraction [50].
The transition to the weaker adhesive state requires disturbed order of the EC-domains,
which is due to loss of cis-interactions. Importantly trans-interactions are still present,
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since adhesion is not completely abrogated [45]. Therefore, the term Ca2+-independent
may be misleading. A better form to describe this state would be “Ca2+ chelation resistance”.

As mentioned at the beginning of the chapter, AJs remain Ca2+-dependent and hence do
not acquire a hyper-adhesive state. This is at first surprising because AJs also appear
in clusters and classical and desmosomal cadherins show a high structural similarity. A
difference between these two complexes is that classical cadherins do not arrange in highly
ordered structures, whereas desmosomal cadherins do [43]. According to molecular dynamic
simulations carried out in the presence of Ca2+, a possible explanation for that difference
could be due to different degrees in flexibility of the two cadherin families. These simula-
tions took into account that the cadherins are partly membrane bound and attached to
the cytoskeleton. Classical cadherin EC-domains are more rigid, and therefore unable to
perform conformational changes that are needed for the adoption of an ordered arrangement.
In contrast, desmosomal cadherin ectodomains show more flexibility and can therefore align
in an ordered fashion, even with restriction of movement due to cytoskeleton anchorage.
The lack of sequence conservation of two interdomain Ca2+-binding sites is likely responsible
for this higher flexibility [124]. To conclude, desmosomal cadherins cluster in an ordered ar-
rangement due to higher flexibility of the EC-domains in contrast to classical cadherins [124].

Interestingly, increased expression of the plaque protein Pkp1 was shown to favor the
transformation of Ca2+-dependent to Ca2+-independent desmosomes, in primary kerat-
inocytes. This change in adhesive state is also protective against PV-IgG-induced effects
[125]. Plaque proteins, especially Pkp1, are thus important for the development of the
hyper-adhesive state.

To summarize, the main difference between the two adhesive states is the difference
in degree of order of the extracellular domains and the resistance towards Ca2+ chela-
tion. The hyper-adhesive state refers to a higher ordered and stronger adhesive state.
However, the mechanisms underlying the phenomenon of hyper-adhesion are hypothetical
and further studies are required to elucidate the molecular basis and the regulation of
Ca2+-independency.
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1.4 Desmosome-associated diseases

The importance of intact and appropriately regulated desmosomes are reflected by the
pathogenesis of numerous diseases, where desmosomal adhesion is perturbed. This impair-
ment can be due to autoantibodies, genetic defects or bacterial toxins. Alterations in
protein expression of desmosomal cadherins have been found in various human carcino-
mas. However, mutations of the cadherins do not normally occur in these cases. The
contribution of desmosomal cadherins to cancer is therefore not yet clear [38]. Various
desmosomal components can be affected, leading to different diseases in distinct tissues.
For example, mutations in Dsg2, Dsc2 and Pkp2 can cause arrhythmogenic right ventricular
cardiomyopathy (ARVC) in cardiomyocytes, while impairment of desmosomal adhesion in
the epidermis is accompanied in bullous diseases and skin fragility syndromes [126] [127].

In pemphigus, autoantibodies against Dsg1 and Dsg3 cause lesions in the skin and the
mucous membranes [128]. Depending on the autoantibody profile and the resulting epi-
dermal splitting, different forms of pemphigus are distinguished, namely pemphigus vulgaris
(PV) and pemphigus foliaceus (PF), whereby PV is with 80-90 % of the cases much
more common than PF [129] [38]. However, there is an endemic form of PF in South
America, referred to as Fogo selvagem, which probably is transmitted via insect vectors
[130]. PV-IgG antibodies cause blisters formation in the deep epidermis, whereas skin
splitting in the granular layers of the epidermis is a hallmark of PF-IgG autoantibodies
[131]. The two forms of pemphigus are characterized by different antibody profiles. People
suffering from mucosal-dominant PV have autoantibodies against Dsg3, whereas patients
with mucocutaneous PV develop autoantibodies against Dsg3 and Dsg1. In PF, patients
have autoantibodies against Dsg1 but not to Dsg3 [38]. Pemphigus IgG also contains
further antibodies directed against other keratinocyte antigens, such as Dsc1-3 or E-Cad.
However, it has already been shown that these are not necessarily pathogenic. Whether
and how these additional antibodies are involved in epidermal cleavage due to pemphigus
has not yet been conclusively clarified [38]. Pathomechanistically, autoantibodies directed
against the extracellular domains of Dsg1 and Dsg3 lead to a loss of intercellular adhesion
of the epidermal keratinocytes, a process called acantholysis [132]. Histological hallmarks
are depletion of Dsg1 and Dsg3 from the cell membranes and alterations of the keratin
cytoskeleton [114]. The pathomechanism of this disease is however not fully understood.
Nevertheless, two possible mechanisms are largely accepted, namely direct inhibition and
cell signaling [39]. Direct inhibition is thought to occur when PV-IgG antibodies bind the
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amino-terminal part of the EC1-domain, thereby interfering with the trans-interactions
of desmosomal cadherin binding. This was observed for Dsg3 but not for homophilic
Dsg1 indicating that the underlying mechanisms of PV and PF are different [133]. Direct
inhibition in turn contributes to acantholysis [38]. However, it has been shown that direct
inhibition alone is not sufficient to cause complete loss of cell cohesion. Rather, it was
found that altered signaling events are crucial for the complete loss of intercellular adhesion
[134]. Several altered signaling pathways in response to PV-IgG binding are involved in
the pathogenesis of pemphigus [39]. Extradesmosomal Dsg3 mediate outside-in signaling, a
function disturbed upon antibody binding [58]. In contrast, it was found that inhibition
of several signaling pathways resulted in rescue of acantholysis after PV-IgG incubation
[135]. Beyond that, keratins are involved in regulating several signaling pathways e.g.,
p38MAPK and PKC [114] [136]. Both signaling molecules also participate in the regulation
of Dsg3 [137]. PV-IgG causes an increase in 1,4,5 trisphosphate and intracellular Ca2+, both
processes leading to activation of PKC [138]. It was shown that chelation of intracellular
Ca2+ blocked keratinocyte dissociation in vitro and inhibition of PKC stopped PV-IgG-
induced acantholysis in vivo [139] [140]. This suggests the involvement of this signaling
pathway. Other mechanisms have also been proposed for how PKC signaling contributes to
PV acantholysis including phosphorylation of β-catenin in AJs [141]. In PV patients with
skin lesions, p38MAPK is phosphorylated, which reflects its central role in pemphigus [142].
In vivo studies showed that not only p38MAPK but also its downstream target, heat shock
protein (HSP) 27, are phosphorylated by binding PV-IgG or PF-IgG [142]. Studies with
cultured human keratinocytes showed activation of p38MAPK and HSP 27 within 30 min
after PV-IgG incubation [114]. In addition, pharmacological inhibition of p38MAPK inhib-
its blister formation by preventing keratinocyte dissociation, Rho inactivation, cytokeratin
retraction, and actin cytoskeleton reorganization [114] [38]. Therefore, p38MAPK is most
likely involved in the process leading to acantholysis but the exact mechanism is not yet
elucidated. [38]. PV-IgG-induced loss of cell adhesion in keratinocytes can be prevented by
overexpression of Pkp1. Increasing Pkp1 maintains Dsg3 proteins at cell-cell borders and
inhibits ultrastructural desmosome changes [125]. This indicates that increased expression
of a desmosomal component may be sufficient to prevent PV-IgG-induced pathogenic effects.

ARVC is a myocardial malfunction, which leads to loss of cardiomyocytes and their re-
placement by fatty tissue [143]. In patients with ARVC several mutations of desmosomal
components such as Dsg2, Dsc2, DP and Pkp2 have been found [144] [145] [146]. This
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genetic disorder can lead to sudden death in young patients [143].

Skin fragility-ectodermal dysplasia syndrome results from a functional knockout of the
Pkp1 gene. Patients with this mutation suffer from cutaneous fragility, as well as congenital
ectodermal dysplasia concerning skin, hair and nails [147]. Studies with mice showed that
loss of Pkp1 leads to growth retardation and loss of desmosomal adhesion accompanied
with smaller and fewer desmosomes [86].

1.5 Biophysical principles

This part is supposed to give a basic insight into the physical properties and models relevant
to this thesis. Especially, atomic force microscopy (AFM) experiments are complex and
require explanations regarding the details of their physical background. The following
section explains at first the principle of AFM measurements, followed by the mechanisms of
cadherin binding, which is essential for desmosome functionality. Subsequently, the approach
of how single-molecule binding properties are determined with the AFM is explained. In
the last part, the principal physics between receptor-ligand interactions will be outlined.

1.5.1 Atomic force microscopy

AFM is a non-optical microscopy technique. Its first application was to investigate the
sample surface morphology. This is achieved through detection of distance-dependent
interaction forces between the tip and the sample. Therefore, a small tip connected to a
cantilever, which is basically a plate spring, is brought into contact with the surface. For
feedback information a laser beam is focused on the back of the cantilever. The reflection of
this laser is collected by a position-sensitive four-quadrant photodiode [148]. The measured
deflection allows to measure small forces due to tip-surface interactions while scanning
a sample (Figure 1.4 A). In this way, a three-dimensional image of the surface can be
constructed. The AFM is operable in different modes; intermittent contact, non-contact
mode and force modulation mode. These can be distinguished by the type of force acting
between the tip and the surface. Basically, when two objects are brought together, they
first sense the attractive van der Waals or capillary forces, followed by the repulsive forces
due to overlapping electron orbitals (Figure 1.4 B). The non-contact mode works in the
regime of the attractive force, the force modulation in the repulsive force range and the
intermittent mode in between the two force areas. Those different modes of operation have
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their own advantages and accordingly their own applications.

Besides measuring the topography of a surface, the AFM is often used for sensitive force
measurements, which is referred to as force spectroscopy. For this purpose, the tip, which
is coated with the molecule of interest, is moved back and forth in a vertical direction
along the surface. The free end of the molecule can interact with binding partners from
the substrate. In the case of an interaction, the bond molecules between the substrate and
the tip are stretched. Deflection of the laser beam due to bending of the tip is registered
on the detector. The obtained data contains information about the height position of the
cantilever relative to its vertical deflection, which is proportional to the interaction force
due to Hooks law [149]. The forces detectable by the AFM are in the range between 20 pN
and 10 nN [150]. Because of the possibility to measure forces in this regime, the AFM is a
suitable device to measure the interaction forces between two interacting partners or in this
work proteins. Besides the AFM, there are also other techniques suitable to investigate
single molecule interactions, e.g. optical tweezers, which are working in a lower force regime
(1− 100 pN) [150].

1.5.2 Cadherin-mediated adhesion mechanisms

This section describes the adhesive mechanism of classical cadherins. Following the observa-
tion that classical cadherins and desmosomal cadherins have a similar molecular composition
with regard to their binding anchors and pockets, conclusions can be drawn on desmosomal
cadherins, which are hard to investigate due to their low solubility. [40].

Cadherins contain several EC-domains. These are extremely important because adhe-
sion between opposing cadherins occurs through these EC-sections. One EC-domain
consists of seven antiparallel β-strands. Successive sections are arranged so that their N-
and C-terminal-ends face each other (Figure 1.5A). This allows for consecutive assembly
of multiple EC-domains. The number and arrangement of EC-domains classifies the sub-
families, e.g. both classical and desmosomal cadherins contain five EC-domains. Each
EC-domain has conserved binding sites for Ca2+ ions [42]. The name cadherin comes
from its property to adhere in a Ca2+-dependent manner. The individual EC-domains are
stabilized by the binding of Ca2+ ions. Three Ca2+ ions bind to specific binding sites, which
are located between two EC-domains, so that a total of twelve ions are required [42]. The
dissociation constant of the Ca2+ ions is lower than the extracellular Ca2+ concentration
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Figure 1.4: AFM working principle. A: Schematic setup of an AFM. A tip connected to
a cantilever is repetitively approached to the sample’s surface and retracted. A laser is
focused on the back of the cantilever. Its reflection onto a photodetector is deflected by
interaction of the tip with the surface. B: Attractive and repulsive forces on the tip as a
function of distance. The different AFM operation modes are shown with regard to their
sphere of action C: A force distance curve with an unbinding event. The unbinding force
(UF) as well as the unbinding position (UP) are shown. The contact point, represented by
the asterisk, describes the location of the first contact between the AFM tip and sample.
(C) Modified from Fuchs et al., 2019 [151].

of the environment (1 mM), so it can be assumed that the ectodomains are completely
saturated under physiological conditions [152]. The binding of Ca2+ ions leads to a certain
rigidity of the EC-domains, which gives the extracellular part of the cadherin a specific
curvature [122]. This geometrical shape is necessary for trans-binding because of spatial
reasons [153].

The trans-dimerization occurs between the two most membrane distant EC1-domains
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of opposing cadherins from facing cells. The bond cadherins form a bridge across the
intermembrane gap. Dimerization is achieved with a “strand-swapped” conformation which
is accomplished in a two step process. That involves the so called “X-dimer”. The latter
is a fast binding process and thought of as an intermediate state. The cadherins perform
the swapped dimer state by exchanging the most N-terminal part of the β-A-strand, the
A*-strand, between the two adhering EC1-domains of opposing cells (see Figure 1.5 A).
The basis for this is the insertion of a conserved anchor residue on the A*-strand into a
conserved hydrophobic acceptor pocket of the partner EC1-domain. The conserved anchor
residue is the amino acid tryptophan at position 2 (at least for classical cadherins type
I) [154]. Interestingly the swapping domain (A*-strand) can also be docked in its own
hydrophobic pocket, what is then called “closed monomer” or in an identical pocket of the
partner EC1-domain to form a “swapped dimer”. Important for the swap dimer formation
is an open state in which the hydrophobic anchor is undocked and freely floating (Figure
1.5 B-C) [42]. Worth mentioning is that the EC2-4-domains do not participate in strand
swapping. A possible explanation could be their longer β-A-strand and the replacement of
the hydrophobic conserved tryptophan at position 2 through phenylalanine [155]. However,
this assumption is challenged by a recent study by Sikora et al. in which an atomic model of
the desmosomal structure was constructed using cryo-electron tomography and molecular dy-
namics simulations, showing that the EC2-domain is also involved in trans-interactions [156].

The strand swapped dimers are formed through the so called “X-dimer” formation. In this
state the cadherins are adjacent but no swap is performed. Here, the dimerization occurs
between the EC1- and EC2-domain nearby the Ca2+-binding region, however weaker than
the swapped state [42]. Cadherins in this state have a lower activation energy needed for
the strand swapping process, what underlines their role as an intermediate [157].

Another important way of binding is the lateral or cis-interaction. For type I cadher-
ins conserved binding sites are present. Involved regions of binding are at the base of
the EC1-domain and the other region at the apex of a parallel EC2-domain. Hence the
conserved region for the cis-binding is on the opposite side of the trans-binding site, both
interactions are possible at the same time. The function of the cis-binding is to laterally
assemble the trans-bond cadherins into an ordered network of interacting cadherins, the
latter of which is thought to be the basis of junctions [153] [42].
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With respect to keratinocytes and desmosomal cadherins, some information on binding
properties are known. In a cell-free setup, where AFM measurements are performed on
functionalized mica sheets, homo- and heterophilic interactions of Dsgs and Dscs were found.
Further, homophilic interactions of Dsg1, Dsg2, Dsg3 and Dsc3 were Ca2+-dependent, as
incubation with EGTA and specific antibodies decreased the binding frequency [158]. The
Ca2+-dependency of the Dsg1 homophilic interaction was investigated in more detail [159].
Half-optimal binding activity was identified for 0.8 mM Ca2+. This finding suggests that
Dsg1 binding is most effective in the epidermal layers where an extracellular Ca2+ concentra-
tion above 0.8 mM occurs. AFM measurements performed with recombinant protein of the
complete extracellular Dsg1 domain showed homophilic Dsg1 trans-interaction forces in the
range of 37− 68 pN (the force depends on the retrace velocity of the AFM tip, see chapter
1.5.4). Further, the lifetime of homophilic Dsg1 trans-interactions is 0.17 s [159]. Binding
strength of trans homophilic Dsg3 interactions was in the range of 50 pN [160]. These
values of homophilic desmosomal cadherin interactions are within the range of binding
strengths for classical cadherins determined by the same method [161] [162]. Therefore,
the molecular binding properties between desmosomal homophilic trans-interactions and
classical cadherins are comparable and may be based on the same physical principles. By
chemical crosslinking it was shown that the primary interaction of desmosomal cadherins
in living keratinocytes are trans-homophilic interactions [163]. Measurements with Dsg3-
coated tips on living keratinocytes also revealed primarily homophilic interactions [137].
However, heterophilic interactions between Dsg1 and Dsc3, Dsg2 and Dsg3, Dsg2 and Dsc1,
Dsg2 and Dsc2 and even between Dsg2 and E-Cad were also found [164] [165] [166] [167]
[168]. Interestingly, no interactions occurred between Dsg1 and Dsg3 [160].

1.5.3 AFM measurements on cells

First, the AFM was designed to obtain high resolution imaging. This is possible because
AFM microscopy is not an imaging technique based on light. Thus, there is no diffraction
limit and a resolution of 0.5−1 nm can be achieved [169]. Recently, the AFM has also been
increasingly used to study biological samples [170]. This is done more often because no
further fixation is required for cells that adhere to the surface. As a result measurements can
be performed under almost physiological conditions (37◦C and medium) [171]. Chemical
coupling of recombinant adhesion molecules to the AFM tip enables force spectroscopy
measurements between the molecule of interest and possible binding partners on the cell
membrane [172]. Combining topography measurements with force spectroscopy enables the
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Figure 1.5: Schematic EC1-domain adhesion mechanism. A: Exemplary representation of
a EC-domain showing the seven β-strands, while the A-strand is divided and also has a
A*-strand. Ca2+-ions are shown as green spheres. Modified from Brasch et al., 2012 [42].
B: In the closed monomer state the binding anchor, which symbolizes the A*-strand, is
in its own pocket. C: The open state is an important intermediate state between closed
monomer and swapped state. D: In the swapped dimer, the conserved anchors are bound
in identical pockets of partner EC1-domains.

localization of binding events. For this purpose, the tip is periodically driven to the surface
and retracted while scanning in parallel rows over a region of interest. This approach
allows to obtain information about the topography of the cell, the localization of the
binding partners and their frequency. Furthermore, information is gained about a number
of biophysical properties of the single-molecule interactions, e.g. the binding strength which
is referred to as unbinding force (UF), the quality of the cytoskeletal anchoring of the
membrane protein (unbinding position or short UP) and the lifetime of the bond [158].
This information can be obtained with the help of a force distance curve (see Figure 1.4 C).
As already explained, this is performed by approaching the surface with the tip, touching
the surface in order to let biomolecules interact and retract the tip. The contact between
tip and surface leads to a slight bending of the cantilever till a predefined setpoint. During
this cycle, the position of the tip is monitored via the deflection of the laser. In case of an
interaction, the cantilever gets bent towards the surface during retraction. As soon as the
restoring spring force of the cantilever is greater than the binding force of the interaction,
the cantilever jumps back to its neutral position. The amount of the interaction force
corresponds to the difference between maximum deflection and neutral position of the
cantilever, representing the UF. Another biophysical property gained from the force distance
curve is the so-called unbinding position, which is the distance between the first contact
of the tip and the rupture of the bond. The value of the unbinding position indicates an
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indirect measure of the cytoskeletal anchorage with high values indicate a poor anchorage
to the cytoskeleton [173].

1.5.4 Biophysical properties of receptor-ligand bonds

As mentioned in the previous section, many binding parameters between interacting mol-
ecules can be determined with the AFM technique. This part describes the physical
principles behind the determination of these parameters and gives insight into the nature
of these physical processes. Especially for the determination of the bond lifetime those
considerations are indispensable.

A reversible reaction between two binding partners A and B, as occurs in the force
measurements described above, can be written as follows [11].

A+B
kon−�====�−
koff

AB (1.1)

Here the molecules are present either in their bound complex AB or in their unbound state.
The probability to find the molecules in their unbound state or the whole complex depends
on the association rate constant kon [1/Ms] and the dissociation rate constant koff [1/s].
The association rate kon gives information about how fast the binding occurs, depending on
the concentration, while the koff rate says how fast the bound is released. These processes
can be described by the differential equations.

d[A]
dt

= d[B]
dt

= −kon[A][B] + koff [AB] (1.2)

d[AB]
dt

= kon[A][B]− koff [AB] (1.3)

For a steady state it is required that the amount of bound complex AB is constant over
time.

d[AB]
dt

!= 0 (1.4)

From that the dissociation constant KD can be derived, which gives information about the
general affinity for the interaction.

KD = koff

kon

= [A][B]
[AB] (1.5)
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From equation 1.5 it can be seen that the dissociation constant KD is the fraction between
the unbound molecules A and B and the product AB. Besides that it is the fraction between
both kinetic rates [11].

The difference between bound and unbound states can also be illustrated using an potential
landscape (Figure 1.6). Breakage of the bond complex occurs when the energy barrier
∆Goff , consisting of the binding energy ∆G and the activation energy ∆Gon, is overcome
[174] [175].

∆G = ∆Goff −∆Gon (1.6)

The free energy ∆G without an external force and one mol of molecules is defined as:

∆G = ∆H − T∆S = −NAkBT lnKD (1.7)

Here H describes the enthalpy, T the temperature and S the entropy of the system. kB is
the Boltzmann constant. Equation 1.7 can be dissolved for the dissociation constant KD

−∆G
kBT

= lnKD ⇒ KD = exp(−∆G/kBT ) (1.8)

From equation 1.8 it can be seen that the dissociation constant depends on the energy
barrier ∆Goff and on the thermal energy. Increasing temperature causes the bound complex
to be raised more and more, which leads to a reduction of the energy barrier. Here the
cause of dissociation is due to thermal energy fluctuations. For high temperatures (melting
temperature) no bond is stable anymore. According to the Van’t Hoff-Arrhenius equation
the separation rate k0

off of a single bond is

k0
off = ν · exp(−∆Goff

kBT
) (1.9)

Here ν can be seen as an inertia-factor for the bond separation process. Using the AFM
adds an external force F that changes the Van’t Hoff-Arrhenius equation accordingly:

koff = ν · exp(−∆Goff − F∆x
kBT

) = k0
offexp(−F∆x/kBT ) (1.10)

k0
off is the dissociation rate constant in case of no external force. The external force leads

to a tilt in the energy landscape by the subtraction of F ·∆x. Here ∆x is the potential
width. This means that the greater the force the greater the tilt and the more likely the
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dissociation of the complex. According to Wieland et al., 2005 the maximum value of the
force distribution F is related to k0

off and ∆x by the following formula. This is valid under
the assumption of a bound state, which is confined by a single barrier [176]:

F (f) = kBT

∆x ln(f ∆x
koffkBT

) (1.11)

It can be seen that the measured force F depends logarithmically on the loading rate,
which is given by f = dF/dt. Further, it also depends on thermal energy kBT , a stochastic
process that is additionally involved in bond separation. Due to that, the measured forces
are distributed and the results therefore indicate the most probable force. From equation
1.11 it can be seen that the most probable force increases with the logarithm of the loading
rate and decreases with the temperature (also seen in equation 1.7). This behavior can be
illustrated by the following consideration. If the force is applied slowly (low loading rate),
it is very likely that the bond ruptures due to thermal energy and the applied force is close
to zero. If the force applied is fast, the probability of an unbinding due to thermal energy
is less. Hence to separate the complex, a force strong enough to overcome the potential
valley is needed. Therefore, higher forces are measured the faster the force is loaded to the
bond. The concept of the most probable force can be summarized: It increases with the
logarithm of the loading rate and decreases with the thermal energy. Therefore, when force
measurements are conducted it is important to collect multiple measurements and determine
the most probable force from the distribution of measured forces [177]. In order to obtain
lifetime interactions about the bond it is necessary to perform multiple force measurements
with increasing loading rates. Plotting the measured forces against the logarithmic loading
rate results in a straight line. With the help of fitting methods the specific dissociation
rate koff and the potential width ∆x of an interaction can be determined [175].

As seen from equation 1.11 the AFM is a tool to investigate the dissociation rate constant
koff and the potential width ∆x. With that the lifetime τ of a bond can indirectly be
determined (τ = 1

koff

) [175].



30 1. Introduction

Figure 1.6: The sphere represents the bound or unbound complex according to the localiza-
tion in the energy landscape. An activation energy ∆Gon is needed for bond formation. To
unbind the complex the energy barrier ∆Goff needs to be overcome, which is composed of
the Gibbs free energy ∆G and ∆Gon.

1.6 Aim of this study

Desmosomes provide strong intercellular adhesion and are abundant in tissues exposed to
mechanical stress, e.g. the epidermis or the heart. Autoantibodies against desmosomal
components or genetic mutations lead to severe diseases such as pemphigus vulgaris in
the epidermis or arrhythmogenic cardiomyopathy in cardiac myocytes. These desmosome-
related diseases reveal the importance of an intact desmosome. On the ultrastructural level,
desmosomes are composed of different protein families, including desmosomal cadherins,
which provide strong intercellular adhesion via their extracellular domain. Another compon-
ent is plaque proteins, which act as linkers for the desmosomal cadherins to the intermediate
filament. Pkps are members of the plaque proteins, which function as scaffold proteins
and are involved in regulating desmosomal turnover and many other cellular processes.
However, their involvement in intercellular adhesion at the single molecule level was not
fully elucidated. Further, the role of Pkps in the regulation of desmosomal cadherin binding
properties and clustering remained unknown. A more detailed understanding of these is of
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great clinical relevance.

Therefore, the first aim of this study was to elucidate the role of Pkps in desmosomal
cadherin adhesion on a single molecule level. To this end, the focus was on keratinocytes
which represent 90% of cells in the epidermis. The purpose was to investigate how altered
Pkp expression affects the binding properties of desmosomal cadherins. Results of this
study should provide new insights into the regulation of desmosomal cadherins. Therefore,
atomic force microscopy was used in combination with biochemical approaches.

An outstanding characteristic of desmosomes is their ability to acquire two different ad-
hesive states, a weaker and a stronger one. In which of the two states the desmosome is
situated depends on the process of differentiation as well as on external environmental cues.
Desmosomes in the stronger adhesive state are referred to as hyper-adhesive. Within this
state, desmosomal cadherins become independent of extracellular Ca2+. It is known that
Pkps are involved in desmosomal hyper-adhesion. However, the molecular mechanisms
underlying the acquisition of hyper-adhesion remains not fully elucidated. Hence, for the
second part of this thesis, the aim was to determine the role of desmosomal cadherins and
Pkps in acquisition of a hyper-adhesive state. As a working model murine keratinocytes
lacking either Pkp1 or Pkp3 and ex-vivo human skin samples were used.
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Chapter 2

Results

2.1 Plakophilin 1 but not plakophilin 3 regulates des-
moglein clustering
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Abstract
Plakophilins (Pkp) are desmosomal plaque proteins crucial for desmosomal adhesion and participate in the regulation of 
desmosomal turnover and signaling. However, direct evidence that Pkps regulate clustering and molecular binding prop-
erties of desmosomal cadherins is missing. Here, keratinocytes lacking either Pkp1 or 3 in comparison to wild type (wt) 
keratinocytes were characterized with regard to their desmoglein (Dsg) 1- and 3-binding properties and their capability to 
induce Dsg3 clustering. As revealed by atomic force microscopy (AFM), both Pkp-deficient keratinocyte cell lines showed 
reduced membrane availability and binding frequency of Dsg1 and 3 at cell borders. Extracellular crosslinking and AFM 
cluster mapping demonstrated that Pkp1 but not Pkp3 is required for Dsg3 clustering. Accordingly, Dsg3 overexpression 
reconstituted cluster formation in Pkp3- but not Pkp1-deficient keratinocytes as shown by AFM and STED experiments. 
Taken together, these data demonstrate that both Pkp1 and 3 regulate Dsg membrane availability, whereas Pkp1 but not 
Pkp3 is required for Dsg3 clustering.

Keywords  Desmosome · Cell adhesion · Desmosomal clustering · Atomic force microscopy · STED

Abbreviations
AFM	� Atomic force microscopy
ARVC	� Arrhythmogenic cardiomyopathy
DP	� Desmoplakin
Dsc	� Desmocollin
Dsg	� Desmoglein
EC	� Extracellular domains

FRAP	� Fluorescence recovery after photobleaching
HaCaT	� Cultured human keratinocytes
IF	� Intermediate filament
MAPK	� Mitogen-activated protein kinase
MKZ	� Murine keratinocytes
PEG	� Polyethylenglycol
Pg	� Plakoglobin
Pkp	� Plakophilins
PV	� Pemphigus vulgaris
QI	� Quantitative imaging
STED	� Stimulated emission depletion
Sulfo-EGS	� Ethylene glycolbis 

(sulfosuccinimidylsuccinate)
UFs	� Unbinding forces
UP	� Unbinding position
wt	� Wild type

Introduction

Desmosomes are cell–cell contacts crucial for proper inter-
cellular adhesion. They are indispensable for the integrity 
of tissues which are exposed to repetitive mechanical stress, 
such as the heart or the epidermis [1]. Importance of des-
mosomal adhesion is reflected by severe diseases occurring 
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when cell cohesion is compromised, e.g., through autoan-
tibodies in pemphigus vulgaris (PV) or genetic mutation in 
arrhythmogenic cardiomyopathy (ARVC) [2, 3] and skin fra-
gility syndrome [4]. On the molecular level, desmosomes 
are composed of three major protein families: desmosomal 
cadherins, comprising three desmocollin (Dsc1-3) and four 
desmoglein (Dsg1-4) isoforms, which maintain intercellu-
lar adhesion via their extracellular domains in homo- and 
heterophilic Ca2+-dependent manner [5–7]. Further, des-
mosomes consist of armadillo family proteins plakophilins 
(Pkp1-3) and plakoglobin (PG), and of desmoplakin (DP), 
the latter of which belongs to the family of plakin proteins. 
These proteins build up the desmosomal plaque, stabilize 
desmosomal cadherins and anchor them to the intermediate 
filament (IF) cytoskeleton [8–10].

Pkps, of which all three isoforms are expressed in a differ-
entiation-dependent manner in keratinocytes, are important 
for desmosomal cadherin turnover [11, 12] and interact with 
various desmosomal proteins [13]. Different isoforms are 
involved in a broad range of signaling pathways and have 
in part opposing effects on the cellular processes [14]. For 
instance, loss of function of Pkp1 leads to ectodermal dys-
plasia-skin fragility syndrome [4, 15, 16]. In line with this, 
Pkp1 k.o. mice develop growth retardation, loss of desmo-
somal adhesion and impaired tight junction function [17], 
whereas Pkp3 k.o. mice reveal a mild phenotype with hair 
abnormalities and skin infections [18].

On a molecular level, studies using electron tomography 
and immune electron microscopy suggest that Pkps reveal a 
quasi-periodicity of approximately 7 nm in the desmosomal 
plaque neighboring intracellular domains of desmosomal 
cadherins [19], indicating that Pkps directly participate in 
the organization of the desmosomal plaque. In line with 
this, Pkps laterally cluster with desmoplakin to increase 
desmosome size [20–22]. Beside their structural function 
in desmosomes, Pkps regulate several signaling pathways 
[13, 14, 23, 24–26], which indicates specific roles for Pkps 
in the regulation of desmosomal adhesion. In line with this, 
Pkp3 is of importance for the formation of new desmosomes, 
whereas Pkp1 is involved in hyper-adhesion, a state in which 
desmosomes are insensitive to the reduction of extracellular 
Ca2+ levels [14, 26, 27].

Changes in desmosomal organization and desmoglein 
clustering are present in various desmosomal diseases such 
as pemphigus and skin fragility syndrome [28–33]. Thus, it 
is possible that Pkps also differentially cluster desmosomal 
cadherins and via organizing the desmosomal plaque, this 
could be a critical mechanism for maintenance of proper 
intercellular adhesion. However, this has not been directly 
tested so far. Further, it remains unknown whether Pkps 
also participate in the regulation of desmosomal adhesion 
at the level of single-molecule binding properties. Since 
binding properties of desmosomal cadherins are affected by 

intracellular proteins such as keratins and various signaling 
pathways [34], we here investigated the role of Pkp 1 and 
3 for Dsg binding and clustering. We focused on Dsg1 and 
3, since the autoimmune blistering skin disease pemphigus 
shows that targeting Dsg1 and 3 interferes with stable tissue 
cohesion [35, 36].

Materials and methods

Cell culture, transfection and reagents

Wild type (wt) and Pkp1- or 3- (Pkp k.o.) deficient murine 
keratinocytes (MKZ) were isolated and maintained as 
described before and in Supplement Materials and Meth-
ods [14, 17]. Cells were used at 48 h after confluency and 
switching to high Ca2+ conditions throughout all experi-
ments. For some experiments, human keratinocyte cells 
(HaCaT) [37] were used (see Suppl. M&M). For Dsg3 
overexpression, cells were grown to 70% confluency and 
subsequently transiently transfected with pEGFP-C1-Dsg3 
(kindly provided by Dr. Yasushi Hanakawa, Ehime Univer-
sity School of Medicine, Japan) or pSNAPf-mDsg3-N (for 
cloning see Suppl. M&M) using Lipofectamine 3000 (Inv-
itrogen, Carlsbad, USA). Change to high Ca2+-containing 
media (1.2 mM) was carried out 24 h after transfection.

Purification of recombinant Dsg1 and 3‑Fc construct

Purification of recombinant human Dsg1 and 3-Fc proteins 
was carried out as described before [38, 39] and in Suppl. 
M&M.

Atomic force microscopy (AFM)

Throughout all measurements, a NanoWizard® 3 AFM (JPK 
Instruments, Berlin, Germany) coupled with an inverted 
optical microscope (Carl Zeiss, Jena, Germany) was used, 
which enabled the selection of a scanning area by visualiza-
tion of the cells through a 63 × objective. Recorded topo-
graphic images and adhesion measurements were performed 
according to the previously applied protocols [34, 40, 41]. 
Two different force spectroscopy-based imaging modes have 
been used, the quantitative imaging (QI) (setpoint: 0.5 nN, 
Z-length: 1500 nm, pulling speed: 50 µm/s) and the force 
mapping mode (setpoint: 0.5 nN, Z-length: 2000 nm, extend 
time: 0.2 ms, extend delay: 0.1 s). Recorded pixels contain 
the information of a single force–distance curve. For experi-
ments, the D-Tip (Si3N4) of MLCT cantilevers (Bruker, 
Mannheim, Germany) with a nominal spring constant of 
0.03 N/m and a tip radius of 20 nm was used. To detect 
specific single-molecule interactions, recombinant Dsg3- 
and Dsg1-Fc (concentration: 0.15 mg/ml) were utilized 
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for coating of the tips through a flexible heterobifunctional 
acetal-polyethylene glycol (PEG) linker (Gruber Lab, Insti-
tute of Biophysics, Linz, Austria) as described previously 
[42]. All experiments on MKZ cells were performed in 
full FAD medium supplemented with Ca2+ at 1.2 mM con-
centration. Distribution ratio and stability coefficient were 
calculated as described before and in Suppl. Materials and 
Methods.

Electrophoresis and Western blot analysis

Cells were lysed and Western blotting was conducted as 
shown previously and in Suppl. M&M [43]. For respective 
experiments, Triton X-100 fractionation or surface biotinyla-
tion was conducted.

Chemical crosslinking

For investigation of protein oligomerization of desmosomal 
cadherins, the membrane-impermeable cross-linker ethylene 
glycolbis (sulfosuccinimidylsuccinate) (Sulfo-EGS) (Pierce 
Biotechnology, Rockford, USA) was used. The experimental 
procedure has been described before [7]. Briefly, Sulfo-EGS 
was added to cells 48 h after Ca2+ switch at a concentration 
of 2 mM for 30 min at room temperature. TBS at a concen-
tration of 50 mM was added to stop the reaction. Detection 
of crosslinked products was performed by Western blotting.

Keratinocyte dissociation assay

To determine the adhesive strength of keratinocytes, dis-
pase-based keratinocyte dissociation assays were performed 
as described previously [44].

Immunostaining

For details regarding immunostaining please refer to Suppl. 
M&M.

Stimulated emission depletion microscopy (STED)

Dsg3-snap transfected cells were labeled with SNAP-tag-
kit® according to the manufacturer’s protocol (New England 
Biolabs, Massachusetts, USA). Fixation and incubation with 
further antibodies were performed as described in Suppl. 
M&M. Recordings were made with the STED-Expert line 
setup from Abberior (Abberior Instruments GmbH, Göttin-
gen, Germany).

Data processing and statistics

Image processing was conducted with Photoline (Com-
puterinsel, Bad Gögging, Germany) and Photoshop CS7 

(Adobe, San José, USA). JPK data processing software (JPK 
Instruments) was used for AFM images and data analysis of 
force–distance curves. Further analysis of measured AFM 
data, such as, unbinding forces, peak fitting and step posi-
tion was done with Origin Pro 2016, 93G (Northampton, 
MA, USA). Western blot bands were analyzed with ImageJ 
software (NIH, Bethesda, USA). Moreover, data were evalu-
ated with Excel (Microsoft, Redmond, WA). The data of two 
groups were compared using two-tailed Student’s t test. In 
case of more than two group comparisons, analysis of vari-
ance (one-way ANOVA) followed by Bonferroni post hoc 
test, was performed. The shown error bars represent standard 
error of the mean or the standard deviation as indicated. 
Statistical significance was assumed for p values < 0.05.

Results

Intercellular adhesion depends on Pkp1 and Pkp3

Human keratinocytes (HaCaT) were used to delineate the 
expression patterns of Pkp1, 2 and 3 and their co-localiza-
tion with Dsg3. As described earlier, HaCaT cells express 
all three Pkp isoforms [45]. In xy-plane, Dsg3 is distributed 
linearly along cell borders (Fig. 1a). Further, we observed 
punctate Dsg3 immunostaining on the cell surface of 
keratinocytes in the xz-plane, similar to that described before 
[34] (Fig. 1a). Staining of Pkp1, 2 and 3 showed that all 
isoforms localize along the cell boundaries and co-localize 
with Dsg3 at the cell border areas. Similar localization pat-
terns were detected on the cell surface (Fig. 1a). Thus, we 
assumed that Pkps might regulate Dsg-binding properties 
at both localizations. To dissect the role of Pkps for desmo-
glein distribution and binding properties, we used murine 
keratinocytes lacking either Pkp1 or Pkp3, respectively [14, 
17] (Figure S1a) and compared them to wt keratinocytes. 
Dispase-based keratinocyte dissociation assay revealed an 
increased number of fragments in Pkp3- and more drastically 
in Pkp1-deficient cells under untreated conditions, indicating 
that both Pkp isoforms contribute to intercellular adhesion, 
but Pkp1 is more important for strong cellular cohesion than 
Pkp3 (Fig. 1b). To investigate the effect of Pkp deficiency 
on expression and localization of Dsg3, proteins at the cell 
membrane were detected by cell surface biotinylation assays. 
Here, we observed a decreased total Dsg3 expression and a 
corresponding decrease in the biotinylated protein fraction, 
indicating that Pkp deficiency leads to loss of Dsg3 from the 
cell membrane (Fig. 1c). We further investigated the amount 
of Dsg3 in the cytoskeleton-unanchored (Triton X-soluble) 
and the cytoskeleton-anchored (Triton X-non-soluble) frac-
tion, where we observed a drastic decrease of Dsg3 levels 
in both fractions from Pkp1-deficient cells, whereas Dsg3 
levels were not altered in both fractions in Pkp3-deficient 
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keratinocytes (Figure S1b, c). Interestingly, Dsc1, 2 and 3 
expression was not altered in Pkp1- and 3-deficient keratino-
cytes (Figure S1d, e) indicating that Pkps primarily regulate 
desmogleins. These data show that both Pkp1 and 3 control 
Dsg3 membrane availability, whereas Pkp1 is only required 
for cytoskeletal anchorage.

Pkp loss reduces Dsg3 and Dsg1 interactions at cell 
borders

Although the impact of Pkps for intercellular adhesion has 
been described before [13, 14, 26], the underlying molecular 

mechanism is not yet known. Thus, we investigated the 
impact of Pkps for Dsg3-binding properties using atomic 
force microscopy (AFM). To do so, AFM tips were func-
tionalized with recombinant Dsg3 extracellular domains 
(EC) and respective cell lines were mapped to detect spe-
cific Dsg3 single-molecule interactions. In previous stud-
ies, we have shown that Dsg3 undergoes homophilic and 
heterophilic interactions both under cell-free conditions as 
well as on the surface of living keratinocytes [34, 38, 40, 
41]. Specificity of Dsg3 interactions on murine keratino-
cytes was confirmed in previous studies using inhibitory 
aDsg3 antibodies [34]. Scanning electron microscopy and 

Fig. 1   Intercellular adhesion 
is Pkp1- and 3-dependent. a 
HaCaT cells were stained with 
Dsg3 and Pkp1, 2 or 3-antibod-
ies, respectively. Dsg3 colocal-
izes with Pkps both at the cell 
borders and on the cell surface. 
b Dissociation assay in murine 
keratinocytes show reduced 
intercellular adhesion in cells 
lacking Pkp1 or 3, indicated 
by increased fragmentation. 
*p < 0.05 vs. wt control. Error 
bars show mean ± SEM (n = 4). 
c Biotinylation assay and quan-
tification of MKZ cells reveal 
reduced Dsg3 expression and 
membrane levels in Pkp1- and 
Pkp3-deficient cells. *p < 0.05 
vs to wt. Error bars indicate 
mean ± SEM (n = 4)
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AFM topography showed elevated cell borders with similar 
morphology in all cell lines investigated (Figure S2a, b). 
Small areas from AFM topography images were selected 
to record adhesion maps (Figure S2b, green rectangles) at 
cell borders (10 µm2) and on the cell surface (10 µm2 or 
4 µm2) above the nucleus. In adhesion maps, each pixel rep-
resents an approach and retrace cycle of the AFM cantile-
ver, gray values represent the topography at the respective 
position and every blue dot depicts a Dsg3-binding event 
(Fig. 2a). At cell borders, reduction of Dsg3-binding fre-
quency � ( � = #binding events/total#pixels ) to 52% and 29% 
of wt levels was significant in both Pkp1- and Pkp3-deficient 
cells, respectively. In Pkp3-deficient cells, Dsg3-binding fre-
quency was also reduced to about 28% on the cell surface 
(Fig. 2a, b). These data were in line with the results from 

the biotinylation assay (Fig. 1c) and suggest that Pkps are 
crucial for proper membrane availability of Dsg3-binding 
partners. Next, we evaluated more closely the distribution 
ratio between Dsg3-binding events on cell junctions (as indi-
cated within the red dotted lines) and the junctional area in 
close proximity (Fig. 2a, c). No changes were observed in 
Pkp1- and Pkp3-deficient cells compared to wt cells indicat-
ing that junctional and peri-junctional Dsg3 availability was 
reduced to a similar extent as membrane availability in the 
peri-junctional compartment.

Furthermore, we investigated the strength of the single-
molecule interactions, the so-called unbinding forces (UFs), 
of the remaining Dsg3-binding events (Fig. 2d and Figure 
S2c). For both areas, a significant reduction of UFs in cells 
lacking Pkp1 (42.8 pN at cell borders and 45.3 pN on the cell 

Fig. 2   Pkp1- and 3-deficiency 
reduces Dsg3 single-molecule 
interactions at cell borders. a 
AFM adhesion maps, with each 
pixel displaying a force–dis-
tance curve, gray background 
colors show topography of cell 
borders and blue dots indicate 
Dsg3-binding events. Cell bor-
ders are marked by red dotted 
lines. b Dsg3-binding frequency 
is significantly reduced at cell 
borders and on cell surface of 
Pkp3-deficient cells as well as 
at cell borders in Pkp1-deficient 
keratinocytes. c Dsg3 distribu-
tion ratio between junctional 
and peri-junctional compart-
ments shows no changes in 
Pkp-deficient keratinocytes. 
*p < 0.05 vs. wt. Error bars 
show mean ± SEM. n ≥ 6 cell 
borders with 1000 force–dis-
tance curves each. d Analysis 
of unbinding forces (UF) of 
remaining Dsg3 molecules 
shows reduced values for cells 
lacking either Pkp1 or 3. e 
Unbinding positions (UP) of 
remaining Dsg3 molecules are 
reduced in Pkp1- and Pkp3-defi-
cient cells. d/e *p < 0.05 vs. wt. 
Error bars indicate mean ± SD
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surface) or Pkp3 (37.5 pN at cell borders and 40.1 pN on the 
cell surface) was detected compared to wt cells (48.5 pN at 
cell borders and 47.2 pN on the cell surface) (Suppl. Table 1, 
Fig. 2d). We further analyzed the unbinding position (UP) of 
the remaining Dsg3 interactions (Figure S2c). This measure 
describes the distance from the contact point at which the 
bond ruptures. Higher UPs could be a possible indication 
of the so-called tethers [46] and the UP was supposed to be 
an indirect measure for cytoskeletal anchorage [47, 48]. UP 
values were significantly reduced in cells deficient for Pkp1 
by about 25.6% at cell borders and 13.6% on the cell sur-
face and by 28.3% at the cell borders and 27.9% on the cell 
surface in Pkp3-deficient keratinocytes when compared to 
controls (Fig. 2e and Suppl. Table 1). Taken together, these 
data indicate that Pkp1 and 3 are required to maintain the 
number of Dsg3-binding events at cell junctions. In contrast, 

the subpopulation of remaining Dsg3 molecules is small and 
suggests that altered binding properties of this subpopulation 
are less important for intercellular adhesion compared to the 
drastic reduction in binding frequency along cell borders.

As Dsg1 represents the other main antigen for autoanti-
bodies in pemphigus [49] and Dsg1 expression pattern in 
human skin is different from the expression pattern of Dsg3 
[1, 50], we further investigated the binding properties of 
Dsg1. For these experiments, AFM tips were coated with 
Dsg1-EC recombinant proteins. Specificity of Dsg1 interac-
tions on murine keratinocytes was shown in previous stud-
ies using an inhibitory aDsg1 antibody [51]. Similar to the 
data obtained for Dsg3, in both Pkp1- and 3-deficient cell 
lines, a significant reduction in Dsg1-binding frequency 
was observed mainly at cell borders (Fig. 3a, b). Moreover, 
the distribution ratio of Dsg1-binding events between the 

Fig. 3   Pkp1- and 3-deficiency 
also reduces Dsg1 interactions 
at cell borders. a AFM adhesion 
maps for Dsg1 as described 
above. 2. b Dsg1-binding fre-
quency is significantly reduced 
in Pkp-deficient cells at cell 
borders. c Distribution ratio for 
Dsg1 between junctional and 
peri-junctional compartment 
is not significantly altered in 
Pkp-deficient keratinocytes. 
*p < 0.05 vs. wt at respective 
localization, error bars indicate 
mean ± SEM. n = 6 cell borders 
with 1000 force–distance curves 
each. d Analysis of UF showed 
increased forces in binding 
strength for Pkp1 and 3 k.o. 
cells. N = 6 for independent 
measurements with 1000 force–
distance curves each. *p < 0.05 
vs. wt. e For Pkp1 and 3 k.o. 
cells the UP are shorter for both 
compared to wt. *p < 0.05 vs. wt
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junctional and peri-junctional compartment was not sig-
nificantly altered neither in Pkp1- and nor in Pkp3-deficient 
cells (Fig. 3c). In Pkp1- and Pkp3-deficient keratinocytes, 
the remaining Dsg1-binding events displayed slightly higher 
unbinding forces at cell borders and for Pkp1-deficient 
keratinocytes also on the surface when compared to wt cells 
(Fig. 3d and Suppl. Table 1), whereas UPs were reduced for 
Dsg1 in Pkp-deficient cell lines similar to Dsg3 as outlined 
above (Fig. 3e and Suppl. Table 1). These data indicate that 
both Pkp 1 and 3 are critical for the maintenance of Dsg1 
and 3 availability at cell borders.

Pkp deficiency does not alter p38MAPK signaling

So far, AFM experiments delineate that Dsg1 and 3 junc-
tional availability is dependent on Pkps, therefore we next 
investigated the mechanisms underlying this phenomenon. 
As signaling pathways such as p38MAPK are central for the 
regulation of desmosomal adhesion and also modulate Dsg-
binding properties [34, 51, 52], we further tested whether 
modulation of p38MAPK affects intercellular adhesion in 
the respective cell lines. Dispase-based dissociation assay 
using anisomycin for 1 h to activate p38MAPK showed 
compromised intercellular adhesion in wt- and Pkp-deficient 
keratinocytes. The effect was significant for wt- and Pkp3-
deficient cells but not for Pkp1-deficient cells, most likely 
because in the latter adhesion was severely compromised 
under resting conditions as shown above (Fig. 4a, compare 
to Fig. 1b). Accordingly, Western blot analysis showed unal-
tered p38MAPK activity in all cell lines. This was not only 
true under resting conditions but also after anisomycin treat-
ment (Fig. 4b). Hence, this signaling pathway seems not to 
be relevant for Pkp-dependent loss of cell cohesion.

Pkp1 but not Pkp3 regulates Dsg3 clustering

Membrane-impermeable crosslinking was used to investi-
gate Dsg3 oligomerization as an indirect indicator for Dsg3 
clustering. Interestingly, Dsg3 oligomers were significantly 
reduced in Pkp1-deficient cells and also diminished in Pkp3-
deficient cells (Fig. 4c, d). To investigate whether this is 
an effect specific for desmosomal cadherins, we checked 
for oligomers of the classical cadherin E-Cad. However, no 
significant difference between the cell lines was observed 
(Fig. 4c, d), underlining that Pkp-dependent oligomerization 
is specific for desmosomal cadherins. These results give a 
first hint that Pkp-dependent clustering may account for the 
observed differences in overall cell cohesion between Pkp1- 
and Pkp3-deficient cells as revealed by dispase-based assay.

To confirm the above results and correlate them with 
AFM experiments, we performed repetitive AFM scans of 
the same region to detect Dsg3 clusters at cell borders of 
the respective keratinocytes. To do so, the size of connected 

bond positions in these AFM measurements was determined 
(Fig. 4e, f, see Suppl. Materials and Methods). Interestingly, 
cluster size was reduced in both Pkp1- and Pkp3-deficient 
keratinocytes when compared to wt (Fig.  4e, f) which 
would be in line with impaired oligomerization and thus 
this provides a further approach to investigate Dsg cluster-
ing in living keratinocytes. Next, we tested whether there 
is a link between the amount of clustered proteins and their 
mobility. As molecule mobility seems to negatively correlate 
with strong intercellular adhesion [34], this could serve as 
a further explanation for impaired intercellular adhesion in 
Pkp-deficient keratinocytes. Therefore, we analyzed repeti-
tive AFM experiments with respect to stable molecule clus-
ters as described before [34]. AFM mobility measurements 
show higher mobility of the Dsg3 molecules as indicated by 
a significantly lower stability coefficient in Pkp1-deficient 
and a slight but not significantly reduced stability coefficient 
in Pkp3-deficient keratinocytes (Fig. 4g, h), indicating that 
Pkp1 is primarily required for Dsg3 clustering and immobi-
lization. This reflects differential roles of Pkp1 and Pkp3 in 
promoting proper intercellular adhesion.

Dsg3 clustering can be rescued by overexpression 
of Dsg3‑GFP in Pkp3‑ but not in Pkp1‑deficient 
keratinocytes

Pkp-deficient cells show reduced levels of Dsg3 (see 
Fig.  1c, Suppl. Figure  1b and c). Therefore, we asked 
whether impaired clustering and higher mobility may be 
due to reduced junctional availability of Dsg3 molecules or 
whether they are a direct result of Pkp deficiency. To address 
this, we overexpressed Dsg3 in all cell lines and performed 
AFM adhesion measurement according to Fig. 2 (Suppl. 
Figure 3a, b). Dsg3-binding frequency at cell borders was 
slightly higher after Dsg3 overexpression in wt cells but not 
in Pkp1- or Pkp3-deficient cells (Fig. 5a), suggesting that 
in the absence of Pkps, no additional Dsg3 molecules were 
incorporated in areas accessible for the AFM. In accordance, 
we observed no significant changes in the unbinding forces 
after Dsg3 overexpression in Pkp1- and Pkp3-deficient cell 
lines, i.e., unbinding forces of th remaining Dsg3 molecules 
remained slightly but significantly lower when compared 
to wt cells (Fig. 5b). Interestingly, the unbinding position 
dropped significantly in wt keratinocytes suggesting that 
overexpression of Dsg3 molecules enhanced its anchorage 
to the cytoskeleton [53]. This was accompanied by enhanced 
Dsg3 clustering indicating that in wt, molecule availabil-
ity at the cell membrane correlates with molecule cluster-
ing (Fig. 5c). We further checked for the clustering size by 
performing repetitive Dsg3 AFM experiments at defined 
cell border areas. After Dsg3 overexpression the cluster 
size increased in wt- and Pkp3-deficient keratinocytes but 
not in Pkp1-deficient keratinocytes (Fig. 5d, e compared to 
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Fig. 4e, f). Here, Pkp3-deficient cells reached cluster sizes 
similar to untransfected wt, whereas cluster sizes in Pkp1 
k.o. cells remained comparable to its non-transfected con-
trol (Fig. 5d, e compared to Fig. 4e, f), indicating that Dsg3 
overexpression restored Dsg3 clustering in Pkp3-, but not 
in Pkp1-deficient keratinocytes. Similarly, in FRAP experi-
ments using Dsg3-GFP, Dsg3 mobility was increased in 
Pkp1-deficient cells but not in Pkp3-deficient keratinocytes 
(Suppl. Figure 3c, d). To further check the morphology of 
Dsg3 clusters, we performed STED microscopy imaging. 
To do so, cells were transfected with Dsg3-snap and labeled 
using SNAP®-Cell 647-SiR. Both wt- and Pkp3-deficient 
keratinocytes displayed dense clusters along cell borders and 

rounded clusters on the cell surface (Fig. 5f), which in size 
were comparable to Dsg3 clusters as measured by AFM. 
In contrast, molecule clusters were reduced in number and 
seemed irregular in shape in Pkp1-deficient cells, thus con-
firming disturbed Dsg3 clustering in Pkp1-deficient cells. 
Moreover, at cell borders, Dsg3 staining was stronger and 
broader in wt cells compared to both Pkp-deficient cell lines 
which is in line with the observation that Dsg3 overexpres-
sion did not rescue Dsg3-binding frequency at cell junctions 
in AFM (Fig. 5f, compared to Fig. 5a).

Taken together, these data demonstrate that restoration 
of Dsg3 levels is sufficient to rescue Dsg3 clustering in 

Fig. 4   Dsg3 clustering is altered 
in Pkp-deficient keratinocytes. 
a p38MAPK activation using 
anisomycin (Aniso) reduced 
intercellular adhesion in all 
cell lines. *p < 0.05 vs. control 
(Ctrl). Error bars indicate mean 
± SEM (n ≥ 4). b Basal activity 
and anisomycin-induced activa-
tion of p38MAPK were similar 
in wt and Pkp-deficient cells. 
n = 5. c Membrane-impermea-
ble crosslinking with sulfo-EGS 
significantly showed reduced 
numbers of Dsg3 oligomers in 
Pkp1-deficient cells whereas 
effect was minor in cells lacking 
Pkp3. d Densitometric quantifi-
cation of Dsg3 and Ecad bands 
shows the ratio of crosslinked 
proteins to total protein. N = 5 
and *p < 0.05 vs. wt. e, f Dsg3 
clusters from AFM measure-
ments show impaired cluster 
size in Pkp1- and Pkp3-deficient 
cells. g Mobility heat map 
shows color-coded maps of 
five successively scanned AFM 
adhesion maps (area = 1 µm2, 
20 × 20 pixels). h Quantifica-
tion of g, by determining the 
stability coefficient which was 
reduced in Pkp1-deficient cells 
only (see Suppl. M&M). N = 8, 
*p < 0.05, error bars show ± 
SEM
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Pkp3-deficient but not in Pkp1-deficient cells, indicating 
that Pkp1 in contrast to Pkp3 drives Dsg clustering.

Discussion

In the present study, we demonstrate for the first time 
that Pkps regulate clustering of desmosomal cadherins in 
keratinocytes in an isoform-specific manner. Both Pkp1 and 
Pkp3 are required for junctional membrane availability of 
desmosomal cadherins Dsg1 and 3 (Fig. 5g). In contrast, 
Dsg3 clustering, as shown here by AFM and STED imaging, 
is a specific function of Pkp1 which correlates with the more 

pronounced adhesion defect in keratinocytes lacking Pkp1 
compared to cells deficient for Pkp3 (Fig. 5g).

Plakophilins regulate junctional membrane 
availability of desmogleins

It is known that Pkps participate in desmosome formation, 
where they act as scaffolds and are important for cellular 
signaling [9, 54]. Although Pkps share some functions, they 
display distinct roles in regulating intercellular adhesion. For 
instance, loss of Pkp1 has dramatic effects on the size and 
number of desmosomes [17] and mutations in Pkp1 lead to 
skin fragility syndrome in which the epidermal cohesion is 

Fig. 5   Dsg3 clustering can be 
rescued by Dsg3 overexpression 
in Pkp3- but not in Pkp1-defi-
cient cells. a Dsg3-binding fre-
quency was slightly increased in 
wt but not in Pkp1- and Pkp3-
deficient keratinocytes when 
Dsg3-GFP was overexpressed. 
b Unbinding forces (UF) of 
remaining Dsg3 molecules were 
not significantly altered by Dsg3 
overexpression in Pkp1- and 
Pkp3 k.o. cells. c Unbinding 
positions (UP) were signifi-
cantly reduced in wt keratino-
cytes following Dsg3 overex-
pression. a–c N = 6 cell borders 
with 1000 force–distance curves 
each, *p < 0.05 vs. not Dsg3-
overexpressed cells, # < 0.05 
vs. wt Dsg3-overexpressed 
cells. d, e Dsg3 cluster sizes as 
evaluated by AFM after Dsg3 
overexpression cells shows 
significantly reduced cluster 
size in Pkp1- but not in Pkp3-
deficient cells. N = 6, *p < 0.05, 
error bars show ± SEM. f 
STED microscopy images to 
visualize Dsg3 clusters stained 
with SNAP®-Cell 647-SiR and 
DAPI. g A schematic summary 
of the mechanisms by which 
Pkp1 and Pkp3 control adhesion 
on the level of Dsg3 binding 
(Dsg3 in blue; Pkp1 in red)
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severely impaired [4, 15, 16]. In contrast, Pkp3 loss reveals a 
much milder phenotype [13, 18] but is associated with tumor 
formation and metastasis [55]. In accordance, although cells 
lacking either Pkp1 or Pkp3 display impaired cellular cohe-
sion, Pkp1 is much more important for stable cohesion than 
Pkp3 [14].

Binding properties of adhesion molecules can be inves-
tigated on a single-molecule level using AFM [5, 56, 57]. 
Using this technique, we have previously shown that, Dsg1- 
and 3-binding properties are not uniformly distributed in 
keratinocytes and intracellular molecules such as keratins 
are involved in regulating the binding properties of desmo-
gleins [34, 51]. The data presented show that frequencies of 
Dsg1- and Dsg3-binding events were drastically reduced to 
about 30% of wt levels in Pkp1- and Pkp3-deficient keratino-
cytes which was accompanied by less Dsg3 available at the 
cell membrane. As membrane availability of desmosomal 
cadherins was shown to correlate with firm intercellular 
adhesion [31, 58], these data indicate that Pkp1 and Pkp3 
stabilize desmosomal adhesion by maintaining junctional 
membrane availability of desmogleins (Fig. 5g). This is in 
line with former studies providing evidence that desmosomal 
cadherin levels depend on Pkp1 [14, 15, 59]. Interestingly, 
binding properties of remaining binding events in Pkp1- and 
3-deficient keratinocytes show weaker single-molecule inter-
actions and a reduced unbinding position. Thus, it could 
be speculated that Pkps regulate especially the membrane 
availability of a desmoglein pool serving as desmosomal 
precursors, which is in line with the former studies showing 
that Pkp1 and 3 are crucial for desmosome assembly [11, 
12, 14, 60, 61].

Reduced binding frequency and impaired intercellular 
adhesion were also observed in keratin-deficient keratino-
cytes for Dsg1 [51]. In contrast, Dsg3 was upregulated in 
keratin-deficient keratinocytes, which appears to be an insuf-
ficient rescue mechanism depending on PKC signaling [34]. 
Interestingly, this mechanism seems to be missing in Pkp1- 
and 3-deficient keratinocytes underlining their importance 
for PKC-dependent signaling [14, 62].

Since keratins also regulate p38MAPK activity, which 
is important for loss of cell adhesion in pemphigus, and 
regulates desmosome number and size [34, 35, 63], we 
studied whether altered p38MAPK signaling may account 
for impaired binding in keratinocytes deficient for Pkp1 
and 3. Interestingly, activation of p38MAPK was not 
altered in Pkp-deficient keratinocytes and direct activation 
of p38MAPK was effective in further reducing cell cohe-
sion. This indicates that loss of cell cohesion induced by 
loss of Pkp1 and Pkp3 is not p38MAPK dependent. More-
over, the data show that p38MAPK is not generally and 
unspecifically activated whenever desmosomal adhesion is 
impaired. This is in agreement with a previous study where 
loss of cell cohesion caused by siRNA-mediated depletion 

of plakoglobin but not of desmoplakin was paralleled by 
p38MAPK activation [64].

Dsg clustering is regulated by Pkp1 and maybe 
crucial for proper desmosomal adhesion

It is well established that adhesion molecules are densely 
packed at cell contact areas. This is important for proper 
intercellular adhesion, because the force exerted on the cell 
is portioned to multiple binding sites [65]. Further, as life-
times of desmogleins are short [5], it is conceivable that 
strong intercellular adhesion is dependent on proper clus-
ter formation [65]. These clusters are well characterized 
for classical cadherins in adherens junctions but were also 
suggested to be present for desmosomal cadherin [66, 67]. 
As already described, Pkp1 plays a role in the clustering of 
Dsg3 with desmoplakin [26]. Here, we observed by AFM, 
STED and crosslinking that clustering of Dsg3 was strictly 
dependent on Pkp1. In contrast, in cells lacking Pkp3, these 
effects were less pronounced and significant only for a 
reduced cluster size.

This clustering function of desmosomal cadherins may be 
important for proper intercellular cohesion. This is indicated 
by a previous study which demonstrated homophilic interac-
tion of desmogleins in living keratinocytes and oligomeri-
zation to correlate with strong intercellular adhesion [7]. 
Further, NMR, high-resolution fluorescence microscopy and 
electron microscopy studies provide models for the organiza-
tion of the desmosomal plaque, revealing a localization of 
Pkps at the membrane-facing side of the outer dense desmo-
somal plaque neighboring desmogleins and thereby suggest 
interdependence of the order of intra- and extracellular parts 
of the desmosome [19, 28, 68, 69]. Thus, it is conceivable 
that Pkp isoforms contribute to cell adhesion by both main-
taining junctional availability of desmogleins as well as by 
regulating clustering of desmogleins, the latter of which is a 
function specific for Pkp1 but not Pkp3 (Fig. 5g).

To exclude that changes in clustering are a result of 
impaired membrane availability in Pkp-deficient cell lines, 
we overexpressed Dsg3, which increased cluster sizes in 
AFM experiments and restored cluster formation and size 
in Pkp3-deficient keratinocytes, whereas no effect was 
observed in Pkp1-deficient cells. In line with this, FRAP 
experiments revealed that Dsg3 mobility in the membrane 
depends on Pkp1 but not on Pkp3, which is consistent with 
previous studies showing that molecule mobility is inversely 
proportional to intercellular adhesion [34]. These data dem-
onstrate that Pkp1 is critical for Dsg3 clustering whereas 
Pkp3 is not, at least as long as junctional Dsg3 availability 
is sufficient (Fig. 5g). The data can explain the profound dif-
ference in overall cell cohesion for cell lines lacking Pkp1 
and Pkp3 as detected by dissociation assays.
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Taken together, the data provided show a new isoform-
specific function of Pkp1 and Pkp3 in the regulation of des-
mosomal adhesion.
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Supplementary Information 

Supplementary Tables  

Table1: Unbinding forces (UF) and unbinding positions (UP) of the conducted AFM adhesion 

experiments.  

 Cell Border Cell Surface 

 wt Pkp1 k.o. Pkp3 k.o. wt Pkp1 k.o. Pkp3 k.o. 

UF Dsg3 [pN] 48.5 ± 0.5 42.8 ± 1.0 37.59 ± 0.7 47.2 ± 0.7 45.3 ± 1.2 40.1 ± 0.9 

UF Dsg1 [pN] 41.3 ± 0.4 47.50 ± 1.5 45.9 ± 1.0 41.5 ± 0.8 46.50 ± 1.2 41.1 ± 1.4 

UP Dsg3 [nm] 190.1 ± 5.4 141.4 ± 8.2 136.2 ± 8.4 195.8 ± 4.8 169.2 ± 7.3 141.1 ± 10.1 

UP Dsg1 [nm] 278.10 ± 5.8 193.4 ± 10.4 229.4 ± 9.5 263.3 ± 9.6 202.9 ± 8.6 216.5 ± 13.1 

Mean ± SEM 
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Supplementary Figure Legends 

Supplementary Figure 1: Western blot and Triton protein extraction in Pkp1- and 

Pkp3-deficient keratinocytes. 

a: Representative Western blot analysis confirmed the complete knock out of Pkp1 or 3 in 

keratinocyte cell lines. As a loading control 𝛼-Tubulin was used. b/c: in Pkp1- but not in 

Pkp3-deficient cells levels of Dsg3 in the Triton X-100 soluble as well as in the non-soluble 

fraction were decreased. Quantification of Dsg3 band intensity in Triton X-100 soluble and 

non-soluble fractions. N=4 and * p < 0.05 vs. wt, # p < 0.05 vs Pkp1 k.o. Error bars show ± 

SEM. d: Expression levels of Dsc1,2 or 3 were not altered in Pkp1- or 3-deficient 

keratinocytes in both Triton X-100 soluble and non-soluble fraction. e: Quantification of 

Dsc1, 2 and 3  band intensity in the Triton X-100 non-soluble fraction. N=5, error bars show 

± SEM.  

Supplementary Figure 2: Exemplary AFM force curve and topography overview images 

a:  Raster electron microscopy imaging of keratinocyte cell lines. Cells lacking Pkp1 or 3 

show similar morphology with elevated cell borders. b: AFM topography imaging shows 

similar topography and elevated cell borders for all three cell lines. Green rectangles 

(A=10µm2) show areas for adhesion maps. c: Representative retraction curve of a coated 

AFM tip with a binding event. The unbinding position (UP) represents the distance from tip 

contact point to protein-protein rupture whereas the unbinding force (UF) is defined as the 

delta of the distance between the positions of tip in contact with the cell surface to the 

position on which the bond ruptures.  
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Supplementary Figure 3: AFM and FRAP measurements with Dsg3-overexpressing cells 

a: Cells transfected with Dsg3-GFP were first imaged using an epifluorescence lamp. 

Topographic imaging was carried out with AFM operating in QI-mode along the transfected 

cells. Fluorescence and topographic images were merged showing that transfected cell 

borders can be well localized in AFM topography images. b: AFM adhesion maps on Dsg3 

overexpressing cells in which each pixel represents a force-distance curve. Dsg3 binding 

events are indicated by blue pixels. Grey background colors show the topography of cells. c: 

FRAP experiments with keratinocytes transfected with Dsg3-GFP. Kymographs visualize the 

Dsg3 recovery after photobleaching. d: Quantification of the immobile fraction reveals that 

Dsg3 is more mobile in the Pkp1- but not in Pkp3-deficient cells compared to wt cells. N=5 

and * p < 0.05 vs. wt, error bars represent ± SEM. 

 

Supplementary Material and Methods 

Cell culture, transfection and reagents 

Murine keratinocytes were grown on collagen I-coated culture dishes (rat tail; BD Bioscience, 

New Jersey, US) in complete FAD media (ThermoFisher Scientific, Germany) (0.05mM 

CaCl2). After reaching confluency, cells were switched to high Ca2+ concentrations (1.2mM) 

to induce differentiation. Cells were used for experiments 48h after switching throughout all 

experiments. For some experiments human keratinocyte cells (HaCaT) (Boukamp et al., 

1988) were used. These cells were maintained in Dulbecco´s modified Eagle´s medium 

(DMEM) (Life Technologies; Carlsbad; CA; USA), supplemented with 10% fetal calf serum 

(Biochrom, Berlin, Germany), 50units/ml penicillin (AppliChem, Darmstadt, Germany), 

50µg/ml streptomycin (AppliChem) and 1.8mM Ca2+. For fluorescence recovery after 

photobleaching (FRAP) experiments, cells were grown to 70% confluency and subsequently 
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transient transfected with pEGFP-C1-Dsg3 (kindly provided by Dr. Yasushi Hanakawa, 

Ehime University School of Medicine, Japan) using Lipofectamine 3000 (Invitrogen, 

Carlsbad, USA) according to manufacturers´ protocol. Change to high Ca2+ containing media 

(1.2mM) was carried out 24h after transfection and experiments were conducted 48h 

afterwards. 

Human keratinocytes (HaCaT) cells were maintained in Dulbecco´s modified Eagle´s medium 

(DMEM) (Life Technologies; Carlsbad; CA; USA), supplemented with 10% fetal calf serum 

(Biochrom, Berlin, Germany), 50units/ml penicillin (AppliChem, Darmstadt, Germany), 

50µg/ml streptomycin (AppliChem) and 1.8mM Ca2+. 

Cloning 

By polymerase chain reaction, a mouse Dsg3 cDNA was amplified using gene specific 

primers. The resulted amplicon was introduced into a pSNAPf vector (New England Biolabs, 

Massachusetts, USA) with/utulizing unique restrictions sites (NheI and AscI). The 

constructed plasmid encoded a mouse Dsg3 protein coupled with N-terminal SNAP tag. 

Purification of recombinant Dsg-Fc constructs 

Purification of recombinant Dsg-Fc proteins was carried out as described before (Heupel et 

al., 2008).Briefly, Dsg1- and Dsg3-Fc constructs used here, which contain the entire 

extracellular domain of the corresponding Dsg isoform, were expressed stably in Chinese 

hamster ovarian cells (CHO cells). Those were cultured to confluency after transfection. 

Afterwards supernatant was collected and recombinant proteins were isolated utilizing 

protein-A-agarose affinity chromatography (Life Technologies). To verify purity and 

specificity, Coomassie staining and western blotting with anti Dsg1 monoclonal antibodies 

(mAb) (p124, Progen, Heidelberg, Germany) and anti Dsg3-mAb (clone5G11; Life 

Technologies) were performed. 
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Calculation of distribution ratio, stability coefficient and cluster size 

Distribution ratio was calculated according the following formula: 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 =

 
𝜈𝑐𝑒𝑙𝑙 𝑏𝑜𝑟𝑑𝑒𝑟

𝜈𝑝𝑒𝑟𝑖𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 
. Where 𝜈𝑐𝑒𝑙𝑙 𝑏𝑜𝑟𝑑𝑒𝑟 is the binding frequency at the cell border and 

𝜈𝑐𝑒𝑙𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 is the binding frequency at the surrounding cell surface.   

For AFM mobility measurements, the same area (1 µm2, 20x20 pixels) was scanned five 

times in a row. Adhesion maps were merged and according to n-times binding at one position, 

color-coded. The stability coefficient s was calculated according to the following formula: 

𝑠 =
5 ∙ 𝑛5 + 4 ∙ 𝑛4 + 3 ∙ 𝑛3 + 2 ∙ 𝑛2

𝜈̅
 

Where 𝑛𝑖 describes the number of pixels in i consecutive scans and 𝜈̅ is the average binding 

frequency.  

For calculation of cluster sizes repetitive AFM scans from mobility measurements were 

converted in black-white with every encolored pixel (containing ≥1 binding event) in black 

and every negative pixel in white. Pixels that were completely surrounded by positive pixels 

(containing ≥1 binding event) were classified as included in the respective cluster and 

therefore also colored black. Two or more contiguous pixels were ascertained to be clustered 

and numbers of pixels in each cluster were determined. Average of respective cluster size was 

analyzed.  

Electrophoresis and Western blot analysis 

Confluent cells were lysed in SDS – lysis buffer (containing 25mM HEPES, 2mMol EDTA, 

25mM NaF and 1% sodiumdodecylsulfate, pH 7.4). Protein concentrations were adapted 

using a BCA protein assay kit (Pierce/Thermo Fisher Scientific, Waltham, USA) according to 

the manufacturer´s protocol. Western blotting was conducted as shown previously (Hartlieb et 



6 
 

al., 2013). As primary antibodies Pkp1 mAb (Progen, Heidelberg, Germany), Pkp 2 mAb 

(Progen), Pkp 3 mAb (Life Technologies, Carlsbad, California), Dsg3 pAb (Biozol, Eching, 

Germany), phospho-p38 mAb (Cell Signaling, Leiden, Netherlands), p38 MAPK mAb (Cell 

Signaling), Desmoplakin pAb (Santa Cruz, Dallas, TX, USA), GAPDH mAb (AviaSysBio, 

San Diego, CA, US), α-Tubulin mAb (Abcam, Cambridge, UK) were used. Utilized 

secondary antibodies were HRP-coupled goat anti rabbit Ab or goat anti mouse Ab (Dianova, 

Hamburg, Germany). 

Triton X-100 protein fractionation 

Experiments were performed according to a well-established protocol (Hartlieb et al., 2013). 

In short, cells were incubated with Triton X buffer (0.5% Triton X-100, 50mM MES, 25 mM 

EGTA, 5mM MgCl2, protease inhibitors), collected and whole lysates were separated into a 

Triton – soluble (non-cytoskeletal, supernatant) and a Triton – insoluble (cytoskeletal, pellet) 

fraction via centrifugation at 10,000 rpm for 5min.  

Cell surface biotinylation  

Biotinylation assays were performed as described before (Vielmuth et al., 2015b). Briefly, 

cells were incubated on ice for 1h using 0.25mM membrane – impermeable EZ-Link Sulfo-

NHS-Biotin (Thermo Scientific, Waltham, USA). Precipitation was done with NeutrAvidin-

(HighCapacity)-agarose (Thermo Fisher Scientific).     

 

Immunostaining 

For immunofluorescence HaCaT and MKZ cells were fixed using 2% and 4% respectively 

paraformaldehyde and permeabilized with 1% Triton X-100.  

The following antibodies were used as primary antibodies: Dsg3 pAb (Biozol, Eching, 
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Germany), Pkp1 mAb (Santa Cruz, Dallas, TX, USA), Pkp2 pAb (Santa Cruz, Dallas, TX, 

USA) and Pkp3 mAb (Progen, Heidelberg, Germany). As secondary antibodies Cy-labelled 

goat-anit-mouse and –rabbit secondary antibodies (Dianova, Hamburg, Germany) were used. 

Images were taken using a Leica SP5 confocal microscopy with a 63x NA 1.4 PL APO 

objective controlled by LAS AF software (Leica, Mannheim, Germany). 

Stimulated emission depletion microscopy (STED) 

Transfection of the cells was done as described before. The pSNAPf-mDsg3-N transfected 

cells were labeled with SNAP-tag-kit® according to manufacturer protocol (New England 

Biolabs, Massachusetts, USA). Labeling-Stock solution was prepared right before the 

experiment and incubation was carried out at a labeling concentration of 3µM for 15 min. 

After three washing steps with complete FAD media (ThermoFisher Scientific, Germany) 

(1.2mM CaCl2) cells were immunostained (please refer to immunstaining-section). 

Recordings were made with the Expert line setup from Abberior (Abberior Instruments 

GmbH, Göttingen, Germany). Fluorescent dyes used was SNAP®-Cell 647-SiR (purchased 

from Abberior). The STED effect was attained with a 775 nm pulsed laser at a 10% laser 

power and a gating value of 800ps. Nuclei were stained using DAPI (Sigma-Aldrich) which 

was added for 10min while secondary antibody incubation at a concentration of 250ng/ml. 

Fluorescence Recovery after Photobleaching (FRAP) 

For all FRAP experiments MKZ cells were seeded in µ-Slide 8 well imaging Chambers (Ibidi, 

Martinsried, Germany) and Dsg3 was overexpressed by transient transfection. Experiments 

were carried out on a Leica SP5 confocal microscope with a 63x NA 1.4 PL APO objective at 

37°C and 5% CO2 with the FRAP wizard software (Leica) as described before (Rotzer et al., 

2014). After defining a region of interest the Dsg3 signal between two adjacent cells was 

bleached using an Argon laser (𝜆 = 488𝑛𝑚) at 100% transmission. Fluorescence recovery 
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was recorded over time for 3 minutes and intensity values were analyzed. Immobile Fraction 

values have been determined via the FRAP wizard. 
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Desmosomal Hyperadhesion Is Accompanied with
Enhanced Binding Strength of Desmoglein 3
Molecules

Michael Fuchs,1 Anna Magdalena Sigmund,1 Jens Waschke,1 and Franziska Vielmuth1,*
1Institute of Anatomy, Faculty of Medicine, Ludwig-Maximilians-Universit€at Munich, Munich, Germany

ABSTRACT Intercellular adhesion of keratinocytes depends critically on desmosomes that, during maturation, acquire a hy-
peradhesive and thus Ca2þ independent state. Here, we investigated the roles of desmoglein (Dsg) 3 and plakophilins (Pkps) in
hyperadhesion. Atomic force microscopy single molecule force mappings revealed increased Dsg3 molecules but not Dsg1 mol-
ecules binding strength in murine keratinocytes. However, keratinocytes lacking Dsg3 or Pkp1 or 3 revealed reduced Ca2þ inde-
pendency. In addition, Pkp1- or 3-deficient keratinocytes did not exhibit changes in Dsg3 binding on the molecular level. Further,
wild-type keratinocytes showed increased levels of Dsg3 oligomers during acquisition of hyperadhesion, and Pkp1 deficiency
abolished the formation of Ca2þ independent Dsg3 oligomers. In concordance, immunostaining for Dsg1 but not for Dsg3
was reduced after 24 h of Ca2þ chelation in an ex vivo human skin model, suggesting that desmosomal cadherins may have
different roles during acquisition of hyperadhesion. Taken together, these data indicate that hyperadhesion may not be a state
acquired by entire desmosomes but rather is paralleled by enhanced binding of specific Dsg isoforms such as Dsg3, a process
for which plaque proteins including Pkp 1 and 3 are required as well.

INTRODUCTION

Tissues such as the myocardium or the epidermis experience
constantly mechanical pressure and shear stress (1–3). Des-
mosomes are crucial to withstand this mechanical stress by
the maintenance of strong intercellular adhesion. The
importance of desmosomes is reflected by diseases targeting
desmosomal proteins such as pemphigus, in which cell
cohesion is impaired by autoantibodies against the desmo-
somal cadherins desmoglein (Dsg) 1 and 3 (4,5), or ecto-
dermal dysplasia skin fragility syndrome caused by

mutations affecting the desmosomal plaque protein plako-
philin (Pkp) 1 (6,7). On a molecular level, desmosomes
consist of desmosomal cadherins that maintain intercellular
adhesion via their extracellular domains in a Ca2þ depen-
dent, both homo- and heterophilic manner (8–10). Via the
plaque proteins plakoglobin, Pkps, and desmoplakin, demo-
somes are linked to the intermediate filament cytoskeleton
(2,11–13).

An outstanding characteristic of desmosomes is their
ability to acquire two different adhesive states in adapta-
tion to differentiation-dependent and environmental cues
(14,15). In their weaker state, which is present during
junctional assembly and wound healing, desmosomes are
Ca2þ dependent. In contrast, they acquire a strong and
Ca2þ-independent state during maturation, which was
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SIGNIFICANCE Desmosomes provide adhesive strength to tissues constantly exposed to mechanical stress. They
consist of different protein families, including desmosomal cadherins, which maintain strong interaction with their
extracellular domains, and plaque proteins, among them plakophilins. Plakophilins are involved in desmosomal turnover
and hyperadhesion, a state at which desmosomal cadherins become independent of extracellular Ca2þ. However, the
molecular mechanisms underlying hyperadhesion are not yet fully elucidated. In this study, the authors show that
hyperadhesion may not be a state acquired by entire desmosomes. The data indicate that it is rather paralleled by
alterations of specific desmosomal cadherin binding properties, such as changes in clustering and single molecules
binding strength. These changes also require the plaque proteins plakophilin 1 and 3.
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referred to as hyperadhesive (14,15). Importantly, cells are
able to dynamically change from one state to the other
and thus adapt quickly to changing environmental condi-
tions, a fact that contributes to the importance of desmo-
somes in the maintenance of tissue integrity.
Mechanistically, Garrod and Kimura suggested a model
for desmosomal hyperadhesion, in which they propose
that cis interactions of neighboring desmosomal cadherins
capture Ca2þ ions between their extracellular domains and
thus drive Ca2þ insensitivity (14,16). Further, regulation
of hyperadhesion involves activity of protein kinase C-a
and proper localization of Pkps (17), the latter of which
also play a role in desmoglein clustering and desmosomal
cadherin binding properties (18). Desmosomal hyperadhe-
sion has so far been described as a characteristic that
whole desmosomes acquire during their maturation,
although the molecular mechanisms involved have not
been elucidated. Challenging this hypothesis, desmosomal
cadherins include four desmoglein (Dsg 1–4) and three
desmocollin (Dsc 1–3) isoforms that show a tissue- and
differentiation-specific expression (3,12). Interestingly,
various isoform-specific functions of desmosomal cadher-
ins have been reported, such as their respective involve-
ment into signaling pathways and occurrence during
morphogenesis (13,19–21). In accordance, we recently
showed that Dsg1 and 3 binding properties and their regu-
lation in keratinocytes are different (22,23). Thus, we here
performed atomic force microscopy (AFM) on murine
keratinocytes and chemical cross-linking experiments.
We found different characteristics of Dsg1 and Dsg3 mo-
lecular binding properties during maturation, correlating
with acquisition of hyperadhesion, which was paralleled
with altered immunostaining characteristics of Dsg3
compared to Dsg1 in an ex vivo hyperadhesion model
in human epidermis. These data indicate that Ca2þ inde-
pendency in keratinocytes is paralleled by the modulation
of binding of specific desmoglein isoforms such as Dsg3
on the molecular level.

MATERIALS AND METHODS

For detailed protocols regarding cell culture, immunostaining, and further

experiments, please refer to Supporting Materials and Methods.

Hyperadhesion keratinocyte dissociation assay

Dispase assays were performed as described before (17). Cell monolayers

were detached from the well bottom by a mixture of Dispase II (Sigma-

Aldrich) and 1% collagenase I (Thermo Fisher Scientific). When mono-

layers were floating, enzymes were removed and substituted by complete

FAD media without phenol red (0.05 mM CaCl2). EGTA at a concentra-

tion of 5 mM was added for 90 min at 37�C and 5% CO2. Afterwards,

cell monolayers were exposed to a defined shear stress by pipetting with

a 1 mL electrical pipette. Using a binocular microscope (Leica Microsys-

tems, Mannheim, Germany), pictures were taken from resulting frag-

ments. Counting of these fragments was done in ImageJ (National

Institutes of Health, Bethesda, MD) using the analyze tool Analyze Par-

ticles. The fragment number represents an inverse measure for intercel-

lular adhesion.

Purification of recombinant Dsg1- and 3-Fc
construct

Recombinant human Dsg1- and 3-Fc proteins were purified as already

described (24,25). In short, Dsg1- and Dsg3-Fc constructs contain the full

extracellular domain of the corresponding Dsg isoform. Constructs were

expressed in Chinese hamster ovarian cells. Isolation of recombinant pro-

teins from the supernatants was performed using protein-A agarose affinity

chromatography (Life Technologies, Carlsbad, CA).

AFM

For all measurements in this study, a NanoWizard 3 AFM (Bruker Nano,

Berlin, Germany) connected to an inverted optical microscope (Carl Zeiss,

Jena, Germany) was used. Cells were visualized through a 63� objective,

which further allowed the selection of a scanning area. Topographic images

as well as adhesion measurements were performed according to existing

protocols (10,26). For quantitative imaging, we applied the following pa-

rameters: setpoint, 0.5 nN; Z-length, 2000 nm; and pulling speed, 50 mm/

s; and for force mapping mode, the subsequent values were applied: set-

point, 0.5 nN; Z-length, 2000 nm; extend time, 0.2 ms; and delay in

extended position (resting contact time), 0.1 s. In case of multievent binding

during a retract cycle, we used for statistical analysis only the final unbind-

ing event that led to the return of the cantilever to its neutral and undeflected

position (27). Bar diagrams of the unbinding forces show the mean value of

all median values of the cell borders. Lifetime of the bonds were determined

by increasing the pulling speed stepwise from 1 to 20 mm/s. For analysis,

unbinding force and loading rate values were determined by using the ori-

gins extreme fit distribution. Data points were fitted to a modified Bells

equation as already done (10,28,29). For all experiments, we used the D-

Tip (Si3N4) of MLCT cantilevers (Bruker, Mannheim, Germany), which

have a tip radius of 20 nm and a nominal spring constant of 0.03 N/m. Func-

tionalization of the tips to detect specific single molecule interactions was

done via coating of the tips with a flexible heterobifunctional acetal-poly-

ethylene glycol linker (Gruber Lab, Institute of Biophysics, Linz, Austria;

BroadPharm, San Diego, CA for lifetime and energy barrier measurements)

as stated elsewhere (30,31). Measurements were performed on MKZ cells

in full FAD medium containing 1.2 mM Ca2þ.

Cross-linking, electrophoresis, and Western blot
analysis

Membrane-impermeable cross-linking was performed as described else-

where (9,18,32) and in Supporting Materials and Methods.

Tissue culture and human ex vivo hyperadhesion
model

Biopsies of healthy human skin samples were performed as previously

described (33). Awritten agreement for the use of research samples was ob-

tained from all body donors as a part of the body donor program from the

Institute of Anatomy and Cell Biology of the Ludwig-Maximilians-Uni-

versit€at M€unchen (M€unchen, Germany).

Data processing and statistics

For used software and applied statistics, please refer to the Supporting Ma-

terials and Methods.
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RESULTS

Dsg3 single molecule binding is enhanced during
acquisition of hyperadhesion

Keratinocytes in cell culture acquire a hyperadhesive
state at a distinct time point of maturation (16). Thus,
we investigated the time course during which murine ker-
atinocytes become Ca2þ independent and thus hyperad-
hesive. Hyperadhesion keratinocytes dissociation assays
in wild-type (wt) keratinocytes showed a significant
decrease in fragmentation from 24 to 72 h in high
Ca2þ medium, suggesting that wt cells become hyperad-
hesive after 72 h differentiation (Fig. 1, A and B). Next,
we performed hyperadhesion keratinocyte dissociation
assays at the same time points in Pkp-deficient keratino-
cytes as former studies showed that Pkps regulate Dsg3
binding properties (18), and Pkp1 is involved in desmo-
somal hyperadhesion (17). In contrast to wt keratino-
cytes, Pkp1- and 3-deficient keratinocytes failed to
achieve Ca2þ independency after 72 h in high Ca2þ me-
dium (Fig. 1, A and B), indicating that Pkps are required
for desmosomal hyperadhesion. Underlining these data,
immunostaining for Dsg3 and actin after EGTA incuba-
tion shows that Pkp1 and 3 both contribute to a proper
localization of Dsg3 (Fig. S1, A–C).

We then applied AFM force measurements to investi-
gate whether transition from the weak Ca2þ dependent
state (24 h in high Ca2þ medium) to the strong hyperad-
hesive state (72 h in high Ca2þ medium) is accompanied
by changes in desmosomal cadherin binding properties.
Thus, we analyzed the single molecule binding properties
of Dsg1 and Dsg3 as two representatives of the desmo-
somal cadherin family crucial for desmosomal adhesion
in the epidermis as revealed by pemphigus disease in
which they are targeted by autoantibodies (34). AFM
tips were functionalized with recombinant Dsg3-Fc or
Dsg1-Fc comprising the whole extracellular domains of
the respective protein, and cells were examined after 24
and 72 h in high Ca2þ medium. Specificity of Dsg3 and
Dsg1 interactions on murine keratinocytes was previously
shown using inhibitory aDsg3 and aDsg1 antibodies
(22,23).

AFM topography images showed no difference in cell
morphology between different time points or several cell
lines. All murine keratinocytes showed elevated cell bor-
ders (Fig. 1 C). We chose small areas along cell borders
(5 � 2 mm) from AFM topography images and recorded
adhesion maps (shown by blue rectangles). Every pixel
represents an approach/retrace cycle of the AFM canti-
lever ran in force mapping mode. Gray value of pixels
represent the topography at this respective position,
whereas blue pixels depict a specific binding event.

For Dsg3, binding frequency was similar between 24
and 72 h in wt cell lines. Interestingly, binding frequency
was reduced during the same time period in Pkp-deficient

keratinocytes (Fig. 1 D), underlining their contribution to
membrane availability of Dsg3 (18). Next, we evaluated
the distribution ratio between Dsg3 binding events located
at cell junctions and at nonjunctional areas. Here, we only
observed a significant alteration for Pkp3-deficient cells
comparing 24 and 72 h, but the same trend was observed
for wt cell line (Fig. 1 E). Furthermore, we investigated
the strength of Dsg3 single molecule interactions, referred
to as unbinding force (UF). Importantly, the UF of wt
cells significantly increased by 20% after 72 h in high
Ca2þ medium compared to 24 h. In contrast, in Pkp1
and 3 knockout (k.o.) cells, UF was not significantly
altered after differentiation (Fig. 1 F). Thus, Dsg3 mole-
cules UFs in wt and Pkp-deficient keratinocytes clearly
correlated with their ability to acquire a hyperadhesive
state. This reflects a, to our knowledge, unreported phe-
nomenon in which desmosomal hyperadhesion correlates
with binding properties of a specific desmosomal cad-
herin. To characterize the measured bonds in more detail,
we determined the bond lifetime for Dsg3 interactions.
We therefore performed adhesion measurements at
different pulling speeds ranging from 1 to 20 mm/s in
wt murine keratinocytes. UF increased with increasing
pulling speed at both time points, indicating that Dsg3 in-
teractions in wt keratinocytes show a catch-bond behavior
as reported earlier (10,23,35). Determination of bond life-
time for Dsg3 interactions was done by plotting the UF
against the loading rate of the respective bond and fitting
the values against a modified Bells equation (Fig. S2, A
and B; (28,29)). Dsg3 bond lifetime for wt keratinocytes
was increased from 1.38 to 3.52 s after 24 and 72 h,
respectively (Fig. 1 G) and thus might be another correlate
of desmosomal hyperadhesion. Interestingly, the unbind-
ing position that was reported to be a measure for cyto-
skeletal anchorage (36) was not changed for wt cells
comparing 24 and 72 h (Fig. S2 C), suggesting that cyto-
skeletal anchorage is not altered upon acquisition of hy-
peradhesion. Taken together, these results demonstrate
increased UF and elongated bond lifetime of Dsg3 during
acquisition of hyperadhesion in keratinocytes.

Dsg1 binding properties do not change during
acquisition of hyperadhesion

In addition, we investigated the single molecule binding
properties of the other main pemphigus antigen Dsg1. Com-
parable to Dsg3 measurements, yellow rectangles in the
topography images show the adhesion maps (5 mm � 2
mm) and yellow dots mark specific binding events (Fig. 2
A). We observed a trend to decreased binding frequencies
in all cell lines during differentiation, which was only signif-
icant in Pkp3-deficient keratinocytes (Fig. 2 B). The distri-
bution ratio of Dsg1 binding events between 24 and 72 h
was not changed in all cell lines (Fig. 2 C). Interestingly,
Dsg1 single molecule UF was neither significantly altered

Hyperadhesion Requires Desmoglein 3
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FIGURE 1 Dsg3 unbinding forces are increased in hyperadhesive wt keratinocytes. (A) Hyperadhesion dissociation assays in wt and Pkp1- and Pkp3-defi-

cient murine keratinocytes are shown. Fragmentation after Ca2þ chelation after 72 h compared to 24 h in high Ca2þmediumwas reduced for wt but not for Pkp-

deficient keratinocytes, indicating that wt cells acquired a hyperadhesive state after 72 h differentiation. (B) Shown is quantification of dissociation assays (nR
3, *p< 0.05 vs. 24 h). (C) AFM topography images show similar cell morphologies in wt, Pkp1 k.o., and Pkp3 k.o. cells after 24 and 72 h in high Ca2þmedium.

Blue rectangles indicate areas of adhesion maps at cell borders, and blue dot represents one Dsg3 binding event. Scale bars, 10 mm. (D) Binding frequency is

reduced in Pkp1- and significantly in Pkp3-deficient cells after 72 h of Ca2þ presence but not in wt. The binding frequencywas normalized to the corresponding

(legend continued on next page)
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after 72 h in high Ca2þ medium in wt nor in Pkp-deficient
keratinocytes when compared to 24 h (Fig. 2 D), indicating
that Dsg1 shows another differentiation-dependent behavior
during the acquisition of hyperadhesion then Dsg3. Accord-
ing to Dsg3 interactions, the unbinding position was not
significantly altered between both time points in wt
(Fig. S2 B). Taken together, these data show that contribu-
tion of single molecule binding properties to desmosomal

hyperadhesion differs between Dsg1 and Dsg3 in this spe-
cific time interval.

Desmosomal hyperadhesion correlates with
increased Dsg3 clustering

Clustering of desmosomal molecules was suggested to be
one mechanism underlying desmosomal hyperadhesion

24 h values. (E) Dsg3 distribution ratio between junctional and perijunctional compartments shows significant differences for Pkp3-deficient cells between both

time points but not forwt andPkp1k.o. cells. (F)Dsg3 singlemoleculeUF is increased inwt cells after 72 hofCa2þ compared to 24 h. In contrast, Pkp1 andPkp3

k.o. cells lack an increase inDsg3UF.UFwas calculated using themean of singlemedians. (D–F) nR 3with two cell borders/experiment and1000 force curves

per measured cell border; error bars represent standard error (*p< 0.05 vs 24 h). (G) Fitting of peaks of UF versus peaks of loading rates shows a linear increase

with logarithm after 24 and 72 h in high Ca2þ medium. n ¼ 8 with two cell borders/experiment and 100 force curves per measured cell border.

FIGURE 2 Binding properties of Dsg1 remain unchanged when keratinocytes become hyperadhesive. (A) All cell lines reveal similar cell morphology

after 24 and 72 h in high Ca2þ medium as shown by AFM topography images. Yellow rectangles indicate areas of adhesion maps at cell borders, and every

yellow dot describes one Dsg1 binding event. Scale bars, 10 mm. (B) Binding frequency is significantly reduced in Pkp3-deficient cells after 72 h of Ca2þ

presence only. The binding frequency was normalized to the corresponding 24 h values. (C) Distribution ratio between junctional and perijunctional compart-

ment is not altered between 24 and 72 h of maintenance in high Ca2þmedium. (D) Dsg1 single molecule unbinding strength is not significantly changed in all

cell lines after 72 h in high Ca2þmedium. UF was calculated using the mean of single medians. (B–D) n¼ 3 with two cell borders/experiment and 1000 force

curves per measured cell border; error bars represent standard error of the mean (*p < 0.05 vs 24 h).
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(37). This is conclusive with regards to densely packed
desmosomes in the epidermis (3,38,39). Desmosomal clus-
tering can be studied indirectly by membrane-impermeable
cross-linking, which demonstrates Dsg oligomerization
(9,18). Thus, we checked for Ca2þ-insensitive Dsg oligo-
mers after 24 and 72 h in high Ca2þ medium by treatment
with 5 mM EGTA for 90 min. In wt murine keratinocytes,
the amount of Ca2þ independent Dsg3 oligomers was signif-
icantly increased from 24 to 72 h (Fig. 3, A and B), suggest-
ing that Dsg3 oligomers contribute to hyperadhesion.
Interestingly, this increase occurs in parallel with an
increased UF and an elongated bond lifetime of Dsg3 during
the acquisition of hyperadhesion. These data indicate that
Dsg3 contributes to desmosomal hyperadhesion not only
via changing its single molecule binding properties but
also by increased occurrence of Ca2þ independent
oligomers.

Recent results showed that Pkp1 is important for clus-
tering of Dsg3 (18), Thus, we next investigated the effect
of Pkp deficiency on Ca2þ dependent Dsg3 oligomerization.
In Pkp1-deficient keratinocytes, the amount of Dsg3 oligo-
mers was drastically reduced compared to wt without
EGTA treatment at both time points. Furthermore, as shown
by oligomerization ratio, Ca2þ-insensitive Dsg3 oligomers
do not significantly increase in Pkp1-deficient keratinocytes
after 72 h (Fig. 3, A and B). These data indicate that Pkp1
deficiency diminishes the acquisition of hyperadhesion by
changes in Dsg3 oligomerization and thus underline the
importance of both Pkp1 presence and Dsg3 oligomeriza-
tion for desmosomal hyperadhesion.

In contrast, Ca2þ independent Dsg3 oligomers were
reduced in Pkp3 k.o. cells after 24 h but increased from
24 to 72 h. Even though the increase was to a minor extent
compared with wt cells, this result shows that Pkp3 is less
relevant for desmosomal cadherin oligomerization (Fig. 3,
A and B). Taken together, these findings suggest that Pkp1
but not Pkp3 contributes to desmosomal hyperadhesion
via clustering of Dsg3.

We further checked for other desmosomal cadherins
regarding their Ca2þ independent oligomerization. The
amount of Dsg1 oligomers was minor for all cell lines at
both time points compared with Dsg3 (Fig. 3 C). However,
there were at least some Ca2þ independent Dsg1 oligomers
in all cell lines at both time points (Fig. 3D). In addition, the
amount was not altered during differentiation, which is in
concordance to unchanged Dsg1 single molecule binding
properties shown above (Fig. 2, C and D). Interestingly,
Pkp1-deficient cells almost completely lost their Dsg1
expression after 72 h, whereas Dsg1 expression was
drastically increased in the wt cell line, indicating that
Pkp1 is important for proper expression of Dsg1 during
differentiation.

Hyperadhesion was referred to be a special feature of
desmosomes and thus should not be present for classical
cadherins in adherens junctions (16). Thus, we evaluated

the occurrence of Ca2þ-insensitive oligomers of the clas-
sical cadherin E-cadherin (E-Cad). Accordingly, treatment
with EGTA led to a complete disappearance of E-Cad olig-
omers in all cell lines, showing that E-Cad remains Ca2þ

dependent during maturation (Figs. 3 E and S3 A) and
confirming that hyperadhesion is a specific feature of
desmosomes. To further underline the Ca2þ dependency of
E-Cad, we did a comparison between EGTA-treated and
control oligomer bands (Fig. S3 A).

These results demonstrate different Dsg1 and Dsg3 clus-
tering during differentiation and thus underline the different
contribution of desmosomal cadherin isoforms in the acqui-
sition of hyperadhesion.

Ex vivo models reveal distinct Ca2D dependency
of Dsg1 and 3 immunostaining characteristics

Previous studies proposed that all desmosomes in mature
epidermis are hyperadhesive and thus Ca2þ independent
regardless of their composition (15,16,40). With regards to
the observed differences for Dsg1 and 3 during differentia-
tion, we tested the Ca2þ dependency of several desmosomal
cadherin isoforms in a human ex vivo model. To do so,
human skin samples from body donors were incubated
with the Ca2þ chelator EGTA for 1.5 or 24 h, respectively.
Subsequently, skin sections were stained for Dsg1 or
Dsg3. Viability of the tissue was confirmed in previous
studies (33).

According to previous results, Dsg1 and 3 showed
different expression gradients in human epidermis with
Dsg1 being predominant in superficial epidermis, whereas
Dsg3 is more abundant in the basal epidermal layers
(Fig. 4, A and B). EGTA treatment for 1.5 h had no effect
on Dsg1 and 3 expression along keratinocyte cell mem-
branes in human epidermis (Fig. 4, A, B, and E). In
contrast, EGTA incubation for 24 h led to a fragmentation,
reduction, and confinement to small dots of Dsg1 staining
throughout all epidermal layers (Fig. 4, C and F). On the
contrary, Dsg3 staining was not altered after 24 h of
EGTA treatment (Fig. 4, D and F). These results argue
for a distinct behavior of desmosomal cadherins in human
epidermis in which Dsg3 is largely Ca2þ independent,
whereas Dsg1 remains at least in part Ca2þ dependent.
Taken together, these data suggest a stronger Ca2þ inde-
pendency of Dsg3 immunostaining compared to Dsg1 in
the human epidermis.

To test whether Dsc show different Ca2þ dependent im-
munostaining as well, we stained the human epidermis for
Dsc1 and Dsc3 after 1.5 and 24 h of EGTA incubation. Inter-
estingly, Dsc1 showed no overall reduction in staining after
1.5 but a significant change after 24 h EGTA treatment.
Further, staining along cell borders after 24 h of EGTA treat-
ment was broadened and showed a partly cytosolic pattern.
These data, similarly to Dsg1, indicate that Dsc1 is at least
in part Ca2þ dependent. In contrast, Dsc3 staining showed
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no overall reduction after 1.5 or 24 h EGTA incubation.
Thus, Dsc3 and Dsg3 reveal similarity in their Ca2þ inde-
pendency (Fig. S3, B–G). To exclude that these results are
caused by shedding of desmosomal cadherins or changes

in antibody epitope binding by EGTA treatment, we per-
formed all experiments with a second set of primary anti-
bodies (Table S1). These experiments confirmed the
results shown above (Fig. S4, A–D).

FIGURE 3 Pkp1-dependent Dsg3 oligomerization correlates with the development of a hyperadhesive state in murine keratinocytes. Cells were treated

with EGTA (5 mM for 90 min at 37�C) after 24 or 72 h in high Ca2þ medium followed by chemical cross-linking with ethylene glycol bis(sulfosuccinimidyl

succinate). Cell lysates were prepared after standard protocol. (A) Wt and Pkp3-deficient keratinocytes show increased Ca2þ independent Dsg3 oligomers

after 72 h compared to 24 h in high Ca2þmedium. In contrast, almost no Ca2þ independent Dsg3 oligomers develop in Pkp1-deficient keratinocytes. (B) Ratio

of oligomerization reveals a significantly increased number of Ca2þ independent Dsg3 oligomers after 72 h compared to 24 h in wt keratinocytes. Error bars

represent standard error of the mean (n¼ 9, *p< 0.05 vs. 24 h). (C) The extent of Ca2þ independent Dsg1 oligomers was smaller in all cell lines after 24 h as

well as after 72 h in high Ca2þ medium, although total protein amount was drastically increased after 72 h in wt keratinocytes. (D) Ratio of oligomerization

reveals no significantly increased number of Ca2þ independent Dsg1 oligomers after 72 h compared to 24 h in all cell lines. Error bars represent standard error

of the mean (n¼ 5). (E) Western blot shows that E-Cad oligomers are Ca2þ dependent after both 24 and 72 h maintenance in high Ca2þ medium. All Western

blots are representative of n ¼ 5.
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FIGURE 4 Dsg3 is hyperadhesive in human epidermis. (A and B) 1.5 h of EGTA incubation showed no alterations of Dsg1 and Dsg3 staining in human

ex vivo skin samples. (C) Treatment of EGTA for 24 h led to a fragmentation of Dsg1 throughout all human epidermal layers. Dsg1 staining is drastically

reduced and confined to small dots at cell membranes. (D) In contrast to Dsg1, Dsg3 staining in human epidermis is not altered after 24 h of EGTA treatment.

(A–D) Scale bars, 7.5 mm. (E and F) Quantification of Dsg1 and Dsg3 staining after 1.5 and 24 h of EGTA incubation shows a significant decrease for Dsg1

staining after 24 h between control and EGTA treatment, whereas 1.5 h EGTA treatment led to no change. nR 4 different body donors; error bars represent

(legend continued on next page)
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Keratinocytes lacking Dsg3 fail to become
hyperadhesive

To investigate the influence of a specific desmosomal cad-
herin isoform for desmosomal hyperadhesion, we conducted
hyperadhesion keratinocyte dissociation assays in murine
keratinocytes lacking Dsg3 (Fig. 4G). According to our pre-
vious results, Dsg3-deficient keratinocytes in contrast to wt
cells failed to acquire a hyperadhesive and thus Ca2þ inde-
pendent state during the given differentiation time period
(Fig. 4 G). This shows the importance of Dsg3 for desmo-
somal hyperadhesion.

Taken together, the data show that different desmosomal
cadherin isoforms contribute to desmosomal hyperadhesion
by distinct mechanisms. Our experiments demonstrate for
the first time, to our knowledge, that acquisition of desmo-
somal hyperadhesion correlates with alterations in clus-
tering as well as single molecule binding properties of
specific desmosomal cadherins such as Dsg3.

DISCUSSION

Dsg3 single molecule binding properties provide
insights into molecular mechanisms contributing
to the acquisition of hyperadhesion

Hyperadhesion is a cell-cell adhesion concept that refers to
the strong adhesive state of desmosomes (14,15). In mature
epidermis, most desmosomes were characterized as hyper-
adhesive, which seem to be crucial for strong cell cohesion
and to withstand mechanical shear stress (14,37). In
contrast, desmosomes were described to be in a weaker
and Ca2þ dependent state during assembly and wound
healing (40). Thus, desmosomes switch between the two
adhesive states. Apart from tissue (41), also, desmosomes
in cell culture models can acquire the hyperadhesive state
during maturation (42,43). In pemphigus vulgaris, a blis-
tering skin disease in which autoantibodies against Dsg1
and 3 affect cell cohesion, experiments with hyperadhesive
keratinocytes showed less disturbance of intercellular con-
tacts and internalization of the adhesion molecules (44).
Hence, hyperadhesion is a very important property of ker-
atinocytes, for example to reduce susceptibility for dis-
eases. In cell culture models, chelation of Ca2þ ions
provides an approach to investigate Ca2þ independency
of desmosomes. In our model, murine keratinocytes ac-
quire a hyperadhesive state within 72 h in high Ca2þ me-
dium. Mechanistically, hyperadhesion was attributed to
organized desmosomal cadherins, which capture Ca2þ

ions via cis binding between their extracellular domains
(14,15). However, the contribution of certain desmosomal
cadherins remains unclear.

Because hyperadhesion is thought to be a strong adhesive
state, we performed AFM experiments investigating single
molecule binding properties of desmosomal cadherins
(10,45–47). Here, we measured single molecule interactions
of Dsg1 and 3 under nonhyperadhesive and hyperadhesive
conditions in murine keratinocytes. Binding properties for
Dsg3 were drastically altered when cells reached a hyperad-
hesive state, whereas no changes were observed for Dsg1.
Interestingly, different regulations of Dsg1 and 3 binding
properties were determined before (23). The frequencies
of Dsg1 and 3 interactions were slightly reduced for wt
and Pkp1 k.o. cells between 24 and 72 h in high Ca2þ me-
dium and dropped significantly in Pkp3 k.o. cells. Those re-
sults confirm former results that Pkp3 is relevant for
desmosome assembly during maturation (17,48,49). There-
fore, Pkp3 may contribute to desmosomal hyperadhesion via
this mechanism, whereas Pkp1 may primarily control clus-
tering of Dsg3. Interestingly, we found that unbinding forces
of Dsg3 interactions increased from 24 to 72 h in high Ca2þ

medium for wt but not for Pkp-deficient keratinocytes,
whereas Dsg1 unbinding forces showed no significant alter-
ations for all cell lines at both time points. Higher unbinding
forces of Dsg3 interactions were shown to correlate with the
strengthening of overall intercellular adhesion and thus fit to
the acquirement of a hyperadhesive state (10,23). Changes
in Dsg3 unbinding forces may also be due to participation
of more Dsg3 molecules as we use Fc-tagged Dsg3 extracel-
lular domains to functionalize AFM cantilevers. This would
be in line with increased clustering of Dsg3 after 72 h in
high Ca2þ medium and thus an enhanced possibility of mul-
tiple bindings because of a higher Dsg3 molecule density.
However, former data on cadherin-mediated adhesion indi-
cate that multiple molecules participating in a certain un-
binding event cause unbinding forces that are multiples of
the single molecule unbinding strength (35,50). In contrast,
UF only increased by 20% in our data, suggesting changes
in the single molecule binding to be more likely.

Furthermore, acquisition of the hyperadhesive state
seems to have an isoform-specific timeline. For Dsg3 but
not for Dsg1, we found changes in its single molecules prop-
erties between 24 and 72 h. Nevertheless, data using Dsg2
k.o. cells argue for a contribution of all desmosomal cadher-
ins to desmosomal hyperadhesion. Thus, it can be specu-
lated that Dsg1 binding properties may change during
another time period in the differentiation process. An expla-
nation for this observation could be found in the epidermis

the SD (*p< 0.05 versus respective control). (G) Representative Western blot confirms complete k.o. of Dsg3 in murine keratinocyte cell lines. After 72 h in

high Ca2þ medium, cells lacking Dsg3 fail to become hyperadhesive as shown by the high degree of fragmentation compared to wt cells after 72 h in high

Ca2þ medium. n ¼ 3 (p < 0.05 vs. wt 24 h). (H) Mechanistic model of the experimental findings is shown. Dsg1 clusters remain unaltered for wt cells under

nonhyperadhesive and hyperadhesive conditions, whereas Dsg3 clusters are increased and UF is enhanced. In Pkp3-deficient cells, Dsg3 is still able to cluster,

even though the UF remains unchanged. In contrast, Pkp1 deficiency abrogates proper clustering of Dsg3.
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where Dsg1 is more prominent in the superficial layers.
Therefore, Dsg1 properties may change late during differen-
tiation. Further studies are necessary for a deeper under-
standing of this process.

Dsg3 interactions behave like catch bonds at both adhe-
sive states, which fits former studies (10,51). However,
Dsg3 bond lifetime was prolonged when cells become hy-
peradhesive. Bond lifetime at 24 h in high Ca2þ medium
was similar as shown before for desmosomal cadherins,
whereas the lifetime increased during 72 h in high Ca2þ me-
dium and reaches levels known for classical cadherins
(10,35,52). Interestingly, Dsg3 molecules unbinding forces
are also increased during this time period, suggesting that
altered forces and bond lifetimes may be interdependent
(53). Moreover, the data indicate that changes in single mol-
ecules binding properties of Dsg3 contribute to desmosomal
hyperadhesion.

Desmosomal clustering correlates with
hyperadhesion and is mediated by Pkp1

Previous studies showed the importance of Pkps for desmo-
somal hyperadhesion as well as for clustering of desmo-
somal cadherins (17,18,54). Further, desmosomes require
organized desmosomal proteins to become hyperadhesive
(14). As previously shown, clustering of Dsg3 is mediated
by Pkp1 but not Pkp3. Here, we observed that Ca2þ inde-
pendent Dsg3 oligomers correlate with desmosomal hyper-
adhesion and require Pkp 1. In contrast, Dsg1 demonstrated
a minor extent of Ca2þ independent oligomers. However,
this reduced amount of Ca2þ independent oligomers re-
mained unchanged after 24 and 72 h in wt murine keratino-
cytes. This finding supports the AFM data, in which no
differences in single molecule binding properties of Dsg1
were observed during this time frame. Hence, we propose
that oligomerization of desmosomal proteins is a correlate
of desmosomal hyperadhesion, which occurs for desmo-
somal cadherins during different time intervals.

Specific desmosomal cadherins show different
Ca2D dependencies in human epidermis

Finally, we show that Dsg1 immunostaining is less resistant
to Ca2þ chelation compared to Dsg3 in human epidermis by
the usage of ex vivo models and application of EGTA. The
fact that Dsg3 distribution patterns as revealed by immuno-
staining are resistant to Ca2þ chelation whereas Dsg1 stain-
ing properties are not indicates a further isoform specificity
of desmosomal cadherins in the desmosome. This is in line
with former studies providing evidence for different
functions of desmosomal cadherin isoforms (19–21,32).
Further desmosomal cadherins are differentially expressed
throughout the epidermis (3,39,55). Thus, it is conclusive
that they engage different functions during tissue maturation
and hyperadhesion.

CONCLUSION

In this study, we investigated the acquisition of hyperadhe-
sion in murine keratinocytes and the Ca2þ dependency of
desmosomal cadherins in human epidermis by AFM,
biochemical cross-linking, and immunostaining experi-
ments. Our data show a, to our knowledge, unreported phe-
nomenon that during acquisition of desmosomal
hyperadhesion, desmosomal cadherins undergo an iso-
form-specific process and thus contribute to desmosomal
hyperadhesion via several mechanisms, including desmo-
somal clustering and increased molecules binding strength.
Further, the acquisition of this state depends on Pkps. We
demonstrate that desmosomal cadherin clustering, which re-
quires Pkp1, correlates with hyperadhesion. On a single
molecule level, we detected an increase in the Dsg3 mole-
cules unbinding force and interaction lifetime as a correlate
for desmosomal hyperadhesion. Taken together, the data
suggest that desmosomal hyperadhesion is paralleled by al-
terations of specific desmosomal cadherin binding proper-
ties such as changes in clustering and molecules binding
strength (Fig. 4 H).
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Results 

Cells lacking Pkp1 or 3 have reduced levels of Dsg3 after EGTA treatment 

We investigated the expression and distribution of Dsg3 and actin using immunostainings. 

Interestingly, in wt murine keratinocytes Dsg3 and actin staining showed gaps (indicated by 

white arrows) when cells were treated with EGTA after 24 h in high Ca2+-medium. After 72 h 

in high Ca2+ we found that Dsg3 and actin are properly located at the cell membrane and 

observed no gaps even after EGTA treatment in wt. However, Dsg3 staining was slightly 

reduced (Figure S1A). In contrast, Pkp1-deficient cells revealed a drastic phenotype with gaps 

after EGTA treatment at 24 h and 72 h of differentiation with reduced levels of Dsg3 at the 

cell membranes (Figure S1B) resembling the results from dissociation assays. Pkp3-deficient 

cells showed no reduced intensity of Dsg3 at the cell membrane after EGTA treatment at both 

time points (Figure S1C) but a more blurred distribution along the cell membrane. This is in 

line with their diminished ability to acquire hyper-adhesion in dissociation assays. The results 

suggest that Pkp1 and 3 both are important for hyper-adhesion in murine keratinocytes by 

contributing to a proper localization of Dsg3.  

 

Materials and Methods 

Tissue culture and human ex-vivo hyper-adhesion model 

A small piece of skin from the shoulder area, < 24 h post mortem, was taken from each body 

donor and cut into equal pieces (1 cm  1 cm). The age of the body donors ranged from 74 to 

95 years. The samples were incubated in Dulbecco modified Eagle medium (DMEM) with 5 

mM of ethylene glycol tetraacetic acid (EGTA) for 1.5 h or 24 h respectively at 37°C and 5% 

CO2. Skin samples were afterwards embedded in TissueTec (Leica Biosystems, Nussloch, 



Germany) and cut into 7 µm thick slices using a cryostat microtome (CryoStarTM NX70, 

Thermo ScientificTM, Waltham, Massachusetts, USA). 

Cell culture 

Wild type (wt) and Pkp1- or 3- (Pkp k.o.) deficient murine keratinocytes (MKZ) were isolated 

and immortalized as described before (kindly provided by Prof. Dr. Hatzfeld, University of 

Halle (Saale)) [1, 2]. A stable Dsg3 k.o. cell line of mouse epidermal keratinocytes (MKZ) 

was generated by spontaneous immortalization from Dsg3-/- and +/+ C57BL/6J mice. 

Epidermis was gained from neonatal mice by overnight incubation of the skin with dispase II 

(Sigma-Aldrich, Munich, Germany). Epidermal cells were physically washed out after 

treatment for 1 h with accutase (Sigma-Aldrich, Munich, Germany) and seeded in Dulbecco’s 

modified Eagle’s medium (DMEM) (Life Technologies; Carlsbad; CA; USA) supplemented 

with 10 % Chelex-treated fetal calf serum (Biochrom, Berlin, Germany), 50 units/ml 

penicillin (AppliChem, Darmstadt, Germany), 50 μg/ml streptomycin (AppliChem), 1 mM 

sodium pyruvate, 0.18 mM adenine, 0.5 µg/ml hydrocortison, 5 µg/ml insulin, 100 pM 

cholera toxin (all 5 from Sigma-Aldrich, Munich, Germany), 10 ng/ml epidermal growth 

factor (Life Technologies; Carlsbad; CA; USA) and 2 mM GlutaMAX (Life Technologies; 

Carlsbad; CA; USA) on collagen I (rat tail; BD Bioscience, New Jersey, US) coated T25 

culture flasks and maintained at 35°C and 5 % CO2. After passaging for 10-15 times 

keratinocytes immortalized spontaneously while other epidermal cells died. For all 

experiments with MKZ, cells were switch to high Ca2+ (1.2 mM) containing medium after 

reaching confluency and grown for 24 h or 72 h, respectively, before experiments were 

conducted. 

Immunostaining 

Immunofluorescence of skin sections was done as described elsewhere [3]. Briefly 

summarized, skin sections were fixed with 4% formaldehyde, permeabilized with 1% Triton 



X-100 and incubated with primary antibodies. For human skin samples two different primary 

antibodies were used (Table S1).. As secondary antibodies Cy-labelled goat-anti-mouse and –

rabbit secondary antibodies (Dianova, Hamburg, Germany) were used, respectively. Further 

DAPI (Roche, Mannheim, Germany) was used to visualize the cells nuclei. Quantification 

was done with ImageJ Software using the selection brush tool. The raw integrated density was 

measured along all cell membranes and then divided by the measured area. Murine 

keratinocytes were fixed, 24 h or 72 h after Ca2+ switch respectively, in pure ethanol for 30 

min on ice followed by three min aceton at room temperature. Primary antibodies were 

Desmoglein 3 pAb (Biozol Diagnostica, Eching, Germany), Alexa 488-phalloidin (Dianova, 

Hamburg, Germany) and DAPI. Images were taken with a Leica SP5 confocal microscope 

using a 63x NA 1.4 PL APO objective controlled by LAS AF software (Leica, Mannheim, 

Germany). 

 

Antibody against: In Figure 4, S3 and S4 Figure S4 

Dsg1 Desmoglein 1-P124 mAb (Progen 

Biotechnik GmbH, Heidelberg, 

Germany) 

A9812 pAb (Abclonal Technology, 

USA) 

Dsg3 Desmoglein 3 pAb, E-AB-62720 (Biomol 

GmbH, Hamburg, Germany) 

5G11 mAb (Invitrogen, USA) 

Dsc1 Desmocollin 1 pAb (1), abx176152 

 (Abbexa, Cambridge, United Kingdom) 

L15, sc-18115, pAb (2), (Santa Cruz, 

Dallas, TX, USA) 

Dsc3 Desmocollin 3 mAb (Progen Biotechnik 

GmbH, Heidelberg, Germany) 

Abx334157 pAb, (Abbexa, Cambridge, 

United Kingdom) 

Table S1: Used primary antibodies for human skin samples.  

 



Crosslinking, Electrophoresis and Western blot analysis 

After washing with PBS cells were lysed with SDS-lysis buffer (25 mmol/l HEPES, 25 

mmol/l NaF and 1% SDS, pH 7.4) followed by sonication on ice. The amount of protein was 

determined with the PierceTM BCA Protein Assay Kit (Thermo Fisher, USA). Western 

blotting was implemented following established protocols [4].  

The membrane-impermeable cross-linker ethylene glycolbis (sulfosuccinimidylsuccinate) 

(Sulfo-EGS) (Pierce Biotechnology, Rockford, USA) was used for detection of 

oligomerization of desmosomal cadherins. The experimental approach followed a well-

established protocol [5, 6]. In brief, cells were subjected to respective experimental 

conditions, washed three times with cold PBS and Sulfo-EGS was added to the cells at a 

concentration of 2 mM for 30 min at room temperature. In order to stop the reaction, TBS was 

added at a concentration of 50 mM and incubated for 15 min. Western blotting to detect 

crosslinked proteins was performed following a standard protocol. For quantification, the raw 

integrated density of the oligomer band was first divided by the band of oligomer plus 

monomer. Afterwards the EGTA-treated column was divided by the non-EGTA treated 

column to obtain the oligomerization ratio. 

Data processing and Statistics 

For image processing Photoline software (Computerinsel, Bad Gögging, Germany) was 

applied. AFM images and data analysis of measured force-distance curves were processed 

with JPK data processing software (Bruker Nano GmbH, Berlin, Germany). Further AFM 

parameters were determined with Origin Pro 2016, 93G (Northampton, MA, USA). For 

densitometric measurements ImageJ software (NIH, Bethesda, USA) was used. Other data 

shown in this study were evaluated and depicted with Excel (Microsoft, Redmond, WA, 

USA).  



For statistical significance in case of two groups we applied two-tailed Student´s t test. For 

multiple groups analysis of variance (one-way ANOVA) followed by Bonferroni post hoc test 

was done. Error bars are standard error of the mean or standard deviation as indicated. 

Significance was assumed at a p-value < 0.05. 
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Figures: 

 

Figure S1: Reduced levels of Dsg3 after EGTA treatment for Pkp1 or 3 lacking cells.  

A/B/C: Murine keratinocytes were maintained for 24 h or 72 h in high Ca2+ medium and were 

subsequently subjected to Ca2+ chelation with EGTA for 90 min. Immunostaining for Dsg3 

and actin revealed disturbed membrane localization after 24 h in high Ca2+ medium as well as 

gap formation between the cells (white arrows). In contrast, membrane staining was preserved 

after Ca2+ chelation in wt and Pkp3-deficient but not in Pkp1-deficient keratinocytes after 72h 

in high Ca2+ medium. DAPI was used to stain cell nuclei. Pictures show representatives of 

n 3. Scale bar = 10 µm. *p<0.05 vs. corresponding control, error bars represent standard 

deviation. 



  

Figure S2: A-B: UF plotted against logarithmic loading rate with respect to their pulling 

speed after 24 h and 72h in high Ca2+ medium, shows an increase of UF and loading rate for 

higher pulling forces. Grey line indicates 5 pN threshold level, values below that line were 

excluded from analysis. On the right side the distribution of the loading rates and unbinding 

forces of the increasing pulling speeds is shown. n=8 with 2 cell borders/experiment. C: 

Unbinding position of Dsg1 and 3 coated tips comparing 24 h and 72 h in high Ca2+ medium 

shows no significant alterations. For Dsg1 n=4 and for Dsg3 n=6 were used for analysis, error 

bars represent error of the mean. 



 

 Figure S3: A: Quantification of oligomer band density of ECad shows significant decrease 

after EGTA treatment for all cell lines after 24h and 72h in high Ca2+ medium. n 4, *p<0.05 

vs. corresponding control, error bars represent standard deviation. B-G: Immunostaining for 

Dsc1 and 3 of human epidermis after 1.5h or 24h of EGTA incubation reveals reduced and 

fragmentated levels of Dsc1 but not  Dsc3 staining. n 3, *p<0.05 vs respective control, error 

bars represent standard deviation. 



  

Figure S4: Immunostaining of respective desmosomal cadherins in human epidermis after 

24h of EGTA treatment using two sets of primary antibodies. A: For Dsg1 both antibodies 

show a significant reduced membrane staining and protein amount after 24h EGTA treatment. 

B: Dsg3 immunostaining with two different primary antibodies show little alterations after 

24h EGTA incubation. C: Significantly reduced membrane staining of Dsc1 after EGTA 

treatment is shown for both primary antibodies. D: For Dsc3 staining no difference can be 

found for the used primary antibodies. A-D: n 4, *p<0.05 vs corresponding control, error 

bars represent standard deviation. 
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Keratins regulate p38MaPK-
Dependent Desmoglein Binding 
Properties in Pemphigus
Franziska Vielmuth1, Elias Walter1, Michael Fuchs1, Mariya Y. Radeva1, Fanny Buechau2, 
Thomas M. Magin2, Volker Spindler1 and Jens Waschke1*

1 Faculty of Medicine, Institute of Anatomy, Ludwig-Maximilians-Universität München, Munich, Germany, 2 Division of Cell and 
Developmental Biology, Institute of Biology, Sächsische Inkubator für Klinische Translation (SIKT), University of Leipzig, 
Leipzig, Germany

Keratins are crucial for the anchorage of desmosomes. Severe alterations of keratin 
organization and detachment of filaments from the desmosomal plaque occur in the 
autoimmune dermatoses pemphigus vulgaris and pemphigus foliaceus (PF), which are 
mainly caused by autoantibodies against desmoglein (Dsg) 1 and 3. Keratin alterations 
are a structural hallmark in pemphigus pathogenesis and correlate with loss of intercel-
lular adhesion. However, the significance for autoantibody-induced loss of intercellular 
adhesion is largely unknown. In wild-type (wt) murine keratinocytes, pemphigus autoan-
tibodies induced keratin filament retraction. Under the same conditions, we used murine 
keratinocytes lacking all keratin filaments (KtyII k.o.) as a model system to dissect the role 
of keratins in pemphigus. KtyII k.o. cells show compromised intercellular adhesion without 
antibody (Ab) treatment, which was not impaired further by pathogenic pemphigus auto-
antibodies. Nevertheless, direct activation of p38MAPK via anisomycin further decreased 
intercellular adhesion indicating that cell cohesion was not completely abrogated in the 
absence of keratins. Direct inhibition of Dsg3, but not of Dsg1, interaction via pathogenic 
autoantibodies as revealed by atomic force microscopy was detectable in both cell lines 
demonstrating that keratins are not required for this phenomenon. However, PF-IgG 
shifted Dsg1-binding events from cell borders toward the free cell surface in wt cells. This 
led to a distribution pattern of Dsg1-binding events similar to KtyII k.o. cells under resting 
conditions. In keratin-deficient keratinocytes, PF-IgG impaired Dsg1-binding strength, 
which was not different from wt cells under resting conditions. In addition, pathogenic 
autoantibodies were capable of activating p38MAPK in both KtyII wt and k.o. cells, the 
latter of which already displayed robust p38MAPK activation under resting conditions. 
Since inhibition of p38MAPK blocked autoantibody-induced loss of intercellular adhesion 
in wt cells and restored baseline cell cohesion in keratin-deficient cells, we conclude that 
p38MAPK signaling is (i) critical for regulation of cell adhesion, (ii) regulated by keratins, 
and (iii) targets both keratin-dependent and -independent mechanisms.

Keywords: desmosome, keratin, desmoglein, atomic force microscopy, p38MAPK

Abbreviations: AFM, atomic force microscopy; Dsg, desmoglein; EC, extracellular domain, PF, pemphigus foliaceus; PV, 
pemphigus vulgaris; NGS, normal goat serum; BSA, bovine serum albumin; PEG, polyethylenglycol; QI, quantitative imaging; 
FM, force mapping; FRAP, fluorescence recovery after photobleaching.



TABLE 1 | ELISA score of pemphigus vulgaris (PV)-IgG fraction.

Dsg1 Dsg3

PV1-IgG 1,207 3,906
PV2-IgG 212.27 181.440
Pemphigus foliaceus (PF)-IgG 215.34 8.2a

aBeneath relevant threshold.
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INTRODUCTION

Desmosomes are highly organized protein complexes required 
for proper intercellular adhesion especially in tissues which are 
constantly exposed to mechanical stress, such as the heart and the 
epidermis. They are composed of desmosomal cadherins which 
maintain the strong intercellular adhesion with their extracellular 
domains (EC), thus bridging the intercellular cleft, and plaque 
proteins connecting the desmosomal cadherins to the intermedi-
ate filament cytoskeleton (1–3).

Pemphigus is a life-threatening autoimmune dermatosis in which 
autoantibodies directed against the desmosomal cadherins desmo-
glein (Dsg) 1 and 3 lead to a flaccid blistering of the skin and mucous 
membranes (4, 5). On a morphological level, blistering occurs by 
separation of epidermal layers either suprabasal in pemphigus vul-
garis (PV) or superficially in pemphigus foliaceus (PF) which rep-
resent the two main clinical manifestations of the disease (6). In PF, 
blisters are restricted to the skin and only Dsg1 autoantibodies occur. 
By contrast, in PV erosions additionally affect mucous membranes 
especially of the oral cavity. Blisters in PV are primarily caused by 
autoantibodies against both, Dsg1 and 3 (7). Thus, autoantibody 
profiles largely correlate with the clinical phenotype, a phenomenon 
which was proposed to be explained at least in part by autoantibody-
specific cellular signaling patterns (8). In addition to signaling 
pathways which apparently are crucial for pemphigus pathogenesis 
(7, 9) direct inhibition of Dsg interactions by autoantibodies was 
described for Dsg3 but not for Dsg1 (10–12). Furthermore, the typi-
cal morphological hallmark of keratin filament retraction from cell 
borders is a common feature of all clinical phenotypes and can be 
detected in pemphigus models in vitro (13–16) as well as ex vivo and 
in patients’ lesions (17–21). Keratins, the constituents of intermedi-
ate filaments in the epidermis, are crucial for proper desmosomal 
adhesion and retraction of the keratin cytoskeleton correlated with 
loss of intercellular adhesion induced by pemphigus autoantibod-
ies (11, 22, 23). They, furthermore, account for the mechanical 
properties of keratinocytes (24) and are involved in the regulation 
of important signaling pathways for desmosomal adhesion, such as 
protein kinase C (PKC) and p38 mitogen-activated protein kinase 
(p38MAPK) both of which also regulate Dsg3-binding properties in 
a keratin-dependent fashion (22, 23, 25).

In these settings, the exact mechanism and contribution of 
alterations of the keratin cytoskeleton to loss of intercellular 
adhesion in pemphigus is not well characterized. Thus, we here 
use murine keratinocytes lacking all keratins to dissect the 
contribution of keratins in pemphigus pathogenesis. With this 
approach we demonstrate that keratins differentially regulate the 
binding properties of the two major antigens for autoantibodies in 
pemphigus, Dsg1 and 3. Moreover, we observed that p38MAPK 
underlies a keratin-mediated regulation, which is crucial for loss 
of intercellular adhesion in pemphigus.

MATERIALS AND METHODS

Cell Culture and Reagents
In this study, murine keratinocytes (KtyII) isolated from wild-
type (KtyII wt) and keratin cluster II knockout (KtyII k.o.) were 

used. Cells were immortalized as described elsewhere in detail 
(22). Cells were grown in complete FAD media (0.05 mM CaCl2) 
on collagen I-coated culture dishes (rat tail; BD). For all experi-
ments, cells were grown to confluency before switching them 
to high Ca2+ (1.2 mM) for 48 h to induce proper differentiation 
and usage for experiments. For fluorescence recovery after pho-
tobleaching (FRAP) experiments, cells were transient transfected 
at 70% confluency with pEGFP-C1-Dsg3 (kindly provided by 
Dr. Yasushi Hanakawa, Ehime University School of Medicine, 
Japan) using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, 
USA) according to manufacturers’ protocol. 24  h after trans-
fection, cells were switched to high Ca2+ (1.2  mM) and grown 
for further 48 h before the experiments. Activity of p38MAPK 
was modulated using either p38 inhibitors SB202190 (Merck, 
Darmstadt, Germany) and SB203580 (Sigma Aldrich, Munich, 
Germany) (both 30  µM) or p38 activator anisomycin (60  µM) 
(Sigma Aldrich, Munich, Germany).

Purification of Recombinant Dsg Fc 
Constructs
Dsg1- and Dsg3-Fc constructs containing the full extracellular 
domain of the respective Dsg were stably expressed in Chinese 
hamster ovary cells (CHO-cells). Purification was performed 
as described elsewhere in detail (10). Briefly, transfected CHO-
cells were grown to confluence, supernatants were collected and 
recombinant proteins were isolated using Protein A Agarose 
(Life Technologies). To test purity and specificity Coomassie 
staining and Western blotting using anti Dsg1-monoclonal 
antibody (mAb) (p124, Progen, Heidelberg, Germany) and anti 
Dsg3-mAb (clone5G11; Life Technologies) which both detect the 
extracellular domain of the respective Dsg were conducted (data 
not shown).

Purification of Patients IgG Fractions and 
Antibodies (Abs)
Serum of PV patients was provided by Enno Schmidt 
(Department of Dermatology, University of Lübeck). Sera were 
used with informed and written consent and under approval of 
the local ethic committee (number: AZ12-178). All patients had 
an active disease at the time of collection including lesions of 
the skin and the mucous membranes. ELISA scores are given in 
Table 1.

Purification of IgG fraction from pemphigus patients 
(PV-IgG) or healthy volunteer (control-IgG) was conducted 
as described elsewhere (10, 12, 26) using Protein A Agarose 
(Life Technologies). The pathogenic monoclonal Dsg3 Ab, 
AK23 (Biozol, Eching, Germany) was used at a concentration 
of 75 µg/ml.



TABLE 2 | Atomic force microscopy settings.

Settings Quantitative imaging mode Force mapping mode

Setpoint 0.5 nN 0.5 nN
Z-length 1.5 µm 1.5 µm
Pulling speed 50 µm/s 10 µm/s
Resting contact time – 0.1 s
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Immunostaining
Murine keratinocytes were used 48 h after Ca2+ switch and 72 h 
after transfection for the FRAP and respective immunofluores-
cence experiments. Cells were fixed with freshly prepared 4% 
paraformaldehyde for 20  min, permeabilized with 1% Triton 
X-100 for 10 min and blocked with 10% normal goat serum/1% 
bovine serum albumin. Cytokeratin 14  mAb (LL002, Abcam, 
Cambridge, UK) was used as primary Ab. As secondary Ab 
Cy3-labeled goat anti-mouse Ab was used (Dianova, Hamburg, 
Germany). Furthermore, Alexa 488-phalloidin (Invitrogen, 
Carlsbad, CA, USA) and DAPI (Roche, Mannheim, Germany) 
were used to visualize the actin cytoskeleton and the nuclei 
respectively. Images were recorded using a Leica SP5 confocal 
microscopy with a 63× NA 1.4 PL APO objective controlled by 
LAS AF software (Leica, Mannheim, Germany). For some experi-
ments, z-stacks were recorded, and pictures represent maximum 
intensity projections. For quantification of keratin retraction 
keratin 14 fluorescence intensity was measured at small areas 
in close proximity to the cell border and above the nucleus, and 
a ratio was calculated to quantify keratin filament retraction 
(Figure S1A in Supplementary Material).

Dispase-Based Keratinocytes Dissociation 
Assay
For dissociation assay, cells were grown in high Ca2+ medium for 
48 h after confluence. Dispase assay was conducted as described 
in detail before (25, 27). Briefly, cells exposed to different 
conditions were removed from well bottom using a mixture of 
Dispase II (Sigma Aldrich) and 1% collagenase I (Thermo Fisher 
Scientific). After application of defined shear stress by pipetting 
the monolayers with a 1 ml pipette the resulting fragments were 
counted. The latter represent an inverse measure for intercellular 
adhesion.

Biotinylation Assay and Western Blotting
Cell surface biotinylation was conducted as described before (11, 
25). In brief, cell monolayers were incubated with 0.25 mM of 
membrane-impermeable EZ-Link Sulfo-NHS-Biotin (Thermo 
Fisher Scientific, Waltham, MA, USA) on ice and rinsed in ice-
cold PBS containing 100 mM glycin. Cells were lysed in PIPES 
buffer (50  mM NaCl, 10  mM PIPES, 3  mM MgCl2, 1% Triton 
X-100, protease inhibitors) and centrifuged. Supernatants were 
collected, and pull-down of biotinylated molecules was carried 
out using NeutrAvidin (HighCapacity)-agarose (Thermo Fisher 
Scientific). Precipitated molecules were suspended in 3× Laemmli 
buffer with 50 mM dithiothreitol (AppliChem) and subjected to 
Western blotting.

For whole cell lysates SDS buffer (25 mmol/l HEPES, 2 mmol 
EDTA, 25  mmol/l NaF and 1% sodiumdodecylsulfate, and pH 
7.4) was used. Western blotting was performed according to 
standard protocol (27).

Fluorescence Recovery After 
Photobleaching
For all FRAP experiments, KtyII cells were seeded in 8-well 
imaging chambers (Ibidi, Martinsried, Germany). Cells were 

transfected with pEGFP-C1-Dsg3 as described in cell culture 
section. FRAP experiments were conducted with the FRAP 
wizard software on a Leica SP5 confocal microscopy with a 63× 
NA 1.4 PL APO objective at 37°C as described before (25, 28). 
The Dsg3-GFP signal was bleached at cell border areas of two 
adjacent cells with the 488  nm line of an Argon laser at 100% 
transmission. Fluorescence recovery was monitored during the 
following 3 min and fluorescence intensities were analyzed. The 
immobile fraction was determined using the FRAP wizard.

Atomic Force Microscopy (AFM) 
Measurements
A NanoWizard® 3 AFM (JPK Instruments, Berlin, Germany) 
mounted on an inverted optical microscope (Carl Zeiss, Jena, 
Germany) was used throughout all experiments. The setup was 
described in detail before and allows the selection of the scanning 
areas by usage of an optical image acquired with a 63× objective 
(11, 25, 29). All measurements were accomplished at 37°C in cell 
culture medium containing 1.2 mM Ca2+.

For all experiments pyramidal-shaped D-Tips of Si3N4 MLCT 
cantilevers (Bruker, Mannheim, Germany) with a nominal spring 
constant of 0.03 N/m and tip radius of 20 nm were functionalized 
with Dsg1- or 3-Fc constructs as described before (30). Briefly, a 
flexible heterobifunctional acetal-polyethylenglycol (synthetized 
by the Hermann Gruber Lab, Institute of Biophysics, Linz, 
Austria) was interspaced between the tip and the purified Fc 
construct whose concentration was adjusted to 0.15 mg/ml. For 
measurements on living murine keratinocytes a protocol which 
was recently developed in our group (29) was used. AFM was run 
in quantitative imaging (QI) mode for overview images or force 
mapping (FM) mode for measurement and characterization of 
Dsg binding properties. For the latter mode, a force map consisted 
of 1,200 pixels with each pixel representing one force–distance 
cycle that covered an area of 6 μm × 2 μm along cell borders or 
4 μm × 2 μm above the nucleus. Settings of the respective modes 
can be found in Table 2.

Resulting force–distance curves were analyzed with regard to 
topography and adhesive properties of specific surface molecules 
(31).

For Ab experiments, the respective Abs were incubated solely 
on the cell to avoid binding to the scanning tip. After the incuba-
tion period, cells were extensively washed to remove unbound 
Abs and reprobed by AFM. For characterization of molecule 
distribution at the cell border areas a distribution coefficient was 
calculated as described before (32). Briefly, a ratio of number of 
binding events per area along the elevated cell borders (Figure S1B 
in Supplementary Material, green area) and in the surrounding 
cell surface (Figure S1B in Supplementary Material, red area) was 
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calculated, in which values higher than 1 demonstrate increased 
localization of molecules along the cell borders.

Data Analysis and Statistics
For image processing, Adobe Photoshop CS5 (Adobe, Dublin, 
Ireland) was used. AFM images and data analysis of force–dis-
tance curves were done on JPK Data Processing Software (JPK 
Instruments). For further calculation of the analyzed AFM data 
with regard to unbinding forces, peak fitting, and step position 
Origin Pro 2016, 93G (Northampton, MA, USA) was used. In 
addition, Origin was utilized for comparison of data values with a 
paired Student’s t-test (two sample groups) or one-way analysis of 
variance following Bonferroni correction (more than two groups), 
respectively. Error bars given in the figures are mean ± SD for all 
diagrams depicting unbinding forces ± SEM for all other experi-
ments. Significance was presumed at a p-value < 0.05.

RESULTS

Keratin Deficiency Reduces Effect of 
Pathogenic Autoantibodies on Intercellular 
Adhesion
Keratin alterations are morphological hallmarks of pemphigus 
and correlate with loss of intercellular adhesion in human 
keratinocytes (11). Wild-type murine keratinocytes (KtyII wt) 
were used to test whether pathogenic autoantibodies are able 
to induce comparable changes of the keratin cytoskeleton in 
murine cells. Keratinocytes were treated either with control-IgG 
of healthy volunteers or with pathogenic autoantibodies for 24 h 
and subjected to immunostaining for keratin14 or keratinocyte 
dissociation assay, respectively (Figures 1A,B). We used AK23, 
a pathogenic monoclonal Ab derived from a PV mouse model, 
which is specific for Dsg3 (33), PF-IgG containing Ab against 
Dsg1 as well as PV-IgG with Abs against Dsg1 and 3 (Table 1). In 
control-IgG treated cells, the keratin cytoskeleton formed a dense 
network throughout the cells which is composed of delicate fibers 
and covers the cell periphery (Figure 1A). Actin was labeled to 
delineate the cell periphery and DAPI was included to stain nuclei 
(Figure  1A). By contrast, after treatment with all pathogenic 
autoantibodies keratin filament bundles were thicker and more 
irregular throughout and were retracted from some segments 
of cell borders (Figure  1A, arrows). Keratin retraction was 
quantified as described in materials and methods. In control-IgG 
treated cells, the coefficient was around 1 indicating a homoge-
neous distribution of the keratin network throughout the whole 
cell. The coefficient was significantly reduced after treatment with 
all pathogenic autoantibodies indicating a reduced fluorescent 
signal at cell border areas and thus confirms the occurrence of 
keratin retraction (Figure 1B).

To further dissect the role of keratins for loss of intercellular 
adhesion in pemphigus, KtyII k.o. cells were compared with wt 
monolayers in dissociation assays (Figure S1C in Supplementary 
Material). Under control conditions and after incubation with 
control-IgG, KtyII k.o. cells showed a significantly impaired 
intercellular adhesion compared with wt similar as shown before 
(22, 23, 25) (Figure  1C). Interestingly, treatment with AK23, 

PV-IgG or PF-IgG did not further compromise intercellular 
adhesion in KtyII k.o. cells whereas a significant reduction in wt 
cells was observed (Figure 1C). Given that anisomycin-mediated 
activation of p38MAPK as shown below (Figure 4B) was efficient 
to strongly reduce adhesion in keratin-deficient cells, these data 
indicate that keratins are important for the loss of intercellular 
adhesion in pemphigus.

Keratins Differentially Regulate Dsg-
Binding Properties
Keratin filament alterations in response to autoantibodies were 
accompanied by depletion of Dsg3 from the cell membrane (8, 
11). In a recent study, it was shown that keratins regulate Dsg3-
binding properties through signaling (25). Thus, we next studied 
distribution, binding frequency, and binding strength of Dsg1 
and Dsg3 by AFM in parallel. Dsgs can interact homo- and 
heterophilic (34–36). However, in our last studies by comparing 
parallel experiments under cell-free conditions and on living 
keratinocytes as well as by using isoform-specific inhibitory Abs, 
we predominantly detected homophilic interactions (25, 29, 32). A 
modified cantilever holder setup allowed the measurement at the 
same area with scanning tips functionalized with Dsg1 or Dsg3, 
respectively. First, topography overview images spanning an area 
of 50 μm × 30 μm were performed using QI mode (Figures 1D,E). 
In both cell lines, cell surfaces exhibited a reticular structure, and 
cell borders could be identified clearly by an elevated region (25) 
(Figures 1D,E, red arrows). Defined areas along cell borders were 
chosen for adhesion measurements (Figures 1D,E, red rectangles) 
and probed using FM mode with a pulling speed of 10 µm/s and a 
resting contact time of 0,1 s. Same areas along the cell border were 
chosen with both cantilevers after respective overview imaging to 
compare Dsg1 and 3 localization. In adhesion panels, each blue and 
green pixel represents a specific binding event of Dsg3 and Dsg1, 
respectively (Figures  1D–F). Evaluation of binding frequencies 
revealed a higher binding frequency for Dsg3 in keratin-deficient 
keratinocytes (Figures 1D,G) whereas the Dsg1-binding frequency 
was significantly reduced (Figures  1E,H). By contrast, binding 
forces of Dsg3 were reduced in KtyII k.o. cells as shown previously 
(25) (Figures  1D,G) whereas no difference in binding strength 
was observed for Dsg1 (Figures 1E,H). Finally, we analyzed the 
distribution of binding events using a distribution coefficient (see 
Material and Methods; Figure S1B in Supplementary Material) 
in which values >1 indicated higher binding frequency along 
the cell border. In accordance with former studies, Dsg3 shows a 
uniform distribution in both cell lines (25, 29) (Figures 1D,F,G). 
However, Dsg1-binding events were localized along cell borders 
(Figures  1E,F,H) in wt cells, whereas distribution was uniform 
in KtyII k.o. cells (Figures  1E,F,H) suggesting that keratins 
are important for proper localization of Dsg1 at cell junctions. 
Moreover, keratins differentially modulate Dsg binding properties.

Direct Inhibition of Dsg3 Single Molecule 
Interactions Occurs in Keratin-Deficient 
Keratinocytes
Direct inhibition of Dsg3 interactions is a well-characterized 
phenomenon in pemphigus which occurs fast after binding of 



FIGURE 1 | Keratin retraction in murine keratinocytes and regulation of desmoglein binding properties through keratins. (A) Immunostaining of wild-type murine 
keratinocytes (KtyII wt) using keratin 14 monoclonal antibody and Alexa488-phalloidin for actin staining. Control-IgG treated keratinocytes show a dense keratin 
network throughout the whole cell whereas keratin filament retraction (arrows) and formation of thick filament bundles were detectable after treatment with pemphigus 
vulgaris (PV)-IgG, pemphigus foliaceus (PF)-IgG, and AK23. Pictures are representatives of n > 4. (B) Quantification of keratin retraction using an intensity coefficient 
confirms occurrence of keratin retraction in all autoantibody treated conditions. (C) Dissociation assay of KtyII wt and k.o. keratinocytes reveals that keratin-deficient 
keratinocytes show impaired intercellular adhesion. Treatment with pathogenic autoantibodies (PF-IgG, PV1- and PV2-IgG, and AK23) reduced intercellular adhesion 
in wild-type (wt) but not in KtyII k.o. cells. n = 5, *p > 0.05 vs. wt control and wt control-IgG. (D,E) Atomic force microscopy adhesion measurements using 
Dsg3-Fc- or Dsg1-Fc-functionalized cantilevers on the same scanning area. In adhesion panels, each blue or green pixel represents a specific Dsg3- or Dsg1-binding 
event, respectively. (F) Merged panels of adhesion measurements reveal distinct clustering of Dsg1- and 3-binding events. (G,H) Analysis of binding frequency and 
unbinding forces of Dsg1 and 3 interactions. n = 6 from ≥3 independent coating procedures, 1,200 force–distance curves/adhesion maps (*p < 0.05).
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FIGURE 2 | Keratin-deficiency accelerates depletion of Dsg3. (A,B) Dsg3 adhesion measurements on KtyII wt and k.o. cells using AK23. Treatment of KtyII wt and 
k.o. cells with AK23 for 1 h reduced Dsg3 binding to comparable extent. n = 6 from ≥3 independent coating procedures, 1,200 force–distance curves/adhesion 
maps (*p < 0.05). (C,D) Cell surface biotinylation delineates depletion of Dsg3 in keratin-deficient keratinocytes after 1 h of pemphigus vulgaris (PV) 1-IgG treatment 
but not in wild-type keratinocytes. Representative of n = 5, *p < 0.05 vs. respective control. (E) Kymographs of fluorescence recovery after photobleaching 
experiments using Dsg3-eGFP-transfected KtyII wt and k.o. keratinocytes. (F) Immobile fractions of Dsg3-eGFP in KtyII wt and k.o. cells under basal conditions and 
after incubation with AK23 incubation for 1 h; n = 7, 5 cell borders/experiment; *p < 0.05.
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pathogenic autoantibodies but alone is not sufficient to cause 
complete loss of cell cohesion (5, 11, 26). To investigate the role 
of keratins for direct inhibition, we treated both cell lines with 
AK23 which is directed against the extracellular domain (EC) 1 of 
Dsg3 and was reported to interfere with Dsg3 interaction under 
cell-free conditions as well as in living keratinocytes (10, 11, 36). 
To avoid Ab binding to the AFM cantilever, AK23 was incubated 
on cells for 1  h in absence of cantilevers, washed extensively 
after incubation with fresh media to remove unbound Abs, and 
cells were reprobed. Doing so, small areas along the cell borders 
were chosen and measured before and after AK23 incubation. 
AK23 reduced Dsg3-binding frequency in both cell lines to a 
comparable extent suggesting that loss of keratins do not effect 

autoantibody-induced direct inhibition of Dsg3 interaction 
(Figures 2A,B). In line with this, distribution of the remaining 
binding events was not changed (Figures 2A,B).

Keratin Deficiency Accelerates Depletion 
of Dsg3
Next, we investigated depletion of Dsg3 which accompanied 
loss of intercellular adhesion and was linked to several signal-
ing pathways such as p38MAPK in models of pemphigus (19, 
37). As reported previously, keratin-deficient keratinocytes 
reveal a higher expression level of Dsg3 (25) (Figure 2C). Cells 
were treated with PV-IgG for 1  h and subjected to a surface 



FIGURE 3 | Continued
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biotinylation assay. In whole cell lysates, no reduction of Dsg3 
levels was detectable in both cell lines (Figure  2C). However, 
in the surface membrane pool harvested via immunoprecipita-
tion of biotin PV-IgG induced a significant depletion of Dsg3 
in KtyII k.o. cells but not wt monolayers after 1 h of incubation 
(Figures 2C,D) indicating that the turnover of Dsgs is altered 
in keratin-deficient keratinocytes. This may be explained by 
enhanced mobility of Dsg3 when keratins are missing (25). Thus, 
we performed FRAP experiments on Dsg3-pEGFP-transfected 
KtyII cells using AK23. Indeed, KtyII k.o. cells revealed a 
reduced immobile fraction indicating higher mobility of Dsg3 
molecules under basal conditions (Figures  2E,F). However, 
incubation of AK23 enhanced Dsg3 mobility in wt cells only sug-
gesting that higher mobility resulted from keratin uncoupling 
(Figures 2E,F).

PF-IgG and PV-IgG Cause Redistribution 
of Dsg1-Binding Events and Subsequently 
Reduce Dsg1-Binding Strength
Under cell-free conditions, direct inhibition of Dsg interaction 
was observed for Dsg3 but not for Dsg1 (8, 10, 12). To test 
whether direct inhibition of Dsg1 occurs on living keratinocytes, 
we performed AFM adhesion measurements using PF-IgG. Small 
areas along cell borders and on the cell surface above the nucleus 
(Figure S2A in Supplementary Material) were chosen and probed 
in FM mode.

As outlined earlier, under control conditions Dsg1-binding 
events exhibited clusters along the cell borders in wt cells and 
uniform distribution in KtyII k.o. cells. In line with this, less 
Dsg1-binding events were detected on the cell surface of wt cells 



FIGURE 3 | aDsg1 antibodies (Abs) causes a keratin-dependent redistribution of Dsg1. (A) Atomic force microscopy (AFM) adhesion measurements using 
Dsg1-Fc-functionalized tips at small areas along cell borders and on the cell surface above the nucleus. Pemphigus foliaceus (PF)-IgG for 1 h and 24 h induced 
redistribution of Dsg1 from cell junctions in wild type. (B) Dsg1-binding frequencies under control condition and after 1 h of PF-IgG treatment show no direct 
inhibition of binding events. (C) 24 h of PF-IgG treatment slightly reduced Dsg1-binding frequency in KtyII wt and k.o. cells. (D,E) Distribution coefficient of 
Dsg1-binding events under control conditions and after 1 and 24 h of PF-IgG incubation. n = 4 from 3 independent coating procedures, 1,200 force–distance 
curves/adhesion map (*p < 0.05). (F,G) Unbinding forces of Dsg1-binding events under control conditions and after 1 or 24 h of PF-IgG incubation. n = 4 from 3 
independent coating procedures, 1,200 force–distance curves/adhesion map (*p < 0.05). (H) AFM adhesion measurements using Dsg1-Fc functionalized tips in 
KtyII wt and k.o. cells under control conditions or after incubation with pemphigus vulgaris (PV) 1-IgG containing aDsg1 Abs for 1 h. (I) Dsg1-binding frequency did 
not change after 1 h of PV-IgG treatment in both cell lines. (J) Distribution of Dsg1-binding events was altered in KtyII wt but not in KtyII k.o. cells after PV1-IgG 
treatment. n = 4 from 3 independent coating procedures, 1,200 force–distance curves/adhesion map (*p < 0.05).
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compared with cell borders whereas no difference in binding 
frequency was observed in KtyII k.o. (Figures 3A,B; Figure S2B 
in Supplementary Material). Interestingly, the sum of binding 
frequencies along cell borders and on the cell surface was similar 
in both lines (Figures 3A,B), indicating that attachment to des-
mosomes is crucial for the localization of Dsg1 at cell borders. To 
test the specificity of Dsg1-binding events, we used a monoclonal 
aDsg1, which was capable of blocking homophilic interactions 
under cell-free conditions (25, 36). Incubation of the Ab for 1 h 
on the cells in the absence of cantilevers revealed a significant 
reduction of binding frequency in both cell lines indicating 
that we measured specific Dsg1 interactions (Figures S2C,D in 
Supplementary Material).

Next, we tested whether PF-IgG can induce direct inhibition 
of Dsg1 binding. Interestingly, PF-IgG did not reduce Dsg1-
binding frequency in both cell lines but led to a redistribution 
of Dsg1-binding events from cell borders in wt cells (Figure 3A, 
cell borders surrounded by dashed green lines, Figures 3B,D) as 
reflected by the distribution coefficient (Figure  3D). However, 

no shift was observed in keratin-deficient keratinocytes where 
Dsg1 was less localized at cell borders under resting conditions 
(Figures  3A,B,D) suggesting that keratin uncoupling may 
account for this phenomenon. By contrast, after PF-IgG treatment 
for 1 h Dsg1-binding strength was reduced in KtyII k.o. cells only 
(Figure 3F). Thus, we assumed a cascade in which redistribution 
of Dsg1-binding events occurs first, followed by a reduction of 
Dsg1-binding strength, both of which may contribute to loss of 
intercellular adhesion. To test this, we incubated wt and k.o. cells 
with PF-IgG for 24 h. Importantly, 72 h after Ca2+-induction, we 
observed binding properties of Dsg1 similar to that after 48  h 
(Figure  3A). Incubation with PF-IgG for 24  h did not signifi-
cantly alter Dsg1-binding frequency (Figure 3C). In agreement 
with the alterations described above, less Dsg1-binding events 
localized to cell borders after 24 h of PF-IgG treatment in wt cells 
(Figure  3E). By contrast, binding forces were reduced in both 
cell lines after 24 h of PF-IgG treatment (Figure 3G) indicating 
that relocalization of Dsg1 preceded alterations in Dsg1 adhesive 
strength.



FIGURE 4 | Continued
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We confirmed these results for aDsg1 Abs with PV-IgG in 
Dsg1 adhesion measurements. Similar to PF-IgG, incubation 
with PV-IgG for 1 h led to no reduction in binding frequency in 
both lines whereas a redistribution of Dsg1-binding events was 
present in wt cells only (Figures  3H–J). Thus, the distribution 
coefficient of Dsg1-binding events was comparable in wt and k.o. 
cells after treatment with both PF- and PV-IgG (Figures 3D,E,J).

p38MAPK Activation Induces Keratin 
Filament Retraction and Leads to 
Redistribution of Dsg1- and Dsg3-Binding 
Events
Activation of p38MAPK is a central signaling mechanism induced 
by pemphigus autoantibody binding and correlates with both, loss 

of intercellular adhesion and keratin filament retraction (13, 38, 
39). Furthermore, inhibition of p38MAPK is capable of restoring 
intercellular adhesion and keratin filament alterations even under 
conditions in which direct inhibition of Dsg3 binding is present 
(11, 38). Furthermore, p38MAPK inhibition prevented Dsg3-
binding force reduction in keratin-deficient keratinocytes which 
show an activation of p38MAPK already under basal conditions 
(25). Thus, we aimed to investigate how activation of p38MAPK 
affects Dsg binding properties. Since autoantibodies targeting Dsg3 
induce direct inhibition and therefore do not allow characteriza-
tion of binding properties by autoantibodies (8, 40), we followed a 
pharmacological approach more specific for p38MAPK and used 
anisomycin for 1 h to activate p38MAPK similar to previous stud-
ies (26). Anisomycin activated p38MAPK after 1 h of incubation 
both in KtyII k.o. and wt cells which was reduced by the p38MAPK 



10

Vielmuth et al. Keratins Regulate Desmogleins in Pemphigus

Frontiers in Immunology  |  www.frontiersin.org March 2018  |  Volume 9  |  Article 528

inhibitors SB202190 and SB203580 as revealed by Western blot-
ting (Figure S3A in Supplementary Material). First, we performed 
immunostaining against keratin 14 to study anisomycin-mediated 
alterations of keratin filaments in wt cells (Figure 4A). Anisomycin 
induced keratin filament retraction and reorganization of filaments 
toward thick bundles similar as described earlier for experiments 
with pathogenic autoantibodies (Figure 4A, arrows, compare with 
Figure 1). To confirm that the alterations were induced by anisomy-
cin via activation of p38MAPK, we used the p38MAPK inhibitors 
SB202190 and SB203580, which alone had no effect on the morphol-
ogy of keratin filaments. Nevertheless, both inhibitors abrogated 
anisomycin-induced keratin filament alterations (Figure  4A). 
Next, we tested whether effects of p38MAPK on intercellular adhe-
sion is dependent on keratin filaments using a dissociation assay. 
Interestingly, anisomycin induced a drastic loss of intercellular 
adhesion in both KtyII wt and k.o. cells (Figure 4B; Figure S3B in 
Supplementary Material), which was blocked by co-incubation with 
p38MAPK inhibitors SB202190 and SB203580. Interestingly, both 
inhibitors improved basal cell adhesion in wt and keratin-deficient 
keratinocytes (Figure 4B; Figure S3B in Supplementary Material).

Next, we performed AFM adhesion measurements for Dsg3 
and Dsg1 to characterize the effects of p38MAPK activation on 
Dsg binding properties. Under control conditions Dsg3-binding 

events were distributed uniformly over the cell surface (Figure 4C). 
After incubation with anisomycin for 1  h, the overall binding 
frequency was not changed in both cell lines (Figures 4C,D), but 
the distribution of Dsg3 was altered in KtyII wt cells and the distri-
bution coefficient indicated less binding events along cell borders 
(Figures 4C,E). By contrast, distribution was not changed in KtyII 
k.o. cells (Figures 4C,E). Moreover, aniosomycin did not affect Dsg3 
unbinding force (Figure 4F). Next, we performed Dsg1 adhesion 
measurements. Activation of p38MAPK using anisomycin for 1 h 
led to a redistribution of Dsg1-binding events from the cell borders 
only in wt keratinocytes (Figures  4G–I). Furthermore, binding 
strength of Dsg1 interactions were slightly reduced in KtyII k.o., 
but not in wt cell after activation of p38MAPK using anisomycin 
(Figure  4J). Taken together these data indicate that p38MAPK 
regulates organization of Dsg binding events.

Effect of p38MAPK on Loss of Intercellular 
Adhesion Caused by Autoantibodies and 
Keratin Deficiency
Keratin-deficient keratinocytes show a robust activation of 
p38MAPK under untreated conditions (Figure  5A), which 
accounts for impaired Dsg3-binding forces on single molecule 

FIGURE 4 | p38MAPK activation induces redistribution of Dsg1- and Dsg3-binding events. (A) Immunostaining of keratin 14 and Alexa488-phalloidin staining of 
actin in KtyII wt after anisomycin treatment for 1 h revealed keratin filament retraction (red arrows), which was blocked by p38MAPK inhibitors SB202190 and 
SB203580 when preincubated for 1 h. Representative images from n = 4. (B) Dissociation assay after treatment with anisomycin alone or after preincubation with 
SB202190 or SB203580 in keratin-deficient keratinocytes compared with wild-type (wt) (n > 4, *p < 0.05). (C–E) Dsg3 adhesion measurements show no change in 
binding frequency after anisomycin treatment but reveal a redistribution of binding events away from cell borders in KtyII wt but not in KtyII k.o. cells. (F) Unbinding 
forces of Dsg3 adhesion measurements were not significantly altered in both cell lines. n = 4 from 3 independent coating procedures, 1,200 force–distance curves/
adhesion map (*p < 0.05). (G–I) Dsg1 adhesion measurements revealed redistribution of binding events away from cell borders in KtyII wt but not in KtyII k.o. cells. 
(J) Unbinding forces of Dsg1 adhesion measurements were not significantly altered in wt but reduced in KtyII k.o. cells. n = 4 from 3 independent coating 
procedures, 1,200 force–distance curves/adhesion map (*p < 0.05).



FIGURE 5 | p38MAPK inhibition restores loss of intercellular adhesion caused by autoantibodies and keratin deficiency. (A) Western blot showing activation of p38MAPK 
after treatment with AK23, pemphigus vulgaris (PV) 1-IgG and pemphigus foliaceus (PF)-IgG for 1 h. Representative of n > 4. (B) Dissociation assay of KtyII wt and k.o. 
cells after incubation with pathogenic autoantibodies alone or in combination with SB202190 for 24 h (n > 5). *p < 0.05 vs. respective control (control panel for 
SB202190-treated cells and control-IgG for conditions treated with pathogenic autoantibodies); #p < 0.05 vs. respective condition treated with pathogenic autoantibodies 
alone. (C–E) Dsg1 adhesion measurements reveal a redistribution of binding events away from cell borders in KtyII wt but not in KtyII k.o. cells after 1 h PF-IgG. 
SB202190 preincubation for 1 h blocked PF-IgG-induced redistribution in KtyII wt cells and alone caused redistribution of Dsg1-binding events to cell borders in k.o. 
cells. Binding frequencies were not altered in all conditions. n = 3 from 3 independent coating procedures, 1,200 force–distance curves/adhesion map (*p < 0.05).
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level (25). On the other hand, pemphigus autoantibodies were 
not effective to induce additional loss of cell cohesion in KtyII 
k.o. cells. Thus, we investigated whether autoantibody-induced 
p38MAPK activation is dependent on expression of keratins. 
Interestingly, all autoantibodies induced an activation of 
p38MAPK after 1 h of incubation (Figure 5A) in both KtyII wt 
and k.o. cell lines indicating that mechanisms leading to an acti-
vation of p38MAPK after autoantibody binding are still present in 
keratin-deficient keratinocytes (Figure 4A). Thus, we wondered 
whether inhibition of p38MAPK would restore intercellular 
adhesion after autoantibody treatment in both cell lines. As 
efficiency of p38MAPK inhibition was similar for both inhibitors 
SB202190 and SB203580, we used SB202190 only for the further 
experiments (Figure  5B). As shown above, all Ab fractions 
caused loss of intercellular adhesion in KtyII wt but not in KtyII 
k.o. cells after 24 h of incubation (Figure 5B). SB202190 in KtyII 
wt cells blocked loss of cohesion after autoantibody treatment and 
in addition restored intercellular adhesion in keratin-deficient 
keratinocytes to levels of wt cells (Figure 5B).

Next, we probed the effect of p38MAPK inhibition on Dsg 
binding properties after autoantibody incubation by AFM. 
Since Dsg3-binding events cannot be characterized because of 
autoantibody-mediated direct inhibition (11) we here focused 
on Dsg1-binding properties. For AFM experiments, cells were 
treated either with SB202190 or PF-IgG alone or in a combination 
using a preincubation of SB202190 for 1 h followed by addition 
of PF-IgG for another 1 h. After treatment cells were extensively 
washed and reprobed using a cantilever functionalized with 
Dsg1. Again, PF-IgG alone caused redistribution of Dsg1-binding 
events away from the cell borders as outlined above whereas no 
change was observed in KtyII k.o. cells (Figure  5C). SB202190 
alone did not change distribution or number of Dsg1-binding 
events in wt keratinocytes, but led to redistribution toward the 
cell borders in k.o. cells (Figures 5C–E). Furthermore, SB202190 
abolished PF-IgG-induced redistribution in wt cells indicating 
that p38MAPK signaling participates in the relocalization of Dsg1 
from cell junctions in pemphigus (Figures 5C–E). Taken together, 
the last set of data supports the notion that loss of cell cohesion 
caused by both autoantibodies and, keratin deficiency is mediated 
or at least modulated by p38MAPK and that relocalization of 
Dsg1 may be a primary mechanism to destabilize keratinocyte 
cohesion. Moreover, together with experiments using anisomycin 
described earlier, the data suggest that the targets of p38MAPK 
autoantibodies are to some extent not dependent on expression 
of keratins.

DISCUSSION

Taken together, the data presented demonstrate that keratins 
differentially regulate the binding properties of Dsg1 and 3, the 
two major antigens of pemphigus. Moreover, we observed that 
direct inhibition of Dsg3 but not of Dsg1-binding occurs on living 
keratinocytes treated with PV-IgG and PF-IgG. We found that 
p38MAPK signaling is crucial for loss of cell cohesion in response 
to both pemphigus autoantibodies as well as keratin deficiency. 
Importantly, PV-IgG and PF-IgG as well as direct p38MAPK acti-
vation induced redistribution of Dsg1-binding events away from 

cell borders in wt keratinocytes resulting in a Dsg1 distribution 
pattern similar to keratin-deficient keratinocytes. No temporal 
sequence and thus no causative relation between keratin retrac-
tion and Dsg redistribution as the underlying mechanism for loss 
of intercellular adhesion are provided by the data of the study. 
However, the data demonstrate that keratin deficiency induces 
activation of p38MAPK and that p38MAPK regulates Dsg dis-
tribution. This indicates that keratin uncoupling may account for 
loss of cell cohesion by redistribution of Dsg1. Thus, we propose 
the concept that as least in part loss of intercellular adhesion 
in pemphigus is mediated by keratin-dependent regulation of 
binding properties and distribution of desmosomal cadherins 
via p38MAPK.

Keratins Regulate Distribution and Binding 
Properties of Pemphigus Antigens Dsg1 
and 3
Keratin filaments are crucial for mechanical properties and stabil-
ity of keratinocytes (24, 41–43). Furthermore, they influence the 
turnover of desmosomal components (44) such as DP (45) and 
plakophilins (46, 47) and regulate desmosomal adhesion through 
signaling (22, 23, 48). Moreover, keratin filament retraction is a 
morphological hallmark in pemphigus pathogenesis and cor-
relates with loss of intercellular adhesion, depletion of Dsgs from 
the cell membrane and is interconnected with several signaling 
pathways known to be crucial for pemphigus such as PKC and 
p38MAPK (11, 15, 25). Until now, no temporal sequence could be 
delineated for Dsg internalization and keratin retraction. Some 
studies indicate that keratin retraction does only occur when 
desmosomes are lost (17) whereas other studies implicate that 
Dsgs internalization and uncoupling from keratins are tempo-
rally closely related (Schlögl et al., this issue) or show that Dsgs 
which are not coupled to keratins get rapidly internalized after 
autoantibody treatment (49).

In the study presented here we show that keratins regulate 
the binding properties of Dsg1 and Dsg3, which are the major 
antigens in pemphigus (7, 50), and propose a new concept how 
keratins could directly influence desmosomal adhesion. It is 
conceivable that keratins by anchoring the desmosomal plaque 
modulate the binding properties of desmosomal cadherins 
which may account for the observation that retraction of 
keratin filaments from the desmosomal plaque after treatment 
with autoantibodies similar to deficiency of keratins impairs 
intercellular adhesion (13, 15, 22, 26). In line with this, it was 
reported that increased DP association to keratins strengthened 
intercellular adhesion and reduced autoantibody induces loss 
of intercellular adhesion in a pemphigus model (14, 45). With 
this respect, we observed the effect of keratins on desmosomal 
cadherin binding properties is different for Dsg isoforms. More 
Dsg3-binding events occurred in keratin-deficient keratinocytes 
whereas less interactions were detectable for Dsg1. For Dsg3, 
enhanced Dsg3 expression may reflect an insufficient com-
pensatory mechanism because mRNA levels were elevated in 
keratin-deficient keratinocytes (25). Furthermore, it appears 
that keratins are not crucial for proper localization of Dsg3 at 
cell junctions (Figure 2C). By contrast, keratin expression was 
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crucial for proper localization of Dsg1 to cell junctions. As 
known for other desmosomal cadherins this may be explained 
by posttranslational modifications such as phosphorylation 
and palmitoylation leading to altered expression or membrane 
localization of the respective isoform (51, 52). However, also 
alterations in desmosomal turnover could account for this 
phenomenon (9, 23, 44). Interestingly, in pemphigus patients 
smaller desmosomes were reported for aDsg1 but not for aDsg3 
antibodies, fitting to the observation that keratins differentially 
regulate Dsg distribution and binding properties (53). In addi-
tion, adhesive strength of Dsg3 but not of Dsg1 binding was 
altered by absence of keratins (Figure 3). Thus, additionally to 
reduced Dsg3-binding forces keratin-dependent clustering of 
Dsg1 may also be crucial for strong intercellular adhesion which 
is well established for classical cadherins (54, 55). Changes in 
binding forces maybe caused by missing anchorage of the 
molecules or by conformational changes induced by loss of 
keratin coupling (42, 56) or induced by signal pathways such 
as p38MAPK which were shown to restore Dsg3-binding force 
in keratin-deficient keratinocytes (25). Finally, Dsg3 depletion 
was accelerated in keratin-deficient keratinocytes, which could 
be caused by a higher molecule mobility found when keratins 
are missing. Beginning of depletion of Dsg3 molecules was 
not detectable before 1  h after incubation with PV-IgG in wt 
keratinocytes which is contradictory to other studies where 
depletion was already detectable after 30 min of autoantibody 
incubation (57, 58). However, these differences in our opinion 
can be explained by different model systems, methodical 
approach and several PV-IgG fractions used in the respective 
studies (51, 59–61). Changes in molecule mobility may depend 
on PKC signaling (22, 23, 25) and be accompanied with changes 
in clustering of the desmosomal molecules. Thus, clustering 
which conforms to the note that it is crucial for proper adhesive 
function (5, 62), could serve as an explanation for altered forces.

Mechanisms of Loss of Intercellular 
Adhesion in PF
Direct inhibition of Dsg interaction was thought to be the pri-
mary mechanism for loss of intercellular adhesion in pemphigus 
because autoantibodies predominantly target the EC1 domain 
(63). Indeed, direct inhibition of Dsg3 binding has been shown 
to occur after incubation with AK23 or with PV-IgG both under 
cell-free conditions as well as on the surface of living keratinocytes 
(8, 10, 11, 64). However, no direct inhibition of Dsg1 interactions 
was observed for both PV-IgG and PF-IgG, at least under cell-
free conditions (8, 10, 12). Rather, signaling mechanisms were 
found to be crucial for loss of intercellular adhesion in response to 
pemphigus autoantibodies both in PV and PF (4, 7). Since several 
signaling pathways were found to be activated after binding of 
autoantibodies against Dsg1 and 3 such as p38MAPK, Erk, and 
Src (8, 37, 65–68), the molecular mechanism how PF-IgG impairs 
Dsg1 binding is not elucidated yet.

In this study, we demonstrate that keratins are crucial for proper 
localization of Dsg1 at cell junctions. Furthermore, we observed 
that PF-IgG led to a redistribution of Dsg1-binding events from 
cell junctions thereby inducing a distribution pattern similar to 

Dsg1 distribution of keratin-deficient keratinocytes. Together 
with the finding that PF-IgG similar to PV-IgG did not further 
impair keratinocyte cohesion in keratin-deficient cells, this sug-
gests that uncoupling of keratin filaments from the desmosomal 
plaque maybe the underlying mechanism for both redistribution 
of Dsg1 and loss of keratinocyte cohesion. This is in line with an 
altered clustering of Dsg1 in pemphigus patients’ lesions which 
was described using electron microscopy (17, 20). Furthermore, 
we observed Dsg1-binding forces were reduced after 1 h of PF-IgG 
treatment in keratin-deficient keratinocytes but not in wt cells 
whereas forces were reduced in the wt monolayers after 24 h as 
well, suggesting that redistribution of Dsg1 may precede reduc-
tion of Dsg1-binding forces. Thus, a possible sequence of events 
after PF-IgG binding is conceivable in which Dsg1 redistribution 
caused by uncoupling from keratins and subsequently impaired 
Dsg1-binding forces may account for loss of intercellular adhe-
sion. Similarly, a sequence of distinct phases has been shown for 
treatment with PV-IgG before (49, 69, 70). Here, depletion of non-
desmosomal Dsg3 with the first 2 h was followed by rearrangement 
of desmosomal components into linear arrays aligned with keratin 
filaments between 2 and 6 h. From these arrays, desmosomal com-
ponents including Dsg3 were internalized within 6–24 h, which 
was paralleled by disassembly of desmosomes. Furthermore, 
uncoupling and redistribution of Dsg3 may also be explained by 
the concept of Dsg non-assembly depletion hypothesis (20). Direct 
inhibition of Dsg3 binding occurring as fast as within 15  min 
(11) may facilitate depletion of both non-desmosomal as well 
desmosomal Dsg3. Because within the first hour of autoantibody 
incubation we observed redistribution of Dsg1 from cell junctions, 
the data of this study are in line with the hypothesis that Dsg1 after 
treatment with PF-IgG is affected in comparable manner, however, 
in absence of direct inhibition of Dsg1 interaction.

Keratin-Dependent p38MAPK Signaling 
Contributes to Loss of Intercellular 
Adhesion in Pemphigus
Signaling pathways essentially contribute to the loss of intercel-
lular adhesion in pemphigus (4, 7). As mentioned earlier, a broad 
spectrum of signaling mechanisms contribute to the loss of inter-
cellular adhesion including PKC, Erk, Src, and p38MAPK (5). 
Especially, p38MAPK signaling is well characterized. Pemphigus 
autoantibodies induce activation of p38MAPK, and inhibition 
of this pathway is effective to inhibit both loss of intercellular 
adhesion and keratin filament alterations induced by pemphigus 
autoantibodies in cell culture (13, 38, 39, 71, 72). More recently, 
AK23- and PV-IgG-induced alterations of keratin insertion 
into desmosomes in human epidermis ex vivo as revealed by 
electron microscopy were shown to be dependent on p38MAPK 
(18). Furthermore, rapid disruption of the keratin cytoskel-
eton also induced p38MAPK activation whereas inhibition of 
p38MAPK abrogated pharmacological disruption of the keratin 
cytoskeleton (73–75) indicating that keratin reorganization and 
p38MAPK signaling are closely related.

Here, we observed that activation of p38MAPK both mediated 
by anisomycin as well as in response to pemphigus autoantibodies 
induced keratin filament retraction and led to a redistribution of 
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Dsg3-binding events away from the cell borders in wt but not in ker-
atin-deficient keratinocytes. Similarly, pemphigus antibodies as well 
anisomycin activated p38MAPK in both wt and keratin-deficient 
cells, the latter of which displayed robust activation of p38MAPK 
under resting conditions (25). Interestingly, p38MAPK activation 
in response to AK23 and PV-IgG was stronger in keratin-deficient 
cells after 1 h when compared with wt cells. All these data indicate 
that keratins participate in the suppression of p38MAPK activity. By 
contrast, anisomycin was effective to further impair cell cohesion 
in keratin-deficient cells whereas AK23, PV-IgG, and PF-IgG were 
not. Since anisomycin-induced loss of cell adhesion was abrogated 
by two different inhibitors of p38MAPK, loss of adhesion appears 
not to be due to off-target effects. Rather, this discrepancy may be 
explained by the observation that anisomycin is stronger to acti-
vate p38MAPK compared with autoantibodies. Alternatively, it is 
possible that several p38MAPK pools are available in cells (76, 77) 
which when activated by anisomycin contribute to loss of cell cohe-
sion, whereas p38MAPK activation in response to autoantibodies 
is restricted to the pool associated with desmosomal cadherins as 
shown for Dsg3 (26). Indeed, immunostaining revealed that in 
contrast to Src only a small portion of p38MAPK was confined to 
cell junctions (66). Nevertheless, inhibition of p38MAPK restored 
intercellular adhesion after pemphigus autoantibody treatment in wt 
and k.o. cells and rescued keratinocyte cohesion in keratin-deficient 
cells indicating that p38MAPK signaling is crucial for intercellular 
adhesion. This is in line with former studies which show that keratin 
filament alteration correlate with loss of intercellular adhesion in 
pemphigus (11, 13, 37). Moreover, these data demonstrate that the 
targets of p38MAPK are in part keratin dependent, as indicated by 
anisomycin-mediated keratin retraction which is similarly observed 
after treatment with autoantibodies. In addition, given the efficiency 
of p38MAPK inhibitors on cell cohesion in keratin-deficient cells, 
keratin-independent targets must also be involved. However, it 
has to be noted that no temporal sequence can be ascertained by 
the data provided. Taken together, the data show that p38MAPK 
activation in response to pemphigus autoantibodies is regulated via 
keratin filaments and is critical for loss of cell adhesion. This is at 
least in part mediated on the level of redistribution of Dsg1 and 
Dsg3 molecules from cell junctions.
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FIGURE S1 | Distribution coefficient to determine localization of desmoglein 
binding events. (A) For calculation of intensity coefficient areas in close proximity 
to the cell borders (red rectangle) and above the nuclei (green rectangle) were 
chosen, intensity was measured, and a coefficient was calculated in which values 
<1 indicate less keratin fluorescence signal at cell border areas, thus suggesting 
keratin retraction under these conditions. (B) For calculation of distribution 
coefficient, areas along the cell borders (green area) and on the cell surface (red 
area) were marked, and respective binding frequencies were defined by 
calculating a ratio of number of binding events per area. Distribution coefficient 
was calculated as a ratio from these. Binding frequencies in which values >1 
announce increased clusters of the molecules along the cell borders.  
(C) Immunostaining of KtyII wt and KtyII k.o. cells show dense filamental 
structures throughout the whole cell in wild-type and confirm knockout in KtyII 
k.o. cells. Representative of n = 4.

FIGURE S2 | Dsg1-binding events in KtyII wt and k.o. cells. (A) Topography 
overview images of KtyII wt and k.o. cells. Small areas along the cell 
borders (green rectangles, 6 μm × 2 μm) and cell surfaces above the 
nucleus (red rectangles, 4 μm × 2 μm) were chosen for adhesion mapping 
presented in Figure 3. (B) Dsg1-binding frequency in KtyII wt and k.o. cells 
at cell border and cell surface areas under control conditions and after 
treatment with pemphigus foliaceus (PF)-IgG for 1 h. n = 3 from 3 
independent coating procedures, 1,200 force–distance curves/adhesion 
map (*p < 0.05). (C,D) Dsg1 adhesion measurements at cell borders in KtyII 
wt and k.o. cells under control conditions and after treatment with aDsg1 
monoclonal antibody (mAb) (p124). n = 3 from 3 independent coating 
procedures, 1,200 force–distance curves/adhesion map (*p < 0.05). (E) 
Immunostaining of keratin 14 in KtyII wt after anisomycin treatment in higher 
magnification for 1 h revealed keratin filament retraction. Representative 
images from n = 4.

FIGURE S3 | p38MAPK signaling is crucial for intercellular adhesion in KtyII wt 
and k.o. cells. (A) Western blot using SB202190 and SB203580 for 2 h to inhibit 
and anisomycin for 1 h to activate p38MAPK. KtyII k.o. cells show activation of 
p38MAPK under basal conditions compared with wild-type (wt) cells. 
Anisomycin drastically increased p38MAPK activation, which was partially 
blocked by SB202190 and SB203580. For co-incubation experiments, 
SB202190 and SB203580 were preincubated for 1 h before anisomycin was 
added for 1 h. (B) Pictures of dissociation assay from Figure 4 confirmed 
impaired adhesion in keratin-deficient keratinocytes compared with wt. 
Activation of p38MAPK with anisomycin reduced intercellular adhesion whereas 
SB202190 or SB203580 improved intercellular adhesion in both cell lines (n > 4, 
*p < 0.05).
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Chapter 3

Discussion

The desmosomal plaque proteins, Pkps, are essential for desmosomal adhesion. Hence,
they are involved in regulation of desmosomal turnover and signaling [74]. However, their
role in the regulation of adhesive strength of desmosomes at the level of single molecule
binding properties of desmosomal cadherins is unknown. Previous studies showed that single
molecule binding properties of desmosomal cadherins rely on intracellular proteins, such as
keratin as well as on signaling pathways [178]. For example, keratins control cell adhesion by
regulating the binding properties of Dsg3. For this process, the keratin-dependent signaling
pathways p38MAPK and PKCα seem to be crucial [137].

Previous studies reported that Pkp1 contributes to the organization of desmosomes by
clustering of DP whereby it regulates desmosome size [84]. Thus, our studies aimed to
investigate the Pkp-dependent clustering of different desmosomal cadherin isoforms. We
observed that Pkp1 and Pkp3 are important for the membrane availability of Dsg1 and Dsg3,
whereas Pkp1 only is involved in Dsg3 clustering. This property correlates with drastically
decreased adhesion in Pkp1-deficient keratinocytes compared to the Pkp3-deficient cells
[151]. The importance of this clustering is reflected during acquisition of desmosomal
hyper-adhesion. Thus, in the follow-up project, we showed that Ca2+-independent Dsg3
clusters are an indispensable contributor to desmosomal hyper-adhesion. Further, we found
that the hyper-adhesive state of desmosomes correlates with increased single-molecule
interaction forces and a prolonged lifetime of Dsg3. Interestingly, Dsg1 shows different
properties with unchanged binding properties and clustering. Taken together, we concluded
that desmosomal cadherins participate in acquisition of a hyper-adhesive state by different
mechanisms and suggest that the different isoforms are not of equal importance in this
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process.

3.1 A novel role for Pkp1 in desmosomal adhesion

Pkps act as scaffolds in the formation of desmosomes and therefore have a critical role
in the assembly of desmosomes [74]. Although the three isoforms share high structural
similarities, they fulfill a plethora of individual functions. For example, Pkp1 is involved in
clustering of DP and therefore important for desmosome size [84]. Pkp2 is important for
the assembly of desmosomes as it forms a complex with DP and PKCα which, triggered
by cell-cell contact, translocates to the cell borders to nascent desmosomes [89]. Pkp3 was
shown to be in a complex with E-Cad and Src and therefore critical for desmosome assembly
[93]. Accordingly, genetic mutations that lead to a functional knockout of a respective
Pkp isoform show different phenotypes. Pkp1 lead to skin fragility syndrome with severe
impaired epidermal cohesion, whereas mutations in Pkp3 show a milder phenotype in mice,
with hair coat abnormalities susceptible to skin inflammation [147] [179] [95]. However,
loss of Pkp3 was suggested to be involved in cancer development [180]. Those phenotypes
can also be found in mouse models lacking either Pkp1 or Pkp3. Pkp1-deficient mice had
reduced weight but otherwise no notable changes. The skin looked intact at the macroscopic
level. However, their condition changed rapidly within 24 hours, leading to death. During
that time frame, the mice developed skin lesions caused by skin fragility without obvious
mechanical trauma. At a histological level, these mice had altered desmosomes which were
reduced in number and size [86]. In contrast to the Pkp1 knockout mice, Pkp3-deficient mice
showed hair abnormalities but were viable. At birth, the skin of the mutant mice showed
no visible changes. However, on the seventh postnatal day, when mouse skin develops hair
growth, this process was delayed in Pkp3-null mice. Four-week-old Pkp3 mutant mice had a
crinkled, thinner and duller coat, in contrast to wt mice. Ultrastructurally, no desmosomes
were present at the basal layer of the outer root arch of the hair follicles [95].

Murine keratinocytes cultured in low Ca2+-medium show high proliferation rates, but
desmosomes are not present under these conditions. However, the addition of Ca2+ to the
medium starts terminal differentiation leading to cell-cell contacts, including the formation
of desmosomes after 2 h [181]. The murine keratinocyte model system is a suitable approach
because after global onset of differentiation all cells are in a comparable differentiation
state. Murine keratinocytes express Pkp1 and Pkp3 to a comparable extent as human
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keratinocytes, which makes it a good model system [179]. In this study, spontaneously
immortalized keratinocytes from Pkp1 and Pkp3 knockout mice were used to investigate
their role in regulating desmosomal cadherin binding properties [86] [95]. The Pkp1-deficient
cells have reduced intercellular cohesion, consistent with the smaller number and reduced
size of desmosomes in the Pkp1-null mice [86]. Pkp3 lacking cells show a delayed formation
of desmosomes and AJs [179]. As various desmosomal cadherin isoforms exist, we focused
on Dsg1 and Dsg3 as they are the major antigens in PV. Therefore several biophysical and
biochemical approaches were used. At first it was shown by dispase dissociation assays
that Pkp1- and Pkp3-deficient keratinocytes have reduced adhesion in contrast to wt cells.
Comparable to the pathological phenotype, compromised adhesion is more pronounced in
Pkp1 deficient cells than in cells lacking Pkp3.

3.1.1 Plakophilins 1 and 3 mediate junctional membrane avail-
ability of desmogleins

Previous studies in mice and cell culture models revealed reduced adhesion in Pkp3- and
even more pronounced in Pkp1-deficient keratinocytes [179]. This represents the importance
of both Pkp isoforms for cell adhesion. Further, the significant difference in intercellular ad-
hesion in Pkp1- or Pkp3-deficient keratinocytes respectively shows that there are functional
differences between the two isoforms [151].

Interestingly, AFM high resolution imaging revealed no significant morphological altera-
tions between the different cell lines in terms of cell size, cell shape and composition of
intercellular borders. Our results showed that both Pkp1 and 3 are important for the
membrane availability of Dsg1 and Dsg3. Decreased membrane availability was previously
shown to correlate with impaired intercellular adhesion [113]. This is consistent with the
desmoglein non-assembly depletion hypothesis, which describes a possible mechanism of
how PV-IgG causes acantholysis. Briefly, non-junctional Dsg3 targeted by PV-IgG is inter-
nalized, resulting in disturbed desmosome assembly due to Dsg3 missing desmosomes [57].
The reduced amount of junctional Dsg1 and Dsg3 might lead to formation of desmosomes
depleted for those desmogleins. Compromised adhesion would follow due to incomplete
desmosomes, which is in line with the nonassembly depletion hypothesis. Same applies for
Dsg1, hence pemphigus inhibits the incorporation of extradesmosomal Dsg1 into the desmo-
some [113]. Taken together, compromised cohesion and decreased membrane availability of
Dsg1 and 3, in Pkp-deficient keratinocytes reveal that Pkps stabilize desmosomal cadherins
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at the membrane. This seems to be an important aspect for proper desmosomal adhesion.
In accordance, it was shown that the expression of desmosomal cadherins is dependent
on Pkp1 in terms of desmosome assembly [182]. Another study revealed that impaired
intercellular adhesion and reduced AFM binding frequency correlate [178]. Interestingly,
Triton x-100 experiments revealed no difference between wt and Pkp-deficient cells, with
respect to the amount of soluble and insoluble fraction of Dsc1-3. This indicates, that
the expression as well as the incorporation of different desmosomal cadherins into the
desmosome are not necessarily dependent on Pkps. Former studies also showed that Pkp
isoforms have specific functions for the expression of Dsgs, e.g. loss of Pkp2 reduces the
expression of Dsg2 in cardiac myocytes [91]. Thus, it can be concluded that one specific
role of Pkp1 and Pkp3 is to regulate the membrane availability and the stabilization of
the desmosomal precursors Dsg1 and Dsg3, what leads to an increased intercellular adhesion.

For both knockout cell lines, the reduction in membrane availability of Dsg1 and Dsg3
is comparable but the dissociation assay revealed different degrees of impaired cellular
cohesion. Therefore, reduced membrane availability alone does not fully explain the ob-
served findings. In a previous study, it has been shown that knockout of desmosomal
components can differentially alter the binding properties of desmosomal cadherins on a
single molecule level. For example, complete knockout of all keratins (KtyII k.o.) resulted
in an increase in Dsg3 binding frequency accompanied with reduced binding strength. In
parallel, the binding frequency of Dsg1 was reduced while the binding force remains the
same [178]. In this study, even though the binding frequency is compromised there are
still remaining binding events. Application of a Dsg3-coated AFM tip revealed for those
remaining membrane-localized Dsg3 molecules, that the parameters unbinding force as well
as the unbinding position were reduced for both knockout cell lines. AFM experiments
with Dsg1 molecules revealed a reduced binding frequency to a similar level as for Dsg3.
The single molecule binding properties of the remaining Dsg1 molecules were also altered.
The unbinding force was slightly increased for both knockout cell lines and the unbinding
position was comparably reduced similar to Dsg3. For both interactions, the unbinding
position is reduced for all knockout cell lines compared to wt. The parameter unbinding
position is an indirect measure of correct cytoskeletal anchoring [173] [183]. Therefore,
the improved cytoskeletal anchoring of the interaction partners in both knockout cell lines
is surprising. This indicates that the remaining proteins are not anchored by Pkp1 or
Pkp3 but by another mechanism. It was shown that the binding partners of Dsg3 from
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human keratinocytes, which are deficient for DP, have a higher proportion of tether bonds
[184]. This supports the role of DP in anchoring desmosomal components to the IF and
strengthens the UP parameter as a readout of cytoskeletal anchorage of binding partners
in AFM experiments. From this it could be concluded that a reduction in Dsg3 binding
strength could be due to decreased membrane availability and thus lack of Dsg3 clusters.
The lack of cluster formation could be responsible for essential conformational changes
leading to altered binding properties [185]. The increase in Dsg1 binding strength may be
due to unknown compensatory rescue mechanisms.
However, since the amount of remaining Dsg1 and Dsg3 molecules at the cell membrane is
small compared to the level in the wt cells, it can be concluded that the observed altered
binding properties may be less important for overall intercellular adhesion. Taken together,
Pkp1 and Pkp3 are crucial for intercellular adhesion by maintaining Dsg1 and 3 at the cell
membrane. They also reveal an affect on single molecule binding properties of desmogleins
although this seems to be less important for cellular cohesion.

3.1.2 Pkp-deficiency does not activate p38MAPK signaling

In PV patients as well as in cultured cell lines exposed to PV-IgG, several signaling
pathways are modulated. These include, among others, increase in intracellular Ca2+ levels,
activation and translocation of PKC, phosphorylation of Src and activation of p38MAPK
[186] [187] [141] [136]. Activation of p38MAPK is followed by recruitment of multiple
downstream targets including HSP27 [142]. Since inhibition of p38MAPK prevents the
pathological phenotype in mice in response to PV-IgG, it can be concluded that p38MAPK
is a critical contributor to PV pathogenesis [136] [39]. In principle, the role of p38MAPK
is to regulate intermediate filament organization. The activation of p38MAPK therefore
has implications on cell shape and flexibility [188]. Hence, p38MAPK gets activated upon
PV-IgG binding. This activation leads to the retraction of keratin filaments, which is a
hallmark of pemphigus pathogenesis. For PV-autoantibodies the main antigens are Dsg1
and Dsg3. PV-IgG binding leads to an internalization of Dsg3 and therefore to a reduction
of membrane-bound Dsg3 [57]. Previous studies found compromised cellular cohesion upon
deletion of structural components caused by activation of p38MAPK for example after
deletion of type II keratins in murine keratinocytes. This showed that a significant increase
in p38MAPK activation accompanied with decreased intercellular adhesion [189]. However,
p38MAPK is not activated in Pkp-lacking cells. Therefore, the reduced cell cohesion due
to the absence of Pkp1 or Pkp3 is not caused by activation of p38MAPK. From this it
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can be concluded that p38MAPK is not necessarily activated when intercellular adhesion
is impaired due to reduction of Dsg1 and 3 membrane levels. Rather more processes are
involved in the pathomechanism of PV as described above. In accordance with this finding,
it was shown that Pg, but not DP, regulates keratinocyte cohesion via p38MAPK signaling
[190].

3.1.3 Pkp1 is crucial for Dsg clustering and necessary for desmo-
somal adhesion

Cluster formation of AJs is an important mechanism for cellular cohesion. This can be
explained by the characteristics of single molecule interactions of cadherins where forces
are relatively low and lifetimes are short, in the range of a few tenths of a second [158].
To overcome this problem, cadherins accumulate in clusters, within the aforementioned
AJs, distributing the force acting on the cell to many binding sites. Another advantage of
this accumulation is that opening trans-bonds are less relevant since they are balanced by
the amount of simultaneously closing bonds [191]. Furthermore, it was shown that cluster
formation is an important process in the maturation of adhesive contacts. The classical
cadherin E-Cad accumulates in precursor clusters before being incorporated into AJs [192].
The same mechanism was also proposed for desmosomal cadherins [184]. It is known that
Pkp1 is relevant for desmosomal size via clustering of DP. In this study, Dsg3 clusters were
shown to be significantly reduced in Pkp1-deficient cells. These effects were less pronounced
in Pkp3 knockout cells. Results were demonstrated by chemical cross-linking of membrane
bound proteins and repeated AFM scans over predetermined cell-cell-contact area. AFM
measurements showed smaller Dsg3 clusters for Pkp1- and Pkp3-deficient keratinocytes.
Consistent with this, biochemical crosslinking showed a strong reduction of oligomerized
Dsg3. The amounts of E-Cad clusters were not changed between cell lines, which indicates
the specific role of Pkps for desmosomal cadherin clustering. Thus, clustered desmosomal
cadherins appear to be essential for proper intercellular cohesion.

In concordance, it has already been shown that homophilic interactions of desmosomal
cadherins and their oligomerization may be essential for the proper strength of desmosomes
and thus for the maintenance of tissue integrity [163]. The molecular composition of
the desmosomal plaque provides further insight into the role of Pkps in this context. In
junctions the cytoplasmic surface, which appears as an irregular periodic lattice, links the
extracellular part to the IF. The desmosomal plaque is a 3D cytoplasmic surface consisting
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of an IDP and an ODP, which are two electron-dense surfaces. Here, the ODP is closer
to the plasma membrane and consists of the Pkps and Pg. Furthermore, in this area the
cytoplasmic part of the desmosomal cadherins are linked to DP, which in turn builds up the
IDP with major parts of the molecule. The ultrastructural basis for desmosomal cadherin
binding is a template consisting of the Pg and DP complex in which the cadherins cluster
before forming trans-interactions with their extracellular part. The Pkps are located in
between the PG-DP complex and the cadherins. Those reinforce the molecular assembly,
hence they can interact with various desmosomal components. The fact that Pkps are
located closer to the cell membrane, where they are adjacent to the cytosolic part of the
desmosomal cadherins, indicates a mutual dependence between the intra- and extracellular
parts of the desmosome [193]. Thus, it can be concluded that Pkp isoforms are important for
cell adhesion by enabling and maintaining junctional availability of desmosomal cadherins.
Furthermore, Pkp1-dependent regulation of cadherin clustering contributes to proper cell
cohesion.

Our study showed that Dsg3 cluster size is smaller in Pkp-deficient cells. However, this
could also be due to the reduced membrane availability of Dsg3 and thus be a simple matter
of molecule quantity. Therefore, we overexpressed Dsg3 by transient transfection. This
resulted in cluster restoration and an increase in cluster size for Pkp3-deficient but not
for Pkp1-deficient cells as shown by AFM experiments and super-resolution microscopy
(stimulated emission depletion microscopy (STED)). Those findings correlate with the
enormous differences in cell cohesion between the different cell lines detected by dispase
dissociation assays. Consistent with this, fluorescence recovery after photobleaching (FRAP)
experiments showed an increased mobility for overexpressed Dsg3 molecules in the mem-
brane of Pkp1- but not of Pkp3-deficient cells. Membrane mobility of desmosomal cadherins
was shown to be negatively correlated with desmosome maturation state [194]. In addition,
it was shown that molecule mobility may negatively correlate with strong intercellular
adhesion. In a former study, keratin-deficient murine keratinocytes were compared to wt
cells. The keratin-deficient cells showed drastic compromised intercellular adhesion and
in parallel an increased Dsg3 mobility in the membrane [178]. This correlation has also
been supported by other studies. In cultured human keratinocytes lacking DP, intercellular
adhesion was impaired while transient transfected Dsg2-GFP showed increased mobility
in the membrane [184]. Loss of the actin-binding protein α-Adducin leads to decreased
cellular cohesion accompanied with increased Dsg3-GFP mobility in the cell membrane
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[195]. Incubation with AK23, a monoclonal antibody against Dsg3 derived from a PV
mouse model, led to an increase of Dsg3 mobility in wt cells paralleled by a decrease in
cellular cohesion [196]. Given the assumption that AK23 incubation results in decoupling
of Dsg3 from the IF, this is in line with negative correlation of molecule mobility and
intercellular adhesion [114] [178]. As an opposing mechanism, lateral- or cis-clustering of
cadherins was shown to be essential for intercellular adhesion [197]. It was found that this
essential lateral clustering of cadherins is goverend by their cytoplasmic tail and adhesion
is modulated via the presence of clusters [198]. It was further shown that F-actin interacts
with the cis-interface of cadherin clusters. This leads to increased assembly and stability
of cadherin clustering [199]. Therefore, it can be concluded that cluster formation is an
essential component for strong intercellular adhesion.
In our study it was shown that desmosomal cadherin clustering is essential for proper
cellular cohesion and abolished cluster formation contributes to the observed differences in
intercellular adhesion of Pkp1- and Pkp3-deficient keratinocytes. Worth mentioning, this
effect is only present for desmosomal cadherins, whereas clustering of the classical cadherin
E-Cad remained unaffected in Pkp-deficient keratinocytes.

To summarize, our study showed that Pkp1 and Pkp3 are both essential for membrane avail-
ability of Dsg3. Further, it provided a new isoform-specific function of Pkp1 in clustering of
Dsg3. The importance of Dsg clustering for intercellular adhesion in keratinocytes has been
demonstrated in this study (Figure 3.1) [151]. The significance of cadherin clustering for
cellular cohesion has been shown previously in other studies and can be seen as the general
basis of cell-cell-adhesion [198] [199]. With our study, we have added another component
to the mechanism for desmosomal cadherin clustering.

3.2 Desmosomal hyper-adhesion depends on Dsg3 clusters
and is correlated with increased single molecule
binding strength of Dsg3

Our main finding in this study is that not all desmosomal cadherins are equally involved
in the acquisition of the hyper-adhesive state. We showed that the binding strength and
interaction lifetime of Dsg3 increases during cell differentiation, which is not the case for
Dsg1. Furthermore, we found that the presence of Ca2+-independent desmosomal cadherin
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Figure 3.1: Regulation of desmosomal cadherin clustering in keratinocytes shows a Pkp
isoform-specific manner. Both, Pkp1 and Pkp3 are important for junctional membrane
availability of the desmosomal cadherins Dsg1 and Dsg3, thereby contributing to strong
intercellular adhesion. Additionally, Pkp1 but not Pkp3 is required for clustering of
membrane bound Dsg3 molecules, which is crucial for strong intercellular cohesion. Clustered
desmosomal cadherins show lower mobility within the membrane.

clusters are a crucial contributor to hyper-adhesion. We showed that this property is
mediated by the plaque protein Pkp1.

PKCα and Pkp1 are important for achieving the hyper-adhesive state [125] [182]. At the
molecular level, the dense arrangement of desmosomal cadherins leads to a highly ordered
state. In this state, the desmosomal cadherins are Ca2+-independent [44] [116]. Here, we
demonstrated that the dense arrangement is mediated by the plaque protein Pkp1. Until
now, it was assumed that the entire desmosome becomes hyper-adhesive. However, our
data shows for the first time that this is not necessarily the case. Rather, several cadherins
could contribute differently. The assumption that ordered desmosomal cadherins are neces-
sary for hyper-adhesion was challenged recently [194]. Here, using a genetically modified
extracellular domain of Dsg3, it was shown that order in hyper-adhesive desmosomes is
lost upon chelation of extracellular Ca2+. However, it should be mentioned that this
modified Dsg3 protein may not be comparable to the original Dsg3. Artificial modifications
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of the cadherin could result in loss of basic protein properties. Therefore, we according
to our data assume that the highly ordered state is a hallmark of hyper-adhesive desmosomes.

So far the underlying mechanism of how desmosomes acquire a hyper-adhesive state
is not entirely clear. As mentioned, it is known that this process depends on PKCα and
additionally overexpression of Pkp1 supports the development. However, how Pkp1 is
involved in this process remains to be elucidated. Therefore, in this study, we wanted to
understand how Pkps are involved in the acquisition of hyper-adhesion and investigated
the contributions of different desmosomal cadherins during acquisition of hyper-adhesion.

3.2.1 Dsg3 binding properties contribute to hyper-adhesion

Murine keratinocyte wt cells developed resistance to Ca2+ chelation after 72 h in high
Ca2+ medium. In contrast, 24 h in medium with a high Ca2+ concentration resulted
in Ca2+-dependent desmosomes. Chelation of extracellular Ca2+ led to internalization
of Dsg3. Previous experiments with human keratinocytes and kidney cells showed that
desmosomes become hyper-adhesive six days after reaching confluency. Important to note is
that non-confluent cells did not become hyper-adhesive at any time [36] [115]. This shows
that, depending on the tissue origin of the desmosomes, different time periods are needed to
reach hyper-adhesion. Besides a certain differentiation time, switching desmosomes from a
Ca2+-dependent to the hyper-adhesive state can also be accomplished via pharmacological
induction with the PKC inhibitor Gö6976. Inhibition of PKCα leads to hyper-adhesion of
desmosomes in cultured epithelial cells and human keratinocytes, probably due to loss of DP
phosphorylation [115] [36] [44]. Interestingly, cells with hyper-adhesive desmosomes exposed
to PV-IgG showed minor loss of adhesion and less internalization of Dsg3, in contrast to
non-hyper-adhesive cells [140]. In Pkp1- and Pkp3-deficient cells, there was a dramatic
decrease in intercellular adhesion after Ca2+ chelation, both after 24 h and 72 h in high
Ca2+ medium. Thus, murine wt keratinocytes reach a state resistant to Ca2+-ion chelation
72 h after the onset of differentiation and are considered to be hyper-adhesive. In contrast,
Pkp-deficient cells remain Ca2+-dependent and lack hyper-adhesive properties of wt cells.
Consequently, we concluded that both Pkp isoforms are important for the acquisition of
desmosomal hyper-adhesion. This is in line with the already known role of Pkp1 but shows
a new role of Pkp3 [125]. Failure of desmosomes becoming hyper-adhesive in Pkp3-deficient
cells could be due to compromised membrane availability of desmosomal cadherins [151].
Interestingly, earlier results with the same cell line showed the opposite result for the
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Pkp3-deficient cell line [179]. Keil et. al. found that Pkp1 but not Pkp3 is involved in the
acquisition of the hyper-adhesive state. It is known that Pkp3 is important for the assembly
of desmosomes [93]. Therefore, loss of Pkp3 could be responsible for impaired or delayed
desmosome assembly. Since impaired desmosome formation was observed to reduce cellular
cohesion, this could account for the failure to achieve the hyper-adhesive state [151]. From
the second aspect, regarding the delayed desmosome assembly, it can be concluded that
the desmosomes of Pkp3-deficient cells are not in the same differentiation state as in wt
cells. The Pkp3-deficiency of the desmosomes is initially responsible for the later onset of
differentiation, but eventually also become hyper-adhesive. Therefore, we think that the
conflicting results could be due to different cell culture conditions. This is supported by
the fact that in the earlier study murine keratinocytes were described not to express Pkp2,
which is not the case under our cell culture conditions [179].

The hyper-adhesive state is considered to be the state of stronger cell cohesion. AFM
experiments on keratinocytes using Dsg1- and Dsg3-coated tips showed strong differences in
the single molecule binding properties between the hyper-adhesive and non hyper-adhesive
state as well as for the two interaction partners. Acquisition of the hyper-adhesive state
resulted in drastically altered binding properties of Dsg3, whereas no changes were observed
for Dsg1. The frequency of binding for Dsg1 and 3 interactions was slightly but not signifi-
cantly reduced for wt cells between the hyper-adhesive and non hyper-adhesive states. For
Pkp1-lacking cells, the frequency was reduced between 24 h and 72 h in high Ca2+ medium
but not as drastically as for Pkp3 k.o.-cells. Reduced binding frequency may be due to lack
of binding partners on the cell membrane. Previous studies demonstrated the importance
of Pkp3 for desmosome assembly during maturation, where Pkp3 is in complex with E-cad
and PG at the cell membrane even under low Ca2+-conditions [93] [103]. Accordingly,
insufficient assembly leads to reduced binding frequency with binding partners. The results
shown here confirm this specific function of Pkp3. Impaired desmosome assembly explains
the inability to reach the hyper-adhesive state. Pkp1 is important for desmosomal cadherin
clustering, a required property for the establishment of proper adhesion between cadherins
[198] [44]. Therefore, the absence of cadherin clusters lead to failure in acquisition of
hyper-adhesive state [151] [200]. It is known from a previous study that strong intercellular
adhesion correlates with higher unbinding forces of Dsg3 [137]. Consistent with that,
Dsg3 unbinding forces were increased by about 20% when wt cells became hyper-adhesive.
However, Dsg3 single molecule binding properties of Pkp1- or Pkp3-deficient cells were
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unaltered between 24 h and 72 h in high Ca2+ medium. This shows that both plaque
proteins regulate the adhesive binding properties of Dsg3 in its respective adhesive states.
Interestingly, the binding strength for the Dsg1 interaction was not altered between the
two adhesive-states for all cell lines, indicating that these desmosomal cadherins contribute
differently to the hyper-adhesive state. We did not observe alterations for Dsg1 and Dsg3
interactions regarding the unbinding position between both time points. Given that the
unbinding position is a measure for the cytoskeletal anchorage, it can be concluded that
the acquisition of the hyper-adhesive state does not change keratin or actin anchorage of
Dsg1 and Dsg3 [183].

The development of hyper-adhesion is a differentiation-dependent process and thus time-
dependent. As shown, the desmosomes of murine keratinocytes require 72 h in high Ca2+

medium to become hyper-adhesive. Within this time interval the desmosomal cadherins
Dsg1 and Dsg3 develop their hyper-adhesive properties unequally. While an increase in
binding strength was observed for Dsg3, this was not the case for Dsg1. However, unpub-
lished data from a HaCaT Dsg2 k.o. cell line suggest that some desmosomal cadherins
are involved in the acquisition of hyper-adhesion, as even these Dsg2-deficient cells do
not become hyper-adhesive even after 72 h of differentiation. Thus, it can be speculated
that Dsg1 changes its binding properties later during the differentiation process. In line
with this suggestion is the fact, that Dsg1 is mainly expressed in the apical layers of the
epidermis, and thus later during the differentiation process of keratinocytes in the epidermis.
However, it is also possible that the Dsg1 molecules contributing to hyper-adhesion are
not accessible with the AFM technique used. The accessibility of Dsg3 might be differ-
ent. For example, Dsg3 occurs predominantly in the basal layers, representing an earlier
stadium of keratinocyte differentiation which might be more reflected by our cell culture
model. Another explanation for the observed changes in Dsg3 but not in Dsg1 could be
due to the desmosome assembly properties. It is known that Dsg3 clusters before being
incorporated into desmosomes [124]. Therefore, along differentiation these lateral clusters
may mature. This could lead to a higher ordered structure and due to conformational
changes of the desmosomal cadherins to altered binding properties. So far it is not known
if Dsg1 also clusters prior to desmosome incorporation. Nevertheless, Dsg1 also occurs
outside of desmosomes and is therefore accessible with the AFM tip [67]. However, when
Dsg1 molecules are incorporated directly into the desmosome, cluster-induced changes in
binding properties may not be detectable. Therefore, no alterations in binding properties
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due to cluster-induced conformational changes would be detectable with the AFM. However,
additional experiments would be necessary to prove this assumption.

Duration of a receptor-ligand interaction, the so called lifetime, can be determined using a
modified version of the Bells equation [177] [176]. The importance of temporally persistent
interactions can be demonstrated in many biological processes, as a minimal amount of
time is necessary for the functionality of many cellular processes. Receptor-ligand bonds
which last too short can result in signaling cascades not being triggered [201]. For several
adhesion molecules, including E-Cad, these receptor-ligand bonds have been shown to
behave like catch bonds [202][203]. The peculiarity of these adhesive bonds is that they
strengthen under mechanical force, in particular there is an extension of the lifetime with
increasing force [204][203]. Therefore, interaction-lifetime is an important parameter, also
in terms of cell adhesion. Previous studies showed that the interaction-lifetime of classical
cadherins is in the range of one second [161] [162]. Similarly, in this study the determined
lifetime of Dsg3 interactions for non hyper-adhesive desmosomes is about one second, which
is in the range of classical cadherins. However, for hyper-adhesive desmosomes, the Dsg3
interaction lifetime was strongly increased. The ability to extend the interaction lifetime
of cadherins within desmosomes reveals another difference between desmosomes and AJs.
From these experiments it can be assumed that desmosomal cadherins in non-hyper-adhesive
desmosomes resemble classical cadherins whereas desmosomal cadherins in hyper-adhesive
desmosomes revealed improved properties in terms of adhesive strength and duration. It
can be concluded that enhanced unbinding forces as well as the increased bond lifetimes
are interdependent and correlate with the acquisition of the hyper-adhesive state.

Depletion of Dsg3 in murine keratinocytes leads to failure in the acquisition of Ca2+-
independency, even after 72 h of differentiation [118]. This result further underlines the role
of Dsg3 for desmosomal hyper-adhesion. This could be reflected by different binding proper-
ties depending on the desmosomal adhesive state as discussed above or by Dsg3-clustering on
the cell surface. Both aspects might be related. The role of Dsg3 for desmosome-mediated
adhesion can be seen under pathological condition, in the autoimmune-disease pemphigus
[38]. However, stabilization of the Dsg3-bonds via crosslinking with specifically-designed
peptides inhibited loss of cell cohesion triggered by PV-IgG and AK23 in living mice and
cell culture models. Therefore, preservation of Dsg3 binding properties is sufficient to
prevent the pathomechanism of pemphigus. Other experiments showed that presence of
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hyper-adhesive desmosomes also inhibited the pathological effects of PV-IgG [140]. Con-
sequently stabilization of Dsg3 proteins via peptides and hyper-adhesive desmosomes are
sufficient to prevent the loss of cell adhesion in PV. For further investigation on Dsg1 and
its role in hyper-adhesion, a Dsg1-deficient cell line would be of great importance. However,
from what we know there is no such model.

Dsg3-deficient mice appear normal at birth but after day 18 a phenotype similar to
incubation with PV-IgG occurs [205]. Suprabasal acantholysis occurs, most prominent in
oral and vaginal mucous membrane but also in the epidermis. However, Dsg1-/- mice develop
a lethal pemphigus phenotype with impaired barrier function and lethal skin blistering
[206]. These animal models indicate different roles of those two cadherins for maintenance
of epidermal integrity. We conclude that Dsg3 compared to Dsg1 is less important for basal
adhesion but rather for development of hyper-adhesive desmosomes.

3.2.2 Desmoglein clustering correlates with hyper-adhesion and
is mediated via Pkp1

As already indicated by the dispase-based dissociation assays and AFM experiments, Pkps
are critical for hyper-adhesion. This is consistent with another study showing that enhanced
expression of Pkp1 protects keratinocytes from PV-IgG, via desmosomal hyper-adhesion
[125]. In the previous section it was shown that Pkp1 has a specific function, namely the
clustering of desmosomal cadherins (see 3.1.3) [151]. A basic requirement of hyper-adhesion
is the presence of clustered and organized desmosomal cadherins within Ca2+-independent
desmosomes [44].

This study showed that the acquisition of Ca2+-independent desmosomes is accompanied by
and may be based on the formation of Ca2+-independent Dsg3 clusters. The same method
was used before to show that desmosomal cadherins undergo isoform-specific homophilic
binding [163]. While Dsg3 clusters in wt keratinocytes are Ca2+-dependent after 24 h in
high Ca2+ medium, 72 h differentiation results in Ca2+ chelation-resistant Dsg3 clusters.
The acquisition of these clusters are strictly dependent on Pkp1 but not on Pkp3. However,
the amount of Dsg3-clusters in Pkp3-deficient cells is significantly lower than in the wt
cells due to reduced membrane availability caused by Pkp3-loss. This is in line with the
involvement of Pkp3 in desmosome assembly [151]. The acquisition of Ca2+-independent
Dsg1 clusters was also investigated in this study. However, the amount of Ca2+-independent
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Dsg1 clusters remains unchanged between cells whose desmosomes are either hyper-adhesive
or not. In comparison to Dsg3 clusters the level of Ca2+-independent Dsg1 clusters is clearly
reduced. Therefore, it can be concluded that, at least in the observed time frame, the
alterations of Dsg3 clusters are of greater relevance towards desmosomal hyper-adhesion.
The unchanged proportion of Ca2+-independent Dsg1 clusters is consistent with unaltered
single molecule Dsg1 binding properties from the AFM experiments between hyper- and
non hyper-adhesive-state. Since Dsg1 in the epidermis is primarily expressed in the more
superficial layers, this reflects that Dsg1 appears predominantly in later stages of the
keratinocytes differentiation [38]. Therefore, it is likely that the time interval studied
does not reflect the main physiological expression pattern of Dsg1. Thus, the unchanged
binding properties determined might not reflect physiological contributions of Dsg1 for
hyper-adhesion. On the contrary, Dsg3 is predominantly expressed in the basal layers of the
epidermis [38]. The alterations in Ca2+-dependent clusters are in excellent agreement with
these expression patterns. From the literature it is known that classical cadherin clusters
do not become independent of Ca2+ [43]. This fact was also shown in this study, hence no
Ca2+-independent E-Cad clusters were detected at either time point. This supports that the
concept of hyper-adhesion only applies for desmosomes and not AJs. One crucial difference
between desmosomes and AJs is that classical cadherins do not occur in a highly-ordered
arrangement, which is apparently a key function. This may be caused by the fact that under
physiological conditions desmosomal cadherins are more flexible compared to classical cad-
herins. Thus, desmosomal cadherins can, even in a tightly packed space and being half bond
to the plaque proteins, assemble in an ordered array because of their increased flexibility [43].

The amount of Dsg3 clusters increases during differentiation. Therefore, it needs to
be discussed whether the observed increase in Dsg3 binding strength might be due to
multiple binding events. A rise in Dsg3 clusters would result in higher probability for
multiple binding events. Even though this probability can not be ruled out, it is rather
unlikely because multiple binding would result in measured forces which are multiples of a
single molecule unbinding strength [159]. However, an increase of 20% was detected only
which point towards altered adhesive properties of a single-molecule interaction.
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3.2.3 Ca2+-dependent membrane localization differs between des-
mosomal cadherin isoforms in human epidermis

As described above, desmosomal cadherins are differentially expressed in the epidermis.
While Dsg3 is more strongly expressed in the basal layers, Dsg1 is more abundant in
the apical layers [38]. Those different expression patterns of cadherins along keratinocyte
differentiation are important for proper tissue function, as desmosomes are an important
regulator for intercellular signaling. Forced expression in a specific layer led to changed
proliferation and cell survival [7] [207]. Furthermore, previous work showed different ad-
hesive contributions of desmosomal cadherins since Dsg3 was more important for cellular
cohesion than Dsg2 [208]. This study provides another difference between Dsg1 and Dsg3
in human the epidermis from the ex vivo skin model. Immunostaining of Ca2+-depleted
skin sections for Dsg1 and Dsg3 showed that Dsg1 immunostaining is less resistant to
Ca2+ chelation compared to Dsg3. Apparently, desmosomal cadherins Dsg1 and Dsg3
may have different extracellular Ca2+-dependency. This observation is in line with the
previous experiments where differences between Dsg1 and Dsg3 were observed. The results
are another indication that desmosomal cadherins have different functions and properties.
Therefore, the contribution towards Ca2+-independent desmosomes is provided by specific
desmosomal cadherins. The unique role of Dsg3 towards hyper-adhesion was also shown in
other studies. PKCα is a crucial signaling molecule, hence it is regulating the conversion
between the two adhesive states [115]. Some keratin isoforms sequester PKCα in the
cytoplasm, resulting in increased desmosome stability. In line with these results, it was
found that in keratin-deficient cells PKCα is activated, which is paralleled by impaired
cellular cohesion. Interestingly, inhibition of PKCα signaling led to a stabilization of Dsg3
at the cell membrane [137]. Those studies further underline the relevance of Dsg3 for
hyper-adhesion. On the contrary, Dsg1 was shown to interact with Erbin, which in turn
suppresses EGFR/Erk signaling and thereby keratinocyte proliferation [209].

In summary, murine keratinocytes become hyper-adhesive after 72 h in high Ca2+ me-
dium. We found isoform-specific differences regarding the contribution of the desmosomal
cadherins. Ca2+-independent Dsg3 clusters develop during acquisition of the desmosomal
hyper-adhesion, whereas Dsg1 clusters exhibit no alterations during this time frame. The
formation of Ca2+-independent clusters is mediated via Pkp1. Additionally these clusters
contain Dsg3 molecules which show increased binding strength and prolonged lifetime
when becoming hyper-adhesive. Altered Dsg3 binding properties from Ca2+-independent
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clusters represent a new correlate in hyper-adhesion. Pkp3-deficient cells fail to acquire a
hyper-adhesive state within the studied time-interval due to reduced desmosomal cadherin
membrane availability (Figure 3.2). Further, the ex-vivo skin model revealed differences in
the membrane localization between Dsg1 and Dsg3 following Ca2+ chelation.

In conclusion, clustered Ca2+-independent desmosomal cadherins with altered single mo-
lecule binding properties appear to be another correlate of hyper-adhesive desmosomes.
The changes in binding properties might be due to conformational changes of the cadherins
within the dense clusters. We identified Dsg3 as a major component for the acquisition
of hyper-adhesion. From the expression patterns of the epidermis, a possible hypothesis
might be that Dsg3 interaction provides the basis of desmosomal adhesion. Absence of
Dsg3 might be compensated by Dsg2, as it was shown in keratinocytes [208]. This rescue
mechanism might explain the mild phenotype of the Dsg3-deficient mice. In parallel to
Dsg3-mediated foundation, additional desmosomal cadherins are expressed during the
differentiation process, with various functions. This was proven by the ex-vivo skin model
that revealed different properties of desmosomal cadherins from various layers. The role of
Dsg1 regarding hyper-adhesion was not observed in this study, which may be due to the
fact that later time points of differentiation were not considered. However, Dsg3 seems
to be crucial for hyper-adhesion because Dsg3 k.o. cells did not become hyper-adhesive.
Nevertheless, it is likely that most desmosomal components are necessary for the acquisition
of this state. This can be concluded for keratinocytes from mice deficient for Pkp1, Pkp3 or
Dsg3. Therefore, it is conceivable that only intact desmosomes can provide full intercellular
cohesion and fully acquire the hyper-adhesive state. In this scenario, an important molecu-
lar mechanism for hyper-adhesion is Pkp1-mediated assembly of Ca2+-independent Dsg3
clusters in desmosomes with increased single-molecule unbinding strength and prolonged
interaction lifetime (Figure 3.2).

Taken together, the experiments described here contributed to a better understanding of
the role of Pkps for desmosomal adhesion and hyper-adhesion and provide a mechanism
how desmosomal cadherins adopt their binding properties during differentiation.
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Figure 3.2: Schematic role of Pkps for hyper-adhesion through altered binding properties
of desmosomal cadherins. A: Pkp1 and Pkp3 are important for junctional membrane
availability of Dsg1 and Dsg3. However, this Pkp-subjected property has a time-dependency.
Along differentiation Pkp3 becomes less relevant for desmosomal cadherin membrane
availability, although a certain degree remains. For desmosomal cadherin clustering, Pkp1
has a unique role, different to Pkp3. B: Early time points in the differentiation process leads
to premature Dsg3 cluster, which are Ca2+-dependent, hence no hyper-adhesive desmosomes
are present. During differentiation, mature Dsg3 cluster evolve, which are Ca2+-independent
and in parallel desmosomes become hyper-adhesive. Within the mature clusters, increased
single molecule unbinding forces as well as prolonged lifetimes of Dsg3 interactions correlate
with the formation of hyper-adhesive desmosomes (represented by arrow up). C: Early
after onset of differentiation Dsg1 clusters are small, however Ca2+-independent to a certain
degree. During differentiation, Dsg1 clusters remain in their small size within the observed
time frame. Consistent, no alterations regarding single molecule binding properties for Dsg1
were observed.
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Appendix

A.1 Abbreviations
AFM atomic force microscopy
AJs adherens junctions
ARVC arrhythmogenic right ventricular cardiomyopathy
cAMP cyclic adenosine monophosphate
Cxs connexins
DP desmoplakin
Dsc desmocollin
Dsg desmoglein
E-Cad E-cadherin
EC extracellular domains
EGFR epidermal growth factor receptor
EGTA ethylene glycol tetraacetic acid
FRAP fluorescence recovery after photobleaching
HaCaT human keratinocyte cells
HSP heat shock protein
IDP inner dense plaque
IFs intermediate filaments
JAMs junctional adhesion molecules
KtyII k.o. keratin cluster II knockout
MDCK Madin-Darby canine kidney
N-Cad N-cadherin
ODP outer dense plaque
p38MAPK p38 mitogen-activated protein kinases
P-Cad P-cadherin
PF pemphigus foliaceus
PG plakoglobin
PKC protein kinase C
Pkps plakophilins
PV pemphigus vulgaris
Src sarcoma-associated kinase
STED stimulated emission depletion
TJs tight junctions
UF unbinding force
UP unbinding position
wt wild type
ZO zona occludens
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