Mechanisms regulating desmoglein clustering
and hyper-adhesion of desmosomes

Dissertation
der Fakultat fir Biologie
der Ludwig-Maximilians-Universitat Miinchen
zur Erlangung des Doktorgrades

vorgelegt von
Michael Tobias Fuchs
Miunchen 2021






Mechanisms regulating desmoglein clustering
and hyper-adhesion of desmosomes

Dissertation
der Fakultat fir Biologie

der Ludwig-Maximilians-Universitat Miinchen

vorgelegt von
Michael Tobias Fuchs
Minchen, 16.12.2021



Diese Dissertation wurde angefertigt
unter der Leitung von Prof. Dr. Heinrich Leonhardt
an der Fakultat fir Biologie
der Ludwig-Maximilians-Universitat Miinchen

Erstgutachter/in: Prof. Dr. Heinrich Leonhardt
Zweitgutachter/in: Prof. Dr. Anja Horn-Bochtler
Tag der Abgabe: 16.12.2021

Tag der mindlichen Prifung: 09.06.2022

Erklarung

Ich versichere hiermit an Eides statt, dass die vorgelegte Dissertation von mir selbststandig und
ohne unerlaubte Hilfsmittel angefertigt worden ist.

Die vorliegende Dissertation wurde weder ganz noch teilweise bei einer anderen
Priifungskommission vorgelegt.

Ich habe noch zu keinem friiheren Zeitpunkt versucht, eine Dissertation einzureichen oder an
einer Doktorpriifung teilzunehmen.

Minchen, den 16.12.2021

Michael Fuchs

(Michael Fuchs)



Table of contents

[List of figures| v
vii
[1__Introduction| 1
[LT Humanskinl . . . . . . .. 0 1
(1.1.1 Structure and functionl . . . . . . . . . ... ..o 1

(1.1.2  Theepidermis| . . . . . . . . . . . .. ... ... ... 1

(1.2 Intercellular junctions of the epidermis| . . . . . . . .. .. ... ... ... 2
(L3 Desmosomes . . . . . . . . . 6
[L3.1 Desmosomal cadhering . . . . . . .. .. .. ... L. 8

(1.3.2  Plakophiling . . . . . ... ... .. ... o 9

[.3.3  Desmosome turnover] . . . . . ... ... .. oL 13

[1.3.4 Concept of hyper-adhesion| . . . . . . . ... ... ... ... .... 15

(1.4 Desmosome-associated diseasesl . . . . . . . . . .. ... ... ... ..., 19
[1.5 Biophysical principles|. . . . . . . ... ... oo oo 21
(1.5.1 Atomic force microscopy| . . . . . . . . . ... ... L. 21

(5.2 Cadherin-mediated adhesion mechanismsl . . . . . . ... ... ... 22

[1.5.3 AFM measurementsoncells . . . . . .. .. ... ... ... ..., 25

[1.5.4 Biophysical properties ot receptor-ligand bonds| . . . . .. ... .. 27

(1.6  Aim of thisstudy| . . . . . . . . . . .. 30

2 Results] 33
[2.1  Plakophilin 1 but not plakophilin 3 regulates desmoglein clustering. . . . . 33
[2.2  Desmosomal Hyperadhesion Is Accompanied with Enhanced Binding Strength |

| of Desmoglein 3 Molecules| . . . . . .. ... ... ... ... .. ..., 57
[2.3  Keratins Regulate ps8MAPK-Dependent Desmoglein Binding Properties in |

| Pemphigus|. . . . . . . . 80
3__Discussion| 101
[3.1 A novel role for Pkpl in desmosomal adhesion| . . . . . . . .. .. .. ... 102
[3.1.1  Plakophilins 1 and 3 mediate junctional membrane availability of |

| desmogleins| . . . . ... ... 103

1ii



Table of contents

iv
[3.1.2  Pkp-deficiency does not activate p38MAPK signalingl . . . . . . .. 105
[3.1.3  Pkpl is crucial for Dsg clustering and necessary tor desmosomal |
I adhesion| . . . . . . ... 106
[3.2  Desmosomal hyper-adhesion depends on Dsg3 clusters and is correlated with |
| increased single molecule binding strength of Dsgd|. . . . . . . .. ... .. 108
[3.2.1 Dsg3 binding properties contribute to hyper-adhesion| . . . . . . . . 110
[3.2.2  Desmoglein clustering correlates with hyper-adhesion and is mediated |
| via Pkpl| . . . . .o 114
[3.2.3 Ca*"-dependent membrane localization differs between desmosomal |
| cadherin isoforms in human epidermis|. . . . . . . . . . . . ... .. 116
(Bibliography| 119
A ppend 139
[A.1 Abbreviations| . . . . . . . . .. 140
[A.2 List of original publications| . . . . . . ... ... ... ... ... ..... 141
[A.3 Contributions . . . . . . . . .. 142




List of figures

(1.1 ~Schematic of the epidermis| . . . . . . .. ... ... .. ... ... ..... 3
(1.2 Composition of the desmosome| . . . . . . . . ... ... ... ... .... 8
[1.3  Structure of the plakophilin isoforms| . . . . . . ... ... ... ... ... 11
(1.4 AFM working principle| . . . . . . . . ... Lo 23
[L5_Cadherin adhesion mechanisml . . . . . . .. ... ... ... ... ..... 26
[1.6 Potential well of a bound complex| . . . . . ... ... ... ... ... ... 30
[3.1 Schematic model ot Pkpl clustering . . . . . ... .. ... ... ... ... 109
[3.2  Schematic model of the role ot Pkps for hyper-adhesion| . . . . . . . . . .. 118




vi

List of figures




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 (Dsgl-4) and three
desmocollins (Dscl1-3) isoforms. These are transmembrane proteins which interact in a
Ca?T-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 (Pkpl-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 Pkpl 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 Pkpl or Pkp3 were compared to wild
type (wt) cells to characterize the role of Pkpl and Pkp3 in the regulation of Dsgl- and
Dsg3-binding properties and contribution to Dsg3 clustering. Dsgl 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 Pkpl and Pkp3 in desmoglein clustering and
adhesion were investigated. Characterization of Pkpl- or 3-deficient cell lines revealed

reduced cell cohesion and especially in Pkpl-deficient cells loss of intercellular adhesion
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is strong. Force mapping measurements, performed with atomic force microscopy (AFM),
revealed reduced binding frequency of Dsgl and Dsg3 at the cell borders and displayed
low membrane availability of Dsgl and Dsg3 in Pkpl- 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 Pkpl but not Pkp3 is required for Dsg3
clustering. Overexpression of Dsg3 rescued the reduced number of Dsg3 clusters in Pkp3-
but not in Pkpl-deficient cells, as shown by AFM and stimulated emission depletion (STED)
microscopy experiments. This demonstrates that Pkpl and Pkp3 regulate the membrane
availability of Dsgs. Furthermore, these data demonstrate that Pkpl but not Pkp3 is
required for the clustering of Dsg3. This novel function of Pkpl 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 Ca?* 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 Ca?*, 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
Ca?T-independent. In contrast, deficiency of Pkpl prevented Ca?"-independency of Dsg3
clusters whereas lack of Pkp3 led to a reduced amount of Ca?*-independent Dsg3 clusters.
Interestingly, Dsgl clusters remained the same during the investigated time period. In
accordance, Dsgl 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. Ca?* chelation of ez-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 Ca?" chelation compared to Dsgl staining. This demonstrates that desmosomal
cadherins have different roles in the acquisition of hyper-adhesion and that Pkpl-mediated
clustering of desmogleins is required for the acquisition of the hyper-adhesive state of

desmosomes.

In summary, this project revealed that Pkpl and Pkp3 are important for membrane
availability of desmogleins. However, for Pkp3 this phenotype is differentiation-dependent
and decreases over time. Pkpl, in contrast to Pkp3, plays a crucial role in the clustering of
desmogleins. This Pkpl-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 Pkpl-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 [I] [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 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 [I] [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 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.
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are transmembrane proteins and plaque proteins, the latter connecting those to the cyto-
skeleton of the cell [7] [I0]. 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 [I1]. 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 T\J
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] [I5] [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 [I8]. 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

7ZO-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] [2I]. 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].

AlJs 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 Ca?*, as without
extracellular Ca?*-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 [I1]. 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 -, -, y-catenin and p120-catenin. The
cadherins directly interact with -, v-catenin or p120-catenin. The complex is connected
to the actin cytoskeleton via a-catenin, which interacts with §-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[l.1and [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 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 Ca?*-dependent adhesion proteins consisting of five extracellular domains (EC1-5), a
transmembrane and a cytoplasmic domain. Ca®T-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
[42]. Ultrastructure images (Figure|1.2|B) show that desmosomes consist of a highly ordered,
dense electron structure, which is less than 1 pgm 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 Ca*" 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]. Dsgl and Dscl 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 [l.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
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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, Dsgl and Dsg2 control epidermal
growth factor receptor (EGFR) signaling, which regulates cell differentiation [66]. Moreover,

Dsg?2 interacts with caveolin-1, a property important for desmosome turnover [67] [68].

1.3.2 Plakophilins

Pkpl-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
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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 B) [38]. Pkpl 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 Pkpl 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 Pkpl 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, Pkpla, Pkp2a and b are present in
the cytoplasm and even localize to the nucleus. In contrast, Pkplb appears to reside in the
nucleus only [72] [73]. Resulting from that, the different distribution of the Pkpl variants
could explain various effects of the Pkpl 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 Pkpl and Pkp2 are found in the nucleus [76]. A possible indication
of the involvement of Pkps for signal transduction is that Pkpl 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 Pkpl 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 -catenin and
thus negatively regulates cell adhesion [7§]. Regulation of Pkps during cell differentiation
occurs via post-translational modification, mainly via its multiple phosphorylation sites
or via palmitoylation [79] [80]. Pkpl 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 PISK-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 [81I]. 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 [30].

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.

N-terminal head C-terminal tail

central arm repeats

plakophilin 1
plakophilin 2

plakophilin 3

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.

Pkpl interacts through its N-terminal head domain with DP and Dsgl [83]. It further
promotes the assembly and lateral clustering of DP [84]. Therefore, Pkpl 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,
Pkpl 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, Pkpl is a key protein for DP clustering and is important for the
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amount of desmosomal components [85]. According to that, Pkpl seems to have an im-
portant role in promoting and stabilizing cell adhesion [74]. Due to the fact that Pkpla is
present at the desmosomes or at the nucleus and Pkplb is only present in the cell nucleus
it can be concluded that post-translational splicing is important for Pkpl localization and
therefore function. The generation of Pkpl”/- mice by Rietscher et al., showed the specific
role of Pkpl for a functional desmosome [86]. Mice lacking the Pkpl 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 Pkpl™/~ mice were sparse and small.
The observed phenotype revealed the importance of Pkpl 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) [36].

Pkp2 can interact with more desmosomal components compared to Pkpl via its N-terminal
head domain, namely with DP, Pg, Dsgl and 2, Dscla and 2a [87]. Therefore, it can be
speculated that Pkp2 has different functions compared to Pkpl [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) « 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, Dsgl-3 and Dscla, 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 Ca?" 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 Ca?" as well as classical cadherins on
the cell surface are required [96]. In a Ca?*-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 a-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
Ca?* 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 Ca?* 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
Als, 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 [TI01]. 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 S-catenin. This indicates that Dsc3 is able to
interact with existing AJs via S-catenin, inducing desmosome formation [102].
Desmosomal components, after synthesis and post-translational modification, are trans-
ported to cellular contact sites by various mechanisms [I03]. 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 PKCa to DP. Due to PKCea, 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 PKCa 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 [I07]. 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 f-catenin to the nucleation
sites. Afterwards, plaque proteins are added. The whole process of desmosome assembly
takes 2 h [I0I]. 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 [I10]. 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 [I11].

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 [I13]. 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 [I14]. 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 [IT1].

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 Ca?* [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 Ca?*-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 [I16]. 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 [I15][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 Ca?". In case of Ca?" removal, they remain in their strong adhesive state,

whereas Ca?*-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 Ca*"-depletion does not occur in a physiological setup. Normal cell culture
media, as well as most body fluids, have a Ca?* concentration of 1 —2 mM. To remove free
Ca®" from the solution, the cells are exposed to ethylene glycol tetraacetic acid (EGTA), a
specific Ca®T chelator [36]. Hyper-adhesive desmosomes remain in their strong adhesive
state even after chelation of Ca?*. In contrast, non-hyper-adhesive desmosomes and AJs
lose their adhesive strength after Ca?*-chelation. The withdrawal of Ca?* 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 [I18]. A more concise approach is to investigate ultrastructural images. Here, it was

proposed that Ca?*-independent desmosomes show a dense midline whereas Ca?*-dependent
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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] [IT5]. 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 Ca?*-independent state to the weaker Ca?*-dependent state underlies a couple of
steps. At first, PKCa gets activated and translocates from the cytosol to the desmosomal
plaque. There, PKC« 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 PKCa
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 Ca*"-dependent desmosomes [44] [I19].
As stated before, the assembly of desmosomes depends on Ca?*, followed by their ability to
form trans binding [120] [12I] [122]. It is therefore surprising how desmosomes can become
independent of Ca?*. A possible explanation may be the unique composition and structure
of desmosomes. Ca?* 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 , and the linker regions of the EC2- and EC3-domain of a neighboring cadherin
molecules. The bound Ca?* 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 Ca?* and therefore lead to
a resistance of Ca" chelation [44]. Garrod et al. used the C-Cadherin structure in order
to model the hyper-adhesive state [44][123]. Further, a 5 — heliz may be involved in this
process, hence it covers one of the free Ca®" 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 Ca?'-independent

may be misleading. A better form to describe this state would be “Ca?* chelation resistance”.

As mentioned at the beginning of the chapter, AJs remain Ca?*-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 Ca?*, 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 Ca?*-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 Pkpl was shown to favor the
transformation of Ca?*-dependent to Ca?*-independent desmosomes, in primary kerat-
inocytes. This change in adhesive state is also protective against PV-IgG-induced effects
[125]. Plaque proteins, especially Pkpl, 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 Ca?* 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

Ca?"-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 Dsgl 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 Dsgl. In PF, patients
have autoantibodies against Dsgl but not to Dsg3 [3§]. Pemphigus IgG also contains
further antibodies directed against other keratinocyte antigens, such as Dscl-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 Dsgl and Dsg3 lead to a loss of intercellular adhesion
of the epidermal keratinocytes, a process called acantholysis [132]. Histological hallmarks
are depletion of Dsgl and Dsg3 from the cell membranes and alterations of the keratin
cytoskeleton [I14]. 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 EC1l-domain, thereby interfering with the trans-interactions
of desmosomal cadherin binding. This was observed for Dsg3 but not for homophilic
Dsgl indicating that the underlying mechanisms of PV and PF are different [I33]. 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] [I36]. Both signaling molecules also participate in the regulation
of Dsg3 [137]. PV-IgG causes an increase in 1,4,5 trisphosphate and intracellular Ca?*, both
processes leading to activation of PKC [I38]. It was shown that chelation of intracellular
Ca** 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 -catenin in AlJs [I41]. 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 [I14]. 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 Pkpl. Increasing Pkpl 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] [I45] [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
Pkpl 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 Pkpl 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, w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>