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Summary

Desmosomes are cell-cell adhesion sites especially important in heart and skin tissues.
Both tissues are exposed to mechanical stress and desmosomes are essential for stable
cell-cell adhesion but whether and how forces act on desmosomes was unclear. Here, a
desmoplakin tension sensor was developed reporting on molecular forces experienced
by desmoplakin, which is essential for the connection to the intermediate filament cy-
toskeleton. Tension measured with the desmoplakin tension sensor can therefore also
serve as a proxy for forces transduced across desmosomes towards the intermediate
filament cytoskeleton. Fluorescence lifetime imaging microscopy (FLIM)-based Forster
resonance energy transfer (FRET) measurements of the desmoplakin tension sensor
revealed the absence of desmoplakin forces during the formation of desmosomes in
keratinocytes. Forces are experienced by desmoplakin, however, on very soft substrates,
where the substrate stiffness is in the range of the intermediate filament stiffness. Fur-
thermore, desmosomes are transiently loaded in response to external mechanical stress.
The stress-induced loading depends on the magnitude and orientation of the applied
tissue deformation. These observations suggest that desmosomes act as stress absorbers
and evolved in mammalian tissues to complement adherens junctions especially in more
extreme situations.

Next to the development and experiments with the desmoplakin tension sensor, the fluo-
rescence lifetime analysis and merge software (FLAMES) was developed. The software
provides an automated data analysis pipeline for FRET-based tension sensor experiments
measured with FLIM. FLAMES thereby improves the estimation of lifetimes from photon
count curves for the signal of interest. Moreover, FLAMES also allows the determination
of the relative amount of molecules under tension, which provides a new way for the
analysis of tension sensor experiments.






Zusammenfassung

Desmosomen sind Zellkontakte zwischen benachbarten Zellen und besonders wichtig
im Herzen und in der Haut, die starker mechanischer Belastung ausgesetzt sind. Fur
eine stabile Zelladhé&sion sind Desmosomen unerlasslich, aber es war bisher nicht be-
kannt ob Desmosomen direkt an der Kraftweiterleitung beteiligt sind. In dieser Arbeit
wurde ein Desmoplakin-Kraftsensor entwickelt, der die Kraft Uber Desmoplakin ausliest.
Desmoplakin ist ein essentieller Bestandteil von Desmosomen und bindet an Intermedi-
arfilamente, welche ein wesentlicher Bestandteil des Zytoskeletts sind. Die Kraft Uber
Desmoplakin kann daher auch als Naherung dienen fur die Kraft, die iber Desmosomen
zum Zytoskelett weitergeitet wird. Um den Kraftsensor auszulesen, wurde die Effizienz
des Forster-Resonanzenergietransfers (FRET) mit Hilfe von Fluoreszenzlebensdauermes-
sungen (engl. FLIM) bestimmt. Diese Experimente zeigten, dass bei der Bildung von
Desmosomen keine Kraft Uber Desmosomen ans Zytoskelett weitergeleitet wird. Wenn
sich die Keratinozytenzellschicht allerdings auf einem sehr weichen Untergrund befin-
det, wird Kraft an Desmosomen gemessen. Im Unterschied zu den Experimenten auf
festeren Untergrtinden ist die Umgebung in dieser Situation etwa genauso weich wie die
Intermediarfilamente. AuRerdem sind Desmosomen unter Kraft, wenn sie akut extern
mechanisch belastet werden und zwar in Abhéangigikeit von der Starke und Orientierung
der externen Belastung. Diese Beobachtungen unterstiitzen ein Model in dem Desmoso-
men in Saugetieren als weitere Zellkontakte neben Adhéasionsverbindungen entstanden
sind, um zusatzliche Belastungen in extremeren Situationen abzufedern.

Neben der Entwicklung und Experimenten mit dem Desmoplakin-Kraftsensor, wurde
auch FLAMES (engl. fluorescence lifetime analysis and merge software) zur Analyse
von Fluoreszenzlebensdauern und zum Zusammenfiihren von Daten entwickelt. Das
Programm ermdoglicht eine automatisierte Auswertung von Kraftsensorexperimenten,
in denen FRET in verschiedenen Konstrukten mit Hilfe von FLIM bestimmt wird. Mit
FLAMES kodnnen dabei die Fluoreszenzlebensdauern aus den Ankunftszeiten von Photo-
nen innerhalb des spezifischen Signals bestimmt werden. Zudem kann auch der relative
Anteil der Molekile berechnet werden, die unter ausreichend Kraft stehen um den Kraft-
sensor zu 6ffnen, was einen neuen Weg darstellt die Daten eines Kraftsensorexperiments
auszuwerten.
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1 Desmosomes

1.1 Cell Adhesions in the SKin

To preserve tissue, organ, and ultimately animal integrity, cells need to adhere to and
interact with their surrounding. In the stratified epithelium of the epidermis, for example,
keratinocytes are the predominant cell type and their adhesion is essential to preserve
skin integrity. Basal keratinocytes adhere to the underlying basement membrane using
focal contacts to connect to the filamentous actin (F-actin) and hemidesmosomes (HDs)
to connect to the keratin intermediate filament (IF) cytoskeletons, respectively. To
neighboring cells, basal keratinocytes connect on one hand via gap junctions that allow
cell-cell communication by the exchange of ions and small molecules [2] and on the
other hand via adhesive adhesions: adherens junctions (AJs) connecting to the F-actin
cytoskeleton and desmosomes (DSMs) connecting to the keratin IF [3].

Stratum corneum

Granular layer

Pg
Spinous layer DP
Pkp 3
Basal layer
.. Desmosome Basement membrane
. Hemidesmosome Dermis

Figure 1.1: Epidermal layers express distinct desmosomal proteins. Keratinocytes in the basal
layer adhere with hemidesmosomes (HDs) to the underlying basement membrane and with
desmosomes (DSMs) to neighboring cells, which are both connected to the keratin intermediate
filament (IF). Next to the ubiquitously expressed plakoglobin (Pg), desmoplakin (DP), and
plakophilin (Pkp)3, basal keratinocytes express Pkp2 as well as desmocollin (Dsc)2 and 3 and
desmoglein (Dsg)2 and 3. While Dsg2 expression is strictly limited to basal keratinocytes, Dsc3
and Dsg3 are expressed in the spinous and Pkp2 and Dsc2 even in the granular layer, albeit with
reduced levels. Similarly, the expression of Dscl and Dsg4 is strictly limited to suprabasal layers
but low levels of Dscl and Pkpl isoforms, which are mainly expressed in suprabasal layers, are
also detected in basal layers. The modified figure is reproduced with permission from [1].



1 Desmosomes

Upon terminal differentiation, keratinocytes move upwards through spinous and granular
layers until they end up as enucleated, flattened cells in the stratum corneum [4]. During
this process, keratinocytes change their desmosomal components and keratin composition,
which therefore differs throughout the epidermal layers (Fig. 1.1) [4, 5]. In the granular
layer, tight junctions (TJs) appear as additional cell-cell adhesion structure and establish
a diffusion barrier for molecules between neighboring cells, which is essential for skin
barrier function [6]. The restriction of TJ to the uppermost viable layer in the epidermis
is thereby likely dependent on the Al protein E-cadherin [7].

1.2 Desmosome Architecture

DSMs were first described in 1864 by Guilio Bizzozero, who already inferred that the
dense nodes at cell—cell contacts in the epidermis are adhesive structures. The term
DSM was then coined by Josef Shaffer from the Greek desmos meaning bond and soma
meaning body in the 1920s [4]. Electron-microscopic images allowed in the 1960s to
describe the general desmosomal architecture: the extracellular core domain (ECD) or
desmoglea between neighboring cells is divided in two parts by a central electron-dense
region, termed dense midline (DM). The symmetric electron-dense regions at the inner
side of the plasma membrane (PM), called outer dense plaque (ODP), is followed by
a small electron-lucent region and another electron-dense region termed inner dense
plaque (IDP) [4, 8-10] (Fig. 1.2a).

The protein composition of DSMs became biochemically accessible after Christine J.
Skerrow and A. Gedeon Matoltsy isolated DSMs from bovine nasal epidermis in 1974
[12]. Isolated DSMs were then used to separate proteins with gel electrophoresis. These
bands were either used to generate antibodies and characterize protein localization by
immunofluorescence, e.g. for desmosomal cadherins [13] or DP [14], and immuno-electron
microscopy (EM) [15] or to biochemically characterize amino acid (aa) composition and
sugar content [16], which for example allowed the characterization of DP bands as
intracellular plaque proteins [17]. Interaction studies and sequence comparisons were
used for initial protein arrangement [18]. Immunogold labeling was later used to combine
antibody labeling with transmission electron microscopy (TEM) images and allowed for a
first low resolution map of the DSM in 1999 [9] (Fig. 1.2b), which was refined later using
cryoelectron tomography (cryo-ET) [19] and direct stochastical optical reconstruction
microscopy (dSTORM) [20].

Taken information from many studies together, the ECD consists of desmosomal cad-
herins, the IDP of armadillo family protein members and the N-terminal region of DP,
and the ODP of DP that connects to the keratin IF [4, 10, 21].
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1.3 Desmosomal Proteins

1.3.1 Desmosomal Cadherins

The desmosomal cadherins, desmogleins (Dsgs) and desmocollins (Dscs), establish a
direct linkage between neighboring cells. They belong to the same family as classical
cadherins that mediate cell-cell adhesion in AJs and comprises five extracellular domains,
a single-pass transmembrane domain, and an intracellular tail domain of variable length,
which mediates interaction with desmosomal plague proteins (Fig. 1.3a) [4, 10, 22].
Similar to classical cadherins also desmosomal cadherins require calcium ions (Ca?*)

Keratin-IF

, ECD , ODP | IDP

! 34 nm v 15-20 nm ! ! 15-20 nm !

Figure 1.2: Desmosomes (DSMs) connect the keratin intermediate filaments (IFs) of neighboring
cells. (a) The extracellular core domain (ECD) with the dense midline (DM) comprises of the
extra-cellular domains of the desmosomal cadherins desmocollins (Dscs) and desmogleins (Dsgs).
At the inner side of the plasma membrane (PM), desmosomal cadherins are bound by the
outer dense plague (ODP) proteins, i.e. the armadillo family proteins plakophilins (Pkps) and
plakoglobin (Pg) and the N-terminus of desmoplakin (DP). DP also establishes the connection
to the keratin-intermediate filament (IF), which is the inner dense plague (IDP) in electron
microscopic images. (b) Top Cryo-section shows specific labeling of DSMs with immunogold
particles against DP N-terminus. Bottom Distance distributions of 5nm and 10 mn gold particles
against the DP N-terminus and C-terminus, respectively, show that DP is oriented perpendicular
to the cell—cell contact. Scale bars: 100 nm. The modified figures are adapted with permissions
from [1] (a) and [9] (b). The schematic is published [11].
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Figure 1.3: Desmosomal cadherins and armadillo family protein members have several domains.
(a) The desmosomal cadherins desmocollin (Dsc) and desmoglein (Dsg) comprise of four extracel-
lular domains (ECs) followed by an extracellular anchor (EA), a transmembrane domain (TM),
an intracellular anchor (1A), and differ in the subsequent intracellular domains. In Dsg, the ICS
is followed by a short intracellular proline-rich linker (IPL), a variable amount of repeat unit
domains (RUDs) (Dsgl,2,3,4: 5,6, 2, 3 repeats) and a desmoglein terminal domain (DTD). Dsc "a"
contains an intracellular cadherin-like sequence (ICS) lacking in the shorter "b" isoform. (b) In
plakoglobin (Pg) terminal head and tail domains are connected by 12 arm repeats. Plakophilins
(Pkps) have 9 arm repeats with an additional insert between arm repeat 5 and 6 that induces a
kink. For Pkpl and Pkp2 "a" and longer "b" isoforms exist. The domain architecture is adapted
from [4, 10].

to form adhesions [23]. In mature tissues, however, DSMs adopt a more stable, Ca®*-
independent, hyper-adhesive state [24, 25], while Als always remain Ca’*-dependent.
The hyper-adhesive state is regulated by protein kinase C (PKC)-a and quickly reverted
upon wounding [25]. Other unique features of desmosomal cadherins are the highly
ordered structure that only DSM adopt and the trans or heterophilic binding of different
cadherins [26, 27]. On a structural level, an increased flexibility of the extracellular
domains even in the Ca®*-bound state might explain the remarkable increase of DSM as
compared to AJ adhesion strength [28].

Dsg and Dsc isoforms are expressed in a tissue- and differentiation-specific fashion
(Fig. 1.1). In line with strong isoform specific effects, knockout mice exhibit a broad
range of phenotypes ranging from embryonic lethality (Dsg2, [29]), clearly weakened
cell-cell adhesion (Dsg3, [30]), to only mild phenotype (Dsc2, [31]). Remarkably, ectopi-
cally expressing Dsg3 in the suprabasal layers of the epidermis causes early postnatal
lethality due to extensive water loss [32]. The impaired adhesion by expression of Dsg3
in suprabasal layers fits with the observation that the binding affinity of Dsg3:Dsc3,
prevalent in basal layers, is a factor of ten weaker than the binding affinity of Dsgl:Dsc1,
which is expressed in the suprabasal layers [27]; thereby confirming the importance of
regulated expression patterns.
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1.3.2 Armadillo Family Protein Members

The armadillo family protein members plakoglobin (Pg) and plakophilins (Pkps) bind to
the cytoplasmic tail of desmosomal cadherins. The structural basis of the armadillo family
proteins are units of 42 aa arm repeats [33] (Fig. 1.3b), which Pg and Pkps share among
others with their AJ analogues b-catenin and p120-catenin [4]. In the skin, Pg expression
only slightly increases towards the suprabasal layers, while Pkp isoform expression
strongly depends on the epidermal layers (Fig. 1.1) providing another regulatory level
for DSM adhesion.

Functionally, Pg and Pkps establish the connection between desmosomal cadherins and
DP and regulate the clustering of desmosomal components [4, 10, 34]. Furthermore,
Pkps have been proposed to help positioning of PKC and Ras homologue (Rho) GTPases,
which for example are required to promote juncion assembly [10], interact with the
F-actin cytoskeleton [34], whereas Pg can not only bind to desmosomal but also to
classical cadherins, albeit with less affinity [35]. Next to their localization to DSMs, Pg
and Pkp isoforms are also found in the nucleus [10, 34], where Pg acts as regulator of
transcription factors and wingless/integrated (Wnt) growth factor signaling important in
hair follicle development [4, 36], while the role of Pkps remains to be elucidated.

1.3.3 Plakins

Plakins are a family of modular cytolinkers that connect the F-actin, microtubule (MT),
and IF cytoskeletons and act as scaffolds and adapters for signaling proteins [37]. In
DSMs, DP is an obligate component, the most abundant protein, and consequently
expressed in all epidermal layers (Fig. 1.1; Sec. 1.7). In the granular layer, the non-
essential plakins envoplakin, periplakin, and epiplakin are additionally expressed and
assist in the formation of the cornified envelope [37].

1.4 Keratin Intermediate Filament

1.4.1 Intermediate Filament Superfamily

DSMs connect the IF cytoskeletons of neighboring cells. The IF is a diverse superfamily of
structurally similar proteins encoded on approximatley 70 human genes [38] and broadly
classified in six types based on sequence homologies, of which five are cytoskeletal and
one comprises of nuclear lamins [39-41]. IF expression is cell type-dependent (Fig. 1.4)
and regarded as a mechanical footprint [40].
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Figure 1.4: The intermediate filament (IF) expression is cell type-dependent. The IF proteins are
classified in six classes. Lamins (type V) are ubiquitously expressed, while all other IF proteins
are restricted to specific cell types and thought to determine their mechanical properties [40].
GFAP: glial fibrillary acidic protein. The modified figure is reproduced with permission from [39].

Keratinocytes in the stratified epithelium of the epidermis express acidic type | and basic
type Il keratins that form obligate heterodimers [5, 42]. Similar to the expression pattern
throughout the body, expression of specific keratins is tightly regulated and for example
differentiation-dependent: Basal keratinocytes predominantly express keratin (K)5/K14,
while suprabasal keratinocytes express K1/K10; on epidermal injury, however, K6/K17
are up-regulated [5].

1.4.2 Structure and Mechanical Properties of the IF

All IF proteins are characterized by a central a-helical rod surrounded by unstructured
head and tail domains (Fig. 1.5a). Type | and Il keratins form obligate, parallel coiled-coil
heterodimers, which then assemble into anti-parallel, non-polar tetramers (Fig. 1.5b).
These tetramers self-assemble via lateral interactions into unit length filaments of ap-
proximately 65 nm length that further elongate via longitudinal interactions to m-long
filaments [5, 40, 43]. The resulting 10 nm wide non-polar fibers have an intermediate
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Figure 1.5: Non-polar keratin IFs assemble from tetramers. (a) Keratins have a central a-helical
coiled-coil rod flanked by unstructured head and tail domains. (b) Keratins form parallel dimers
of acidic type | and basic type Il molecules that then assemble to anti-parallel tetramers. (c) In
vitro tetramers assemble in the presence of ions to unit length filaments that elongate by annealing
to long non-polar filaments, which can grow on either side by end-to-end annealing. The resulting
filaments, e.g. containing K5/K14, can then be imaged using transmission electron microscopy
(TEM). Scale bar: 100 nm. The modified figures are reproduced with permissions from [5] (a, b),
[40] (schematic) and [47] (TEM image) (c).

diameter as compared to the other two cytoskeletons: F-actin-based microfilaments
have 5 8nm and MTs 25 nm, thus explaining the term intermediate filaments (originally
intermediate related to actin and myosin fibers [44]) [39, 45] (Fig. 1.5¢c). Of note, the
diameter of IF is sometimes variable across the filament length [40] and also varies
between different filaments, e.g. lamin-based filaments have with 3.5nm a comparably
small diameter [46].

The mechanical properties set the IF apart from F-actin and MT cytoskeletons [40]. The
mechanical stiffness of a polymer can be described using the persistence length Lp, i.e.
the distance along which correlations in the orientation persist, which is in the range of a
few m for the F-actin cytoskeleton and up to mm for MTs [48] but with only a few 100 nm
considerably shorter for different IF proteins [40, 49, 50]. The shorter Lp reflects increased
flexibility and interestingly, neurofilaments expressed in the soft brain environment
are also more flexible than other IF proteins expressed in stiffer environments [40].
Notably, individual IF fibers including K5/K14 can extend by more than two-fold [51], a
remarkable extensibility that might be explained by an a-helix-to-b-sheet transition of the
coiled-coil rod potentially combined with unfolding of the N- and C-terminal domains
and/or sliding of the subunits on the filament relative to each other [40, 51-53].

IF networks show visco-elastic responses when exposed to external mechanical stress
and keratin but not vimentin IF stiffens in response to repeated small deformations [54,
55]. K8/K18 networks self-assemble in vitro without any crosslinkers within seconds;
during the first hour, the elasticity still increases until mature networks are formed [56].
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These mature networks are then characterized by a high elastic modulus Gg mediated by
a weak interaction of hydrophobic amino acids in the central rod and strain stiffening
mediated by strong attractive interactions between filaments located in the C-terminal
tail [56]. Similarly, the tail domain of K14 induces bundling of K5/K14 filaments in vitro
resembling the large bundles formed in vivo that mediate mechanical resilience [57].

The important role of the IF on the mechanical resilience of cells is further underlined by
experiments with cells depleted of the keratin IF [58], which show decreased cell stiffness
and increased viscosity [59]. Furthermore, cells lacking Keratins have an about 60 %
higher cell deformability than wild type cells [59], which is strikingly more than caused
by latrunculin A-mediated depolarization of the F-actin cytoskeleton [60]. Interestingly,
re-expression of K5/K14 rescues the mechanical defects of keratin-deficient cells [59].

1.4.3 Keratin IF in vivo

The first direct evidence that keratin IF regulates the mechanical properties of ker-
atinocytes came from mice expressing dominant negative keratin mutants disturbing
IF assembly and resembling epidermolysis bullosa simplex (EBS) patients [61]. With
theses mice, mechanical stress was also identified as one of the key factors to cell rupture
[61]. The mechanical properties of keratinocytes are largely regulated by the expressed
keratins [5]. While K5/K14 in basal keratinocytes organize into loose bundles connecting
DSMs and HDs (Fig. 1.6a), the expression of K1/K10 in suprabasal layers leads to tight
bundles of keratin fibers that arrange parallel to the cell surface and cause flattening of
the afore prismatic cells [5, 62]. At sites of high mechanical strain at the palms and soles,
K9 is additionally expressed [63].

Despite the crucial role of keratins in cell shape and mechanical stability, individual
keratin knockout mice do not show dramatic phenotypes because of the compensatory
effects of different keratin isoforms [5, 42, 66]. Mice entirely lacking keratin type Il
expression, however, die early during embryonic development presumably due to dis-
ruptions in mammalian target of rapamycin (mTOR) signaling [67]. The re-expression of
the simple epithelial keratin K8 alone is sufficient to rescue the embryonic phenotype
but still leads to keratinocytes depleted of type Il keratins (Ktyll/") because K8 is not
expressed in stratified epithelia [58].

In the Ktyll"/- keratinocytes, DSMs are destabilized due to PKC-a mediated phosphory-
lation of DP [58]. In the skin of these keratin-deficient mice, the impaired desmosomal
adhesion manifests by cytosolic expression of desmosomal components and inter-cellular
splits [64] (Fig. 1.6b). Conversely, the disruption of DSMs by depletion of DP leads to
disorganized keratin IFs [68, 69]. The interdependence of DSMs and keratin IF, which
allows stable cell-cell adhesion, is also manifested in cell culture experiments, in which
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at least 60 % of wt keratinocytes in a mixture with Ktyll/- are required for cell sheet
stabilization [64].

On the cellular level, DSM formation changes the keratin dynamics (Fig. 1.6¢) [65]. In
cultured keratinocytes without cell-cell contacts, F-actin [70], MT [71, 72], and keratin
IF [73] formation are initiated close to focal adhesions (FAs) [65]. Keratin filaments
then elongate by end-to-end fusion of oligomers, integrate in the keratin IF, and are
transported towards the nucleus in an actin-dependent manner [65, 74]. Bundling
increases mechanical stability, reduces turnover, and is increased around the nucleus
[65, 75]. The keratin filaments are then degraded or disassembled providing a diffusible
pool [65, 74]. At DSMs, HDs, and in the perinuclear region, keratin filaments are
stabilized and turnover is reduced [65]. In living mouse embryos, the movement of
keratin particles is random and not organized by the MT and F-actin cytoskeletons as in

a wt (K14) c

Migration direction

Y

G . Integration
C i Elongatlon\\ _g_'—>
oy =

Transport

b wt Ktyll* FA ECM

Figure 1.6: The keratin IF is essential for stable cell-cell adhesion. (a) The keratin IF shows
enhanced bundling in the perinuclear region of cultured keratinocytes. Scale bar: 10 m. (b)
Keratinocytes depleted of type Il keratins (Ktyll/") have less and smaller DSMs than wt ker-
atinocytes. Arrows: desmosomes, arrow heads: keratin IF. Scale bars: 500 nm, 100 nm. (c) Top
In epithelial cells migrating to close a wound, keratin (red) turnover is high to allow migration.
Keratin filaments are nucleated close to focal adhesions (FAs) at the leading edge, then individ-
ual filaments elongate and integrate in the keratin network, which bundles more towards the
nucleus. Bundled filaments either mature by post-translational modifications and integrate in
the perinuclear cage, which protects the nucleus, or disassemble. While transport in the cell is
F-actin-dependent, disassembled fragments diffuse back to the leading edge. Bottom In static
epithelia, the keratin IF is mature and forms stable, thick filaments connecting desmosomes
(DSMs), hemidesmosomes (HDs), and the perinuclear cage. Furthermore, the keratin cycling is
low. N: nucleus, ECM: extracellular matrix, TJ: tight junction, AJ: adherens junction. The modified
figures are reproduced with permissions from [5] (a), [64] (b), and [65] (c).
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