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Desmosomal Hyperadhesion Is Accompanied with
Enhanced Binding Strength of Desmoglein 3
Molecules
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ABSTRACT Intercellular adhesion of keratinocytes depends critically on desmosomes that, during maturation, acquire a hy-
peradhesive and thus Ca®" 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 Ca®" 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 Ca®" independent Dsg3 oligomers. In concordance, immunostaining for Dsg1 but not for Dsg3
was reduced after 24 h of Ca®" 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.

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 Ca?". 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.

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 Ca®" 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
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junctional assembly and wound healing, desmosomes are
Ca”’" dependent. In contrast, they acquire a strong and
Ca”*-independent state during maturation, which was
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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 Ca®" ions between their extracellular domains and
thus drive Ca®* insensitivity (14,16). Further, regulation
of hyperadhesion involves activity of protein kinase C-o
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 Dsgl 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 Dsgl and Dsg3 mo-
lecular binding properties during maturation, correlating
with acquisition of hyperadhesion, which was paralleled
with altered immunostaining characteristics of Dsg3
compared to Dsgl in an ex vivo hyperadhesion model
in human epidermis. These data indicate that Ca®" 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 CaCl,). EGTA at a concentra-
tion of 5 mM was added for 90 min at 37°C and 5% CO,. 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 Image] (National
Institutes of Health, Bethesda, MD) using the analyze tool Analyze Par-
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ticles. The fragment number represents an inverse measure for intercel-
lular adhesion.

Purification of recombinant Dsg1- and 3-Fc
construct

Recombinant human Dsgl- 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 x 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 um/
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 um/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 (SizN4) 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 Ca*".

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). A written 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-
versitat Miinchen (Miinchen, Germany).

Data processing and statistics

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



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 Ca®" 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
Ca”*" 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 Pkpl is involved in desmo-
somal hyperadhesion (17). In contrast to wt keratino-
cytes, Pkpl- and 3-deficient keratinocytes failed to
achieve Ca®" independency after 72 h in high Ca®" 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 Pkpl 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 Ca®' dependent
state (24 h in high Ca®" medium) to the strong hyperad-
hesive state (72 h in high Ca*" medium) is accompanied
by changes in desmosomal cadherin binding properties.
Thus, we analyzed the single molecule binding properties
of Dsgl 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
Dsgl-Fc comprising the whole extracellular domains of
the respective protein, and cells were examined after 24
and 72 h in high Ca>" medium. Specificity of Dsg3 and
Dsgl interactions on murine keratinocytes was previously
shown using inhibitory aDsg3 and aDsgl 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 x 2 um) 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
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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
Ca*" medium compared to 24 h. In contrast, in Pkpl
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 um/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. | 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 Dsgl. Com-
parable to Dsg3 measurements, yellow rectangles in the
topography images show the adhesion maps (5 um x 2
um) 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 Dsgl binding events between 24 and 72 h
was not changed in all cell lines (Fig. 2 C). Interestingly,
Dsgl single molecule UF was neither significantly altered
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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 Ca®" chelation after 72 h compared to 24 h in high Ca*" medium was 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 (n >
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 Ca*" medium.
Blue rectangles indicate areas of adhesion maps at cell borders, and blue dot represents one Dsg3 binding event. Scale bars, 10 um. (D) Binding frequency is
reduced in Pkp1- and significantly in Pkp3-deficient cells after 72 h of Ca>* presence but not in wt. The binding frequency was normalized to the corresponding
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FIGURE 2 Binding properties of Dsgl remain unchanged when keratinocytes become hyperadhesive. (A) All cell lines reveal similar cell morphology
after 24 and 72 h in high Ca®" medium as shown by AFM topography images. Yellow rectangles indicate areas of adhesion maps at cell borders, and every
yellow dot describes one Dsgl binding event. Scale bars, 10 um. (B) Binding frequency is significantly reduced in Pkp3-deficient cells after 72 h of Ca*"
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 Ca®* medium. (D) Dsgl single molecule unbinding strength is not significantly changed in all
cell lines after 72 h in high Ca*" medium. UF was calculated using the mean of single medians. (B—D) n = 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).

after 72 h in high Ca>" medium in wt nor in Pkp-deficient hyperadhesion differs between Dsgl and Dsg3 in this spe-
keratinocytes when compared to 24 h (Fig. 2 D), indicating cific time interval.

that Dsgl 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- Clustering of desmosomal molecules was suggested to be
tion of single molecule binding properties to desmosomal one mechanism underlying desmosomal hyperadhesion

Desmosomal hyperadhesion correlates with
increased Dsg3 clustering

24 hvalues. (E) Dsg3 distribution ratio between junctional and perijunctional compartments shows significant differences for Pkp3-deficient cells between both
time points but not for wt and Pkp1 k.o. cells. (F) Dsg3 single molecule UF is increased in wt cells after 72 h of Ca*" compared to 24 h. In contrast, Pkp1 and Pkp3
k.o. cellslack anincrease in Dsg3 UF. UF was calculated using the mean of single medians. (D—F) n > 3 with two cell borders/experiment and 1000 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 Ca*" medium. n = 8 with two cell borders/experiment and 100 force curves per measured cell border.
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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 Ca”*-insensitive Dsg oligo-
mers after 24 and 72 h in high Ca®" medium by treatment
with 5 mM EGTA for 90 min. In wt murine keratinocytes,
the amount of Ca®" 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 Ca*" independent
oligomers.

Recent results showed that Pkpl is important for clus-
tering of Dsg3 (18), Thus, we next investigated the effect
of Pkp deficiency on Ca*" dependent Dsg3 oligomerization.
In Pkpl-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, Ca*"-insensitive Dsg3 oligomers
do not significantly increase in Pkp1-deficient keratinocytes
after 72 h (Fig. 3, A and B). These data indicate that Pkpl
deficiency diminishes the acquisition of hyperadhesion by
changes in Dsg3 oligomerization and thus underline the
importance of both Pkpl presence and Dsg3 oligomeriza-
tion for desmosomal hyperadhesion.

In contrast, Ca*" 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 Pkpl
but not Pkp3 contributes to desmosomal hyperadhesion
via clustering of Dsg3.

We further checked for other desmosomal cadherins
regarding their Ca®" independent oligomerization. The
amount of Dsgl oligomers was minor for all cell lines at
both time points compared with Dsg3 (Fig. 3 C). However,
there were at least some Ca”" independent Dsgl oligomers
in all cell lines at both time points (Fig. 3 D). In addition, the
amount was not altered during differentiation, which is in
concordance to unchanged Dsgl single molecule binding
properties shown above (Fig. 2, C and D). Interestingly,
Pkpl-deficient cells almost completely lost their Dsgl
expression after 72 h, whereas Dsgl expression was
drastically increased in the wt cell line, indicating that
Pkpl is important for proper expression of Dsgl 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
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the occurrence of Ca”"-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 Ca’t
dependent during maturation (Figs. 3 E and S3 A) and
confirming that hyperadhesion is a specific feature of
desmosomes. To further underline the Ca** dependency of
E-Cad, we did a comparison between EGTA-treated and
control oligomer bands (Fig. S3 A).

These results demonstrate different Dsgl 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 Ca?* dependency
of Dsg1 and 3 immunostaining characteristics

Previous studies proposed that all desmosomes in mature
epidermis are hyperadhesive and thus Ca®" independent
regardless of their composition (15,16,40). With regards to
the observed differences for Dsgl and 3 during differentia-
tion, we tested the Ca®" 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 Ca®" chelator EGTA for 1.5 or 24 h, respectively.
Subsequently, skin sections were stained for Dsgl or
Dsg3. Viability of the tissue was confirmed in previous
studies (33).

According to previous results, Dsgl and 3 showed
different expression gradients in human epidermis with
Dsgl 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 Dsgl 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 Dsgl 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 Ca*" independent,
whereas Dsgl remains at least in part Ca*" dependent.
Taken together, these data suggest a stronger Ca”" inde-
pendency of Dsg3 immunostaining compared to Dsgl in
the human epidermis.

To test whether Dsc show different Ca>" dependent im-
munostaining as well, we stained the human epidermis for
Dscl 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 Dsgl, indicate that Dscl is at least
in part Ca®" dependent. In contrast, Dsc3 staining showed
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FIGURE 3 Pkpl-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 Ca®* 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 Ca®" independent Dsg3 oligomers
after 72 h compared to 24 h in high Ca*" medium. In contrast, almost no Ca>* independent Dsg3 oligomers develop in Pkp1-deficient keratinocytes. (B) Ratio
of oligomerization reveals a significantly increased number of Ca*" independent Dsg3 oligomers after 72 h compared to 24 h in wt keratinocytes. Error bars
represent standard error of the mean (n =9, *p < 0.05 vs. 24 h). (C) The extent of Ca>* independent Dsgl oligomers was smaller in all cell lines after 24 h as
well as after 72 h in high Ca*" medium, although total protein amount was drastically increased after 72 h in wt keratinocytes. (D) Ratio of oligomerization
reveals no significantly increased number of Ca>* independent Dsg1 oligomers after 72 h compared to 24 h in all cell lines. Error bars represent standard error
of the mean (n = 5). (E) Western blot shows that E-Cad oligomers are Ca?* dependent after both 24 and 72 h maintenance in high Ca>* medium. All Western
blots are representative of n = 5.

no overall reduction after 1.5 or 24 h EGTA incubation. in antibody epitope binding by EGTA treatment, we per-
Thus, Dsc3 and Dsg3 reveal similarity in their Ca*" inde- formed all experiments with a second set of primary anti-
pendency (Fig. S3, B—G). To exclude that these results are bodies (Table S1). These experiments confirmed the
caused by shedding of desmosomal cadherins or changes results shown above (Fig. S4, A-D).
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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 Dsgl and Dsg3 staining in human
ex vivo skin samples. (C) Treatment of EGTA for 24 h led to a fragmentation of Dsgl throughout all human epidermal layers. Dsgl staining is drastically
reduced and confined to small dots at cell membranes. (D) In contrast to Dsgl, Dsg3 staining in human epidermis is not altered after 24 h of EGTA treatment.
(A-D) Scale bars, 7.5 um. (E and F) Quantification of Dsgl 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. n > 4 different body donors; error bars represent

(legend continued on next page)

1496 Biophysical Journal 719, 1489—-1500, October 20, 2020



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. 4 G). According to our pre-
vious results, Dsg3-deficient keratinocytes in contrast to wt
cells failed to acquire a hyperadhesive and thus Ca®" 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 Ca®" 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 Dsgl
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 Ca’" ions
provides an approach to investigate Ca>" independency
of desmosomes. In our model, murine keratinocytes ac-
quire a hyperadhesive state within 72 h in high Ca®" me-
dium. Mechanistically, hyperadhesion was attributed to
organized desmosomal cadherins, which capture Ca’*

Hyperadhesion Requires Desmoglein 3

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 Dsgl 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 Dsgl.
Interestingly, different regulations of Dsgl and 3 binding
properties were determined before (23). The frequencies
of Dsgl and 3 interactions were slightly reduced for wt
and Pkpl k.o. cells between 24 and 72 h in high Ca*" 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 Pkpl may primarily control clus-
tering of Dsg3. Interestingly, we found that unbinding forces
of Dsg3 interactions increased from 24 to 72 h in high Ca*"
medium for wt but not for Pkp-deficient keratinocytes,
whereas Dsgl 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 Ca*" 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 Dsgl 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 Ca?" 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
Ca®" medium. n = 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 Dsgl is more prominent in the superficial layers.
Therefore, Dsgl 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 Ca®>" medium
was similar as shown before for desmosomal cadherins,
whereas the lifetime increased during 72 h in high Ca®* 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 Pkpl but not Pkp3. Here, we observed that Ca*" inde-
pendent Dsg3 oligomers correlate with desmosomal hyper-
adhesion and require Pkp 1. In contrast, Dsgl demonstrated
a minor extent of Ca®>" independent oligomers. However,
this reduced amount of Ca®" 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 Dsgl
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
Ca2?* dependencies in human epidermis

Finally, we show that Dsgl immunostaining is less resistant
to Ca”" 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 Ca®" chelation whereas Dsg] 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.
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CONCLUSION

In this study, we investigated the acquisition of hyperadhe-
sion in murine keratinocytes and the Ca®" 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 Pkpl, 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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