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A B S T R A C T

In a tissue continuously challenged by mechanical stresses, such as the skin or the heart, cells perceive in-
formation about their microenvironment through several adhesive protein complexes and activate cell-signaling
events to maintain tissue cohesion. Consequently, alteration of cell adhesion components leads to aberrant as-
sembly of the associated cytoplasmic scaffolding and signaling pathways, which may reflect changes to the tissue
physiology and mechanical resistance. Desmoplakin is an essential component of the cell–cell junction, an-
choring the desmosomal protein complex to the intermediate filaments (IFs). Inherited mutations in desmo-
plakin are associated with both heart and skin disease (cardiocutaneous syndrome). In this study, we in-
vestigated the mechanical properties of human keratinocytes harboring a cardiocutaneous-associated
homozygous C-terminal truncation in desmoplakin (JD-1) compared to a control keratinocyte line (K1). Using
Single Cell Force Spectroscopy (SCFS) AFM-based measurements, JD-1 keratinocytes displayed an overall al-
teration in morphology, elasticity, adhesion capabilities and viscoelastic properties, highlighting the profound
interconnection between the adhesome pathways and the IF scaffold.

1. Introduction

Skin homeostasis relies on a highly integrated network of proteins
mediating cell adhesion and communication, thus facilitating cellular
responses to the mechanical changes in their environment. In part, this
is achieved via both cadherin and integrin interactions with actin mi-
crofilaments, microtubules and intermediate filaments (IFs).
Specifically, IFs are mainly implicated in tissue strength, being able to
resist to a high degree of deformation in association with desmosomes
(Janmey et al., 1991; Suresh, 2007). Any perturbation of the desmo-
some/IF complex compromises tissue integrity, resulting in a patholo-
gical condition and demonstrating the importance of the desmosome/IF
scaffolding (Bouvard et al., 2001; Fuchs and Cleveland, 1998; McMillan
and Shimizu, 2001; Omary, 2009; Steinert and Bale, 1993). Desmo-
plakin (DSP) is a fundamental component of the intracellular desmo-
some structure, and it is abundantly expressed both in myocardial and
epidermal tissues. DSP uses its COOH-terminal plakin repeat domain to
anchor the IFs, including desmin (heart) and keratins (skin) (Kouklis

et al., 1994; Meng et al., 1997; Stappenbeck and Green, 1992), while its
N-terminus binds the armadillo proteins (plakoglobin and plakophilin)
of the outer dense plaque, thus representing the final connection of the
desmosome with the cytoskeleton. Mutations in the gene coding for
DSP can be associated with a cardiocutaneous syndrome, including
arrhythmogenic cardiomyopathy (ACM) and the skin disease palmo-
plantar keratoderma (PPK) (Norgett et al., 2000; Rampazzo et al.,
2002). In this paper, we applied the Atomic Force Microscopy (AFM)
technique to investigate the global biomechanical behavior of kerati-
nocytes derived from the skin biopsy of a patient harboring a recessive
cardiocutaneous associated desmoplakin mutation (termed JD-1). This
mutation results in a protein with the C-terminus truncated and sub-
stituted by a sequence of eighteen amino-acids, which are not expressed
in the wild type DSP, hampering its proper interaction with the IFs
(Huen et al., 2002; Norgett et al., 2000). We found that loss of this C-
terminal domain of DSP alters the biomechanical parameters of kera-
tinocytes, including cellular adhesion, in agreement with data already
published both in vitro (Huen et al., 2002) and in vivo (Norgett et al.,
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2000). Moreover, we detected modifications in the cellular viscoelastic
response, highlighting the compromised status of the cytoskeletal ar-
chitecture.

2. Materials and methods

2.1. Cell culture

After gaining both verbal and written consent, skin biopsies had
been taken from both a cardiocutaneous patient harboring a homo-
zygous recessive C-terminal mutation in DSP (JD-1) and from an un-
related control donor (K1), as described previously (Huen et al., 2002;
Norgett et al., 2000). The complete aminoacidic sequences for mutant
and control DSP are reported as Supplementary Information, whereas
Western blot analysis showing the effect of truncation is provided in the
work of Norgett et al. (2000). Ethical approval was obtained from the
East London and City Health Authority. Primary keratinocytes had been
immortalized with HPV16 (E6/E7) and cultured according to a pub-
lished protocol (Huen et al., 2002). Briefly, immortalized control (K1)
and JD-1 keratinocytes were cultured in DMEM/Ham's F12 (3:1)
medium supplemented with 10% FCS, 4mM glutamine, 0.4 μg/ml hy-
drocortisone, 0.1 nM cholera toxin, 5 μg/ml insulin and 10 ng/ml EGF
and kept in the incubator at 37 °C and at 5% of CO2.

2.2. Immunofluorescence and nuclear morphology evaluation

1.5×105 cells were seeded over gelatin-coated coverslips (0.02%
w/v in ddH2O). The next day, keratinocytes were fixed in PBS con-
taining 4% PFA for 20min at room temperature and then aldehydes
were quenched with 0.1 M glycine in PBS for 20min at room tem-
perature. Cells were permeabilized with 0.5% Triton X-100 for 20min,
blocked with 20% goat serum in PBS for 1 h at room temperature and
incubated with a mouse monoclonal anti α-tubulin (T5168) antibody
(Sigma-Aldrich) at 1:4000 dilution overnight at 4 °C. Cells were then
washed 3 times for 10min with PBS and 0.05% Tween 20 and finally
incubated with Alexa Fluor 488-conjugated anti-mouse secondary an-
tibodies (Invitrogen) in 20% goat serum in PBS for 45 − 60min at
room temperature. F-actin filaments were counterstained with Alexa
Fluor 594 Phalloidin (Life Technologies) at 1:500 dilution in PBS for
45min at room temperature. Each slide was then mounted in
Vectashield with DAPI (Vector Labs). For image acquisition, a Nikon
A1+ Confocal Microscope System was used with a Plan-Apochromat λ
60X/1.40 oil objective. Within each experiment, instrument settings
were kept constant. All the relative acquired pictures are representative
from at least three independent cell preparations. Nuclear area and
circularity (defined as 4πArea/Perimeter2) of a total number of 78 JD-1
and 85 control keratinocytes, coming from 10 and 9 different optical
frames respectively, were evaluated using ImageJ software.

2.3. Atomic force microscopy (AFM)

An AFM Solver Pro-M (NT-MDT, Moscow, Russia) was used to ac-
quire cell morphology as well as force-displacement curves as pre-
viously described (Borin et al., 2017; Codan et al., 2014; Lanzicher
et al., 2015). Briefly, a gold coated triangular cantilever modified with a
gold microsphere with a diameter around 5 μm (sQUBE, Germany) was
used to precisely apply a compression force on the nuclear portion of
single cells, thus avoiding artefacts from substrate stiffness. The AFM
analyses were performed directly on the Petri dishes at physiological
conditions of medium and temperature. The day before the analysis,
1.5× 105 cells were seeded on each dish and allowed to adhere for
24 h. The spring constant of the cantilever was measured with Sader’s
method and compared to that indicated by the supplier (0.08 N/m). To
calibrate the cantilever deflection signal as necessary to process the
collected data, curves of force versus the piezo-displacement were ac-
quired on plastic substrate. The measured cells were selected at random

as long as they had a healthy morphology and they were well spread.
Preliminary scans were performed to define the nuclear position and
the cell height. As the AFM tests are rate-dependent, and to avoid the
influence of hydrodynamic forces, all experiments were performed at
the same speed (1 μm/s) (Lu et al., 2006; Mathur et al., 2001). The total
duration of examinations on a single Petri dish was never longer than
60min to avoid major variations in the physiological parameters of the
investigated cells.

2.4. Cell height, modeling cells elasticity and work of adhesion

Cell height measurements are determined by the AFM piezo dis-
placement along the Z-axis. Briefly, after an AFM scan of a 100 μm per
100 μm field, each cell within this area was subjected to three con-
secutive indentations over the nucleus, at the same position. A second
scan was then performed on the same area and the heights of each cell
were measured and compared with the values of the first scan using
Gwyddion software (gwyddion.net).

Cell elasticity was calculated applying the Sneddon's modification of
the Hertz contact theory to the AFM force indentation curves; this
model is satisfactory and conventionally used to yield a general idea of
cell elasticity by the estimation of the Young’s modulus (Carl and
Schillers, 2008). The Hertz-Sneddon model for spherical tips has the
form:
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where F is the loading force, E is the Young’s modulus, υ the Poisson
ratio (set to 0.5, assuming cell’s incompressibility), Rsphere the sphere
radius, a is the tip contact surface radius (function of the tip radius and
penetration) and δ is the probe penetration into the cell. The loading
force curves were processed through the AtomicJ software
(Hermanowicz et al., 2014) fitting only the first μm of indentation.

The work of adhesion was evaluated by integrating the area under
the plateau of the unloading curve, thus measuring the non-specific
interaction of the gold probe with the cell membrane (Fig. 1A – black
dotted box). For both Young’s modulus and adhesion work evaluation,
each cell was subjected to three consecutive indentations at the same
position and the mean of the results was considered as a single cell
value.

2.5. Cell viscoelasticity

Single cell force spectroscopy (SCFS) measurements were used to
assess cell viscoelastic behavior by both plasticity index and stress-re-
laxation experiments. The viscoelastic parameter describing cell
adaptability towards an external force, namely the plasticity index (ζ),
was determined by subtracting the ratio between areas under loading
(A1) and unloading (A2) curves along the y-axis to the value 1
(Klymenko et al., 2009) (Fig. 1A − red dotted box).

= −ζ A A1 ( )2 1 (3)

Intermediate values between a fully elastic (ζ=0) and a fully
plastic behavior (ζ=1), indicate mixed viscoelastic properties. As de-
scribed previously, each cell was subjected to three consecutive in-
dentations at the same position and the mean of the results was con-
sidered as a single cell value.

Stress relaxation tests were performed to assess the cell viscoelas-
ticity under prolonged load in the so-called constant height mode
(Moreno-Flores et al., 2010). A preliminary AFM scan was performed to
characterize the investigated cells in terms of their height. Experimental
procedures were divided into three time-intervals (Fig. 1B). Initially,
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the AFM spherical tip approached the cell surface with a speed of 1 μm/
s. The indentation depth for each cell was set to 40% of its initial height
and the movement of the piezo scanner in the Z direction was corrected
with the deflection of the cantilever during cell compression. In the
middle time interval, the cantilever base position was kept constant for
a fixed time of 60 s, enough to reach a plateau in the relaxation profile,
while the cantilever force was recorded with time. In the last time in-
terval, the AFM tip was fully retracted from the cell. Force data relative
to the relaxation phase were normalized (with the minimum force be-
fore indentation corresponding to 0 and the maximum force at the end
of indentation corresponding to 1) and fitted with a bi-exponential
curve with an offset according to the generalized Maxwell viscoelastic
model, as follows:

= + +− −( ) ( )G t G G e G e( ) e
t

τ
t

τ
1 21 2 (4)

where G(t) is the normalized force profile and τ1 and τ2 are the two
characteristic relaxation times. This model was chosen because a single
exponential equation did not describe properly the initial part of the
relaxation curve, while the use of a tri-exponential one did not sig-
nificantly improve the quality of the fitting. The normalized profile was
also used to calculate the percent relaxation at the end of the applied
stress:

= − =relax G t s% [1 ( 60 )]*100 (5)

Each result was representative of a single cell.

2.6. Statistics

Experimental AFM data were tested with both Origin Pro and
GraphPad Prism software. All data were first subjected to Shapiro-Wilk
normality test and then the unpaired t-test with Welch’s correction for
normal distributions or, alternatively, the Wilcoxon-Mann-Whitney

test, both with a two-tailed P-value, were employed. Data in the text are
reported as mean of values ± standard deviation and graphically
presented as 10th and 90th percentile box plots.

3. Results

3.1. 1C-terminal truncated desmoplakin affects cell morphology

AFM cell loading-unloading curves contain information about the
biomechanical responses of a cell to external mechanical stimuli, while
the piezo displacement along the Z-axis allows also the precise measure
of the cell height. Indeed, our AFM analysis showed that JD-1 kerati-
nocytes are bigger along the Z-axis than K1 by almost 33%
(5.54 ± 0.75 μm for JD-1 versus 3.75 ± 0.84 μm for control,
P < 0.0001; Fig. 2A). Since it has been already demonstrated that the
lack of desmoplakin-IF interconnection leads to a collapse of keratin
network (Broussard et al., 2017; Huen et al., 2002; Norgett et al., 2000),
the correlation between JD-1 truncation and F-actin and microtubules
structure was investigated. According to confocal microscopy data, no
evident networks disorganization was detected (Fig. 2B). Next, the
nuclear area and circularity were calculated from confocal microscope
images and it was observed that JD-1 nuclei cover a greater area than
control keratinocytes by almost 66% (368.2 ± 180.9 μm2 for JD-1
versus 221.4 ± 106.8 μm2 for control, P < 0.0001) even if not de-
monstrating a meaningful shape difference (Fig. 2C).

3.2. C-terminal truncated desmoplakin affects cell elasticity, viscoelasticity
and work of adhesion

Elasticity data (Fig. 3A) showed that the JD-1 keratinocytes display
a softer cell compared to the control keratinocytes, indeed Young’s
modulus is reduced by 34% for the mutated form (1.09 ± 0.75 kPa for

Fig. 1. Representation of an atomic force microscopy experiment. (A)
Graphical explanation of an AFM experiment. The tip of the cantilever
is positioned over the cell of interest (a.), moved along the Z-axis to
indent the sample in the nuclear portion (b.) and then retracted (c.);
the cantilever deflection is detected by a photodiode (PD). Plasticity
index and work of adhesion were obtained by integrating the area
between the approach and withdrawal curves, and are shown in the
red and black dotted boxes, respectively. (B) Representative curve of a
stress relaxation test performed on the nuclear region of cells. The tip
of the cantilever approached the cell and indented it to 40% of its
initial height (a.). The cantilever was maintained at the same height
for a dwell period of 60 s (b.) and then retracted (c.). The dashed red
line represents the bi-exponential fitting of the stress relaxation seg-
ment. (For interpretation of the references to color in this figure le-
gend, the reader is referred to the web version of this article.)
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JD-1 versus 1.63 ± 1.09 kPa for K1, P < 0.0001). At the same time,
JD-1 keratinocytes are less viscous compared to control cells, and are
able to store less energy in their cytoplasmic components if subjected to

a not-prolonged mechanical stress, as shown by the plasticity index data
displayed in Fig. 3 B (0.36 ± 0.08 for JD-1 versus 0.39 ± 0.10 for
control, P= 0.03). These results could be associated with a lower

Fig. 2. C-terminal truncated desmoplakin affects cell
morphology. (A) Measurements of the cell height
through the AFM piezo displacement along the Z-axis
before and after cell indentation are reported with
black and red squared box plots, respectively. No
statistically significant difference exists within each
group before and after cell compression
(3.75 ± 0.84 μm and 3.46 ± 0.81 μm, P=0.18 for
K1 and 5.54 ± 0.75 μm and 5.30 ± 0.86 μm,
P=0.26 for JD-1), whereas a difference was de-
tected between the two groups (P< 0.0001), both
before and after cell indentation. For this experi-
ment, 28 cells for both K1 and JD-1 keratinocytes
were examined, and measurements are reported as
the mean ± standard deviation. (B) Representative
pictures of confocal microscope analyses of micro-
tubules (green, panels a. and c.) and actin micro-
filaments (red, panels b. and d.) were taken. The
networks of both cytoplasmic components appear
similar between JD-1 and K1 cells. Scale bar 50 μm.
(C) Nuclear area (upper panel) and circularity
(bottom panel) quantification analyses demonstrated
increased nuclear size of JD-1 cells
(221.4 ± 106.8 μm2 for K1 versus
368.2 ± 180.9 μm2 for JD-1; P< 0.0001), con-
firming our AFM data about cell height. A total
number of 78 JD-1 and 85 K1 keratinocytes, coming
from 10 and 9 different optical frames, respectively,
were evaluated. Statistical analysis was performed
using Shapiro-Wilk normality test and unpaired t-test
with Welch’s correction; the statistical significance is
described by a two-tailed P value. (For interpretation
of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 3. C-terminal truncated desmoplakin alters cell
elasticity, work of adhesion and plasticity index. (A)
AFM analysis demonstrated that desmoplakin C-
terminal modification affects whole cell elasticity,
leading to a decrease of global cellular stiffness
(1.63 ± 1.09 kPa n=113 for K1 and
1.09 ± 0.75 kPa n=81 for JD-1; P < 0.0001). (B)
Viscoelasticity for short-term deformation, described
by the plasticity index, was altered by DSP C-ter-
minus truncation (0.39 ± 0.10 n=90 for K1 and
0.36 ± 0.08 n=78 for JD-1; P=0.03). (C) A re-
duced work of adhesion was also observed in JD-1
cells (1.92 ± 0.76 fJ n= 45 for K1 and
1.41 ± 0.63 fJ n=35 for JD-1; P= 0.001). Data
are reported as the mean of all measurements ±
standard deviation. Statistical analysis was per-
formed using Shapiro-Wilk normality test and
Wilcoxon-Mann-Whitney test; the statistical sig-
nificance is described by a two-tailed P value. In all
experiments, each cell was subjected to three con-
secutive indentations at the same position and the
mean of the results was considered as a single cell
value.
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resistance to deformation due to a non-optimal transmission of me-
chanical stresses from the membrane to the inner part of the cell caused
by desmoplakin-IF loss of contact, which in turn leads to keratin net-
work remodeling (Lulevich et al., 2010; Ramms et al., 2013; Seltmann
et al., 2013). The effect of the JD-1 mutation is also evident in the work
of adhesion required to detach the sphere of the AFM cantilever from
the cell membrane after indentation. As shown in Fig. 3C, adhesion
work was lower for JD-1 compared to control of almost 25%
(1.41 ± 0.63 fJ for JD-1 versus 1.92 ± 0.76 fJ for control,
P= 0.001).

3.3. C-terminal truncated desmoplakin affects long-term stress relaxation

Next, to confirm plasticity index data, which allow analysis of the
viscoelastic properties of cells after a short-term mechanical stress,
long-term investigation was performed through stress relaxation ex-
periments (Moreno-Flores et al., 2010). By fitting the stress-relaxation
curves (Fig. 1B), the cellular relaxation times obtained highlighted a
decreased viscoelasticity in JD-1 cells (τ1: 20.13 ± 10.0 s for JD-1
versus 31.03 ± 19.9 s for K1, P=0.0016; τ2: 1.16 ± 0.34 s for JD-1
versus 1.40 ± 0.57 s for K1, P= 0.044, Fig. 4 B and 4C). Moreover, the
analysis of percent relaxation confirmed a correlation between the
correct cytoplasmic architecture (actin, tubulin and intermediate fila-
ments) and the cellular resistance to prolonged mechanical stresses.
Indeed, JD-1 keratinocytes relaxed more than control keratinocytes
(64.12 ± 10.91% for JD-1 versus 56.47 ± 9.14% for K1, P=0.005;
Fig. 4A). Our data indicate that the lack of connection between des-
moplakin and the intermediate filaments in the mutated cells has re-
levant effects both on the long-term (stress-relaxation) and in the short-
term deformation (Young’s modulus and plasticity index) that could be
explained by the IF perturbations (Lulevich et al., 2010; Ramms et al.,
2013; Seltmann et al., 2013), which in turn alter the overall viscoe-
lasticity of the cell.

4. Discussion

This study highlighted the strict interconnection, from a bio-
mechanical perspective, between adhesome components. The correct

cytoskeletal architecture represents a pivotal feature in the conversion
of mechanical stimuli into biochemical signals. In particular, IFs (as
part of desmosomes) and Actin (as a component of the LINC− Linker of
Nucleoskeleton and Cytoskeleton complex), are strongly integrated in
convergent signaling pathways (Fournier et al., 2008; Martinez-Rico
et al., 2010).

Desmoplakin in human keratinocytes is present in two splicing
isoforms, DSPI and DSPII, both composed of three main domains
(Fig. 5A). The N-terminal globular head, made of 1056 amino acids,
binds the armadillo proteins (plakoglobin and plakophilins) in the in-
tracellular portion of desmosome; the C-terminal globular tail is com-
posed of 926 amino acids organized in three repeated plakin domains
(A, B, C) which bind to the IFs. The central rod domain, which differs in
length from DSPI (889 amino acids) and DSPII (290 amino acids), is
responsible of DSP dimerization/oligomerization (Hudson et al., 2004).

In JD-1 keratinocytes, the C subdomain of the C-terminal tail is
missing and replaced by a sequence of eighteen amino acids (Fig. 5C
and Supplementary Information), which hampers the proper binding
with IFs. In this scenario, the disconnection between desmoplakin and
keratin in JD-1 cells dramatically affects both the mechano-transduc-
tion pathway and the cellular mechanics.

The approach used in this study, combining both loading-unloading
and stress relaxation tests, allowed to investigate the mechanical
properties of cells with short and long-term applied forces. Our data
indicated that the alterations in the IFs network organization, as a
consequence of the C-terminal truncated DSP (Huen et al., 2002;
Norgett et al., 2000), is associated with a severe decrease of global
elasticity (Young’s modulus) and work of adhesion properties. In ad-
dition, it is responsible for the alteration of the cytoplasmic architecture
which in turn exerts an effect on whole cell viscoelasticity.

Perturbation of the keratin IFs could also account for the loss of
cytoskeletal network tensional equilibrium, which leads the cell to
enlarge. Indeed, if we consider the cell as a sphere of radius Rcell, with a
cell membrane of thickness h, its bending modulus κ, the in-plane shear
modulus μ and the in-plane stretching modulus K, can be expressed as
(Helfer et al., 2001):

κ= E h3 / [12(1−v2)] (6)

Fig. 4. C-terminal truncated desmoplakin influences
long-term mechanical stress viscoelasticity. (A)
Viscoelasticity comparison between control and JD-1
keratinocytes for long-term deformation assessed by
stress-relaxation experiments indicates that C-term-
inal truncation of DSP affects the ability of cells to
resist a prolonged mechanical load. Indeed, JD-1
viscoelasticity impairment is demonstrated by the
calculated relaxation percentage (56.47 ± 9.14%
for K1 versus 64.12 ± 10.91% for JD-1; P= 0.005).
(B) Decay time τ1 (31.03 ± 19.9 s for K1 versus
20.13 ± 10.0 s for JD-1; P= 0.0016) is dramati-
cally reduced. (C) Decay time τ2 is statistically dif-
ferent (1.40 ± 0.57 s for K1 versus 1.16 ± 0.34 s
for JD-1; P= 0.044), also. A total number of 25 and
37 cells were employed for control and JD-1 kerati-
nocytes, respectively. Data are reported as the mean
of all measurements ± standard deviation.
Statistical analysis was performed using Shapiro-
Wilk normality test and unpaired t-test with Welch’s
correction or the Wilcoxon-Mann-Whitney test; the
statistical significance is described by a two-tailed P
value.
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μ= E h/ [2(1+v)] (7)

K=E h / [2(1−v)] (8)

where E is the Young's modulus (elasticity) and ν is the Poisson's ratio.
Shear stress can be neglected since the lipids are in a “fluid” liquid
crystalline state at physiological conditions (Daily et al., 1984; Helfer
et al., 2001). During a radial expansion ξ the energies involved are
therefore:
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cell

2

stretching energy (10)

In agreement with previous data (Huen et al., 2002; Norgett et al.,
2000), our results underline that a change in the structure of desmo-
somes due to the disconnection of the keratin intermediate filaments to
the face of desmosome also reduces the membrane stretching stiffness.
Moreover, since both energies are a function of the elasticity, a lower
Young’s modulus would indicate that a cell could increase its size using
less energy, thus potentially explaining the increased dimensions of JD-
1 cells compared to control keratinocytes.

5. Conclusions

Our study underlined that single cell force spectroscopy through
AFM can be employed to describe biomechanical properties of living
cells in which an altered intermediate filaments cytoskeletal archi-
tecture arise from desmoplakin genetic modification.

In the case of JD-1 keratinocytes, AFM data revealed that mod-
ification of desmoplakin, a protein connecting the intermediate fila-
ments (IFs) to the desmosome plaque, induced a dramatic alteration of
the tensional equilibrium of the cell, which in turn lead to a decreased
cell stiffness (Young’s modulus), reduced adhesion work and cell en-
largement.

Collectively, our results could be explained by the tensegrity model
(Ingber, 2008), which explains how living cells maintain their shape
being a pre-stressed structure, in which tensional forces are borne by
actin and IFs, and these forces are balanced by microtubule filaments
allowing the whole cellular structure to withstand a compression. Using
this model, it has been demonstrated that when IFs are chemically
disrupted, the cellular traction forces exerted on the extracellular ma-
trix anchors decrease and the cell is more prone to deform (Eckes et al.,
1998; Kolodney and Wysolmerski, 1992; Wang and Stamenovic, 2000).
Similarly, DSP mutation may exert effects on the IFs network organi-
zation leading to a dramatic alteration of the mechanical properties
respect to the control keratinocytes. As a future perspective of this
work, atomic force microscopy could be used as a valuable tool to study
the binding properties of the whole desmosomal cadherins in JD-1 cells.
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Fig. 5. Structure and function of desmoplakin in
healthy and in JD-1 keratinocytes. (A)
Representative cartoon showing the three domains of
human wild-type DSP from healthy keratinocytes
(K1), with their respective functions. (B) In healthy
keratinocytes, DSP connects the cytoskeleton to the
desmosome, binding the IFs through the C-terminal
domain and the outer dense plaque (ODP) proteins
plakoglobin and plakophilin, with the N-terminal
head. (C) In JD-1 keratinocytes, the C subdomain
(corresponding to C enclosed in the red circle in
Fig. 5A) is substituted by a sequence of 18 amino
acids, thus missing the link with IFs network. This
results in the collapse of keratin network, hence
impairing the biomechanics of the keratinocytes.
(For interpretation of the references to color in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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