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Arrhythmogenic right ventricular cardiomyopathy
mutations alter shear response without changes

in cell-cell adhesion

Venkatesh Hariharan!, Angeliki AsimakiZ?3, Jarett E. Michaelson', Eva Plovie4>,
Calum A. MacRae*3, Jeffrey E. Saffitz>3, and Hayden Huang'*

"Department of Biomedical Engineering, Columbia University, 351 Engineering Terrace, 500 W 120th Street, MC 8904, New York, NY 10027, USA; *Department of Pathology, Beth Israel
Deaconess Medical Center, Boston, MA, USA; 3Department of Pathology, Harvard Medical School, Boston, MA, USA; 4Depar‘tment of Medicine, Brigham and Women’s Hospital, Boston,

MA, USA; and *Department of Medicine, Harvard Medical School, Boston, MA, USA

Received 24 June 2014; revised 25 August 2014; accepted 26 August 2014; online publish-ahead-of-print 24 September 2014

Time for primary review: 34 days

Aims

Methods
and results

Keywords

The majority of patients diagnosed with arrhythmogenic right ventricular cardiomyopathy (ARVC) have mutations in
genes encoding desmosomal proteins, raising the possibility that abnormal intercellular adhesion plays an important
role in disease pathogenesis. We characterize cell mechanical properties and molecular responses to oscillatory shear
stress in cardiac myocytes expressing mutant forms of the desmosomal proteins, plakoglobin and plakophilin, which
are linked to ARVC in patients.

Cells expressing mutant plakoglobin or plakophilin showed no differences in cell—cell adhesion relative to controls, while
knocking down these proteins weakened cell—cell adhesion. However, cells expressing mutant plakoglobin failed to
increase the amount of immunoreactive signal for plakoglobin or N-cadherin at cell—cell junctions in response to
shear stress, as seen in control cells. Cells expressing mutant plakophilin exhibited a similar attenuation in the shear-
induced increase in junctional plakoglobin immunoreactive signal in response to shear stress, suggesting that the pheno-
type is independent of the type of mutant protein being expressed. Cells expressing mutant plakoglobin also showed
greater myocyte apoptosis compared with controls. Apoptosis rates increased greatly in response to shear stress in
cells expressing mutant plakoglobin, but not in controls. Abnormal responses to shear stress in cells expressing either
mutant plakoglobin or plakophilin could be reversed by SB216763, a GSK3f3 inhibitor.

Desmosomal mutations linked to ARVC do not significantly affect cell mechanical properties, but cause myocytes to
respond abnormally to mechanical stress through a mechanism involving GSK3[. These results may help explain why
patients with ARVC experience disease exacerbations following strenuous exercise.
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1. Introduction

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a familial
heart muscle disease characterized by myocardial degeneration with
fibrofatty replacement, a high incidence of arrhythmias, and an increased
risk of sudden cardiac death."™* More than half of affected individuals
exhibit one or more mutations in genes encoding desmosomal pro-
teins.> This has led many investigators to suggest that ARVC is a
‘disease of the desmosome’ in which defective cell—cell adhesion plays
a critical pathogenic role. In support of this widely held hypothesis are

EM studies of patient endomyocardial biopsies and mouse models of
human disease showing decreased numbers of desmosomes in the ven-
tricular myocardium and apparent clefts or widening of various compo-
nents within the intercalated disk.°™® Delmar and associates’ have
shown that knockdown of plakophilin-2 in neonatal rat cardiac myocytes
in vitro greatly reduces cell—cell adhesion strength, and we have previ-
ously shown that, when expressed in HEK cells, mutant forms of plako-
globin linked to ARVC can alter cell stiffness or cause a similar marked
loss of cell—cell adhesion strength.'® There is also clinical evidence im-
plicating abnormal biomechanical factors in ARVC. For example,
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recent findings have revealed that ARVC progression may be exacer-
bated by strenuous exercise."" The RV apex, an area preferentially
affectedin ARVC, exhibits heterogeneous fibre orientation and elevated
incremental strains, potentially creating a mechanically weak spot in the
heart." ARVC may be part of a cardiocutaneous syndrome in which the
skin phenotype appears to be directly related to mechanical stress. One
such conditionis Naxos disease which, in addition to ARVC, is character-
ized by keratoderma of the palms and soles arising after birth once these
regions are subjected to mechanical stresses during normal daily activ-
ities. However, while these observations all suggest that mechanical
stress plays a critical role in promoting the ARVC phenotype, the under-
lying mechanisms remain poorly defined and there is no direct evidence
of weakened cell—cell adhesion in the hearts of patients with ARVC.

Previous studies of mechanotransduction in cardiac myocytes have
characterized responses of monolayers of cultured myocytes to
stretch, but responses to shear stress may also be particularly pertinent.
In vivo, cardiac myocytes are organized into a laminar sheet-like architec-
ture with loose collagenous coupling between sheets. Relative move-
ment of these laminar sheets during the cardiac cycle may cause direct
shearing between adjacent sheets or shear from interstitial fluid
motion."®™ Canine studies, for example, have identified myocardial
shear as a significant factor in wall thickening.">'® Additionally, short-
term fluid shear stresses of 90—600 mdyn/cm? regulate expression of
a wide variety of cardiac markers in rat cardiac myocytes, including the
contractile proteins, such as a-sarcomeric actin and troponin-T, the
gap junction protein connexin43, and the cell—cell adhesion protein
N-cadherin without affecting phosphorylation of p38, an established
marker of cell apoptosis.'”'8

Accordingly, to gain greater insights into potential mechanisms
by which desmosomal mutations cause ARVC, we characterized
biomechanical properties and responses to shear stress in neonatal
rat ventricular myocytes (NRVMs) expressing two distinct mutant
forms of the desmosomal protein plakoglobin, which have been
linked to ARVC in patients. We used atomic force microscopy
(AFM) to measure cell stiffness and two different assays to measure
cell—cell adhesion strength. We also measured changes in junctional
protein distribution and molecular markers associated with hyper-
trophy and apoptosis in myocytes subjected to oscillatory shear
stress. Furthermore, we repeated key experiments in cells expressing
a mutant form of plakophilin-2, to determine whether our observa-
tions are dependent on the type of mutant desmosomal protein
being expressed. We observed no differences in cell—cell adhesion
resulting from mutant protein expression. Instead, myocytes expres-
sing either mutant plakoglobin or plakophilin responded similarly, exhi-
biting abnormal responses to mechanical stress that were corrected
by SB216763, which is annotated as a GSK3p inhibitor."”

2. Methods

2.1 Culture and transfection of neonatal rat
ventricular myocytes

Primary cultures of neonatal rat ventricular myocytes (NRVM) were pre-
pared from ventricles excised from 1-day-old Wistar rat pups following de-
capitation (Charles River, IN, USA) as previously described.® Cells were
seeded at a density of 310K cells/cm?® Experiments were performed on
fully confluent monolayers 24 h after viral transfection. See Supplementary
material online for a detailed description of cell culture, adenoviral transfec-
tion, and siRNA knockdown methods. All animal work was performed in

accordance with the NIH guidelines and the Institutional Animal Care and
Use Committee of Columbia University.

2.2 Cell-cell adhesion assays

Cell—cell adhesion strength was measured using dispase assays and cell ag-
gregate assays. Briefly, dispase assays were performed using monolayers of
transfected NRVM on collagen-coated glass chamber slides. Intact cell
sheets that had lifted off the culture dish were agitated for 20 min in a
rotary shaker at 70 rpm, and the number of fragments was quantified using
Image).”'® Cell aggregate assays were performed by seeding 20 pL of
hanging drops of culture media with 10 000 cardiac myocytes. Three days
later, cell aggregates were agitated by pipetting, and the number of resulting
fragments was quantified using Metamorph and Image). See Supplementary
material online for a detailed description.

2.3 Immunoblotting

Immunoblotting was performed as previously described.”’ Briefly, cultured
NRVMs were lysed in standard RIPA lysis buffer. Samples were solubilized,
and soluble fractions containing equal amounts of total protein were sepa-
rated using SDS—PAGE and transferred onto PYDF membranes (Millipore,
MA, USA). Immunoblotting was performed using mouse anti-human anti-
bodies and a horseradish peroxidase-conjugated secondary antibody.
Blots were developed with ECL reagents (Perkin Elmer, MA, USA) and
imaged using a FUJI imaging unit (Fujifilm, CT, USA). See Supplementary
material online for a detailed description.

2.4 Atomic force microscopy

AFM was performed using a BioScope Catalyst AFM mounted on an
Olympus [X-81 inverted light microscope (Olympus, PA, USA). A silicon-
nitride DNP probe (Bruker, CA, USA) was used to characterize the stiffness
of controlmyocytes and cells expressing mutant forms of plakoglobin. Inden-
tations were made on the surface of the cells in a confluent monolayer, and
the resulting force—deflection plot was used to extract the elastic modulus at
a depth of 400 nm. Readings were acquired between consecutive contrac-
tions (which were easily visible on the AFM real-time readout) without
further treatment. Five measurements from each cell were acquired and
averaged to yield a ‘whole-cell’ stiffness.

2.5 Shear flow

NRVMs were sheared under oscillatory flow conditions in a parallel-plate
shear chamber at 0.06 Pascal (Pa) for 4 h at 37°C. Thereafter, the cells
were either immunostained for plakoglobin/N-cadherin or lysed for im-
munoblotting measurements of plakoglobin, V5, and phosphorylated or
total ERK. The shear level was estimated by (i) using a parallel plate model
to simulate the shear induced by adjacent myocardial sheets'® and
(i) using a range of shear stresses that have been previously shown to
induce ERK phosphorylation without activation of the p38 pathway."’
Minimal shear controls were performed by shearing control myocytes at
the lowest possible shear setting (<0.01 Pa). In some experiments, cells
were incubated with SB216763 (5 wM) for 24 h before shearing and
throughout the duration of shear to determine whether this compound,
identified in a previous chemical screen in a zebrafish model of ARVC,??
could reverse changes in cell mechanical and mechanotransduction proper-
ties caused by the expression of mutant plakoglobin or plakophilin.

2.6 Immunofluorescence

NRVMs were immunostained using established protocols.”® Cells were sim-
ultaneously blocked and permeabilized for 45 min in 3% normal goat serum,
1% wiv BSA, and 0.15% Triton X-100 in PBS, followed by an overnight incu-
bation at 4°C with either mouse-monoclonal anti-plakoglobin (Sigma; 1:
1500 in blocking buffer), anti-plakophilin (Fitzgerald, 1 : 50), anti-V5 (Invitro-
gen, 1:500), or anti-N-cadherin (Sigma, 1: 1500) antibodies. Samples were
then incubated with secondary antibody (Invitrogen; 1:1500) for 2 h at
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room temperature. The immunostained preparations were imaged at x40
(1.3 NA) using an Olympus IX-81 inverted confocal microscope. Each
image was subsequently masked to isolate cell junctions, allowing for dis-
crete quantification of junctional immunoreactive signal. Images were ana-
lysed using quantitative confocal microscopy as previously described.®%*

2.7 TUNEL assay

Terminal deoxynucleotidyl transferase dUTP nick-end labelling (TUNEL)
assays were performed using an in situ cell death detection kit (Roche Diag-
nostics, Basel, Switzerland) as previously described.?’

2.8 Statistical analysis

Data sets with more than three independent groups were analysed using the
non-parametric Kruskal—Wallis analysis of variance (ANOVA) testin Prism.
Data showing significance (P < 0.05) were further analysed using Dunn’s
post hoc test for multiple comparisons. For data sets involving fewer than
three independent groups, data were analysed using the Mann—Whitney

test. Differences were considered to be statistically significant and indicated
with * when P < 0.05 or ** when P < 0.01. Error bars are plotted as the S.D.
of the data.

3. Results

3.1 Expression of mutant plakoglobin
and plakophilin in NRVM

Immunostaining with an antibody against the V5 epitope tagin myocytes
transfected to express epitope-tagged wild-type (WT PG), Naxos
(2057del2 PG, 2057del2 plakoglobin mutation), or S39_K40insS [InsS
PG, S39_K40insS plakoglobin mutation (linked to autosomal dominant
ARVC)] confirmed the localization of exogenous plakoglobin at cell
junctions, and in the case of 2057del2 PG transfected cells, also within
the nucleus (Figure 1A). Only background levels of signal were seen
in non-transfected control cells (Figure TA). Immunostaining with an
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Figure | ARVC models express transgenic proteins at endogenous levels: (A) V5 immunostaining of control (non-transfected) myocytes (C) and myo-
cytes transfected to express wild-type plakoglobin (WT PG), S39_K40insS (InsS PG), or 2057del2 PG. No signal is seen in non-transfected control cells
(thus demonstrating the absence of non-specific binding). Normal junctional localization of V5 labelled protein is seen in cells transfected to express WT
PG, InsS PG, and 2057del2 PG mutants. Cells transfected with 2057del2 PG also show nuclear localization of truncated 2057del2 plakoglobin. (B) Immu-
nostaining with an anti-plakoglobin antibody against an N-terminal epitope (which recognizes both endogenous and transfected forms of WT PG, InsS PG,
and 2057del2 PG) shows a similar pattern. (C) Immunoblot (left) usingan N-terminal anti-plakoglobin antibody, with quantification (right) showing roughly
equivalentamounts of endogenous plakoglobin and transgene plakoglobin in WT PG, InsS PG, and 2057del2 PG cells (n = 4). While the control lane shows
a single band corresponding to endogenous plakoglobin, the WT PG, InsS PG, and 2057del2 PG lanes exhibit a second band, corresponding to the trans-
genic plakoglobin. The larger mol. wt of transgenic plakoglobin observed in the WT PG and InsS PG lanes is explained by the addition of a C-terminal V5 tag,
connected using a linker peptide. The lower mol. wt transgenic plakoglobin band observed in the 2057del2 PG lane is explained by the truncation of the
C-terminal end of plakoglobin—a result of the premature stop codon generated by the frame-shift 2057del2 mutation. (D) V5 stain on control (C), wild-
type plakophilin (WT PKP), and mutant plakophilin (1851del123 PKP) transfected myocytes. Normal junctional localization is seen in WT PKP transfected
cells. No junctional signal is observed in cells expressing 1851del123 PKP. (E) Immunostaining with an anti-plakophilin-2 antibody against a C-terminal
epitope (Which recognizes both endogenous and transfected forms of WT PKP and 1851del123 PKP. (F) Immunoblots using anti-V5 (top), anti-C-terminal
plakophilin (middle), and anti-GAPDH (bottom) antibodies. V5 bands in the WT PKP and 1851del123 PKP lysates confirm successful transfection. The
relatively similar size between exogenous and endogenous plakophilin prevented detection of discrete bands using the anti-C-terminal plakophilin
antibody. (G) Quantification of cells transfected with a GFP virus to confirm 98.9 + 1.1% transfection efficiency (n = 5). Scale bars = 20 pum.
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antibody against an N-terminal epitope in plakoglobin showed a similar
pattern of signal distribution (Figure 1B). Quantification of immunoblots
of transfected cardiac myocyte lysates with an anti-plakoglobin antibody
confirmed the expression of exogenous plakoglobin at levels compar-
able with that of the endogenous protein (Figure 1C). All lysates con-
tained endogenous plakoglobin, whereas lysates from WT PG and
InsS PG transfected myocytes also showed a second, more slowly mi-
grating band corresponding to the exogenous form of plakoglobin con-
taining the V5 tag. As expected, the 2057del2 PG protein was smaller
than the endogenous protein because the Naxos mutation results in a
premature stop codon and truncation of the C-terminus. Similar to
cells transfected with plakoglobin constructs, immunostaining with an
antibody against the V5 epitope tag in non-transfected (control) and
wild-type plakophilin (WT PKP) transfected myocytes confirmed the lo-
calization of exogenous plakophilin-2 at cell junctions (Figure 1D).
Mutant plakophilin-2 (1851del123 PKP, mutant plakophilin-2 protein
with a deletion of Exon 10) failed to localize at cell junctions. Immunos-
taining with an antibody against a C-terminal epitope of plakophilin-2
was used to determine the localization of both exogenous and endogen-
ous plakophilin-2 (Figure 1E). AV5 antibody was used to detect the pres-
ence of exogenous plakophilin-2, as the similar sizes of exogenous and
endogenous plakophilin-2 prevented the detection of discrete bands
using the anti-plakophilin antibody (Figure 1F). Transfection efficiency
was determined in cells incubated with a virus containing a GFP con-
struct and was calculated as the proportion of total nuclei contained
within cellular regions showing green fluorescence (see Supplementary
material online, Figure S1). Using this technique, the viral efficiency was
determined to be 98.9 + 1.1% (Figure 1G) and was used to determine
the multiplicity of infection for viral constructs.

3.2 Cell-cell adhesion strength is unaffected
by mutant plakoglobin or plakophilin
expression

Dispase and cell aggregate assays were used to determine whether ex-
pression of mutant desmosomal proteins affected the strength of cell—
cell adhesion. As shown in Figure 2A and B, the number of fragments
resulting from mechanical agitation of monolayers in the dispase assay
(Figure 2A) or cell clusters in the cell aggregate assay (Figure 2B) was
not significantly different among the control myocytes and myocytes
expressing either mutant form of plakoglobin. To further validate
the dispase assay, control monolayers were exposed to 1 uM
cytochalasin-D and then lifted from the culture dish and subjected to
rotary agitation. As shown in Figure 2C, treatment with cytochalasin-D
caused 3.0- and 3.5-fold increases in monolayer fragmentation after 1
and 3 min of agitation, respectively, thus providingindependent confirm-
ation that the dispase assay sensitively detects changes in cell—cell adhe-
sion strength.

The apparent lack of effect of mutant plakoglobin on adhesion is dif-
ferent than previous studies,” reporting reduced adhesion in cardiac
myocytes following siRNA knockdown of expression on the desmo-
somal protein plakophilin-2 in which dominant mutations are often
found in ARVC patients. To determine whether the effects on cell ad-
hesion are different following knockdown of a desmosomal protein vs.
expression of a disease-causing mutation, we treated non-transfected
myocytes with two different specific siRNAs against plakoglobin.
As shown in Figure 2D, treated cells exhibited a marked reduction in
plakoglobin expression. Both siRNAs led to between 2.0- and 2.7-
fold increases in monolayer fragmentation relative to time-matched

controls after 1 or 3 min of agitation, whereas treatment with a nega-
tive siRNA had no effect on cell—cell adhesion. Similarly, cells trans-
fected to express mutant plakophilin-2 showed no difference in
fragmentation following agitation (Figure 2E), but cells treated with
either of two specific siRNAs against plakophilin showed between
1.9-and 3.5-fold increases in monolayer fragmentation relative to time-
matched controls after 1 or 3 min of agitation (Figure 2F). Suppression
of N-cadherin showed a similar reduction in cell—cell adhesion
strength, suggesting that this effect is not limited to the suppression
of desmosomal proteins, but other adhesion proteins as well (see Sup-
plementary material online, Figure $2). Knockdown efficiency was
quantified by western blot, and TUNEL assays were used to exclude
reduced cell viability as a possible cause of increased sheet fragmenta-
tion (see Supplementary material online, Figure S3). Taken together,
these results indicate that expression of mutant forms of plakoglobin
and plakophilin-2 at levels roughly equivalent to that of the endo-
genous protein does not affect cell—cell adhesion strength, whereas
knockdown of the endogenous protein has a marked effect in reducing
adhesion.

3.3 Fluid shear induces junctional
remodelling

A custom oscillatory shear device and parallel plate flow chamber were
used to shear control and transfected myocytes. In response to oscilla-
tory fluid shear at 0.06 Pa, control and WT PG transfected myocytes
exhibited between 2.3 and 3.3-fold increases in immunoreactive signal
for junctional plakoglobin (Figure 3A and B) compared with unsheared
cells. In contrast, myocytes expressing the 2057del2 PG or InsS PG
mutants failed to increase junctional plakoglobin signal following shear.
A considerable amount of the plakoglobin in myocytes expressing the
2057del2 PG mutation was distributed within cells in a distinct peri-
nuclear pattern, but there was little if any change in either the amount
or distribution of plakoglobin signal in response to shear. Similar to
control and WT PG transfected cells, WT PKP transfected cells exhib-
ited atwo-fold increase inimmunoreactive signal for junctional plakoglo-
bin (Figure 3Cand see Supplementary material online, Figure $4), whereas
myocytes expressing the 1851del123 PKP mutant protein were unable
to increase junctional plakoglobin signal following shear. To determine
whether SB216763 could restore the control-level response to shear
in cells expressing mutant plakoglobin, we repeated experiments in cul-
tures exposed to 5 wM SB216763 for 24 h. As shown in Figure 3D and E,
cells expressing either InsS PG, 2057del2 PG, or 1851del123 PKP exhib-
ited robust increases in junctional signal for plakoglobin in response to
oscillatory shear equivalent to the response in control cells and cells
expressing WT proteins (2.0-, 2.2-, and 2.6-fold increases in 2057del2
PG, InsS PG, and 1851del123 PKP cells, respectively). Thus, failure to in-
crease junctional signal for plakoglobin in response to shear can be nor-
malized by SB216763 in cells expressing either mutant plakoglobin or
plakophilin-2.

Control and WT PG cells also showed 2- and 1.6-fold increases in
junctional signal for N-cadherin, respectively, following oscillatory
shear (Figure 4A and B). In contrast, cells expressing either mutant
form of plakoglobin failed to increase junctional N-cadherin signal in re-
sponse to shear (Figure 4A and B). As was seen for plakoglobin,
SB216763 restored the ability of cells expressing mutant plakoglobin
to increase junctional N-cadherin signal in response to shear
(Figure 4C; 1.9- and 1.7-fold increases in 2057del2 PG and InsS PG
cells, respectively, compared with 1.6- and 2.1-fold increases in
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Figure2 Cell—celladhesion strength is unaffected by mutant plakoglobin or plakophilin expression: (A) quantification of controland mutant plakoglobin-
transfected cardiac myocyte monolayer fragmentation in dispase assays before and after 1 or 3 min of agitation. Cardiac myocytes expressing mutant pla-
koglobin show no differencesin cell—cell adhesion relative to WT PG (n = 5). (B) Quantification of cluster sizes in controland transfected cardiac myocytes
in cell aggregate assays (n = 3). Cardiac myocyte aggregates expressing mutant plakoglobin show no differences in aggregate fragmentation relative to WT
PG. (C) Dispase assays in normal (non-transfected) cardiac myocytes showing a significant reduction in cell—cell adhesion in cells exposed to 1 uM
cytochalasin-D (**P < 0.01 after 1 and 3 min agitation; n = 5). (D) Dispase assays in normal (non-transfected) cardiac myocytes showing a significant re-
duction in cell—cell adhesion in cells following siRNA knockdown of endogenous plakoglobin (*P < 0.05 after 1 or 3 min of agitation, n = 5). Plakoglobin
knockdown was confirmed by immunoblotting (inset), and quantified (right). (E) Quantification of control and mutant plakophilin transfected cardiac
myocyte monolayer fragmentation in dispase assays before and after 1 or 3 min of agitation. Similar to myocytes expressing mutant plakoglobin,
cardiac myocytes expressing mutant plakophilin-2 (n = 6) also show no differences in cell—cell adhesion relative to WT PKP (n = 4), suggesting the
effect does not depend on which desmosomal protein is being mutated. (F) Dispase assays in normal (non-transfected) cardiac myocytes showing a sig-
nificant reduction in cell—cell adhesion in cells following siRNA knockdown of endogenous plakophilin-2 (*P << 0.05 after 1 or 3 min of agitation, n = 5).
Plakophilin-2 knockdown was confirmed by immunoblotting (inset) and quantified (right).

control and WT PG cells). SB216763 also reversed Cx43 gap junction
remodelling in myocytes expressing mutant forms of plakoglobin and
plakophilin-2 (see Supplementary material online, Figure S5) and, as
previously reported,®’ increased total Cx43 expression in control
(non-transfected) myocytes and in cells expressing mutant desmo-
somal proteins.

In view of the increased signals for junctional plakoglobin and
N-cadherin in control and WT PG cells following shear, we repeated
studies of cell mechanical properties to determine whether there
was a correlation between the amount of junctional protein signals
and measures of cell—cell adhesion strength. As shown in Figure 4D

and E, there was no significant change in cell—cell adhesion strength
following shear in control myocytes or myocytes expressing mutant
plakoglobin or plakophilin-2. Thus, within the limits of these assays,
there appears to be no apparent relationship between the amount of
junctional immunoreactive signals for plakoglobin or N-cadherin and
cell—cell adhesion.

We next used AFM to measure cell stiffness.”> Whereas our previous
studies have shown a change in cell stiffness in HEK epithelial cells
expressing the InsS PG (but not the 2057del2 PG) mutation in plakoglo-
bin,'® we found no such change in stiffness in cardiac myocytes expres-
sing either mutant form of plakoglobin (Figure 4F).
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(D) plakoglobin (n = 6) or (E) plakophilin (n = 4) transfected cells treated with SB216763. Scale bars = 20 pm. *P < 0.05; **P < 0.01.
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Figure4 Shear-induced N-cadherin remodellingis reversibly altered in ARVC models: (A) N-cadherin IFimages showing the distribution of N-cadherinin
control (C) and transfected cardiac myocytes before (top) and after (middle) exposure to shear, and after treatment with SB216763 (bottom). As seen in
Figure 3, control (non-transfected) cells and cells transfected to express wild-type plakoglobin (WT PG) show an increased junctional signal for N-cadherin
after shear, whereas no shear-induced increase was seen in cells expressing mutant forms of plakoglobin. Treatment with the drug restored the normal
shear-induced increase in junctional signal in cells expressing mutant plakoglobin. (B) Quantification of junctional N-cadherin signal before and after
shear (n = 5). (C) Quantification of junctional N-cadherin signal before and after shear in cardiac myocytes treated with SB216763 (n = 5). SB216763
restored the normal shear-induced increase in junctional N-cadherin signal. (D and E) Dispase assay measurements in control cells (C) and cells expressing
(D) transgenic plakoglobin (n = 5) or (E) transgenic plakophilin (n = 4) after exposure to mechanical shear stress. Cardiac myocytes expressing mutant
plakoglobin or plakophilin-2 show no differences in cell—cell adhesion when compared with control cells. (F) Cell stiffness measurements in control cells
(C) and cells expressing WT or mutant plakoglobin before and after exposure to mechanical shear stress (n = 4). Cardiac myocytes expressing mutant
plakoglobin show no differences in cell stiffness compared with control cells. *P < 0.05; **P < 0.01.
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3.4 Apoptosis is increased following shear in
myocytes expressing mutant plakoglobin

Apoptosis is increased in the myocardium of patients with ARVC,*® and
myocytes expressing the 2057del2 PG mutant form of plakoglobin
exhibit increased apoptosis rates under basal condition with even
greater apoptosis in response to cyclical stretch.”? To determine
whether a similar response occurs in oscillatory shear, we measured
apoptosis by TUNEL assays. As shown in Figure 5A, myocytes expressing
2057del2 PG showed elevated levels of apoptosis in response to shear
stress, relative to unsheared cells. In contrast, myocytes expressing the
InsS PG variant of plakoglobin exhibited no changes in apoptosis with ex-
posure to oscillatory shear, although the mean level of apoptosis was
elevated relative to control cells. Treatment with SB216763 returned
apoptosis levels to control levels in myocytes expressing 2057del2 PG
(Figure 5B).

ERK phosphorylation, which is involved in hypertrophic response in
cardiac myocytes, is responsive to shear stress. Given that hypertrophy
may, in turn, be modulated in part by desmosomal integrity in cardiac

myocytes,””?® and based on the altered mechanoresponse of our
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ARVC cell model, we next assessed whether ERK phosphorylation
may be disrupted by ARVC mutant plakoglobin. Immunoblotting per-
formed on myocytes exposed to oscillatory shear flow confirmed an in-
crease in the amount of phosphorylated ERK (p-ERK) in response to
shear for control and WT PG myocytes, as well as cells expressing
mutant forms of plakoglobin (Figure 5C). After 10 min, control, WT
PG, 2057del2 PG, and insS PG transfected myocytes exposed to oscilla-
tory shear exhibited 3.3-, 3.2-, 4.2-, and 3.5-fold increases in p-ERK rela-
tive to unsheared controls, respectively.

4. Discussion

The key observation in this study is that expression of mutant desmo-
somal proteins in ventricular myocytes in amounts roughly equivalent
to that of the native protein has no apparent effect on cell mechanical
properties per se, but instead has a marked effect on how cells
respond to mechanical stimulation. This is an important distinction
that has significant implications about how mutations in desmosomal
proteins cause the complex disease phenotypes seen in patients with
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Figure 5 Cell viability, but not ERK phosphorylation, is altered by mutant plakoglobin expression: (A) quantification of apoptosis (percent TUNEL-
positive nuclei) in control (C) cells and cells transfected to express WT or mutant forms of plakoglobin before and after exposure to shear (n = 4). Mech-
anical shear stress caused an increase in apoptosis in cells expressing 2057del2 PG. (B) Quantification of apoptosis (percent TUNEL-positive nuclei) in cells
treated with SB216763 (SB2) before and after shear (n = 3).SB216763 prevented the shear-induced increase in apoptosis in cells expressing 2057del2 PG.
(C) Representative immunoblot and quantitative data showing equivalent levels of phospho-ERK activation (P-ERK), with total ERK (T-ERK) as a loading
control, in control cells (C) or cells transfected to express WT or mutant forms of plakoglobin (n = 3). *P < 0.05.
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ARVC. Itis widely believed that defective intercellular adhesion plays an
important pathogenic role in ARVC patients with desmosomal muta-
tions, but direct evidence for this hypothesis has been lacking. Previously,
it has been shown that when expression of plakophilin-2 (the most fre-
quently mutated desmosomal protein in ARVC) is knocked down in
NRVM, there is a dramatic decrease in cell—cell adhesion strength.’
To reconcile the apparent discrepancy between this observation and
the present study, we used two separate siRNAs targeting different
regions to knockdown the expression of plakoglobin or plakophilin,
and in both cases observed a similar marked decrease in cell—cell
adhesion strength. This emphasizes important differences in the patho-
physiological consequences of suppression of a desmosomal protein
vs. expression of a mutant form of a desmosomal protein. In this
regard, it appears that mutant desmosomal proteins are expressed in
the myocardium of patients with ARVC. This is certainly true in
Naxos disease which, although inherited as a recessive trait, is not
related to loss of gene expression but rather to expression of mutant
plakoglobin with a gene-dosage effect. Indeed, germline deletions of
plakoglobin, desmoplakin, and plakophilin all cause embryonic lethal
phenotypes in mice,”” 32 providing further evidence that ARVC is
related to expression of mutant proteins rather than haploinsufficiency.
While it should not be surprising that knockdown of a desmosomal gene
leads to loss of cell—cell adhesion, our results show that expression of a
mutant desmosomal gene has a different effect which is more likely to
reflect the pathophysiology of the disease in patients.

Another interesting related observation from our study is the
apparent lack of correlation between the amount of immunoreactive
signal for plakoglobin at cell—cell junctions and the strength of cell—
cell adhesion. While there is likely a positive correlation between
desmosome number and immunoreactive signal intensity, many
factors (i.e—variations in antibody-binding specificity, macromolecu-
lar crowding, and epitope accessibility) can make the exact relationship
difficult to determine. Our data are consistent with the idea that redis-
tribution of plakoglobin from junctional to intracellular/intranuclear
sites, a feature seen in both patients and experimental models of
ARVC, has no major effect on cell—cell adhesion strength, but rather
leads to abnormal responses to mechanical stimuli that appear to be
a fundamental part of the disease pathway in ARVC. Finally, we have
previously reported that when HEK cells overexpress the 2057del2
PG mutation, there is a marked reduction in cell—cell adhesion strength
without a change in cell stiffness, whereas overexpression of the InsS
PG mutation in HEK cells has the opposite effects. The discrepancy
between previous results and those presented in this study may
result from differences in cell type, and the disparate roles of desmo-
somes in cardiac myocytes and HEK cells. It is possible that the
robust actin—myosin network present in cardiac myocytes, but not
in HEK cells, may mask any minor alterations in cell stiffness that
result from the expression of mutant desmosomal proteins. The re-
sults of the present study reinforce the important idea that epithelial
cells are not necessarily good surrogates for cardiac myocytes, and
changes in HEK cells expressing cardiomyopathy-related disease muta-
tions must be interpreted with caution.

4.1 Cellviability, but not ERK
phosphorylation, is altered by mutant
plakoglobin expression

The lack of differences in cell—cell adhesion between control and myo-
cytes expressing mutant plakoglobin or plakophilin-2 motivated our

search for a molecular mechanism underlying the pathogenesis of
ARVC. Thus, we chose to investigate (i) ERK phosphorylation, a docu-
mented promoter of myocyte hypertrophy in vitro and in vivo,">3*
and (ii) apoptosis. While ERK phosphorylation (before and after
shear) remained unaffected by the expression of ARVC-causing
mutant plakoglobin, apoptosis was elevated in myocytes expressing
2057del2 PG and insS PG. Noting the nuclear localization of plakoglobin
in these cells, elevated levels of apoptosis are consistent with work by
Garcia-Gras et al. > that suggests that nuclear localization of plakoglobin
can recapitulate the ARVC phenotype (i.e—adipogenesis, fibrogenesis,
and myocyte apoptosis).

4.2 SB216763 treatment has restorative
effects in ARVC models

Treatment of myocytes expressing mutant plakoglobin with SB216763
attenuated apoptosis back to control levels in myocytes expressing
the 2057del2 PG and InsS PG mutations. Furthermore, SB216763 treat-
ment recovered junctional remodelling of plakoglobin and N-cadherin in
cells expressing 2057del2 PG, InsS PG, and 1851del123 PKP mutant pro-
teins. The rapidity with which plakoglobin changes its subcellular distri-
bution in response to SB216763 (24 h following drug exposure) further
supports the hypothesis of underlying defects in protein trafficking.>>
Although not within the scope of this study, attenuation of apoptosis
may be explained by a decrease in the suppression of canonical
wnt/beta-catenin signalling by nuclear plakoglobin, as evidenced by the
loss of the nuclear localization of plakoglobin.

4.3 Limitations and conclusion

The cell—cell adhesion data do not necessarily represent in vivo tissue
cohesion, particularly because neonatal cells do not possess the aniso-
tropic characteristics of adult myocytes, which may affect cell—cell ad-
hesion. However, it was unexpected, given all the previous work, that
there was no significant alteration in cell—cell adhesion. While shear
responses are consistent with ARVC, we do not claim that ARVC devel-
opmentis attributed primarily to shear response; likely stretch and non-
mechanical pathways are also involved.

We note that the use of viral transduction of ARVC mutant plako-
globin did not lead to significant overexpression of the ARVC plako-
globin proteins, which increases confidence that our results are due
to the effects of the transgene and not protein overexpression. Since
Naxos disease is recessive, it is possible that our model cells ex-
press sufficient endogeneous plakoglobin to attenuate the effects of
the 2057del2 PG mutation. However, the insS PG mutation is dominant
and no significant biomechanical changes were observed, while both
mutant plakoglobin and plakophilin variants led to molecular changes.
Thus, we have some confidence that molecular changes likely dominate
in the manifestation of ARVC. We did not repeat all of the experiments
using mutant plakophilin-2, because our previous findings suggested
that plakoglobin re-distribution is a key event in the final common
disease pathway regardless of the underlying pathogenic mutation,
and partially because the 1851del123 PKP mutation is not directly
linked to ARVC cases, but rather a deletion of a region that is prone
to ARVC mutation.

We conclude that ARVC-causing mutations in desmosomal proteins
lead to altered cellular distribution of plakoglobin and N-cadherin, as
well as increased apoptosis, without alterations in cell mechanical prop-
erties or certain early signalling pathways.
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