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CARDIOLOGY

Desmosomal protein degradation as an underlying
cause of arrhythmogenic cardiomyopathy
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Arrhythmogenic cardiomyopathy (ACM) is an inherited progressive cardiac disease. Many patients with ACM
harbor mutations in desmosomal genes, predominantly in plakophilin-2 (PKP2). Although the genetic basis
of ACM is well characterized, the underlying disease-driving mechanisms remain unresolved. Explanted
hearts from patients with ACM had less PKP2 compared with healthy hearts, which correlated with reduced
expression of desmosomal and adherens junction (AJ) proteins. These proteins were also disorganized in
areas of fibrotic remodeling. In vitro data from human-induced pluripotent stem cell-derived cardiomyocytes
and microtissues carrying the heterozygous PKP2 c.2013delC pathogenic mutation also displayed impaired con-
tractility. Knockin mice carrying the equivalent heterozygous Pkp2 c.1755delA mutation recapitulated changes
in desmosomal and AJ proteins and displayed cardiac dysfunction and fibrosis with age. Global proteomics anal-
ysis of 4-month-old heterozygous Pkp2 c.1755delA hearts indicated involvement of the ubiquitin-proteasome
system (UPS) in ACM pathogenesis. Inhibition of the UPS in mutant mice increased area composita proteins and
improved calcium dynamics in isolated cardiomyocytes. Additional proteomics analyses identified lysine ubig-
uitination sites on the desmosomal proteins, which were more ubiquitinated in mutant mice. In summary, we
show that a plakophilin-2 mutation can lead to decreased desmosomal and AJ protein expression through a
UPS-dependent mechanism, which preceded cardiac remodeling. These findings suggest that targeting
protein degradation and improving desmosomal protein stability may be a potential therapeutic strategy for

the treatment of ACM.

INTRODUCTION

Arrhythmogenic cardiomyopathy (ACM) is a progressive, genetic
cardiac disease with a prevalence of 1:2000 to 1:5000 (1). Diagnosis
of ACM remains challenging because of complex clinical presenta-
tion and varying disease penetrance (2). The clinically concealed
phase of ACM commonly progresses in an asymptomatic manner,
although patients have a higher susceptibility to sudden cardiac
death. With disease progression, an increase in fibrosis and fatty
tissue replacement is evident within the myocardium, consequently
exacerbating life-threatening ventricular arrhythmias (3).

About 50% of patients diagnosed with ACM carry mutations in
the desmosomal genes: plakophilin-2 (PKP2), plakoglobin (JUP),
desmoplakin (DSP), desmoglein (DSG), and desmocollin (DSC),
with PKP2 as the most frequently mutated gene (1, 3-7). In the
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heart, desmosomes reside at the short axis of cardiomyocytes in
structures termed intercalated discs (IDs), where they facilitate the
linkage between adjacent cells. More recently, it has become appar-
ent that desmosomal components can interact with other ID mac-
romolecular structures including numerous ion channels (6, 8-12).
They also interact with adherens junction (A]) proteins to generate a
hybrid structure known as the area composita (6, 8—12). Moreover,
several ID components function as scaffolding and signaling mole-
cules, thereby affecting pathways implicated in ACM pathogenesis,
such as the Wnt and Hippo signaling pathway (13—16). In addition,
studies conducted on tamoxifen-induced cardiomyocyte-specific
deletion of Pkp2 in adult mice demonstrated disruption of intracel-
lular calcium homeostasis (17-19). Several studies have noted a
decline of desmosomal proteins in cardiac tissue of patients with
ACM (10, 13, 20-25), and electron microscopy showed that
reduced desmosomal protein correlated with focal widening of
the intercellular space at IDs, smaller IDs, and a decrease in the
quantity and average length of gap junctions in patients with
ACM (10, 24-27). Despite these observations, a mechanistic expla-
nation for the role of desmosomal proteins in ACM pathology is
still lacking.

Protein degradation is vital for the removal of misfolded and
damaged proteins to prevent proteotoxicity. Pathways responsible
for proteome homeostasis include the ubiquitin-proteasome
system (UPS), the autophagy-lysosome pathway, and pathways in-
volving calcium-dependent calpain and cathepsin proteases (28).
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Earlier studies revealed increased instability of mutant PKP2
protein (PKP2 ¢.2386T>C mutation) and mutant DSP protein
(DSP ¢.1596C>G), both demonstrating increased sensitivity
toward calcium-dependent calpain proteases (29, 30). A recent
study uncovered the involvement of subunit 6 of the constitutive
photomorphogenesis 9 signalosome (CSN6) in ACM through pre-
vention of neddylation-directed proteome degradation (3I). These
studies highlight the importance of protein degradation pathways in
ACM pathogenesis and the importance of fully functioning desmo-
somes in cardiac physiology.

Here, we show that hallmarks observed in patients with ACM are
recapitulated in human-induced pluripotent stem cell-derived car-
diomyocytes (hiPSC-CMs) and microtissues (MTs; both bearing
the PKP2 ¢.2013delC mutation) and in heterozygous Pkp2
c.1755delA knockin mice (equivalent to the human PKP2
¢.2013delC mutation). The effects on protein degradation in
mutant mice were rescued by UPS inhibition, which also translated
into functional improvement, because calcium dysregulation was
restored in cardiomyocytes. Ubiquitin proteomics analysis demon-
strated increased protein ubiquitination in mutant mouse hearts
when compared with those of wild-type (WT) littermates and iden-
tified the specific ubiquitination site on PKP2 as well as on other
desmosomal and A] proteins. These data suggest that the UPS
may be involved in ACM pathogenesis and open up new avenues
for therapeutic development to restore PKP2 and desmosome integ-
rity in these patients.

RESULTS

Pathological remodeling in patients with ACM coincides
with desmosomal protein decline

To study pathological features of ACM, we collected explanted heart
tissue from healthy controls and patients with ACM bearing muta-
tions in the PKP2 gene (Table 1). All PKP2 mutation-bearing pa-
tients initially presented with ACM symptoms, which had
developed into biventricular heart failure at the time of heart trans-
plantation (Table 1). Compared with controls, Masson's trichrome
staining of patient cardiac tissue demonstrated typical hallmarks of
ACM regardless of which mutation was present, including increased
cardiomyocyte disarrangement, fibrosis, and fibrofatty replacement
(Fig. 1A and fig. S1, A and B) (2). Immunostaining for desmosomal
proteins showed a misalignment of PKP2, JUP, and DSP proteins
within the myocardium. This occurred in both ventricles and was
most pronounced at sites with extensive fibrosis (Fig. 1, B to D; and
fig. S1, C to E). Immunoblot analysis confirmed the biventricular
decrease in desmosomal proteins in patients with ACM harboring
PKP2 mutations (Fig. 1, E and F, and fig. S1F). Misalignment of des-
mosomes was also observed in other ACM hearts bearing different
PKP2 mutations (figs. S2 to S4).

To determine the extent of desmosomal protein decline for other
disease-driving mutations, we performed immunoblots on patient
samples bearing mutations in DSP (c.1705A>T) or phospholamban
(PLN c.40-42delAGA). Within the four PLN mutation carriers, two
were diagnosed with ACM and dilated cardiomyopathy (DCM),
and two were diagnosed with only DCM (Table 1). The loss in des-
mosomal proteins was recapitulated in two PLN carriers; one was
diagnosed with ACM and DCM, and the other was diagnosed
with only DCM (Fig. 1E, Table 1, and fig. S1F). Subsequent corre-
lation analysis indicated a strong positive relationship between
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PKP2 protein expression and other desmosomal proteins (Fig. 1,
G to J). Our data suggest that the decline in desmosomal protein
expression may be more prevalent in patients with ACM bearing
a PKP2 mutation, but more patient samples will be required to
confirm this relationship in patients with DCM or ACM bearing
other mutations.

Pathogenic PKP2 mutant hiPSC-CMs demonstrate
functional deficiency

To further interrogate the pathomolecular changes, we used hiPSC-
CMs derived from a patient harboring the PKP2 ¢.2013delC muta-
tion (PKP2520134¢1C/WTy 314 used CRISPR-Cas9 to generate the cor-
responding isogenic control line (figs. S5 and S6A) (32, 33). In
support of our observations in cardiac tissue from patients with
ACM, PKP2%20134el¢/WT hipSC-CMs demonstrated a reduction in
PKP2 protein and mRNA expression, whereas the other desmoso-
mal components only displayed a reduction in protein expression;
this occurred without apparent changes in cellular localization
compared with isogenic control (fig. S6, B to K). This was con-
firmed by bulk RNA sequencing on PKP2“2°!34/“/WT and control
hiPSC-CMs, which revealed that only a small number of reads orig-
inated from the mutant allele (fig. S6L). Previous studies have
shown that PKP2 insufficiency can lead to a sodium current
deficit (34, 35). Therefore, we examined whether this functional
effect would be evident in our PKP2%2°34I¢/WT 1ipSC-CMs.
Here, we also observed a decreased sodium current (Iy,) density
[current (picoampere) normalized to cell membrane capacitance
(picofarad), picoampere/picofarad] in PKP2%20134e!</WT 1ipg(C.-
CMs compared with isogenic controls (fig. S6, M to O, and table
S1). This reduction might decrease the action potential upstroke ve-
locity, which, in turn, can lead to slower conduction (35). The Iy,
voltage dependence of activation and inactivation, assessed as the
half voltage of (in)activation (V,,) and the slope factor k, were
similar in both groups.

To examine the role of PKP2 in cell-cell adhesion among differ-
ent cell types, we generated and characterized cardiac MTs bearing
the heterozygous PKP2 ¢.2013delC mutation in cardiomyocytes.
MTs were composed of 70% hiPSC-CMs, 15% hiPSC—cardiac fibro-
blasts (hiPSC-CFs), and 15% hiPSC—endothelial cells (hiPSC-ECs)
(Fig. 2A) (36, 37). Compared with isogenic control MTs,
PKP2°-20134elC/WT M Ts demonstrated reduced PKP2 protein by im-
munostaining, similar to hiPSC-CMs and cardiac tissue from
patients with ACM (Fig. 2B). We also found that the
PKP2-20134IC/WT MTs had a significantly (P < 0.0001) reduced
ability to respond to increased pacing under high stimulation fre-
quencies (>2 Hz), resulting in arrhythmic behavior (Fig. 2, C and
D). Together, these data show that a single point mutation in
PKP2 was associated with a loss in PKP2 and desmosomal proteins,
which corresponded with contractile and electrical dysfunction in
mutant cardiomyocytes.

Mice carrying a human pathogenic PKP2 mutation show
cardiac dysfunction and remodeling

To study the in vivo relevance of this PKP2 mutation, we used
CRISPR-Cas9 to knock in the mouse equivalent of the human path-
ogenic PKP2 ¢.2013delC mutation (Pkp2 c.1755delA) (fig. S7). Two-
month-old Pkp2-!75344/WT" mice demonstrated a significant de-
crease in PKP2 mRNA and protein (P < 0.001 and P < 0.01, respec-
tively), whereas immunohistochemistry data indicated that this did
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Table 1. Clinical data of the explanted hearts from patients. ACM, arrhythmogenic cardiomyopathy; BiVAD, biventricular assist device; DCM, dilated
cardiomyopathy; DSP, desmoplakin; ECG, electrocardiogram; F, female; LVAD, left VAD; M, male; MCS, mechanical circulatory support; PKP2, plakophilin-2; PLN,
phospholamban; QRS, electrocardiographic complex consisting of the Q, R, and S wave; RVAD, right VAD; SR, sinus rhythm; VF, ventricular fibrillation; VT,

ventricular tachycardia.

End-stage

Sustained

Gene Protein Age at Initial clinical . MCS before
mutation change LS transplant diagnosis Ll = Wil transplant
failure arrhythmias
*SR
PKP2 «Left axis
c.235C>T p-Arg79X M o1 ACM ves eInterventricular vi None
conduction delay
*SR
PKP2 *Microvoltages
€.2386T>C p.Cys796Arg F 56 ACM Yes «Negative T VT None

PKP2

c.397C>T ACM

*SR
*Microvoltages
*Negative T waves
Vi-v4
*Ventricular

Yes VF None

fggfmcm Rilipessa M 47 ACM
c70oT PEEEEE L ga DCM
ZZJ:& p.Argl4del F 55 ACM and DCM
Zég’ei:g;‘ p.Argl4del M 72 DCM
ZIJJ:& p.Arg14del F 37 ACM & DCM
ZEZJ:GO;\ p.Argl4del F 58 DCM

not affect PKP2 localization (Fig. 3, A to D). Similar to the hiPSC-
CMs, bulk RNA sequencing data showed virtually nondetectable
mutant allelic reads in the Pkp2“!7>%4/WT heart samples, suggest-
ing that it is largely the WT mRNA that is expressed (fig. S8A). In
addition, apart from Pkp2 mRNA decline, there was a lack of mRNA
changes for the other desmosomal components at 2 months of age
in Pkp2©172°4e!A/WT heart samples, which corroborates the data from
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«Atrial pacing
eInterventricular
conduction delay
*Microvoltages
*Negative T
waves V1-V5

Yes VT None

*SR
*Microvoltages
*Delayed terminal
activation
*Negative T
waves V4-V6

Yes None None

*SR

oLeft axis
«QS pattern
precordially
*Ventricular
extrasystoles

LVAD,
VT temporary
RVAD

Yes

*SR
*Microvoltages
*Ventricular
extrasystoles

*SR
*Microvoltages VF
(QRS < P)

*SR
*Microvoltages
*Ventricular
extrasystoles

hiPSC-CMs (fig. S8, B and C). However, with age (12 months old),
Jup and Dsp mRNA expressions were decreased (fig. S8, D and E).

Althoujgh functional and histological analysis in 2-month-old
Pkp2-17554AWT 1 ouse hearts did not show an overt phenotype,
progressive signs of ACM became evident with age (table S2). In
12-month-old Pkp2°175°4¢A/WT mice, there was a decrease in
early/late (E/A) ratio, a measure of ventricular refilling efficiency
between contractions (Fig. 3E), and an increase in isovolumic
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Fig. 1. Explanted ACM human hearts display desmosomal disorganization in areas of fibrofatty remodeling. (A to E) Right ventricular samples. (A) Masson's
trichrome staining, highlighting muscle cells (red), fibrotic regions (blue), and adipocytes (white); immunostaining for PKP2 (B), JUP (C), and DSP (D) from an explanted
control and ACM heart (PKP2 c.235C>T). Insets represent a close-up of an extensively remodeled region. Protein of interest is stained in red, and nuclei are counterstained
in blue. Scale bars, 100 um. (E) Protein expression of desmosomal components was assessed by Western blot from explanted control hearts (n = 2) and hearts obtained
from patients carrying the indicated mutations in PKP2 (n = 4), DSP (n = 1), or PLN (n = 4). (F) Quantification of desmosomal proteins relative to VIN (vinculin) in right and
left ventricular biopsies obtained from control hearts (n = 2) and ACM human hearts with a mutation in PKP2 (n = 4). (G to J) Correlation between the protein abundance,
based on immunoblot analysis (F) and fig. STF, of PKP2 and JUP (G), DSP (H), DSG (), and DSC (J) in left and right ventricular tissue of explanted control hearts (n = 2) and
from hearts obtained from patients carrying mutations in PKP2 (n = 4), DSP (n = 1), or PLN (n = 4). Correlation and significance were assessed by nonparametric Spearman
correlation (two-tailed, 95% confidence interval). For each panel, the correlation coefficient (r) and P value are shown. Protein expression data (F) were plotted as
means + SEM. Significance has been assessed by a two-tailed Mann-Whitney test (**P < 0.01). n.s., not significant.
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Fig. 2. Cardiac MTs containing heterozygous PKP2 c.2013delC hiPSC-CMs show impaired contractility. (A) Schematic showing cardiac microtissue (MT) formation.
The MTs contain 70% of hiPSC-derived cardiomyocytes (PKP2°2°"34€/“/WT hipSC-CMs), 15% of endothelial cells (PKP2™"T hiPSC-ECs), and 15% of cardiac fibroblasts
(PKP2"™"T hiPSC-CFs). (B) Immunofluorescence staining of PKP2 (red), cardiac troponin-T (TNNT2, green), and 4',6-diamidino-2-phenylindole (DAPI; blue) in

PKPZC.ZOISdeIC/WT

or control MTs. Scale bars, 50 um. (C) Representative contraction traces from control and mutant MTs stimulated at 1, 2, and 3 Hz. (D) Percentages of

paced MTs that were able to respond at different stimulation frequencies (n = 55 to 57 MTs per group and n = 5 independent MT batches coming from different exper-
iments of MT formation). Chi-square test was used to assess significance (****P < 0.0001).

relaxation time (IVRT) (Fig. 3F), both possible signs of impaired
ventricular relaxation. The T wave in an electrocardiogram is also
indicative of ventricular relaxation and diastolic function. T wave
abnormalities are commonly seen in patients with ACM and are
also evident in our clinical data (Table 1) (2, 38, 39). However, ejec-
tion fraction (EF), a measure for systolic function and left ventric-
ular contractility, remained comparable between groups (Fig. 3G).
Sirius red staining indicated an increase in interstitial cardiac fibro-
sis in 12-month-old Pkp2!7%°4°!A/WT mice when compared with
WT littermates, which was corroborated by an increase in total
cardiac collagen abundance in mutant mice, as measured by hy-
droxyproline content (Filg. 3, Hand I, and fig. S8F). Immunohisto-
chemistry in Pkp2<!72°414/WT mouse hearts for PKP2, JUP, and
DSP also revealed desmosomal disorganization in fibrotic regions,
as seen by increased ID width that was absent in WT and nonfi-
brotic regions of Pkp2“17>*4I4/WT hearts (Fig. 3, ] and K).

Together, these data indicate that the human pathogenic muta-
tion in mice induces Pkp2 haploinsufficiency. Subsequent fibrosis
and desmosomal protein disorganization in regions of remodeling
were observed alongside cardiac stiffening and dysfunction. These
observations corroborate the clinical findings in patients with ACM
where disorganization of desmosomal proteins was evident in
regions of pathological fibrotic remodeling.

Cardiac desmosomal and AJ proteins are reduced in
Pkpzc.1755delA/WT mice

To explore the mechanism underlying the pathogenic Pkp2 muta-
tion, we performed proteomics analysis on 4-month-old heart
lysates of Pkp2°'7>*%4/WT mice and WT littermates. This revealed
a significant up-regulation of 114 proteins and a down-regulation of
31 proteins when compared with WT littermates (fold change of

Tsui et al., Sci. Transl. Med. 15, eadd4248 (2023) 22 March 2023

>1.25 or <0.8 and a P value of <0.05; Fig. 4A and table S3). In ad-
dition to PKP2, JUP, DSP, and DSG were decreased in
Pkp2©17254elA/WT mouse hearts compared with control hearts
(Fig. 4, A and B), which was further confirmed by immunoblots
(Fig. 4, C and D). Although DSC changes were not detected in
the proteomics data, immunoblots showed a decline in DSC in
Phkp2°17554elA/WT njce (Fig. 4, C and D). The observed decrease in
desmosomal proteins from Pkp2“17>°4A/WT mice is likely regulated
posttranslationally, because mRNA expression was unchanged at
this time point (fig. S8B).

Along with desmosomal proteins, AJ proteins are important for
the maintenance of cell-to-cell adhesion between cardiomyocytes
via the area composita (6, 9, 12). Proteomics analysis also identified
a decline in several AJ proteins, such as B-catenin (p-CAT), N-cad-
herin (N-CAD), and a-CAT (Fig. 4, A and B), which was validated
by immunoblots (Fig. 4, E and F). Other ACM-related proteins,
such as four and a half LIM domain 1 and LIM domain binding 3
(40—44), were also decreased in Pkp2“'” 55delA/WT pice compared
with controls (Fig. 4, B, G, and H).

The reduction in desmosomal proteins was consistently demon-
strated in 12-month-old Pkp2=17>>%4/WT mice compared with WT
littermates (Fig. 5, A and B). At this time point, Jup and Dsp mRNA
expressions were also reduced (fig. S8D). Immunoblot analysis also
showed sustained reduction in the AJ proteins p-CAT, N-CAD, and
a-CAT in Pkp2°!7>°#4/WT mjce hearts when compared with con-
trols (Fig. 5, C and D). In addition, immunofluorescent labeling in
Pkp2e17224eA/WT e demonstrated that disorganization of AJ pro-
teins was evident in severe fibrotic regions of the myocardium
(Fig. 5, E and F).

Our data show that a heterozygous point mutation in Pkp2 leads
to decreased expression of ACM-related proteins. These molecular
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Fig. 3. Pkp2<17554€IAWT mice at 12-
months display disorganized IDs
under baseline conditions. (A to D)
Molecular analyses on ventricular tissue
from 8-week-old mice. (A and B) Immu-
noblot (A) and quantification of PKP2
protein relative to VIN [(B); n = 6 per
group]. (C) mRNA expression of Pkp2

(n =5 to 6 per group). Values normalized
to Gapdh. (D) Representative images of
immunofluorescence staining for PKP2
(red) localization in mouse cardiac tissue,
a-actinin 2 (ACTN2), green; DAPI, blue.
Scale bars, 50 um. (E to G) Cardiac func-
tion in 12-month-old mice. (E) Ratio of
the early "E"” and late "A” ventricular filling
velocities (n = 6 to 8 per group). (F) Iso-
volumic relaxation time (IVRT) in milli-
seconds (n = 8 to 11 per group). (G)
Ejection fraction (EF; n = 10 to 12 per
group). (H) Representative images of
Sirius red staining in 12-month-old
mouse hearts. Scale bars, 100 pum. (I) Hy-
droxyproline abundance in ventricular
tissue (n = 3 per group). (J) Immu-
nofluorescence staining for PKP2, JUP,
and DSP in 12-month-old mouse hearts
in nonfibrotic and fibrotic areas (PKP2,
JUP, or DSP, red; ACTN2, green; DAPI,
blue). Scale bars, 50 um. (K) Width of the
ID (um) was measured on the basis of the
presence of PKP2, JUP, and DSP immu-
nostaining (n = 18 to 40 measurements
from three mice). Data were plotted as
means + SEM. Significance has been as-
sessed by a one-tailed (I) or two-tailed (B,
C, and E to G) Mann-Whitney test. For (K),
significance was assessed by one-way
ANOVA (DSP) or a Kruskal-Wallis test
(PKP2 and JUP) when data were not nor-
mally distributed (*P < 0.05; **P < 0.01;
**¥p < 0.001; ****P < 0.0001).
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changes precede functional and morphological defects observed in
older mice, indicating their potential involvement in ACM

pathogenesis.
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AJ proteins are reduced and disorganized within severely
fibrotic regions in hearts from patients with ACM

To extend our findings on AJ proteins in mice to humans, we per-
formed immunohistochemical staining of -CAT and N-CAD on
ACM heart samples bearing different PKP2 mutations (Fig. 6, A
and B; and figs. S9 and S10, A and B). The AJ proteins in regions
of fibrotic remodeling were shown to be more dispersed across a
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Fig. 4. Proteomics reveals loss of structural and signaling proteins in 4-month-old Pkp2<'7*5#/A"T mice (A to H) Heart tissue from both ventricles was used. (A)
Volcano plot depicting differentially expressed proteins, comparing 4-month-old Pkp2"™"T and Pkp2< 1754 WT mice. n = 4 mice per group, cutoff of 1.25x up-regulated
(red) or 0.8x down-regulated (blue) in Pkp2<17*4AWT mice, P < 0.05. (B) Heatmap of differentially expressed desmosomal proteins (orange), proteins previously impli-
cated in ACM pathogenesis (magenta), AJ proteins (brown), and proteins involved in protein degradation (yellow) (n = 4 mice per group). Red indicates increased ex-
pression in Pkp2©'7>54ANT mice compared with WT. (C to H) Representative immunoblots (n = 2 per group) and the respective protein quantifications for desmosomal (C
and D), AJ (E and F), and ACM-linked (G and H) proteins in 8-week-old mice (n = 6 per group, VIN as loading control). Protein expression data (D, F, and H) were plotted as
means = SEM. Significance has been assessed by a two-tailed Mann-Whitney test (*P < 0.05; **P < 0.01; ***P < 0.001).

larger region, which corroborated our observations in mice. Fur-
thermore, immunoblots of heart lysates from PKP2 mutation—
bearing patients with ACM demonstrated a prominent biventricular
reduction in the AJ proteins, B-CAT, N-CAD, and a-CAT (Fig. 6, C
and D, and fig. S10C). Subsequent correlation analysis on heart
lysates from patients bearing different mutations in PKP2, DSP

Tsui et al., Sci. Transl. Med. 15, eadd4248 (2023) 22 March 2023

¢.1705A>T, or PLN ¢.40-42delAGA indicated that AJ protein expres-
sion correlated with PKP2 protein (Fig. 6, C and E to G).

Proteasomal degradation as the underlying cause of
protein decline induced by a Pkp2 mutation in mice
Our in vivo and in vitro findings demonstrated that PKP2 mutation
correlated with the reduction of other desmosomal proteins in the
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Fig. 5. Desmosomal and AJ proteins are reduced in 12-month-old Pkp2©'7°4¢!AWT mica_ (A to F) Molecular analyses of ventricular tissue from 12-month-old mice.
Representative immunoblots (n = 2 per group) and the respective protein quantification of desmosomal (A and B) and AJ (C and D) proteins (n = 6 per group, VIN as
loading control). (E) Representative immunofluorescence images for B-CAT and N-CAD staining in nonfibrotic and fibrotic areas of mouse hearts (3-CAT and N-CAD in red,
ACTN2 in green, and DAPI in blue). Scale bars, 50 um. (F) Width of the ID (micrometer) in 12-month-old mice was measured on the basis of the presence of -CAT and N-
CAD immunostaining (n = 15 to 35 measurements from three mice). Expression data were plotted as means + SEM. For (B) and (D), significance has been assessed by a
two-tailed Mann-Whitney test. For (F), significance was assessed by one-way ANOVA (N-CAD), or a Kruskal-Wallis test (3-CAT) was performed when data were not normally
distributed (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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Fig. 6. Reduced expression and disorganization of AJ proteins in areas of extensive remodeling in explanted human ACM hearts. (A to C) Samples were collected
from right ventricles. Representative immunostaining for -CAT (A) and N-CAD (B) from a control and ACM heart (PKP2 c.235C>T). Insets represent a close-up of an ex-
tensively remodeled region. Scale bars, 100 um. (C) Immunoblots for AJ components in tissue from explanted control hearts (n = 2) and hearts obtained from patients
carrying the indicated mutations: PKP2 (n = 4), DSP (n = 1), or PLN (n = 4). (D) Quantification of AJ proteins relative to VIN in cardiac tissue obtained from the right and left
ventricles of ACM hearts bearing a PKP2 mutation. (E to G) Correlation between the protein abundance of PKP2 and p-CAT (E), N-CAD (F), and a-CAT (G) in left and right
ventricular tissue of explanted control hearts (n = 2) and from hearts with the indicated mutations; calculated from immunoblots in (C) and fig. S10C. Correlation and
significance have been assessed by nonparametric Spearman correlation (two-tailed, 95% confidence interval). For each panel, the r and P value are shown. Protein
expression data in (D) were plotted as means + SEM. Significance has been assessed by a two-tailed Mann-Whitney test (**P < 0.01).

absence of mRNA changes. In vivo proteomics data also indicated
increased expression of protein components from the UPS, PSMA2
(proteasome 20S subunit a2), TRIM72 (tripartite motif containing
72 E3 ubiquitin protein ligase), PSMDI1 (proteasome 26S subunit,
non-adenosine triphosphatase 1), and PSMB3 (proteasome 20S
subunit 33) (Fig. 4, A and B) (45). Led by the above findings, we
hypothesized that the UPS, at least in part, is involved in the ob-
served reduction of desmosomal proteins caused by a loss in
PKP2 protein expression.

As a proof of concept to show UPS involvement, we subjected
Phkp2e17224elA/WT ice and control mice to daily intraperitoneal in-
jections of MG132, a peptide aldehyde inhibitor of the proteasome
(Fig. 7A) (46, 47). We observed that MG132 treatment for 10 days
increased protein expression of PKP2, JUP, and DSP in
Pkp2e17554elA/WT pjce, whereas DSG and DSC protein expression
remained unchanged (Fig. 7, B and C). In addition, a-CAT was

Tsui et al., Sci. Transl. Med. 15, eadd4248 (2023) 22 March 2023

also increased, whereas B-CAT and N-CAD showed trends toward
up-regulation (Fig. 7, D and E).

Earlier studies used tamoxifen-induced cardiomyocyte-specific
deletion of Pkp2 in adult mice to illustrate that the absence of
PKP2 caused increased ryanodine receptor sensitivity toward
calcium induction, enhanced sarcoplasmic reticulum calcium
load, and an increase in the frequency and amplitude of spontane-
ous calcium release (17-19). These findings led us to examine
whether desmosomal protein up-regulation achieved through
UPS inhibition could correct calcium dysregulation in
Pkp2©!7254eA/WT mice. Cardiomyocytes isolated from saline-treated
mice showed increased calcium amplitude and a
reduction in top peak width (10% of total peak duration) at baseline
when compared with controls (Fig. 7F). In addition, these cardio-
myocytes did not respond to acute isoproterenol exposure. These
alterations in calcium dynamics were rescued in cardiomyocytes
derived from MG132-treated Pkp2-'7**#*4/WT mice, demonstrated

Pkpzc 1755delA/WT
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by a reduction of the baseline calcium amplitude, an increase in top
peak width, and recovery of the acute isoproterenol re-
sponse (Fig. 7F).

Because of toxicity caused by UPS inhibition (46), nonspecific
inhibition is not a viable treatment option; instead, a more specific
inhibition target will be required (48). We aimed to identify the spe-
cific protein ubiquitination sites on the target proteins in the

Tsui et al., Sci. Transl. Med. 15, eadd4248 (2023) 22 March 2023

presence of this pathological mutation. Ubiquitination of a target
protein involves three ligase enzymes, E1 (ubiquitin-activating),
E2 (ubiquitin-conjugating). and E3 (substrate-binding) ligases,
where substrate specificity is conferred by the E3 ligase (49, 50).
Because of the low stoichiometry of ubiquitinated proteins, efforts
to decipher the cardiac ubiquitinome through mass spectrometry
proteomics have been challenging (49). Enrichment for
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ubiquitinated proteins through genetically engineered tagged ubiq-
uitin is laborious and suffers from interference from endogenous
proteins (51, 52). In this study, we took advantage of highly specific
antibodies that recognize the residual diglycine remnant present at
substrate ubiquitination lysine sites after trypsin cleavage, allowing
us to enrich for ubiquitinated proteins before mass spectrometry
analysis (52, 53). By performing ubiquitin proteomics analysis on
WT and Pkp2©!7°*34/WT mouse heart samples, we identified a
total of 1920 differentially regulated ubiquitinated protein sites
when compared with controls. A total of 1722 protein sites (from
534 proteins) demonstrated increased ubiquitination in
Pkp2c-175°delA/WT hearts compared with WT hearts. The top 50
most ubiquitinated protein sites in Pkp2°!7**4!4/WT hearts are
shown in table S4 (the full list can be found at ProteomeXchange
Consortium, Proteomics Identification Database, PXD032964).
We identified lysine (K) ubiquitination site(s) on desmosomal
and AJ proteins that were enriched in Pkp2“!7**#4/WT hearts, in-
cluding PKP2 (K134), JUP (K57), DSP (K166, K871, K1045, K1166,
K1206, K2373, K2535, K2614, K2715, K2738, and K2808), N-CAD
(K766), and a-CAT (K12, K16, K45, K163, K577, and K683)
(Fig. 7G). Together, these data indicate that the observed protein
degradation in Pkp2°!7>*%"*/WT mice is, at least in part, mediated
by the UPS consequent to ubiquitination on target proteins.

DISCUSSION

In the present study, we demonstrate that a single nonsense muta-
tion in PKP2, which causes haploinsufficiency of PKP2, results in a
reduction of other desmosomal and AJ proteins. From patient in
vitro and in vivo data, we hypothesize that this molecular phenotype
may contribute to the subsequent histological and functional hall-
marks observed in ACM. Although the UPS has been shown to be
involved in other cardiomyopathies (54), we show here that inhibi-
tion of the UPS machinery effectively increased protein expression
of PKP2, JUP, DSP, and AJ proteins. In addition, this was sufficient
to rescue calcium dysregulation in Pkp2 mutant cardiomyocytes.
Ubiquitin proteomics analysis identified specific ubiquitination
sites on the target proteins and demonstrated an increased
amount of ubiquitination on PKP2 itself and other target proteins
in mutant samples. The fact that a single heterozygous mutation in
PKP2 can trigger such a decrease in desmosomal and AJ proteins,
resulting in calcium dysregulation, stresses the importance of suffi-
cient quantities of properly functioning PKP2 for cardiac physiolo-
gy and opens up new avenues for developing therapeutics.

It has been debated whether this widespread decline in desmo-
somal proteins is specific for patients with ACM, because it was not
apparent in patients with other (non)genetic cardiomyopathies or
in patients bearing DSG2 mutations (21, 24). A reduction in desmo-
somal proteins has only been observed in certain forms of myocar-
ditis (55). Here, we demonstrate that reduced PKP2 correlated with
reduced protein expression of desmosomal and AJ proteins in pa-
tients with ACM. This phenotype was also evident in patients with
ACM with other genetic mutations, suggesting a broader effect that
could potentially be applicable to other genetic cardiac diseases,
which cause PKP2 insufficiency.

The decline in desmosomal protein abundance caused by a PKP2
mutation is supported by our patient data and recapitulated in our
model systems. Furthermore, our data show that the observed
protein reduction is posttranslationally regulated, at least partially,

Tsui et al., Sci. Transl. Med. 15, eadd4248 (2023) 22 March 2023

through the UPS pathway. This concurs with an earlier neonatal rat
cardiomyocyte study showing that the absence of PKP2 resulted in
DSP decline, which was rescued through UPS inhibition (15). PKP2
is important for both desmosomal protein anchoring and stability;
thus, its absence may cause desmosome instability and subsequent
degradation of area composita complex proteins (8, 56). Studies
conducted in various models, including hiPSC-CMs, zebrafish,
and mice, have consistently demonstrated that reduction or loss
of desmosomal proteins altered morphology and ID region widen-
ing (26, 27, 57, 58). In addition to changes in structural integrity,
desmosomal proteins interact with other macromolecular struc-
tures within the ID, including ion channels, gap junction compo-
nents, scaffolding, and signaling molecules (6, 8, 11, 12).
Activation of the Wnt and Yes-associated protein 1 (YAP)
pathway causes cardiomyocyte growth, survival, and regeneration,
and both are inhibited in ACM pathology (14, 59). Reduction of
DSP has been shown to cause JUP nuclear translocation, which
competes with B-CAT (a transcriptional coactivator in canonical
Whnt signaling) for binding with T cell factor/lymphoid enhancer
factor 1 (TCF/LEF1) (transcription factors), thus reducing TCF/
LEF1-directed transcription (14). PKP2 acts as a scaffold for
protein kinase Ca (PKCa) localization with DSP, which is necessary
for Merlin inhibition. Activation of Merlin not only prevents YAP
transcriptional activity through cytoplasmic retention and degrada-
tion but also activates the Hippo pathway, resulting in Wnt signal-
ing inhibition (13, 16).

On the basis of data from our Pkp2 mutant mice, the decline in
desmosomal proteins appears to precede the histological defects,
which would be in accordance with patients initially being asymp-
tomatic (I-3). Furthermore, we show that disorganization of des-
mosomal and AJ proteins predominantly occurs in regions of
extensive fibrotic remodeling in mutant aged mice; this was also
shown in explanted human hearts. Age is a heart disease risk
factor, originating from escalation of oxidative stress and inflamma-
tory factors (60, 61). In addition, studies have shown that patients
with ACM have more severe oxidative stress (61, 62). This implies
that local cues and neighboring cell types, combined with external
factors such as age, may influence disease severity and penetrance
depending on the local stress caused by inherent differences in re-
gional myocardial stress and strain during each cycle of cardiac con-
traction and relaxation (63).

Until now, genetic deletion of Pkp2 or overexpression of mutated
PKP2 in mice has been used to study the relevance of PKP2 in ACM.
The deletion mouse models include a whole-body deletion (Pkp2-
null) or inducible cardiomyocyte-specific deletion [Pkp2 floxed
allele crossed with a-myosin heavy chain—Cre-ER(T2)] (17, 19,
35, 56, 64, 65). Pkp2-null mice were embryonic lethal [embryonic
day 10.5 (E10.5) to E11], and inducible deletion at adult stage ne-
glects the impact of PKP2 during development and the effect of
PKP2 on other cardiac cell types (17, 19, 35, 56, 65). These
models have greatly expanded our understanding of ACM;
however, they do not reflect the genetic context observed in patients,
because the vast majority of pathogenic mutations are heterozygous
point mutations (I-3). In this study, we generated a heterozygous
knockin mouse model of a human pathological PKP2 variant to
better resemble the genetic situation in patients. This mutation
caused haploinsufficiency of PKP2 and reduction of other desmo-
somal proteins, which was accompanied by disorganization of area
composita proteins in regions of fibrotic remodeling, resulting in
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cardiac dysfunction (4). Dysregulation of the AJ proteins was
evident in our mouse model, which is intriguing because dysregu-
lation of B-CAT has been shown to drive ACM, and both N-CAD
and a-CAT have been linked to ACM (13, 40-42, 66). These molec-
ular changes have not been fully recapitulated in currently available
Pkp2-related ACM mouse models (10, 13, 20-25). Previous studies
demonstrated that homozygous Pkp2-null mice suffered from in-
creased instability of JUP, DSP, and DSG; however, the more clini-
cally relevant heterozygous Pkp2-null mice had normal expression
of desmosomal and N-CAD proteins (35, 56, 67). At this point, it is
unclear whether these differences can be attributed to a dose-re-
sponsive phenomenon or whether all nonsense mutations in Pkp2
would lead to comparable effects. Patients with ACM harboring dif-
ferent PKP2 mutations also displayed reduced expression of desmo-
somal and AJ proteins. This suggests that haploinsufficient
mutations or the previously reported increased sensitivity of
mutant proteins to calcium-dependent calpain proteases could
lead to a reduction of PKP2 protein expression, thus driving
ACM pathogenesis (29, 30).

In this study, we have shown that UPS inhibition in mutant mice
is sufficient to rescue desmosomal protein expression of PKP2, JUP,
and DSP. However, nonspecific UPS inhibition would not be a fea-
sible therapeutic strategy, because cellular processes heavily rely on
the UPS for removal of misfolded aggregates and toxic proteins to
prevent proteotoxicity for the maintenance of proteostasis (54).
Through ischemic reperfusion studies on mice, rats, and pigs,
short-term UPS inhibition has been shown to confer cardioprotec-
tion (68-70). This was demonstrated to be partially due to its anti-
inflammatory properties, achieved by prevention of UPS degrada-
tion of the inhibitory subunit, inhibitor of kB, which inhibits
nuclear factor kB (68-70). However, cardiotoxicity of long-term
UPS inhibitor treatments has been highlighted in many cancer-
related clinical studies (48). We therefore only use UPS inhibition
as a proof of concept to demonstrate the involvement of the UPS in
the development of ACM caused by inadequate quantities of PKP2.
The identification of the specific PKP2 ubiquitination site in our
ubiquitin proteomics strategy may be useful for the development
of small molecular inhibitors directed against the PKP2 ubiquitina-
tion site or against specific E3 ligases. The peptide sequence sur-
rounding these ubiquitination sites is conserved between mouse
and human, suggesting that targeting these sites may have transla-
tional potential.

Although the presented in vitro and ex vivo human data provide
important insights into ACM pathogenesis, it remains difficult to
extrapolate these findings to the clinic. On one hand, the hiPSC-
CMs are known for their fetal-like state, whereas the explanted
human ACM hearts resemble end-stage disease characteristics.
The use of more advanced maturation protocols and inclusion of
clinical parameters in future studies may contribute to a better un-
derstanding and translation of our findings. In addition, although
our mouse model displayed many ACM hallmarks, adipose remod-
eling was not evident for the duration of our study. Therefore, it is
possible that introducing additional stress to this model would
induce a more pronounced ACM phenotype that is currently not
evident at baseline conditions.

In conclusion, our results indicate that mutations found in pa-
tients with ACM, particularly PKP2 ¢.2013delC, lead to a decline in
desmosomal and AJ proteins and cardiac function that may be me-
diated by the UPS. Our data demonstrate the importance of using
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relevant disease models to identify disease-driving mechanisms for
the development of new therapeutic strategies.

MATERIALS AND METHODS

Study design

The main objective of this project was to identify disease-driving
mechanisms underlying ACM by combining in vitro and in vivo
models. Patients with ACM and control heart samples were ob-
tained from the University Medical Center Utrecht Biobank.
Biobank material collection was approved by the scientific advisory
board of the Biobank of the University Medical Center Utrecht,
Netherlands (protocol nos. 12/387 and 15-252). Written informed
consent was obtained from all patients. Details of the sample collec-
tion and immunoblot and immunohistochemistry procedures are
listed in the SuPplementary Materials.

Pkp2¢17324elA/WT mjce were generated by modifying 129/Ola-
derived IB10 cells (provided by the Netherlands Cancer Institute,
Amsterdam) with CRISPR-Cas9. Modified cells were injected into
blastocysts derived from B6 mice and subsequently injected into
pseudopregnant B6 mice. Chimeric offspring were crossbred with
C57BL/6 mice. Ventricular cardiac tissue was obtained from 2-,
4-, and 12-month-old Pkp2“'77#4/WT and pkp2"""WT mice. De-
tailed procedures regarding generation of the Pkp2©!75dela/WT
mouse line, sample collection, molecular assays, and MG132 treat-
ment strategy are listed in the Supplementary Materials. The
number of mice was chosen on the basis of power analysis to
provide adequate statistical power. Only male mice were used,
because ACM has a male predominance (71). Animal experiments
were randomized and blinded for genotype and treatment and were
performed in accordance with institutional guidelines and regula-
tions of the Animal Welfare Committee of the Royal Netherlands
Academy of Arts and Sciences.

The PKP2°2134C/WT 1ipSC line has been previously described
in "Studying arrhythmogenic right ventricular dysplasia with
patient-specific iPSCs” (32). All molecular work has been per-
formed on 1-month-old hiPSC-CMs. All in vitro experiments
were performed on at least three independent cardiomyocyte differ-
entiations. Sample collection and experimental procedures are de-
scribed in detail in the Supplementary Materials.

Statistical analysis

Numeric values are reported as means + SEM. Outliers were iden-
tified and removed using the robust regression and outlier removal
(ROUT) method (Q = 5%). Correlation and significance between
proteins have been assessed by nonparametric Spearman correla-
tion (two-tailed, 95% confidence interval). A chi-square test was
used to assess significance for the functional data obtained for
MTs. For comparison between two groups, significance has been
assessed by a two-tailed unpaired Student's f test or two-tailed
Mann-Whitney test when data were not normally distributed (Kol-
mogorov-Smirnov test). A two-way repeated-measures analysis of
variance (ANOVA) followed by Holm-Sidak test for post hoc anal-
ysis was applied for comparison of Iy, densities in hiPSC-CMs. For
comparison between three and more groups, a one-way ANOVA
Kruskal-Wallis test with Dunn’s multiple comparison test; a =
0.05 was performed. Statistical tests and graphs were done with
GraphPad Prism 9. NDP.view2 software (Hamamatsu) was used
for analyzing immunostainings on human tissue. Image]2 version
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2.3.0/1.53f was used for analysis and quantification of immunoblots
and immunostainings performed on mouse and hiPSC-CM
samples. Detailed description of the statistics for each experiment
and for the mass spectrometry experiments are reported in the
figure legends and Supplementary Materials, respectively.

Supplementary Materials
This PDF file includes:

Materials and Methods

Figs. S1to S10

Tables S1 to S11

References (72-82)

Other Supplementary Material for this
manuscript includes the following:
Data file S1

MDAR Reproducibility Checklist
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