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Therapeutic efficacy of AAV-mediated 
restoration of PKP2 in arrhythmogenic 
cardiomyopathy

Eirini Kyriakopoulou    1, Danielle Versteeg1, Hesther de Ruiter1, Ilaria Perini1, 
Fitzwilliam Seibertz    2,3,4,5, Yannic Döring2,3, Lorena Zentilin6, Hoyee Tsui    1, 
Sebastiaan J. van Kampen1, Malte Tiburcy2,3, Tim Meyer2,3, Niels Voigt    2,3,4, 
van J. Peter Tintelen    7, Wolfram H. Zimmermann2,3,4,8,9, Mauro Giacca    6,10 & 
Eva van Rooij    1,11 

Arrhythmogenic cardiomyopathy is a severe cardiac disorder characterized 
by lethal arrhythmias and sudden cardiac death, with currently no effective 
treatment. Plakophilin 2 (PKP2) is the most frequently affected gene. Here 
we show that adeno-associated virus (AAV)-mediated delivery of PKP2 
in PKP2c.2013delC/WT induced pluripotent stem cell-derived cardiomyocytes 
restored not only cardiac PKP2 levels but also the levels of other 
junctional proteins, found to be decreased in response to the mutation. 
PKP2 restoration improved sodium conduction, indicating rescue of 
the arrhythmic substrate in PKP2 mutant induced pluripotent stem cell-
derived cardiomyocytes. Additionally, it enhanced contractile function 
and normalized contraction kinetics in PKP2 mutant engineered human 
myocardium. Recovery of desmosomal integrity and cardiac function was 
corroborated in vivo, by treating heterozygous Pkp2c.1755delA knock-in mice. 
Long-term treatment with AAV9–PKP2 prevented cardiac dysfunction in 
12-month-old Pkp2c.1755delA/WT mice, without affecting wild-type mice. These 
findings encourage clinical exploration of PKP2 gene therapy for patients 
with PKP2 haploinsuffi ciency.

Arrhythmogenic cardiomyopathy (ACM) is a progressive genetic car-
diac disorder with a prevalence ranging from 1:2,000 to 1:5,000 (ref. 1). 
Early diagnosis is often hindered by phenotypic complexity and variable 
disease penetrance2. At the clinically concealed phase of the disease, 
patients often present asymptomatic or with mild electrocardiogram 

abnormalities, while possessing high risk of sudden cardiac death3.  
As disease progresses, structural remodeling characterized by fibro-
fatty tissue infiltration within the myocardium becomes evident, ulti-
mately leading to life-threatening ventricular arrhythmias and heart 
failure, a condition that often requires heart transplantation3,4.
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Results
PKP2 restoration enhances CM function
In an effort to assess the relevance of PKP2 haploinsufficiency for 
the ACM population, we conducted a comprehensive analysis of the 
Dutch ACM registry (https://www.acmregistry.nl/). Of over 228 index 
patients from the registry, 137 (60%) have a (likely) pathogenic variant 
underlying their ACM phenotype24. Ninety-seven patients carry (likely) 
pathogenic PKP2 variants. Thirty-four of these have 8 different single 
nucleotide substitutions in PKP2 introducing a stop codon, originally 
described as c.235C>T; p.(Arg79*), c.258T>G; p.(Tyr86*), c.397C>T; 
p.(Gln133*), c.1848C>A; p.(Tyr616*), c.1951C>T; p.(Arg651*), c.2028G>A; 
p.(Trp676*), c.2203C>T; p.(Arg735*), c.2421C>A p.(Tyr807*)25. These 
findings highlight the importance of PKP2 mutations, particularly non-
sense mutations, in the pathogenesis and advancement of the disease.

To start examining the effects of PKP2 restoration in a human-
relevant cell model, we utilized a patient-derived iPS cell line, harbor-
ing the pathogenic mutation PKP2 c.2013delC (PKP2c.2013delC/WT) and 
generated isogenic control cells as a reference20. To determine a suit-
able dosage, we delivered two different viral loads (v.l.) (v.l.1 = 0.5 × 103 
viral genomes (v.g.) per cell, v.l.2 = 5 × 103 v.g. per cell) of an AAV6 
vector expressing the wild-type human PKP2 gene under the control 
of a cytomegalovirus (CMV) immediate-early promoter (AAV6–PKP2)  
(Fig. 1a). Molecular analysis of the transduced iPS-cell-derived CMs 
revealed a load-dependent response in PKP2 protein levels, while trans-
duction with 5 × 103 v.g. per cell resulted in complete restoration of the 
PKP2 protein levels in the mutant CMs (Fig. 1c,d). To assess the effect 
of PKP2 restoration on desmosomal integrity, we next transduced the 
PKP2 mutant iPS-cell-derived CMs with either AAV6–PKP2 or an empty 
AAV6 vector (AAV6-ctr) and performed mRNA and protein analysis 
at 4 days and 7 days post-infection, respectively (Fig. 1b). As a refer-
ence, we also treated the PKP2-corrected iPS-cell-derived CMs with 
an equal titer of the AAV6-ctr construct. Real-time polymerase chain 
reaction (PCR) analysis did not show any effects of the exogenously 
delivered PKP2 on the mRNA expression levels of other desmosomal 
components, including JUP, DSP, DSG2 and DSC2 (Extended Data  
Fig. 1a–e). In contrast, western blot analysis revealed that restoration 
of PKP2 protein levels induced subsequent recovery of the desmo-
somal proteins, JUP and DSP, in the AAV6–PKP2-treated PKP2c.2013delC/WT 
iPS-cell-derived CMs, while the DSC2 and DSG2 protein levels remained 
unaffected (Fig. 1e–j). Performing these experiments in additional 
iPS-cell-derived CM lines harboring a different pathogenic PKP2 muta-
tion, PKP2 c.1854C>T (PKP2c.1854C>T/WT) corroborated these findings, 
showing rescue of desmosomal protein content in response to viral 
delivery of human (h)PKP2 (Extended Data Fig. 2a–d). Together, these 
results indicated that restoration of physiological levels of PKP2 pro-
tein improved desmosomal assembly in human CMs harboring PKP2 
truncating variants.

As severe ventricular arrhythmia is the hallmark of ACM, we 
then assessed whether our 2D in vitro model recapitulates the 
arrhythmic substrate caused by ion channel irregularities reported 
to be present in other relevant studies26,27. We, therefore, conducted 
high-throughput automated patch clamp on iPS-cell-derived CMs to 
evaluate sodium currents (Fig. 2a). Our study included four distinct 
conditions, with each experiment conducted on two separate dif-
ferentiations of CMs.

In comparing sodium conduction between the mutant PKP2 CM 
line and the isogenic control line we were able to demonstrate a sig-
nificant reduction in sodium conduction in the mutant CMs, thus 
successfully replicating the arrhythmic substrate characteristic of 
ACM (Fig. 2b,c). We subsequently sought to assess the potential of the 
AAV6–PKP2 gene replacement approach to ameliorate this sodium 
conduction impairment in the mutant CMs. Our data reveal that treat-
ment with AAV6–PKP2 effectively diminished the differences in sodium 
conduction, restoring it to a level comparable to that of the isogenic 
control line (Fig. 2d–f).

Approximately 50% of patients with ACM carry genetic mutations 
in the desmosomal genes: plakophilin 2 (PKP2), plakoglobin (JUP), 
desmoplakin (DSP), desmocollin (DSC2) and desmoglein (DSG2)5. 
Desmosomes are robust multiprotein structures localized within the 
intercalated discs (IDs), where they facilitate mechanical coupling of 
the adjacent cardiomyocytes (CMs)6. Despite the classical notion that 
desmosomes function individually, a close connection and interaction 
of desmosomes with more ID components such as ion channels, gap 
junctions and adherens junctions has been described, together forming 
the area composita or connexome6–9.

PKP2 is the most commonly affected gene in patients with ACM10. 
Specifically, mutations in PKP2 have been strongly associated with 
the onset and development of arrhythmogenic right ventricular car-
diomyopathy, a distinctive subtype of ACM marked by its pronounced 
impact on the right ventricle. While there is growing evidence revealing 
contributions from both the biventricular and left ventricular regions 
to the ACM phenotype, it is worth noting that arrhythmogenic right 
ventricular cardiomyopathy continues to be the predominant subtype 
within the ACM spectrum, primarily inherited through an autosomal 
dominant pattern11. The vast majority of genetic alterations affecting 
PKP2 are truncating variants12. These mutant transcripts are often 
degraded by nonsense-mediated messenger RNA decay, causing PKP2 
haploinsufficiency, which is an important pathogenic ACM driver12–14. 
The fundamental role of PKP2 in ACM disease pathogenesis and pro-
gression has been highlighted by several studies9,14–22. A study on a 
cardiomyocyte-specific, inducible deletion of Pkp2 in mice revealed 
PKP2 as a crucial regulator of calcium cycling and cardiac rhythm15. 
These findings were further corroborated on a heterozygous Pkp2 
knockout mouse model exposed to environmental stress stimuli22. 
Another study demonstrated endogenous correlation of PKP2 tran-
script abundance with the abundance of transcripts encoding inflam-
matory/immune response factors, the presence of which is thought to 
mediate ACM progression17. Interestingly, a study aiming to explore the 
pathogenic mechanisms leading to ventricular dilation and decreased 
systolic function associated with ACM, revealed that truncating PKP2 
mutations impair CM contractility by disrupting sarcomere stability 
and localization14. Of relevance, it was recently shown that cardiac levels 
of PKP2 directly correlate to protein levels of other desmosomal and 
adherens junction proteins in patients20. These data suggest that PKP2 
fulfills a key anchoring role for the stabilization and function of other 
desmosomal and ID proteins. PKP2 loss as a consequence of truncating 
variants induces desmosomal instability and the eventual degradation 
of the area composita-related proteins, whereby downstream disease 
processes become activated.

Despite an improvement in our knowledge about the molecular 
triggers underlying ACM, targeted and effective therapeutic inter-
ventions for this disease remain lacking. While current treatment 
options are more focused on treating disease symptoms23, targeting 
the primary cause of disease consequently leading to ACM would have 
curative potential.

Here we show that adeno-associated virus (AAV)-mediated PKP2 
restoration results in the re-formation of the desmosomal complex and 
consequently an improvement in contractile function in PKP2c.2013delC/WT  
induced pluripotent stem (iPS) cell-derived CMs, PKP2c.2013delC/

WT engineered human myocardium (EHM) and Pkp2 mutant  
knock-in mice. Molecular restoration of desmosomal and non-
desmosomal protein components within the ID was observed  
following exogenous administration of Pkp2, which successfully 
prevented the functional decline induced by PKP2 haploinsufficiency. 
Of particular importance, the overexpression of PKP2 in healthy  
cells and mice did not elicit alterations in desmosomal protein  
levels, nor did it induce a decline in cardiac function. These  
findings suggest that restoration of PKP2 levels in patients with ACM 
harboring a pathogenic PKP2 mutation could lead to a therapeutic 
benefit.
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These findings show that a gene replacement approach improves 
sodium conduction in mutant CMs, which might suggest it could rescue 
the arrhythmic phenotype in patients with ACM.

PKP2 restoration enhances contractile function in engineered 
human myocardium
As PKP2 plays a major role in intercellular binding and interaction, 
we next generated three-dimensional (3D) EHM composed of 70% 

iPS-cell-derived CMs combined with 30% human foreskin fibroblasts 
(HFFs) in a collagen type I-based hydrogel (Fig. 3a and Extended Data 
Fig. 3a,b). This model provides a more mature CM phenotype com-
pared to 2D cell cultures, while enabling the sequential assessment of 
contractile properties at various stages of tissue maturation28.

Interestingly, PKP2c.2013delc/WT tissues exhibited a significant reduction  
in expression of cardiac markers, including α-actinin-2 (ACTN2) accom-
panied by an increase in the expression levels of several fibroblast 
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Fig. 1 | AAV-mediated restoration of PKP2 in PKP2c.2013delC/WT mutant iPS- 
cell-derived CMs results in molecular rescue of desmosomal assembly.  
a, Graphical representation of the AAV expression cassette used in iPS-cell-
derived CMs. ITR, Inverted Terminal Repeat Sequences. b, Timeline for AAV6–
PKP2 transduction of iPS-cell-derived CMs. c, Representative immunoblots 
showing v.l.-dependent PKP2 protein levels in PKP2c.2013delC/WT mutant cells in 
response to AAV6-PKP2. v.l.1 = 0.5 × 103 v.g. per cell, v.l.2 = 5 × 103 v.g. per cell. 
Vinculin (VIN) was used as a loading control. d, Quantification of c, n = 4 technical 
replicates per condition. e, Representative immunoblots for PKP2, JUP, DSP, 
DSG2 and DSC2 in corrected and mutant iPS-cell-derived CMs upon transduction 

with AAV6-ctr or AAV6–PKP2. VIN was used as a loading control. f, Quantification 
of PKP2 protein levels. g, Quantification of JUP protein levels. h, Quantification 
of DSP protein levels. i, Quantification of DSC2 protein levels. j, Quantification 
of DSG2 protein levels. Colored dots represent distinct CM differentiation, n = 6 
technical replicates and 3 biological replicates per condition. Data is presented 
as mean values ± s.e.m. Statistical significance is derived from biological 
replicates and determined with one-way ANOVA (Tukey’s post-hoc test), P value 
at ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, and not significant (NS).  
P values (from left to right): 0.0003, 0.91, 0.0004 (f); 0.0002, 0.3778, <0.0001 
(g); <0.0001, <0.0001, 0.0007 (h); 0.0138, 0.0125, 0.9955 (j).
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markers such as vimentin (VIM) and decorin (DCN) compared to the 
isogenic control (Extended Data Fig. 3c). Furthermore, the mutant 
tissues showed significantly higher levels of the stress-related gene 
NPPB (Extended Data Fig. 3c). Notably we did not detect the pres-
ence of fibrofatty markers in either of the two genotypes. Despite 
these transcriptional differences, our histological examination using 
Masson’s trichrome staining did not reveal substantial differences in 
fibrosis between the two genotypes at the tissue level (Extended Data 
Fig. 3d,e). Immunofluorescence assays on 6-week-old EHM revealed 
colocalization of PKP2 with the ID-specific marker N-cadherin (NCAD), 
however a more organized ID-like structure was more evident in the 

control tissues compared to the mutant tissues (Extended Data Fig. 3f). 
These results suggest that both the PKP2 mutant and isogenic control 
EHM develop a myocardium-like structure, albeit with differences in 
the organization of CM junctions, which appear to be improved in both 
lines compared to the 2D cultures.

Next, we sought to investigate the desmosomal composition of the  
mutant and isogenic control EHM. Molecular analysis by western blot 
confirmed a two-fold decline of PKP2 protein levels in PKP2c.2013delC/WT  
EHM compared to PKP2WT/WT EHM, accompanied by a reduction in 
JUP and DSP protein levels, which is consistent with the molecular 
phenotype observed in 2D cultures (Fig. 3b,d–f). The desmosomal 
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representation of the experimental workflow. b–e, Representative voltage-gated 
sodium currents activated by voltage steps to between −80 mV and −20 mV 
from a holding potential of −110 mV. Experimental groups: PKP2WT/WT + AAV6-ctr 
shown in b, PKP2WT/WT + AAV6-PKP2 shown in c, PKP2c.2013delC/WT + AAV6-ctr shown 
in d, PKP2c.2013delC/WT + AAV6-PKP2 shown in e. f, Graph showing the peak transient 
INa density for each experimental group. Colored dots represent distinct CM 
differentiation. PKP2WT/WT + AAV6-ctr: n = 39 single CMs (diff.1) + 48 single CMs 

(diff.2), PKP2WT/WT + AAV6–PKP2: n = 26 single CMs (diff.1) + 44 single CMs (diff.2), 
PKP2c.2013delC/WT + AAV6-ctr: n = 21 single CMs (diff.1) + 20 single CMs (diff.2), 
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compared to the isogenic control. a, Schematic overview of the generation of 
PKP2 EHM. b, Representative immunoblot for the desmosomal proteins PKP2, 
JUP and DSP. VIN is used as a loading control. c, Representative immunoblot  
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d, Quantification of PKP2 protein levels. e, Quantification of JUP protein levels. 
f, Quantification of DSP protein levels. g, Quantification of DSC2 protein levels. 
h, Quantification of DSG2 protein levels. Colored dots represent distinct 
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Student’s t-test, P value at ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, and 
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condiitons at different time points. l, Trendline showing relaxation time (from 

20% to 80% relaxation in ms) for PKP2WT/WT and PKP2c.2013delC/WT EHM under 
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42 of maturation. o, Graph displaying relaxation time (ms) for PKP2WT/WT and 
PKP2c.2013delC/WT EHM on day 42 of maturation. Colored dots represent distinct 
CM differentiations, n = 3 biological replicates (PKP2WT/WT EHM: n = 17 (diff.1), 
21 (diff.2) and 11 (diff.3) technical replicates. PKP2c.2013delC//WT EHM: n = 19 (diff.1), 
23 (diff.2) and 30 (diff.3) technical replicates). Data are presented as mean 
values ± s.e.m. Statistical significance is derived from biological replicates and 
determined by unpaired, two-tailed Student’s t-test, P value at ****P < 0.0001, 
***P < 0.001, **P < 0.01, *P < 0.05, and not significant (NS). P values: 0.0002 (d), 
<0.0001 (e), 0.010 (f), <0.0001 (g), 0.0003 (h), 0.095 (42-day time point) (j and m),  
0.0176 (42-day time point) (k and n) and 0.059 (42-day time point) (l and o).
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cadherins DSC2 and DSG2 also showed reduced protein levels in the 
mutant tissues compared to the control tissues, which for DSC2 was 
not observed in our 2D model (Figs. 1i and 3c,g–h). This discrepancy 
might be attributed to the different levels of maturation that the 
two models present. It is also possible that the mechanical stress 
that is involved in EHM culture exacerbates the overall phenotype 
observed, therefore leading to a decline of DSC2 protein. In parallel, 
video-optical recordings of EHM contraction revealed a significant 
decline in contractile function (decrease in force of contraction) in 
PKP2 mutant EHM compared to the PKP2WT/WT EHM (Fig. 3i–o). Other 
contractility properties, including beating frequency, contraction 
velocity and relaxation velocity, did not show significant differences 
between mutant and isogenic control tissues throughout maturation 
(Extended Data Fig. 4a–g).

To determine whether PKP2 restoration could improve the 
functional phenotype observed in mutant tissues, we transduced 
PKP2c.2013delC/WT and PKP2WT/WT iPS-cell-derived CMs with either the 
AAV6–PKP2 or the AAV6-ctr and reconstituted the CMs to EHM 
3 days post-transduction (Fig. 4a,b). Our results showed success-
ful PKP2 restoration in the PKP2c.2013delC/WT–AAV6–PKP2 tissues at 
6 weeks after EHM formulation, which was paralleled by a strong 
increase in JUP, DSP and DSG2 protein levels (Fig. 4c–g). Interest-
ingly, DSC2 protein levels did not respond to PKP2 restoration 
(Extended Data Fig. 5a,b). Apart from the desmosomal proteins, 
we also assessed the levels of other ID-related factors including 
NCAD and αCAT. PKP2 restoration was sufficient to restore the 
levels of these proteins in the mutant tissues, potentially imply-
ing that a stronger junction is formed between the adjacent CMs  
(Fig. 4c,h,i). Importantly, PKP2 overexpression in the PKP2WT/WT  
tissues did not lead to a significant increase in PKP2 or other desmo-
somal protein levels, potentially implying that an excess of PKP2 is 
being degraded by the cellular housekeeping machinery.

At a functional level, AAV6–PKP2 transduction resulted in a pro-
gressive improvement in contraction amplitude and normalization of 
the altered contraction kinetics, that is, an elongation of contraction 
and relaxation duration towards PKP2WT/WT levels in the PKP2c.2013delC/WT  
EHM from day 28, reaching statistical significance on day 42 post-
casting (Fig. 4j–o). Noteworthily, PKP2 expression in the AAV6–PKP2-
treated isogenic control EHM did not lead to any side effects on the 
contractile phenotype, further supporting our hypothesis that PKP2 
overexpression is not detrimental to healthy CMs.

These data show that AAV-mediated restoration of PKP2 leads 
to molecular and functional benefits in ACM–EHM models with PKP2 
haploinsufficiency.

In vivo PKP2 delivery restores CM junctions
To further increase clinical relevance, we made use of our previously 
described murine ACM model, harboring the mouse equivalent of the 
human pathogenic PKP2 c.2013delC variant (Pkp2c.1755delA/WT). In brief, 
the Pkp2c.1755delA/WT mice exhibit a significant reduction of cardiac des-
mosomal and adherens junction protein levels compared to Pkp2WT/WT  
mice20. To administer Pkp2 in vivo, we generated an AAV9 vector over-
expressing the murine wild-type Pkp2 fused to a MYC epitope to enable 
detection of the exogenously delivered PKP2 (AAV9–PKP2) (Fig. 5a). 
As a proof of concept, we initially administered an AAV9–PKP2 dose 
of 2 × 1014 v.g. kg−1 via intraperitoneal injections (IP) on 5-day-old Pkp2 
mutant pups and their wild-type control, and collected tissues 2 weeks 
after injection (Fig. 5b). Efficiency of transduction was approximately 
76% of CMs (Supplementary Fig. 6a,b). Immunohistochemistry on 
paraffin sections of the murine hearts revealed correct localization 
of the exogenous PKP2 within the IDs, indicating functionality of the 
exogenous protein (Fig. 5c). Immunoblot analysis showed successful 
restoration of PKP2 protein levels in the treated mutant mice, corre-
sponding to a significant recovery of JUP and a partial recovery in DSP 
and DSG2 (Fig. 5d–i), whereas DSC2 was not responsive to different 
PKP2 levels (Extended Data Fig. 7a, b). These findings are in line with 
what has been observed in our EHM models, consistently indicating 
the re-building of the desmosomal complex upon PKP2 restoration in 
our preclinical ACM models.

Since ACM symptoms often become apparent during early adult-
hood, we investigated the effect of AAV9–PKP2 administration at a 
more clinically relevant stage. For this purpose, we intravenously 
injected Pkp2 mutant and wild-type mice at 2 months of age with a 
dose of 5 × 1013 v.g. kg−1 of either AAV9–PKP2 or AAV9-ctr (efficiency 
of transduction: 71% CMs in the left ventricle (LV)). Two weeks later we 
isolated tissues for molecular analysis (Fig. 5j). PKP2 restoration in the 
mutant mice resulted in elevated levels of the desmosomal proteins, 
JUP, DSP and DSG2, whereas DSC2 did not show an increase (Fig. 5k,l–o 
and Extended Data Fig. 7c,d). Importantly, PKP2 restoration also led to a 
significant recovery of adherens junction proteins, including NCAD and 
α-CAT, in line with what we observed on the EHM models (Fig. 4c,h,i). 
These results point to the formation of stronger junctions in the CMs 
of Pkp2 mutant mice injected with AAV9–PKP2 and further support 
the therapeutic potential of PKP2 restoration in patients with ACM.

PKP2 restoration improves cardiac function in mice
To assess the consequences of long-term Pkp2 administration on car-
diac function in vivo, we injected both wild-type and mutant 2-month-
old mice with a single dose (3 × 1013 v.g. kg−1) of either AAV9-ctr or 

Fig. 4 | AAV-mediated restoration of PKP2 in PKP2c.2013delC/WT EHM leads to 
an increase in desmosomal and junctional protein levels, which further 
translates into improved contractility. a, Timeline for the AAV transduction 
and maturation of PKP2WT/WT and PKP2c.2013delC/WT EHM with either AAV6-ctr or 
AAV6–PKP2. b, Representative fluorescent image of 6-week-old EHM transduced 
with either AAV6-ctr (left) or AAV6–PKP2 fused with the mNeongreen fluorescent 
protein (right). Scale bar, 1 mm. This experiment was repeated independently 
three times with similar results. c, Representative immunoblots for PKP2, JUP, 
DSP, DSG2, NCAD and αCAT in 6-week-old PKP2WT/WT and PKP2c.2013delC/WT  
EHM, transduced either with AAV6-ctr or AAV6–PKP2. VIN was used as a 
loading control for the desmosomal proteins, whereas αTUB was used for the 
quantification of NCAD and αCAT. d, Quantification of PKP2 protein levels. 
e, Quantification of JUP protein levels. f, Quantification of DSP protein levels. 
g, Quantification of DSG2 protein levels. h, Quantification of NCAD protein 
levels. i, Quantification of αCAT protein levels. Colored dots represent distinct 
CM differentiations, n = 6 technical replicates and 3 biological replicates per 
condition. Data are presented as mean values ± s.e.m. Statistical significance is 
derived from biological replicates and determined by one-way ANOVA (Tukey’s 
post-hoc test), P value at ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, and 
not significant (NS). j, Trendline showing % pole bending as a measure of force 

of contraction for PKP2WT/WT and PKP2c.2013delC/WT EHM after AAV6 transduction at 
different time points. k, Trendline showing contraction time (from 20% to 80% 
contraction in ms) for PKP2WT/WT and PKP2c.2013delC/WT EHM after AAV6 transduction 
at different time points. l, Trendline showing relaxation time (from 20% to 80% 
relaxation in ms) for PKP2WT/WT and PKP2c.2013delC/WT EHM after AAV6 transduction 
at different time points. Statistics: one-way ANOVA with Tukey’s post-hoc test 
was performed between all groups at each time point, n = 3 biological replicates 
and 36 technical replicates per condition (12 tissues per CM differentiation). 
m, Graph summarizing force of contraction (% pole bending) for PKP2WT/WT and 
PKP2c.2013delC/WT EHM on day 42 of maturation. n, Graph summarizing contraction 
time (ms) for PKP2WT/WT and PKP2c.2013delC/WT EHM on day 42 of maturation. o, Graph 
summarizing relaxation time (ms) for PKP2WT/WTand PKP2c.2013delC/WT EHM on day 
42 of maturation, n = 3 biological replicates and 36 technical replicates (12 tissues 
per condition). Data are presented as mean values ± s.e.m. Statistical significance 
is derived from biological replicates and determined by one-way ANOVA (Tukey’s 
post-hoc test), P value at ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, and not 
significant (NS). P value (PKP2c.2013delC/WT + AAV6-ctr versus PKP2c.2013delC/WT + AAV6–
PKP2): 0.0010 (d), 0.0006 (e), 0.3638 (f), <0.0001 (g), 0.3156 (h), <0.0001 (i), 
0.0033 (j and m), 0.0274 (k and n) and 0.0344 (l and o).
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AAV9–PKP2 and monitored heart function at 4, 8 and 12 months of 
age (Fig. 6a). We aged the mice up to 12 months as the mutant mice 
show progressive cardiac dysfunction with age, showing a signifi-
cant decrease in the ratio of the early (E) to late (A) ventricular filling 

velocities (E/A ratio) and a significant increase in isovolumic relaxa-
tion time (IVRT) compared to the wild-type mice20. Ten months after 
a single injection, immunohistochemistry indicated the presence of 
exogenous PKP2 at the IDs of 12-month-old mouse hearts (Fig. 6b and 
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Extended Data Fig. 8). Western blot analysis of the hearts extracted from 
AAV9–PKP2-treated mutant mice demonstrated restoration of the PKP2 
protein levels and a significant recovery of the desmosomal proteins 
JUP, DSP and DSG2 including also DSC2 which was not responsive in the 
more immature models (Fig. 6c–h and Extended Data Fig. 7e,f). Interest-
ingly, in line with our observations in the PKP2WT/WT EHM, wild-type mice 
injected with the AAV9–PKP2 virus did not show a significant increase 
in PKP2 levels and also the protein levels of the assessed desmosomal 
components remained unaltered. In accordance with our previous 
study, echocardiographic analysis at baseline, 4 months, 8 months and 
12 months of age did not reveal any significant differences in ejection 
fraction (EF) (Fig. 6i), LV mass, LV end diastolic volume (LVEDV) and LV 
end systolic volume (LVESV) between mutant and wild type (Extended 
Data Fig. 9a–e). Long-term exposure to either AAV-ctrl or AAV–PKP2 
did also not influence these cardiac functional and morphological 
measures, further supporting that Pkp2 overexpression does not impair 
cardiac physiology (Extended Data Fig. 9a–e). Importantly, assessment 
of E/A ratio and IVRT at the 12-month time point revealed a significant 
improvement in the AAV9–PKP2-treated mutant mice compared to the 
mutant mice injected with the AAV9-ctr (Fig. 6j,k). These data suggest 
that Pkp2 administration in the mutant mice reinstates physiological 
gene expression profiles, improves electrical and mechanical coupling 
and eventually restores cardiac function. Morphological evaluation did 
not demonstrate significant differences in heart weight/body weight 
and heart weight/tibia length ratio among the different experimental 
groups (Extended Data Fig. 9e,f). Moreover, protein analysis of tissues 
that are prone to receive AAV9–PKP2 particles including lung, liver, 
spleen and kidney showed moderate expression of the exogenous 
PKP2 within the liver, which could be explained by the high liver tissue 
tropism of AAVs29 (Extended Data Fig. 6c–e). Overall, these data indi-
cate that a single dose of AAV9–PKP2 is able to rescue the molecular 
and functional phenotype observed in the Pkp2c.1755delA/WT adult mice 
without causing overt adverse effects in the heart and other organs.

Discussion
PKP2 haploinsufficiency is often the underlying cause for ACM13. The 
data presented in this manuscript underscore the therapeutic potential 
of PKP2 gene replacement therapy by showing both molecular and func-
tional rescue in human-relevant preclinical in vitro and in vivo models 
of ACM, with no apparent detrimental effects of PKP2 overexpression 
under healthy conditions. These are important findings that support 
the exploration of PKP2 gene therapy as a targeted therapeutic treat-
ment option for patients suffering from ACM.

Our data show that PKP2 replacement under conditions of PKP2 
haploinsufficiency can restore desmosomal integrity and CM func-
tion. These results are in line with a prior study by Inoue et al. that 
demonstrated AAV2-mediated PKP2 restoration in PKP2-deficient 

iPS-cell-derived CMs to restore other desmosomal components 
and enhance contractility30. By treating PKP2c.2013delC/WT EHM with 
AAV6–PKP2 we were also able to show that the functional improve-
ment is longlasting and progressive since the treated tissues showed 
constant improvement in contractile function from day 28 until day 
42 post casting. Moreover, PKP2 overexpression under healthy condi-
tions did not appear to influence desmosomal integrity or CM func-
tion, which would be an important safety parameter for moving this 
technology into patients.

Next to our in vivo efficacy data, we provide evidence that a single 
systemic administration of AAV9–PKP2 in heterozygous mice harbor-
ing a pathogenic PKP2 variant leads to restoration of desmosomal 
assembly in the transduced CMs, which is accompanied by the recov-
ery of intercellular junction proteins NCAD and α-CAT. In time, PKP2 
gene therapy also prevents diastolic dysfunction in treated mutant 
mice at 12 months of age, while showing no effect in healthy wild-type 
littermates. This might be due to the lack of excessive PKP2 levels in 
both our wild-type in vitro and in vivo models. The lack of overexpres-
sion under healthy conditions might suggest the presence of a cellular 
compensatory mechanism correcting for an overdose of PKP2 protein. 
Similar observations have been reported for the exogenous expression 
of sarcomere genes in CMs. It has been demonstrated that viral expres-
sion of the hypertrophic cardiomyopathy-associated sarcomere gene 
myosin binding protein C (MYBPC3), can lead to the replacement of 
the endogenous protein without overexpression. This is due to UPS-
mediated degradation of the excess amount of sarcomere proteins 
to preserve the stoichiometry of the sarcomere complex31–33. So far 
it is unclear whether UPS-mediated protein degradation also plays a 
role in maintaining PKP2 protein at physiological levels in CMs. While 
here we show therapeutic benefit in a mutant Pkp2 mouse model, 
another recent study utilized gene therapy to correct the arrhythmic 
phenotype observed in a mouse model of ACM carrying a homozygous 
knock-in variant in the Dsg2 gene (Dsg2−/−)34. The authors were able to 
rescue the arrhythmic but not the fibrotic phenotype in the mutant 
mice, by AAV9-mediated administration of the truncated isoform 
of CX43 (GJA1-20k), which is responsible for correct localization of 
CX43 at the IDs.

In this study, we used murine models of PKP2 haploinsufficiency 
harboring the mouse equivalent of the known pathogenic mutation 
PKP2 c.2013delC to mimic the genetic condition of patients. However, 
there are significant differences between the electrophysiological 
properties of hearts of human and mice35. For example, mouse hearts 
have weaker Ca2+ currents and stronger K+ currents36 resulting in a 
shorter ventricular action potential duration and a heart rate about ten 
times higher than in humans. These differences, including the sparsity 
of detectable T-waves in mouse hearts37, complicate the identification 
of cardiac defects in our models.

Fig. 5 | AAV-mediated restoration of PKP2 in Pkp2c.1755delA/WT pups and adult 
mice leads to the recovery of desmosomal and non-desmosomal components 
of the ID. a, Graphical representation of the AAV expression cassette used in 
mice, ITR=Inverted Terminal Repeat Sequences. b, Workflow followed after the 
intraperitoneal (IP) AAV9–PKP2 administration in Pkp2c.1755delA/WT and wild-type 
pups. c, Immunofluorescence on paraffin sections of mouse cardiac tissue 
showing localization of the exogenously introduced PKP2 in the injected hearts. 
DAPI, blue; ACTN2, gray; PKP2, green; MYC epitope, red; exogenous PKP2, yellow 
in merged image. Scale bar, 10 μm. This experiment was repeated independently 
18 times (in 18 distinct mouse hearts) with the same results. d, Representative 
immunoblots for PKP2, MYC, JUP, DSP and DSG2 in Pkp2WT/WT and Pkp2c.1755delA/WT  
pups injected with either AAV9-ctr or AAV9–PKP2. VIN is used as a loading 
control. e, Quantification of PKP2 protein levels. f, Quantification of MYC protein 
levels. g, Quantification of JUP protein levels. h, Quantification of DSP protein 
levels. i, Quantification of DSG2 protein levels. Experimental groups: Pkp2WT/WT  
pups injected with AAV9-ctr n = 8, Pkp2c.1755delA/WT pups injected with AAV9-ctr 
n = 8, Pkp2c.1755delA/WT pups injected with AAV9–PKP2 n = 10. j, Workflow followed 

after the intravenous (IV) AAV9–PKP2 administration in Pkp2c.1755delA/WT and 
wild-type adult mice. k, Representative immunoblots for the desmosomal PKP2, 
MYC, JUP, DSP and DSG2 and NCAD and αCAT in Pkp2WT/WT and Pkp2c.1755delA/WT 
mice injected with either AAV9-ctr or AAV9–PKP2. VIN is used as a loading control 
for the desmosomal proteins, whereas GAPDH is used for the quantification of 
NCAD and αCAT. l, Quantification of PKP2 protein levels. m, Quantification of JUP 
protein levels. n, Quantification of DSP protein levels. o, Quantification of DSG2 
protein levels. p, Quantification of MYC protein levels. q, Quantification of NCAD 
protein levels. r, Quantification of αCAT protein levels. Experimental groups: 
Pkp2WT/WT mice injected with AAV9-ctr n = 10, Pkp2WT/WT mice injected with AAV9–
PKP2 n = 10, Pkp2c.1755delA/WT mice injected with AAV9-ctr n = 10, Pkp2c.1755delA/WT 
mice injected with AAV9–PKP2 n = 10. Data are presented as mean values ± s.e.m. 
Statistical significance is determined by one-way ANOVA (Tukey’s post-hoc test), 
P value at ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, and not significant 
(NS). P value (Pkp2c.1755delA/WT + AAV9-ctr versus Pkp2c.1755delA/WT + AAV9-PKP2): 
<0.0001 (e), <0.0001 (g), 0.3461 (h), 0.1607 (i), 0.002 (l), <0.0001 (m), 0.029 (n), 
0.0122 (o), <0.0001 (q) and <0.0001 (r).
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In vitro, we employed EHM as a valuable tool to study cardiac 
function. Nevertheless, EHM have their own set of limitations when it 
comes to modeling arrhythmias. Arrhythmias in ACM often coincide 
with the presence of abnormal collagen deposition and lipid drop-
lets. In our PKP2 mutant tissues, we did not observe either of these 
characteristics. This observation aligns with expectations since these 
changes typically take years to develop in patients with ACM, whereas 

our tissue samples were cultured for only 1 month. Additionally, it is 
worth noting that only the CMs in our model were patient-specific, 
while the cardiac fibroblasts were not. There is an ongoing debate in the 
scientific literature regarding whether arrhythmias are primarily driven 
by CMs alone or in combination with other cell types38–40. Many stud-
ies suggest that factors such as fibrosis, CM death and the infiltration 
of fibro-fatty tissue create the substrate for triggering arrhythmias41. 
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However, there is also evidence indicating that arrhythmias in ACM can 
manifest before structural abnormalities become apparent42. Notably, 
our 2D iPS-cell-derived CM cultures exhibited sodium conduction 

irregularities, indicating the presence of a proarrhythmic substrate 
in our models that may require additional triggers for arrhythmia 
manifestation (Fig. 2b,c).
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Fig. 6 | A single dose of AAV9-PKP2 in 8-week-old Pkp2c.1755delA/WT mice prevents 
cardiac dysfunction at 12 months of age. a, Timeline for intravenous AAV9–
PKP2 administration in Pkp2c.1755delA/WT and long-term monitoring of cardiac 
function in adult mice. b, Immunofluorescence on paraffin sections of mouse 
cardiac tissue showing localization of the exogenously introduced PKP2 in 
the injected hearts. DAPI, blue; ACTN2, gray; PKP2, green; MYC epitope, red; 
exogenous PKP2, yellow in merged image. Scale bar, 10 μm. This experiment was 
performed independently ten times (in ten distinct mouse hearts) with the same 
results. c, Representative immunoblots for PKP2, MYC, JUP, DSP and DSG2 in 
Pkp2WT/WT and Pkp2c.1755delA/WT mice injected with either AAV9-ctr or AAV9–PKP2. 
VIN is used as a loading control. d, Quantification of PKP2 protein levels.  
e, Quantification of MYC protein levels. f, Quantification of JUP protein levels. 
g, Quantification of DSP protein levels. h, Quantification of DSG2 protein levels. 

Experimental groups: Pkp2WT/WT mice injected with AAV9-ctr n = 8, Pkp2WT/WT mice 
injected with AAV9–PKP2 n = 8, Pkp2c.1755delA/WT mice injected with AAV9-ctr n = 8, 
Pkp2c.1755delA/WT mice injected with AAV9–PKP2 n = 8. i, Graph showing EF in  
Pkp2WT/WT and Pkp2c.1755delA/WT mice injected with either AAV9-ctr or AAV9- 
PKP2. j, Graph showing IVRT in Pkp2WT/WT and Pkp2c.1755delA/WT mice injected 
with either AAV9-ctr or AAV9-PKP2. k, Graph showing E/A ratio in Pkp2WT/WT 
and Pkp2c.1755delA/WT mice injected with either AAV9-ctr or AAV9–PKP2. These 
measurements correspond to 12-month-old mice. Data are presented as mean 
values ± s.e.m. Statistical significance is determined by one-way ANOVA  
(Tukey’s post-hoc test), P value at ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, 
and not significant (NS). P value (Pkp2c.1755delA/WT + AAV9-ctr versus Pkp2c.1755delA/WT +  
AAV9-PKP2): 0.0101 (d), 0.0394 (f), 0.0052 (g), 0.0134 (h), 0.5622 (i), 0.0053 (j) 
and <0.0001 (k).
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So far cardiac gene therapy has been challenging due to a rela-
tively low targeting efficiency owing to the complex architecture 
of the heart, being composed of multiple cell types. Despite the 
predominantly non-integrative nature of AAV vectors43, multi-year 
transgene expression after gene transfer has been documented in 
large animals and humans44–46. The fact that we can detect the MYC 
epitope signal in murine CMs 10 months after the virus administra-
tion might be indicating that the promising ‘one and done’ AAV 
strategy employed in mice could potentially be feasible in human 
patients as well. In addition, our results indicate that PKP2 restora-
tion in almost 70% of the CMs of the murine ventricles is sufficient 
to lead to a functional benefit in the mutant animals (Extended Data  
Fig. 6a,b). While AAV-based gene therapies have been shown to target 
the liver29, our data indicated nonsignificant levels of exogenous 
PKP2 in the lung, spleen and kidneys of mice; however, moderate 
expression of cardiac PKP2 in the liver was observed (Extended Data 
Fig. 6d,e). Should it be desirable, liver targeting can be avoided by 
the use of a cardiac-specific promoter to drive PKP2 expression, the 
use of a cardiotropic capsid and the addition of a liver detargeting 
sequence. For example, AAV2i8, AAV2i8G9 and AAV-SASTG chime-
ras, some AAV serotype 9 variants, or vectors obtained through the 
screening of peptide display libraries or DNA-shuffled libraries47,48 
all display improved cardio tropism. A cardiotropic capsid (BNP116) 
obtained as an AAV2/AAV8 chimera49 is currently used in a gene 
therapy clinical trial for heart failure50.

ACM is an inherited heart condition characterized by progres-
sive structural changes in the myocardium, which increase the risk 
of arrhythmias and impair contractile function. In the absence of 
curative options, current therapeutic interventions for patients 
suffering from ACM are aimed at controlling disease progression 
and include antiarrhythmic medications, use of implantable cardio-
verter defibrillators, catheter ablation and often lifestyle changes51. 
Approaches that interfere with the underlying cause of the disease, 
in this case PKP2 haploinsufficiency, could potentially be more effi-
cacious in halting or reversing the disease course. However, iden-
tification of the patient population that would benefit from PKP2 
gene therapy is currently challenging. Genetic testing could help to 
identify patients that could suffer from PKP2 haploinsufficiency52. 
However, this type of testing is usually reserved for individuals with 
a family history of cardiac disease or for those who have already 
been diagnosed with a cardiac condition and does not necessarily 
indicate what is happening at the protein level. Readouts in non-
cardiac cells that express desmosomal proteins might provide a 
non-invasive tool to determine cardiac desmosomal protein con-
tent indirectly. Researchers have detected a significant reduction 
of JUP protein in buccal mucosa cells of patients with ACM com-
pared to healthy counterparts53,54. Additionally, the PKP2 levels in 
keratinocytes has been shown to mirror the cardiac level of PKP213. 
Such a non-invasive, quantitative method to assess cardiac levels of 
PKP2, combined with a comprehensive evaluation by a healthcare 
provider, could effectively identify patients that would benefit from 
PKP2 gene replacement therapy.

So far, six AAV gene therapy products have already been approved 
for clinical use for non-cardiac indications, with over 1,400 patients 
having already been treated with onasemnogene55, an intravenously 
administered AAV9 vector expressing the survival of motor neuron 
1 (SMN1) protein for spinal muscular atrophy (SMA). After the initial 
drawback of the AAV1/SERCA2α gene therapy for heart failure, which 
failed in a large phase IIb clinical trial56, gene therapy for the heart is also 
picking up speed again. AskBio takes advantage of a cardiotropic AAV 
vector with a chimeric AAV2/AAV8 capsid (BNP116)49 to overexpress a 
constitutively active form of Inhibitor-1c (I-1c) in patients with heart 
failure (NCT04179643). Earlier this year, Rocket Pharmaceuticals has 
received regenerative medicine advanced therapy designation for an 
AAV9-based gene therapy to express the B isoform of the lysosomal 

associated membrane protein-2 (LAMP-2) to tackle Danon disease after 
the success of a phase I clinical trial (NCT03882437). On top of that, in 
May 2023 the same company received an Investigational New Drug 
(IND) approval for clinical gene therapy for PKP2 for ACM patients, a 
highly promising development for the field’s future. Tenaya Therapeu-
tics has received fast track designation for a phase 1b clinical trial for 
MYBPC3 gene replacement therapy for hypertrophic cardiomyopathy 
(NCT05836259), utilizing an optimized AAV9 vector to package the 
full-length MYBPC3 gene. In addition, the company received orphan 
drug designation to its PKP2 gene therapy product candidate TN-401 
for treatment in 2022 with preclinical results in preparation and a fil-
ing for IND in 2023.

Overall, the potential of gene therapy in treating genetic diseases 
represents a paradigm shift in the way we approach these conditions. 
Although PKP2 gene replacement therapy has demonstrated promise 
in preclinical studies using our knock-in mice, additional studies in suit-
able models are necessary to establish appropriate dosing regimens 
and determine potential safety issues. Heterogeneity in targeting of 
individual CMs could render the heart more susceptible to arrhythmias. 
A meticulous assessment of the risk of arrhythmias demands rigorous 
testing in larger animal models that accurately mimic human cardiac 
physiology in terms of heart rates, size, and function.

To conclude, our data support the notion that PKP2 gene therapy 
holds promise for improving the clinical outcomes of patients with 
ACM with PKP2 haploinsufficiency, and reinforce the promise of gene 
therapy for tackling heart disease.

Methods
Human iPS cell lines
The human PKP2 c.2013delC and PKP2 c.1849C>T iPS cell lines were 
provided by H.-S. V. Chen at University of California San Diego40 and 
J. Wu at Stanford Cardiovascular Institute (supported by National 
Institutes of Health R24 HL117756), respectively.

Cell culture
Human iPS cells were grown on Geltrex LDEV-Free, hESC-Qualified, 
Reduced Growth Factor Basement Membrane Matrix-coated wells 
(Gibco, A1413302). The cells received fresh Essential 8 Medium (Gibco, 
A1517001) on a daily basis and were passaged at 80–100% confluency 
levels. In brief, medium was aspirated and dissociation of the cells was 
performed with TrypLE Express Enzyme (Gibco, 12605010) for 5 min at 
37 °C. After incubation, 4 ml of Essential 8 Medium, supplemented with 
2 μM thiazovivin (Sigma-Aldrich, 420220), was added to the dissociated 
cells and transferred to a 15 ml Falcon tube. Cells were centrifuged for 
3 min at 300g. Lastly, cells were seeded at a density of 15,000 cells cm−2 
in Essential 8 Medium, supplemented with 2 μM thiazovivin. Medium 
was refreshed the next day with plain Essential 8.

CM differentiation
The differentiation protocol started when human iPS cells reached 
80–90% of confluency (day 0). Cells were fed with RPMI-1640-Medium-
GlutaMAX Supplement-HEPES (Gibco, 72400-021) supplemented 
with 0.5 mg ml−1 human recombinant albumin (Sigma-Aldrich, A9731), 
0.2 mg ml−1 l-ascorbic acid 2-phosphate (Sigma-Aldrich, A8960) and 
4 μM CHIR99021 (Sigma-Aldrich, 361559). After 48 h (day 2), medium 
was replaced by RPMI-1640-Medium-GlutaMAX Supplement-HEPES 
supplemented with 0.5 mg ml−1 human recombinant albumin (Sigma-
Aldrich, A9731), 0.2 mg ml−1 l-ascorbic acid 2-phosphate and 5 μM IWP2 
(Sigma-Aldrich, 681671). On day 4 and day 6, cells were refreshed with 
RPMI-1640-Medium-GlutaMAX Supplement-HEPES supplemented 
with 0.5 mg ml−1 human recombinant albumin and 0.2 mg ml−1 l-ascor-
bic acid 2-phosphate. From day 8 onwards, the medium of the cells 
was refreshed every 3–4 days with RPMI-1640-Medium-GlutaMAX 
Supplement-HEPES supplemented with B-27 Supplement (50×)-serum 
free (Gibco, 17504001).
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CM purity
To assess the purity, 1 × 106 iiPS-cell-derived CMs at 15 days of age were 
utilized. The CMs were subjected to centrifugation at 300g for 5 min. 
The medium was removed, and cells were washed with Dulbecco’s 
Phosphate-Buffered Saline (dPBS) (Gibco, 14190094). Following 
another centrifugation at 300g for 5 min, the dPBS was aspirated, and 
cells were fixed by adding 1 ml of ice-cold 70% ethanol while vortex-
ing. After a subsequent centrifugation at 300g for 4 min, the fixative 
was removed. Permeabilization was achieved by resuspending the 
cells in blocking buffer consisting of PBS (pH 7.2–7.4), supplemented 
with 5% fetal bovine serum, 1% bovine serum albumin (Sigma-Aldrich, 
A9647-100G) and 0.5% Triton X-100 (Sigma‐Aldrich, 93443). Following 
a 10-min incubation at 4 °C, permeabilized cells underwent another 
centrifugation for 4 min at 300g, and the supernatant was aspirated. 
The cell pellet was resuspended in 100 μl of blocking buffer contain-
ing anti-Cardiac Troponin T antibody (Abcam, ab45932; 1:2,000) and 
incubated at 4 °C for 1 h. Subsequently, 500 μl of blocking solution 
was added, and cells were centrifuged again for 4 min at 300g. After 
aspirating the supernatant, cells were resuspended once more in 500 μl 
of blocking buffer, followed by another centrifugation step for 4 min at 
300g. Cells were then resuspended in 100 μl of blocking buffer contain-
ing Alexa 488-anti-rabbit antibody (Thermo Fisher Scientific, A-21206; 
1:4,000) and incubated for 30 min at room temperature. Next, 500 μl 
of blocking buffer was added, and cells were centrifuged for 4 min at 
300g. The supernatant was discarded, and cells were resuspended 
again with 500 μl of blocking buffer, followed by another centrifugation 
for 4 min at 300g. Finally, the supernatant was aspirated, and cells were 
resuspended in 1 ml of dPBS for analysis by fluorescence-activated cell 
sorting (BD Biosciences, FACS Calibur).

Automated patch clamp
iPS-cell-derived CM collection proceeded with a PBS wash followed 
by a Versene wash before dissociation with TrypLE Express (all: Gibco) 
for 10 min at 37 °C. The cells were resuspended in divalent-free HBSS 
(Gibco) at 4 °C before measurement. Automated patch clamp experi-
ments were conducted with the SyncroPatch 384 (Nanion Technologies 
GmbH) device with thin borosilicate glass, single aperture 384-well 
chips (NPC384T 1× S-type). Application of negative pressure (150–
250 mbar) attained whole-cell configuration. INa recordings were per-
formed at 0.5 Hz using a voltage step protocol with a holding potential 
of −80 mV followed by a hyperpolarizing step to −110 mV for 100 ms 
and a 300-ms test pulse to −20 mV. Pipette solution contained (in 
mmol l−1): egtazic acid 10, HEPES 10, KCl 10, NaCl 10 and KF 110, pH 
7.2 (with KOH). Bath solution contained (in mmol l−1): HEPES 10, NaCl 
80, N-methyl-d-glucamine (NMDG) 60, glucose 5, KCl 4, CaCl2 2 and 
MgCl2 1, pH 7.4 at 22–24 °C (with KOH). Currents were recorded with 
an integrated amplifier controlled by PatchControl 384 software and 
analyzed offline using DataControl 384 software (both: Nanion Tech-
nologies GmbH)57.

EHM generation
EHM was generated according to the protocol published by Tiburcy et 
al.58. In brief, patient-derived iPS-cell-derived CMs (purity >90%) were 
mixed together with HFFs (HFF-1, ATCC, SCRC-1041) at a ratio of 70:30. 
The cell mixture was resuspended in an appropriate volume of Collagen 
type I (Collagen Solutions, FS22024) diluted into RPMI 2× (Thermo 
Fisher Scientific, 51800-035). A total of 185 μl of the cell–collagen mix-
ture was cast in each well of a 48 EHM multi-well plate (myrPlate-TM5; 
myriamed GmbH). The cast mixture was incubated for approximately 
45 min at 37 °C and subsequently EHM medium freshly supplemented 
with TGFβ1 (Peprotech, AF-100-21C) was added. During the initial 3 days 
following the casting process, tissue medium was refreshed daily with 
EHM medium supplemented with TGFβ1. Subsequently, the tissue 
medium was replaced daily with EHM medium for the entirety of the 
experimental duration.

Contraction analyses
Contraction measurements were performed using video-optic record-
ings of EHM mediated pole bending in a myrPlate-TM5 culture format 
at 37 °C (ref. 59). Data were recorded from spontaneously contraction 
EHM for at least 2 min at 50 fps at the indicated time points in a myrIm-
ager prototype (myriamed GmbH). Percent pole bending is reported 
as a surrogate for force of contraction (F); contraction and relaxation 
times are recorded from 20% to 80% peak contraction and 20% to 
80% relaxation; contraction and relaxation velocities are reported as 
maximal and mininmal dF/dt.

Quantitative real-time PCR
For iPS-cell-derived CMs, RNA isolation was performed utilizing the 
RNeasy kit (Qiagen, 74104) as per the manufacturer’s guidelines. Com-
plementary DNA synthesis was conducted using the iScript cDNA 
Synthesis Kit (Bio-Rad). Quantitative PCR analysis was carried out 
using the CFX96 Realtime PCR system (Bio-Rad) and iQ SYBR Green 
(Bio-Rad) in accordance with the manufacturers’ instructions (Sup-
plementary Table 1).

Mouse line generation
All animal studies carried out in this research adhered to the  
institutional guidelines and complied with the regulations set 
forth by the Animal Welfare Committee of the Royal Netherlands  
Academy of Arts and Sciences. Animal experiments were con-
ducted upon approval by the ‘Animal Welfare Body Utrecht’ (I.v.D.)  
of the Royal Dutch Academy of Sciences and Arts (K.N.A.W.) and  
are in compliance with national legislation and institutional 
guidelines.

Mouse lines were maintained on C57B/6J background. Male and 
female mice were included in studies performed in pups, whereas 
studies in adult mice only included males.

Echocardiographic analysis
Isoflurane-anesthetized mice were subjected to transthoracic M-mode 
echocardiographic recordings while placed on a heat mat. The record-
ings were conducted using a Visual Sonic Ultrasound System con-
nected to a 30 MHz transducer. For each mouse, three measurements 
were taken for various cardiac parameters including LVEDV, LVESV, 
end-diastolic interventricular septal wall thickness, end-systolic inter-
ventricular septal wall thickness, IVRT and the early (E) and late (A) ven-
tricular filling velocities. The E and A values were utilized to calculate 
the E/A ratio. Cardiac function, specifically EF (%), was automatically 
determined by the software using the averaged values of the afore-
mentioned parameters.

Histology and immunohistochemistry
Cardiac tissue from mice or EHM was collected and briefly washed in 
ice-cold PBS. After rinsing and weighing, they were fixed in 4% para-
formaldehyde for 48 or 24 h, respectively, at room temperature. The 
fixed tissues were then embedded in paraffin and sliced at 4 μm. The 
sections were dewaxed and rehydrated. For immunohistochemistry, 
tissue sections were boiled for 20 min in either ethylenediaminetet-
raacetic acid (EDTA) buffer or sodium citrate buffer. They were then 
blocked for 45 min at room temperature using a solution containing 
0.1% bovine serum albumin and 0.4% TWEEN20 dissolved in dPBS. 
The tissue was then incubated with primary antibodies overnight 
at 4 °C, followed by incubation with secondary antibodies for 1 h at 
room temperature. DAPI diluted in dPBS (1:1,000) was used to stain 
the sections, and they were subsequently mounted with Mowiol and 
imaged using a Leica TCS SPE confocal microscope. Leica Application 
Suite (LAS X, version 3.30 or newer) was used for image acquisition, 
whereas image processing was performed with Fiji. Supplementary 
Table 2 presents information about all antibodies used for immuno-
fluorescence assays.
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Western blot
iPS-cell-derived CMs were dissociated using TrypLE Select Enzyme 
(10×) and collected in a 1.5-ml Eppendorf tube. The cells were then 
centrifuged at 300g for 5 min and resuspended in 1 ml of dPBS, followed 
by another centrifugation round with the same conditions. The cells 
were then lysed in RIPA buffer containing cOmplete EDTA-free Protease 
Inhibitor Cocktail (one tablet per 10 ml of RIPA buffer) and PhosSTOP 
(one tablet per 10 ml of RIPA buffer). For immunoblotting, 10–15 μg of 
protein extract was used. Horseradish peroxidase-coupled secondary 
antibodies were used in combination with the Clarity Western ECL 
Substrate kit for visualization. Immunoblots were imaged using an 
Amersham Imager 680RGB device and quantified with ImageQuant 
TL software v7.1 (GE Healthcare).

Immunoblotting was also performed on protein lysates  
from snap-frozen mouse tissue explanted from the ventricles.  
The tissue was lysed in approximately 150 μl of RIPA buffer as  
described above. Immunoblotting was performed using 20–50 μg 
of protein. In Supplementary Table 3 there are all details regarding 
antibodies used.

AAV delivery
AAV vectors (serotype 6 or 9) encoding human PKP2, murine Pkp2 or 
empty vector were generated in collaboration with the Giacca and 
Zentilin labs (Trieste, Italy).

We used 5 × 103 v.g. per cell to infect hiPS-cell-derived CMs with 
AAV6. AAV9-ctr and AAV9–PKP2 were used for in vivo studies. A total 
of 3 × 1011 v.g. per animal were injected intraperitoneally into 5-day-old 
pups using an insulin syringe with a 30-gauge needle. Adult mice were 
injected intravenously through the tail vein with 5 × 1012 v.g. per animal 
(one single injection) using a syringe with a 26-gauge needle.

Statistical analysis
Data are presented as mean ± standard error of the mean. Statistical 
differences between two groups were tested by two-sided unpaired 
or paired Student’s t-tests. In case of three and more groups, one-way 
or two-way unrepeated or repeated-measures analysis of variance 
(ANOVA) with appropriate post-hoc testing was performed. The per-
formed tests are specified in the respective figure legends. Statistical 
testing was performed with GraphPad Prism 9.5.1.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All data supporting the findings in this study are available within the 
paper and associated files. Source data are provided with this paper.
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Extended Data Fig. 1 | AAV-mediated restoration of PKP2 in PKP2c.2013delC/WT 
mutant iPS-cell-derived CMs does not affect the mRNA levels of desmosomal 
proteins. a-e, Gene expression of PKP2, JUP, DSP, DSG2 and DSC2 in Pkp2c.2013delC/WT  
iPS-cell-derived CMs upon transduction with either AAV6-ctr or AAV6-PKP2. As 
a reference, the PKP2 corrected iPS-cell-derived CM line was transduced with 
AAV6-ctr. Values were normalized to GUS. n = 3 biological replicates (distinct CM 

differentiations) and 6 technical replicates per differentiation. Data is presented 
as mean +/− s.e.m. Statistical significance is derived from biological replicates 
and is determined with one-way ANOVA (Tukey’s post-hoc test), p-value at  
****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, and not significant (ns).  
Exact P-value for panel (a) is < 0.0001 for all comparisons.
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Extended Data Fig. 2 | PKP2 restoration in iPS-cell-derived CMs harboring 
the pathogenic variant PKP2 c.1845C < T, leads to a recovery of JUP and 
DSP protein levels. a, Representative immunoblots for PKP2, JUP and DSP in 
PKP2c.1845C<T/WT iPS-cell CMs upon transduction with AAV6-ctr or AAV6-PKP2. VIN 
was used as a loading control. b-d, Quantification of (a), n = 3 biological replicates 
(distinct differentiations) and 6, 3 and 3 technical replicates per differentiation 

respectively. Data is presented as mean +/− s.e.m. Statistical significance is 
derived from biological replicates and is determined with one-way ANOVA 
(Tukey’s post-hoc test) with p-value at ****P < 0.0001, ***P < 0.001, **P < 0.01,  
*P < 0.05, and not significant (ns). P-values (PKP2c.1845C<T/WT+ AAV6-ctr vs 
PKP2c.1845C<T/WT+ AAV6-PKP2): (b) = 0.016, (c) = 0.0366, (d) = 0.0016.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | The PKP2 mutant EHM exhibit similar structural and 
intercellular junction organization as its isogenic control. a, Representative 
brightfield images of 6-week-old mutant and isogenic control EHM under 
baseline. Scale bar is at 1mm. b, On the left side: representative overview 
immunofluorescent staining of a paraffin-embedded EHM section. Scale bar 
is at 500μm. On the right side: representative high magnification fluorescent 
images of the same EHM section to show cardiomyocyte and fibroblast regions 
within the tissue. DAPI = blue, VIM = magenta, ACTN2 = green. Scale bar is at 
20μm. c, Gene expression of ACTN2, VIM, DCN and NPPB on the mutant tissues 
compared to the isogenic control. Data is normalized to the housekeeping 
gene GUS. Colored dots represent distinct CM differentiations, n = 6 technical 
replicates and 3 biological replicates per condition. Data is presented as means 
+/− s.e.m. Statistical significance is derived from biological replicates and is 
determined by unpaired, two-tailed Student t-test, p-value at *****P < 0.0001, 
***P < 0.001, **P < 0.01, *P < 0.05, and not significant (ns). ACTN2: P-value = 

0.0077, VIM: P-value < 0.0001, DCN: P-value = 0.1033, NPPB: P-value = 0.0401. 
d, On the left column: representative images of a Masson’s trichrome staining 
on paraffin-embedded EHM. Collagen = blue, muscle = red and nuclei = brown. 
On the right column: representative immunofluorescent images from paraffin-
embedded EHM. ACTN2 = magenta, VIM = green and DAPI = in blue. Scale bar is 
at 500 μm. e, Quantification of the Masson’s trichrome staining in (d). Each dot 
represents a mouse. Data is presented as means +/− s.e.m. Statistical significance 
is determined by unpaired, two-tailed Student t-test, p-value at ****P < 0.0001, 
***P < 0.001, **P < 0.01, *P < 0.05, and not significant (ns). f, Representative 
immunofluorescent images displaying the intercalated disc (ID) structure on 
EHM. NCAD = green, PKP2 = red, DES = gray and DAPI = blue. Scale bar is at 20μm 
and at 10μm for the zoomed image on the top right. Pink arrowheads indicate a 
representative ID-like structure on a cardiomyocyte. This experiment has been 
performed three times independently with similar results.
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Extended Data Fig. 4 | PKP2c.2013delC/WT EHM do not exhibit an altered beating 
frequency, contraction velocity and relaxation velocity compared to 
control. a-c, Trendlines showing beating frequency (Hz), contraction velocity 
and relaxation velocity in PKP2 WT/WT and PKP2c.2013delC/WT EHM at different 
timepoints after transduction with either AAV6-PKP2 or AAV6-ct, n = 3 biological 
replicates (three distinct EHM batches). d-f, Graphs displaying beating frequency 
(Hz), contraction velocity and relaxation velocity in PKP2 WT/WT and PKP2c.2013delC/WT  

EHM after transduction with either AAV6-PKP2 or AAV6-ctr, on day 42 of 
maturation, n = 3 biological replicates (three distinct EHM batches), batch 1 = 17  
isogenic control and 19 mutant tissues, batch 2 = 32 isogenic control and 27 
mutant tissues and batch 3 = 11 isogenic control and 30 mutant tissues. Data is 
presented as means +/− s.e.m. Statistical significance is derived by biological 
replicates and is determined by unpaired, two-tailed Student t-test p-value at 
****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, and not significant (ns).
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Extended Data Fig. 5 | AAV-PKP2 treatment does not alter desmocollin levels 
in PKP2c.2013delC/WT EHM. a, Representative immunoblots for DSC2 on PKP2 mutant 
and isogenic control EHM upon transduction with either AAV-ctr or AAV-PKP2.  
b, Quantification of (a). Colored dots represent distinct batches of 
differentiation, n = 4 technical replicates and 3 biological replicates.  

Data is presented as means +/− s.e.m. Statistical significance is derived by 
biological replicates and determined by one-way ANOVA (Tukey’s post-hoc test) 
with p-value at ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, and not  
significant (ns). P-value = 0.0821.
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Extended Data Fig. 6 | AAV9 transduces cardiomyocytes in vivo with high 
efficiency and with minor ectopic expression. a, Immunofluorescence on 
cardiac sections of mice transduced with AAV9-tdTOM to facilitate transduction 
efficiency assessment. Nuclei = DAPI, ACTN2 = green, tdTOM = magenta.  

Scale bar is at 20μm. b, Quantification of (a), n = 5 hearts, 10 regions per heart 
were assessed. c-d, Immunoblot for MYC and PKP2 on protein lysates of different 
mouse tissues. VIN was used as a loading control. e, Quantification of (d), n = 5 
mice per condition. Data is presented as means +/− s.e.m.
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Extended Data Fig. 7 | DSC2 is not consistently responsive to PKP2 
restoration in the Pkp2c.1755delA/WT murine models. a, c, e, Representative 
immunoblots for DSC2 in pups (n = 8,8 and 10 mice per group), 2-month-old  
(n = 10 mice per group) and 12-month-old mice (n = 8 mice per group) treated with 
AAV9-ctr or AAV9-PKP2. b, d, f, Quantification of each of the blots respectively. 

GAPDH has been used as a loading control for the quantification of the blots.  
Data is presented as mean +/− s.e.m. Statistical significance is determined by  
one-way ANOVA (Tukey’s post-hoc test) with p-value at ****P < 0.0001,  
***P < 0.001, **P < 0.01, *P < 0.05, and not significant (ns). P-value (f) = 0.0017.
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Extended Data Fig. 8 | The exogenously delivered PKP2 specifically localizes 
at the ID of cardiomyocytes together with more junctional proteins. 
Representative immunofluorescent images of the exogenous-specific marker 

MYC colocalizing βCAT (top row), DSP (middle row) and NCAD (bottom row). 
Scale bar is at 20μm. This experiment has been repeated independently 10 times 
(in 10 distinct mouse hearts) with similar results.
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Extended Data Fig. 9 | AAV-mediated overexpression of Pkp2 does not 
cause an overt adverse cardiac phenotype in Pkp2WT/WT 12-month-old mice. 
a-d, Trendlines showing % ejection fraction, left ventricle mass (LV mass), left 
ventricle end diastolic volume (LVEDV), left ventricle end systolic volume (LVESV) 
and in Pkp2 WT/WT and Pkp2c.1755delA/WT mice treated with either AAV9-PKP2 or AAV9-
ctr at baseline (2 months old), 2 months (4 months old), 6 months (8 months old) 
and 10 months (12 months old) post injection, n = 8 mice per condition. e, Heart 

weight (HW) to body weight (BW) ratio in Pkp2WT/WT and Pkp2c.1755delA/WT 
mice treated with either AAV9-PKP2 or AAV9-ctr, n = 8 mice per group. f, Heart 
weight to tibia length (TL) ratio in Pkp2WT/WT and Pkp2c.1755delA/WT mice treated with 
either AAV9-PKP2 or AAV9-ctr, n = 8 mice per group. Data is presented as means 
+/− s.e.m. Statistical significance is determined by one-way ANOVA (Tukey’s  
post-hoc test), p-value at ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, and  
not significant (ns).
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