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Abstract 

La cardiomiopatia aritmogena è una rara mala琀琀ia ereditaria cara琀琀erizzata 
da gravi aritmie ventricolari, insuocienza cardiaca e morte improvvisa. 
A琀琀ualmente non esistono cure eocaci che ne arrestino lo sviluppo.                                  
Il 50% dei pazienti afe琀琀i da ACM possiede mutazioni nei geni che 
codiocano proteine desmosomiali, tra cui la placoolina 2 (PKP2).                                
Le mutazioni principali di questo gene determinano la produzione di 
trascri琀琀i che vengono spesso degradati portando a una condizione di 
aploinsuocienza che rappresenta una causa frequente di ACM.                            
Nel lavoro analizzato in questo elaborato di laurea viene mostrato il 
potenziale curativo della somministrazione del gene PKP2 wild type 
utilizzando virus adeno-associati come ve琀琀ori. Le analisi sono state 
condo琀琀e su tre modelli distinti: cardiomiociti derivati da cellule staminali 
pluripotenti indo琀琀e, miocardio umano ingegnerizzato e modello murino.    
I risultati o琀琀enuti sono stati molto positivi e hanno permesso di andare oltre 
la fase pre-clinica.



Indice

1  Introduzione                                                                                                      1

2  Approccio sperimentale (materiali e metodi)                                               4

2.1 Cardiomiociti derivati da cellule staminali pluripotenti indo琀琀e                                                 

2.2 Patch clamp automatizzato                                                                                   

2.3 Generazione del miocardio umano ingegnerizzato

2.4 Analisi della contrazione

2.5 Western blot

2.6 Quantitative real-time PCR

2.7 Modello murino

2.8. Ecocardiograoa

2.9 Immunonuorescenza e immunoistochimica

2.10 Virus adeno-associati

2.11 Analisi statistiche

3  Risultati                                                                                                             10

3.1 Risultati o琀琀enuti in cardiomiociti o琀琀enuti da cellule iPS

3.2 Risultati o琀琀enuti in EHM

3.3 Risultati o琀琀enuti nel modello murino

4  Conclusione e analisi critica                                                                           14

Bibliograoa                                                                                                           16

In appendice viene allegato l’articolo scienti昀椀co discusso in questo elaborato di laurea



1

1. Introduzione

La cardiomiopatia aritmogena (ACM) è una rara mala琀琀ia ereditaria 
cara琀琀erizzata da progressivi cambiamenti del miocardio che portano a 
gravi aritmie ventricolari (alterazioni del ba琀琀ito cardiaco), insuocienza 
cardiaca e morte improvvisa. L9incidenza di questa mala琀琀ia varia da 1:2000 
a 1:5000.

La diagnosi precoce è spesso impedita dalla complessità del fenotipo e dalla 
penetranza variabile. A stadi più avanzati, il rimodellamento del muscolo 
cardiaco diventa evidente con una sostituzione del miocardio con tessuto 
adiposo e obroso, ono al raggiungimento dei risvolti clinici più gravi di 
questa patologia.

Il 50% dei pazienti afe琀琀i da ACM possiede mutazioni nei geni che 
codiocano proteine desmosomiali: placoolina 2 (PKP2), placoglobina (JUP), 
desmoplachina (DSP), desmocollina (DSC2) e desmogleina (DSG2).

I desmosomi sono giunzioni di ancoraggio particolarmente resistenti alla 
trazione. Nel cuore, insieme alle giunzioni aderenti e comunicanti, 
costituiscono i dischi intercalari (ID), le stru琀琀ure giunzionali che uniscono i 
cardiomiociti (Figura 1). Oltre a tenere unite le cellule tra loro, i dischi 
intercalari trasme琀琀ono la forza di trazione generata durante la contrazione 
e perme琀琀ono la comunicazione ele琀琀rica necessaria per la trasmissione 
dell9impulso ele琀琀rico (accoppiamento ele琀琀rico-meccanico).

I desmosomi sono costituiti da due caderine desmosomiali (DSG2 e DSC2) 
e tre proteine di placca (DSP, JUP e PKP2). Le caderine sono molecole di 
adesione che interagiscono tra loro nello spazio intercellulare e sono 
collegate al citoscheletro per mezzo delle proteine ada琀琀atrici JUP, PKP2 e 
DSP. PKP2 interagisce con il suo dominio N-terminale con DSC2, DSP, JUP 
e con l9actina e i olamenti intermedi (desmina e cheratina) (Figura 1) [1].              
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Figura 1 - Rappresentazione schematica dei desmosomi e delle altre stru琀琀ure giunzionali 
(giunzioni aderenti e comunicanti) tra due cardiomiociti adiacenti. Si noti la 
localizzazione e le interazioni delle proteine desmosomiali coinvolte nell9ACM (da [1]).

PKP2 è il gene coinvolto principale, nello specioco PKP2 è associato 
all9insorgenza della cardiomiopatia aritmogena del ventricolo destro 
(ARVC), un so琀琀otipo della mala琀琀ia che colpisce maggiormente il ventricolo 
destro ed è principalmente ereditata con un pa琀琀ern autosomico dominante.

Il gene PKP2 è localizzato sul braccio corto del cromosoma 12 ed è costituito 
da 15 esoni; sono note 10 varianti di splicing (fonte: NCBI).

Le mutazioni principali di questo gene determinano la produzione di 
trascri琀琀i tronchi che vengono spesso degradati per mezzo del nonsense 
mediated mRNA decay1. Ciò porta a una condizione di aploinsuocienza, 
in cui la quantità di proteina espressa solo dall9allele wild type non è 
suociente a garantire la corre琀琀a funzionalità del miocardio. 
L9aploinsuocienza di PKP2 è una causa frequente di ACM. I ruoli del gene 
PKP2 mutato nella genesi e nella progressione della mala琀琀ia sono 
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molteplici. Interessante è la relazione dire琀琀a tra i livelli di PKP2 e quelli di 
altre proteine desmosomiali e di proteine delle giunzioni aderenti. Una 
rido琀琀a quantità di PKP2 porta a instabilità desmosomiale ed eventuale 
degradazione delle proteine dell9area composita2.

Sollecitazioni del miocardio con stru琀琀ure giunzionali compromesse 
determinano il distacco e la morte dei cardiomiociti e la loro sostituzione 
con tessuto adiposo e obroso. I principali meccanismi di morte dei 
cardiomiociti in ARVC sono: morte cellulare immunogenica, apoptosi, 
necroptosi e piroptosi [2]. Potrebbero anche veriocarsi eventi di 
transdiferenziamento dei cardiomiociti in adipociti o obrociti [3].

Non ci sono cure mirate ed eocaci per questa mala琀琀ia, le a琀琀uali opzioni 
terapeutiche si basano sul tra琀琀amento della sintomatologia. In questo 
lavoro viene mostrato il potenziale curativo di una terapia genica basata 
sulla somministrazione esogena del gene PKP2 che agisce dire琀琀amente 
sulla causa.

Lo studio è stato condo琀琀o su una particolare mutazione del gene: 
PKP2c.2013delC/WT, ovvero una mutazione in eterozigosi in cui in posizione 2013 
del cDNA c9è la delezione di una citosina che causa un frameshift con 
conseguente codone di stop prematuro. Il ripristino di livelli adeguati della 
proteina PKP2 è stato o琀琀enuto per mezzo della somministrazione del gene 
wild type mediata dal virus adeno-associato (AAV) con conseguente 
riformazione del complesso desmosomiale e miglioramento delle capacità 
contra琀琀ili.

Le analisi sono state condo琀琀e su tre modelli distinti: cardiomiociti derivati 
da cellule staminali pluripotenti indo琀琀e, miocardio umano ingegnerizzato 
(EHM) e topo.

1 Il nonsense mediated mRNA dacay è un sistema di controllo della qualità dei trascri琀琀i 
che perme琀琀e di eliminare mRNA non full-length. Si basa sulla permanenza prolungata 
dell9exon junction complex (ECJ) sul trascri琀琀o a causa del distacco precoce del ribosoma 
per la presenza di un codone di stop prematuro. ECJ funziona così da marker di 
instabilità reclutando proteine che rimuovono il CAP inducendo una rapida 
degradazione del trascri琀琀o.

2 L9interazione tra le varie stru琀琀ure giunzionali e la condivisione di alcuni elementi 
hanno portato a deonire tu琀琀e le componenti dei ID come area composita.



4

2. Approccio sperimentale (materiali e metodi)

2.1 Cardiomiociti derivati da cellule staminali pluripotenti indo琀琀e 

In questo studio sono state utilizzate delle cellule staminali pluripotenti 
indo琀琀e umane (hiPS), ovvero delle cellule pluripotenti o琀琀enute mediante 
riprogrammazione cellulare a partire da cellule somatiche umane adulte, 
sulla base della tecnica messa appunto per la prima volta da Yamanaka e 
Takahashi nel 2006 in cellule di topo [4]. Nello specioco sono state utilizzate 
due linee cellulari iPS: una portatrice la mutazione PKP2 c.2013delC e una 
la mutazione PKP2 c.1854C>T. 

Le cellule sono state fa琀琀e crescere ed espandere in adesione su pozze琀琀i 
rivesti da Geltrex LDEV-Free, che è una forma solubile della membrana 
basale estra琀琀a da sarcoma murino. Come mezzo di coltura è stato usato 
Essential 8 (Gibco, A1517001) che è in grado di mantenere la pluripotenza 
delle cellule iPS. Quando in seguito a divisione, veniva raggiunto l980-100% 
di connuenza, si efe琀琀uava il passaggio delle cellule (ovvero l9aspirazione 
del mezzo, la dissociazione delle cellule con un reagente apposito e la 
risemina in nuovi pozze琀琀i). Al mezzo di coltura è stata aggiunta 
tiazovivina, un inibitore della chinasi associata a Rho (ROCK), che 
promuove la sopravvivenza delle cellule in seguito a separazione 
stabilizzando le E-caderine sulla superocie cellulare. 

E9 stato poi ado琀琀ato un protocollo per indurre il diferenziamento delle 
cellule pluripotenti in cardiomiociti. In questo modo si o琀琀engono cellule del 
muscolo cardiaco che presentano il genoma del paziente a partire da 
obroblasti o altre cellule somatiche riprogrammate. Il processo di 
diferenziamento dei cardiomiociti a partire da cellule hiPS dura circa 30 
giorni e inizia con l9induzione del mesoderma cardiaco [5]. I primi step di 
diferenziamento sono realizzati in un medium low insulin, BSA-based con 
Polyvinyl Alcohol e Essential Lipids (LI-BPEL medium). Per indurre il 
diferenziamento a mesoderma cardiaco, vengono aggiunti per 72h i 
seguenti componenti: Activina A, BMP4 e CHIR99021. Activina A e BMP4 
sono due citochine appartenenti alla famiglia del TGF-beta, che ha diversi 
ruoli tra cui il controllo della proliferazione e del diferenziamento cellulare. 
CHIR99021 è un a琀琀ivatore della via di segnalazione Wnt3. Si può 
eventualmente usare un altro medium in cui mancano la maggior parte 
degli elementi presenti in LI-BPEL ma che include vari elementi presenti in 
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tracce (mBEL medium). Utilizzando questo medium, nel primo step non 
vengono usate le citochine, ma solo CHIR99021 per 48h.                                                  
A partire dal mesoderma cardiaco indo琀琀o da citochine si possono o琀琀enere 
cardiomiociti aggiungendo XAV 939 e IWP-L6 per 48h (entrambi inibitori 
della via di segnalazione Wnt). 

Per veriocare la purezza, cioè quanti cardiomiociti sono stati o琀琀enuti sul 
numero totale di cellule, è stata eseguita un9immunonuorescenza indire琀琀a 
utilizzando anticorpi primari contro la troponina cardiaca T, una proteina 
specioca dei cardiomiociti. L9analisi è stata efe琀琀uata su 1x106 cellule a 15 
giorni d9età. Dopo aver o琀琀enuto e lavato il pellet cellulare con Dulbecco9s 
Phosphate-Buferd Saline (dPBS), le cellule sono state ossate in etanolo 
freddo al 70%. Dopo di che è stata efe琀琀uata la permeabilizzazione delle 
membrane usando come detergente Triton X-100. Questo step è necessario 
al one di perme琀琀ere l9ingresso degli anticorpi nelle cellule. Queste sono 
state poi incubate con l9anticorpo primario in un bufer di blocking.                             
Il bufer di blocking perme琀琀e di bloccare siti di legame proteici aspecioci in 
modo che gli anticorpi leghino solo le proteine target. Dopo alcuni lavaggi 
per eliminare gli anticorpi che non si sono legati, è stata efe琀琀uata 
un9ulteriore incubazione in bufer di blocking con l9anticorpo secondario 
anti-coniglio Alexa 488. Alexa 488 è un dye nuorescente di colore verde a 
cui è coniugato l9anticorpo. Anche in questo caso sono stati efe琀琀uati i 
lavaggi per eliminare gli anticorpi che non si sono legati, prima di 
risospendere le cellule in dPBS per analizzarle con nuorescence-activated 
cell sorting (FACS), che perme琀琀e di separare i cardiomiociti dalle altre 
cellule sulla base del segnale nuorescente emesso.

2.2 Patch clamp automatizzato

La tecnica del patch clamp si basa sull9utilizzo di una micro-pipe琀琀a di vetro 
per la formazione di un sigillo con la membrana plasmatica per efe琀琀uare 
misurazioni di corrente (bloccando il potenziale) e di potenziale (bloccando 
la corrente) sia a singolo canale sia in conogurazione whole-cell, 
considerando dunque tu琀琀a la cellula.                                   

3 La via di segnalazione Wnt è uno dei pathway principali nel diferenziamento e nella 
proliferazione cellulare durante lo sviluppo. È a琀琀ivata da proteine Wnt che si legano a 
rece琀琀ori di membrana e agiscono da morfogeni, cioè stabiliscono un gradiente di 
concentrazione dalla sede di secrezione a quella di degradazione e le cellule assumono 
destini diversi sulla base della concentrazione di morfogeno a cui sono esposte.
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In seguito a lavaggi con PBS e Versene e dissociazione con TrypLE Express, 
i cardiomiociti derivati da cellule iPS sono stati risospesi in HBSS divalent-
free a 4°C. Per eseguire il patch clamp automatizzato è stato utilizzato lo 
strumento SyncroPatch 384 (Nanion Technologies). In conogurazione 
whole-cell è stata registrata la corrente di sodio a 0,5 Hz per diversi valori 
di potenziale. Nel primo step l9holding potential è pari a -80mV, seguito da 
uno step iperpolarizzante di 100ms in cui si raggiungono -110mV e un test 
pulse di 300ms in cui il potenziale viene portato a -20mV. Le correnti 
registrate sono poi state analizzate con il software DataControl 384 (Nanion 
Technologies).

2.3 Generazione del miocardio umano ingegnerizzato

Uno dei limiti dei cardiomiociti o琀琀enuti a partire da cellule hiPS è il loro 
basso livello di maturazione. A tale proposito si possono usare modelli 3D, 
come il miocardio umano ingegnerizzato (EHM), dove i cardiomiociti 
raggiungono livelli di maturazione maggiori, o琀琀enendo così un modello 
con cara琀琀eristiche stru琀琀urali e funzionali del miocardio post-natale che si 
presta ad analisi di PKP2, avendo questa proteina un ruolo chiave 
nell9interazione e nel legame tra le cellule.

Figura 2 – Rappresentazione schematica del processo di o琀琀enimento di EHM a partire da 
cardiomiociti o琀琀enuti da cellule hiPS.

Il protocollo è stato eseguito sia a partire dalla linea cellulare mutata che da 
quella wild type (Figura 2). Per o琀琀enere EHM, i cardiomiociti o琀琀enuti da 
cellule hiPS sono stati uniti a obroblasti di origine umana (HFF-1, ATCC, 
SCRC-1041) in rapporto 70:30 [6]. Il ruolo dei obroblasti è quello di <feeder 
cells=, cioè quello di secernere componenti di matrice extra-cellulare e 
fa琀琀ori di crescita. Il mix di cellule è stato risospeso in collagene di tipo 1 
diluito nel medium RPMI 1640 e poi versato in una piastra multi-pozze琀琀o 
per EHM, nello specioco la myrPlate-TM5 (myriamed GmbH). In ogni 
pozze琀琀o sono presenti due miniaste nessibili (Figura 2) che supportano la 
crescita del tessuto in una forma ad anello con un carico meccanico deonito. 
Dopo 45 minuti di incubazione a 37°, viene aggiunto nuovo medium con 
TGF-beta1. Questa aggiunta viene ripetuta per i successivi tre giorni.
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2.4 Analisi della contrazione

In EHM, la contrazione è stata misurata con registrazioni video-o琀琀iche della 
curvatura mediata da EHM delle aste presenti nei pozze琀琀i della piastra 
myrPlate-TM5 a 37°. Le contrazioni spontanee sono state registrate per 
almeno due minuti a 50 fotogrammi per secondo. La percentuale di 
curvatura delle aste viene considerata come una misura che rappresenta la 
forza di contrazione (F). Le velocità di contrazione e di rilassamento 
corrispondono al massimo e al minimo, rispe琀琀ivamente, di dF/dt.

2.5 Western blot 

Il western blot, o immuno blot, è una procedura di blo琀琀ing in cui vengono 
utilizzati anticorpi per individuare le proteine target. Questa tecnica è stata 
applicata su estra琀琀o proteico o琀琀enuto dai cardiomiociti derivati da cellule 
iPS. Sono stati utilizzati anticorpi primari che si legano proteine 
desmosomiali e anticorpi secondari coniugati alla perossidasi di rafano che 
catalizza una reazione che rilascia luce. L9immuno blot è stato eseguito 
anche per l9analisi della composizione dei desmosomi in EHM e in estra琀琀i 
proteici o琀琀enuti da tessuto ventricolare di topo congelato.

2.6 Quantitative real-time PCR 

Dai cardiomiociti derivati da cellule iPS è stato estra琀琀o l9RNA, da cui poi è 
stato sintetizzato il DNA complementare, substrato della PCR quantitativa 
utilizzata per valutare il livello di espressione di vari geni. La PCR è stata 
realizzata con CFX96 Realtime PCR system e iQ SYBR Green supermix 
(entrambi Bio-Rad), contenente come dye il SYBR Green I e come enzima 
l9hot-start iTaq DNA polimerasi. La real-time PCR è stata eseguita anche per 
mRNA estra琀琀o da EHM per valutare i livelli di espressione di ACTN2, VIM, 
DCN e NPPB. I dati sono stati normalizzati usando GUS come gene 
housekeeping.

2.7 Modello murino

Per le analisi in vivo è stato utilizzato il modello murino Pkp2c.1755delA/WT. Gli 
studi su cuccioli di topo sono stati condo琀琀i sia su individui maschi che 
individui femmine, mentre quelli su topi adulti sono stati condo琀琀i solo su 
individui di genere maschile.
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2.8 Ecocardiograoa

Le analisi ecocardiograoche fanno riferimento a varie tecniche poco 
invasive che si basano sull9utilizzo di ultrasuoni per creare immagini del 
cuore. È stato usato un dispositivo visivo a ultrasuoni collegato a un 
trasdu琀琀ore di 30MHz per eseguire le misurazioni di diversi parametri 
cardiaci, come la velocità di riempimento ventricolare precoce (E) e tardivo 
(A) (da cui si calcola il rapporto E/A) e IVRT4. A partire da questi parametri, 
si può calcolare automaticamente la funzione cardiaca con un software, in 
particolare la frazione di eiezione che rappresenta la capacità del ventricolo 
di contrarsi e far fuoriuscire il sangue.

2.9 Immunonuorescenza e immunoistochimica

Per tessuto cardiaco murino è stata eseguita un9analisi di 
immunoistochimica e per EHM un9analisi di immunonuorescenza. 
Entrambe le tecniche si basano sull9utilizzo di anticorpi per la 
visualizzazione delle proteine a cui si legano, ciò che cambia è il metodo di 
rilevazione: l9immunonuorescenza si basa sulla presenza di dye nuorescenti 
legati all9anticorpo secondario, mentre l9immunoistochimica su enzimi 
come la perossidasi o la fosfatasi. I campioni sono stati ossati in 
paraformaldeide, inclusi in paraona e poi sezionati. Le sezioni di tessuto 
(spessore: 4μm) sono state poi decerate e reidratate. Successivamente sono 
state bollite per 20 minuti in EDTA o sodio citrato e poi bloccate per 45 
minuti a temperatura ambiente usando una soluzione contenente albumina 
sierica bovina e TWEEN20 disciolto in dPBS. Dopo l9incubazione con 
anticorpi primari e secondari, è stata efe琀琀uata la colorazione con DAPI (dye 
nuorescente per la visualizzazione del DNA) e montaggio su vetrino con 
Mowiol per la visualizzazione al microscopio. 

2.10 Virus adeno-associati 

I virus adeno-associati sono particelle virali con capside icosaedrico, prive 
di envelope, il cui genoma è costituito da una molecola di DNA a singolo 
olamento di circa 4,8 kb che contiene tre geni: Rep (Replication), Cap 
(Capsid) e aap (Assembly) [7]. I geni sono oancheggianti da due sequenze 
terminali ripetute (ITRs) necessarie alla replicazione e al packaging. 

4 IVRT è il tempo di rilassamento isovolumico e corrisponde all9intervallo del ciclo 
cardiaco che intercorre tra la chiusura della valvola aortica e l9apertura della valvola 
mitrale. È un indicatore di disfunzione diastolica.
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Questi virus possono essere ingegnerizzati per veicolare DNA di interesse 
in cellule target. Al posto dei geni virali, tra le due ITRs viene inserita una 
casse琀琀a di espressione con i geni e i promotori desiderati.                                                 
In questo studio, gli AAV sono stati utilizzati come ve琀琀ori del gene 
codiocante la proteina PKP2, oppure come ve琀琀ori vuoti di controllo.                
Il sierotipo 6 è stato utilizzato per infe琀琀are cardiomiociti derivati da iPS (sia 
di coltura 2D sia di EHM) e il sierotipo 9 per infe琀琀are i topi (Figura 3).

Figura 3 – Rappresentazione schematica dei ve琀琀ori AAV6 (sinistra) e AVV9 (destra) e 
delle relative casse琀琀e di espressione utilizzate.

In entrambe le casse琀琀e è stato utilizzato un promotore immediate-early di 
citomegalovirus (CMV). Il gene Pkp2 in AAV9 è fuso con il gene codiocante 
l9epitopo MYC che perme琀琀e di rilevare la proteina PKP2 di origine esogena, 
distinguendola da quella endogena, in un saggio di immunoistochimica. 
pA è il sito di poliadenilazione.

2.11 Analisi statistiche

È stato eseguito il test t di Student per determinare se la diferenza tra i dati 
o琀琀enuti relativi a due gruppi (dipendenti o indipendenti) è statisticamente 
signiocativa o meno. In caso di un numero di gruppi maggiore a due, è stato 
eseguito un test post-hoc appropriato per l9analisi della varianza (ANOVA). 
I test statistici sono stati efe琀琀uati con il software GraphPad Prism 9.5.1.
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3. Risultati 

3.1 Risultati o琀琀enuti in cardiomiociti o琀琀enuti da cellule iPS

È stata efe琀琀uata la trasduzione del ve琀琀ore AAV6 che esprime il gene PKP2 
wild type (AAV6-PKP2) nella linea cellulare mutata e sono state generate 
cellule isogeniche come controllo, ovvero cellule in cui la mutazione è stata 
corre琀琀a per o琀琀enere un genotipo wild type. L9esperimento è stato ripetuto 
per due cariche virali diverse (0,5x103 e 5x103 genomi virali per cellula) al 
one di individuare il dosaggio ada琀琀o. È emerso che i livelli di PKP2 
dipendono dalla carica virale e con la carica più alta si ha il completo 
ripristino del livello di PKP2 nei cardiomiociti mutati. Per capire quali sono 
gli efe琀琀i di questo recupero sulla stru琀琀ura dei desmosomi, alcuni 
cardiomiociti mutati sono stati trasdo琀琀i con il ve琀琀ore AAV6-PKP2, altri con 
un ve琀琀ore vuoto di controllo (AAV6-ctr). Come reference, sono stati 
trasdo琀琀i cardiomiociti privi della mutazione con AAV6-ctr. Dopo 4 giorni è 
stato isolato l9RNA e dopo 7 giorni le proteine. La real-time PCR non ha 
mostrato efe琀琀i rilevanti sui livelli di mRNA delle altre proteine 
desmosomiali (JUP, DSP, DSG2, DSC2) né in cellule mutate infe琀琀ate con 
AAV6-ctr, né in cellule mutate infe琀琀ate con AAV6-PKP2 rispe琀琀o al 
reference. Il western-blot, invece, mostra che il ripristino dei livelli di PKP2 
porta al recupero anche delle proteine JUP e DSP (i cui livelli erano 
diminuiti insieme a quello di PKP2 in cellule mutate infe琀琀ate con AAV6-
ctr), mentre i livelli delle proteine DSC2 e DSG2 rimangono inalterati (la 
quantità di DSC2 non diminuisce in conseguenza alla mutazione di PKP2; 
DSG2 diminuisce, ma poi non aumenta in seguito alla trasduzione).                     
Gli stessi esperimenti sono stati condo琀琀i anche su cardiomiociti che 
presentano un9altra mutazione in PKP2 (PKP2c.1854C>T/WT) e hanno avuto esiti 
analoghi. Questi risultati indicano dunque che il recupero di livelli 
osiologici della proteina PKP2 migliora i livelli delle proteine desmosomiali 
e quindi l9assemblaggio dei desmosomi nei cardiomiociti con mutazioni nel 
gene PKP2 che determinano aploinsuocienza.

Diversi studi riportano che una delle conseguenze dell9aploinsuocienza di 
PKP2 è una corrente del sodio (INa) alterata, che è legata a gravi aritmie 
ventricolari. È stato dunque eseguito un esperimento di patch clamp 
automatizzato high-throughput per analizzare INa in cardiomiociti con la 
mutazione e in cardiomiociti isogenici di controllo. È stata registrata una 
notevole riduzione di INA in cellule mutanti, dimostrando che questo 
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modello replica il substrato aritmico cara琀琀eristico di ACM.                                                                           
È stata poi valutata l9eocacia terapeutica della somministrazione esogena 
del gene di PKP2 mediata da AAV6. I dati rivelano che la conduzione del 
sodio in cellule della linea mutata è riportata a livelli comparabili a quelli 
della linea cellulare wild type. 

3.2 Risultati o琀琀enuti in EHM 

É stata valutata l9espressione genica di markers cardiaci (come α-actinina-2 
(ACTN2)) e obroblastici (come vimentina (VIM) e decorina (DCN)) in EHM 
o琀琀enuto da cardiomiociti mutati (EHM PKP2c.2013delC/WT) e wild type (EHM 
PKP2WT/WT). In EHM PKP2c.2013delC/WT, l9espressione di ACTN2 diminuisce, 
mentre aumenta quella di VIM e DCN rispe琀琀o al controllo isogenico. In 
EHM PKP2c.2013delC/WT c9è anche una maggiore espressione del gene NPPB, 
che codioca una proteina facente parte della famiglia dei peptidi natriuretici 
che viene secreta e funziona da ormone cardiaco; un9elevata concentrazione 
di questa proteina nel circolo sanguigno è indicativa di insuocienza 
cardiaca. 

Con l9osservazione dei tessuti utilizzando il tricromo di Masson5, non sono 
state rinvenute importanti diferenze relative alla obrosi (deposizione di 
tessuto conne琀琀ivo obroso in seguito a danno), nonostante le diferenze 
trascrizionali sovracitate.                 

È stato poi efe琀琀uato un saggio di immunonuorescenza in EHM di sei 
se琀琀imane valutando la localizzazione delle proteine N-caderina (NCAD) e 
PKP2. Nel tessuto di controllo, rispe琀琀o a quello mutato, è visibile una 
stru琀琀ura più simile a quella dei dischi intercalari. In entrambi i casi, 
l9organizzazione delle giunzioni è migliore rispe琀琀o al modello 2D.     

La composizione dei desmosomi è stata analizzata mediante western blot.  
I risultati indicano una diminuzione nel tessuto mutato delle proteine PKP2, 
JUP e DSP e delle caderine DSC2 e DSG2. Da notare il calo di DSC2 che non 
era stato osservato nel modello 2D, ciò può essere dovuto a una minore 
maturazione dei cardiomiociti nel modello bidimensionale o allo stress 
meccanico presente in EHM.

5 Il tricromo di Masson è una tecnica di colorazione istologica a tre colori, 
particolarmente ada琀琀a all9osservazione del tessuto conne琀琀ivo in quanto me琀琀e in 
evidenza le obre di collagene (colore blu).
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Registrazioni video-o琀琀iche della contrazione di EHM hanno dimostrato 
una diminuzione signiocativa della forza di contrazione in EHM mutato.         

Sono stati inone generati EHM a partire da cardiomiociti o琀琀enuti da cellule 
iPS (sia mutati che wild type) preventivamente infe琀琀ati con AAV6-PKP2 o 
AAV6-ctr. In EHM PKP2c.2013delC/WT infe琀琀ato con AAV6-PKP2, si è osservato 
un aumento dei livelli di PKP2 6 se琀琀imane dopo la formulazione di EHM, 
oltre che a quelli di JUP, DSP e DSG2 (non DSC2) e a quelli di altre proteine 
di ID, come NCAD e αCAT. Quest9ultima evidenza sperimentale potrebbe 
implicare la formazione di giunzioni più forti. L9over-espressione di PKP2 
in EHM PKP2WT/WT  infe琀琀ato con AAV6-PKP2 non porta a un aumento 
signiocativo della quantità di PKP2, né delle altre proteine di ID prese in 
considerazione.      

Da un punto di vista funzionale, la trasduzione di AAV6-PKP2 ha portato a 
un progressivo miglioramento dell9ampiezza di contrazione e a una 
normalizzazione delle cinetiche di contrazione alterate. È stata osservata 
l9assenza di efe琀琀i collaterali nelle proprietà contra琀琀ili di EHM wild type 
infe琀琀ato con AAV6-PKP2.                                                                                                                                 

In conclusione, possiamo dire che questi risultati dimostrano un 
miglioramento sia dal punto di vista molecolare che funzionale in EHM 
PKP2c.2013delC/WT  in seguito alla somministrazione del gene di PKP2 AAV6-
mediata.

3.3 Risultati o琀琀enuti nel modello murino

In topo è stata presa in considerazione la mutazione Pkp2c.1755delA/WT, che è 
l9equivalente murino della mutazione PKP2c.2013delC/WT in uomo. In topi con 
genotipo mutato si osserva una diminuzione dei livelli di PKP2 e anche di 
altre proteine desmosomiali e proteine delle giunzioni aderenti. Per la 
somministrazione esogena di Pkp2 è stato utilizzato AAV9 come ve琀琀ore 
(AAV9-PKP2). Inizialmente il ve琀琀ore (2x1014 genomi virali/Kg) è stato 
somministrato per via intraperitoneale in topi sia mutati che wild type a 5 
giorni d9età. I tessuti sono stati estra琀琀i e analizzati 2 se琀琀imane dopo 
l9iniezione. L9eocienza di trasduzione è risultata essere pari a circa il 76%, 
quindi in 3 cardiomiociti su 4 circa è avvenuta la trasduzione di AAV9.               
È stato fa琀琀o un saggio di immunoistochimica per valutare la posizione di 
PKP2 di origine esogena su sezioni di tessuto cardiaco incluso in paraona 
da cui si conclude che la proteina si colloca corre琀琀amente all9interno di ID. 
L9immunoblot in topi mutati infe琀琀ati con AAV9-PKP2 conferma il recupero 
dei livelli di PKP2, oltre a quelli della proteina JUP e un parziale recupero 
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di DSP e DSG2; i livelli di DSC2 risultano essere indipendenti rispe琀琀o a 
quelli di PKP2. Questi risultati sono in accordo con quelli o琀琀enuti in EHM.

È stata poi efe琀琀uata l9iniezione endovena di AAV9-PKP2 o AAV9-ctr in topi 
Pkp2 mutanti e wild type di due mesi, in quanto i sintomi di ACM spesso 
si manifestano in giovane età adulta. È stato utilizzato un dosaggio di 5x1013 
genomi virali/Kg ed o琀琀enuta un9eocienza di trasduzione del 71% nel 
ventricolo sinistro. I tessuti sono stati isolati e analizzati due se琀琀imane dopo 
l9iniezione. Il recupero dei livelli di PKP2 è accompagnato anche da quello 
delle altre proteine desmosomiali (tranne DSC2, che si dimostra sempre 
indipendente rispe琀琀o a PKP2) e delle proteine delle giunzioni aderenti 
come NCAD e α-CAT, analogamente a quanto o琀琀enuto in EHM.

Successivamente, è stata inie琀琀ata una singola dose di 3x1013 genomi 
virali/Kg di AAV9-ctr o AAV9-PKP2 in topi sia mutati che wild type di due 
mesi al one di indagare le conseguenze della somministrazione di Pkp2 a 4, 
8 e 12 mesi d9età. Si sono manifestate progressive disfunzionalità cardiache, 
come la diminuzione del rapporto E/A e un aumento di IVRT.   Il saggio di 
immunoistochimica indica la localizzazione di PKP2 esogena in ID nel 
tessuto cardiaco di topi a 12 mesi d9età dopo una sola iniezione.    Il western 
blot, eseguito su cellule o琀琀enute da topi mutati di 12 mesi tra琀琀ati con AAV9-
PKP2, rivela un aumento di PKP2, JUP, DSP e DSG2; a diferenza degli altri 
modelli con un livello di maturazione dei cardiomiociti inferiore, anche la 
proteina DSC2 risulta responsiva, diminuendo con la mutazione e 
aumentando inseguito a iniezione di AAV9-PKP2. In topi wild type infe琀琀ati 
con AAV9-PKP2 non si osservano aumenti rilevanti di PKP2 nè delle altre 
proteine desmosomiali, in linea con quanto era stato osservato in EHM. 
Sono state eseguite anche analisi ecocardiograoche a vari mesi d9età e queste 
non hanno rilevato diferenze signiocative relative a varie misure funzionali 
e morfologiche cardiache tra topi wild type e mutati. Tali misure non sono 
state innuenzate nemmeno dalla somministrazione di AAV9-ctr o AAV9-
PKP2, supportando così l9ipotesi che l9over-espressione di Pkp2 non 
determini un fenotipo cardiaco alterato. In topi mutati tra琀琀ati di 12 mesi, si 
è osservato un miglioramento di E/A e IVRT. 

Dall9analisi di altri organi (come polmone, fegato, milza e reni) che sono 
inclini a essere infe琀琀ati da AAV9, è risultato un basso livello di espressione 
di PKP2 esogena nel fegato, che potrebbe essere dovuto all9elevato tropismo 
dei virus AAV per le cellule epatiche.          
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Nel complesso, questi risultati o琀琀enuti in vivo mostrano miglioramenti sia 
da un punto di vista molecolare, sia per quanto riguarda la funzionalità 
cardiaca in seguito alla somministrazione di una singola dose di AAV9-
PKP2 in topi che presentano la mutazione Pkp2c.1755delA/WT  e non sono stati 
rilevati particolari efe琀琀i collaterali né a livello cardiaco, né in altri organi. 

4. Conclusione e analisi critica

In questo studio è stato valutato il potenziale terapeutico del recupero dei 
livelli della proteina PKP2 mediato da virus adeno-associati per persone che 
presentano mutazioni nel gene PKP2 determinanti aploinsuocenza, 
condizione che rappresenta una delle cause più frequenti della 
cardiomiopatia aritmogena. Si tra琀琀a di uno studio pilota che utilizza la 
terapia genica basata sugli AAV, già utilizzata per diverse patologie, 
nell9ambito della cardiomiopatia aritmogena.  Sono stati analizzati gli efe琀琀i 
in tre diversi modelli, ciascuno dei quali si presta ad analisi diverse.                     
Nel complesso, le analisi hanno dimostrato miglioramenti a livello 
molecolare (aumentata espressione di PKP2 e altre proteine desmosomiali), 
stru琀琀urale (miglior assemblamento dei desmosomi) e funzionale 
(miglioramento della osiologia cardiaca e.g. conduzione del sodio e 
capacità contra琀琀ili). Viene anche dimostrato come l9overespressione di 
PKP2 in cellule sane non abbia efe琀琀i negativi, potrebbe dunque essere 
presente un meccanismo cellulare che mantiene le proteine a livelli 
osiologici degradandone l9eccesso. Questo è punto molto importante per 
l9applicazione della terapia genica, perché non si può prevedere con 
esa琀琀ezza i livelli della proteina raggiunti nelle cellule in seguito a 
trasduzione, livelli superiori a quelli osiologici potrebbero risultare 
dannosi.

Un aspe琀琀o che va considerato è il numero di cardiomiociti che vengono 
infe琀琀ati in vivo. Eocacia di trasduzione pari a circa il 70% nei ventricoli di 
topo si è dimostrata essere suociente. Aonché il virus infe琀琀i i cardiomiociti 
e non altri of-targets bisogna utilizzare un promotore specioco per il cuore, 
un capside cardiotropico (come la chimera o琀琀enuta dai sierotipi AAV2 e 
AAV8) ed eventualmente delle sequenze detarget specioche (ad esempio 
contro le cellule epatiche, visto che sono stati rilevate PKP2 esogene in 
quest9organo). Un altro punto critico delle terapie geniche basate sugli AAV 
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è il possibile sviluppo di una risposta immunitaria sia innata che ada琀琀ativa 
contro il ve琀琀ore virale da parte dei pazienti, sopra琀琀u琀琀o quelli che sono già 
venuti in conta琀琀o con il virus e che hanno quindi sviluppato memoria 
immunologica [8]. 

Questo approccio terapeutico è applicabile in condizioni patologiche 
determinate da mutazioni che portano alla degradazione dei trascri琀琀i, non 
risulta dunque applicabile per mutazioni d9altro tipo (e.g missenso) in cui si 
producono trascri琀琀i alterati che non vengono degradati. Va so琀琀olineato, 
inoltre, che questa terapia genica è gene-specioca e per tra琀琀are patologie 
determinate da mutazioni in altri geni, bisogna creare un nuovo ve琀琀ore 
virale e ripetere le analisi.

Nell9ambito delle altre possibili terapie di tipo genico a琀琀ualmente 
disponibili, quella basata sugli AAV, che prevede di veicolare all9interno 
delle cellule il gene wild type, si aoanca alla strategia di gene editing 
CRISPR/Cas9, che prevede invece la correzione della mutazione [9].              
Questa tecnologia rivoluzionaria mostra però ancora applicazioni limitate 
in ambito clinico, sopra琀琀u琀琀o per la possibilità di introdurre varianti 
nucleotidiche indesiderate e potenzialmente dannose. 

Per individuare i pazienti che potrebbero beneociare di questa terapia si 
possono utilizzare test genetici, anche se sono riservati a persone che 
presentano familiarità o con problemi cardiaci diagnosticati. I test genetici 
non sono comunque necessariamente informativi su quanto accade a livello 
proteico. Un metodo per determinare il livello delle proteine desmosomiali 
in maniera indire琀琀a potrebbe basarsi sull9analisi di altre cellule informative; 
è stato dimostrato, ad esempio, che i livelli di PKP2 nei cheratinociti 
rispecchiano i livelli di PKP2 nei cardiomiociti. 

I risultati di questo ed altri studi hanno portato all9avvio di trial clinici 
a琀琀ualmente sponsorizzati da tre case farmaceutiche (Lexeo Therapeutics, 
Tenaya Therapeutics e Rocket Pharmaceuticals) (fonte: clinicaltrials.gov).  
Al momento i trial si trovano in fase 1 con il reclutamento di pazienti che 
rispe琀琀ino i criteri di ammissibilità al one di analizzare la tollerabilità, 
l9eventuale tossicità, l9espressione del gene veicolato e individuare i dosaggi 
ada琀琀i. I tre trial sono iniziati tra la one del 2023 e l9inizio del 2024 e  
prevedono tempistiche diverse con la loro conclusione tra il 2026 e il 2029.
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Therapeutic efficacy of AAV-mediated 
restoration of PKP2 in arrhythmogenic 
cardiomyopathy
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Arrhythmogenic cardiomyopathy is a severe cardiac disorder characterized 

by lethal arrhythmias and sudden cardiac death, with currently no efective 

treatment. Plakophilin 2 (PKP2) is the most frequently afected 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 afecting wild-type mice. These 

fndings encourage clinical exploration of PKP2 gene therapy for patients 

with P KP 2 h ap lo in su f c iency.

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 ³-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 (Tukey9s 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 

Masson9s 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 
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PKP2c.2013delC/WT)+)AAV6-ctr: n)=)21 single CMs (diff.1))+)20 single CMs (diff.2), 

PKP2c.2013delC/W)+)AAV6–PKP2: n)=)23 single CMs (diff.1))+)14 single CMs (diff.2). 

Data are presented as mean values)±)s.e.m. Statistical significance was estimated 

with one-way ANOVA, Tukey correction with P value at ****P)<)0.0001,  

***P)<)0.001, **P)<)0.01, *P)<)0.05, and not significant (NS). P values (f): PKP2WT/WT)+) 

AAV6-ctr versus PKP2c.2013delC/WT)+)AAV6-ctr)=)0.0008; PKP2c.2013delC/WT)+)AAV6-

ctr versus PKP2c.2013delC/WT)+)AAV6–PKP2)=)0.0930; PKP2WT/WT)+)AAV6-ctr versus 

PKP2c.2013delC/WT)+)AAV6–PKP2)=)0.7177.

http://www.nature.com/natcardiovascres


Nature Cardiovascular Research | Volume 2 | December 2023 | 1262–1276 1266

Article https://doi.org/10.1038/s44161-023-00378-9

S
h

o
rt

e
n

in
g

 (
%

)

C
o

n
tr

a
c

ti
o

n
 p

e
ri

o
d

ti
m

e
 (

m
s)

R
e

la
x
a

ti
o

n
 p

e
ri

o
d

 t
im

e
 (

m
s)

S
h

o
rt

e
n

in
g

 (
%

)

C
o

n
tr

a
c

ti
o

n
 p

e
ri

o
d

 t
im

e
 (

m
s)

R
e

la
x
a

ti
o

n
 p

e
ri

o
d

 t
im

e
 (

m
s)

PKP2
WT/WT

PKP2

JUP

DSP

VIN

D
ay

 0

D
ay

 7

D
ay

 1
4

D
ay

 2
1

D
ay

 2
8

D
ay

 3
5

D
ay

 4
2

EHM casting Force contraction analysis

P
K

P
2

/V
IN

 r
a

ti
o

D
S

P
/V

IN
 r

a
ti

o

PKP2
c.2013delC/WT

PKP2
WT/WT

PKP2
c.2013delC/WT

 

PKP2
WT/WT

0

0.5

1.0

1.5

0

0.5

1.0

1.5

JU
P

/V
IN

 r
a

ti
o

0

0.5

1.0

1.5

0

5

10

15

D
ay

 1
4

D
ay

 2
1

D
ay

 2
8

D
ay

 3
5

D
ay

 4
2

100

150

200

250

300

D
ay

 1
4

D
ay

 2
1

D
ay

 2
8

D
ay

 3
5

D
ay

 4
2

0

100

200

300

400

n =
37 102 98 75 49

76 106 102 79 72

0

5

10

15

20

0

100

200

300

D
ay

 1
4

D
ay

 2
1

D
ay

 2
8

D
ay

 3
5

D
ay

 4
2

0

200

400

600

n = 49 72

0

0.5

1.0

1.5

D
S

C
2

/V
IN

 r
a

ti
o

0

0.5

1.0

1.5

PKP2
c.2013delC/WT

PKP2
WT/WT

D
S

G
2

/V
IN

 r
a

ti
o

DSC2

VIN

PKP2
WT/WT

PKP2
c.2013delC/WT

 

PKP2
c.2013delC/WT

b

d e f g h

j k l

m

i

a

iPS cell
iPS-cell-

derived CMs

70%

EHM

PKP2
WT/WT (corrected)

PKP2
c.2013delC/WT

Patient with ACM

PKP2
c.2013delC/WT

HFF

30%

n o

c

250

100

75

75

100
VIN

DSG2

VIN

100

100

150

P = 0.07NS

NS

NS

NS

NS
**

*
P = 0.2

*

*

**
*

*
*

**

* ****

100

**** *** *** ****
***

Fig. 3 | PKP2c.2013delC/WT mutant EHM exhibit impaired contractile function 

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  

for the desmosomal proteins DSC2 and DSG2. VIN is used a loading control.  

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 

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 by biological replicates and determined by unpaired, two-tailed 

Student9s t-test, P value at ****P)<)0.0001, ***P)<)0.001, **P)<)0.01, *P)<)0.05, and 

not significant (NS). i, Timeline for assessing contractility of PKP2WT/WT and 

PKP2c.2013delC/WT EHM. j, Trendline showing % pole bending as a measure of force 

of contraction for PKP2WT/WT and PKP2c.2013delC/WT EHM under baseline conditions 

at different time points. k, Trendline showing contraction time (from 20% to 

80% contraction in ms) for PKP2WT/WT and PKP2c.2013delC/WT EHM under baseline 

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 

baseline conditions at different time points. Statistics: one-way ANOVA with 

Tukey9s post-hoc test was performed between all groups at each time point, 

n)=)3 biological replicates (exact number for technical replicates is indicated 

on the figure). m, Graph displaying force of contraction (as % pole bending) 

for PKP2WT/WT and PKP2c.2013delC/WT EHM on day 42 of maturation. n, Graph 

displaying contraction time (ms) for PKP2WT/WT and PKP2c.2013delC/WT EHM on day 

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 Student9s 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 ³CAT. 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.)kg21 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.)kg21 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 

³-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.)kg21) 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 ³CAT 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 ³TUB was used for the 

quantification of NCAD and ³CAT. 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 ³CAT 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 (Tukey9s 

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 Tukey9s 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 (Tukey9s 

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 ³-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 (Dsg22/2)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 ³CAT 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 ³CAT. 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 ³CAT 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 (Tukey9s 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).

http://www.nature.com/natcardiovascres


Nature Cardiovascular Research | Volume 2 | December 2023 | 1262–1276 1270

Article https://doi.org/10.1038/s44161-023-00378-9

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  

(Tukey9s 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 8one and done9 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 field9s 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)cm22 

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)ml21 human recombinant albumin (Sigma-Aldrich, A9731), 

0.2)mg)ml21 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)ml21 human recombinant albumin (Sigma-

Aldrich, A9731), 0.2)mg)ml21 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)ml21 human recombinant albumin and 0.2)mg)ml21 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 Dulbecco9s 

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 280)mV followed by a hyperpolarizing step to 2110)mV for 100)ms 

and a 300-ms test pulse to 220)mV. Pipette solution contained (in 

mmol)l21): egtazic acid 10, HEPES 10, KCl 10, NaCl 10 and KF 110, pH 

7.2 (with KOH). Bath solution contained (in mmol)l21): 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 TGF³1 (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 TGF³1. 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 manufacturer9s 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 manufacturers9 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 8Animal Welfare Body Utrecht9 (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 Student9s 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 +/2 s.e.m. Statistical significance is derived from biological replicates 

and is determined with one-way ANOVA (Tukey9s 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 +/2 s.e.m. Statistical significance is 

derived from biological replicates and is determined with one-way ANOVA 

(Tukey9s 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 

+/2 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 Masson9s 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 Masson9s trichrome staining in (d). Each dot 

represents a mouse. Data is presented as means +/2 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 +/2 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 +/2 s.e.m. Statistical significance is derived by 

biological replicates and determined by one-way ANOVA (Tukey9s 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 +/2 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 +/2 s.e.m. Statistical significance is determined by  

one-way ANOVA (Tukey9s 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 ³CAT (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 

+/2 s.e.m. Statistical significance is determined by one-way ANOVA (Tukey9s  

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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