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Aims A mutation in the phospholamban (PLN) gene, leading to deletion of Arg14 (R14del), has been associated with ma-
lignant arrhythmias and ventricular dilation. Identifying pre-symptomatic carriers with vulnerable myocardium is cru-
cial because arrhythmia can result in sudden cardiac death, especially in young adults with PLN-R14del mutation.
This study aimed at assessing the efficiency and efficacy of in vivo genome editing, using CRISPR/Cas9 and a cardio-
tropic adeno-associated virus-9 (AAV9), in improving cardiac function in young adult mice expressing the human

PLN-R14del.
Methods Humanized mice were generated expressing human wild-type (hPLN-WT) or mutant (hPLN-R14del) PLN in the
and results heterozygous state, mimicking human carriers. Cardiac magnetic resonance imaging at 12 weeks of age showed bi-

ventricular dilation and increased stroke volume in mutant vs. WT mice, with no deficit in ejection fraction or car-
diac output. Challenge of ex vivo hearts with isoproterenol and rapid pacing unmasked higher propensity for sus-
tained ventricular tachycardia (VT) in hPLN-R14del relative to hPLN-WT. Specifically, the VT threshold was signifi-
cantly reduced (20.3+1.2Hz in hPLN-R14del vs. 257+ 13Hz in WT, P<0.01) reflecting higher arrhythmia
burden. To inactivate the R14del allele, mice were tail-vein-injected with AAV9.CRISPR/Cas9/gRNA or AAV9
empty capsid (controls). CRISPR-Cas9 efficiency was evaluated by droplet digital polymerase chain reaction and
NGS-based amplicon sequencing. In vivo gene editing significantly reduced end-diastolic and stroke volumes in
hPLN-R14del CRISPR-treated mice compared to controls. Susceptibility to VT was also reduced, as the VT thresh-
old was significantly increased relative to controls (30.9 £2.3 Hz vs. 21.3 £ 1.5Hz; P<0.01).

Conclusions This study is the first to show that disruption of hPLN-R14del allele by AAV9-CRISPR/Cas9 improves cardiac func-
tion and reduces VT susceptibility in humanized PLN-R14del mice, offering preclinical evidence for translatable
approaches to therapeutically suppress the arrhythmogenic phenotype in human patients with PLN-R14del disease.

*Corresponding author. Tel: +1 212 824 8907, E-mail: francesca.stillitano@mssm.edu
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1. Introduction

Phospholamban (PLN) is a small integral protein of the sarcoplasmic re-
ticulum (SR) membrane and a major regulator of the sarco/endoplasmic
reticulum Ca-ATPase (SERCA2a) pump, and therefore, of excitation—
contraction coupling and overall cardiac function. Mutations in the hu-
man PLN gene cause disruption of the delicate balance that governs PLN
protein interaction with SERCA2a and have been linked to familial car-
diomyopathy. The PLN-R14del mutation consists of a nucleotide triplet
(AGA) deletion which results in the loss of a highly conserved amino
acid, Arginine 14. The PLN-R14del mutation was first discovered in a
large Greek family with clinical manifestations of both dilated cardiomy-
opathy (DCM) and arrhythmogenic cardiomyopathy (ACM)." In the
Netherlands, a larger cohort of patients with ACM or DCM (12-15%)
were subsequently identified as PLN-R14del carriers.>® The founder ef-
fect of this mutation is thought to have originated in the northern part of
the Netherlands with all Dutch patients carrying the same haplotype,
which is estimated to be between 575 and 825 years old.> The PLN-
R14del mutation has also been identified in multiple families in other
parts of Europe“'5 and North America® All the known carriers and
patients alike are heterozygous for the mutation. The clinical phenotype
associated with the PLN-R14del mutation is highly variable and includes
phenotypic characteristics of ACM and DCM with pervasive malignant
ventricular tachycardia (VT) that appears to be age-dependent and signif-
icantly increases the mortality rate of these patients.””® With variable
penetrance, PLN-R14del disease manifestation remains unpredictable.
However, most patients come to clinical attention in the fourth decade
of life.”

Extensive epidemiological studies showed that many PLN-R14del car-
riers remain asymptomatic.” Little is known regarding the triggers that
could influence the clinical course of the disease in an individual carrier.
Major efforts are underway to understand which genetic, molecular, or
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exogenous factors could affect the appearance and progression of ven-
tricular dysfunction, and the increased vulnerability to arrhythmias in het-
erozygous carriers. Special interest has been focused on SERCA2a—PLN
interaction, but the mutated form of PLN may have effects beyond SR
Ca-cycling impairment. Early studies in mouse models identified PLN-
R14del as a strong inhibitor of SERCA2a, when overexpressed in the
presence of wild-type (WT) PLN." Subsequently, it was shown that the
mutant protein mislocalized to the sarcolemma in the absence of endog-
enous WT PLN, and it activated the Na/K-ATPase.'° However, the un-
derlying mechanisms by which genetic defects in Ca-cycling proteins
(and specifically PLN) are linked to pathophysiology remain unclear,
reflecting major discrepancies in phenotype between humans and mice.

More recent studies utilizing ‘humanized’ in vitro systems with either
induced pluripotent stem cell derived-cardiomyocytes (iPSC-CMs) or
three-dimensional engineered cardiac tissue (hECT) aimed to further ad-
dress the functional role of this PLN mutation in the heart. iPSC-CMs de-
rived from patients harbouring PLN-R14del mutation were shown to
exhibit frequent episodes of irregular Ca*" waves, electrical instability,
abnormal cytoplasmic distribution of PLN and an increased expression
of molecular markers associated with cardiac hypertrophy.'” Using
TALEN-mediated genome editing, R14del mutation was corrected in
iPSCs and the derived CMs exhibited normal function."" In addition, the
PLN-R14del mutation was associated with dramatically decreased car-
diac contractile performance and increased susceptibility to triggered ac-
tivity, both of which were reversed by the genetic correction that
restored contractile function in hECT."

In the present study, we fully characterized our recently developed
knock-in mouse models expressing the human coding sequence of WT
PLN (hPLN-WT) and/or mutant PLN (hPLN-R14del). Young adult (3-
to 4-month-old) heterozygous hPLN-R14del mice with no overt cardiac
microstructural or contractile abnormalities exhibited bi-ventricular dila-
tion, increased stroke volume and protein alterations associated with
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metabolic and contractile functional pathways. Furthermore, hPLN-
R14del mice exhibited marked susceptibility to adrenergic-mediated VT,
consistent with our recent studies.’*"* Our major focus here was to mit-
igate the observed abnormalities in cardiac function and arrhythmogenic
susceptibility using the cardiotropic adeno-associated virus-9 (AAV9)-
mediated approach to deliver gene-editing components. In vivo genome
editing by AAV9-CRISPR/Cas9 successfully improved cardiac function
and reduced arrhythmia vulnerability observed in ex vivo hPLN-R14del
mouse hearts to WT levels. Further developed, these findings offer new
insights that could translate to novel diagnostic and therapeutic strate-
gies for patients with R14del mutation who currently have very limited
medical treatment options.

2. Methods

An expanded methods section is provided in the Supplementary material
online.

2.1 Generation of humanized knock-in
mouse model of PLN-R14del
cardiomyopathy

Mice harbouring the human WT or mutant (R14del) coding sequence of
PLN were generated by inserting LoxP-H2B-GFP-4XpolyA-FRT-Neo-FRT-
LoxP-hPLNWTRT4del cassette into the start codon at exon 2 of PLN
through gene targeting”‘14
action (PCR) was performed to screen the targeted embryonic stem
(ES) cells [R1 cells (129/Sv x 129/Sv-CP)F1] with two pairs of primers
(P1/P2 and P3/P4) to detect recombination at 5 and 3’ arms, respec-
tively. DNA fragments of about 6 kb were amplified when homologous

(Figure 1A). Long range polymerase chain re-

recombination occurred at the 5’ and 3’ ends, respectively (Figure 1B).
Positive ES cells carrying the recombinant allele were injected into blas-
tocysts of C57Bl/6) mice to generate chimeras. The GFP-Neo selection
cassette was removed by breeding the animals with Sox2-Cre mice
(Jackson Laboratory). The genotypes of the animals were confirmed by
tail PCR and Sanger sequencing (Figure 1C and D).

hPLN-WT and hPLN-R14del mice were generated at the institutional
Mouse Genetics and Gene Targeting Core at the Icahn School of
Medicine at Mount Sinai (ISMMS). Three- to four-month-old female and
male mice were used to characterize the phenotype. Two-month-old
hPLN-R14del mice received AAV9/CRISPR-Cas9-gRNA vector via tail
vein injection. Eight weeks after gene delivery, electrophysiological and
molecular studies were performed.

For cardiac magnetic resonance imaging (CMRI) procedure, mice
were weighed and anaesthetized with isoflurane 1-5% and maintained
with a nosecone 1-3% anaesthesia for the prep and duration of scanning.
Mice were euthanized by cervical dislocation with 5% isoflurane anaes-
thesia via a vaporizer. All animal procedures were approved by, and per-
formed in accordance with, the Institutional Animal Care and Use
Committee of the ISMMS. The investigation conforms to the Guide for
the Care and Use of Laboratory Animals."®

2.2 Statistics

Shapiro-Wilk test'® was performed and the distribution of the data was
found to be normal. We used two-tailed unpaired Student’s t-test to de-
termine the significance between two groups, and ordinary one-way
ANOVA, followed by Tukey’s multiple comparison test, to determine
the significance between three groups, assuming significance at P < 0.05.
VT thresholds are expressed as mean + standard error of the mean.

Other values are expressed as the mean + standard deviation. Each fig-
ure legend indicates the respective n values. The analysis was performed
using Prism7 (GraphPad software).

3. Results

3.1 Humanized knock-in mouse model of
PLN-R14del disease

To investigate the pathological effects of PLN-R14del mutation, we gen-
erated knock-in mouse models expressing the human coding sequence
of either WT or mutated (R14del) PLN. We thus obtained hPLN-WT
and hPLN-R14del heterozygous mice (Figure 1).

To examine whether R14del mutation-induced structural alterations
in the heart, we performed histological analysis using haematoxylin and
eosin (H&E) and Masson’s trichrome staining on 3- to 4-month-old
hPLN-WT and hPLN-R14del mice. While Masson’s trichrome showed
no evidence of fibrosis in mutant hearts (Figure 2A), H&E staining of
short-axis heart sections revealed the appearance of dilation of both
ventricles in hPLN-R14del compared to hPLN-WT (Figure 2B).

Detailed characterization using CMRI, performed on 3- to 4-month-
old hPLN-WT and hPLN-R14del male and female mice, revealed signifi-
cant changes in ventricular geometry in the hPLN-R14del group.
Specifically, left ventricular end-diastolic volume was significantly ele-
vated in the hPLN-R14del compared to hPLN-WT mice (Figure 2C,
Supplementary material online, Videos S1 and S2). Dilation was also evi-
dent in the right ventricle with the end-diastolic volume of hPLN-R14del
mice being significantly higher than hPLN-WTs (Figure 2C,
Supplementary material online, Videos ST and S2). hPLN-R14del animals
compensated for the resulting elevated wall stress with significantly
higher stroke volumes (right and left ventricular stroke volumes) per
Starling’s law of cardiac mechanics (Figure 2C). Despite bi-ventricular dila-
tion in the hPLN-R14del animals, they exhibited evidence of functional
compensation such that left ventricular ejection fraction was not differ-
ent in hPLN-R14del (81.1£4%) vs. hPLN-WT (81.3 £ 2.8%). Hyper-
contractility in the mid-left ventricular cavity was confirmed with higher
midwall fractional shortening in hPLN-R14del (66 + 5.3%) vs. hAPLN-WT
(59 £ 6.4%; P=0.068) (Table 7). Taken together, these profiles suggest
the 3- to 4-month-old hPLN-R14del animals represent a pre-
symptomatic dilated cardiac phenotype with compensated pump
function.

3.2 Electrophysiological challenge reveals
an arrhythmogenic phenotype in
hPLN-R14del hearts

As we had previously established in a separate cohort of mice,'* arrhyth-
mia vulnerability in this model could be unmasked ex vivo using a com-
bined isoproterenol and rapid pacing protocol. This protocol was
designed to progressively push the murine heart rate to at least two-fold
of its basal rate and mimic the heart rate response to strenuous exercise
and adrenergic stimulation, which are the typical triggers that promote
SCD in ACM patients.""'® We compared the stimulus train frequency
that was required for induction of sustained VT following isoproterenol
infusion in each heart (defined as VT threshold). Based on VT threshold
values, we compared the percentage of hearts that exhibited sustained
VT at or below a pre-defined cut-off pacing frequency of 22.5 Hz. Shown
in Figure 3A are typical responses of hPLN-WT (top) and hPLN-R14del
(bottom) hearts that follow challenge with B-adrenergic stimulation and
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Figure | Generation of knock-in humanized PLN-R14del mouse model. (A) Schematic of the targeting construct. A LoxP-H2B-GFP-4XpolyA-FRT-Neo-
FRT-LoxP-hPLN"/T/RT4d¢l cassette was inserted into mouse PLN exon 2. (B) PCR analysis of genomic DNA from targeted embryonic stem cells. (C)

Genotyping by tail PCR and (D) Sanger sequencing method.

rapid pacing. The percentages of hearts that exhibited sustained VT at or
below the pre-defined cut-off of 22.5 Hz (i.e. VT positive) vs. hearts that
required faster pacing for VT induction (i.e. VT negative) were assessed
in both groups (Figure 3B). At this cut-off, the majority of hPLN-R14del
(75%, 6/8) but not hPLN-WT (27%, 3/11) hearts exhibited sustained VT.
More importantly, quantification of VT threshold in all hearts from both
groups regardless of cut-off is shown in Figure 3C. These data revealed
significantly lower values in hPLN-R14del compared to hPLN-WT
hearts, again consistent with significantly increased vulnerability to sus-
tained adrenergic-mediated VT (hPLN-WT, 25.7+1.3Hz hPLN-
R14del,20.3+ 1.2 Hz, P<0.01).

3.3 Proteomic analysis of right and left
ventricles from hPLN-WT and
hPLN-R14del mice

To characterize the molecular phenotype of PLN-R14del mice, we per-
formed proteomic analysis of the right and left ventricles of 3- to 4-
month-old hPLN-WT and hPLN-R14del mice (Figure 4A). Right and left
ventricles displayed similar profiles of differentially expressed proteins, in
terms of the numbers of up- and down-regulated proteins (Figure 4B).
To further identify subcellular processes involved in PLN-R14del-
induced cardiomyopathy, we subjected the differentially expressed pro-
teins to dynamic enrichment analysis using the Molecular Biology of the

Cell Ontology (MBCO)." Data from this analysis revealed up-regulation
of a subset of proteins, in both right and left ventricles, associated with
the glycolysis/glycogenolysis pathways, and down-regulation of mito-
chondrial proteins (Figure 4C).

In addition, proteins associated with myofilament formation, thin and
thick myofilament organization, and Z-disk organization were increased
in both right and left ventricles, indicating potential compensatory mech-
anisms in the remodelling phase of the hPLN-R14del hearts.
Interestingly, we also observed an increase of desmosomal proteins in
the left ventricle, which are known to be altered in ACM, a clinical phe-
notype associated with PLN-R14del patients.zo Finally, the heat shock
protein HSPD1, which is essential for the folding and assembly of newly
imported proteins in the mitochondria, was decreased in the left ventri-
cle of hPLN-R14del hearts (Figure 4C), suggesting an overall deficit in pro-
tein quality control, which would contribute to pathological alterations
in the mutant hearts.

3.4 In vivo specificity of AAV9.CRISPR/
SaCas9-gRNAR14de|

CRISPR/Cas9 is a powerful genome-editing tool,>'?* and AAV9-
mediated delivery preferentially targets cardiac cells.?** Thus, we
combined these two approaches as an exploratory, in vivo gene therapy
strategy to target the disease phenotype associated with the
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Figure 2 Histological analysis and cardiac MRI. Masson’s trichrome (A) and haematoxylin and eosin (H&E) staining (B) of heart sections from hPLN-
WT and hPLN-R14del mice. Scale bars, 100 um for panel A, 1 mm for panel B. (C) Bar graph showing right ventricular end-diastolic volume (RVED),
left ventricular end-diastolic volume (LVEDV), and right and left ventricular stroke volume (RVSV and LVSV) measured by cardiac MRI (n = 6 per group;

unpaired two-tailed Student’s t-test. *P < 0.05).

Table I Cardiac magnetic resonance imaging parameters

RVEDV RVESV RVSV RVEF% LVEDD LVESD FS% LVEDV

hPLN-WT 467+10.0 11.0£55 357463 77+83 40405 16402 59+ 6.4 47167

hPLN-R14del 62.7 +£9.1% 137459 49 +12.5% 77+113 43403 15402 66453 62.5+ 8.1
CRISPR-treated 454+428 13.0+34 33.6+3.4% 740435 40+03 19403 54.1+5.6} 514+528

LVESV LVSV LVEF% LV mass LV length LV width

hPLN-WT 9+1.0 38+ 6.4 81.3+28 83+18.0 7.3+05 34402
hPLN-R14del 11+43 49+44" 81.1+4.0 82186 71+06 34403
CRISPR-treated 132426 38.6+428 746+45 75.60+99 74402 3.6+04

Data are mean £ SD (hPLN-WT, hPLN-R14del: n = 6; CRISPR-treated: n = 5; one-way ANOVA, Tukey’s multiple comparison test.

*P<0.05,
#*P < 0.01 vs. hPLN-WT,
$P<0.05 vs. hPLN-R14del).

FS, fractioning shortening; LVEDD, left ventricular end-diastolic diameter; LVEDV, left ventricular end-diastolic volume; LVESD, left ventricular end-systolic diameter; LVESV, left
ventricular end-systolic volume; LVSV, left ventricular stroke volume; RVEDV, right ventricular end-diastolic volume; RVEF, right ventricular ejection fraction; RVESV, right ventricu-

lar end-systolic volume; RVSYV, right ventricular stroke volume.

PLN-R14del mutation. We designed a CRISPR/SaCas9-gRNA construct,
which would cut around the site encoding the PLN-R14del gene. This
would result in the introduction of indels by non-homologous end join-
ing (NHEJ) and the subsequent inactivation of the gene. To check for
CRISPR/Cas9 efficiency in vivo, we initially performed digital droplet PCR
(ddPCR) using specific Genome Edit Detection assays, consisting of a
primer pair to amplify the sequence that includes the mutation, and a
FAM-labelled probe designed to specifically bind the mutant allele. A
HEX-labelled reference probe distant from the nuclease target site was
used to count the total number of genomes (Figure 5A). The FAM-la-
belled probe, which is specific for R14del mutation, should not bind

when the allele has an insertion or deletion (indels) at this site. The loss
of FAM signal (while maintaining HEX signal) indicates the presence of an
NHEJ allele. hPLN-WT mice were positive for HEX only, while the
hPLN-R14del were positive for both HEX and FAM (Figure 5B), confirm-
ing the assay specificity. Six- to 8-week-old hPLN-R14del mice were
next injected by tail vein with either 2 x 10"? vg AAV9.CRISPR/saCas-
gRNAR 14401 OF the same dose of empty AAV9 particles as controls.
Ventricular tissues or isolated cardiomyocytes were harvested when the
mice reached the age at which we observed the disease phenotype
(about 8 weeks post-treatment) and analysed for the presence of indels
at on-target site in the genome. Digital droplet PCR analysis showed a
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Figure 3 hPLN-R14del hearts showed increased risk of rapid pacing-induced arrhythmia. (A) Rapid pacing of isolated mouse hearts during adrenergic
stimulation with isoproterenol (ISO) readily induced sustained ventricular tachycardia (VT) in hPLN-R14del group (bottom), whereas conversion to sinus
rhythm was more prevalent in the hPLN-WT group (top), based on volumetric electrocardiogram (VECG) recordings. (B) the majority of hPLN-R14del
(6/8) but not hPLN-WT (3/11) hearts exhibited sustained VT in response to challenge up to predefined cut-off frequency of 22.5 Hz. (C) A significant de-
crease in VT threshold was observed in the hPLN-R14del group compared to hPLN-WT (hPLN-WT: n=11; hPLN-R14del: n = 8; unpaired two-tailed

Student’s t-test. *P < 0.05).

significant decrease of FAM signal (10.2 £ 3.4% reduction, P<0.01) in
AAV9.CRISPR/saCas-gRNAR14del injected mice compared to controls,
indicating the presence of indels at the R14del locus (Figure 5C). Of note,
ddPCR showed a more pronounced decrease of FAM signal
(17.8 £ 4.6% reduction), when performed using genomic DNA extracted
from isolated cardiomyocytes (Figure 5D), indicating that the percentage
of edited DNA was diluted by non-cardiomyocytes in the ventricular tis-
sues. As AAV9 shows levels of tropism towards the kidney and liver, we
examined protein expression of SaCas9 in these organs. Data showed
no presence of SaCas9 in the liver or kidney of CRISPR-treated mice
(Supplementary material online, Figure S2D), whereas it was clearly
expressed in 62+9.0% (P<0.0001) of nuclei within cardiomyocytes
(Supplementary material online, Figure S3).

To precisely reveal the presence of indels at the Cas9-cleavage site,
we used NGS-based amplicon sequencing approach in CRISPR-treated
and control mice (Supplementary material online, Figure $4). Results
showed equal abundance of mutant (R14del) and WT alleles in control
hPLN-R14del mice (51.0% and 51.3% reads, respectively), whereas the
mutant allele was less abundant than WT in CRISPR-treated hPLN-
R14del mice (39% vs. 54% reads, respectively). In the CRISPR-treated
hPLN-R14del mice, a remaining mean of 7% of total reads contained
changes at the targeted genomic site including mostly deletions, leading
to truncated PLN sequences.

We next determined the effect of DNA disruption on subsequent
transcription and translation of PLN. In vivo genome editing induced
allele-specific reduction of mutant PLN transcription with consequent

decrease of its translation (about 20%) as assessed by ddPCR and west-
ern blotting in CRISPR-treated hPLN-R14del mice compared to controls
(Supplementary material online, Figure S5). Interestingly, NGS-based
amplicon sequencing revealed that most indels were located at the
Cas9-cleavage site and could produce frameshift mutations as revealed
by the prevalent mutant sequences (Supplementary material online,
Figure $3). No indels were present at the WT allele, indicating that gRNA
can recognize a three-nucleotide difference and selectively target the
R14del mutation in the mouse genome.

To evaluate the specificity of our gene editing approach, we ana-
lysed predicted off-target genomic sites for possible promiscuous
editing. We have screened more than 5000 potential genome-wide
off-target sites predicted by the COSMID design tool (https://crispr.
bme.gatech.edu) by deep exome sequencing. By comparing the results
between the control and treated samples, we found only one variant
(G/A) as a possible off-target. This variant is in the non-coding region
of chromosome 4 (position 43 510 088) of the mouse genome and,
therefore, should not affect the protein-based sequence nor cardiac
function.

3.5 CRISPR-Cas9-mediated genome edit-
ing partially rescues the disease phenotype
observed in hPLN-R14del hearts

To evaluate the effect of CRISPR-Cas9 treatment on cardiac function,
we performed magnetic resonance imaging in the hPLN-R14del
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group, 8weeks after treatment. As shown in Figure 6A and Table 1,
CRISPR-treated mice showed significantly reduced right and left end-dia-
stolic volumes and stroke volumes compared to hPLN-R14del mice
treated with AAV9 empty capsids (controls), and they were not signifi-
cantly different from hPLN-WT mice. We then evaluated the efficacy of
CRISPR-Cas9 treatment in mitigating arrhythmia vulnerability. As
Figure 6B shows, the percentage of ISO-treated hearts that exhibited sus-
tained VT by the stimulus train at the pre-defined cut-off frequency was
markedly lower in the CRISPR-treated group (12.5%, n = 1/8) compared
to controls (66.7%, n=4/6). The reduced proclivity for arrhythmia in-
duction is further supported by the significant rise (~45%) in VT thresh-
old in CRISPR-treated hPLN-R14del mice (30.9 + 2.3 Hz) vs. controls
(21.3+£1.5Hz P<0.01, Figure 6C). Indeed, by adopting the same stress
challenge protocol, we established that, in addition to a reduced VT sus-
ceptibility in the CRISPR-treated group, the pacing frequencies were
more comparable to the ones observed in the hPLN-WT group
(30.9 £ 2.3 vs. 25.7 £ 1.3 Hz, respectively).

4. Discussion

This study demonstrates a strategy to elicit evidence of impaired cardiac
function and a heightened propensity for VT in seemingly asymptomatic
hearts harbouring the human PLN-R14del mutation, and the ability to
correct the disease phenotype in vivo by delivery of CRISPR/Cas9-gRNA
using cardiotropic AAV9 gene transfer. We generated humanized mouse
models in which only the coding sequence of mouse endogenous PLN
gene was replaced by either the WT or mutant (R14del) human coding
sequence of PLN.

CMRI revealed increases in right and left ventricular end-diastolic vol-
umes (EDVs) without changes in systolic volumes. Interestingly, the
hPLN-R14del mice exhibited no significant impairment in contractile
function relative to hPLN-WT mice, as the ejection fraction was similar
for both groups. In particular, the hPLN-R14del group exhibited signifi-
cantly higher stroke volumes than hPLN-WT, primarily reflecting in-
creased RV and left ventricular EDVs. Ex vivo studies revealed an



In vivo PLN-R14del disruption reduces arrhythmia susceptibility

3147

Ventricular Tissue

- WT and mutant
25000 | droplets
w .
° .
B
= Mutant
E o T droplets
© P
& E
7 Empty WT
droplets + droplets
HEX amplitude
B
0.6 0.6
=
< 0.5 = 0.5
il i
L 0.4 I 0.4
= s
= 0.3 £ 0.3
o o
i 027 E 0.2
é 0.1+ 0.1+
0
hPLN-WT hPLN-R14del Control

Mutant Alleles
Both probes bind

Reference Mutant Specific
Probe
Pr  Probe HEX . Pe i|| EAM
~Px Target cut site™ Py

Mutant Alleles after CRISPR/Cas9
Only reference probe binds

Isolated Cardiomyocytes
0.6

-

*x ==

0.5 *%

0.4+
0.3+

0.2+

RATIO (FAM/HEX)

0.1+

CRISPR-treated Control CRISPR-treated

Figure 5 Invivo CRISPR-Cas9 gene editing efficiency. (A) Primers and probes (FAM and HEX) for NHEJ edit detection assays. (B) Allelic discrimination
by ddPCR. Frequency of indels at on-target (R14del) site in genomic DNA from both ventricular tissues (C) and isolated cardiomyocytes (D) in CRISPR-
treated vs. Control mice (ventricular tissues from controls: n = 6 and CRISPR-treated: n = 7; isolated cardiomyocytes from controls and CRISPR-treated:

n = 3; unpaired two-tailed Student’s t-test. *P < 0.05).

increased risk of sustained arrhythmia using a dual-hit protocol, where
rapid pacing in the presence of beta-adrenergic stimulation unmasked
heightened propensity to VT in the mutant group. Mice are important
study tools to model human pathologies even though significant differen-
ces in cardiac physiology (and electrophysiology) exist between mice
and humans. A mouse heart normally beats at a rate of about 10 Hz (i.e.
up to 600 beats/min) which is 10-fold greater than that in humans. The
mouse APD is about 25-30ms (roughly 10-fold shorter than that in
humans). Hence, adopting a challenge protocol that progressively pushes
the murine heart rate above two-fold of its basal rate is a reasonable ap-
proximation of the heart rate response to strenuous exercise, which is a
typical trigger that promotes SCD in ACM patients.?

Using this protocol, we demonstrated that hPLN-R14del mice mimic
the early stage (so-called concealed phase) of the disease phenotype
that is characterized by a risk of arrhythmias that arise in the absence of
overt heart remodelling in human carriers. Of note, the concealed phase
of the disease is especially challenging because it often evades clinical de-
tection by imaging modalities, including echocardiography and CMRI. Its
pathophysiological significance, however, is clear considering that its first
manifestation is often in the form of sudden cardiac death in young and

seemingly healthy individuals.

The increased propensity to arrhythmia in our humanized mouse
model was recently reported under pharmacological stress conditions
in vivo."® In addition, studies in isolated myocytes indicated that mutant RV
myocytes exhibited depressed Ca’™-cycling kinetics, prolonged action
potential duration and increases in SR Ca*"-leak and diastolic Ca>*-lev-
els. The number of aftercontractions upon stress conditions was also sig-
nificantly higher in mutant RV cells. These RV-myocyte specific alterations
resulted in in vivo arrhythmias under pharmacological stress conditions,
that originated in the RV."® Overall, our findings are compatible with the
observations described in the clinical literature, where adrenergic-
mediated mechanisms seem to be the culprit in triggering arrhythmias in
heterozygous patients carrying the PLN-R14del mutation.”

To further characterize the molecular phenotype of PLN-R14del
mice, we performed proteomic analysis in the right and left ventricles of
hPLN-R14del and hPLN-WT mice, which revealed: (i) activation of gly-
colysis/gluconeogenesis and glycogen synthesis/glycogenolysis pathways;
(i) inhibition of mitochondrial energy production; and (iii) up-regulation
of muscle contraction and cell adhesion pathways. These findings suggest
a remodelling of the metabolic network to favour a shift of substrate
preference towards glucose, accompanied by an impaired myocardial
energetic status and contractile dysfunction in hPLN-R14del hearts.
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Overall, our data suggest that the right and left ventricles in hPLN-
R14del hearts are adapting to adverse mechanical loads, with changes in
electrophysiological characteristics associated with severe alterations in
metabolic profiles.

We previously performed genome editing in patient-specific iPSC-de-
rived cardiomyocytes and demonstrated that in vitro correction of
R14del mutation could restore the aberrant Ca-cycling phenotype."" In
that study, Transcription Activator-Like Effector Nucleases (TALEN)
was used in the presence of a donor repair template to accurately cor-
rect the mutation through the precise homology-directed repair (HDR)
mechanism. However, TALEN’s cleavage efficiency is low, and HDR
operates mainly in dividing cells and at very low frequencies in post-
mitotic cells such as mature cardiomyocytes. Thus, in the present study,
we developed a CRISPR/Cas9-based strategy to selectively target the
mutant allele in heterozygous mice. CRISPR/Cas9 has higher expected
cleavage efficiency than TALENS, and we designed gRNAs to specifically
cut around the mutated site. Staphylococcus aureus Cas9-induced double-
stranded DNA breaks are repaired by NHE] (the most predominant cel-
lular DNA repair pathway in non-dividing cells), which may lead to indels

at the targeted site. These indels frequently lead to a frameshift in the
coding sequence, thereby disrupting gene expression. We successfully
combined AAV9 and CRISPR/Cas9-gRNA gene-editing system to dis-
rupt the PLN-R14del mutant allele in the mouse heart. Indeed, gene-
editing induced deletion of base pairs at the target locus causing selective
inactivation of the mutant allele while leaving the WT allele intact.
Consequently, allele-specific CRISPR caused a reduction in mutant PLN
transcript levels and subsequent decrease in PLN protein expression,
likely due to a reduction of the mutated protein, thus preserving the WT
PLN and its normal function.

These findings imply that a relatively low genome-editing efficiency
was sufficient to improve the impaired cardiac function and the arrhyth-
mogenic phenotype in the hPLN-R14del mice receiving AAV9-CRISPR/
Cas9-gRNA injections. Of note, similar studies have suggested that small
genome-editing efficiency is sufficient to produce significant therapeutic
effects®® or to induce a cardiac disease phenotype.”” Interestingly, recent
studies have also suggested that the correction of mutations within a
small percentage of cells can improve muscle function.”®?° Further stud-
ies will be required to evaluate the potential for CRISPR/Cas9 gene
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editing to improve the altered metabolic phenotype associated with the
hPLN-R14del mutation.

4.1 Study limitations

This study has several limitations inherent to the use of mouse models,
AAV vectors and genome editing. The mouse heart exhibits well-recog-
nized species-specific differences compared to the human heart, includ-
ing electrophysiology, myofilament protein composition, and Ca-cycling
characteristics. Thus, mouse models do not typically recapitulate all
aspects of human cardiovascular disease,*® particularly in terms of heart
rate and repolarization mechanisms. Therefore, extrapolation of the
electrophysiological findings should be done with caution. Nevertheless,
this proof-of-principle study showed that CRISPR/Cas9 could potentially
alter the susceptibility to VT, the mechanism for which needs to be ex-
plored in future work. In relation to the therapeutic strategy, AAV vec-
tors can last for a prolonged period of time (years in muscle),®’ and
continuous CRISPR/Cas9 activation may involve associated safety risks
related to possible off-target effects. In this study, we screened more
than 5000 potential genome-wide off-target sites by deep exome se-
quencing and found only one variant as a possible off target effect.
Nevertheless, it will be important to further evaluate possible off-target
effects of gene editing in longer-term studies. Long-term expression of
Cas9 gene can also potentially trigger an immune response.>? Although a
recent study that used CRISPR-Cas9 to correct muscular dystrophy has
shown physiologic improvements up to 18 weeks post-treatment,®® well
beyond the window of an expected immune response, it remains neces-
sary to assess immunogenicity in longer-term studies in order to advance
in vivo gene therapy towards clinical trials.

5. Conclusions

In conclusion, we developed the first humanized knock-in mouse models
(hPLN-WT and hPLN-R14del) designed for studying cardiomyopathies
associated with PLN mutations. The mutant mice exhibited significant
biventricular dilation with preserved ejection fraction, suggestive of a
pre-symptomatic progression towards the DCM characteristic of PLN-
R14del heterozygous patients. Interestingly, adrenergic stimulation com-
bined with tachy-pacing unmasked an arrhythmogenic substrate in hearts
from young mutant mice despite no clear evidence of structural or func-
tional abnormalities such as fibrosis, fatty infiltrations, or contractile defi-
cit. Since human PLN-R14del disease takes many years to manifest, often
around the fourth decade of life, early detection of arrhythmia vulnera-
bility could help identify carriers who are at risk of sudden cardiac
death and might need stricter follow-up and targeted therapy, as
supported by a previous report on Arrhythmogenic Right Ventricular
Cardiomyopathy."” Furthermore, CRISPR/Cas9-mediated gene editing in
vivo in mutant mice successfully improved cardiac function and reduced
VT susceptibility to WT levels, demonstrating tangible therapeutic bene-
fits that offer new hope for treating patients with early stage PLN-R14del
familial cardiomyopathy. More broadly, these findings support the con-
cept that a CRISPR/Cas9-based strategy is valuable for further preclinical
testing and represents an encouraging future therapy for patients with in-
curable monogenic disorders.
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Translational perspective

The phospholamban R14del mutation causes dilated and arrhythmogenic cardiomyopathies, with increased risk of malignant ventricular arrhythmias
in young adult carriers. With few available therapeutic options, heart transplantation is often the ultimate treatment. This study reveals the ability to
detect abnormal cardiac function and increased arrhythmogenic vulnerability in pre-symptomatic hPLN-R14del mice, and demonstrates that allele-
specific disruption of R14del using in vivo AAV9/CRISPR-Cas9 reverses the disease phenotype. This preclinical study offers promising translatable
approaches to detect and therapeutically suppress the arrhythmogenic phenotype in patients with PLN-R14del disease and potentially other inher-

ited cardiomyopathies.
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