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This editorial refers to ‘Gene editing reverses arrhythmia sus-
ceptibility in humanized PLN-R14del mice: modelling a
European cardiomyopathy with global impact’, by Jaydev Dave
et al., https://doi.org/10.1093/cvr/cvac021.

A man in his early 40s plays tennis at his club. Suddenly, he falls unconscious.
A doctor from the nearby court runs to assist him. The man has no pulse,
and the doctor starts resuscitation. A defibrillator is brought in. At the
second discharge, the man’s heart resumes beating. At hospital admission,
the man reports that another member of his family died of sudden cardiac
arrest, and another suffers a heart failure despite his young age. A genetic
test reveals a pathogenic mutation in one of the genes associated with a
condition known as arrhythmogenic cardiomyopathy (ACM). Doctors
are pleased about this diagnosis, but the man and one of his children
who has inherited the same mutation remain in despair. They are told
that an implantable cardioverter defibrillator can prevent further life-
threatening episodes of ventricular fibrillation, but also that there are no
curative options, except for heart transplantation.

With a few variations, this is a recurrent story in cardiology." In recent
years, the definition of ACM has expanded beyond arrhythmogenic right
ventricular cardiomyopathy, which is mainly caused by defects in the cardi-
omyocyte desmosome,? to include other genetic cardiomyopathies de-
fined by the prominence of ventricular arrhythmias in the clinical
presentation.’ One of the non-desmosomal genes, the mutations of which
can cause a dilated and arrhythmogenic phenotype, is phospholamban
(PLN), a 52-amino acid protein that binds the cardiac muscle sarcoplasmic
reticulum calcium-ATPase SERCA2a and inhibits its function. Among the
ACM-causing mutations in PLN, a three-nucleotide deletion, which deter-
mines the absence of arginine 14 in the protein (PLNR14Del), has particu-
lar arrhythmogenic potential and results in an increased risk of malignant
ventricular arrhythmias in young adult carriers.’ This mutation is the
most frequent single genetic cause of ACM in The Netherlands and has
been identified in several other European countries and in North America.”

While the mutated genes causing ACM are heterogenous in nature,
several of them are transmitted with a dominant or co-codominant
mode of inheritance. This renders conventional gene therapy, based on
the supplementation of a normal copy of the cDNA, ineffective or challen-
ging, as high levels of the wild-type protein are needed to overcome the
heterozygous defect. Essentially, this leaves these ACM patients with no
disease-modifying options, except that of inhibiting or inactivating the
disease allele. As far as the PLN14Del mutation is concerned, progress
in gene inactivation has been recently achieved by antisense oligonucleo-
tides that selectively target the mutation.”

A definitive cure for these forms of ACM would be the permanent in-
activation of the disease allele using gene editing. Dave et al.® have now

taken an important step towards achieving this ambitious goal. First, the
same group.’ generated a mouse model for the PLN R14del disease, in
which the human gene with the mutation was knocked into the genome
as a substitute for its mouse version. This mouse model is relevant for
pathophysiological studies on the disease but also provides investigators
the human sequence surrounding the mutation, in which to develop a
gene editing approach that would also work in patients. The authors at-
tempted at correcting the genetic defect by inducing the selective inactiva-
tion of the mutant PLN allele. The Cas9 nuclease, when targeted to a given
genomic sequence by a specific guide RNA complementary to this se-
quence, introduces a double-stranded DNA break (DSB); then, this break
is repaired in post-mitotic cells by non-homologous end joining (NHE]), a
process that leads to the introduction of small insertions or deletions
(INDELs), which inactivate the gene.® Mice were injected systemically
with an AAV9 vector coding for Cas9 and a single-guide RNA against
the PLNR14Del 3 bp deletion. Targeted disease allele discrimination was
proved to be effective by this approach, and the overall efficiency was suf-
ficient to prevent the disease phenotype in terms of both dilation and
stress-induced arrhythmias. The developed gene editing system did not in-
duce significant mutations at other genome sites.

The state-of-the-art findings in Dave et al.® support the concept that a
CRISPR/Cas9-based strategy is valuable for further preclinical develop-
ment. However, as it commonly happens in science, they also highlight
how gene editing is still in its infancy when applied to the adult heart. A first
and foremost problem remains the efficiency of CRISPR/Cas9 delivery.
AAV vectors are currently the gold standard for cardiac and muscle
gene transfer but require very high titres, and their use can be fraught
with serious side effects, as different clinical studies have recently experi-
enced.” AAV vectors have the additional problem of expressing their trans-
gene indefinitely. While this is beneficial for gene therapy applications
aimed to supplement a missing factor, it can become problematic when
the therapeutic effect is wanted for a very limited time as in gene editing.
The continued expression of Cas9 can lead to unspecific genomic altera-
tions and, being of prokaryotic origin, elicit an unwanted immune response
against the transduced cells."® Novel technologies based on the transient
administration of the Cas9 mRNA and the CRISPR guide RNA using non-
viral methods such as lipid nanoparticles' ' hold great promise to overcome
these problems.

In addition to these gene delivery issues, a major limitation of conven-
tional CRISPR/Cas9 is that this technology induces DSBs that are repaired
through NHEJ. This is an effective approach for PLN but, in the case of sev-
eral other cardiac genes, could lead to allele insufficiency. In addition, allele
discrimination by the targeting single guide RNA for PLNR14Delta is fa-
voured by the nature of the mutation (a 3 bp deletion) but could be
more problematic for single nucleotide point mutations. In these
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conditions, other more precise gene editing approaches can be considered.
Among these, prime editing permits the direct insertion of new genetic in-
formation within the DNA using a guide RNA that targets a specific site and
encodes the desired sequence,12 while base editing (which would not be
applicable to INDELs such as PLNR14Delta) directly introduces single nu-
cleotide variants in DNA." These methods have the additional advantage
of not inducing DSBs into the host DNA. However, prime editing efficiency
is still low in vivo and base editing is limited by the identity of the target se-
quence. A more versatile approach for perfect gene correction is homolo-
gous recombination (HR), in which DSBs are repaired using an
exogenously provided template that carries the correct sequence.'
However, HR is down-regulated in post-mitotic cells and would require
prior awakening of the molecular machinery that performs homology-
directed repair in cardiomyocytes.

Gene editing for curative purposes, which was not even conceivable
20 years ago, has already became a reality for cells that can be isolated
ex vivo, such as haematopoietic stem cells or CAR-T cells, and is fast pro-
gressing in clinical trials for organs that can be transfected efficiently, such
as the liver and the eye."® For cardiac diseases, we are still in the process of
creating the proper conditions for gene editing to be effective, but our
progress is continuous and incremental. The Dave et al. paper is another
important brick to build our wall of confidence in this technology.
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