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Genome-editing technology has emerged as a powerful method that enables the generation of genetically modified cells and
organisms necessary to elucidate gene function and mechanisms of human diseases. The clustered regularly interspaced short
palindromic repeats- (CRISPR-) associated 9 (Cas9) system has rapidly become one of the most popular approaches for genome
editing in basic biomedical research over recent years because of its simplicity and adaptability. CRISPR/Cas9 genome editing
has been used to correct DNA mutations ranging from a single base pair to large deletions in both in vitro and in vivo
model systems. CRISPR/Cas9 has been used to increase the understanding of many aspects of cardiovascular disorders,
including lipid metabolism, electrophysiology and genetic inheritance. The CRISPR/Cas9 technology has been proven to be
effective in creating gene knockout (KO) or knockin in human cells and is particularly useful for editing induced
pluripotent stem cells (iPSCs). Despite these progresses, some biological, technical, and ethical issues are limiting the
therapeutic potential of genome editing in cardiovascular diseases. This review will focus on various applications of CRISPR/
Cas9 genome editing in the cardiovascular field, for both disease research and the prospect of in vivo genome-editing therapies

in the future.

1. Introduction

The possibility to perform gene therapy, correcting specific
disease-causing mutations in the germline, has emerged
more than 40 years ago [1]. In the 1980s, with an increased
understanding of the transduction capabilities of retrovi-
ruses, scientists have investigated the clinical potentiality of
these viruses for gene therapy applications. It has been dem-
onstrated that the retroviruses could correct phenotypes in
cells from diseased patients [2-4]. However, the use of retro-
viruses has faced some important impediments, like their
instability, toxicity, and inability to infect nondividing cells.
For these reasons, other viral and nonviral gene delivery tools
have been developed, which include adeno-associated virus
(AAV) vectors, herpes vectors, and liposomes [5, 6]. The first
clinical trial of cardiovascular gene therapy was the delivery
of the gene encoding for the vascular endothelial growth fac-
tor (VEGF) into patients with peripheral arterial disease, but
it was not considered an ideal treatment as many patients
presented lesions not amenable to gene delivery [7]. In the

first decade of this century, efforts have focused on the devel-
opment of efficient and safe tools to deliver genes into patient
cells. Through mutagenesis with insertion and substitution,
reengineered AAV vectors that are both safer and well toler-
ated have been developed [8]. Recently, genome-editing tech-
nology has emerged as a new powerful method to elucidate
gene function and to correct human disease-causing variants,
enabling the production of genetically modified cells and
organisms. The main features of genome editing tools is rep-
resented by the fact that they rely on nucleases introducing
DNA double-strand breaks (DSBs) to induce gene mutation
by stimulating endogenous repair mechanisms [9]. The most
critical part consists in the introduction of the DSBs at the
specific desired target site. This specificity of action is
addressed differently by different tools, the most commonly
used being zinc finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENs), and clustered
regularly interspaced short palindromic repeats- (CRISPR-)
associated 9 (Cas9) systems [10, 11]. Of these, the CRISPR/
Cas9 system, which was firstly described in 2012 by the
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groups of Jinek et al. [12], has brought considerable progress
to the field. This system is sufficiently easy and efficient to
edit genes in virtually any organism and cell type [13, 14]
and, because of its simplicity and adaptability, CRISPR/
Cas9 has rapidly become one of the most popular
approaches for genome editing [15-18].

Within the context of basic understanding of disease
molecular mechanisms and disease treatment, the CRISPR/
Cas9 system has just started to reveal its potential, appearing
as a tremendously powerful tool for basic research applica-
tions, such as functional interrogation of new loci and gener-
ation of novel animal models, as well as for novel clinical
approaches [15, 17, 19-21]. Currently, clinical trials using
CRISPR/Ca9-edited human cells are ongoing, for example,
to treat cancer [22, 23].

Cardiovascular diseases are still a major health problem
with increasing prevalence [24, 25], and a remaining chal-
lenge is to gain a deeper knowledge of the mechanisms
behind the development of both common and less common
causes of cardiovascular mortality and morbidity. Cardiovas-
cular diseases include several medical conditions involving
the blood vessels and the heart. These are mainly coronary
artery disease (CAD), cerebrovascular disease (stroke),
peripheral artery disease (PAD), cardiomyopathies, rheu-
matic heart disease, arrhythmias, hypertensive heart disease,
and congenital heart diseases [26]. Thanks to genetic testing
and bioinformatics analyses, we are increasingly able to iden-
tify subjects susceptible to particular cardiac diseases. How-
ever, further mechanistic studies aimed at understanding
the cause of the diseases are limited by the fact that the isola-
tion and culture of primary human cardiomyocytes for car-
diovascular research is extremely difficult [27]. In this
context, researchers all over the world have invested time
and resources to ameliorate animal and cell models for car-
diac diseases. The CRISPR/Cas9 technology has been used
to generate mouse models of genetic diseases, such as severe
cardiomyopathy, in a shorter time than with the traditional
homologous recombination technique [28-30]. Additionally,
it is now possible to inject CRISPR/Cas9 into cell embryos in
rats, rabbits, and primates, which are used to study cardio-
vascular diseases [31, 32]. With the advent of induced plurip-
otent stem cell (iPSC) technology, the researchers have also
been able to generate alternative cell models to investigate
the molecular mechanisms of the diseases. In this context,
the CRISPR/Cas9 technology provides a straightforwarc
mechanism to elucidate how the cells misbehave by allowing
the reversion of the causal mutation [33-35]. Finally, in the
cardiovascular field, important steps have been made
towards therapeutic applications [34, 36-38].

The present review will focus on the various applications
of the CRISPR/Cas9 genome editing tool in the cardiac field,
ranging from its application to human and animal models to
its therapeutic potential, describing the advantages and
potential disadvantages of the system.

2. The CRISPR/Cas9 System

The CRISPR/Cas9 technology derives from the adaptive
immunity of the bacterium Streptococcus pyogenes [12]. The
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Cas9 nuclease mediates anti-phage activity thanks to its com-
bination with the clustered regularly interspaced short palin-
dromic repeats (CRISPR) loci. These loci are short, repetitive
sequences consisting of 30-40bp and intercalated with
spacer sequences matching virus genomes [39]. The CRISPR
loci are transcribed into a long RNA which is subsequently
cleaved by the CRISPR-associated endoribonucleases (Cas)
to release small CRISPR RNAs (crRNAs). These crRNAs
then form a Cas-RNA complex that recognizes the genome
of the virus and proceeds to cleave it.

In its modified form for genome editing, the CRISPR/
Cas9 system consists of a RNA guide (gRNA) sequence to
target the nuclease Cas9 to a specific site in the genome.
The gRNA is composed of a short RNA sequence necessary
for the binding of Cas9 plus a ~20 nucleotide sequence, called
the protospacer, which defines the DNA target to be modified
[12]. The Cas9 nuclease contains an HNH-nuclease and the
RuvC-like nuclease domains. It first recognizes a conserved
sequence named protospacer-adjacent motif (PAM), which
flanks the target DNA [40, 41]. After binding the PAM,
Cas9, by its HNH and RuvC catalytic domains, generates a
blunt double-strand break (DSB) that can be repaired by
either nonhomologous end joining (NHE]) or a homology-
directed repair (HDR) system [10, 12, 42]. NHE] repair pre-
dominantly occurs during G1 phase, while HDR is most
prominent during S and G2 phases. NHE] does not require
a repair template or extensive DNA synthesis and it is faster
than HDR in repairing DSB. Occasionally, it introduces small
insertions or deletions (indel) at the cleavage site. If the indel
occurs within the coding sequence of a gene, it leads to a
frameshift mutation, which can result in a gene knockout
[43], making it unsuitable for gene-correction purposes. In
contrast, HDR uses a DNA template, or the nonmutant
homologous chromosome, to achieve a high-fidelity repair
and can be used to introduce a precise mutation or insertion
by recombination [44-47]. The efficiency of HDR in repairing
DSB is relatively low [17] and less frequent compared to NHE]
in proliferating human cells [48]. The efficiency of HDR
can be promoted by transient inhibition of NHE]J [49, 50].

Of note, the presence of a limited number of PAM sites
within the eukaryotic genome [12, 51] have represented a
limitation for the precision of the initial genome editing
applications [52]. To overcome this problem, the number of
targetable sites within the genome has been increased thanks
to the characterization of the CRISPR/Cas system in different
bacterial species with different PAM sites [15, 53]. Addition-
ally, Kleinstiver et al. [54] have demonstrated that the com-
monly used Streptococcus pyogenes Cas9 can be modified to
exhibit altered PAM specificity, thus recognizing alternative
PAM sites throughout the genome of human and model
organisms. Several studies have taken advantage of the
HDR repair machinery to introduce precise single point
mutations or knockins in a target gene providing a homolo-
gous repair template. The NHE] repair machinery is pre-
ferred as a way to introduce insertions and/or deletions
which can disrupt the targeted locus [55, 56]. It is also possi-
ble to generate large deletions or genomic rearrangements,
such as inversions or translocations, using a pair of gRNA-
directed Cas9 nucleases [57]. The CRISPR/Cas9 system has
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many other applications other than gene editing, such as the
regulation of endogenous gene expression. A nuclease-
deficient Cas9, called “dead Cas9” (dCas9), has been devel-
oped to create inactive fusion proteins capable of targeting
either the promoter or regulatory sequences of a gene to alter
its expression by interfering with the normal transcriptional
machinery [56, 58]. Coupling of dCas9 to a transcriptional
repressor like KRAB (CRISPRIi) can reduce the transcription
of endogenous human genes. This approach was described to
consistently reduce gene expression in eukaryotic models
[58]. More recently, it has been demonstrated to repress gene
expression also in bacteria and human induced pluripotent
stem cells [59, 60]. In the same way, fusing dCas9 with a tran-
scriptional activation domain like VP64 or p65 (CRISPRa)
can increase the expression of endogenous human genes
[61]. CRISPRa enables also a multiplexed genes activation,
using single gRNAs (sgRNA) targeting more genes simulta-
neously [62]. dCas9 can be also fused to functional domains
of DNA methylation or demethylation enzymes, or histone
modifiers for epigenome-editing [63, 64]. Different Cas9
nucleases have been generated to modify nuclease activity
or binding selectivity. The Cas9D10A, mutant CRISPR Nick-
ase, has been produced to selectively make a single-strand
DNA cut at the target sequence. By this double-nicking
approach, the Cas9D10A creates “sticky ends” which ensure
that the DNA fragment is inserted into the genome in the
right orientation [65, 66]. The CRISPR/Cas9 system has been
also used for live-cell labelling, coupling dCas9 to fluorescent
proteins to visualize specific genomic loci [67].

3. The CRISPR/Cas9 System in Human Cell
Models of Cardiac Disease

The introduction of genome editing has revolutionized basic
and translational research together with the innovative dis-
covery of induced pluripotent stem cells [68].

Due to their close similarity to embryonic stem cells
(ESCs) [68, 69] and to the fact that they are not burdened
by the same ethical concerns, iPSCs are currently the most
suitable model to study cardiomyogenesis on human cells
[70]. Further, iPSCs are a virtually infinite source of human
cardiomyocytes and represent an invaluable tool in the car-
diac field, notably lacking human in vitro models [71]. Given
that iPSC-derived cardiomyocytes (iPSC-CMs) show a phe-
notype still far from that of adult human cardiomyocytes
[72, 73], a lot of effort has been made by the scientific com-
munity to develop protocols able to ameliorate their in vitro
maturation in order to generate better models of cardiac
pathologies [74]. Up to now, several cardiac diseases have
been investigated using iPSC-CM, which have been shown
to be a good model for inherited arrhythmogenic disorders
[75-78]. Patient-specific iPSCs have been generated from
individuals of a family affected by long-QT syndrome type
1 and induced to differentiate into functional cardiac myo-
cytes. These cells exhibited prolongation of the action poten-
tial, altered delayed rectifier potassium current (IK) channel
activation and deactivation, and an abnormal response to
catecholamine, which are the electrophysiological features
of the disorder [76]. Accordingly, iPSC-CMs derived from

a catecholaminergic polymorphic ventricular tachycardia
(CPVT) patient demonstrated anomalous electrophysiolog-
ical features, including delayed afterdepolarizations [79]. In
addition, iPSC-CMs have been generated to study the
single-cell alterations in structural cardiac defects such as
those found in dilated cardiomyopathy (DCM) and hyper-
trophic cardiomyopathy (HCM). Sun et al. generated car-
diomyocytes from iPSCs of DCM patients carrying a
mutation in the gene encoding for the sarcomeric protein
cardiac troponin T and showed that iPSC-CMs recapitulate
the morphological and functional phenotypes of affected
hearts, such as altered Ca®" handling, a decreased contractil-
ity, and abnormal distribution of sarcomeric «a-actinin [80].
Further, iPSCs from an HCM patient with a single missense
mutation in the MYH?7 gene exhibited disorganized sarco-
meres, electrophysiological irregularities, and an increase of
genes involved in cell proliferation [81].

It is therefore evident that the parallel advances in
genome editing and iPSC technology is now offering the
opportunity to investigate the pathophysiological mecha-
nisms of inherited cardiac diseases directly in human cell
models [82-84]. Here, the CRISPR/Cas9 tool allows for a rel-
atively efficient and easy generation of isogenic cell lines dif-
fering only by the DNA sequence of interest [85], thus
eliminating other confounders like genetic background and
epigenetic memory [35, 85]. Until now, the CRISPR/Cas9
system has already been proven to be an effective and useful
approach to create gene KO or knockin in human cells [15-
17] and in particular in iPSCs [86, 87]. Moreover, this system
has the potential to correct genetic mutations in iPSC-related
disease models [88-90] and has already started to be applied
to the study of different cardiac diseases, such as Barth syn-
drome, an X-linked genetic heart disease [91]. Specifically,
Wang and coworkers have recently given an excellent exam-
ple of the potential that combined CRISPR/Cas9 and iPSC
technology provides. They generated iPSCs from patients
with Barth syndrome and characterized mitochondrial CM
abnormalities associated with this pathology. By introducing
a mutation in the tafazzin (TAZ) gene in iPSCs from healthy
donors through Cas9-mediated genome editing, they also
demonstrated a causal relationship between the TAZ gene
mutation and the mitochondrial phenotype. Importantly,
the administration to Barth syndrome-derived iPSC-CMs
of the antioxidant mitoTEMPO was efficient in suppressing
the excess of mitochondrial ROS production and led to the
normalization of sarcomere organization and contractility
[91]. Recently, the CRISPR/Cas9 system has been also used
to evaluate the pathogenicity of titin gene mutations in
dilated cardiomyopathy. Missense or frameshift titin muta-
tions have been introduced in iPSCs and contractile deficits
have been subsequently evaluated in iPSC-CM [33]. Addi-
tionally, iPSC-CMs have been generated from two indepen-
dent groups of patients with Jervell and Lange-Nielsen
syndrome (JLNS), which is one of the most severe of the
heart rhythm cardiac arrhythmias [92]. The cardiomyocytes
showed the typical features of JLNS, including action
potential prolongation and a severe reduction or absence
of IKs [35]. More recently, Yamamoto et al. established a
disease-specific iPSC clone from an individual with Long



QT syndrome (LQTS) carrying a heterozygous CALM2
mutation as an in vitro disease model, reproducing the
disease phenotype. Additionally, they excised the mutant
allele using the CRISPR/Cas9 system and rescued the
abnormal electrophysiological properties [93]. Importantly,
CRISPR/Cas9 can be also used to introduce DNA changes
in noncoding regions. This approach was successfully
used in human iPSCs to delete the sequence adjacent an
intronic single nucleotide polymorphism in the PHACTRI
gene, strongly associated with premature myocardial
infarction [94].

4, The CRISPR/Cas9 in Animal Models of
Cardiac Diseases

The experimental induction of specific mutations into the
genome of model organisms put the basis for our current
understanding of cardiac function [95, 96]. However, clas-
sical tools show significant limitation: chemical mutagene-
sis completely lacks specificity, while gene targeting by
homologous recombination is complex and time consum-
ing [97]. In this context, the development of CRISPR/
Cas9 technology has represented a powerful breakthrough
for the generation of different animal models to the aim
of heart disease investigation.

In the present paragraph, we are reviewing current
findings and novel approaches in three different organisms
widely and successfully used to study cardiac diseases:
Drosophila melanogaster, zebrafish (Danio rerio), and mouse
(Mus musculus).

The fruit fly (Drosophila melanogaster) has been used as
model organism in biomedical research to study a broad
range biological processes for over a century, including,
among the others, genetics, inheritance, and development
[98]. The success of flies over vertebrate models relies mainly
on the fact that they are cheap, have a short life span, and
produce a huge number of embryos. Although the Drosoph-
ila heart is a linear tube, thus very different from the 4 cham-
bers of a mammalian heart, it is reminiscent of the vertebrate
heart tube and exhibits evolutionarily conserved elements
related to both heart development and function [99].
Recently, an RNAi-based screening has been successfully
conducted in Drosophila to identify critical pathways for car-
diovascular homeostasis, which led to the identification of
the CCR4-Not complex as an important new player in car-
diac function, that was confirmed in mice and humans
[100]. Therefore, genome-wide screens in flies have demon-
strated their potential to identify conserved candidate genes
involved in cardiac function. However, classic RNAi screens
suffer from important drawbacks, namely, (i) RNAI is suc-
cessful only when the target is actively transcribed [101],
(ii) it often leads to only partial protein depletion [102],
and (iii) it allows for the functional evaluation of coding
region, thus excluding the interrogation of regulatory and
intergenic elements [103]. In this context, the CRISPR/Cas9
technology represent a substantial improvement with respect
to all the abovementioned limitations of conventional
approaches. Of note, CRISPR/Cas9-mediated mutagenesis
has been successfully reported in Drosophila [104-106].
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Recently, Port and colleagues [107] achieved biallelic target-
ing of genes in selected somatic cells, demonstrating the fea-
sibility of restricting CRISPR/Cas9-mediated mutagenesis in
time and space and thus paving the way for future high-
throughput genetic screening in Drosophila heart.

The zebrafish has gained a wider and wider popularity as
model for cardiac development and disease mainly because
of its relative ease of use for genetic analyses in comparison
to mouse. Further, thanks to the fact that the need for active
oxygen delivery is very limited during the first week of devel-
opment [108], the use of zebrafish model allows for the inves-
tigation of cardiovascular defects causing embryonic death in
other organisms. Intriguingly, the zebrafish heart exhibits a
strong regenerative potential that is lacking in other verte-
brates such as rodents [109, 110]. This aspect has exponen-
tially increased the interest for the zebrafish model, with the
aim of understanding the molecular basis of cardiomyocyte
regeneration which might be eventually applied to humans.
Although composed only of two chambers, the zebrafish
heart possesses electrical features that resemble the human
heart. For instance, it displays a pacemaker, sinoatrial node-
like region [111], and the ventricular cardiomyocytes exhibit
action potential features resembling those of the human heart
[112, 113]. Zebrafish models have been created not only to
investigate the molecular determinants of cardiac develop-
ment [114] but also to gain deeper insights into cardiac
diseases such as inherited cardiomyopathies [115]. Note-
worthy, knockdown models generated by the standard
morpholino method show discrepancy when compared to
genome-editing based approach [116]. This observation
underlines again the importance of carrying out gene-
deficiency studies using genome editing instead of RNA
based tools [117]. Until now, several CRISPR/Cas9 based
systems have been reported for genome editing in zebra-
fish [118, 119]. Recently, the group of Ablain et al. [120]
has reported a tool to generate tissue-specific gene knock-
out by injecting guide RNA and Cas9 mRNA into the one
cell-stage embryo. As already described in Drosophila, this
opens the possibility to control the disruption of a specific
gene only in cardiac cells. This greatly improves the poten-
tial of loss-of-function screens in zebrafish, which can be
used in the near future not only for characterizing cardiac
phenotypes in embryos but also for modelling adult car-
diac diseases [121].

Being applicable directly to embryos, the CRISPR/Cas9
system has become the most popular tool for mouse engi-
neering. Older approaches required the induction of homol-
ogous recombination in mouse embryonic stem cells, the
selection of mutated ESCs through antibiotic resistance, the
excision of the antibiotic cassette, and the injection of ESCs
into the blastocyst recipient mice [28]. On the contrary,
CRISPR/Cas9-based technology allows for the generation of
mutated mice in just one step, consisting of the coinjection
into the zygotes of Cas9 mRNA, different sgRNA, and
DNA donors [29]. Using this approach, Kaneko and others
have shown that phospholamban knockout improves car-
diac function in a mouse model of heart failure induced
by calsequestrin overexpression [122]. Further, it has been
proven that CRISPR/Cas9 genome editing applied to mouse
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zygotes can correct a Duchenne muscular dystrophy-
causing mutation, restoring dystrophin expression not only
in skeletal muscle but also in the cardiac tissue of mdx
mice [123].

The CRISPR/Cas9 system has further shown its tremen-
dous potential when it was demonstrated that it can correct
genetic defects in postnatal/adult mice [124]. Ding et al.
used the CRISPR/Cas9 system to edit genes in somatic cells
in vivo. They disrupted the proprotein convertase subtilisin/
kexin type 9 (PCSK9) gene, leading to reduced blood cho-
lesterol levels, lowering the risk of developing coronary
heart disease (CHD) due to higher LDL cholesterol levels
[13]. This study demonstrated the therapeutic potential of
CRISPR/Cas9 tool in preventing CHD. Notably, one of
the major issues with the CRISPR/Cas9 system is related
to the molecular size of the CRISPR/Cas9 components,
which are not easily packaged into adeno-associated virus
(AAV) for in vivo delivery [36]. To overcome this limita-
tion, different strategies have been used, like a dual-vector
approach that allows for a finer control of the ratio between
administered nuclease versus targeting elements compo-
nents [125]. Additionally, transgenic mice expressing Cas9
only in cardiomyocytes have been produced by the group
of Caroll et al. [30]. As a proof of concept, the investigators
reported that the ablation of Myh6 mediated by the delivery
of sgRNA against Myh6 through AAV resulted in mice with
impaired cardiac performance and significant hypertrophy.
This elegant work describes an efficient and relatively easy
cardioediting tool to explore the specific role in cardiac
function and/or development of genes whose expression is
not limited to the heart.

For the sake of completeness, it is also important to note
that the CRISPR/Cas9 system has been successfully used to
target the embryo of other mammals such as rats [32] and
monkeys [31]. Intriguingly, Niu and colleagues have demon-
strated the feasibility to specifically target multiple genomic
sites in a one-step mutagenesis approach applied to one-cell
monkey embryos [31]. It is well recognized that mouse,
although being the most used mammals for genetic studies,
presents several limitations when used to model human elec-
trophysiological disorders [126], dyslipidemia [127], and
myocardial infarction [128]. The relative simplicity of the
CRISPR/Cas9 technology and the proof of concept of its fea-
sibility in a wide range of organisms [15-17, 104, 105, 129,
130] are therefore now enriching the scientific community
with the possibility to use in vivo models that are more
representative of human cardiac physiology such as rabbits
and monkeys.

In summary, the CRISPR/Cas9 technology appears to be
one of the most efficient tools for genome editing of a wide
range of animal models, both at the stage of one-cell embryo
and in postnatal life. The continuous evolution of bioinfor-
matics tools to improve the design of guide RNAs [131],
along with the constant optimization of experimental condi-
tions, have enabled the establishment of very consistent pro-
tocols that are completely reliable for the generation of
knockout and knockin point mutations useful for cardiac dis-
ease modeling, cardiac gene editing, and for exploration of
potential gene therapy [132, 133].

5. The Therapeutic Potential of the
CRISPR/Cas9 System

In the recent years, mainly thanks to next-generation
sequencing approaches [134], we have witnessed a constant
increase in human genetic information regarding not only
monogenic but also complex diseases [135]. These advances,
together with the growing evidence for the role of common
variants in disease predisposition [136, 137], have enabled
the search for application of genome-editing strategies to
the treatment of complex disorders, including cardiovascu-
lar diseases.

In theory, the CRISPR/Cas9 system can be used for ther-
apy not only by correcting disease-causing mutations but
also introducing protective mutations and targeting viral
genomes [138].

Recently, Limpitikul et al. managed to correct a mutation
in the calmodulin 2 (CALM2) gene in iPSC-CM, leading to a
functional rescue of long QT syndrome-triggered cardiac
events [139]. LQTS-associated calmodulinopathies are due
to a mutation occurring in one of the 3 calmodulin genes,
CALM1, CALM2, and CALM3. In this work, the proband
affected by the malignant calmodulinopathic long QT
syndrome harbored a mutation in only 1 of 6 redundant
calmodulin-encoding alleles. Here, the authors used a
CRISPR interference (CRISPRI) strategy to selectively correct
the mutated allele alone. CRISPRi technology uses the dCas9
protein to regulate gene expression at the transcriptional
level. The dCas9-sgRNA complex binds to the target gene
at the promoter or coding sequence and it impedes the
activity of RNA polymerase, preventing transcription initi-
ation or elongation [140]. By successfully inhibiting just
the mutant allele, the authors successfully demonstrated
an approach that is applicable in principle not only to
other calmodulinipathies, such as catecholaminergic poly-
morphic ventricular tachycardia, but also to a variety of car-
diac and noncardiac diseases characterized by a redundancy
of the affected gene.

It is important to note that, although attractive as a strat-
egy, the efficacy of genome-editing approaches for therapy
relies on the development of a successful delivery strategy
of the CRISPR/Cas9 system into patients. This could be
achieved either ex vivo, using a “patient-to-patient” strategy
by modifying autologous cells and then transplanting them
back into the patient, or in vivo, by direct injection of the
CRISPR/Cas9 system into the patient (Figures 1(a) and 1(b)).

In the first case, the iPSCs obtained from a patient can be
edited for the correction of a specific mutation or can be
made resistant against disease. The edited iPSCs can be dif-
ferentiated into the desired cell type (such as cardiomyo-
cytes) and transplanted back into the patient. However, this
approach seems to be limited to systems where cells engraft
efficiently after reinjection. Unfortunately, the efficiency of
stem cell homing and engraftment into the damaged heart
is known for being extremely low [141, 142]; therefore, it still
represents a major challenge for the possibility of ex vivo
editing of autologous iPSC-derived cardiomyocytes. Promis-
ingly, Chong et al. recently generated cardiomyocytes from
embryonic stem cells able to successfully engraft and repair
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FiGure 1: Therapeutic approaches by genome editing. There are two possible approaches of genome editing in cardiovascular diseases. (a)
Somatic cells can be isolated from patients and reprogrammed in iPS cells. The patient-specific iPSCs can be modified ex vivo, and after
the editing they can be differentiated and transplanted back into the patient. (b) The mutations can be directly edited in vivo, delivering
the complex CRISPR/Cas9 system-delivery tool at the desired genomic site in the specific tissue.

the injured myocardium in a primate model of myocardial
infarction [143]. However, especially in the case of inherited
diseases, the number of corrected cells might remain too low
compared to the volume of the host tissue. Thus, in vivo ther-
apeutic genome editing in the cardiovascular field has to deal
with different barriers [144, 145]. More improvements in
maturation of iPSC-CMs as well as the generation of orga-
noids or 3-dimensional structures will be necessary to fully
realize the utility of this technique.

It seems therefore reasonable that for genetic cardiac dis-
eases, the in vivo editing approach involving the direct injec-
tion of the nuclease system might be a better method. In fact,
in vivo delivery of the CRISPR/Cas9 tool can be seen as a per-
spective for the correction of mutations in inherited cardiac
disorders such as long QT syndrome [146]. A similar
approach has been used to correct a dominant mutation in
the CRYGC gene that leads to cataracts in mouse [147].

An example of in vivo disruption of a gene as a therapeu-
tic approach is provided by the targeting using CRISPR/Cas9
of the PCSK9 gene in a “humanized” mouse model, which
reduced cholesterol levels and consequently the risk of myo-
cardial infarction [148]. CRISPR/Cas9 editing has also been
successfully used to treat tyrosinemia and prevent cardiovas-
cular diseases in in vivo adult mice [149].

As we have seen, CRISPR/Cas9 has been used to correct
disease-causing DNA mutations ranging from a single base
pair to large deletions. To correct the altered function of large
proteins, it is possible to use a multiplexed CRISPR/Cas9
with two gRNAs adjacent to the DNA mutation to be
deleted and to restore the functional protein. This process
has been tried for the treatment of Duchenne muscular
dystrophy [150].

As a final remark, it should be noted that the CRISPR/
CAS9 system can lead to the targeting of multiple tissues,
which can be seen as both a great potential in the case of dis-
eases targeting multiple organs, and conversely as a great lim-
itation when a selective tropism for a specific tissue is desired

TaBLE 1: Summary of CRISPR advantages and disadvantages.

Advantages Disadvantages

Target design simplicity Limited number of

PAM sequences
Multiplexed target recognition Off-site effects
Efficiency for editing different human cells Mosaicism

Screening DNA noncoding regions Multiple alleles

Ethical issues

but difficult to achieve. In fact, the majority of in vivo studies
deliver the CRISPR-Cas9 components via AAVs, but the
tissue tropism of AAV’s is restricted to a few organs [151].

6. Advantages and Disadvantages of the
CRISPR/Cas9 System

As outlined in the previous chapters and summarized in
Table 1, the CRISPR/Cas9 system has many advantages over
other existing technologies. The Cas9 enzyme is guided to a
specific DNA sequence by a single guide RNA (gRNA) that
can be easily cloned. In contrast, ZFNs and TALENs are
fusion proteins of designed DNA-binding sequences and
the Fok I nuclease cleavage domain. Because the Fok I
domain needs to dimerize to be active, two proteins are
required for genome editing experiments, compared with
the single gRNA of CRISPR/Cas9 system [152, 153]. Using
multiple gRNAs, it is possible to target multiple genomic loci
simultaneously introducing mutations in several genes [15,
17, 154]. CRISPR/Cas9 has been demonstrated to be effective
for editing different human cells [15-17]. Moreover, the
CRISPR/Cas9 can be used to screen DNA noncoding regions
to identify regulatory elements to understand how genetic
variations are linked to human diseases [155, 156]. For exam-
ple, using the CRISPRi approach, Fulco et al. identified 9
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distal enhancers and their target genes [155]. CRISPR/Cas9
has also been used to introduce DNA changes in noncoding
regions, establishing a link between intronic SNPs in
PHACTRI and transcriptional function at the locus [94].

Despite the huge progress that has been achieved in our
genome editing capability thanks to the CRISPR/Cas9
innovation, some issues remain (Table 1). The therapeutic
potential of genome editing in cardiovascular diseases is
still restrained by biological and technical problems and it
is just starting to be applied. The major limitation with
CRISPR/Cas9 is the need of PAM sequences to target and
link the nuclease. Two approaches to solve this issue
include expanding the number of PAM sequences using
sequences from various bacteria and by modifying the
PAM sequence specificity of S. pyogenes Cas9 [15, 54, 65].

One other major concern for the application of the
CRISPR/Cas9 system to animal embryo mutagenesis is
related to the off-target effects that have been described at
high frequency in human cells. Off-target effects are the con-
sequence of the nonspecific activity of the Cas nuclease in
nontarget locations of the genome, due to incorrect binding
of the sgRNA [157]. Different groups have evaluated the fre-
quency of off-target events in predicted off-target locations
[65, 158]. In one study, editing in the CCR5 and HBB genes,
some constructs generated up to a 58% mutation rate in off-
target but related CCR2 and HBD DNA sequences in
CRISPR/Cas9 transfected cells [159]. However, off-target
events have been demonstrated to vary among different cell
types [160]. In fact, other studies demonstrated in human
iPSCs that this system provides efficient genome-editing
tools with high specificity [161-163]. Further, studies in
whole organisms show lower off-target frequencies com-
pared to previous studies in cancer cell lines. These studies
in mice and monkeys detected no mutations at the predicted
off-target sites using CRISPR/Cas9 when generating genome-
editing applied to zygotes [29, 31]. Some groups tried to
reduce the off-target effects modifying the binding-site of
Cas9. Disrupting some binding-sites of Cas9, they were able
to cut the DNA on-target, leading to a low or absent off-
target binding [54]. Another attempt to reduce off-target
effects was the reported use of paired Cas9 nickases instead
of Cas9 alone, which significantly diminishes off-target cleav-
age by 50- to 1000-fold [65]. Even though off-target events
might be scarce, they should not be underestimated, since
other genes could be mutated with potentially damaging
consequences. In particular, it is important for the clinical
use of genome-edited cells or tissues to completely avoid
the occurrence of off-target effects.

Another issue is the variability of genome-editing efhi-
ciency in different tissues, particularly in vivo. The CRISPR/
Cas9 efficiency seems to be lower in mouse skeletal and
cardiac muscles than liver [150]. Even in cardiac-specific
Cas9 transgenic mouse, the efficiency of editing is quite low
in cardiac cells [30].

A further concern raised for the CRISPR/Cas9 system is
related to its editing efficiency: sgRNAs induce Cas9-
mediated DSB at the desired target site. DSB stimulates
DNA repair through HDR. However, the alternative DNA
repair mechanism NHE] can take place at lower frequencies,

introducing unpredictable events of small insertions and
deletions [47]. Treatment aimed at promoting HDR have
been developed, in order to improve editing efficiency [47].

There are also practical and ethical concerns related to
the application of iPSCs engineered and delivered back to
the patients. In practice, an efficient and safe delivery of
CRISPR/Cas9 into cell types or tissues that are hard to trans-
fect and/or infect and the effect of its introduction into a dif-
ferent genetic background needs to be carefully evaluated
[164]. Genetic modifications introduced into embryos or
germlines can be transmitted to following generations. Until
now, all therapeutic interventions in humans using genome
editing has been performed in somatic cells [165, 166],
which is ethically accepted, considering the balance between
risks and benefits and the use of informed consent. Genome
editing in human nonviable embryos has been used to
attempt to modify the gene responsible for f-thalassaemia
by a Chinese group. The efficiency of HDR was low and
the edited embryos were mosaic. Moreover, off-target cleav-
age was also present [167]. The CRISPR-Cas9 system was
also used to edit the CCR5 locus in human embryos (related
to HIV resistance). Even in the embryos successfully con-
taining the engineered CCR5 allele, it was not possible to
control the other alleles at the same locus and they remained
wild type or contained in-del mutations [164]. In addition,
Ma et al. used the CRISPR/Cas9 system to correct a hetero-
zygous mutation in the MYBPC3 gene, which can lead to
hypertrophic cardiomyopathy, in human embryos specifi-
cally created with the sperm of a donor carrying the muta-
tion [168]. In the study, they observed a high number of
embryos carrying the wild-type gene without evidence of
off-target events. More recently, the CRISPR/Cas9 genome-
editing system has been used to investigate the function of
the pluripotency transcription factor OCT4 during human
embryogenesis. In the study, they specifically targeted the
gene encoding OCT4 (POU5FI) in diploid human zygotes
and found that blastocyst development was compromised,
suggesting that OCT4 has an important role in the progres-
sion of the human blastocyst [169].

In 2015, the US National Institute of Health (NIH)
banned NIH-funded research into genomic editing of human
embryos due to serious and unquantifiable safety issues, eth-
ical issues related to the alteration of germ line, which can
affect future generations without their consent, and a lack
of clear medical applications justifying the use of CRISPR/
Cas9 in embryos. However, in June 2015, a Swedish group
gained approval for using CRISPR technology to disable
genes in human embryos to study embryonic development,
and in February 2016, the British Parliament approved the
genetic modification of human embryos by using CRISPR/
Cas9 and related techniques [170].

7. Conclusions

Nowadays, genome editing has become a powerful tool for
modifying cell lines and organisms to investigate the biology
and the pathophysiological mechanisms of various genetic
diseases. The genome editing tools have recently started to
be used also in the cardiovascular field to generate new



cellular and animal models of cardiovascular diseases. The
therapeutic potential of genome editing is still hindered by
biological and technical barriers. Another important issue is
represented by the ethical concern about the use of CRISPR
technology in humans. Progress in the genome editing field
will allow us to increase the understanding of the develop-
ment and pathogenesis of disorders, as well as to attempt to
treat cardiovascular diseases.

Disclosure

The funder had no role in the decision to publish or in the
preparation of the manuscript.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

This work was supported by the Department of Innovation
and Research and University of the Autonomous Province
of Bolzano. The authors thank the Department of Innova-
tion and Research and University of the Autonomous
Province of Bozen/Bolzano for covering the Open Access
publication costs.

References

[1] T.FriedmannandR.Roblin, “Gene therapy for human genetic

disease?,” Science, vol. 175, no. 4025, pp. 949-955, 1972.

D. J. Jolly, H. Okayama, P. Berg et al., “Isolation and charac-

terization of a full-length expressible cDNA for human hypo-

xanthine phosphoribosyl transferase,” Proceedings of the

National Academy of Sciences of the United States of America,

vol. 80, no. 2, pp. 477-481, 1983.

[3] A.D. Miller, D. J. Jolly, T. Friedmann, and I. M. Verma, “A
transmissible retrovirus expressing human hypoxanthine
phosphoribosyltransferase (HPRT): gene transfer into cells
obtained from humans deficient in HPRT,” Proceedings of
the National Academy of Sciences of the United States of
America, vol. 80, no. 15, pp. 4709-4713, 1983.

[4] R.C. Willis, D. J. Jolly, A. D. Miller et al., “Partial phenotypic
correction of human Lesch-Nyhan (hypoxanthine-guanine
phosphoribosyltransferase-deficient) lymphoblasts with a
transmissible retroviral vector,” The Journal of Biological
Chemistry, vol. 259, no. 12, pp. 7842-7849, 1984.

[5] M. K. Brenner, “Human somatic gene therapy: progress and
problems,” Journal of Internal Medicine, vol. 237, no. 3,
pp. 229-239, 1995.

[6] R. C. Mulligan, “The basic science of gene therapy,” Science,
vol. 260, no. 5110, pp. 926-932, 1993.

[7] J. M. Isner, K. Walsh, J. Symes et al., “Arterial gene transfer
for therapeutic angiogenesis in patients with peripheral artery
disease,” Human Gene Therapy, vol. 7, no. 8, pp. 959-988,
1996.

[8] D.E.Bowles, S. W.]. McPhee, C. Li et al., “Phase 1 gene ther-
apy for Duchenne muscular dystrophy using a translational
optimized AAV vector,” Molecular Therapy, vol. 20, no. 2,
pp. 443-455, 2012.

2

—

(9]

(10]

(11]

(12]

[13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

Stem Cells International

M. L. Maeder and C. A. Gersbach, “Genome-editing technol-
ogies for gene and cell therapy,” Molecular Therapy, vol. 24,
no. 3, pp. 430-446, 2016.

T. Gaj, C. A. Gersbach, and C. F. Barbas 3rd, “ZFN,
TALEN, and CRISPR/Cas-based methods for genome engi-
neering,” Trends in Biotechnology, vol. 31, no. 7, pp. 397-
405, 2013.

R. M. Gupta and K. Musunuru, “Expanding the genetic
editing tool kit: ZFNs, TALENs, and CRISPR-Cas9,” The
Journal of Clinical Investigation, vol. 124, no. 10, pp. 4154—
4161, 2014.

M. Jinek, K. Chylinski, I. Fonfara, M. Hauer, J. A. Doudna,
and E. Charpentier, “A programmable dual-RNA-guided
DNA endonuclease in adaptive bacterial immunity,” Science,
vol. 337, no. 6096, pp. 816-821, 2012.

Q. Ding, A. Strong, K. M. Patel et al., “Permanent alteration
of PCSK9 with in vivo CRISPR-Cas9 genome editing,” Circu-
lation Research, vol. 115, no. 5, pp. 488-492, 2014.

J. A. Doudna and E. Charpentier, “The new frontier of
genome engineering with CRISPR-Cas9,” Science, vol. 346,
no. 6213, article 1258096, 2014.

L. Cong, F. A. Ran, D. Cox et al, “Multiplex genome
engineering using CRISPR/Cas systems,” Science, vol. 339,
no. 6121, pp. 819-823, 2013.

M. Jinek, A. East, A. Cheng, S. Lin, E. Ma, and J. Doudna,
“RNA-programmed genome editing in human cells,” eLife,
vol. 2, article e00471, 2013.

P. Mali, L. Yang, K. M. Esvelt et al., “RNA-guided human
genome engineering via Cas9,” Science, vol. 339, no. 6121,
pp. 823-826, 2013.

S. W. Cho, S. Kim, J. M. Kim, and J. S. Kim, “Targeted
genome engineering in human cells with the Cas9 RNA-
guided endonuclease,” Nature Biotechnology, vol. 31, no. 3,
pp. 230-232, 2013.

H. Koike-Yusa, Y. Li, E. P. Tan, M. D. C. Velasco-Herrera,
and K. Yusa, “Genome-wide recessive genetic screening in
mammalian cells with a lentiviral CRISPR-guide RNA
library,” Nature Biotechnology, vol. 32, no. 3, pp. 267-273,
2014.

H. X. Wang, M. Li, C. M. Lee et al., “CRISPR/Cas9-based
genome editing for disease modeling and therapy: challenges
and opportunities for nonviral delivery,” Chemical Reviews,
vol. 117, no. 15, pp. 9874-9906, 2017.

T. Seeger, M. Porteus, and J. C. Wu, “Genome editing in
cardiovascular biology,” Circulation Research, vol. 120,
no. 5, pp. 778-780, 2017.

D. Cyranoski, “CRISPR gene-editing tested in a person for
the first time,” Nature, vol. 539, no. 7630, p. 479, 2016.

L. Yi and J. Li, “CRISPR-Cas9 therapeutics in cancer:
promising strategies and present challenges,” Biochimica et
Biophysica Acta (BBA) - Reviews on Cancer, vol. 1866, no. 2,
pp. 197-207, 2016.

R. H. Eckel, J. M. Jakicic, J. D. Ard et al, “2013 AHA/
ACC guideline on lifestyle management to reduce cardio-
vascular risk: a report of the American College of Cardiol-
ogy/American Heart Association Task Force on Practice
Guidelines,” Circulation, vol. 129, no. 25, Supplement 2,
pp. $76-899, 2014.

E. Wilkins, L. Wilson, K. Wickramasinghe et al., European
Cardiovascular Disease Statistics 2017, European Heart
Network, Brussels, 2017.



Stem Cells International

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

A. E. Moran, G. A. Roth, J. Narula, and G. A. Mensah, “1990-
2010 global cardiovascular disease atlas,” Global Heart, vol. 9,
no. 1, pp. 3-16, 2014.

W. E. Louch, K. A. Sheehan, and B. M. Wolska, “Methods in
cardiomyocyte isolation, culture, and gene transfer,” Journal
of Molecular and Cellular Cardiology, vol. 51, no. 3,
pp. 288-298, 2011.

B. Hall, A. Limaye, and A. B. Kulkarni, “Overview: generation
of gene knockout mice,” Current Protocols in Cell Biology,
vol. 44, no. 19.12, pp. 19.12.1-19.12.17, 2009.

H. Yang, H. Wang, C. S. Shivalila, A. W. Cheng, L. Shi, and
R. Jaenisch, “One-step generation of mice carrying reporter
and conditional alleles by CRISPR/Cas-mediated genome
engineering,” Cell, vol. 154, no. 6, pp. 1370-1379, 2013.

K.J. Carroll, C. A. Makarewich, J. McAnally et al., “A mouse
model for adult cardiac-specific gene deletion with CRISPR/
Cas9,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 113, no. 2, pp. 338-343,
2016.

Y. Niu, B. Shen, Y. Cui et al., “Generation of gene-modified
cynomolgus monkey via Cas9/RNA-mediated gene targeting
in one-cell embryos,” Cell, vol. 156, no. 4, pp. 836-843, 2014.

Y. Shao, Y. Guan, L. Wang et al., “CRISPR/Cas-mediated
genome editing in the rat via direct injection of one-cell
embryos,” Nature Protocols, vol. 9, no. 10, pp. 2493-2512,
2014.

J. T. Hinson, A. Chopra, N. Nafissi et al., “HEART DISEASE.
Titin mutations in iPS cells define sarcomere insufficiency as
a cause of dilated cardiomyopathy,” Science, vol. 349,
no. 6251, pp. 982-986, 2015.

Y. Wang, P. Liang, F. Lan et al,, “Genome editing of isogenic
human induced pluripotent stem cells recapitulates long QT
phenotype for drug testing,” Journal of the American College
of Cardiology, vol. 64, no. 5, pp. 451-459, 2014.

M. Zhang, C. D’Aniello, A. O. Verkerk et al., “Recessive
cardiac phenotypes in induced pluripotent stem cell models
of Jervell and Lange-Nielsen syndrome: disease mechanisms
and pharmacological rescue,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 111,
no. 50, pp. E5383-E5392, 2014.

F. A. Ran, L. Cong, W. X. Yan et al,, “In vivo genome editing
using Staphylococcus aureus Cas9,” Nature, vol. 520, no. 7546,
pp. 186-191, 2015.

K. Musunuru, “The hope and hype of CRISPR-Cas9 genome
editing: a review,” JAMA Cardiology, vol. 2, no. 8, pp. 914—
919, 2017.

Y. Li, Y. H. Song, B. Liu, and X. Y. Yu, “The potential appli-
cation and challenge of powerful CRISPR/Cas9 system in
cardiovascular research,” International Journal of Cardiol-
ogy, vol. 227, pp. 191-193, 2017.

L. A. Marraffini, The CRISPR-Cas System of Streptococcus
Pyogenes: Function and Applications, in Streptococcus pyo-
genes: Basic Biology to Clinical Manifestations, J. J. Ferretti,
D. L. Stevens and V. A. Fischetti, Eds., Oklahoma City
(OK), 2016.

C. Anders, O. Niewoehner, A. Duerst, and M. Jinek, “Struc-
tural basis of PAM-dependent target DNA recognition by
the Cas9 endonuclease,” Nature, vol. 513, no. 7519,
pp. 569-573, 2014.

P. Horvath, D. A. Romero, A. C. Coute-Monvoisin et al.,
“Diversity, activity, and evolution of CRISPR loci in

[42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

Streptococcus thermophilus,” Journal of Bacteriology, vol. 190,
no. 4, pp. 1401-1412, 2008.

P. Mali, K. M. Esvelt, and G. M. Church, “Cas9 as a versatile
tool for engineering biology,” Nature Methods, vol. 10, no. 10,
pp. 957-963, 2013.

M. Bibikova, M. Golic, K. G. Golic, and D. Carroll, “Targeted
chromosomal cleavage and mutagenesis in Drosophila using
zinc-finger nucleases,” Genetics, vol. 161, no. 3, pp. 1169-
1175, 2002.

N. Bennardo, A. Cheng, N. Huang, and J. M. Stark, “Alterna-
tive-NHE]J is a mechanistically distinct pathway of mamma-
lian chromosome break repair,” PLoS Genetics, vol. 4, no. 6,
article 1000110, 2008.

A. Decottignies, “Alternative end-joining mechanisms: a his-
torical perspective,” Frontiers in Genetics, vol. 4, p. 48, 2013.
S. Lin, B. T. Staahl, R. K. Alla, and J. A. Doudna, “Enhanced
homology-directed human genome engineering by con-
trolled timing of CRISPR/Cas9 delivery,” eLife, vol. 3, article
e04766, 2014.

T. Maruyama, S. K. Dougan, M. C. Truttmann, A. M. Bilate,
J. R. Ingram, and H. L. Ploegh, “Increasing the efficiency of
precise genome editing with CRISPR-Cas9 by inhibition of
nonhomologous end joining,” Nature Biotechnology, vol. 33,
no. 5, pp. 538-542, 2015.

7. Mao, M. Bozzella, A. Seluanov, and V. Gorbunova, “Com-
parison of nonhomologous end joining and homologous
recombination in human cells,” DNA Repair, vol. 7, no. 10,
pp. 1765-1771, 2008.

V. T. Chu, T. Weber, B. Wefers et al, “Increasing the
efficiency of homology-directed repair for CRISPR-Cas9-
induced precise gene editing in mammalian cells,” Nature
Biotechnology, vol. 33, no. 5, pp. 543-548, 2015.

A. Bozas, K. J. Beumer, J. K. Trautman, and D. Carroll,
“Genetic analysis of zinc-finger nuclease-induced gene tar-
geting in Drosophila,” Genetics, vol. 182, no. 3, pp. 641-651,
2009.

F. J. M. Mojica, C. Diez-Villasefior, J. Garcia-Martinez, and
C. Almendros, “Short motif sequences determine the targets
of the prokaryotic CRISPR defence system,” Microbiology,
vol. 155, no. 3, pp- 733-740, 2009.

L. H. Yang, M. Guell, S. Byrne et al., “Optimization of scarless
human stem cell genome editing,” Nucleic Acids Research,
vol. 41, no. 19, pp. 9049-9061, 2013.

K. M. Esvelt, P. Mali, J. L. Braff, M. Moosburner, S. J. Yaung,
and G. M. Church, “Orthogonal Cas9 proteins for RNA-
guided gene regulation and editing,” Nature Methods,
vol. 10, no. 11, pp. 1116-1121, 2013.

B. P. Kleinstiver, M. S. Prew, S. Q. Tsai et al., “Engineered
CRISPR-Cas9 nucleases with altered PAM specificities,”
Nature, vol. 523, no. 7561, pp. 481-485, 2015.

C. Gong, P. Bongiorno, A. Martins et al., “Mechanism of non-
homologous end-joining in mycobacteria: a low-fidelity
repair system driven by Ku, ligase D and ligase C,” Nature
Structural & Molecular Biology, vol. 12, no. 4, pp. 304-312,
2005.

L. S. Qi, M. H. Larson, L. A. Gilbert et al., “Repurposing
CRISPR as an RNA-guided platform for sequence-specific
control of gene expression,” Cell, vol. 152, no. 5, pp. 1173-
1183, 2013.

S. J. Gratz, F. P. Ukken, C. D. Rubinstein et al., “Highly
specific and efficient CRISPR/Cas9-catalyzed homology-



10

(58]

(59]

(60]

[61]

[62]

(63]

(64]

[65]

[66]

[67]

(68]

[69]

(73]

directed repair in Drosophila,” Genetics, vol. 196, no. 4,
pp. 961-971, 2014.

L. A. Gilbert, M. H. Larson, L. Morsut et al., “CRISPR-
mediated modular RNA-guided regulation of transcription
in eukaryotes,” Cell, vol. 154, no. 2, pp. 442-451, 2013.
M. A. Mandegar, N. Huebsch, E. B. Frolov et al., “CRISPR
interference efficiently induces specific and reversible gene
silencing in human iPSCs,” Cell Stem Cell, vol. 18, no. 4,
pp. 541-553, 2016.

L. Yao, I. Cengic, J. Anfelt, and E. P. Hudson, “Multiple gene
repression in cyanobacteria using CRISPRi,” ACS Synthetic
Biology, vol. 5, no. 3, pp. 207-212, 2016.

M. L. Maeder, S. J. Linder, V. M. Cascio, Y. Fu, Q. H. Ho, and
J. K. Joung, “CRISPR RNA-guided activation of endogenous
human genes,” Nature Methods, vol. 10, no. 10, pp. 977-
979, 2013.

A. W. Cheng, H. Wang, H. Yang et al., “Multiplexed activa-
tion of endogenous genes by CRISPR-on, an RNA-guided
transcriptional activator system,” Cell Research, vol. 23,
no. 10, pp. 1163-1171, 2013.

N. A. Kearns, H. Pham, B. Tabak et al., “Functional anno-
tation of native enhancers with a Cas9-histone demethy-
lase fusion,” Nature Methods, vol. 12, no. 5, pp. 401-403,
2015.

P. I. Thakore, J. B. Black, I. B. Hilton, and C. A. Gersbach,
“Editing the epigenome: technologies for programmable
transcription and epigenetic modulation,” Nature Methods,
vol. 13, no. 2, pp. 127-137, 2016.

F. A. Ran, P. D. Hsu, C. Y. Lin et al., “Double nicking by
RNA-guided CRISPR Cas9 for enhanced genome editing
specificity,” Cell, vol. 154, no. 6, pp. 1380-1389, 2013.

T. W. Chiang, C. le Sage, D. Larrieu, M. Demir, and S. P. Jack-
son, “CRISPR-Cas9"'* nickase-based genotypic and pheno-
typic screening to enhance genome editing,” Scientific
Reports, vol. 6, no. 1, article 24356, 2016.

B. Chen, J. Hu, R. Almeida et al., “Expanding the CRISPR
imaging toolset with Staphylococcus aureus Cas9 for simulta-
neous imaging of multiple genomic loci,” Nucleic Acids
Research, vol. 44, no. 8, article €75, 2016.

K. Takahashi and S. Yamanaka, “Induction of pluripotent
stem cells from mouse embryonic and adult fibroblast cul-
tures by defined factors,” Cell, vol. 126, no. 4, pp. 663-676,
2006.

S. Nishikawa, R. A. Goldstein, and C. R. Nierras, “The prom-
ise of human induced pluripotent stem cells for research and
therapy,” Nature Reviews Molecular Cell Biology, vol. 9, no. 9,
pp. 725-9, 2008.

L. Zwi, O. Caspi, G. Arbel et al., “Cardiomyocyte differentia-
tion of human induced pluripotent stem cells,” Circulation,
vol. 120, no. 15, pp. 1513-1523, 2009.

C.Yang, J. Al-Aama, M. Stojkovic et al., “Concise review: car-
diac disease modeling using induced pluripotent stem cells,”
Stem Cells, vol. 33, no. 9, pp. 2643-2651, 2015.

T. Eschenhagen, C. Mummery, and B. C. Knollmann,
“Modelling sarcomeric cardiomyopathies in the dish: from
human heart samples to iPSC cardiomyocytes,” Cardiovascu-
lar Research, vol. 105, no. 4, pp. 424-438, 2015.

T. J. Kolanowski, C. L. Antos, and K. Guan, “Making human
cardiomyocytes up to date: derivation, maturation state and
perspectives,” International Journal of Cardiology, vol. 241,
pp. 379-386, 2017.

(74]

(75]

(76]

(771

(78]

(79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

Stem Cells International

S. D. Lundy, W. Z. Zhu, M. Regnier, and M. A. Laflamme,
“Structural and functional maturation of cardiomyocytes
derived from human pluripotent stem cells,” Stem Cells and
Development, vol. 22, no. 14, pp. 1991-2002, 2013.

D. Sinnecker, A. Goedel, K. L. Laugwitz, and A. Moretti,
“Induced pluripotent stem cell-derived cardiomyocytes: a
versatile tool for arrhythmia research,” Circulation Research,
vol. 112, no. 6, pp. 961-968, 2013.

A. Moretti, M. Bellin, A. Welling et al., “Patient-specific
induced pluripotent stem-cell models for long-QT syn-
drome,” The New England Journal of Medicine, vol. 363,
no. 15, pp. 1397-1409, 2010.

M. Muller, T. Seufferlein, A. Illing, and J. Homann, “Model-
ling human channelopathies using induced pluripotent stem
cells: a comprehensive review,” Stem Cells International,
vol. 2013, Article ID 496501, 7 pages, 2013.

M. Yazawa, B. Hsueh, X. Jia et al., “Using induced pluripotent
stem cells to investigate cardiac phenotypes in Timothy
syndrome,” Nature, vol. 471, no. 7337, pp. 230-234, 2011.

L. Itzhaki, L. Maizels, I. Huber et al., “Modeling of catechol-
aminergic polymorphic ventricular tachycardia with patient-
specific human-induced pluripotent stem cells,” Journal of
the American College of Cardiology, vol. 60, no. 11,
pp. 990-1000, 2012.

N. Sun, M. Yazawa, J. Liu et al., “Patient-specific induced
pluripotent stem cells as a model for familial dilated cardio-
myopathy,” Science Translational Medicine, vol. 4, no. 130,
article 130ra47, 2012.

L. Han, Y. Li, J. Tchao et al., “Study familial hypertrophic
cardiomyopathy using patient-specific induced pluripotent
stem cells,” Cardiovascular Research, vol. 104, no. 2,
pp. 258-269, 2014.

E. Matsa, J. H. Ahrens, and J. C. Wu, “Human induced
pluripotent stem cells as a platform for personalized and pre-
cision cardiovascular medicine,” Physiological Reviews,
vol. 96, no. 3, pp. 1093-1126, 2016.

F. T. Merkle and K. Eggan, “Modeling human disease with
pluripotent stem cells: from genome association to function,”
Cell Stem Cell, vol. 12, no. 6, pp. 656-668, 2013.

1. H. Park, N. Arora, H. Huo et al., “Disease-specific induced
pluripotent stem cells,” Cell, vol. 134, no. 5, pp. 877-886,
2008.

B. Grobarczyk, B. Franco, K. Hanon, and B. Malgrange,
“Generation of isogenic human iPS cell line precisely cor-
rected by genome editing using the CRISPR/Cas9 system,”
Stem Cell Reviews and Reports, vol. 11, no. 5, pp. 774-787,
2015.

T. Horii, D. Tamura, S. Morita, M. Kimura, and I. Hatada,
“Generation of an ICF syndrome model by efficient genome
editing of human induced pluripotent stem cells using the
CRISPR system,” International Journal of Molecular Sciences,
vol. 14, no. 10, pp. 19774-19781, 2013.

F. T. Merkle, W. M. Neuhausser, D. Santos et al., “Efficient
CRISPR-Cas9-mediated generation of knockin human plu-
ripotent stem cells lacking undesired mutations at the
targeted locus,” Cell Reports, vol. 11, no. 6, pp. 875-883,
2015.

A. L. Firth, T. Menon, G. S. Parker et al., “Functional gene
correction for cystic fibrosis in lung epithelial cells generated
from patient iPSCs,” Cell Reports, vol. 12, no. 9, pp. 1385-
1390, 2015.



Stem Cells International

(89]

[90]

[91]

(92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

H. L. Li, N. Fujimoto, N. Sasakawa et al., “Precise correction
of the dystrophin gene in duchenne muscular dystrophy
patient induced pluripotent stem cells by TALEN and
CRISPR-Cas9,” Stem Cell Reports, vol. 4, no. 1, pp. 143-154,
2015.

L. Ye, J. Wang, A. I. Beyer et al., “Seamless modification of
wild-type induced pluripotent stem cells to the natural
CCR5Delta32 mutation confers resistance to HIV infection,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 111, no. 26, pp. 9591-9596, 2014.

G. Wang, M. L. McCain, L. Yang et al., “Modeling the mito-
chondrial cardiomyopathy of Barth syndrome with induced
pluripotent stem cell and heart-on-chip technologies,”
Nature Medicine, vol. 20, no. 6, pp. 616-623, 2014.

P.J. Schwartz, C. Spazzolini, L. Crotti et al., “The Jervell and
Lange-Nielsen syndrome: natural history, molecular basis,
and clinical outcome,” Circulation, vol. 113, no. 6, pp. 783-
790, 2006.

Y. Yamamoto, T. Makiyama, T. Harita et al., “Allele-specific
ablation rescues electrophysiological abnormalities in a
human iPS cell model of long-QT syndrome with a CALM2
mutation,” Human Molecular Genetics, vol. 26, no. 9,
pp. 1670-1677, 2017.

M. Beaudoin, R. M. Gupta, H. H. Won et al., “Myocardial
infarction-associated SNP at 6p24 interferes with MEF2
binding and associates with PHACTRI1 expression levels in
human coronary arteries,” Arteriosclerosis, Thrombosis, and
Vascular Biology, vol. 35, no. 6, pp. 1472-1479, 2015.

N. Milani-Nejad and P. M. Janssen, “Small and large animal
models in cardiac contraction research: advantages and
disadvantages,” Pharmacology ¢ Therapeutics, vol. 141,
no. 3, pp. 235-249, 2014.

C. Zaragoza, C. Gomez-Guerrero, J. L. Martin-Ventura et al.,
“Animal models of cardiovascular diseases,” Journal of
Biomedicine ¢ Biotechnology, vol. 2011, Article ID 497841,
13 pages, 2011.

M. R. Capecchi, “Gene targeting in mice: functional analysis
of the mammalian genome for the twenty-first century,”
Nature Reviews Genetics, vol. 6, no. 6, pp. 507-512, 2005.

J. Pearson, L. Lopez-Onieva, P. Rojas-Rios, and A. Gonzalez-
Reyes, “Recent advances in drosophila stem cell biology,” The
International Journal of Developmental Biology, vol. 53,
no. 8-9-10, pp. 1329-1339, 2009.

E. N. Olson, “Gene regulatory networks in the evolution and
development of the heart,” Science, vol. 313, no. 5795,
pp. 1922-1927, 2006.

G. G. Neely, K. Kuba, A. Cammarato et al., “A global in vivo
drosophila RNAi screen identifies NOT3 as a conserved
regulator of heart function,” Cell, vol. 141, no. 1, pp. 142-
153, 2010.

T. Derrien, R. Johnson, G. Bussotti et al., “The GENCODE v7
catalog of human long noncoding RNAs: analysis of their
gene structure, evolution, and expression,” Genome Research,
vol. 22, no. 9, pp. 1775-1789, 2012.

P. Liberali, B. Snijder, and L. Pelkmans, “Single-cell and
multivariate approaches in genetic perturbation screens,”
Nature Reviews Genetics, vol. 16, no. 1, pp. 18-32, 2015.

X. Xiong, M. Chen, W. A. Lim, D. Zhao, and L. S. Qj,
“CRISPR/Cas9 for human genome engineering and disease
research,” Annual Review of Genomics and Human Genetics,
vol. 17, no. 1, pp. 131-154, 2016.

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

11

A. R Bassett, C. Tibbit, C. P. Ponting, and J. L. Liu, “Highly
efficient targeted mutagenesis of Drosophila with the
CRISPR/Cas9 system,” Cell Reports, vol. 4, no. 1, pp. 220-
228, 2013.

Z.Yu, M. Ren, Z. Wang et al., “Highly efficient genome mod-
ifications mediated by CRISPR/Cas9 in Drosophila,” Genetics,
vol. 195, no. 1, pp. 289-291, 2013.

Z. L. Sebo, H. B. Lee, Y. Peng, and Y. Guo, “A simplified and
efficient germline-specific CRISPR/Cas9 system for Drosoph-
ila genomic engineering,” Fly, vol. 8, no. 1, pp. 52-57, 2014.
F. Port, H. M. Chen, T. Lee, and S. L. Bullock, “Optimized
CRISPR/Cas tools for efficient germline and somatic genome
engineering in Drosophila,” Proceedings of the National Acad-
emy of Sciences of the United States of America, vol. 111,
no. 29, pp. E2967-E2976, 2014.

A. Bang, P. Gronkjaer, and H. Malte, “Individual variation in
the rate of oxygen consumption by zebrafish embryos,” Jour-
nal of Fish Biology, vol. 64, no. 5, pp. 1285-1296, 2004.

M. A. Laflamme and C. E. Murry, “Heart regeneration,”
Nature, vol. 473, no. 7347, pp. 326-335, 2011.

K. D. Poss, L. G. Wilson, and M. T. Keating, “Heart regener-
ation in zebrafish,” Science, vol. 298, no. 5601, pp. 2188-2190,
2002.

F. Tessadori, J. H. van Weerd, S. B. Burkhard et al., “Identifi-
cation and functional characterization of cardiac pacemaker
cells in zebrafish,” PLoS One, vol. 7, no. 10, article e47644,
2012.

R. N. Wilkinson, C. Jopling, and F. J. van Eeden, “Zebrafish as
amodel of cardiac disease,” Progress in Molecular Biology and
Translational Science, vol. 124, pp. 65-91, 2014.

A. O. Verkerk and C. A. Remme, “Zebrafish: a novel research
tool for cardiac (patho)electrophysiology and ion channel
disorders,” Frontiers in Physiology, vol. 3, p. 255, 2012.

J. Bakkers, “Zebrafish as a model to study cardiac develop-
ment and human cardiac disease,” Cardiovascular Research,
vol. 91, no. 2, pp. 279-288, 2011.

J. Zou, D. Tran, M. Baalbaki et al., “An internal promoter
underlies the difference in disease severity between N- and
C-terminal truncation mutations of Titin in zebrafish,” eLife,
vol. 4, article e09406, 2015.

P. Novodvorsky, A. Bernjak, E. Chow et al, “kif2a"™*'”
mutant zebrafish do not recapitulate morpholino-induced
vascular and haematopoietic phenotypes,” PLoS One,
vol. 10, no. 10, article e0141611, pp. 655-662, 2015.

A. Strong and K. Musunuru, “Genome editing in cardiovas-
cular diseases,” Nature Reviews. Cardiology, vol. 14, no. 1,
pp. 11-20, 2017.

Y. D'Agostino, A. Locascio, F. Ristoratore et al., “A rapid and
cheap methodology for CRISPR/Cas9 zebrafish mutant
screening,” Molecular Biotechnology, vol. 58, no. 1, pp. 73—
78, 2016.

A.N. Shah, C. F. Davey, A. C. Whitebirch, A. C. Miller, and
C. B. Moens, “Rapid reverse genetic screening using CRISPR
in zebrafish,” Nature Methods, vol. 12, no. 6, pp. 535-540,
2015.

J. Ablain, E. M. Durand, S. Yang, Y. Zhou, and L. I. Zon, “A
CRISPR/Cas9 vector system for tissue-specific gene disrup-
tion in zebrafish,” Developmental Cell, vol. 32, no. 6,
pp. 756-764, 2015.

D. R. Brown, L. A. Samsa, L. Qian, and J. Liu, “Advances in
the study of heart development and disease using zebrafish,”



12

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

Journal of Cardiovascular Development and Disease, vol. 3,
no. 2, 2016.

M. Kaneko, K. Hashikami, S. Yamamoto, H. Matsumoto, and
T. Nishimoto, “Phospholamban ablation using CRISPR/Cas9
system improves mortality in a murine heart failure model,”
PLoS One, vol. 11, no. 12, article e0168486, 2016.

C. Long, J. R. McAnally, J. M. Shelton, A. A. Mireault,
R. Bassel-Duby, and E. N. Olson, “Prevention of muscular
dystrophy in mice by CRISPR/Cas9-mediated editing of
germline DNA,” Science, vol. 345, no. 6201, pp. 1184-1188,
2014.

L. Xu, K. H. Park, L. Zhao et al., “CRISPR-mediated genome
editing restores dystrophin expression and function in mdx
mice,” Molecular Therapy, vol. 24, no. 3, pp. 564-569, 2016.

N. E. Bengtsson, J. K. Hall, G. L. Odom et al., “Muscle-specific
CRISPR/Cas9 dystrophin gene editing ameliorates patho-
physiology in a mouse model for Duchenne muscular dystro-
phy,” Nature Communications, vol. 8, article 14454, 2017.

K. Haghighi, F. Kolokathis, L. Pater et al., “Human phospho-
lamban null results in lethal dilated cardiomyopathy reveal-
ing a critical difference between mouse and human,” The
Journal of Clinical Investigation, vol. 111, no. 6, pp. 869—
876, 2003.

J. E. Bentzon and E. Falk, “Atherosclerotic lesions in mouse
and man: is it the same disease?,” Current Opinion in Lipidol-
ogy, vol. 21, no. 5, pp. 434-440, 2010.

D. Kumar, T. A. Hacker, J. Buck et al., “Distinct mouse coro-
nary anatomy and myocardial infarction consequent to liga-
tion,” Coronary Artery Disease, vol. 16, no. 1, pp. 41-44, 2005.

W. Y. Hwang, Y. Fu, D. Reyon et al., “Efficient genome edit-
ing in zebrafish using a CRISPR-Cas system,” Nature Biotech-
nology, vol. 31, no. 3, pp. 227-229, 2013.

H. Wang, H. Yang, C. S. Shivalila et al., “One-step generation
of mice carrying mutations in multiple genes by CRISPR/
Cas-mediated genome engineering,” Cell, vol. 153, no. 4,
pp. 910-918, 2013.

J. Tycko, V. E. Myer, and P. D. Hsu, “Methods for optimizing
CRISPR-Cas9 genome editing specificity,” Molecular Cell,
vol. 63, no. 3, pp. 355-370, 2016.

T. Doetschman and M. Azhar, “Cardiac-specific inducible
and conditional gene targeting in mice,” Circulation
Research, vol. 110, no. 11, pp. 1498-1512, 2012.

L. E. Dow, “Modeling disease in vivo with CRISPR/Cas9,”
Trends in Molecular Medicine, vol. 21, no. 10, pp. 609-621,
2015.

S. C. Schuster, “Next-generation sequencing transforms
today’s biology,” Nature Methods, vol. 5, no. 1, pp. 16-18,
2007.

F. Faita, C. Vecoli, I. Foffa, and M. G. Andreassi, “Next gen-
eration sequencing in cardiovascular diseases,” World Jour-
nal of Cardiology, vol. 4, no. 10, pp. 288-295, 2012.

S. S. Jamuar and E. C. Tan, “Clinical application of next-
generation sequencing for Mendelian diseases,” Human
Genomics, vol. 9, no. 1, p. 10, 2015.

P. M. Visscher, M. A. Brown, M. I. McCarthy, and J. Yang,
“Five years of GWAS discovery,” American Journal of
Human Genetics, vol. 90, no. 1, pp. 7-24, 2012.

D. B. Cox, R. J. Platt, and F. Zhang, “Therapeutic genome
editing: prospects and challenges,” Nature Medicine, vol. 21,
no. 2, pp. 121-131, 2015.

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

(155]

[156]

Stem Cells International

W. B. Limpitikul, I. E. Dick, D. J. Tester et al., “A precision
medicine approach to the rescue of function on malignant
calmodulinopathiclong-QT syndrome,” Circulation Research,
vol. 120, no. 1, pp. 39-48, 2017.

M. H. Larson, L. A. Gilbert, X. Wang, W. A. Lim, J. S.
Weissman, and L. S. Qi, “CRISPR interference (CRISPRi)
for sequence-specific control of gene expression,” Nature
Protocols, vol. 8, no. 11, pp. 2180-2196, 2013.

A. Bernal and B. G. Galvez, “The potential of stem cells in the
treatment of cardiovascular diseases,” Stem Cell Reviews,
vol. 9, no. 6, pp. 814-832, 2013.

Y. Feng, Y. Wang, N. Cao, H. Yang, and Y. Wang, “Progeni-
tor/stem cell transplantation for repair of myocardial infarc-
tion: hype or hope?,” Annals of Palliative Medicine, vol. 1,
no. 1, pp. 65-77, 2012.

J. J. Chong, X. Yang, C. W. Don et al., “Human embryonic-
stem-cell-derived cardiomyocytes regenerate non-human
primate hearts,” Nature, vol. 510, no. 7504, pp. 273-277,
2014.

M. A. Kay, “State-of-the-art gene-based therapies: the road
ahead,” Nature Reviews Genetics, vol. 12, no. 5, pp. 316-
328, 2011.

H. Yin, R L. Kanasty, A. A. Eltoukhy, A. J. Vegas, J. R.
Dorkin, and D. G. Anderson, “Non-viral vectors for
gene-based therapy,” Nature Reviews Genetics, vol. 15,
no. 8, pp. 541-555, 2014.

A.J.Moss and R. S. Kass, “Long QT syndrome: from channels
to cardiac arrhythmias,” The Journal of Clinical Investigation,
vol. 115, no. 8, pp. 2018-2024, 2005.

Y. Wu, D. Liang, Y. Wang et al., “Correction of a genetic
disease in mouse via use of CRISPR-Cas9,” Cell Stem Cell,
vol. 13, no. 6, pp. 659-662, 2013.

X. Wang, A. Raghavan, T. Chen et al., “CRISPR-Cas9 target-
ing of PCSK9 in human hepatocytes in vivo-brief report,”
Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 36,
no. 5, pp. 783-786, 2016.

H. Yin, W. Xue, S. Chen et al., “Genome editing with Cas9 in
adult mice corrects a disease mutation and phenotype,”
Nature Biotechnology, vol. 32, no. 6, pp. 551-553, 2014.

C. Long, L. Amoasii, A. A. Mireault et al., “Postnatal genome
editing partially restores dystrophin expression in a mouse
model of muscular dystrophy,” Science, vol. 351, no. 6271,
pp. 400-403, 2016.

R. J. Samulski and N. Muzyczka, “AAV-mediated gene ther-
apy for research and therapeutic purposes,” Annual Review
of Virology, vol. 1, no. 1, pp. 427-451, 2014.

D. Carroll, “Genome engineering with zinc-finger nucleases,”
Genetics, vol. 188, no. 4, pp. 773-782, 2011.

J. K. Joung and J. D. Sander, “TALENS: a widely applicable
technology for targeted genome editing,” Nature Reviews
Molecular Cell Biology, vol. 14, no. 1, pp. 49-55, 2013.

J. D. Sander and J. K. Joung, “CRISPR-Cas systems for
editing, regulating and targeting genomes,” Nature Biotech-
nology, vol. 32, no. 4, pp. 347-355, 2014.

C. P. Fulco, M. Munschauer, R. Anyoha et al., “Systematic
mapping of functional enhancer-promoter connections with
CRISPR interference,” Science, vol. 354, no. 6313, pp. 769-
773, 2016.

N. E. Sanjana, J. Wright, K. Zheng et al., “High-resolution
interrogation of functional elements in the noncoding
genome,” Science, vol. 353, no. 6307, pp. 1545-1549, 2016.



Stem Cells International

[157]

[158]

(159]

[160]

[161]

(162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

V. Pattanayak, S. Lin, J. P. Guilinger, E. Ma, J. A. Doudna, and
D. R. Liu, “High-throughput profiling of off-target DNA
cleavage reveals RNA-programmed Cas9 nuclease specific-
ity,” Nature Biotechnology, vol. 31, no. 9, pp. 839-843, 2013.

Y. Fu, J. A. Foden, C. Khayter et al., “High-frequency off-
target mutagenesis induced by CRISPR-Cas nucleases in
human cells,” Nature Biotechnology, vol. 31, no. 9, pp. 822-
826, 2013.

T. J. Cradick, E. J. Fine, C. J. Antico, and G. Bao, “CRISPR/
Cas9 systems targeting f3-globin and CCR5 genes have sub-
stantial off-target activity,” Nucleic Acids Research, vol. 41,
no. 20, pp. 9584-9592, 2013.

E. P. Tan, Y. Li, C. Velasco-Herrera Mdel, K. Yusa, and
A. Bradley, “Off-target assessment of CRISPR-Cas9 guiding
RNAs in human iPS and mouse ES cells,” Genesis, vol. 53,
no. 2, pp. 225-236, 2015.

V. Iyer, B. Shen, W. Zhang et al., “Off-target mutations are
rare in Cas9-modified mice,” Nature Methods, vol. 12, no. 6,
p- 479, 2015.

C. Smith, A. Gore, W. Yan et al., “Whole-genome sequencing
analysis reveals high specificity of CRISPR/Cas9 and TALEN-
based genome editing in human iPSCs,” Cell Stem Cell,
vol. 15, no. 1, pp. 12-13, 2014.

A. Veres, B. S. Gosis, Q. Ding et al., “Low incidence of off-
target mutations in individual CRISPR-Cas9 and TALEN tar-
geted human stem cell clones detected by whole-genome
sequencing,” Cell Stem Cell, vol. 15, no. 1, pp. 27-30, 2014.

X. Kang, W. He, Y. Huang et al., “Introducing precise genetic
modifications into human 3PN embryos by CRISPR/Cas-
mediated genome editing,” Journal of Assisted Reproduction
and Genetics, vol. 33, no. 5, pp. 581-588, 2016.

L. J. Rupp, K. Schumann, K. T. Roybal et al., “CRISPR/Cas9-
mediated PD-1 disruption enhances anti-tumor efficacy of
human chimeric antigen receptor T cells,” Scientific Reports,
vol. 7, no. 1, p. 737, 2017.

P. Tebas, D. Stein, W. W. Tang et al., “Gene editing of
CCR5 in autologous CD4 T cells of persons infected with
HIV,” The New England Journal of Medicine, vol. 370,
no. 10, pp. 901-910, 2014.

P. Liang, Y. Xu, X. Zhang et al., “CRISPR/Cas9-mediated
gene editing in human tripronuclear zygotes,” Protein ¢ Cell,
vol. 6, no. 5, pp. 363-372, 2015.

H. Ma, N. Marti-Gutierrez, S. W. Park et al., “Correction of a
pathogenic gene mutation in human embryos,” Nature,
vol. 548, no. 7668, pp. 413-419, 2017.

N. M. E. Fogarty, A. McCarthy, K. E. Snijders et al., “Genome
editing reveals a role for OCT4 in human embryogenesis,”
Nature, vol. 550, no. 7674, pp. 67-73, 2017.

E. Callaway, “Gene-editing research in human embryos gains
momentum,” Nature, vol. 532, no. 7599, pp. 289-290, 2016.

13



	The Impact of CRISPR/Cas9 Technology on Cardiac Research: From Disease Modelling to Therapeutic Approaches
	1. Introduction
	2. The CRISPR/Cas9 System
	3. The CRISPR/Cas9 System in Human Cell Models of Cardiac Disease
	4. The CRISPR/Cas9 in Animal Models of Cardiac Diseases
	5. The Therapeutic Potential of the CRISPR/Cas9 System
	6. Advantages and Disadvantages of the CRISPR/Cas9 System
	7. Conclusions
	Disclosure
	Conflicts of Interest
	Acknowledgments

