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Abstract

Purpose of Review—The opportunities afforded through the recent advent of genome-editing
technologies have allowed investigators to more easily study a number of diseases. The advantages
and limitations of the most prominent genome-editing technologies are described in this review,
along with potential applications specifically focused on cardiovascular diseases.

Recent Findings—The recent genome-editing tools using programmable nucleases, such as
zinc-finger nucleases, transcription activator-like effector nucleases, and clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR-associated 9 (Cas9), have rapidly been
adapted to manipulate genes in a variety of cellular and animal models. A number of recent
cardiovascular disease-related publications report cases in which specific mutations are introduced
into disease models for functional characterization and for testing of therapeutic strategies.

Summary—Recent advances in genome-editing technologies offer new approaches to understand
and treat diseases. Here, we discuss genome editing strategies to easily characterize naturally
occurring mutations and offer strategies with potential clinical relevance.
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Introduction

Cardiovascular diseases (CVD) continue to account for the main cause of death annually and
are responsible for more than $300 billion in direct and indirect costs [1]. Although
considerable efforts have aimed at alleviating the burden of CVD, significant advances are
still needed as CVD broadly encompasses both hereditary and acquired diseases. We are
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now evolving past the age of “one size fits most therapeutic treatment options and into a
period of personalized medicine. Vast deposits of genome-sequencing data have become
increasingly available from individuals with diseases or disease-correlated traits, but much
less functional laboratory follow-up has been completed to understand how these genetic
differences contribute to the progression of disease. Recent genome-editing technologies
have advanced our ability to rapidly study candidate genes of interest in both cellular and
animal models. In this review, we highlight several of the most recent technologies used for
genome editing. We also describe their use in different in vitro and in vivo model systems
and focus our discussion on how recent advances in genome-editing technology may
contribute to ultimately understanding and treating CVD.

Tools for Genome Editing

Prior to genome editing, technologies using viral transgene expression to restore gene
function or RNA interference (RNAI) to repress dysfunctional genes were regularly used to
alter target gene expression for functional analysis [2-4]. These genetic therapeutic
technologies have been successfully used to treat a number of disorders [4, 5], albeit with
strong limitations such as poor specificity and safety concerns due to potential mutagenesis
at the insertion site [6-8]. Further limitations include RNA. as only being useful for
knocking down genes and its inability to fully silence expression.

In recent years, genome-editing tools using programmable nucleases have drastically opened
up the possibility for restoring genes by inserting protective mutations, correcting
deleterious frameshift mutations, and disrupting genes for total knockdown. The most
prominent genome-editing technologies, zinc-finger nucleases (ZFNSs), transcription
activator-like effector nucleases (TALENS), and clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated 9 (Cas9) (Fig. 1a) introduce directed
changes in the genome and are explored in more detail in this section. These technologies
take advantage of the endogenous DNA repair machinery involved in DNA breaks, such as
non-homologous end-joining (NHEJ) and homology-directed repair (HDR) (Fig. 1b) [9].
When a double-stranded break (DSB) occurs, it is most frequently repaired by NHEJ,
whereby the DSB ends are directly rejoined without the presence of a repair template.
However, since this process is error-prone, insertion or deletion of DNA sequences (indels)
can be introduced at the site of the DSB that cause a frameshift and/or truncation of the
targeted area; if this occurs in a coding region, the resultant encoded protein may have a
deleterious mutation or truncation, and the protein could be rendered nonfunctional. In the
other repair pathway of HDR, an exogenous DNA repair template that is either a double-
strand DNA vector or a single-strand DNA oligonucleotide is introduced to incorporate
specific changes in the genomic DNA sequence. Of note, HDR is limited to proliferating
cells and is only active in the S and G2 phases of the cell cycle. Although NHEJ occurs
much more frequently than HDR, genetic or chemical components that either inhibit NHEJ
or activate HDR may be used to bias the repair outcome [10-12]. For example, design
optimization of single-stranded DNA donors to be asymmetric in length and complementary
to the non-target strand released first during dissociation of CRISPR-Cas9 from cleaved
DNA was reported to substantially increase HDR frequencies [12].
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Other tools such as meganucleases [13], adenoviruses [14], and adeno-associated viruses
(AAVs) [15] have been used, albeit with lower adaptability and efficiency. With the recent
advent of a number of these technologies, it is highly likely that more genome-editing
technologies will become available in the near future.

Zinc-Finger Nucleases

ZFNs are engineered, chimeric proteins that are designed in pairs to recognize DNA
sequences flanking the genome editing site of interest. The architecture of ZFNs include two
protein domains tethered together: (1) a DNA-binding domain from the class of zinc-finger
transcription factors, and (2) a cleavage domain comprising the nuclease domain of the
bacterial enzyme, Fokl. The DNA-binding domain usually includes between three and six
zinc-finger domains, with each tandem zinc-finger recognizing 3—4 basepair (bp) that
accounts for a total recognition of a unique 9-18 bp DNA sequence. After targeting to the
flanking sequences, the two ZFN nuclease domains dimerize and generate a DSB, with
subsequent genome editing [16-18].

Although ZFNs offer advantages in flexibility over the classical genome editing strategies
like RNAIi or viral transgene expression, investigators considering genome editing should
understand the accompanying challenges. First, initial engineering of ZFNs to target a
specific DNA sequence may prove quite challenging since assembling tandem zinc-finger
domains that target a specific DNA sequence is technically challenging, potentially
expensive, and normally requires extensive optimization [19]. Furthermore, ZFNs are
limited in their site selection, since they generally cannot be designed to target guanine-poor
sequences [4].

Transcription Activation-Like Effector Nucleases

TALENS are conceptually similar in their architecture to ZFNs, each comprising a DNA-
binding domain fused to a Fokl nuclease domain. However, TALENS differ in their binding
of DNA by relying on components called TAL repeats; these repeats contain a highly
conserved 33-35 amino acid repeat with differing, variable amino acids in the 12th and 13th
position [termed the repeat variable diresidue (RVD)] that can specifically recognize one of
the four DNA bases [20, 21]. Since RVDs differ in their affinity toward specific nucleotides,
tandem TAL repeats can be engineered to target a specific DNA sequence [22-25].
Therefore, TALENSs are comparatively easier to engineer than ZFNs. Furthermore, TALENs
do not have the same limitations as ZFNs in their ability to target sequences, having
numerous dimeric target sequences that on average occur every 3 bp [23-25].

The largest limitation of TALENS is the need to screen and optimize an extensive number of
potential pairs since a significant proportion of TALENSs do not have robust activity at the
desired target sites, especially near highly methylated regions [23, 26, 27]. TALENS also
have a preference for the 5” targeted base being a thymine [4].
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Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-
Associated 9

CRISPR-Cas9 systems were first identified as a mechanism for bacterial adaptive immunity
and have since been developed as a highly promising genome-editing tool [28-30]. A Cas9
nuclease complexed with a synthetic “guide RNA about 100 nucleotides in length can target
and introduce mutations at a specific genomic site. The first 20 nucleotides or so of the
guide RNA, termed the protospacer, will recognize and hybridize to a complementary
sequence on either stand of a DNA molecule immediately next to a protospacer-adjacent
motif (PAM) [28, 30, 31]. The first characterized CRISPR/ Cas9 system from Streptococcus
pyogenes (SpCas9) is still the most widely used; however, other systems have been adapted
from additional bacterial species in the last few years [28, 30-35]. Since investigators need
only change the protospacer in the guide RNA in order to target different genomic sites,
CRISPR/Cas9 systems for genome editing are particularly easy for investigators to establish
in their laboratories.

However, CRISPR/Cas9 systems are not without their limitations; editing requires the
presence of a PAM, such as an NGG motif for SpCas9 binding, which only occurs
approximately every 8 bp in the genome. This requirement may be burdensome when a
precise mutation needs to be introduced and there is no nearby PAM. Recent work has aimed
at overcoming this limitation by changing PAM specificity to nonconanical sequences
including but not limited to NGA and NGCG sequences [36, 37]. Similar to other genome-
editing technologies outlined in this review, the CRISPR/ Cas9 system also suffers from a
possibly serious limitation—the potential for “off-target effects from DSBs throughout the
genome, including disruption of non-targeted genes, the potential for oncogenesis, and
altered cell survival and proliferative capacity. Alterations to CRISPR/Cas9 have
demonstrated reduced off-target effects and improved on-target specificity, including
conversion of Cas9 protein to a nickase [38, 39], fusing catalytically inactive Cas9 to a Fokl
nuclease domain [40], and mutagenesis to create “high-fidelity forms of Cas9 [41-43].

Using Genome Editing to Create In Vitro Disease Models

Although in vitro models such as cultured-transformed cell lines are widely used since they
are relatively easy to maintain and manipulate, these models do not necessarily accurately
reflect human physiology. In vivo models that do, such as nonhuman primates, are extremely
costly and difficult to maintain. Therefore, there is a great need for developing model
systems that more accurately reflect human physiology and are still cost-effective and easy
to maintain.

One such attractive in vitro system uses human pluripotent stem cell (hPSC) lines. Harvested
cells from patients can be reprogrammed into induced pluripotent stem cell (iPSC) lines and
differentiated into a number of different cell types for functional analysis. However, it can be
problematic to compare iPSC lines from different individuals as they are extremely varied in
their genetic backgrounds, epigenetics, and ability to differentiate into the desired cell type.
Creation of matched, isogenic cell lines using genome editing to introduce only a specific
alteration at the region of interest avoids these concerns, allowing for more rigorous
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characterization of the functional consequence of the genetic alteration. Generation of
isogenic hPSC lines using ZFNs, TALENSs, or CRISPR/ Cas9 have already furthered our
knowledge of cardiomyopathies [44s, 45, 46], lipid metabolism [47., 48, 49], valvular
disease [50], and electrophysiological disorders [51, 52].

Using Genome Editing to Create In Vivo Disease Models

Since existing genome-editing tools are relatively efficient, strains of genetically modified
animals, with the mouse model as a leading example, can be generated in the course of
weeks, whether by knockout or knockin of specific mutations. Traditionally, genetically
modified mice are produced by introducing the desired genetic change in mouse embryonic
stem cells. Antibiotic selection is first used to promote homologous recombination that
introduces the desired alteration, and correctly targeted stem cells are then injected into
blastocysts for production of chimeric mice. Homozygous alleles are then obtained in future
generations through breeding. Recently, CRISPR/Cas9 systems have been used to more
efficiently edit a specific DNA target by directly injecting the genome-editing machinery
into single-cell mouse embryos [53¢, 54]. A target gene in this system can be disrupted by
NHEJ with either one or more guide RNAs, or a knock-in mouse can be generated if a repair
template is injected in parallel with the CRISPR/Cas9 machinery. If a conditional knockout
system is preferred, loxP sites flanking the target gene can be introduced using repair
templates [54]. To date, CVD has been studied in a variety of generated mammalian models,
including but not limited to rats [55-60], rabbits [61-63], and pigs [64, 65]. In zebrafish
models alone, cardiac development [66, 67], cardiac regeneration [68], vascular
development [69, 70], and inherited cardiomyopathy [71] have been explored.

Somatic in vivo genome editing has also been demonstrated in adult animals with CRISPR/
Cas9 delivery via viral vectors and lipid nanoparticles [34, 72, 73]. To efficiently deliver
genetic material in adult animals, viral vectors such as adenovirus and adeno-associated
virus (AAV) can be used. AAVs are the preferred method of delivery for clinical use since
adenovirus has been shown to induce the innate immune response [74, 75] and lentivirus can
lead to oncogenesis [76], but AAVs are limited in their “cargo size capacity to approximately
4.8 kb. Unfortunately, SpCas9 delivered with a promoter and polyadenylation sequence,
along with a guide RNA expression cassette, is too large to fit into a single AAV, and so
recent work has aimed at overcoming this limitation. One solution is the production of a
transgenic mouse that expresses Cas9 in one or more tissues; delivery of a guide RNA
cassette via AAV can rapidly produce a knockdown mouse [77]. For example, a cardiac
muscle-specific Cas9 transgenic mouse was created in order to study diseases such as
hypertrophic cardiomyopathy [78]. Alternative approaches to effectively deliver Cas9 by
AAVs have included using smaller Cas9 proteins, such as from Staphylococcus aureus
(SaCas9) [34], as well as dividing SpCas9 into two pieces, delivered via two AAVS,
followed by spontaneous reassembly in vivo through intein-mediated splicing [79, 80].

Genome Editing for Therapeutic Benefit

A number of genes have been established to be causal for CVD, some of which encode
proteins that are potential therapeutic targets. However, even if a drug that can successfully
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target a protein is available, it typically must be taken on a daily basis for the entirety of a
patient’s life. Furthermore, many associated proteins are not easily targeted by traditional
small molecular therapeutics, i.e., are not “druggable. In principle, genome editing offers an
entirely new approach for the prevention or treatment of CVD, as with a single application it
can permanently change the expression of a target protein that could result in a lifelong
therapeutic benefit. In some cases, interventions to disrupt CVD-promoting genes may be
useful; in other cases, correction of a disease-promoting mutation may be the optimal
strategy.

One example of using genome editing as a therapeutic tool to disrupt a gene that promotes
CVD has been the targeting of the gene encoding proprotein convertase subtilisin/kexin type
9 (PCSKY9) [81-83]. When PCSK®9 is dysregulated, such as through gain-of-function
mutations in the PCSK9gene, the protein impairs low-density lipoprotein (LDL)-
cholesterolclearance by acting as an antagonist to the LDL receptor, thereby promoting
hypercholesterolemia. Conversely, naturally occurring loss-of-function mutations reduce risk
of myocardial infarction by markedly reducing blood cholesterol levels [84]. Due to this
observation, two antibody-based therapies targeting PCSK9 havebeen developed and
recently approved; however, these therapies must be delivered by injection every few weeks
[85-88]. Testing the concept of permanent reduction of cholesterol levels, one study used
adenovirus to deliver CRISPR/SpCas9 targeting mouse Pcsk9to the liver in adult mice,
resulting in 90% reduction of blood PCSK9 levels and 40% reduction of blood cholesterol
levels [72¢]. Similar work using AAV to deliver CRISPR/SaCas9 targeting Pcsk9in mice
showed similar results [34]. More recently, the targeting of human PCSK9in liver-
humanized mice generated by primary human hepatocyte transplantation resulted in 50%
reduction in circulating human PCSKO levels, establishing the efficacy of CRISPR/ Cas9 in
human hepatocytes in vivo [89].

A number of types of CVD such as inherited cardiomyopathies and rhythm disorders are
largely caused by single, dominant mutations that result in dysfunctional protein function.
Using genome editing, these diseases could be addressed by (1) disruption of the mutant
allele by NHEJ to remove the dominant effect of the allele, (2) correcting the mutant allele
with HDR in the presence of a repair template, or (3) inserting extra copies of the wild-type
allele with HDR to dilute the effect of the mutant allele. The first approach, involving
disruption of the mutant allele, has been partially validated through the use of RNAI in a
mouse model of hypertrophic cardiomyopathy [90]. Stringent specificity toward the mutant
allele, with sparing of the wild-type allele, is imperative for this approach since silencing of
the working gene could prove deleterious. The second and third approaches may be
exceedingly difficult to achieve, since there is essentially no HDR in non-proliferative adult
cardiomyocytes. However, recent studies in mouse models correcting type 1 tyrosinaemia
[73] and ornithine transcarbamylase deficiency [91] suggest that HDR-based therapies might
be successful if used in very young patients or even in utero, when the heart is still growing
and cardiomyocytes are still proliferating.

While promising for future therapeutic applications, several challenges and limitations
remain as to the use of genome-editing tools in human patients. The predominant concern
that has garnered much attention from the scientific community has been the potential for
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off-target mutagenesis. Indeed, it would be detrimental to introduce a mutation that causes
oncogenesis, promotes a different disease than the one being treated, or reduces cellular
fitness. Even if a gene is permanently silenced without off-target mutagenesis, silencing of
the gene may inadvertently cause dysregulation of other complex biological processes to
which it had unknown contributions. Furthermore, other limitations of genome editing such
as lack of on-target editing efficiency, difficulty in targeting specific tissues in vivo, and the
potential for toxicity or immune responses upon delivery require more characterization
before genome editing can be routinely used as therapy in humans.

That said, although it will be some years before specific genome-editing therapies to prevent
or treat CVD will be approved for use in patients, it is already clear that genome editing will
be an important tool in the therapeutic armamentarium. Indeed, treatment of HIV infection
in patients via disruption of the CCR5 gene in autologously transplanted T cells has already
achieved a measure of success in clinical trials [92¢¢], and a number of other genome-editing
therapies are in active development.

Conclusion

The recent advent of a number of genome-editing technologies has allowed for a rapid
advancement in the generation of cellular and animal models for functional characterization
of diseases, as well as opening the door to a new class of therapeutics. Whether investigators
are looking to disrupt disease-associated genes or correct pathogenic mutations, genome-
editing technologies are already proving to be transformational. Whether as a research tool
or as a therapeutic modality, genome editing will undoubtedly contribute to preventing and
alleviating symptoms in patients suffering from CVD.
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Fig. 1.

General overview of genome-editing tools. a The general architecture of zinc finger
nucleases (ZFN), transcription activator-like effector nucleases (7ALENS), and clustered
regularly interspaced short palindromic repeats (CR/SPR)/ICRISPR-associated 9 (Cas9) are
shown here. For ZFNs, the DNA-binding zinc-finger domains (ZF) recognize 3—-4 basepairs
(bp) that account for a total recognition of a unique 9-18 bp DNA sequence. TALENS rely
on components called TAL repeats that contain a highly conserved 33-35 amino acid repeat
with differing, variable amino acids in the 12th and 13th position that can specifically
recognize one of the four DNA bases. Both ZFNs and TALENS require a cleavage domain
comprising the nuclease domain of the bacterial enzyme, Fokl, that dimerizes upon DNA
targeting. For the CRISPR/ Cas9 system, a Cas9 nuclease complexed with a synthetic
“guide” RNA about 100 nucleotides in length can target and introduce mutations at a
specific genomic site. The first 20 nucleotides or so of the guide RNA (protospacer) will
recognize and hybridize to a complementary sequence on either stand of a DNA molecule
immediately next to a protospacer-adjacent motif (PAM). All of these technologies introduce
a double-strand break, as denoted by arrows. b When a DNA double-stranded break occurs,
it is repaired by either non-homologous end-joining (MVHEJ) or homology-directed repair
(HDR). Since NHEJ is error-prone, repair can result in deletions or insertions (indels) at the
break site, potentially resulting in frameshifts. During HDR, if a repair template is
introduced that contains a mutation, that mutation will be permanently introduced into the
genome upon repair
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