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Abstract

The growing appreciation of human genetics and genomics in cardiovascular disease (CVD) 

accompanied by the technological breakthroughs in genome editing, particularly the CRISPR-

Cas9 technologies, has presented an unprecedented opportunity to explore the application of 

genome editing tools in cardiovascular medicine. The ever-growing genome-editing toolbox 

includes an assortment of CRISPR-Cas systems with increasing efficiency, precision, flexibility, 

and targeting capacity. Over the past decade, the advent of large-scale genotyping technologies 

and genome-wide association studies (GWAS) has provided powerful tools to identify genotype-

phenotype associations for diseases with complex traits. Notably, a growing number of loss-of-

function mutations have been associated with favorable CVD risk-factor profiles that may confer 

protection. Combining the newly gained insights into human genetics with recent breakthrough 

technologies, such as the CRISPR technology, holds great promise in elucidating novel disease 

mechanisms and transforming genes into medicines. Nonetheless, translating genetic insights into 

novel therapeutic avenues remains challenging, and applications of “in body” genome editing for 

CVD treatment and engineering cardioprotection remain mostly theoretical. Here we highlight the 

recent advances of the CRISPR-based genome editing toolbox and discuss the potential and 

challenges of CRISPR-based technologies for translating GWAS findings into genomic medicines.

Introduction

Cardiovascular diseases (CVD) remain the leading cause of deaths in the United States and 

worldwide. CVDs comprise a broad range of disorders, including cardiomyopathies, 

valvular diseases, conduction disorders, and vascular diseases. While some of these 

disorders are Mendelian disorders caused by rare monogenic mutations, the most prevalent 

CVDs—including coronary artery disease (CAD), atrial fibrillation, heart failure, 

hypertension, and stroke—are complex traits driven by multiple genetic variants and 
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reflecting the interplay of genetic and environmental factors (1, 2). Over the past decade, the 

advent of large-scale genotyping technologies combined with genome-wide association 

studies (GWAS) has enabled a deeper understanding of the human genome, providing 

insights into the potential implications of genetic variations in complex diseases such as 

CVDs. However, genetic association does not equate causation. Understanding the 

molecular basis of complex phenotypes associated with human disease requires disruptive 

technologies for functional validation of genotypes, which is vital for the eventual 

translation of genetic knowledge into medicines.

Technological breakthroughs, such as engineered and programmable nucleases, have 

revolutionized the field of genome editing. In particular, the advent and continued 

advancement of CRISPR-Cas9 technologies enable manipulations of the human genome 

with increasing precision and efficiency (3). CRISPR-Cas9 genome editing is a powerful 

tool to validate GWAS findings on disease-associated or -protective genetic variants. 

Functionally validated variants not only have the potential to reveal novel mechanistic 

players in CVD pathogenesis and risk reduction but also represent promising therapeutic 

targets. As the CRISPR-Cas9 toolbox and its packing and delivery system continue to be 

refined, in vivo genome editing has the potential to translate into clinical application.

In this review, we provide a summary of the technical advantages and limitations of the 

CRISPR-Cas9 technology. We highlight its application for functional validation of GWAS-

identified pathogenic or protective genetic variants, as well as the opportunities and 

challenges of translating CRISPR-Cas9 genome editing into genomic medicines for CVDs. 

Finally, we discuss the ethical challenges for gene therapy and future research.

Versality and Limitations of CRISPR-Cas9 Genome Editing

CRISPR stands for clustered regularly interspaced short palindromic repeat DNA sequences. 

They were discovered in bacteria to constitute an adaptive immune system together with the 

CRISPR-associated (Cas) proteins. While the details of the initial generation of the 

CRISPR-Cas9 system have been reviewed extensively elsewhere (4), here we provide an 

overview of the basics and highlight the strengths and limitations of the CRISPR-Cas9 

toolbox along with recent developments. Specifically, we will compare and contrast three 

related technologies in the CRISPR-Cas9-based toolbox: conventional CRISPR-Cas9, base 

editing, and prime editing (Figure 1, Table 1).

First, the conventional CRISPR-Cas9 system takes advantage of the endonuclease activity of 

Cas9 proteins. The Cas9 nuclease is programed with a single strand guide RNA (gRNA) 

complementary to the target DNA sequence. In mammalian cells, it creates a double strand 

break (DSB) at the genomic location determined by target DNA sequence and a short motif 

called protospacer adjacent motif (PAM) juxtaposed to the target DNA sequence (5) (Figure 

1a). Notably, the PAM sequence serves as an essential DNA binding signal for the Cas9 

nuclease and varies depending on bacteria species. The DSB is repaired via either the 

efficient but error-prone non-homologous end joining (NHEJ) pathway or the less efficient 

but high-fidelity homology-directed repair (HDR) pathway (Figure 1a). The random 

insertions or deletions, or random indels, introduced in NHEJ often result in out-of-frame 

reading and premature stop codons, and therefore can lead to gene knockout. In contrast, 
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HDR allows the incorporation of exogenous donor templates to guide DSB repair for precise 

mutagenesis. Depending on the donor template, HDR can either correct or introduce point 

mutations as well as insertions and deletions.

Second, CRISPR-Cas9 base editors utilizes an engineered, catalytically impaired Cas9 

(dCas9) (6, 7). With dCas9 fused to cytidine or adenosine deaminase, base editors enable the 

direct, irreversible conversion of one target DNA base into another in a programmable 

manner, without requiring DSB, HDR, or donor templates (Figure 1b) (6, 7). Compared to 

HDR in conventional CRISPR-Cas9 genome editing, base editing can install point mutations 

with higher editing efficiency, precision, minimal error rates, and fewer off-target events in 

both dividing and non-dividing cells.

Third, the newest addition to the CRISPR-Cas9-based toolbox is “prime editing”. In prime 

editing, dCas9 is fused to an engineered reverse transcriptase (RT), programmed with a 

prime editing guide RNA that includes an RT template (Figure 1c) (8). Prime editing 

directly writes new genetic information into a specified DNA site and therefore can mediate 

insertion and deletion of various sizes in addition to all types of point mutations. In theory, 

the „search - and-replace‟ prime editing technology could correct up to 89% of known 

genetic variants associated with human diseases (8).

Compared to earlier engineered nucleases, such as zinc-finger nucleases (ZFNs) and 

transcription activator-like effector nucleases (TALENs), CRISPR-Cas9 is much simpler to 

construct, easier to program, and more flexible to use (4). Meanwhile, each of the 

aforementioned CRISPR-Cas9-based tools also has limitations, including off-target 

mutagenesis and restricted targetability; however, researchers have made efforts to address 

these issues (Table 1, 2).

The conventional CRISPR-Cas9 system involves the generation of a double strand break 

(DSB) by the Cas9 endonuclease. While homology-directed repair of DSBs can accomplish 

desired mutagenesis, the endogenous homologous recombination machinery is only present 

in dividing cells. Hence, HDR has extremely low efficiency in terminally differentiated, 

quiescent cells, such as adult cardiomyocytes. Furthermore, from a therapeutic perspective, 

DSBs are associated with permanent undesired outcomes, including complex deletion and 

translocations of large genomic regions (9). These issues are unique to the conventional 

CRISPR-Cas9 system, as the recently developed base editing and prime editing effectively 

bypass DSBs by using a catalytically impaired Cas9 (dCas9).

Off-target mutagenesis remains a major problem as the lack of precision raises safety 

concerns for clinical applications. Early investigations show that the off-target sites may 

harbor up to five mismatches at the gRNAs-DNA complimentary binding interface and 

many were mutagenized with frequencies comparable to (or higher than) those observed at 

the intended on-target site (10). Meanwhile, many computational algorithms for on- and off-

target activity prediction have since been developed to support and optimize computational 

design of gRNAs to maximize on-target activity and minimize off-target effects (11, 12). 

High-fidelity Cas9 variants have also been developed to reduce non-specific DNA contacts 

and reduce off-target events (13).
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Finally, another limitation of the CRISPR-Cas9 system concerns targeting capacity. Because 

PAM is required for Cas9 recognition and binding, a DNA sequence is targetable only if a 

PAM sequence is present adjacent to it. To address this constriction, researchers have 

discovered and explored the application of different natural Cas9 species with different 

PAMs (14–17) and engineered new variants of Cas9 nucleases and base editors with 

expanded target compatibility (18–20). Most recently, Walton et al utilized structure-guided 

engineering to develop near-PAMless Cas9 variants with little restriction (21).

In summary, since the discovery of the CRISPR-Cas9 system, ongoing efforts continue to 

tackle the limitations and refine the technology. A family of CRISPR-based tools with 

increasing efficiency, precision, and targeting capacity have been generated, each with its 

own strengths and weaknesses (Table 1). Notably, in silico predictive modeling of CRISPR-

Cas9 editing efficiency does not necessarily translate to efficacious and specific genome 

editing in practice. Given the complexity of the mammalian genome and organ systems, it is 

essential to extensively validate the effectiveness and precision of genome editing 

approaches in vitro and preclinical models in vivo before any clinical application may take 

place.

Identification of Genetic Loci Associated with CVDs

Historically, case reports on familial aggregation of diseases have provided evidence of 

genetic etiology to many cardiovascular diseases. Pedigree mapping of index families and 

linkage analysis between affected and healthy family members are used to identify putative 

pathogenic genes. This method identified several genetic loci implicated in CVDs, including 

MYH7 in familial hypertrophic cardiomyopathy (22, 23), H-RAS and HERG in long QT 

syndrome (24, 25), and LDLR and PCSK9 in familial hypercholesterolemia (26–28). 

Linkage analysis is especially helpful in studying private mutations found only in few 

families and represents a reliable method for identifying disease-causing mutations for 

disorders with Mendelian hereditary pattern, otherwise known as monogenic disorders.

However, most common CVDs, such as coronary artery disease and myocardial infarction, 

are complex diseases that are driven by multiple variants of small to moderate effects (2). 

Because variants implicated in complex traits are found across the genome, they cannot be 

studied with pedigree mapping or linkage analysis. Over the past decade, the advent of 

large-scale genotyping technologies, genome-wide association studies (GWAS), and more 

recently, phenome-wide association studies (PheWAS), has provided much more powerful 

tools to identify genotype-phenotype associations. GWAS detects associations between a 

variety of genetic variants with a particular physiological or clinical phenotype; PheWAS 

explores the relationship between a wide range of phenotypes and a specific genetic variant 

(29). These approaches have made genetic studies possible for diseases with complex traits, 

allowing identification of genetic variants with modest yet significant effects on disease risk. 

GWAS for clinical CVD events has identified gene/locus features associated with 

hypertension, coronary artery disease, myocardial infarction, stroke, and aneurysms (30–33). 

Notably, disease-associated variants are often found in non-coding regions (34). For 

example, GWAS has identified multiple variants in ANRIL, or antisense noncoding RNA in 
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the INK4 locus, associated with cardiometabolic disease traits, including myocardial 

infarction, coronary artery disease, and type 2 diabetes (34).

In addition to genetic predispositions to disease, these population-scale genetic analyses are 

also able to identify genetic variants that confer protection against disease risk (Table 3). 

Humans with rare, naturally occurring genetic variations, particularly those with putative 

loss-of-function (pLoF) alleles associated with lipoprotein transport and lipid metabolism, 

may be at lower risk of CVDs. In a recent study integrating GWAS and PheWAS with 

existing electronic medical records of US veteran participants, Klarin et al. identified 

protective effects of pLoF mutations in PCSK9 for abdominal aortic aneurysm, in 

ANGPTL4 for type 2 diabetes, and in PDE3B for coronary disease (35). Additional genetic 

variations associated with lower CVD risk identified by other studies include pLoF 

mutations in ANGPTL3, NPC1L1, and APOC3 (36–39).

Although genome-wide association studies have uncovered natural genetic variants that 

influence risks of common, complex diseases and traits, how these variants affect disease 

processes is far from clear. Determining the role and significance of genetic variants in 

CVDs has been a slow process as their functional validation is challenging. CRISPR-Cas9-

based genome editing has opened a range of new opportunities to easily introduce and 

systematically characterize the effects of genetic variants identified in GWAS with cellular 

and animal models.

Functional Validation of Genetic Variants with CRISPR-Cas9

Several factors have made it difficult to bridge the gap between the statistical associations 

linking loci and traits and a functional understanding of the biology underlying disease risks 

(40). First, it is challenging to distinguish causal variants from co-inherited ones. Co-

inherited variants may lack their own independent effects on disease risk despite their strong 

linkage disequilibrium with sentinel disease-associated variants. Second, disease-associated 

variants predominantly locate in non-coding regions of the genome, often enriched in 

regulatory elements such as enhancers. It is challenging to dissect the functional 

consequences of variants found in these regions because the regulatory elements often 

regulate more than one target gene and could be several hundred kilobases or even 

megabases from the genes they regulate (41). Last but not least, because complex diseases, 

by definition, are driven by multiple variants of small to moderate effects (2), the functional 

effect of any one particular variant could be subtle. Hence, functional validation requires 

experiments that can deliver high sensitivity and statistical power. CRISPR-Cas9-based 

genome editing allows the modification of a select genetic locus while preserving the 

background genome. This technique provides isogenic cellular and animal models that differ 

only at the candidate locus and eliminates confounding factors for studying the functional 

effect of a candidate variant. Here we provide several examples to demonstrate the use of 

CRISPR-Cas9-based models for functional validation of GWAS findings.

STXBP5, or syntaxin binding protein 5, is a regulator of platelet secretion discovered 

through GWAS (42). Human studies show that the non-synonymous coding single-

nucleotide polymorphism SNP rs1039084 minor allele G is associated with decreased von 

Willebrand factor (VWF) levels, decreased venous thrombosis risk, and increased bleeding 
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(43). Zhu et al introduced the rs1039084 minor allele of human STXBP5 into the 

orthologous mouse Stxbp5 locus by CRISPR-Cas9-mediated germline genome editing (44). 

Consistent with phenotypes observed in human carriers of the rs1039084 minor allele, 

genome-edited mice exhibited lower plasma VWF, prolonged bleeding, and decreased 

thrombosis. These results provided strong functional evidence for the regulatory role of a 

GWAS-discovered variant on human bleeding and thrombosis phenotype, suggesting that 

variation within STXBP5 has functional consequences in the genetic risk for venous 

thromboembolic disease.

CRISPR-Cas9 has also been used to functionally validate genetic variants in non-coding 

sequences of the genome. It is thought that noncoding variants reside within or near 

regulatory elements controlling expression of distal target genes through long-range DNA 

interactions (45). Hypothesizing that many GWAS loci associated with vascular diseases 

modulate endothelial functions, Lalonde et al mapped CAD-associated variants onto DNA 

long-range interactions between regulatory elements and expressed genes in immortalized 

human aortic endothelial cells (46). The authors identified AIDA as the putative target gene 

of an upstream regulatory region harboring a CAD-associated variant. Upon CRISPR-Cas9-

mediated deletion of this regulatory region, AIDA expression roughly halved when 

stimulated by inflammatory cytokine tumor necrosis factor-α (TNFα). These results not 

only supported the notion that this regulatory element—and presumably the genetic 

variant(s) that it contains—can control AIDA expression, but also implicated TNFα-induced 

dysregulation of endothelial AIDA expression as a novel candidate mechanism for CAD 

pathogenesis.

Similarly, using CRISPR-Cas9, Zhang et al generated a mouse model for studying the 

functional effect of a regulatory region located on chromosome 4q25 upstream of the PITX2 
gene, a non-coding region known to harbor GWAS variants associated with atrial fibrillation 

(AF) (45). Zhang‟s study identified a murine Pitx2 enhancer in 4q25 and demonstrated that 

its deletion with CRISPR-Cas9 resulted in reduced Pitx2 expression in the mouse left atrium 

and increased susceptibility to AF upon programmed intracardiac stimulation. These results, 

for the first time, directly linked the 4q25 noncoding region to PITX2 expression and AF, 

providing mechanistic insight into noncoding AF variants identified through GWAS.

These studies demonstrate the feasibility of combining CRISPR-Cas9 genome editing with 

in vitro and in vivo models to validate GWAS findings located in both protein coding and 

non-coding regions of the genome. Such validation is important for several reasons. First, it 

provides concrete evidence for novel genotype-phenotype causal relationships and a better 

understanding of the hereditary components of many CVDs previously known as idiopathic. 

It is worth mentioning that GWAS-derived genetic insights have been used to construct 

polygenic risk scores (PRS) that aggregates genetic influences of many common genetic 

variants to capture an individual‟s genetic predisposition to disease. Because the accuracy of 

PRS is inevitably influenced by the precision of variant association estimates from GWAS 

(47), functional validation of allele effects with CRISPR-Cas9 has the potential to improve 

PRS construction and its clinical utility. Second, functionally validated GWAS findings 

provide a reservoir of potential therapeutic targets for gene therapy.
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Translating CRISPR-Cas9 Modalities into Genomic Medicines

In the realm of cardiovascular medicine, there have not been any human trials exploring the 

use of CRISPR-Cas9 genome editing for therapeutic purposes. The complex nature of CVD 

genetics complicates the selection of potential therapeutic targets. Even in a prototypic 

monogenic disorder such as familial hypertrophic cardiomyopathy (HCM), pathogenic 

mutations exist significant expressivity, variable penetrance, as well as allelic heterogeneity 

(48, 49). While the genotype-phenotype causal relationship between mutations in MYH7, 

the gene encoding beta-myosin heavy chain, and HCM is well established (23), there are 

almost 500 known variants in MYH7 (48), over 100 classified as pathogenic in ClinVar. 

Similar extreme allelic heterogeneity, or diversity of variants, is characterized in other causal 

genes as well, such as the HERG gene associated with long QT syndrome (50) and LDLR 
associated with familial hypercholesterolemia (51). Therefore, even if it is technically 

feasible to target and correct all pathogenic variants to wildtype allele with the CRISPR-

Cas9 system, the disease course may not afford the time for the design and validation of 

individual agents. The cost of such personalized genome editing strategies would also be 

overwhelming.

In comparison to developing gene therapy for monogenic CVDs, the application of genome 

editing tools for the prevention of complex CVDs may be achievable in the clinic in a nearer 

future. As discussed above, GWAS has identified a number of naturally occurring pLoF 

mutations associated with reduced plasma lipid levels and lower risks of CVD (Table 3), 

including those found in PCSK9 and ANGPTL3 (35, 36, 52). As carriers of these genetic 

variants are healthy individuals with reduced CVD risk, these naturally occurring pLoF 

mutations represent putative genetic targets for long-term protection against complex CVDs. 

While using CRISPR-Cas9-mediated genome editing for CVD prevention remains a 

theoretical and explorative concept, pre-clinical models have shown promising results.

As a proof of concept of PCSK9 inhibition by permanent gene editing, Ding et al. used 

adenovirus to express CRISPR-Cas9 along with guide RNA targeting Pcsk9 in mouse liver, 

theorizing that non-homologous end-joining repair upon Cas9-mediated double-strand break 

(DSB) would lead to gene disruption and lipid-lowering. The authors found that the 

mutagenesis rate of Pcsk9 in the liver was as high as over 50% within days of virus 

administration and that this resulted in decreased plasma PCSK9 levels, increased hepatic 

low-density lipoprotein receptor (LDLR) levels, and decreased plasma cholesterol levels by 

35 to 40% (53). These findings were corroborated by a separate study utilizing the 

aforementioned CRISPR-Cas9 base editing system. Chadwick et al delivered the cytidine 

base editor into the mouse liver to introduce an artificial stop codon, accomplishing 50% 

reduction in plasma PCSK9 protein levels and 30% reduction in plasma cholesterol levels 

(54). Using a similar in vivo base editing approach, the group successfully targeted the 

Angptl3 gene to reduce blood triglyceride and LDL cholesterol levels in mice (55). 

Collectively, these studies are encouraging examples of the utility of CRISPR-Cas9 toolkit 

for in vivo genome editing as a prophylactic measure against complex CVDs.
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Challenges for “in body” CRISPR-Cas9 Genome Editing

Any potential use of CRISPR-Cas9 for “in body” human genome editing undoubtedly 

require close scrutiny to maximize efficacy and prevent adverse events. In particular, the 

difficulty of efficient and targeted delivery of CRISPR-Cas9 components to the desired 

organs and cells presents remarkable challenges to the clinical translation of CRISPR-based 

therapies.

Delivery vehicles can be classified into three general groups: physical delivery, viral vectors, 

and non-viral vectors. Physical delivery vehicles, most commonly microinjection and 

electroporation, are typically only suitable for in vitro and ex vivo genome editing (56). 

Non-viral vectors, though actively explored, have not yet shown delivery efficiency and/or 

organ specificity comparable to that of viral vectors. Therefore, for in vivo work, viral 

vectors remain the most common CRISPR/Cas9 delivery vectors (56).

Among viral vectors, adeno-associated virus (AAV) has been used extensively (57). Unlike 

lentivirus and adenovirus, AAVs are not known to cause any diseases in humans and 

provoke less immune response and associated toxicity (56). Nonetheless, AAV vectors have 

a relatively limited packaging capacity. As a result, delivery of all CRISPR-Cas9 

components, including the gene that encodes Cas9 along with a donor template and gRNA, 

often requires concomitant delivery of multiple vectors in somatic cells - a formidable 

challenge. This hurdle is particularly prohibitive for the newly developed base editors and 

prime editors, as they are considerably larger than the conventional Cas9 system (58). These 

challenges are addressed by engineering trans-splicing vectors (59, 60), using Cas9 species 

of smaller size (61), and the development of novel delivery vehicles, such as non-viral lipid 

nanoparticles (62). Another technical challenge facing AAV delivery is a lack of tissue 

specificity. Although different serotypes have relatively different tissue tropism, it is often 

still too broad to achieve desired specificity. For example, AAV serotype 9 (AAV9) has a 

high cardiac tropism, yet it can also transduce skeletal muscle, liver, and the central nervous 

system (60, 63).

Finally, another important consideration when deploying CRISPR-Cas9 medicines is the 

human immune response. AAV-mediated delivery of the CRISPR-Cas9 components can 

persist indefinitely in cells (56). Such prolonged expression of the bacterial Cas9 protein 

could elicit immune responses as observed in mice (64, 65). Charlesworth et al have 

demonstrated that humans harbor pre-existing humoral and cell-mediated adaptive immune 

responses to Cas9 orthologs derived from bacterial species (66). There is also evidence 

showing the high prevalence of pre-existing neutralizing antibodies to AAV vectors in 

humans (67). These immune responses to the Cas9 protein and/or the delivery vehicle may 

jeopardize the safety and efficacy of the clinical use of CRISPR-Cas9 agents as they may 

result in significant organ toxicity.

Ethical Concerns

In June 2016, the US NIH approved the first human trial using CRISPR gene editing (68). In 

November 2018, He Jiankui announced that CRISPR-Cas9 had been used in the germline 

editing of twin girls at risk of HIV transmission born earlier that month in China (69). His 
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action violated the near-universal guideline prohibiting germline editing and received 

widespread condemnation from the medical and scientific communities and beyond. On the 

one hand, the technical challenges discussed above remain prohibitive for many clinical 

applications of CRISPR-Cas9 genome editing. On the other hand, the rapid technological 

advancement accompanied by lagged regulatory policymaking poses serious ethical and 

safety concerns.

In a recent report from the National Academy of Sciences and National Academy of 

Medicine, genome editing is described as widely used for basic science research in 

laboratories; is in the early stages of development of clinical applications that involve 

somatic (i.e., nonreproductive) cells; and in the future might be usable for clinical 

applications involving reproductive cells, which would produce heritable changes (70). The 

report states that genome editing in the context of basic research and somatic gene therapy is 

valuable and adequately regulated. In contrast, heritable genome editing needs more research 

before it might be ready to be tried. Notably, it states that somatic therapy should be used 

only for treatment and prevention of disease and disability; it should not be tried for 

enhancement at this time.

Conclusion and Future Directions

CRISPR-Cas9, a technological breakthrough, has the potential to revolutionize the future of 

cardiovascular medicine. Despite its success, the technology is far from refined. The 

development of CRISPR-based therapies for CVD treatment and prevention faces technical 

challenges in agent design, delivery, and off-target effects. However, the continued technical 

advances, evident by the recent development of base editing and prime editing technologies, 

will likely address these concerns in the future. The recently discovered anti-CRISPRs 

(Acrs), small proteins that inhibit CRISPR-Cas enzymes, are anticipated to add new 

dimensions of control into the CRISPR toolbox and enable further fine-tuning of genome 

editing with their potent and novel mechanisms of inhibition (71). Furthermore, RNA 

editing, previously overshadowed by the CRISPR-Cas9-mediated DNA editing, is emerging 

as a potentially safer and more practical alternative to enable functional rescue at the 

messenger RNA. Bypassing the safety and ethical concerns presented by permanent genome 

editing, RNA editing may open up a new world for therapeutic editing (72). Although there 

is more work to be done, CRISPR technologies have progressed and will continue to 

improve. It seems almost certain that there will be novel medical applications and 

groundbreaking developments in the near future. CRISPR could one day be an effective way 

to treat cardiovascular diseases.
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Figure 1: 
CRISPR-Cas9 based genome editing technologies. A) Conventional CRISPR-Cas9. Cas9 

nuclease creates DSB at location determined by gDNA and PAM. NHEJ generates random 

indels, often leading to premature stop codons and gene knockout. HDR allows desired 

mutagenesis according to donor template. B) Base editors. dCas9 is fused to cytidine 

deaminase (cytidine base editors) or adenosine deaminase (adenine base editors). Base 

editors introduce point mutations by deamination without creating DSBs. Cytidine base 

editor is shown as an example. C) Prime editing. dCas9 is fused to an engineered reverse 

transcriptase. Prime editing gRNA includes an RT template, allowing direct rewriting of 

DNA. Abbreviations: PAM, protospacer adjacent motif; gRNA, guide RNA; DSB, double-

strand break; NHEJ, non-homologous end joining; HDR, homology-directed repair; dCas9, 

catalytically impaired Cas9; RT, reverse transcriptase.
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Table 1:

CRISPR-Cas9 toolbox comparison

Pros Cons

Conventional 
CRISPR-Cas9

NHEJ convenient for gene KO; HDR allows 
insertion, deletion, point mutation by 
incorporation of exogenous donor templates.

DSBs are associated with permanent undesired outcomes, 
including complex mixtures of products and deletion and 
translocations of large genomic regions. HDR has extremely 
low efficiency in terminally differentiated, quiescent cells, such 
as adult cardiomyocytes. Subjected to constraints of PAM 
sequences.

CRISPR-Cas9 base 
editors (cytidine base 
editor and adenine 
base editor)

Install point mutations with higher editing 
efficiency, better product purity, lower random 
indel rates, and fewer off-target events in both 
dividing and non-dividing cells. No DSB.

Limited to four types of single base pair edits (C→T, G→A, 
A→G, and T→C). Cannot install insertions, deletions, or 
other point mutations. Subjected to constraints of PAM 
sequences.

Prime editing Highly versatile. “Search and replace” strategy 
directly writes new genetic information into a 
specified DNA site. Not constrained by PAM 
sequences

Roughly twice the size of conventional CRISPR-Cas9 system, 
particularly challenging for in vivo delivery.

Abbreviations: NHEJ, non-homologous end joining; HDR, homology-directed repair; KO, knockout; DSB, double-strand break; PAM, protospacer 
adjacent motif.
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Table 2:

Limitations of the CRISPR-Cas9 system and corresponding technical advancement

Problem Corresponding technical advancement Reference

Double strand 
break

 - CRISPR-Cas9 base editors using dCas9
- Prime editing using dCas9

Gaudelli et al 2017; Komor etal 2016 (6, 7)
Anzalone et al 2019 (8)

Off-target 
mutagenesis

 - Development of computational algorithms for optimized 
gRNA design
- Use of high-fidelity Cas9 variants

Doench et al 2016; Hsu et al 2013 (11, 12)
Kleinstiver et al 2016 (13)

PAM restriction  - Discovery and application of different natural Cas9 species 
with different PAM sequences
- Engineering of new variants of Cas9 nucleases and base 
editors with expanded target compatibility.
- Development of near-PAMless Cas9 variants with little 
restriction

Ran et al 2013; Friedland et al 2015; Hou et al 2013; 
Muller et al 2016 (14–17)
Hu et al 2018; Thuronyi et al 2019; Miller et al 2020 
(18–20)
Walton et al 2020 (21)

Abbreviations: gRNA, guide RNA; dCas9, catalytically impaired Cas9; PAM, protospacer adjacent motif.
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Table 3:

pLoF variants associated with reduced risk of complex cardiovascular disorders

Gene Example pLoF 
variant(s)

Allele frequency Functional effect
1

Disease protective effect
1 Reference; 

database

ANGPTL3 13 distinct pLoF 
variants including 
p.Ser17Ter, 
p.Asn121fs, 
p.Asn147fs, 
c.495+6T>C

1 in 237 
DiscovEHR study 
participants of 
European ancestry

27% lower triglyceride 
levels (P=2.5×10−21); 9% 
lower LDL-C levels 
(P=2.8×10−5); 4% lower 
HDL-C levels (P=0.02)

41% lower odds of CAD (OR 
0.59; 95% CI 0.41 to 0.85; 
P=0.004)

Dewey et al 
2017(36); 
DiscovEHR

ANGPTL4 p.Cys80fs; 
p.Gln133Ter; 
p.Arg161Ter; 
c.547+1G>A; 
p.Gly313fs; 
p.Trp350Ter; 
p.Gln362fs; 
p.Tyr363Ter; 
p.Gln369Ter; 
p.Trp383Ter

0.2% among 
13,758 study 
participants

35% reduced triglyceride 
levels (P=0.003)

53% reduced risk of MI (OR 
0.47; P=0.04)

Stitziel 2016 (73)

p.Glu40Lys 4.0% among 176, 
913 White veterans

triglyceride-lowering; 
HDL-C-raising

16% reduced risk of CAD (OR 
0.84; 95% CI 0.79 to 0.90; 
P=2.90 × 10−8); 12% reduced 
risk of type 2 diabetes (OR 
0.88; 95% CI 0.83 to 0.93; 
P=2.50 × 10−6)

Klarin 2018 (35); 
MVP

APOC3 p.Arg19Ter; 
c.55+1G>A; 
c.179+1G>T; 
p.Ala43Thr

1 in 150 study 
participants

39% lower triglyceride 
levels (P<1 × 10−20)

40% lower risk of CAD (OR 
0.60; 95% CI 0.47 to 0.75; 
P=4×10−6)

Crosby 2014 
(39)

GPR151 p.Arg95Ter 0.8% in European 
ancestry

Reduced BMI (−0.36 
kg/m2, −0.07σ, P=4.9 × 
10−8)

14% lower odds of type 2 
diabetes (OR 0.86; P=0.006); 
9% lower odds of CAD (OR 
0.91; P=0.01)

Emdin 2018 
(74); UK 
Biobank

NPC1L1 15 distinct pLoF 
variants including 
p.Arg406Ter

1 in 650 study 
participants

Lower LDL-C level (−12 
mg dl−1, P=0.04)

53% lower risk of CAD (OR 
0.47; 95% CI 0.25 to 0.87; 
P=0.008)

Stitziel 2014 (37)

PCSK9 p.Tyr142Ter, 
p.Cys679Ter

0.8% and 1.8%, 
respectively, 
among 3,363 
Black study 
participants

28% reduced mean plasma 
LDL-C level (−38 mg dl−1, 
P<0.001)

88% reduced risk of CAD 
(hazard ratio 0.11, 95% CI 
0.02 to 0.81; P=0.03)

Cohen 2006 
(75); ARIC

p. Arg46Leu 3.1% among 176, 
913 White veterans

LDL-C-lowering 17% reduced risk of CAD (OR 
0.83; 95% CI 0.78 to 0.88; 
P=1.38 × 10−13); 28% reduced 
risk of AAA (OR 0.72; 95% 
CI 0.62 to 0.83; P=2.05 × 
10−6)

Klarin 2018 (35); 
MVP

PDE3B p.Arg783Ter 1 in 625 Higher blood HDL-C 
levels (4.72 mg dl−1, 
0.41σ, P<2.8 × 10−16); 
lower blood triglyceride 
levels (−43.3 mg dl−1, 
−0.27σ, P=7.5 × 10−8)

24% decreased risk of CAD
2 

(OR 0.76; 95% CI 0.65 to 
0.90; P=0.0015)

Klarin 2018 (35); 
MVP, UK 
Biobank, MIGen, 
PMBB, and 
DiscovEHR

Abbreviations and notes: OR, odds ratio; CI, confidence interval; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein 
cholesterol; CAD, coronary artery disease; MI, myocardial infarction; AAA, abdominal aortic aneurysm; ARIC, Atherosclerosis Risk in 
Communities study; MVP, Million Veteran Program; MIGen, Myocardial Infarction Genetics Consortium; PMBB, Penn Medicine Biobank.

1
The functional effect and disease protective effect of each gene are calculated with all listed pLoF variants aggregated.
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2
Because damaging mutations are individually rare, for association analysis with CAD, the study aggregated 47 rare damaging mutations in 

PDE3B.
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