
Disclaimer: The manuscript and its contents are confidential, intended for journal review
purposes only, and not to be further disclosed.

URL: https://atvb-submit.aha-journals.org/

Manuscript Number: ATVB/2023/319221R1

Title: Golledge Series: Using genomics to develop personalised cardiovascular treatment"

Authors: 
Patricia Munroe (Queen Mary University of London)
Mihir Sanghvi (Queen Mary University of London)
William Young (Queen Mary University of London, Barts and The London School of Medicine and
Dentistry)
Hafiz Naderi (Queen Mary University of London)
Richard Burns (William Harvey Research Institute, Queen Mary University of London)
Julia Ramírez (University of Zaragoza)
Christopher Bell (Queen Mary University of London)

ATVB Online Submission: https://atvb-submit.aha-journals.org
Arteriosclerosis, Thrombosis, and Vascular Biology Homepage: http://http://atvb.ahajournals.org/

file:///
http://circres-submit.aha-journals.org
http://circres.ahajournals.org


 

 1 

Using Genomics to Develop Personalized Cardiovascular 

Treatments 

 

 

 

Mihir M. Sanghvi
1,2,3

, William J. Young
1,2,3

, Hafiz Naderi
1,2,3

, Richard Burns
1,2

, Julia 

Ramírez
1,2,4,5

, Christopher G. Bell
1,2

, Patricia B. Munroe
1,2

 

 

  

1. William Harvey Research Institute, Queen Mary University of London, London, 

United Kingdom 

2. NIHR Barts Biomedical Research Centre, Queen Mary University of London, 

Charterhouse Square, London EC1M 6BQ, United Kingdom 

3. Barts Heart Centre, Barts Health NHS Trust, London, United Kingdom 

4. Aragon Institute of Engineering Research, University of Zaragoza, Zaragoza, Spain 

5. Centro de Investigación Biomédica en Red, Biomedicina, Bioingeniería y 

Nanomedicina, Zaragoza, Spain 

 

Funding: 

MMS recognizes his British Heart Foundation (BHF) Clinical Research Training Fellowship 

(FS/CRTF/22/24353). WJY and HN recognize the National Institute for Health and Care Research (NIHR) 

Integrated Academic Training programme, which support their Academic Clinical Lectureship posts. JR 

acknowledges funding from the European Union-NextGenerationEU, fellowship RYC2021-031413-I from 

MCIN/AEI/10.13039/501100011033, and from the European Union ‘‘NextGenerationEU/PRTR’’ and from 

grants PID2021-128972OA-429 I00, CNS2023-143599 and PID2023-148975OB-I00 funded by 

MCIN/AEI/10.13039/501100011033. CGB is supported by Barts Charity (G-002372), and Impetus Grants from 

the Norn Group & Hevolution Foundation (Round 2). PBM acknowledges the support of the National Institute 

for Health and Care Research Barts Biomedical Research Centre (NIHR203330); a delivery partnership of Barts 

Health NHS Trust, Queen Mary University of London, St George’s University Hospitals NHS Foundation Trust 

and St George’s University of London. 

 

Disclosures: 

The authors declare that this work was conducted in the absence of any commercial or financial relationships 

that could be construed as a potential conflict of interest. 

 

Acknowledgements: 

None 

 

Corresponding author: 

Prof. Patricia B. Munroe 

William Harvey Research Institute, Queen Mary University of London, Charterhouse Square, London, EC1M 

6BQ 

p.b.munroe@qmul.ac.uk 



 

 2 

Abstract 

Advances in genomic technologies have significantly enhanced our understanding of both 

monogenic and polygenic etiologies of cardiovascular disease. In this review, we explore 

how the utilization of genomic information is bringing personalized medicine approaches to 

the forefront of cardiovascular disease management. We discuss how genomic data can 

resolve diagnostic uncertainty, support cascade screening, and inform treatment strategies. 

The role that genome‐wide association studies have had in identifying thousands of risk 

variants for polygenic cardiovascular diseases, and how these insights, harnessed through the 

development of polygenic risk scores, could advance personalized risk prediction beyond 

traditional clinical algorithms. We detail how pharmacogenomics approaches leverage 

genotype information to guide drug selection and mitigate adverse events. Finally, we present 

the paradigm‐shifting approach of gene therapy, which holds promise of being a curative 

intervention for cardiovascular conditions. 

Key words: Cardiovascular disease; Genome‐wide association studies; Polygenic risk scores; 

Personalized medicine; Pharmacogenomics; Gene therapy 
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Abbreviations 

AAV – adeno-associated virus 

ACM – arrhythmogenic cardiomyopathy 

APOB – apolipoprotein B 

ASO – antisense oligonucleotide 

ATTR – transthyretin amyloidosis 

CAD – coronary artery disease 

Cas9 – CRISPR associated protein 9 

CVD – cardiovascular disease 

CRISPR – clustered regularly interspaced short palindromic repeats 

DCM – dilated cardiomyopathy 

EMA – European Medicines Agency 

FH – familial hypercholesterolemia 

GWAS – genome-wide association study 

HCM – hypertrophic cardiomyopathy 

HMGCR – 3-hydroxy-3-methylglutaryl-coa reductase 

ICD – implantable cardioverter-defibrillator 

LNP – lipid nanoparticles 

LDL – low-density lipoprotein 

LDLR – low-density lipoprotein receptor 

LQTS – long QT syndrome 

MHRA – Medicines and Healthcare Products Regulatory Agency 

mRNA – messenger ribonucleic acid 

MYBPC3 – myosin binding protein c3 

MYH7 – myosin heavy chain 7 

NYHA – New York Heart Association 

PCSK9 – proprotein convertase subtilisin/kexin type 9 

PKP2 – plakophilin-2 

PRS – polygenic risk score 

QRISK2 – QRISK cardiovascular risk score version 2 

RNA – ribonucleic acid 

SERCA2a – sarcoplasmic/endoplasmic reticulum Ca²⁺ ATPase 2a 

siRNA – small interfering RNA 

TGA – therapeutic goods administration 
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1. Introduction 

 

Cardiovascular disease (CVD) remains a leading cause of morbidity and mortality globally, 

despite significant advances in both primary and secondary prevention strategies.
1
 The 

traditional paradigm for CVD management relies upon standardized risk algorithms, 

population-based guidelines and treatment protocols. Whilst these approaches have 

undoubtedly improved outcomes, they often do not encompass the substantial heterogeneity 

of CVD, which encompasses differences in genetic predisposition, comorbidities and lifestyle 

factors. This heterogeneity can lead to distinct clinical presentations, varying rates of 

progression and diverse therapeutic responses between individuals.  

 

With the cost of genetic sequencing falling ever lower, access to genomic data for patients, 

clinicians and investigators has never been greater.
2
 In turn, it has ushered in an era of 

“personalized medicine” that seeks to tailor interventions based on individuals’ unique 

genomic architecture. 

 

This review seeks to provide an overview of how genomic information is driving change 

across three main areas of CVD therapeutics and management (Figure 1/Graphical Abstract). 

Firstly, how genomic information can clarify diagnostic conundrums, guide treatment and 

inform risk prediction. Secondly, the field of cardiovascular pharmacogenomics where 

genomic data can guide drug choice and predict adverse drug reactions. Finally, we highlight 

the paradigm-shifting approach of gene therapy which hold promise of being a curative 

intervention for CVD. 

 

 

2. Cardiovascular genomics: a brief overview 

 

Cardiovascular diseases in a genomics context have been broadly split into two main groups: 

monogenic disorders and polygenic disorders. Monogenic disorders are caused by pathogenic 

variants that affect the structure, function or expression levels of the protein encoded by a 

particular gene. Examples of monogenic CVDs include cardiomyopathies (e.g. hypertrophic 

cardiomyopathy [HCM], dilated cardiomyopathy [DCM], arrhythmogenic cardiomyopathy 

[ACM], channelopathies (e.g. catecholaminergic polymorphic ventricular tachycardia, long 
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QT syndrome), aortopathies and familial hypercholesterolemia.
3
 Whilst the genes underlying 

these conditions were previously thought to determine disease development in a 

straightforward fashion following Mendelian (dominant, recessive) inheritance patterns, our 

understanding of this paradigm has changed, particularly with the advent of large-scale 

population-based biobank sequencing initiatives. Pathogenic variants have been identified in 

individuals without CVD (incomplete penetrance)
4,5

, and in those with disease, a wide range 

of clinical phenotypes are expressed; this is potentially due to heterogeneity among 

pathogenic variants, additional contribution of clinical and environmental risk factors
6,7

 and 

co-inheritance of other (common) genetic variants which may exacerbate or ameliorate the 

effect of the principal pathogenic variant on the phenotype.
8,9

 Clinical screening for 

monogenic CVD disorders is now relatively commonplace and we will discuss in the next 

section how this has facilitated improved diagnosis and earlier treatment. 

 

Polygenic disorders arise from multiple common genetic variants across the span of the 

genome. Whilst these variants individually have modest effects, when taken together they 

increase susceptibility to disease. Most polygenic variants are found in non-protein coding 

regions of the genome
10

 and are known to interact with each other as well as with lifestyle 

and environmental factors.
11,12

 Examples of polygenic CVDs include hypertension, atrial 

fibrillation and atherosclerosis/coronary artery disease. Although the polygenic nature of 

these conditions has been appreciated for many decades, it has only been in the last twenty 

years that unbiased, high-resolution examination of the genome through genome-wide 

association studies (GWAS) have been possible. To date, thousands of genetic variants have 

been demonstrated to be associated with a wide range of CVDs.
13–18

  In this sphere, two 

parallel approaches are being utilized to further our understanding of CVD: firstly, increasing 

the power of genome-wide studies by expanding cohort sizes, including under-represented 

populations and ancestries, and interrogating rare variants using data from whole-exome and 

whole-genome sequencing.
19–21

 Secondly, leveraging GWAS findings to pursue personalized 

medicine approaches. Examples of this include highlighting therapeutic targets for CVD or 

drug repurposing opportunities
22,23

 and development of polygenic scores to highlight 

individuals at potentially increased risk of disease development
24

, which we will discuss in 

further depth. 

 

3. Using genomics in clinical diagnosis and management  
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3.1 Genomic screening 

Genomic testing of monogenic cardiovascular disorders has become a standard aspect of 

clinical management. Cascade screening refers to the process whereby after a genetic 

diagnosis has been made in a proband – usually the index presentation within a family – 

onward genetic testing can be offered to first-degree relatives and subsequently other family 

members who may be at risk of disease.
25,26

 Relatives who do not carry the disease-causing 

variant can be released from lifelong clinical surveillance, whereas those who do carry the 

disease-causing variant may require clinical surveillance performed at regular intervals 

depending on the condition, age, and severity of their clinical phenotype.  

 

First-line testing has usually centered on genes robustly associated with the presenting 

phenotype in the form of targeted gene panels. However, with falling costs of whole exome 

and whole genome sequencing, there is now the possibility to proceed directly to performing 

these analyses. The choice of approach mainly depends upon clinical presentation and most 

likely genetic etiology: a targeted gene panel is preferred if the condition is strongly 

associated with a small set of genes (e.g. long QT syndrome) whereas a broader analysis may 

be used where there is more clinical uncertainty with respect to the diagnosis (e.g. pediatric 

syndromic cardiomyopathy).
27

 Furthermore, there is also the option of a hybridized approach: 

application of “virtual panels” to data from whole exome sequencing whereby although 

sequencing data are generated for all genes, only the genes in the virtual panel relevant to a 

patient’s condition are subjected to downstream interpretation.
28

 Resources such as the 

Genetic Testing Registry in the United States or the National Genomic Test Directory in the 

United Kingdom are examples of resources delineating what testing is available on a per 

condition basis.
29,30

 

 

3.2. Clarification of diagnosis and tailoring of clinical management 

Genomic testing can be utilized to resolve diagnostic uncertainty and guide decision making 

around clinical management. This is particularly useful in cases of suspected HCM. HCM is 

a heart muscle disease characterized by increased left ventricular wall thickness 

(hypertrophy). It is associated with increased risks of sudden (arrhythmic) cardiac death, 

thrombo-embolic disease and progressive heart failure, and has an estimated prevalence of 1 

in 500.
31

 It is most commonly caused by pathogenic variants in genes encoding sarcomeric 



 

 7 

proteins in the cardiomyocyte.
32

 Importantly, a diagnosis of HCM can only be made in the 

absence of another cardiac, systemic or metabolic disease capable of producing the degree of 

hypertrophy evident in a particular patient. As such, there are numerous conditions that 

mimic symptoms and signs of HCM but have different causes, known as phenocopies (Table 

1).33 Phenocopies fall into two main categories: acquired or genetic (often syndromic). 

Diagnostic left ventricular hypertrophy due to hypertensive heart disease or athletic training 

are acquired phenotypic mimics which will not show genetic markers for HCM. Genetic 

phenocopies often include storage and metabolic disorders, with distinct risks or clinical 

features that require specific treatment, such as enzyme replacement for Anderson-Fabry 

disease or transthyretin-silencers for cardiac amyloidosis. An accurate diagnosis through 

genetic testing that includes phenocopy screening enables tailored management strategies. 

Thus, genetic testing is recommended for all individuals newly diagnosed with HCM, and in 

particular when extracardiac symptoms are present.
25,34

 A list of HCM phenocopies is 

presented in Table 1.  

 

Familial hypercholesterolemia is characterized by marked elevation in plasma low-density 

lipoprotein (LDL) cholesterol from birth, accelerated rates of atherosclerotic plaque 

deposition and premature ischemic heart disease.
35

 It most often arises due to mutation in the 

LDL receptor (LDLR), apolipoprotein B (APOB), or proprotein convertase subtilisin/kexin 

type 9 (PCSK9) genes. Knowledge of the driving pathogenic variant has been shown to have 

implications for treatment efficacy in familial hypercholesterolemia. For example, individuals 

with pathogenic PCSK9 variants may respond particularly well to PCSK9 inhibitors whereas 

these therapeutic agents may demonstrate less potency in those who are homozygous for 

LDLR pathogenic variants.
36

 This may be expected given that PCSK9 inhibitors bind 

circulating PCSK9 and prevent it from targeting LDLR receptors for degradation; in those 

who are homozygous for LDLR mutations there are too few functional LDL receptors to 

recycle reducing the impact of PCSK9 inhibition. Additionally, genomic testing may reveal 

causal variants in ABCG5 or ABCG8, which encode sterolin transporters responsible for 

regulating the absorption and excretion of dietary sterols (plant-derived compounds 

structurally similar to cholesterol). Pathogenic variants in these genes cause sitosterolemia, a 

rare autosomal recessive lipid disorder characterized by elevated plasma levels of plant 

sterols due to impaired sterol excretion. Unlike familial hypercholesterolemia, sitosterolemia 

has a distinct treatment protocol focused on eliminating dietary sterols and using ezetimibe, 

rather than statins.
37
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Long QT syndrome (LQTS) is an inherited arrhythmia characterized by prolonged ventricular 

repolarization and an elevated risk of ventricular arrhythmia and, in turn, sudden cardiac 

death (Figure 2).
38

 Most cases are associated with loss-of-function variants in KCNQ1 

(LQTS1) or KCNH2 (LQTS2), or gain-of-function variants in SCN5A (LQTS3). Each 

genotype influences not only the underlying arrhythmia mechanism but also the 

circumstances of triggering events. For example, patients with LQTS1 are more prone to 

arrhythmias during exercise, those with LQTS2 are triggered by sudden auditory stimuli 

(e.g., alarm clocks), and those with LQTS3 typically experience events during sleep.39 

Pharmacological therapy is key in reducing arrhythmic events. Beta-blockers serve as a 

cornerstone treatment for LQTS1 and LQTS2, commonly averting the need for an 

implantable cardioverter-defibrillator (ICD), though their efficacy is somewhat lower in 

LQTS2 than in LQTS1.
40

  In contrast, mexiletine, a sodium channel blocker, has been 

designated a class I indication for LQTS3 and may also confer QT-shortening benefits in 

LQTS2.
41

 As such, preventive strategies and treatments in order to minimize arrhythmic 

burden can be tailored to individuals by leveraging genotype-specific insights. 

 

Thoracic aortic disorders (aortopathies) can be evident in individuals with Marfan syndrome, 

Loeys-Dietz syndrome and vascular Ehlers-Danlos syndrome which are inherited conditions. 

It can present with thoracic aortic aneurysm or dissection. Identification of a causal 

pathogenic variant will have a direct impact on management to present aneurysmal formation 

and dissection with a lower threshold used to recommend surgical intervention (aortic root 

diameter <50 mm compared with 55 mm in the general population).
42

 There are also 

genotype-specific recommendations for those with pathogenic variants in TGFBR1 or 

TGFBR2 (Loeys-Dietz Syndrome) in the presence of additional risk factors; these individuals 

should be considered for aortic surgery if the aortic root diameter is greater than 40 mm.
43

 

 

3.4. Pharmacogenomics 

Pharmacogenomics describes the use of specific genomic information with the aim to 

optimize therapeutic prescription and decrease toxicity.
44

 Here we summarize 

pharmacological agents used in a variety of CVDs for which genomic data might better 

personalize treatment and lead to improved outcomes. 
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3.4.1. Antiplatelets 

Antiplatelet therapy forms the cornerstone of managing atherothrombotic conditions such as 

coronary artery disease and stroke. In cases of acute coronary syndromes or when patients 

undergo percutaneous coronary intervention, dual antiplatelet therapy with aspirin and a 

P2Y12 receptor antagonist is generally recommended.
45

 Available P2Y12 inhibitors include 

clopidogrel, prasugrel, and ticagrelor. Among these, prasugrel and ticagrelor are typically 

favored for high-risk patients due to their superior cardiovascular outcomes but clopidogrel is 

often routinely used in those with higher bleeding risk or on anticoagulation.
46

 For stroke 

patients, long-term secondary prevention commonly involves single-antiplatelet therapy with 

clopidogrel alone.
47,48

 Importantly, unlike prasugrel or ticagrelor, clopidogrel is a prodrug that 

requires conversion to an active metabolite.  

 

CYP2C19 is the hepatic enzyme responsible for the conversion of clopidogrel via a two-stage 

oxidation process, and is encoded for by the highly polymorphic CYP2C19 gene. Individuals 

with a loss of function variant in CYP2C19 are at increased risk of ischemic events due to 

reduced activity of the enzyme. Of note, the prevalence of loss-of-function variants is 

variable across ancestries: the prevalence of carriage of two CYP2C19 loss-of-function alleles 

is 13% in South Asian individuals compared to 2.4% in European individuals.
49

 A meta-

analysis of randomized controlled trials of individuals undergoing percutaneous coronary 

intervention demonstrated that there were fewer major adverse cardiovascular events in 

individuals assigned to having genotype-driven treatment.
50

 Performing pharmacogenomic 

testing in patients considered for clopidogrel therapy is recommended across international 

guidelines.
51,52

 Despite these guideline recommendations, its translation into prescribing 

patterns is not straightforward as was demonstrated in a secondary analysis of the GEMINI-

ACS-1 trial which examined physician behavior in response to mandatory reporting of 

CYP2C19 clopidogrel metabolizer status.
53

 Of the 3,037 enrolled acute coronary syndrome 

patients, 1,333 (43.9%) were prescribed clopidogrel. Of these, 68% of patients with reduced 

metabolizer status continued to receive clopidogrel after CYP2C19 status results were 

provided to physicians indicating a degree of reluctance in altering pharmacotherapy despite 

pharmacogenomic information.  

 

3.4.2. Beta-blockers 

Metoprolol, carvedilol, and propranolol are among several beta-blockers metabolized by 

CYP2D6. This drug-metabolizing enzyme is responsible for the metabolism of 20–25% of 
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commonly prescribed medications such as antidepressants and opioids.
54

 The gene encoding 

CYP2D6 is highly polymorphic, contributing to variability in drug response. Among these 

agents, metoprolol is particularly reliant on CYP2D6 for its elimination, with 70–80% of an 

oral dose undergoing CYP2D6-mediated metabolism.
55

 By contrast, other beta-blockers such 

as atenolol and bisoprolol are either not metabolized by CYP2D6 or only minimally so. 

 

Multiple studies have explored how CYP2D6 metabolizer status affects the clinical response 

to metoprolol in patients treated predominantly for heart failure or hypertension. While some 

investigations indicate that poor metabolizers can tolerate lower maintenance doses compared 

with normal metabolizers, this finding has not been consistently reproduced.
56,57

 More 

consistently, several studies have noted an increased incidence of mostly asymptomatic 

bradycardia (heart rate <60 bpm) in poor and intermediate metabolizers.
58

 Prescribers should 

be aware that when patients with specific CYP2D6 genotypes are co-prescribed potent 

CYP2D6 inhibitors (e.g. selective serotonin reuptake inhibitors such as paroxetine or 

fluoxetine), their effective drug metabolism profile can shift, a process known as 

phenoconversion. This shift can move a patient from an normal or intermediate metabolizer 

status toward a poor metabolizer phenotype, thereby altering drug concentration, therapeutic 

efficacy, and side effect risk. The extent of this phenoconversion depends on both the strength 

of the CYP2D6 inhibitor and the patient’s underlying genetic makeup.  

 

3.4.3. Cardiac myosin inhibitors 

Mavacamten is a first-in-class, novel therapeutic option for individuals with obstructive 

HCM. Myosin inhibitors inhibit cardiac myosin ATPase which reduces the formation of 

myosin-actin crossbridges and decreases myocardial contractility (Figure 3).
59

 As a result, it 

can reduce left ventricular outflow tract obstruction and symptom burden. Mavacamten 

therapy is given via dose uptitration based upon echocardiographic monitoring of left 

ventricular ejection fraction and outflow tract gradient, the latter of which should reduce in a 

dose-dependent fashion.
60

 

 

Mavacamten is mainly metabolized by CYP2C19 with smaller contributions from CYP3A4/5 

and CYP2C9. Whilst mavacamten is licensed for adults with obstructive and symptomatic 

heart failure (New York Heart Association Class II-III), left ventricular systolic dysfunction is 

a recognized adverse sequela, occurring in 5% of treated individuals in the phase 3 study.
61

 

As discussed earlier, there is variation in the occurrence of loss-of-function CYP2C19 alleles 
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across ancestries, with individuals who carry two loss-of-function variants potentially being 

at increased risk of systolic dysfunction as a result of mavacamten therapy at standard dosing 

regimens. This is as a result of reductions in ejection fraction being associated with 

mavacamten plasma concentrations and individuals with two loss-of-function alleles having a 

significantly longer mavacamten elimination half-life (533 hours) compared to normal (150 

hours) or extensive metabolizers (72 hours), respectively.
62

  

 

The European Medicines Agency (EMA) and the UK Medicines and Healthcare products 

Regulatory Agency (MHRA) recommend determining a patient’s CYP2C19 genotype before 

initiating therapy to ensure appropriate dosing.
63

 If genotype information is not available, 

treatment can be initiated using a more conservative dosing approach generally advised for 

individuals who are likely to have reduced CYP2C19 function. Conversely, those not 

classified as poor metabolizers can typically begin therapy at a standard dosing, with scope to 

adjust as needed. Dose modifications may also be required when administering concomitant 

medications that affect CYP2C19 or CYP3A4 activity. Notably, both the EMA and the 

Australian Therapeutic Goods Administration (TGA) have recognized that certain 

conservative regimens in poor metabolizers achieve pharmacologic exposures comparable to 

higher regimens in normal metabolizers.
63,64

 

 

3.5. Drug discovery and repurposing 

While pharmacogenomics focuses on testing individuals for specific variants in particular 

genes involved in drug metabolism, and genes identified as causal for monogenic diseases 

leading to development of therapy (e.g. PCSK9 inhibitors), there was hope that the multitude 

of GWAS findings could be translated into novel or repurposed CVD treatments – progress in 

this domain has, however, been relatively slow. The overarching challenge stems from the 

complex biology underlying most genome-wide significant variants: approximately 80-90% 

of variants lie in non-coding regions, and even variants within known genes have modest 

effect sizes, making it challenging to discern causal genes and clear therapeutic targets.
65

 

Nevertheless, evidence suggests that selecting genetically-supported targets can double the 

success rate of drug development.
66

 Indeed, a retrospective analysis of FDA drug approvals in 

2021 demonstrated that two-thirds of new drugs were supported by human genetic 

evidence.
67

 Together, this has ensured continued enthusiasm for exploiting GWAS for drug 

discovery and repositioning strategies. 
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The utility of GWAS in these domains can be demonstrated by the identification of genetic 

variants influencing pathways targeted by existing therapies. For example, lipid trait GWAS 

have highlighted loci related to HMGCR and NPC1L1, the therapeutic targets of statins and 

ezetimibe, respectively.
68

 GWAS of glycemic traits have pinpointed variants in 

KCNJ11/ABCC8 and PPARG, targets for sulphonylureas and thiazolidinediones.
69

 As is 

typically the case in GWAS, the variants identified in these studies often have small effect 

sizes, emphasizing the idea that even if a locus has a statistically small effect it need not 

undermine or detract from the clinical relevance of the mapped gene, target protein or 

identified pathway. 

 

CVD conditions have also benefitted from repurposing opportunities highlighted by GWAS. 

In a large-scale GWAS of stroke, a locus was mapped to the F11 gene which encodes the 

protein targeted by conestat alfa, a C1-esterase inhibitor used in the treatment of hereditary 

angioedema.
70,71

 Conestat alfa is currently being investigated in a phase 2 trial enrolling 

patients with ischemic stroke, with the GWAS finding providing supportive evidence for this 

repositioning attempt.
72

 GWAS of coronary artery disease have frequently identified loci 

associated with genes primarily related to inflammatory disease, lending further evidence to 

the importance of inflammation as a driver of atherosclerosis.
73

 In recent years, several trials 

have examined the role of anti-inflammatory agents and incident cardiovascular events 

studying agents such as cankinumab
74

 and colchicine.
75,76

 

 

 

4. Genomics in risk prediction using polygenic scores 

 

Given the financial and healthcare burden of CVD-associated mortality and morbidity, 

primary prevention of CVD is a cornerstone of public health strategy all across the world.
77–79

 

These strategies are predicated upon the principle that since the absolute risk reduction 

achievable by a given therapy is directly related to a person’s baseline risk: individuals with 

higher predicted risk gain more benefit than those at lower risk. As such, the intensity of 

preventive interventions are usually aligned with an individual’s absolute risk. Given this 

paradigm for primary prevention, improving the precision and reliability of risk prediction is 

an area of great interest.
80

 



 

 13 

 

Polygenic risk scores (PRS) aggregate the effects of risk variants to determine the genetic 

component of an individual’s disease risk.
81

 PRS emerged soon after GWAS for CVD-

associated traits with an observation that participants with a greater number of risk alleles had 

a significantly increased number of clinical events.
82,83

 Early PRS simply combined risk 

alleles across loci achieving genome-wide significance having been robustly validated in 

large-scale GWAS.
84,85

 Modern PRS approaches incorporate millions of variants and 

integrate linkage disequilibrium patterns and effect size distribution assumptions to improve 

predictive accuracy.
86,87

 More recently, a novel generation of PRS methodologies has begun 

to leverage functional genomic information to enhance prediction.
88

  

 

The purported applications of PRS in CVD include incorporating PRS with currently utilized 

primary prevention risk models, to consider using a PRS when an individual has been shown 

to be at borderline risk or as a standalone risk predictor.
89

 Indeed, generation of PRS is no 

longer an academic pursuit and has given rise to a multimillion dollar commercial market.
90

 

Coronary artery disease (CAD) is a CVD for which dozens of PRS have been developed. 

Aragam et al. have published the most recent CAD GWAS findings.
15

 In a study of 1.16 

million ancestrally diverse individuals, a CAD PRS for coronary artery disease (CAD) 

comprised of 2.1 million genetic variants. In an independent sample, those in the top decile of 

the CAD PRS had a 5.7x greater risk of CAD compared to those in the bottom decile. Similar 

PRS have been constructed for atrial fibrillation, hypercholesterolemia and type 2 diabetes.
91

 

 

These associations with CAD risk are in line with previous PRS that have been developed 

across a range of PRS methodologies. However, a recent study by Abramowitz et al. has 

shown that CAD PRS with similar population-level performance do not provide consistent 

individual risk estimates.
92

 That is, when testing the performance of different CAD PRS in an 

independent sample, there was significant discordance in risk percentile estimates for a given 

individual indicating that they are not interchangeable. The recognition that different PRS 

may generate discordant individual-level estimates necessitates that for clinical 

implementation, refinement of statistical methods to quantify this uncertainty, and novel 

strategies to communicate this uncertainty to stakeholders will be required. It is already 

widely recognized that population genetics literacy among both patients and clinicians 

remains limited. An acknowledgment of this in a PRS-based context is demonstrated by a 

recently published clinical trial specifically designed with feasibility and acceptability to 
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patients and primary care professionals of incorporating PRS into clinical management as its 

primary endpoint.
93

 

 

Additional concerns around PRS include the datasets which they are derived; present biobank 

datasets are the source of the overwhelming majority of large scale GWAS and meta-

analyses. There is a widely acknowledged underrepresentation of individuals of non-

European ancestry in these cohorts, with PRS tending to demonstrate suboptimal 

performance in these populations.
89,94,95

 Novel PRS methodologies are being employed with 

the aim to improve trans-ancestry prediction.
96–98

 Most recently, PRS approaches leveraging 

haplotype information (groups of genomic variations that tend to be inherited as a set) have 

been shown to perform more robustly across diverse populations.
99

 Other concerns beside 

ancestry are that there is compelling evidence that large scale volunteer databases tend to be 

older, female, less urban, better educated, live in areas of less deprivation, have higher 

household incomes and require fewer medications.100,101 This may have implications for the 

portability of PRS in the general population: the genomic data upon which PRS calculation is 

predicated are in the main external to healthcare systems i.e. taken from and validated within 

research biobanks or direct-to-consumer testing products.  

 

In light of these concerns, it is possible that evaluating the value of PRS in real-world clinical 

settings where it affects management decisions may provide the best barometer as to their 

utility. To this end, it has been surprising that there have been very limited numbers of studies 

in this guise. Recently, however, a nested case-control study utilizing PRS has been 

published. Samani et al. implemented a CVD framework for individuals undergoing their 

National Health Service Health Check and evaluated its ability to better discern those at high 

risk of CVD.
102

 In the study, of the 195 individuals who had a cardiovascular event, the 

QRISK2 10-year CVD risk score identified 61.5% of individuals as high risk compared to 

68.7% when combining QRISK2 with the PRS. Whilst the study had some limitations, 

particularly that <1% of the entire cohort experienced a cardiovascular event which is not 

inkeeping with the baseline rates in the general population, one may hope that this mode of 

PRS study becomes more commonplace. Additionally, comparing PRS efficacy against 

updated CVD risk calculators such as QR4
103

, as well as evaluating its added value relative to 

other contemporary biomarkers that are not currently included in these validated tools but 

show promise (e.g., lipoprotein(a))
104

, will be important benchmarks. Performing prospective 
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studies and trials in real patients and patient settings will help determine where PRS sits in 

the armory of risk assessment and how it impacts upon routine clinical practice.  

 

5. Gene Therapy 

 

Gene therapy is a potentially paradigm-shifting approach in the treatment of CVD. Utilizing 

individual genetic insights, it offers the prospect of being truly curative and alleviating the 

requirement for long-term pharmacotherapy. Whilst there are substantial challenges, which 

will be further discussed, ongoing trials in humans demonstrate how far the field has 

progressed and demonstrate that we are on the cusp of understanding the feasibility of gene 

therapy for the treatment of both inherited and acquired cardiovascular disorders. 

 

5.1. Gene therapy strategies 

The molecular mechanisms by which pathogenic variants may result in disease may be 

classified as firstly, loss-of-function whereby presence of a pathogenic variant leads to the 

production of partially or totally non-functional protein resulting in insufficient protein for 

normal functioning or secondly, whereby a pathogenic variant results in sufficient protein 

production but with either deleterious functioning (gain-of-function) or with interference with 

the normal protein produced by the wild-type allele (dominant negative).
105

 

 

In order to combat these, three main categories of gene therapy have been developed: gene 

replacement therapy, gene silencing therapies and clustered regularly interspaced short 

palindromic repeats (CRISPR)/Cas9-based direct genome editing.
106

 Gene replacement is the 

process of provision of a functional copy of a defective gene, enclosed in a vector, to the 

target organ thereby increasing protein levels in order to mitigate against the disease 

phenotype. Gene silencing employs antisense oligonucleotides (ASO) or RNA interference 

methods such as short interfering RNA (siRNA) (Figure 4).107 These interventions aim to 

attenuate or abolish the transcriptional and translational activity of the pathogenic allele 

preventing production of the deleterious protein. A further ASO-based strategy is exon 

skipping whereby is an ASO-based strategy that modifies mRNA splicing by masking 

specific exon-inclusion signals in pre-mRNA. This selective “skipping” of targeted exons can 

restore the reading frame or otherwise alter the encoded protein to alleviate the effects of 

pathogenic mutations.
108

 CRISPR/Cas9 gene editing approaches continue to develop but 
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current tools being utilized are the nuclease system, base editors and prime editors.
109

 Whilst 

these individual techniques vary, all include a guide RNA molecule encoding for target DNA. 

The CRISPR/Cas9 nuclease system approach creates a double-stranded break of DNA. 

Subsequently, intrinsic repair mechanisms within a cell will act to repair the break, during 

which random bases may be inserted or deleted frequently resulting in a de facto stop codon 

thereby terminating gene transcription prematurely and leading to a truncated protein (Figure 

5). Base editing is considered an improvement on the nuclease system because a double 

stranded break in the DNA is not required; instead, it converts one nucleotide (cytosine to 

thymine or adenine to guanine) within a small editing window. Given that no repair is 

required, the resultant change is more controlled and predictable. Prime editing moves 

beyond base editing as it permits insertion, deletion or substitution of multiple nucleotide 

bases, again without introducing double-stranded DNA breaks.
110

 Prime editing therefore 

offers a more versatile array of therapeutic options. Gene replacement therapy can be utilized 

in cases of loss-of-function pathogenic variants, whilst gene silencing therapy can be utilized 

where there is production of deleterious protein. Gene silencing is not as durable approach as 

the others and therefore requires repeat dosing. Gene editing provides that widest 

choice including introduction of a stop codon to render the pathogenic gene copy non- 

functional, restoring normal DNA sequences or even introducing promoter sequences to 

induce increased gene expression.
111

 There have also been gene editing approaches to tackle 

nucleotide expansion repeat disorders in in vitro experiments.
112

 Looking forward, there also 

is the promise to harness the role of the epigenome which encompasses the precise and 

flexible biochemical regulation of chromatin status and gene expression in order to govern 

cellular processes.
113

 CRISPR activation (CRISPRa) and inhibition (CRISPRi) approaches 

offer powerful tools to modulate the epigenome by targeting specific regulatory elements to 

upregulate or silence gene expression without altering the DNA sequence.
114,115

 

 

5.2. Gene therapy delivery strategies 

Gene therapy must be delivered to specific cell types via a vector. Successful delivery of gene 

therapy is one of the primary challenges in its clinical translation: developing a vector which 

enables ensuring cells receive therapeutic concentrations, demonstrates high tissue 

specificity, permits repeat dosing all with minimal adverse effects is a significant challenge. 
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Viral vectors consist of genetic material surrounded by a viral capsid. Adeno-associated 

viruses (AAVs) are the most commonly employed vectors for cardiac gene therapy. This is 

due to AAVs rarely integrating into the genome of a cell meaning they can persist in organs 

for considerable periods and due to having a strong preference (tropism) for non-dividing, 

post-mitotic cells, such as cardiomyocytes.
116

 The AAV8 and AAV9 serotypes possess the 

most superior tropism for cardiomyocytes but additionally demonstrate strong liver tropism. 

This not only affects safety due to the potential for liver inflammation but also limits the 

effective dose reaching the heart.
117

 Hepatotoxicity is the most common adverse effect of 

AAV vectors. With viral vectors, once a patient is exposed to a specific vector, the immune 

system can form neutralizing antibodies and as such, antibody testing must be performed 

prior to administration as pre-existing antibodies significantly inhibit AAV delivery efficacy. 

A further sequela of this is that repeat administration of specific gene vectors is not possible 

at present. Another key limitation of AAV vectors is that they can only accommodate 

sequences up to 4.5 kb, which when considering gene replacement strategies, makes them 

unsuitable to deliver a number of genes: for example, MYH7, MYBPC3 (encoding sarcomeric 

proteins β-myosin heavy chain and myosin-binding protein C), DSP (encoding desmoplakin, 

a key component of cardiac desmosomes), and RBM20 (encoding an RNA-binding protein 

involved in splicing of titin, a structural sarcomere protein) when considering 

cardiomyopathies.
118

 

 

Lipid nanoparticles (LNPs) consist of lipids, phospholipids, cholesterol and polyethylene 

glycol and have advantage over AAVs due to their reduced immune response and ease of 

manufacturing. They have been used routinely in clinical practice including in the SARS-

CoV-2 mRNA vaccines.
119

 The main drawback of LNPs is that they have relatively low 

tissue specificity with preferential liver tropism resulting in the therapy accumulating 

primarily in the liver and limited effective delivery to cardiomyocytes, although, as discussed 

in the next section, this can be advantageous when developing therapies for certain 

conditions.
120

  

 

5.3. Current status of gene therapy in CVD 

A number of gene therapy trials have been performed or are currently ongoing across a 

variety of cardiovascular disorders. A summary of these is provided in Table 2.  
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The most advanced areas in which gene therapy is being investigated are amyloidosis and 

familial hypercholesterolemia. Transthyretin amyloidosis (ATTR) is an infiltrative 

cardiomyopathy resulting from transthyretin deposition within the myocardium; this leads to 

left ventricular hypertrophy and a progressive decline in cardiac function with symptoms of 

heart failure. Significant progress has been made in the treatment of ATTR amyloidosis in the 

form of transthyretin stabilizers (tamifidis)
121

 and gene silencing approaches using siRNA 

(vutrisiran, patisiran).
122,123

 Recently, a genome editing approach for ATTR amyloidosis has 

been developed aiming to provide an even more durable reduction in transthyretin using the 

CRISPR/Cas9 approach called nexiguran ziclumeran.
124

 Phase 1 results were recently 

published in 36 patients demonstrating a mean change in serum transthyretin of -89% at 28 

days and -90% at twelve months. A phase 3 study has been launched aiming to enroll 765 

participants and will report in 2028. In familial hypercholesterolemia, the siRNA inclisiran 

designed to target PCSK9 mRNA has received approval from regulators worldwide and is 

administered at six-monthly intervals.
125

 The VERVE-101 molecule is a CRISPR/Cas9 

approach designed to alter a single base in the PCSK9 gene. Interim results from a Phase 1b 

trial in familial hypercholesterolemia patients indicated that a single treatment with high-dose 

VERVE-101 resulted in a 55% reduction in LDL-cholesterol which persisted at 6 months.
126

 

As of April 2024, however, the trial was paused due to safety concerns arising from liver 

injury and thrombocytopenia in one participant.
127

 It is notable that these approaches have 

employed an LNP approach, and benefit from the fact that transthyretin and cholesterol are 

both produced in the liver thereby taking advantage of LNP’s inherent hepatic tropism. 

 

In the cardiomyopathy sphere, human trials have been occurring across a broad range of 

phenotypes. These include HCM, ACM and a number of HCM phenocopy conditions: Pompe 

disease, Friedreich’s ataxia, Anderson-Fabry disease and Danon disease. In HCM, the TN-

201 is being studied in the Phase 1b/2 My-PEAK-1 clinical trial.
128

 TN201 is a gene 

replacement strategy delivering a functional copy of MYBPC3 using an AAV vector. Interim 

data from the trial has reported that the first three patients have received therapy to a follow-

up of up to twelve months with increased RNA expression and improvements in NYHA 

classification for patients one and two. In ACM, three Phase 1 trials are ongoing investigating 

RP-A601, LX2020 and TN-401 compounds.
129–131

 All of these trials are gene replacement 

trials targeting the plakophilin-2 (PKP2) gene which encodes a desmosomal protein, 

mutations in which are responsible for up to 40% of ACM cases.
132
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Moving towards polygenic CVD, the areas where gene therapy is being deployed include 

hypertension and heart failure. Zilebesiran is a siRNA molecule that targets the production of 

angiotensinogen in the liver. Angiotensinogen is the most upstream precursor in the renin-

angiotensin-aldosterone-system. In the phase 2 study (KARDIA-1), a single administration of 

zilebesiran reduced ambulatory blood pressure and clinic systolic blood pressure at three- and 

six-months compared to baseline against placebo.
133

 A phase 3 study is currently ongoing 

enrolling individuals with mean clinic systolic blood pressure between 140-170 mmHg on 

stable therapy with two-to-four antihypertensive medication and a ten-year CVD risk of 

>15%.
134

 In heart failure, AB-1002 is being studied as part of the GenePHIT phase 2 study.
135

 

It is a gene replacement strategy delivering a constitutively active form of protein 

phosphatase inhibitor (I-1c) to restore cardiomyocyte intracellular calcium homeostasis, it is 

administered by percutaneous intracoronary infusion. It is enrolling adults with non-ischemic 

cardiomyopathy and NYHA Class II heart failure symptoms. As well as ongoing trials in 

common CVD, it is also instructive to consider previous trials which did not meet their end-

points, highlighting that the translation from promising pre-clinical findings to patient benefit 

is not always straightforward. One such example was the CUPID 2 trial of  SERCA2a 

(sarcoplasmic/endoplasmic reticulum Ca²⁺ ATPase enzyme, responsible for calcium handling) 

overexpression for patients with advanced heart failure with reduced ejection fraction.
136

 This 

Phase 2b randomized trial did not show any benefit despite promising support from 

preclinical and pilot data.
137

 Interestingly, the gene encoding SERCA2a, ATP2A2, has not 

been implicated in GWAS for heart failure or ventricular phenotypes.
16,17,138,139

 Furthermore, 

a recent proteomics analysis of cardiac tissue from end-stage heart failure patients and 

controls demonstrating no difference in SERCA2a protein abundance.
140

 This serves to 

highlight how genomic evidence, as well as incorporating detailed knowledge of tissue-level 

changes, can be critical when it comes to selecting targets to pursue in the context of gene 

therapy.  

 

5.4. Challenges facing gene therapy 

Gene therapy is the most advanced frontier of CVD management incorporating genomics. In 

addition to the challenges surrounding toxicity, tropism and repeat dosing, there are relatively 

complex issues around trial design itself. Firstly, it is not straightforward to identify the right 

patient to partake; those with mild disease may not be able to demonstrate significant 

therapeutic benefit during the trial follow-up period whereas those with more severe 
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phenotypes, given that it is unclear as to whether gene therapy can improve or revert disease 

its advanced stages, may not derive any benefit whatsoever. Secondly, evaluation of genome 

delivery to target cells requires biopsy in order to perform RNA expression to determine the 

number of transcript copies per cell. In the case of cardiomyocyte, endomyocardial biopsies 

would be needed with non-trivial complications from the procedure. A further consideration 

is cost, given the degree of research that is required to bring a gene therapy to market, the 

cost to the healthcare system or patient will inevitably be high. As an example, SRP-9001, 

recently approved for use in young pediatric patients with Duchenne muscular dystrophy, has 

been priced at $3.2 million per patient.
141

 It has been well documented that significant health 

inequality exists in the implementation of genomics and personalized medicine.
142

 Now that 

the use of genomics is growing beyond screening, diagnosis and risk prediction and into 

therapeutics, there is potential that this gap will widen; it would be prudent to address these 

challenges before they become too firmly entrenched. 

 

6. Conclusions 

 

The understanding of the genetic basis of rare and common cardiovascular diseases has 

advanced substantially over the last 25 years. Evaluating genomic information now forms 

part of routine clinical workflow for inherited cardiac conditions in improving diagnostic 

decision making, screening of relatives and guiding decisions on therapy. In common 

cardiovascular conditions, new insights borne from genome-wide data and polygenic risk 

scores is permitting delineation of novel biological pathways of disease, drug discovery and 

refinement of risk stratification. The promise of genome editing technologies to effectively 

cure diseases represent an application that may revolutionize our approach to certain 

conditions and is attracting large amounts of investment. All of these taken together highlight 

the role of genomics in bringing personalized medicine to the forefront of the management of 

cardiovascular disease, albeit with the challenge of ensuring that this is an equitable and 

accessible option for all.  
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Figure Legends 

 

Figure 1/Graphical Abstract: The Role of Genomics in Personalized Cardiovascular 

Treatment 

Key areas where genomics is enabling development of personalized cardiovascular medicine 

include genetic screening for early detection of hereditary cardiovascular conditions, tailored 

management strategies to optimize patient-specific care, diagnostic clarification to refine 

disease categorization, pharmacogenomics to guide medication choices based on genetic 

profiles, polygenic risk prediction for assessing multifactorial disease susceptibility and  

genome editing to correct or modify genetic defects. Taken together, these genomic 

approaches advance precision medicine in cardiovascular health. 

 

Figure 2: Diagnostic, prognostic and clinical management of the three main Long QT 

syndrome subtypes. 

Overview of genotype specific differences in Long QT syndrome. LQTS: Long QT syndrome  

 

Figure 3: Mechanism of action of mavacamten in hypertrophic cardiomyopathy 

(HCM).  

In the HCM cardiac sarcomere, excessive myosin-actin crossbridges lead to 

hypercontractility, increased left ventricular outflow tract obstruction, and impaired cardiac 

efficiency. Mavacamten, a selective cardiac myosin inhibitor, binds to the myosin heads in 

their "off" state, reducing the number of myosin heads available for interaction with actin. 

This results in fewer crossbridges forming during contraction, thereby decreasing 

hypercontractility and restoring normal myocardial relaxation. Consequently, mavacamten 

reduces left ventricular outflow tract gradient and improves ejection fraction, enhancing 

cardiac function, physical performance, and quality of life for patients with HCM.  

 

Figure 4: Mechanism of RNA interference (RNAi) mediated by small interfering RNA 

(siRNA).  

The RNA-induced silencing complex (RISC) incorporates siRNA, which then binds to a 

complementary mRNA sequence. The mRNA is cleaved at a specific site, as directed by the 

siRNA sequence. The cleaved mRNA fragments are subsequently degraded within the cell, 

leading to a reduction in the corresponding protein production. This process demonstrates the 

role of siRNA in post-transcriptional gene silencing. 

 

Figure 5: Schematic of CRISPR/Cas9 genome editing mechanism in cardiomyocytes.  

An adeno-associated virus (AAV) vector delivers the CRISPR/Cas9 system, including the 

single-guide RNA (sgRNA), into the cardiomyocyte. This is administered via intravenous 

infusion. AAV vectors demonstrate high affinity for cardiomyocytes but also for hepatic cells. 

The Cas9 protein, guided by the sgRNA, induces a site-specific double-stranded DNA break 

at the gene of interest. This can result in either disruption or correction of the gene. 

Disruption occurs through nucleotide deletions or insertions, leading to frameshift mutations 

and loss of gene function. Correction involves the introduction of donor DNA to repair the 

gene via homologous recombination, restoring normal function.  
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Table 1: Summary of Main Hypertrophic Cardiomyopathy Phenocopies 

Cellular location/biological 

function 
Disease Protein Gene Key Features Mode of Inheritance 

Metabolic regulation/glycogen 

metabolism 
PRKAG2 syndrome 

AMP‐activated protein kinase 

(γ2 subunit) 
PRKAG2 

Glycogen storage in myocytes and conducting 

tissue; may present with WPW syndrome and 

progressive conduction system disease in 

addition to LV hypertrophy. 

AD 

Lysosomal membrane Danon disease 
Lysosomal‐associated 

membrane protein 2 
LAMP2 

Severe hypertrophy, skeletal myopathy, variable 

conduction abnormalities; often more severe in 

males. 

X‐linked 

Lysosomal glycosphingolipid 

catabolism 
Fabry disease Alpha‐galactosidase A GLA 

Characterised by left ventricular hypertrophy, 

acroparesthesias, angiokeratomas, renal 

impairment; may cause “pseudo‐HCM” with 

distinctive extra‐cardiac findings. 

X‐linked 

Lysosomal glycogen 

metabolism 
Pompe disease Lysosomal acid α‐glucosidase GAA 

Can present with infantile‐onset 

cardiomyopathy (often rapidly fatal if untreated) 

or late‐onset “limb‐girdle” phenotype with 

possible LV hypertrophy. 

AR 

RAS–MAPK pathway 
Rasopathies (e.g. Noonan 

syndrome) 

RAS/MAPK signalling 

molecules (e.g. KRAS, SOS1, 

PTPN11, RAF1) 

KRAS, SOS1, PTPN11, RAF1 

Systemic involvement with characteristic facial 

features, short stature, variable developmental 

aspects; hypertrophic cardiomyopathy is a 

common cardiac manifestation. 

AD 

Other Hereditary (ATTR) amyloidosis Transthyretin TTR 

Amyloid deposits in the myocardium can mimic 

HCM, often with restrictive features; can also 

cause carpal tunnel syndrome, peripheral 

neuropathy. 

AD 

Mitochondrial energy 

metabolism 

Mitochondrial 

cardiomyopathies 
Multiple 

Various mitochondrial 

genes/variants 

Often present with multisystem involvement, 

including neuromuscular deficits, sensorineural 

hearing loss, diabetes mellitus; can show LV 

hypertrophy and conduction abnormalities. 

AD, AR, or matrilineal 
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Mitochondrial iron homeostasis 

/ metabolism 
Friedreich’s ataxia Frataxin FXN 

Neurological disorder (ataxia, dysarthria, 

neuropathy), diabetes mellitus, and frequent 

hypertrophic cardiomyopathy that can be a 

major cause of early mortality. 

AR 

AD (autosomal dominant), AR (autosomal recessive), ATTR (transthyretin amyloidosis), FXN (frataxin), GAA (lysosomal acid α-glucosidase), GLA (alpha-galactosidase A), HCM (hypertrophic 

cardiomyopathy), KRAS (Kirsten rat sarcoma viral oncogene homolog), LAMP2 (lysosomal-associated membrane protein 2), LV (left ventricular), MAPK (mitogen-activated protein kinase), 

PRKAG2 (protein kinase AMP-activated non-catalytic subunit gamma 2), PTPN11 (protein tyrosine phosphatase non-receptor type 11), RAF1 (Raf-1 proto-oncogene, serine/threonine kinase), 

RAS (rat sarcoma viral oncogene homolog), SOS1 (SOS Ras/Rac guanine nucleotide exchange factor 1), WPW (Wolff-Parkinson-White syndrome). 
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Table 2: Overview of current cardiovascular disease gene therapy trials 

Trial identifier 
Therapeutic 

compound 
Disease Gene Target Approach Delivery Vector Trial Phase 

NCT05885412 RP-A601 Arrhythmogenic cardiomyopathy PKP2 Gene replacement AAV 1 

NCT06109181 LX2020 Arrhythmogenic cardiomyopathy PKP2 Gene replacement AAV 1, 2 

NCT06228924 TN-401 Arrhythmogenic cardiomyopathy PKP2 Gene replacement AAV 1 

NCT05836259 TN-201 Hypertrophic cardiomyopathy MYBPC3 Gene replacement AAV 1b, 2 

NCT05445323 LX2006 Friedreich ataxia FXN Gene replacement AAV 1, 2 

NCT05302271 AAVrh.10hFXN Friedreich ataxia FXN Gene replacement AAV 1a, 1b 

NCT04174105 AT845 Pompe disease GAA Gene replacement AAV 1, 2 

NCT03533673 ACTUS-101 Pompe disease GAA Gene replacement AAV 1, 2 

NCT04093349 SPK-3006 Pompe disease GAA Gene replacement AAV 1, 2 

NCT00976352 AAV-GAA Pompe disease GAA Gene replacement AAV 1, 2 

NCT02240407 AAV-GAA Pompe disease GAA Gene replacement AAV 1 

NCT04046224 ST-920 Fabry disease GLA Gene replacement AAV 1, 2 

NCT04519749 4D-310 Fabry disease GLA Gene replacement AAV 1, 2 

NCT06092034 RP-A501 Danon disease LAMP2 Gene replacement AAV 2 

NCT06128629 NTLA-2001 Transthyretin amyloidosis TTR Gene editing LNP 3 

NCT05598333 AB-1002 Ischemic cardiomyopathy and heart failure PP1 Protein inhibition AAV 2 

NCT06125847 NGGT006 Familial hypercholesterolemia LDLR Gene replacement AAV 1 

NCT00891306 LPLS447X Familial hypercholesterolemia LDLR Gene replacement AAV 2, 3 

NCT06293729 NGGT006 Familial hypercholesterolemia LDLR Gene replacement AAV 1 

NCT06112327 VERVE-101 Familial hypercholesterolemia PCSK9 Gene editing LNP 1 (paused) 
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NCT06164730 VERVE-102 Familial hypercholesterolemia PCSK9 Gene editing LNP 1 

NCT06451770 VERVE-201 Familial hypercholesterolemia ANGPTL3 Gene editing LNP 1 

NCT05860569 GC304 Hypertriglyceridemia LPL Gene replacement AAV 1 

Trial identifier denotes ClinicalTrials.gov reference. AAV (adeno-associated virus), LNP (lipid nanoparticle). 

   



 

 26 

 

References 

1.  Mensah GA, Fuster V, Murray CJL, Roth GA, Global Burden of Cardiovascular 

Diseases and Risks Collaborators. Global Burden of Cardiovascular Diseases and 

Risks, 1990-2022. J Am Coll Cardiol. 2023;82:2350–2473.  

2.  van Schaik TA, Kovalevskaya NV, Protopapas E, Wahid H, Nielsen FGG. The need to 

redefine genomic data sharing: A focus on data accessibility. Applied & Translational 

Genomics. 2014;3:100–104.  

3.  Abdulrahim JW, Kwee LC, Alenezi F, Sun AY, Baras A, Ajayi TA, Henao R, Holley C, 

McGarrah R, Daubert JP, et al. Identification of Undetected Monogenic Cardiovascular 

Disorders. J Am Coll Cardiol. 2020;76:797–808.  

4.  Topriceanu C-C, Pereira AC, Moon JC, Captur G, Ho CY. Meta-Analysis of Penetrance 

and Systematic Review on Transition to Disease in Genetic Hypertrophic 

Cardiomyopathy. Circulation. 2024;149:107–123.  

5.  Priori SG, Napolitano C, Schwartz PJ. Low penetrance in the long-QT syndrome: 

clinical impact. Circulation. 1999;99:529–533.  

6.  Lorenzini M, Norrish G, Field E, Ochoa JP, Cicerchia M, Akhtar MM, Syrris P, Lopes 

LR, Kaski JP, Elliott PM. Penetrance of Hypertrophic Cardiomyopathy in Sarcomere 

Protein Mutation Carriers. J Am Coll Cardiol. 2020;76:550–559.  

7.  James CA, Bhonsale A, Tichnell C, Murray B, Russell SD, Tandri H, Tedford RJ, Judge 

DP, Calkins H. Exercise increases age-related penetrance and arrhythmic risk in 

arrhythmogenic right ventricular dysplasia/cardiomyopathy-associated desmosomal 

mutation carriers. J Am Coll Cardiol. 2013;62:1290–1297.  

8.  Harper AR, Goel A, Grace C, Thomson KL, Petersen SE, Xu X, Waring A, Ormondroyd 

E, Kramer CM, Ho CY, et al. Common genetic variants and modifiable risk factors 

underpin hypertrophic cardiomyopathy susceptibility and expressivity. Nat Genet. 

2021;53:135–142.  

9.  Lopes LR, Ho CY, Elliott PM. Genetics of hypertrophic cardiomyopathy: established 

and emerging implications for clinical practice. European Heart Journal. 

2024;ehae421.  

10.  Schipper M, Posthuma D. Demystifying non-coding GWAS variants: an overview of 

computational tools and methods. Hum Mol Genet. 2022;31:R73–R83.  

11.  Noordam R, Bos MM, Wang H, Winkler TW, Bentley AR, Kilpeläinen TO, de Vries PS, 

Sung YJ, Schwander K, Cade BE, et al. Multi-ancestry sleep-by-SNP interaction 

analysis in 126,926 individuals reveals lipid loci stratified by sleep duration. Nat 

Commun. 2019;10:5121.  

12.  Wang H, Noordam R, Cade BE, Schwander K, Winkler TW, Lee J, Sung YJ, Bentley 

AR, Manning AK, Aschard H, et al. Multi-ancestry genome-wide gene-sleep 

interactions identify novel loci for blood pressure. Mol Psychiatry. 2021;26:6293–

6304.  



 

 27 

13.  Keaton JM, Kamali Z, Xie T, Vaez A, Williams A, Goleva SB, Ani A, Evangelou E, 

Hellwege JN, Yengo L, et al. Genome-wide analysis in over 1 million individuals of 

European ancestry yields improved polygenic risk scores for blood pressure traits. Nat 

Genet. 2024;56:778–791.  

14.  Miyazawa K, Ito K, Ito M, Zou Z, Kubota M, Nomura S, Matsunaga H, Koyama S, Ieki 

H, Akiyama M, et al. Cross-ancestry genome-wide analysis of atrial fibrillation unveils 

disease biology and enables cardioembolic risk prediction. Nat Genet. 2023;55:187–

197.  

15.  Aragam KG, Jiang T, Goel A, Kanoni S, Wolford BN, Atri DS, Weeks EM, Wang M, 

Hindy G, Zhou W, et al. Discovery and systematic characterization of risk variants and 

genes for coronary artery disease in over a million participants. Nat Genet. 

2022;54:1803–1815.  

16.  Levin MG, Tsao NL, Singhal P, Liu C, Vy HMT, Paranjpe I, Backman JD, Bellomo TR, 

Bone WP, Biddinger KJ, et al. Genome-wide association and multi-trait analyses 

characterize the common genetic architecture of heart failure. Nat Commun. 

2022;13:6914.  

17.  Henry A, Mo X, Finan C, Chaffin MD, Speed D, Issa H, Denaxas S, Ware JS, Zheng 

SL, Malarstig A, et al. Genome-wide association study meta-analysis provides insights 

into the etiology of heart failure and its subtypes. Nat Genet. 2025;1–14.  

18.  Sollis E, Mosaku A, Abid A, Buniello A, Cerezo M, Gil L, Groza T, Güneş O, Hall P, 

Hayhurst J, et al. The NHGRI-EBI GWAS Catalog: knowledgebase and deposition 

resource. Nucleic Acids Res. 2023;51:D977–D985.  

19.  Taliun D, Harris DN, Kessler MD, Carlson J, Szpiech ZA, Torres R, Taliun SAG, 

Corvelo A, Gogarten SM, Kang HM, et al. Sequencing of 53,831 diverse genomes 

from the NHLBI TOPMed Program. Nature. 2021;590:290–299.  

20.  Hawkes G, Beaumont RN, Li Z, Mandla R, Li X, Albert CM, Arnett DK, Ashley-Koch 

AE, Ashrani AA, Barnes KC, et al. Whole-genome sequencing in 333,100 individuals 

reveals rare non-coding single variant and aggregate associations with height. Nat 

Commun. 2024;15:8549.  

21.  Fatumo S, Chikowore T, Choudhury A, Ayub M, Martin AR, Kuchenbäcker K. Diversity 

in Genomic Studies: A Roadmap to Address the Imbalance. Nat Med. 2022;28:243–

250.  

22.  Ochoa D, Hercules A, Carmona M, Suveges D, Baker J, Malangone C, Lopez I, 

Miranda A, Cruz-Castillo C, Fumis L, et al. The next-generation Open Targets 

Platform: reimagined, redesigned, rebuilt. Nucleic Acids Res. 2023;51:D1353–D1359.  

23.  Kang H, Pan S, Lin S, Wang Y-Y, Yuan N, Jia P. PharmGWAS: a GWAS-based 

knowledgebase for drug repurposing. Nucleic Acids Research. 2024;52:D972–D979.  

24.  Schunkert H, Di Angelantonio E, Inouye M, Patel RS, Ripatti S, Widen E, Sanderson 

SC, Kaski JP, McEvoy JW, Vardas P, et al. Clinical utility and implementation of 

polygenic risk scores for predicting cardiovascular disease: A clinical consensus 

statement of the ESC Council on Cardiovascular Genomics, the ESC Cardiovascular 



 

 28 

Risk Collaboration, and the European Association of Preventive Cardiology. European 

Heart Journal. 2025;ehae649.  

25.  Arbelo E, Protonotarios A, Gimeno JR, Arbustini E, Barriales-Villa R, Basso C, Bezzina 

CR, Biagini E, Blom NA, de Boer RA, et al. 2023 ESC Guidelines for the management 

of cardiomyopathies: Developed by the task force on the management of 

cardiomyopathies of the European Society of Cardiology (ESC). European Heart 

Journal. 2023;44:3503–3626.  

26.  Ommen SR, Ho CY, Asif IM, Balaji S, Burke MA, Day SM, Dearani JA, Epps KC, 

Evanovich L, Ferrari VA, et al. 2024 AHA/ACC/AMSSM/HRS/PACES/SCMR 

Guideline for the Management of Hypertrophic Cardiomyopathy: A Report of the 

American Heart Association/American College of Cardiology Joint Committee on 

Clinical Practice Guidelines. J Am Coll Cardiol. 2024; 

27.  Elliott P, Schunkert H, Bondue A, Behr E, Carrier L, Van Duijn C, García-Pavía P, van 

der Harst P, Kavousi M, Loeys B, et al. Integration of genetic testing into diagnostic 

pathways for cardiomyopathies: a clinical consensus statement by the ESC Council on 

Cardiovascular Genomics. European Heart Journal. 2025;46:344–353.  

28.  Hypertrophic cardiomyopathy (Version 4.21) [Internet]. [cited 2025 Feb 27];Available 

from: https://panelapp.genomicsengland.co.uk/panels/49/ 

29.  Rubinstein WS, Maglott DR, Lee JM, Kattman BL, Malheiro AJ, Ovetsky M, Hem V, 

Gorelenkov V, Song G, Wallin C, et al. The NIH genetic testing registry: a new, 

centralized database of genetic tests to enable access to comprehensive information 

and improve transparency. Nucleic Acids Res. 2013;41:D925–D935.  

30.  England NHS. NHS England » National genomic test directory [Internet]. 2018 [cited 

2024 Dec 16];Available from: https://www.england.nhs.uk/publication/national-

genomic-test-directories/ 

31.  Kramer CM, Appelbaum E, Desai MY, Desvigne-Nickens P, DiMarco JP, Friedrich MG, 

Geller N, Heckler S, Ho CY, Jerosch-Herold M, et al. Hypertrophic Cardiomyopathy 

Registry: The rationale and design of an international, observational study of 

hypertrophic cardiomyopathy. Am Heart J. 2015;170:223–230.  

32.  Hypertrophic cardiomyopathy — Knowledge Hub [Internet]. GeNotes. [cited 2024 Jul 

19];Available from: https://www.genomicseducation.hee.nhs.uk/genotes/knowledge-

hub/hypertrophic-cardiomyopathy/ 

33.  Bakalakos A, Monda E, Elliott PM. The Diagnostic and Therapeutic Implications of 

Phenocopies and Mimics of Hypertrophic Cardiomyopathy. Canadian Journal of 

Cardiology [Internet]. 2024 [cited 2024 Apr 29];Available from: 

https://www.sciencedirect.com/science/article/pii/S0828282X24001909 

34.  Ireland CG, Ho CY. Genetic Testing in Hypertrophic Cardiomyopathy. American 

Journal of Cardiology. 2024;212:S4–S13.  

35.  Cox E, Faria R, Saramago P, Haralambos K, Watson M, Humphries SE, Qureshi N, 

Woods B. Challenges and opportunities for identifying people with Familial 

hypercholesterolaemia in the UK: Evidence from the National FH PASS database. 



 

 29 

Journal of Clinical Lipidology [Internet]. 2024 [cited 2024 Dec 16];Available from: 

https://www.sciencedirect.com/science/article/pii/S1933287424002344 

36.  Santos RD, Stein EA, Hovingh GK, Blom DJ, Soran H, Watts GF, López JAG, Bray S, 

Kurtz CE, Hamer AW, et al. Long-Term Evolocumab in Patients With 

Familial Hypercholesterolemia. J Am Coll Cardiol. 2020;75:565–574.  

37.  Hegele RA, Borén J, Ginsberg HN, Arca M, Averna M, Binder CJ, Calabresi L, 

Chapman MJ, Cuchel M, von Eckardstein A, et al. Rare dyslipidaemias, from 

phenotype to genotype to management: a European Atherosclerosis Society task force 

consensus statement. Lancet Diabetes Endocrinol. 2020;8:50–67.  

38.  Young WJ, Lahrouchi N, Isaacs A, Duong T, Foco L, Ahmed F, Brody JA, Salman R, 

Noordam R, Benjamins J-W, et al. Genetic analyses of the electrocardiographic QT 

interval and its components identify additional loci and pathways. Nat Commun. 

2022;13:5144.  

39.  Barsheshet A, Dotsenko O, Goldenberg I. Genotype-specific risk stratification and 

management of patients with long QT syndrome. Ann Noninvasive Electrocardiol. 

2013;18:499–509.  

40.  Priori SG, Napolitano C, Schwartz PJ, Grillo M, Bloise R, Ronchetti E, Moncalvo C, 

Tulipani C, Veia A, Bottelli G, et al. Association of long QT syndrome loci and cardiac 

events among patients treated with beta-blockers. JAMA. 2004;292:1341–1344.  

41.  Bos JM, Crotti L, Rohatgi RK, Castelletti S, Dagradi F, Schwartz PJ, Ackerman MJ. 

Mexiletine Shortens the QT Interval in Patients With Potassium Channel-Mediated 

Type 2 Long QT Syndrome. Circ Arrhythm Electrophysiol. 2019;12:e007280.  

42.  Monda E, Lioncino M, Verrillo F, Rubino M, Caiazza M, Mauriello A, Guarnaccia N, 

Fusco A, Cirillo A, Covino S, et al. The Role of Genetic Testing in Patients with 

Heritable Thoracic Aortic Diseases. Diagnostics (Basel). 2023;13:772.  

43.  Isselbacher EM, Preventza O, Hamilton Black J, Augoustides JG, Beck AW, Bolen MA, 

Braverman AC, Bray BE, Brown-Zimmerman MM, Chen EP, et al. 2022 ACC/AHA 

Guideline for the Diagnosis and Management of Aortic Disease: A Report of the 

American Heart Association/American College of Cardiology Joint Committee on 

Clinical Practice Guidelines. Circulation. 2022;146:e334–e482.  

44.  Li B, Sangkuhl K, Whaley R, Woon M, Keat K, Whirl-Carrillo M, Ritchie MD, Klein 

TE. Frequencies of pharmacogenomic alleles across biogeographic groups in a large-

scale biobank. Am J Hum Genet. 2023;110:1628–1647.  

45.  Byrne RA, Rossello X, Coughlan JJ, Barbato E, Berry C, Chieffo A, Claeys MJ, Dan G-

A, Dweck MR, Galbraith M, et al. 2023 ESC Guidelines for the management of acute 

coronary syndromes: Developed by the task force on the management of acute 

coronary syndromes of the European Society of Cardiology (ESC). European Heart 

Journal. 2023;44:3720–3826.  

46.  Valgimigli M, Frigoli E, Heg D, Tijssen J, Jüni P, Vranckx P, Ozaki Y, Morice M-C, 

Chevalier B, Onuma Y, et al. Dual Antiplatelet Therapy after PCI in Patients at High 

Bleeding Risk. New England Journal of Medicine. 2021;385:1643–1655.  



 

 30 

47.  Kleindorfer DO, Towfighi A, Chaturvedi S, Cockroft KM, Gutierrez J, Lombardi-Hill 

D, Kamel H, Kernan WN, Kittner SJ, Leira EC, et al. 2021 Guideline for the 

Prevention of Stroke in Patients With Stroke and Transient Ischemic Attack: A 

Guideline From the American Heart Association/American Stroke Association. Stroke. 

2021;52:e364–e467.  

48.  Overview | Stroke and transient ischaemic attack in over 16s: diagnosis and initial 

management | Guidance | NICE [Internet]. 2019 [cited 2024 Dec 16];Available from: 

https://www.nice.org.uk/guidance/ng128 

49.  Magavern EF, Jacobs B, Warren H, Finocchiaro G, Finer S, null  null, van HDA, 

Smedley D, Caulfield MJ. CYP2C19 Genotype Prevalence and Association With 

Recurrent Myocardial Infarction in British–South Asians Treated With Clopidogrel. 

JACC: Advances. 2023;2:100573.  

50.  Kheiri B, Simpson TF, Osman M, Kumar K, Przybylowicz R, Merrill M, Golwala H, 

Rahmouni H, Cigarroa JE, Zahr F. Genotype-Guided Strategy for P2Y12 Inhibitors in 

Coronary Artery Disease: A Meta-Analysis of Randomized Clinical Trials. JACC 

Cardiovasc Interv. 2020;13:659–661.  

51.  Magavern E.F., Kaski J.C., Turner R.M., Drexel H., Janmohamed A., Scourfield A., 

Burrage D., Floyd C.N., Adeyeye E., Tamargo J., et al. The role of pharmacogenomics 

in contemporary cardiovascular therapy: A position statement from the European 

Society of Cardiology Working Group on Cardiovascular Pharmacotherapy. Eur Heart 

J Cardiovasc. Pharmacother. 2022;8:85–99.  

52.  Pereira NL, Cresci S, Angiolillo DJ, Batchelor W, Capers Q, Cavallari LH, Leifer D, 

Luzum JA, Roden DM, Stellos K, et al. CYP2C19 Genetic Testing for Oral P2Y12 

Inhibitor Therapy: A Scientific Statement From the American Heart Association. 

Circulation. 2024;150:e129–e150.  

53.  Povsic TJ, Ohman EM, Roe MT, White J, Rockhold FW, Montalescot G, Cornel JH, 

Nicolau JC, Steg PG, James S, et al. P2Y12 Inhibitor Switching in Response to 

Routine Notification of CYP2C19 Clopidogrel Metabolizer Status Following Acute 

Coronary Syndromes. JAMA Cardiol. 2019;4:680–684.  

54.  Zanger UM, Schwab M. Cytochrome P450 enzymes in drug metabolism: regulation of 

gene expression, enzyme activities, and impact of genetic variation. Pharmacol Ther. 

2013;138:103–141.  

55.  Meloche M, Khazaka M, Kassem I, Barhdadi A, Dubé M-P, de Denus S. CYP2D6 

polymorphism and its impact on the clinical response to metoprolol: A systematic 

review and meta-analysis. British Journal of Clinical Pharmacology. 2020;86:1015–

1033.  

56.  Anstensrud AK, Molden E, Haug HJ, Qazi R, Muriq H, Fosshaug LE, Spigset O, Øie E. 

Impact of genotype-predicted CYP2D6 metabolism on clinical effects and tolerability 

of metoprolol in patients after myocardial infarction - a prospective observational 

study. Eur J Clin Pharmacol. 2020;76:673–683.  



 

 31 

57.  Luzum JA, Sweet KM, Binkley PF, Schmidlen TJ, Jarvis JP, Christman MF, Sadee W, 

Kitzmiller JP. CYP2D6 Genetic Variation and Beta-Blocker Maintenance Dose in 

Patients with Heart Failure. Pharm Res. 2017;34:1615–1625.  

58.  Batty JA, Hall AS, White HL, Wikstrand J, de Boer RA, van Veldhuisen DJ, van der 

Harst P, Waagstein F, Hjalmarson Å, Kjekshus J, et al. An investigation of CYP2D6 

genotype and response to metoprolol CR/XL during dose titration in patients with heart 

failure: a MERIT-HF substudy. Clin Pharmacol Ther. 2014;95:321–330.  

59.  Kawas RF, Anderson RL, Ingle SRB, Song Y, Sran AS, Rodriguez HM. A small-

molecule modulator of cardiac myosin acts on multiple stages of the myosin 

chemomechanical cycle. J Biol Chem. 2017;292:16571–16577.  

60.  Braunwald E, Saberi S, Abraham TP, Elliott PM, Olivotto I. Mavacamten: a first-in-

class myosin inhibitor for obstructive hypertrophic cardiomyopathy. Eur Heart J. 

2023;44:4622–4633.  

61.  Olivotto I, Oreziak A, Barriales-Villa R, Abraham TP, Masri A, Garcia-Pavia P, Saberi 

S, Lakdawala NK, Wheeler MT, Owens A, et al. Mavacamten for treatment of 

symptomatic obstructive hypertrophic cardiomyopathy (EXPLORER-HCM): a 

randomised, double-blind, placebo-controlled, phase 3 trial. Lancet. 2020;396:759–

769.  

62.  Chiang M, Sychterz C, Perera V, Merali S, Palmisano M, Templeton IE, Gaohua L. 

Physiologically Based Pharmacokinetic Modeling and Simulation of Mavacamten 

Exposure with Drug-Drug Interactions from CYP Inducers and Inhibitors by CYP2C19 

Phenotype. Clin Pharmacol Ther. 2023;114:922–932.  

63.  Camzyos | European Medicines Agency (EMA) [Internet]. 2023 [cited 2024 Dec 

16];Available from: https://www.ema.europa.eu/en/medicines/human/EPAR/camzyos 

64.  Administration (TGA) TG. Camzyos | Therapeutic Goods Administration (TGA) 

[Internet]. 2022 [cited 2024 Dec 16];Available from: 

https://www.tga.gov.au/resources/auspmd/camzyos 

65.  Engreitz JM, Lawson HA, Singh H, Starita LM, Hon GC, Carter H, Sahni N, Reddy TE, 

Lin X, Li Y, et al. Deciphering the impact of genomic variation on function. Nature. 

2024;633:47–57.  

66.  Nelson MR, Tipney H, Painter JL, Shen J, Nicoletti P, Shen Y, Floratos A, Sham PC, Li 

MJ, Wang J, et al. The support of human genetic evidence for approved drug 

indications. Nat Genet. 2015;47:856–860.  

67.  Rusina PV, Falaguera MJ, Romero JMR, McDonagh EM, Dunham I, Ochoa D. Genetic 

support for FDA-approved drugs over the past decade. Nature Reviews Drug 

Discovery. 2023;22:864–864.  

68.  Graham SE, Clarke SL, Wu K-HH, Kanoni S, Zajac GJM, Ramdas S, Surakka I, Ntalla 

I, Vedantam S, Winkler TW, et al. The power of genetic diversity in genome-wide 

association studies of lipids. Nature. 2021;600:675–679.  



 

 32 

69.  Billings LK, Florez JC. The genetics of type 2 diabetes: what have we learned from 

GWAS? Ann N Y Acad Sci. 2010;1212:59–77.  

70.  Mishra A, Malik R, Hachiya T, Jürgenson T, Namba S, Posner DC, Kamanu FK, Koido 

M, Le Grand Q, Shi M, et al. Stroke genetics informs drug discovery and risk 

prediction across ancestries. Nature. 2022;611:115–123.  

71.  Davis B, Bernstein JA. Conestat alfa for the treatment of angioedema attacks. Ther Clin 

Risk Manag. 2011;7:265–273.  

72.  University Hospital, Basel, Switzerland. Recombinant Human C1 Esterase Inhibitor 

(Conestat Alfa) in the Prevention of Acute Ischemic Cerebral and Renal Events After 

Transcatheter Aortic Valve Implantation: a Multi-center, Randomized, Double-blind, 

Placebo-controlled Investigational Study (PAIR-TAVI). [Internet]. clinicaltrials.gov; 

2024 [cited 2024 Dec 17]. Available from: 

https://clinicaltrials.gov/study/NCT05145283 

73.  Mauersberger C, Schunkert H, Sager HB. Inflammation-Related Risk Loci in Genome-

Wide Association Studies of Coronary Artery Disease. Cells. 2021;10:440.  

74.  Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne C, Fonseca 

F, Nicolau J, Koenig W, Anker SD, et al. Antiinflammatory Therapy with 

Canakinumab for Atherosclerotic Disease. New England Journal of Medicine. 

2017;377:1119–1131.  

75.  Nidorf SM, Fiolet ATL, Mosterd A, Eikelboom JW, Schut A, Opstal TSJ, The SHK, Xu 

X-F, Ireland MA, Lenderink T, et al. Colchicine in Patients with Chronic Coronary 

Disease. New England Journal of Medicine. 2020;383:1838–1847.  

76.  Jolly SS, d’Entremont M-A, Lee SF, Mian R, Tyrwhitt J, Kedev S, Montalescot G, 

Cornel JH, Stanković G, Moreno R, et al. Colchicine in Acute Myocardial Infarction. 

New England Journal of Medicine [Internet]. [cited 2024 Dec 17];0. Available from: 

https://www.nejm.org/doi/full/10.1056/NEJMoa2405922 

77.  Visseren FLJ, Mach F, Smulders YM, Carballo D, Koskinas KC, Bäck M, Benetos A, 

Biffi A, Boavida J-M, Capodanno D, et al. 2021 ESC Guidelines on cardiovascular 

disease prevention in clinical practice. Eur Heart J. 2021;42:3227–3337.  

78.  Fujiyoshi A, Kohsaka S, Hata J, Hara M, Kai H, Masuda D, Miyamatsu N, Nishio Y, 

Ogura M, Sata M, et al. JCS 2023 Guideline on the Primary Prevention of Coronary 

Artery Disease. Circ J. 2024;88:763–842.  

79.  Arnett DK, Blumenthal RS, Albert MA, Buroker AB, Goldberger ZD, Hahn EJ, 

Himmelfarb CD, Khera A, Lloyd-Jones D, McEvoy JW, et al. 2019 ACC/AHA 

Guideline on the Primary Prevention of Cardiovascular Disease: A Report of the 

American College of Cardiology/American Heart Association Task Force on Clinical 

Practice Guidelines. Circulation. 2019;140:e596–e646.  

80.  Khanji MY, Bicalho VVS, van Waardhuizen CN, Ferket BS, Petersen SE, Hunink 

MGM. Cardiovascular Risk Assessment. Ann Intern Med. 2016;165:713–722.  



 

 33 

81.  Choi SW, Mak TS-H, O’Reilly PF. Tutorial: a guide to performing polygenic risk score 

analyses. Nat Protoc. 2020;15:2759–2772.  

82.  Mega JL, Stitziel NO, Smith JG, Chasman DI, Caulfield MJ, Devlin JJ, Nordio F, Hyde 

CL, Cannon CP, Sacks FM, et al. Genetic risk, coronary heart disease events, and the 

clinical benefit of statin therapy: an analysis of primary and secondary prevention 

trials. The Lancet. 2015;385:2264–2271.  

83.  Tada H, Melander O, Louie JZ, Catanese JJ, Rowland CM, Devlin JJ, Kathiresan S, 

Shiffman D. Risk prediction by genetic risk scores for coronary heart disease is 

independent of self-reported family history. European Heart Journal. 2016;37:561–

567.  

84.  Dudbridge F. Power and Predictive Accuracy of Polygenic Risk Scores. PLOS Genetics. 

2013;9:e1003348.  

85.  International Schizophrenia Consortium, Purcell SM, Wray NR, Stone JL, Visscher PM, 

O’Donovan MC, Sullivan PF, Sklar P. Common polygenic variation contributes to risk 

of schizophrenia and bipolar disorder. Nature. 2009;460:748–752.  

86.  Ge T, Chen C-Y, Ni Y, Feng Y-CA, Smoller JW. Polygenic prediction via Bayesian 

regression and continuous shrinkage priors. Nat Commun. 2019;10:1776.  

87.  Choi SW, O’Reilly PF. PRSice-2: Polygenic Risk Score software for biobank-scale data. 

GigaScience. 2019;8:giz082.  

88.  Zheng Z, Liu S, Sidorenko J, Wang Y, Lin T, Yengo L, Turley P, Ani A, Wang R, Nolte 

IM, et al. Leveraging functional genomic annotations and genome coverage to improve 

polygenic prediction of complex traits within and between ancestries. Nat Genet. 

2024;56:767–777.  

89.  Klarin D, Natarajan P. Clinical utility of polygenic risk scores for coronary artery 

disease. Nat Rev Cardiol. 2022;19:291–301.  

90.  Kuchler H. UK start-up Genomics raises £35mn for advanced genetic testing [Internet]. 

2024 [cited 2024 Dec 16];Available from: https://www.ft.com/content/53ae7f0e-1f5f-

4942-ac67-c6c99a9ad82f 

91.  Lambert SA, Gil L, Jupp S, Ritchie SC, Xu Y, Buniello A, McMahon A, Abraham G, 

Chapman M, Parkinson H, et al. The Polygenic Score Catalog as an open database for 

reproducibility and systematic evaluation. Nat Genet. 2021;53:420–425.  

92.  Abramowitz SA, Boulier K, Keat K, Cardone KM, Shivakumar M, DePaolo J, Judy R, 

Bermudez F, Mimouni N, Neylan C, et al. Evaluating Performance and Agreement of 

Coronary Heart Disease Polygenic Risk Scores. JAMA [Internet]. 2024 [cited 2024 

Dec 16];Available from: https://doi.org/10.1001/jama.2024.23784 

93.  Fuat A, Adlen E, Monane M, Coll R, Groves S, Little E, Wild J, Kamali FJ, Soni Y, 

Haining S, et al. A polygenic risk score added to a QRISK®2 cardiovascular disease 

risk calculator demonstrated robust clinical acceptance and clinical utility in the 

primary care setting. Eur J Prev Cardiol. 2024;31:716–722.  



 

 34 

94.  Mills MC, Rahal C. The GWAS Diversity Monitor tracks diversity by disease in real 

time. Nat Genet. 2020;52:242–243.  

95.  Fatumo S, Inouye M. African genomes hold the key to accurate genetic risk prediction. 

Nat Hum Behav. 2023;7:295–296.  

96.  Patel AP, Wang M, Ruan Y, Koyama S, Clarke SL, Yang X, Tcheandjieu C, Agrawal S, 

Fahed AC, Ellinor PT, et al. A multi-ancestry polygenic risk score improves risk 

prediction for coronary artery disease. Nat Med. 2023;29:1793–1803.  

97.  Ruan Y, Lin Y-F, Feng Y-CA, Chen C-Y, Lam M, Guo Z, Stanley Global Asia 

Initiatives, He L, Sawa A, Martin AR, et al. Improving polygenic prediction in 

ancestrally diverse populations. Nat Genet. 2022;54:573–580.  

98.  Hoggart CJ, Choi SW, García-González J, Souaiaia T, Preuss M, O’Reilly PF. 

BridgePRS leverages shared genetic effects across ancestries to increase polygenic risk 

score portability. Nat Genet. 2024;56:180–186.  

99.  Meisner J, Benros ME, Rasmussen S. Leveraging haplotype information in heritability 

estimation and polygenic prediction. Nat Commun. 2025;16:126.  

100.  Chalmers D, Nicol D, Kaye J, Bell J, Campbell AV, Ho CWL, Kato K, Minari J, Ho C, 

Mitchell C, et al. Has the biobank bubble burst? Withstanding the challenges for 

sustainable biobanking in the digital era. BMC Med Ethics. 2016;17:39.  

101.  Fry A, Littlejohns TJ, Sudlow C, Doherty N, Adamska L, Sprosen T, Collins R, Allen 

NE. Comparison of Sociodemographic and Health-Related Characteristics of UK 

Biobank Participants With Those of the General Population. Am J Epidemiol. 

2017;186:1026–1034.  

102.  Samani NJ, Beeston E, Greengrass C, Riveros-McKay F, Debiec R, Lawday D, Wang Q, 

Budgeon CA, Braund PS, Bramley R, et al. Polygenic risk score adds to a clinical risk 

score in the prediction of cardiovascular disease in a clinical setting. European Heart 

Journal. 2024;45:3152–3160.  

103.  Hippisley-Cox J, Coupland CAC, Bafadhel M, Russell REK, Sheikh A, Brindle P, 

Channon KM. Development and validation of a new algorithm for improved 

cardiovascular risk prediction. Nat Med. 2024;30:1440–1447.  

104.  Fan W, Wu C, Wong ND. Lipoprotein(a) Atherosclerotic Cardiovascular Disease Risk 

Score Development and Prediction in Primary Prevention From Real-World Data. Circ 

Genom Precis Med. 2025;18:e004631.  

105.  Gerasimavicius L, Livesey BJ, Marsh JA. Loss-of-function, gain-of-function and 

dominant-negative mutations have profoundly different effects on protein structure. 

Nat Commun. 2022;13:3895.  

106.  Bains S, Giudicessi JR, Odening KE, Ackerman MJ. State of Gene Therapy for 

Monogenic Cardiovascular Diseases. Mayo Clin Proc. 2024;99:610–629.  



 

 35 

107.  Gil-Cabrerizo P, Simon-Yarza T, Garbayo E, Blanco Prieto MJ. Navigating the 

landscape of RNA delivery systems in cardiovascular disease therapeutics. Advanced 

Drug Delivery Reviews. 2024;208:115302.  

108.  Clemens PR, Rao VK, Connolly AM, Harper AD, Mah JK, Smith EC, McDonald CM, 

Zaidman CM, Morgenroth LP, Osaki H, et al. Safety, Tolerability, and Efficacy of 

Viltolarsen in Boys With Duchenne Muscular Dystrophy Amenable to Exon 53 

Skipping: A Phase 2 Randomized Clinical Trial. JAMA Neurol. 2020;77:982–991.  

109.  Liu N, Olson EN. CRISPR Modeling and Correction of Cardiovascular Disease. 

Circulation Research. 2022;130:1827–1850.  

110.  Schene IF, Joore IP, Oka R, Mokry M, van Vugt AHM, van Boxtel R, van der Doef HPJ, 

van der Laan LJW, Verstegen MMA, van Hasselt PM, et al. Prime editing for 

functional repair in patient-derived disease models. Nat Commun. 2020;11:5352.  

111.  Li T, Yang Y, Qi H, Cui W, Zhang L, Fu X, He X, Liu M, Li P, Yu T. CRISPR/Cas9 

therapeutics: progress and prospects. Sig Transduct Target Ther. 2023;8:1–23.  

112.  Hwang H-Y, Gim D, Yi H, Jung H, Lee J, Kim D. Precise editing of pathogenic 

nucleotide repeat expansions in iPSCs using paired prime editor. Nucleic Acids Res. 

2024;52:5792–5803.  

113.  Bell CG. Epigenomic insights into common human disease pathology. Cell. Mol. Life 

Sci. 2024;81:178.  

114.  McCutcheon SR, Rohm D, Iglesias N, Gersbach CA. Epigenome editing technologies 

for discovery and medicine. Nat Biotechnol. 2024;42:1199–1217.  

115.  Roth GV, Gengaro IR, Qi LS. Precision epigenetic editing: Technological advances, 

enduring challenges, and therapeutic applications. Cell Chemical Biology. 

2024;31:1422–1446.  

116.  Samulski RJ, Muzyczka N. AAV-Mediated Gene Therapy for Research and Therapeutic 

Purposes. Annu Rev Virol. 2014;1:427–451.  

117.  Zacchigna S, Zentilin L, Giacca M. Adeno-associated virus vectors as therapeutic and 

investigational tools in the cardiovascular system. Circ Res. 2014;114:1827–1846.  

118.  Chamberlain K, Riyad JM, Weber T. Expressing Transgenes That Exceed the Packaging 

Capacity of Adeno-Associated Virus Capsids. Hum Gene Ther Methods. 2016;27:1–12.  

119.  Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, Novak R, Diemert D, Spector 

SA, Rouphael N, Creech CB, et al. Efficacy and Safety of the mRNA-1273 SARS-

CoV-2 Vaccine. N Engl J Med. 2021;384:403–416.  

120.  Cheng Q, Wei T, Farbiak L, Johnson LT, Dilliard SA, Siegwart DJ. Selective organ 

targeting (SORT) nanoparticles for tissue-specific mRNA delivery and CRISPR–Cas 

gene editing. Nat. Nanotechnol. 2020;15:313–320.  

121.  Maurer MS, Schwartz JH, Gundapaneni B, Elliott PM, Merlini G, Waddington-Cruz M, 

Kristen AV, Grogan M, Witteles R, Damy T, et al. Tafamidis Treatment for Patients 



 

 36 

with Transthyretin Amyloid Cardiomyopathy. New England Journal of Medicine. 

2018;379:1007–1016.  

122.  Fontana M, Berk JL, Gillmore JD, Witteles RM, Grogan M, Drachman B, Damy T, 

Garcia-Pavia P, Taubel J, Solomon SD, et al. Vutrisiran in Patients with Transthyretin 

Amyloidosis with Cardiomyopathy. New England Journal of Medicine [Internet]. 

[cited 2024 Dec 18];0. Available from: 

https://www.nejm.org/doi/full/10.1056/NEJMoa2409134 

123.  Adams D, Gonzalez-Duarte A, O’Riordan WD, Yang C-C, Ueda M, Kristen AV, 

Tournev I, Schmidt HH, Coelho T, Berk JL, et al. Patisiran, an RNAi Therapeutic, for 

Hereditary Transthyretin Amyloidosis. New England Journal of Medicine. 

2018;379:11–21.  

124.  Fontana M, Solomon SD, Kachadourian J, Walsh L, Rocha R, Lebwohl D, Smith D, 

Täubel J, Gane EJ, Pilebro B, et al. CRISPR-Cas9 Gene Editing with Nexiguran 

Ziclumeran for ATTR Cardiomyopathy. New England Journal of Medicine. 

2024;391:2231–2241.  

125.  Ray KK, Wright RS, Kallend D, Koenig W, Leiter LA, Raal FJ, Bisch JA, Richardson T, 

Jaros M, Wijngaard PLJ, et al. Two Phase 3 Trials of Inclisiran in Patients with 

Elevated LDL Cholesterol. New England Journal of Medicine. 2020;382:1507–1519.  

126.  Horie T, Ono K. VERVE-101: a promising CRISPR-based gene editing therapy that 

reduces LDL-C and PCSK9 levels in HeFH patients. European Heart Journal - 

Cardiovascular Pharmacotherapy. 2024;10:89–90.  

127.  Verve Therapeutics Pauses Enrollment in Cardiovascular Base-Editing Drug After 

Safety Report [Internet]. Precision Medicine Online. 2024 [cited 2024 Apr 

28];Available from: https://www.precisionmedicineonline.com/business-news/verve-

therapeutics-pauses-enrollment-cardiovascular-base-editing-drug-after-safety 

128.  Haroldson J, Harrison W, Lombardi L, Argast G, Duclos Z, Nelson S, Sethi S, 

Tomlinson L, Paterson N, Pollman M, et al. MyPeak-1: A Phase 1b Study to Evaluate 

Safety and Efficacy of TN-201, an Adeno-Associated Virus Serotype 9 (AAV9) 

Investigational Gene Therapy, in Adults with MYBPC3-Associated Hypertrophic 

Cardiomyopathy (HCM). Journal of Cardiac Failure. 2024;30:S5.  

129.  Coggins M, Shah M, Datto C, Narayanan B, Wishneski C, Reilly S, Parthasarathy G, 

Hickey L, Kasbekar S, Rossano J, et al. Phase I gene therapy clinical trial design of 

RP-A601 in adult patients with PKP2-arrhythmogenic cardiomyopathy (PKP2-ACM). 

European Heart Journal. 2024;45:ehae666.3643.  

130.  Zhang J, Gutierrez Lara EJ, Do A, Nguyen L, Nair A, Selvan N, Fenn T, Adler E, 

Khanna R, Sheikh F. Abstract We117: Preclinical Evidence of Long-term Efficacy and 

Safety of LX2020, an AAV based Plakophilin-2 Gene Therapy, for the Treatment of 

Arrhythmogenic Cardiomyopathy. Circulation Research. 2024;135:AWe117–AWe117.  

131.  Tenaya Therapeutics. First-in-Human, Open-Label, Safety, Tolerability, Dose-Finding, 

Pharmacodynamic and Cardiac Transgene Expression Study of TN-401, a 

Recombinant Adeno-associated Virus Serotype 9 (AAV9) Containing Plakophilin-2 



 

 37 

(PKP2) Transgene, in Adults With PKP2 Mutation-Associated Arrhythmogenic Right 

Ventricular Cardiomyopathy (ARVC) [Internet]. clinicaltrials.gov; 2024 [cited 2024 

Dec 18]. Available from: https://clinicaltrials.gov/study/NCT06228924 

132.  Kapplinger JD, Landstrom AP, Salisbury BA, Callis TE, Pollevick GD, Tester DJ, Cox 

MGPJ, Bhuiyan Z, Bikker H, Wiesfeld ACP, et al. Distinguishing Arrhythmogenic 

Right Ventricular Cardiomyopathy/Dysplasia–Associated Mutations From Background 

Genetic Noise. Journal of the American College of Cardiology. 2011;57:2317–2327.  

133.  Bakris GL, Saxena M, Gupta A, Chalhoub F, Lee J, Stiglitz D, Makarova N, Goyal N, 

Guo W, Zappe D, et al. RNA Interference With Zilebesiran for Mild to Moderate 

Hypertension: The KARDIA-1 Randomized Clinical Trial. JAMA. 2024;331:740–749.  

134.  Havasi A, Pagidipati N, Bakris G, Weber M, Bengus M, Daga S, Xiang Z, Zee T, Bhan 

I, Granger CB. KARDIA-3 STUDY DESIGN: ZILEBESIRAN AS ADD-ON 

THERAPY IN PATIENTS WITH HIGH CARDIOVASCULAR RISK AND 

HYPERTENSION INADEQUATELY CONTROLLED BY STANDARD OF CARE 

ANTIHYPERTENSIVES. Journal of Hypertension. 2024;42:e120.  

135.  Henry T, Chung ES, Alvisi M, Sethna F, Roessig L, Roberts L, Reddy S, Ervin L, 

Mikhail S, Jiang C, et al. GenePHIT phase 2 study design: a double blind, placebo-

controlled trial to assess efficacy, safety, and tolerability of AB-1002 gene therapy in 

adults with heart failure. European Heart Journal. 2024;45:ehae666.3642.  

136.  Greenberg B, Butler J, Felker GM, Ponikowski P, Voors AA, Desai AS, Barnard D, 

Bouchard A, Jaski B, Lyon AR, et al. Calcium upregulation by percutaneous 

administration of gene therapy in patients with cardiac disease (CUPID 2): a 

randomised, multinational, double-blind, placebo-controlled, phase 2b trial. The 

Lancet. 2016;387:1178–1186.  

137.  Kho C, Lee A, Hajjar RJ. Altered sarcoplasmic reticulum calcium cycling--targets for 

heart failure therapy. Nat Rev Cardiol. 2012;9:717–733.  

138.  Aung N, Vargas JD, Yang C, Fung K, Sanghvi MM, Piechnik SK, Neubauer S, 

Manichaikul A, Rotter JI, Taylor KD, et al. Genome-wide association analysis reveals 

insights into the genetic architecture of right ventricular structure and function. Nat 

Genet. 2022;54:783–791.  

139.  Aung N, Vargas JD, Yang C, Cabrera CP, Warren HR, Fung K, Tzanis E, Barnes MR, 

Rotter JI, Taylor KD, et al. Genome-Wide Analysis of Left Ventricular Image-Derived 

Phenotypes Identifies Fourteen Loci Associated With Cardiac Morphogenesis and 

Heart Failure Development. Circulation. 2019;140:1318–1330.  

140.  Ragone I, Barallobre-Barreiro J, Takov K, Theofilatos K, Yin X, Schmidt LE, 

Domenech N, Crespo-Leiro MG, van der Voorn SM, Vink A, et al. SERCA2a Protein 

Levels Are Unaltered in Human Heart Failure. Circulation. 2023;148:613–616.  

141.  Reardon S. “It’s a vote for hope”: first gene therapy for muscular dystrophy nears 

approval, but will it work? Nature. 2023;618:451–453.  



 

 38 

142.  Khoury MJ, Bowen S, Dotson WD, Drzymalla E, Green RF, Goldstein R, Kolor K, 

Liburd LC, Sperling LS, Bunnell R. Health equity in the implementation of genomics 

and precision medicine: A public health imperative. Genet Med. 2022;24:1630–1639 

  



 

 39 

Highlights 

 

 Genomic approaches have the potential to transform cardiovascular disease 

management through improved diagnosis, refined risk stratification with polygenic 

risk scores, and targeted therapies. 

 

 Cardiovascular pharmacogenomics allows personalized treatment decisions, reducing 

adverse drug events and improving therapeutic outcomes based on individual genetic 

profiles. 

 

 Despite advancements, challenges remain in translating genomic insights into routine 

clinical practice, particularly around leveraging the breadth of genome-wide 

association study findings, ancestry-based disparities and real-world clinical 

integration of polygenic risk scores, as well as equitability of access. 

 

 Gene therapy, including RNA-based and CRISPR/Cas9-mediated gene editing 

approaches, have shown promising outcomes in a range of cardiovascular conditions. 

These technologies provide hope for durable, curative treatments but require careful 

management of safety, delivery, and clinical trial design challenges. 
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