Genetic Basis of Coronary Artery Disease: From GWAS – Genome Wide Association Study to Precision Medicine
Abstract
Coronary artery disease (CAD) remains the leading cause of morbidity and mortality worldwide and results from a complex interplay of genetic and environmental factors (1, 2). Although traditional risk factors such as hypertension, diabetes mellitus, and dyslipidemia are well established, genetic predisposition significantly contributes to disease susceptibility (1, 12). Advances in genome-wide association studies (GWAS) have identified numerous loci associated with CAD, implicating pathways related to lipid metabolism, inflammation, and vascular remodeling (3,13,14). Epigenetic mechanisms and gene-environment interactions further modulate disease expression (9). Polygenic risk scores (PRS) have emerged as valuable tools for risk prediction and personalized prevention (10, 16). This review provides a comprehensive overview of the genetic architecture of CAD and its implications for precision medicine.
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1. Introduction
Coronary artery disease is a multifactorial disorder characterized by the accumulation of atherosclerotic plaques within coronary arteries, leading to myocardial ischemia and infarction (6, 19). Despite advances in clinical management, CAD continues to pose a major global health burden (1, 2). Conventional cardiovascular risk factors account for a substantial proportion of disease incidence; however, they fail to fully explain inter individual variability in susceptibility (1, 12).
Genetic studies, including family-based and twin analyses, estimate that heritability contributes approximately 40-60% of CAD risk (1, 12). Early insights into CAD genetics were derived from monogenic conditions such as familial hypercholesterolemia, which demonstrated the critical role of lipid metabolism in atherogenesis (4). With the advent of high-throughput genomic technologies, CAD is now recognized as a polygenic disorder influenced by numerous genetic variants (2, 3).
2. Genetic Architecture of CAD
CAD is predominantly a polygenic disease resulting from the cumulative effects of multiple genetic variants across the genome (2,3). These variants, most commonly single nucleotide polymorphisms (SNPs), individually confer modest increases in risk but collectively exert a substantial impact on disease susceptibility (8).
In addition to common variants, rare mutations with large effect sizes-such as those observed in familial hypercholesterolemia-also contribute to disease risk in specific populations (4). The coexistence of common and rare variants underscores the complexity of CAD genetics and highlights the importance of integrative risk assessment approaches (21).

3. Key Genes and Molecular Pathways
3.1 Lipid Metabolism
Lipid metabolism plays a central role in the pathogenesis of atherosclerosis and CAD (19). The LDLR gene encodes the low-density lipoprotein receptor responsible for clearing circulating LDL cholesterol; mutations result in elevated cholesterol levels and increased cardiovascular risk (4). The APOB gene is essential for the formation and transport of LDL particles, while PCSK9 regulates LDL receptor degradation (4, 5).
Importantly, genetic studies have shown that loss-of-function mutations in PCSK9 are associated with reduced CAD risk, leading to the development of targeted therapies such as PCSK9 inhibitors (5, 19).
3.2 Inflammation and Immune Mechanisms
Atherosclerosis is increasingly recognized as a chronic inflammatory condition involving complex interactions between lipids, immune cells, and vascular endothelium (6). Inflammatory mediators contribute to plaque formation, progression, and instability, ultimately leading to acute cardiovascular events (6, 20).
Clinical trials targeting inflammatory pathways, including interleukin-1β inhibition, have demonstrated reductions in cardiovascular events, further supporting the central role of inflammation in CAD pathogenesis (20).
3.3 Chromosome 9p21 Locus
The chromosome 9p21 locus is one of the most consistently replicated genetic risk regions associated with CAD (7, 13). Variants in this region confer increased disease risk independent of traditional cardiovascular risk factors (7).
Functional studies suggest that this locus influences vascular smooth muscle cell proliferation and plaque stability, thereby contributing to disease progression (7, 15).
4. Genome-Wide Association Studies (GWAS)
[bookmark: _GoBack]Genome-wide association studies have transformed the understanding of complex diseases by enabling the identification of genetic variants associated with CAD across large populations (2, 3). To date, more than 160 loci have been identified, implicating diverse biological pathways (3, 13, 14).
GWAS have facilitated the discovery of novel genes and improved understanding of disease mechanisms and heterogeneity (3, 14). However, a significant proportion of heritability remains unexplained, a phenomenon referred to as “missing heritability” (8).

5. Epigenetics and Gene-Environment Interaction
Epigenetic mechanisms regulate gene expression without altering the DNA sequence and include processes such as DNA methylation, histone modification, and non-coding RNA regulation (9). These mechanisms play a crucial role in modulating cardiovascular risk.
Environmental factors such as smoking, diet, and physical inactivity can induce epigenetic changes that influence disease susceptibility (9). This interaction between genetic and environmental factors highlights the importance of lifestyle interventions in reducing CAD risk (9, 22).
6. Polygenic Risk Scores (PRS)
Polygenic risk scores integrate the cumulative effects of multiple genetic variants to estimate an individual’s genetic susceptibility to CAD (10, 16). Advances in genomic research have enabled the development of PRS with substantial predictive value (16).
Individuals with high PRS may have a significantly increased risk of CAD compared to those with average genetic risk (18,25). Importantly, PRS can identify high-risk individuals even in the absence of traditional risk factors, enhancing early detection and prevention strategies (23).
7. Precision Medicine in CAD
7.1 Targeted Therapies
Genetic discoveries have facilitated the development of targeted therapies, particularly in lipid management (5). PCSK9 inhibitors significantly reduce LDL cholesterol levels and have been shown to decrease cardiovascular events in clinical trials (5).
7.2 Pharmacogenomics
Genetic variation influences drug metabolism and therapeutic response. Polymorphisms affecting cytochrome P450 enzymes can alter clopidogrel activation and clinical efficacy, highlighting the importance of personalized treatment strategies (11).
7.3 Personalized Prevention
Integration of genetic and clinical data enables individualized prevention strategies tailored to patient-specific risk profiles (23, 24). This approach represents a key component of precision medicine in cardiovascular care.
8. Future Directions
Future research is expected to focus on integrating multi-omics approaches, including genomics, proteomics, and metabolomics, to better understand disease mechanisms (21). Advances in artificial intelligence may further enhance risk prediction models and clinical decision-making.
Emerging technologies such as gene editing also hold promise for the treatment of inherited cardiovascular disorders (21).
9. Limitations
Despite significant advances, several challenges remain. Most genetic studies have been conducted in populations of European ancestry, limiting generalizability (24). Additionally, the functional significance of many identified variants remains unclear, and clinical implementation of genetic risk assessment presents logistical and ethical challenges (8, 24).
10. Conclusion
Coronary artery disease is a complex condition influenced by both genetic and environmental factors (1, 2). Advances in GWAS and molecular genetics have significantly enhanced understanding of disease pathogenesis and risk prediction (3, 16). The integration of genetic insights into clinical practice through polygenic risk scores and targeted therapies represents a major step toward precision medicine (5, 10). Continued research is essential to translate these findings into improved patient outcomes (21).
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