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Abstract
Purpose of Review  Increases in the availability of genetic data and advances in the tools and methods for their analyses 
have enabled well-powered genetic association studies that have significantly enhanced our understanding of the genetic 
factors underlying both rare and common valve diseases. Valvular heart diseases, such as congenital valve malformations 
and degenerative valve lesions, increase the risk of heart failure, arrhythmias, and sudden death. In this review, we provide 
an updated overview of our current understanding of the genetic mechanisms underlying valvular heart diseases. With a 
focus on discoveries from the past 5 years, we describe recent insights into genetic risk and underlying biological pathways.
Recent Findings  Recently acquired knowledge around valvular heart disease genetics has provided important insights into 
novel mechanisms related to disease pathogenesis. Newly identified risk loci associated valvular heart disease mainly regu-
late the composition of the extracellular matrix, accelerate the endothelial-to-mesenchymal transition, contribute to cilia 
formation processes, and play roles in lipid metabolism.
Summary  Large-scale genomic analyses have identified numerous risk loci, genes, and biological pathways associated with 
degenerative valve disease and congenital valve malformations. Shared risk genes suggest common mechanistic pathways 
for various valve pathologies. More recent studies have combined cardiac magnetic resonance imaging and machine learn-
ing to offer a novel approach for exploring genotype-phenotype relationships regarding valve disease. Progress in the field 
holds promise for targeted prevention, particularly through the application of polygenic risk scores, and innovative therapies 
based on the biological mechanisms for predominant forms of valvular heart diseases.

Keywords  Heart valve disease; Valve structures; Genetic risk · Biological mechanisms · Mitral valve disease

Introduction

Heart valves, namely the mitral valve (MV), the tricus-
pid valve (TV), the aortic valve (AV), and the pulmonary 
valve (PV), are crucial for cardiac function. Severe valvu-
lar insufficiency or stenosis is a major cause of syncope, 
heart failure, arrhythmias, or sudden death. Valvular heart 
diseases (VHD) have a reported prevalence of 2.5% in the 
USA [1]. While cardiac surgery can prevent major cardiac 

complications [2, 3], a complete understanding of VHD 
pathogenesis remains elusive, hindering the development 
of effective prevention strategies and less invasive treat-
ment options.

The main causes of VHD are typically divided into six 
categories: degenerative valve disease (DVD), rheumatic 
heart disease (RHD), secondary valve disease, congenital 
malformations of the valves, valve replacement and mis-
cellaneous [4]. Of these, VHD due to RHD, secondary 
valve disease, and valve replacement have limited genetic 
contributions. The most common congenital malformation 
is bicuspid aortic valve disease (BAV), with an estimated 
familial heritability of up to 89% [5]. DVD encompasses 
degenerative, calcified, fibrotic and mucinous lesions, pri-
marily related to aging. Nonetheless, genetic factors sig-
nificantly influence DVD, which covers all valvular steno-
sis or insufficiency, including aortic stenosis (AS), mitral 
valve insufficiency, and tricuspid valve insufficiency [6]. 
All three forms of VHD mostly follow a complex model of 
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inheritance, involving numerous genetic risk alleles, and are 
influenced by external modifiers (e.g., unhealthy lifestyle 
for AS, mechanical stress for mitral valve prolapse (MVP)). 
Evidence for familial recurrence is also reported in the case 
of MVP [7] and calcific aortic valve stenosis (CAVS) [8]. 
Recent estimates from Swedish nationwide registers indicate 
that atrioventricular valve disease accounts for the majority 
of VHD cases, with AS in 47.2% of cases, mitral regurgita-
tion (MR) in 24.2%, and aortic regurgitation in 18%. Pul-
monary valve stenosis is more common in neonates, while 
69% of VHD were generally diagnosed in age groups above 
65 years [9].

A better understanding of the genetic and underlying bio-
logical mechanisms of VHD is critical to improving their 
prevention and treatment. Recently, an increasing number of 
studies have identified new risk genes associated with VHD 
and revealed novel biological pathways relevant to disease 
onset. This review focuses on genetic studies made available 
in the past 5 years, shedding light on the genetic basis of 
VHD. Some studies use family designs in both large or small 
pedigrees. Additionally, several new genome-wide associa-
tions (GWAS) have been conducted, applying statistical 
tests to assess the association between millions of common 
genetic variants (frequency > 0.01) and VHD using a case-
control population-based design. GWAS have also enabled 
the calculation of polygenic risk scores (PRS), a promising 
tool for patient risk stratification.

In this review, we have summarized recent methods and 
results of major population-based studies focusing on the 
genetics of VHD. Genes identified from these studies are 
summarized in Table 1. In addition, we have outlined cur-
rent gaps in knowledge around the genetics and multi-omics 
of VHD, pointing to areas that warrant future investigation.

Degenerative Lesions

Valve Calcification and Fibrosis

The causes of valve calcification are complex, involving 
biological mechanisms such as oxidized lipid accumulation, 
inflammation, myofibrillogenesis, osteogenesis, endothelial 
extracellular matrix (ECM) disorders, mechanobiology, and 
cellular senescence. Evidence suggests interactions among 
these mechanisms [10•]. Valvular calcification primarily 
affects the aortic valve and mitral annulus. However, there 
has been limited progress in genetic studies related to mitral 
annular calcification (MAC) over the past 5 years.

Calcified aortic valve disease is common in the elderly 
and is characterized by histological changes in the aortic 
valve, including ECM remodeling, osteochondral differen-
tiation, and calcification. These changes interact to lead to 
aortic sclerosis, AS, and subsequently heart failure. Aortic 

calcification mainly manifests by aortic valve leaflet thick-
ening, fibrosis, and mineralization of the aortic valve leaflets 
[11••]. Risk factors for valvular calcification include hyper-
tension, plasma obesity, and diabetes. Importantly, age and 
diastolic aortic valve malformation are reported as important 
risk factors for CAVS [11••].

Aortic Valve Calcification and Stenosis

Several studies have shown the complexity of the genetic 
basis of valvular calcification, indicating an important 
genetic component. A study examining the surgical popula-
tion in France observed familial aggregation of CAVS [8]. 
In a more recent and large-scale epidemiological investi-
gation involving over 6 million Swedish siblings, among 
whom 13,442 had AS, an increased hazard ratio of 3.4 was 
observed when at least 1 sibling was affected, rising to a 
hazard ratio of 32 when more than 1 sibling was affected 
[12]. Another study based on a large pedigree cohort (2,371 
relatives from 138 CAVS families) estimated the important 
and significant heritability of CAVS (h2 = 0.47, p < 0.0001) 
[13]. These findings support genetic factors to be important 
risk factors, potentially as prominent as the aforementioned 
environmental factors, likely under a complex genetic model 
involving a large number of common variants (Fig. 1).

The initial GWAS aimed at identifying common genetic 
variants associated with CAVS revealed a major locus near 
the LPA gene, supporting a genetic link between lipopro-
teins and CAVS. Specifically, the variant rs10455872 on 
LPA showed a strong association with aortic valve calci-
fication[14]. Lp(a) is known to promote the release of cal-
cified extracellular vesicles from primary human smooth 
muscle cells and valvular interstitial cells (VICs) and to 
increase the formation of cardiovascular calcification [15]. 
The established association between low-density lipopro-
tein cholesterol (LDL-C) levels and aortic valve steno-
sis risk was recently further supported using Mendelian  
randomization analyses, a method using naturally occur-
ring genetic variation to investigate causal relationships 
in observational studies regarding how modifiable expo-
sures affect disease [16, 17]. Moreover, recent genetic 
evidence supports a higher expression of the proprotein 
convertase subtilisin/kexin type 9 gene (PCSK9), which 
is correlated with elevated LDL-C levels, being associ-
ated with an increased risk of CAVS. Initially, the PCSK9 
coding variant R46L, a loss-of-function mutation with a 
frequency of 3%, was linked to lower levels of Lp(a) and 
LDL cholesterol, as well as reduced risk of AS and myo-
cardial infarction [18]. To enhance analytical power and 
identify additional disease-associated variants, a recent 
meta-analysis of ten association studies further supported 
the notion that mutation carriers have a lower prevalence 
of CAVS (odds ratio = 0.8 [0.7–0.91], p = 0.0011) [19].  
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PSCK9 expression levels were reported to be higher in 
valves from CAVS patients compared to control aortic 
valves, increased in VICs under a pro-osteogenic cell cul-
ture medium, and significantly decreased after treatment  
with a PSCK9 neutralizing antibody in vitro [18, 19].

Recent GWAS have reported novel risk variants 
associated with CAVS. The palmdelphin gene (PALMD) 
and testis expressed 41 gene (TEX41) were identified as 
risk factors for AS in a large dataset, including an Icelandic 
case-control study, and several validation GWAS with 
European ancestry, including the UK Biobank [20]. This 
study also comfirmed the association of the LPA locus 
with AS and revealed a rare coding variant in the myosin 
heavy chain 6 gene (MHY6) that increased the risk of AS, 
partially through its effect on BAV risk [20]. Moreover, this 
study utilized chromatin interaction maps from heart and 
aorta tissue samples to demonstrate the remote regulatory 
potential of associated variants on cardiac development-
related promoters in the PALMD and TEX41 loci, with the 
difficulty of narrowing down the list of candidate genes 
[20]. Nonetheless, gene expression data supports the role 
of PALMD in AS. A transcriptome-wide association study 
(TWAS), a method combining GWAS involving 1009 CAVS 
cases and 1017 controls and expression levels of aortic 
valve tissues from 233 patients, revealed that lower mRNA 
expression of PALMD is associated with an increased risk 
and disease severity of CAVS [21]. In a more recent GWAS 
involving 14,451 CAVS patients and 398,544 controls in 
the Million Veteran Program, 14 significant variants were 

described, and these findings were replicated in several 
cohorts, totaling 12,889 cases and 348,094 controls [22••]. 
Common variants were located in 11 unique genomic 
regions, including 5 previously reported (PALMD, TEX41, 
IL6, LPA, FADS) and 6 new loci (CEP85L, FTO, SLMAP, 
CELSR2, MECOM, CDAN1) [22••]. Notably, the study was 
the first to incorporate multi-ancestry GWAS results and 
successfully replicated two of the loci in Hispanic (CELSR2) 
and African (SLMAP) ancestry case-control studies. This 
work contributes to improving the currently scarce genetic 
data available for non-European ancestry cohorts with 
VHD, emphasizing the need for further efforts to improve 
risk prediction based on genetic factors across all ancestral 
populations [22••]. Interestingly, this study also employed 
Mendelian randomization to provide evidence for the 
involvement of LDL cholesterol levels and obesity in CAVS 
via FTO, a well-established obesity risk locus.

In an in vitro calcification model using human valvular 
interstitial cells (hVICs) from CAVS patients, PALMD was 
found to be upregulated in calcified hVICs, suggesting 
PALMD may play a role in promoting CAVS by regulat-
ing glycolysis and NF-κB-mediated inflammation [23]. 
However, it remains unclear whether the causal and func-
tional variants were equally covered in the larger GWAS 
[20] and TWAS [21], emphasizing the need for further 
investigations to formally support the role of this gene in 
AS. Furthermore, evidence provided from the network and  
pathway-enrichment analyses conducted on pre-existing 
transcriptomic datasets obtained from calcified and normal 

Fig. 1   Main genetic features 
of aortic and mitral valve 
major diseases. The heredity 
characteristics of the three most 
common valvular diseases are 
shown, including BAV, CAVD, 
and MVD. BAV bicuspid aortic 
valve, CAVD calcific aortic 
valve disease, CAD coronary 
artery disease, MVD mitral 
valve disease, MR mitral 
regurgitation, MVP mitral valve 
prolapse
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aortic valves have provided promising leads in aortic valve 
calcification [24]. This study highlighted enriched path-
ways related to leucocyte migration and ECM constituents. 
Additionally, it proposed SPP1, TNC, SCG2, FAM20A, 
and CD52 as hub genes of the top 5 enriched networks 
using weighted gene co-expression networks [24]. Net-
work analyses are valuable for identifying biological 
mechanisms and assessing the probabilistic relevance 
of changes in gene expression for a specific condition. 
Nonetheless, further validation in larger and independ-
ent datasets backed with further experimental evidence 
is warranted to confirm the role of these hub genes in the 
pathogenesis of aortic calcification.

Genetic studies on CAVS have highlighted impaired 
metabolism as an additional causal mechanism. In a large 
GWAS involving ~ 9400 CAVS cases and ~ 300,000 con-
trols, common variants within the fatty acid desaturase 1 
and 2 genes (FADS1/2) locus were associated with a higher 
risk of AS and CAVS [25•]. FADS1/2 are involved in ω-6 
and ω-3 fatty acid biosynthesis, and this genetic locus is 
known to influence LDL cholesterol and triglycerides 
levels, in addition to asthma and coronary artery disease 
[25•]. Increased expression of arachidonic acid, a product 
of FADS1 in the liver, was associated with AS, along with 
genetically elevated levels of ω-6 and ω-3 fatty acids [25•]. 
Interestingly, a recent investigation of untargeted global 
metabolomic data obtained from valve tissue of 96 human 
donors with varying degrees of CAVS severity identified 
lipid metabolism and biosynthesis (glycerophospholipid 
metabolism), linoleic acid metabolism, and bile acid bio-
synthesis as the top 3 significantly altered metabolomic 
pathways associated with CAVS severity[26].

Mitral Annulus Calcification

The mitral annulus is a fibrous structure surrounding the 
mitral valve leaflets that is susceptible to calcification, with 
a prevalence estimated to range from 5 to 42%, frequently 
observed in older subjects [27]. MAC is commonly associ-
ated with hypertrophic cardiomyopathy, as estimated in a 
study that reported MAC cases in 18.5% of these patients 
[28]. Furthermore, MAC has also been linked to chronic 
kidney disease and hypertension [27]. However, the patho-
physiology and genetic mechanisms of mitral annular cal-
cification have not been investigated in-depth, apart from a 
GWAS involving 3795 participants, which yielded inconclu-
sive results regarding 2 common variants in the interleukin 
36 gamma gene (IL36G, alias IL1F9) [14].

In summary, recent data confirm that the etiological 
mechanisms of CAVS are intricate. CAVS exhibits genetic 
associations not only with cardiac developmental pro-
cesses, the extracellular matrix, valvular endothelial cells, 
and mesenchymal cells but also with lipoprotein levels and 

metabolism. On the other hand, regarding MAC, current 
findings have suggested that its pathogenesis likely shares 
similarities with atherosclerosis and CAVS, although dedi-
cated investigations focusing on MAC to elucidate its spe-
cific genetic causes are still lacking.

Degenerative Valve Diseases

Mitral Valve Disease

Calcification of the mitral valve mostly occurs in the mitral 
annulus, whereas calcification of the valve leaflets is less 
common. Mitral valve prolapse (MVP) and mitral regurgi-
tation (MR) are the main lesions associated with the mitral 
valve. In the USA, the prevalence of MR is approximately 
1.7%, but it increases to up to 9.3% in individuals > 75 years 
old [29]. MVP, with a prevalence of about 2.4%, is a common 
cause of primary MR in developed countries and is catego-
rized into two major phenotypes: a mucinous malformation 
associated with redundancy of the anterior and posterior 
mitral leaflets and tendon cords, identified as Barlow disease 
when detected early in life, and elastin deficiency (FED), a  
more degenerative form that is particularly prevalent in older 
individuals (Fig. 1). However, it remains uncertain whether 
those two forms of MVP represent different diseases or dis-
tinct manifestations of the same disease [30]. MVP is currently 
under active genetic investigation, with important progress in 
understanding its genetic causes over the past 5 years, encom-
passing both familial studies and GWAS. As for now, no spe-
cific genetic causes have been described for FED, and current  
studies have treated both MVP phenotypes as a single entity.  
The same approach applies to MR.

Familial Mitral Valve Prolapse  The filamin A gene (FLNA) 
was the first gene discovered through genetic linkage analy-
sis in a large French family to be caused by isolated myxo-
matous polyvalvular dystrophic and nonsyndromic MV 
disease (MVD) [31, 32]. FLNA is a cytoskeletal protein 
that plays a role in regulating cell shape and migration [33]. 
In a recent clinical study, genotype-to-phenotype correla-
tions were assessed in 246 subjects, including 72 mutation 
carriers from four FLNA-MVD families with three differ-
ent FLNA mutations [34]. The study revealed that MVP 
caused by FLNA mutations exhibits a specific phenotype, 
with restricted leaflet motion in diastole and papillary mus-
cles positioned closer to the mitral annulus. These findings 
support the notion of a separated phenotype from classical 
Barlow disease or FED [34]. Of note, genetic variations 
identified in FLNA so far are extremely rare and may be 
potentially specific to the genetic isolates in this particular 
region.
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A recent study, by Toomer et al. [35] employed a com-
bination of human pedigree analysis, mouse models, and 
population genetics to explore the role of primary cilia in 
the etiology of MVP. The study investigated the role of sev-
eral genes involved in cilia structure and biology, along with 
their expression in VICs. The study also shed light on the 
involvement of cilia in ECM deposition during cardiac and 
valve development by employing knockout mice models of 
genes encoding major cilium components [35]. The authors 
first performed genetic screening for coding and relevant 
mutations in informative family members. They employed 
targeted sequencing of a genomic region previously linked 
significantly to MVP. After applying various filters based on 
variant frequency, potential biological significance concern-
ing the position of the genetic variants in coding sequences 
of candidate genes, and segregation in families with MVP, 
they followed up a missense mutation in the cilia gene DAZ 
interacting zinc finger protein 1 (DZIP1) [35]. Subsequently, 
a new mouse model for MVP carrying this point mutation 
knock-in Dzip1 was generated, which led to cilia loss. This, 
in turn, resulted in dysregulation of ECM synthesis during 
valve development and myxomatous mitral valve in adult 
mice [35]. Moreover, the study assessed a set of 278 cilia-
related genes for their association with MVP using existing 
case-control GWAS data. The results revealed a significant 
enrichment for MVP-associated variants within this specific 
group of genes, providing further support for the potential 
role of this mechanism in the genetic susceptibility to spo-
radic MVP [35]. However, translating ciliary defects during 
cardiac development into potential therapeutic strategies for 
MVP poses a challenge and needs further investigation.

Sporadic Mitral Valve Prolapse  In recent years, multiple 
efforts have been made to enhance our understanding of 
the genetic basis of MVP using GWAS-based strategies. 
The first GWAS on sporadic MVP identified 6 association 
signals, including those near tensin 1 (TNS1) on chromo-
some 2, and LIM and cysteine-rich domains 1 (LMCD1) on 
chromosome 3 [36]. Knockdown of both genes in zebrafish 
showed atrioventricular valve regurgitation, while enlarged 
posterior mitral leaflets were observed in Tns−/− mice [36]. 
Furthermore, the recent availability of mitral valve genome-
wide open chromatin profiles, a genomic map, which iden-
tify genomic regions likely involved in gene expression 
regulation in the mitral valve, has facilitated functional 
annotation of MVP risk loci [37•]. This has helped nar-
row down the list of causal variants in some of the previ-
ously identified loci, which is an essential step in the selec-
tion of GWAS risk loci to gain a better understanding of 
how non-coding variants may influence the gene expres-
sion of nearby candidate genes [37•]. Functional insights 
were complemented by reporter assays, enhancer deletions 
in human fibroblasts, and circular chromatin conforma-

tion capture techniques, elucidated the regulation role of a 
long-range enhancer for the TNS1 gene [37•]. It was also 
revealed that regulatory features of nuclei from normal and 
myxomatous mitral valve tissues substantially differ from 
those of myocardium tissue and cardiac fibroblasts, with a 
significant enrichment for MVP-associated variants specifi-
cally observed in open chromatin maps from mitral valve 
tissues [37•]. In addition, leveraging the initial MVP GWAS 
dataset, an additional locus in the GLIS family zinc finger 
1 gene (GLIS1) was identified through pathway-enrichment 
analyses [38]. These analyses combined the MVP-associ-
ated variants from previously reported GWAS with specific 
pre-established pathways based on gene functions (e.g., 
KEGG database, gene-ontology). This approach offers the 
advantage of increasing the power of genetic association 
analyses by analyzing groups of genes instead of individual 
variants. As a result, this analysis substantiated GLIS1 as an 
MVP risk locus by the inclusion of a case-control dataset 
from the UKB [38]. GLIS1 encodes a transcription factor 
from the Krüppel-like zinc finger family associated with the 
EMT process during valve degeneration [38]. Overall, these 
findings further support that the mechanisms involved in 
cardiac development are particularly enriched through path-
way analyses of genetic risk variants associated with both 
sporadic and more common forms of MVP [38].

A recent genome-wide association meta-analysis of MVP 
involved 4,884 cases and 434,649 controls, making it the 
largest genetic study of MVP to date [39••]. This study 
was supported by extensive multi-omics functional anno-
tations, including the myxomatous and non-myxomatous 
open chromatin datasets [37•]. The study identified 14 
MVP-associated risk loci and 33 candidate genes, includ-
ing previously identified genes like TNS1 and LMCD1, as 
well as newly discovered genes such as latent transform-
ing growth factor beta binding protein 2 gene (LTBP2) and 
spectrin beta, non-erythrocytic 1 (SPTBN1) [39••]. Interest-
ingly, this study showed that individuals in the top 20% of a 
polygenic risk score generated from the MVP GWAS results 
had a 1.79-fold increased risk of MVP in comparison to the 
remaining 80% of individuals [39••]. This initial glimpse 
into the potential use of polygenic risk scores for MVP sug-
gests their future value in clinical applications as a practical, 
cost-effective tool for predicting patient risk. However, given 
limitations related to sample size and the absence of valida-
tion in diverse populations, additional efforts are required to 
enhance the statistical reliability of MVP PRS and determine 
their broader applicability in the clinical setting.

Recent investigations on DVD have confirmed the 
existence of various phenotypes and a complex, poly-
genic inheritance pattern. Significant advancements have 
been achieved, especially using multi-omics approaches 
that are now available for MVP. Nevertheless, we have an 
incomplete understanding of the highly polygenic nature of 
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common types of VHD. Additional factors, such as the risk 
of mitral regurgitation and the FED phenotype, as well as the 
combined risk with other cardiac diseases like arrythmias 
and cardiomyopathies, remain to be explored. Moreover, we 
also expect that the current limitations in applying PRS to 
MVP will be substantially addressed by ongoing efforts that 
involve larger and more diverse GWAS datasets.

Tricuspid Regurgitation

The incidence of tricuspid regurgitation is relatively low 
when compared to mitral valve and aortic valve disease,  
estimated at 2.6% in the USA (Fig. 1) [40]. However, detect-
ing tricuspid regurgitation can be challenging due to the lack 
of obvious symptoms associated with this condition. A study 
has shown a large variation in tricuspid valve morphology by 
ultrasound testing, with about half of patients having three 
leaflets, while 39% have four [41]. Tian et al. investigated 
the role of IncRNAs in tricuspid regurgitation-induced right 
ventricular cardiomyopathy [42]. Despite these efforts, there 
remains a gap in genetic studies related to both familial and 
sporadic tricuspid regurgitation.

Congenital Valvular Malformations

The primary congenital valvular malformations include BAV 
and the less studied pulmonary valve stenosis (PVS). PVS 
typically occurs as isolated congenital defects in over 95% 
of cases and is also related to rare syndromes such as Noo-
nan Syndrome, accounting for about 7% of congenital heart 
disease (Fig. 1) [43]. In children, the clinical course of PVS 
is usually benign with a high survival rate. However, as indi-
viduals age, the disease may be aggravated due to fibrous 
thickening of the valve and, in rare instances, valve calcifica-
tion, driven by poorly understood biological mechanisms.

BAV has been the focus of active investigation in recent 
years. It has been reported as a highly heritable VHD, 
with a prevalence of 1% in the population. Within fami-
lies, the heritability estimate (h2) for BAV reached up to 
89% (Fig. 1) [5]. A recent echocardiography-based study 
of first-degree relatives of BAV patients demonstrated the 
high heritability of BAV and reported a prevalence of 6.4%, 
which is over three times the expected rate [44]. Studies of 
the genetic basis of BAV have emphasized familial inherit-
ance. For instance, the investigation of the notch receptor 1 
gene (NOTCH1), a well-established genetic cause of BAV, 
revealed that these mutations explained 2% of familial BAV 
but less than 0.1% of sporadic cases [45•]. Using  WES in 
a three-generation family, researchers aimed to understand 
variants located at all protein-coding regions of genes that 
might underlie symptoms or disease. This study revealed 
the role of NOTCH1 mutations in familial heart disease and 

represented diverse clinical phenotypes of BAV, including 
mainly ventricular septal defect, aortic valve calcification, 
and thoracic aortic aneurysm [46].

In the last 5 years, there has been significant progress in 
identifying novel genetic causes of BAV through targeted 
sequencing, which provides a cost/time-effective approach 
for studying specific genes of interest. In a small-scale 
genotyping-based analysis of 152 unrelated BAV patients 
and 200 matched healthy individuals, a novel heterozygous 
stop mutation p.E386X in GATA binding protein 6 (GATA6) 
was identified [47]. This mutation led to an inactivated pro-
tein and disrupted the synergistic transcriptional activation 
mechanism with another important transcription factor of 
valve development encoded by the GATA binding protein 4 
(GATA4) [47]. Likewise, a heterozygous mutation in GATA4, 
p.E147X, was reported to inactivate GATA4 and impair its 
transcriptional activation by NK2 homeobox 5 (NKX2.5) 
[48]. In human valves, lower GATA6 transcript levels were 
associated with BAV. These altered transcript levels dis-
rupted valve remodeling function and changes in the extra-
cellular matrix composition in valves from Gata6+/− mice 
[49]. These animal models also exhibited a highly permeable 
right-left type of BAV [49].

In addition to NOTCH1 and GATA4/6, recent studies have 
identified heterozygous mutations in roundabout guidance 
receptor 4 gene (ROBO4) in two families that presented 
BAV and ascending aortic aneurysm [50]. These mutations 
in ROBO4 were reported to impair the endothelial barrier 
function of human aortic endothelial cells in vitro. They 
also led to  EMT cell conversion. In full knockout mice, 
complex cardiovascular phenotypes were observed, includ-
ing aortic valve thickening, sometimes with BAV, stenosis, 
and/or ascending aorta aneurysm [50]. Additionally, non-
synonymous mutations in roundabout guidance receptor 1 
gene ROBO1 were found in family with BAV and multiple 
valvular diseases [51]. This provides further evidence for 
the involvement of the ROBO gene family in BAV. Nota-
bly, members of this family also carried mutations in GATA 
binding protein 5 gene GATA5, representing another exam-
ple of incomplete intrafamilial penetrance of BAV and a 
complex inheritance pattern [51].

Through WGS of the coding and non-coding regions 
of DNA in five small nuclear families, the cadherin EGF 
LAG seven-pass G-type receptor 1 (CELSR1) was proposed 
as a potential risk gene for familial BAV associated with 
hypoplastic left heart syndrome [52]. This study also identi-
fied mutations in CELSR1 as compound heterozygous with 
mutations in CELSR3 and myosin XVA gene (MYO15A) 
[52]. Under the hypothesis of ciliogenesis as a potential 
mechanism for valve diseases, supported by zebrafish and 
mouse models, a GWAS involving 452 BAV cases and 1834 
controls reported several exocyst complex component genes 
(EXOC4, EXOC6, EXOC8, and EXOC5) as potential genetic 
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causes of BAV, valvular calcification, and stenosis [53]. 
Similarly, another GWAS found that mucin 4 gene (MUC4), 
a cell surface-associated gene, plays an important role in the 
EMT process associated with BAV [54]. Knocking out Muc4 
in zebrafish resulted in delayed cardiac development and 
potential aortic valve malformation [54]. Importantly, these 
more recent BAV GWAS also reported significant associated 
variants in PALMD and GATA4 loci, which had been previ-
ously reported [20, 54, 55].

Interestingly, while impaired metabolism is a significant fac-
tor in CAVS, a study comparing tricuspid aortic valve patients 
to BAV patients revealed that those with BAV exhibited an 
upregulation of arachidonic acid metabolism and a decrease in 
arginine and proline metabolites following valve replacement. 
These findings suggest that multiple metabolic dysfunctions, 
including elevated oxidative stress, inflammation, and impaired 
NO production, may be related to worse left ventricular reverse 
remodeling after tricuspid aortic valve repair in BAV [56]. This 
insight sheds light on the complex metabolic aspects of BAV 
and its implications for surgical outcomes.

In summary, recent studies have reported genetic muta-
tions, both within established genes like NOTCH1 and in 
newly identified ones, mostly involved in alteration of the 
extracellular matrix composition, acceleration of the EMT 
transformation, or ciliogenesis as causal mechanisms under-
lying BAV and its calcification. These studies based on a 
combination of family pedigrees and population studies have 
provided valuable insights into BAV. However, these find-
ings are insufficient to elucidate the complete pathogenesis 
of this common VHD, such as the mechanisms associated 
with calcification that affects both BAV and tricuspid aortic 
valve (TAV) that still need to be fully determined.

Research Driven from Structural Phenotypes 
of the Heart

In addition to genetic factors associated with VHD,  
there is a growing body of evidence that abnormal blood 
stress can contribute to pathological changes in heart  
valves [57]. However, the biological mechanisms underlying  
the mechanical stress that leads to structural changes in 
the valves, potentially culminating in valvular diseases, 
remain inadequately understood. In addition to mechani-
cal stress, factors such as aging, inflammation, and calci-
fication have been associated with valve diseases. These 
conditions are directly characterized by structural changes 
in the valve leaflets and annulus, which can be identified 
by imaging techniques. Therefore, in addition to the tra-
ditional case-control study of valvular diseases, the study 
of phenotypes related to valvular structure is now contrib-
uting to our understanding of the pathogenesis of VHD.

In recent years, the advancement of machine learning 
has facilitated the automated extraction of human heart phe-
notypes from cardiac magnetic resonance (CMR) images, 
encompassing structural, functional, tissue characteristics, 
hemodynamics, and metabolic measurements [58]. Analyz-
ing the genetic markers associated with these phenotypes and 
investigating their relationships with non-image phenotypes 
and diseases has become an important approach for studying 
the complex pathogenic mechanisms of cardiovascular dis-
ease, including VHDs. Córdova et al. investigated the genetic 
mechanisms of the aortic valve area, which is estimated by 
planimetry from CMR imaging sequences of the aortic valve 
from UK Biobank (UKB). Through GWAS, they identified 
three significant loci (deleted in lymphocytic leukemia 1 
(DLEU1), CASP2 And RIPK1 domain containing adaptor 
with death domain (CRADD), and Golgi SNAP receptor com-
plex member 2 (GOSR2)) associated with multiple cardio-
vascular diseases [59]. PRS analyses indicated that a smaller 
aortic valve area might predict an increased risk of clinically 
defined aortic valve disease (odds ratio = 1.14; p = 2.3 × 10−6). 
The same research group also investigated the genetic mecha-
nisms of mitral annular diameter, a critical criterion for val-
vular function. They performed automated measurements of 
the mitral valve annular diameter in the 4-chamber view using 
32,220 MRI images from the UK Biobank at ventricular sys-
tole and diastole, which served as the phenotypes for their 
GWAS analyses. In this study, they identified ten risk loci, 
four of which were located at four new genes (GOSR2, Erb-B2 
receptor tyrosine kinase 4 (ERBB4), multiple C2 and trans-
membrane domain containing 2 (MCTP2), microcephalin 1 
(MCPH1)) related to the formation, growth, and functional 
maintenance of cardiac valves. The study also found three 
known cardiac contractility-related genes (BAG Cochaper-
one 3 (BAG3), Titin (TTN), RNA Binding Fox-1 Homolog 
1(RBFOX1)), which did not overlap with the genetic risks 
of MAC [14]. By integrating the findings with ATAC-Seq 
data from primary mitral valve tissue [37•], rs17608766 was 
localized in open chromatin regions, suggesting its role as 
a potential enhancer element in GOSR2, a gene associated 
with both aortic and mitral valve biology. Of note, the PRS 
analysis revealed that polygenic scores for systolic mitral 
annular diameter were associated with the risk of MVP (odds 
ratio = 1.19; p = 4.9 × 10−11) [60•].

Even though it is promising to study VHDs using imag-
ing-based phenotypes, there are limitations to this approach. 
These limitations include challenges related to the imaging 
quality, the accuracy of the algorithm used to translate images 
into phenotypes, and the capacity to effectively integrate vari-
ous disease-related phenotypes. Despite these challenges, the 
above studies serve as proof of concept, demonstrating the 
potential to use quantitative imaging phenotypes to accelerate 
the discovery of genes and mechanisms associated with VHDs.
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Conclusion

Currently, most studies on the genetics of VHD have focused 
on the aortic and mitral valves, which represent the most 
common types of VHD. The field of genetics has seen sub-
stantial growth, offering mounting evidence for a genetic 
contribution to various VHDs. VHDs may be congenital, 
or caused by rare, highly-penetrant mutations affecting 
several cardiac functions, and manifest as rare syndromes, 
as sometimes observed with pulmonary stenosis. Even in 
the case of a shared genetic model, some VHDs like BAV 
demonstrate high heritability and familial recurrence, while 
CAVS that affect the same heart valve display an important 
polygenic contribution and complex genetic architecture. 
In the case of CAVS, lifestyle and environmental causes 
play a significant role, along with additional cardiovascular 
comorbidities including coronary artery disease, hyperten-
sion, and dyslipidemia. On the other hand, we displayed 
several examples where genetic and biological mechanisms 
are shared between VHDs, even those affecting different 
valves. For example, BAV and myxomatous MVP share 
genes like SPTBN1, which is involved in ciliogenesis as a 
common mechanism [20, 23, 39, 52, 54]. One of the future 
challenges will be to define and explore the similarities and 
differences in genetic mechanisms between distinct VHDs. 
Evidence from single-cell sequencing explorations indicate 
important heterogeneity in cell types within valve tissue. It 
is likely that risk genes involved in heart valve pathogenesis 
act through different cell subpopulations for different valve 
diseases. The recent application of deep learning to lever-
age cardiac MRI phenotypes within large-scale datasets has 
provided innovative methodologies for assessing the genet-
ics of VHDs. One significant limitation in this field is the 
absence of specific expression data in most valves to gen-
erate well-powered genetically determined gene expression 
datasets, similar to what has been available for the mitral 
valve. Despite inherent challenges with accessing heart valve 
tissue, efforts are needed to provide powerful multi-omics 
resources to complement the impressive progress made 
through GWAS in recent years. Finally, we are still lacking 
well-powered multi-ethnic and sex-stratified studies despite 
encouraging recent initiatives [22••]. Altogether, we expect 
significant advances in VHD genetics in the coming years, 
which will be crucial to comprehensively explore the diverse 
mechanisms underlying VHD and establish a solid scientific 
foundation to improve the current tools for prediction and 
diagnosis. Moreover, these developments may lead to prom-
ising, alternative treatments, which may reduce the current 
reliance on surgical and interventional management of VHD.
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