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Mitral valve prolapse (MVP) is a common condition affecting 2–3% of the general population, and the most complex form of valve pathology, with a complication rate up to 10–15% per year in advanced stages. Complications include mitral regurgitation which can lead to heart failure and atrial fibrillation, but also life-threatening ventricular arrhythmia and cardiovascular death. Sudden death has been recently brought to the forefront of MVP disease, increasing the complexity of management and suggesting that MVP condition is not properly understood. MVP can occur as part of syndromic conditions such as Marfan syndrome, but the most common form is non-syndromic, isolated or familial. Although a specific X-linked form of MVP was initially identified, autosomal dominant inheritance appears to be the primary mode of transmission. MVP can be stratified into myxomatous degeneration (Barlow), fibroelastic deficiency, and Filamin A-related MVP. While FED is still considered a degenerative disease associated with aging, myxomatous MVP and FlnA-MVP are recognized as familial pathologies. Deciphering genetic defects associated to MVP is still a work in progress; although FLNA, DCHS1, and DZIP1 have been identified as causative genes in myxomatous forms of MVP thanks to familial approaches, they explain only a small proportion of MVP. In addition, genome-wide association studies have revealed the important role of common variants in the development of MVP, in agreement with the high prevalence of this condition in the population. Furthermore, a potential genetic link between MVP and ventricular arrhythmia or a specific type of cardiomyopathy is considered. Animal models that allow to advance in the genetic and pathophysiological knowledge of MVP, and in particular those that can be easily manipulated to express a genetic defect identified in humans are detailed. Corroborated by genetic data and animal models, the main pathophysiological pathways of MVP are briefly addressed. Finally, genetic counseling is considered in the context of MVP.
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Introduction

Mitral valve prolapse (MVP) is the most common form of valve disease, occurring in 2–3% of the general population, and up to 5–6% when prodromal or minimal forms are included (1, 2). MVP is classically defined as a 2 mm or greater displacement in systole of the tip or the body of valve leaflet above the plane of the mitral annulus in parasternal long-axis view on echocardiography (1). Although the course of MVP is most often benign, it can lead to the development of severe mitral regurgitation (MR), complicated by heart failure and supraventricular arrhythmia, but MVP can also be associated to ventricular rhythm disorders, and sometimes sudden death. MVP is frequent in some syndromic diseases such as Marfan’s syndrome, but is generally encountered in isolated, non-syndromic forms (3). Clinicians distinguish classically two main types of MVP, fibroelastic degeneration (FED) which occurs in the elderly, and myxomatous degeneration also called Barlow’s disease which develops earlier in the lifespan (4). Differences between these two main types are based on macroscopic examination during surgery, histology, but also on echocardiographic findings. Myxomatous and FED MVP were originally described by the team of Carpentier et al. following surgical observation, reinforced by histological differences. Briefly, FED MVP is characterized by thin, translucent leaflets with dystrophy (elongation and thickening) of the prolapsing segment, usually related to rupture of a chordae tendinae. In contrast, in myxomatous MVP, leaflet dystrophy is diffuse with thickening, elongation, and prolapse of all segments of the anterior and posterior leaflets, dilatation of the mitral annulus, and frequent disjunction (1, 4, 5). In addition, minor or prodromal forms of MVP characterized by limited mitral leaflet dystrophy but with a leaflet displacement of less than 2 mm have recently been recognized, and should be considered in familial or genetic approaches to MVP (2, 6–8).

The identification of rare genetic variants with a strong effect or common variants with a weak effect promoting the development of MVP allow us to approach the underlying pathophysiological mechanisms associated with this condition. Further, generation of transgenic animal models help to better characterize the phenotypic expression of MVP in its different forms and as an ultimate goal, to identify therapeutic targets that will allow to slow down or stop the evolution of the disease.



Familial clustering and mode of inheritance

As early as 1966, Barlow and Bosman (9) reported familial forms of late-systolic murmur and click suggesting that a hereditary factor could sometimes be involved in the development of mitral valve (MV) dysfunction. In 1968, Monteleone et al. reported a familial clustering of MVP (10) in a small family with disease distribution consistent with an X-linked mode of inheritance. In a systematic familial screening, Devereux et al. (11) confirmed in the early 1980s the familial clustering of MVP, and from 45 probands a distribution of disease consistent with an autosomal dominant condition. In this series, MVP was diagnosed by echocardiography in 30% of first-degree relatives with a number of affected individuals within the range predicted for autosomal dominant inheritance. Further, at least one first-degree relative was affected in 60% of families screened. In addition, MVP was more frequent in women compared with men (41 vs. 19%), and in adults compared to children. Hence MVP was seen the commonest mendelian cardiovascular abnormality in humans. At the end of the 1990s, several large families of MVPs were identified and analyzed, and several loci were identified on the X chromosome and autosomal chromosomes, thus demonstrating genetic heterogeneity. In addition to familial clustering and genetic inheritance confirmation, familial screening evidenced the common finding of prodromal forms of MVP (minimal billowing, posterior leaflet lengthening and anterior displacement of coaptation, restrictive motion of leaflets), suggesting that MVP encompasses a more complex phenotypic expression than previously thought (2, 7). It is noteworthy that prodromal forms can be the only expression of a MVP familial disease (2, 7), and prodromal forms in parents can increase the risk of MVP development in offsprings (6, 8). Further, Delling et al. have shown in the Framingham Heart Study and Swedish population that clustering of MR exists in the community (12), supporting a genetic susceptibility to primary and non-primary MR (12, 13).

To conclude, apart from sporadic forms, myxomatous MVP is usually a primary, dominantly inherited condition with incomplete and age-dependent penetrance, but can also be an X chromosome inherited disease.



Genetics of MVP

Since MVP is a common disease, it is likely that common genetic variants account for part of the genetic component of MVP. However, as with most common diseases, a significant subset of MVP cases clusters within families following a Mendelian inheritance pattern, predicting that rare variants having strong effects can also lead to disease development. In this context, classical linkage analysis was first used to map candidate regions of the genome for MVP, allowing disease gene mapping at Xq28, 16p11, 11p15, and 13q31-q32 (7, 14–16), and the eventual identification of rare genetic variants as a cause of familial MVP.

More recently, whole exome and whole genome sequencing, offering deep sequencing, are becoming the standard for gene discovery and clinical molecular diagnosis. In addition, high-throughput genomic technologies have enabled the implementation of genome-wide association studies (GWAS) in search of common genetic variants predisposing to common diseases. These recent technologies have eased the deciphering of the genetic background of MVP. The main genetic defects associated with syndromic and non-syndromic forms of MVP, according to current knowledge, are summarized in Table 1.


TABLE 1    Genetic anomalies associated with mitral valve prolapse in humans.
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Syndromic forms of MVP

Mitral valve prolapse has been observed in many syndromic disorders, this association being sometimes related to chance because of the prevalence of MVP in the general population (17), or to inadequate or unclear diagnostic criteria of MVP. Indeed, some disorders previously believed to have an increased prevalence of MVP were based on outdated diagnostic criteria, or, evidences of a true pathological association were absent. In addition, many congenital heart diseases can present some degree of MV dystrophy that can impose for a MVP. Hence, we will therefore focus the present review on the most common syndromic disorders for which there are solid arguments in terms of prevalence and/or pathophysiological data.


Marfan syndrome

Marfan syndrome is an autosomal dominant connective condition that affects 1 in 5,000 individuals. Marfan syndrome is primarily due to variants in the gene FBN1, encoding the connective protein fibrillin-1, that alter the transforming growth factor β (TGFβ) pathway. Although most variants are inherited, 25% of patients develop the disease as a result of a de novo mutation. Mutations in TGFBR1 or TGFBR2 genes have been reported in some patients with atypical presentation but nevertheless consistent with Marfan syndrome. In case of MVP (Figure 1A), Marfan syndrome diagnosis, based on revised Ghent criteria (18), is crucial because of the risk of aortic dissection. The diagnosis of Marfan syndrome should be evoked in the presence of aortic root dilation, personal or familial aortic dissection/aneurysm rupture, or in the presence of systemic signs (18). In Marfan syndrome, MVP is common and can be the first clinical or echocardiographic finding (19). Penetrance and prevalence of MVP increase over time from 43% at 30 years to 77% at the age of 60 (20). Referral to surgery for isolated severe MR is uncommon in Marfan syndrome, but mitral surgery is performed in up to 13% of patients with Marfan syndrome at the age of 60. However, outcome is dominated by the aorta risk of rupture or dissection. Next to the typical Marfan syndrome, the MASS syndrome is a marfanoid syndrome that affects mitral, aorta, skeleton, and skin (MASS) but doesn’t fulfill the Ghent criteria. Genetic background of MASS is unknown but FBN1 mutations have been also identified in some patients. The prevalence of MVP seems high in this mild form of Marfan syndrome (17). Transforming growth factor β signaling alteration has been associated with the development of MVP in Marfan syndrome but also in Loeys-Dietz syndrome.
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FIGURE 1
Syndromic and non-syndromic mitral valve prolapse/dystrophy. (A) Marfan syndrome with bileaflet myxomatous MVP, (B) Williams–Beuren syndrome with a history of operated supra-valvular aortic stenosis, mild billowing/prolapse of the anterior leaflet and restrictive motion of the posterior leaflet with moderate MR, (C) Filamin A MVP/dystrophy, and (D) bileaflet myxomatous MVP diagnosed after a resuscitated sudden death inaugurating the disease. White arrows: Prolapse/billowing, black and white head arrow: Mitral annular disjunction common in arrhythmic MVP.




Loeys-Dietz syndrome

Loeys-Dietz syndrome (LDS) is a rare connective tissue disorder, with autosomal dominant inheritance, that arises from variants altering the TGFβ signaling pathway. The 5 different types are LDS types 1 and 2 as a result of mutations in TGFBR1 and TGFBR2, respectively, LDS type 3 which results of mutations in SMAD3, whereas LDS type 4 and 5 results of mutations in TGFB2 and TGFB3, respectively (21). Finally, LDS can also result from mutations in SMAD2. Mitral valve prolapse seems more frequent in LDS types 4 and 5 (17–21%) than in types 1, 2, and 3 (5–13%). Compare to Marfan syndrome carrying FBN1 mutation, MV involvement is less frequent in LDS type 2: MVP was found in 21 vs. 45% of patients (P = 0.001), MR in 35 vs. 56% (p < 0.0001) and referral to MV surgery was rare in TGFBR2 patients (19).



Other syndromes

Other syndromes associated with MVP involving the TGFβ pathway are the juvenile polyposis syndrome (SMAD4: Mothers against decapentaplegic homolog 4 or SMAD family member-4 and BMPR1A: Bone morphogenetic protein receptor, type 1A), and the aneurysm-osteoarthritis syndrome (Mutations in SMAD3: SMAD family member-3).

Borrone dermato-cardio-skeletal (BDCS) and Frank-Ter Haar (FTH) syndromes are autosomal-recessive disorders characterized by cutaneous, cardiovascular (with MVP), skeletal and other abnormalities owing to homozygote mutations in the SH3PXD2B gene (encoding the protein SH3 and PX domains 2B).

Finally, MVP have been reported with increased prevalence in aneuploidies including Down’s syndrome, Williams–Beuren syndrome (Figure 1B), Ehlers–Danlos syndrome, osteogenesis imperfecta, pseudoxanthoma elasticum, Stickler syndrome, Larsen-like syndrome, fragile X syndrome, and polycystic kidney disease, but data regarding these associations remain less convincing (3, 17).




Non-syndromic MVP

Non-syndromic form of MVP is the most common condition of MVP. Non-syndromic MVP is a degenerative disease, worsening overtime (2) and associated with macroscopic, echocardiographic and histological modifications of MV apparatus (1, 4, 5). Non-syndromic MVP can be grossly stratified in myxomatous degeneration, fibro-elastic loss, and Filamin A-related MVP (Figure 1C) (3). Thanks to the recent identification of gene defects, MVP genotype-phenotype relationship refinement started, with the description of the unique Filamin A-MVP phenotype (2), and the identification of prodromal forms of MVP (2, 7, 8).


Filamin A (FLNA)

The first genetic defect of a non-syndromic MVP has been linked to FLNA variants in families with X-linked inheritance (2, 14, 22, 23). In the absence of extra-cardiac manifestations Filamin A-MVP is regarded a non-syndromic disease, but it is well known that some FLNA variants in other regions of the gene can cause syndromic diseases (2, 3, 23). The FLNA gene, located on chromosome X in the Xq28 region, encodes actin-binding protein that crosslinks actin filaments and links actin filaments to membrane glycoproteins. The penetrance of the disease is complete in men and incomplete in women. Filamin A-MVP phenotype (Figure 1C) associates both developmental and degenerative alterations of the MV apparatus and frequent polyvalvular disease in men. On histology, Filamin A-MVP demonstrates diffuse proteoglycan accumulation (2, 24) consistent with a myxomatous-like MVP but, in addition to prolapse in systole, leaflet motion is paradoxically restricted in diastole (2), consistent with papillary muscle and chordae development aberrations (2, 24, 25) and some degree of leaflet fibrosis and stiffening. Mitral annulus disjunction was not evidenced in these patients, and outcome is characterized by a higher rate of valve surgery (mitral and aortic) in men as compared to women, but also to classical bileaflet myxomatous MVP (2).



Dachsous 1 (DCHS1)

A loss-of-function mutation in DCHS1 (dachsous cadherin-related 1, on chromosome 11 at the 11p15 location) gene, which segregates with myxomatous MVP in a large family pedigree, was recently diagnosed as a cause of MVP (26). Two other mutations were subsequently identified. DCHS1 encodes a protein of the cadherin superfamily involved in calcium-dependent cell-cell adhesion. In mouse models with decreased expression of DCHS1, anterior and posterior mitral leaflets are enlarged and show myxomatous degeneration and prolapse, which could be traced back to developmental errors in valve morphogenesis. In addition, mutated mice and zebrafish exhibit abnormal planar cell polarity architecture of the valve matrix, and mitral leaflets show disorganized valvular interstitial cells (VICs), supporting these processes as etiological underpinnings for the disease.



DZIP1

Recently, a primary cilia gene, DZIP1 (DAZ interacting zinc finger protein 1, on chromosome 13 at the 13q31-q32 location), has been identified as a causal gene for non-syndromic autosomal dominant MVP in humans. A deleterious missense mutation in DZIP1 segregates with myxomatous MVP in a large family pedigree (27). Experimental findings reveal that myxomatous degeneration may occur through altered developmental pathways that involve both ciliogenesis and β-catenin signaling. Matrix metalloproteases were up-regulated in mitral leaflets with subsequent proteolysis of extra-cellular matrix (ECM) collagen and elastin, and myxomatous phenotype (28). In addition, a significant reduction in MV primary cilia length has been demonstrated in Dchs1 and FlnA knockout (KO) mice (27). Hence, these findings support the hypothesis that MVP can be caused by abnormal primary cilia function.




Common risk alleles for MVP: Genome wide association studies

Alternatively, the identification of frequent genetic variants showing higher allele frequencies in patients compared to controls allowed the identification of genes and biological pathways involved in MVP. Genome-wide association study analyses use frequent, genome-wide single-nucleotide polymorphisms (SNPs), and combine these results with information on expression data and epigenetic marks in biological tissues of interest, possibly involved in the disease.

The first genetic study by Dina et al. included 1,412 MVP cases and 2,439 controls, and identified six loci reaching genome-wide statistical significance, with a replication in 1,422 MVP cases and 6,779 controls (29). As also supported by functional analysis, this study demonstrated that two genes, LMCD1 (LIM and cysteine-rich domains protein 1) and TNS1 (tensin1), impair valve phenotype as confirmed in animal models (29). TNS1 is localized in focal adhesions area that mediate cellular regulatory effects in response to ECM signals. TNS1 KO mice present thickened posterior mitral leaflets, ECM defects and signs of myxomatous degeneration. Both TNS1 and LMCD1 knockdown (KD) zebrafish exhibit MV regurgitation. Also called Dyxin, LMCD1 is part of the zinc finger proteins family, co-regulators of transcription. LMCD1 has been exhibited as a repressor of GATA6 (GATA binding protein 6), an important regulator for cardiac development and activator of calcineurin/NFAT pathway also implied in cardiac development. Actually, both TNS1 and LMCD1 genes are involved in cellular proliferation and migration during valve development. Thus, it is plausible that variants in these genes are causing valvular defects through embryonic valvulogenesis defects.

This genetic analysis was greatly increased in the subsequent study by Roselli et al. that analyzed 4,884 patients with MVP and 434,649 controls (30) (Figure 2 and Table 2). In this study, data from the RoadMap epigenomics (31) and GTEx panel (32), as well as biochemical experiments on 111 cell lines and tissues were used. It allowed to catalog potential functional DNA regions, as well as the links between gene expression and genetic polymorphism. The power of this new study allowed the identification of 14 genetic loci pointing to new candidate genes associated with MVP, including non-ischemic cardiomyopathy genes. Although none of the main SNPs were in coding regions, for five hits there was at least one SNP in linkage disequilibrium with the lead SNPs located in an exon, thus pointing to five genes (ALPK3, NMB, SH2B3, BAG3, and SMG6) (30). Gene mapping includes the search for significantly associated SNPs, but also for multi-polymorphism associations including SNPs over a 10 Kb window surrounding and including the gene (MAGMA method) (33). Nine genes close to the GWAS top-hits showed an association with this method as well.
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FIGURE 2
Manhattan plot showing the loci with genome-wide significance in the mitral valve prolapse meta-analysis and some candidate genes. Fourteen loci reached genome-wide significance (P-value, 5 × 10-8). Of the candidate genes from the meta-analysis, 15 genes are highlighted. The red line indicates the genome-wide significance cut-off. For the complete list of candidate genes, see Table 2.



TABLE 2    Candidate genes from MVP meta-analysis and follow-up analysis.
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In addition, the correlation between the presence of MVP and the expression levels of human genes, through a process of imputing the expression levels of all genes in patients and control data from a reference panel was tested. This tissue-specific TWAS (Transcriptomic Wide Association Study) (34) method was applied by imputing expression in cardiac ventricular and atrial tissue (from GTEx). This analysis allowed the NMB gene to be added to the list of genes showing simultaneous SNP and whole gene association.

The pathway analysis on genes near MVP-associated loci from the GWAS indicated that biological functions relevant to cell adhesion and migration during cardiac and valvular development are involved. The genes spanning biological mechanisms highly relevant to MVP included GLIS1, TGFB2, ID2, TBX5, MSRA, and DMPK (35). The transcription factor GLIS1 has a potential role in mechanisms related to endothelial to mesenchymal transition and cell migration (36). In addition, in a meta-analysis with UK-Biobank MVP, Yu et al. replicated the association on TNS1 and indicated that several gene sets enriched for MVP-associated genes are related to cardiac biology, such as cardiac ventricle formation, cardiac chamber formation and cardiac right ventricle morphogenesis (35).

In conclusion, the latest GWAS studies, combining genetic association, TWAS, in-house mRNA and protein expression, have confirmed LMCD1 and identified SPTBN1, LTBP2, TGFB2, NMB, and ALPK3 as potentially important in the occurrence of MVP. The complete list of candidate genes for the regions reaching GWAS significance are listed Table 2.



Transcriptomics analyses

In addition to the above data, transcriptome analyses were performed in mitral valve leaflets from humans and animals with MVP. In humans, transcriptome analyses of mitral valve leaflets demonstrated changes in the expression of proteolytic genes, including metallothioneins, MMPs (matrix metalloproteinases), cathepsins, and ADAMTS (a disintegrin and metalloproteinase domain with thrombospondin), associated with enrichment of the TGF-beta pathway (37–39). Comparative gene expression profiling in the mitral valve leaflets of myxomatous MVP and FED MVP revealed distinct gene expression profiles, suggesting the involvement of different pathophysiological mechanisms. Downregulation of ADAMTS5 in myxomatous MVP has been associated with the accumulation of the versican proteoglycan in the leaflet extracellular matrix, contributing to leaflet remodeling (40). Interestingly, recent data in Cavalier King Charles Spaniel have identified gene expression changes in mitral leaflets associated with cardiomyocytes, coagulation and extra-cellular matrix remodeling (41). Comparative transcriptomic evaluation of acquired forms of MVP in humans and dogs revealed a common upregulated inflammatory response in diseased valves (42). In small-breed dogs, the major biological function altered involve inflammation, cell movement, cardiovascular development, extracellular matrix organization, and epithelial-to-mesenchymal transition (43). Finally, in the KI Flna-P637Q rat model, extracellular matrix organization, epithelial cell migration, response to mechanical stress, and immune cells were identified as the main signaling pathways leading to mitral valve myxomatous dystrophy (24). Hence, transcriptomic analyses performed in humans and animal models point toward common biological function and pathways.




A genetic association between MVP and cardiomyopathy?

Myxomatous degeneration, also known as Barlow’s disease, associates bileaflet MVP, marked annular dilatation, frequent mitral annulus disjunction, and disproportionate left ventricular (LV) dilatation (44, 45) even in the absence of significant MR (46). Several hypotheses have been suggested to explain the intriguing disproportionate LV dilatation associated to myxomatous MVP, namely (1) an underestimation of volume overload linked to the pseudoaneurysmal prolapse sequestering a significant volume of blood (9, 47), (2) a compensatory mechanism to frequent ventricular ectopic beats (48), and (3) a unique type of associated cardiomyopathy (44) which could be linked to a genetic background. Indeed, histological examination of 68 cases of sudden death with MVP have shown unique features of cardiomyopathy including left ventricular fibrosis, associated hypertrophy, and degenerative features of the myocytes in 81% of cases (49).

Currently, there are little genetic data to establish a consistent link between MVP and a known cardiomyopathy phenotype. However, an association between HCN4 (hyperpolarization-activated cyclic nucleotide channel 4) rare variants and MVP have been reported. Authors identified a complex pathologic association of sinus node dysfunction/bradycardia, ventricular and atrial arrhythmias, LV non-compaction, and MVP (50, 51). Of note, HCN4 intervenes in myocardium and conduction system development. This association suggests that common genetic and molecular mechanisms can lead to rhythm/conduction, myocardial, and MV defects, reinforcing the hypothesis of a potential molecular interplay in myocardial and MV development. Mutations in the DCHS1 gene, encoding a member of the cadherin superfamily involved in cell-cell adhesion molecules, have been identified as causing myxomatous MVP (26). Interestingly, cadherins are important components of the structural and functional cohesion of cardiomyocytes at the level of desmosomes, also known as maculae adherents. Desmosomes are one of the strongest types of cell-cell adhesion found in tissues submitted to intense mechanical stress. In addition, genetic abnormalities of some cadherins involved in cardiomyocyte desmosomes lead to a unique type of cardiomyopathy, the arrhythmogenic cardiomyopathy, which sometimes takes the form of an isolated dilated cardiomyopathy (52). In a recent study, out of 101 patients with MVP predominantly of Barlow type who underwent extensive gene testing, eight patients (8%) had a likely pathogenic variant in four cardiomyopathy genes (DSP, HCN4, MYH6, and TTN), in favor of a common genetic origin for both myocardial and MV disease (53) but we cannot rule out a chance association. It is worth noting that TTN encodes for the giant sarcomeric protein titin and is regarded the cause of ≈25% of familial dilated cardiomyopathy. Finally, one can hypothesize that a cardiomyopathy gene defect could worsens LV remodeling related to Barlow MVP and MR volume overload.

As already discussed, the most recent meta-analysis identified new candidate genes associated with MVP, including cardiomyopathy genes such as ALPK3, BAG3, and RBM20 (30). In a sub-analysis of the association of genetic architecture and cardiovascular characteristics, the authors observed a strong genetic correlation between MVP and larger ventricular volumes, and a trend toward a positive correlation between MVP and non-ischemic cardiomyopathy. The observed association of MVP to LV dilatation is likely due to chronic MR, but could also be due in part to a common genetic defect of dilated cardiomyopathy and MVP. Whereas mutations in ALPK3 have been associated with non-sarcomeric hypertrophic cardiomyopathy or dilated cardiomyopathy, BAG3 and RBM20 genes have been associated with dilated cardiomyopathy phenotype further highlighting a potential link between MVP and cardiomyopathy (Figure 2 and Table 2).



Arrhythmogenic MVP

Most sudden deaths in patients with MVP occur in the presence of severe MR, corresponding to a decompensated stage of LV remodeling related to volume overload (54, 55). Arrhythmic MVP (46, 56), which at worst results in polymorphic ventricular arrhythmia that can eventually lead to sudden death (malignant MVP), has long been recognized a rare complication of myxomatous MVP (57) (Figure 1D). High-risk features include bileaflet MVP, mitral annulus disjunction (a classical finding in myxomatous bileaflet MVP), ST-T wave abnormalities in inferior or lateral leads, frequent complex ventricular ectopy arising from the MV apparatus, and finally LV focal myocardial fibrosis (44, 55, 57). However, the most classic form of arrhythmic MVP manifests as frequent, monomorphic ventricular ectopy, usually originating from the MV apparatus and in particular from the papillary muscles (58, 59). This classical form is generally either asymptomatic or symptoms are limited to isolated palpitations, but all situations exist between this benign form and malignant MVP. Owing to the low but significant increase risk of sudden death in MVP, recent consensus recommendations suggest to change the paradigm of the clinical work-up of MVP and to include a systematic 24-h ECG recording to unmask ventricular arrhythmia (46). Exercise test can also unmask ventricular arrhythmia not evidenced at rest (59). Several intricate factors are probably at the origin of ventricular arrhythmia in MVP, namely (1) abnormal myocardial stress during systole related to MV apparatus abnormalities, (2) myocardial remodeling with areas of myocardial fibrosis possibly favored by an underlying cardiomyopathy or by abnormal systolic stress, (3) electrical abnormalities of the myocardial contractile and conductive tissue, and (4) genetic factors. Our current knowledge of genetic factors favoring the occurrence of ventricular arrhythmia in patients with MVP remains limited. Only few publications have reported a potential association of MVP and pathogenic variants of the FLNC (60) or LMNA (61) genes in patients with ventricular arrhythmia. However, in a recent whole exome molecular autopsy in unexplained sudden death in young patients, MVP prevalence (7.8%) was higher than expected in the general population and pathogenic/likely pathogenic variants in cardiomyopathy-and channelopathy-susceptibility genes were over-represented (62). The frequency of MVP in the general population necessarily leads to incidental association between an inherited arrhythmia disease or a genetic variant of cardiomyopathy and MVP (63), although these factors might be synergistically associated according to the double hit theory (61, 62) and could increase the risk of sudden death. The genetic background of ventricular arrhythmia in MVP will require further investigations.



Animal models of non-syndromic MVP

In genetic diseases, animal models are essential, (1) to confirm the link between the genetic anomaly and the pathology, (2) to characterize the functional and structural organs anomalies, (3) to identify the impacted molecular pathways, and finally, (4) to test therapeutics that could slow down or stop the evolution of the disease.

In MVP, three main categories of animal models are currently available, the canine model, the rodent model, and the zebrafish model (Figure 3). It should be noted that the contribution of the three main animal models to the improvement of knowledge regarding humans MVP is different. Although MVP in the small-breed dog may be considered to have greater histological and clinical proximity to human MVP, the rodent and zebrafish models are of primary interest for translational research because they can be easily manipulated to express a genetic defect identified in humans.
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FIGURE 3
Animal models of MVP. Three main categories of animal models are currently available to study MVP, the canine model, the rodent model, and the zebrafish model. The advantages of each are presented in the green squares and downsides are presented in the red squares. The main finding coming out of the models are depicted in the blue square underneath. EMT, endothelial to mesenchymal transition; KO, knock-out; KI, knock-in; MVP, mitral valve prolapse; SERT, serotonin transporter; TG2, transglutaminase 2. Created with BioRender.com.


Small-breed dogs, such as Cavalier King Charles Spaniel and Dachshunds, are well known to spontaneously develop myxomatous MVP. Interestingly, this physiologically relevant large mammalian animal model develops the three-layered valves and the MVP phenotype observed in these animals are close to what is described in humans, making this intermediary translational model of interest to study mechanisms associated with the disease (64). Indeed, on histology, MVP leaflet tissue shows thickening of the spongiosa layer, altered collagen, and glycosaminoglycan infiltration, in agreement with the Barlow disease in humans (65). As in humans, MVP is considered transmissible in small-breed dogs (66). Hence small-breed dogs could represent a resource for uncovering the genetic basis of MVP (65), even though first attempts based on whole genome sequencing did not identify genetic cause in the homologous genes involved in the human disease (66). The analyses performed on canine model of MVP suggested that MVP would be linked to cell structure and ECM remodeling, immunity and inflammation as well as high serum serotonin, 5-HT2B receptor overexpression and serotonin transporter SERT downregulation (41, 67–69). However, from a research standpoint, the late and very high incidence of MVP in these dogs, with the almost constant presence of MVP in old small-breed dogs such as Cavalier King Charles Spaniels (69), the important karyotype differences compared to humans (69), as well as ethical concern regarding the use of dogs for research, considerably limit their usefulness to study genetics and molecular mechanisms.

Researchers thus turned toward rodent-based animal models (70),1 the most commonly and readily engineered models used in laboratories. Even if the mitral valve of rodents does not present clear layer-structure as observed in humans and dogs, but a polarized leaflet structure with collagen strip and proteoglycan content along the leaflets, rodent models offer important benefit for research and open the way to decipher the molecular mechanisms behind the development of the pathology. As discussed previously, genetic studies performed in the last decades unraveled the association of several genes with MVP. The first causal gene, the FLNA gene that encodes for Filamin A (FlnA) protein, was identified in 2007 (23). Analysis of the FlnA KO mice model have reinforced the genetic findings relating FlnA and MVP: Feng et al. have reported significant outflow tract defects in FlnA KO embryos, thus suggesting important impact of FlnA in the development of MV (71). However, the developmental lethality of this model precluded any clear identification of the mechanisms behind the FlnA/MVP association. To overpass this limitation, Sauls et al. generated a conditional KO mice, where FlnA was specifically deleted in endothelial-derived cells using Tie2/Cre method (25). They showed that adult valve degeneration originates from developmental defects where they reported fetal valve extracellular matrix (ECM) remodeling. They showed an increased infiltration of extra cardiac cells, such as bone marrow-derived cells (see dedicated section below), and/or an activation of the Erk pathway, suggesting that immune cells and the regulation of Erk pathway could represent a potential therapeutic option for MVP patients (72). However, the complete lack of a hub protein like FlnA, involved in many signaling networks, can hardly recapitulate the effects of a single MVP-associated point mutation and thus considerably limits the ability to unravel fine pathophysiological mechanisms leading to MVP. Fortunately, a knock-In (KI) FlnA-P637Q rat model carrying the FLNA variant identified in a large human family (1, 2, 22) has been recently generated and phenotyped (24, 73). This animal model mimics human myxomatous MVP, offering a unique opportunity to decipher the pathophysiological mechanisms related to this disease. ECM remodeling, epithelial cell migration, response to mechanical stress and the contribution of immune cells were highlighted as the main pathological pathways leading to FLNA myxomatous MVP (24). The importance of immune cells in the development of MVP is a recent concept that may offer new therapeutic perspectives in MVP (42).

Relying on other causal genes that have been identified (DCHS1, polymorphisms in the region of LMCD1 and TNS1) several other models were generated. Knockdown zebrafish suggested that cellular proliferation and migration were the main processes involved in the development of MVP. Although zebrafish models present several advantages, such as microscopy-based study and easy lineage tracing (74), its physiological relevance remains limited to study complex pathophysiology occurring in human disease. Therefore, genetically engineered mice have been generated. Dchs1 KO mice developed thickened mitral leaflet and MVP with altered cellular patterning (26), Tns1 KO mice exhibited enlarged posterior MV leaflet with evidence of myxomatous degeneration, as indicated by increased proteoglycan content and loss of normal matrix stratification (29). More recently, a cilia gene, DZIP1, has been identified in MVP families (27). Thanks to the generation and study of a KI and conditional KO mice model, Toomer et al. demonstrated the pathogenicity of DZIP1 specific mutation highlighting a role for primary cilia in the development of myxomatous MVP (27).

The zebrafish model has a special place in the arsenal of animal models (Figure 3). The zebrafish model is used to characterize human pathologies and, in MVP, to validate the association between a genetic defect and the development of mitral valve dysfunction (29, 36). However, this model is limited by the characteristics of the fish heart and its extremely small size. The interest of this model in the future, beyond the genetic aspect, lies in the possibility of rapidly testing the effect of numerous drugs that could prevent or slow the development of MVP.

Overall, canine models as well as rodent-based models for non-syndromic MVP suggest that common causal pathways, such as endothelial to mesenchymal transition (EMT), mechano-transduction, and immune cells, are involved in the development of MVP.



Pathophysiological pathways of MVP

Rather than ECM remodeling, mechano-transduction, EMT, immune cells and ciliation alterations have been identified as important mechanisms leading to the development of MVP. The main biological pathways involved in MVP development and dysfunction includes integrins, the TGFβ pathway, and supposedly serotonin (Figure 4). Mechanisms and biological pathways involved in MVP development are likely also involved in the development of other heart valve diseases such as tricuspid valve prolapse.
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FIGURE 4
Main biological pathways involved in MVP. This figure shows the involvement of serotonin, integrin, TGFβ, and BMP pathways in the pathogenesis of MVP. The dotted arrow corresponds to the non-canonical TGFβ pathway. Created with Biorender.com.



Transforming growth factor β (TGFβ)

TGFβ superfamily, a large family of regulatory proteins, regulates many cellular mechanisms and is a major player in valvulogenesis and valve pathophysiology, involved in EMT but also in valve remodeling (26). Nevertheless, the precise mechanisms by which TGFβ participates in MVP are still poorly understood.

The study of fibrillin-1 mutations associated with Marfan syndrome has highlighted the prominent role of the TGFβ pathway in MVP. Indeed, excessive signaling of TGFβ superfamily members has been evidenced in human, canine and murine tissues of Marfan syndrome MVP (2, 41). Transcriptomic studies reported increased gene expression of TGFβ2 in human dystrophic MV compared with control MV (64). Furthermore, various KO mice models for Smad isoforms develop cardiac dysfunction and defects in valvulogenesis (75). Lastly, in the multi-omics analysis (i.e., RNA-seq and ATAC-seq) we performed in our unique animal model of MVP, the FlnA-P637Q KI rat, TGFβ pathway was highlighted as one of the main player in the MVP pathogenesis (24).



Serotonin

The serotonin (5-hydroxytryptamine or 5-HT) pathway plays a major role in cardiovascular pathophysiology, participates in valvulogenesis and valve remodeling (64, 68). Serotonin receptor (5-HTR) agonist drugs, such as benfluorex (Mediator®), stimulate serotonergic pathways leading to valve degeneration with increased VICs proliferation, endocardial damage and ECM accumulation (76).

Canine models of spontaneous MVP, such as the Cavalier Kings Charles, have demonstrated increased abundance of THP1, 5-HT2BR, a decrease in SERT, and an increase in circulating 5-HT levels in platelets and mitral leaflets (64, 68). Serotonylation by TG2 is involved in matrix remodeling, and thus in MVP. Interestingly, in KO mice developing MVP, maturation and matrix remodeling during embryogenesis have been shown as dependent on 5-HT/TG2/FlnA interactions (25). Lastly, the FlnA rat model presented doubled Htr2a transcript expression in myxomatous MVP, suggesting once again the involvement of serotonin pathway in MVP (24). However, the role of serotonin in the development or progression of MVP remains speculative, so further studies are needed to confirm the potential link between serotonin-related mechanisms and MVP.



Ciliation

Cilia are structures formed by microtubules that extend from the cytoplasm to the outside of the cell. Primary cilia transmit mechanical, electrical and chemical signals depending on the spatio-temporal context. In this way, they coordinate signals from various signaling pathways to influence cell survival and differentiation as well as tissue organization (77).

In recent years, primary cilia have been recognized to play a central role in the biomechanics and molecular regulation of cardiac development (77), but the involved mechanisms remain poorly understood. Primary cilia are present on the surface of interstitial cells of the developing outflow tract cushion at embryonic stages E11.5 and E13.5, but are rarely seen on the valvular endocardium (27). Although still debated, primary cilia could regulate the production of different components of ECM.

A recently developed mouse model with the rare mutation in DZIP1 confirmed the involvement of cilia in the development of myxomatous MVP (27). In addition, immunohistological analysis of Dchs1 KO and FlnA KO mice also showed a significant reduction in the length of primary MV cells cilia (27). Recent data suggest that the alteration of primary cilia mechanosensing function is involved in profibrotic pathways, favoring LV fibrosis in mice and humans with MVP (78). We also recently highlighted the implication of cilia in the FlnA KI rat model developing myxomatous MVP (24).



Endothelial-to-mesenchymal transition (EMT)

Happening at embryonic stage E9.5 in mice, EMT relates to the transition of endocardial cells to mesenchymal cells, and their simultaneous migration into the cardiac jelly during development to subsequently remodel ECM and give rise to valvular structure (79–82).

The EMT is mediated by TGFβ superfamily members (i.e., TGF-β/Smad, Notch, Wnt/β-catenin, VEGF). The entailment of EMT in MVP remains questioning and controversial as its signature in pathologic valves is not clearly identified. Although, in vitro and canine as well as sheep histologic studies reported EMT in MVP (43, 83–86), neither mice histologic studies using CD31 and α-SMA double-positive cells as an indicator of EMT, nor the analysis of EMT transcription factors, reported presence of EMT (87). In addition, in vivo transformation of valvular endothelial cells (VECs) into VICs has never been reported (87). Whereas lineage tracing allowed to characterize adult VICs origin, no evidence of EMT during adult valve homeostasis or valve pathogenesis was observed and further studies are needed to understand the potential role of this mechanisms in the development of the disease.



Immune cells

By contrast, lineage tracing revealed the recruitment of bone-marrow derived cells both in healthy and myxomatous MV. Monocytes are established actors of tissue homeostasis, wound repair and disease. Although MVP was considered as non-inflammatory disease for a long time (88), CD45 + hematopoietic cells have been reported in human, sheep (89, 90) and murine (42, 72, 87, 91) myxomatous MVP. Most recent study by Kim et al. demonstrated the dominant role of monocyte-derived macrophages and the associated pro-inflammatory environment in the development of myxomatous MV dystrophy (42, 87) in a mouse model of Marfan syndrome. Furthermore, exacerbated inflammatory response was observed in dystrophic MV of human, dogs and mice, suggesting immune activity involvement in the progression of the disease. We also recently observed an enrichment in pathways related to chemotaxis and immune cell migration in the myxomatous mitral leaflets of the FlnA KI rat model, reinforcing the evidence of crucial role of immune cells in the pathophysiological mechanisms leading to myxomatous MVP remodeling (24).



Mechanobiology

The MV is submitted to different mechanical forces throughout life since its development, during maturation, and after birth. VECs and VICs, especially of aortic and MV, have been shown to adapt to mechanical stress conditions (92, 93).

Mechanical stimuli are sensed through sensory proteins and mechanoreceptors such as mechanosensitive ion channels, annexin V and integrins (Figure 4) (94). Cyclic stretching induces a myofibroblastic phenotype with an increased expression of TGFβ2, and an activation of small protein RhoGTPases and the MEK/ERK pathway, while Smad2/3 effectors of the TGFβ pathway does not respond to stress (95).

To conclude, the pathophysiological mechanisms and molecular pathways involved in the development and progression of MVP are being deciphered, involving the TGF-β pathway, serotonin pathway, with disturbances in mechano-transduction, ciliation, possibly EMT, and immune cell-related valve remodeling.




Familial screening and genetic counseling

The inheritance of MVP raises the question of systematic screening at least of first-degree relatives of probands with severe MVP, especially if there is a family history of surgical MVP or life-threatening arrhythmic MVP. Familial screening is a common practice to identify individuals at risk for some genetic condition but has not yet been clearly recommended in guidelines for MVP (46). Clinical interrogation of family history can identify families with severe, recurrent MVP or MR (13) and lead to ECG and echocardiographic screening of first-degree relatives, which may allow preclinical diagnosis and better follow-up. Although the lifetime rate of MV surgery is relatively low in the overall MVP population, estimated at approximately 6–7% at age 75 years (96), it may be as high as 70% in men at age 70 years in Filamin A-MVP (2), which should be incentive to familial screening. Screening for MVP by echocardiography in selected individuals is a simple procedure that will allow appropriate follow-up and timely intervention. In clinical practice, familial screening could be proposed to first-degree relatives in case of severe or recurrent form of MVP in the family.

Finally, the value of genetic counseling remains limited in MVP because of limited genetic data. However, a rapid clinical questioning and examination looking for the main syndromic features can reveal syndromic signs of Marfan syndrome or MASS (mitral aorta skeleton and skin phenotype) that would benefit from genetic diagnosis and counseling. As a reminder, the first sign of Marfan syndrome was MVP in 12% of a large series of Marfan syndrome (19).
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