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ABSTRACT  

BACKGROUND 
Isolated posterior leaflet mitral valve prolapse (PostMVP), a common form of MVP, often 
referred as fibroelastic deficiency, is considered a degenerative disease. PostMVP patients are 
usually asymptomatic and often undiagnosed until chordal rupture. The present study aims to 
characterize familial PostMVP phenotype and familial recurrence, its genetic background, and 
the pathophysiological processes involved. 
METHODS 
We prospectively enrolled 284 unrelated MVP probands, of whom 178 (63%) had bi-leaflet 
MVP and 106 had PostMVP (37%). Familial screening within PostMVP patients allowed the 
identification of 20 families with inherited forms of PostMVP for whom whole genome 
sequencing was carried out in probands. Functional in vivo and in vitro investigations were 
performed in zebrafishand in Hek293T cells. 
RESULTS 
In the 20 families with inherited form of PostMVP, 38.8% of relatives had a MVP/prodromal 
form, mainly of the posterior leaflet, with transmission consistent with an autosomal dominant 
mode of inheritance. Compared with control relatives, PostMVP family patients have clear 
posterior leaflet dystrophy on echocardiography. Patients with PostMVP present a burden of 
rare genetic variants in ARHGAP24. ARHGAP24 encodes the filamin A binding RhoGTPase-
activating protein FilGAP and its silencing in zebrafish leads to atrioventricular regurgitation. 
In vitro functional studies showed that variants of FilGAP, found in PostMVP families, are 
loss-of-function variants impairing cellular adhesion and mechano-transduction capacities. 
CONCLUSIONS 
PostMVP should not only be considered an isolated degenerative pathology but as a specific 
heritable phenotypic trait with genetic and functional pathophysiological origins. The 
identification of loss-of-function variants in ARHGAP24 further reinforces the pivotal role of 
mechano-transduction pathways in the pathogenesis of MVP. 
 
 
CLINICAL PERSPECTIVE 
 

• Isolated posterior mitral valve prolapse (PostMVP), often called fibro-elastic 
deficiency MVP, is at least in some patients, a specific inherited phenotypic trait 

• PostMVP has both genetic and functional pathophysiological origins 

• Genetic variants in the ARHGAP24 gene, which encodes for the FilGAP protein, cause 
progressive Post MVP in familial cases, and impair cell adhesion and mechano-
transduction capacities 

 
KEY WORDS 
PostMVP, inheritance, genetics, FilGAP, mechano-transduction  
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INTRODUCTION 

 Mitral valve prolapse (MVP), defined by an excessive leaflet displacement towards 
the left atrium in systole1, results in an inappropriate apposition of valve leaflets which 
contributes to mitral regurgitation (MR) and can lead to heart failure2. MVP affects 2 to 3% of 
the general population and is one of the most frequent indications for cardiac valve surgery in 
Western countries1–3. MVP is a heterogeneous group of disorders with a broad spectrum of 
clinical, echocardiographic, surgical and histological presentations4–6. 

The most common form of MVP is Barlow disease (referred as bi-leaflet prolapse [BiMVP] 
in the present study), and is characterized by an early onset of the disease, a bi-leaflet 
elongation and prolapse with diffuse excess of leaflet tissue and an enlarged mitral annulus5. 
In contrast, isolated posterior mitral valve leaflet prolapse (PostMVP), often referred as 
fibroelastic deficiency (FED), displays a later onset, with localized valvular dystrophy 
generally restricted to one segment and moderate mitral annulus enlargement. In PostMVP, 
severe MR results from chordal rupture, located mainly on the median part of the posterior 
leaflet. In contrast with BiMVP patients, PostMVP patients are usually asymptomatic and 
remain undetected until they develop severe MR3,5,7,8. In the past decades the diagnosis 
criteria of typical and prodromal forms of MVP have greatly improved. Prodromal forms have 
been evidenced in some MVP families and strengthen the idea that MVP encompasses a more 
complex phenotypic expression than previously thought3,5,7,8. Although these prodromal 
forms have no, or little, immediate clinical impact, their diagnosis has substantial importance 
for genetic investigations. In addition, it is worth noting that these prodromal forms may 
progress to more severe forms during life7, and could be monitored periodically. 

MVP has long been considered a degenerative disease until the discovery of inherited 
forms of MVP9–11 and the identification of genetic bases (FLNA, DCHS1, DZIP1 as well as 
risk loci through genome wide association studies12–17). The combination of genetic evidence 
with deep-phenotyping of patients, together with the development of cellular and animal 
models, led to the understanding of some pathophysiological and molecular mechanisms 
involved in the pathogenesis of MVP in human (e.g. cellular mechanical stress response, 
extracellular matrix remodeling, primary cilia-dependent regulation and immune cell response 
13,15,18–23). 

While molecular bases have been identified in non-syndromic forms of BiMVP, 
biological mechanisms involved and/or the exclusive degenerative nature of PostMVP remain 
elusive and debated. 

In the present work, from 284 unrelated MVP patients (178 BiMVP and 106 
PostMVP) prospectively enrolled in a genetic study, we offered family screening to relatives 
of PostMVP patients to 1) determine the sporadic or familial expression of PostMVP and its 
clinical presentation, 2) characterize its inheritance mode and genetic background and, 3) 
understand involved biological and pathophysiological processes. 
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METHODS 

Patients 

We prospectively enrolled 284 unrelated patients with non-syndromic MVP who underwent a 
comprehensive clinical and echocardiographic examination. Patients were classified as 
BiMVP patients and PostMVP patients. Familial screening was proposed to relatives of 
PostMVP cases. Blood was sampled for genetic studies in probands but also in all adult-
relatives who accepted to participate in familial investigations. In children, salivary sampling 
was proposed for genetic studies. The study complies with the declaration of Helsinki, the 
French guidelines for genetic research and was approved by local ethic committees (Genetic 
and Phenotypic Characteristics of Mitral Valve Prolapse; NCT03884426). We obtained a 
favorable opinion from the local ethics body GNEDS (Groupe Nantais d'Ethique dans le 
Domaine de la Santé) on December 24, 2012 and a written informed consent was obtained 
from each participant. 

Echocardiography 

Echocardiograms were carried out by experienced investigators using a commercially 
available digital ultrasound system (Vivid, GE Medical Systems, Milwaukee, WI, USA) and 
analyzed with a dedicated software (EchoPac PC; GE Healthcare, Waukesha, 
Wisconsin). Standard echocardiographic parameters were measured according to current 
recommendations24 as detailed in Supplementary appendix. The mitral valve (MV) 
apparatus was comprehensively assessed on echocardiography as previously described8,25. 
MVP was defined as a displacement of at least one leaflet ≥ 2 mm above the mitral annulus 
line, and a prodromal form as the presence of MV billowing < 2 mm8. Mitral regurgitation 
was quantified by 2 methods (proximal isovelocity surface area, volumetric method) and 
classified as trace/mild or moderate/severe according to a regurgitant volume < or ≥ 45 
mL/beat, respectively. 
  
Genetic analyses 

Genomic DNA was extracted from peripheral blood lymphocytes by standard protocols and 
whole genome sequencing (WGS) was performed at the Centre National de Recherche en 
Génomique Humaine (CNRGH, Institut de Biologie François Jacob, CEA, Evry, France). The 
experimental and analysis workflows are described in the Supplementary appendix. Briefly, 
we focused our analysis on rare variants affecting protein sequence (in coding or splicing 
genomic regions) which pass quality controls for 20 PostMVP probands of PostMVP families 
and 856 controls from a general healthy French population (FranceGenRef consortium). We 
tested the enrichment of selected variants in patients when compared to controls using the 
cohort allelic sums test (CAST)26. CAST test was applied by gene and raw not-adjusted p-
values were computed. The validation of identified variants and their co-segregation with the 
PostMVP phenotype in families were performed by Sanger sequencing. 
 
In vivo experiments 

All experiments were performed in accordance with approved Institutional Animal Care and 
Use Committee (IACUC) protocols at the Cardiovascular Research Center at MGH in Boston. 
Zebrafish of the Tubingen/AB strain were reared according to standard techniques. Minimal 
effective doses of antisense morpholino oligonucleotides were calculated by serial dilution of 
morpholino and evaluation of transcript expression at 96 hours post fertilization. Semi-
quantitative PCR was used to demonstrate morpholino knockdown efficacy with ef-1a used as 
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a reference gene. Effective doses were injected into single-cell stage embryos, manually 
dechorionated 24 hours post fertilization and treated with 0.003% phenylthiourea to inhibit 
pigmentation. 96 hours post fertilization, embryos were scored for presence of atrioventricular 
valve-regurgitation using high-speed videography (125fps) on a Nikon Eclipse 50i 
microscope coupled to a Fastec Imaging Inline IN250 high speed CCD camera.  

In vitro experiments 

In vitro experiments were performed using Hek293T cells, culture, transfection conditions as 
well as plasmids and siRNA used in the present study, are detailed in Supplementary 
appendix. 

Monitoring of cellular adhesion and spreading phenotypes 

The monitoring of cell adhesion and spreading has been assessed with the xCELLigence 
system as previously described19,27 and detailed in Supplementary appendix. Briefly, the 
xCELLigence technology is a cellular biosensor, which measures the adhesion and spreading 
of cells to high-density gold electrode arrays printed on custom-designed plates. Variations in 
electrical impedance monitor cellular adhesion and spreading changes in real-time. 

Evaluation of the GTPase activating properties (GAP) of FilGAP 

FilGAP, encoded by the gene ARHGAP24, is a natural inhibitor of the Rac1-GTPase activity, 
involved, among others, in actin cytoskeleton remodeling. Its GTPase activating properties 
(GAP) activity catalyzes the hydrolysis of Rac1-GTP (Rac1 activated form (Rac1-GTP) into 
its inactivated form (Rac1-GDP). To evaluate the impact of the mutations on the GAP 
capacities of FilGAP we ran a Rac1-GAP activity assay (detailed in Supplementary 
appendix). Briefly, the activated form of Rac1 from cells transfected with WT or mutated 
forms of FilGAP was isolated in pull down assays using Glutathione-S-transferase (GST) and 
quantified by western blotting. The ratios Rac1-GTP / Rac1-total was used as an instrument to 
assess the effects of the mutations FilGAP activity28. 

Co-immunoprecipitation and immunoblotting. 

Cells were co-transfected with HA and EGFP-tagged forms of FilGAP (mutated or wild-type 
(WT)) and immunoprecipitation of FilGAP-HA was performed using anti-HA-antibodies 
coated beads (Dynabeads, Invitrogen). Western blot analysis was performed to reveal co-
immunoprecipitated proteins (detailed in Supplementary appendix). 

 

Statistical analysis 

Baseline results are expressed as mean (±standard deviation) or numbers (percentage), as 
appropriate. Comparisons between groups were performed with Student’s t-test for 
continuous normally distributed parameters or a Wilcoxon test otherwise. Categorical 
parameters were compared with a chi- squared test or a Fisher’s exact test, when appropriate. 
The prevalence of atrioventricular regurgitation in zebrafish was compared using Fisher’s 
exact test. Results from in vitro experiments were analyzed using a Mann-Whitney test or 
two-ways ANOVA test: *, p < 0.05; **, p < 0.01; ***, p < 0.001. Two-tailed p-values < 0.05 
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were considered statistically significant. All analyses were performed with SPSS software 
version 19 (SPSS, Chicago, IL, USA), R version 3.3.2, or Prism (GraphPad Software). 
Specific statistical tests were applied in the genetic part and described in Supplementary 
appendix.  
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RESULTS 
 
Patients 

Baseline characteristics of the 284 unrelated patients with non-syndromic MVP are shown in 
Table 1. Mean age of the 284 patients was 58±14 years, 189 patients (67%) were males, 178 
(63%) patients had BiMVP and 106 (37%) PostMVP. Mitral regurgitation was 
moderate/severe in most patients (85%). Among these 284 patients, clinical examination 
found only benign extra-cardiac abnormalities. Myopia was observed in 39 (14%) patients, 
narrow palate in 21 (7%), moderate scoliosis in 7 (2%), benign joint hypermobility in 13 
(5%), pectus excavatum in 2 (1%) and flat feet in 13 (5%) patients. 

Familial screening and identification of inherited forms of PostMVP 

From 106 patients with PostMVP, 30 accepted a familial screening. Within the families 
screened, we identified 20 PostMVP families with at least one PostMVP-affected relative 
(with 2 to 6 Post-MVP patients per family) (Fig. S1 and S2). In these families, the mode of 
inheritance of PostMVP was compatible with autosomal dominant transmission. Moreover, 
we identified a pair of monozygous twins, both presenting with a PostMVP (Fig. S2, Fam.9 
II:3 and II:4) which strengthens the hypothesis of a genetic origin of PostMVP. 

Overall, 136 individuals from the 20 PostMVP families were examined, of whom 65 (48%; 
inclusing 20 probants and 45 relatives) had at least a prodromal form of PostMVP (Fig. S2). 
In addition to the 20 probands with typical PostMVP, 24 (20.7%) relatives had MVP and 21 
(18.1%) a prodromal MVP with posterior leaflet billowing giving an overall recurrence rate in 
relatives of 38.8%. Baseline clinical and echocardiographic characteristics of the 136 
individuals are shown in Table 2. Patients with MVP or prodromal forms (n=65) were 
compared with control relatives (n=71). For MV apparatus phenotype characterization, only 
individuals > 16 years old (n=120) were considered for quantification. Patients with MVP 
were older (P=0.0002) and more susceptible to have hypertension (P=0.01) and dyslipidemia 
(P=0.03) than control relatives. Regarding MV apparatus, the mitral annulus was moderately 
enlarged (P<0.0001), the posterior leaflet but also the anterior leaflet were elongated 
(P<0.0001 and P=0.04, respectively), the posterior leaflet tip was thickened (P=0.001), and 
both posterior (P<0.0001) and anterior leaflets (P=0.0004) were positioned higher at end-
systole in relation to the plane of mitral annulus when compared to controls. Of note, in ≈ 
20% of relatives with at least a prodromal form of MVP, some degree of billowing of the 
anterior leaflet was associated with posterior leaflet involvement (and referred to as BiMVP 
in Figure 1, although leaflets did not have the classical appearance of a myxomatous form). 
Posterior leaflet chordal rupture was observed in 20 patients. Twenty-two patients (62±13 
years) underwent MV surgery consisting of MV repair in 18 patients and MV replacement in 
4 patients. 

Genetic bases of inherited forms of PostMVP 

To study the genetic bases of familial PostMVP, we ran WGS for the 20 PostMVP probands 
and selected rare variants, affecting splicing or protein amino-acids composition (analysis 
pipeline detailed in Supplementary appendix). We first screened for known genetic causes 
of non-syndromic MVP (FLNA, DCHS1, DZIP1). Three probands present with DCHS1 
variants, however, co-segregation analyses do not support causality of these variants for 
PostMVP (Table S1, Fig. S3) leaving PostMVP familial cases free of known genetic origin of 
inherited MVP. 
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We thus searched for potential novel genetic origins/risk factors for MVP in the families by 
performing a burden analysis, which consists in searching for genes statistically enriched in 
rare variants in PostMVP probands (n=20) when compared to a large origin-matched control 
population (n=856) (Fig. S1 and supplementary appendix).  
We identified an enrichment (p-value <0.001) in three genes with at least 4 mutated patients 
(IFT140 (p = 9.55e-07), ARHGAP24 (p = 3.06e-04) and ZNF221 (p = 6.2e-04)) (Table S2). 
 
ARHGAP24 encodes the Filamin A binding RhoGTPase-activating protein (FilGAP). It 
appears as a highly relevant MVP related gene as it interacts with Filamin A (FlnA), the first 
identified causal gene responsible for familial forms of MVP8,12. Based on the clinical and 
fundamental knowhow of the team acquired on the investigations on FLNA-related 
phenotypes and pathways8,12,21,29, we focused our investigations on the phenotype of 
ARHGAP24-mutated probands and relatives in regards to PostMVP, evaluate the effects of 
the silencing of ARHGAP24 in vivo and test the effects of identified variants on the natural 
function of FilGAP in vitro. 
 
Phenotype of ARHGAP24 MVP 

By running co-segregation analyses of ARHGAP24 variants (namely ARHGAP24 p.D92N, 
p.P417H, p.T481M, p.Q671*) with the PostMVP phenotypes in five families, we found that 
among 11 PostMVP patients, 10 carry the ARHGAP24 variants (Fig. 1H, Tab. S1). Also, of 9 
patients with prodromal forms 5 carry ARHGAP24 variants. Three relatives, mostly young 
patients (Fam.1: III:2, IV:5 and Fam.2: IV:1), carry the identified variants and present with a 
normal valve. Of note, two independent families (Fam.1 and 4 (Fig.1H)) carry the same 
variant ARHGAP24-p.T481M. Fig. 1A to G illustrate the phenotype of ARHGAP24-related 
PostMVP. In the absence of chordal rupture, mitral valve dystrophy of the posterior leaflet 
was limited to billowing/discrete prolapse and elongation with only trace/mild central MR. 
Chordal rupture leads to the typical aspect of flail leaflet with severe MR encountered in 
particular in FED type MVP.  
 
Mitral valve apparatus quantitative assessment in 16 adults (>16 years old, 52±18 years) 
carrying ARHGAP24 variants was compared with 54 healthy adult relatives (48±16 years, 
P=0.31). Patients with ARHGAP24 variants had enlarged mitral annulus diameter (36.4±5.1 
vs. 31.7±3.0 mm, P<0.0001), significant elongation (16.4±4.4 vs. 11.9±2.5 mm, P<0.0001) 
and billowing/prolapse (-2.9±2.2 vs. 1.9±1.6 mm, P<0.0001) of the posterior mitral valve 
leaflet consistent with the phenotype of PostMVP in the overall population.  
 
Genetic screening of ARHGAP24 in the 284 MVP cases 

In order to evaluate the proportion of ARHGAP24 genetic variations in a broader MVP 
population, we screened ARHGAP24 in the 264 other MVP unrelated patients (86 PostMVP 
patients and 178 BiMVP patients) (Fig. S1). We found 8 additional variant carriers, 3 
PostMVP patients (p.R95Q, p.T481M and p.M680L) and 5 BiMVP patients (Table S3). 
Overall, 13 out of 284 patients carried rare ARHGAP24 variants (Fig. S4). We observed a 
significant enrichment in rare ARHGAP24 variants in PostMVP cases compared to controls (8 
PostMVP carriers out of 106 PostMVP patients vs. 24 carriers out of 856 controls, p=0.018). 
There was no significant enrichment for BiMVP (5 BiMVP carriers out of 178 BiMVP 
patients, p=1.0).  

Silencing of ARHGAP24 in vivo and atrioventricular valve dysfunction 
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To evaluate the role of ARHGAP24 in the mitral valve function, we first knocked down the 
expression of the zebrafish ortholog (ENSDARG00000060175) with an antisense morpholino 
oligonucleotide (Fig. S5A and B (~25% reduction)). The resulting FilGAP knockdown 
embryos were morphologically normal with unperturbed body plan, axis and no change in 
mortality rate (Fig. 2A and Fig. S5C). To evaluate valvular development and function, we 
assayed the percentage of embryos displaying atrioventricular valve regurgitation at 96 hours 
post fertilization by high-speed videography. FilGAP knockdown resulted in a significant 
increase in the proportion of embryos with atrioventricular valve regurgitation (41/157, 
26.1%, P=0.004) when compared to control embryos receiving non-targeting morpholino 
(15/117, 12.8%,) (Fig. 2B and C, Suppl. video data). These results were replicated with a 
second, independent morpholino (30/107, 28.0%, P=0.0004). As gross cardiac chamber 
morphology and looping was unperturbed (Fig. 2A and C), together, these data suggest a 
specific and critical role for FilGAP in the function of the atrioventricular valve as observed 
in ARHGAP24 variants carriers. 

In vitro assessment of genetic ARHGAP24 variants impact on FilGAP functions 

While it appears moderately expressed in the heart (Fig. S6A), FilGAP is highly expressed in 
human mitral valves (compared to brain, kidney and total heart, Fig. S6B). More specifically, 
the FilGAP protein is located in both human valvular endothelial and interstitial cells (Fig. 
S6C). At the cellular level, FilGAP is known to modulate cellular spreading and adhesion 
mechanisms in which it functions as a dimer 19,30,31. Futhermore, as a natural inhibitor of the 
Rac1-GTPase, FilGAP is involved in the remodeling of the actin cytoskeleton, the regulation 
of cellular adhesion processes and mechanical cell properties (Fig. 3A). 
 
By monitoring cell adhesion and spreading we first show, as previously demonstrated30,31, that 
the silencing of ARHGAP24 with si-RNA increases cell adhesion capacities (p<0.001 
compared to control) (Fig. S7, Fig. 3B). Inversely, its overexpression reduced cell adhesion 
compared to controls (p<0.01) (Fig. 3B). 
 

ARHGAP24 variants impair cellular adhesion and spreading capacities of cells 
 
As FilGAP functions as dimers, we secondly tested the ability of mutated FilGAP to dimerize 
with WT-FilGAP intracellularly. Using co-immunoprecipitations, we found that only 
p.Gln671Ter, which induces a premature truncation of the protein affects FilGAP 
dimerization (Fig. 3C). The others variants did not impact the dimerization process (data not 
shown).  

To evaluate the functional impact of ARHGAP24 variants identified, we further tested the 
adhesion and spreading capacities of cells transfected with WT or mutated forms of FilGAP 
(p.R95Q, p.P417H and p.T481M). These mutations significantly impaired cellular adhesion 
and spreading capacities (p<0.01, Fig. 3D).  
Taken together, these data suggest that the mutations identified induce a loss of function of 
FilGAP. Of note, no effect was observed for the ARHGAP24-p.D92N variant (data not 
shown). 
 

Mutated-FilGAP forms lose their GTPase-activating capacities 

Based on previous findings showing that the variants ARHGAP24-p.R95Q, -p.P417H and -
p.T481M impaired cellular adhesion and spreading capacities, we hypothesized that it might 
be due to a loss of function on FilGAP-GTPases’ activity on Rac1.  
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As shown on Fig. 3E and F, the overexpression of WT-FilGAP decreases the amount of 
activated Rac1 (bound to GTP) compared to controls (P<0.01), while it remains unchanged in 
FilGAP mutated conditions (R95Q, P417H and T481M). No effects were found for p.D92N 
variants (data not shown). Together these data indicated that the three mutations identified 
(R95Q, P417H, T481M) affect the GTPase activating protein (GAP) capacity of FilGAP on 
Rac1 and subsequently cellular adhesion and spreading capacities. 
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DISCUSSION 
 

We were able to identify and describe for the first-time inherited forms of PostMVP in 
20 families. The recurrence of both typical and prodromal MVP forms was around 40% in 
relatives of PostMVP probands. Although alteration of the mitral valve apparatus 
predominates on the posterior leaflet in relatives, some degree of anterior leaflet dystrophy 
has also been demonstrated. 

Genetic analyses, using burden testing, found that rare variants in ARHGAP24 are risk 
factors associated with PostMVP, with an association between ARHGAP24 variants and 
typical or prodromal PostMVP in families. We subsequently demonstrated that the silencing 
of ARHGAP24 in zebrafish affects the functionality of the atrioventricular valve. Finally, in 
vitro analyses showed that identified genetic variants are loss-of-function variants which 
impair cellular adhesion and mechano-transduction capacities.  

PostMVP inheritance 

PostMVP, also called FED, is considered to exhibit a different phenotype compared to 
myxomatous BiMVP on both macroscopic and histologic examination4,32. PostMVP is 
generally characterized by thin translucent leaflets, localized dystrophy of a single leaflet 
segment, mild to moderate mitral annulus dilatation, thin chordae tendineae that can rupture 
spontaneously especially at the posterior leaflet, resulting in flail leaflet and acute severe MR. 
Although MV apparatus is generally moderately altered in PostMVP, we found significant 
differences in PostMVP patients compared to control relatives regarding mainly posterior 
leaflet, mitral annulus, and chordae tendinae, but also minor phenotypic modifications of the 
anterior leaflet length and position generally not detectable on a qualitative approach. Taken 
together, these findings suggest that the pathophysiological processes involved in PostMVP 
lead to a discrete but global alteration of the MV apparatus. Further, some degree of anterior 
leaflet billowing were observed in ≈20% of relatives with posterior leaflet involvement (and 
referred to BiMVP in Figure 1). This may be explained either by a stronger expression of the 
disease in some individuals or by the interaction of different genetic backgrounds in the same 
family, in agreement with both monogenic and polygenic background of MVP according to 
recent publications5,8,13–15,17. In fact, the analysis of putative monogenic BiMVP myxomatous 
families has shown a wide variety of mitral valve involvement, from bi-leaflet prolapse to 
monoleaflet prodromal forms6,8. Whatever the explanation, this finding may suggest that the 
separation between PostMVP and BiMVP is blurred, and that there is, at least on an 
echocardiographic approach, a continuum of MVP expression from forms with localized 
dystrophy (FED+), to moderately (Barlow fruste) or severely dystrophic and myxomatous 
(Barlow) forms32. 

Previous publications demonstrated the familial aggregation of classical myxomatous BiMVP 
8,11,33,34. The mode of inheritance is predominantly autosomal dominant except in the X-linked 
FLNA-MVP case12. By contrast, PostMVP was usually described as a pure degenerative age-
related disorder and familial aggregation was not reported but likely not investigated. The 
recurrence of MVP in PostMVP families, including prodromal forms, was around 40%. This 
observation constitutes, to our knowledge, the first report of inherited forms of PostMVP. 
This finding strongly suggests a genetic origin of PostMVP. We could however not expand 
these results to flail leaflets occurring in very old patients without any evidence of leaflet 
segment dystrophy. In fact, these patients were separately stratified in the classification 
proposed by Adams et al.32. 
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Genetic risk factors for PostMVP 

Noteworthy, the top associated genes, ARHGAP24 and IFT140 are involved in 
mechanosensing and transduction, two major MVP-related pathways.  
ARHGAP24, which encodes the Filamin A binding RhoGTPase-activating protein (FilGAP), 
appears as a relevant MVP related gene as it interacts with Filamin A (FlnA), the first 
identified causal gene of MVP8,12. In addition, Gould et al. previously showed that FilGAP is 
involved in the coordination of heart valve morphogenesis during development via its action 
on small GTPases (Rac1 and RhoA more specifically) in chicks35. IFT140, which stands for 
intra-flagellar transport protein 140, encodes one of the subunits of the intra-flagellar 
transport (IFT) system (complex-A) involved in the signaling of primary cilia, a key 
mechanism involved in MVP pathogenesis13,15,36. However, additional functional 
investigations are needed to confirm that IFT140 can be involved in the pathophysiology of 
PostMVP. 
 
While the top associated genes, IFT140 and ARHGAP24, are involved in major MVP-related 
pathways, the functional involvement of ZNF221 remains more hypothetical and will need 
further investigations. 
 

Clinical presentation of ARHGAP24 mutation carriers 
 

On the clinical point of view, ARHGAP24 variant carriers present with an enlarged mitral 
annulus diameter, an increased billowing of the posterior leaflet and an elongated posterior 
mitral valve leaflet. Coherent with the late onset of PostMVP, the youngest mutation carriers 
did not exhibit mitral valve dysfunction while the oldest presented clear PostMVP with 
eventual MR related to chordal rupture supporting the age-related degenerative features of the 
pathology (Fig. 1). While FilGAP is a well-known partner of Filamin A, notable phenotypic 
differences exist between FlnA and FilGAP mutated patients. FlnA MVP-patients exhibit 
polyvalvular defects associated with developmental and degenerative myxomatous alterations 
of both anterior and posterior mitral leaflets as well as of the sub valvular apparatus but no 
chordal rupture. Such a clinical portrait is more reminiscent of Barlow’s disease as opposed to 
PostMVP studied here8. FilGAP-associated mitral valve disorders are, in contrast, restricted to 
the mitral valve apparatus and especially the posterior leaflet when compared to FlnA, with a 
later development of mitral valve disease in life. Previous studies by Akilesh et al. linked the 
ARHGAP24 mutations to focal segmental glomerulosclerosis 37. However, in the present 
study, none of the PostMVP patients exhibited any sign of renal dysfunction.  

FilGAP, valve development and molecular mechanisms involved 

We showed that morpholino mediated knockdown of FilGAP in the Zebrafish resulted in 
atrioventricular regurgitation. This observation is in line with the study from Gould et al. who 
showed that FilGAP is involved in the Rac-1 mediated fetal-valve remodeling in chicks35. 
Together, these data point to the small GTPases pathway and their role in the mechano-
transduction pathways as critical factors of heart valve development and homeostasis19,21,38. 

The FilGAP/FlnA complex, acting on actin-cytoskeleton integrity and polymerization appears 
as a key actor involved in MVP pathogenesis. Consistent with the role of the FilGAP/FlnA 
complex in the protection of cells submitted to mechanical stress, Shifrin et al. showed that 
FilGAP localization changes as it is recruited to force transfer sites when cells are submitted 
to mechanical constraints 39. One can speculate that the mutant FilGAPs may weaken 
interactions with FlnA and subsequently affect its recruitment to these sites. This mis-
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localization might inhibit Rac1-activity or make it accessible to regulatory factors including 
the RhoA activated kinase ROCK or Arf6 40,41 with the potential involvment of the 
periostin/integrin-β1 pathway42. Consistent with this idea, mice deficient in the endothelial 
Rac1 activator Dock180 exhibit cardiac abnormalities including valve malformations . Future 
studies will be necessary to clarify these points. Overall, genetic and functional analyses show 
that ARHGAP24 variants gather the characteristics of rare variants with strong effect in 
PostMVP pedigrees. 

Limitations 

We have to acknowledge some limitations in our study, mainly due to the limited number of 
patients carrying ARHGAP24 variants. Despite small effectives, these patients present with a 
quite homogeneous PostMVP phenotype which supports the validity of our genetic unbiased 
findings. Also, in some familial cases we observed incomplete penetrance of ARHGAP24 
variants with the PostMVP phenotype. This observation is in line with previous familial and 
pathophysiological studies which described a complex pattern of inheritance and familial 
expression of MVP . These genotype-phenotype discrepancies, commonly observed in genetic 
investigations of MVP-familial cases, are also likely due to the late-onset development of the 
disease as well as its relatively high frequency in the general population. The screening of 
broader populations and larger MVP-pedigrees will reinforce the causative role of 
ARHGAP24 as an MVP gene. The present study does not address the question of why the 
posterior leaflet is predominantly involved. One can speculate that, as the two leaflets present 
with embryologically different origins, differential cellular responses might be compounded 
by differences in leaflet and/or chordal stress. 

Conclusion 

The present study shows that the PostMVP phenotype, often referred as fibroelastic 
deficiency, can be inherited and have specific genetic and pathophysiological origins. 
Moreover, with the identification of ARHGAP24 as a susceptibility gene for MVP, we 
reinforce the evidence pointing at the pivotal role of the mechano-transduction pathways in 
the pathogenesis of MVP. 
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TABLES 

Table 1: Baseline characteristics of the MVP cases 

Abbreviations: MVP: mitral valve prolapse, AF: atrial fibrillation, SBP: Systolic blood 
pressure, BMI: body mass index, BiMVP: Bi-leaflet MVP, PostMVP: isolated posterior 
leaflet prolapse, MR: mitral regurgitation, ERO: effective regurgitant orifice area. 

 MVP cases (n=284) 

Age, years 58±14 
Male, n (%) 189 (67) 
Heart rate, beat/min 70±13 
AF, n (%) 24 (8) 
SBP, mmHg 132±17 
Obesity (BMI ≥ 30), n(%) 17 (6) 
Hypertension, n (%) 106 (37) 
Diabetes, n (%) 16 (6) 
Dyslipidemia, n (%) 77 (27) 
Tobacco, n (%) 86 (30) 
BiMVP, n(%) 178 (63) 
PostMVP, n(%) 106 (37) 
MR grade, n(%)  
-trace/mild 42 (15) 
-moderate/severe 242 (85) 
ERO, mm² 37±21 
Regurgitant volume, mL 57±32 
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Table 2: Baseline characteristics of probands with PostMVP and relatives from 20 
families  

 All individuals MVP patients in 
post MVP families 

Control 
relatives 

P 

 n=136 n=65 n=71  

Age, years 46±21 53±19 40±21 0.0002 

Age < 16 yrs, n (%) 16 (12) 2 (4) 14 (20) 0.006 

Male, n (%) 69 (51) 35 (54) 34 (48) 0.61 

Heart rate, beat/min 68±10 68±9 69±10 0.71 

SBP, mmHg 129±20 133±19 126±21 0.09 

AF, n (%) 6 (5) 6 (9) 0 (0) - 

Hypertension, n (%) 23 (17) 17 (26) 6 (8) 0.01 

Diabetes, n (%) 2 (1) 1 (2) 1 (1) 0.52 

Dyslipidemia, n (%) 19 (14) 14 (22) 5 (7) 0.03 

Tobacco, n (%) 42 (31) 19 (29) 23 (32) 0.83 

MV apparatus Phenotype*     

Mitral annulus diameter, mm 34.0±4.8 35.9±5.3 31.9±3.2 <0.0001 

AL length, mm 22.7±3.6 23.4±4.3 22.0±2.4 0.04 

PL length, mm 13.9±4.0 15.5±4.4 12.1±2.5 <0.0001 

Tip AL thickness, mm 2.4±0.8 2.4±0.8 2.4±0.8 0.92 

Tip PL thickness, mm 2.4±0.8 2.6±0.9 2.1±0.6 0.001 

AL position, mm 2.0±1.8 1.5±1.6 2.7±1.9 0.0004 

PL position, mm -1.2±3.7 -3.7±3.0 1.8±1.5 <0.0001 

Anterior chordal length, mm 23.3±4.7 24.1±4.7 22.4±4.6 0.09 

Posterior chordal length, mm 24.7±4.7 25.9±5.0 22.8±4.0 0.001 

Chordal rupture, n (%) 20 (15) 20 (31) 0 (0) - 

APM tip/LV length, % 34±6 34±6 34±6 0.98 

PPM tip/LV length, % 32±6 32±6 32±5 0.75 

     

 
Abbreviations: MVP: mitral valve prolapse, AF: atrial fibrillation, SBP: systolic blood 
pressure, MV: mitral valve, AL: Anterior leaflet, PL: posterior leaflet, APM tip/LV length: 
anterior papillary muscle tip to left ventricular length ratio, PPM tip/LV length: posterior 
papillary muscle tip to left ventricular length ratio. Patients with MVP or prodromal forms are 
referred to as MVP patients. 
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FIGURES (Legends) 

Figure 1: Phenotype of ARHGAP24 MVP.  
A and B) PostMVP dystrophy and prolapse (white arrow) with chordal rupture (flail leaflet) 
in diastole and systole, respectively, in a patient with ARHGAP24 p.R95Q variant leading to 
mitral valve repair for severe mitral regurgitation. C, D and E) Limited dystrophy and 
billowing/prolapse of the posterior leaflet (white arrows) with central trace/mild mitral 
regurgitation in a patient with ARHGAP24 p.T481M variant. F) Histological features of the 
median posterior mitral leaflet (P2) removed during surgical repair for MVP with chordae 
tendinae rupture in a patient with an ARHGAP24 p.T481M variant. In the fibrosa the collagen 
fibers are disrupted by myxomatous infiltration of extracellular matrix. The spongiosa shows 
myxomatous infiltration. H&E stain; Original magnification X 2.5. During surgery leaflets 
were described as thin and translucent except at the level of the P2 flail scallop. G) 
Histological aspect of a non/minimally dystrophic part of the posterior leaflet from the same 
patient who underwent mitral valve replacement after a second chordae tendinae rupture. The 
architecture is well preserved. Proteoglycan infiltration is limited to the tip of the leaflet. The 
atrialis endocardium is moderately thickened. H&E stain; Original magnification X 10. H) 
Pedigree tree of PostMVP-familial cases carrying ARHGAP24 variants. PostMVP patients are 
indicated by filled black symbols, patients with prodromal forms of MVP with gray symbols, 
BiMVP patients with hashed symbols, and white symbols depict individuals with normal 
mitral valve. The “?” sign indicates patients not examined by the clinicians. ARHGAP24 
variants carriers and non-carriers are indicated in red below symbols (Wt = wild type). 
Arrows show index cases. ‘*’ corresponds to patients with mitral valve surgery. 
Importantly, for pre-print publication purposes, only two generations are shown at a time. 
Not all family members are included. The sex of relatives not relevant to the study is not 
displayed. 
 
Figure 2: Knockdown of the ortholog of ARHGAP24 induces atrio-ventricular 
regurgitation in zebrafish 

A) ARHGAP24 knockdown using two specific morpholinos (ARHGAP24, 1 and 2) does not 
affect morphological development nor cardiac chamber morphology, B) but significantly 
increased atrio-ventricular blood regurgitation (C). * Indicates significant statistical difference 
(p<0.05) with control morpholino. Representative videos of blood regurgitation are available 
as supplemental materials. 
 
Figure 3: ARHGAP24 PostMVP-associated variants impact the function of the 
protein (FilGAP, ENSP00000378611) 

A) Activation/Inactivation cycle of Rac1 mediated by GTPase-activating protein (GAP) 
and guanine nucleotide exchange factors (GEF). 

B) Cell indexes (CI) values measured using xCELLigence system. FilGAP-WT 
transfected cells exhibited slower CI increases and lower steady states CI (CIst) 
compared to pcdna3 or siRNA control treated cells. On the other hand, cells treated 
with siRNA targeting FilGAP exhibited faster increase and higher CIst compared to 
controls.  

C) EGFP-tagged FilGAP-WT was co-immunoprecipitated with the HA-tagged FilGAP 
WT but not Q671* mutant. Hek293T cells were transfected with EGFP-tagged 
FilGAP-WT only (ctl.); or co-transfected with HA-tagged FilGAP (WT or Q671*. 
HA-tagged FilGAPs were immunoprecipitated with anti-HA antibody and blots 
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revealed using anti FilGAP antibody. The upper panel (Co-IP) shows the co-
immunoprecipitated fraction and the lower panel (input) the total protein fraction.  

D) Cell indexes (CI) recordings obtained from R95Q, P417H and T481M transfected 
cells. None of the mutant FilGAPs altered cell spreading and adhesion compared to 
pcdna3 transfected cells. Values represent the mean of six experiments and SEM are 
indicated by the bars. ** significant difference (p<0.01) vs. FilGAP-WT.  

E) Typical western blot of a Rac1-GTP pull down assay experiment. Hek293T cells were 
transfected with pcdna3 (control), HA-FilGAP-WT, R95Q, P417H or T481M and 
active Rac1 isolated using GST-PAK1. Although all HA-FilGAP constructs were 
expressed to similar levels (input FilGAPs-HA) only FilGAP-WT (second lane) 
significantly decreased the active Rac1 pulled down compared to control. 

F) The histogram on the right gives the mean data from seven experiments. Error bars 
show SEM, ** P<0.01 versus pcdna3 condition. ** indicates significant difference 
(P<0.01) versus FilGAP-WT cells. 
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