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ABSTRACT 

Aims: Degenerative mitral valve dystrophy (MVD) leading to mitral valve prolapse is the most frequent 

form of MV disease, and there is currently no pharmacological treatment available. The limited 

understanding of the pathophysiological mechanisms leading to MVD limits our ability to identify 

therapeutic targets. This study aimed to reveal the main pathophysiological pathways involved in MVD 

via the multimodality imaging and transcriptomic analysis of the new and unique Knock-In (KI) rat 

model for the FlnA-P637Q mutation associated-MVD. 

Methods and Results: WT and KI rats were evaluated morphologically, functionally, and histologically 

between 3-week-old and 3-to-6-month-old based on Doppler echocardiography, 3D micro-computed 

tomography (microCT), and standard histology. RNA-sequencing and Assay for Transposase-Accessible 

Chromatin (ATAC-seq) were performed on 3-week-old WT and KI mitral valves and valvular cells, 

respectively, to highlight the main signaling pathways associated with MVD. Echocardiographic 

exploration confirmed MV elongation (2.0 ±0.1 mm versus 1.8 ±0.1, p=0.001), as well as MV thickening 

and prolapse in KI animals compared to WT at 3 weeks. 3D MV volume quantified by microCT was 

significantly increased in KI animals (+58% versus WT, p=0.02). Histological analyses revealed a 

myxomatous remodeling in KI MV characterized by proteoglycans accumulation. A persistent 

phenotype was observed in adult KI rats. Signaling pathways related to extracellular matrix 

homeostasis, response to molecular stress, epithelial cell migration, endothelial to mesenchymal 

transition, chemotaxis and immune cell migration, were identified based on RNA-seq analysis. ATAC-

seq analysis points to the critical role of TGF- and inflammation in the disease. 

Conclusion: The KI FlnA-P637Q rat model mimics human myxomatous mitral valve dystrophy, offering 

a unique opportunity to decipher pathophysiological mechanisms related to this disease. Extracellular 

matrix organization, epithelial cell migration, response to mechanical stress, and a central contribution 

of immune cells are highlighted as the main signaling pathways leading to myxomatous mitral valve 
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dystrophy. Our findings pave the road to decipher underlying molecular mechanisms and the specific 

role of distinct cell populations in this context. 

 

TRANSLATIONAL PERSPECTIVE 

Mechanisms leading to myxomatous mitral valve dystrophy (MVD) remain poorly understood, 

especially due to the lack of representative models to study this pathology. Thus, we have generated 

a unique Knock-In rat model for the P637Q mutation on the FLNA gene. In the present study, we 

established the relevance of this model that closely mimicked human disease. The multi-omics 

approach used revealed multiple pathways with a central role in the pathophysiological processes 

related to MVD, such as extracellular matrix organization, response to mechanical stress, and an 

important contribution of immune cells. These data provide mechanistic understandings related to the 

physiopathology of MV and open new avenues to decipher the underlying molecular mechanisms and 

identify potential therapeutic targets.  
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ABBREVIATIONS 

AB: alcian blue 

AL: anterior leaflet 

ATAC-seq: assay for transposase-accessible chromatin 

BPM: beat per minute 

CCL: cc chemokine ligand 

DEG: differentially expressed genes 

ECM: extracellular matrix 

EF: ejection fraction 

EMT: endothelial to mesenchymal transition 

FC: fractional shortening 

FlnA: Filamin A 

GO: gene ontology 

GTP: guanosine triphosphate 

HPS: hematoxylin phloxin safran 

KI: knock-in 

MicroCT : micro-computed tomography 

MMP: matrix metallo proteinase 

MV: mitral valve 

MVD: myxomatous valve dystrophy 
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MVP: mitral valve prolapse 

PL: posterior leaflet 

PTA: phosphotungstic acid 

SEM: standard error to the mean 

TGF-β: transforming growth factor β 

VEC: valvular endothelial cell 

VIC: valvular insterstitial cell 

WT: wild type  
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1. Introduction 

Mitral valve (MV) pathologies are a major cause of cardiovascular morbidity and mortality worldwide.1 

Structural MV alterations lead to the development of MV prolapse (MVP), the most frequent form of 

degenerative MV disease affecting 2 to 3% of the population. MVP is characterized by an excessive 

systolic displacement of MV leaflets into the atrium associated with an alteration of the layered 

architecture of the leaflets, including collagen fibers fragmentation and accumulation of extracellular 

proteoglycans content. Limited by the knowledge of the pathophysiological mechanisms involved in 

the development and progression of the disease, no pharmacological treatment is currently available 

to treat MVP, and patients presenting the most severe and symptomatic forms are referred to 

surgery.2 

For years, researchers thought that MVP mainly involved a degenerative process linked to aging and a 

“wear and tear” phenomenon related to the complex mechanical environment, including pulsatile 

flow, cyclic pressure, bending, and tensile stresses under which MV operates. In the last decade, 

familial and population genetic screenings have changed this paradigm by identifying genes related to 

either MVP or myxomatous valve dystrophy (MVD). Our team uncovered the first causal gene 

associated with MVD by identifying the P637Q mutation in the FLNA gene segregating in a large MVD 

family.3,4 FLNA gene is located in the X-chromosome and encodes for Filamin A (FlnA), an actin 

cytoskeleton binding protein. Then, the DCHS1 gene encoding a member of the cadherin superfamily 

and the cilia gene DZIP1 were identified.5,6 Furthermore, additional genetic loci, such as the TNS1 gene 

encoding the focal adhesion protein Tensin1, were also associated with MVD.7–9 Interestingly, all these 

genes highlight a common pathway related to mechanosensing and stress responses as the main 

pathophysiological mechanisms involved in the development of MVD/MVP.10 Thus, studying molecular 

processes that regulate mechanotransduction arises as the most promising way to determine the 

underlying processes leading to MVD and opens new avenues to identify potential therapeutic targets. 

However, there is still a persisting gap linking these genetic mutations to specific and targetable 

molecular mechanisms.  
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Our recent works focusing on FlnA-related MVD families revealed a concordant MV phenotype, 

including classical features of Barlow disease such as the presence of a myxomatous remodeling of the 

valve with thickened and elongated leaflets, associated with a unique phenotype of restrictive leaflet 

motion in diastole.11 At the molecular level, FlnA protein is involved in the response to mechanical 

stress, interacts with more than a hundred proteins and, thus, plays a role in mechanotransduction, 

migration, proliferation, morphology, and cell adhesion pathways.12–15 Using conditional Flna Knock-

Out (KO) mice developing MVD, we firstly highlighted an interplay between serotonin, 

transglutaminase 2 and FlnA that regulates the embryonic valve development, as well as activation of 

Erk signaling in these processes leading to MVD.16,17 We also showed in vitro that FLNA-MVD mutations 

alter the interaction of FlnA with small-GTPase proteins (i.e. RhoA/Rac1 unbalance) and a tyrosine-

protein phosphatase (i.e. PTPN12), modifying the F-actin network and, therefore, the stress 

response.18,19 We have recently confirmed these results in silico.18–20 Together these findings suggest 

that MVD-associated FlnA mutations are loss of function mutations. However, they remain limited by 

the lack of representative models with endogenous expression of mutated proteins. To overpass these 

limitations, we generated a unique rat model Knock-In (KI) for the FlnA-P637Q mutation.21  

The current study aimed to phenotype our novel KI rat model developing mitral valve dystrophy (MVD) 

and, thereby, constituting a valuable model to decipher the MVD-associated pathophysiological 

pathways. We established the relevance of our model that closely mimicked the disease observed in 

patients and performed a transcriptomic analysis. We revealed the involved signaling pathways, such 

as extracellular matrix organization, epithelial cell migration, and molecular stress, as hypothesized 

based on our previous works. Additionally, we identified a central contribution of immune cells in the 

pathological process leading to MVD. 
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2. Methods 

Detailed procedures and protocols are provided in the Online Supplementary Material. 

2.1 Rats 

Sprague-Dawley FlnA-P637Q Knock-In (KI) rats were engineered using Crispr/Cas9 methods and 

founders were characterized at the Transgenic Rats and ImmunoPhenomic (TRIP) facility in Nantes 

(France).21,22 All the analyses between KI and Wild-Type (WT) were performed on littermates.  

2.2 Mitral valve phenotyping 

Multimodal and complementary imaging approaches were used to phenotype the MV of 3-week-old 

and 3-to-6-month-old rats. 2D Doppler-echocardiography was used to assess MV morphology and 

function, micro-computed tomography (microCT) provided a 3D quantification of the MV volume, and 

standard histological stainings the composition and remodeling of the leaflets’ extracellular matrix 

(ECM). Anterior and posterior MV leaflets were also separately analyzed. 

2.3 RNA-sequencing data generation and bioinformatic analysis 

5 WT and 5 KI mitral valve leaflets (i.e. anterior + posterior) from 3-week-old rats were harvested for 

RNA-seq analysis. After RNA extraction (Qiagen miRNeasy micro kit) and quantification, the library was 

generated via SmartSeq 2 (SS2). For statistical analysis, the raw read counts were imported into 

DESeq2 (v. 1.30.1) using R (v. 4.0.4).23 To identify the differentially expressed genes (DEGs) of particular 

interest to the development of mitral valve dystrophy, we selected genes with a p-value <0.05 and 

Fold Change (FC) >1.2 or FC <0.8. Enrichment analysis was done on these genes using clusterProfiler 

package (v. 4.0.0).24 Significant GO-terms (p<0.05) parts of similar pathways were grouped under 3 

metaclusters (MC) (i.e. hypothesis-free analysis). We finally designed specific MCs that encompass 

pathways described in the literature as involved in the MVD (i.e. hypothesis-driven analysis).  
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2.4 qPCR data generation to assess anterior versus posterior MV leaflet transciptomics 

RNA extraction was performed separately on anterior and posterior MV leaflets from 12 WT and 12 KI 

3-week-old rats using the miRNeasy mini kit (Qiagen). Reverse transcription was done using the High 

capacity cDNA reverse transcription kit (Applied Biosystem). The qPCR reaction was performed using 

the Power SYBR green PCR master mix (Applied Biosystems), targeting Gapdh, Has1, Esm1, Cspg4, and 

Ccl7 genes (Table S1; Online Supplementary Material). A comparison of relative expression was 

conducted between genotype, and leaflet (i.e. anterior versus posterior). 

2.5 Assay for Transposase-Accessible Chromatin (ATAC)-sequencing and computing analysis 

We performed an open chromatin assay for transposase-accessible chromatin using sequencing 

(ATAC-seq) to detect differences in active profile in chromatin between 3 samples (50 000 

cells/samples; pool of MV from 8 animals/sample) of 3-week-old WT and KI rats. Differentially opened 

regions between the KI and WT conditions were selected based on a log2 fold change of 1 and FDR of 

10% using edgeR quantile-adjusted conditional maximum likelihood (qCML) analysis.25 Motif 

enrichment analysis was performed using MEME-Chip, using all called peaks between conditions as a 

background.  

2.6 Statistical analysis 

Data are expressed as means ± standard deviation (SD) or median (IQR), as appropriate. Images 

presented throughout the manuscript are representative of analyzed samples for each genotype.  Non-

parametric Mann-Whitney test or Wilcoxon test were used as appropriate. 

Data were analyzed using GraphPrism software, v8. A p-value <0.05 was considered significant.  

2.7 Study approval 

All rat experiments were carried out following European Union Directive 2010/63/EU about the 

protection of animals used for scientific purposes and were authorized by the French Ministry of Higher 

Education and Research after approval by the Ethics Committee on Animal Experimentation from the 

Région Pays de la Loire (approval numbers: APAFIS 6687 & 33433).  
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Animals were housed in a controlled environment (under a 12h light/dark cycle with ad libitum access 

to food and water) in the specific pathogen-free animal facilities at the Unité Therapeutique 

Expérimentale in Nantes (France), an animal care facility endorsed by French Ministry.
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3. Results 

3.1 Transgenic KI FlnA-P637Q rat model: breeding and anthropometric data 

The proportion of genotypes of male and female rats coming from either heterozygous ♀+/- x KI ♂-/- 

(n=59 matings) or heterozygous ♀+/- x WT ♂+/+ (n=45 matings) crossings follow a Mendelian genetic 

scheme according to FLNA gene location on the X chromosome (Figure S1A; Online Supplementary 

Material). The anthropometric data at the weaning (3-week-old) were recorded in male WT (n=5-6) 

and KI rats (n=11-12): body weight and tibial length were similar in both genotypes (Figure S1B & S1C; 

Online Supplementary Material). No difference in terms of anthropometric data was also observed 

between WT and KI in females and in adult rats from 3-to-6-month old (all p>0.05).  

3.2 Mitral valve phenotype in the 3-week-old KI rats 

Based on the morphological and functional echocardiographic evaluation of the MV apparatus, blinded 

for genotype, the genotype/phenotype correlation turned out to be fully concordant: all animals 

classified with MVD were KI. Although MV regurgitation was not detected in these 3-week-old rats, 

the restrictive leaflet motion in diastole specifically reported in FlnA families, as well as leaflet prolapse, 

were observed in KI rats (Figure 1A and 1B). Moreover, KI rats had a longer anterior MV leaflet 

compared to WT (2.0 ±0.1 mm versus 1.8 ±0.1 mm, p=0.001; Figure 1C), and a trend for larger annulus 

diameter in KI animals (2.3 ±0.17 mm versus 2.1 ±0.12 mm; p=0.06; Figure 1D). Overall, Doppler-

echocardiographic examinations of the MV apparatus, that were performed on the same 

hemodynamic environment (i.e. equivalent heart rate in KI versus WT animal; Figure 1E), support the 

presence of a MV dystrophy in the transgenic rat model mimicking the phenotype observed in FLNA 

mutated patients. The indices of LV morphology and function were similar in KI and WT 3-week-old 

rats (Table S2, Online Supplementary Material).  

To overpass the potential bias related to the 2D assessment of a 3D structure such as the MV and the 

heterogeneous expression of the MV dystrophy over each leaflet, we developed an innovative 
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approach based on microCT to quantify the volume of each MV leaflets. Following manual 

segmentation and semi-automated thresholding, we showed that KI rats had significantly higher MV 

volume than WT littermates (+58%; p=0.02; Figure 2G). Noteworthy, there was no difference between 

the increase of anterior versus posterior MV leaflet volume in KI rats (+66% vs +71%, respectively; 

p>0.90; Figure S2, Online Supplementary Material). These data confirm the presence of a dystrophic 

MV, affecting both leaflets, in transgenic rats and highlight the heterogeneous nature of the 

remodeling along the leaflets, mostly observed in the distal sections (Figure 2H). 

We performed a qualitative and quantitative analysis of the macroscopic and microscopic features of 

MV from KI (n=10) and WT (n=5) animals (Figure 3). Macroscopically, anterior and posterior MV leaflets 

from WT rats were translucent as compared to KI rats, in which MV tissue appeared white and opaque 

(Figure 3A). Of note,  the subvalvular apparatus was significantly remodeled with fewer but thicker 

chordae tendinae in KI animals compared to WT (15 ±4 versus 24 ±4; p<0.0001; Figure 3A,A’). 

Histological analysis of the anterior and posterior MV leaflets of 3-week-old WT rats showed thin and 

well-organized leaflets: the fibrosa layer was continuous all along the leaflet, displaying a dense 

collagen strip (Figure 3B, D, H, and L). According to the light alcian blue staining, the ECM was poorly 

charged with mucopolysaccharides (Figure 3C and J). Overall, the leaflets were mostly covered by flat 

endothelial cells (Figure 3H) and exhibited minimal free edge enlargement (Figure 3B). As opposed, KI 

animals presented thickened and mucopolysaccharides-rich MVs, supporting the myxomatous 

remodeling of their ECM (Figure 3E, F, G, I, K, and M). No sign of calcification was detected in either 

WT or KI animal MV (negative Alizarin Red staining; data not shown). 

Histological abnormalities were observed in 9 out of 10 KI rats. Among these 9 rats, 6 (66%) had both 

leaflets affected, 1 had only the anterior leaflet affected while the 2 others exhibited remodeled 

posterior leaflet only. In 50% of the KI rats, thickening and diffuse disorganization were mostly 

observed in the distal two-thirds of the leaflets (Figure 3E-G), whereas heterogeneous remodeling was 

observed in the other half of the KI rats. Only 2 KI rats exhibited a well-defined and collagen-rich fibrosa 
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layer. Compared to the WT, KI MVs appeared immature and displayed mucopolysaccharides 

enrichment (hyaluronan, glycosaminoglycan) (Figure 3F, K) with very little collagens (Figure 3G, M). 

Noteworthy, in most of the cases, KI leaflets presented swollen endothelial cells compared to WT 

(Figure 3I). In addition, two cases presented a focal remodeling (Figure S3; Online Supplementary 

Material) 

We developed a histological-related image processing approach to quantify MV remodeling. This 

analysis confirmed the global thickening of both the anterior and posterior MV leaflets (MV thickness: 

+53% p=0.002) coupled with enrichment of mucopolysaccharides (Alcian Blue signal: +217%; p=0.027) 

in KI animals compared to WT. Furthermore, the quantitative analysis highlighted the regionalized 

nature of the remodeling along the leaflets. We quantified a 4-fold and 2-fold increase of their 

thickness in the second and last thirds of the leaflets (p=0.002 and p=0.049, respectively; Figure 3N) 

whereas the content in mucopolysaccharides was persistently increased in KI MVs by 4-fold in these 

distal sections (p=0.037 and p=0.027, respectively; Figure 3O).     

Importantly, homozygous 3-week-old female KI rats exhibited myxomatous MV dystrophy with similar 

features as those observed and quantified in males (Figure S4 A,B; Online Supplementary Material). 

Overall, all these phenotypic data, from the functional to the macroscopic tissue analysis, confirmed 

that the KI rat model for the FlnA-P637Q mutation exhibits a myxomatous MV dystrophy, as early as 

3-week-old, and is thus a pertinent model opening new avenues to study pathophysiological 

mechanisms related to MVD.  

3.3 Evolution of mitral valve dystrophy in adult KI rats 

To analyze the evolution of MVD with aging, quantitative echocardiographic, microCT and histological 

analyses were performed on 3-to-6-month-old rats. These studies revealed that the increase of the 

anterior leaflet length and width measured by echocardiography, as well as the increase in MV volume 

(microCT), were retained in KI adult rats as compared to WT littermates (all p<0.05; Figure S5 A-C; 

Online Supplementary Material). As opposed to the WT adult rats where MV regurgitation was never 
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recorded, we observed minimal MV regurgitation in KI animals (i.e ≤mild regurgitation) that did not 

yet determine myocardial remodeling or dysfunction (Table S2; Online Supplementary Material).  

Histological analysis at later stages confirmed the presence of a myxomatous MV remodeling in adult 

KI rats with similar features, in both anterior and posterior leaflets, as observed in 3-week-old animals 

(Figure S5D; Online Supplementary Material).    

These data on the evolution of the MV dystrophy in adult KI rats emphasized the persistence of the 

phenotype and then strengthen the pertinence of the FlnA-P637Q KI rat model to decipher 

pathophysiological mechanisms leading to this frequent human disease.       

3.4 Molecular phenotyping to identify the signaling pathways related to mitral valve dystrophy. 

To determine the pathogenic mechanisms that contribute to the MV remodeling in the 3-week-old KI 

rats, the transcriptome of pooled anterior plus posterior MV leaflets has been analyzed by RNA-

sequencing. After quality control, 4 KI and 5 WT samples were compared. 15102 gene transcripts were 

identified and aligned. RNA-seq analysis of the 524 gene transcripts differentially expressed between 

WT and KI animals (p<0.05) revealed that they clearly segregate in up (FC >1.2) and down-regulated 

(FC <0.8) gene clusters (257 and 268 transcripts, respectively) (Figure 4A).  

The enrichment of these DEGs in GO-terms and GO-terms metaclusters (MCs) created on both 

hypothesis-free (MC1-3) and hypothesis-driven analyses (MC4, 5) are presented in Figure 4B. The GO-

term analysis identified one major pathway related to chemotaxis and immune cell migration that 

encompassed 30% of the significant GO-terms (10/34 GO-terms): the first metacluster (MC1), called 

“chemotaxis and immune cell migration”, was built accordingly. The two most significant GO-terms in 

the MC1 were “cell chemotaxis” and “leukocyte migration” (GO:0060326, p=2.31x10-5 and 

GO:0050900, p=3.77x10-8; respectively). Upregulated genes from MC1 included chemokines Ccl28, 

Ccl7, pro-inflammatory proteins S100a8 and S100a9, Il16, Itgax, Itga9, or endothelial cell adhesion 

molecule Madcam1 (all p <0.05; Table). The second family of significant GO-terms was related to the 

extracellular matrix and grouped under the MC2, “extracellular matrix”. The most significant GO term 
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in the MC2 was “extracellular matrix organization” (GO:0030198, p=9.85x10-6). Genes coding for 

metalloproteinases (Mmp12, Mmp17, Adamts7) and hyaluronic acid synthase (Has1) were 

upregulated in the KI condition compared to WT (Table). The GO-term “epithelial cell migration” 

(GO:0010631,p=1.47x10-5) was found in this unbiased analysis together with the “epithelium 

migration” GO-term, two GO-terms used to create the MC3 “epithelial cell migration”. Genes such as 

Klf4, and Hbegf were upregulated in KI compared to WT animals (Table).  

Because endothelial to mesenchymal transition (EMT) has been described in the literature as a 

potential contributor to the development of MVD,10,26 we built the MC4 related to “endothelial to 

mesenchymal transition”. In this hypothesis-driven analysis, KI and WT samples consistently clustered, 

and the association was driven by genes such as Wnt2 and Tmem100 (Table). Similarly, to test the 

implication of molecular stress pathways, we built the MC5 comprising mechanotransduction-related 

GO-terms: genes such as Bmp7, proteoglycan Cspg4, secreted glycoprotein Slit2, the mediator of TGF-

β transduction Smad4, BMP-antagonist Grem1 were found upregulated in this second hypothesis-

driven analysis (Figure 4B; Table).  

The sensitivity analysis confirmed the involvement of these pathways, grouped under MCs, in the 

development of MVD (Figure S6; Online Supplementary Material). The complete list of genes in each 

MC is included in the Online Supplementary Material (Table S3). 

qPCR experiments confirmed the upregulated expression of key genes in KI compared to WT MV (i.e 

Has1, Esm1, Cspg4, and Ccl7; Figure S7, Online Supplemental Material). Furthermore and concordant 

with the comparable phenotypic remodeling observed in the anterior and posterior MV leaflets, similar 

increases in the expression levels of these genes were detected in both leaflets (Figure S7; Online 

Supplementary Material). 

3.5 Regulome remodeling in mitral valve dystrophy 

Next, using ATAC-seq, we analyzed the differential chromatin opening between MV cells from KI and 

WT rats to uncover key transcription factors (TF) driving MVD and potentially those that account for 
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the differential gene expression patterns we highlighted. After quality control, 2 KI and 2 WT samples 

were analyzed. 373 differently opened regions were identified between KI and WT conditions. Gene 

proxy annotation of these 373 regions highlighted an enrichment for the “Wnt signaling” (Wikipathway 

2021) and the “acting binding” (GO molecular function) pathways, that were not statistically significant 

after adjustment (data not shown).  

Whole genome foot-printing analysis revealed a differential TF binding dynamic for 21 TFs on the 

chromatins of KI and WT cells. As illustrated on the volcano plot and the aggregated imprint of FOSL1 

and JUND in Figure 5A, 17 TFs exhibited higher chromatin binding signal in KI valvular cells compared 

to WT (BACH1, BACH2, BATF, ETV6, FOSB, FOS, FOSL1, FOSL2, JDP2, JUN, JUNB, JUND, MAF, MAFK, 

NFE2, NFE2L2 and SPI1). On the other hand, E2F4, HINFP, NRF1, TFDP1 revealed lower binding 

dynamics in KI cells’ chromatin (Figure 5A and supplementary Table S3). Enrichment analyses for these 

TFs with differential binding imprint, using the Panther and Wikipathway databases, pointed to the 

TGF- signaling pathway (adjusted p-value: 3 x 10-5 and 6.5 x 10-9, respectively; Figure 5B), known to 

be involved in MVD development. Additionally, the significant association for inflammation and 

interleukin pathways in Panther (adjusted p-value: 7.2 x 10-3 and 1 x 10-2 respectively) and 

hematopoietic stem cell differentiation pathways in Wikipathway (adjusted p-value: 7.6 x 10-6) are in 

line with molecular mechanisms and signaling pathways highlighted by our RNA-seq analysis as 

involved in the development of MVD.  

Interestingly, differential chromatin opening was observed in the loci of DEGs identified in RNA-seq 

analysis. As illustrated in Figure 5C, Cspg4 and Cilp exhibit differentially opened binding site for the TF 

ETV6 in KI compared to WT. A differentially open binding site for FOSL2 in Wnt2 gene locus was also 

identified. Cep83 gene also exhibited differential chromatin opening (Figure 5C). 
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4. Discussion 

This study reports the first rat animal model of myxomatous mitral valve dystrophy observed in MVP 

patients; the FlnA-P637Q KI rat. The molecular analyses performed on the MV validate stated 

hypotheses and open new ones regarding pathophysiological mechanisms involved in the disease. 

Indeed, we confirm that ECM regulation and mechanotransduction play a central role in the process 

leading to MVD. Our findings also pointed out the activation of EMT and epithelial cell migration in the 

disease and the central role of immune cells in MVD.  

4.1 The FlnA-P637Q KI rat as a new and unique model to study mitral valve dystrophy 

Relevant animal models are essential to unravel the pathophysiological mechanisms leading to 

complex diseases, such as MVD. Although small-breed dogs and rodent-based KO animal models offer 

important benefits to decipher the molecular mechanisms leading to MVD, considerable limitations 

restrain their usefulness.16,17,27,28   

To overpass these limitations and improve our ability to image the MV, we have created the FlnA-

P637Q KI rat, a model which also appears to better mimic several human diseases than mouse model.29 

Our findings show that the FlnA-P637Q rat develops MVD with a myxomatous feature by 3 weeks of 

age. Interestingly, the phenotypic data we reported are consistent with clinical data described by our 

team in patients with FlnA-MVP mutations.11 Indeed, we observed an elongation and thickening of MV 

leaflets with the presence of a billowing/prolapse. Furthermore, rat MV leaflets also exhibited the 

typical restrictive motion in diastole as well as some dystrophic features on the subvalvular apparatus. 

Thanks to the development of a new and innovative microCT approach we quantified a 58% increase 

in FlnA-P637Q MV leaflets volume compared to controls which is in agreement with the 53% increased 

thickness quantified by histological analysis of the 3-week-old KI animals. Noteworthy, both anterior 

and posterior MV leaflets, in males and females, were remodeled and displayed similar regionalized 

ECM disorganization with an accumulation of proteoglycans in their distal two-thirds.30,31 In adult rats, 

valve dystrophy persisted and presented similar structural remodeling as observed in juvenile rats and 
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human MVD. At this later stage, we also reported the presence of mild regurgitation in KI animals (i.e. 

regurgitation without significant hemodynamic consequence for the heart) that did not translate to LV 

remodeling and function impairment. Nonetheless, we reported significant alterations of the 

subvalvular apparatus, with thicker chordae and less chordae branching, that in turn could lead to the 

modification of applied forces on the MV and thus modulate the underlying pathophysiological 

mechanisms leading to MVD. Indeed, recent evidences pointed out the remarkable ability of the MV 

to adapt to the changes in mechanical and hemodynamic conditions, especially in the context of 

ischemic MV disease related to LV remodeling.32,33  

In the present model, MV thickening and elongation could not be related to LV dilatation nor papillary 

muscle displacement. These data emphasize the recognized evolutive nature of MVD and suggest LV 

remodeling is not yet engaged at this adult stage. Future studies are needed to clarify this point and 

investigate the evolution and consequences of the morphologically and functionally impaired MV on 

older and/or heamodynamically challenged animals, which would be concordant with the increased 

incidence of significant MVD/MVP with aging in human.1  

Together, our observations validated the relevance of the FlnA-P637Q KI rat to model MVD and to 

study the pathophysiological mechanisms leading to the disease. 

4.2 Extracellular Matrix, Molecular stress pathways, Epithelial cell migration, EMT and 

Chemotaxis and immune cell recruitment are associated with mitral valve dystrophy 

Despite the high frequency of MVD, there is still a lack of knowledge concerning the mechanisms 

associated with the disease. Consistent with genetic findings on MVD, we identified ECM homeostasis 

(i.e. MC2 “Extracellular matrix”), response to mechanical stress (i.e. MC5 “Molecular stress 

pathways”), and Wnt and TGF-β molecular signatures in FlnA-MVD rats.4–8 These findings are 

concordant with the observed myxomatous ECM remodeling in the KI mitral valves and the well-

recognized role of FlnA as a scaffolding network protein, a sensor and a regulator of cellular response 

to mechanical stress.12  



  

19 
 

Accordingly, in KI MV, we specifically detected the upregulation of a key enzyme involved in 

glycosaminoglycans production; the hyaluronan synthase 1 (Has1). In addition, the increased 

expression of metalloproteinases (Mmp12, Mmp17, Adamts7) as well as modulators (Grem1) or actors 

(Tgfbr1, Smad4) of key cytokines signaling pathways involved in valvular ECM remodeling highlight the 

interrelation between genes involved in ECM remodeling (i.e. MC2) and those related to the response 

to mechanical stress (i.e. MC5). Both transcriptomic and regulomic analyses point to specific activation 

of TGF-β and Wnt pathways in our model with also a role for the BMP pathway highlighted in the 

transcriptomic analysis.10,31,34–36 This notion is consistent with the previously described crosstalk 

between mechanical stress and TGF-β signalings that participates in the establishment of this vicious 

circle which, in the context of MVD, leads to maintain the activation of MV valvular interstitial cells 

(VICs), and feeds the pathological degenerative process over time. This finding provides a pivotal 

molecular target related to the development of the MVD phenotype.  

Epithelial cell migration (i.e. MC3) and processes related to EMT (i.e. MC4) were also highlighted in the 

RNA-seq analysis. Valvular endothelial cells (VECs) actively participate in valvulogenesis and MV 

homeostasis via their crosstalks with interstitial cells, and their functions and activities are known to 

be modulated by mechanical stress.10,37–40 Accordingly to a central role of VEC in MVD, swollen VECs 

were more frequently observed in KI rats. Although controversy regarding the involvement of EMT in 

MVD persists in the litterature, our data suggest that the activation of EMT would be important in the 

pathophysiological processes, at least in the early stages of the disease.10,37,41 Further studies are 

needed to confirm this finding. 

Finally, we identified a transcriptomic and regulomic signature related to chemotaxis and leukocyte 

recruitment in MV from KI animals (MC1). Enrichment in bone marrow-derived cells, essentially 

macrophages, has been previously observed in mice and human MV.31,42–44 These macrophages, 

including resident and recruited cells, are described to participate in valvulogenesis, in the maturation 

of the valve after birth and in the pathophysiological processes leading to myxomatous MV (i.e; FlnA-
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MVD, syndromic MVD, drug-induced MVD, as well as model of myxomatous aortic valve 

disease).17,31,42–46 All together, these data coupled with both our RNA-seq and ATAC-seq support a 

pivotal role of bone marrow-derived cells, and particularly macrophages, in MVD. The specific role of 

resident and/or recruited macrophages in MVD will require additionnal investigations. 

All together, this study provides new hypotheses into the pathophysiological mechanisms involved in 

the early stages of mitral valve dystrophy with the interrelation of ECM regulation, 

mechanotransduction, immune cells, and potentially EMT processes (Figure 4). Protein-protein 

association networks, based on the RNA-seq and ATAC-seq analyses, depict a complex and interrelated 

crosstalk between cells (endothelial, interstitial and immune) and molecular signaling pathways 

involved in ECM homeostasis to promote MV tissue remodeling in MVD (Figure 6). 

4.3 Limitations  

The main limitation of this study is inherant to any animal study and refers to the translation of findings 

from animal model to human disease.47 Notably, whereas structural remodeling differentially affecting 

anterior and posterior leaflets and functionnal MV disabilities (i.e. MVP, MV regurgitation and LV 

remodeling) depict MVD in patients, the FlnA-P637Q rat model analyzed until 6 months does not 

recapitulate the whole spectrum of these pathological traits. Both technical and conceptual limitations 

participate to this discrepency. For example, the poor spatial and temporal resolution of our echograph 

limited the quantitative assement of MV thickening, MV prolapse and mitral regurgitation. Also, even 

if we used fold-changes between littermate rats, the contrasting solution used for microCT scanning 

could result in differences between scans.  

Transciptomic analyses also suffer from some limitations. The small number of replicates in RNA-seq 

limited the statistical power for this analysis. In addition, even if optimal sample quality to perform 

ATAC-seq analysis was indubitably reached and the findings corroborated RNA-seq analysis, the 

number of biological replicates used (n=2) remains small and interpretation should be done with 

caution. Moreover, biological material recovery (i.e. cells for ATAC-seq and RNA for RNA-seq and qPCR) 
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cannot be definitively assessed but we made sure that the digestion of tissue was completed and RNA 

recovery was proportional to the amount of tissue used. In any case, because RNA-seq analysis was 

performed on pooled anterior and posterior leaflets we could not detect gene expression differences 

between them. However, qPCR performed on key selected genes did not show significant differences 

between MV leaflets but, on the other hand, we cannot exclude that RNA-seq performed on separated 

anterior versus posterior leaflets would have identified potential differences in signaling pathways 

between them. Here again, the analysis of older animals and haemodynamically challenging conditions 

may alleviate these discrepencies. In this context, our study should be considered as hypothesis 

generating. However, the observed concordance in signaling pathways idenfied in both RNA-seq and 

ATAC-seq supports the robustness of our data and reinforces our findings. This metacluster-based 

analysis performed on a hypothesis-free approach could also mask pathways that will merit further 

attention: the response to mechanical stress, our central mechanistic hypothesis, was only highlighted 

by hypothesis-driven analysis but we could also consider an overlap with the MC2 “ECM remodeling”.  

Finally, the aortic valve phenotype has not been evaluated and would require further investigations.  

4.4 Conclusion 

The KI FlnA-P637Q rat model mimics human myxomatous mitral valve dystrophy and opens new 

avenues to decipher molecular mechanisms associated with the development of this disease. We 

revealed that extracellular matrix organization, epithelial cells migration, response to mechanical 

stress, as well as a central contribution of immune cells response are important signaling pathways in 

the processes leading to MVD in both males and females. Our data pave the road to decipher 

underlying molecular mechanisms and the specific role of each cell sub-population in the development 

and progression of myxomatous mitral valve disease.  
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FIGURE LEGENDS 

FIGURE 1: Echocardiographic assessment of the mitral valve in 3-week-old KI FlnA-P637Q rats. 

Legend: Mitral valve apparatus has been assessed by qualitative and quantitative approaches in 3-

week-old WT and KI rats. Panel A shows the anterior MV leaflet in the open position: we observed a 

restrictive motion of the leaflet in diastole and measured the leaflet’s length (white arrow). Panel B 

shows anterior and posterior MV leaflets in the closed position, where MV prolapse is visualized (dash 

line: annulus plan; red arrow: prolapse of the posterior leaflet). Anterior leaflet length (Panel C), 

annulus diameter (Panel D), and heart rate (Panel E) were compared between KI and WT rats. All the 

analyses (Panels C to E) were performed on 5 WT and 10 KI littermate rats (all as biological replicates). 

P-values are from the Mann-Whitney test. Error bars represent the standard error of the mean (SEM). 

LA: left atrium; LV left ventricle; ns: not significant. 

 

FIGURE 2: 3D mitral valve volume assessed by micro-computed tomography.  

Legend: Panels A to F describe the protocol for MV volume quantification. Panel A shows the 

reconstructed full heart. 3-plan full heart views were used to crop the region of interest containing the 

mitral valve (Panel B). Panel C shows the cropped 2D view from panel B focused on the mitral valve. 

Manual segmentation of the mitral valve on 2D images is presented in Panel D. Otsu 3-level 

thresholding method is applied to the valve (Panel E) allowing us to get a 3D reconstructed volume of 

the valve (atrial view, Panel F). Panel G represents the increase in microCT-derived MV volume defined 

as the fold-change between KI and WT littermate animals; these fold-changes were calculated for 11 

KI animals (all as biological replicates). The ventricular view of the representative 3D reconstruction of 

MV from WT and KI rats is presented in Panel H. P-value is from the Wilcoxon test. Error bar represents 

the standard error of the mean (SEM). Ant: Anterior Leaflet; Post: Posterior Leaflet. 
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FIGURE 3: Macroscopic remodeling and histological evaluation of WT and KI mitral valves.  

Legend: Panel A presents captions of the macroscopic aspect of the MV, highlighting the thickened 

(opaque) areas on the KI anterior and posterior leaflets. Note the thickened and less branched nature 

of the MV chordae (black arrowheads) in KI rats. Panel A’ refers to the number of branches of chordae 

tendinae in KI animals compared to WT (n=11 WT versus n=12 KI). Standard Hematoxylin Phloxin Eosin 

(Panels B,E,H,I), Alcian Blue (Panels C,F,J,K) and Masson’s trichrome (Panels D,G,L,M) histological 

stainings performed in consecutive slides on the MV of WT (Panels B-D and H,J,L) and KI (Panels E-G 

and I,K,M) rats. Panels H to M are area magnifications of the posterior leaflets. WT rats presented thin 

leaflets (Panels B,H) with very few proteoglycans (Panels C,J) and dense collagen strips (Panels D,L). KI 

rats presented an accumulation of proteoglycans (Panels F,K) and disrupted collagen (Panels G,M). 

These images are representatives of the cohort of 5 WT and 10 KI rats (all as biological replicates). 

Panels N and O present the quantitative analysis of the thickness and the alcian blue signal 

respectively, for each third of the leafet (i.e. normalized by the length of the leaflet) and presented as 

a fold change for each KI versus its WT littermate (n=5 WT and n=10 KI). White scale bars=2mm for 

Panels A and A’. Black scale bars= 250µm for Panels B to G. Black scale bars= 50µm for Panels H to M. 

*: p<0.05 from WT. ns: non-significant p-value from WT. P-values are from the Wilcoxon test or Mann-

Whitney test, as appropriate. Error bar represents the standard error of the mean (SEM). 

 

FIGURE 4: Molecular phenotyping for the identification of signaling pathways related to MVD. 

Legend: Transcriptomic analysis of WT versus KI mitral valves. Panel A represents a heatmap of the 524 

differentially expressed genes (i.e. as defined by p<0.05 and FC>1.2 or FC<0.8) highlighting genotype 

clusterization. Panel B shows the metaclusters analysis. Heatmaps on the left present normalized 

expression values for individual genes according to biological conditions on a normalized scale (from -

1 to 1). The 5 metaclusters (MC1-5) were created based on the biological process of a GO enrichment 

analysis. Metaclusters represent groups of genes associated with similar biological functions and 
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corresponding GO-terms are listed in the second column. All the differentially expressed genes for 

each metacluster are listed on the right (upregulated genes are in bold). The analysis was performed 

on 5 WT and 4 KI mitral valves (all as biological replicates). 

FIGURE 5: Chromatin opening analysis by ATAC-seq between KI and WT conditions. 

Legend: ATAC-seq has been performed on WT and KI mitral valve cells from 3-week-old rats. The 

volcano plot (Panel A) shows the 21 significant transcription factors with a differential transcription 

factors binding dynamic. Significant transcription factors with differential binding dynamic (defined 

with the threshold > abs(0.09) and log10(p-value) > 100) are depicted in red when a transcription factor 

foot-printing is over-represented in KI than in WT and in blue for the opposite. Aggregated footprints 

between bound sites are shown for FOSL1 and JUND, two of the most differentially binding 

transcription factors between KI and WT. Panel B shows the Enrichr enrichment analysis tool results 

using the Panther DB 2016 and WikiPathway 2021 with a log10 corrected p-value (Bonferroni). Panel 

C (UCSC browser screenshot) represents example regions for four genes found both in differentially 

opened regions between KI and WT and genes identified in the MC analysis. Differentially opened 

regions (peaks) are indicated with a red asterisk. Footprinting of the 21 transcription factors identified 

by TOBIAS is indicated in green when overlapping a differentially opened region. The analysis was 

performed on 2 samples of 50 000 cells from WT and KI mitral valves (all as biological replicates). 

 

FIGURE 6: Protein-protein association network based on selected genes associated with MVD. 

Legend: Representation of the crosstalk between valvular cells (i.e. endothelial, interstitial and 

immune cells) and signaling actors of ECM homeostasis. Known and predicted functional and physical 

protein associations of the most relevant genes associated with MV tissue remodeling identified in 

both RNA-seq and ATAC-seq analysis (Table; Figure 5; Online supplemental Table S4) using STRING 

database are presented. Active interaction sources are textmining, experiments, databases, co-
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expression, neighborhood, gene fusion and co-occurrence. Line thickness indicates the strength of 

data support. 
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TABLE: Relevant differentially expressed genes from metaclusters transcriptomic analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Legend: Fold Change (FC) and p-value of each differentially expressed gene presented in the 

metacluster analysis. 

Gene FC p-value 

Chemotaxis and immune cell migration 

Ccl28 1.53 0.047 

Ccl7 2.95 4.76E-07 

Il16 1.25 2.81E-03 

Itgax 1.73 0.010 

Itga9 0.78 0.023 

Madcam1 5.70 0.039 

S100a8 8.40 5.12E-03 

S100a9 2.67 0.015 

Extracellular matrix 

Adamts7 1.22 9.69E-03 

Has1 3.04 3.37E-09 

Mmp12 2.44 6.38E-07 

Mmp17 1.68 0.013 

Epithelial cell migration 

Hbegf 1.48 0.013 

Hyal1 0.70 0.020 

Klf4 1.31 1.62E-03 

Endothelial to mesenchymal transition 

Mef2c 1.34 4.92E-03 

Tmem100 1.39 1.17E-03 

Wnt2 0.71 0.023 

Molecular stress pathways 

Bmp7 0.69 0.035 

Cspg4 1.27 3.72E-03 

Fosl1 3.40 1.79E-04 

Grem1 2.87 3.41E-03 

Htr2a 2.17 9.65E-03 

Jund 0.85 0.055 

Robo2 1.75 6.04E-04 

Slit2 1.24 0.015 

Smad4 1.25 0.036 

Smoc2 0.37 0.026 

Tgfbr1 1.21 0.038 

Tll2 10.36 0.019 

Vegfd 0.70 0.035 
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FIGURE 1 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 
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FIGURE 5 
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FIGURE 6 

 

 


