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Multimodality imaging and transciptomics to phenotype mitral valve dystrophy in a unique knock-in Filamin-A rat model

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. ATACseq 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 CVR-2022-0628 

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.

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][8][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.

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][13][14][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 tyrosineprotein 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][19][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.

Methods

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

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.

Rats were anesthesied with isoflurane (1000mg/g, Iso-Vet 100%, Piramal; induction at 4% and maintain at 2%). Rats were euthanized by cervical dislocation under isoflurane anesthesia or by pentobarbital injection (EUTHASOL® VET 400mg/mL, Dechra, 0.5mL/kg adjusted as needed, i.p.).

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.

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).

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).

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.

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. Nonparametric 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. 

Study approval
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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.

Results

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).

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 and1B). 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, Dopplerechocardiographic 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 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, andL). According to the light alcian blue staining, the ECM was poorly charged with mucopolysaccharides (Figure 3C andJ). 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, andM). 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 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.

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 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.

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 RNAsequencing. 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 GOterm 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 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 TGFβ transduction Smad4, BMP-antagonist Grem1 were found upregulated in this second hypothesisdriven 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).

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 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).

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.

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. [START_REF] Rabkin | Activated Interstitial Myofibroblasts Express Catabolic Enzymes and Mediate Matrix Remodeling in Myxomatous Heart Valves[END_REF][START_REF] Geirsson | Modulation of Transforming Growth Factor-Signaling and Extracellular Matrix Production in Myxomatous Mitral Valves by Angiotensin II Receptor Blockers[END_REF] In adult rats, valve dystrophy persisted and presented similar structural remodeling as observed in juvenile rats and 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. [START_REF] Dal-Bianco | Myocardial Infarction Alters Adaptation of the Tethered Mitral Valve[END_REF][START_REF] Marsit | Attenuated Mitral Leaflet Enlargement Contributes to Functional Mitral Regurgitation After Myocardial Infarction[END_REF] 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.

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][5][6][7][8] These findings are concordant with the observed myxomatous ECM remodeling in the KI mitral valves and the wellrecognized role of FlnA as a scaffolding network protein, a sensor and a regulator of cellular response to mechanical stress. 12 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,[START_REF] Geirsson | Modulation of Transforming Growth Factor-Signaling and Extracellular Matrix Production in Myxomatous Mitral Valves by Angiotensin II Receptor Blockers[END_REF][START_REF] Neptune | Dysregulation of TGF-β activation contributes to pathogenesis in Marfan syndrome[END_REF][START_REF] Ng | TGF-β-dependent pathogenesis of mitral valve prolapse in a mouse model of Marfan syndrome[END_REF][START_REF] Schroer | Mechanobiology of myofibroblast adhesion in fibrotic cardiac disease[END_REF] 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,[START_REF] Armstrong | Heart Valve Development: Endothelial Cell Signaling and Differentiation[END_REF][START_REF] Gee | Valve endothelial-interstitial interactions drive emergent complex calcific lesion formation in vitro[END_REF][START_REF] Hulin | Maturation of heart valve cell populations during postnatal remodeling[END_REF][START_REF] Butcher | Valvular endothelial cells regulate the phenotype of interstitial cells in co-culture: effects of steady shear stress[END_REF] 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,[START_REF] Armstrong | Heart Valve Development: Endothelial Cell Signaling and Differentiation[END_REF][START_REF] Kim | Endothelial Cell Lineage Analysis Does Not Provide Evidence for EMT in Adult Valve Homeostasis and Disease[END_REF] 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. [START_REF] Geirsson | Modulation of Transforming Growth Factor-Signaling and Extracellular Matrix Production in Myxomatous Mitral Valves by Angiotensin II Receptor Blockers[END_REF][START_REF] Hulin | Macrophage transitions in heart valve development and myxomatous valve disease[END_REF][START_REF] Visconti | An In Vivo Analysis of Hematopoietic Stem Cell Potential: Hematopoietic Origin of Cardiac Valve Interstitial Cells[END_REF][START_REF] Hajdu | Recruitment of bone marrow-derived valve interstitial cells is a normal homeostatic process[END_REF] 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-MVD, syndromic MVD, drug-induced MVD, as well as model of myxomatous aortic valve disease). 17,[START_REF] Geirsson | Modulation of Transforming Growth Factor-Signaling and Extracellular Matrix Production in Myxomatous Mitral Valves by Angiotensin II Receptor Blockers[END_REF][START_REF] Hulin | Macrophage transitions in heart valve development and myxomatous valve disease[END_REF][START_REF] Visconti | An In Vivo Analysis of Hematopoietic Stem Cell Potential: Hematopoietic Origin of Cardiac Valve Interstitial Cells[END_REF][START_REF] Hajdu | Recruitment of bone marrow-derived valve interstitial cells is a normal homeostatic process[END_REF][START_REF] Hulin | Loss of Axin2 results in impaired heart valve maturation and subsequent myxomatous valve disease[END_REF][START_REF] Kim | Deficiency of Circulating Monocytes Ameliorates the Progression of Myxomatous Valve Degeneration in Marfan Syndrome[END_REF] 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).

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. [START_REF] Leenaars | Animal to human translation: a systematic scoping review of reported concordance rates[END_REF] 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) 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.

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. 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 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). 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-expression, neighborhood, gene fusion and co-occurrence. Line thickness indicates the strength of 738 data support. 1A-B), ii) presence of MV prolapse (i.e. systolic displacement of one or two leaflets above the annulus line towards the left atrium in the long-axis view; Figure 1B), and iii) a restrictive motion of the leaflets in diastole (Figure 1A). A genotype-phenotype concordance was then determined. For the quantitative parameters, MV leaflet elongation was assessed by anterior leaflet length measurement (i.e. distance between the hinge point and tip of the anterior MV leaflet; Figure 1A), MV leaflet thickening was assessed by anterior leaflet width measurement (only available for 3-to-6-month-old rats) and MV annulus diameter was measured (i.e. the distance between the hinge points of both leaflets; Figure 1B). From the parasternal long-axis and short-axis view using M-mode echocardiography, left ventricular (LV) morphology and function were assessed based on: i) the LV internal diameter in diastole and systole (LVIDs, LVIDd) and the corresponding volumes, ii) the septum and LV posterior wall thickness in diastole and systole, iii) the calculated LV mass indexed for body weight (i.e. LV mass = 0.8 [1.04 (PWTd + IVSd + LVIDd) 3 -LVIDd 3 ] + 0.6), and iv) the LV ejection fraction (EF) and fractional shortening (FS).

Mitral regurgitation was evaluated on parasternal short-axis view and/or apical 3-chamber view by color Doppler imaging.

Micro-computed tomography

Because X-ray scan happens to suit imaging of electron-dense tissue, we implemented a staining protocol before scanning to increase the contrast of the soft tissue such as the heart. 5 Briefly, animals were injected with pentobarbital (EUTHASOL® VET, 0.5mL/kg adjusted as needed, i.p.). Aorta was cannulated and retrogradely perfused with cardioplegic solution (Plegisol) to limit heart ischemia.

Hearts were placed on the Langendorf-modified system and perfused with physiologic salt solution (KREBS) to clean up heart chambers (i.e. beating heart protocol). 6 After 10 minutes, hearts were stopped with the same cardioplegic solution before starting the 30-min perfusion of the staining and fixation solution with 10% formalin/3% Phosphotungstic Acid (PTA). Finally, hearts were incubated in the same staining/fixation solution for 72 hours, before the scan.

MicroCT scans were performed at the SC3M facility (Nantes, France) using a Skyscan 1272 (Bruker, Germany) microtomodensitometer at 18µm resolution, 80kV (filter Al 1mm,) or 90kV (filter Al 0.5 mm + Cu 0.038mm), rotation step: 0.35°, binning: 4. Three-dimensional reconstructions of the raw projections were obtained using Nrecon (Bruker) Smoothing: 0; Rig Artfact: 5; Beam Hardening: 10% (Figure 2A).

Using dedicated software (CTvox, CTan, Data Viewer from Bruker), MV volume was quantified. To obtain working images, the MV region from the full heart acquisition was manually cropped in Data Viewer based on the 3 orthogonal heart plans (Figure 2B). The cropped images of the MV were then generated and the complete stack was opened in CTan software for segmentation (Figure 2C). Segmentation of both MV leaflets was manually performed on 2D images every 10-15 slides (Figure 2D), from the anterolateral to the posteromedial commissures. Automatic implementation of the segmentation was applied to the slides in between. Otsu 3-level thresholding of grey images was applied on this segmented MV to determine the 3D MV full volume (Figure 2F). Complete analysis of the volume, including the segmentation protocol, was blinded for rat genotype and the same thresholding method was applied for all samples. Data are presented as fold-change between the KI rat with its WT littermate (n=11). In addition to the quantification of the full volume of the MV, anterior and posterior leaflets were subsequently subdivided manually and specific fold-change for the volumes from both leaflets were recorded.

Histology

Hearts were fixed in 10% formalin for 24 to 48 hours, dehydrated, cleared in xylene and embedded in paraffin. 3-µm paraffin slides were sectioned and serial slides were stained. HPS (Hematoxylin cp813, Diapath; Phloxin pb-p-25, Biognost; Saffron 27481.105, VWR) staining was used for morphological evaluation and consecutive slides were stained with Alcian Blue (c0053, Diapath; pH2.5) for mucopolysaccharides evaluation, Masson Trichrome (F/010210, Microm) for ECM organization and Alizarin red (TMS-008-C, Merck Millipore) for calcification; according to manufacturer's instructions.

The slides were examined under light microscopy and scanned using NanoZoomer Hamamatsu.

The histopathologic alterations were graded qualitatively by three investigators, who were blinded to the genotype. Histological abnormalities are defined based on criteria such as layered organization, thickness, length, cellularity, collagen and mucopolysaccharide content and spatial distribution on the MV leaflets. We used these features to classify each specimen as KI or WT (n=10 and 5) and check the genotype-phenotype concordance. To quantitatively assess the thickening and Alcian Blue signal (i.e.

Blue Alcian within the valve) (Figure 3), the virtual slides were first imported into the Qupath software. 7 A region of interest was manually drawn around each leaflet of the mitral valves. After color deconvolution of all slides, based on the staining of one of the slides, the same threshold was applied in every region of interest (ROI) to determine the area of the leaflet stained with Alcian Blue, rendered as a Qupath annotation. Each leaflet was then exported in tiff using the export to ImageJ functionality of Qupath, keeping the original color scheme and exporting the rough leaflet ROI and the accurate Alcian blue staining annotation in the tiff.

A Fiji macro was then created using the MorpholibJ plugin to normalize and quantify both the thickness and Alcian Blue signal. 8,9 For each leaflet, a geodesic distance map (following the shape of the leaflet) was computed from the annulus to the free edge. In this geodesic distance map, all points equidistant to the annulus edge had the same distance value. The maximum distance value was then the length of the valve. Its length was normalized to 1 for each leaflet. By iteratively thresholding equidistant values for values sampled uniformly for every leaflet, the thickness of the leaflet, as well as its part covered with Alcian Blue annotation from Qupath, was then automatically measured all along the leaflet and summed up to get a comparable thickness between leaflet whatever its length. Fold-changes were computed for each KI rat against its WT littermate for anterior and posterior leaflets, and averaged to get one value per KI rat (n=10). A One sample Wilcoxon signed rank test on the KI fold value was then performed.

Sub-valvular apparatus investigation

11 WT and 12 KI 3-week-old male hearts were harvested for chordae tendinae characterization. The number of chords attached to the leaflets was reported for chordae branching evaluation.

RNA-sequencing data generation and bioinformatics analysis

5 Wild-Type (WT) and 5 Knock-In (KI) mitral valve leaflets (i.e. both anterior + posterior leaflets) were harvested, placed in liquid nitrogen and stored at -80°C for RNA extraction. Snap frozen tissue samples were homogenized using the bead-based Precellys system at 3x 15s in 1ml of QIAzol (Qiagen). Total RNA was extracted using the miRNeasy micro kit (Qiagen) and quantified via RNA assay on a tapestation 4200 system (Agilent). 5 ng total RNA was used as an input for library generation via SmartSeq 2 (SS2) RNA library production protocol as described in Picelli et al. 10 Pre-amplification PCR was performed with 14 cycles for the rat tissue. Libraries were quantified using the Qubit HS dsDNA assay (Invitrogen) and fragment size distribution was analyzed via D1000 assay on a tapestation 4200 system (Agilent).

SS2 libraries sequenced single-end with 75 cycles on a NextSeq500 system using the high-output v2.5 chemistry (Illumina). Samples were demultiplexed and fastq files generated using bcl2fastq2 v2.20 before alignment and quantification using Kallisto v0.44.0 based on the NCBI Rnor_6.0 (GCA_000001895.4) reference genome.

For statistical analysis, the raw read counts were imported into DESeq2 (v. 1.30.1) using R (v. 4.0.4). 11 To identify the differentially expressed genes (DEGs) of particular interest to the development of mitral valve dystrophy, we performed pairwise comparisons (Wald test) between KI and control samples.

Genes with a p-value <0.05 and Fold Change (FC) >1.2 or FC <0.8 were selected as DEGs. Enrichment analysis was done on these genes using clusterProfiler package (v. 4.0.0). 12 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).

Sensitivity analyses, based on different p-values (i.e. p-value <0.01 & <0.10) and FC (i.e. >1.3 or <0.7 & >1.4 or <0.6) thresholds, were also performed to corroborate our finding.

qPCR data generation to assess anterior versus posterior MV leaflet transciptomics

MV total RNA was isolated from 3-week-old anterior and posterior MV leaflets, separately, using the miRNeasy mini kit (Qiagen). The quantity and quality of the RNA samples were assessed using the NanoDrop with a 260/280 ratio of 1.8-2.2 considered acceptable. Total RNA was transcribed to cDNA using the High capacity cDNA reverse transcription kit (Applied Biosystems) at 25°C for 10 min, 37°C for 120 min, 85°C for 5 min, then cooled to 4°C. cDNA samples were stored at -80°C until amplification by real-time quantitative PCR (qPCR).

Primers were designed for Gapdh, Has1, Esm1, Cspg4, and Ccl7 using Primer 3 plus to span over an intron (Table S1, Online Supplementary Material). The qPCR reaction was performed using the Power SYBR green PCR master mix (Applied Biosystems) at 50°C for 2 min, 95°C for 10 min and 40 times at 95°C for 15 sec. followed by 60°C for 1 min. Melting curve (95°C for 15 sec and 60°C for 15 sec) at the end of the last cycle to assess the amplification specificity was performed. Results of gene expression were processed under SDS2.2 software. Ct raw data were adjusted between runs thanks to an interplate calibrator. For each marker, delta Ct was calculated on the housekeeping gene Gapdh. Log2 transformation was applied to transform the data to a linear scale.

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 of 3-weeks old WT and KI rats. From each sample, 50 000 cells were collected from KI and WT mitral valves (i.e. pool of 8 MV for each genotype), then digested using a solution of 1.2U/mL dispase II (Merk) and 2mg/ml collagenase IV (Worthington) for 45 minutes at 37°C. Cells were then washed by centrifugation in cold PBS. Pelleted cells were resuspended in the transposase reaction mix supplemented with digitonin (25µl 2x TD buffer, 5µl TDE1 (Illumina), 1µl digitonin 0.5% (Promega) and 19µl of nuclease-free water).

The transposition reaction was carried out for 30 minutes at 37°C. The samples were immediately purified using the DNA Clean and Concentrator-5 kit (Zymo Research). Following purification, each sample was dual indexed with i7 and i5 primers from the Nextera Index Kit (Illumina) and amplified using Nextera DNA Library Prep Kit (Illumina) using the following PCR conditions: 72°C for 3 minutes, 98°C for 30 seconds, followed by 11 cycles at 98°C for 10 seconds, 63°C for 30 seconds and 72°C for 3 minutes.

Libraries were double size selected with Beckman Coulter™ Agencourt AMPure XP (0.5X and 1.3X ratios). Library quality was assessed using TapeStation and libraries were quantified using NEBNext® Library Quant Kit for Illumina® (New England Biolabs).

Sequencing was performed on an Illumina NovaSeq6000 platform in 2x51 paired-end mode. Trimming and demultiplexing were done using Illumina bcl2fastq2. Read mapping was done using bowtie2 with paired-end settings and "-X 2000" on hg19. 13 Only properly mapped reads were kept, duplicated reads were filtered using samblaster. Bams were converted into bedpe format and coordinate shifted using deeptools (--ATACshift option). Broad peak calling was carried out with MACS2 using bedpe options and default p-value and qvalue for broad cutoff. 14,15 Quality control was done by computing the fraction of reads in peaks (FrIP) with subread feature counts using peaks called MACS2 narrowPeak. 16 Complexity of the library was evaluated according to standards defined by the ENCODE consortium with the NRF (nonredundant fraction), PCB1 and PCB2 (PCR bottleneck 1 and 2) computed for all samples. 17 TSS enrichment was also checked using ENCODE methods as defined in the ENCODE ATACseq pipeline. 18 Correlation between samples was evaluated with deeptools plotCorrelation on all filtered reads of chromosome 1. Samples were filtered if the number of reads was < 35 million or if the average fraction of reads in peaks (FRiP) was below 30% or if the TSS enrichment was below 15. Out of the 6 samples, we excluded 2 samples (1 WT and 1 KI) processed in the same batch but with QC metrics out of the range defined above. The remaining 4 samples (i.e. 2 replicates for both genotypes) combined more than 80 million reads per condition with an average FRiP score of 36,5, well above the ENCODE recommendations for ATAC-seq data assuring proper footprint calling. 18 Differential analyses were performed using the Diffbind package keeping. 19 EdgeR TMM normalization was performed and only peaks present in all samples from one condition were kept as consensus peaks. 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. 20 Functional annotation was done using HOMER annotatePeaks.pl with Rnor6 annotation file. 21,22 Motif enrichment analysis was performed using MEME-Chip, using all called peaks between conditions as a background. For the footprinting analysis, TOBIAS with default parameters was used. 23,24 Gene enrichment profiles were done using the R package clusterProfiler with the enrichGO function. 25 Plots were done in R with ggplot2 and assembled with Inkscape. 26 Pathway enrichment analysis has been performed using the Enrichr enrichment analysis tool. [27][28][29] Female KI rats presented higher proteoglycans content than observed in WT animals. These images are representatives of the cohort of 6 WT and 6 KI rat females (all as biological replicates). Similar to males, echocardiographic measurement of female KI MV revealed longer anterior leaflet compared to WT (2.1 ±0.12 mm versus 1.7 ±0.12 mm respectively, p=0.02; Panel B). 
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FIGURE 1 :

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

FIGURE 2 :

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

FIGURE 3 :

 3 FIGURE 3: Macroscopic remodeling and histological evaluation of WT and KI mitral valves.

FIGURE 4 :

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

FIGURE 5 :

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

FIGURE 6 :

 6 FIGURE 6: Protein-protein association network based on selected genes associated with MVD.
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 S1 FIGURE S1:Breeding and anthropometric data for 3-week-old rats.
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 S2 FIGURE S2: 3D Mitral valve volume of anterior and posterior leaflets assessed by microCT.
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 S3 FIGURE S3: Atypical remodeling of 3-week-old male MV
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 S4 FIGURE S4: Phenotypic evaluation of 3-week-old female MV.

FIGURE S5 :

 S5 FIGURE S5: Echocardiographic, volumic and histologic assessment of the mitral valve in 3-to-6month-old WT and KI rats.
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 S6 FIGURE S6: Sensitivity analyses of the molecular phenotyping
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 S7 FIGURE S7: Gene expression of selected markers in anterior and posterior MV leaflets from 3-week-

  

  

  

  

  

  

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.

	767 772 774 776 778	FIGURE 1 FIGURE 2 FIGURE 4 alterations of MV apparatus and included: i) MV leaflet thickening (Figure FIGURE 3 FIGURE 5 FIGURE 6
		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
	779	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

TABLE S2 :

 S2 Left ventricular and mitral valve echocardiographic characteristics of the WT and KI rats. 204

				3-week-old		3-to-6-month-old
			WT (n=5)	KI (n=10)	P value	WT (n=8)	KI (n=18)	P value
		Heart rate (b.p.m)	405[399-430]	417[393-459]	0.69	344[313-362]	344[328-367]	0.55
	Left Ventricle					
		LVIDd (mm)	5.0[5.0-5.1]	4.9[4.8-5.1]	0.46	9.3[8.9-9.5]	8.7[8.2-9.4]	0.07
		LVIDs (mm)	2.6[2.4-2.7]	2.9[2.7-3.1]	0.07	5.4[4.6-5.6]	4.9[4.2-5.7]	0.66
		LV mass index (mg/g)	10.9[9.9-11.7] 12.0 [11.2-12.7]	0.06	2.7[2.6-3.1]	2.6[2.5-2.9]	0.69
		EF (%)	84[83-89]	80[78-84]	0.03	78[77-84]	80[74-83]	0.79
		FS (%)	48[46-54]	43[41-47]	0.02	42[41-49]	44[39-47]	0.70
	Mitral Valve					
	Anterior leaflet length (mm)	1.8[1.7-1.9]	2.0[2.0-2.1]	0.004	3.1[2.7-3.4]	3.4[3.2-3.7]	0.003
	Anterior leaflet thickness (mm)	-	-	-	0.31[0.28-0.34]	0.50[0.45-0.53]	0.001
	Annulus diameter (mm)	2.1[2.0-2.2]	2.3[2.2-2.4]	0.90	3.9[3.7-4.2]	3.9[3.8-4.2]	0.71
	205	Legend: b.p.m: beats per minute; LV: left ventricle; LVIDd: left ventricle internal diameter in diastole,
	206	LVIDs: left ventricle internal diameter in systole; EF: ejection fraction; FS: fractional shortening. LV mass
	207	was calculated using the formula: 0.8 [1.04 (PWTd + IVSd + LVIDd) 3 -LVIDd 3 ] + 0.6, normalized to body
	208	weight. P-values are from the Mann-Whitney test. Data are presented as median [1 st interquartile
	209	range -3 rd interquartile range].				

TABLE S3 :

 S3 List of the differentially expressed genes presented in the metacluster analysis 210

	Fst Robo2	1.29 1.75	0.014 6.04E-04
	Fut7 S100a8	0.42 8.40	0.028 5.12E-03
	Gene Fuz S100a9 Adamts7 Gdf11 Sema3b Angpt1 Glipr2 Sema3d Angpt2 Gpnmb Sema3e Angpt4 Grem1 Sema5b Apoe Gsk3b Serac1 Avpi1 Has1 Sfrp2 Bmp7 Hbegf Sfrp4 Ccl28 Htr2a Shisa2 Ccl5 Hyal1 Sirt1 Ccl7 Igfbp4 Slit2 Cd2 Il16 Smad4 Cdh13 Il1rap Smoc2 Cebpd Itga9 Tgfbr1 Chi3l1 Itgax Tll2 Cilp Itgb2 Tmem100 Cldn1 Itgb6 Vegfd Col18a1 Kazald1 Wnt2 Col22a1 Klf4 Col9a3 Lama1 Cspg4 Ctdspl2 Lcp1 Lmo3 Legend: Fold Change (FC) and p-value of each differentially expressed gene presented in the FC 0.74 1.48E-03 2.67 0.015 p-value 1.22 1.39 6.82E-03 0.75 0.014 9.69E-03 1.51 0.68 0.036 0.74 0.020 4.88E-03 1.61 1.39 0.033 3.21 0.048 5.54E-03 0.46 2.87 3.41E-03 0.53 2.77E-03 1.72E-04 0.68 1.22 0.025 0.71 0.043 6.29E-03 1.28 3.04 3.37E-09 0.66 9.56E-06 0.033 0.69 1.48 0.013 1.65 1.33E-06 0.035 1.53 2.17 9.65E-03 0.58 0.020 0.047 0.07 0.70 0.020 1.28 0.018 1.21E-10 2.95 0.74 0.037 1.24 0.015 4.76E-07 0.32 1.25 2.81E-03 1.25 0.036 0.030 1.32 0.68 7.29E-04 0.37 0.026 0.031 0.78 0.78 0.023 1.21 0.038 0.031 0.68 1.73 0.010 10.36 0.019 6.56E-03 0.56 1.30 5.87E-03 1.39 1.17E-03 0.022 0.50 1.85 0.043 0.70 0.035 2.01E-04 0.80 1.28 2.23E-03 0.71 0.023 7.93E-03 0.38 1.31 1.62E-03 1.36E-06 0.69 1.41 7.60E-03 5.20E-04 1.27 3.72E-03 1.54 1.25 0.043 0.75 0.019 7.86E-03 Cx3cl1 0.68 Cxcl12 0.63 Cxcl13 0.46 Cxcl14 0.28 Cxcr4 0.79 Cxcr5 0.45 Ddr1 0.79 Dock8 1.22 Dok2 1.32 Dpp4 0.66 Egfl6 2.02 Egflam 0.73 Enpp2 0.79 Epha2 1.25 Ero1a 1.20 Errfi1 1.52 Etv1 1.23 Ezr 1.34 F3 0.65 Fgf9 0.71 Fgfr4 0.67 Flrt3 0.68 Fosl1 3.40 Rgs2 0.75 0.014 1.79E-04 Rgcc 1.92 0.033 9.83E-03 Ret 0.56 0.013 0.026 Rarres2 0.77 2.81E-03 0.023 Ptgs2 0.70 8.72E-03 1.78E-03 Psmb9 0.74 0.017 5.20E-04 Prox1 0.61 0.028 0.018 Prkx 1.23 0.031 2.25E-05 Prex1 0.71 6.64E-03 0.029 Plcg2 1.39 0.049 0.023 Pla2g1b 0.25 9.29E-07 0.013 Pak3 0.66 0.012 1.86E-03 Olr1 1.62 0.014 1.39E-05 Ntrk3 0.63 0.011 1.23E-03 Ntng2 0.41 7.77E-04 9.48E-03 Mst1r 2.16 0.021 0.040 Mmp17 1.68 0.013 0.044 Mmp12 2.44 6.38E-07 3.61E-03 Mef2c 1.34 4.92E-03 0.019 Mapkapk3 1.26 0.020 3.43E-03 Mapk13 1.60 3.12E-03 0.016 Mapk11 0.36 4.68E-03 4.78E-04 Madcam1 5.70 0.039 6.64E-03 Lpar1 1.29 2.20E-04 metacluster analysis (FC is <0.8 or >1.2 and p-value < 0.05).

Table S4 :
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	output_prefix	name	motif_id	cluster	total_tfbs WT_mean_score WT_bound KI_mean_score KI_bound WT_KI_change	WT_KI_p-
										value
	JUNB_MA0490.1	JUNB	MA0490.1 C_FOSL1::JUN	34124	0.3756	6041	0.39576	-0.1718	9.389E-156
	JUND_MA0491.1	JUND	MA0491.1 C_FOSL1::JUN	31483	0.37996	5650	0.39958	-0.16382	2.234E-153
	FOS_MA0476.1	FOS	MA0476.1 C_FOSL1::JUN	33348	0.37346	5838	0.39258	-0.16055	3.491E-150
	JUNvar.2_MA0489.1	JUN(var.2)	MA0489.1 C_FOSL1::JUN	34200	0.36755	5819	0.38662	-0.15797	7.352E-148
	FOSL2_MA0478.1	FOSL2	MA0478.1 C_FOSL1::JUN	34373	0.36802	5837	0.38604	-0.15476	2.85E-145
	FOSBJUNB_MA1135.1 FOSB	MA1135.1 C_FOSL1::JUN	29400	0.37923	5291	0.39876	-0.16324	1.846E-144
	FOSL1_MA0477.1	FOSL1	MA0477.1 C_FOSL1::JUN	32897	0.38166	5976	0.40184	-0.16998	2.643E-144
	JUNJUNB_MA1132.1	JUN	MA1132.1 C_FOSL1::JUN	25041	0.37965	4456	0.39831	-0.15967	2.086E-143
	BACH2_MA1101.1	BACH2	MA1101.1 C_BACH2	33365	0.35656	5250	0.37036	-0.12334	9.284E-137
	JDP2_MA0655.1	JDP2	MA0655.1 C_FOSL1::JUN	22765	0.35872	3735	0.3759	-0.14958	1.711E-135
	BATFJUN_MA0462.1	BATF::JUN	MA0462.1 C_FOSL1::JUN	30975	0.33718	4514	0.35257	-0.12895	4.189E-135
	SPI1_MA0080.4	SPI1	MA0080.4 C_SPI1	34501	0.2864	3390	0.29437	-0.11872	7.039E-134
	NFE2_MA0841.1	NFE2	MA0841.1 C_FOSL1::JUN	19676	0.35554	3186	0.37197	-0.14088	1.633E-129
	Nfe2l2_MA0150.2	Nfe2l2	MA0150.2 C_BACH2	26060	0.3433	3842	0.35448	-0.10359	6.711E-127
	NRF1_MA0506.1	NRF1	MA0506.1 C_NRF1	16640	0.72992	7243	0.70509	0.14308	3.033E-125
	Bach1Mafk_MA0591.1 Bach1::Mafk MA0591.1 C_BACH2	27574	0.36837	4658	0.37973	-0.10426	1.835E-122
	MAFNFE2_MA0501.1	MAF::NFE2	MA0501.1 C_BACH2	26962	0.33263	3795	0.34358	-0.1036	3.274E-122
	ETV6_MA0645.1	ETV6	MA0645.1 C_ETV4	24202	0.4718	5481	0.47639	-0.09547	2.383E-119
	E2F4_MA0470.1	E2F4	MA0470.1 C_E2F6	16760	0.60246	5729	0.58431	0.11696	6.406E-117
	HINFP_MA0131.2	HINFP	MA0131.2 C_HINFP	6807	0.59463	2285	0.5729	0.13919	7.386E-114
	TFDP1_MA1122.1	TFDP1	MA1122.1 C_E2F6	17779	0.61385	6161	0.59697	0.10236	3.098E-113
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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). 1,2 All animals used in the current study were generated after, at least, 10 backcrosses to avoid off-target recombinations from Crispr method. Tail snipping was performed and samples were used for in-house genotyping using the Phire Tissue Direct PCR Master Mix (Thermo Fisher Scientific).

Primers are presented in Table S1 (Online Supplementary Material).

The rat litter size and male/female ratio were documented. Growth and weight were also recorded from the weaning (3-week-old rat) to 3-to-6-month-old. All the analyses between KI and WT were performed on littermates.

Mitral valve phenotyping

Doppler-echocardiography

Doppler-echocardiographies were performed using the Vivid 7 ultrasound system (GE Healthcare, Chicago, IL, USA) with a 10S transducer (11-22 MHz). Anesthesia was induced using isoflurane 4% and maintained at 2% during image recording to achieve constant and comparable heart rates during examinations. Animals were laid in the supine position, and body temperature was maintained at 37°C thanks to a heating pad and heat lamp. Electrocardiogram was monitored through subcutaneous electrodes. Echocardiographic acquisitions were performed according to the current guidelines recommendations from Zacchina and collaborators. 3 M-mode, B-mode and color Doppler mode were used and image analysis was performed offline on the EchoPAC software (GE Healthcare) by experts blinded to rat genotype. 10 KI and 5 WT littermates were analyzed.

Qualitative analysis was based on the parameters we described in FlnA families. 4 The main indices used to characterize the presence or absence of MVD Barlow-like disease were focused on specific
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