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Abstract 15 

Aims 16 

Fibroelastic deficiency (FED) and Barlow's disease represent subtypes of degenerative 17 

mitral valve prolapse (MVP). Whether these two conditions represent opposite ends of an 18 

anatomic spectrum or rather distinct etiologies remains unclear.  19 

Methods and Results 20 

To study this question from a genetic perspective, we conducted the first genome-wide 21 

association study (GWAS) on anatomical subtypes of MVP, exploring the MVP-Munich and 22 
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MVP-France cohorts, including 1,064 FED and 821 Barlow’s disease cases, and 11,923 1 

controls. Patients were stratified via echocardiographic and surgical reports. GWAS meta -2 

analysis was performed separately for FED and Barlow’s disease. The identified risk loci 3 

were analyzed via gene set enrichment analysis (GSEA), targeted variant-phenotype 4 

association analysis, and mitral valve tissue was analyzed in single-nucleus RNA-5 

sequencing. 6 

For FED, one risk locus achieved genome-wide significance (p<5e-8) at 5q23.3 (CHSY3). 7 

For Barlow’s disease, two independent loci with genome-wide significance were identified 8 

at 5q35.2 (CPLX2) and 10q26.12 (WDR11). Further 30 additional independent signals 9 

showed a suggestive association (p<5e-5) with FED, and 30 different independent signals 10 

with Barlow’s disease. Targeted variant-phenotype association analysis revealed an 11 

association of FED with atrial arrhythmias, while Barlow’s disease was associated with 12 

atrial and ventricular arrhythmias. In combination with GSEA, our results linked Barlow’s 13 

disease to changes in cell cycle, transcription, senescence, and ubiquitination. FED was 14 

connected to cardiac, valvular, mesoderm, and endoderm development.  15 

Conclusions 16 

This study suggests genetic heterogeneity between FED and Barlow’s disease and 17 

identifies risk loci for future investigation.  18 ACCEPTED M
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Translational Perspective 1 

This study marks an advance in the understanding of MVP by identifying the first 2 

genome-wide risk loci specific to FED and Barlow’s disease. Our findings suggest that 3 

genetic differences between the two phenotypes may exist and support the need to 4 

separately investigate these two phenotypes. The identified loci highlight biological 5 

pathways that warrant further functional characterization and validation in independent 6 

cohorts. Improved understanding of subtype-specific genetic mechanisms may contribute 7 

to refining MVP classification, and to more precise risk stratification. Further research will be 8 

essential to confirm these findings and translate subtype-specific genetic insights into 9 

clinical practice. 10 

 11 

Keywords 12 

Mitral Valve Prolapse, Fibroelastic Deficiency, Barlow’s Disease, GWAS, Meta-Analysis 13 

Conference Abstracts 14 

Genome-Wide Association Study in 2,140 Patients and Subtype Meta-analyses of Barlow’s 15 

Disease and Fibroelastic Deficiency Identify Novel Risk Loci for Mitral Valve Prolapse 16 

Thorac Cardiovasc Surg 2024; 72(S 01): S1-S68, DOI: 10.1055/s-0044-1780571 17 

Highlighting Genetic Differences between Barlow’s Disease and Fibroelastic Deficiency via 18 

Genome-Wide Association Study Meta-Analyses 19 
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Thorac Cardiovasc Surg 2025; 73(S 01): S1-S71, DOI: 10.1055/s-0045-1804116 1 

Graphical Abstract 2 

 3 

Figure Legend structured graphical abstract: Genetic Differences of Mitral Valve 4 

Prolapse Subtypes Fibroelastic Deficiency and Barlow’s Disease. CHSY3 = Chondroitin 5 

Sulfate Synthase 3, CPLX2 = Complexin 2, GSEA = gene-set enrichment analysis, GWAS = 6 

genome-wide association study, WDR11 = WD Repeat Domain 11; graphical elements 7 

partly created in https://BioRender.com 8 
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 1 

 2 

Abbreviations 3 

 4 

DNA  Deoxyribonucleic acid 5 

ECM  Extracellular matrix 6 

FED  Fibroelastic Deficiency 7 

GWAS   Genome-wide association study 8 

ICD-10 International Statistical Classification of Diseases and Related Health 9 

Problems 10 

MAF  Minor allele frequency 11 

MPs  Macrophages 12 

MR  Mitral regurgitation 13 

MVP  Mitral valve prolapse 14 

RNA  Ribonucleic acid 15 

snRNAseq Single-nucleus RNA sequencing 16 

SE  Standard error 17 

SNP  Single nucleotide polymorphism 18 
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UMAP  Uniform Manifold Approximation and Projection 1 

VECs  Valvular endothelial cells 2 

VICs  Valvular interstitial cells 3 

 4 

 5 

  6 
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1. Introduction 1 

Mitral valve prolapse (MVP), affecting 2-3% of the global population 1, is defined as a 2 

systolic mitral leaflet displacement towards the left atrium. 2 MVP can lead to mitral 3 

regurgitation, heart failure, and an increased risk of sudden cardiac death. 3,4 Symptomatic 4 

patients with severe MVP and patients with asymptomatic MVP combined with left 5 

ventricular dysfunction require cardiac surgery or valvular intervention. 3,4 Currently, there 6 

is no medical therapy for MVP. While syndromic forms of MVP have been identified, further 7 

research needs to elucidate the complex genetic architecture of non-syndromic forms of 8 

MVP. 5  9 

A genome-wide association study (GWAS) by Dina et al. identified risk loci 10 

associated with MVP, including LMCD1, SIPA1L1 and TNS1, underlining the involvement of 11 

extracellular matrix (ECM) remodelling pathways in the pathogenesis of MVP. 6 Roselli et al. 12 

conducted a GWAS meta-analysis including six MVP datasets, identifying novel risk loci, 13 

including SPTBN1, LTBP2, TGFB2, NMB, and ALPK. Additionally, the group developed a new 14 

polygenic risk score to improve MVP susceptibility prediction. 7  15 

The broad spectrum of degenerative MVP includes two distinct subtypes: 16 

fibroelastic deficiency (FED) and Barlow’s disease, characterized by unique pathological 17 

mechanisms as well as striking differences in clinical presentation. Barlow’s disease has 18 

been more strongly linked to heritable and polygenic mechanisms, whereas FED has 19 

traditionally been considered more degenerative and age-related. However, occurrence in 20 

younger patients and familial clustering suggest that genetic factors may also contribute to 21 
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FED.6,8–10 FED is associated with localized thinning and fibroelastic tissue loss, often 1 

affecting older patients. 10,11 Conversely, Barlow’s disease is characterized by diffuse 2 

myxomatous degeneration with thickened and enlarged leaflets, occurring frequently in 3 

younger patients. 10,11  4 

Genetic differences between the two MVP subtypes have not yet been investigated. 5 

This study focuses on advanced MVP, as our cohort includes predominantly patients 6 

requiring surgery. We aimed to perform the first GWAS analyses of FED and Barlow’s 7 

disease using two cohorts of precisely phenotyped MVP cases analyzing their distinct 8 

genetic compositions.  9 

 10 

2. Results 11 

2.1 Mitral valve prolapse study population 12 

A total of 1,825 patients undergoing cardiac surgery for degenerative MVP from the 13 

Department of Cardiovascular Surgery were identified. Sixteen patients with insufficient 14 

information for classification (n=14: MVP, n=2: only tendon tear) were excluded from the 15 

analysis, resulting in 1,809 patients (n=1,251 male, n=558 female) included in the study. Of 16 

these surgical patients, a subset of 87 patients had a history of previous cardiac surgery, 17 

including prior mitral valve surgery. Furthermore, 331 (n=219 male, n=112 female) patients 18 

with symptomatic MVP were included from the Department of Cardiology. Of the 19 
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cardiological patients, 82 had previous mitral valve surgery for degenerative MVP and were 1 

followed in the outpatient setting.  2 

After imputation and quality control, 2,039 patients (95.3%) remained for further 3 

analyses. Additionally, 9,484 controls from the PROCAM-2 cohort were included in the 4 

analyses. 12,13 5 

Stratification of the MVP-Munich cohort into subgroups revealed 953 FED and 402 6 

Barlow’s disease cases. In 785 cases, a clear stratification into FED or Barlow’s disease 7 

was not possible, so these patients were defined as “intermediate” cases and excluded 8 

from further analyses. Of the FED and Barlow’s disease patients (cardiology and cardiac 9 

surgery), 85 patients (6.3%) had previous mitral valve surgery. Baseline patient 10 

characteristics are detailed in Supplementary Table 1. Patients with Barlow’s disease were 11 

significantly younger than FED patients (56.9 years (±13.4) vs. 65.8 years (±12.1), p<0.001) 12 

and had fewer comorbidities.  13 

For meta-analysis, we included participants from the MVP-France study 6, where 14 

MVP disease phenotypes were available and included 111 FED and 419 Barlow’s disease 15 

cases, as well as 2,439 controls. Fig. 1 gives an overview of the GWAS meta-analyses, 16 

consisting of the MVP-Munich and the MVP-France cohort, which in total included 1,064 17 

cases of FED, and 821 cases of Barlow’s disease, respectively.  18 

[Fig. 1] 19 
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2.2 GWAS Meta-Analyses  1 

For subgroup meta-analyses, global inflation factor was λ = 1.1 for FED, and λ = 1.1 2 

for Barlow’s disease. The corresponding Manhattan Plots are depicted in Fig. 2 and 3. 3 

Quantile-Quantile plots can be found in the Supplementary Fig. 1.  4 

GWAS meta-analysis for FED identified a single risk locus with genome-wide 5 

significance (p<5x10-8) on chromosome 5q23.3 (Table 1). The regional plot is depicted in 6 

Fig. 4A. The independent lead SNP is rs2108427_T (β = 0.267, SE = 0.058), the nearest gene 7 

is Chondroitin Sulfate Synthase 3 (CHSY3). There were an additional 30 suggestive loci 8 

(p<5x10-5) for FED. Lead SNPs for each suggestive locus are listed in Supplementary 9 

Table 3. SNPs with very strong effect sizes were: rs77907459_T (β = -0.699, SE = 0.155, 10 

nearest gene: PERP), and rs59300919_A (β = 0.471, SE = 0.122, nearest gene: WDR93).  11 

GWAS meta-analysis for Barlow’s disease revealed two genome-wide significant 12 

independent loci associated with the disease on chromosome 5q35.2 (rs4868539_A) and 13 

10q26.12 (rs7920943_A), respectively (Table 1). Regional plots are depicted in Fig. 4. The 14 

lead SNP rs4868539_A demonstrated an effect size of β = -0.336386 (SE = 0.0850879), the 15 

nearest gene is Complexin 2 (CPLX2). The lead SNP rs7920943_A demonstrated an effect 16 

size of β = 0.438517 (SE = 0.0889497), and WD Repeat Domain 11 (WDR11) was identified 17 

as the nearest gene. An additional 30 suggestive loci were identified in Barlow’s disease 18 

meta-analysis and are listed in Supplementary Table 4. SNPs with very strong effect sizes 19 

were: rs35010130_G (β = -0.520, SE = 0.153, nearest gene: FBXL7), rs56360275_G (β = 20 
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0.523, SE = 0.123, nearest gene: POU1F1), rs139982410_T (β = 0.593, SE = 0.139, nearest 1 

gene: TAOK3/PEBP1), and rs71448926_C (β = 0.594, SE = 0.138, nearest gene: RDH14). 2 

The genome-wide significant signal for FED was not found as significant signal in the 3 

Barlow’s disease meta-analysis, and vice versa (Fig. 4). The same applies to the suggestive 4 

signals – neither were found as significant signals in the respective other entity.  5 

[Fig. 2,3,4, Table 1] 6 

2.3 Gene set enrichment analysis 7 

GSEA of the 53 FED associated genes revealed an enrichment in developmental 8 

processes (Fig. 5A), specifically mesoderm and endoderm development as well as cardiac 9 

development (Supplementary Table 5). Furthermore, gene sets for cardiac valve 10 

development and cardiac diseases showed a strong enrichment (Fig. 5A).  11 

In GSEA performed for Barlow’s disease, 55 associated genes were included. Most 12 

associations were found for the following categories: regulation of transcription, cell cycle, 13 

ubiquitination, and senescence (Fig. 5B).  14 

[Fig. 5] 15 

2.4 Targeted variant-phenotype association analysis 16 

Targeted variant-phenotype association analysis between suggestive loci (p<e-5) 17 

associated with FED or Barlow’s disease and MVP-related traits identified ten significant 18 

associations (p<0.05). The five respective lead SNPs for FED or Barlow’s disease and 19 
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related phenotypes are depicted in Fig. 6. Further loci are detailed in Supplementary Table 1 

6 and Supplementary Fig. 2. 2 

For Barlow’s disease, four suggestive loci were associated with cardiac traits. The 3 

lead SNP rs11195347_T is associated with atrial fibrillation and left ventricular hypertrophy, 4 

also, rs56360275_G and showed an association with left ventricular hypertrophy.  5 

rs960391_T was associated with left ventricular hypertrophy, ventricular arrhythmia, and 6 

paroxysmal supraventricular tachycardia. rs72826619_C is associated with a reduced risk 7 

of ventricular arrhythmia. One lead SNP of FED, rs10024673_T, was associated with atrial 8 

fibrillation and paroxysmal supraventricular tachycardia.  9 

[Fig. 6] 10 

2.5 Single-nucleus RNA sequencing 11 

Single-nucleus RNA sequencing (snRNAseq) of mitral valve tissue yielded 11,435 nuclei 12 

for downstream analysis after quality control. Uniform Manifold Approximation and Projection 13 

(UMAP) visualization revealed distinct cellular clusters, including valvular interstitial cells (VICs), 14 

valvular endothelial cells (VECs), macrophages (MPs), lymphoid cells, a melanocyte-like cluster 15 

and a myofibroblast cluster (Fig. 7A). Canonical marker genes used to define the clusters are 16 

shown in Fig. 7B. Heatmaps illustrate the cell-type specific expression of the prioritized genes, 17 

CHSY3 for FED, and CPLX2 and WDR11 for Barlow’s disease and genes associated with FED or 18 

Barlow’s disease that are overrepresented in pathways identified by GSEA (Fig. 5) in the adult 19 

mitral valve (Fig. 7C, D). The snRNAseq reference dataset was used to identify the mitral valve 20 
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cell populations expressing GWAS-prioritized genes and to provide cell-type specific biological 1 

context for the associated loci. 2 

[Fig. 7] 3 

3. Discussion 4 

This study represents the first GWAS focusing on subtypes of degenerative MVP. 5 

Meta-analyses included 1,064 cases of FED and 821 cases of Barlow’s disease. For FED, a 6 

risk locus with genome-wide significance was identified on chromosome 5q23.3 (CHSY3). 7 

GWAS meta-analysis for Barlow’s disease yielded two independent loci with genome-wide 8 

significant associations on chromosome 5q35.2 (CPLX2) and 10q26.12 (WDR11). Genetic 9 

signals found for FED did not appear in the entity of Barlow’s disease, and vice versa (Fig. 10 

4). 11 

Our data support the hypothesis that FED and Barlow’s disease could represent 12 

different genetic entities. Barlow’s disease typically presents in younger patients with 13 

pronounced myxomatous degeneration of the mitral valve, characterized by bileaflet 14 

thickening, enlargement, and extensive mitral annular disjunction. 10,11 More common in 15 

older individuals, FED is associated with a paucity of connective tissue, leading to chordal 16 

rupture and isolated mitral valve leaflet prolapse without significant annular disjunction. 14 17 

Accordingly, Barlow’s patients in the MVP-Munich cohort were younger and had fewer pre-18 

existing conditions than FED patients. 15 19 
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Interestingly, the only suggested association in both FED and Barlow’s disease was 1 

found for a locus near SIPA1L1 (14q24.2). Accordingly, an association of SIPA1L1 with 2 

degenerative MVP has been implicated previously. 6 Although SIPA1L1 is known to be 3 

expressed in neurons and involved in synaptic activity 16, we found the transcript in MPs in 4 

snRNAseq of mitral valve tissue.  5 

Furthermore, RBM20 and MEOX1 were described as MVP candidate genes by Roselli 6 

et al. 7 In our subgroup meta-analyses we observed a suggestive association of MEOX1 with 7 

FED, and of RBM20 with Barlow’s disease. In the targeted variant-phenotype association 8 

analysis RBM20 was also associated with left ventricular hypertrophy. Previous studies 9 

have linked RBM20 mutations to dilatative cardiomyopathy, potentially compromising the 10 

integrity of cardiac valves. 17 MEOX1, a transcription factor involved in mesodermal 11 

development, can drive pathological remodeling via upregulation of GATA4, another 12 

transcription factor that we also found to be associated with FED.18,19 13 

Our data revealed a suggested association of SEPTIN9 (SEPT9) specifically with 14 

Barlow’s disease. Moore et al. demonstrated that a DCHS1-LIX1L-SEPT9 axis promotes 15 

filamentous actin organization, directing cell-ECM alignment and thereby shaping valve 16 

tissue. 20 DCHS1 has been linked to MVP without specific subtype stratification by Durst et 17 

al. 21 before, without assigning it to an MVP subtype.  18 

A genome-wide significant association with FED was identified at a risk locus on 19 

Chromosome 5, with CHSY3 (5q23.3) as the nearest gene. CHSY3 is involved in the 20 

Chondroitin sulfate/dermatan sulfate and glycosaminoglycan metabolism. 22 21 
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Glycosaminoglycans in fetal heart valves contribute to valve tissue maturation, 23 1 

suggesting that CHSY3 could indirectly influence ECM composition. SnRNAseq data from 2 

mitral valve tissue revealed CHSY3 expression in VICs and myofibroblasts of the adult 3 

mitral valve, indicating a potential role for CHSY3 also in mature mitral valves. Supporting 4 

this, another study found significantly increased levels of chondroitin/dermatan 6-sulfate 5 

and hyaluronan in affected mitral valve chordae. 24 Chordal rupture is a typical pathological 6 

finding in MVP, particularly in FED. Altered glycosaminoglycan content and distribution in 7 

degenerative mitral valve tissue are thought to reduce mechanical tension and disrupt 8 

matrix microstructure contributing to tissue weakening. 25 These findings may relate to the 9 

typical mechanical weaknesses and subsequent failing of leaflets and chordae in FED 10 

valves. 24,26  11 

An interesting candidate region with a strong effect size and suggested association 12 

with FED is near the gene PERP (6q23.3). PERP is localized in the plasma membrane, and 13 

its induction is linked to apoptosis in fibroblasts. 27 Fibroblasts, or VICs in valvular tissue, 14 

play a pivotal role in maintaining the mitral valve integrity by building and remodeling the 15 

ECM. 28,29 Disruption may lead to fibrosis and structural remodeling of the ECM, which are 16 

associated with the development and progress of MVP. 28,29 COL4A2 (13q34), a structural 17 

component of the ECM 30, showed a suggested association with FED and was 18 

predominantly expressed in myofibroblasts. Changes in the ECM are key contributors in 19 

MVP development. 28,29 These findings implicate that PERP and COL4A2 are involved in 20 

ECM remodeling and fibrosis, likely contributing to the FED phenotype. COL4A2 was also 21 

found in enriched gene sets associated with endoderm and mesoderm development 22 
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processes. GSEA further revealed suggested enrichment for pathways related to cardiac 1 

and valve development (Fig. 5A). Enrichment was driven by transcription factors such as 2 

GATA4 and TBX20 (Fig. 5A, Supplementary Table 5), both of which are well-established 3 

regulators of heart development. 31 GATA4 (8p23.1) showed a suggestive association with 4 

FED and is essential for the epithelial-to-mesenchymal transition (EMT) of atrioventricular 5 

valves. 32 Mutations in GATA4 impair its interaction with SMAD4, resulting in atrioventricular 6 

septal defects and valve abnormalities. 33 TBX20 (7p14.2) was mainly expressed in VICs of 7 

mitral valve tissue, which are initiators of collagen synthesis and degradation in valve 8 

leaflets. 34 TBX20 may be involved in cardiac development by regulating the Wnt pathway to 9 

direct endocardial cushion maturation and valve elongation. 35 Notably, several 10 

transcription factors essential for development were also expressed in the adult mitral 11 

valve, primarily in VICs, VECs, and myofibroblasts (Fig. 7C). This suggests that these 12 

factors retain functional relevance in the adult valve. Our findings are in line with the notion 13 

that FED is a slowly progressing disease, necessitating mitral valve surgery in older patients 14 

compared to Barlow’s disease. 15 

Our genome-wide association identified CPLX2 (5q35.2) and WDR11 (10q26.12) as 16 

nearest genes for Barlow’s disease. Three highly significant SNPs were detected near 17 

CPLX2. CPLX2 encodes a synaptic vesicle-associated protein with predominant expression 18 

in neuronal tissue and no established role in cardiac or valvular biology. 36–40 Given the 19 

linkage disequilibrium structure of this locus, the observed association signal may be 20 

driven by regulatory variation affecting CPLX2 or by another nearby gene. At present, no 21 
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mechanistic conclusions can be drawn, and the causal gene and biological relevance of 1 

this locus in mitral valve disease remain to be determined.  2 

WDR11, which is involved in cell cycle progression, signal transduction, apoptosis, 3 

and gene regulation, has been proposed to function as a tumor suppressor gene. 41,42 In 4 

addition, WDR11 has previously been implicated in Hedgehog and primary cilia signalling, 5 

and WDR11-null mice exhibit developmental cardiac defects.9 Disruption of cilia-related 6 

pathways has been linked to familial mitral valve prolapse through variants in DZIP1, 7 

suggesting that altered ciliary signalling may represent a biologically plausible mechanism 8 

contributing to mitral valve prolapse.9 GSEA of Barlow’s disease associated genes also 9 

suggested a link to pathways relevant for regulation of cell cycle. Considering these 10 

functions, WDR11 could contribute to the development of Barlow’s disease, although 11 

further studies are necessary. WDR11 also showed a significant association with 12 

ventricular arrhythmias in the targeted variant-phenotype association analysis. These 13 

observations provide additional support for the potential relevance of the WDR11 locus 14 

identified in the present study, although further functional studies will be required to 15 

establish causality. 16 

FBXL7 is the nearest gene to a candidate region with a strong effect size and 17 

suggested association with Barlow’s disease. FBXL7 targets Aurora A for polyubiquitylation, 18 

leading to mitotic cell cycle arrest. 43 It also mediates phosphorylation-dependent 19 

ubiquitination. 44 USP35 (11q14.1), a gene near a candidate region with suggested 20 

association with Barlow’s disease, regulates cell mitosis by deubiquitinating Aurora B. 45,46 21 

USP35 was expressed in VECs, indicating its involvement in the adult mitral valve. These 22 
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findings suggest that dysregulation of ubiquitination may influence the ECM remodeling, 1 

thereby contributing to the myxomatous phenotype of Barlow’s disease. Interestingly, 2 

ubiquitination showed a suggested enrichment in GSEA. For the first time, genes involved 3 

in ubiquitination and deubiquitination, and key regulators of protein degradation were 4 

linked to the pathogenesis of Barlow’s disease. In addition, GSEA of Barlow’s disease 5 

associated genes showed a suggested link to pathways relevant for regulation of 6 

transcription and senescence (Fig. 5, 7C). H4C1, H4C2, and H3C1, are components of 7 

nucleosome wrapping, contributing to chromosomal stability. 47–49 By epigenetic 8 

modulation of ECM remodeling, these processes may contribute to the myxoid 9 

degeneration and leaflet thickening characteristic for Barlow’s disease. The enrichment in 10 

senescence-associated terms (Fig. 5) might be associated with the “earlier onset” of 11 

Barlow’s disease compared to FED.  12 

While COL4A2 was associated with FED, COL4A1 showed a suggested association 13 

with Barlow’s disease. As a member of the type IV collagen family, it functions as an ECM 14 

structural constituent. 30 During the formation of the ECM, integrins are responsible for 15 

myocyte-to-collagen connections. 50,51 Dysregulation of TGF- signaling can induce ECM 16 

production in cultured VICs of myxomatous mitral valves. 52,53 Also, mTOR activation from 17 

abnormal integrin-dependent cell-matrix interactions can drive TGF- overactivity and 18 

myxomatous mitral valve degeneration.54 Thus, integrin-mediated adhesion as well as 19 

the TGF- pathway are important for maintaining the mechanical integrity of the mitral 20 

valve.  21 
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Overall, disruptions in cell cycle regulation, apoptosis, and myxomatous 1 

degeneration can contribute to valvular degeneration. Genes such as CPLX2, WDR11, 2 

FBXL7, and COL4A1 may play important roles in ECM-cell interactions and remodeling, 3 

either directly or via ubiquitination-dependent mechanisms. These processes may 4 

contribute to the myxoid degeneration and leaflet thickening characteristic for Barlow’s 5 

disease. 6 

A major strength of this study lies in its meta-analysis of precisely phenotyped 7 

cohorts to ensure robust statistical power and reliable detection of genetic associations. 8 

The clinical characterization of Barlow's disease and FED represents the first worldwide 9 

GWAS with precise stratification of MVP subtypes. We identified novel risk loci separately 10 

for FED and Barlow’s disease.  11 

For the first time, this study allowed an association of known and novel genes with 12 

the MVP subtypes FED and Barlow’s disease. Additionally, we employed state-of-the-art 13 

analytical tools, including high-quality functional annotation, to refine associations and 14 

interpret their biological relevance. The comprehensive QC process, high-quality 15 

imputation, and use of population-matched LD reference panels are of notable strength. 16 

These measures minimized biases and ensured reliability of genetic associations. 17 

However, some limitations remain when interpreting the findings of our study. The study 18 

was conducted in patients of European ancestry and 69.9% were male, potentially not 19 

covering all relevant genetic variants. The study’s power to detect rare variants was 20 

constrained by the minor allele frequency (MAF) threshold of 0.01, eventually overlooking 21 

rare but impactful genetic contributions. We acknowledge that, given the modest sample 22 
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sizes of 1,064 FED and 821 Barlow’s cases by contemporary GWAS standards, our study is 1 

primarily powered to detect common genetic variants with moderate to large effect sizes. 2 

As a consequence, some of the reported effect sizes may be inflated compared to those in 3 

larger independent replication cohorts and are expected to attenuate with increasing 4 

sample size. Furthermore, no independent replication cohort was available for validation of 5 

the observed associations. The identified loci should therefore be considered preliminary 6 

candidate regions that require confirmation in larger independent studies and further 7 

functional investigation before conclusions regarding subtype-specific genetic 8 

mechanisms can be drawn. While shrinkage-based effect estimation approaches could 9 

further address this issue, we have chosen to emphasize cautious interpretation of the 10 

reported effect sizes and the need for independent replication. Further, the study’s power 11 

could be reduced by examining disease subgroups, thereby incorrectly yielding suggestive 12 

associations. Also, the patients included predominantly suffered from severe forms of MVP 13 

requiring surgery or intervention. The classification into subgroups was not assessed via 14 

formal inter-rater agreement. As echocardiographic data were not available in the control 15 

cohort, the presence of subclinical or undiagnosed MVP could not be excluded. Detailed 16 

individual-level information on cardiovascular risk factors and lifestyle characteristics was 17 

not uniformly available across all cohorts, precluding formal case-control comparisons 18 

and adjustment for these variables. GSEA pathway analyses are based on genes annotated 19 

to suggestive loci and should therefore be interpreted as hypothesis-generating. Functional 20 

validation and gene expression data from mitral valve tissue will be required to confirm 21 

these observations. Regarding the targeted variant-phenotype association analysis, the 22 
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cause of cardiac arrhythmia predominantly lies in the cardiac tissue, not per se in the valve 1 

tissue, and therefore other correlations might have been missed. Furthermore, our cohort 2 

consists predominantly of patients with advanced, surgically treated MVP, which may 3 

explain the discordant association of reduced risks in the targeted variant-phenotype 4 

association analysis for arrhythmias. The identified variants could reflect genetic drivers of 5 

valvular degeneration rather than atrial remodeling. The lack of association with MVP or MR 6 

likely reflects differences in phenotype definition, as subtype-specific genetic effects 7 

identified in our surgically characterized cohort may not be captured in heterogeneous 8 

ICD-based datasets. 9 

Sex-stratified analyses would add valuable information to the already known sex 10 

differences in MVP presentation, however, our study is underpowered for such analyses. 11 

Future studies could provide valuable insights regarding possible differences regarding the 12 

subtypes FED and Barlow’s disease. Additionally, while computational tools provided 13 

functional annotations, the lack of experimental validation leaves the biological 14 

mechanisms speculative, and therefore, further studies are required to validate the 15 

functional roles of the implicated genes. Importantly, the snRNAseq data were derived 16 

from a limited number of post-mortem control samples, and the absence of diseased MVP 17 

tissue (FED or Barlow’s disease) for direct comparison represents a key limitation that 18 

should be addressed in future studies. In addition, the post-mortem interval ranged from 19 

two to three days, and therefore potential effects of agonal events or post-mortem tissue 20 

changes, particularly within immune cell populations, cannot be completely excluded. 21 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 academ

ic.oup.com
/cardiovascres/advance-article/doi/10.1093/cvr/cvag263/9004318 by guest on 03 N

ovem
ber 2026



23 

Finally, there is currently no validation cohort available reflecting FED and Barlow’s disease 1 

stratification. 2 

The loci identified in this study hold substantial potential for risk stratification and 3 

early diagnosis of MVP. Understanding the genetic basis of Barlow's disease and FED could 4 

pave the way for personalized therapeutic strategies targeting subtype-specific pathways. 5 

In particular, pathways related to ECM remodeling emerge as interesting therapeutic 6 

targets. The integration of the detected risk loci into polygenic risk scores may further 7 

enhance individualized risk prediction, allowing earlier interventions for high-risk 8 

individuals. Nevertheless, translating these findings into clinical applications will require 9 

further studies, including functional investigations to clarify the biological relevance of the 10 

identified loci and independent replication in larger cohorts. Additional analyses focusing 11 

on specific mitral valve structures, such as the chordae tendineae, may provide further 12 

mechanistic insights into disease heterogeneity.  13 

In conclusion, this study identifies genome-wide significant loci associated with 14 

fibroelastic deficiency and Barlow’s disease and provides evidence for potential genetic 15 

differences between these mitral valve prolapse subtypes. These findings refine the current 16 

understanding of the genetic architecture of MVP and support the concept that FED and 17 

Barlow’s disease may, at least in part, be driven by distinct genetic determinants. Further 18 

replication in independent cohorts and functional studies will be essential to confirm these 19 

observations and elucidate their biological relevance.  20 

 21 
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4. Methods 1 

4.1 Patients and Controls 2 

The MVP-Munich cohort includes patients of European descent that underwent 3 

mitral valve surgery at the Department of Cardiovascular Surgery or presented with MVP 4 

and mitral regurgitation (MR) at the Department of Cardiology at the TUM University 5 

Hospital German Heart Center between March 2002 and January 2021. The severity of MR 6 

was classified according to the current ESC/EACTS guidelines, see also Supplementary 7 

Methods. 55 The control cohort for MVP-Munich included European participants from the 8 

PROCAM-2 cohort. 12,13  9 

Exclusion criteria were mitral stenosis (moderate or severe), ischemic MR, 10 

endocarditis, and re-operation if the primary etiology of the defect was unknown. Also, 11 

patients suffering from MR associated with a syndrome (e.g., Marfan) or another cardiac 12 

disease (e.g., rheumatic disease) were excluded. Baseline clinical and surgical 13 

characteristics were collected from the internal clinical database of the TUM University 14 

Hospital German Heart Center. Surgical reports as well as echocardiographic data were 15 

used to differentiate between functional and degenerative MR. Detailed baseline 16 

characteristics are provided in  Supplementary Table 1.  17 

Mitral valve prolapse classification was in 90% of the surgical cases based on 18 

descriptions from direct inspection of the valve provided in the surgical report. If surgical 19 

reports lacked detail or in non-surgical cases, echocardiographic findings were reviewed. A 20 
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stratification into subgroups FED – Intermediate – Barlow’s disease was performed. Cases 1 

were classified as FED when there was a simple prolapse of one leaflet or when the valve 2 

was described as “FED valve” in the surgical report. Slightly thickened leaflets were included 3 

in this category if the prolapse was isolated to a single leaflet.  4 

Cases were classified as Barlow’s disease based on explicit mention in the surgical 5 

report, doctor’s letter, or echocardiographic findings. This classification was assigned to 6 

valves exhibiting prolapse of multiple leaflets and significant thickening, or if a “massive 7 

prolapse,” particularly of multiple leaflets, was described.  8 

The surgical report was used for classification in over 90% of cases. The remaining 9 

cases were defined by echocardiographic findings, which were guided by descriptions 10 

adapted from the visual framework by Levine et al.2 11 

Valves that could not be distinctly classified as either FED or Barlow’s disease were 12 

labeled as intermediate. These valves displayed some thickening but did not meet criteria 13 

for Barlow’s disease. These cases were not included in the GWAS meta-analyses to ensure 14 

the sharpest possible distinction between the subgroups.  15 

French patients were classified as Barlow disease or FED based on standardized 16 

echocardiographic evaluation and, when available, intraoperative findings from mitral valve 17 

surgery as reported previously.6 In brief, echocardiographic recordings and operative 18 

reports were centrally reviewed to ensure consistent phenotyping across participating 19 

centers. 20 

 21 
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Meta-analyses were performed with datasets obtained in cooperation with the 1 

investigators of the MVP-France cohort. The MVP-France study (Genetic polymorphisms in 2 

idiopathic mitral valve prolapse: A French prospective study) is a prospective multicenter 3 

nation-wide study promoted by the French Society of Cardiology. 6,56 Controls were 4 

obtained from the MVP-France cohort as well. The German GWAS used controls exclusively 5 

from the PROCAM cohort, whereas the French GWAS used controls exclusively from the 6 

Three-City (3C) Study57, with no overlap between the control populations. Patients from 7 

MVP-France were stratified by the MVP-France investigators into the subgroups by 8 

information from the surgical reports in the majority of cases. Details on the MVP-France 9 

cohort have been published previously by Dina et al. 6, see also the associated 10 

Supplementary for the study by Dina et al. (Supplementary Table 1). Detailed 11 

cardiovascular and lifestyle variables were unavailable for the French discovery cohort due 12 

to recruitment design. 13 

4.2 DNA extraction, genotyping, and imputation 14 

DNA extraction was performed using the QIAamp DNA Blood Mini Kit (QIAGEN, 15 

Hilden, Germany). For the isolation of genomic DNA, the buffy coat of blood samples was 16 

used. DNA quality was verified via gel electrophoresis. The concentration was determined 17 

using NanoDrop (ThermoFisher Scientific, Waltham, MA, USA).  18 

Genotyping and quality control was performed at the Helmholtz Center Munich 19 

using the Infinium Global Screening Array (GSA MD V3 and Control Dashboard, Illumina, 20 

San Diego, CA, USA). Participants with genotype call rates <98% and individual 21 
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heterozygosity levels <10,000 were excluded. Single nucleotide polymorphisms (SNPs) 1 

with a minor allele frequency (MAF) <0.05 and a call rate <95% were excluded. SNPs with 2 

an exact Hardy-Weinberg equilibrium P-value of <0.0001 in controls and <1×10−7 in 3 

demographically homogenous cases were excluded. For large-scale imputation, the 4 

genotyped SNPs of cases and controls were pre-phased via the SHAPE-IT (v2) program. 58 5 

The imputation of 4.8 million common SNPs (MAF <0.01 in 1000 Genomes Project 6 

Europeans, phase 3 haplotype reference panel), 59 was carried out using IMPUTE (v2) 60. 7 

Standard post-imputation quality control was performed. SNPs were selected for linkage 8 

disequilibrium (LD) independence (r2 > 0.2).  9 

4.3 Genome-wide association analysis 10 

GWAS was performed with the software PLINK (Version 1.9 and 2.0). 61 Linear 11 

regression was applied for continuous traits, while logistic regression was used for binary 12 

traits, with covariates including age, sex, and principal components (the first ten to account 13 

for population stratification). To adjust for population stratification, multidimensional 14 

scaling was performed in PLINK. 62 To account for population stratification, 15 

multidimensional scaling (MDS) analysis was performed using PLINK based on pairwise 16 

genetic distances. The first ten MDS components (C1–C10) were included as covariates in 17 

the logistic regression models.  18 

4.4 French discovery cohort 19 

The French discovery cohort consisted of 419 patients with Barlow disease (BD), 20 

111 patients with fibroelastic deficiency (FED), and 1,562 controls from the Three-City (3C) 21 
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Study.57 All participants were of European ancestry. MVP cases were clinically 1 

characterized using standardized echocardiographic assessment and/or surgical 2 

information. Genome-wide association analyses were performed using PLINK2 under an 3 

additive genetic model, adjusting for sex and the first five principal components (--covar-4 

name sex,cov_1,cov_2,cov_3,cov_4,cov_5; --glm). Variants with minor allele count <5, 5 

minor allele frequency <0.01, or imputation quality (Mach R²) <0.8 were excluded (--mac 5; 6 

--maf 0.01; --mach-r2-filter 0.8). Genotype imputation was performed using the 1000 7 

Genomes Project reference panel. 8 

4.5 Meta-analysis 9 

Both MVP cohorts were stratified into FED and Barlow’s disease subgroups. 10 

Subgroup GWASs were performed in PLINK 2.0. To combine the MVP-Munich GWAS 11 

datasets and the MVP-France datasets, meta-analyses were performed with the stratified 12 

disease subgroups FED and Barlow’s disease. Fixed-effects models were applied, and 13 

heterogeneity was assessed using Cochran's Q test and I2 statistics. Manhattan plots and 14 

Quantile-Quantile-plots were generated using R (version 4.2.2, 2022 The R Foundation for 15 

Statistical Computing) and ggplot2 package for visualization of GWAS results. Significant 16 

loci were reported with corresponding effect sizes, confidence intervals, and p-values. 17 

4.6 Identification of Risk Loci 18 

The independent signals were filtered by the clumping and thresholding 19 

method (LD r2=0.2 1, P1=1e-5, P2=0.05, window=500kb) using PLINK 1.9, with 1000 20 

Genomes Project Phase 3 used as the reference panel. Statistical analyses for the GWAS 21 
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are described in detail above. To correct for multiple testing, the standard Bonferroni 1 

testing threshold for genome-wide significance of p<5x10-8 was applied. For p<5x10-5, a 2 

significant correlation with MVP was suggestive. Risk loci (p<5x10 -8) and suggestive 3 

associations (p<5x10−5) were further analyzed. Regional association plots were generated 4 

using LocusZoom. 63 For each lead SNP, the -log10 p-value of surrounding variants was 5 

plotted against their genomic coordinates. The genomic window size for plots was set to 6 

±500 kb around the lead SNP. Any observed secondary signals were evaluated for 7 

independence using conditional analysis, where applicable. For each locus, a candidate 8 

gene was assigned based on linkage disequilibrium with the lead SNP and/or physical 9 

proximity to the associated region. Data base queries were performed to gather information 10 

on the candidate genes from phenome-wide association studies, expression in single-11 

nucleus RNA sequencing data of heart tissue, mitral valve tissue, or fetal heart tissue, 12 

protein expression in mitral valve tissue, or gene expression in bulk RNA sequencing data of 13 

mitral valve tissue, respectively. (Tabula Sapiens was accessed on 15 th January 2025 from 14 

https://registry.opendata.aws/tabula-sapiens; https://cvd.hugeamp.org/, 15 

https://tanglab.shinyapps.io/human_fetal_heart_scRNA/). 64–69 16 

4.7 Gene set enrichment analysis 17 

Gene set enrichment analysis (GSEA) was performed to identify over-represented 18 

biological pathways and functions within the FED and Barlow’s disease suggested 19 

candidate genes and genes nearest to candidate regions. The analysis utilized 20 

the enricher command from the ClusterProfiler R package (version 4.12.6). 70 The 21 

enrichment analysis was conducted against specific collections from the Molecular 22 
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Signatures Database (MSigDB) (version 2024.1.Hs). 71 Specifically, the following MSigDB 1 

gene set categories were used: H: Hallmark gene sets; C2: Curated gene sets; C5: GO gene 2 

sets. Statistical significance was determined via a one-sided hypergeometric test and 3 

statistically significant enriched terms (p<0.01) were selected for visualization.   4 

4.8 Targeted variant-phenotype association analysis 5 

To explore potential pleiotropic effects and contextualize the biological relevance of 6 

the identified variants, a targeted association analysis was performed in the UK Biobank 7 

across a predefined set of 30 cardiovascular phenotypes (application ID 25214). The 8 

selected phenotypes were chosen to capture different levels of MVP biology, including 9 

potential upstream predispositions (e.g., connective tissue disorders), downstream clinical 10 

consequences (e.g., atrial fibrillation), and broader cardiovascular traits. This exploratory 11 

approach was designed to assess whether the identified loci are specific to valvular 12 

disease or also associated with arrhythmic, structural, or systemic disease processes. 13 

These phenotypes were not treated as independent tests because of substantial clinical 14 

and biological overlap among traits; therefore, the analysis was interpreted as an 15 

exploratory assessment of pleiotropic associations. The ICD-10 codes of all 30 traits are 16 

listed in Supplementary Table 2.  17 

Quality control considered individuals’ missing rates <0.05 and kinship <0.124, 18 

variants’ imputation info >0.4, and missing rate <0.02. Association analysis was performed 19 

for the identified variants and 30 risk traits using PLINK 1.9. To account for multiple testing, 20 
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Bonferroni correction was applied with significance set at p<0.00833. Associations were 1 

visualized using forest plots, highlighting key phenotypes linked to the genetic variants.  2 

4.9 Single-nucleus RNA sequencing 3 

Single-nucleus RNA sequencing (snRNA-seq) data from mitral valve tissue were analyzed. 4 

This dataset included 11,435 nuclei after quality control (before: 12,345) derived from two 5 

independent post-mortem mitral valve samples showing no macroscopic signs of cardiovascular 6 

or valve disease. The post-mortem interval ranged from two to three days. Nuclei isolation from 7 

mitral valve tissue was performed as described previously. 72 Sample preparation, processing of 8 

single nuclei, and sequencing is described in the Supplementary Methods. The two samples 9 

were processed and sequenced independently and were not pooled prior to sequencing. During 10 

downstream analysis, donor identity was retained and nuclei from both samples were 11 

integrated computationally. Downstream analysis was implemented using Seurat (version 5.2.1) 12 

73 and data integration was performed using Harmony R package. 74 Principal component 13 

analysis (PCA) was used for dimension reduction and Uniform Manifold Approximation and 14 

Projection (UMAP) was used for data visualization. FindClusters command from Seurat was used 15 

to identify different clusters in the data and expression of canonical marker genes was used to 16 

annotate biologically relevant clusters.  17 

4.10 Ethics statement 18 

The local ethics review board of the Medical Faculty of the Technical University of 19 

Munich approved this study and the MVP-Munich cohort (5943/13, 247/16S and 352/21S). 20 

The investigation conformed to the principles outlined in the Declaration of Helsinki. The 21 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 academ

ic.oup.com
/cardiovascres/advance-article/doi/10.1093/cvr/cvag263/9004318 by guest on 03 N

ovem
ber 2026



32 

other cohorts were approved by the respective local Institutional Review Boards of the 1 

participating institutions. 75,76 Written informed consent was obtained from the participants 2 

prior to the inclusion. 3 

 4 
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Figures and Figure Legends 1 

 2 

Fig. 1. Overview of patient cohorts included in GWAS meta-analysis for the mitral valve 3 

prolapse (MVP) subtypes of Fibroelastic deficiency (FED) and Barlow’s disease. Patients 4 

from the German Heart Center constitute the MVP-Munich Cohort. Patients from the MVP-5 

France study were included in the meta-analysis. Both cohorts were stratified into FED 6 

(n=1,064) and Barlow’s disease (n=821) patients following intraoperative description and 7 

echocardiographic criteria. FED = Fibroelastic Deficiency, MVP = mitral valve prolapse, 8 

PROCAM-2: prospective cardiovascular Munster study.12,13 9 ACCEPTED M
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 1 

Fig. 2. Manhattan plot and genes at each locus of the Fibroelastic Deficiency (FED) meta -2 

analysis. Meta-analysis included 1,064 FED patients. (A) Manhattan Plot representing the 3 

results of the meta-analysis for FED. The X axis shows the chromosomal positions; the Y 4 

axis shows the -log10(p)-values. The black dotted line indicates the genome-wide 5 

significant threshold (p<5x10 -8), and the grey dotted line indicates the sub-threshold cut-off 6 

of suggestive association (p<5x10 -5). (B) Annotated genes are shown for the respective 7 

genome-wide significant loci. The table below the Manhattan plot summarizes the available 8 

information for each associated locus. Gene annotation was based on proximity to the lead 9 

SNP and/or linkage disequilibrium with the associated region and does not imply causality. 10 
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The X indicates the availability of information for this gene in our targeted variant-phenotype 1 

association analysis, or in phenome-wide association studies, expression in single-nucleus 2 

RNA sequencing data of heart tissue, mitral valve tissue, or fetal heart tissue, protein 3 

expression in mitral valve tissue, or gene expression in bulk RNA sequencing data of mitral 4 

valve tissue, respectively. Intron variant: the sentinel variant is within the intron of the gene.  5 

Fixed-effects models were applied, and heterogeneity was assessed using Cochran's  Q test 6 

and I2 statistics. Manhattan plots and Quantile-Quantile-plots were generated using R 7 

(version 4.2.2, 2022 The R Foundation for Statistical Computing) and ggplot2 package for 8 

visualization of GWAS results. Significant loci were reported with corresponding effect 9 

sizes, confidence intervals, and p-values. bulkRNAseq = bulk RNA sequencing, MV = mitral 10 

valve, PheWAS = phenome-wide association study, snRNAseq = single nucleus RNA 11 

sequencing. 12 

  13 
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 1 

 2 

Fig. 3. Manhattan plot and genes at each locus of the Barlow’s disease meta-analysis. 3 

Meta-analysis included 821 Barlow’s disease patients. (A) Manhattan Plot representing the 4 

results of the GWAS meta-analysis for Barlow‘s disease. The X axis shows the 5 

chromosomal positions; the Y axis shows the -log10(p-values). The black dotted line 6 

indicates the genome-wide significant threshold (p<5x10 -8), and the grey dotted line 7 

indicates the sub-threshold cut-off of suggestive association (p<5x10 -5). (B) Annotated 8 

genes are shown for the respective genome-wide significant loci. The table below the 9 

Manhattan plot summarizes the available information for each associated locus. Gene 10 
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annotation was based on proximity to the lead SNP and/or linkage disequilibrium with the 1 

associated region and does not imply causality. The X indicates the availability of 2 

information for this gene in our targeted variant-phenotype association analysis, or in 3 

phenome-wide association studies, expression in single-nucleus RNA sequencing data of 4 

heart tissue, mitral valve tissue, or fetal heart tissue, protein expression in mitral valve 5 

tissue, or gene expression in bulk RNA sequencing data of mitral valve tissue, respectively. 6 

Intron variant: the sentinel variant is within the intron of the gene.  7 

Fixed-effects models were applied, and heterogeneity was assessed using Cochran's  Q test 8 

and I2 statistics. Manhattan plots and Quantile-Quantile-plots were generated using R 9 

(version 4.2.2, 2022 The R Foundation for Statistical Computing) and ggplot2 package for 10 

visualization of GWAS results. Significant loci were reported with corresponding effect 11 

sizes, confidence intervals, and p-values. bulkRNAseq = bulk RNA sequencing, MV = mitral 12 

valve, PheWAS = phenome-wide association study, snRNAseq = single nucleus RNA 13 

sequencing. 14 

 15 
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Fig. 4. Regional plots showing the linkage disequilibrium pattern for the identified genome-1 

wide significant variants based on the European ancestry linkage disequilibrium observed 2 

from the 1000 Genomes Project. Meta-analyses included 1,064 FED and 821 Barlow’s 3 

disease patients, respectively. On the left (A), the independent lead SNP in the risk locus for 4 

Fibroelastic Deficiency (rs2108427_T) is depicted. In comparison, the same region is 5 

depicted on the right (B) for the Barlow’s disease GWAS meta-analysis, where no 6 

independent locus with genome-wide significant association was found in this region. 7 

Below, the independent lead SNPs in the risk loci with genome-wide association with 8 

Barlow‘s disease are depicted. The risk locus rs4868539_A has no signal in FED (C) but 9 

shows significance in the Barlow’s disease subgroup (D). The risk locus rs7920943_A has 10 

no significant association with FED (E) but is significant in the Barlow’s disease subgroup 11 

(F).  12 

The independent signals were filtered by the clumping and thresholding method (LD r2=0.2 13 

1, P1=1e-5, P2=0.05, window=500kb) using PLINK 1.9, with 1000 Genomes Project Phase 3 14 

used as the reference panel. To correct for multiple testing, the standard Bonferroni testing 15 

threshold for genome-wide significance of p<5x10-8 was applied. For p<5x10-5, a 16 

significant correlation with MVP was suggestive. Risk loci (p<5x10-8) and suggestive 17 

associations (p<5x10−5) were further analyzed.  18 
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 1 

Fig. 5. Fold enrichment from gene set enrichment analysis of significantly enriched Gene 2 

Ontology Biological Process (GOBP) categories for FED (A) and Barlow’s disease (B). Bar 3 

plots show the fold enrichment of selected GOBP categories based on gene set enrichment 4 

analysis. Only categories with FDR-adjusted p-values (p.adjust) <0.05 are shown. The x-axis 5 

represents fold enrichment, while the y-axis lists the enriched GOBP terms. Bar length 6 

indicates the magnitude of enrichment, and bars are colored by –log₁₀(p.adjust) to reflect 7 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 academ

ic.oup.com
/cardiovascres/advance-article/doi/10.1093/cvr/cvag263/9004318 by guest on 03 N

ovem
ber 2026



50 

statistical significance. Enrichment was calculated relative to a background of all protein-1 

coding genes tested. These results highlight overrepresentation of genes involved in the 2 

development of FED and Barlow’s disease.  3 

The analysis utilized the enricher command from the ClusterProfiler R package (version 4 

4.12.6). 70 The enrichment analysis was conducted against specific collections from the 5 

Molecular Signatures Database (MSigDB)  (version 2024.1.Hs). 71 Specifically, the following 6 

MSigDB gene set categories were used: H: Hallmark gene sets; C2: Curated gene sets; C5: 7 

GO gene sets. Statistical significance was determined via a one-sided hypergeometric test 8 

and statistically significant enriched terms (p<0.01) were selected for visualization.   9 

 10 

  11 
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 1 

Fig. 6. Forest Plot showing the targeted variant-phenotype association analysis of cardiac 2 

diseases with a suggested association with Fibroelastic Deficiency (FED) or Barlow’s 3 

disease. The effective alleles specified are the risk-increasing alleles for FED and Barlow’s 4 

disease. 5 

A targeted association analysis was performed across 30 MVP-related traits using the UK 6 

Biobank dataset (application ID 25214). Information for 30 MVP-related traits were 7 

retrieved, including atrial fibrillation, atrial flutter, paroxysmal supraventricular tachycardia, 8 

left ventricular hypertrophy, and ventricular arrhythmia. The ICD-10 codes of all 30 traits are 9 

listed in Supplementary Table 2. Quality control considered individuals’ missing rates <0.05 10 

and kinship <0.124, variants’ imputation info >0.4, and missing rate <0.02. Association 11 

analysis was performed for the identified variants and 30 risk traits using PLINK 1.9. To 12 

account for multiple testing, Bonferroni correction was applied with significance set 13 

at p<0.00833. Associations were visualized using forest plots, highlighting key phenotypes 14 

linked to the genetic variants.  15 

 16 
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 1 

Fig. 7. Single-Nucleus RNA-Sequencing of Mitral Valve Tissue. This dataset included 11,435 2 

nuclei after quality control (before: 12,345) from two post-mortem mitral valve samples showing 3 
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no macroscopic signs of cardiovascular or valve disease.  (A) Uniform Manifold Approximation 1 

and Projection (UMAP) plot of single-nucleus RNA sequencing data revealed six cell 2 

clusters in mitral valve tissue. (B) Dot-plot visualizing the expression of canonical marker 3 

genes in associated cell types. (C, D) Heat-map showing the cell-type specific expression of 4 

suggested candidate genes and genes nearest to candidate regions in Fibroelastic 5 

Deficiency (C) or Barlow’s disease (D), respectively. Highly expressed genes are colored in 6 

red, low expression is colored in blue. EC = endothelial cells, FED = Fibroelastic Deficiency, 7 

MPs = macrophages, UMAP = Uniform Manifold Approximation and Projection, VECs = 8 

valvular endothelial cells, VICs = valvular interstitial cells.  9 

 10 

Tables 11 

Table 1: Genome-wide associated risk loci of the meta-analysis for FED or Barlow’s disease. 12 

Genomic build GRCh37 was used. Chr = chromosome, CHSY3 = Chondroitin Sulfate 13 

Synthase 3, CPLX2 = Complexin 2, I² = percentage of total variation attributable to between -14 

study heterogeneity, MAF = minor allele frequency, NRA = non-risk allele, OR = Odd’s Ratio, P 15 

= p-value, Pos (bp) = position (base pair), Q = Cochran’s Q test, RA = risk allele, SE = standard 16 

error, WDR11 = WD Repeat Domain 11.  17 

Risk Locus for Fibroelastic Deficiency 

rsID Chr pos (bp) Locus RA NRA MAF OR P Q I² 

rs2108427 5 129679124 CHSY3 T G 0.458 1.306 2.46x10-08 0.1215 58.30 
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Risk Loci for Barlow’s Disease 

rsID Chr pos (bp) Locus RA NRA MAF OR P   

rs4868539 5 175279441 CPLX2 A G 0.465 1.335 1.93x10-08 0.9688 0.00 

rs7920943 10 122682968 WDR11 A G 0.232 1.501 4.42x10-08 0.1656 47.97 

Linear regression was applied for continuous traits, while logistic regression was used for 1 

binary traits, with covariates including age, sex, and principal components (the first ten to 2 

account for population stratification). To adjust for population stratification, 3 

multidimensional scaling was performed in PLINK. 62. Fixed-effects models were applied, 4 

and heterogeneity was assessed using Cochran's  Q test and I2 statistics. To correct for 5 

multiple testing, the standard Bonferroni testing threshold for genome-wide significance of 6 

p<5x10-8 was applied. 7 

 8 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 academ

ic.oup.com
/cardiovascres/advance-article/doi/10.1093/cvr/cvag263/9004318 by guest on 03 N

ovem
ber 2026


