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Abstract: Myxomatous mitral valve prolapse (MMVP) and fibroelastic deficiency (FED) are two
common variants of degenerative mitral valve disease (DMVD), which is a leading cause of mitral
regurgitation worldwide. While pathohistological studies have revealed differences in extracellular
matrix content in MMVP and FED, the molecular mechanisms underlying these two disease entities
remain to be elucidated. By using surgically removed valvular specimens from MMVP and FED
patients that were categorized on the basis of echocardiographic, clinical and operative findings, a
cluster of microRNAs that expressed differentially were identified. The expressions of has-miR-500,
-3174,-17,-1193, -646, -1273e, -4298, -203, -505, and -939 showed significant differences between MMVP
and FED after applying Bonferroni correction (p < 0.002174). The possible involvement of microRNAs
in the pathogenesis of DMVD were further suggested by the presences of in silico predicted target sites
on a number of genes reported to be involved in extracellular matrix homeostasis and marker genes
for cellular composition of mitral valves, including decorin (DCN), aggrecan (ACAN), fibromodulin
(FMOD), « actin 2 (ACTAZ2), extracellular matrix protein 2 (ECM2), desmin (DES), endothelial cell
specific molecule 1 (ESM1), and platelet/ endothelial cell adhesion molecule 1 (PECAM1), as well as
inverse correlations of selected microRNA and mRNA expression in MMVP and FED groups. Our
results provide evidence that distinct molecular mechanisms underlie MMVP and FED. Moreover,
the microRNAs identified may be targets for the future development of diagnostic biomarkers
and therapeutics.

Keywords: degererative mitral valve disease (DMVD); myxomatous mitral valve prolapse (MMVP);
fibroelastic deficiency (FED); microRNA

1. Introduction

Valvular heart disease (VHD) is an important public health concern with an age-dependent
prevalence [1,2]. In developed countries, degenerative mitral valve disease (DMVD) is the most
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common cause of mitral regurgitation (MR) and, by far, the leading indication for mitral valve
surgery [2]. DMVD can be classified into two subtypes on the basis of clinical patterns, imaging findings
and gross surgical appearances: (1) billowing mitral valve (alternatively known as Barlow’s disease
or myxomatous mitral valve prolapse (MMVP)), characterized by excessive, diffuse accumulation of
glycosaminoglycan material; and (2) fibroelastic deficiency (FED) which is believed to be caused by
disturbances in the homeostasis of connective tissue production [3-7].

Currently, echocardiography is the principal diagnostic modality used to discriminate MMVP and
FED. MMVP patients tend to be younger, have diffusely thickened, redundant leaflets, multisegmental
prolapse, and mitral annular dilatation and often disjunction. By contrast, the FED patient is often
older, has more focal disease, typically a flail segment with a ruptured chord, and no or mild annular
dilatation [4,5,8]. Histopathological differences have also been reported. MMVP valves often manifest a
disproportionately thickened spongiosa layer infiltrated with mucopolyaccharides and altered collagen
composition, while FED valves are relatively thinner, with classical four-layer valvular architecture
and predominant elastic fiber alterations [6,9]. However, there is considerable overlap [9], and, in one
study of 130 mitral valve specimens, these entities could not be reliably distinguished by qualitative
histopathology alone [6]. Furthermore, in FED, changes of fibroelastic deficiency are often interspersed
with focal areas of primary or even secondary myxomatous change [10].

Genetic influences may also differ, being more established in MMVP compared to FED. Early
genetic linkage studies mapped MMVP loci to chromosomes 16p11.2-p12.2 (MMVP1), 11p15.4
(MMVP2), 13g31.3-q32.1 (MMVP3), and Xq28 [11-14]. More recently, genetic analyses of a large
multigenerational family led to the discovery of familial missense and deleterious mutations in the
Drosophila cell polarity gene (DCHS 1) and subsequently attenuated its protein stability and led to
abnormal mitral valve morphogenesis [15]. A meta-analysis of two genome-wide association studies
with large nonsyndromic MVP and nondiseased control cohorts reported the discovery of six novel
MMVP loci [16]. Ablation of the candidate genes, LIM and cysteine-rich domains 1 (LMCD1) and
tensin 1 (TNS1), in genetically engineered animal models, led to atrioventricular valve regurgitation
and abnormal mitral valve morphogenesis [16].

Because the biological mechanisms underlying MMVP and FED remain poorly understood,
surgical intervention is recommended on the basis of severe functional abnormality [17]. The use
of echocardiography to further distinguish MMVP from FED is not only of academic interest but
clinically important, since repair of MMVP requires greater surgical expertise [5,9,18,19]. However,
differentiation of MMVP and FED by echocardiography can be challenging owing to technical
limitations, and the existence of “forme frustes” with overlapping features [5]. To improve the accuracy
of preoperative diagnosis, it is needful to identify more fundamental and unique pathobiological
characteristics of MMVP and FED. MicroRNAs comprise a group of small noncoding RNAs (21-25
nucleotides) that have emerged as the key regulators for gene expression. MicroRNAs are crucial
for regulating almost all aspects of biological pathways, including differentiation, proliferation,
metabolism, and cell death [20]. Disturbances in microRNA expression have been linked with
complex diseases including cardiovascular diseases, as shown by studies from our group [21,22]
and others [23-26]. The role of microRNAs in VHD, however, has only recently been investigated.
Using aortic valve tissue and interstitial cells, one research group demonstrated the role of miR-141 in
regulating valvular calcification [27]. For DMVD, the roles of microRNAs in valvular development
and disease progression remain to be addressed. We hypothesize that microRNA profiles are distinctly
different in MMVP and FED. In this study, echocardiography was used to determine DMVD type
(MMVP or FED), and human mitral valve tissues obtained during corrective surgery were subjected for
gene expression analysis. Using qPCR methods, web-based microRNA target and pathway predictive
algorithms, the expressions of a cluster of microRNAs and predicted target genes that were reported
to be dysregulated in diseased mitral valves and contributed to the progression of myxomatous
accumulation were compared between MMVP and FED cohorts.
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2. Results

2.1. Differential MicroRNA Expression in Myxomatous Mitral Valve Prolapse (MMVP) and Fibroelastic
Deficiency (FED) Mitral Valves

The characteristics of the study patients, 10 each with MMVP and FED, are summarized in Table 1
and Table S1. Almost all subjects had severe MR, with similar degrees of left ventricular and left atrial
remodeling in both groups (Table 1). MMVP patients had larger mitral annular dimensions than those
with FED (p = 0.016), even when indexed for body surface area (p = 0.019). When compared with FED,
MMVP patients had significantly longer and thicker anterior mitral leaflets. Detailed analyses of leaflet
morphology showed typical multisegmental involvement in MMVP patients, while most FED patients
had an isolated flail segment and chordal rupture (Table S1).

Table 1. Clinical and echocardiographic findings in patients with myxomatous mitral valve prolase
(MMVP) and fibroelastic deficiency (FED).

Clinical Information MMYVP (n =10) FED (n = 10) p Value
Age, years 57.50 + 3.76 59.10 + 3.05 0.758
Female gender 3/10 (30%) 1/10 (10%) -
NYHA class 240 + 0.38 2.00 +0.32 0.453
Atrial fibrillation rhythm 3 (30%) 2 (20%) -
LV diastolic dimension, mm 57.60 + 2.22 59.80 4+ 2.29 0.521
LV systolic dimension, mm 35.90 + 2.05 36.20 + 1.69 0.916
LV ejection fraction, % 61.80 + 2.70 66.50 + 2.10 0.210
Left atrial volume index, mL/m? 93.78 £ 9.15 90.60 + 7.28 0.807
MA dimension, mm 39.90 + 0.87 3420 +£1.77 * 0.016
MA dimension/BSA, mm/m? 24.04 + 1.36 19.81 + 0.55* 0.019
Severe mitral regurgitation 9 (90%) 10 (100%) -
Mitral regurgitant volume, mL 92.00 + 12.36 100.44 + 11.38 0.649
Effective regurgitant orifice, cm? 0.67 + 0.11 0.71 + 0.09 0.825
AML length, mm 31.90 + 1.65 23.44 + 0.87* 0.0008
AML thickness, mm 4.68 + 0.38 2.86 £0.11* 0.0013
PML length, mm 21.10 + 1.67 18.22 +1.40 0.238
PML thickness, mm 4.49 + 0.38 3.56 + 0.39 0.133

BSA: Body surface area; LV: left ventricular; MA: mitral annular; AML: anterior mitral leaflet; PML: posterior
mitral leaflet. Values presented are mean + SEM or numbers (percentages), Student’s ¢-test (type 3); *: p < 0.05.

MicroRNA profiling on MMVP and FED specimens (n = 3) was first conducted used human
whole genome miRNA qPCR profiling kits from Applied Biological Materials (data not shown) to
shortlist microRNAs for single microRNA qPCR examination. In this study, 23 microRNA entities
differentially expressed in the MMVP and FED profiling study were selected, and the expressions of
each microRNAs was examined in MMVP (n = 10) and FED (1 = 10) specimens. Among 23 microRNAs
examined, the expressions of 20 microRNAs differed significantly between MMVP and FED cohorts.
The expressions of eight microRNAs, namely, hsa-miR-19b, hsa-miR-3174, hsa-miR-3652, hsa-miR-3671,
hsa-miR-423-5p, hsa-miR-4319, hsa-miR-500, and hsa-miR-543 were found to be higher in MMVP
specimens when compared to FED samples (Figure 1). The expressions of 12 microRNAs, namely,
hsa-miR-17, hsa-miR-1193, hsa-miR-1273e, hsa-miR-203, hsa-miR-28, hsa-miR-3065-5p, hsa-miR-4298,
hsa-miR-505, hsa-miR-532, hsa-miR-646, hsa-miR-770, and hsa-miR-939 were found to be lower in
MMVP specimens when compared to FED samples (Figure 2). Readjusted critical value (Bonferroni
correction) for individual test is 0.002174 (0.05/23).
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Figure 1. Differential microRNA expression patterns in myxomatous mitral valve prolapse (MMVP)

and fibroelastic deficiency (FED) valvular tissues. The expressions of selected microRNAs were
examined by using semi-quantitative PCR. (a) hsa-miR-19b; (b) hsa-miR-3174; (c) hsa-miR-3652;
(d) hsa-miR-3671; (e) hsa-miR-423-5p; (f) hsa-miR-4319; (g) hsa-miR-500; and (h) hsa-miR-543. Data are
presented as mean + SEM, Student’s t-test, p values as indicated, n = 10.
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Figure 2. Differential microRNAs expression patterns in MMVP and FED samples. The expressions of
selected microRNAs were examined by using semi-quantitative PCR. (a) hsa-miR-17; (b) hsa-miR-1193;
(c) hsa-miR-1293e; (d) hsa-miR-203; (e) hsa-miR-28; (f) hsa-miR-3065-5p; (g) hsa-miR-4298;
(h) hsa-miR-505; (i) hsa-miR-532-3p; (j) hsa-miR-646; (k) hsa-miR-770; and (1) hsa-miR-939. Data
are presented as mean + SEM, Student’s t-test, p values as indicated, n = 10.
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By using DNA intelligent Analysis (DIANA) miRPath v.2.0, a web-based microRNA-targeted
pathway analysis algorithm [28], the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
that might be altered by the 20 microRNAs were identified (Figure S1, Table S2). Hierarchical
clustering analysis of targeted pathways and microRNAs further illustrates the relationship of
individual microRNAs and their targeted pathways. In this study, 33 KEGG pathways were identified
by a posteriori statistical analysis (Union of Pathways) embedded in the miRPath v.2.0 program.
Pathways that related to glycoprotein synthesis, ubiquitin mediated proteolysis, cell-cell junctions,
and cytoskeleton homeostasis, as well as MAPK, Wnt, PI3K-AKT, and ErbB signaling pathways vital
for normal cell function, were predicated to be affected by the microRNAs identified (Table S2).

2.2. Differential mRNA Expression in MMVP and FED Mitral Valves

To further explore the biological relevance of the microRNAs identified with valvular
pathogenesis, genes that have been indicated to correlate with myxomatous development were
selected to test the possible 3'UTR/microRNA interaction used computer algorithm. Interestingly,
using miRWalk, a web-based in silico mictoRNA-mRNA prediction database [29], a high percentage of
genes that have been implicated in MMVP were found to be targeted by microRNAs that found to be
differentially expressed in MMVP and FED valves. It is known that microRNAs negatively regulate
the expression of their target genes post-transcriptionally. To test whether the expressions of these
MMVP related genes were negatively correlated with the expressions of microRNAs observed in this
study, qPCR was performed.

The expression of mRNAs for proteoglycans, decorin (DCN), aggrecan (ACAN), and fibromodulin
(FMOD), were found to be lower in FED samples when compared with MMVP samples (Figure 3a—c);
while no significant differences were observed in the mRNA levels of lumican (LUM), heparin sulfate
proteoglycan 2 (HSPG2), versican (VCAN) and biglycan (BGN) between MMVP and FED mitral valve
samples (Figure 3d—g). Further comparisons revealed inverse expression patterns between microRNAs
and their putative target genes, suggesting that the expression of particular proteoglycans (DCN,
ACAN, and FMOD) could be influenced by the differentially expressed microRNA in MMVP and FED
valves (Table 2, Figure S2).
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Figure 3. The mRNA expression of proteoglycan genes in MMVP and FED samples. (a) DCN,
decorin; (b) ACAN, aggrecan; (¢) FMOD, fibromodulin; (d) LUM, lumican; (e) HSPG2, heparin sulfate
proteoglycan 2; (f) VCAN, versican; and (g) BGN, biglycan. Data are presented as mean + SEM,
Student’s t-test, p values as indicated, n = 10.
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Table 2. Inversed expression patterns between microRNA and putative target genes. (Proteoglycans).

D Fold Change D Fold Change
(FED/MMVP) (FED/MMVP)
hsa-miR-203 2.1
. hsa-miR-505 24
Decorin (DCN) 06 hsa-miR-532-3p 17
hsa-miR-770-5p 1.2
hsa-miR-1273e 1.8
hsa-miR-203 2.1
hsa-miR-532-3 1.7
Aggrecan (ACAN) 05 hsa-miR-646 22
hsa-miR-770-5p 1.2
hsa-miR-939 2.3
hsa-miR-1273e 1.8
hsa-miR-17 1.7
hsa-miR-203 2.1
Fibromodulin (FMOD) 0.4 hsa-miR-28 1.5
hsa-miR-532-3p 1.7
hsa-miR-770-5p 1.2
hsa-miR-939 2.3

Putative interactions between microRNA and 3'UTR of genes were predicted by in silico microRNA-mRNA
prediction database, miRWalk. Data presented are the fold change of genes in FED cohort relative to the average
expression levels from MMVP cohort. Only the expression of genes that showed statistical difference between
MMVP and FED were listed.

Next, examination of the expression of genes that have been reported to be important for structural
integrity revealed lower expressions of & actin 2 (ACTA2) and extracellular matrix protein 2 (ECM2) in
FED samples when compared with MMVP samples (Figure 4a,b), whereas, no significant differences
were observed in the expressions of different subtype of colleagen genes, collagen type 1 o« 2 (COL1A2),
collagen type 2 o« 1 (COL2A1) and collagen type 6 « 2 (COL6A2) in MMVP and FED samples
(Figure 4c—e). Inverse expression patterns observed between microRNA (miR-17, miR-28-5p, and
miR-203) and their putative target genes (ECM2, and ACTAZ2) are consistent with a microRNA-based
regulatory effect (Table 3, Figure S2). Additionally, it is known that valvular interstitial cells (VICs)
play important roles in the homeostasis of extracellular matrix composition; altered VIC status has
been associated with myxomatous deposition in DMVD [30]. Analyses of the expressions of cell
lineage marker genes for myofibroblast-like cells, desmin (DES) and vimentin (VIM), showed less
expression of these genes in MMVP samples when compared with FED samples (Figure 4f,g). In
contrast, the expression of endothelial cell specific molecule 1 (ESM1), and platelet/ endothelial cell
adhesion molecule 1 (PECAM1) were found to be higher in MMVP samples when compared with
FED samples (Figure 4h,i). Similarly, inverse expression patterns between microRNA and their target
genes were observed, suggesting the expressions of cellular markers could also be influenced by the
differentially expressed microRNA in MMVP and FED valves (Table 3, Figure S2).
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Figure 4. The expressions of structural integrity related genes in MMVP and FED samples. (a) ACTA2,
o actin 2; (b) ECM2, extracellular matrix protein 2; (¢) COL1A2, collagen type 1 « 2; (d) COL2A1,
collagen type 2 « 1; (e) COL6A2, collagen type 6 « 2; (f) DES, desmin; (g) VIM, vimentin; (h) ESM1,
endothelial cell specific molecule 1; and (i) PECAMI, platelet/endothelial cell adhesion molecule 1.
Data are presented as mean + SEM, Student’s t-test, p values as indicated, n = 10.

Table 3. Inversed expression patterns between microRNA and their target genes. (Structural integrity
and cellular specific markers).

D Fold Change D Fold Change
(FED/MMVP) (FED/MMVP)
hsa-miR-17 1.7
ACTA2 0.6 hsa-miR-28-5p 15
ECM2 0.7 hsa-miR-203 2.1
hsa-miR-423-5p 0.6
DES 10.3 hsa-miR-543 0.6
hsa-miR-203 2.1
hsa-miR-28-5p 1.5
ESM1 0.15 hsa-miR-505 24
hsa-miR-532-3p 1.7
hsa-miR-646 2.2
VIM 14% hsa-miR-19b 0.6

Putative interactions between microRNAs and 3'untranslated regions of genes were predicted by the in silico
microRNA-mRNA prediction database, miRWalk. Data presented are the fold change of gene expressions
in FED patients relative to the average expression levels from MMVP patients. The expression of genes that
showed statistical difference (p < 0.05) between MMVP and FED were listed except VIM, *: Student’s f-test (type
3), p = 0.055.

3. Discussion

DMVD is a common disease entity in the general population that can potentially lead to severe
cardiovascular complications with a high health and economic burden. A growing body of evidence
from clinical imaging and pathological studies of DMVD suggest that its two major variants, MMVP
and FED, may have distinct biological underpinnings [4-6]. The need to properly differentiate MMVP
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from FED is clinically important as more complex surgical procedures are often required to repair the
diffuse myxomatous lesions of MMVP [18]. Elucidating the mechanisms underlying MMVP and FED
may not only enrich knowledge of disease pathophysiology, it could contribute to the identification
of diagnostic biomarkers and development of therapeutics targeting specific pathogenic signaling
pathways. Results from the current study not only support the hypothesis that distinct molecular
mechanisms underlie MMVP and FED, but also provide a foundation for deciphering disease causing
mechanisms in DMVD, with the focus on microRNAs and corresponding target genes.

The roles of microRNAs in the pathogenesis of cardiovascular diseases and their diagnostic
and therapeutic potential have been explored extensively in the past decade. Although DMVD
is highly prevalent, to date, the roles of microRNAs in valvular biology remain largely unknown.
In this study, we compare, for the first time, the expression of a subset of microRNAs in mitral
valve tissue from well-characterized MMVP and FED patients. Results of 20 differentially expressed
microRNAs provide evidence suggesting that distinct signaling pathways might underlie MMVP
and FED. Among the different microRNA entities, hsa-miR-423-5p is of interest since several human
studies have found increased expression in various cardiovascular diseases including heart failure,
dilated cardiomyopathy and myocardial infarction [31-33]. Since hsa-miR-423-5 has been identified as
a circulating biomarker for heart failure, the differential expression of hsa-miR-423-5p in MMVP and
FED may reflect different degrees of cardiac remodeling and dysfunction. The other cardiovascular
related microRNA, hsa-miR-19b, was reported to be a putative therapeutic target for congenital heart
diseases [34], and may be involved in regulating the Wnt/ 3-catenin signaling pathway, which is an
essential regulator of cardiovascular differentiation, morphogenesis and progenitor self-renewal with
a key role in cardiac valve formation [35,36]. To our knowledge, no microRNA has been reported to
regulate ECM homeostasis in MMVP and/or FED. Our results may in part provide a molecular basis for
the distinct valvular architecture observed in MMVP and FED [4,6]. In addition to ECM homeostasis,
results from the DIANA miRPath v.2.0 algorithm also suggested the involvement of microRNAs
identified in various signaling pathways, including MAPK, Wnt, PI3K-Akt, ErbB, and p53 signaling
known to be essential for maintaining proper cellular functions. In this study, a subset of genes that
concern the integrity of valvular connective tissues, myxoid deposition, and ECM homeostasis [4,6], as
well as valvular cellular composition [30,37,38] were selected to examine possible 3'UTR/microRNAs
interaction by using web-based microRNA target predictive algorithms. Interestingly, we found that
the expressions of valvular structural integrity genes (DCN, ACAN, FMOD, ACTA2, and ECM2), and
valvular cellular marker genes (DES, ESM1, and VIM) were inversely correlated with the expression of
microRNAs that pose predicted regulatory effects on them, suggesting a possible microRNA based
regulatory mechanism. In future, it will be relevant to further examine the expression of microRNAs
and their physiological functions within VIC, as well as in other mitral valve cells, such as valvular
endothelial cells.

Collectively, our study reveals not only a cluster of microRNAs that are differentially expressed
in MMVP and FED, but also inverse correlations of the expressions of microRNAs with putative
target genes, suggesting the involvement of microRNAs in modulating the expression of key genes
that are crucial for valvular ECM homeostasis. Future studies could be directed towards further
characterization of the biological function of individual microRNAs and examination of how different
microRNAs are orchestrated in DMVD.

4. Materials and Methods

4.1. Mitral Valve Tissues

Mitral valve tissue from patients with MMVP and FED was obtained from the Cardiovascular
Tissue Bank/Tissue Repository at the National University Hospital, Singapore. Cases were classified
as MMVP or FED based on medical records, operative reports and echocardiographic data, using the
criteria outlined above. All clinical data were reviewed independently by three senior cardiologists
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with expertise in VHD. Of 22 cases adjudicated, there was complete concordance among all three
observers on phenotype in 10 MMVP and 10 FED patients, and partial concordance in 2 patients that
were excluded from further study. The study protocol was approved by the National Health Group
Domain Specific Review Board (Reference code C/11/021). Surgically excised mitral valve tissues were
rinsed immediately with cold phosphate buffered saline (PBS) and immersed into RN Alater (Invitrogen,
Life Technologies Inc., Frederick, MA, USA) containing tubes for low temperature transportation.
Tissues preserved in RNAlater tubes were stored at —80 °C for later extraction of nucleic acid.

4.2. Total RNA Extraction and Gene Expression Analysis

Mitral valvular tissues were lysed by gentleMACS™ dissociator (Miltenyi Biotec, Bergisch
Gladbach, Germany) in TRIZOL reagent (Invitrogen). Total RNA was extracted according to
manufacturer’s protocol, followed by treatment with DNase I (Invitrogen). The RNA quantity and
quality were determined using the ND-1000 Spectrophotometer (Nanodrop™, Rockland, DE, USA).
Twenty-three microRNA entities used in this study were selected based on pilot microRNA expression
profile data obtained by using the whole human genome miRNA gqPCR profiling kit from Applied
Biological Materials (Richmond, BC, Canada) (ABM) (MAO003, Sanger miRBase Version 16). Total
RNAs from 3 MMVP samples and 3 FED samples were used for analysis. The data were filtered and
analyzed used Microsoft Excel. The differences for individual microRNAs between MMVP and FED
were compared by using Student’s t-test and sorted according to p values. Twenty-three microRNAs
with low p values (p < 0.1) and high fold changes were selected for further Tagman qPCR analysis
in current study. Reverse transcription PCR (RT-PCR) and real-time quantitative stem-loop PCR
(RT-gPCR). The Tagman High Cap cDNA Rev Trans Kit (Applied Biosystems, Foster City, CA, USA),
the Tagman miRNA RT kit (Applied Biosystems), and the Tagman Universal MMIX II with UNG
(Applied Biosystems) were utilized to quantify the level of genes or miRNAs of interest. Expression
levels for mRNAs and miRNAs were calculated based on their C; values using housekeeping genes,
B actin, Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH), glucuronidase 3 (GUSB) and Us,
respectively. RT-gPCR results were processed and analyzed using the comparative CT method (2724t
method. The detailed procedure was described previously [22].

4.3. Statistical Analysis

Continuous clinical and echocardiographic variables were compared using the independent
samples t-test and dichotomous variables using the Fischer or chi-square test, whichever was
appropriate. Data for clinical characteristic of study cohorts were expressed as mean + standard
error of mean (SEM) or number (percentage). Relative expression of genes of interest between MMVP
and FED patients were compared using Student’s t-test (type 3). These data were expressed as
mean + SEM. The significance level of mRNA comparison was set at p < 0.05. Bonferroni correction
was applied to control the familywise error rate of the comparison of microRNA expressions. The
adjusted critical value is (0.05/23) 0.002174.

Supplementary Materials: Supplementary materials can be found at http:/ /www.mdpi.com/1422-0067/17/5/
753/sl.
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Abbreviations
MMVP myxomatous mitral valve proplase
FED fibroelastic deficiency disease
DMVD degererative mitral valve disease
VHD valvular heart disease
3'UTR 3’ end untranslated region
DIANA DNA intelligent Analysis
KEGG pathways Kyoto Encyclopedia of Genes and Genomes pathways
DCN decorin
ACAN aggrecan
FMOD fibromodulin
LUM lumican
HSPG2 heparin sulfate proteoglycan 2
VCAN versican
BGN biglycan
ACTA2 « actin 2
ECM2 extracellular matrix protein 2
COL1A2 colleagen type 1 « 2
COL2A1 colleagen type 2 « 1
COL6A2 colleagen type 6 o 2
DES desmin
VIM vimentin
ESM1 endothelial cell specific molecule 1
PECAM1 platelet/ endothelial cell adhesion molecule 1
VIC valvular interstitial cell

References

1. Nkomo, V.T,; Gardin, ].M.; Skelton, T.N.; Gottdiener, ].S.; Scott, C.G.; Enriquez-Sarano, M. Burden of valvular
heart diseases: A population-based study. Lancet 2006, 368, 1005-1011. [CrossRef]

2. Tung, B.; Vahanian, A. Epidemiology of valvular heart disease in the adult. Nat. Rev. Cardiol. 2011, 8, 162-172.
[CrossRef] [PubMed]

3. Barlow, J.B.; Bosman, C.K. Aneurysmal protrusion of the posterior leaflet of the mitral valve: An
auscultatory-electrocardiographic syndrome. Am. Heart ]. 1966, 71, 166-178. [CrossRef]

4. Anyanwu, A.C.; Adams, D.H. Etiologic classification of degenerative mitral valve disease: Barlow’s disease
and fibroelastic deficiency. Semin. Thorac. Cardiovasc. Surg. 2007, 19, 90-96. [CrossRef] [PubMed]

5. Adams, D.H.; Rosenhek, R.; Falk, V. Degenerative mitral valve regurgitation: Best practice revolution.
Eur. Heart J. 2010, 31, 1958-1966. [CrossRef] [PubMed]

6. Fornes, P; Heudes, D.; Fuzellier, ].E; Tixier, D.; Bruneval, P.; Carpentier, A. Correlation between clinical and
histologic patterns of degenerative mitral valve insufficiency: A histomorphometric study of 130 excised
segments. Cardiovasc. Pathol. 1999, 8, 81-92. [CrossRef]

7. Carpentier, A.; Chauvaud, S.; Fabiani, ].N.; Deloche, A.; Relland, J.; Lessana, A.; D’Allaines, C.; Blondeau, P.;
Piwnica, A.; Dubost, C. Reconstructive surgery of mitral valve incompetence: Ten-year appraisal. ]. Thorac.
Cardiovasc. Surg. 1980, 79, 338-348. [PubMed]

8. Eriksson, M.].; Bitkover, C.Y.; Omran, A.S.; David, T.E.; Ivanov, J.; Ali, M.]J.; Woo, A.; Siu, S.C.; Rakowski, H.
Mitral annular disjunction in advanced myxomatous mitral valve disease: Echocardiographic detection and
surgical correction. J. Am. Soc. Echocardiogr. 2005, 18, 1014-1022. [CrossRef] [PubMed]

9.  Matsumaru, L; Eishi, K.; Hashizume, K.; Kawano, H.; Tsuneto, A.; Hayashi, T. Clinical and pathological
features of degenerative mitral valve disease: billowing mitral leaflet versus fibroelastic deficiency. Ann.
Thorac. Cardiovasc. Surg. 2013. [CrossRef] [PubMed]

10. Vaideeswara, P.; Butany, J. Valvular Heart Disease. In Cardiovascular Pathology, 4th ed.; Buja, L.M., Butany, J.,
Eds.; Elsevier: Oxford, UK, 2016; pp. 509-513.

11. Disse, S.; Abergel, E.; Berrebi, A.; Houot, A.M.; Le Heuzey, ].Y.; Diebold, B.; Guize, L.; Carpentier, A.;

Corvol, P; Jeunemaitre, X. Mapping of a first locus for autosomal dominant myxomatous mitral-valve
prolapse to chromosome 16p11.2-p12.1. Am. ]. Hum. Genet. 1999, 65, 1242-1251. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S0140-6736(06)69208-8
http://dx.doi.org/10.1038/nrcardio.2010.202
http://www.ncbi.nlm.nih.gov/pubmed/21263455
http://dx.doi.org/10.1016/0002-8703(66)90179-7
http://dx.doi.org/10.1053/j.semtcvs.2007.04.002
http://www.ncbi.nlm.nih.gov/pubmed/17870001
http://dx.doi.org/10.1093/eurheartj/ehq222
http://www.ncbi.nlm.nih.gov/pubmed/20624767
http://dx.doi.org/10.1016/S1054-8807(98)00021-0
http://www.ncbi.nlm.nih.gov/pubmed/7354634
http://dx.doi.org/10.1016/j.echo.2005.06.013
http://www.ncbi.nlm.nih.gov/pubmed/16198877
http://dx.doi.org/10.5761/atcs.oa.13-00168
http://www.ncbi.nlm.nih.gov/pubmed/24284503
http://dx.doi.org/10.1086/302624
http://www.ncbi.nlm.nih.gov/pubmed/10521289

Int. ]. Mol. Sci. 2016, 17, 753 11 0f12

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Freed, L.A.; Acierno, J.S.; Acierno, J.S., Jr.; Dai, D.; Leyne, M.; Marshall, J.E.; Nesta, F.; Levine, R.A,;
Slaugenhaupt, S.A. A locus for autosomal dominant mitral valve prolapse on chromosome 11p15.4. Am. .
Hum. Genet. 2003, 72, 1551-1559. [CrossRef] [PubMed]

Nesta, F.; Leyne, M.; Yosefy, C.; Simpson, C.; Dai, D.; Marshall, ].E.; Hung, J.; Slaugenhaupt, S.A.; Levine, R.A.
New locus for autosomal dominant mitral valve prolapse on chromosome 13: Clinical insights from genetic
studies. Circulation 2005, 112, 2022-2030. [CrossRef] [PubMed]

Kyndt, F; Schott, J.J.; Trochu, ].N.; Baranger, E; Herbert, O.; Scott, V.; Fressinaud, E.; David, A.; Moisan, J.P;
Bouhour, ].B.; et al. Mapping of X-linked myxomatous valvular dystrophy to chromosome Xq28. Am. |. Hum.
Genet. 1998, 62, 627-632. [CrossRef] [PubMed]

Durst, R,; Sauls, K.; Peal, D.S.; Toomer, K.; Leyne, M.; Salani, M.; Talkowski, M.E.; Brand, H.; Perrocheau, M.;
Simpson, C.; et al. Mutations in DCHS1 cause mitral valve prolapse. Nature 2015, 525, 109-113. [CrossRef]
[PubMed]

Dina, C.; Bouatia-Naji, N.; Tucker, N.; Delling, EN.; Toomer, K. Durst, R.; Perrocheau, M.;
Fernandez-Friera, L.; Solis, J.; Le Tourneau, T.; et al. Genetic association analyses highlight biological
pathways underlying mitral valve prolapse. Nat. Genet. 2015, 47, 1206-1211. [CrossRef] [PubMed]
Nishimura, R.A.; Otto, C.M.; Bonow, R.O.; Carabello, B.A.; Erwin, J.P.,, 3rd.; Guyton, R.A.; O’Gara, P.T,;
Ruiz, C.E.; Skubas, N.J.; Sorajja, P.; et al. 2014 AHA /ACC guideline for the management of patients with
valvular heart disease: A report of the American College of Cardiology/American Heart Association Task
Force on Practice Guidelines. J. Am. Coll. Cardiol. 2014, 63, 2438-2488. [PubMed]

Adams, D.H.; Anyanwu, A.C. Seeking a higher standard for degenerative mitral valve repair: Begin with
etiology. J. Thorac. Cardiovasc. Surg. 2008, 136, 551-556. [CrossRef] [PubMed]

Flameng, W.; Meuris, B.; Herijgers, P.; Herregods, M.C. Durability of mitral valve repair in Barlow disease
versus fibroelastic deficiency. J. Thorac. Cardiovasc. Surg. 2008, 135, 274-282. [CrossRef] [PubMed]

Ambros, V. The functions of animal microRNAs. Nature 2004, 431, 350-355. [CrossRef] [PubMed]

Wong, L.L.; Armugam, A.; Sepramaniam, S.; Karolina, D.S.; Lim, K.Y.; Lim, J.Y,; Chong, J.P; Ng, ].Y,;
Chen, Y.T.; Chan, M.M,; et al. Circulating microRNAs in heart failure with reduced and preserved left
ventricular ejection fraction. Eur. J. Heart Fail. 2015, 17, 393-404. [CrossRef] [PubMed]

Wong, L.L; Wee, AS,; Lim, ].Y.; Ng, J.Y.; Chong, J.P; Liew, O.W,; Lilyanna, S.; Martinez, E.C,;
Ackers-Johnson, M.A; Vardy, L.A.; et al. Natriuretic peptide receptor 3 (NPR3) is regulated by microRNA-100.
J. Mol. Cell. Cardiol. 2015, 82, 13-21. [CrossRef] [PubMed]

Esteller, M. Non-coding RNAs in human disease. Nat. Rev. Genet. 2011, 12, 861-874. [CrossRef] [PubMed]
McNeill, E.; van Vactor, D. MicroRNAs shape the neuronal landscape. Neuron 2012, 75, 363-379. [CrossRef]
[PubMed]

McManus, D.D.; Ambros, V. Circulating microRNAs in cardiovascular disease. Circulation 2011, 124,
1908-1910. [CrossRef] [PubMed]

Condorelli, G.; Latronico, M.V,; Cavarretta, E. MicroRNAs in cardiovascular diseases: Current knowledge
and the road ahead. J. Am. Coll. Cardiol. 2014, 63, 2177-2187. [CrossRef] [PubMed]

Yanagawa, B.; Lovren, F; Pan, Y.; Garg, V.; Quan, A.; Tang, G.; Singh, KK,; Shukla, P.C.; Kalra, N.P;
Peterson, M.D.; et al. miRNA-141 is a novel regulator of BMP-2-mediated calcification in aortic stenosis.
J. Thorac. Cardiovasc. Surg. 2012, 144, 256-262. [CrossRef] [PubMed]

Vlachos, LS. Kostoulas, N.; Vergoulis, T., Georgakilas, G.; Reczko, M., Maragkakis, M.;
Paraskevopoulou, M.D.; Prionidis, K.; Dalamagas, T.; Hatzigeorgiou, A.G. DIANA miRPath v.2.0:
Investigating the combinatorial effect of microRNAs in pathways. Nucleic Acids Res. 2012, 40, W498-W504.
[CrossRef] [PubMed]

Dweep, H.; Sticht, C.; Pandey, P.; Gretz, N. miRWalk-Database: Prediction of possible miRNA binding sites
by “walking” the genes of three genomes. J. Biomed. Inform. 2011, 44, 839-847. [CrossRef] [PubMed]
Prunotto, M.; Caimmi, P.P.; Bongiovanni, M. Cellular pathology of mitral valve prolapse. Cardiovasc. Pathol.
2010, 19, e113—-e117. [CrossRef] [PubMed]

Bauters, C.; Kumarswamy, R.; Holzmann, A.; Bretthauer, J.; Anker, S.D.; Pinet, E; Thum, T. Circulating
miR-133a and miR-423-5p fail as biomarkers for left ventricular remodeling after myocardial infarction.
Int. ]. Cardiol. 2013, 168, 1837-1840. [CrossRef] [PubMed]

Goren, Y.; Kushnir, M.; Zafrir, B.; Tabak, S.; Lewis, B.S.; Amir, O. Serum levels of microRNAs in patients with
heart failure. Eur. |. Heart Fail. 2012, 14, 147-154. [CrossRef] [PubMed]


http://dx.doi.org/10.1086/375452
http://www.ncbi.nlm.nih.gov/pubmed/12707861
http://dx.doi.org/10.1161/CIRCULATIONAHA.104.516930
http://www.ncbi.nlm.nih.gov/pubmed/16172273
http://dx.doi.org/10.1086/301747
http://www.ncbi.nlm.nih.gov/pubmed/9497244
http://dx.doi.org/10.1038/nature14670
http://www.ncbi.nlm.nih.gov/pubmed/26258302
http://dx.doi.org/10.1038/ng.3383
http://www.ncbi.nlm.nih.gov/pubmed/26301497
http://www.ncbi.nlm.nih.gov/pubmed/24603192
http://dx.doi.org/10.1016/j.jtcvs.2007.10.060
http://www.ncbi.nlm.nih.gov/pubmed/18805250
http://dx.doi.org/10.1016/j.jtcvs.2007.06.040
http://www.ncbi.nlm.nih.gov/pubmed/18242250
http://dx.doi.org/10.1038/nature02871
http://www.ncbi.nlm.nih.gov/pubmed/15372042
http://dx.doi.org/10.1002/ejhf.223
http://www.ncbi.nlm.nih.gov/pubmed/25619197
http://dx.doi.org/10.1016/j.yjmcc.2015.02.019
http://www.ncbi.nlm.nih.gov/pubmed/25736855
http://dx.doi.org/10.1038/nrg3074
http://www.ncbi.nlm.nih.gov/pubmed/22094949
http://dx.doi.org/10.1016/j.neuron.2012.07.005
http://www.ncbi.nlm.nih.gov/pubmed/22884321
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.062117
http://www.ncbi.nlm.nih.gov/pubmed/22042926
http://dx.doi.org/10.1016/j.jacc.2014.01.050
http://www.ncbi.nlm.nih.gov/pubmed/24583309
http://dx.doi.org/10.1016/j.jtcvs.2011.10.097
http://www.ncbi.nlm.nih.gov/pubmed/22336757
http://dx.doi.org/10.1093/nar/gks494
http://www.ncbi.nlm.nih.gov/pubmed/22649059
http://dx.doi.org/10.1016/j.jbi.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21605702
http://dx.doi.org/10.1016/j.carpath.2009.03.002
http://www.ncbi.nlm.nih.gov/pubmed/19375355
http://dx.doi.org/10.1016/j.ijcard.2012.12.074
http://www.ncbi.nlm.nih.gov/pubmed/23347612
http://dx.doi.org/10.1093/eurjhf/hfr155
http://www.ncbi.nlm.nih.gov/pubmed/22120965

Int. ]. Mol. Sci. 2016, 17, 753 12 0of 12

33.

34.

35.

36.

37.

38.

Tijsen, A..; Creemers, E.E.; Moerland, P.D.; de Windt, L.]J.; van der Wal, A.C.; Kok, W.E.; Pinto, Y M.
miR423-5p as a circulating biomarker for heart failure. Circ. Res. 2010, 106, 1035-1039. [CrossRef] [PubMed]
Liu, X.; Yang, L.; Wang, H.; Xu, G.; Zhu, S.; Li, M.; Hu, X,; Zhu, J.; Zhu, C.; Xu, J.; et al. Effects of miR-19b
knockdown on the cardiac differentiation of P19 mouse embryonic carcinoma cells. Mol. Med. Rep. 2015, 11,
2504-2512. [CrossRef] [PubMed]

Hurlstone, A.F.; Haramis, A.P.; Wienholds, E.; Begthel, H.; Korving, J.; van Eeden, E; Cuppen, E.; Zivkovic, D.;
Plasterk, R.H.; Clevers, H. The Wnt/ 3-catenin pathway regulates cardiac valve formation. Nature 2003, 425,
633-637. [CrossRef] [PubMed]

Cohen, E.D,; Tian, Y.; Morrisey, E.E. Wnt signaling: An essential regulator of cardiovascular differentiation,
morphogenesis and progenitor self-renewal. Development 2008, 135, 789-798. [CrossRef] [PubMed]

Liu, A.C; Joag, VR,; Gotlieb, A I. The emerging role of valve interstitial cell phenotypes in regulating heart
valve pathobiology. Am. . Pathol. 2007, 171, 1407-1418. [CrossRef] [PubMed]

Mannion, S.; Mtintsilana, A.; Posthumus, M.; van der Merwe, W.; Hobbs, H.; Collins, M.; September, A.V.
Genes encoding proteoglycans are associated with the risk of anterior cruciate ligament ruptures. Br. |. Sports
Med. 2014, 48, 1640-1646. [CrossRef] [PubMed]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1161/CIRCRESAHA.110.218297
http://www.ncbi.nlm.nih.gov/pubmed/20185794
http://dx.doi.org/10.3892/mmr.2015.4473
http://www.ncbi.nlm.nih.gov/pubmed/26499215
http://dx.doi.org/10.1038/nature02028
http://www.ncbi.nlm.nih.gov/pubmed/14534590
http://dx.doi.org/10.1242/dev.016865
http://www.ncbi.nlm.nih.gov/pubmed/18263841
http://dx.doi.org/10.2353/ajpath.2007.070251
http://www.ncbi.nlm.nih.gov/pubmed/17823281
http://dx.doi.org/10.1136/bjsports-2013-093201
http://www.ncbi.nlm.nih.gov/pubmed/24552666
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction
	Results
	Differential MicroRNA Expression in Myxomatous Mitral Valve Prolapse (MMVP) and Fibroelastic Deficiency (FED) Mitral Valves
	Differential mRNA Expression in MMVP and FED Mitral Valves

	Discussion
	Materials and Methods
	Mitral Valve Tissues
	Total RNA Extraction and Gene Expression Analysis
	Statistical Analysis


