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Abstract: Patients with primary mitral regurgitation (MR) may remain asymptomatic for many years.
For unknown reasons, some shift from a compensated to a decompensated state and progress to
fatal heart failure. To elucidate the genetic determinants of this process, we recruited 28 patients
who underwent mitral valve surgery and stratified them into control, compensated MR, and decom-
pensated MR groups. Tissue biopsies were obtained from the patients’ left ventricular (LV) lateral
wall for a transcriptome-wide profiling of 64,769 probes to identify differentially expressed genes
(DEGs). Using cutoff values at the 1% FDR significance level and sex- and age-adjusted regression
models, we identified 12 significant DEGs (CTGF, MAP1B, SERPINE1, MYH9, MICAL2, MYO1D,
CRY1, AQP7P3, HTRA1, PRSS23, IGFBP2, and FN1). The most significant gene was CTGF (adjusted
R2 = 0.74, p = 1.80 × 10−8). We found that the majority of genes expressed in the more advanced
decompensated MR group were pro-fibrotic genes associated with cardiac fibrosis. In particular,
six pro-fibrotic genes (CTGF, SERPINE1, MYH9, HTRA1, PRSS23, and FN1) were overexpressed
and enriched in pathways involved in ECM (extracellular matrix) protein remodeling. Therapeutic
interventions that antagonize these six genes may slow the progression toward decompensated MR.

Keywords: mitral regurgitation; cardiac fibrosis; reduced ejection fraction; transcriptome-wide
association analysis

1. Introduction

Primary mitral regurgitation (MR) is an abnormality of the mitral valve, most com-
monly due to myxomatous degeneration of the valve leaflets [1]. This prevents the valve
from closing completely, resulting in retrograde blood flow from the left ventricle into
the left atrium. During the compensatory phase of the disease, the LV dilates to maintain
normal wall stress and pressure [1]. As the disease progresses, the ventricle exhibits more
spherical shape, further increasing the LV end-diastolic pressure. At the same time, the con-
tractile state of the myocardium decreases under the combined effect of myofiber reduction
and interstitial fibrosis. The decompensated phase of the disease occurs when irreversible
LV dysfunction develops with symptoms of heart failure [1].

Little is known about the molecular mechanisms that cause irreversible LV dysfunc-
tion in decompensated MR. Only recently, gene expression has been compared between
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individuals with compensated and decompensated MR using a panel of 109 candidate
genes selected from animal and human studies [2]. The transition to decompensated MR is
characterized by increased expression of NPPA, NPPB, inflammatory, ECM regulatory, and
apoptotic genes, as well as aberrant expression of calcium regulatory and mitochondrial
function genes [2].

The aim of this study was to perform whole transcriptome profiling of patients with
compensated and decompensated MR. Subsequently, differentially expressed genes (DEGs)
were analyzed by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis to identify pathological pathways in patients with compensated and
decompensated MR.

2. Results
2.1. Study Participants

The baseline characteristics of the 28 patients are shown in Table 1. Patients were
divided into three groups: control, compensated MR group, and decompensated MR
group. In the analysis of LV dilatation, the control and CMR groups were combined and
analyzed because there were significant differences between the control and CMR groups
in LV end-diastolic diameter (LVEDD) and LV end-systolic diameter (LVESD), which
were larger in the CMR group than in the control group (p = 5.86 × 10−4 and p = 0.049,
respectively), but there were no significant differences in shortening fraction (SF) or ejection
fraction (EF) between the two groups. The DMR group was not included in the analysis
of LV dilatation because of the significantly lower EF in the DMR group. In contrast, SF
and EF were significantly lower in the DMR group than in the control and CMR groups
(p = 3.30 × 10−4 and 2.49 × 10−5, respectively), whereas LVEDD and LVESD were not
significantly different from the other two groups (except for LVESD in DMR versus CMR,
p = 0.024). In the analysis of LV dysfunction due to reduced EF, the DMR, CMR, and control
groups were combined.

Table 1. Clinical characteristics of 28 patients referred for mitral valve correction surgery.

Clinical
Variable

Control
n = 11

CMR
n = 13

DMR
n = 4

p Value
(CMR vs. Control)

p Value
(DMR vs. Control)

p Value
(DMR vs. CMR)

Age, years 62.45 ± 11.34 59.46 ± 12.87 59.75 ± 13.96 0.551 0.555 0.970
Sex (n, %)

Female 7 (64) 3 (23) 2 (50) 0.0953 0.999 0.5378
Male 4 (36) 10 (77) 2 (50)

Parameters for LV diameter
LVEDD, mm 47.27 ± 4.03 57.85 ± 8.07 61.25 ± 14.93 5.86 × 10−4 0.157 0.554
LVESD, mm 31.18 ± 4.94 37.69 ± 9.27 54.00 ± 17.38 0.049 0.077 0.024
Parameters for LV function
SF, % 0.34 ± 0.07 0.35 ± 0.10 0.13 ± 0.10 0.767 3.30 × 10−4 1.20 × 10−3

EF, % 62.27 ± 9.01 64.46 ± 12.69 28.75 ± 9.07 0.637 2.49 × 10−5 1.12 × 10−4

Values are mean ± SD in all variables except for gender; n, individuals; CMR, compensated MR; DMR, decompensated MR; LVEDD, left
ventricular end diastolic diameter; LVESD, left ventricular end systolic diameter; SF, shortening fraction; EF, ejection fraction. p-Values
for continuous variables were calculated by Student’s t-test followed F test of equality of variances; p-Values for gender differences were
calculated by Fisher’s exact test.

2.2. Identification of DEGs Associated with LV Dilatation and LV Dysfunction

A transcriptome-wide association analysis was performed on 64,769 probes covering
25,100 annotated human genes, adjusted for sex and age as covariates (Figure 1). The
first and second principal components (PCs) jointly explained 34.3% of the total vari-
ance. Compensated MR and controls were similar to each other on PC1 and PC2, while
decompensated MR was separate from compensated MR and controls on PC2.
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Figure 1. Summary of workflow and main findings.

When using the LVEDD and LVESD parameters to compare gene expression changes
in patients with normal and dilated LV, we did not find DEGs that passed the 1% FDR
significance level (Figure 2A,B). However, after combining the three groups, 19 probes
passed the 1% FDR significance level and were associated with reduced EF (Figure 2C).
Four probes were positively correlated (i.e., positive β coefficients) and 15 probes were
negatively correlated. Of these probes, 12 significant DEGs were located in the coding
region of the transcribed genes, one of which was positively correlated with EF and the
other 11 were negatively correlated with EF.

Table 2 shows the the top suggestive DEGs associated with increased LVEDD and
LVESD including probe set IDs, chromosomes, start and end base pairs (GRCh37/hg19),
symbols of transcribed genes and their descriptions, followed by the 12 significant DEGs
associated with reduced EF.

Figure 3 shows the direction of the β coefficient correlation values for each of the
12 significant DEGs. The expression levels of all genes increased with reduced EF, and only
the expression of AQP7P3 decreased with reduced EF.
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Figure 2. Transcriptome-wide association analysis. (A) LVEDD, (B) LVESD, (C) Ejection fraction. Each data point
on the Manhattan plot corresponds to a TWAS result of −log10 of the p-value. The blue dashed line corresponds to
the transcriptome-wide significance threshold for 1% FDR, and for ejection fraction, the significance threshold is at
p = 3.56 × 10−6. Positive correlation probes are in red and negative correlation probes are in blue.

Figure 3. Correlation of gene expression levels with reduced EF in each of the 12 significant DEGs.
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Table 2. Top DEGs associated with LVEDD, LVESD, and EF parameters.

Probe Set ID CHR Start End β Coef. S.E. p Value Gene Symbol Description

LVEDD

TC03001196.hg.1 3 14389951 14394068 0.025 0.004 1.70 × 10−5 LINC01267 long intergenic non-protein
coding RNA 1267

TC01002205.hg.1 1 11917521 11918992 0.298 0.065 1.68 × 10−4 NPPB natriuretic peptide
precursor B

LVESD
TC02002167.hg.1 2 105974169 106055230 −0.037 0.006 6.67 × 10−6 FHL2 four and a half LIM

domains 2

TC03001196.hg.1 3 14389951 14394068 0.025 0.004 1.01 × 10−5 LINC01267 long intergenic non-protein
coding RNA 1267

EF
TC06002112.hg.1 6 132269316 132272518 −0.100 0.012 1.80 × 10−8 CTGF connective tissue

growth factor
TC05000336.hg.1 5 71403061 71505397 −0.036 0.005 3.00 × 10−7 MAP1B microtubule associated

protein 1B

TC07000643.hg.1 7 100770370 100782547 −0.092 0.013 3.43 × 10−7 SERPINE1

serpin peptidase inhibitor,
clade E (nexin,

plasminogen activator
inhibitor type 1), member 1

TC22000703.hg.1 22 36677323 36784063 −0.040 0.006 4.76 × 10−7 MYH9 myosin, heavy chain 9,
non-muscle

TC11000198.hg.1 11 12115543 12285332 −0.038 0.006 4.86 × 10−7 MICAL2
microtubule associated

monooxygenase, calponin
and LIM domain

containing 2
TC17001353.hg.1 17 30819627 31203902 −0.061 0.009 5.20 × 10−7 MYO1D myosin ID

TC12001925.hg.1 12 107385142 107487607 −0.025 0.004 8.08 × 10−7 CRY1 cryptochrome circadian
clock 1

TC10000889.hg.1 10 124221041 124274424 −0.029 0.005 1.53 × 10−6 HTRA1 HtrA serine peptidase 1
TC09000250.hg.1 9 42858152 42893137 0.072 0.011 1.78 × 10−6 AQP7P3 aquaporin 7 pseudogene 3
TC11000876.hg.1 11 86511282 86663886 −0.016 0.003 2.00 × 10−6 PRSS23 protease, serine, 23

TC02001281.hg.1 2 217497551 217529159 −0.018 0.003 3.54 × 10−6 IGFBP2 insulin like growth factor
binding protein 2

TC02002747.hg.1 2 216225163 216300895 −0.060 0.010 3.55 × 10−6 FN1 fibronectin 1

CHR, chromosome; β coef., β coefficients; S.E., standard error. P-value were evaluated by linear regression model adjusted for age
and gender.

2.3. Functional and Pathway Enrichment Analysis

Enrichment of GO and KEGG pathways was performed for the 12 significant DEGs.
Figure 4A shows that for the GO.BP, the relevant terms were extracellular structure or-
ganization (GO:0043062), extracellular matrix organization (GO:0030198), and integrin-
mediated signaling pathway (GO:0007229). For the GO.CC, they were collagen-containing
extracellular matrix (GO:0062023). For the GO.MF, they were actin binding (GO:0003779),
integrin binding (GO:0008305), growth factor binding (GO:0019838), and insulin-like
growth factor binding (GO:0031994). For the KEGG pathway, they were the hippo signal-
ing pathway (hsa04390), apelin signaling pathways (hsa04371), and AGE-RAGE signaling
pathway in diabetic complications (hsa04933).

Figure 4B is a conceptual network diagram of genes showing the relationship between
mRNA and enrichment pathways. Examples of the most frequently co-occurring genes
lying in the same pathways were CTGF/SERPINE1 and MHY9/MYO1D. Figure 4C shows
the STRING network using 11 genes (AQP7P3 was omitted as it was not searchable in
the STRING database). The network revealed that the highest interaction enrichment was
between six genes.
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Figure 4. Enriched GO terms and KEGG pathways for the 12 significant DEGs. (A) GO terms and pathways that passed
Bonferroni correction p < 0.05 and q < 0.05. (B) Relationships between mRNA and GO terms in BP (biological process),
CC (cellular component), MF (molecular function), and KEGG pathways; fold change are β coefficient correlation values
(C) STRING network showing the highest interaction enrichment between CTGF, SERPINE1, FN1, PRSS23, HTRA1, and
MYH9 genes (PPI enrichment p value 1.8 × 10−4).

3. Discussion

Our transcriptome-wide profiling revealed that the majority of genes expressed during
the transition to decompensated MR are pro-fibrotic genes. Cardiac fibrosis in the context
of valvular disease refers to the proliferation of interstitial fibrosis involving the deposi-
tion of collagen-rich ECM in the interstitial space between cells in response to abnormal
pressure loads [3]. Short-term interstitial fibrosis can be adaptive, but sustained activation
of fibrotic pathways causes excessive accumulation of ECM and disruption of tissue func-
tion. The compensated MR group showed only suggestive changes in gene expression
compared to the control group. Regarding the top genes associated with LV dilatation, we
observed decreased expression of FHL2, whose overexpression increases ECM production
and interstitial fibrosis [4], and increased expression of NPPB, which has been shown to
be a cardiomyocyte-derived antifibrotic factor in ventricular remodeling [5]. Increased



Int. J. Mol. Sci. 2021, 22, 3454 7 of 10

expression of LINC01276, a non-coding RNA gene, which has not been previously reported
with increased LV dilatation, was also observed.

For LV dysfunction-related decompensated MR, 12 significant DEGs (CTGF, MAP1B,
SERPINE1, MYH9, MICAL2, MYO1D, CRY1, AQP7P3, HTRA1, PRSS23, IGFBP2 and FN1)
passed the 1% FDR significance threshold. CTGF (encoding the CCN2 protein) was the most
significantly transcribed gene in this study (p = 1.80 × 10−8). It connects with other genes
involved in extracellular structural organization, ECM organization, integrin-mediated
pathway, collagen-containing extracellular matrix, integrin binding, growth factor binding,
insulin-like growth factor binding, Apelin signaling pathway and Hippo signaling pathway.
CTGF is a well-known central mediator of fibrosis that activates myofibroblast and ECM
protein remodeling. It is also significantly expressed in human myxomatous mitral valves
compared to non-myxomatous mitral valves [6].

Five other pro-fibrotic genes in the STRING network are associated with CTGF. They
are SERPINE1 that encodes PAI (plasminogen activator inhibitor)-1, whose loss-of-function
mutations are associated with human cardiac fibrosis [7]. FN1 participates in ECM re-
modeling and its inhibition attenuates fibrosis and improves heart failure [8]. HTRA1
reduces cellular secretion of mature TGF-β1, and CTGF synergizes with TGF-β to induce
ECM deposition [9]. PRSS23 is an activator of endothelial-to-mesenchymal transition and
contributes to increased ECM protein production by cardiac fibroblasts, so exacerbating
cardiac fibrosis [10]. MYH9 inhibition suppresses TGF-β1-induced differentiation of lung
fibroblast to myofibroblast [11].

TGF-β also plays a crucial role in fibrosis and is released in the pressure-overloaded
heart in addition to neurohumoral mediators such as angiotensin, aldosterone, and nore-
pinephrine [12]. The TGF-β pathway is controlled by ubiquitin-modifying enzymes and
dysregulated ubiquitination is implicated in the deterioration of LV function [13]. So far,
antagonizing TGF-β in heart failure has been toxic to humans [3]. However, treatment
of mice with monoclonal antibodies to CTGF revealed encouraging results with reduced
LV mass, cardiomyocyte hypertrophy, and myocardial fibrosis [14]. We suggest that the
pro-fibrotic genes identified in this study have the potential to be therapeutic targets.

The remaining genes in the STRING network are associated with decompensated
MR, but may not be directly related to fibrosis. They include MAP1B, which regulates the
organization of the cytoskeleton [15]. MICAL2 affects the regeneration of myofilaments
and muscle tissue [16]. MYO1D is expressed in podocytes [17]. CRY1 is a human circadian
clock gene; and acute myocardial infarction and arrythmias are regulated by circadian
clock genes [18]. AQP7P3 is the main aquaglyceroporin in the heart situated in between the
capillary lumen and interstitial space that acts as a glycerol facilitator, and its dysfunction
can lead to cardiac hypertrophy and death [19]. Finally, elevated IGFBP2 inhibits IGF-1,
which regulates LV dysfunction and is a biomarker for predicting heart failure [20].

The present study has several limitations. First, it is a cross-sectional study that pre-
cludes a causal relationship. Second, MR is a progressive disease, and LV remodeling
becomes advanced when the duration of MR is prolonged. We did not provide detailed in-
formation on disease duration and severity, because our review of patient records revealed
that most patients had undergone mitral valve surgery for less than six months upon the
diagnosis of severe MR. Some of the patients were referred from other hospitals, which
resulted in a missing or slightly unreliable assessment of the duration of severe MR in the
referred patients. In addition, the time point between moderate and severe MR may be
defined rather arbitrarily as MR progresses over time. We think that for some patients,
LV remodeling may be already underway when cardiac echography shows that the LV is
already dilated, even if MR is still in the moderate phase. Considering the heterogeneous
course of progression of MR-induced LV remodeling and the missing or unreliable docu-
mentation of the diagnosis of severe MR, we think that the duration of MR does not affect
the results of this study.
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4. Materials and Methods
4.1. Data Collection

We recruited 28 unrelated patients; 11 of whom had normal LV diameter and preserved
ejection fraction, most of whom had rheumatic disease with mitral stenosis; 13 subjects had
primary MR with dilated LV and preserved ejection fraction; and 4 subjects had dilated
LV with reduced ejection fraction. The study subjects were recruited between December
2013 and December 2018 at Chang Gung Memorial Hospital in Linkou, Taiwan. The study
protocol complied with the ethical guidelines of the 1975 Declaration of Helsinki and
was approved by the Chang-Gung Medical Foundation Institutional Review Board (IRB
No: 20170824B0, approved on 14 June 2017; 100-4076A3, approved on 31 January 2012;
103-7141C, approved on 13 January 2015). Written informed consent was obtained from
all participants. All patients underwent mitral valve correction surgery during which LV
tissue was collected from the lateral endocardial wall. We excluded from this study patients
with recent myocardial infarction, stroke, acute heart failure, and major valvular heart
disease. Detailed baseline information, such as age, gender, disease history, previous Maze
procedure history, rheumatic status and clinical measurements (LVEDD, LVESD, SF, EF)
were collected from their electronic hospital records.

4.2. RNA Isolation and Microarrays

RNA samples were extracted from fresh LV tissue after cardiac surgery. Total RNA
was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA), purified and concen-
trated with WelPrep tissue RNA kit (Welgene, Taipei, Taiwan). RNA quality was assessed
using an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). Gene
expression profiles in tissue RNA were analyzed using the human U133A (Clariom D)
GeneChip (Affymetrix, Santa Clara, CA, USA) according to the manufacturer’s proto-
col. Expression data were evaluated by Gene Level-SST RMA of Applied Biosystems
Transcriptome Analysis Console (TAC).

4.3. Statistical Analysis

Clinical characteristics between two independent groups were compared using Stu-
dent’s t-test. Sex ratios were calculated using Fisher’s exact test. Principal component
analysis was used to identify potential covariates to be included in statistical models for
analysis and to demonstrate clustering of patients. Transcriptome-wide association analysis
was performed for each probe using a linear regression model, adjusting for age and sex. A
false discovery rate (FDR) of 1% was set as the significance threshold using the Benjamini-
Hochberg method in R package qvalue [21]. GO and KEGG enrichment of DEGs was
performed using hypergeometric analysis and Bonferroni correction with p < 0.05 set as
the significance level in R package clusterProfiler [22]. STRING v11.0 http://string-db.org
(accessed in 7 March 2021) [23].

5. Conclusions

We identified the molecular components in decompensated MR as being due to the
overexpression of pro-fibrotic genes. Further animal models and human cardiomyocyte
cultures are needed to validate their effects on cardiac fibrosis.
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Abbreviations

FDR False discovery rate
LV Left ventricle
MR Mitral regurgitation
ECM Extracellular matrix
LVEDD Left ventricular end-diastolic diameter
LVESD Left ventricular end-systolic diameter
SF Shortening fraction
EF Ejection fraction
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