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The development of the cardiovascular system and its remod-
eling in response to stress are complex processes under the
intricate regulation ofmultiplemolecules. Even subtle pertur-
bations of these regulation networks have been implicated in
cardiovascular diseases (CVD). Although significant efforts
over the past few decades have helped reduce the mortal-
ity, CVD remains a major contributor to overall mortality
and morbidity globally. Refining our understanding of the
underlying molecular regulation networks may continue to
contribute to the prevention and treatment of CVD.

Recent research has highlighted a number of genetic
and epigenetic factors implicated in postnatal cardiac devel-
opment and remodeling. This editorial entitled “Genetic
and epigenetic regulation networks governing cardiovascu-
lar development and remodeling” encapsulates these recent
findings. The selected papers in this issue will improve our
understanding of the molecular mechanisms in cardiovascu-
lar development and remodeling and shed light on clinical
diagnosis and treatment of CVD.

In this issue, genetic regulation of CVD is described
by two groups. O. Irtyuga et al. identified six NOTCH1
variants in patients with aortic stenosis. Interestingly, they
also showed that NOTCH1 mutations in aortic stenosis were
associated with dysregulation of regulators of osteoprote-
gerin, receptor activator of nuclear factor 𝜅B, and its ligand.

S. Simpson et al. identified three SNPs associated with dilated
cardiomyopathy in Irish Wolfhounds and confirmed that
combining three loci analysis better predicts the incidence of
diseases than individual genetic factors alone.

As central epigenetic factors, microRNAs (miRNAs,
miRs) play vital roles in posttranscriptional regulation of gene
expression and multiple miRNAs have been found essential
for normal development and pathological diseases. Since
a single miRNA could target several genes, an individual
miRNA could affect many CVD. In this research topic, R.
Y. Cao et al. provide a comprehensive overview of emerging
roles of miR-155 in coronary artery disease, aneurysm forma-
tion, heart failure, and diabetic heart disease. S. Ding et al.
reviewed the roles of miR-222 both in physiological process
and pathological CVD. H. Gu et al. summarized the current
understandings about miR-17-92 cluster in common cardiac
diseases, as well as cardiac differentiation and proliferation
during cardiac embryonic development. All three groups
point out that targeting miRNAs such as miR-155, miR-222
andmiR-17-92 cluster might be promising therapeutic targets
of CVD, although the side effects and safe application in
clinical treatment still need to be further addressed.

Accumulating evidence suggests that specific disease
processes have a distinct miRNA expression profile.Through
microarray analysis of patients and normal controls,
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H. Wang et al. identified 92 differently expressed miRNAs
in patients with calcific aortic valve disease and J. Shi et al.
identified 20miRNAs differentially expressed in degenerative
aortic stenosis patients. These two research articles provide
evidence that distinct miRNA expression pattern indeed
exists in individuals with different CVD. Therefore, miRNAs
could serve as potential biomarkers for identifying patients
with certain CVD. J. Wang et al. showed that circulating
miR-146a increased in patients with good coronary collateral
circulation in coronary artery disease and could be used as
a potential biomarker for discriminating patients with poor
or good coronary collateral circulation. Furthermore, as
the constituents of exosomes, miRNAs play important roles
in intercellular communication. L. Shao et al. showed that
mesenchymal stem cell (MSC) and MSC derived exosomes
(MSC-Exo) have similar miRNA expression profile and
MSC-Exo are superior to MSCs in preserving myocardial
function, indicatingMSC-Exo as a novel therapeutic strategy
for myocardial infarction. In contrast to pathological hyper-
trophy, exercise training induced physiological hypertrophy
is favorable for cardiac function. J. Xu et al. predictedmiRNAs
and miRNA related biological pathways contributing to
exercise-induced physiological cardiac hypertrophy using
bioinformatics methods. In addition to cardiovascular re-
modeling, overwhelming studies have showed the important
roles of miRNAs in postnatal heat development. P. Yu et
al. showed the expression of seven cardiac or muscle specific
miRNAs were changed in response to the time after birth in
mice heart tissue, improving our understanding of cardiac
development and providing new potential targets for treat-
ment of heart diseases.

Circular RNAs (circRNAs), a novel type of epigenetic
regulators, are becoming a research hotspot and play essential
roles in the regulation of gene expression. X. Fan et al. sum-
marized the current knowledge of the biogenesis, properties,
and functions of circRNAs, especially their roles inCVD.This
review lays the foundation for further study of circRNA func-
tion and indicates the great potential values of circRNA as
diagnostic or prognostic biomarkers in various cardiac dis-
eases.

Collectively, this research topic provides a thorough and
updated summary about genetic and epigenetic regulation
in cardiovascular development and remodeling and sets the
stage for the related in-depth studies and clinical investiga-
tions.

Junjie Xiao
Dragos Cretoiu

Zhiyong Lei
Saumya Das

Xinli Li
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AlteredmicroRNA (miRNA,miR) expression has been related tomany disease processes; however, themiRNAexpression signature
in calcific aortic valve disease (CAVD) is unclear. In this study,microarrays were used to determine themiRNA expression signature
of tissue samples from healthy individuals (𝑛 = 4) and patients with CAVD (𝑛 = 4). TargetScan, PITA, and microRNAorg 3-
way databases were used to predict the potential target genes. DIANA-miRPath was used to incorporate the aberrant miRNAs
into gene pathways. miRNAmicroarrays identified 92 differentially expressed miRNAs in CAVD tissues.The principal component
analysis (PCA) of these samples and the unsupervised hierarchical clustering analysis based on the 92 aberrantly expressedmiRNAs
noted that miRNA expression could be categorized into two well-defined clusters that corresponded to healthy control and CAVD.
Bioinformatic analysis showed the miRNA targets and potential molecular pathways. Collectively, our study reported the miRNA
expression signature in CAVD and may provide potential therapeutic targets for CAVD.

1. Background

Valve diseases continue to occur inmany patients with signif-
icant morbidity and mortality. The age-adjusted prevalence
of moderate or severe valve diseases was estimated at 2.5%
[1]. Calcific aortic valve disease (CAVD) is the most common
valve heart disease in the elderly and a leading cause of aortic
stenosis [2]. In developing countries, CAVD represents a
major cause for surgical valve replacement [3]. As a result of
rising life expectancy and ageing populations, the burden of
CAVD will significantly increase in the near future.

While CAVD was originally thought to be a degenerative
process with passive deposition of calcium phosphate in the
valve occurring with age, it now appears to be a complex
and actively regulated progress mediated by inflammation,
cell apoptosis, lipid deposition, renin-angiotensin system
activation, extracellular matrix remodeling, and bone for-
mation [4–6]. To better monitor progression of CAVD and
identify the most appropriate instances for surgical interven-
tion, biomarkers can be serially monitored. Such biomark-
ers would represent objective laboratory measurements, as
older patients with CAVD might have atypical symptoms

associated with comorbidities such as pulmonary disease or
orthopaedic disabilities [7, 8].

MicroRNAs (miRNAs, miRs) are endogenous, small,
single-stranded, 21–25 nucleotide noncoding RNAs, regu-
lating target gene expressions by hybridizing to messenger
RNAs (mRNAs). An individual miRNA is able to target tens
to hundreds of genes while a single gene can also be targeted
by lots of miRNAs [9]. Since miRNAs play critical roles
in many physiological processes, increasing reports indicate
that a distinct pattern of altered miRNA expressions may be
linked to specific disease processes [10–15]. We previously
reported the miRNA expression signature in degenerative
aortic stenosis [14]. In this study, we explored the miRNA
expression signature in CAVD.

2. Materials and Methods

2.1. Tissue Sample Collection and RNA Isolation. This study
was officially approved by the Ethics Committees of the
First Affiliated Hospital of Nanjing Medical University and
conformed to the principles outlined in the Declaration
of Helsinki. All written informed consent was obtained
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from patients, and parents where applicable. Tissue samples
from four healthy subjects were collected from prospective
multiorgan donors in cases because of technical reasons
that prevented transplantation, while stenotic aortic valve
samples were obtained from four patients who underwent
surgical valve replacement for aortic stenosis. All samples
were examined by gross examination, andmicroscopic exam-
ination of hematoxylin and eosin-stained cryosections was
conducted to confirm the presence/absence of CAVD. Tissue
samples harvested from subject donors were snap-frozen
in liquid nitrogen, and RNA was then isolated using the
RNeasyMini Kit (Qiagen,Hilden, Germany) according to the
manufacturer’s instructions.

2.2. miRNA Microarray Analysis. Total RNAs were iso-
lated from heart tissues using mirVana� RNA Isolation
Kit, quantified by NanoDrop ND-2100 (Thermo Scientific),
and controlled for RNA integrity using Agilent Bioanalyzer
2100 (Agilent Technologies) according to the manufacturer’s
instructions. miRNA profiling was performed with OE
Biotech’s (Shanghai, China) miRNA microarray service. The
arrays from the control group are the same as we previously
used [14].

2.3. Bioinformatic Analysis. TargetScan, PITA, and microR-
NAorg 3-way databases were used to identify potential
human miRNA target genes and a Venn diagram was made
to provide relations among the 3 databases. DIANA tool
miRPath v2.0, a web-based analysis tool, was used for
pathway enrichment analysis for the miRNA set identified
[16]. DIANA tool miRPath assigns Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway with the significance
level determined by the number of target genes affected by
the identified microRNAs.

2.4. Statistical Analysis. Independent Student’s 𝑡-test was
used to determine whether there were any significant differ-
ences between the miRNA expression profiles between two
groups. 𝑃 values less than 0.05 (𝑃 < 0.05) were considered
to be statistically significant. Significant data were further
analyzed by clustering, and the expression profiles were
visualized with GeneSpring 10.0 (Agilent Technology).

3. Results

3.1. Principal Component Analysis of miRNA Expression Pro-
files. Principal component analysis (PCA) is a mathematical
algorithm that reduces the dimensionality of the data while
retaining most of the variation in the data set [17]. Dots in
two colors separated in two axes based on the differences of
the data, suggesting that samples in this study were prepared
appropriately and could be grouped as CAVD or healthy
control (Figure 1).

3.2. Unsupervised Hierarchical Cluster Analysis of miRNA
Microarray Data. miRNA arrays identified 92 miRNAs with
a statistically significant differential expression of 2.0-fold
or greater in CAVD samples relative to normal controls.
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Figure 1: PCA of the miRNA profiles in CAVD tissue samples and
control subjects. Red dots represent samples from control group,
while blue dots represent samples from CAVD group.

Fifty-three miRNAs were underexpressed and 39 were over-
expressed in aortic tissue from CAVD patients (Table 1).
Unsupervised hierarchic clustering of the two groups was
performed on the 92 differently expressed miRNAs and
displayed as heatmap (Figure 2).

3.3. Target Genes Analysis. MicroRNAorg, TargetScan, and
PITA were used to predict the targets of differentially ex-
pressed miRNAs in CAVD samples. A Venn diagram was
made to highlight the relations among the three databases.
There are 8717 genes overlapping by all three sets, which are
most likely to be targets of miRNAs in patients with CAVD
(Figure 3).

3.4. DIANA miRNA Pathway Analysis. To better under-
stand the putative mechanisms underlying CAVD, we used
DIANA-miRPath (v2.0), a web-based server developed to
identify the potential cellular pathways regulated by microR-
NAs. We first evaluated downregulated miRNAs in CAVD
samples compared to control samples. The potential affected
pathways included the following: cell cycle, PI3K-Akt sig-
naling pathway, ECM-receptor interaction, HIF-1 signaling
pathway, p53 signaling pathway, ErbB signaling pathway,
Neurotrophin signaling pathway, focal adhesion, and DNA
replication (Table 2). Upregulated miRNAs were also used to
generate the potential affected pathways by DIANA-miRPath
and identified p53 signaling pathway, HIF-1 signaling path-
way, valine, leucine, and isoleucine biosynthesis, ErbB sig-
naling pathway, cell cycle, mTOR signaling pathway, MAPK
signaling pathway, PI3K-Akt signaling pathway, Wnt signal-
ing pathway, synthesis and degradation of ketone bodies,
TGF-beta signaling pathway, basal transcription factors, glyc-
erophospholipid metabolism, hypertrophic cardiomyopathy
(HCM), focal adhesion, circadian rhythm, mismatch repair,
lysine degradation, and butanoate metabolism (Table 3).

4. Discussion

miRNAs have been shown to be critical regulators in car-
diovascular diseases [18–25]. However, there are no reports
revealing distinct miRNA expression signatures in the CAVD
patients and healthy controls. In this study, we identified
global changes in the miRNA expression profile in CAVD
and healthy control. Calcific aortic valve stenosis is char-
acterized by lipid accumulation, inflammation, formation
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Table 1: Fifty-three underexpressed and 39 overexpressed miRNAs
in aortic tissue from CAVD patients compared to the control group.

Systematic name 𝑃 value Fold change Regulation
hsa-miR-3656 0.011202 2.0143232 Up
hsa-miR-765 0.033639 2.0401733 Up
hsa-miR-2861 0.008741 2.0782373 Up
hsa-miR-663a 0.00633 2.0819619 Up
hsa-miR-1246 0.027045 2.1549542 Up
hsa-miR-3141 0.002969 2.2772849 Up
hsa-miR-125a-3p 0.012002 2.3428166 Up
hsa-miR-4327 0.004807 2.367507 Up
hsa-miR-638 0.002785 2.3686504 Up
hsa-miR-4270 0.030574 2.4421182 Up
hsa-miR-642b-3p 0.034575 2.5763547 Up
hsa-miR-513a-5p 0.007538 2.6546612 Up
hsa-miR-483-5p 0.008099 2.655595 Up
hsa-miR-3679-5p 0.004016 2.7413363 Up
hsa-miR-3648 0.017053 2.8097122 Up
hsa-miR-30c-1-3p 7.64E-04 2.893416 Up
hsa-miR-1275 0.005457 2.9556682 Up
hsa-miR-513b 0.020604 3.4257321 Up
hsa-miR-1972 0.011389 3.689852 Up
hsa-miR-3138 0.004076 3.974949 Up
hsa-miR-3663-3p 0.005874 4.314916 Up
hsa-miR-21-5p 0.003826 4.317176 Up
hsa-miR-718 0.031718 4.957687 Up
hsa-miR-630 0.001304 7.3841376 Up
hsa-miR-575 0.001586 10.079804 Up
hsa-miR-3934 0.048827 13.458452 Up
hsa-miR-143-5p 0.033632 16.2909 Up
hsa-miR-3131 0.047501 22.065104 Up
hsa-miR-125b-1-3p 0.00519 23.412596 Up
hsa-miR-625-3p 0.005867 23.648891 Up
hsa-miR-1471 0.035145 25.31259 Up
hsa-miR-4314 0.032125 27.92129 Up
hsa-miR-636 0.00923 28.36478 Up
hsa-miR-3945 0.018336 38.864952 Up
hsa-miR-3610 0.014352 49.196358 Up
hsa-miR-1182 1.46E-05 73.30232 Up
hsa-miR-3713 2.44E-05 117.90961 Up
hsa-miR-21-3p 5.95E-05 149.08258 Up
hsa-miR-516a-5p 2.88E-05 155.79349 Up
hsa-miR-654-3p 0.002559 2.0230756 Down
hsa-miR-93-5p 0.020279 2.0238087 Down
hsa-miR-320d 0.038247 2.052202 Down
hsa-miR-381 0.035566 2.0584567 Down
hsa-miR-214-3p 0.011756 2.0957778 Down
hsa-miR-125b-5p 0.036771 2.1063256 Down
hsa-miR-361-3p 0.036059 2.1256602 Down
hsa-miR-29c-3p 0.009743 2.1358023 Down
hsa-miR-495 0.001289 2.1425073 Down
hsa-miR-374a-5p 0.01904 2.1439137 Down
hsa-miR-20b-5p 0.027368 2.1694279 Down
hsa-miR-382-5p 0.043289 2.1756916 Down

Table 1: Continued.

Systematic name 𝑃 value Fold change Regulation
hsa-miR-4324 0.039752 2.178068 Down
hsa-miR-25-3p 0.004579 2.1911306 Down
hsa-miR-100-5p 0.035509 2.1913323 Down
hsa-miR-193b-3p 0.022676 2.191656 Down
hsa-miR-107 0.007782 2.2016506 Down
hsa-miR-660-5p 8.68E-04 2.2094207 Down
hsa-miR-103a-3p 0.020178 2.2370007 Down
hsa-miR-195-5p 0.049708 2.3292358 Down
hsa-miR-299-5p 0.002066 2.3574395 Down
hsa-miR-487b 7.71E-04 2.422462 Down
hsa-miR-128 0.022531 2.4691415 Down
hsa-miR-181d 0.019566 2.5412066 Down
hsa-miR-374b-5p 0.038373 2.5474217 Down
hsa-let-7b-5p 0.042981 2.6197023 Down
hsa-miR-140-5p 0.005972 2.639281 Down
hsa-let-7g-5p 0.02818 2.7145965 Down
hsa-miR-151a-5p 0.010444 2.7681546 Down
hsa-miR-532-5p 0.020008 2.7994845 Down
hsa-miR-26b-5p 0.025414 2.8088717 Down
hsa-miR-30e-3p 0.020305 2.8739653 Down
hsa-miR-140-3p 0.040144 2.8943768 Down
hsa-miR-29c-5p 0.004665 2.9975233 Down
hsa-miR-181c-5p 0.015322 3.0353231 Down
hsa-miR-204-5p 0.044941 3.0471704 Down
hsa-let-7d-5p 0.025658 3.0987353 Down
hsa-miR-98 0.027495 3.2012997 Down
hsa-miR-10a-5p 0.019225 3.3482268 Down
hsa-let-7f-5p 0.037282 3.4332418 Down
hsa-let-7e-5p 0.018337 3.6489105 Down
hsa-let-7a-5p 0.029403 3.6912477 Down
hsa-miR-99a-5p 0.035923 3.8172672 Down
hsa-let-7c 0.032672 3.9863558 Down
hsa-miR-126-3p 0.026073 4.528461 Down
hsa-miR-29b-1-5p 0.006566 15.589992 Down
hsa-miR-181c-3p 0.008219 16.225191 Down
hsa-miR-194-5p 0.011511 20.940771 Down
hsa-miR-335-5p 0.006273 36.750603 Down
hsa-miR-126-5p 0.015298 38.692142 Down
hsa-miR-505-5p 1.18E-05 42.592148 Down
hsa-miR-625-5p 0.008835 43.434204 Down
hsa-miR-200b-3p 1.60E-06 70.24472 Down

of plaque neovessels, hemorrhages, neointimal formation,
vascular fibrosis, and ectopic calcification [4, 26]. Previous
studies have shown that miRNAs play crucial roles in those
processes such as angiogenesis, fibrogenesis, proliferation,
and apoptosis [9].

miR-126 is one of themost abundantly expressedmicroR-
NAs in endothelial cells (ECs) [27]. Upregulation of miR-126
increases EC survival, decreases EC apoptosis, and prevents
reactive oxygen species (ROS) mediated endothelial damage
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Table 2: The pathways incorporated by downregulated microRNAs in CAVD.

KEGG pathway 𝑃 value Genes miRNAs
Cell cycle <1𝐸− 16 48 19
PI3K-Akt signaling pathway 2.22𝐸 − 16 95 17
ECM-receptor interaction 1.85𝐸 − 12 9 4
HIF-1 signaling pathway 8.63𝐸 − 10 30 15
p53 signaling pathway 1.49𝐸 − 08 28 14
ErbB signaling pathway 7.14𝐸 − 05 23 12
Neurotrophin signaling pathway 0.00249 19 10
Focal adhesion 0.0029 19 6
DNA replication 0.013417 19 2

Table 3: The pathways affected by upregulation of specific microRNAs in CAVD.

KEGG pathway 𝑃 value Genes miRNAs
p53 signaling pathway 5.63𝐸 − 09 11 2
HIF-1 signaling pathway 0.00023 10 2
Valine, leucine, and isoleucine biosynthesis 0.00227 1 1
ErbB signaling pathway 0.003959 5 1
Cell cycle 0.003959 10 2
mTOR signaling pathway 0.004909 6 1
MAPK signaling pathway 0.005193 15 2
PI3K-Akt signaling pathway 0.005193 17 2
Wnt signaling pathway 0.008586 10 1
Synthesis and degradation of ketone bodies 0.009366 2 1
TGF-beta signaling pathway 0.021216 7 1
Basal transcription factors 0.029417 4 1
Glycerophospholipid metabolism 0.030271 8 1
Hypertrophic cardiomyopathy (HCM) 0.030271 6 1
Focal adhesion 0.030271 11 2
Circadian rhythm 0.030848 3 1
Mismatch repair 0.034518 2 1
Lysine degradation 0.038471 4 1
Butanoate metabolism 0.038615 3 1
Specific types of cancers and infections were not included.

[28]. Our findings of decreased miR-126 in CAVD may
suggest a detrimental effect in human calcific aortic valve.

The differentially expressed miRNAs identified in the
current study also included many profibrotic miRNAs such
as miR-21 and miR-125b that might contribute to CAVD by
promoting fibrosis. Several expression profiling studies iden-
tify that increased level of miR-21-5p in cardiac fibroblasts
promotes cardiac fibrosis via its target genes: phosphatase
and tensin homolog (PTEN) [29] and Sprouty-1 (Spry1)
[30]. Additionally, miR-125b is a novel regulator of cardiac
fibrogenesis, proliferation, and fibroblast-to-myofibroblast
transition. Nagpal et al. demonstrated the upregulation of
miR-125b in fibrotic human heart and murine models of
cardiac fibrosis [31].

Interestingly, our miRNA array data revealed that several
members of the let-7 (let-7a, let-7b, let-7c, let-7d, let-7e, let-
7f, and let-7g) were downregulated in calcific aortic valve.

Let-7g targets the genes related to vascular smooth muscle
cell (VSMC) functions, including ROS, autophagy-related
proteins (expression of beclin-1, LC3-II, and Atg5), and
apoptosis-related proteins (expression of caspase-3, Bax, Bcl-
2, and Bcl-xL) [32]. Let-7 family members might directly
influence aortic valve sclerosis by regulating the proliferation,
migration, autophagy, and apoptosis of VSMC, which have
been implicated in the progression of CAVD [4, 26].

The abnormal expression of miR-21-5p was found in
many cardiovascular diseases [33]. Programmed cell death 4
(PDCD4) is identified as a direct target gene of miR-21-5p. It
has been reported that miR-21-5p prevented cardiomyocyte
apoptosis in ischaemia/reperfusion heart model through
PDCD4 repression [34]. Furthermore, miR-21/PDCD4 path-
way was proved to be involved in cardiac valvulogenesis by
regulating endothelial cell migration [35]. In our work, miR-
21-5p was upregulated in calcific aortic valve which indicates
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thatmiR-21-5pmight take part in CAVD.However, the effects
and mechanisms of miR-21-5p on calcific aortic valve are still
to be investigated in further studies.

A comprehensive knowledge of miRNA expression is
essential to improve our understanding of this disease. This
study provides the first evidence that there exists a distinct
miRNA expression signature in individuals with CAVD,
as compared to healthy controls. There are 92 differently
expressed miRNAs in the CAVD patients compared with
healthy controls by miRNA arrays. PCA and unsupervised
hierarchical clustering with these miRNAs demonstrates that
this profile could accurately classify the samples according
to their disease status. Moreover, bioinformatic tools indicate
that the differential expression of miRNAs could be linked to
several targets and pathways.

As a limitation of our study, the exact pathways by which
dysregulatedmiRNAs cause CAVD in human remain elusive.
Further studies are required to fully characterize the function
of candidate miRNAs.

5. Conclusions

Taken together, the current study provides insight into the
importance of microRNA expression signature in CAVD. A
deeper understanding of themolecular alternations in CAVD
may provide potential targets for future clinical applications.
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Exercise-induced physiological cardiac hypertrophy is generally considered to be a type of adaptive change after exercise training
and is beneficial for cardiovascular diseases. This study aims at investigating exercise-regulated microRNAs (miRNAs) and their
potential biological pathways. Here, we collected 23 miRNAs from 8 published studies. MirPath v.3 from the DIANA tools website
was used to execute the analysis, and TargetScan was used to predict the target genes. Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Gene Ontology (GO) analyses were performed to identify potential pathways and functional annotations associated
with exercise-induced physiological cardiac hypertrophy. Various miRNA targets and molecular pathways, such as Fatty acid
elongation, Arrhythmogenic right ventricular cardiomyopathy (ARVC), and ECM-receptor interaction, were identified.This study
could prompt the understanding of the regulatory mechanisms underlying exercise-induced physiological cardiac hypertrophy.

1. Introduction

Cardiac hypertrophy, including physiological hypertrophy
and pathological hypertrophy, is one of the most important
adaptive mechanisms for the heart in various situations
of stress [1]. Pathological cardiac hypertrophy is always
associated with decreased cardiac dysfunction and poor
prognosis, which can ultimately lead to heart failure [2]. In
contrast, physiological hypertrophy induced by pregnancy
or chronic exercise training is favourable for cardiac func-
tion [2]. Various epidemiological and experimental studies
revealed that exercise training contributes to physiological
cardiac hypertrophy, and it can attenuate the pathologi-
cal hypertrophy related to cardiovascular diseases, such as
myocardial infarction, heart failure, and cardiomyopathy
[3, 4].

The biological mechanism underlying the physiologi-
cal cardiac hypertrophy induced by exercise is complex
and still incompletely elucidated [3]. In recent years, an

increasing number of studies have identified that the
microRNA (miRNA, miR) networks regulated by exercise
could contribute to physiological cardiac hypertrophy [5].
miRNAs are a type of small noncoding RNA (18–23 bp) that
can cause translational repression or cleavage of mRNAs and
posttranscriptional silencing. miRNAs are considered to be
promising therapeutic targets for numerous cardiovascular
diseases and have been shown to play a key role in physio-
logical hypertrophy by regulating various cellular functions,
including decreasing fibrosis and apoptosis and inducing cell
growth and angiogenesis [6]. Different studies focused on
physiological hypertrophy identified various miRNAs and
their potential pathways due to different experimental condi-
tions; however, the most likely mechanism is still unclear [7–
14]. In this study, we collected the current published data con-
cerning miRNAs associated with physiological hypertrophy
and predicted the most likely biological pathways underlying
exercise-induced physiological cardiac hypertrophy using
bioinformatics tools.
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Figure 1: The KEGG and GO pathways incorporated by downregulated microRNAs.

2. Methods

2.1. Data Extraction. We searched the PubMed website using
the keywords “microRNA,” “exercise,” and “hypertrophy”
to identify all of the published microRNAs associated with
exercise-induced cardiac hypertrophy that were eligible for
further bioinformatics analysis. We collected all the appro-
priate published articles and extracted all the data needed for
further analysis.

2.2. Bioinformatics Analysis. The software MirPath v.3 from
the DIANA tools website was used to identify potential
miRNA target genes and pathways in our study. TargetScan
was used in this study to predict the potential target
genes and demonstrate the possible relationships among the
databases. Pathway analysis was performed to determine
the involvement of coexpressed genes in different biological
pathways according to the Kyoto Encyclopedia of Genes
and Genomes (KEGG). Gene Ontology (GO) analysis was
used to investigate the pathways associated with biological
processes, cellular components, and specific molecular func-
tions corresponding to the target genes of miRNAs identified
by the software TargetScan. In this study, 𝑃 values less
than 0.05 (𝑃 < 0.05) were considered to be statistically
significant.

3. Results

3.1. The Profiles of Identified miRNAs. As Table 1 shows,
8 studies were included in our study. Mouse models were
used in 2 studies and rat models were used in another 6
studies to investigate the miRNAs regulated by various types
of exercise [7–14]. Swimming, running, jumping, or wheel
running were applied in the above studies. A total of 23
miRNAs were found to be associated with exercise-induced
physiological cardiac hypertrophy. A total of 12miRNAswere
upregulated after exercise, while 14 miRNAs were downreg-
ulated, and 3 miRNAs showed different results in different
reports.

3.2. KEGG and GO Pathway Analysis. KEGG pathway anal-
ysis was used to identify all the potential pathways corre-
sponding to miRNAs regulated by exercise. As shown in
Table 2 and Figure 1(a), the significant (𝑃 < 0.05) pathways
corresponding to downregulated miRNAs were as follows:
Fatty acid elongation, Arrhythmogenic right ventricular car-
diomyopathy (ARVC), Other types of O-glycan biosynthesis,
Thyroid hormone synthesis, Tyrosine metabolism, Mucin
type O-glycan biosynthesis, Other glycan degradation, Gly-
cosphingolipid biosynthesis-lacto and neolacto series, Tryp-
tophan metabolism, Gap junction, Proteoglycans in cancer,
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Table 1: The microRNAs regulated by exercise.

MicroRNAs Exercise training Regulation Reference
MiR-133a (rno-miR-133a-3p) Running & swimming Down 17468766 & 21447748
MiR-1 (rno-miR-1-3p) Running & swimming Down 17468766 & 21447748
MiR-27a (rno-miR-27a-3p) Swimming Up 21709209
MiR-27b (rno-miR-27b-3p) Swimming Up 21709209
MiR-143 (rno-miR-143-3p, mmu-miR-143-3p) Swimming & wheel running Down 21709209 & 24751578
miR-26b (mmu-miR-26b-5p) Wheel running Down 24751578
miR-150 (mmu-miR-150-5p) Wheel running Up 24751578
miRNA-133b (rno-miR-133b-3p) Swimming Down 21447748
miRNA-29c (rno-miR-29c-3p) Swimming Up 21447748
miRNA-214 (rno-miR-214-3p) Jumping Down 25822872
miR-208b (rno-mir-208b) Swimming Up 25793527
miR-30e (rno-miR-30e-5p) Swimming Up 25793527
miR-19b (rno-miR-19b-3p) Swimming Up 25793527
miR-99b (rno-miR-99b-5p) Swimming Down 25793527
miR-100 (rno-miR-100-5p) Swimming Down 25793527
miR-191a (rno-mir-191a) Swimming Down 25793527
miR-22 (rno-miR-22-3p) Swimming Down 25793527
miR-181a (rno-miR-181a-5p) Swimming Down 25793527
miR-222 (mmu-miR-222-3p) Swimming & wheel running Up 25863248
miRNA-21 (rno-miR-21-5p) Swimming Up 23812090
miRNA-145 (rno-miR-145-5p) Swimming Up 23812090
miRNA-144 (rno-miR-144-3p) Swimming Up 23812090
miRNA-124 (rno-miR-124-3p) Swimming Down 23812090

Table 2: The KEGG pathways incorporated by downregulated miRNAs.

KEGG pathway − log(𝑃 value) Genes
Fatty acid elongation 4.84 Hadha, Elovl6
Arrhythmogenic right ventricular cardiomyopathy (ARVC) 2.94 Cacng4, Cacna2d1, Sgcd, Jup, Itgb8, Gja1
Other types of O-glycan biosynthesis 2.34 B3glct, Pomt2, Fut9, Colgalt2
Thyroid hormone synthesis 2.04 Duox2, Tg
Tyrosine metabolism 2.04 Maoa, Aldh1a3
Mucin type O-Glycan biosynthesis 1.76 Galnt16, Galnt7
Other glycan degradation 1.66 Neu3
Glycosphingolipid biosynthesis-lacto and neolacto series 1.66 B3galt2, Fut9
Tryptophan metabolism 1.66 Afmid, Hadha, Tph2, Maoa, Ogdhl
Gap junction 1.66 Tjp1, Egfr, Nras, Grm5, Gja1

Proteoglycans in cancer 1.66 Wnt2, Cttn, Wnt4, Fgfr1, Egfr, Fn1, Nras, Erbb3, Rock2, Flna,
Fzd3, Wnt2b, Pik3cd, Cav3, Ppp1cc

Signaling pathways regulating pluripotency of stem cells 1.57 Fgfr3, Wnt2, Wnt4, Fgfr1, Nras, Nodal, Smad4, Fzd3, Wnt2b,
Pik3cd, Acvr1c

and signalling pathways regulating pluripotency of stem
cells. The significant pathways corresponding to upregulated
microRNAs were as follows: ECM-receptor interaction, Fatty
acid degradation, Fatty acid metabolism, Amoebiasis, Fatty
acid elongation, Protein digestion and absorption, PI3 K-Akt
signalling, Tyrosine metabolism, Other types of O-glycan
biosynthesis, Glycosphingolipid biosynthesis-lacto and neo-
lacto series, Valine, leucine and isoleucine degradation, and
Focal adhesion (Table 3 and Figure 2(a)).

Gene Ontology (GO) analysis was used to investigate
the pathways associated with biological processes, cellular
components, and specificmolecular functions corresponding
to the target genes of miRNAs identified by the software
TargetScan. The pathways corresponding to the target genes
of downregulated miRNAs included cell, intracellular bio-
logical process, anatomical structure development,molecular
function, cellular component, organelle, cell differentiation,
embryo development, chromosome organization, anatomical
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Table 3: The KEGG pathways incorporated by upregulated miRNAs.

KEGG pathway −log(𝑃 value) Genes

ECM-receptor interaction 55.86 Col2a1, Col3a1, Col6a3, Col1a1, Col4a4, Col5a2, Col5a3, Col4a1, Col4a3, Col11a1,
Col4a2, Col5a1

Fatty acid degradation 16.12 Hadha, Ehhadh, Acadm
Fatty acid metabolism 9.93 Hadha, Ehhadh, Acadm

Amoebiasis 6.21 Col2a1, Col3a1, Col1a1, Prkx, Col4a4, Col5a2, Col5a3, Col4a1, Col4a3, Col11a1,
Col4a2, Col5a1

Fatty acid elongation 4.85 Hadha

Protein digestion and absorption 3.93 Col2a1, Col3a1, Col6a3, Col1a1, Col4a4, Col5a2, Col5a3, Col9a1, Col4a1, Col4a3,
Col11a1, Atp1b4, Col4a2, Col5a1

PI3K-Akt signaling pathway 2.81
Tsc1.Col2a1.Col3a1.Ddit4.Fgf.Col6a3.Lpar6.Fgf12.Eif4b.Col1a1.Irs1.Them4.Vegfa.
Egfr.Ppp2ca.Ghr.Col4a.Tek.Col5a2.Osmr.Ppp2cb.Col5a.Ppp2r3c.Gng5.Col4a1.

Col4a.Col11a1.Myb.Gnb3.Col4a.Col5a1.Kit
Tyrosine metabolism 2.36 Maoa, ldh1a3
Other types of O-glycan biosynthesis 2.23 Pomt2, Fut9, Colgalt2
Glycosphingolipid biosynthesis-lacto
and neolacto series 1.81 B3galt2, Fut9

Valine, leucine and isoleucine
degradation 1.81 Hadha, Ehhadh, Acadm

Focal adhesion 1.41 Col2a1.Col3a1.Vav3.Col6a3.Col1a1.Vegfa.Crkl.Egfr.Col4a.Col5a2.Col5a3.Mylk.
Col4a1.Col4a3.Col11a1.Col4a2.Col5a1.Ppp1ccsee interacti
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Figure 2: The KEGG and GO pathways incorporated by upregulated microRNAs.
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structure formation involved in morphogenesis, ion bind-
ing, and cell morphogenesis (Figure 1(b)). Similarly, the
following pathways corresponded to the upregulated miR-
NAs: cell, intracellular, anatomical structure development,
biological process, cell differentiation, embryo development,
ion binding, molecular function, proteinaceous extracellular
matrix, organelle, basement membrane, anatomical structure
formation involved in morphogenesis, collagen type IV
trimer, extracellular matrix structural constituent, chromo-
some organization, and cell morphogenesis (Figure 2(b)).

4. Discussion

Exercise is widely known as a safe and well-accepted non-
pharmacological strategy to improve cardiac function and
protect the heart from cardiovascular disorders [15]. It is
quite important to find the potential molecular pathways
underlying the physiological cardiac hypertrophy induced by
exercise. In recent years, an increasing number of studies have
focused on miRNAs, which can inhibit the transcription of
target mRNAs and regulate various biological pathways [16].
Various studies reveal that miRNAs regulated by exercise are
associated with physiological cardiac hypertrophy processes
[7, 8]. However, due to the various animal models and the
various types of exercise training, different miRNAs and
potential biological pathways have been reported in different
studies. In several studies, some miRNAs were even reported
to be regulated in opposite directions, and thus it is hard to
determine which miRNAs and pathways are associated most
with exercise-induced hypertrophy [8, 9]. In this study, we
collected all the miRNA data from all the published articles
about exercise-induced cardiac hypertrophy and investigated
the most likely biological pathways using bioinformatics
analysis.

The analysis of downregulated miRNAs regulated by
exercise revealed that Fatty acid elongation pathway and
Arrhythmogenic right ventricular cardiomyopathy (ARVC)
pathway could be associated with the hypertrophy process.
In the Fatty acid elongation pathway, ELOVL family member
6 (Elovl6) is a microsomal enzyme, which has been shown
to regulate the monounsaturated Fatty acids and elongation
of C12–16 saturated Fatty acids [17]. Elovl6 is associated with
brown adipose tissue (BAT) thermogenic capacity, which
could protect against cardiomyocyte injury and suppress car-
diac remodelling in catecholamine-induced cardiomyopathy
[18]. Our findings first indicate that exercise could contribute
to physiological hypertrophy via regulating the Elovl6-BAT
pathway. Arrhythmogenic right ventricular cardiomyopathy
(ARVC) is typically an autosomal dominant heart muscle
disease, which is always accompanied by ventricular enlarge-
ment, heart dysfunction, and lethal arrhythmias [19]. ARVC
is one of the most common primary reasons of sudden
death in young people and athletes. Experimental and clinical
studies indicated that exercise might induce ARVC [20]. In
this study, we also elucidate the potential association between
exercise and ARVC via miRNA regulation.

The analysis of upregulated miRNAs induced by exercise
revealed that the ECM-receptor interaction pathway is the

most valuable one. It was recently identified that in themouse
model of angiotensin II-induced cardiac remodelling, ECM-
receptor interaction pathway may be involved in the process
of cardiac remodelling [21, 22]. Here, we also indicate the
relationship between this pathway and cardiac hypertrophy
using bioinformatics analysis. This association needs to be
more clearly elucidated in the future. We speculate that
exercise can decrease fibrosis by targeting the ECM-receptor
interaction pathway.

In conclusion, we predicted the most likely biological
pathways associated with physiological cardiac hypertrophy
induced by exercise in this study through extracting pub-
lished miRNA data and performing analysis using bioin-
formatics methods, which may help us better understand
the regulatory networks of exercise-induced physiological
cardiac hypertrophy. However, more in-depth studies and
clinical investigations are still needed in the future.
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Background. The NOTCH pathway is known to be important in the pathogenesis of calcific aortic valve disease, possibly through
regulators of osteoprotegerin (OPG), receptor activator of nuclear factor 𝜅B (RANK), and its ligand (RANKL) system.The purpose
of the present study was to search for possible associations between NOTCH1 gene mutations and circulating levels of OPG and
soluble RANKL (sRANKL) in patients with aortic stenosis (AS).Methods.The studywas performed on 61 patients withAS including
31 with bicuspid and 30 with tricuspid aortic valves. We applied a strategy of targeted mutation screening for 10 out of 34 exons of
the NOTCH1 gene by direct sequencing. Serum OPG and sRANKL levels were assessed. Results. In total, 6 genetic variants of the
NOTCH1 gene including two new mutations were identified in the study group. In an age- and arterial hypertension-adjusted
multivariable regression analysis, the serum OPG levels and the OPG/sRANKL ratio were correlated with NOTCH1 missense
variants. All studied missense variants in NOTCH1 gene were found in Ca(2+)-binding EGF motif of the NOTCH extracellular
domain bound to Delta-like 4. Conclusion. Our results suggest that the OPG/RANKL/RANK system might be directly influenced
by genetic variants of NOTCH1 in aortic valve calcification.

1. Introduction

Aortic stenosis (AS) due to tricuspid (TAV) and bicuspid
(BAV) aortic valve calcification is the most frequent valvular
heart disease and the third leading cause of adult heart disease
[1]. There are currently no medical interventions capable of
delaying or halting aortic stenosis progression. AS was pre-
viously considered as a degenerative aortic valve disease and
hypothesized to be due to a passive accumulation of calcium
binding to the aortic surface of the valve leaflet. However, sev-
eral studies have now suggested that aortic valve calcification
is an active biological process with a strong genetic compo-
nent involving mechanisms similar to osteogenesis [2–6].

NOTCH is a key signaling pathway in development,
ensuring crosstalk between different types of cells and their
physiological differentiation [7], and is particularly important
during cardiac valvulogenesis. In the vascular system, all
NOTCH receptors (NOTCH1–NOTCH4) and ligands (Jag1
and Jag2 and Dll1, Dll3, and Dll4) are expressed, albeit at
different levels and distinctly in different vascular cells and
vessel types. The outcome of NOTCH activation is cell type
and context dependent with multiple combinations of recep-
tors and ligands that transduce different biological effects [8].
Several lines of evidence in addition suggest that the NOTCH
pathway might be important in the adult heart, notably
in the pathogenesis of calcific aortic valve disease [9, 10].
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Furthermore, several studies on NOTCH-ligand binding
have demonstrated the requirement for calcium-binding EGF
domains of NOTCH as well as the presence of calcium for
productive interaction [11–13].

However the exact mechanisms of NOTCH action in
aortic valve calcification remain unknown and the existing
evidence is rather controversial. Acharya et al. demonstrated
through chemical inhibition that NOTCH1 has an inhibitory
role on the development of CAVD [14]. Further, Nigam
and Srivastava showed that NOTCH1 signaling specifically
affects osteogenic pathways in VIC, preventing the pro-
gression of osteogenic calcification [15]. Conversely, Zeng
et al. recently indicated that NOTCH1 in fact promotes
osteogenic calcification in human VIC [16]. Recent work,
using induced pluripotent stem cell- (iPSC-) derived ECs
in vitro, showed that NOTCH1 haploinsufficiency disrupts
the EC response to shear stress and unlocks proosteogenic
and inflammatory network [10]. These disparate findings
highlight the need for further studies in order to elucidate the
pathological alterations due to NOTCHpathway attenuation.
The NOTCH cascade is one of the possible regulators of
OPG/RANKL/RANK system [15]. Osteoprotegerin (OPG)
is a cytokine member of the TNF receptor superfamily
and binds two ligands, one of which is RANKL (receptor
activator of nuclear factor kB ligand), a critical cytokine for
osteoclast differentiation [17, 18]. OPG-deficient (OPG−/−)
mice develop severe osteoporosis and prominent vascular
calcification at an early age [19]. OPG exhibits an inhibitor
control on RANK and its ligand RANKL, which promotes
skeletal demineralization and increases calcification of blood
vessels. It is proposed that osteoprotegerin (OPG) being one
of the key molecules in the ossification process may play an
important role in aortic valve and vascular wall calcification
[20, 21]. Changes in RANK, RANKL, and OPG gene expres-
sion have been observed in native stenotic and bioprosthetic
valves [22]. However, inferences from these studies have been
controversial, and the exact role of OPG/RANKL in aortic
valve calcification remains to be established. Uncovering
the genetic and environmental factors that regulate the
OPG/RANKL/RANK system and the identification of patient
subgroups with higher probability of aortic valve calcification
constitute an important fundamental and clinical issue.

Accordingly, the aim of our study was to search for
NOTCH1 mutations in patients with AS and to assess
the possible association between NOTCH1 mutations and
OPG/RANKL/RANK system in patients with different mor-
phological variants of AS.

2. Materials and method

2.1. Ethics Statement. The study protocol was approved by
the local ethics committee at the Federal North-West Med-
ical Research Centre (Saint Petersburg, Russian Federation)
before the initiation of the study, according to the principles
of the Declaration of Helsinki. Written form informed con-
sent was obtained from all participating patients.

2.2. StudyCohort. 61 patientswith severe aortic valve stenosis
were selected from database of 530 patients with AS treated

and observed in Almazov Federal North-West Medical
Research Centre between 2010 and 2011, with a comparable
distribution by TAV and BAV morphology and age.

The control DNA was obtained from 200 healthy donors
without valvular heart diseases confirmed by transthoracic
echocardiography (ECHO). Controls were randomly selected
from relatively healthy bank employers [23]. However, 30%
of the control group had hypertension and dyslipidemia were
detected in of 33% of controls. The demographic and clinical
characteristics of the groups are presented in Tables 1 and 2.

2.3. Echocardiography. All patients of study and control
groupunderwent comprehensive 2-dimensional andDoppler
transthoracic ECHO using the Vivid 7.0 system (GE, USA),
according to the current guidelines [1, 24]. Criteria for
severity of aortic valve stenosis included aortic valve area
(AVA, cm2), calculated using the continuity equation; AVA
indexed for body surface area (AVA/BSA, cm2/m2); andmean
transvalvular pressure gradient and peak aortic jet velocity
(𝑉max). We included patients in our study if 𝑉max at the
aortic valve was more than 4.0m/s [1, 24]. Diagnosis of BAV
was based on short-axis imaging of the aortic valve demon-
strating the existence of only 2 commissures delimiting only 2
aortic valve cusps. Patients with known infective endocarditis
and rheumatic disease as well as patients with left ventricular
systolic dysfunction were excluded from the study.

2.4. Measurement of Circulating Biomarkers. In the previous
pilot study we have demonstrated that OPG levels were
increased in patients with AS while elevated sRANKL was
found only in patients with BAV [25]. In the present study
we measured the circulating biomarkers OPG and serum
RANKL in 61 patients with severe AS and 32 sex- and age-
matched individuals of the control group (Table 2). Peripheral
venous blood was obtained at 8:00 AM after overnight
fasting and refraining from smoking. Serum samples were
immediately frozen and kept at −70∘C until assay. The
results were interpolated from the standard reference curve
provided with each kit. Biomarkers of inflammation, lipid
metabolism, and valvular calcificationwere examined. Serum
OPG and serum RANKL levels were determined using a
human Osteoprotegerin Instant ELISA kit (Bender MedSys-
tems GmbH, Vienna, Austria) and the human sRANKL
ELISA development kit (BIOMEDICA, Wien) according to
the manufacturer’s instructions. The results of the OPG
assays were expressed as pmol/l.TheOPG/sRANKL ratio was
calculated for all patients. The lipid profile was performed in
an autoanalyzer (Cobas Integra 400+), using commercially
available kits (Roche Diagnostics). The results were inter-
polated from the standard reference curve provided with
each kit. Intra-assay variation was 4% or less, interassay
variation was 9%, and all laboratory work was undertaken by
researchers who were blinded to the patients’ clinical details.

2.5. Sequencing of the NOTCH1 Gene. DNA samples were
collected from all patients with AS and from the control
group. Genomic DNA was extracted from peripheral blood
using a FlexiGene DNA purification kit (Qiagen, GmbH,
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Table 1: Clinical characteristics of patients in aortic stenosis and control groups.

Patients with
AS M ± SD

Patients with
BAVM ± SD

Patients with
TAVM ± SD

DNA control
group

𝑃 value∗
versus DNA
control group

𝑃 value TAV
versus BAV
patients

(𝑛 = 61) (𝑛 = 31) (𝑛 = 30) (𝑛 = 200)
Age, years 57.1 ± 6.4 55.6 ± 8.0 58.8 ± 3.7 46.7 ± 8.7 <0.01 0.9
Gender, m : f 1.3 : 1 1.8 : 1 1 : 1 1 : 1.1 0.5 0.25
BMI, kg/m2 28.9 ± 4.9 28.1 ± 3.8 30.0 ± 5.9 29.1 ± 4.5 0.48 0.10
Arterial
hypertension,
𝑛 (%)

50 (82%) 22 (71%) 28 (93%) 60 (30%) <0.01 0.05

Systolic BP,
mmHg 170 ± 29 163 ± 31 176 ± 24 140 ± 16 <0.01 0.11

Diastolic BP,
mmHg 98 ± 15 95 ± 16 101 ± 13 90 ± 11 <0.01 0.12

Diabetes
mellitus,
𝑛 (%)

10 (16) 5 (9.7) 5 (13.3) 3 (1.5) <0.01 0.97

COPD, 𝑛 (%) 12 (19.7) 5 (16.1) 5 (16.7) 10 (10) 0.67 0.86
Smoking, 𝑛
(%) 14 7 (22.6) 7 (23.3) 102 (51) <0.01 0.97

Total
cholesterol,
mmol/l

5.6 ± 1.37 5.84 ± 1.27 5.31 ± 1.45 5.8 ± 1.51 0.3 0.20

HDL-C,
mmol/l 1.46 ± 0.41 1.46 ± 0.31 1.47 ± 0.54 1.40 ± 0.41 0.46 0.97

LDL-C,
mmol/l 3.62 ± 1.49 3.73 ± 1.36 3.50 ± 1.50 3.64 ± 1.1 0.99 0.63

Triglycerides,
mmol/l 1.62 ± 0.87 1.65 ± 0.82 1.59 ± 0.97 1.67 ± 1.43 0.82 0.85

Medication, 𝑛
(%) 54 (88) 27 (87) 27 (90) 47 (24) <0.01 0.98

ACE
inhibitors
/ARB, 𝑛 (%)

22 (36) 13 (41.9) 9 (30) 47 (24) 0.02 0.61

Beta-
blockers, 𝑛
(%)

51 (84) 26 (83.9) 25 (83.3) 0 — 0.92

CCB, 𝑛% 3 (5) 2 (6.5) 1 (3.3) 0 — 0.85
Statins, 𝑛 (%) 36 (59) 18 (58.1) 18 (60) 0 — 0.98
DNA control group: healthy donors, including for control DNA; BMI: body mass index; BP: blood pressure; COPD: chronic obstructive pulmonary disease;
HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; ARB: angiotensin II receptor blockers; ACE: angiotensin-converting
enzyme inhibitors; CCB: calcium-channel blocker. ∗Patients with AS.

Hilden,Germany).We applied a strategy of targetedmutation
screening for 10 out of 34 exons of the NOTCH1 gene.
Amplification of exons 10, 11, 12, 13, 20, 23, 24, 29, 30,
and 34 was performed (primers available upon request).
The choice of these specific exons was based on previously
published reports on the implication of NOTCH1 mutations
in cardiac malformations, including BAV, aortic aneurysm,
and left ventricular outflow track (LVOT) malformations
[9, 26–28]. Mutation screening in patients and control
groups was performed by direct sequencing of amplified
fragments with an ABI capillary sequencer (Applied Biosys-
tems, Foster City, CA, USA) using BigDye Terminator v3.1
mix (Applied Biosystems). The obtained sequences were

analyzed and aligned using Geneious software; new and rare
variants were checked against the control group and ExAC
databases. Nucleotide numbering and mutation nomencla-
ture were based on a reference NOTCH1 cDNA sequence
(GeneBank Accession Number NG 007458.1, from NCBI).
Functional prediction and annotation of nonsynonymous
single-nucleotide variants in the human NOTCH1 gene were
assessed based on the MetaSVM prediction obtained from
the dbNSFP database [29]. MetaSVM is a support vector
machine based prediction, which classifies amino acid sub-
stitutions as tolerated or damaging by incorporating delete-
riousness scores produced by 9 individual algorithms: SIFT,
PolyPhen-2, GERP++, Mutation Taster, Mutation Assessor,
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Table 2: Clinical characteristics of patients with aortic stenosis and control group for analysis of the circulating biomarkers.

Patients with
AS M ± SD

Patients with
BAVM ± SD

Patients with
TAVM ± SD

Control
group for
circulating
biomarkers

𝑃 value∗
versus

control group

(𝑛 = 61) (𝑛 = 31) (𝑛 = 30) (𝑛 = 32)
Age, years 57.1 ± 6.4 55.6 ± 8.0 58.8 ± 3.7 57.5 ± 4.6 0.81
Gender, m : f 1.3 : 1 1.8 : 1 1 : 1 1 : 1 0.68
BMI, kg/m2 28.9 ± 4.9 28.1 ± 3.8 30.0 ± 5.9 26.2 ± 3.9 <0.01
Arterial
hypertension, 𝑛
(%)

50 (82) 22 (71) 28 (93) 10 (31) <0.01

Systolic BP, mmHg 170 ± 29 163 ± 31 176 ± 24 133 ± 16.5 0.26
Diastolic BP,
mmHg 98 ± 15 95 ± 16 101 ± 13 86 ± 9.0 0.14

Total cholesterol,
mmol/l 5.6 ± 1.37 5.84 ± 1.27 5.31 ± 1.45 5.22 ± 0.84 0.84

HDL-C, mmol/l 1.46 ± 0.41 1.46 ± 0.31 1.47 ± 0.54 1.49 ± 0.33 0.33
LDL-C, mmol/l 3.62 ± 1.49 3.73 ± 1.36 3.50 ± 1.50 3.25 ± 0.89 0.89
Triglycerides,
mmol/l 1.62 ± 0.87 1.65 ± 0.82 1.59 ± 0.97 1.21 ± 0.85 0.54

OPG (pmol/l)
M ± SD 6.3 ± 2.4 6.2 ± 2.3∗∗ 6.4 ± 2.6∗∗∗ 4.8 ± 1.8 <0.01

sRANKL (pmol/l)
M ± SD 0.45 ± 0.17 0.48 ± 0.18∗∗∗ 0.42 ± 0.17 0.38 ± 0.12 0.06

\PG/sRANKL 16.7 ± 11.3 13.9 ± 5.6 19.7 ± 14.8 14.4 ± 9.6 0.3
HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; BMI: body mass index; BP: blood pressure. ∗Patients with AS;
∗∗
𝑃 = 0.02 value versus control group; ∗∗∗𝑃 < 0.01 value versus control group.

FATHMM, LRT, SiPhy, and PhyloP. Additionally, we present
the CADD and PROVEAN results. The larger the CADD
score is, the more likely the SNP has a damaging effect.
Larger GERP++, PhyloP, and SiPhy scores correspond to
more conserved sites: deleterious thresholds are written in
brackets after the names of methods.

2.6. Statistical Methods. Statistical analysis was performed
using Statistica for Windows ver. 10.0 (StatSoft Inc., Tulsa,
OK, USA). Continuous data were tested for normality using
the Kolmogorov-Smirnov test. Normally distributed data are
expressed as mean (± standard deviation SD) and nonnor-
mally distributed data as median (range). The significance of
differences in mean values was assessed by one-way ANOVA
with post hoc testing for multiple comparisons. Also, we
used Kruskal-Wallis test between groups with nonnormally
distributed data. A 𝑃 value < 0.05 was considered to indicate
statistical significance. Categorical variables are compared by
Chi-square analysis or Fisher’s exact tests and summarized
by proportion in each category. Pearson’s correlation test
and simple regression analysis were used to analyze the
association between data. Bonferroni correction was used to
calculate a likelihood ratio test thresholds for genomewide
(𝑃 < 0.05) and suggestive (i.e., one false positive per genome
scan) significance. An age, systolic blood pressure adjusted
multivariable regression analysis was performed to evaluate
NOTCH1 nonsynonymous variants as predictors of AS and

in separate analysis circulating levels of biomarkers were
assessed as predictors to AS.

3. Results

3.1. Clinical Characteristics of Patients with Aortic Stenosis. In
themain study group of AS (𝑛 = 61) there were no significant
demographic and clinical differences between BAV (𝑛 = 31)
and TAV (𝑛 = 30) subgroups (Table 2). The control group
for DNA study was younger and had a significantly larger
proportion of smokers compared with AS patients. Despite
regular statin use by 59% of the patients with AS, the target
total cholesterol level was not reached in most of patients.
Approximately 90% of AS patients received concomitant
therapy including beta-blockers (83%) and ACE inhibitors
or angiotensin II receptor blockers for hypertension (36%).
According to current guidelines, 46 symptomatic patients
with AS underwent aortic valve replacement (75%); in each
surgical patient, echocardiographic assessment of the aortic
valve as bicuspid or tricuspid was confirmed intraoperatively.
Echocardiographic parameters for the AS study cohort are
presented in Table 3. All patients had AVA less than 1.0 cm,
𝑉max AV higher than 4.0m/c, and a mean AV gradient
more than 40mmHg. There was no significant difference in
echocardiographic parameters between patients in the BAV
and TAV subgroups (Table 3).
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Table 3: Echocardiographic parameters from patients with aortic stenosis.

Patients with BAVM ± SD Patients with TAVM ± SD 𝑃 value
AVA, cm2 0.84 ± 0.22 0.86 ± 0.18 0.73
AVA/BSA, cm2/m2 0.43 ± 0.1 0.45 ± 0.1 0.78
Peak aortic velocity, m/s 4.69 ± 0.68 4.5 ± 0.59 0.28
Mean pressure gradient, mmHg 53.8 ± 16.1 51.4 ± 16.1 0.61
EFSimpson, % 62.8 ± 6.7 62.5 ± 6.2 0.90
LVEDD, mm 49.4 ± 6.5 50.4 ± 6.5 0.56
Ascending aorta, mm 38.2 ± 5.2 38.5 ± 7.6 0.87
Aortic sinus, mm 36.9 ± 4.8 35.3 ± 3.8 0.19
LVMM, g 328.1 ± 127.5 307.1 ± 79.2 0.52
LVMI, g/m2 165.1 ± 51.8 157.8 ± 38.1 0.61
RWT, mm 0.55 ± 0.1 0.55 ± 0.2 0.74
AVA: aortic valve area; AVA/BSA: aortic valve area indexed for body surface area; aorta 𝑉max: antegrade velocity across the narrowed aortic valve; P-mean:
the mean transvalvular pressure; EF: ejection fraction; LVEDD: left ventricle end diastolic diameter; RWT: relative wall thickness; LVMM: left ventricular
myocardial mass; LVMI: indexed left ventricular mass.

Table 4: Genetic variants in NOTCH1 gene in patients with AS and control population.

Exon Gene position NG 007458.1 Protein position New/reported Patients Control group MAF ExAC
Missense variants in NOTCH1 gene

24 44159 G/A E1305K New 5/61 0/200 —
23 43969 G/A D1267N New 2/61 0/200 —
23 44006 G/A R1279H rs61751543 6/61∗ 4/200 0.02

Synonymous variants in NOTCH1 gene
34 53339 G/A P2097P rs201987555 1/61 0/200 0.01
34 53602 b/T D2185D rs2229974 31/61∗∗ 60/200 0.61
34 53696 G/A P2216P rs3812596 4/61 0/200 0.01
∗
𝑃 < 0.01, ∗∗𝑃 < 0.01.

3.2. Sequencing of the NOTCH1 Gene in Patients with Aortic
Stenosis. Ten out of 34 exons of the NOTCH1 gene and
adjacent intronic fragments were sequenced in the patients
with AS and in the control group. We detected 6 genetic
variants in the coding region of the studied exons, 3 of
which lead to the amino acid change (Table 4). Two novel
heterozygote mutations, E1305K located in exon 24 and
D1267N located in exon 23, were found. Additionally, one
nonsynonymous heterozygote variant R1279H previously
reported by our group and others as a rare polymorphism
was identified in both the study and control groups [28, 30].
However, this variant was considerably overrepresented in
patients with AS compared with the control group without
heart diseases (6 out of 61 and 4 out of 200, resp.; 𝑃 < 0.01),
an association that remained significant after adjustment
for multiple testing. Since this variant may therefore repre-
sent a disease susceptibility allele, it was further analyzed
together with two new missense variants. Missense SNVs
in NOTCH1 gene were analyzed using dbNSFP metaserver.
This method has shown that the replacement of glutamic
acid (E) by lysine (K) in 1305 position of NOTCH1 protein
is highly pathogenic and has a deleterious effect on protein
function (Table 5). The substitution of aspartic acid by
asparagine is predicted to be tolerated, but SIFT, PolyPhen2,
LRT, Mutation Taster, PROVEAN, and CADD point to the

deleteriousness of this mutation. The R1279H mutation is
not damaging that was confirmed by all tools except for
LRT andMutation Taster. All investigatedmissense SNVs are
located in highly conserved positions in the protein (their
scores in GERP++ and SiPhy are higher than deleterious
thresholds). Mutations D1267N, R1279H, and E1305K are
located in Ca(2+)-binding epidermal growth factor (EGF)
motif of the NOTCH extracellular domain bound to Delta-
like 4 (DLL4) (Figure 1), according to the SMART diagram
[31] of domains within Homo sapiens protein NOTCH1
(Uniprot ID: P46531). Two mutations D1267N and R1279H
were found in NOTCH1/DLL4 interface and can be crucial
in their protein-protein interaction (Figure 2). The mutation
E1305K is positioned on the surface of protein and can be
important in bindingwith other proteins.Moreover, 1267 and
1305 are the first and last positions in separate EGF domain
and are highly conserved in other orthologous.

3.3. Serum Concentration of OPG and sRANKL. In AS
patients, the OPG levels were significantly higher compared
to those of the control group (Table 2). For sRANKL levels,
a significant increase compared with controls was observed
only in patients with BAV, not in those with TAV. Whereas
there was no significant difference in the levels of either
serum OPG or sRANKL between BAV and TAV subgroups
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Figure 1: Localization of missense mutations in NOTCH1. (a) DNA sequences, characterized by location of the missense mutations in three
patients in comparison with the reference sequence of NOTCH1 gene (NG 007458.1). (b)Multiple sequence alignment of wild-type NOTCH1
protein (Uniprot ID: P46531) and mutated variants located in patients. EGF CA domain is a calcium-binding epidermal growth factor-like
domain of NOTCH1. The amino acid residues in boxes are mutated positions.

Table 5: Functional prediction of missense variants in NOTCH1 by
sequence-based computational methods.

Mutation E1305K R1279H D1267N
SIFT D T D
Polyphen-2 T T D
LRT D D D
Mutation Taster D D D
Mutation Assessor M N L
FATHMM D T T
PROVEAN D T D
CADD (>15) 29.0 23.5 28.5
GERP++ (>4.4) 4.64 4.03 5.23
PhyloP (>1.6) 0.84 0.85 0.85
SiPhy (>12.17) 16.49 13.63 17.78
dbNSFP D T T
For SIFT, Polyphen-2, LRT, Mutation Taster, Mutation Assessor, FATHMM,
PROVEAN, and dbNSFP (MetaSVM), we used the following abbreviations:
D: damaging; T: tolerated; H: high; M: medium; L: low; N: neutral.

of patients with AS, the OPG/sRANKL ratio was significantly
higher in TAV compared with BAV (Table 2). In univariate
analysis, sRANKL was positively associated with office sys-
tolic blood pressure level only in patients with TAV (𝑟 = 0.49;
𝑃 < 0.01). Positive correlation was observed between age and
the OPG/sRANKL ratio in all patients with AS (𝑟 = 0.30;

𝑃 < 0.01). Of note, patients with NOTCH1missense variants
(E1305K, D1267N, and R1279) had higher concentrations
of OPG (Figure 3) and OPG/sRANKL ratio (𝑃 < 0.01).
The results of the multivariable regression adjusted for age
and systolic blood pressure revealed significant association
of OPG and OPG/sRANKL ratio with NOTCH1 missense
variants (E1305K, D1267N, and R1279), respectively (𝛽-
coefficient = 0.290; 𝑃 = 0.03 and 𝛽-coefficient = 0.240; 𝑃 =
0.04). Mutations in NOTCH1 gene were not associated with
increased sRANKL concentration.

4. Discussion

We have shown here that NOTCH1 rare variants are overrep-
resented in AS patients when compared with controls and
alsowe have identified twonewNOTCH1mutations. Further-
more, the functional prediction method dbNSFP identified
the E1305K as pathogenic substitution, while D1267N and
R1279H were considered tolerated. However, some in silico
tools have predicted D1267N as deleterious variant. In addi-
tion, all missense variants described in NOTCH1 gene have
been found in Ca(2+)-binding EGF motif of the NOTCH
extracellular domain bound to Delta-like 4. The Ca(2+)-
binding sequence motif is coupled to a sequence motif that
brings about beta-hydroxylation of a particular aspartate
residue. Point mutations in EGF modules that involve amino
acids which are Ca(2+) ligands result in the biosynthesis of
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Figure 2: Structure of NOTCH1 EGF CA domain. (a)The sequence alignment of human NOTCH1 EGF CA domain with rat NOTCH1 EGF
CA domain of known crystal structure (PDB ID: 4XLW Chain A) visualized in Jalview 2.8.2 [11]. Highly conserved residues (conservation
score = 11) are marked as “∗” and identical residues (conservation score = 10) are marked as “+.” The amino acids in red boxes are mutated
positions. (b) Three-dimensional structure of EGF modules of the NOTCH extracellular domain bound to DLL4 [12] visualized by PyMol.
Structures of proteins are shown in cartoon representation. Calcium ions are represented as gray spheres. 𝛽-D-glucose (BGC) and 𝛼-L-fucose
(FUC) molecules are highlighted in yellow. Residues of interest E1305, D1267, and R1279 are marked as sticks in red color.

biologically inactive proteins. The replacement of D by N
in 1267 position may change the affinity of this residue to
an ion Ca2+ and affects its binding to Jagged1 and DDL4
[32, 33]. The calcium binding by NOTCH EGFs is important
for folding and ligand association [12]. The residue D1267 in
human NOTCH1 EGF domain corresponds to D469 in rat
domain due to the sequence alignment (Figure 2(a)). D469
is a calcium-coordinating residue that is identical in all four
NOTCH receptors [11]. On the other hand, this residue is
crucial for Jagged1 recognition and participates in hydrogen-
bond formation with DLL4. Second, this association was
independent of the valve morphology (BAV versus TAV).
Finally, we show that carriers ofNOTCH1 variants had higher
levels of OPG and a higher OPG/RANKL ratio compared to
carriers of the common allele. Taken together, these findings
suggest that genetic variations in the NOTCH pathway may
affect aortic valve calcification through the OPG/RANKL
pathway.

The associations of NOTCH1mutations with various car-
diovascular phenotypes, such as BAV, aortic aneurysm, and
aortic coarctation, have been reported earlier [9, 26–30, 34].
In the present study, we extend the spectrum of NOTCH1-
associated cardiac disorders to calcified AS, independently
of the BAV or TAV morphology. Beyond genetic factors, we
show that age and arterial hypertension were independent
predictors for OPG/RANKL/RANK system activation in
patients with TAV. This notion is in line with OPG playing
a key role in the acquisition of an osteogenic phenotype in
both vascular and valvular cells.

In our study we found higher serum OPG levels in
BAV and TAV patients with calcific aortic stenosis than in
controls, which corresponds with previously published data
[35–37]. This is however not in agreement with the report
of Adamczyk et al., where no significant differences in OPG
concentration were found between patients with and without
degenerative AS [38]. One possible explanation for this
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Figure 3: Box and whisker plots the distributions of serum OPG
levels in patients with or without NOTCH1 missense variants: 7.9
(5.3, 9.4) and 5.3 (4.6, 7.2), 𝑃 = 0.044, comparable.

difference could be the high prevalence of coronary artery
disease and thus active atherosclerotic processes that might
have been associated with higher OPG levels in their control
group. In our study cohort, only 11 out of 46 AS patients with
catheterization with angiography prior to valve replacement
had concomitant CAD, and there were no patients with
documented CAD in the control group.The lack of difference
in OPG levels between BAV and TAV is also in contrast to
the study by Nagy et al., which measured OPG in plasma
instead of serum [39]. Taken together, these demographic
andmethodological differences in populations might explain
some of the controversy surrounding divergent reports on
OPG levels and calcification process.

The serum sRANKL concentration in our study was
significantly increased only in the AS subgroup with BAV.
This difference might attribute to the different genetic and
molecular mechanisms of TAV and BAV calcification since
we did not observe any difference in clinical and echocar-
diographic parameters between these two subgroups. The
protective role of increased sRANKL is widely debated
with several reports illustrating the association of increased
sRANKL levelwith beneficial cardiovascular prognosis, while
some opposing results also have been published [40, 41]. For
example, the levels of circulating RANKL in relation to OPG
levels (RANKL/OPG ratio) were significantly correlated with
a decreased AVA in a study of 46 patients with AS [39]. Taken
together, the observed increased serum sRANKL levels and
OPG\sRANKL ratio in BAV patients in our study warrant
further investigation.

Our study had several limitations. First, wewere detecting
OPGandRANKL concentration in serumknowing that these

circulating levels reflect their production in many tissues and
organs beyond the aortic valve, which makes it difficult to
specify the source of elevated OPG/RANKL ration. A second
limitation was the inability to establish familial segregation
or de novo origin of the NOTCH1 mutations and a limited
sequencing of the genes, thus, making the disease causality of
identified variants not strictly proven. Another limitation is
the group size of 61 pts with severe AS. Further studies on a
larger group of patients with different degrees of severity of
AS are required.

5. Conclusion

Our study showed that mutation in NOTCH1 might play
an important role in the formation and progression of
aortic valve calcification, associated with a dysregulation
of OPG\RANKL\RANK system, due to modulation of the
ligand-binding site in NOTCH1 by calcium affinity. These
results add to the current understanding of the pathogenesis
of aortic calcification and may represent clinical utility, espe-
cially in terms of prognosis of patents with aortic stenosis.
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Circular RNA (circRNA), a novel type of endogenous noncoding RNA (ncRNA), has become a research hotspot in recent years.
CircRNAs are abundant and stably exist in creatures, and they are found with covalently closed loop structures in which they
are quite different from linear RNAs. Nowadays, an increasing number of scientists have demonstrated that circRNAs may have
played an essential role in the regulation of gene expression, especially acting as miRNA sponges, and have described the potential
mechanisms of several circRNAs in diseases, hinting at their clinical therapeutic values. In this review, the authors summarized the
current understandings of the biogenesis and properties of circRNAs and their functions and role as biomarkers in cardiovascular
diseases.

1. Introduction

Circular RNA (circRNA) has been recently discovered and
is becoming a research focus in the field of untranslated
RNA. Circular RNAs are a kind of competing endogenous
RNAs (ceRNA) [1] which can regulate RNAs. Currently, there
are two types of ceRNAs including coding and noncoding
RNAs. The latter includes long noncoding RNAs (lncRNA),
microRNAs (miRNA), and circular RNAs (circRNA) [2].
CircRNAs are predominantly found in cytoplasm and are
highly stable in human bodies. They are also identified in
various organisms [3–6] and are abundantly expressed and
evolutionarily conserved across the eukaryotic tree of life
[7, 8], especially in human and mice [7]. In this review, we
have summarized the current studies of the biogenesis, the
properties and the functions of circRNAs, and their roles in
cardiovascular diseases.

2. Biogenesis of CircRNAs

CircRNAs mainly come from the exons of protein-coding
genes, and they are not supposed to be produced by a
normal mode of RNA splicing [9]. They differ structurally
from other RNAs in that they are circularized by joining

the 3 and 5 ends together via exon circularization or
intron circularization [10]. Jeck and his colleagues have
proposed two different models of exon circularization of
circRNA: “lariat-driven circularization” (Figure 1(a)) and
“intron-pairing-driven circularization” (Figure 1(b)) [11].The
former is associated with exon skipping, in which one or
more exons of the transcript are skipped, and it contributes
to an exon-containing lariat. The lariat itself would then be
joined by spliceosome and become an exon circle. The latter
is mostly related to complementary motifs, which are present
in the intronic regions. Accumulated evidence has verified
that pairing between thesemotifs induces circularization [11].
The genome-wide analyses observed that complementary
flanking Alu elements are important for the formation of
circRNAs [12]. However, Alu elements are not specifically
needed if there are other inverted repeats [13]. That is to
say circRNA can also be generated via direct base-pairing
in the presence of inverted repeat without Alu elements.
Nevertheless, more than half of the known circRNAs do not
have complementary flanking in the intronic sequences, as
it has been reported that 38% of all known Caenorhabditis
elegans circRNAs and 9% of all known human circRNAs can
be recognized using the base-pairing potential to cyclize the
exons [14]. In these cases, their introns were found to be
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Figure 1: Models of circRNA biogenesis: (a) lariat-driven circularization: exon skipping leads to a covalent splice of the splice donor in 3
end of exon 1 to the splice acceptor in 5 end of exon 4, which forms a linear product and a lariat structure containing the skipped exons 2
and 3. Then the lariat is joined by spliceosome and the introns are removed to form a circRNA. (b) Intron-pairing-driven circularization:
intron 1 and intron 3, which contain complementary sequence motifs, lead to close proximity through direct base-pairing and form a linear
RNA and a circular structure. The splicing of the two introns produces a circRNA (exon-only circRNA), while the generation of an EIciRNA
(intron-retaining circRNA) is caused by the presence of a retained intron. (c) Circular intronic RNAs: the existence of 7 nt GU-rich element
near exon 1 (yellow box) and 11 nt C-rich element near exon 2 (orange box) makes it possible for an intron to escape debranching when the
intron lariat is produced from the splicing reaction. (d) RNA binding proteins (RBPs) driven circularization: the interaction between RBPs
(Y-shape) can bind to sequence motifs and bring two flanking introns close together. Then the introns are removed to form a circRNA.

remarkably longer than average [15, 16]. After two introns
forming circular structure via base-pairing, the two introns
are removed or retained to form a circRNA (exon-only
circRNA) or an EIciRNA (intron-retaining circRNA) [11, 17].
The intron-retaining circRNAs were found recently by Li et
al. who termed them exon-intron circRNAs or EIciRNAs [17].
However, the mechanism of their formation is not clear yet.
Soon after Jeck, Zhang et al. proposed a model of circular
intronic RNAs (ciRNAs), suggesting that circRNAs could
also come from lariat introns that escape debranching. The
generation of ciRNA is related to a 7 nt GU-rich element
near the 5 splicing site and an 11 nt C-rich element near
the branching point (Figure 1(c)) [18]. Judging from the
above findings, circRNAs can also arise from introns. Recent
studies have also suggested another pathway of circRNA

biogenesis through RNA binding proteins (RBPs). Quaking
protein (QKI) and Muscleblind protein (MBL) can bind
certain circRNAflanking introns and act as RBPs to bring two
flanking intronic sequences close together, hence provoking
the circularization (Figure 1(d)) [19, 20].

3. Properties of CircRNAs

There are several important properties of circRNAs. First,
they arewidely expressed in human cells, and their expression
levels are more than 10 times higher than those of the
corresponding linear mRNAs [9, 11]. Second, different from
traditional linear RNAs, circRNAs form covalently closed
loop structures with neither 5-3 polarities nor polyadeny-
lated tails, resulting in less degradation by RNA exonuclease
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or RNase R, whichmakes themmore stable than linear RNAs
in human bodies [21, 22]. Third, besides a few circRNAs,
most of them have highly conserved sequences between
species [9, 11, 12, 22]. Fourth, the vast majority of them
reside in cytoplasm [23], while only a small portion is in cell
nucleus [12]. Fifth, they primarily come from exons, while
a few others come from introns or intron fragments. Sixth,
some circRNAs have microRNA response element (MRE),
through which they can have interactions withmiRNAs, thus
regulating target gene expressions [13, 24]. Seventh, most
circRNAs are endogenous noncoding RNAs (ncRNA) [9].
Eighth, the majority of circRNAs can play regulatory roles
in transcription and posttranscription, and only a few play
roles in transcription [18]. Ninth, similar to linear mRNAs,
circRNAs also show tissue-specific and/or developmental-
stage-specific expression [8, 25].

4. Function of CircRNAs

As circRNAs are abundant and evolutionarily conserved,
several potential functions of circRNAs have been predicted
[10, 26]. Some studies have revealed that circRNAs could
function as microRNA (miRNA) sponges, modulate alterna-
tive splicing or transcription, and regulate the expression of
parental genes [8, 13, 17, 18, 20], among which the function as
miRNA sponges has been a focus of recent research.

4.1. CircRNAs Function as MiRNA Sponges. CircRNAs are
a kind of competing endogenous RNAs (ceRNA), which
contain shared miRNA response elements (MRE) [27].
Therefore, the presence or absence of circRNAs would affect
the activities ofmiRNAs. CircRNAs can competitively bind to
miRNAs, which results in the reduction ofmiRNAmolecules.
Then the reduced miRNAs would have less inhibiting effects
on miRNA target genes, resulting in the upregulation of the
expression of miRNA target genes [8]. As circRNAs have
many miRNA binding sites and can absorb miRNAs like a
sponge, they are initially demonstrated as miRNA sponges
[8, 13].

The most representative circRNA is Cdr1as (antisense to
the cerebellar degeneration-related protein 1 transcript) [28],
also termed as ciRS-7 (circular RNA sponge for miR-7), and
Cdr1as has a negative regulation of the activity of miR-7
[13]. According to the bioinformatics, Cdr1as contains more
than 70 binding sites for miR-7 and is bound by Argonaute
proteins and functions as a miR-7 sponge in brain tissues
[13], islet cells [29], and some other cells. The expressions of
published miR-7 target genes [8, 13], such as SNCA, EGFR,
and IRS2 [30–32], are downregulated by silencing of Cdr2as
[13]. Some other studies also demonstrated that miR-7 can
regulate the occurrence of various cancers through repressing
its target genes like EGFR (epidermal growth factor receptor)
[33], ACK1 (Activated Cdc42-associated Tyrosine Kinase 1)
[34], or IGF1R (insulin-like growth factor 1 receptor) [35].
Similar to Cdr1as, murine sex-determining region Y (Sry) is
another recognized circRNA with 16 biding sites for miR-
138 and is likely to act as a miR-138 sponge [13]. Hence,
the findings that circRNAs can interact with miRNAs and
alter the expression of miRNAs and/or its target genes [8, 13]

may have great significance in the pathogenesis research for
related diseases and may point out a potential direction of
future treatment as well.

4.2. CircRNAs Modulate Alternative Splicing or Transcription.
MBL protein is a splicing factor which can affect alternative
mbl pre-mRNA splicing during generation of mbl mRNA
and circular Mbl (circMbl). CircMbl derived from the mbl
locus has conserved binding sites for the MBL protein in the
flanking intronic sequences. Reut Ashwal-Fluss has verified
that MBL levels can strongly affect circMbl biosynthesis
when MBL proteins bind to both introns of the circMbl
simultaneously, rather than the large total number of MBL
binding sites on the circMbl alone. Moreover, a balance
between circMbl biogenesis and splicing has been proposed.
When MBL is in excess, mbl pre-mRNA will produce more
circMbl and lessmblmRNA, resulting in the decrease ofMBL
levels, because more circMbl binds to more MBL while less
mRNA produces less MBL (Figure 2) [20]. These findings
may hint that some circRNA may play a role in controlling
the expression of mRNA through binding to RNA binding
proteins (RBPs) and affecting the canonical splicing.

As stated above, the three types of circRNAs, namely,
ciRNA, circRNA, and EIciRNA, resulted from the compe-
tition of complementary flanking in or across the intronic
sequences. For those circRNAs and the corresponding linear
mRNAs which are generated from a single gene locus,
their progressions are closely related, as complementary
intronic sequences can lead tomore linearmRNAgeneration,
while complementary sequences flanking across the intronic
sequences can promote exon circularization. Therefore, cir-
cRNAs are interrelated with each other, and the competitive
balance among them can affect the expression of mRNA
[12, 36].

4.3. CircRNAs Regulate Parental Gene Expression. EIciRNAs
and ciRNAs were recently revealed to promote transcription
of the parental genes. Zhang and others found that ciRNAs
have few microRNA binding sites, suggesting that they may
function differently [37]. Some ciRNAs are predominantly
localized in the nucleus and can promote host-gene transcrip-
tion through interacting with the RNA polymerase II (pol
II) in the promoter region of genes (Figure 3(a)) [18, 38].
EIciRNAs are also abundant in nucleus, such as circEIF3J
and circPAIP2, and can bind to U1 snRNP (small nuclear
ribonucleoproteins) in nucleus to form EIciRNA-U1 snRNP
complexes.The complexes can interact with RNApolymerase
II in the promoter region of genes, therefore enhancing the
transcription of their parental genes (Figure 3(b)) [17, 38]. In
some cases, when both circRNA and 3-untranslated region
(UTR) of the transcript from their parental gene share the
same miRNA binding sites, circRNA can act as miRNA
sponge in the cytoplasm to improve the translations of the
transcript from their parental gene. Li and his colleagues
found that cir-ITCH share the same miRNA (miR-7, miR-
17, and miR-214) binding sites with 3-UTR of ITCH mRNA
and increase ITCHprotein levels [39]. Here, we speculate that
intronic circRNAs may be efficient for regulatory functions
in the cell nucleus close to the transcription site, while the
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Figure 2: A model of the generation of circular Mbl (circMbl) and MBL: CircMbl is derived from the mbl locus and has conserved binding
sites for the MBL protein in the flanking intronic sequences, so it can bind MBL protein. Besides, BML levels can strongly affect the splicing
process when mbl pre-mRNA produces mbl mRNA and circMbl. When the level of MBL is high, mbl pre-mRNA produces less mbl mRNA
and more circMbl. Less mbl mRNA generates less MBL and more circMbl binds to more MBL, so that MBL level decreases. (+) represents
promotion while (−) represents inhibition in this figure, and vice versa.

generalized exon-only circRNAs may fulfill transcriptional
regulation in cytoplasm [36].

5. Roles in Cardiovascular Diseases

Several recent studies have suggested that circRNAs may
play essential roles in the initiation and development of
cardiovascular diseases (Table 1).

5.1. Circular RNA HRCR Protects Heart from Pathological
Hypertrophy and Heart Failure. MiR-223 is an endogenous
regulator which can induce cardiac hypertrophy and heart
failure [44], as well as hypertrophy in cardiomyocytes [45].
ARC (apoptosis repressor with CARD domain) is a down-
stream target of miR-223 [46], indicating that miR-223 exerts
its effect through ARC. It has been reported that ARC play a
protective role in cardiomyocyte hypertrophy and apoptosis
[47–49]. As circRNAs act as miRNA sponges to interact with
miRNAs and influence the expression of miRNA [8, 13],
Wang and his team proposed and verified that the heart-
related circRNA (HRCR) candirectly bind tomiR-223 and act

as an endogenousmiR-223 sponge to inhibitmiR-223 activity,
which results in the increase of ARC expression [46]. Taken
together, HRCR acts as an endogenous miR-223 sponge to
modulate the expression ofmiR-223 andARC, throughwhich
it regulates cardiomyocytes hypertrophy as well as cardiac
hypertrophy and heart failure. Thus, it is speculated that
enforced expression of HRCR attenuates the development of
cardiac hypertrophy and heart failure. Furthermore, it may
be targeted for drug development in the inhibition of related
cardiovascular disorders.

5.2. Circular RNA Cdr1as Induces Myocardial Infarction.
Myocardial infarction (MI) has been one of the leading causes
of death and disability around the world [50]. During MI
development, prolonged myocardial ischemia contributes to
the myocardial cell death process [51], namely, apoptosis, one
programmed cell death.

Recently, one of the circRNAs, Cdr1as, was described to
function as miR-7 sponges and can inhibit the activity of
miR-7 [8, 13]. Zhao and his colleagues proposed that miR-
7a/b can act as protective roles in myocardial cells through
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Figure 3: Model of circRNA regulating the expression of a parental gene: (a) CiRNAs come from lariat introns that escape debranching.
CiRNA can bind to RNA polymerase II (RNA pol II) and function in the promoter region of genes. (b) EIciRNA can interact with the U1
snRNP (small nuclear ribonucleoprotein) via specific RNA-RNA interaction between U1 snRNP and EIciRNA to form EIciRNA-U1 snRNP
complexes, and the complexes will recruit RNA pol II to the promoter to stimulate host gene expression.
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Table 1: An overview of circular RNAs in various cardiovascular diseases.

Diseases type CircRNA Targets Effect on diseases References
a Heart failure and pathological hypertrophy HRCR miR-223 ARC Suppress [40]
b Myocardial Infarction Cdr1as(ciRS-7) miR-7 SP1, PARP Induce [41]
c Cardiac senescence circ-Foxo3 ID1, E2F1, FAK, HIF1a Induce [42]
d Atherosclerosis cANRIL The INK4/ARF locus Regulate [43]
a: HRCR can act as miRNA sponges and bind to miR-223. ARC, a kind of protein, is the downstream target of miR-223, so that HRCR can enhance ARC’s
protective role as blocking the progression of cardiac pathological hypertrophy and heart failure through inhibiting miR-223 activity. b: Cdr1as can function
as miR-7 sponges. SP1 and PARP are miR-7 target genes and can inhibit miR-7-induced protective role during MI development. c: Circ-Foxo3 can hinder
transcription factors’ (ID1, E2F1, FAK, and HIF1a) transfer into nucleus so as to repress their antiageing effect. d: CANRIL is an antisense transcript from the
INK4/ARF locus resulting from alternative ANRIL transcription and splicing, while cANRIL can also influence the PcG-mediated INK4/ARF silencing. As
SNPs on chromosome 9p21 near the INK4/ARF locus can control INK4/ARF expression, which is correlated to atherosclerosis susceptibility, cANRIL can have
a regulatory role here.

negatively regulating PARP and decreasing apoptosis [52].
SP1 and PARP (poly ADP-ribose polymerase) are miR-7
target genes [53] and can inhibit miR-7a-induced decrease
of cell apoptosis under hypoxia treatment [53] and play
proapoptotic roles during MI development [54, 55]. There-
fore, Cdr1as can function as a miR-7a sponge in promoting
MI injuries through reducing the activity of miR-7a and
upgrading the expression of miR-7a targets like PARP and
SP1, which indicates the key role of Cdr1as/miR-7a axle inMI-
induced myocardial apoptosis.

In terms of this new finding that Cdr1as functions as
a miR-7a sponge in myocardial cells and regulates miR-7a,
PARP, and SP1 in MI injury, further efforts can be done to
move forward and figure out the potential therapeutic value
for improving MI-related injuries.

5.3. Circular RNA Circ-Foxo3 Promotes Cardiac Senescence.
Circ-Foxo3 is derived from a member of the forkhead family
of transcription factors which is called Foxo3 and has been
detected to be highly expressed in the cytoplasm of agedmice
and patients [56]. A number of researches have proved that
the high expressions of circ-Foxo3 accompanied with more
cells were held up at G1 phase and unable to transit to S phase.
Based on the previous findings, Du et al. proposed that the
expression of the circ-Foxo3 represses cell proliferation and
cell cycle progression [57].

Transcription factors ID1, E2F1, FAK, and HIF1a play
an antisenescence role while entering cell nucleus, but circ-
Foxo3 could repress this antiageing effect by hindering their
transfer to nucleus.The gain-and-loss of function experiment
also demonstrated a positive relation between circ-Foxp3 and
senescence [56].

Therefore, the ectopic expression of circ-Foxo3 is sup-
posed to promote senescence through arresting and relocat-
ing ID1, E2F1, FAK, and HIF1a in cytoplasm and blocking
their antisenescent function. These findings may provide
new insights into the inhibition of cardiac senescence and
myocardial protection.

5.4. Circular RNA cANRIL Is Correlated with Atherosclerosis
Risk. Several genome-wide association studies (GWAS) have
revealed the links between single nucleotide polymorphisms
(SNPs) on chromosome 9p21 near the INK4/ARF locus
and ASVD [58, 59], suggesting that chromosome 9p21.3
is correlated to the susceptibility of ASVD. Liu and his

colleagues verified that the ASVD-associated SNPs at 9p21
can control INK4/ARF (cyclin-dependent kinase 4 inhibitor,
INK4a; alternative reading frame, ARF) expression [60].
Circular ANRIL RNA (circular antisense noncoding RNA in
the INK4 locus, cANRIL) is an antisense transcript from the
INK4A/ARF locus [61]. SNPs on chromosome 9p21.3 near the
INK4/ARF locus regulate INK4/ARF transcription through
modulating ANRIL splicing and cANRIL production [40],
indicating that the structure and expression of cANRIL
species resulted from the alternative splicing in the process
of INK4/ARF transcription. Jacobs and colleagues figured
out that the INK4/ARF locus can be inhibited by Polycomb
group (PcG) complexes [62]. As cANRIL can influence the
PcG-mediated INK4/ARF silencing through recruiting PcG
complexes [63–65], Burd and his colleagues speculated that
modified cANRIL structure can result in changes in PcG-
mediated INK4/ARF silencing and atherosclerosis suscepti-
bility [40]. They also suggested that cANRIL expression may
be a useful marker which is of pathogenic relevance to ASVD
susceptibility [40].

6. Conclusion

CircRNAs are now a noticeable area in the field of RNA.
It is clear that natural circRNAs are an abundant, diverse,
stable, and conserved class of RNAmolecules, representing a
new type of regulatory noncoding RNA. Nevertheless, their
biological roles are not yet clearly understood, as well as
their localization and degradation. Recent researches have
demonstrated that circRNAs can act as sponges to bind
to miRNAs, regulate transcription, or affect gene expres-
sion, and we believe that there might be other functions
remaining to be revealed. Recently, a circRNA database has
been constructed (http://circnet.mbc.nctu.edu.tw/) [66].This
database provides tissue-specific circRNA expression profiles
and circRNA-miRNA-gene regulatory networks [66].

As is known to all, miRNAs regulate cardiac function
through regulating the development, differentiation, pro-
liferation, and apoptosis of cells during the progression
of diseases [41, 67, 68]. Besides, abnormal expression of
miRNA may induce cardiac fibrosis through targeting TGF-
𝛽, including miR-378, miR-122, miR-29, and miR-26 [69].
Moreover, one miRNA can have many target mRNA [42,
70], while one mRNA can be managed by several miRNAs
[71]. In this review, we summarized recent studies on the

http://circnet.mbc.nctu.edu.tw/
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interaction of circRNAs with others and the relationships
between circRNAs and cardiovascular diseases, hinting that
circRNAs play special regulating roles in the initiation and
progression of related diseases. We noted two circRNAs,
HRCR and Cdr1as, which could function as miRNA sponges
in the cardiovascular diseases, indicating that some circRNAs
may act as upstream regulators of miRNAs. As roles of many
miRNAs in different cardiovascular diseases have been veri-
fied [72–75] and several circRNAs have been detected in the
myocardium of humans andmice [43], we thinkmore studies
can be done in the future to figure out the link of circRNAs
and miRNAs. Therefore, we speculate that circRNAs may
serve as diagnostic or prognostic biomarkers of disease and
have potential therapeutic values. However, more studies
have to be done before we fully understand the biological
and molecular mechanisms of circRNAs in the development
of cardiovascular diseases. Perhaps in the future, circRNAs
may have great potential in clinical diagnosis and treatment
of disease. With the development of new technologies, more
circRNAs will be detected as well as their new functions.
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Mesenchymal stem cells (MSCs) repair infarcted heart through paracrine mechanism. We sought to compare the effectiveness
of MSCs and MSC-derived exosomes (MSC-Exo) in repairing infarcted hearts and to identify how MSC-Exo mediated cardiac
repair is regulated. In a rat myocardial infarction model, we found that MSC-Exo inhibited cardiac fibrosis, inflammation, and
improved cardiac function. The beneficial effects of MSC-Exo were significantly superior compared to that of MSCs. To explore
the potential mechanisms underlyingMSC-Exo’s effects, we performed several in vitro experiments andmiRNA-sequence analysis.
MSC-Exo stimulated cardiomyocyte H9C2 cell proliferation, inhibited apoptosis induced by H

2
O
2
, and inhibited TGF-𝛽 induced

transformation of fibroblast cell into myofibroblast. Importantly, novel miRNA sequencing results indicated that MSC-Exo and
MSCs have similar miRNA expression profile, which could be one of the reasons that MSC-Exo can replace MSCs for cardiac
repair. In addition, the expression of several miRNAs from MSC-Exo was significantly different from that of MSCs, which may
explain why MSC-Exo has better therapeutic effect than MSCs. In conclusion, this study demonstrates that MSC-Exo could be
used alone to promote cardiac repair and are superior to MSCs in repairing injured myocardium.

1. Introduction

Mesenchymal stem cells (MSCs) have been shown to repair
infarcted myocardium by secreting paracrine factors [1–3].
Several studies have demonstrated the safety and efficacy of
MSCs in clinical trials [4–7]. However, cell transplantation-
related contamination, cell death, and immune rejection are
the major concerns in clinical practice. Therefore, alternative
treatment strategies, such as exosome-based therapy, are
preferred [8, 9].

Exosomes are secreted nanosizedmembrane vesicles with
diameters within 30–100 nm. Exosomes contain functional
proteins, mRNAs, microRNAs (miRNA) [10], and tRNA
species [11] that play important roles in intercellular com-
munication [12, 13]. MSCs derived exosomes (MSC-Exo)
can improve heart function after infarction [14–17]. No
studies have directly compared the effects of MSC-Exo and

MSCs; therefore, it is not known whether MSC-Exo could
replace MSCs for cardiac repair. The molecular mechanisms
responsible for MSC-Exo and MSCs mediated cardiac repair
are also unknown.

In this study, we compared the effects of MSC-Exo and
MSCs in a rat myocardial infarction model and performed
in vitro experiments to determine the impacts of MSC-Exo
on cell proliferation, apoptosis, and myofibroblast formation.
We also performed novel miRNA sequencing to compare the
miRNA expression profile between MSC-Exo and MSCs.

2. Materials and Methods

2.1. Ethics Statement. All animals were obtained from
the Experimental Animal Center of Soochow University
(Suzhou, China). Animal experiments were approved by the
Institutional Animal Care and Use Committee of Soochow
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University. All the procedures were in compliance with the
Guide for the Care andUse of Laboratory Animals, published
by the US National Institutes of Health (NIH Publication
number 85-23, revised 1996).

2.2. Isolation and Culture of MSCs. Bone marrow MSCs
were isolated from male Sprague-Dawley (SD) rats as pre-
viously described [18]. Briefly, bone marrow cells were
flushed out with basic culture medium from the femur
and tibia bones and seeded in culture dishes containing
Dulbecco’s modified Eagle’s medium : nutrient mixture F-
12 (DMEM : F12, HyClone), supplemented by 10% fetal
bovine serum (FBS) (Biological Industries) and penicillin
(100U/mL)/streptomycin (100 𝜇g/mL) (Sigma). Cells were
incubated at 37∘C in a humidified atmosphere containing
5% CO

2
. After 48 hours, the dishes were washed with

fresh culture medium to remove the nonadherent cells.
Cells were harvested with 0.25% trypsin-EDTA (Sigma) and
passaged at 5 × 103 cells/cm2. The MSCs (passage 3 [P3])
were identified by flow cytometry using antibodies against
CD90-APC (Allophycocyanin, BD Pharmingen), CD45-PE-
Cy7 (Phycoerythrin-Cy7, BD Pharmingen), and CD11b-FITC
(Fluorescin isothiocyanate, Biolegend). MSCs at P3, P4, and
P5 were used for the experiments.

2.3. Harvest and Identification of MSC-Exo. Exosomes were
harvested from MSCs at passage 4. MSCs were cultured in
DMEM : F12 containing 10% FBS. The FBS has been cen-
trifuged at 100,000𝑔 in order to eliminate preexisting bovine-
derived exosomes [19]. After 48 hours, exosomes derived
from MSC culture supernatants were isolated using total
exosome isolation kit (Life Technology), which yields high
quantities of purified exosomes. The culture media collected
from MSCs were centrifuged at 2,000𝑔 for 30 minutes to
remove dead cells and debris, and then the media were
transferred to a new tube, containing 0.5 volumes of the Total
Exosome Isolation reagent.Themixture was incubated at 4∘C
overnight and centrifuged at 10,000𝑔 for 1 hour at 4∘C. The
pellets were resuspended in PBS and stored at −80∘C. Protein
concentration of MSC-Exo was determined using a BCA
protein assay kit (Takara) [20]. The morphology of MSC-
Exo was identified by transmission electron microscope, and
the phenotype of MSC-Exo was analyzed by flow cytometry.
Because exosomes are too small to be captured directly by
flow cytometry, MSC-Exo was prebound to aldehyde/sulfate
latex beads (4 𝜇m; Molecular Probes; Invitrogen) to amplify
channel signal and then incubated with a PE conjugated
antibody against CD63 (Abcam) which is a specific marker
for exosome [21]. Furthermore, CD63 protein was detected
by Western blot using a specific antibody against CD63
(Abcam).

2.4. MI Induction and Implantation of MSCs and MSC-Exo.
To assess the effects of MSC-Exo in acute myocardial infarc-
tion (MI), MI was induced in 30 male SD rats (260–280 g)
as previously reported [22–25]. Animals were anesthetized
with intraperitoneal injection of 80mg/kg pentobarbital, and
then the fur of the neck and chest areas were shaved. A
chest retractor was positioned within the fourth intercostal

space. After the left ventricle was exposed, the left coronary
anterior descending coronary artery was ligated with an 8-
0 nylon suture. Successful induction of MI was verified by
color change immediately in the infarcted area. After LAD
was ligated, PBS (20𝜇L), MSCs (1 × 106 cells), and MSC-
Exo (20𝜇g/20 𝜇L) were injected into two different sites along
the infarct border region. In sham operated control rats,
the procedure was identical, except that the LAD was not
ligated. Penicillin (1.5 × 105U/mL) was delivered (i.p) after
the surgery.

2.5. Cardiac Function. Under anesthesia (1.0% inhaled isoflu-
rane), echocardiography was performed to evaluate cardiac
function at baseline and 1 and 7 days after MI using a 21MHz
transducer (VisualSonics). The left ventricular ejection frac-
tion (LVEF) and fraction shorting (FS) were calculated as
previously described [26]. All procedures and analysis were
performed by a researcher who was blinded to treatment
groups.

2.6. Statistical Analysis. Data were presented as mean ±
SD. Statistical significance between 2 groups was deter-
mined by nonparametric test (Mann–Whitney test). Com-
parisons among multiple groups were analyzed by Kruskal–
Wallis test, with Dunn’s posttest to compare all pairs of
groups. 𝑃 < 0.05 was considered to indicate significant
difference.

3. Results

3.1. Identification and Characterization of MSC and MSC-
Exo. Rat bone marrow MSCs were plastic adherent and
spindle shaped under a light microscope (Figure 1(a)). Flow
cytometry analysis showed that MSCs were positive for
CD90, but negative for CD45 and CD11b (Figure 1(b)),
which was consistent with previous report [27]. MSC-Exo
appeared as small round particles with typical cup-shaped
morphology, as revealed by electronmicroscopy (Figure 1(c)).
Flow cytometry analysis showed that MSC-Exo expressed
high levels of CD63 (Figure 1(d)), and the results were
confirmed by Western blot (Figure 1(e)).

3.2. MSC-Exo Treatment Preserves Myocardial Function after
MI. We evaluated the therapeutic effects of MSC-Exo and
MSCs in a myocardial infarction (MI) model. Echocardiog-
raphy was performed at baseline and 1 and 7 days after theMI
surgery. As shown in Figure 2(a), LVEF was not significantly
different among the groups preoperatively and 1 day after
surgery. However, 7 days after MI surgery, the LVEF was
markedly increased in theMSC-Exo group andMSCs groups
compared with the control group (Figure 2(a)) (MSC-Exo
group: 59.66 ± 4.38%; MSC group: 50.23 ± 3.45%; control:
30.77 ± 4.13%. MSC-Exo versus control, 𝑃 < 0.05)

The FS was markedly increased in the MSC-Exo group
and MSCs groups compared with the control group (Fig-
ure 2(a)) (MSC-Exo group: 31.31±7.03%;MSCgroup: 26.87±
2.67%; control: 14.93 ± 2.31%. MSC-Exo versus control, 𝑃 <
0.05).
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Figure 1: Characterization of MSCs and MSC-Exo. (a) The morphology of MSCs was observed under microscope; scale bar = 200 𝜇m. (b)
Flow-cytometric analyses showed that culturedMSCs from ratswere positive forCD90 andnegative forCD45 andCD11b. (c)Themorphology
of MSC-Exo was observed under an electron microscope. Bar = 100 nm. (d)The expression of exosome marker CD63 was identified by flow-
cytometric analyses. (e) Western blot analysis of CD63 protein in MSC-Exo.

3.3. MSC-Exo Treatment Reduces Fibrosis. Masson trichrome
staining was performed 1 week after MSC-Exo injection
in order to assess the size of MI. As shown in Supple-
mental Figure 1(a) (see Supplementary Material available
online at https://doi.org/10.1155/2017/4150705), the blue color
represents fibrotic tissue and the red color shows normal
myocardium. Through quantitative analyses using Image
J software, we found that the percentage of fibrotic area
in the entire cross-sectional area and the percentage of
fibrosis length in the entire internal circumference were both
significantly reduced in the MSC-Exo group compared with
MI group (Supplemental Figures 1(b) and 1(c)).

3.4. MSC-Exo Treatment Reduces Inflammation. To deter-
mine whether MSC-Exo treatment could reduce inflam-
mation, PBS, MSCs, and MSC-Exo were injected into the
peri-infarct zones. One week after myocardial infarction
induction, hearts sections were stained with anti-CD68 anti-
body to identify infiltrated inflammatory cells in infarcted
myocardium. Our data showed that CD68 expression in the
MSCs group was significantly decreased compared with PBS
group (𝑃 < 0.05). Importantly, the difference in CD68
expression between the MSC-Exo group and PBS group is
highly significant (𝑃 < 0.01) (Figure 2(b)).

3.5. MSC-Exo Are Internalized by H9C2 and BJ Cells. MSC-
Exo was labeled with the fluorescent dye PKH26 in order
to determine whether MSC-Exo could be internalized into
cardiomyocyte H9C2 and fibroblast BJ cells. After incubating
the labeledMSC-ExowithH9C2orBJ cells for 12 hours, inter-
nalization of MSC-Exo was examined under a fluorescent

microscope (Supplemental Figure 2). The red fluorescence
observed in the cytoplasm ofH9C2 and BJ cells indicated that
PKH26-labeledMSC-Exo have been successfully internalized
by H9C2 and BJ cells.

3.6. MSC-Exo Promotes Proliferation and Inhibits Apoptosis
of H9C2 Cells. In order to assess the effect of MSC-Exo
on cell proliferation, H9C2 cells were incubated with dif-
ferent amount of MSC-Exo for 48 hours and proliferation
was determined by Edu assay. As shown in Supplemental
Figures 3(a) and 3(b), the proliferative capacity of H9C2 cells
was significantly enhanced byMSC-Exo in a dose-dependent
manner.

It was shown thatMSCs could inhibit H9C2 apoptosis via
paracrinemechanisms [15]. Using theAnnexinV/PI assay, we
found thatH9C2 cells were resistant toH

2
O
2
induced apopto-

sis after treatment with MSC-Exo in a dose-dependent man-
ner (Supplemental Figure 4), suggesting that the paracrine
effect exerted by MSCs may be mediated by MSC-Exo.

3.7. MSC-Exo Inhibits Fibroblast Transformation. It is known
that TGF-𝛽 promote cardiac fibrosis by transforming fibrob-
lasts into myofibroblasts [28]. We evaluated the impact of
MSC-Exo on the expression of 𝛼-SMA, a defining marker
of myofibroblast. Our data demonstrate that TGF-𝛽 induced
expression of 𝛼-SMA in BJ fibroblast cells was reduced by
MSC-Exo dose dependently (Supplemental Figure 5).

3.8. Sequencing Results of miRNA from MSC-Exo and MSC.
Sequencing analysis of miRNA from MSC-Exo and MSCs
was performed by the HiSeq 2500 platform as described in

https://doi.org/10.1155/2017/4150705
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Figure 2: Analysis of rat myocardial function and inflammation after MSC-Exo and MSCs transplantation. (a) Representative echocardiog-
raphy images of left ventricular ejection fraction (LVEF) and fraction shorting (FS) in the PBS, MSCs, and MSC-Exo-injected groups. LVEF
and FS were measured preoperatively and at 1 and 7 days post-MI induction (𝑛 = 5/group). (b) MSC-Exo reduces inflammation in the peri-
infarct myocardium. PBS control, MSCs, and MSC-Exo were injected into the peri-infarct zones and heart samples were harvested 1 week
after injection. Heart sections were stained with anti-CD68 antibody (green) to detect inflammation in the peri-infarct zone. Bar = 50𝜇m. #
represents MSCs group versus PBS group, 𝑃 < 0.05; & represents MSC-Exo group versus PBS group, 𝑃 < 0.05.
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Figure 3: (a) miRNA expression profiling. Total RNA was extracted from MSC-Exo and MSCs using Qiagen miRNeasy Mini Kit. The
sequence was detected by HiSeq 2500 platform. The RPKM stands for the miRNA expression. RPKM: read per kilobases per millionreads.
(b) Heat map of miRNA sequencing data fromMSC-Exo and MSCs. Green: downregulated. Red: upregulated.

the supplemental methods. We found that MSC-Exo and
MSCs had similar miRNA sequence profile in general, as
quantified by read per kilobases per millionreads (RPKM).
Based on the literature, we focused on the miRNAs which
play critical roles in cardiac function. We found that the
expression of miR-130, miR-378, and miR-34, which neg-
atively regulate cardiac functions, was relatively low. The
expression of miR-29 and miR-24, which positively regulate
cardiac functions, was relatively high (Figure 3(a)).

To further characterize the difference of miRNA expres-
sion between MSC-Exo and MSCs, the hierarchical cluster
of miRNA expression was made, which indicated that the
expression of several miRNAs (including miR-15) derived
fromMSC-Exo was significantly different from that of MSCs
(Figure 3(b)). Differentially expressed miRNAs were also
defined by using a FDR (False Discovery Rate) threshold and
log
2
FC (fold-change) analysis through EBSeq algorithm.The

threshold of truly significant miRNA was defined as FDR <
0.05 and log

2
FC > 1 or < −1. For example, the expression

of miR-21 and miR-15, which regulate cardiac functions, was
significantly lower in MSC-Exo compared to that in MSCs
(Figure 4(a)). The target gene of miRNA was predicted with
TargetScan and Miranda software. The predicted targets of
the differentially expressed miRNAs were then analyzed in
terms of their gene ontology (GO) categories and pathways
using Fisher’s exact test and 𝜒2 test. GO analysis was applied
to analyze the main function of the differentially expressed
genes according to the GO which is the key functional
classification of NCBI. Pathway annotations of genes were
predicted from KEGG (http://www.genome.jp/kegg/). We

found several pathways, including PATH: 04151 (PI3k-Akt
pathway) and PATH: 04150 (mTOR pathway) (Figures 4(b)
and 4(c)), which were significantly upregulated in MSC-Exo
compared to that in MSCs.

4. Discussion

In the present study, we demonstrate that MSC-Exo reduced
inflammation, inhibited fibrosis, and improved cardiac func-
tion in a ratmyocardial infarctionmodel.The effects ofMSC-
Exo were significantly superior to that of MSCs. Importantly,
the novel miRNA sequencing results indicated thatMSC-Exo
and MSCs had similar miRNA expression profile, which is
one of the reasons why MSC-Exo can replace MSCs to treat
myocardial infarction. However, miRNA profiling analysis
also revealed that the expression of several miRNAs was
significantly different between MSC-Exo and MSCs, which
may explain why MSC-Exo are superior to MSCs in treating
MI. To our knowledge, these novel findings have not been
reported before.

Furthermore, one of the primary barriers limiting the
effectiveness of stem cell based therapy is the harsh ischemic
microenvironment which may kill most of the injected cells
before they could engraft and produce any beneficial factors.
In this context, MSC-Exo is preferred because this approach
is cell free and the injectedMSC-Exo could be internalized by
nearby cardiac cells and fibroblasts and enhances myocardial
function by reprogramming the cardiac cells and fibroblasts.

Our recent study demonstrated that MSC-Exo could
stimulate the proliferation and migration of cardiac stem

http://www.genome.jp/kegg/
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Figure 4: Differentially expressed miRNAs, pathway analysis, and gene ontology (GO) in MSC-Exo compared with MSCs. (a) List of the
differentially expressed miRNAs and the log

2
fold-changes are indicated. (b) Pathways associated with increased expression of miRNAs in

MSC-Exo. The vertical axis is the pathway category and the horizontal axis is the enrichment of pathways. (c) GO category associated with
increased expression of miRNAs in MSC-Exo. The vertical axis is the GO category, and the horizontal axis is the enrichment of GO.

cells (CSCs) in a rat myocardial infarction model [29].
Others suggested that CD34+ stem cell derived exosomes
promote angiogenesis and inhibit apoptosis and fibrosis [30,
31]. Here, we demonstrated that MSC-Exo prevented the
transformation of fibroblast to myofibroblast for the first
time. This novel finding explains why MSC-Exo injection
could reduce cardiac fibrosis after MI.

MiRNAs, shuttled by exosomes, are among the most
important molecular factors controlling cardiac repair [8].

Therefore, we evaluated the miRNA expression profile in
MSC-Exo and MSCs through miRNA sequencing. Our
results showed high expression of miR-29 and miR-24 in
both MSC-Exo and MSCs. Previous studies have shown that
enhanced expression of miR-29 prevented kidney fibrosis by
reducing the expression of collagen [32]. Upregulation of
miR-24 limits aortic vascular inflammation [33]. Importantly,
in vivo expression of miR-24 in a mouse MI model inhibited
cardiomyocyte apoptosis, attenuated infarct size, and reduced



8 BioMed Research International

cardiac dysfunction [34]. Moreover, our results showed that
the expression of miR-34 was decreased in both MSC-
Exo and MSCs. Previous studies showed that inhibition of
miR-34 expression in vivo using LNA-based antimiRs or
antagomiRs improved cardiomyocyte survival after MI and
thereby preserved cardiac contractile function [35, 36].

Moreover, the low expression of miR-130 and miR-378 in
both MSC-Exo and MSCs found in our study is in line with
other reports that high expression of the miR-130 and miR-
378 causedK ion channel dysfunction in cardiac stem cell and
cardiac hypertrophy [37, 38].Therefore, increased expression
of miR-29 and miR-24 and reduced expression of miR-34,
miR-130 and miR-378 may be responsible for the beneficial
effects exerted by MSC-Exo.

Furthermore, our findings that the expression of miR-21
and miR-15 was significantly lower in MSC-Exo compared to
MSC, which are in line with previous reports that downregu-
lation of miR-21 prevents hypertrophy [39] and inhibition of
miR-15 prevents cardiac ischemic injury [40]. These findings
may explain why MSC-Exo had better effects in cardiac
repair. Certainly, we need to identify the exact targets of the
miRNAs and define the pathways in future studies in order
to better understand how these miRNA might affect cardiac
repair.

5. Conclusion

This is the first study to compare the effects of MSC-Exo and
MSCs in a rat acute myocardial infarction and demonstrates
thatMSC-Exo enhances cardiac repair via similarmechanism
as MSCs, by promoting cardiomyocyte proliferation, reduc-
ing apoptosis, and inhibiting fibrosis. The similar miRNA
profile between MSC-Exo and MSCs suggests that MSC-Exo
could replace MSCs to treat myocardial infarction.The study
therefore identifies MSC-Exo as a novel therapeutic strategy
in the improvement of cardiac function after myocardial
infarction.
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hematopoietic stem cells protects cardiomyocytes against apop-
tosis via paracrine activation of AKT,” Journal of Translational
Medicine, vol. 10, article 115, 2012.

[4] J. M. Hare, J. H. Traverse, T. D. Henry et al., “A random-
ized, double-blind, placebo-controlled, dose-escalation study of
intravenous adult human mesenchymal stem cells (Prochymal)
after acute myocardial infarction,” Journal of the American
College of Cardiology, vol. 54, no. 24, pp. 2277–2286, 2009.

[5] J. M. Hare, J. E. Fishman, G. Gerstenblith et al., “Comparison
of allogeneic vs autologous bonemarrow-derivedmesenchymal
stem cells delivered by transendocardial injection in patients
with ischemic cardiomyopathy: the POSEIDON randomized
trial,” JAMA, vol. 308, no. 22, pp. 2369–2379, 2012.

[6] S. K. Sanganalmath and R. Bolli, “Cell therapy for heart failure:
a comprehensive overview of experimental and clinical studies,
current challenges, and future directions,” Circulation Research,
vol. 113, no. 6, pp. 810–834, 2013.

[7] S. Golpanian, D. L. DiFede, M. V. Pujol et al., “Rationale
and design of the allogeneiC human mesenchymal stem cells
(hMSC) in patients with aging fRAilTy via intravenoUS deliv-
ery (CRATUS) study: a phase I/II, randomized, blinded and
placebo controlled trial to evaluate the Safety and potential
efficacy of allogeneic humanmesenchymal stem cell infusion in
patients with aging frailty,” Oncotarget, vol. 7, no. 11, pp. 11899–
11912, 2016.

[8] R. A. Boon and S. Dimmeler, “MicroRNAs in myocardial
infarction,” Nature Reviews Cardiology, vol. 12, no. 3, pp. 135–
142, 2015.

[9] Y. Li, Z. Shen, and X.-Y. Yu, “Transport of microRNAs via
exosomes,”Nature Reviews Cardiology, vol. 12, no. 4, p. 198, 2015.

[10] E. Cervio, L. Barile, T. Moccetti, and G. Vassalli, “Exosomes
for intramyocardial intercellular communication,” Stem Cells
International, vol. 2015, Article ID 482171, 10 pages, 2015.

[11] S. R. Baglio, K. Rooijers, D. Koppers-Lalic et al., “Human
bone marrow- and adipose-mesenchymal stem cells secrete
exosomes enriched in distinctive miRNA and tRNA species,”
Stem Cell Research andTherapy, vol. 6, no. 1, article 127, 2015.

[12] C. Subra, D. Grand, K. Laulagnier et al., “Exosomes account
for vesicle-mediated transcellular transport of activatable phos-
pholipases and prostaglandins,” Journal of Lipid Research, vol.
51, no. 8, pp. 2105–2120, 2010.

[13] C. Théry, M. Ostrowski, and E. Segura, “Membrane vesicles as
conveyors of immune responses,” Nature Reviews Immunology,
vol. 9, no. 8, pp. 581–593, 2009.

[14] X. Teng, L. Chen,W. Chen, J. Yang, Z. Yang, and Z. Shen, “Mes-
enchymal stem cell-derived exosomes improve the microenvi-
ronment of infarcted myocardium contributing to angiogenesis
and anti-inflammation,” Cellular Physiology and Biochemistry,
vol. 37, no. 6, pp. 2415–2424, 2015.

[15] R. A. Boomsma and D. L. Geenen, “Mesenchymal stem cells
secrete multiple cytokines that promote angiogenesis and have



BioMed Research International 9

contrasting effects on chemotaxis and apoptosis,” PlOS one, vol.
7, no. 4, Article ID e35685, 2012.

[16] R. C. Lai, F. Arslan, M. M. Lee et al., “Exosome secreted by
MSC reduces myocardial ischemia/reperfusion injury,” Stem
Cell Research, vol. 4, no. 3, pp. 214–222, 2010.

[17] S. Bian, L. Zhang, L. Duan, X. Wang, Y. Min, and H. Yu,
“Extracellular vesicles derived from human bone marrow mes-
enchymal stem cells promote angiogenesis in a rat myocardial
infarction model,” Journal of Molecular Medicine, vol. 92, no. 4,
pp. 387–397, 2014.

[18] X. Sun, B. Fang, X. Zhao, G. Zhang, and H. Ma, “Precondi-
tioning of mesenchymal stem cells by sevoflurane to improve
their therapeutic potential,” PLoS ONE, vol. 9, no. 3, Article ID
e90667, 2014.

[19] J.-A. Cho, Y.-S. Lee, S.-H. Kim, J.-K. Ko, and C.-W. Kim,
“MHC independent anti-tumor immune responses induced by
Hsp70-enriched exosomes generate tumor regression inmurine
models,” Cancer Letters, vol. 275, no. 2, pp. 256–265, 2009.

[20] A. Brill, O. Dashevsky, J. Rivo, Y. Gozal, and D. Varon, “Platelet-
derived microparticles induce angiogenesis and stimulate post-
ischemic revascularization,” Cardiovascular Research, vol. 67,
no. 1, pp. 30–38, 2005.

[21] S. Atay, C. Gercel-Taylor, M. Kesimer, and D. D. Taylor, “Mor-
phologic and proteomic characterization of exosomes released
by cultured extravillous trophoblast cells,” Experimental Cell
Research, vol. 317, no. 8, pp. 1192–1202, 2011.

[22] K. E. Hatzistergos, H. Quevedo, B. N. Oskouei et al., “Bone
marrow mesenchymal stem cells stimulate cardiac stem cell
proliferation and differentiation,” Circulation Research, vol. 107,
no. 7, pp. 913–922, 2010.

[23] H. Kawada, J. Fujita, K. Kinjo et al., “Nonhematopoietic mes-
enchymal stem cells can be mobilized and differentiate into
cardiomyocytes aftermyocardial infarction,” Blood, vol. 104, no.
12, pp. 3581–3587, 2004.

[24] M. E. Padin-Iruega, Y. Misao, M. E. Davis et al., “Cardiac
progenitor cells and biotinylated insulin-like growth factor-
1 nanofibers improve endogenous and exogenous myocardial
regeneration after infarction,” Circulation, vol. 120, no. 10, pp.
876–887, 2009.

[25] Y. Iso, K. S. Rao, C. N. Poole et al., “Priming with ligands
secreted by human stromal progenitor cells promotes grafts of
cardiac stem/progenitor cells after myocardial infarction,” Stem
Cells, vol. 32, no. 3, pp. 674–683, 2014.

[26] L. Zentilin, U. Puligadda, V. Lionetti et al., “Cardiomyocyte
VEGFR-1 activation by VEGF-B induces compensatory hyper-
trophy and preserves cardiac function after myocardial infarc-
tion,” FASEB Journal, vol. 24, no. 5, pp. 1467–1478, 2010.

[27] M. T. Harting, F. Jimenez, S. Pati, J. Baumgartner, and C. S.
Cox, “Immunophenotype characterization of rat mesenchymal
stromal cells,” Cytotherapy, vol. 10, no. 3, pp. 243–253, 2008.

[28] A. Biernacka,M.Dobaczewski, andN.G. Frangogiannis, “TGF-
𝛽 signaling in fibrosis,” Growth Factors, vol. 29, no. 5, pp. 196–
202, 2011.

[29] Z. Zhang, J. Yang, W. Yan, Y. Li, Z. Shen, and T. Asahara,
“Pretreatment of cardiac stem cells with exosomes derived from
mesenchymal stem cells enhances myocardial repair,” Journal of
the AmericanHeart Association, vol. 5, no. 1, Article ID e002856,
2016.

[30] S. Sahoo, E. Klychko, T. Thorne et al., “Exosomes from human
CD34+ stem cells mediate their proangiogenic paracrine activ-
ity,” Circulation Research, vol. 109, no. 7, pp. 724–728, 2011.

[31] S.-G. Ong, W. H. Lee, M. Huang et al., “Cross talk of combined
gene and cell therapy in ischemic heart disease: role of exosomal
microRNA transfer,”Circulation, vol. 130, no. 11, S1, pp. S60–S69,
2014.

[32] B. Wang, R. Komers, R. Carew et al., “Suppression of
microRNA-29 expression by TGF-𝛽1 promotes collagen expres-
sion and renal fibrosis,” Journal of the American Society of
Nephrology, vol. 23, no. 2, pp. 252–265, 2012.

[33] L. Maegdefessel, J. M. Spin, U. Raaz et al., “miR-24 limits
aortic vascular inflammation and murine abdominal aneurysm
development,”Nature Communications, vol. 5, article 5214, 2014.

[34] L. Qian, L.W. Van Laake, Y. Huang, S. Liu, M. F.Wendland, and
D. Srivastava, “miR-24 inhibits apoptosis and represses Bim in
mouse cardiomyocytes,” Journal of Experimental Medicine, vol.
208, no. 3, pp. 549–560, 2011.

[35] R. A. Boon, K. Iekushi, S. Lechner et al., “MicroRNA-34a
regulates cardiac ageing and function,” Nature, vol. 495, no.
7439, pp. 107–110, 2013.

[36] B. C. Bernardo, X.-M. Gao, C. E. Winbanks et al., “Therapeutic
inhibition of the miR-34 family attenuates pathological cardiac
remodeling and improves heart function,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 109, no. 43, pp. 17615–17620, 2012.

[37] Y. Li, C.-M. Yang, Y. Xi et al., “MicroRNA-1/133 targeted
dysfunction of potassium channels KCNE1 and KCNQ1 in
human cardiac progenitor cells with simulated hyperglycemia,”
International Journal of Cardiology, vol. 167, no. 3, pp. 1076–1078,
2013.

[38] J. Ganesan,D. Ramanujam, Y. Sassi et al., “MiR-378 controls car-
diac hypertrophy by combined repression of mitogen-activated
protein kinase pathway factors,” Circulation, vol. 127, no. 21, pp.
2097–2106, 2013.

[39] C. Bang, S. Batkai, S. Dangwal et al., “Cardiac fibroblast-derived
microRNA passenger strand-enriched exosomes mediate car-
diomyocyte hypertrophy,” Journal of Clinical Investigation, vol.
124, no. 5, pp. 2136–2146, 2014.

[40] T. G. Hullinger, R. L. Montgomery, A. G. Seto et al., “Inhibition
of miR-15 protects against cardiac ischemic injury,” Circulation
Research, vol. 110, no. 1, pp. 71–81, 2012.



Review Article
Roles of miR-17-92 Cluster in Cardiovascular Development and
Common Diseases

Huanyu Gu, Zhuyuan Liu, and Lei Zhou

Department of Cardiology, The First Affiliated Hospital, Nanjing Medical University, Nanjing 210029, China

Correspondence should be addressed to Lei Zhou; zhoulei@njmu.edu.cn

Received 7 October 2016; Accepted 21 December 2016; Published 10 January 2017

Academic Editor: Zhiyong Lei

Copyright © 2017 Huanyu Gu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

MicroRNAs (miRNAs and miRs) are a large class of noncoding, single-stranded, small RNA molecules. The precise control of
their expression is essential for keeping tissue homeostasis and normal development of organisms.Thus, unbalanced expression of
miRNAs is a hallmark of many diseases. Two to dozens of miRNAs can form into a miRNA cluster, and the miR-17-92 cluster is one
of them. Although firstly described as an oncogenic miRNA cluster, the miR-17-92 cluster has also been found to play critical role
in normal cardiac development and cardiovascular disease. This review focuses on the characteristics and functions of miR-17-92
cluster in heart.

1. Introduction

MicroRNAs (miRNAs and miRs) are endogenous single-
stranded fragments composed by 18–24 nucleotides. A single
microRNA can target multiple downstream mRNAs for
degradation or translational repression by binding to 3-
untranslated regions (UTRs) and thus mediates the posttran-
scriptional gene regulation. More than 2,000 miRNAs have
been identified up to now; however, the biological functions
of many of them are still not sufficiently investigated. Recent
studies have revealed that miRNAs participate not only in
normal cellular physiology such as differentiation [1] and
proliferation [2] but also in the progression of a variety of
diseases in heart, lung, immune system, and so forth. For
example, miR-1 [3] and miR-27b [4] have been reported to
play important role in cardiac cell proliferation, morpho-
genesis, and conduction. Both miR-126 [5] and miR-143/145
[6] are key regulators of cardiovascular development and
differentiation.

miRNAs within a cluster are frequently paralogous with
each other in high sequence homology, making them target
the unique and common mRNAs, acting as a family. Some
clusters have been found to be vital to normal development of
organism and pathology of disease. For example, miR-199a-
214 cluster takes part in heart failure by facilitating glucose

metabolism in failing heart from fatty acid utilization in
healthy heart [7].

Among all miRNA clusters, miR-17-92, which was called
oncomir-1 at first, is a highly conserved cluster that is
essential in adipocyte differentiation [8], lung development
[9], angiogenesis [10], tumorigenesis [11], and especially heart
development [12, 13]. miR-17-92 cluster has been confirmed
to be involved in normal cardiac development and its change
took part in the genesis of many cardiovascular diseases,
including heart failure [14], cardiomyopathy, arrhythmias,
and cardiac hypertrophy [15], while its mechanisms of action
in these contexts are not fully understood (Figure 1).

Cardiovascular disease (CVD) is the main threat to
human health globally [16], and investigators around the
world have spent much effort in the study of this field.
Though many great progresses have been made, innovative
therapeutics are still needed for cardiovascular diseases.
These recent findings in this review about the role of miR-
17-92 cluster in heart may shed new light on our under-
standing and provide potential novel therapeutic targets in
the treatment of cardiovascular diseases. Since the cardiomy-
ocytes of most mammalian hearts will not proliferate after
birth, the damaged condition is not reversible. MiR-17-92
cluster has important role in proliferation and differentiation
of cardiomyocyte. Detecting function of miR-17-92 cluster
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Figure 1: Multiple functions of miR-17-92 cluster in heart.

which had been found to have the capacity of promoting
cardiac regeneration would be fundamental for exploring
new effective therapies against CVD.

2. Biological Role of miR-17-92 Cluster

Pri-miR-17-92 is processed into seven individual mature
miRNAs including miR-17-5p, miR-17-3p, miR-18a, miR-19a,
miR-19b, miR-20a, and miR-92a, all cleaved by the RNase
III enzyme. miR-17-92 cluster is located in the open reading
frame 25 (C13orf25) which is an 800-base pair region on
chromosome 13 in human genome and on chromosome 14
in mouse genome.

Members of miR-17-92 cluster are expressed in various
tissues, while their expression levels depend on different
cellular contexts. miR-17-92 cluster is absolutely essential to
normal mouse development, as knock-out of miR-17-92 in
newborn mice resulted in death shortly after their birth [17].
Overexpression of miR-17-92 would cause mice dying soon
after birth with abnormal lung consisting of obvious epithelia
hyperplasia and very few normal alveoli [18].

The relationship between miR-17-92 and carcinogenesis
is most widely explored. Increased miR-17-92 has been
observed in different types of cancer, including lymphoma,
lung, colon, and breast [19, 20]. Except for miR-18, other
members of miR-17-92 cluster downregulated expression of
their downstream target, namely, phosphatase and tensing

(PTEN) homolog, which is a well-known tumor suppressor
[21]. miR-17-92 cluster has been proven to play critical role
in cell growth and differentiation in various cellular contexts
by regulating transforming growth factor-𝛽 (TGF-𝛽)/SMAD
signaling pathway [22]. For example, high level of miR-17-92
cluster was investigated to have the ability of increasing the
number of leukemia stem cells by enhancing cell proliferation
and inhibiting cell differentiation, while low level of miR-17-
92 cluster had the opposite effect [23]. Recent studies have
discovered that miR-17-92 cluster was vital in cardiovascular
system, and it could induce cardiomyocytes proliferation not
only in embryonic and adult hearts, but also in response to
injury by repressing PTEN [13].

3. The Role of miR-17-92 Cluster in
Cardiovascular Diseases

In recent years, more and more studies have highlighted the
role of miR-17-92 in both normal and pathological functions
of the heart. Dysregulated expression ofmiR-17-92 during the
cardiovascular morphogenesis led to a lethal arrhythmogen-
esis and cardiomyopathy, possibly partly through repressing
PTEN and gap junction gene Cx43 [15].

3.1. miR-17-92 Cluster and Congenital Heart Defect (CHD).
CHD is a common clinical disease of newborns with different
phenotypes, and it accounts for about 25% of neonatal
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mortality within one month after birth and nearly 40% of
perinatal mortality [24]. The main cause of CHD is impaired
cardiac development such as abnormal differentiation of car-
diac progenitor cell (CPC) into cardiomyocyte and unusual
cardiac proliferation, and miR-17-92 has been found to take
part in these processes.

3.2. Differentiation. Loss-of-function of miR-17-92 resulted
in aberrant differentiation from CPCs to normal cardiomy-
ocytes via repressing the function of cardiac progenitor gene
Isl1 in the process of embryonic cardiac development inmice.
Except for differentiation, miR-17-92 also influenced cardiac
morphogenesis by repressing T-box genes [25]. miR-20a
overexpression in P19 cells has been found to be able to inhibit
differentiation and proliferation; meanwhile it accelerated
apoptosis through Hh signaling pathway which has been
found to induce cardiac differentiation during the cardiac
embryonic development [26].

3.3. Proliferation. miR-17-92 is absolutely essential in cardiac
development, both in embryonic and postnatal hearts, and
the previous study has reported that cardiogenesis was
disturbed in mice lacking miR-17-92 [17]. Proliferation of
endothelial cells of cardiac blood vessels could be supported
by high level of miR-17-92 cluster, which was triggered by
vascular endothelial growth factor (VEGF) through mitogen
activated protein kinase (MAPK) activation and Elk-1 phos-
phorylation signaling pathway. Moreover, loss of endothelial
miR-17-92 cluster led to vascular impairment [27]. Another
study based on embryonic cardiomyocytes reported that
overexpression of miR-17-92 would reduce the cell prolif-
eration through posttranscriptional repression of Friend of
Gata-2 (FOG-2, a nuclear corepressor protein), which is a
critical factor for cardiac development. Moreover, FOG-2
could partially rescue the abnormal proliferation induced
by miR-17-92 [12]. In addition, miR-17-92 cluster mem-
ber miR-19 promoted cardiomyocyte proliferation through
direct downregulation of PTEN in vitro [21]. In nonmam-
mal zebrafish, an increasing overexpression of miR-19b in
embryos inducedmore abnormal cardiac developmentwhich
is characterized by defected cardiac looping, slower heart
rate, and edematous pericardium. Moreover, overexpression
ofmiR-19b induced the inhibition ofWnt activity by targeting
ctnnb1. Wnt is a key regulator of cardiac progenitor cell
differentiation and self-renewal, and ctnnb1 is important to
asymmetry of heart [28].

3.4. miR-17-92 Cluster and Coronary Heart Disease. Coro-
nary heart disease is the third cause of death in developing
countries and ranks the first in developed countries. Novel
therapies for coronary heart disease are highly needed.

3.5. Myocardial Infarction (MI). The relationship between
miR-17-92 andMI has been studied a lot in the past few years.
miR-17-92 cluster regulates different processes during cardiac
repair, and its members may be regarded as worthy therapeu-
tic targets in the treatment of ischemic heart diseases.

miR-17-92, especially the key component miR-19, could
promote the proliferation of cardiomyocytes to help protect
heart from the ischemic injury which was caused by MI
through the major target PTEN [13]. Using gain and loss-
of-function experiments, miR-92a was found to be able to
restrain angiogenesis and migration of endothelial cells in
adult mice heart, while inhibition of miR-92a enhanced
angiogenesis and cardiac function after carotid arteries injury
and MI by regulating expression level of tumor suppressor
MKK4 and KLF4 in endothelial cells [29]. After induction
of MI and limb ischemia, systemic infusion of antagomirs
targeting miR-92a led to enhanced cardiac function and
blood vessels growth marked by capillary density of ischemic
tissues by targeting proangiogenic factors integrin subunit
alpha5 [30]. In a mouse model of MI, gain-of-function of
miR-17-92 in heart led to upregulated proliferation of car-
diomyocytes and improved cardiac function. Moreover, scar
size was reduced apparently and the numbers of proliferating
cardiomyocytes at the border zone were increased compared
with controls. Besides that, loss-of-function of miR-17-92 had
the inverse effects [21].

3.6. Myocardial Ischemia/Reperfusion (I/R) Injury. Myocar-
dial ischemia/reperfusion is a model imitating cardiac
surgery and injury of myocardial infarction, and its major
mechanism is perceived as apoptosis [31]. I/R injury can
induce postprocedural cardiac dysfunction, arrhythmias, and
subsequent operative mortality. miR-15 [32], miR-210 [33],
and miR-494 [34] were found to take part in the cardiac I/R
injury. In the hypoxia-induced apoptotic tumor tissues, miR-
17-92 clusterwas documented to have the antiapoptotic ability
[35].

miR-17-92 cluster can protect the heart by negatively
controlling the apoptosis and alleviating I/R injury. miR-
17, miR-19, and miR-92 played role in resistance to apopto-
sis by directly inhibiting proapoptotic protein through the
MAPK/ERK and PI3K/AKT signaling pathways which are
important in regulating cell survival [36]. A recent study has
found that, in a mouse model of cardiac I/R injury, miR-19b
was the only member of themiR-17-92 cluster downregulated
in the infarct zone. Moreover, overexpression of miR-19b
could improve the survival of rat H9C2 cardiomyocytes and
alleviate the apoptosis induced by H

2
O
2
[37].

3.7. miR-17-92 Cluster and Cardiac Aging. Cardiac aging is
a common cause of many cardiovascular diseases. miR-18a,
miR-19a, and miR-19b were three of the most decreased
miRNAs in hearts of old mice and aged cardiomyocytes,
and their targets were downregulated. One target was
thrombospondin-1 (TSP-1), and the other was extracellular
matrix proteins connective tissue growth factor (CTGF) [14].
Based on miRNA arrays of mice heart tissues, members of
miR-17-92 cluster apparently targeted multiple components
of Cdc42-SRF signaling pathwaywhich is classically activated
in aging process [38]. Transgenic expression of miR-17 in
mouse has been reported to prevent cardiac fibroblast senes-
cence and cardiac senescence marked by lower intensities of
𝛽-gal staining by directly targeting Par4, thus activating the
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Table 1: The function of miR-17-92 cluster and the relationship with cardiovascular disease.

Cardiac
parameter Effects of miR-17-92 Target Reference

Cardiomyocyte differentiation Interference cardiac morphogenesis
Promote differentiation

T-box
Isl1 [25]

Cardiomyocyte proliferation

MiR-19 promotes cardiomyocyte growth
and proliferation Wnt signaling pathway [21]

Support proliferation of endothelial cells of
cardiac blood vessels MAPK, Elk-1 [27]

MI

Upregulate proliferation of cardiomyocytes,
improve cardiac function, and reduce scar

size
[21]

MiR-19 protects ischemic injury PTEN [13]
MiR-92a restrains endothelial cell

angiogenesis MKK4, KLF4 [29]

IRI
Resistance to apoptosis MAPK/ERK, PI3K/AKT signaling

pathway [36]

MiR-19b alleviate apoptosis and improve
survival of H9C2 cardiomyocyte PTEN [37]

Aging Inhibit aging process Cdc42-SRF signaling pathway [38]
Prevent cardiac fibroblast senescence Par4-CEBPB-FAK signaling pathway [39]

Par4-CEBPB-FAK senescence signaling pathway, which takes
important part in controlling cell apoptosis, growth, survival,
and epithelial-to-mesenchymal transition [39].

4. Conclusions and Perspectives

It is becoming increasingly obvious thatmiRNAs andmiRNA
clusters are necessary in maintaining the organism’s normal
function, the response to environmental stimuli, the develop-
ment under pathological conditions, and the process of aging.
In this review, we summarized the current knowledge about
miR-17–92 cluster and its roles in heart, including aspects of
physiology and pathology (Table 1).

As the patients of CVD are becoming younger in average
age, new medications are needed urgently. Better under-
standing of the roles of miR-17-92 cluster in heart will
truly help us open up a new prospect for treatment of
CVD. Since the expression levels of members of miR-17-
92 are different from normal individuals, for example, miR-
19b was downregulated in the I/R injured mouse models
and miR-18a, miR-19a, and miR-19b were decreased in old
mice and aged cardiomyocytes, the miR-17-92 may become
potential diagnostic markers of cardiac disease. Previous
studies revealed the antitumorigenic effects of miR-17-92 in
tumor cells. Usage of intravenous delivery of anti-miR-17-92
resulted in blockage of medulloblastoma tumor growth in
immune-compromised mice [40]. Research in vivo animal
models have shed light on the potentiality of targeting
miR-17-92 components therapeutically. As for the cardiac
system, a new exciting finding demonstrated that resident
cardiomyocytes can be induced to undergo cytokinesis after
reentering the cell cycle, while the underlying molecular
mechanisms are still unknown. The studies summarized in
this review indicate that miR-17-92-based therapeutics can

be used to induce cardiomyocytes to reenter cell cycle to
recover cardiac injury such as myocardial infarction which
can induce heart failure. However, in order to be sure of the
safe therapeutic application of miR-17-92 for the treatment
of cardiac diseases, side effects of miR-17-92 mimics and
antagonists in animal models still need to be addressed by
further works.

Competing Interests

The authors declare there is no conflict of interests.

Authors’ Contributions

Huanyu Gu and Zhuyuan Liu contributed equally to this
work.

Acknowledgments

This work was supported by the grants fromNational Natural
Science Foundation of China (81370280).

References

[1] I. Alvarez-Garcia and E. A. Miska, “MicroRNA functions in
animal development and human disease,”Development, vol. 132,
no. 21, pp. 4653–4662, 2005.

[2] J. T. Mendell, “MicroRNAs: critical regulators of development,
cellular physiology and malignancy,” Cell Cycle, vol. 4, no. 9, pp.
1179–1184, 2005.

[3] Y. Zhao, J. F. Ransom, A. Li et al., “Dysregulation of cardiogen-
esis, cardiac conduction, and cell cycle in mice lacking miRNA-
1-2,” Cell, vol. 129, no. 2, pp. 303–317, 2007.



BioMed Research International 5

[4] J. Wang, Y. Song, Y. Zhang et al., “Cardiomyocyte overexpres-
sion of miR-27b induces cardiac hypertrophy and dysfunction
in mice,” Cell Research, vol. 22, no. 3, pp. 516–527, 2012.

[5] S. Wang, A. B. Aurora, B. A. Johnson et al., “The endothelial-
specific microRNA miR-126 governs vascular integrity and
angiogenesis,” Developmental Cell, vol. 15, no. 2, pp. 261–271,
2008.

[6] M. Xin, E. M. Small, L. B. Sutherland et al., “MicroRNAs
miR-143 and miR-145 modulate cytoskeletal dynamics and
responsiveness of smooth muscle cells to injury,” Genes &
Development, vol. 23, no. 18, pp. 2166–2178, 2009.

[7] H. el Azzouzi, S. Leptidis, E. Dirkx et al., “The hypoxia-
inducible microRNA cluster miR-199a∼214 targets myocardial
PPAR𝛿 and impairs mitochondrial fatty acid oxidation,” Cell
Metabolism, vol. 18, no. 3, pp. 341–354, 2013.

[8] Q. Wang, C. L. Yan, J. Wang et al., “miR-17-92 Cluster acceler-
ates adipocyte differentiation by negatively regulating tumor-
suppressor Rb2/p130,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 105, no. 8, pp. 2889–
2894, 2008.

[9] G. Carraro, A. El-Hashash, D. Guidolin et al., “miR-17 family of
microRNAs controls FGF10-mediated embryonic lung epithe-
lial branching morphogenesis through MAPK14 and STAT3
regulation of E-Cadherin distribution,” Developmental Biology,
vol. 333, no. 2, pp. 238–250, 2009.

[10] Y. Suárez, C. Fernández-Hernando, J. Yu et al., “Dicer-
dependent endothelial microRNAs are necessary for postnatal
angiogenesis,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 105, no. 37, pp. 14082–14087,
2008.

[11] T. Uziel, F. V. Karginov, S. Xie et al., “The miR-17∼92 cluster
collaborates with the Sonic Hedgehog pathway in medulloblas-
toma,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 106, no. 8, pp. 2812–2817, 2009.

[12] R. Xiang, H. Lei, M. Chen et al., “The miR-17-92 cluster
regulates FOG-2 expression and inhibits proliferation of mouse
embryonic cardiomyocytes,” Brazilian Journal of Medical and
Biological Research, vol. 45, no. 2, pp. 131–138, 2012.

[13] J. Chen, Z.-P. Huang, H. Y. Seok et al., “miR-17-92 Cluster is
required for and sufficient to induce cardiomyocyte prolifera-
tion in postnatal and adult hearts,”Circulation Research, vol. 112,
no. 12, pp. 1557–1566, 2013.

[14] G. C. van Almen, W. Verhesen, R. E. W. van Leeuwen et al.,
“MicroRNA-18 and microRNA-19 regulate CTGF and TSP-1
expression in age-related heart failure,” Aging Cell, vol. 10, no.
5, pp. 769–779, 2011.

[15] L. S. Danielson, D. S. Park, N. Rotllan et al., “Cardiovascular
dysregulation of miR-17-92 causes a lethal hypertrophic car-
diomyopathy and arrhythmogenesis,” The FASEB Journal, vol.
27, no. 4, pp. 1460–1467, 2013.

[16] N. J. Pagidipati and T. A. Gaziano, “Estimating deaths from
cardiovascular disease: a review of global methodologies of
mortality measurement,” Circulation, vol. 127, no. 6, pp. 749–
756, 2013.

[17] A. Ventura, A. G. Young, M. M. Winslow et al., “Targeted
deletion reveals essential and overlapping functions of the miR-
17 ∼ 92 family of miRNA clusters,” Cell, vol. 132, no. 5, pp. 875–
886, 2008.

[18] Y. Lu, J. M.Thomson, H. Y. F. Wong, S. M. Hammond, and B. L.
M. Hogan, “Transgenic over-expression of the microRNAmiR-
17-92 cluster promotes proliferation and inhibits differentiation

of lung epithelial progenitor cells,” Developmental Biology, vol.
310, no. 2, pp. 442–453, 2007.

[19] S. Takakura,N.Mitsutake,M.Nakashima et al., “Oncogenic role
of miR-17-92 cluster in anaplastic thyroid cancer cells,” Cancer
Science, vol. 99, no. 6, pp. 1147–1154, 2008.

[20] A. Tsuchida, S. Ohno, W. Wu et al., “miR-92 is a key oncogenic
component of the miR-17-92 cluster in colon cancer,” Cancer
Science, vol. 102, no. 12, pp. 2264–2271, 2011.

[21] V. Olive, M. J. Bennett, J. C. Walker et al., “miR-19 is a key
oncogenic component of mir-17-92,”Genes & Development, vol.
23, no. 24, pp. 2839–2849, 2009.

[22] E. Meulmeester and P. Ten Dijke, “The dynamic roles of TGF-𝛽
in cancer,”The Journal of Pathology, vol. 223, no. 2, pp. 205–218,
2011.

[23] Q. Wu, Z. Yang, F. Wang et al., “MiR-19b/20a/92a regulates
the self-renewal and proliferation of gastric cancer stem cells,”
Journal of Cell Science, vol. 126, no. 18, pp. 4220–4229, 2013.

[24] O. Trojnarska, S. Grajek, S. Katarzyński, and L. Kramer, “Predic-
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MicroRNAs (miRNAs and miRs) are endogenous 19–22 nucleotide, small noncoding RNAs with highly conservative and tissue
specific expression. They can negatively modulate target gene expressions through decreasing transcription or posttranscriptional
inducing mRNA decay. Increasing evidence suggests that deregulated miRNAs play an important role in the genesis of
cardiovascular diseases. Additionally, circulating miRNAs can be biomarkers for cardiovascular diseases. MiR-222 has been
reported to play important roles in a variety of physiological and pathological processes in the heart. Here we reviewed the recent
studies about the roles of miR-222 in cardiovascular diseases. MiR-222 may be a potential cardiovascular biomarker and a new
therapeutic target in cardiovascular diseases.

1. Introduction

Cardiovascular disease is a predominant cause of morbidity
and mortality in the world [1].The number of patients suffer-
ing from cardiovascular disease is growing larger and larger.
The major categories of cardiovascular disease include dis-
ease of the blood vessels and the myocardium. The contem-
porary view thinks that most cardiovascular diseases resulted
from a complex dysregulation of genetics and environmental
factors. Also there are many molecular components that
participate in this process, including noncoding RNAs.

MicroRNAs (miRNAs and miRs) are endogenous 19–22
nucleotide, small noncoding RNAs with highly conservative
and tissue specific expression. miRNAs can modulate mRNA
levels through decreasing transcription or posttranscription
induced mRNA decay [2]. Since the first discovery of miR-
NAs in 1993, they have been found in many species and
could participate in various physiological and pathological
processes [3–6]. So far, there are over 1000 miRNAs that
have been identified, among which at least 200 miRNAs are
consistently expressed in the cardiovascular system [7]. miR-
NAs can regulate cardiomyocytes hypertrophy, senescence,
apoptosis, autophagy, and metabolism. Changes of miRNAs
have been found to participate in the genesis ofmany diseases
including cardiovascular diseases [8].

miR-222, firstly discovered in human umbilical vein
endothelial cells (HUVECs), has been reported to play

important roles in epithelial tumors evidenced by its fre-
quently increased expressions in epithelial tumors [9]. Reduc-
tion of miR-222 could inhibit cell proliferation and induce
mitochondrial-mediated apoptosis through directly targeting
the p53 upregulated modulator of apoptosis (PUMA) in
breast cancer [10]. Its function on proliferation has also been
confirmed in glioblastomas, thyroid papillary cancer, breast
cancer, pancreatic cancer, hepatocellular carcinoma, and lung
cancer [11–15]. On the other hand, miR-222 can play tumor-
suppressive roles through the downregulation of c-kit in
erythroleukemia cells. Apart from its role in cancer progress,
miR-222 has been found to participate in many physiological
and pathological processes in the cardiovascular system
(Table 1). Here we reviewed the recent studies about the roles
of miR-222 in cardiovascular diseases. MiR-222 may be a
potential cardiovascular biomarker and a new therapeutic
target in cardiovascular diseases.

2. MiR-222 Regulates Physiological Function

The role of miR-222 in regulating physiological process is on
a cutting edge of studies (Figure 1).

2.1. MiR-222 Regulates Physiological Function in Cardiomy-
ocytes. Physical exercise can induce cardiac growth mainly
via hypertrophy and renewal of cardiomyocytes [16]. Unlike
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Figure 1: Multiple physiological functions of miR-222 (miR-222 has been found to participate in multiple physiological functions in
cardiovascular system. In cardiac myocyte, miR-222 could promote cardiomyocytes growth, proliferation, and survival through directly
targeting P27, HIPK-1, HIPK-2, and CITED-4 in traditional exercise pathway. In stem cell, miR-222 could promote CSCs transformation.
In umbilical vein endothelial cells, miR-222 could exert angiogenesis function by targeting c-Kit).

pathological hypertrophy, which is related to myocardial
structural disorder and cardiac dysfunction, physiological
hypertrophy is characterized by normal cardiac structure
and normal or improved cardiac function [28]. MiR-222
expression levels were found to be commonly increased in
two distinct models of exercise, namely, voluntary wheel
running and a ramp swimming exercise model as well
as the exercise rehabilitation after heart failure in human.
MiR-222 was able to promote cardiomyocytes hypertrophy,
proliferation, and survival through directly targeting p27,
HIPK-1, HIPK-2, and HMBOX1 [17].

2.2.MiR-222 Regulates Physiological Function in Cardiac Stem
Cells. Heart has limited regenerative capacity, which might
be based on cardiomyocyte division and cardiac stem and
progenitor cell activation [29]. Cardiac stem cells (CSCs)
are self-renewing, clonogenic, and multipotent, and they
can differentiate to mature cardiomyocytes and improve the
function and regeneration of the cardiovascular system [30].
CSCs can be activated by physical exercise training [18]. Inter-
estingly, it has been found that the upregulation of miR-222

induced by coculturing human embryonic-stem cell-derived
cardiomyocytes (m/hESC-CMs) with endothelial cells could
increase and promote CSCs transformation to cardiomyocyte
[18].

2.3. MiR-222 Regulates Physiological Function in Human
Umbilical Vein Endothelial Cells. Human umbilical vein
endothelial cells (HUVECs) have unique ability to form
capillary-like structures in response to some stimuli. MiR-
222 has been reported to exert angiogenesis function through
modulating HUVECs angiogenic activity by targeting c-Kit
[31, 32].

2.4. Sex-Specific Expression of miR-222. There are differ-
ences between men and women in cardiovascular diseases
incidence, while studies show that males are more likely
to suffer from heart attacks than females [33, 34]. MiR-
222 are encoded on the X chromosome in mouse, rat,
human and have sex-specific expression. Studies have indi-
cated that miR-222 was specifically decreased in mature
female mouse hearts as compared with male mouse hearts
[31, 35].
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Figure 2: Multiple pathological functions of miR-222 (miR-222 has been found to participate in multiple pathological functions in
cardiovascular system. Inmyocardium,miR-222 could (1) promote cardiomyocyte proliferation and reduce cardiomyocyte apoptosis through
P27 after ischemic injury; (2) inhibit autophagy through mTOR; (3) regulate blood vessels remolding through c-Kit and eNOS; (4) regulate
ICAM-1 and IRF-2 to inhibit inflammation. In blood vessels, miR-222 could (1) stable the plaque and suppress the inflammation and (2)
inhibited the proliferation of vascular smooth muscle by targeting p27).

3. MiR-222 Regulates Pathological Function

Unraveling the role of miR-222 in regulating cardiac patho-
logical function may foster new therapeutic targets for car-
diovascular diseases (Figure 2).

3.1. MiR-222 Regulates Pathological Function in Myocardium

3.1.1. Cardiac Ischemia Reperfusion Injury. Myocardial is-
chemic reperfusion is a complex process involving numerous
mechanisms including reactive oxygen species (ROS) over-
load, inflammation and calciumoverload, energymetabolism
dysfunction, and mitochondrial permeability transition pore
(mPTP) opening [36–38]. MiR-222 has been reported to be
able to protect against cardiac dysfunction after ischemic
injury. MiR-222 can promote cardiomyocyte proliferation
and reduce cardiomyocyte apoptosis through P27. In addi-
tion, miR-222 overexpression mice have well-preserved car-
diac function and reduced cardiac fibrosis when subjected to
cardiac ischemia reperfusion [17].

3.1.2. Heart Failure. Heart failure is the terminal outcome
of the majority of cardiovascular diseases, and it seri-
ously reduces the quality of life. A significant inhibition
of autophagy in Tg-miR-222 mice after heart failure was

observed, which was through mTOR, a negative regulator
of autophagy [19]. Inhibition of autophagy induced by miR-
222 may cause accumulation of protein and organelles injury,
even the impairment of cardiac function. Angiogenesis has
been proposed as a promising therapy for ischemia heart dis-
ease and heart failure. miR-221/222 family seemed to inhibit
angiogenesis [21]. MiR-222 was significantly decreased in
endothelial cells (ECs)when cultured for 24 hwithHDL from
chronic heart failure (CHF) patients compared to healthy
control. The downregulation of miR-222 may be a com-
pensatory mechanism of ECs to counteract cardiovascular
adverse events [39].

3.1.3. Viral Myocarditis. Cardiac inflammation is an impor-
tant cause of dilated cardiomyopathy and heart failure. In
young healthy adults, it can cause sudden death. Viral
myocarditis is one of cardiac inflammation diseases. MiR-
222 has been reported to be able to orchestrate the antiviral
and anti-inflammatory response through downregulation of
IRF-2 [23]. Inhibition of miR-222 would increase the risk
of cardiac injury. HIV-infected cardiomyopathies is another
kind of inflammation diseases [22, 40]. MiR-222 can reg-
ulate cell adhesion molecules ICAM-1 translation directly
or indirectly (through IFN-𝛾) to inhibit inflammation
[22, 41].
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3.1.4. Congenital Heart Disease. Tetralogy of Fallot (TOF) is
one of the most common congenital heart malformations in
children [42]. miR-222 was found to display a high expres-
sion level in right ventricular outflow tract (RVOT) tissues
compared with controls. Cardiac myocyte proliferation and
differentiation is a key event in heart development. Further
functional analysis showed that overexpression of miR-222
promoted cell proliferation and regulated cell differentiation
by inhibiting the expression of the cardiomyocyte marker
genes during the cardiomyogenic differentiation [25]. In
another congenital heart disease, ventricular septal defect, the
decreased expression of miR-222 also indicated its important
role in heart development [20].

3.2. MiR-222 Regulates Pathological Function in Blood Vessels

3.2.1. Atherosclerosis. During the genesis of atherosclerosis,
there are various molecules and cellular components that
can make atherosclerotic plaque vulnerable and even rupture
[43]. Many studies show that miRNAs also participate in
this process [44]. MiR-222 derived from ECs may play its
protective role by blocking intraplaque neovascularization
and suppressing the inflammatory activation of ECs, without
enhancing the proliferation of ECs [45, 46].

3.2.2. Peripheral Arterial Disease. Smooth muscle cells
(SMCs) constitute the medial layer of arteries and regulate
the vascular tone via their contractile apparatus [27].MiR-222
was reported to take part in the development of neointima
and promotes neointima formation after vascular injury by
enhancing the proliferation of SMCs. Furthermore, in the
peripheral artery disease (PAD) caused by atherosclerosis or
inflammation of the peripheral arteries, studies have showed
that miR-222 also inhibited the proliferation of vascular
smooth muscle cell by targeting p27 [45] to stable the
plaque [24] and promoted skeletal muscle regeneration after
ischemia. Besides that, under the administration of superox-
ide dismutase-2 (SOD-2), miR-222 plays its protective role
against peripheral artery disease by regulating p57 expression
[26] but not P27.

4. Conclusions

In conclusion, miR-222 controls many cardiac physiologi-
cal functions and its deregulation has been implicated in
many cardiovascular diseases. Targeting miR-222 might be a
promising therapeutic target for cardiovascular diseases.
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The heart is recognized as an organ that is terminally differentiated by adulthood. However, during the process of human
development, the heart is the first organ with function in the embryo and grows rapidly during the postnatal period. MicroRNAs
(miRNAs, miRs), as regulators of gene expression, play important roles during the development of multiple systems. However, the
role of miRNAs in postnatal heart growth is still unclear. In this study, by using qRT-PCR, we compared the expression of seven
cardiac- or muscle-specific miRNAs that may be related to heart development in heart tissue from mice at postnatal days 0, 3, 8,
and 14. Four miRNAs—miR-1a-3p, miR-133b-3p, miR-208b-3p, and miR-206-3p—were significantly decreased while miR-208a-3p
was upregulated during the postnatal heart growth period. Based on these results, GeneSpring GX was used to predict potential
downstream targets by performing a 3-way comparison of predictions from the miRWalk, PITA, and microRNAorg databases.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were used to identify potential functional
annotations and signaling pathways related to postnatal heart growth. This study describes expression changes of cardiac- and
muscle-specific miRNAs during postnatal heart growth and may provide new therapeutic targets for cardiovascular diseases.

1. Introduction

Although the heart is recognized as a nearly terminally differ-
entiated organ, its weight increases rapidly by approximately
20-fold from birth to adulthood (i.e., the period of postnatal
heart growth). The development of the heart is a precise and
complex process that is subjected to the regulation of many
molecules.

MicroRNAs (miRNAs, miRs) are endogenous, highly
conserved, short noncoding RNAs that can posttranscrip-
tionally regulate gene expression by binding to complemen-
tary sequences on target mRNAs [1–5]. miRNAs play impor-
tant roles in many biological processes, including develop-
ment, differentiation, proliferation, apoptosis, metabolism,
and tissue remodeling [6], and the expression patterns of
miRNAs are restricted spatially and temporally in different
tissues and during various developmental stages. The high
conservation of all types of miRNAs is closely related to their

important functions, especially regarding the evolution of
their target genes.

Overwhelming studies have demonstrated that miRNAs
exert functions during development and that regulating the
expression of their target genes is essential for the devel-
opment of multiple systems, including the gastrointestinal
system and neural system [7–12]. However, the role of
miRNAs in postnatal heart growth is seldom discussed. The
integration and interaction of the effects of miRNAs on
the heart provide a regulatory guarantee of cardiac gene
expression [13].These miRNAsmay also have a potential role
in regulating postnatal heart growth.

In the present study, we explored the temporal pattern
of cardiac- and muscle-specific miRNAs during postnatal
heart growth as well as the potential target genes of these
miRNAs as regulators of postnatal heart growth.The data will
provide novel insights for the development of postnatal heart
growth.
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Figure 1: Validation of time-varying miRNAs using qRT-PCR. miRNAs levels in mice heart at days 0, 3, 8, and 14 are shown. ∗ indicates
significant differences (𝑝 < 0.05) between two groups.



BioMed Research International 3

PITA

microRNAorg miRWalk

PITA

microRNAorg
miRWalk

1028

528
56

226

10142

1869
1374

Figure 2: A 3-way comparison of predictions from microRNAorg,
miRWalk, and PITA. The red, green, and blue sets stand for target
genes predicted by databases microRNAorg, miRWalk, and PITA,
respectively.

2. Materials and Methods

2.1. Mice. Male and female wild-type C57BL/6 mice were
purchased from the Shanghai Laboratory Animal Center
(SLAC, Shanghai, China) and housed in specific pathogen-
free (SPF) conditions on a 12 h light/12 h dark cycle in a
temperature-controlled room (21–23∘C). All animal experi-
ments were conducted under the guidelines of the humane
use and care of laboratory animals for biomedical research
published by the National Institutes of Health (no. 85-23,
revised 1996). This study was approved by the Local Ethic
Committee of Animal Experiments at Tongji University.

2.2. Quantitative Reverse Transcriptase-Polymerase Chain
Reaction (qRT-PCR). To collect heart tissues for qRT-PCR
analysis, mice were sacrificed by cervical dislocation at
postnatal days 0, 3, 8, and 14. The tissues were iso-
lated, rapidly removed, frozen fresh in liquid nitrogen,
and stored at −80∘C until use. Total RNA was extracted
using TRIzol reagent (Invitrogen). For miRNA analysis,
cDNA was generated, and the amplification and detec-
tion of specific products were performed on an ABI
7900 qPCR System. U6 was used as an internal con-
trol to normalize miRNA expression. Primers sequences
of miRNAs (forward, 5-3) were designed as follows:
miR-1a-3p, ACGATGGAATGTAAAGAAGT; miR-133a-
3p, ACGATTTGGTCCCCTTCAAC; miR-133b-3p, ACG-
ATTTGGTCCCCTTCAAC; miR-208a-3p, ACGAATAAG-
ACGAGCAAAAA; miR-208b-3p, ACGAATAAGACG-
AACAAAAG; miR-206-3p, ACGATGGAATGTAAGGAA-
GT; miR-499-5p, ACGATTAAGACTTGCAGTG; common

reverse, GTGCAGGGTCCGAGGT, primers sequences of
U6 (forward and reverse, 5-3), GCTTCGGCAGCACAT-
ATACTAAAAT, and CGCTTCACGAATTTGCGTGTC-
AT. Expression values were presented as fold change 2−Δ(ΔCT)

where ΔCT = (CT gene of interest −CT internal control).

2.3. Bioinformatic Analysis. GeneSpring GX software was
used to predict the target genes of the miRNAs, and these
predictions were compared with 3 databases (microRNAorg,
PITA, and miRWalk) and integrated into a Venn diagram
to demonstrate interactions among the databases. The Gene
Ontology (GO) database was used to describe 3 attributes of
the identified gene products: molecular function, subcellular
location, and related biological processes. Molecule and gene
networks were analyzed by the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway database.

2.4. Statistical Analysis. One-way ANOVA was conducted
with a Bonferroni’s post hoc test. Data analyses were per-
formed using SPSS 20.0 software, and all statistical tests
were two-sided. 𝑝 < 0.05 was considered to be statistically
significant.

3. Results

3.1. Distinct Temporal miRNA Expression Profiles in Hearts
during Postnatal Cardiac Development in Mice. The period
of cardiac muscle postnatal growth until 14 days after birth
is defined as the maturation and differentiation stage. To test
whether the observed cardiac or muscle miRNA expression
profiles changes are temporal, we compared the miRNA
expression profiles of mice hearts at postnatal days 0, 3, 8,
and 14 by using qRT-PCR and foundmiR-1a-3p,miR-133b-3p,
miR-208b-3p, and miR-206-3p were significantly decreased
while miR-208a-3p was upregulated (Figure 1).

3.2. Target Gene, GO, and Pathway Analysis. We used the
microRNAorg, PITA, and miRWalk databases to predict the
target genes of differentially expressed miRNAs in heart
tissues at different time points during postnatal development
by usingGeneSpring software. Next, we examined the overlap
of the resulting gene lists among these 3 databases and
constructed a Venn diagram. There were 226 overlapping
genes that were most likely to be targets of miRNAs during
heart postnatal growth listed in the analysis results (Figure 2).

The function of up- and downregulated genes was classi-
fied by Gene Ontology (http://geneontology.org/) based on
3 attributes: molecular function, biological processes, and
subcellular location. In this study, differentially expressed
mRNAs were enriched in numerous biological processes
including the regulation of blood vessel size, cell cycle, and
migration; transcription; DNA replication; ephrin receptor
signaling; heart valve development; and positive regulation
ofmyoblast proliferation (Figure 3(a)). Similarly, the nucleus,
nucleoplasm, and cytoplasmwere the identified cellular com-
ponents affected (Figure 3(b)), whereas the affected molec-
ular functions include the following: poly(A) RNA binding,
cytoskeletal adaptor activity, and protein kinase binding
(Figure 3(c)).

http://geneontology.org/
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Figure 3: GO analysis for differentially expressed mRNAs. (a–c) GO analysis according to biological process, cellular component, and
molecular function, respectively, ranked by enrichment score (−log10 (𝑝 value)).
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Figure 4: Pathway analysis based on the KEGG database. Ranked by enrichment score (−log10 (𝑝 value)).

Moreover, KEGG pathway analysis identified the fol-
lowing significantly (𝑝 < 0.05) affected pathways: cAMP
signaling, vascular smooth muscle contraction, regulation of
actin cytoskeleton, neurotrophin signaling, and cGMP-PKG
signaling (Figure 4).

4. Discussion

The heart is the first functional organ during embryonic
development and plays an important role in the growth
and maintenance of higher organisms. In contrast to most
organs, the heart is more sensitive to small changes in the
gene expression during development. Even subtle biological
perturbations in cardiac structure may result in catastrophic
consequences [14]. Elucidating the effects of those subtle
perturbations is key to fully understanding the molecular
mechanisms of heart development.

MiRNAs, which are involved in a variety of mechanisms
that regulate gene expression, play vital roles in heart forma-
tion and cardiovascular disease [15–18]. Increasing evidence
has indicated the diagnostic value and clinical implications
of several miRNAs in heart diseases, such as miR-433, miR-
21, miR-378, and miR-940 [19–21]. An increasing number
of miRNAs with different functions in heart development
have also been identified, including miR-1, miR-208, miR-
133,miR-206,miR-126,miR-143,miR-145, andmiR-499; from
this group, we analyzed the 7 miRNAs most relevant to
postnatal heart growth. Here, we found that the time after
birth is responsible for the changes of the observed miRNA
expression profiles. These results indicated that the miRNA
expression levels present significant differences as a restricted
temporal expression pattern during different developmental
stages.

Previous studies showed that miR-1 and miR-133 are
highly correlated with heart development, and miR-1 was

the first miRNA to be implicated in heart development [22].
Several studies showed that these two gene clusters were
related to processes involved in cardiac muscle develop-
ment, including mediated embryonic development, embry-
onic stem cell differentiation, proliferation and apoptosis,
sarcomere disarray, cardiac fibrosis, cardiac rhythm control,
and remodeling. [23–26]. However, more subtle regulation of
these gene clusters results in antagonistic effects in contrast
to their more established roles [27, 28]. The functions of the
identified up- and downregulated geneswere classified byGO
analysis. The results showed a series of potential regulatory
functions in cell development, cytoskeleton formation, and
angiogenesis, which suggest that these miRNAs may be
involved in postnatal heart development. When excluding
the two miRNAs with the strongest influence on gene
expression in the heart, there are many other miRNAs that
have been functionally analyzed in the cardiovascular system
and commonly promote more balanced development of the
heart. Finally, only fully understanding and appreciating the
microRNA regulatory networks in cardiovascular develop-
ment can provide a new perspective on heart disorders as well
as new therapeutic targets for congenital heart disease.

In conclusion, the present study explores the temporal
pattern of several cardiac- and muscle-specific miRNAs in
postnatal heart development. By improving our understand-
ing of cardiac growth, these results provide new insights in
the diagnosis and treatment of heart diseases.
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Cardiac disease is a leading cause of morbidity and mortality in dogs and humans, with dilated cardiomyopathy being a large
contributor to this.The IrishWolfhound (IWH) is one of themost commonly affected breeds and one of the few breeds with genetic
loci associated with the disease. Mutations in more than 50 genes are associated with human dilated cardiomyopathy (DCM), yet
very few are also associated with canine DCM. Furthermore, none of the identified canine loci explain many cases of the disease
and previous work has indicated that genotypes at multiple loci may act together to influence disease development. In this study,
loci previously associated with DCM in IWH were tested for associations in a new cohort both individually and in combination.
We have identified loci significantly associated with the disease individually, but no genotypes individually or in pairs conferred
a significantly greater risk of developing DCM than the population risk. However combining three loci together did result in the
identification of a genotype which conferred a greater risk of disease than the overall population risk. This study suggests multiple
rather than individual genetic factors, cooperating to influence DCM risk in IWH.

1. Introduction

Dilated cardiomyopathy (DCM) is the most common cause
of cardiac death in Irish Wolfhounds (IWH) [1, 2]. In human
DCM there is often a heritable genetic basis of this disease
[3, 4]. In several dog breeds, including IWH, canine DCM
has been shown to have heritable component [5–7]. The
heritability of canine DCM and its clinical resemblance to
human DCM suggest that there is also a genetic basis to
canine DCM [8, 9]. The IWH is a rare, giant breed of dog
and it is considered to be vulnerable by the UK kennel club
due to the small number of annual puppy registrations [10].
IWHs are not long lived with amedian age at death in the UK
population reported to be 7.04 years and amaximumreported
age of 11.83 years [11]. In the same survey of 165 other breeds,
only 14 had a lower median age at death than the IWHs and

most were large or giant breeds. There were 71 breeds with a
median age at death higher than the IWHmaximum reported
age at death [11].

There are a number of health problems reported to occur
frequently in the IWH breed and may contribute to the low
median age at death. These include heart disease, osteosar-
coma, bronchopneumonia, and gastric dilation-volvulus [1,
12–14]. Canine osteosarcoma often results in euthanasia due
to poor quality of life in affected dogs and survival following
diagnosis is typically less than one year [12, 15, 16]. In
contrast, the prognosis of dogs with heart disease such as
atrial fibrillation or DCM is better when diagnosed and
treated early with median time to death reported to be up
to 4 years following early heart disease diagnosis [17]. There
is limited literature on pneumonia in IWH [18, 19] but
Greenwell and Brain [13] reported a breed predisposition
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compared to other breeds treated for pneumonia within a
specialist small animal hospital. The majority (88.9%) of
these initial cases were successfully treated, although 44%
were ultimately euthanized due to recurrent pneumonia
[13]. Although treatable, gastric dilation-volvulus is often life
threatening, with reported mortality rates between 20.5%
and 30% across all breeds [20, 21]. Osteosarcoma and heart
disease are the most likely causes of death or euthanasia
but increased incidence of pneumonia and gastric dilation-
volvulus relative to other breeds also lower the median lifes-
pan of IWH [1, 12–14]. Cardiac disease is the most common
specific reported cause of death in IWH, thus improving the
prevention and diagnosis, and treatment of cardiac disease is
likely to have the greatest impact on improving longevity and
welfare in the breed [22].

There have been several studies investigating the genetic
basis of canine DCM but despite this, very few genetic
associations have been identified [8, 23–26]. Possible reasons
for the lack of identified genetic associations include the
use of inappropriate control populations, incomplete clinical
characterisation of control and affected populations, inade-
quate samples sizes, or an assumption of simple- Mendelian
inheritance, despite the evidence suggesting more complex
multifactorial influences on heritability [5]. Inappropriate
controls have included unaffected individuals from different
breeds to the affected individuals, or young individuals that
still have the potential to develop disease [27–29]. Many
canine DCM studies have also been limited by small sample
sizes of between 5 and 40 individuals, which is unlikely to
be sufficient to detect genetic associations [30]. Furthermore,
our previous studies have shown that multiple loci likely
cooperate to influence canine DCM development; thus com-
binations of genetic factors should be examined together as
well as individually for associations with disease [31]. It is
also important to note that different breeds can have differing
aetiologies and thus may also have differing genetic associa-
tions or causes.This current study utilises the largest recorded
number of affected IWH combined with appropriately aged
unaffected breed-matched controls and examines multiple
loci for an association with canine DCM together as well as
individually.

In addition to commonly being diagnosed with DCM,
IWHs are frequently diagnosed with atrial fibrillation (AF)
[2, 32]. Despite the presence of AF in a large percentage of
dogs with DCM, the mechanistic and clinical relationship
between DCM and AF has not been clarified [2, 32–34].
Although AF is not associated with the development of DCM
in people, the presence of AF in people with DCM and heart
failure has been shown to negatively influence survival [35,
36]. IWH can develop DCM without AF, though it seems
that <2% of IWHs with AF do not go on to develop DCM
[2, 32]. If AF is a potential precursor to DCM, the time
from diagnosis of AF to DCM is important; if it is several
years then the presence of AF could be less of a concern
than if it is merely a few months. Also if AF is a precursor
to DCM there is the potential to give individuals diagnosed
with AF drugs such as the phosphodiesterase III/calcium
sensitizing drug, pimobendan, to improve survival [17]. In
addition to the potential clinical implications of AF diagnosis

and potential early interventions for both dogs and humans, if
AF can be shown to be related toDCM for genetic association
testing, this diagnosis can be used to test for associated DCM
genetic implication.This also has implications for individuals
included in the unaffected group for genetic association
testing; individuals included in the unaffected group must be
free of both DCM and AF.

There is evidence that DCM affects males more often
and/or earlier in life than females [32, 34, 37, 38]. Previ-
ous IWH DCM genetic association studies have either not
reported the age of their unaffected IWHs or used arbitrary
ages to define the unaffected control group [23, 28, 39].
Brownlie and Cobb [32] found a difference between the sexes
in the age of onset ofDCMin IWH in 39 individuals. If the age
of onset differs between males and females, the age at which
an unaffected individual can be included in the unaffected
group for genetic association studies should also be different
for males and females. If DCM affects males more often than
females or there are differences in the age of onset this raises
important questions as to why there might be a difference
between the sexes in age or frequency of onset. This study
therefore also aims to confirm whether there is a sex effect
and/or age of onset differential in relation to DCM in the
IWH.

In this study, we statistically tested the relationships
between DCM and AF, sex differences in disease prevalence
and age of onset, and the use of multiple genetic loci to
establish genetic associations in IWHs. The hypothesis that
AF is associated with DCM in IWHs was tested by estab-
lishing how many individuals diagnosed with DCM were
also diagnosed with AF and how long an individual can
have a diagnosis of AF prior to being diagnosed with DCM.
Individuals diagnosedwithAF, but notDCM,were also tested
to establish whether they had AF diagnosed for a longer
period of time on average than individuals which subse-
quently developed DCM. The second hypothesis was that
male IWHs were diagnosed with both DCM and AF more
frequently than females and secondary to that, the combined
incidence of both disorders was higher inmales than females.
In addition, the hypothesis that the age of onset of DCM
and AF was different in males as compared to females was
tested. Therefore, the age at which an individual can be
considered unaffected was established for males and females.
The fourth hypothesis tested was whether multiple loci could
act together to cause DCM; thus examining loci individually
may not yield significant results [31]. In cases where a
locus is associated with DCM, the result may not have
clinical implications; for example, a locus may be associated
with disease, but only explaining a small number of cases.
However, the examination of multiple loci in combination
could improve the reliability and clinical value of genetic
associations. The hypothesis that genotypes at multiple loci
more comprehensively predict incidences of DCM and
AF than individual loci alone was tested by genotyping
multiple loci putatively associated with IWH DCM and
testing for associations at loci both individually and in
combination.
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Figure 1: Study cohort.

2. Methods

2.1. Samples and Health Updates. This study was approved
by the University of Nottingham ethics committee ethical
number 1823 160714 in compliance with the HomeOffice reg-
ulations and the Veterinary Surgeons Act. Informed consent
was obtained from all dog owners involved in this research.
Buccal swabs from 379 IWHs were taken using Isohelix DNA
Buccal Swabs (Cell Projects Ltd. UK). The swab was inserted
into the dog’s mouth by either the owner, vets, or trained
members of the research group and gently rubbed on the
cheek for up to 2 minutes to enable optimum cell collection.
Swabs were stored as directed by the manufacturer, at room
temperature upon collection followed by 4∘C. Any swabs
stored for longer than a month prior to DNA extraction
were stored at −20∘C. Optimisation trials indicated that
appropriate quality and quantity of DNA could be obtained
following all storage methods. When the buccal swabs were
taken owners completed a short information sheet for each
dog in order to obtain current and past health information,
date of birth, pedigree information, sex, and neutering status.
All information was associated with a unique sample number
and stored in a secure excel database.

Follow-up data on the health of DNA-sampled dogs was
obtained at numerous time points. Owners were asked to
fill in a “health update” form annually or following any
change in health/upon death. Forms could be completed
either online or in paper format to ensure maximum owner
participation. In addition, telephone surveys were carried out
on this longitudinal health study. The surveys were utilised
to obtain health updates and epidemiology data on all
dogs from which samples had been obtained. Many IWH
are presented to veterinary cardiologists on a regular basis
for heart disease screening. These heart screenings consist of

cardiac auscultation, a six-lead electrocardiogram, and com-
plete echocardiographic assessment. Data from these heart
screenings were provided by veterinary cardiology specialist
Dr. Serena Brownlie. Cardiac diagnoses were determined
by Professor Malcolm Cobb based on the data from heart
screenings. Information fromowner health updates and heart
screenings was analysed alongside genetic data.

2.2. DCM and AF Relationship. Individuals diagnosed with
DCM, AF, and both DCM and AF in the database were iden-
tified, and the numbers in each diagnosis category “DCM,”
“AF,” and “DCM and AF” were determined (Figure 1). In the
subset of individuals with both DCM and AF, the time from
AF diagnosis to DCM diagnosis was established based on the
dates of the heart screenings at which each was diagnosed.
Individuals that were diagnosed with AF, but not DCM, had
the time with AF determined by the time between the first
heart screening that AF was diagnosed at and themost recent
heart screening. A 𝑡-test was performed to establish if the
time from AF diagnosis to DCM diagnosis was significantly
different from the time that individuals had been known to
have a diagnosis of AF, but not DCM.

2.3. Sex Differences in Numbers Affected and Age of Disease
Onset. The number of males and females diagnosed with
DCMor AFwas established from the database along with the
number of males and females not diagnosed with DCM or
AF. A 𝜒2 test was performed to establish whether there were
differences in the number of males and females diagnosed
withDCMorAF.The age at first diagnosis of DCMorAFwas
established for all individuals diagnosed with either disorder.
A 𝑡-test was performed to identify statistical differences
between males and females at age of diagnosis. The data
was also displayed visually in bar plots generated using R
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statistical software. In addition, a 𝜒2 test was performed to
establish whether there were differences in the number of
males and females affected which had been neutered or not
neutered.

2.4. Genetic Associations

2.4.1. DNA Extraction and Restriction Fragment Genotyping.
To extract DNA from buccal swabs, the end of the swab
was first cut into small pieces using scissors which were
sterilised between swabs using Anistel (Tristel, UK) and
then wiped down with Industrial Methylated Spirits (IMS;
Thermo Fisher Scientific, USA). The small pieces of swab
were put into a sterile 1.5mL microcentrifuge tube (Eppen-
dorf, Germany). The DNA-containing swab fragments were
resuspended in 600 𝜇L of a solution composed of 5% sodium
Chelex� 50–100mesh (dry; Sigma-Aldrich, USA) reconsti-
tuted in 1x TE (10mM Tris (Thermo Fisher Scientific, USA),
1mM EDTA (Thermo Fisher Scientific, USA) in H2O, pH
8.0) and 20𝜇L of 10mg/mL proteinase K (Promega, USA),
50mM Tris (Thermo Fisher Scientific, USA), and 10mM
CaCl2 (Thermo Fisher Scientific, USA), pH 8.0. The sample-
containing microcentrifuge tube was vortexed to mix the
components. The microcentrifuge tube was then placed in a
water bath at 45∘C overnight to digest the cells. The sample
was then vortexed once more before incubation in a heating
block at 100∘C for 8 minutes to inactivate the proteinase K.
The sample was then centrifuged at 13,500×g for 3 minutes
to separate the Chelex and swab from the supernatant. The
DNA-containing supernatantwas then transferred into a ster-
ile 1.5mL microcentrifuge tube and was used in subsequent
PCRs. The extracted DNA was then stored at −20∘C in the
Nottingham Comparative Genomic Biobank.

Restriction digests were used to genotype SNPs previ-
ously shown to be associated with DCM [23], in the Notting-
ham IWH cohort. In the first instance the effect of the SNPs
on restriction sites within the affected loci was examined.
PCR primers were designed to flank five DCM-associated
SNPs which alter restriction sites. Where the SNP did not
alter or create a restriction site, PCR primers were designed
to introduce a restriction site into the PCR product to detect
the presence/absence of the SNP. Primer information and
fragment size amplified are presented in Table 1. Primers
were obtained from Sigma-Aldrich, UK.The SNPs are hereby
referred to as Chr1 for rs21953123, Chr10 for rs22078677,
Chr15 for rs22422063, Chr21 for rs22923291, and Chr37 for
rs24025150.

The PCR reaction mixture consisted of the following: 1x
LightCycler� 480 Probes Master Mix (Roche, Switzerland),
primers at a concentration of 0.5𝜇M, and between 2 and 4 𝜇L
of template DNA per reaction, adjusted to 25 𝜇L using PCR
grade H2O. Where PCR reactions initially failed, increased
template DNA was used (up to 4 𝜇L) and the amount of H2O
in the reaction was reduced accordingly. PCR reactions were
carried under the following conditions: Initial denaturation
94∘C for 30 seconds, 40 cycles of 94∘C for 30 seconds, anneal-
ing temperature for 30 seconds, 72∘C for 30 seconds, and
final extension 72∘C for 5minutes.The annealing temperature

optimisation was determined by performing a temperature
gradient PCR between 52∘C and 64∘C (see Table 2).

Restriction digests were conducted on each PCR product.
The reaction mixture for each restriction digest consisted
of 3 𝜇L of 10x buffer, 20𝜇L PCR product, and 1–6 units of
enzyme in a reaction volume of 30 𝜇L.The enzyme manufac-
turer provided the appropriate buffer for each enzyme and the
stated activation temperature; the number of units of enzyme
was optimised for restriction digest reaction. The details for
each restriction digest are shown in Table 3. The restriction
digests were performed by incubating the reactionmixture at
the activation temperature of enzyme for 14 hours.

Following digestion, the digested PCR products were
electrophoresed at 100 v for 45mins on 2% agarose 1x TAE
gels stained with Nancy-520 (Sigma-Aldrich, USA) in 1x TAE
buffer. A DNA size ladder (𝜙x-HaeIII fragments) purchased
fromNEBwas used to determine the size of the digested PCR
fragments. Genotypes were determined by the restriction
digestion fragment pattern based on the presence of an
appropriate restriction site determined by the presence of the
SNP, with the possibility of detecting homozygotes (AA, aa)
and heterozygotes (Aa). Presumptive homozygotes for each
genotype (AA, aa) were confirmed by direct Sanger sequenc-
ing of representative PCR fragments (Source BioSciences,
Nottingham). For all loci a single band, the same size as the
PCR product, showed that none of the PCR product had been
digested and was genotyped as a homozygote for the allele
that does not digest. The absence of this larger band and
the presence of smaller bands at the expected sizes following
digestion (Table 1) showed that all of the PCR product
had been digested so these were genotyped as homozygotes
for the allele that was digested by the restriction enzyme.
Those with a band the same size as the PCR product plus
bands at the expected sizes following successful digestion in
Table 1 were genotyped as heterozygotes. These genotypes
were manually recorded within a database alongside appro-
priate sample numbers and clinical information. One sample
of each genotype at each SNP was confirmed by Sanger
sequencing by Source Bioscience (Nottingham, UK).

2.4.2. Analysis. To establish whether the population within
this study genetically resembled the published data by Philipp
et al. [23], the allele frequencies at each locuswere determined
in the entire sampled population irrespective of age or
disease status. These allele frequencies were compared to the
published allele frequencies at the same loci.

All individuals with a diagnosis of DCM or AF were
included in the affected group. As outlined in the results and
Figure 2, males were shown to be affected by DCM and AF
at an age earlier than females. For this reason, females were
considered to be unaffected if they had not been diagnosed
with eitherDCMorAF at a heart test after the age of 8.5 years.
Males were considered unaffected if they had reached the age
of 6.5 years and had a heart test without a diagnosis of DCM
or AF. All affected animals were included regardless of age.

The number of individuals expected to develop DCM
under four common penetrance models for each SNP was
obtained by methods described by Camp [40]. The observed
risk of disease for each genotype was obtained directly from
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Table 2: PCR annealing temperatures as determined by temperature
gradient PCR optimisation for each primer pair.

SNP Primer pair Annealing
temperature

Chr1: rs21953123 C/T All primer pairs 52∘C

Chr10: rs22078677 A/C
Initial primers 60∘C

Initial forward primer,
new reverse primer 52∘C

Chr15: rs22422063 C/A All primer pairs 52∘C

Chr21: rs22923291 G/A
Initial primers 58∘C

New forward primer,
initial reverse primer 52∘C

Chr37: rs24025150 G/A
Initial primers 58∘C

Initial forward primer,
new reverse primer 52∘C

Male
Female

Age at diagnosis (years)
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Figure 2: Cumulative percentage of individuals diagnosed with
DCM or AF at or before each age category. Males (blue) and females
(red) are shown separately.

the data by dividing the number of each genotype affected
by the total number of individuals with the genotype. The
genetic penetrance parameter (𝛾) was then established for
each SNP. For the multiplicative, additive, and dominant
models, 𝛾 indicates the relative risk of the heterozygote
genotype compared to the homozygote genotype with the
lowest risk; for the recessive model it indicates the relative
risk of the most at risk homozygote compared to the least at
risk homozygote. The penetrance parameter was then used
to calculate the proportion of each genotype expected to
develop disease under each model. Table 4 shows how the
penetrance parameter was used with the lowest homozygote
risk under each model to calculate these proportions.

The proportion of each genotype expected to develop dis-
ease under each model was then translated into the number
expected by multiplying the proportion by the total number
of individuals observed with the genotype, irrespective of
disease status. A 𝜒2-squared test was performed to establish

which model of penetrance most closely fitted the observed
data.Themodel with the smallest𝜒2-squared value was taken
to be the best fit of the observed data.

Having established the model of penetrance, the most
appropriate test for association with disease was then carried
out. Where A is the disease associated allele, for dominant
models the counts for individuals which genotyped as a/A
and A/A can be pooled as the penetrance is equivalent;
similarly for recessivemodels the counts for individuals geno-
typed as a/a and a/A can be pooled [41]. For multiplicative
models allelic tests of association are more powerful [41].
Additive models are most appropriately tested by a Cochran-
Armitage trend test, or genotype association testing [41]. To
test for association with disease 𝜒2 tests were performed.The
expected numbers of affected individuals with each genotype
or allele were obtained by establishing the proportion of
unaffected individuals with each genotype or allele. These
proportions of unaffected individuals with each genotype or
allele were then multiplied by the total number of affected
individuals to establish the expected number of affected
individuals with each genotype. To account for multiple tests
a Bonferroni correction was applied to the 𝑝 values.

To establish whether particular genotypes gave an
increased risk compared to the overall population risk, rela-
tive risks were calculated alongside 95% confidence intervals.
Relative risks were calculated by dividing the genotype risk
with the population risk and 95% confidence intervals were
calculated using the methods in [42]. Where appropriate,
genotypes were combined, for example, where the penetrance
model was shown to be recessive or dominant, or where there
were less than 5 total individuals with a genotype.

To establish whether using multiple loci to test for an
association could increase the association compared to indi-
vidual loci alone, each significant locus was considered with
each of the other significant loci in pairs and all combined.
For this analysis the expected numbers were calculated
and tested for an association in the same way as for loci
individually. Risks of disease for each genotype combination
were also established and relative risks calculated in the same
way as individual loci.

3. Results

3.1. DCMandAFRelationship. Therewere 36 individual dogs
diagnosed with DCM included in the current study (from a
total of 379 genotyped individuals, 9.50%, Figure 1) and 29
(80.5%) DCM affected individuals also had a diagnosis of
AF. In total, 17 of the 29 (58.6%) were diagnosed with DCM
and AF at the same time, whereas the remaining 12 had been
diagnosed with AF prior to the DCM diagnosis. Of the 12
that had been diagnosed with AF prior to DCM, 11 (91.7%)
had been diagnosed with AFwithin 2 years, and all hadDCM
diagnosed within 3 years of their first AF diagnosis.

In the current study, there were additional 36 individuals
(from a total of 379 genotyped individuals, 9.50%) that had
been diagnosed with AF, but not DCM. Of these individuals
24 (66.7%) had not been presented for heart disease screening
since diagnosis. Only 7 (19.4%) had only been tested within
1 year of their original diagnosis of AF. Further 4 individuals
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Table 3: Restriction digest information.

SNP Enzyme Units of enzyme
per reaction Restriction site Cuts allele Primer pair

Digest
fragment
sizes

Chr1: rs21953123 C/T HpyCH4II
(NEB, USA) 3 ACTGT C Original primers 228 & 83

New primers 260 & 157

Chr10: rs22078677 A/C BanI (NEB,
USA) 6 GgCACC C Original primers 19 & 355

Original forward primer, new
reverse primer 19 & 142

Chr15: rs22422063 C/A NciI (NEB,
USA) 6 CCCGG C Original primers 196 & 179

Original forward primer, new
reverse primer 227 & 216

Chr21: rs22923291 G/A Fnu4HI (NEB,
USA) 1 GCTGc G Original primers 310 & 39

New forward primer, original
reverse primer 384 & 39

Chr37: rs24025150 G/A HpaII (NEB,
USA) 3 cCGG G Original primers 28 & 346

Original forward primer, new
reverse primer 28 & 105

Enzymes, restriction sites, primer pairs, and digest fragment sizes for each SNP.

Table 4: The relationship of the risk of disease with the penetrance
parameter.

Model Penetrance
a/a a/A A/A

Multiplicative 𝑓0 𝑓0𝛾 𝑓0𝛾
2

Additive 𝑓0 𝑓0𝛾 2𝑓0𝛾

Recessive 𝑓0 𝑓0 𝑓0𝛾

Dominant 𝑓0 𝑓0𝛾 𝑓0𝛾

Risk of disease (𝑓0) of the least risky homozygote (a/a) is related to the
genetic penetrance parameter (𝛾) for each additional genotype under mul-
tiplicative, additive, recessive, and dominant models. For the multiplicative,
additive, and dominant models 𝛾 is the relative risk of the heterozygote
genotype compared to the homozygote genotype with the lowest risk; for
the recessive model it is the relative risk of the most at risk homozygote
compared to the least at risk homozygote.

(10.8%) had been tested within 2 years of original diagnosis
and one individual had been tested 2.5 years following AF
diagnosis. In total, heart disease screening data and DNA
samples were taken across a ten-year period.

The time from AF diagnosis to DCM diagnosis in the
group of individuals diagnosed with both AF and DCM was
not significantly different from the time individuals only
diagnosed with AF had been known to have a diagnosis of
AF (𝑡 = 0.56, 𝑝 = 0.58).

3.2. Sex Differences in Numbers Affected and Age of Disease
Onset. It was noted that there was no difference in observed
and expected numbers of affected cases in either males or
females (𝑛 = 191 entire females and 66 neutered females, with
28 and 16 affected, resp. 𝑛 = 116 entire males and 25 neutered
males with 16 and 7 affected resp. 𝑡 = 2.63 for females and
2.54 for males, 𝑝 > 0.05).

Individuals with diagnoses of DCM and AF were
included in the affected group. There was no difference in
the proportion of males and females affected by DCM/AF
combined, 𝜒2-squared test result = 0.13 (𝑝 = 0.72, df = 1).
There was a significant difference between males and females
in the age of diagnosis of DCM/AF combined. DCM/AF
combinedmean age at diagnosis was 4.82 years for males and
6.14 years for females (𝑡 = 2.43, 𝑝 = 0.019). Of males that
developed AF or DCM, 80% had done so before the age of
6.5 years, while 80% females that developed AF or DCM did
so before the age of 8.5 (Figure 2). Using these age restric-
tions in the sample cohort there were 9 females unaffected
by either diagnosis over the age of 8.5 years and 14 males
unaffected over 6.5 years. Of the individuals not included
in the DCM/AF affected group or the unaffected group, 20
were known to have died of causes other than DCM or AF
before reaching the age restrictions, 234 had not reached the
age restrictions, and 27 were over the age restriction but had
not been heart tested since reaching the age restriction, and
3 were of unknown age. Using the information above, it was
therefore possible to define the “unaffected” groupwith a high
level of stringency and specificity, in addition to enhancing
the knowledge on sex related differences in age of clinical
diagnosis.

Within the study cohort (Figure 1), 23 (34.7%) individuals
were diagnosed with DCM or AF at their first heart test
and of these, 19 (82.6%) were less than 6.5 years old. Of the
4 that were over 6.5 years old at first diagnosis without a
previous heart test 1 was male and 3 were female. Due to the
uncertainty in the age that these older individuals would have
developed the condition, these individuals were removed
from the age of onset analysis to ensure that these do not
skew the difference in age of onset between the sexes. The
𝑡-test result excluding these individuals remained significant
at the 5% threshold level (𝑡 = 2.11, 𝑝 = 0.040), which was
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Table 5: Allele frequencies at each SNP in the data published in
Philipp et al. [23] and the current study.

Allele Published allele frequency Current study allele frequency
Chr1 C 0.88 0.82
Chr1 T 0.12 0.18
Chr10 A 0.94 0.94
Chr10 C 0.06 0.06
Chr15 C 0.74 0.63
Chr15 A 0.26 0.37
Chr21 G 0.71 0.58
Chr21 A 0.29 0.42
Chr37 G 0.57 0.59
Chr37 A 0.43 0.41
Chr1 refers to the SNP on chromosome 1, Chr10 the SNP on chromosome
10, and so forth, as identified in Philipp et al. [23] and Table 1.

comparable to when those individuals were included within
the dataset.

3.3. Genetic Associations. The individuals in the current study
were primarily from the UK IWH population, while those
in the study by Philipp et al. [23] were from mainland
Europe. Despite the use of a different subpopulation of IWHs
there was a general concordance between the published allele
frequencies and those in the current study (Table 5). The
alleles at the SNPs on chromosomes 1, 10, and 37 were within
0.1 of the published frequencies. The alleles at the SNPs
on chromosomes 15 and 21 were close to within 0.1 of the
published frequencies.

The mode of penetrance was established to be multigenic
for the SNPs on chromosomes 1 and 10: dominant for the
chromosome 15 and 21 SNPs and recessive for the SNP on
chromosome 37 (Table 6). This allowed allelic association
tests to be performed for the SNPs on chromosomes 1 and
10, the numbers of individuals genotyped as AA and AC for
SNP on chromosome 15 to be combined, and the numbers
of individuals genotyped as GA and GG for the SNPs on
chromosomes 21 and 37 to be combined; thus the number of
degrees of freedom for each association test was reduced to
one (Table 6).

Three loci had significant associations with DCM/AF
combined, specifically the SNPs on chromosomes 1, 21, and
37 (Table 6). The risks of developing DCM or AF for each
genotype are presented in Table 7, along with the total
numbers of individuals with each genotype. There were very
few individuals genotyped as TT at the chromosome 1 locus,
CC was the highest risk allele, and allelic association tests
established that the C allele was associated with DCM/AF;
therefore the numbers of TT individuals were combined
with the CT individuals. Chromosome 21 and 37 SNPs were
determined to be dominant and recessive, respectively, so
the GA and GG genotypes were combined at both loci. The
overall risk of developing DCM or AF was 0.76. Several
genotypes gave an elevated risk compared to the overall risk,
and several gave reduced risk, none of these increased or

decreased risks were significantly different from the overall
risk.

Combining genotypes at pairs of loci decreased the
significance of the chromosome 1 SNP but increased the
significance of chromosomes 21 and 37 SNPs (Tables 6 and 8).
Combining all three loci together increased the significance
for all loci (𝜒2-squared value = 41.09, 𝑝 = 0.00000078).

From both the pairs of loci and all three loci combined,
the genotypes with the greatest disease risk were those which
combined the high risk individual genotypes (Tables 8–12). In
particular Chr1 CC, Chr21 GA/AA, and Chr37 AA combined
gave the single highest risk of developing disease and was
significantly higher than the overall population risk. The
opposite was also the case with the lowest combined disease
risk resulting from the combined genotypes of those with
individually the lowest risk, but none gave a significantly
decreased risk compared to the overall population risk. All
other genotype combinations are somewhere in between.

4. Discussion

The data acquired here supports an association between AF
and DCM in IWHs.Themajority (80.5%) of individuals with
DCM also had a diagnosis of AF. Most individuals were
diagnosed with AF at the same time as DCM, or in the 2 years
prior to the diagnosis of DCM, which indicates that AF may
be a precursor to a clinical diagnosis of DCM. The current
results are consistent with a previous study which found
that 87.6% of individuals diagnosed with DCM were also
diagnosed with AF [2]. Further evidence for the relationship
between AF and DCM comes from the time period that
individuals diagnosed only with AF have spent with the AF
diagnosis. The majority (66.7%) had not had a subsequent
heart test and of those that had been retested the longest time
between initial AF diagnosis and most recent heart test was
2.5 years. All individuals with AF alone still had/have the
potential to develop DCM as the time periods with AF were
not longer than the time periods between AF diagnosis and
DCMdiagnosis (𝑡 = 0.56,𝑝 = 0.58).This finding is consistent
with Vollmar [2] in which 11 individuals were diagnosed with
AF, but notDCM;however only 3 individualswere knownnot
to have subsequently developed DCM, with 29 months as the
maximum time with AF alone. This relationship between AF
and DCM allowed for the inclusion of individuals diagnosed
with AF as well as DCM in the affected group for genetic
association tests. In addition, this provides evidence that
individuals diagnosed with AF should be carefullymonitored
and regularly presented for heart testing to ensure that they
do not yet require treatment for DCM. There is also the
potential to improve the survival of individuals diagnosed
with AF by treating them with drugs such as pimobendan
prior to the development of DCM or heart failure [17], in
addition to receiving therapy for AF.

Very few IWHs were unaffected by AF or DCM into old
age (defined as older than the median lifespan of 7.04 years
in IWHs [11]), as most individuals developed one or both
disorders, or they died of other conditions before reaching
old age. As noted earlier, this breed is also susceptible to
osteosarcoma, pneumonia, and gastric dilation-volvulus, all
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Table 6: Mode of penetrance for individual SNPs in relation to IWH DCM/AF.

Chr1 Chr10 Chr15 Chr21 Chr37
Mode of penetrance Multigenic Multigenic A dominant G dominant A recessive
Type of test Allelic Allelic A dominant G dominant A recessive
Chi-squared test result 10.61 5.07 1.52 7.67 11.12
df 1 1 1 1 1
Bonferroni corrected 𝑝 0.0056 0.12 1.00 0.028 0.0043
Published DCM allele C A C A G
Current DCM/AF allele C C A G A
Mode of penetrance, subsequent genetic association test used, chi-squared test result, degrees of freedom of the chi-squared test, and Bonferroni corrected 𝑝
value for each locus. Also shown are the alleles associated with IWH DCM in Philipp et al. [23] and IWH DCM/AF in the current study. Chr1 refers to the
SNP on chromosome 1, Chr10 the SNP on chromosome 10, and so forth, as identified in Philipp et al. [23] and Table 1.

Table 7: Risk of developingDCM/AF for each genotype at loci iden-
tified as significantly associated with DCM/AF.

Genotype Risk Total
genotype

Risk relative
to population

risk
95% CI

Chr1 CC 0.81 54 1.08 0.91 to 1.28
Chr1 CT 0.68 22 na na
Chr1 TT 0.5 4 na na
Chr1 CT/TT 0.65 26 0.86 0.64 to 1.17
Chr21 AA 0.61 18 0.81 0.55 to 1.19
Chr21 GA 0.77 39 na na
Chr21 GG 0.82 33 na na
Chr21 GA/GG 0.79 72 1.04 0.89 to 1.23
Chr37 AA 0.85 27 1.12 0.93 to 1.36
Chr37 GA 0.70 23 na na
Chr37 GG 0.73 44 na na
Chr37 GA/GG 0.72 67 0.95 0.78 to 1.14
The risk of developing disease for each genotype, the total number of indi-
viduals with each genotype, the relative risk of each genotype compared
to the population risk, and associated 95% confidence intervals. Where
dominant or recessive modes of penetrance were established or less than 5
total individuals had a genotype, genotypes were pooled and these are also
presented. Chr1 refers to the SNP on chromosome 1, Chr21 the SNP on
chromosome 21, and Chr37 the SNP on chromosome 37 as identified in
Philipp et al. [23] and Table 1.

Table 8: Chi-squared test results for the genotype associations with
DCM/AF for pairs of loci.

Chr1+21 Chr1+37 Chr21+37
Chi-squared test result 14.16 15.56 24.55
df 3 3 3
Bonferroni corrected 𝑝 0.0081 0.0042 0.000058
Chi-squared test results, degrees of freedom (df) of the chi-squared tests,
and Bonferroni corrected 𝑝 values for genotype associations. Chr1 refers to
the SNP on chromosome 1, Chr21 the SNP on chromosome 21, and Chr37
the SNP on chromosome 37 as identified in Philipp et al. [23] and Table 1.

of which can require euthanasia [12–14]. This influenced the
number of animals and the age-range in theDCMorAFunaf-
fected control group for genetic association testing. Young
unaffected individuals retain the potential to develop DCM

Table 9:The risk of developing disease for each genotype combina-
tion at chromosomes 1 and 21 loci.

Chr1 Chr21 DCM/AF
risk

Total
genotyped

Risk
relative to
population

risk

95%
CI

CC GG/GA 0.81 48 1.07 0.90 to
1.28

CC AA 0.83 6 1.10 0.76 to
1.60

CT/TT GG/GA 0.74 19 0.97 0.73 to
1.30

CT/TT AA 0.33 6 0.44 0.14 to
1.37

Total number of individuals with each genotype combination, the relative
risk of each genotype compared to the population risk, and associated 95%
confidence intervals. The individual genotypes are in bold type if they were
identified as conferring increased risk of disease and normal type if they
were identified as conferring decreased risk of disease.

Table 10: The risk of developing disease for each genotype combi-
nation at chromosomes 1 and 37 loci.

Chr1 Chr37 DCM/AF
risk

Total
genotyped

Risk
relative to
population

risk

95%
CI

CC GG/GA 0.79 38 1.04 0.85 to
1.27

CC AA 0.88 16 1.15 0.93 to
1.43

CT/TT GG/GA 0.61 18 0.81 0.55 to
1.19

CT/TT AA 0.75 8 0.99 0.65 to
1.50

Total number of individuals with each genotype combination, the relative
risk of each genotype compared to the population risk, and associated 95%
confidence intervals. The individual genotypes are in bold type if they were
identified as conferring increased risk of disease and normal type if they
were identified as conferring decreased risk of disease.

or AF in the future; thus including these individuals in the
unaffected group would have resulted in misleading genetic
association test results. Ideally, only very aged unaffected
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Table 11:The risk of developing disease for each genotype combina-
tion at chromosomes 21 and 37 loci.

Chr21 Chr37 DCM/AF
risk

Total
genotyped

Risk
relative to
population

risk

95%
CI

AA GG/GA 0.62 13 0.81 0.52 to
1.27

AA AA 0.60 5 0.79 0.38 to
1.63

GA/GG GG/GA 0.75 52 0.99 0.82 to
1.20

GA/GG AA 0.89 19 1.18 0.97 to
1.43

Total number of individuals with each genotype combination, the relative
risk of each genotype compared to the population risk, and associated 95%
confidence intervals. The individual genotypes are in bold type if they were
identified as conferring increased risk of disease and normal type if they
were identified as conferring decreased risk of disease.

individuals would have been included in the unaffected group
as the certainty that they have not developed DCM or AF
would have been high. Although this would have reduced
the risk of including an individual in the wrong group,
it would have reduced the sample size of the unaffected
group to below what is required for genetic association
testing. As a compromise the age at which 80% of ultimately
affected individuals were affected was determined and this
age restriction was utilised to determine at what age to allow
an unaffected individual to be included in the unaffected
group. In the present study, the age of disease diagnosis
was established as significantly different between males and
females. Males were diagnosed with DCM/AF on average
younger than females, although individuals of both sexes
were diagnosed from the age of 1.5 years (Figure 2); this
corroborates the findings of Brownlie and Cobb [32]. The
age of 80% of all ultimately AF/DCM affected males was
established as 6.5 years. Females, however, needed to reach
8.5 years before 80% of the individuals that were diagnosed
with AF or DCM had done so. These age restrictions were
used to determine at what age it was practical to assign a
currently unaffected individual to the “unaffected control”
group. Despite the collection of 379 samples across four years,
and the use of unstringent age restrictions, there were only 22
individuals not affected by DCM or AF above these two ages.
Some of the individuals that were not included in either group
had died before reaching the age restrictions, but themajority
(261 individuals) either had not reached the age restriction
by the end of the study, or had not been heart tested since
reaching the age restriction.Therewas a clear difference in the
age of diagnosis between males and females, but the reasons
for this are unknown. It is possible that males were heart
tested earlier and more regularly than females and thus are
overrepresented in earlier diagnoses. The calculations which
involved exclusion of individuals diagnosed over the age of
6.5 years of both sexes which had not previously been heart
tested did not change the significance threshold of the 𝑡-
test determining differences in the age of diagnosis. This

indicated that the differences in the age of diagnosis are
likely to be related to the age of disease onset, not age at
presentation for heart testing. Strong candidates for further
work to investigate these sex differences are hormones which
differ in the amount and ratio between the sexes and the
different responses to these hormones [43–47]. In light of the
differences between males and females, neutering status was
of interest. There was not an overall difference in the number
of affected cases between neutered and nonneutered IWHs
for either males or females; however further investigations
into neutering age could be investigated to show whether this
affects disease onset or progression.

All loci examined for an association with disease had
previously been associated or putatively associated with
DCM in IWHs from mainland Europe by Philipp et al.
[23]. The current study primarily studied IWHs from the
UK and genetic differences between subpopulations of the
breed were possible. While this potential genetic difference
was possible, it was unlikely as mixing of bloodlines occurs
throughout Europe [48]. This was supported by the finding
that allele frequencies were broadly similar in both genotyped
populations across all loci (Table 5). Given the genetic
similarity between the mainland Europe IWH population
and the UK IWH population, genetic associations with
disease in one population should remain in the other, but
this was not the case (Table 6). Only three out of five of
the SNPs previously associated with IWHDCM in mainland
European dogs were associated with DCM/AF in the current
study, and of these only one had the same allele associated
with disease (Table 6) [23]. There are a number of possible
explanations for this apparent inconsistency between studies.
The first is that despite genetic admixture occurring and the
similarity in allele frequencies between populations, there
was unidentified population substructure. Although this is
possible, it is unlikely given the known mixing of bloodlines
and the meticulous record keeping required for prestigious
pedigree breeds such as IWH [48]. More likely explanations
for the discrepancy between populations are the sample
size and age at which unaffected individuals were included
in the unaffected group. Although our study obtained the
largest number of samples in the breed ever collected thus
far and the previous study by Philipp et al. [23] was large
in comparison to many canine genetic studies, for accurate
genotype-phenotype associations to bemade a larger number
of samples are required. Typical human genotype association
studies use over 2,000 individuals, with someusingmore than
10,000 individuals [49–52]. Philipp et al. [23] used a total of
190 individuals, and in the present study 379 DNA samples
were collected but following more stringent inclusion criteria
95 individuals could be included in the genetic association
analysis. The age an individual can be considered healthy for
DCM genetic association purposes varies between breeds,
but it has not previously been based on clear justification
[23, 28, 39]. The analysis in the present study shows the
age that an unaffected male can be included in the healthy
group was younger than an unaffected female (Figure 2).
The age that an unaffected female can be included in the
unaffected group was 8.5 years; the caveat is that, despite
this age restriction, 20% of females that developed DCM or
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Table 12: The risk of developing disease for each genotype combination at chromosomes 1, 21, and 37 loci.

Chr1 Chr21 Chr37 DCM/AF risk Total genotyped Risk relative to population risk 95% CI
TT/CT AA AA 0.50 2 0.66 0.16 to 2.65
TT/CT AA GG/GA 0.25 4 0.33 0.06 to 1.81
TT/CT GA/GG AA 0.80 5 1.06 0.67 to 1.66
TT/CT GA/GG GG/GA 0.73 15 0.97 0.70 to 1.34
CC AA AA 0.50 2 0.66 0.16 to 2.65
CC AA GG/GA 1.00 4 1.32 1.18 to 1.48
CC GA/GG AA 0.93 14 1.23 1.02 to 1.47
CC GA/GG GG/GA 0.76 34 1.01 0.81 to 1.26
Total number of individuals with each genotype combination, the relative risk of each genotype compared to the population risk, and associated 95% confidence
intervals. The individual genotypes are in bold type if they were identified as conferring increased risk of disease and normal type if they were identified as
conferring decreased risk of disease.

AF did so after this age. The study by Philipp et al. [23]
included unaffected individuals of both sexes over the age
of 7 years in the healthy group. In the context of the present
results this was adequate for males, for which 80% of affected
individuals were diagnosed before the age of 6.5 years. In
females, however, over 40% of individuals that developed
disease in the current study did so after 7 years old (Figure 2);
thus the inclusion of females under the age of 8.5 years in
the unaffected group is likely to lead to spurious genetic
associations in the study by Philipp et al. [23]. In addition
the authors did not state whether individuals with AF were
excluded from the unaffected group. Although the current
study only had 23 individuals in the unaffected group, the
genetic associations made are more likely to be correct as
individuals were less likely to be inappropriately included in
the unaffected group based on age or diagnosis of AF.

Individually, three loci were significantly associated with
DCM/AF in the current study, but none of the genotypes
conferred a significant increase or decrease in risk compared
to the overall population risk of disease (Tables 6 and 7).
Combining the significant loci into pairs increased the signif-
icance of the genetic associations and the risk of disease for
the most risky genotype combinations (Tables 8–11). Despite
combining genotypes at pairs of loci, none of genotype
risks were significantly increased or decreased relative to the
population risk.The combination of genotypes from all three
significant loci resulted in a significant genetic association
(𝑝 < 0.0001). Furthermore, the risk of disease in individuals
which had themost risky genotypes at all three loci (Chr1 CC,
Chr21 GA/GG, and Chr37 AA) was significantly increased
compared to the population risk (Table 12). This is consistent
with our previous work which showed that information
from multiple loci combined could be more informative in
predicting disease than individual loci and is the first study
to show that the multiple allele effect is important in canine
heart disease [31].

Genetic associations identify loci and alleles associated
with disease, but to be of relevance to clinicians, breeders,
and owners, there is a need to define genotype combinations
which significantly increase or decrease the risk of developing
disease. Individuals with high risk genotypes can be more
intensively monitored for the early signs of disease. With
heart testing it is possible to detect disease in advance of
overt clinical symptoms and it has been shown that some

drugs can increase the time to progression to overt disease,
thus improving quality of life and longevity [17]. If high risk
genotype combinations can be identified, breeders can reduce
the risk of individuals developing disease by ensuring that
mating will not result in offspring with genotypes with a high
risk of developing disease. The methodology in this study
has the potential to supplement those currently utilised in
establishing genetic risk scores, as it can account for interac-
tions between loci and dominant or recessive alleles [53–56].
The methodology could be applied to a variety of diseases
and traits, and it is not restricted to use in canine disease
so it could thus be of use in human genetic counselling. It
should be noted that breeding programme management for
genetic conditions must be managed carefully to ensure that
prevalence of other genetic diseases does not inadvertently
increase.

There were no genotypes identified which conferred a
significant protective effect, but some genotypes had few (<5)
individuals genotyped irrespective of disease status (Tables
7–12). From so few genotyped individuals it is not realistic
to draw definitive conclusions, but within some of these
genotypes there were more individuals without disease than
with disease. This indicates that these genotypes may confer
a protective effect against the development of DCM/AF
compared to the overall population risk; a greater number
of affected and unaffected individuals would allow this to
be tested. The inclusion of additional individuals could also
reduce the 95% confidence intervals for the relative risks
at other genotypes, potentially allowing genotype combina-
tions with increased, but not high risk to be confirmed.
Increasing the number of individuals genotyped may allow
for more stringent age restrictions to be used in determining
unaffected individuals which would increase the confidence
in any associations made. In the current sample the 90%
age restriction would be between 8 and 8.5 years for males
and 9 years for females. The use of these age restrictions in
the current sample would reduce the number of individuals
eligible to be included in the group to 13 which would reduce
the power of the genetic association tests still further.

The physiological functions of the DCM/AF associated
SNPs have not been confirmed, although some lie within
or close to genes [23]. Of the three SNPs associated with
DCM/AF in this current study only one, the intronic SNP
on chromosome 21 lies within a gene, PDE3B [23]. PDE3B
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has been shown to have a role in cardiac function [57,
58]. Of particular interest is that there has been reported
to be a difference in PDE3B mRNA expression between
males and females [59]. If PDE3B is involved in DCM/AF in
IWHs, the differential expression between males and females
could explain the difference in the age of onset between the
sexes. There were not enough unaffected individuals in the
current study to test the SNP for DCM/AF-association in
each sex separately. With the inclusion of additional affected
and unaffected individuals PDE3B could be a promising
candidate gene for identifying the function of one aspect of
the genetic basis of DCM in IWHs. The two other DCM/AF
associated SNPs are not within known genes [23]. These
SNPs could lie within regulatory regions or be in linkage
disequilibrium with regulatory regions or functional genetic
variants [60, 61]. Furtherwork is needed to establish themode
of action of these SNPs.

There are likely to be additional unidentified genetic sus-
ceptibility loci in IWH DCM/AF as there were affected
individuals with genotypes which appeared to confer a
lower risk of disease (Table 12). In addition, there may be
unidentified protective loci because there were unaffected
individualswith genotypes conferring a higher risk of disease,
although these individuals could develop disease later in life
as the age restrictions for inclusion in the unaffected group
were not very stringent. Further work with a larger number
of individuals is required to verify the current genetic associ-
ations and identify additional loci associatedwith IWHDCM
as in this study 72 cases and 23 controls were used across
a longitudinal study, but with a limited number of tested
markers and potential confounding effects such as cryptic
relatedness, further studies could provide further insights.
In addition, it was interesting to note that our marker allele
differed for many markers to that shown in a previous
study [23]; further examination of these affected areas could
elucidate the differences observed.

5. Conclusions

In conclusion, AF is related to DCM in the animals within
this study and this novel information enabled individuals
with both DCM and AF to be included in the affected group
for genetic association testing. In addition, male and female
IWHs were confirmed to have different ages of disease onset
which allowed more accurate allocation of individuals into
the unaffected group. This study also confirms our previous
work indicating that multiple loci analysis better predicts the
incidence of DCM than single loci alone; however, a larger
number of affected and unaffected individuals are required
to confirm the associations.
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Coronary collateral circulation (CCC), an alternative blood supply for ischemic myocardium, improves survival rates among
patients with coronary artery disease (CAD). However, there remains a lack of biomarkers to discriminate between patients with
poor or good CCC. In this study, we aimed to observe the relationship between plasma microRNA-146a (miR-146a) levels and the
coronary collateral circulation (CCC). Additionally, we aimed to explore whether the plasmamiR-146a level could serve as a blood-
based biomarker for CCC in patients with CAD.Wemeasured the plasma levels of vascular endothelial growth factor A (VEGF-A)
andmiR-146a in patients with CCC by ELISA and real-time PCR, respectively, according to the Rentrop grades.The results showed
that the plasma miR-146a level is significantly increased in CAD patients with good CCC and significantly decreased in those with
poor CCC. In contrast, although VEGFA expression in patients followed a similar trend as the CCC, the differences between the
groups were not statistically significant. There was a positive correlation between plasma miR-146a levels and the Rentrop grading.
In addition, receiver operator characteristic analysis showed that miR-146a could be a potent biomarker for identifying patients
with poor CCC.

1. Introduction

Coronary collateral circulation (CCC), an alternative blood
supply for ischemic myocardium, improves survival rates
among patients with coronary artery disease (CAD) [1].
Identifying patients with poor CCC can, in turn, dis-
tinguish patients at risk of substantial debilitation from
adverse cardiac events [2]. Currently, evaluation of collateral
development depends mainly on invasive procedures such
as coronary angiography and grading [3]. Therefore, the
identification of a circulating biomarker of CCC status would
be of great clinical significance. Although there are many
established determinants of coronary angiogenesis, including
chronic inflammation and vascular endothelial growth factor
(VEGF) [4], there remains a lack of biomarkers to discrimi-
nate between patients with poor or good CCC.

Circulating microRNAs (miRNAs)—noncoding RNAs
that are ∼22 nucleotides long, present in the bodily fluids of
patients—are considered to hold potential as novel disease
markers [5]. It has been established that miRNAs function as

key regulators of different aspects of vascular biology, includ-
ing angiogenesis [6]. It has been reported that there is a close
relationship between angiogenesis and severalmiRNAs:miR-
21, miR-146a, miR-155, miR-221, andmiR-222 [7]. All of these
have been shown to exert antiangiogenic effects, apart from
miR-146a [7]. Although angiogenesis plays an important role
in CCC formation [8], the correlation between miR-146a and
the CCC has not been substantially investigated.

In this study, we aimed to investigate the correlation of
circulatingmiR-146a with CCC and to test whethermiR-146a
could serve as a potential biomarker for CCC formation in
CAD patients.

2. Materials and Methods

2.1. Study Population. From December 2015 to July 2016, all
patients who underwent coronary angiography at the Sec-
ond Hospital of Jilin University for Cardiovascular Diseases
(Changchun, China) were screened for eligibility, provided
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that they had at least onemajor coronary occlusion or a steno-
sis of ≥ 95%, accompanied by thrombolysis in myocardial
infarction- (TIMI-) grade 1 anterograde-flow. A total of 34
consecutive patients with good CCC and 44 patients with
poor CCC were retrospectively investigated. The coronary
collateral grading was determined according to the Rentrop
grades [9, 10]: grade 0, no filling of any collateral vessels;
grade 1, filling of side branches of the artery to be perfused by
collateral vessels without visualization of epicardial segment;
grade 2, partial filling of the epicardial artery by collateral
vessels; and grade 3, complete filling of epicardial artery by
collateral vessel. Patients with CAD were divided into two
groups according to their Rentrop grade: patients with grade
2 or 3 collateral development (good CCC group, 𝑛 = 34), and
patients with grade 0 or 1 collateral development (poor CCC
group, 𝑛 = 44). In addition, 34 healthy subjects without CAD
were enrolled as control subjects. Patients with any of the
following factors were excluded from the current study: coro-
nary artery lumen diameter stenosis < 90%, recent history
(history of less than onemonth) of acute coronary syndrome,
congestive heart failure, concomitant inflammatory diseases
and/or neoplastic diseases, or the use of steroids, immuno-
suppressive drugs, or nonsteroidal anti-inflammatory drugs
(except for low-dose aspirin). Detailed physical examinations
and both electrocardiographic and echocardiographic evalu-
ations were performed on all patients. Written consent was
obtained from each of the subjects and the study protocol was
approved by the Ethics Committee of Jilin University.

2.2. Evaluation of Plasma VEGF-A Levels by ELISA. Blood
samples (5mL per patient) were collected from the subjects,
via direct venous puncture, into tubes containing sodium
citrate, and then centrifuged at 1000×g for 5min; the
supernatant (plasma) was then transferred carefully into
tubes. We used the “Human VEGF-A ELISA Kit” from
Elabscience to measure plasma levels of VEGF-A, according
to the manufacturer’s instructions. Concentrations of VEGF-
A in subject plasma samples were determined by plotting
the absorbance of each sample against a standard curve of
recombinant human VEGF-A. Absorbance was measured at
450 nm (primary wavelength).

2.3. qPCR Assay. MicroRNAs were extracted from the plas-
ma samples using the miRcute miRNA Isolation kit (TRANS
GEN, Beijing City, China). The samples were performed
both poly-(A) tailing and reverse transcription with the
miScript reverse transcription kit (TRANS GEN, Beijing
City, China). MiR-146a was quantified by quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) assay
and U6 RNA was used as the miRNA internal control.
Each reaction was carried out using a miRNA specific
forward primer and a universal reverse primer according
to the protocol of the manufacturer (Tiangen, Beijing City,
China). The primers were as follows: miR-146a forward:
5-TGAGAACTGAATTCCATGGGTT-3 U6 forward: 5-
GCTTCGGCAGCACATATACTAAAAT-3. Each reaction
was performed in a total volume of 20𝜇L: 2 𝜇L reverse tran-
scription products, 1.0 𝜇L 20x “Micro RNA assay primer”,
10 𝜇L 2x “Universal PCRMaster Mix” and nuclease-free H

2
O

to adjust the volume. The PCR reaction was performed as
follows: 95∘C for 5min, followed by 40 cycles (95∘C for 15
seconds; 60∘C for 30 s). Relative gene expression levels were
analyzed using the formula 2-ΔCT, where ΔCT = CT (target
gene) − CT (control).

2.4. Statistical Analyses. SPSS 16.0 (SPSS Inc., Chicago, IL,
USA) was used to perform statistical analyses. Data have
been reported as means ± SD, and medians have been cal-
culated for the general characteristics of subjects. Differences
among the different groups were assessed using One-Way
ANOVA comparisons. 𝑃 values < 0.05 were considered to
indicate statistical significance. Relationships between miR-
146a, VEGF-A, and collateral grade were assayed using the
Spearman correlation test. Receiver operating characteristic
(ROC) curves were established to evaluate the predictive
power of circulating miR-146a for the CCC status of patients;
the area under the ROC curve (AUC) was used to assess the
predictive power. Sensitivity and specificity were calculated
according to standard formulas.

3. Results

3.1. Baseline Characteristics. There were 44 patients with
poor CCC, 34 with good CCC, and a further 34 healthy
control subjects. Their clinical characteristics and biochem-
ical parameters are listed in Table 1. None of the following
differed between the groups: age, sex, and/or diabetes mel-
litus, smoking, and lipid profiles including LDL cholesterol,
triglycerides, and total cholesterol. The difference between
prevalence of hypertension in poor CCC and control groups
was statistically significant (𝑃 < 0.05).

3.2. Levels of PlasmaVEGF-A andmiR-146a in Patients Classi-
fied byTheir CCC Status. It has been reported that miR-146a
can exert proangiogenic effects [7] and can upregulate VEGF-
A [11], which is one of the most important vascular growth
factors during angiogenesis. In this study, we measured levels
of plasma VEGF-A and miR-146a in patients that had been
classified by their CCC status. The concentrations of plasma
VEGF-A in the control, good CCC, and poor CCC groups
were 2827.44 ± 914.07 𝜇g/L, 3232.06 ± 820.07𝜇g/L, and
2425.30± 761.57 𝜇g/L, respectively. Relative to that in the con-
trol group, the plasma level ofVEGF-Awas higher in the good
CCC group and lower in the poor CCC group; however, these
differences were not statistically significant (Figure 1(a)).

We next tested the levels of plasma miR-146a in patients,
according to their CCC status. Our results showed that,
relative to the control group, the level of plasma miR-146a
was higher in patients with good CCC (1.67-fold, 𝑃 < 0.05),
whereas it was lower in patients with poor CCC 0.17-fold,
(𝑃 < 0.01). The difference between the level of plasma
miR-146a in the good and poor CCC groups was statistically
significant (𝑃 < 0.01) (Figure 1(b)).

3.3. Correlation between miR-146a and Rentrop Grades in
Patients with Different CCC Status. To investigate the rela-
tionship between levels of plasma miR-146a and CCC status,
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Table 1: Basic clinical characteristics.

Characteristics Good CCC (𝑛 = 34) Poor CCC (𝑛 = 44) Controls (𝑛 = 34)
Age (years) 62.13 ± 8.02 56.13 ± 7.53 54.24 ± 7.36
Male/female 16/18 25/19 17/17
Body Mass Index (kg/m2) 25.10 ± 3.82 24.84 ± 3.61 24.72 ± 3.72
BUN (mmol/L) 5.98 ± 1.46 5.77 ± 1.51 5.45 ± 1.23
Creatinine (𝜇mol/L) 80.3 ± 12.9 82.5 ± 11.7 81.7 ± 12.2
LDL cholesterol (mmol/L) 2.58 ± 0.95 2.79 ± 1.09 3.24 ± 1.31
Triglycerides (mmol/L) 1.86 ± 1.45 1.47 ± 0.87 1.82 ± 0.57
Total cholesterol (mmol/L) 4.58 ± 1.31 4.81 ± 1.56 4.42 ± 1.33
Hypertension 16 25∗ 11
Diabetes mellitus 10 7 5
Smoking 11 23 15
Data are provided as the mean ± SD. CCC, coronary collateral circulation; BUN, blood urea nitrogen; LDL, low-density lipoprotein; ∗poor CCC versus control
group, 𝑃 < 0.05.
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Figure 1: Level of plasma VEGF-A or miR-146a in patients, according to their CCC status. (a) The plasma level of VEGF-A in patients,
according to their CCC status. (b) The plasma level of miR-146a in patients, according to their CCC status. Good CCC group versus poor
CCC group: ##𝑃 < 0.01. Poor CCC group versus control group: ∗∗∗𝑃 < 0.01. Good CCC group versus control group: ∗∗𝑃 < 0.05.

we next analyzed the correlation between miR-146a and
patient Rentrop grades, classified by their CCC. A positive
correlation was identified betweenmiR-146a and the Rentrop
grading (𝑅 = −0.723, 𝑃 < 0.01) (Figure 2). In addition, we
also tested the correlation between the levels of miR-146a and
VEGF-A, but no statistically significant difference could be
identified (data not shown).

3.4. Predictive Power of miR-146a for CCC. To evaluate the
predictive power of the level of circulating miR-146a for a
patient’s CCC status, we performed ROC analysis on all 78
patients with CCC. As shown in Figure 3, the areas under
the ROC curve (AUROC) were 0.939 for miR-146a (95%
confidence interval, 𝑃 < 0.01) and 0.440 for VEGF-A (95%

confidence interval, 𝑃 = 0.364). Therefore, the level of
circulating miR-146a had marked sensitivity and specificity
for CCC, and it was superior to VEGF-A for diagnosis.

4. Discussion

In this study, we found that levels of plasma miR-146a were
significantly lower in the poor CCC group and significantly
higher in the good CCC group, as compared with that in
the control group. In addition, levels of circulating miR-146a
positively correlated with the Rentrop grading of the source
patients. Our ROC analysis demonstrates that the level of
plasma miR-146a could be used as a potent independent
predictor of poor CCC.
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Figure 3: Comparisons of the sensitivity and specificity of levels of
plasma miR-146a or VEGF-A for the diagnosis of CCC in patients.

It had been found that there is the close relationship
between miR-146a and angiogenesis [7]. Our data are con-
sistent with this earlier finding because we discovered that
the level of miR-146a is increased in CAD patients with good
CCC and decreased in those with poor CCC. Similarly, it had
been demonstrated that miR-146a could upregulate VEGF-A
[11], a proangiogenic factor. In our study, although the trend
of VEGF-A expression in patients with CCC was similar to
that ofmiR-146a, therewas no correlation.Other reports have
demonstrated thatmiR-146a enhances the angiogenic activity
of endothelial cells in hepatocellular carcinoma by promoting

the expression of platelet-derived growth factor receptor 𝛼
[12]. In addition, miR-146a induces angiogenesis in human
umbilical vein endothelial cells via upregulation of FGFBP1
signaling [13].

Of note, there are conflicting reports about roles of miR-
146a during angiogenesis. MiR-146a, first identified as an
inflammation-relatedmiRNA [14], is upregulated in endothe-
lial cells upon exposure to proinflammatory cytokines [15].
Overexpression of miR-146a, in turn, inhibits adhesion
molecules such as ICAM-1, VCAM-1, and E-selectin, and it
also inhibits the expression of other genes associated with
inflammation [16]. Those adhesion molecules, together with
inflammation, can trigger endothelial cells (EC) activation,
which is viewed as the first step of angiogenesis [17]. It has
been further confirmed that inhibition of VCAM-1 represses
angiogenesis in vitro [18], and that inhibition of ICAM-1
suppresses the development of CCC in vivo [19]. Although
overexpression of miR-146a blunts endothelial activation,
knock-down of miR-146a in vitro has the opposite effect, as
does deletion of miR-146a in mice [20]. Therefore, further
research is necessary to verify the proposed roles of miR-146a
during angiogenesis or the development of CCC.

In addition, our data showed that the difference between
prevalence of hypertension in poor CCC and control groups
was statistically significant. Many evidences showed that
hypertension impaired the angiogenesis or CCC formation
[21, 22]. The hypertension-related impairment of angiogen-
esis was associated with restrain of EC activity and VEGF
expression, which are important for angiogenesis [21, 22].
Interestingly, other reports found that patients with coronary
artery disease more often developed coronary collateral
circulation in the presence of arterial hypertension [23]. In
addition, hypertension could cause the change ofmicroRNAs
such asMiR-21, miR-122, andmiR-637 [24].The plasmamiR-
146amight be affected by hypertension, which needed further
investigation.

5. Conclusions

We found that the level of circulating miR-146a positively
correlates with Rentrop grades. Moreover, our ROC analysis
established that plasma miR-146a could be a potent inde-
pendent predictor for the development of poor CCC. As is
well-known, current methods to evaluate CCC are limited
to invasive procedures, such as of coronary angiography and
grading. Although clinical parameters associated with the
development of CCC had been identified in other studies,
there remained a lack of biomarkers for CCC. Thus, we
conclude from our study that the level of circulating miR-
146a is of great significance in a clinical setting to provide
appropriate information about the development of poor or
good CCC in patients with CAD.

6. Limitations

In this study, the sample size was small and was assembled
from a single center. Therefore, further studies on a larger
sample size will be needed to verify the current results. In
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addition, the Rentrop scoring system was used for collateral
grading even though small-calibermicrovascular vessels may
not be visualized by angiography. Moreover, U6 as reference
gene was found a less-stable expression than other microR-
NAs in plasma or serum sample [25]. For determination of
plasma miRNA, Caenorhabditis elegans miRNA (celmiR39)
is most usually used as exogenous control, and U6 is used as
endogenous control [26, 27]. Although it was demonstrated
that U6 or cel-miR-39 used as the reference gene for plasma
miR-146a yielded a similar result [28], the suitable reference
gene was needed to evaluate the circulating miRNAs.
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MicroRNAs have been demonstrated to be involved in human diseases, including cardiovascular diseases. Growing evidences
suggest that microRNA-155, a typical multifunctional microRNA, plays a crucial role in hematopoietic lineage differentiation,
immunity, inflammation, viral infections, and vascular remodeling, which is linked to cardiovascular diseases such as coronary
artery disease, abdominal aortic aneurysm, heart failure, and diabetic heart disease. The effects of microRNA-155 in different
cell types through different target genes result in different mechanisms in diseases. MicroRNA-155 has been intensively studied
in atherosclerosis and coronary artery disease. Contradictory results of microRNA-155 either promoting or preventing the
pathophysiological process of atherosclerosis illustrate the complexity of this pleiotropic molecule.Therefore, more comprehensive
studies of the underlyingmechanisms ofmicroRNA-155 involvement in cardiovascular diseases are required. Furthermore, a recent
clinical trial of Miravirsen targeting microRNA-122 sheds light on exploiting microRNA-155 as a novel target to develop effective
therapeutic strategies for cardiovascular diseases in the near future.

1. Introduction

Cardiovascular diseases involve the heart and/or blood ves-
sels. Despite dramatic diagnostic and therapeutic advances,
cardiovascular diseases still remain the leading cause of death
globally [1]. Understanding the underlying molecular and
cellular mechanisms may contribute to the prevention of
cardiovascular diseases.

MicroRNA (miRNA), about 22 nucleotides in length, was
first discovered to regulate the C. elegans heterochronic gene
lin-14 and further found to function in RNA silencing and
posttranscriptional regulation of gene expression by binding
to specific sites in the 3 untranslated region of their target
mRNAs [2–4]. A single miRNA is able to downregulate

the expression of numerous target genes, so that a single
miRNA can regulate complex pathophysiological processes.
MiRNAs have been shown to be involved in cardiovascular
remodeling [5, 6], which results in cardiovascular diseases
such as coronary artery disease (CAD), abdominal aortic
aneurysm (AAA), and heart failure (HF). Many miRNAs
play a role in some aspects of cardiovascular remodeling, for
example, miRNA-21-3p in sepsis-associated cardiac dysfunc-
tion, miRNA-433 in cardiac fibrosis, miRNA-33 and miRNA-
145/143 in atherosclerosis, miRNA-21 and miRNA-320 in
CAD, and miRNA-1 and miRNA-133 in HF [7–10], while
miRNA-222 protects against pathological cardiac remodeling
[11].
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MiRNA-155 is transcribed from the B-cell integration
cluster (BIC) that is located on chromosome 21 [12]. Although
miRNA-155 was first discovered in children with Burkitt
Lymphoma [13] and further found to act as an oncogene or
a tumor suppressor in different types of cancer [14], growing
evidences suggest that miRNA-155 has been considered as
an important pleiotropic regulator of cell homeostasis and
a typical multifunctional miRNA that regulates multiple
pathophysiological pathways in hematopoietic lineage dif-
ferentiation, immunity, inflammation, viral infections, and
cardiovascular diseases [15, 16]. Luciferase report assays
demonstrated that miRNA-155 could bind directly to the
3 UTR of angiotensin II receptor type 1 (AGTR1), which
was associated with aneurysm formation [17, 18]. To fully
elucidate the involvement of miRNA-155 in cardiovascular
diseases, a review is given here to discuss the emerging role
ofmiRNA-155 inCAD, aneurysm formation,HF, and diabetic
heart disease (DHD).

2. MiRNA-155 in CAD

CAD, secondary to coronary atherosclerosis, also known as
ischemic heart disease, is the most common type of car-
diovascular disease and leading cause of death globally. It
includes stable angina, unstable angina, myocardial infarc-
tion, and sudden cardiac death [19]. The association between
CAD and miRNA-155 has been increasingly studied, but the
results are not consistent.

A high-throughput array screening of 667 miRNAs was
conducted in patients who survived acute myocardial infarc-
tion (MI). MiRNA-155 was among the 11 miRNAs highly
expressed in sera of patients at high risk for cardiac death.
Thus, miRNA-155 might be a prognostic marker for cardiac
death in post-MI patients [20]. Decreased serum levels of
miRNA-155, alongwith increased target gene SH2-containing
inositol 5-phosphatase 1 (SHIP-1) expression was associated
with reduced incidence of periprocedural MI, lower level of
cardiac troponin I, and less inflammatory cytokine (INF-𝛾,
TNF-𝛼, and IL-6) expression after rosuvastatin treatment in
post-percutaneous coronary intervention (PCI) patients with
acute coronary syndromes (ACS). Therefore, the beneficial
effect of rosuvastatin might be explained in part by suppres-
sion of themiRNA-155/SHIP-1 signaling pathway [21]. Tian et
al. observed that the increase of miRNA-155 in CD14+ mono-
cytes from patients with CAD was associated with the ele-
vation of proatherosclerotic factors TNF-𝛼 and IL-6, which
might affect monocytes [22]. These clinical findings were
further confirmed by basic research in animal models. Tian
et al. further demonstrated that miRNA-155 promoted foam
cell formation through targeting of HMG box-transcription
protein 1 (HBP1) in atherosclerosis𝐴𝑝𝑜𝐸−/−mice. Eisenhardt
and colleagues found that upregulated miRNA-155 accompa-
nied with downregulated target gene suppressor of cytokine
signaling 1 (SOCS-1)was correlatedwith increased expression
of TNF-𝛼, IL-1𝛽, CD105, Caspase 3, and leukocyte infiltration
[23]. A German research team demonstrated that miRNA-
155 was specifically expressed in atherosclerotic plaques and
proinflammatorymacrophages and promoted atherosclerosis

by the mechanism of repressing target gene B-cell lymphoma
6 protein (BCL6) expression in atherosclerotic mice [24].

Nevertheless, opposite results were observed in clinical
studies. Yao et al. found that miRNA-155 was decreased
in patients with ACS, which was inversely correlated with
Th17 cell differentiation [25]. In a study of 50 patients
with MI, miRNA-155 from infarcted heart tissue was found
to be downregulated in the ventricular rupture group, a
more severe condition, in comparison with patients without
ventricular rupture [26]. In a small sample study of three
patients with early coronary atherosclerosis, miRNA-155 was
also found to be downregulated in plaques [27]. Another
study in 12 patients who died from ACS got similar results:
miRNA-155was downregulated in coronary arteries [28]. Zhu
et al. reported that miRNA-155 expression measured by RT-
PCR was significantly lower in 56 patients with CAD than
those in 54 controls [29].

Moreover, some researchers reported that elevated
miRNA-155 did not contribute to CAD. Li and colleagues
found that miRNA-155 in foam cells and clinical specimens
from patients with atherosclerosis was significantly elevated,
but they thought that increased miRNA-155 targeting
calcium-regulated heat stable protein 1 (CARHSP1) played
a protective role during atherosclerosis-associated foam cell
formation [30]. Zhu’s research group also showed significant
elevation of miRNA-155 in both thoracic aorta fromApoE−/−
mice and plasma from patients with CAD. They believed
that increased miRNA-155 contributed to the prevention of
atherosclerosis development via targeting mitogen-activated
protein kinase kinase kinase 10 (MAP3K10) [31].

Above all, miRNA-155 was found to be either upregulated
or downregulated in CAD patients and thus might promote
or prevent CAD. These conflicting results of miRNA-155
in the pathophysiology of atherosclerosis related ischemic
heart diseases indicate the complexity of this multifunctional
molecule in regulation of cardiovascular remodeling induced
by atherogenesis.The presumable causes of this inconsistence
might be due to different pathological stages of the disease.
Therefore, more comprehensive studies of underlying mech-
anisms of miRNA-155 involvement in CAD are needed.

3. MiRNA-155 in AAA

AAA is defined by a localized dilation of the abdominal aorta
exceeding the normal diameter by more than 50%. AAA
is a common cardiovascular disease with life-threatening
implication from aortic rupture [32, 33]. The risk factors
of AAA are associated with advanced age, male gender,
cigarette smoking, atherosclerosis, hypertension, and genetic
predispositions [34].

Using the FlexmiR�MicroRNAAssay to screen 124miR-
NAs within AAA biopsies and sera of 10 patients undergoing
AAA repair in comparisonwith 10 age- and sex-matched con-
trols, and further confirming the screening results by qRT-
PCR, 7 miRNAs were found to be upregulated [35]. In AAA
biopsies, miRNA-155 was the most highly expressed: about
11.32-fold higher than control. SerummiRNA-155 had a 2.67-
fold increase in AAA patients compared with controls. Two
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miRNA-155 target genes cytotoxic T-lymphocyte-associated
protein 4 (CTLA4) and mothers against decapentaplegic
homolog 2 (SMAD2) were both found to be significantly
downregulated within AAA biopsies. These findings sug-
gested that miRNA-155 was overexpressed in aneurysmal
tissues with implications in the pathogenesis of AAA. How-
ever, another screening of miRNAs in both AAA tissues and
plasma from patients undergoing AAA repair showed that
miRNA-155 was upregulated in AAA tissues but downreg-
ulated in plasma in comparison with controls [36]. In situ
miRNA-155 in aneurysmal tissue does not match systemic
changes in peripheral blood, implying unparalleled regula-
tion of miRNA-155 in aortic aneurysm disease. Therefore,
understanding the molecular mechanisms of miRNA-155 in
AAA pathogenesis becomes extraordinarily important.

4. MiRNA-155 in HF

HF, usually referred to as congestive heart failure, is a com-
plex clinical syndrome of signs and symptoms that suggest
impairment of the heart to pump sufficiently to meet the
body needs. The most common symptoms include shortness
of breath, fatigue, and ankle swelling. HF is caused by
structural or functional abnormalities of the heart such as
CAD, hypertension, atrial fibrillation, infection, and car-
diomyopathy [37]. HF is the leading cause of hospitaliza-
tion with immense health and economic burdens [38]. To
determine the involvement of miRNAs in HF, 1105 miRNAs
were screened by GeneChio miRNA 2.0 Array from blood
samples in a study of 42 HF patients and 15 age- and sex-
matched healthy volunteers [39]. Among the 1105 screened
miRNAs, 29 showed significant dysregulation, and 8 of the 29
were upregulated in sera of HF patients compared to healthy
controls. Notably, miRNA-155 was not only upregulated but
also positively correlated with left ventricular mass index,
a prognostic marker in HF patients. Consistent with the
above results, Marques et al. showed that miRNA-155 was
upregulated inHFpatients after screening 84 cardio-miRNAs
in blood samples from 9 patients with HF and 8 healthy
volunteers [40].

A laboratory study confirmed the role of miRNA-155 in
pathological cardiac remodeling, one of the important causes
of HF, in which loss of miRNA-155 in fibroblasts protected
left ventricular function after experimental acute myocardial
infarction [41]. To elucidate the molecular mechanisms,
this study further demonstrated that miRNA-155 knock-
out improved cardiac remodeling through targeting tumor
protein p53-inducible nuclear protein 1 (TP53INP1). Thus,
clinical screenings and findings of miRNA-155 involvement
in HF patients were proved by basic research in transgenic
animals.

5. MiRNA-155 in DHD

Diabetes mellitus (or simply called diabetes) is a metabolic
disorder with chronic hyperglycemia resulting from defects
in insulin secretion and/or action. Symptoms of diabetes
include polydipsia, polyuria, and polyphagia [42]. If not

treated properly, diabetes can cause serious complications
such as cardiovascular disease, stroke, chronic kidney failure,
foot ulcers, and eye problems. Diabetes increases the risk
for heart disease. DHD refers to heart disease that develops
in people who have diabetes. DHD may include CAD, HF,
and diabetic cardiomyopathy [43]. Diabetes is a major and
independent predictor of subsequent heart failure in patients
after MI [44]. In a large investigation of 1088 miRNAs
in left ventricular specimens from streptozotocin-induced
diabetic mice, 316 miRNAs were found to be dysregulated.
Of those 316 miRNAs, miRNA-155 was among 268 miR-
NAs that remained significantly altered in heart tissues of
diabetic mice even though normoglycaemia was reached
subsequently [45]. In a mouse model of diabetic MI, Kishore
and colleagues demonstrated that bone marrow-derived
progenitor cell therapy contributed to prevention of cardiac
fibrosis after MI by releasing hepatocyte growth factor,
which inhibited miRNA-155-Ski (Sloan-Kettering Institute
proto-oncogene)/SnoN (Ski-related novel gene, non-Alu-
containing) mediated profibrosis signaling pathway. Their
data suggested that inhibition of miRNA-155 might protect
against cardiac fibrosis in the diabetic heart [46].

6. Conclusion

In summary, this review integrates publishedmaterials of cur-
rent research on miRNA-155 that have long been associated
with cardiovascular diseases. Both clinical and laboratory
research data indicate an emerging role of miRNA-155 and
its target genes (Table 1) in cardiovascular diseases, including
CAD, AAA, HF, and DHD. The effects of miRNA-155 in
different cell types through different target genes result in
different mechanisms in diseases. For example, miRNA-155
was specifically expressed in proinflammatory macrophages
and promoted foam cell formation through miRNA-155-
HBP1 signaling pathway in atherosclerosis [22]. Endothelial
AGTR1 was the earliest confirmed miRNA-155 target gene
[47], which contributed to AAA formation [18]. MiRNA-155
knockout in fibroblasts improved cardiac remodeling, one of
the important causes ofHF, through targetingTP53INP1 gene
[41], while inhibition of miRNA-155 in fibroblast through
its target genes Ski and SnoN might protect against cardiac
fibrosis in the diabetic heart [46].

MiRNA-155 is intensively studied in relation to athero-
sclerosis and CAD. However, miRNA-155, as a multi-
functional molecule, is conflictingly reported to be either
upregulated or downregulated in atherosclerosis of CAD
patients. MiRNA-155 has also been demonstrated to play
contradictory roles by either promoting or preventing the
pathophysiological process of atherogenesis, associated with
cardiovascular remodeling and ischemic heart diseases.
These inconsistent results warrant further investigations.

Experimental inhibition of miRNA-155 attenuated
myocardial damage during acute myocarditis and thus might
be a potential therapeutic target for viral myocarditis [48].
The clinical study of rosuvastatin treatment in 159 patients
with ACS after PCI demonstrated that rosuvastatin reduced
the incidence of cardiovascular events through suppressing
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Table 1: MiRNA-155 and target genes in cardiovascular diseases.

Diseases Target genes References

CAD SHIP1, HBP1, SOCS1, BCL6,
CARHSP1,MAP3K10 [21–24, 30, 31]

AAA AGTR1, CTLA4, SMAD2 [17, 35]
HF TP53INP1 [41]
DBH Ski, SnoN [46]
AAA: abdominal aortic aneurysm; AGTR1: angiotensin II receptor 1;
CAD: coronary arterial disease; DBH: diabetic heart; HF: heart failure;
BCL6: B-cell lymphoma 6; CARHSP1: calcium-regulated heat stable protein;
CTLA4: cytotoxic T-lymphocyte-associated protein 4; HBP1: HMG-box
transcription factor 1; HGF: hepatocyte growth factor; MAP3K10: mitogen-
activated protein kinase kinase kinase 10; SHIP1: SH2-containing inositol
5-phosphatase 1; Ski: Sloan-Kettering Institute proto-oncogene; SMAD2:
mothers against decapentaplegic homolog 2; SnoN: Ski-related novel gene,
non-Alu-containing; SOCS1: suppressor of cytokine signaling 1; TP53INP1:
tumor protein p53-inducible nuclear protein 1.

miRNA-155-SHIP-1 molecular signaling pathway [21].
Moreover, the first clinical trial targeting miRNA-122 using
Miravirsen, an antisense oligonucleotide against hepatitis
C virus [49], sheds light on clinical application of miRNA
inhibitors. Taken together, the aforementioned examples
offer the possibility of potentially exploiting miRNA-155 as
novel targets to develop effective therapeutic strategies for
cardiovascular diseases in the near future. Clinical trials and
further extensive studies from bench to bedside are required
to reveal the clinical and mechanistic roles of miRNA-155
in the course of atherosclerotic development correlates
with different types and stages of CAD as well as other
cardiovascular diseases such as AAA, HF, and DHD.
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“MicroRNA profiling unveils hyperglycaemic memory in the
diabetic heart,” European Heart Journal, vol. 37, no. 6, pp. 572–
576, 2016.

[46] R. Kishore, S. K. Verma, A. R. Mackie et al., “Bone marrow
progenitor cell therapy-mediated paracrine regulation of car-
diacmiRNA-155modulates fibrotic response in diabetic hearts,”
PLoS ONE, vol. 8, no. 4, Article ID e60161, 2013.

[47] N. Zhu, D. Zhang, S. Chen et al., “Endothelial enrichedmicroR-
NAs regulate angiotensin II-induced endothelial inflammation
andmigration,”Atherosclerosis, vol. 215, no. 2, pp. 286–293, 2011.

[48] M. F. Corsten, A. Papageorgiou, W. Verhesen et al., “MicroRNA
profiling identifies microRNA-155 as an adverse mediator of
cardiac injury and dysfunction during acute viral myocarditis,”
Circulation Research, vol. 111, no. 4, pp. 415–425, 2012.

[49] S. Ottosen, T. B. Parsley, L. Yang et al., “In vitro antiviral activity
and preclinical and clinical resistance profile of miravirsen, a
novel anti-hepatitis C virus therapeutic targeting the human
factor miR-122,” Antimicrobial Agents and Chemotherapy, vol.
59, no. 1, pp. 599–608, 2015.



Research Article
MicroRNA Expression Signature in Degenerative Aortic Stenosis

Jing Shi, Hui Liu, Hui Wang, and Xiangqing Kong

Department of Cardiology, The First Affiliated Hospital of Nanjing Medical University, Nanjing 210029, China

Correspondence should be addressed to Xiangqing Kong; xiangqingkong nj@163.com

Received 4 April 2016; Accepted 28 June 2016

Academic Editor: Dragos Cretoiu

Copyright © 2016 Jing Shi et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Degenerative aortic stenosis, characterized by narrowing of the exit of the left ventricle of the heart, has become the most common
valvular heart disease in the elderly. The aim of this study was to investigate the microRNA (miRNA) signature in degenerative
AS. Through microarray analysis, we identified the miRNA expression signature in the tissue samples from healthy individuals
(𝑛 = 4) and patients with degenerative AS (𝑛 = 4). Six miRNAs (hsa-miR-193a-3p, hsa-miR-29b-1-5p, hsa-miR-505-5p, hsa-miR-
194-5p, hsa-miR-99b-3p, and hsa-miR-200b-3p) were overexpressed and 14 (hsa-miR-3663-3p, hsa-miR-513a-5p, hsa-miR-146b-5p,
hsa-miR-1972, hsa-miR-718, hsa-miR-3138, hsa-miR-21-5p, hsa-miR-630, hsa-miR-575, hsa-miR-301a-3p, hsa-miR-636, hsa-miR-
34a-3p, hsa-miR-21-3p, and hsa-miR-516a-5p) were downregulated in aortic tissue from AS patients. GeneSpring 13.1 was used
to identify potential human miRNA target genes by comparing a 3-way comparison of predictions from TargetScan, PITA, and
microRNAorg databases. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were performed
to identify potential pathways and functional annotations associated with AS. Twenty miRNAs were significantly differentially
expressed between patients with AS samples and normal controls and identified potential miRNA targets and molecular pathways
associated with this morbidity.This study describes the miRNA expression signature in degenerative AS and provides an improved
understanding of the molecular pathobiology of this disease.

1. Introduction

Degenerative aortic stenosis (AS), themost common valvular
heart disease in the elderly, has become a leading cause for
surgical valve replacement in industrialized countries. As a
result of rising life expectancy and ageing populations, the
global prevalence of AS is increasing and is expected to
surpass 10 billion by 2100 [1–3].

Degenerative AS has long been considered a chronic
process with gradual deposition of calcium phosphate in the
valve occurring with age. However, emerging evidence has
indicated that this condition is mediated by the interplay
of complex biological processes that include the follow-
ing: inflammation, cell apoptosis, lipids deposition, renin-
angiotensin systemactivation, remodeling of the extracellular
matrix, and bone formation [4–11]. However, the underly-
ing mechanisms that regulate this process remain largely
unknown [12, 13].

MicroRNAs (miRNAs) are small, 21–25-nucleotide, endog-
enous, single-stranded noncoding RNAs that regulate target
gene expression by binding messenger RNAs (mRNAs) and

inhibiting or reducing translation. A single miRNA can
regulate numerous genes, while a single gene can be regulated
by multiple miRNAs [14]. miRNAs play a critical role in
many physiological processes, and there is a growing body
of studies indicating that distinct patterns of altered miRNA
expression are associated with specific disease processes [15–
19]. In the present study, we explore the miRNA expression
signature of degenerative AS to improve our understanding
of the molecular alternations in this disease.

2. Methods

2.1. Tissue Samples Collection and RNA Isolation. Written
informed consent was obtained from all participants of age
and/or via their parents. All procedures in this study were
approved by the Ethics Committees of the First Affiliated
Hospital of Nanjing Medical University and conformed
to the principles outlined in the Declaration of Helsinki.
Tissue samples from four healthy controls were obtained
from prospective multiorgan donors without cardiovascular
pathology in cases in which technical reasons prevented
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Table 1: Characteristics of the participants.

Control AS 𝑝 value
Number 4 4 ns
Male 4 4 ns
Age 41.5 ± 10.4 58.3 ± 4.6 0.0429
LVEF < 50% 0 0 ns
Coronary disease 0 0 ns
Diabetes mellitus 0 0 ns
Medications 0 0 ns
Values are displayed as mean ± standard deviation.
LVEF: left ventricular ejection fraction.

transplantation. Aortic valves from patients with degenera-
tive AS were obtained from four patients who underwent
surgical valve replacement. General characteristics of these
participants are displayed in Table 1. Gross and histological
examination was performed to confirm the presence/absence
of AS in each sample. Valve samples were immediately snap-
frozen in liquid nitrogen upon collection. Total RNA was
extracted using an RNeasy Mini Kit in accordance with the
manufacturer’s protocol (Qiagen, Hilden, Germany).

2.2. RNA Labeling and Array Hybridization. miRNA expres-
sion was evaluated using Agilent miRNA arrays (V2), which
included 723 human and 76 human viral miRNAs from the
Sanger database v.10.1 (Agilent Technologies, Foster City,
CA). Total RNAwas dephosphorylated and ligated with pCp-
Cy3 and subsequently hybridized to the arrays. After samples
were washed and scanned, using Agilent Scan Control soft-
ware, the Agilent Feature Extract software v9.5.3 was used to
analyze the arrays. Each sample was evaluated in triplicate.
miRNA expression data were normalized using a bead-based
assay and the locally weighted smooth spline (LOWESS)
method. After normalization, all expression values were
transformed to a linear scale for statistical analysis.

2.3. Bioinformatic Analysis. GeneSpring 13.1 was used to
identify potential human miRNA target genes, which com-
pared TargetScan, PITA, and microRNAorg databases and
created a Venn diagram to demonstrate relations among the
databases. Gene Ontology (GO) analysis was performed to
investigate the biological processes, cellular components, and
specific molecular function of differentially expressed coding
genes identified. Pathway analysis was used to determine
the involvement of coexpressed genes in different biological
pathways according to Kyoto Encyclopedia of Genes and
Genomes (KEGG).

2.4. Statistical Analysis. Independent Student’s 𝑡-test was
used to determine whether there were any significant differ-
ences between the miRNA expression profiles between two
groups. 𝑝 values less than 0.05 (𝑝 < 0.05) were considered
to be statistically significant. Significant data were further
analyzed by cluster analysis, and the expression profiles were
visualized with GeneSpring 10.0 (Agilent Technologies).

−1.84 0.0 1.84

Control AS

hsa-miR-99b-3p
hsa-miR-505-5p
hsa-miR-29b-1-5p
hsa-miR-200b-3p
hsa-miR-194-5p
hsa-miR-718
hsa-miR-3663-3p
hsa-miR-3138
hsa-miR-513a-5p
hsa-miR-1972
hsa-miR-21-5p
hsa-miR-146b-5p
hsa-miR-630
hsa-miR-575
hsa-miR-193a-3p
hsa-miR-636
hsa-miR-301a-3p
hsa-miR-34a-3p
hsa-miR-516a-5p
hsa-miR-21-3p

Figure 1: Unsupervised hierarchical clustering identified two dis-
tinct groups (control versus AS) based on their miRNA expression
profile. Sample names are listed at the top. The names of the
significantly (𝑝 < 0.05) differentially expressed miRNAs are shown
on the right. Twenty miRNAs were expressed differently in target
genes analysis.

3. Results

3.1. Unsupervised Hierarchical Cluster Analysis of miRNA
Microarray Data. miRNA microarray identified 20 miRNAs
with significantly differential expression (>2.0-fold) in AS
samples relative to normal controls. SixmiRNAswere overex-
pressed (hsa-miR-193a-3p, hsa-miR-29b-1-5p, hsa-miR-505-
5p, hsa-miR-194-5p, hsa-miR-99b-3p, and hsa-miR-200b-3p)
and 14 (hsa-miR-3663-3p, hsa-miR-513a-5p, hsa-miR-146b-
5p, hsa-miR-1972, hsa-miR-718, hsa-miR-3138, hsa-miR-21-
5p, hsa-miR-630, hsa-miR-575, hsa-miR-301a-3p, hsa-miR-
636, hsa-miR-34a-3p, hsa-miR-21-3p, and hsa-miR-516a-
5p) were downregulated in aortic tissue from AS patients
(Table 2). Unsupervised hierarchic clustering was performed
based on the 20 differentially expressed miRNAs and dis-
played as heat map (Figure 1).

microRNAorg, TargetScan, and PITA were used to pre-
dict the targets of differentially expressed miRNAs in CAVD
samples using software GeneSpring 13.1. A Venn diagramwas
generated to highlight the relations among the 3 databases.
There are 1010 overlapping genes identified by all 3 programs,
which aremost likely to be targets ofmiRNAs in patients with
AS (Figure 2).

3.2. GO and Pathway Analysis. Gene Ontology (http://gene-
ontology.org/) was used to classify the function of up- and
downregulated genes from 3 structured networks: biological
processes, cellular components, and molecular function.

In this study, differentially expressed mRNAs were
enriched in numerous biological processes including the
following: cell adhesion, homophilic cell adhesion, positive
regulation of transcription, negative regulation of JAK-STAT
cascade, and positive regulation of G1/S transition of mitotic
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Table 2: Six overexpressed and 14 downregulated miRNAs in aortic tissue from AS patients compared to the control group.

Systematic name 𝑝 value FC (abs) Regulation
hsa-miR-193a-3p 0.020637 2.067236 Up
hsa-miR-29b-1-5p 0.0222 11.56757 Up
hsa-miR-505-5p 0.030211 13.22606 Up
hsa-miR-194-5p 0.036807 14.95685 Up
hsa-miR-99b-3p 0.029772 15.98001 Up
hsa-miR-200b-3p 0.021638 20.1747 Up
hsa-miR-3663-3p 0.042986 2.063909 Down
hsa-miR-513a-5p 0.01703 2.238355 Down
hsa-miR-146b-5p 0.040094 2.244855 Down
hsa-miR-1972 0.033015 2.432029 Down
hsa-miR-718 0.033461 2.559791 Down
hsa-miR-3138 0.002648 2.69498 Down
hsa-miR-21-5p 0.004216 3.334316 Down
hsa-miR-630 0.020492 3.564175 Down
hsa-miR-575 0.029949 5.137385 Down
hsa-miR-301a-3p 0.011849 20.77046 Down
hsa-miR-636 0.010177 25.1902 Down
hsa-miR-34a-3p 0.013993 25.44595 Down
hsa-miR-21-3p 0.02304 32.11932 Down
hsa-miR-516a-5p 0.022169 41.76603 Down

TargetScan

microRNAorg PITA

TargetScan

microRNAorg
PITA

7140

12385

1010

285

33575 463 1458

Figure 2: The red, green, and blue sets stand for target genes pre-
dicted by databases microRNAorg, TargetScan, and PITA, respec-
tively.

cell cycle associated with biological processes (Figure 3(a)).
Similarly, the following cellular components were affected:
nucleus, nucleoplasm, and cytoplasm linked with cellular
components (Figure 3(b)), while affectedmolecular functions
include the following: protein binding, zinc ion binding,
and transcriptional activator activity involved in molecular
functions (Figure 3(c)). Moreover, KEGG pathway analy-
sis identified significantly (𝑝 < 0.05) affected pathways

including the following: cAMP signaling pathway, vascular
smooth muscle contraction, regulation of actin cytoskeleton,
neurotrophin signaling pathway, and cGMP-PKG signaling
pathway (Figure 4).

4. Discussion
Recent studies have improved our understanding of the
mechanisms underlying AS [12, 20]. However, there are not
many reports that have investigated the function of miRNAs
as they relate to the pathobiology of AS [21–26].

A microRNA expression signature provides a better
understanding of the mechanisms of a disease [27]. In the
present study, we explored miRNA expression signatures
associated with degenerative AS using miRNA microarray
analysis. Six overexpressed miRNAs (hsa-miR-193a-3p, hsa-
miR-29b-1-5p, hsa-miR-505-5p, hsa-miR-194-5p, hsa-miR-
99b-3p, and hsa-miR-200b-3p) and 14 downregulated miR-
NAs (hsa-miR-3663-3p, hsa-miR-513a-5p, hsa-miR-146b-5p,
hsa-miR-1972, hsa-miR-718, hsa-miR-3138, hsa-miR-21-5p,
hsa-miR-630, hsa-miR-575, hsa-miR-301a-3p, hsa-miR-636,
hsa-miR-34a-3p, hsa-miR-21-3p, and hsa-miR-516a-5p) were
identified in patients withAS, relative to normal controls, and
their general characteristics and functional annotations were
analyzed using bioinformatic tools.

There were other miRNA microarrays performed about
AS before, and, in these studies, the main cause of AS
is calcification of the aortic valves [20, 22]. However, as
rheumatic fever remains to be the most important etiological
factor in calcific aortic valve disease (CAVD) in China, we
do not choose CAVD patients to reduce confounding factors
when exploring the mechanisms that underlie degenerative
AS.
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Figure 3: GO analysis for differentially expressed mRNAs. (a)–(c) GO analysis according to biological process, cellular component, and
molecular function, respectively, ranked by enrichment score (−log

10
(𝑝 value)).
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Figure 4: Pathway analysis based on the KEGG database. Ranked by enrichment score (−log
10
(𝑝 value)).

As a limitation of our study, the specific pathways affected
by miRNAs and which cause AS remain elusive. Further
studies are required to functionally characterize the role of
specific candidate miRNAs.

In conclusion, the present study improved our under-
standing of the role of miRNAs in degenerative AS. Our
findings provide improved understanding of the molecular
alterations in this disease and may provide potential targets
for future clinical applications.
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