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Cardiovascular disease (CVD) is the leading cause of death
and a major financial burden in most developed countries
around the world, resulting in an estimated death toll of
17 million people in 2011. During the past decade, there
have been significant advances in our knowledge of the
pathogenesis, diagnosis, and treatment in CVD. Recently,
microRNAs (miRNAs) have emerged as one of the most
important regulators of gene function and tissue homeosta-
sis that appear to be amenable for development of novel
therapies to treat deleterious mutations and restore cellular
function in various diseases. Despite the major discoveries
made in the past decade, there are still major gaps in our
knowledge as to how miRNAs are involved in preserving
normal cardiovascular function and how dysregulation in
their expression or biological function results in CVD.
Available studies strongly support that miRNAs could be
targeted in various ways to restore normal cardiovascular
function and could find a role in the clinic as therapeutic
tools to improve our ability to prevent and effectively treat
CVD, likely resulting in improved outcomes and reduced
rates of mortality from these diseases. Our current special
issue presents a series of original researches and reviews on
recent advances in miRNAs regulating the pathophysiology
aspects of CVD that will hopefully set the stage for future
research initiatives aimed at expanding our understanding of
these important mediators of cardiovascular function.

Among the studies included in this special issue, some
researchers investigate themiRNA function in differentCVD.
M. Torrado et al. used the right atrial tachypacing to establish
an atrial fibrillation pig model and show that the abnormal
expression of miRNAs is associated with modulation of

transcription factors in left atrium of this animal model.
Their study provides critical insight into how the microRNA-
transcription factor regulation network underlies the onset
of paroxysmal atrial fibrillation. In another article, A. M.
dos Santos et al. report that laminar shear stress (LSS)
has a protective effect on human umbilical vein endothelial
cells (HUVECs) via concomitant increased expression of
miR-126, vascular cell adhesion molecule-1 (VCAM-1), and
syndecan-4 (SDC-4). This is supported by in vivo stud-
ies using Apo-E KO/CKD mice, a well-established animal
model of atherosclerosis and aortic calcification. We see
that gain- and loss-of-function studies of miR-126 result in
significant changes in the expression of several cytokines
by HUVEC that suggest flow might have anti-inflammatory
and antiatherosclerosis effect on the endothelium of the
systemic circulation. The study by Z.-Y. Xia et al. reveals
an interesting interaction between miR-3960/miR-2861 and
Runx2 in vascular smooth muscle cells, which regulates
osteogenic differentiation of VSMCs. Their studies identify
a novel mechanism by which miR-3960/miR-2861 target
histone deacetylase 5 or Homeobox A2 that could modify
the expression of Runx2 and create a feedback mechanism
targeting miR-3960/miR-2861 itself. The authors speculate
that this complex regulation feedback loop might play a
pivotal role in osteogenic differentiation of VSMCs and
contribute to vascular calcification in CVD.

A major focus of studies into miRNA function is the
identification of the genes targeted in target cells and tissues.
E. Lozano-Velasco et al. report that miRNA might have
distinct effects on the same target gene in different cells
as shown when miR-125 is overexpressed in HL1 atrial
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cardiomyocytes where it increases Mef2d while suppressing
this gene in Sol8 cells. Two or more miRNAs could constitute
a “microRNA cluster,” which can have important roles in
controlling physiological and pathological conditions. X.
Zhang et al. found miR-17-92, miR-106a-363, and miR-106b-
25 clusters were differently expressed between aged and
young adult mouse heart and glucose stress could influence
their upregulation or downregulation. Using computational
algorithms for miRNAs, the authors postulate miR-17-92
cluster and its paralogs might regulate Cdc42-SRF pathway
protein components involved in cardiac structure and func-
tion.This paper shows thatmiRNAcluster plays an important
role in cardiac morphology and response to environmental
stimuli.

There are still several interesting reviews about recent
progress on miRNAs and CVD. M. Notari et al. give an
excellent review, which discusses the relationship between
miRNAs and cardiac development, myocardial regeneration,
and cardiovascular disease. They also discuss the potential
use of miRNA as a therapeutic option for CVD and the
obstacles thatmust be overcome before these agents reach the
clinic. S.-S. Wu et al.’s paper reviews the role of epigenetics
in the pathogenesis of arterial calcification. They discuss the
relationship between DNA methylation, histone modifica-
tions, and microRNAs in regulation of arterial calcification.
miR-221 and miR-222 are transcribed from the same miRNA
cluster, exhibit high sequence similarity, and share similar
target genes. Through discussing the role of miR-221/miR-
222 in endothelial cells and VSMCs, D. A. Chistiakov et al.
review their role in physiological and atherosclerotic vascular
remodeling. W. Zhao et al. discuss the effect of miR-143/145
on VSMCs, endothelial cells, and plasma and suggest that
miR-143/145 might be a potential drug target for CVD. X. Fu
et al. review some miRNAs involved in the pathogenesis of
aortic aneurysm and suggest several miRNAs that might be
used as potential diagnostic and prognostic biomarker as well
as therapeutic targets for aortic aneurysms. R. Shi et al. review
recent studies that stress an essential role of miR-223 as both
a regulator and biomarker for platelet reactivity and major
cardiovascular events. They suggested miR-223 might be a
potential diagnostic tool for recognizing high on-treatment
platelet reactivity in clinical practice.
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Arterial calcification is highly prevalent and correlated with cardiovascular mortality, especially in patients with ESRD or diabetes.
The pathogenesis of arterial calcification is multifactorial, with both genetic and environmental factors being implicated. In recent
years, several mechanisms contributing to arterial calcification have been proposed. However, these can only explain a small
proportion of the variability in arterial calcification, which is a major obstacle for its prevention and management. Epigenetics has
emerged as one of the most promising areas that may fill in some of the gaps in our current knowledge of the interaction between
the environmental insults with gene regulation in the development of diseases. Epigenetics refers to heritable and acquired changes
in gene transcription that occur independently of the DNA sequence. Well-known components of epigenetic regulation include
DNA methylation, histone modifications, and microRNAs. Epigenetics research in the regulation of arterial calcification has only
recently been elucidated. In this review, we will summarise recent progress in epigenetic pathways involved in arterial calcification
and discuss potential therapeutic interventions based on epigenetic mechanisms.

1. Introduction

Arterial calcification (AC), a crucial pathologic component
of vascular diseases such as atherosclerosis, coronary artery
disease, and peripheral vascular disease, is far more common
among patients with end-stage renal disease (ESRD) and
diabetes compared with the general population [1–4]. AC
not only impairs vasomotor responses, but also influences
the stability of atherosclerotic plaques which are prone to
rupture, particularly in regions of high background stress,
with microcalcifications located in the thin fibrous cap [5–
7], eventually leading to myocardial infarction. Thus, AC is a
potentially life-threatening condition and understanding the
causes of arterial calcificationmay contribute to the treatment
and possibly prevention of this disease. However, there is no
available therapy that could reverse arterial calcification at
present, even with the recent therapeutic progression, such as
bisphosphonates. At present, available therapy just can slow
down the progress of arterial calcification. Thus, revealing
the pathophysiological mechanism of AC and finding novel
therapies that reverse the progress of the vascular remodelling
are our target in treating this disease.

AC has been recognised for over a century. Unravel-
ling the mechanism involved has been a topic for many
researchers in the past few years. Previously, ACwas regarded
as a passive, degenerative, end-stage process accompanied
by calcium-phosphate mineral precipitation in vessel walls.
However, increasing evidence has shown that AC is an active
and tightly regulated event that is analogous tomineralisation
in bone tissue [8–11]. This is based on the discovery of phe-
notypic conversion of vascular smoothmuscle cells (VSMCs)
into osteoblast-like cells, as evidenced by the expression of
bone-regulating proteins such as alkaline phosphatase, osteo-
calcin, and Runx2 (runt-related transcription factor 2)/Cbfa1.
Several excellent reviews have been published on AC [12–
14], manifesting the vital roles of molecular and genetic
factors in this complex disorder. Currently, we are fully
aware of the important involvement of epigenetic processes
in the regulation of gene expression. Understanding these
processes is critical for further insight into the pathogenesis
and development of AC.

Since Conrad Waddington first coined the term “epige-
netics” back in 1942, research has advanced from genotype
to phenotype [15]. Epigenetics refers to heritable alterations
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in gene expression without alterations in the genetic code
itself [16]; such alterations regulate the dynamics of gene
expression and play a crucial role in embryonic development,
imprinting, and tissue differentiation [17]. Recent break-
throughs in the field of epigenetics offer us a new perspective
on gene regulation, which broaden the conventional cis/trans
paradigm of transcriptional processes and transform our
conceptualisation of the impact of the environment upon our
genes and health [16, 18]. Epigenetics regulation is composed
of three main categories: DNA methylation, histone modi-
fication/chromatin remodelling, and microRNAs (miRNAs)
[19]. However, the group is likely to be expanded in the
future [20]. Numerous lines of evidence have implied that
epigenetic processes play crucial roles in the development
of various diseases (cancers, neurological disorders, autoim-
mune diseases, and diabetes) [21, 22]. Research investigating
the actual role of epigenetics in arterial disorder remains
scarce; however, several emerging lines of evidence suggest
that epigenetics may be important in the biology of VSMCs
and the pathogenesis of arterial calcification.This review will
summarise the current knowledge about these subjects.

2. Arterial Calcification

2.1. Mechanisms of Arterial Calcification. The mechanism of
AC is complicated. It is not simply composed of precipitation
of calcium (Ca) and phosphate (P) but rather is an active
andmodifiable process inwhich theVSMCsundergo changes
from contractile to secretory phenotype, inducing matrix
formation and also attracting local factors that are involved
in the mineralisation process. Several different mechanisms
for initiating AC have been proposed. First, human and
mouse genetic studies have found that blood vessels normally
express inhibitors of calcification, indicating that AC is
generally inhibited by the physiological function of resident
arterial cells. Deficient expression of even one inhibitor
of AC is enough to trigger the calcification process [23,
24]. Calcification inhibitors such as matrix GLA protein
(MGP) may restrain AC by binding to bone morphogenic
proteins (BMP-2) [25]. Likewise, fetuin-A is the most potent
circulating inhibitor of extraosseous calcification. Decreased
fetuin levels have recently been associated with elevated
CVD mortality in haemodialysis patients [26]. Apart from
GLA protein or fetuin-A, various other factors have been
related to arterial calcification. Among those, BMP-7, osteo-
protegerin, osteopontin, and inorganic pyrophosphate, an
inhibitor of hydroxyapatite crystal growth, probably coun-
teract detrimental vascular and soft-tissue calcification in
CKD [27–29], while BMP-2, RANKL, and leptin have been
found to promote arterial calcification [30–32]. Second, the
death or “damage” of VSMCs can provide phospholipid-rich
membranous debris and apoptotic bodies that may serve as
initiation sites for apatite crystallisation [33], particularly in
diseases where necrosis and apoptosis are prevalent, such as
atherosclerosis [34, 35]. Third, we and others have provided
evidence that AC is a process reflecting the transformation of
the VSMCs from contractile to secretory phenotype [11, 36–
38]. In this process, osteoblast-specific genetic programs are

triggered with the presence of osteopontin, BMPs, osteocal-
cin, and Runx2/Cbfa1 [39], which result in the formation
of mineralised matrix, cartilage, and bone, and suggest that
osteogenic mechanisms may also play an important role in
arterial calcification. The phenotypic modulation of VSMCs
can be induced by increased extracellular Ca and P content
[40, 41] as well as by various other modulators, such as
proinflammatory cytokines (e.g., IL-6, TNF-a) [42], oxidised
lipids [43], and microenvironmental and mechanical cues
[44]. Finally, accumulating serums Ca, P, and Ca × P are
associated with arterial calcification and cardiovascular mor-
tality in patientswith ESRDvia thermodynamicmechanisms.
Elevating Ca or P levels in the culture media leads to
enhanced mineralisation and phenotypic changes of VSMCs
characterised by a decrease of smooth muscle-specific gene
expression and the upregulation of genes associated with
bone differentiation [40, 41]. Elevated calcium-induced min-
eralisation and P-induced phenotypic transition and min-
eralisation were found to be dependent on the function of
a sodium-dependent phosphate cotransporter, Pit-1, based
on their ability of being inhibited by phosphonoformic acid
[41] and Pit-1-specific small interfering RNA [45]. Briefly, a
deficiency of calcification inhibitors, cell death, phenotypic
transformation of VSMCs to osteoblastic cells, or/and distur-
bance in Ca and P metabolism may all initiate and sustain
arterial calcification in a concerted manner.

2.2. Pathology and Clinical Consequences of Arterial Calcifica-
tion. AC is a pathological process that occurs in response to
dysregulated or inappropriate environmental stimuli such as
advancing age, atherosclerosis, and somemetabolic disorders
(e.g., CKD, diabetes, and chronic inflammatory disease)
and in rare genetic diseases (e.g., Keutel syndrome) [31,
42]. AC develops at two anatomic sites: intima and media
layers of the large and medium-sized arterial wall [46].
Intimal calcification occurs in atherosclerotic plaques and
progresses in parallel with the plaque evolution [47, 48].
In contrast, medial calcification (also known as Moncke-
berg’s medial sclerosis) could take place independently from
atherosclerotic plaques and has been observed in the con-
text of aging, diabetes, and ESRD [49–51]. However, both
types of arterial calcification often develop simultaneously in
dysmetabolic patients. Intimal calcification is characterised
by lipid deposition and macrophage accumulation and has
been associated with inflammatory cells and VSMCs. In
contrast, in medial calcification, metabolite-induced arterial
changes in the absence of lipid deposits or macrophages
are viewed as specifically accounting for the upregulation of
osteogenic regulatory genes which then induce osteogenic
differentiation of mesenchymal cells with following matrix
mineralisation, bone, and cartilage formation [42]. Media
calcification causes arterial stiffness, linked with high pulse
pressure (characterised by increased systolic and decreased
diastolic pressure), left ventricular hypertrophy, and reduced
coronary perfusion [52]. While intimal calcification mainly
results in occlusion of vessels, nevertheless, the consequences
of intimal calcification on plaque vulnerability remain less
clear, as the determinants of plaque rupture with consecutive
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thrombosis are still controversial. Several researches have
implied that AC does not elevate plaque vulnerability, which
seems more ascribable to a large lipid pool, thin fibrous
cap, and intensity of local inflammation [7, 53]. In the end,
both count, and they are partly responsible for the morbidity
of atherosclerosis, acute coronary events, and even heart
failure.

2.3. Epigenetics and Its Roles in Arterial Calcification. Epi-
genetics was first proposed by Conrad Waddington in a
study of “the causal interactions between genes and their
products, which bring the phenotype into being” [54]. More
recently, epigenetics was redefined as the study of stable
changes in gene expression without alterations in the DNA
sequence [16]. Such changes are achieved by covalent and
noncovalent modifications, whichmark the genome and play
a role in turning genes on or off [55]. The most well-known
epigenetic mechanisms include DNA methylation, histone
modification/chromatin remodelling, and miRNAs.

The vascular system is highly regulated by epigenetic
mechanisms. Growing evidence has shown that epigenetic
markers exert a crucial role in vascular development, endo-
thelial and smooth muscle cell differentiation and func-
tion, and allowing a high flexibility in response to sudden
physiological or pathological changes. Epigenetic factors also
explain how external factors such as diet, environment, and
lifestyle may contribute to cardiovascular disease. However,
reports on the roles of epigenetics in AC have only emerged
in recent years.

2.4. DNA Methylation. DNA methylation, the first mech-
anism involved in epigenetics, is the most widely studied
epigenetic marker [56]. In mammals, DNA methylation
occurs mostly within CpG dinucleotides via the addition of
a methyl group from SAM to the fifth carbon of a cytosine
residue to form 5-methyl-cytosine. The CpG dinucleotides
are inclined to cluster in regions called CpG islands, which
are identified as a region of more than 200 bases with a
CG content of at least 50% [21]. CpG dinucleotides are
usually underrepresented in mammalian genomes (∼1%).
Approximately 70% of human gene promoters reside within
CpG islands and are generally unmethylated in normal
cells [57]. Some tissue-specific DNA methylation, however,
takes place in regions termed CpG island shores as far as
2 kb distant of the promoter region. Furthermore, cancer-
specific methylation also occurs at conserved tissue-specific
CpG island shores [58]. The basic mechanism of DNA
methylation is summarised as follows: enzymes catalyse the
addition of methyl groups onto cytosine residues, enzymes
modify and remove the methyl group, and then proteins
recognise and bind to methyl groups to ultimately influence
gene expression. So far, three active DNAmethyltransferases
(DNMTs), which directly catalyse the addition of methyl
groups onto DNA, have been described: DNMT1, DNMT3a,
and DNMT3b [21]. DNMT3L, which belongs to the DNMT3
family, lacks the catalytic activity itself, but it is required
for the enzymatic activities of DNMT3a and DNMT3b and
interacts with them in the nucleus [59, 60]. DNMT2 is

a highly conserved protein and possesses tRNAmethyltrans-
ferase activity [61]. DNMTs are capable of both methyla-
tion and demethylation, making the modification reversible
[62, 63]. DNA methylation-related proteins, including the
MBD (methyl CpG-binding domain) proteins, the UHRF
(ubiquitin-like, containing PHD and RING finger domain)
proteins, and zinc-finger domain proteins, can bind to 5-
mC with a high affinity to inhibit transcription factor bind-
ing [64]. DNA methylation represents a hallmark of gene
silencing.Themechanism of silencing can bemainly through
(1) the promotion of methylated DNA in the recruitment
of methyl-CpG-binding domain (MBD) proteins which, in
turn, recruit histone-modifying and chromatin-remodelling
complexes to methylated sites [65, 66] or (2) a preclusion in
the recruitment of DNA binding proteins from their target
sites [67].

2.5. DNA Methylation in Arterial Calcification. High phos-
phate concentration is tightly related to AC in patients with
chronic kidney disease. de Oca et al. found that DNMT activ-
ity and methylation of the promoter region of the smooth
muscle cell-specific protein SM22a increased with high phos-
phate concentration (3.3mmol/L), using two in vitromodels
[68]. This was accompanied by a loss of SM22a, a gain of
the osteoblast transcription factor Cbfa1, and the increased
activity of ALP with subsequent in vitro calcification. They
also demonstrated that procaine (a demethylating agent)
decreased DNMT activity and methylation of the SM22a
promoter, which was accompanied by upregulation of SM22a
expression and less calcification. In addition, downregulation
of SM22a by siRNA or a methyl group donor (S-adenosyl
methionine) led to the overexpression of Cbfa1 [68]. This
study was the first to link DNA methylation to the loss of
smooth muscle lineage marker SM22a in VSMCs incubated
with high phosphate and provided epigenetic mechanisms
underlying phosphate-induced calcification of VSMCs.

2.6. Histone Modification and Chromatin Remodelling. The
next breakthrough came with the identification of histone
modifications in the mid-1990s, after which the DNA world
developed from one dimension (linear sequence of base
pairs) to three dimensions (nuclear topology), with the
realisation of the important role of chromatin structure
in regulating the genome [69]. The basic unit of chro-
matin, the nucleosome, is comprised of an octamer of four
core histone proteins (H2A, H2B, H3, and H4) which are
wrapped around a 147 bp segment of DNA in 1.65 left-
handed turns [55]. Histone proteins within the nucleosomal
core are predominantly globular except for their N-terminal
“tails,” which are unstructured and subject to modification
[55]. At least eight distinct types of modifications occur
on histone tails: acetylation, methylation, phosphorylation,
ubiquitination, SUMOylation, ADPribosylation, deimina-
tion, and isomerisation. Histone modifications play vital
roles in transcriptional regulation, for instance, chromosome
condensation [55], DNA replication, alternative splicing [70],
and DNA repair [71]. In contrast to methylation, histone
modifications aremore dynamic and are indirectly correlated
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to gene silencing or activation [72]. Furthermore, histone
modifications are tightly associated with the context in
which they occur and the presence of additional modifica-
tions, indicating the existence of a “histone code” [72, 73].
Among the modifications, histone acetylation is the most
well-studied. Histone acetylation takes place on lysine (K)
residues and refers to the transfer of an acetyl group from
acetyl-coenzyme A complexes. In mammals, this reaction
is exerted mainly by three histone acetyltransferase (HAT)
families, including CBP/p300, GNAT, and MYST [55, 74].
This modification often occurs along with transcriptional
activation via stabilising the basic charge of lysine residues
and reducing their affinity forDNA and finally preventing the
formation of highly condensed chromatin in some cases [74–
76]. In contrast, the effect of HAT could be antagonised by
the opposing histone deacetylase (HDAC) enzymatic activity
which mediates the removal of acetyl groups from lysine
residues. At least four classes of HDACs have been identified:
class I (HDAC1–3, HDAC8), class II (HDAC4–7, HDAC
9-10), class III sirtuins (SIRT1–7), and class IV (HDAC11)
[74]. These HDACs are Zn2+-dependent, except class III
HDACs, which are NAD-dependent. This enzymatic activity
has been related to cell-cycle progression, gene silencing,
differentiation, and DNA damage-induced response [76].
Since HATs and HDACs are two large enzymes families
of antagonistic actions, the balance between them accounts
for a pivotal regulatory mechanism for gene expression,
developmental processes, and disease progression. In addi-
tion to histone modifications, chromatin can be remodelled
by ATP-dependent chromatin remodelling complexes [77],
which make use of ATP hydrolysis to alter the histone-DNA
interaction so that nucleosomal DNA becomes much more
accessible to interacting proteins [78]. These variations in
chromatin structure result in changes in transcription in
numerous sorts of biological processes andprovide enormous
modifications of functional responsiveness.

2.7. Histone Modification in Arterial Calcification. The switch
of VSMCs from a contractile to synthetic phenotype is con-
trolled by a series of transcription factors, particularly serum
response factor (SRF) and its main cofactor, myocardin [79].
Almost all SMC-specific protein genes and genes that are
important for SMC phenotypic switching contain the CArG
box DNA sequence within their promoter [80]. Binding of
SRF to the CArG box sequences activates VSMCs-specific
contractile genes. Recent data indicate that the SRF binding
in SMCs is modulated at the level of chromatin structure.
Experiments in vivo and in vitro have shown that the binding
of SRF to CArG boxes of SMC-specific genes such as SM22
is highly dependent on histone modifications [81, 82]. These
include acetylation of lysine 9 in histone H3, acetylation of
histone H4, and dimethylation of lysine residues 4 and 79
in histone H3. Moreover, deacetylation of histone H4 was
accompanied by a loss of SRF binding toCArGboxDNAdur-
ing attenuation of SMCdifferentiation in response to vascular
injury [82]. SRF-mediated transcriptional activation could be
enhanced by its coactivator myocardin via interaction with
the MADS box of SRF. Myocardin can recruit p300, a HAT

that is associated with the transcriptional activation domain
of myocardin and increases the transcriptional activity of
specific genes [83]. In contrast, class II HDACs suppress
smooth muscle gene activation by interacting with a domain
of myocardin different from the p300-binding domain.

2.8. miRNAs. A newly discovered epigenetic mark involves
miRNAs, a novel class of small, noncoding RNAs that
are not translated into proteins [84]. miRNAs are initially
transcribed in the nucleus by RNA polymerase II or III,
forming long precursor transcripts [85]. These precursor
RNA molecules subsequently undergo a specific cleavage
driven by the Drosha and Dicer enzymes in the nucleus
and cytoplasm, respectively. The resulting mature miRNA is
single-stranded and composed of 18–22 nucleotides. miRNA
is loaded into a miRNA-induced silencing complex (RISC)
and directed to the target mRNA by pairing with sequences
in the 3UTR of target mRNA, leading to either degradation
of mRNA or translational suppression. Studying miRNAs
and their effects on translation is one of the most novel
and active areas of epigenetic research. Approximately 1500
different miRNAs have been identified in humans so far, and
the number will probably increase in the future [86]. The
potential impact of miRNA-mediated biological regulation
is estimated to be considerable. Numerous miRNAs have
been found to be critical modulators of vascular pathologies,
such as atherosclerosis, arterial remodelling, angiogenesis,
and apoptosis [87].

2.9. miRNAs in Arterial Calcification. The research into
miRNAs is rapidly growing and recent studies have dis-
closed a significant role of miRNAs in vascular biology
and disease [87]. To date, an array of miRNAs have been
also shown to be associated with AC (Table 1). Recent
study demonstratedmiR-125b targets transcription factor SP7
[88] or Ets1 [89] in regulating the osteogenic transdiffer-
entiation of VSMCs; moreover, miR-125b was found to be
inhibited during atherosclerotic plaque formation and was
downregulated in calcified vessels [88], providing the first
report concentrating on the effect of miRNAs on arterial
calcification. Du et al. revealed a novel regulatory role of the
miR-29/ADAMTS-7/COMP axis during arterial calcification
in vitro and in vivo [90]. MiR-29a/b level was repressed in
high-phosphate-induced calcifying VSMCs or blood vessels
with chronic kidney disease. Additionally, Balderman et al.
disclosed that the downregulation of miR-30b and miR-
30c by BMP-2 increased Runx2 expression and facilitated
VSMCs calcification [91]. Our group showed that miR-133a
and miR-204 modulated VSMCs calcification by targeting
Runx2 [92, 93]. We found that miR-133a was also signifi-
cantly decreased during osteogenic differentiation of VSMCs
treated with 𝛽-glycerophosphate. Overexpression of miR-
133a inhibited VSMCs transdifferentiation into osteoblast-
like cells, as proven by a decrease in ALP activity, OC
secretion, Runx2 expression, and mineralised nodule for-
mation. Conversely, the knockdown of miR-133a with a
miR-133a inhibitor promoted osteogenic differentiation of
VSMCs by increasing ALP activity, OC secretion, and Runx2
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Table 1: miRNAs involved in the regulation of arterial calcification.

miRNAs Observation Ref.

miR-125b Target SP7, inhibiting osteogenic
transdifferentiation of VSMCs [88, 89]

miR-133a Target Runx2, inhibiting the
osteogenic differentiation of VSMCs [92]

miR-
135a∗/762/
714/712∗

Targets NCX1, PMCA1, and
NCKX4, promoting VSMCs
calcification

[94]

miR-204 Target Runx2, inhibiting VSMCs
calcification [93]

miR-221/222 Targets Enpp1 and Pit-1,
contributing to arterial calcification [95]

miR-223 Targets Mef2c and RhoB, inducing
VSMCs migration and calcification [96]

miR-29a/b Target ADAMTS-7, inhibiting
VSMCs calcification [90]

miR-30b/30c Target Runx2, inhibiting VSMCs
calcification [91]

expression [92]. Moreover, we demonstrated that in vitro
miR-204 was decreased in mouse aortic VSMCs during
𝛽-glycerophosphate-induced calcification, whereas Runx2
protein levels were elevated. Overexpression of miR-204 by
transfection of miR-204 mimics suppressed Runx2 protein
levels and attenuated 𝛽-glycerophosphate-induced osteoblas-
tic differentiation of VSMCs, whereas miR-204 inhibition
by transfection of miR-204 inhibitors significantly increased
Runx2 protein levels and promoted osteoblastic differen-
tiation of VSMCs, suggesting the role of miR-204 as an
endogenous attenuator of Runx2 in VSMCs calcification.
In vivo overexpression of miR-204 by injection of miR-204
agomirs inmice alleviated vitamin D3-inducedmedial artery
calcification [93]. Contrary to the negative role of the above
miRNAs, it has been reported that some miRNAs promote
AC. Gui et al. identified that the increased expression of
miR-135a∗, miR-762, miR-714, and miR-712∗ in VSMCs may
be associated with VSMCs calcification by disrupting the
potential Ca2+ efflux target proteins NCX1, PMCA1, and
NCKX4 [94]. Mackenzie et al. proved that miR-221 and miR-
222 act concomitantly to influence the trans-differentiation
of murine VSMCs and contribute to the pathological process
of arterial calcification in vitro, which may probably occur
via the calcification regulators Enpp1 and Pit-1 [95]. Rangrez
et al. also found that overexpressing miR-223 in VSMCs
targeted Mef2c and RhoB and tended to increase VSMCs
migration and calcification [96]. Taken together, all of these
studies revealed the vital roles of miRNAs in osteogenic
transdifferentiation and calcification of VSMCs (Table 1).

It is reported that epigenetic marks vary during aging,
including a global decrease in the sufficiency of 5-meth-
ylcytosines and some histone modifications [97]. Since AC
is an age-related disease, it could be speculated that those
age-related changes in epigenetic marks are involved in the
pathophysiology of the calcification. However, this remains
to be demonstrated.

3. Conclusions and Perspectives

As reviewed above, epigenetic modifications such as DNA
methylation, histone modifications, and miRNAs offer a
new perspective in the control of gene expression, with
significant applications to AC. Apart from deepening our
understanding of disease mechanisms, epigenetics may be
targeted for future therapies and genetic interventions. For
instance, the demethylating agents 5-aza-20-deoxycytidine
and procaine have been utilized in several experimental
studies [98, 99]. Some HATs and HDACs inhibitors are
applied in the treatment of cancer, cardiovascular disease,
and neurological disorders [100, 101]. Nevertheless, their
potential application is limited attributed to their nonspecific
activation of genes and other genomic elements not only
in diseased cells but also in normal cells. Thus, agents that
are capable of regulating the epigenetic control of genes
specifically in a given pathway would be much more useful.
In accordance with this, therapies based on miRNAs or small
interfering RNAs might be more specific and promising [102,
103]. However, studies of drugs focused on epigenetics in
AC that act at the risk-factor level are still scarce. Additional
studies are undoubtedly required to further elucidate how
epigenetic phenomena impact the development of AC exactly
and for the design of alternative treatment strategies, aimed at
interfering in these epigenetic processes for the management
of a variety of cardiovascular diseases related to AC.
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[8] M. J. Duer, T. Friščić, D. Proudfoot et al., “Mineral surface in
calcified plaque is like that of bone further evidence for regu-
latedmineralization,”Arteriosclerosis,Thrombosis, and Vascular
Biology, vol. 28, no. 11, pp. 2030–2034, 2008.

[9] Y.Du, Y.Wang, L.Wang et al., “Cartilage oligomericmatrix pro-
tein inhibits vascular smoothmuscle calcification by interacting
with bone morphogenetic protein-2,” Circulation Research, vol.
108, no. 8, pp. 917–928, 2011.

[10] L.-Q. Yuan, J.-H. Zhu, H.-W. Wang et al., “RANKL is a down-
streammediator for insulin-induced osteoblastic differentiation
of vascular smooth muscle cells,” PLoS ONE, vol. 6, no. 12,
Article ID e29037, 2011.

[11] Q.-H. Liang, Y. Jiang, X. Zhu et al., “Ghrelin attenuates the
osteoblastic differentiation of vascular smooth muscle cells
through the erk pathway,” PLoS ONE, vol. 7, no. 4, Article ID
e33126, 2012.

[12] T. M. Doherty, L. A. Fitzpatrick, D. Inoue et al., “Molecular,
endocrine, and genetic mechanisms of arterial calcification,”
Endocrine Reviews, vol. 25, no. 4, pp. 629–672, 2004.

[13] F. Rutsch, Y. Nitschke, and R. Terkeltaub, “Genetics in arterial
calcification: pieces of a puzzle and cogs in a wheel,” Circulation
Research, vol. 109, no. 5, pp. 578–592, 2011.

[14] R. Wallin, N. Wajih, G. Todd Greenwood, and D. C. Sane,
“Arterial calcification: a review of mechanisms, animal models,
and the prospects for therapy,”Medicinal Research Reviews, vol.
21, no. 4, pp. 274–301, 2001.

[15] C. H. Waddington, “The epigenotype,” International Journal of
Epidemiology, vol. 41, no. 1, pp. 10–13, 2012.

[16] A. D. Goldberg, C. D. Allis, and E. Bernstein, “Epigenetics: a
landscape takes shape,” Cell, vol. 128, no. 4, pp. 635–638, 2007.

[17] M. Esteller, “Epigenetics in cancer,”The New England Journal of
Medicine, vol. 358, pp. 1148–1159, 2008.

[18] A. P. Feinberg, “Epigenetics at the epicenter of modern
medicine,” JAMA, vol. 299, no. 11, pp. 1345–1350, 2008.

[19] M. Esteller, “Cancer epigenetics for the 21st century: what’s
next?” Genes and Cancer, vol. 2, no. 6, pp. 604–606, 2011.

[20] M. Münzel, D. Globisch, and T. Carell, “5-hydroxymeth-
ylcytosine, the sixth base of the genome,” Angewandte Chemie
International Edition, vol. 50, no. 29, pp. 6460–6468, 2011.

[21] A. Portela and M. Esteller, “Epigenetic modifications and
human disease,” Nature Biotechnology, vol. 28, no. 10, pp. 1057–
1068, 2010.

[22] L. M. Villeneuve and R. Natarajan, “The role of epigenetics in
the pathology of diabetic complications,”The American Journal
of Physiology—Renal Physiology, vol. 299, no. 1, pp. F14–F25,
2010.

[23] G. Weissen-Plenz, Y. Nitschke, and F. Rutsch, “Mechanisms of
arterial calcification: spotlight on the inhibitors,” Advances in
Clinical Chemistry, vol. 46, pp. 263–293, 2008.

[24] F. Rutsch and R. Terkeltaub, “Deficiencies of physiologic cal-
cification inhibitors and low-grade inflammation in arterial
calcification: lessons for cartilage calcification,” Joint Bone Spine,
vol. 72, no. 2, pp. 110–118, 2005.

[25] A. Sweatt, D. C. Sane, S. M. Hutson, and R. Wallin, “Matrix
Gla protein (MGP) and bone morphogenetic protein-2 in
aortic calcified lesions of aging rats,” Journal of Thrombosis and
Haemostasis, vol. 1, no. 1, pp. 178–185, 2003.

[26] M. Ketteler, P. Bongartz, R.Westenfeld et al., “Association of low
fetuin-A (AHSG) concentrations in serum with cardiovascular
mortality in patients on dialysis: a cross-sectional study,” The
Lancet, vol. 361, no. 9360, pp. 827–833, 2003.

[27] S. M. Moe and N. X. Chen, “Mechanisms of vascular calcifica-
tion in chronic kidney disease,” Journal of the American Society
of Nephrology, vol. 19, no. 2, pp. 213–216, 2008.

[28] T. Wada, M. D. McKee, S. Steitz, and C. M. Giachelli, “Calci-
fication of vascular smooth muscle cell cultures: inhibition by
osteopontin,” Circulation Research, vol. 84, no. 2, pp. 166–178,
1999.

[29] P. A. Price, H. H. June, J. R. Buckley, and M. K. Williamson,
“Osteoprotegerin inhibits artery calcification induced by war-
farin and by vitamin D,” Arteriosclerosis, Thrombosis, and
Vascular Biology, vol. 21, no. 10, pp. 1610–1616, 2001.

[30] K. A. Hruska, S. Mathew, and G. Saab, “Bone morphogenetic
proteins in vascular calcification,” Circulation Research, vol. 97,
no. 2, pp. 105–114, 2005.

[31] P. Collin-Osdoby, “Regulation of vascular calcification by osteo-
clast regulatory factors RANKL and osteoprotegerin,” Circula-
tion Research, vol. 95, no. 11, pp. 1046–1057, 2004.

[32] G.-Y. Liu, Q.-H. Liang, R.-R. Cui et al., “Leptin promotes
the osteoblastic differentiation of vascular smooth muscle
cells from female mice by increasing RANKL expression,”
Endocrinology, vol. 155, no. 2, pp. 558–567, 2014.

[33] L. L. Demer and Y. Tintut, “Vascular calcification: pathobiology
of a multifaceted disease,” Circulation, vol. 117, no. 22, pp. 2938–
2948, 2008.

[34] A. Tanimura, D. H. McGregor, and H. C. Anderson, “Matrix
vesicles in atherosclerotic calcification,” Proceedings of the Soci-
ety for Experimental Biology and Medicine, vol. 172, no. 2, pp.
173–177, 1983.

[35] D. Proudfoot, J. N. Skepper, L. Hegyi, M. R. Bennett, C. M.
Shanahan, and P. L. Weissberg, “Apoptosis regulates human
vascular calcification in vitro: evidence for initiation of vascular
calcification by apoptotic bodies,” Circulation Research, vol. 87,
no. 11, pp. 1055–1062, 2000.

[36] P.-F. Shan, Y. Lu, R.-R. Cui, Y. Jiang, L.-Q. Yuan, and E.-Y. Liao,
“Apelin attenuates the osteoblastic differentiation of vascular
smoothmuscle cells,” PLoS ONE, vol. 6, no. 3, Article ID e17938,
2011.

[37] X.-B. Liao, X.-M. Zhou, J.-M. Li et al., “Taurine inhibits
osteoblastic differentiation of vascular smooth muscle cells via



BioMed Research International 7

the ERK pathway,” Amino Acids, vol. 34, no. 4, pp. 525–530,
2008.

[38] M. Schoppet, R. C. Shroff, L. C. Hofbauer, and C. M. Shanahan,
“Exploring the biology of vascular calcification in chronic
kidney disease: what’s circulating?” Kidney International, vol.
73, no. 4, pp. 384–390, 2008.

[39] L. L. Demer, Y. Tintut, and F. Parhami, “Novel mechanisms
in accelerated vascular calcification in renal disease patients,”
Current Opinion in Nephrology and Hypertension, vol. 11, no. 4,
pp. 437–443, 2002.

[40] H. Yang, G. Curinga, and C. M. Giachelli, “Elevated extracellu-
lar calcium levels induce smoothmuscle cell matrixmineraliza-
tion in vitro,”Kidney International, vol. 66, no. 6, pp. 2293–2299,
2004.

[41] S. Jono, M. D. McKee, C. E. Murry et al., “Phosphate regula-
tion of vascular smooth muscle cell calcification,” Circulation
Research, vol. 87, no. 7, pp. e10–e17, 2000.

[42] M. Abedin, Y. Tintut, and L. L. Demer, “Vascular calcifica-
tion: Mechanisms and clinical ramifications,” Arteriosclerosis,
Thrombosis, and Vascular Biology, vol. 24, no. 7, pp. 1161–1170,
2004.

[43] J. D. Miller, Y. Chu, R. M. Brooks, W. E. Richenbacher, R.
Peña-Silva, and D. D. Heistad, “Dysregulation of antioxidant
mechanisms contributes to increased oxidative stress in calcific
aortic valvular stenosis in humans,” Journal of the American
College of Cardiology, vol. 52, no. 10, pp. 843–850, 2008.

[44] C. Y. Y. Yip, J.-H. Chen, R. Zhao, and C. A. Simmons, “Calcifica-
tion by valve interstitial cells is regulated by the stiffness of the
extracellular matrix,” Arteriosclerosis, Thrombosis, and Vascular
Biology, vol. 29, no. 6, pp. 936–942, 2009.

[45] X. Li, H.-Y. Yang, and C. M. Giachelli, “Role of the sodium-
dependent phosphate cotransporter, Pit-1, in vascular smooth
muscle cell calcification,” Circulation Research, vol. 98, no. 7, pp.
905–912, 2006.

[46] K. Amann, “Media calcification and intima calcification are
distinct entities in chronic kidney disease,” Clinical Journal of
the American Society of Nephrology, vol. 3, no. 6, pp. 1599–1605,
2008.

[47] J. L. Hunt, R. Fairman, M. E. Mitchell et al., “Bone formation in
carotid plaques: a clinicopathological study,” Stroke, vol. 33, no.
5, pp. 1214–1219, 2002.

[48] A. P. Burke, A. Taylor, A. Farb, G. T. Malcom, and R. Virmani,
“Coronary calcification: insights from sudden coronary death
victims,” Zeitschrift fur Kardiologie, vol. 89, supplement, no. 2,
pp. S49–S53, 2000.

[49] A. Farzaneh-Far, D. Proudfoot, C. Shanahan, and P. L. Weiss-
berg, “Vascular and valvar calcification: recent advances,”Heart,
vol. 85, no. 1, pp. 13–17, 2001.

[50] M. E. Edmonds, N. Morrison, J. W. Laws, and P. J. Watkins,
“Medial arterial calcification and diabetic neuropathy,” British
Medical Journal, vol. 284, no. 6320, pp. 928–930, 1982.
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A cluster of miR-221/222 is a key player in vascular biology through exhibiting its effects on vascular smooth muscle cells (VSMCs)
and endothelial cells (ECs). These miRNAs contribute to vascular remodeling, an adaptive process involving phenotypic and
behavioral changes in vascular cells in response to vascular injury. In proliferative vascular diseases such as atherosclerosis,
pathological vascular remodeling plays a prominent role. The miR-221/222 cluster controls development and differentiation of
ECs but inhibits their proangiogenic activation, proliferation, and migration. miR-221/222 are primarily implicated in maintaining
endothelial integrity and supporting quiescent EC phenotype. Vascular expression of miR-221/222 is upregulated in initial
atherogenic stages causing inhibition of angiogenic recruitment of ECs and increasing endothelial dysfunction and EC apoptosis.
In contrast, these miRNAs stimulate VSMCs and switching from the VSMC “contractile” phenotype to the “synthetic” phenotype
associated with induction of proliferation and motility. In atherosclerotic vessels, miR-221/222 drive neointima formation. Both
miRNAs contribute to atherogenic calcification of VSMCs. In advanced plaques, chronic inflammation downregulates miR-
221/222 expression in ECs that in turn could activate intralesion neoangiogenesis. In addition, both miRNAs could contribute
to cardiovascular pathology through their effects on fat and glucose metabolism in nonvascular tissues such as adipose tissue, liver,
and skeletal muscles.

1. Introduction

In the body, the vascular system fulfills a variety of vital func-
tions. Blood vessels transport nutrients and oxygen to every
cell and take offwastes and carbon dioxide.The vasculature is
involved in maintaining body temperature, pH, and mineral
homeostasis. Blood and lymph vessels transfer immune cells

essential for host defense against various pathogens. The
vascular network is composed of differently sized vessels like
the micro-, small, medium, and large vessels.

The vascular tissues include several types of cells includ-
ing endothelial cells (ECs), vascular smooth muscle cells
(VSMCs), pericytes, fibroblasts, resident macrophages, resi-
dent mesenchymal stem cells (MSCs) and progenitors, and
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connective tissues. The classical three-layer structure of the
vascular wall involves the intima, media, and adventitia
flanked with the elastic laminae [1].

The vessel wall is adopted for various functional require-
ments that could be changed depending on each segment of
the circulatory system. For example, aorta and large arteries
are enriched with elastic fibers in order to support sufficient
flow and pressure for delivery of blood components to the
extreme peripheral tissues [2]. The circulatory network is a
dynamic system that constitutively develops and matures to
be better adapted to the rapid changes inmicroenvironmental
conditions. Physiological processes associatedwith structural
modifications in the vascular wall and related to vascular
developmental changes during embryogenesis and adaptive
responses such as neovascularization are termed vascular
remodeling [3, 4].

In embryogenesis, vascular remodeling is an essential
mechanism that supports the development and formation of
the mature vascular network. In humans, vascular remod-
eling starts at day 21 when the immature heart begins to
beat pushing blood through the early vasculature [5]. Indeed,
biomechanical and hemodynamic forces and characteris-
tics such as shear stress, cylinder stress, pressure, velocity,
and flow become applicable to the developing vessels and
induce signaling cascades that contribute to angiogenesis,
vessel sprouting, vascular branching, hierarchy, maturation,
and arterial-vein identity [6]. These signaling pathways
are activated in ECs and VSMCs through the mechanism
of mechanotransduction associated with upregulation and
downregulation of certain genes involved in vasculogenesis,
cell differentiation, proliferation, migration, differentiation,
adhesion, and cell-matrix interactions [7].

To date, mouse is a leadingmodel system for studying the
physical and molecular regulation of vascular development
and embryogenic vascular remodeling. In cultured mouse
ECs, mechanical shear stress was shown to activate a signal
transduction complex composed of three receptors such as
vascular endothelial growth factor receptor 2 (VEGFR2)/fetal
liver kinase 1 (FLK1), vascular endothelial cell cadherin (VE-
cadherin), and platelet endothelial cell adhesion molecule 1
(PECAM1). As a result, cells realigned parallel to the direction
of flow become mechanosensitive [8]. Direct transmission of
mechanical force occurs through PECAM1 to VE-cadherin
that acts as an adaptor protein activating Flk1 and catalyz-
ing the activation of the phosphatidylinositol-3-OH kinase
(PI3K) signaling cascade [9]. This leads to the induction of a
panel of transcription factors including Krüppel-like factors-
(KLF-) 4 and 6 and T cell acute lymphocytic leukemia 1 (Tal1)
essential for both hematopoiesis and vasculogenesis [10, 11].

Vascular remodeling is a crucial mechanism of the rou-
tine endothelial replacement and repair of damaged vessel
wall in order to maintain vascular integrity and function
and prevent thrombosis [12]. This process involves many cell
types including resident and nonresident stem and nonstem
cells. In arterial injury, bone mesenchymal stem cells were
shown to have a capacity to differentiate to neo-ECs and
contribute to reendothelization [13]. The reendothelization is

controlled by bone-marrowderived transcription factorKLF-
10 [14]. Medial VSMCs and adventitial fibroblasts undergo
phenotypic changes associated with induction of prolifera-
tion,migration, and differentiation and enhanced production
of extracellular matrix proteins and adhesion molecules and
release of reactive oxygen species, chemokines, cytokines,
growth factors, and matrix metalloproteinases (MMPs) that,
collectively, affect medial VSMC contractility and growth
directly and that stimulate recruitment and retention of
circulating inflammatory and progenitor cells to the vascular
wall [15]. Pericytes characterized with significant phenotypic
plasticity and ability to transdifferentiate to several vascular
cell types such as VSMCs, fibroblasts, and macrophages also
contribute to vascular repair [16].

However, vascular remodeling can occur as amaladaptive
response against vessel injury. In that case, the remodeling
could be associated with various vascular abnormalities such
as endothelial dysfunction, hypertrophy, or fibrosis and be a
part of a pathophysiological mechanism in the development
of hypertension, thrombosis, restenosis, cardiomyopathy,
atherosclerosis, and other cardiovascular disease.

Atherosclerosis is characterized with marked structural
alterations in the arterial wall induced by the subendothe-
lial accumulation of modified lipoproteins followed by the
chronic inflammatory response [17, 18]. Vascular remodeling
results from a close interplay of changes in the vascu-
lar tone and structure. An important concept for arterial
remodeling (so-called Glagov’s phenomenon) considers that
arteries remodel to maintain constant flow despite increases
in atherosclerotic lesion mass [19]. Indeed, atherosclerotic
vascular remodeling is an adaptive response of the circulatory
system to the growth of atherosclerotic plaques [3].

Atherogenic vascular remodeling involves various cell
types, with a prominent role of ECs and VSMCs. Inflamma-
torymonocytes andmacrophages recruited in the atheroscle-
rotic plaque contribute to the atherosclerosis-associated
changes in the vascular wall via stimulation of ECs and
VSMCs [20]. Briefly, inflammatory stimuli and changes in
hemodynamic characteristics of blood flow in atheroscle-
rotic vessels such as elevated blood pressure and increased
shear stress led to the proinflammatory activation of arterial
endothelium and advanced apoptosis of ECs, with subse-
quent denudation of the arterial wall and increased risk of
thrombosis [21, 22]. In contrast, VSMCs lack their quiescence
and “contractile” phenotype and acquire capacity to prolif-
erate and migrate. This leads to the neointimal formation
associated with intimal thickening and ectopic calcifica-
tion of atherosclerotic arteries [23]. Vascular remodeling is
accompaniedwith upregulation or downregulation of various
molecular subsets including microRNAs (miRNAs).

Within the last decade, a research focused on evaluation
of a role of miRNAs in physiological and pathological struc-
tural changes in vessels becoming more and more intensive
[24].This especially concerns studying involvement of tissue-
specific (e.g., vascular or heart) miRNAs that normally con-
trol embryonic angiogenesis, cardiogenesis, and/or vascular
repair. HumanmiRNA- (miR-) 221 and its paraloguemiR-222
shownotable activities in the vascular network by influencing
angiogenic properties of ECs [25] and phenotypic changes in
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VSMCs [26]. miR-221/222 have been found to regulate essen-
tial physiological vascular processes such as angiogenesis
[27], neointimal hyperplasia [28], vessel wound healing [29],
and vascular aging [30]. Furthermore, thismiRNA is involved
in a variety of vascular-related pathological mechanisms
including tumor angiogenesis [31], atherosclerotic inflam-
mation and vascular remodeling [32], fibrosis [33], vascular
calcification [34], cardiac hypertrophy [35], angiotensin II
dependent hypertension [36], and diabetic hyperglycemia-
induced endothelial dysfunction [37]. In this review, we
provide the information about the contribution of miR-
221/222 to vascular remodeling in normal and atherosclerotic
vessels.

2. Biogenesis and mRNA-Silencing
Function of miR-221/222

In human DNA, the miR-221/222 gene cluster is located on
chromosome Xp11.3 [38]. The miR-221 and miR-222 genes
are separated by a distance of 726 bp (Figure 1). Nucleotide
sequences of both genes share high similarity to each other.
In fact, the genes are paralogues arisen from the duplication
of the ancestral gene. They are transcribed as a single long
noncoding RNA precursor with RNA polymerase II [39].
The promoter region contains two canonical TATA boxes
located on 550 and 190 base pairs (bp) upstream of pre-miR-
222. Three poly(A) signals are located downstream of pre-
miR-221. The expression of the miR-221/222 gene cluster is
positively regulated by angiotensin II [36] and downregulated
by a repressive complex formed by estrogen receptor 𝛼
and two nuclear receptor corepressors NCOR1 and NCOR2
[38].

In the nucleus, the common pri-miR-221/222 transcript
then is spliced and split by the “microprocessor” complex
Drosha/DiGeorge syndrome critical region gene 8 (DGSR8)
[40] with formation of the individual pre-miR-221 and
pre-miR-222 precursors that both have the length of 110
nucleotides (nt). Pre-miRNAs are transferred to the cyto-
plasm by the nuclear transporter exportin-5, a Ran-GTP
RNA-binding protein [41], where Dicer cleaves the miRNA
precursors to mature miRNA duplexes. Each miRNA duplex
is stabilized with the heterotrimeric complex Argonaute-2
(Ago2)/TAR RNA-binding protein (TRBP)/protein kinase
R-activating protein (PACT) [42] that is a core of the
RNA-induced silencing complex (RISC). Double stranded
miRNA is generally a transient imperfect duplex molecule
consisting of a passenger strand and a mature miRNA strand
(also referred to as guide strand) [43]. The duplex was
then cleaved by Dicer with the formation of a functional
single stranded mature miRNA bound to the RISC com-
plex (miRISC). During miRISC complex formation, several
additional proteins are recruited including GW182 (glycine-
tryptophan protein of 182 kDa), MTDH (metadherin), and
SND1 (staphylococcal nuclease domain-containing protein
1). GW182 contains two repression domains, which trigger
translational repressionwithmild effect onmRNAdecay, and
multiple glycine/tryptophan repeats essential for formation
and maintaining stability of the multiprotein RISC complex

[44]. SND1 is a coactivator of several eukaryotic transcription
factors and a component of ribonucleoprotein complexes
such as spliceosome and RISC complex that increases their
functional efficiency and kinetics [45]. In the RISC complex,
MTDH acts as a scaffold protein possessing RNA-binding
properties [46]. Generally, only one strand is incorporated
into the miRISC selected on the basis of its thermodynamic
instability [47]. Indeed,maturation of the pre-miR-221 results
in the formation of either mature 23nt-long miR-221-5p or
miR-221-3p. For miR-222, generating two mature 21nt-long
miRNAs (miR-222-5p andmiR-222-3p) is possible (Figure 1).

Following assembly of the miRISC complexes, there is
increasing evidence that miRNAs exert their posttranscrip-
tional regulatory functions in the context of processing
bodies (P-bodies). P-bodies are distinct compartments (foci)
in the cytoplasm involved in RNA degradation and turnover
[48]. Furthermore, P-bodies were recognized to serve as
the functional site of miRNA-mediated gene silencing since
duplex miRNA-containing RISC complexes were found in
these compartments [49]. The miRISC complex binds target
mRNA through Watson-Crick base pairing between the
guide strand and the 3 untranslated region (UTR) of the tar-
get [50]. The precision of target recognition heavily depends
on base pairing between the seeds (nt 2–8 at the 5 end) of the
miRNA guide [51].

Extensive base pairing between the miRNA guide and
mRNA target induces the degradation of mRNA target
through Ago2-mediated cleavage and deadenylation that is
dependent on the activity of the complex comprised by Pop2
(pyrin domain containing 2), Ccr4 (mRNA deadenylase),
and Not1 (CCR-NOT transcription complex subunit 1) [52].
Deadenylated mRNA is then degraded with exoribonuclease
Xrn1p and decapped with mRNA-decapping (Dcp) enzymes
[53]. In the cytoplasm, mRNAs actively translated by polyri-
bosomes are targeted by miRISC complexes to suppress
translation [54]. These mRNAs could then be delivered to P-
bodies for degradation or storage in order to preserve a pool
of transcripts whose translation is rate-limited for cell growth
[55].

3. miR-221/222 Function in Physiological
Vascular Remodeling

3.1. Antiangiogenic Activity of the miR-221/222 Cluster in
Vascular ECs. Inside the vascular tissue, ECs are responsible
for critical functions [56, 57]. They provide inner lining to
the blood vessels and the heart, secrete a variety of bioactive
molecules to affect the local environment of the cells, and
transfer the molecules from the blood to the interstitial
fluid. During the developmental stages and in diseases,
ECs tightly cooperate with the nearby muscles in mediat-
ing angiogenesis and neovascularization. Overall, ECs con-
tribute to the maintenance and growth of normal tissues
[56, 57].

It was shown that human blood cord-derived CD34+
HPCs, endothelial progenitor cells (EPCs) [58], and human
umbilical vein endothelial cells (HUVECs) [59] as well
as quiescent ECs [60] highly express miR-221/222 thereby
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Figure 1: Biogenesis of human miR-221/222. miRNA-encoding genes are shown in red boxes. In the common promoter, TATA boxes
are marked by green triangles. Poly(A) signals are displayed with blue arrows. Numbers designate the distance between the regulatory
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suggesting a critical role of this miRNA cluster in regulating
development and function of the vascular endothelium.
However, in vascular ECs, the role of miR-221/222 greatly
varies depending on the developmental stages and microen-
vironment.

ECs were shown to express both SCF and its receptor
c-kit [60–63]. Indeed c-kit-dependent angiogenic properties
of ECs are targeted by miR-221/222 [25]. miR-221/222 were
shown to be transcribed in c-kit-positive HUVECs sug-
gesting a coordinated transcriptional regulation. miR221/222
downregulates c-kit on the posttranslational level since
reduction in c-kit protein levels but not in mRNA levels
was observed in HUVECs transfected with miR221/222
[25].

In embryonic ECs, miR-221 was shown to drive angio-
genesis and especially proliferation and migration of tip ECs
in sprouting neovessels [64]. In miR-221-deficient zebrafish
embryos, proliferation of ECs is blocked [65]. miR-221
supports embryonic angiogenesis through targeting two key
regulatory molecules, CDKN1B and PI3KR1. CDKN1B is
a cyclin-dependent kinase (CDK) inhibitor p27Kip1 that
negatively regulates cell growth and prevents proliferation
by inhibiting cyclin-dependent kinases [66]. PI3KR1 is the
p85-regulatory subunit 𝛼 of the phosphoinositide-3-kinase
(PI3K) complex, an essential component of PI3K signaling
that is crucial for vascular development [67]. PI3KR1 inhibits
the PI3K p110 catalytic subunits but is also necessary for
activity of the membrane-bound enzyme and stimulation by
a receptor tyrosine kinase [68]. miR221 is likely to alter an
appropriate balance in regulatory and catalytic subunits of
PI3K that may indeed affect the receptor tyrosine kinase-
mediated activation of PI3K and local PI3K activity in
separate subcellular compartments such as growing filopodia
of tip embryonic ECs.

miR-221 directs proliferation of embryonic ECs through
vascular endothelial growth factor C (VEGF-C)/Fms-related
tyrosine kinase 4 (Flt4) signaling [64] that is modulated by
PI3K3R1 that stimulates interaction of PI3K with VEGF-C-
activated Flt4 (VEGFR3), a receptor for VEGF-C and VEGF-
D [69]. Activation of notch signaling in stalk ECs was shown
to inhibit both Flt4 and miR-221 that leads to increase in
CDKN1B levels and reducing proliferation [64]. Specification
of hemogenic ECs from the primordial endothelium is
controlled by c-kit, notch signaling, and p27Kip1-dependent
cell cycle control [66]. miR-221 is involved in crosstalk with
all signaling components essential phenotypic definition of
hemogenic ECs and therefore plays a key role at early differ-
entiation stages of the vascular endothelial development.

In EPCs, miR-221 was found to suppress serine/
threonine-protein kinase PAK1 [70] (Figure 2). PAK1 belongs
to the family of p21Waf1/Cip1-activated kinases and serves as a
target for small GTPases Cdc42 and Rac [71]. EPCs
are known to play an essential role in vascular repair and
maintenance of vascular homeostasis through reendothelial-
ization and neovascularization. EPCs transfected with
miR-221/miR-222 loose capacity to do wound healing and
tube formation [63].

PAK1 is involved in cytoskeleton reorganization and acti-
vation of EPC motility and proliferation is response to vas-
cular injury [72, 73]. PAK1 was found to activate c-Raf/MEK/
ERK signaling by phosphorylation ofMEK on serine 298 [74]
and RAF on serine 338 [75]. Therefore, miR-221-mediated
PAK1 targeting attenuates proliferation of EPCs and impairs
their function through downregulating c-Raf/MEK/ERK
pathway thereby displaying antiangiogenic properties and
contributing to maintenance of quiescent phenotype [70].
Interestingly, biologically active molecular components of
garlic extract such as diallyl disulfide and diallyl trisulfide
inhibit miR-221 expression and restore angiogenic properties
of EPCs via derepressing c-kit and activating signaling pro-
tein kinases Akt and ERK 1/2 [58].

Inmature humanECs,miR221/222 exhibit strictly antian-
giogenic properties mediated by many targets. This mRNA
cluster could display the antiangiogenic effects through
inhibiting c-kit, transcription factors Ets1, Ets2 [25], zinc
finger E-box binding homeobox 2 (ZEB2) [76], signal acti-
vator and transducer 5A (STAT5a) [60], and endothelial
NO-synthase (eNOS) [77, 78]. Interestingly, Kaposi sarcoma-
associated herpes virus (KSHV) oncogenes such as latent
nuclear antigen (LANA) and kaposin B were shown to
activate EC motility and proliferation essential for tumor
neoangiogenesis by derepressing Ets1 and Ets2 [79, 80]
through direct transcriptional suppression of miR-221/222.
Ets1, a prototype of the Ets family of transcription factors,
supports EC-mediated angiogenesis by inducing expression
ofMMPs and integrin-𝛽3 in ECs [81] (Figure 2). eNOS,which
plays a crucial role in the regulation of vascular function,
contributes to angiogenesis by production of nitric oxide, a
vasoactive molecule, in response to multiple stimuli [82].

In epithelial tissues, ZEB2 known as a regulator of
epithelial-to-mesenchymal transition (EMT) acts as a stim-
ulator of cell proliferation and mobility [83]. ZEB2 mRNA
is directly targeted by miR-221 at the consensus site located
at the 3UTR [76]. On the other hand, ZEB2 acts as a trans-
lational repressor of mesenchyme homeobox 2 (MEOX2 or
GAX), a transcriptional factor that is expressed in quiescent
vascular ECs and inhibits EC transition to the angiogenic
phenotype in response to proangiogenic growth factors [84].
In ECs, MEOX2 activates expression of p21WAF1/CIP1 by
binding directly to its promoter and enhancer [85] that causes
cell cycle arrest in G0/G1. MEOX2 is also able to suppress
EC activation through the downregulation of activity of the
nuclear factor NF-𝜅B [86].

STAT5A was shown to mediate angiogenic activation
of ECs through several mechanisms including Src/Jak2-
dependent stimulatory signals from fibroblast growth factors
FGF2 and FGF8b [87]. Prolactin familymembers such as pro-
liferin and prolactin could mediate proangiogenic properties
of the FGF/STAT5Aactivating axis through autocrinemecha-
nism [88]. FGF2-mediated activation leads to the recruitment
of STAT1 and STAT5A and to a lesser content STAT3 in ECs
followed by prolactin-induced production of VEGF, a potent
proangiogenic factor able to promote angiogenesis via the
positive autocrine feedback loop [89]. Interleukin- (IL-) 3
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key adhesion modulators such as intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), integrin-𝛽3,
and serine/threonine-protein kinase PAK-1.ThemiR-221/222 cluster could probably diminish endothelial expression of adiponectin receptor
AdipoR1. Adiponectin is produced by adipocytes and plays protective role for ECs by preventing endothelial dysfunction. In obesity, miR-
221/222 are upregulated in the adipose tissue causing activation of lipid catabolism (lipolysis and fatty cell oxidation) through inhibition of
Ets1, a transcription factor that controls expression of fatty acid synthase and other lipid-synthesizing enzymes. As a result, adipocytes release
increased amounts of free fatty acids to blood that inhibit insulin signaling in liver and skeletal muscle inducing peripheral insulin resistance.
Insulin resistance contributes to endothelial dysfunction. In VSMCs, expression of miR-221/222 is stimulated by angiotensin II and platelet-
derived growth factor (PDGF) that is secreted by activated platelets and ECs in response to vascular injury. Upregulation of these miRNAs
supports proliferation and increase mobility of VSMCs. In VSMCs, miR-221/222 inhibit several regulatory factors such as those of p21Cip1,
p27Kip1, p57Kip2, c-kit, and phosphatase and tensin homolog (PTEN) that are crucial for differentiation and establishment of the contractile
phenotype of VSMCs. p57Kip2 and c-kit activate MyoD and myocardin, two key transcription factors involved in myogenesis. Indeed, miR-
221/222-dependent downregulation of expression of SMC-specific contractile proteins causes VSMC dedifferentiation and switch from the
“contractile” to “synthetic” phenotype. By suppressing PTEN,miR-221/222 induce expression of several proinflammatory chemokines such as
monocyte chemotactic protein-1 (MCP-1) and stromal cell-derived factor 1𝛼 (SDF-1𝛼) that attract proinflammatory lymphocytes, dendritic
cells, and macrophages to the inflamed site, for example, to the atherosclerotic plaque. In addition, miR-221/222 downregulate PUMA (p53
upregulated modulator of apoptosis), a critical apoptotic inducer thereby preventing apoptosis of VSMCs. Finally, dedifferentiated VSMCs
become involved in neointima formation, an essential stage in atherosclerosis-associated remodeling of the arterial wall.
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induces endothelial mitogenic proliferation by binding to the
IL-3 receptor and recruitment of STAT5A and STAT5B [90].
IL-3-mediated activation of vascular ECs is accompanied
with a secondary release of platelet-activating factor (PAF)
that stimulates EC motility but not proliferation.

ECs were found to spontaneously respond to the vascular
injury by induction of the proangiogenic transcriptional
program and changes in the cellular phenotype and behavior.
For example, exposure of human hepatic sinusoidal ECs to
clinical doses of ionizing radiation results in upregulation
of AMP-activated protein kinase (AMPK) and p38 mitogen-
activated protein kinase- (MAPK-) mediated production of
MMP-2 and VEGFR2 needed to degrade the extracellular
matrix and basement membrane and activate ECs towards
tube formation [91]. Irradiated HUVECs were observed to
induce expression of angiogenesis-related miRNAs including
the miR-221/222 cluster [92] that does not support neoan-
giogenesis itself but contributes to stabilization and integrity
of already assembled neovessels. Indeed, in ECs, the miR-
221/222 cluster shows antiangiogenic activity and prevents
endothelial activation towards vascular remodeling and neo-
vascularization. miR-221/222 are responsible for establishing
quiescent phenotype of ECs and maintaining homeostasis of
the vascular endothelium.

In consistence with this, senescent human aortic ECs
were shown to express higher levels of antiangiogenic miR-
221 and miR-222 [93] associated with reduced synthesis and
activity of eNOS and increased production of caveolin-1,
a negative eNOS regulator [30]. However, rhesus macaque
mesenchymal stem cells (MSCs) derived from the bone
marrow of aged animals displayed decreased expression of
miRNA-221 compared with young monkeys [94]. In older
humans, miR-221 expression in peripheral blood mononu-
clear cells (PMBCs) was also reduced while expression of its
targets c-kit and PI3KR1 was increased with age [95]. Indeed,
miR-221/222 could contribute to replicative senescence and
cell aging but their lifespan-associated effects seem to be cell
specific. Upregulation of miR221/222 in senescent ECs could
be a consequence of age-related endothelial dysfunction and
stimulatory effects of low-grade inflammation commonly
persisted in the wall of aged vessels.

3.2. miR-221/222-Mediated Regulation of Phenotypic Plastic-
ity of VSMCs. VSMCs are the prevalent cell type in the
arterial tunica media. They are primarily involved in the
regulation of vascular tone. A notable feature of VSMCs is
their significant phenotypic plasticity and ability to differ-
entiate/dedifferentiate in response to various physiological
stimuli and pathological stresses such as vessel wounding or
vascular pathology [29]. Quiescent VSMCs rarely proliferate
and have a contractile phenotype characterized by expression
of SMC-specific genes including smooth muscle 𝛼-actin
(𝛼-SMA), transgelin (TAGLN or SM22𝛼), smooth muscle
myosin heavy chain (SM-MHC), 𝛼- and 𝛽-tropomyosins,
𝛼1-integrin, caldesmon, and calponin [96]. During dedif-
ferentiation, VSMCs downregulate expression of contractile
markers and acquire a synthetic phenotype associated with
enhanced synthesis of collagens and MMPs along with

induction of proliferation andmotility [97]. VSMC-mediated
neointimal hyperplasia plays a central and universal role in
response to vascular injury andwound healing. In neointimal
hyperplasia, VSMCs actively proliferate andmigrate from the
tunica media primarily to the tunica intima causing arterial
wall thickening [98]. However, an aberrant proliferation of
VSMCs is frequently involved in the pathogenesis of vascular
proliferative diseases such as atherosclerosis, postangioplasty
or in-stent restenosis, and transplant vasculopathy [99]. In
atherosclerotic intima, the structural and functional changes
of VSMCs lead to the formation of so-called secretory
phenotype of VSMCs [100, 101].

miR-221/222 are highly expressed in VSMCs [32, 102].
Knockdown of miR-221 and miR-222 reduces VSMC prolif-
eration in vitro and inhibits neointimal hyperplasia-induced
intimal thickening in rat carotid artery after vascular injury
[103]. Interestingly, the miR-221/222 cluster exhibits oppo-
site activities towards vascular ECs and VSMCs. In ECs,
these miRNAs inhibit proliferation and migration and cause
proapoptosis. In VSMCs, both miRNAs stimulate prolif-
eration and cell mobility and induce antiapoptosis [102].
miR-221/222 play a key role in triggering VSMC dedif-
ferentiation and switching from the contractile phenotype
to synthetic phenotype [102]. The miR-221/222 cluster was
reported to be markedly upregulated in quiescent VSMCs
in response to vascular injury and in proliferative VSMCs
[102]. In VSMCs, the miRNA cluster expression in response
to injury is induced by platelet-derived growth factor (PDGF)
[26].

PDGF is released from platelets and endothelial cells
at sites of vascular injury [104]. In VSMCs, PDGF-induced
miR-221/222 expression leads to the inhibition of several cell
cycle regulators such as p27Kip1, p57Kip2, and c-kit [26, 102].
miR-221-dependent downregulation of p27Kip1 is crucial for
PDGF-mediated induction of cell proliferation. Interestingly,
miR-221 and Skp2 (S-phase kinase-associated protein 2) were
shown to temporally regulate p27Kip1 in VSMCs: miR-221 in
G1-phase while Skp2 in S-phase associated with cell growth
[105]. Skp2 is a component of the ubiquitin protein ligase
complex (SKP1-cullin-F-box) that is involved in the control of
cell cycle progression via degradation of CDKs, cyclins, and
CDK inhibitors including p27Kip1 [106].

Like p27Kip1, p57Kip2 (cyclin-dependent kinase inhibitor
1C, CDKN1C) suppresses several G1 cyclin/Cdk complexes
preventing cell proliferation [107]. In addition, p57Kip2 stabi-
lizes and activates MyoD, a myogenic regulatory transcrip-
tion factor, essential for muscle differentiation [108]. miR-
221-induced downregulation of p57Kip2 results in inactivation
of MyoD and prevention of VSMC differentiation towards
the contractile phenotype (Figure 2). Decreased c-Kit causes
inhibition of SMC-specific contractile gene transcription
program by reducing expression of Myocardin (Myocd),
a potent SMC-specific nuclear coactivator [109]. Indeed,
miR-221 mediates PDGF-induced phenotypic changes in
VSMCs by blocking expression of SMC contractile genes
and stimulating VSMC dedifferentiation, proliferation, and
migration.
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4. Role of miR-221/222 in Atherosclerotic
Vascular Remodeling

4.1. Inhibitory Effects ofmiR-221/222 on ECs in Atherosclerosis-
Associated Vascular Remodeling. In mammals, the cardio-
vascular function is greatly influenced by the interaction
between the hemodynamics and the vascular endothelium.
Shear stress is created by blood flow when by blood flow
affects the endothelium. Shear-induced mechanotransduc-
tion (e.g., conversion of mechanical stresses to biochemical
responses) is especially influential in elastic vessels such as
aorta and arteries where blood flow controls vascular tone
and structure [110]. Mechanical stimulation of vascu-
lar endothelium with shear stress results in release of
endothelial-derived vasoactive substances such as NO,
growth factors, prostaglandins, and so forth. Sustained
changes in local hemodynamics stimulate adaptive structural
remodeling of the artery wall through coordinated changes in
expression of multiple vascular proteins.

Shear stress induces phenotypic changes in the vascular
endothelium in specific aortic and arterial sites that in turn
specify whether this site will be resistant or prone to proath-
erogenic changes and progression to the atherosclerotic
plaque [111, 112]. In principal, intensive shear stress is benefi-
cial since it promotes adaptive dilatation or structural arterial
remodeling through mechanisms mediated by endothelium
[113]. In hypertension, hypercholesterolemia, or diabetes,
endothelial dysfunction that is considered as a primary
manifestation of cardiovascular disease is systemic and is
widely attributed to impaired expression of eNOS [114].
Shear stress induces eNOS expression and hence results in
greater availability of NO. Since NO is protected vessels from
oxidative stress and inflammation, vascular zones with low
NO production will be more susceptible to atherosclerosis.

Apolipoprotein E- (ApoE-) deficient mice spontaneously
develop atherosclerosis when fed on high cholesterol diet.
When a tapered cast was placed around the carotid artery
in ApoE-deficient mice, low NO production and advanced
lesions were observed in the atherosclerosis-prone flow sep-
aration region located immediately downstream of the cast
[115]. Further studies on ApoE-deficient mice with implanted
cast showed that shear stress type (such as lowered stress or
oscillatory stress) is an essential condition for establishing
plaque phenotype. Lowered shear stress induces larger lesions
with a vulnerable plaque phenotype, whereas vortices with
oscillatory shear stress induce stable lesions [116].

Atherosclerosis-resistant and atherosclerosis-susceptible
arterial regions were shown to have differentiated endothe-
lial-specific transcriptome patterns, with global expression
shifted towards upregulation of proinflammatory and proco-
agulant genes in susceptible regions and towards upregu-
lation of antioxidant and anticoagulant genes in resistant
regions [111, 117]. Disturbed blood flow also contributes to the
formation of atherosclerosis-prone vascular regions. Indeed,
coordinated regulation of gene expression in ECs in response
to local shear stresses should determine regional endothelial
phenotypes that protect or predispose to atherosclerosis [118,
119]. Unidirectional and laminar shear stress correlates with

transcript profiles considered protective (e.g., antioxidative,
anti-inflammatory, and antiproliferative) [120].

Recently, researchers implemented comparative quan-
tification of global miRNA transcriptome in endothelium
derived from atheroresistant and atherosusceptible arterial
regions in order to identify miRNAs whose expression could
distinguish between resistant and susceptible regions. A
role of miR-10a in establishing proinflammatory endothe-
lial phenotype in atherosusceptible aortic endothelium was
revealed [121]. In swine aorta, site-specificmiR-92a regulation
of expression of endothelial antiatherogenic transcription
Krüppel-like factors- (KLF-) 2 and 4 was shown to con-
tribute to endothelial phenotype heterogeneity associated
with regional atherosusceptibility and protection in vivo
[122].

Upregulation of the miR-221/222 cluster in arterial ECs
appears to be proatherogenic since these miRNAs downreg-
ulate eNOS and inhibit angiogenesis essential for vascular
repair. In addition, miR-221 targets PI3KR1 that is involved
in the regulation of PI3K/Akt-mediated signaling that was
shown to stimulate the atheroprotective transcription factor
Nrf2 (nuclear factor (erythroid-derived 2)-like 2) [120].
Notably, expression of Nrf2 in ECs is induced by mechanical
forces (e.g., by shear stress) [123] and contributes to formation
of the endothelial regional atherosclerosis-resistant pheno-
type in vessels [120]. In ECs, Nrf2 drives expression of sev-
eral antioxidant genes and downregulates several inflamma-
tory mediators such as monocyte chemoattractant protein-
(MCP-) 1 and vascular cell adhesion molecule-1 (VCAM-
1) therefore enhancing antioxidant and anti-inflammatory
properties of the arterial epithelium [124]. Furthermore,
expression levels of circulating miR-221/222 are dynamically
modulated by blood flow since they were shown to be upreg-
ulated by acute exercise before and after sustained training
[107]. Indeed, miR-221/222 have a promising potential to be
used for mapping atherosusceptible regions in apparently
normal arteries.

miR-221 and miR-222 could be upregulated in the
vascular epithelium and VSMCs in angiotensin II depen-
dent manner [32, 39]. Pathological activation of the renin-
angiotensin system is an established cardiovascular risk factor
associated with the development of endothelial dysfunction
and essential hypertension [125]. Vascular inflammation, an
essential feature of atherosclerosis, also stimulates expression
of bothmiRNAs in the vascularwall [30, 32, 60].High glucose
was shown to induce elevated levels of miR-221 in ECs that
impairs normal endothelial function [37]. Furthermore, in
blood serum of patients with metabolic syndrome, increased
concentrations of circulating miR-221 were detected [126].
Given a prominent role of diabetic hyperglycemia and car-
diometabolic stress in the development of cardiovascular
pathology, increased expression of the miR-221/222 cluster
in vascular tissues should predispose to atherosclerosis and
increase risk of endothelial dysfunction and cardiovascular
disease. In susceptible individuals, arterial expression ofmiR-
221/222 may be enhanced even in early atherosclerotic stages
such as preclinical atherosclerosis [127].
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The initial stage of atherosclerosis is characterized by
proinflammatory recruitment of leukocytes to activated ECs
[128]. Since miR-221 was shown to suppress adhesiveness of
ECs through inhibiting several adhesion-related molecules
such as VCAM-1, CD47, and PAK1 [59, 129], it seems to
initially play an atheroprotective role and is upregulated as a
part of the adaptive inflammatory-driven response in order to
maintain endothelial homeostasis and quiescent phenotype
and prevent activation of arterial ECs. However, continuous
proinflammatory stimulation of ECs in early atherosclerosis
further upregulatesmiR-221/222 that in turn promotes switch
in the adaptive reaction to the maladaptive proatherogenic
response. In atherosclerosis, elevated miR-221/222 inhibits
angiogenic activation and therefore limits recruitment and
availability of EPCs for vascular repair [70, 130]. In patients
with coronary artery disease (CAD), increased serum levels
of miR-221 were reported to inversely correlate with numbers
of EPCs [131]. Treatment with atorvastatin, a lipid-lowering
agent, results in decreasing miR-221 levels and restoring
EPC numbers in CAD patients [131]. In diabetes-related
atherosclerosis, hyperglycemia and advanced glycation-end
products (AGEs) contribute to endothelial dysfunction and
cell cycle arrest. AGE-induced downregulation of miR-
221/222 in vascular ECs leads to subsequent activation of their
targets p27Kip1 and p57Kip2 that in turn suppress cell cycle
progression [132].

SerummiR-221 was reported to be significantly increased
in internal mammary arteries of diabetic subjects with
coronary artery bypass grafts [133], in patients with carotid
atherosclerosis and CAD patients [131]. However, some
reports showed reduced levels of serum miR-221 in subjects
with atherosclerosis obliterans [134] and atherosclerotic
patients with subclinical hypothyroidism [135]. In advanced
atherosclerosis, long-term chronic inflammation, which
occurs parallel with remodeling of the intimal extracellular
matrix [136], was found to downregulate expression of the
miR-221/222 cluster in vascular ECs [60]. Probably, suppres-
sion of miR-221/222 could precede the neointima forma-
tion in atherosclerotic vessels when the recruitment of ECs
is needed to support neoangiogenesis. Inflammatory fac-
tors suppressing miR-221/222 in ECs should be detected.
Interferon-𝛾 (IFN-𝛾), a proinflammatory cytokine, inhibits
miR-221 expression in cholangiocytes but it is unknown
whether IFN-𝛾 is involved in miR-221 suppression in ECs
[137]. Another inflammatory cytokine that is likely to regulate
vascular expression of miR-221 in atherosclerosis is high-
mobility group B1 (HMGB1; alarmin) [138]. HMGB1 was
found to play a remarkable role in atherosclerosis-associated
inflammation by signaling via receptor for advanced glyca-
tion end products (RAGE) and Toll-like receptors [139].

4.2. miR-221/222 Cluster Induces VSMC-Mediated Neoin-
tima Formation and Contributes to Vascular Calcification in
Atherosclerosis. Like PDGF, angiotensin II is able to induce
miR-221/222 [39], followed by VSMC proliferation and
hypertrophy [140]. Angiotensin II induced activation of miR-
221/222 expression in VSMCs is more attributable to vascular

pathology such as hypertension, restenosis, or atherosclerosis
and is accompanied with induction of the proinflammatory
microenvironment [141]. In VCMCs, angiotensin II stimu-
lates expression of miR-221 through binding to angiotensin
II type 1 receptor (AT1R) that mediates activation of cAMP
response element-binding protein (CREB), a transcription
factor [36]. miR-221 was found to show a positive feedback
on its own expression by suppressing RASA1 (RAS p21
protein activator 1), a CREB inhibitor.miR-221 also negatively
regulates PTEN (phosphatase and tensin homolog), a sup-
pressor of Akt/PI3K signaling that induces NF-𝜅B-mediated
production of inflammatory chemokine MCP-1 [36]. Indeed,
angiotensin II dependent downregulation of PTEN results
in increased expression of proinflammatory mediators and
activates proliferation, hypertrophy, andmigration of VSMCs
[142].

PDGF production and PDGF-dependent signaling were
shown to be activated in vascular proliferative diseases
including atherosclerosis and restenosis and therefore could
drive VSMC recruitment in vascular remodeling [143].
Indeed, PDGF-induced miR-221/222 upregulation followed
by suppression of the cell cycle regulator p27Kip1 in VSMCs
could contribute to atherogenesis because loss of p27Kip1 was
reported to aggravate atherosclerosis in ApoE-deficient mice
[144, 145]. In ApoE-deficient mice, expression of transgenic
ApoE, an essential component of serumhigh density lipopro-
teins (HDL) and triglyceride-enriched lipoproteins that
possess atheroprotective properties, negatively regulates
miR-221/222 and restores p27Kip1 expression in VSMCs
thereby preventing pathological recruitment of these cells
in atherosclerosis-related vascular remodeling. ApoE was
found to downregulate miR-221 and miR-222 in a Cox-2
(prostaglandin-endoperoxide synthase)/prostacyclin/ inosi-
tol monophosphate-dependent manner [146]. ApoE could
also prevent dedifferentiation of VSMCs by suppressing
PDGF-mediated entry to S-phase through activation of
inducible NOS [147] or interaction with perlecan, an extra-
cellular matrix protein [148]. However, these mechanisms
are dependent on specific ApoE isoforms while all three
isoforms of ApoE are able to suppress miR-221/222 through
Cox-2-dependent pathway [146]. Indeed, due to capacity of
all ApoE isoforms to regulate miR-221/222-dependent input
to control of VSMC phenotypic plasticity, this mechanism
could represent the major way by which ApoE may limit
proatherogenic entrance of VSMCs to arterial remodeling.

In the family of CDK protein inhibitors (p15Ink4A,
p16Ink4B, p18Ink4C, p19Ink4D, p21Waf1/Cip1, p27Kip1, and
p57Kip2), three cell cycle regulators (p21Waf1/Cip1, p27Kip1, and
p57Kip2) play a central role in control of VSMC differentia-
tion/dedifferentiation because p57Kip2 regulates G1/S tran-
sition of cell cycle while p21Waf1/Cip1 and p27Kip1utilize
different molecular mechanisms of CDK inhibition in
G1-phase [149, 150]. Since miR-221 andmiR-222 target two of
them (p27Kip1 and p57Kip2), and thismiRNA clustermay have
a profound impact in the regulation of the role of VSMCs in
proatherogenic neointimal hyperplasia [24, 127].
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Furthermore, results recently presented by Mackenzie
et al. [34, 151] about supportive effects of miR-221/222 on
vascular calcification expand proatherogenic properties of
this miRNA cluster. Calcification commonly affects the arte-
rial tree in a variety of diseases and pathological conditions
[152–155], with calcification process often being associated
with VSMCs [152, 156]. In calcifying VSMCs transfected
with miR-221/222 mimics, a significant increase in intra-
cellular calcium accumulation associated with quantitative
changes in expression of ectonucleotide phosphodiesterase
1 (Enpp1) and Pit-1 (sodium-dependent phosphate cotrans-
porter) expression was observed [34]. Both proteins are
essential for regulation of intracellular phosphate levels
and hence are primarily involved in control of calcium
phosphate deposits in osteogenesis and pathogenic ectopic
mineralization including atherosclerosis-related arterial cal-
cification [157]. Interestingly, when VSMCs were transfected
with miR-221 and miR-222 mimics, an increase in calcium
deposition was observed in combined treatment but not in
individual miR treatments suggesting for synergistic effects
of miR-221/222 on vascular calcification [151]. Both miR-
NAs were shown to contribute to VSMC calcification inde-
pendently of osteogenic transcription factors Runx2 (runt-
related transcription factor 2) and Msx2 (MSH homeobox 2)
[34].

Calcification of VSMCs is associated with significant
decrease in miR-221/222 levels [151]. Indeed, downregula-
tion of miR-221/222 could induce osteogenic/chondrogenic
changes in the VSMC phenotype. These observations are in
agreement with the data presented by Li et al. [158] who
detected reduced levels of miR-221/222 in sclerotic intima
samples from patients with atherosclerosis obliterans com-
pared to the normal vascular tissues. In advanced atheroscle-
rosis, long-term inflammation decreases miR-221/222 in ECs
[60]. It is likely that chronic vascular inflammation could also
diminish miR-221/222 expression in VSMCs and therefore
promote induction of phenotypic changes towards calcifying
cells. However, molecular mechanisms by which the miR-
221/222 cluster contributes to vascular calcification are widely
unknown and indeed should be precisely evaluated in future
studies.

4.3. Challenges for Analysis of the Roles of miR-221/222
in Functioning of Cells Types That Represent Minor Cell
Populations in the Vascular Wall. Current appreciation of a
remarkable role of miRNAs in vascular biology of VSMCs
and ECs warrants investigation of possible contribution of
miR-221/222 to functioning of other cell types residing in
the vascular wall, in both homeostatic and pathological
conditions. In particular, such a demand is relevant to
investigation of vascular dendritic cells representing the
most crucial cell type that regulates immune processes
in atherogenesis and other vascular pathologies in which
immune inflammation plays an important role [159–162].
Accumulating evidence indicates that miRNAs, including
miR-221/222, are importantly involved in functioning of
dendritic cells in other organs and other pathologies [163–
165]. In particular, differentially expressed microRNAs have

been reported to regulate plasmacytoid versus conventional
dendritic cell development [164]. As vascular dendritic cells
(VDCs) represent a minor cell population in the arterial
wall [159], obviously there would be some methodological
difficulties during the investigation. However, the recent
achievements in the visualization of miRNA localization in
cells within biological tissue sections by a combination of
in situ hybridization with immunohistochemistry [166–168]
along with the achievements in the development of protocols
for the isolation of arterial cells by means of the use of laser
capture-microdissection technique [169–171] would assist in
investigation of the impact of miR-221/222 in controlling
of behavior patterns of dendritic cells in various vascular
pathologies.

5. Extravasal Functional Effects
of miR-221/222 Increasing
Cardiovascular Risk

In addition to the direct regulation of function and devel-
opment of vascular cells, miR-221 and miR-222 exhibit their
effects on nonvascular tissues. Some of these functional
activities could be related to the development of atheroscle-
rosis or cardiometabolic risk factors that promote athero-
genesis. In the adipose tissue, miR-221 was recently found
to control fat metabolism by affecting PPAR- (peroxisome
proliferator-activated receptor-) dependent pathways and by
directly targeting adiponectin receptor AdipoR1 and Ets1
[172]. miR-221 and RNA-binding protein polypyrimidine
tract-binding protein (PTB) cooperate in negative posttrans-
lational control of AdipoR1 in muscle and liver of genetic and
dietary murine models of obesity that suggests a supportive
role of miR-221 in insulin resistance in peripheral tissues
[173].

AdipoR1 mediates biological effects of adiponectin, an
adipocyte-specific cytokine,mainly focused on the regulation
of glucose metabolism (increased glucose uptake, reduced
gluconeogenesis) and fat metabolism (activation of lipid
catabolism, oxidation of fatty acids, and utilization of triglyc-
erides) [174]. Interestingly, in vascular ECs,AdipoR1mediates
vasculoprotective properties of adiponectin associated with
anti-inflammation (inhibition of tumor necrosis factor-𝛼-
(TNF-𝛼-) induced expression of ICAM-1 and NF-𝜅B) and
prevention of vascular dysfunction [175]. However, it is
unclear whether miR-221 targets AdipoR1 in the vascular
endothelium. In cultured preadipocytes, leptin and proin-
flammatory cytokine TNF-𝛼 suppress expression of miR-
221 [172]. Similarly, Chou et al. [176] showed decreased
levels of miR-221 in MSCs derived from the adipose tis-
sue of obese women, and miR-221 expression was neg-
atively correlated with levels of TNF-𝛼 mRNA in obese
adipocytes. Indeed, TNF-𝛼 could downregulate miR-221 in
adipocytes.

Overall, miR-221, which is upregulated in obese individ-
uals [172], is involved in insulin resistance and metabolic
syndrome, for example, twometabolic conditions that greatly
increase atherosclerotic risk. In morbidly obese individuals,
blood levels of miR221/222 are markedly increased [177].
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In adipocytes, miR-221 contributes to the regulation of
physiological network involved in fatty acid metabolism
by targeting several proteins including fatty acid synthase
(FASN), an enzyme overexpressed in the adipose tissue in
obesity and type 2 diabetes [178]. In obese people, adipocytes
have activated fat metabolism associated with lipolysis and
enhanced release of free fatty acids to blood. Fatty acids
promote insulin resistance via suppressing insulin signaling
by stimulating serine protein kinases that phosphorylate
insulin receptor substrates (IRS) and disrupt the downstream
transduction of signal from the insulin receptor [179].

Serum miR-221 levels were shown to be elevated in
women affected with metabolic syndrome although no sig-
nificant correlations were observed between blood miR-
221 concentrations and cardiometabolic risk factors [126].
Diabetic hyperglycemia and products of advanced nonenzy-
matic oxidative glycation that are significantly increased in
diabetic blood were shown to stimulate expression of miR-
221/222 in the vascular wall [37, 133, 180]. Indeed, upregulated
expression of the miR-221/222 cluster in vessels of people
with obesity, metabolic syndrome, insulin resistance, hyper-
tension, and type 2 diabetes increases cardiovascular risk
and promotes the development of atherosclerosis through
endothelial dysfunction and neointimal hyperplasia. The
proatherogenic role of miR-221/222 is supported by the fact
of suppressing effects of lipid-lowering agents (atorvastatin),
antidiabetic drugs (metformin), and garlic preparations on
vascular expression of this miRNA cluster [58, 130, 131, 133].

6. Clinical Potential of miR-221/222

Serum levels of circulating miR-221 were shown to be signif-
icantly changed in several vascular and metabolic patholo-
gies including hypertension, obesity, metabolic syndrome,
CAD, and carotid atherosclerosis that make this miRNA
a potential diagnostic biomarker. In patients with acute
coronary syndrome, miR-221 was found to be significantly
increased only in platelets and PMBCs of those with non-ST-
segment elevation (NSTEMI) myocardial infarction but not
with a ST-segment-elevation myocardial infarction (STEMI)
suggesting a potential diagnostic value of this miRNA for
distinguishing between STEMI and NSTEMI [181]. A phe-
nomenon of the blood flow-mediated regulation of expres-
sion of miR-221 in the vascular wall should be studied in
detail because differential expression of miR-221 in arterial
wall harbors a promise of identification of atheroprone and
atheroresistant vascular regions in asymptomatic patients or
subjects with subclinical atherosclerosis that is important for
early diagnosis and prophylaxis of cardiovascular disease.

To date, the major progress on the way of clinical utility
of miR-221/222 in cardiovascular medicine was achieved in
the field of stem cell therapy for cardiovascular diseases. The
miR-221/222 cluster is critically involved in the regulation of
myogenesis and function ofmyocardium [173, 182–184]. Both
in myoblasts and myotubules, miR221/222 expression was
shown to be under control of the Ras-MAPK pathway and
inversely correlated with levels of p27Kip1, a common target
for these miRNAs [182]. The cluster could also contribute

to several heart pathologies including myotonic dystrophy
type 2 [185] and hypertrophic cardiomyopathy (through
targeting p27Kip1, a cardiac hypertrophic suppressor in car-
diomyocytes) [35, 59, 186].

Treatment with a prosurvival cocktail consisting of
lentivirus constructs carrying the precursor of miR-21, miR-
24, and miR-221 significantly improved survival and engraft-
ment of cardiomyocyte precursors after transplantation to
the mouse cardiac muscle [187]. In part, the prosurvival
effect of the miRNA cocktail was supported by inhibition
of BIM/BCL2L11 (BCL2-like 11), a critical apoptotic acti-
vator, which is a common target for all three miRNAs
[187]. In advanced oxidative stress, miR-221 was demon-
strated to cooperate with superoxide dismutase-2 in una-
cylated ghrelin-driven muscle repair after oxidative injury
by downregulation of p57Kip1 that in turn promotes cell
cycle progression [180]. In addition, miR-221 was found
to support survival of cocultures of primary rat neonatal
ventricle cardiomyocytes and MSCs transduced with GATA-
4 (a critical transcription factor for proper mammalian
cardiac development) in hypoxic conditions. The miR-221-
mediated cardioprotection was achieved via downregula-
tion of p53 upregulated modulator of apoptosis (PUMA).
Interestingly, compared to cardiomyocytes, cultured MSCs
developed significantly higher expression levels of miR-221
and supported cardiomyocyte viability by shedding miR-221-
containing microvesicles [188]. Thus, miR-221 show marked
cardioprotective and antiapoptotic properties that would be
beneficial for increasing efficiency of cardiac cell transplanta-
tion and heart regeneration.

7. Conclusions

Likewise other miRNAs [189–194], the miR-221/222 cluster
plays a remarkable role in vascular biology and vascular
pathology. In the vascular tissue, these miRNAs exhibit cell-
specific effects by supporting dedifferentiation proliferation
and migration of VSMCs while inhibiting proliferation and
motility of ECs. In different muscle lineage cells, miR-221 and
miR-222 show similar effects by activating regenerative prop-
erties through targeting key cell cycle regulators p21Waf1/Cip1,
p27Kip1, and p57Kip2 involved in induction of expression of
contractile proteins. In contrast to antiangiogenic activity in
vascular ECs, miR-221/222 were shown to support tumor-
associated neoangiogenesis and invasion in many cancers
including hepatocellular carcinoma [195], breast cancer [196],
lung cancer [197], colorectal cancer [198], and other epithelial
cancers. Tumorigenic function of miR-221/222-mediated is
mainly attributed to targeting several key tumor suppressors
such as p21Waf1/Cip1, p27Kip1, p57Kip2, PTEN, and PUMA
[199, 200].

In epithelial cancers, the miR-221/222 cluster is involved
in induction of EMT, a mechanism that leads to phenotypic
changes in cancer cells and cancer-associated ECs towards
increased dedifferentiation, mobility, adhesion, and invasive-
ness [201]. It seems that tumor progression tometastasis stage
does not happen occasionally and chaotically but is induced
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in a coordinated manner, with burst in tumor neovascular-
ization. EMTwas shown to play a central role in vasculogenic
mimicry, a new pattern of tumor microcirculation, in which
cancer cells acquire properties of vascular cells having tumor
and endothelial phenotypes with maintenance of stem cell-
like characteristics to form capillary-like structures in the
tumor mass [202]. Hypoxia promotes vasculogenic mimicry
formation by inducing EMT [203]. Indeed, activation of
the proinvasive EMT mechanism should be involved in the
control of tumor-associated neovascularization since tumor
microvascular network facilitates mobilization of tumor cells
to circulation and further expansion [204]. For example,miR-
106b/93 and miR-221/222 are upregulated in gastric cancer
tissues and control suppression of CDK protein inhibitors
in a coordinated manner thereby stimulating tumor invasion
and progression [199]. EMT is absent in normal and diseased
noncancer vascular tissues and therefore does not influ-
ence neoangiogenesis. Therefore, upregulated production of
miR-221/222 in terminally differentiated vascular ECs will
inhibit angiogenic activation whereas downregulation of this
miRNA cluster will favor induction of neoangiogenesis.
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The microRNAs and microRNA clusters have been implicated in normal cardiac development and also disease, including cardiac
hypertrophy, cardiomyopathy, heart failure, and arrhythmias. Since a microRNA cluster has from two to dozens of microRNAs, the
expression of a microRNA cluster could have a substantial impact on its target genes. In the present study, the configuration and
distribution of microRNA clusters in the mouse genome were examined at various inter-microRNA distances. Three important
microRNA clusters that are significantly impacted during adult cardiac aging, the miR-17-92, miR-106a-363, and miR-106b-25,
were also examined in terms of their genomic location, RNA transcript character, sequence homology, and their relationship with
the corresponding microRNA families. Multiple microRNAs derived from the three clusters potentially target various protein
components of the cdc42-SRF signaling pathway, which regulates cytoskeleton dynamics associated with cardiac structure and
function. The data indicate that aging impacted the expression of both guide and passenger strands of the microRNA clusters;
nutrient stress also affected the expression of the three microRNA clusters.ThemiR-17-92, miR-106a-363, andmiR-106b-25 clusters
are likely to impact the Cdc42-SRF signaling pathway and thereby affect cardiac morphology and function during pathological
conditions and the aging process.

1. Introduction

The regulation of cardiomyocyte proliferation, hypertro-
phy, and function during normal development, maturation,
and adult aging is a continuous and progressive process
that results in changes in the structure and function of
the myocardium and blood vessels, which in turn lead
to an increased incidence of cardiovascular diseases with
advancing age [1]. It has been documented that the altered
expressions of a number of cardiac genes are involved in
response to stress and in a number of pathological conditions,
as well as in the aging process. These genes include the
muscle-specific genes (ANF, 𝛽-MHC, skeletal 𝛼-actin, 𝛼-
MHC, cardiac 𝛼-actin, and SERCA2) [2–5] and transcription
factors and cofactors (SRF, myocardin, p49) [6–10], as well
as genes regulating metabolism and the extracellular matrix

(ECM) [11–13]. Recent studies indicate that noncoding RNAs,
especially microRNAs (miRNAs), play an important role in
the regulation of messenger RNA (mRNA) expression [14–
18].

MicroRNAs (miRNAs) are relatively short (20 to 23 nu-
cleotides), endogenous, and single-stranded RNA molecules
that regulate gene expression usually by hybridizing to
messenger RNAs (mRNAs) with the consequence of mRNA
degradation or translational inhibition of targeted tran-
scripts. Genes that encode for miRNA are transcribed by
either RNA polymerase II or RNA polymerase III into
primary miRNA (pri-miRNA) transcripts, which are then
cleaved by the nuclear microprocessor complex formed by
the RNase III enzyme Drosha (RNASEN) and the DGCR8
(DiGeorge critical region 8) protein. The RNase III Dicer
cleaves off the loop of the pre-miRNA to generate a roughly
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22-nucleotide miRNA duplex [19]. Genes that encode for
miRNAs are distributed across chromosomes either individ-
ually or in clusters, in which two or more miRNA genes are
located within a short distance on the same segment of a
chromosome [20, 21]. In the mouse genome, each miRNA
cluster contains from two to as many as 71 miRNA genes
[22]. The miRNAs within the same cluster are likely to be in
the same RNA transcript. In addition, the miRNAs within
a single gene cluster may share the same “seed” sequence
or may have high sequence homology [21]. Therefore, the
increase or decrease in the expression of a miRNA clus-
ter could potentially have a substantial regulatory effect
on the posttranscriptional regulation of protein-encoding
genes.

In our previous study, we reported altered expression
of miRNAs with aging in the adult mouse heart, in which
approximately half of the age-related miRNAs were in
miRNA clusters, suggesting that these miRNA clusters likely
play important roles in the process of cardiac aging [22]. In
the present study, we utilized the newly released miRBase
database version 21 to examine the miRNA clusters in the
mouse genome and observed that 30% of the mouse miRNAs
in the current database were clustered miRNAs. We also
studied the miRNA clusters that were previously reported to
be significantly altered in the old versus young adult mouse
heart, especially three related miRNA clusters: the miR-17-
92 cluster and its two paralogs, the miR-106a-363 cluster
and miR-106b-25 cluster. The expressions of miRNA strands
from both the 5 arm and 3 arm were considered, and the
potential DNAmethylation regions were identified. Since the
metabolic response to stress may change during the aging
process, the effect of nutrient change on miRNA expression
was evaluated.

2. Materials and Methods

2.1. Bioinformatics Analysis. ThemiRBase (http://www.mir-
base.org/) database was used to obtain the 1193 mouse
miRNAs from the miRBase database version 21 (June 2014)
[23]. The miRBase search tools were used to locate the
miRNAs on each chromosome and to search the miRNA
clusters with various inter-miRNAdistances (1 Kb, 2 Kb, 3 Kb,
5 Kb, and 10Kb). TargetScan (http://www.targetscan.org/)
and http://www.microrna.org/ databases were used to search
target mRNAs [24, 25]. The miRNA gene promoter sequence
was analyzed using EMBOSS CpGPlot software [26].

2.2. Animal Tissues. Healthy C57BL/6 mice were obtained
from colonies maintained by the National Institute of Aging
(NIA) of the National Institutes of Health, under contractual
agreement with Harlan Sprague-Dawley, Inc. (Harlan, IN).
After euthanasia, the hearts were removed from mice and
subjected to standard RNA isolation and histological proce-
dures. Some heart tissue samples (4 months and 24 months)
were obtained from the Aged Rodent Tissue Bank at NIA.
For each time point, there were three independent biological
replicates. The studies were conducted with the approval of
the Institutional Animal Care and Use Committee (IACUC)

at Central Arkansas Veterans Healthcare System (IACUC# 4-
02-03) and in accordance with the NIH Guiding Principles
for Research Involving Animals and Human Beings.

2.3. Total RNA Isolation. All RNA samples were first isolated
from the mouse cardiac ventricles using UltraSpec RNA Iso-
lation Reagent as previously described. To minimize mouse
DNA contamination and enrich the small RNA fraction,
the total RNA samples were purified using miRNeasy Mini
Kit (Qiagen) and RNase-free DNase I according to the
manufacture’s instruction manual [10, 27].

2.4. miRNA Arrays. The ventricular tissue samples used for
the miRNA array analysis were obtained from healthy young
adult (4-month-old) and healthy old (24-month-old) C57BL6
mice. The RNA sample isolation and miRNA array were
performed in triplicate for young adult and old animals. A
total of six RNA samples of ventricular tissue representing
three young adult and three old mice were shipped on
dry ice to Exiqon, Inc., which provided the service for
RNA quality verification, miRNA array hybridization, and
comprehensive statistical analysis. The microarray data have
been deposited in the NCBI Gene Expression Omnibus
(GEO) database (http://www.ncbi.nlm.nih.gov/geo/) under
accession numberGSE32935. Briefly, each pair of young adult
and old mouse samples were labeled with Hy3 and Hy5
fluorescent dyes, respectively, and hybridized to a miRCURY
LNA Mouse miRNA Array (version 11.0), which held 648
mature miRNA probes, as well as perfectly matched and
mismatched probes for quality control. After signal ampli-
fication, the background was subtracted and normalized
using LOWESS (locally weighted scatter plot smoothing)
regression algorithm. This within-slide normalization was
performed to minimize potential differences between the
colors in an intensity-dependent manner.

The array output was received in Excel spreadsheets
containing the normalized miRNA expression profiles in
each heart sample; the expression comparison between old
versus young adult heart samples and “expression matrix”
containing normalized Hy3/Hy5 ratios (log2 transformed)
from all hybridizations was also included. The list was sorted
based on the most variant expressed miRNAs comparing the
two sample types. 65 miRNAs passed the filtering criteria
with an average “log median ratio” > 0.58, which represents
at least > 1.5-fold change in miRNA expression, and the
differential miRNA expression in all three pairs (young adult
versus old) being in the same direction.

2.5. Nutrient Stress Assay. The DMEM media containing
10% newborn bovine serum (Invitrogen) with three differ-
ent glucose concentrations were used in the present study,
the normal glucose (100mg/dL) medium, the low glucose
(30mg/dL) medium, and the high glucose (400mg/dL)
medium. The muscle cell line C2C12 cells (ATCC CRL-
1772) were cultured in six-well plates to 80% confluence in
normal glucosemedium, afterwhich the cells either remained
in normal glucose medium (control) or were subjected to
high (400mg/dL) or low (30mg/dL) glucose for six hours,
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respectively. The cells were then harvested and the total RNA
was isolated using miRNeasy Mini Kit (Qiagen) and RNase-
free DNase I according to the manufacture’s instruction
manual. Individual experiments were carried out in triplicate,
and the results were reported as averages (mean ± SD) from
representative experiments [28].

2.6. Real-Time RT-PCR Quantitation of Pri-miRNAs and
Mature miRNAs. To quantitate the expression of the miRNA
primary transcripts and the miRNA mature forms, real-
time RT-PCR was performed. To select a proper internal
loading control for RT-PCR, we examined the expression of
5S ribosomal RNA (5S RNA) and U6 snRNA in young adult
versus old hearts. We found that the expression of 5S RNA
remained unchanged in young adult versus old hearts, while
U6 snRNA expression changed significantly in young adult
versus old hearts. Therefore, 5S RNA was used as an internal
loading control.

2.6.1. Detection of Pri-miRNAs. The primers for the detec-
tion of pri-miRNAs were designed using PRISM Primer
Express 3.0 software (Applied Biosystems) and synthesized
at Integrated DNA Technologies Inc. The first-strand cDNA
synthesis was carried out using random hexamer primer,
and the PCR was performed using the following primers:
pri-mir-17 forward 5-GCTTTGGCTTTTTCCTTTTTG-3,
pri-mir-17 reverse 5-CCTCACTGCAGTAGATGCACA-
3; pri-mir-20a forward 5-CGTGGTGTGTGTGATGTG-
AC-3, pri-mir-20a reverse 5-GCTCGTAATGCAGTA-
GATGGC-3; pri-mir-25 forward 5-CAGTGTTGAGAG-
GCGGAGAC-3, pri-mir-25 reverse 5-TCAGACCGAGAC-
AAGTGCAA-3; pri-mir-27a forward 5-TTTGATGCC-
AGTCACAAATCA-3, pri-mir-27a reverse 5-AGCCAC-
TGTGAACACGACTTT-3; pri-mir-92a-1 forward 5-GGG-
ATTTGTCGCAATGCTGT-3, pri-mir-92a-1 reverse 5-
GGTCACAATCCCCACCAAAC-3; pri-mir-93 forward 5-
CACCTCACCTAATGACCCTCA-3, pri-mir-93 reverse
5-CAAGTCCTAGCCCTCATGGAT-3; pri-mir-106a for-
ward 5-TAAATGCCCCTTCTCGCACA-3, pri-mir-106a
reverse 5-GGCGAAACACTGAAAGAGCC-3; pri-mir-
106b forward 5-CTTCCCTCCTACCAGCCCT-3, pri-mir-
106b reverse 5-GAGCAGCAAGTACCCACAGT-3; pri-
mir-363 forward 5-TCTGCATCGTAATGGACACCT-3,
pri-mir-363 reverse 5-TAATGCCACCAATCCCCACC-3.

2.6.2. Detection of Mature miRNAs. To detect the mature
miRNA strand of either miR or miR∗, the first-strand cDNA
synthesis was carried out using a universal reverse primer and
theUniversal RTmiRNAPCR System (Exiqon).TheRT-PCR
reagents, the primers for mature miRNAs, and the 5S RNA
reference primers thatwere used as endogenous controlswere
purchased from Exiqon.

The PCR amplification was performed in a 7900HT Fast
Sequence Detector System (Applied Biosystems) with the
following program: Cycle 1, 95∘C for 10 minutes; Cycle 2, 40
cycles of 95∘C for 15 seconds, 60∘C for 60 seconds; Cycle 3,
95∘C for 15 seconds, 60∘C for 15 seconds, 95∘C for 15 seconds.
CT values were automatically obtained. Relative expression

values were obtained by normalizingCT values of themiRNA
genes in comparison with CT values of the endogenous
control (5S RNA) using the CT method [29, 30].

2.7. Statistical Analysis. Data are given as mean values ± SD,
with 𝑛 denoting the number of experiments unless otherwise
indicated.The differentially expressedmiRNAs with at least a
1.5-fold change were identified using a 𝑡-test with a cut-off 𝑃
value of 𝑃 < 0.05.

3. Results

3.1. An Overview of miRNA and miRNA Clusters in Mouse
Genome. The number of miRNAs that have been deposited
in the miRNA database has progressively increased over
the past several years. The recently released (June 2014)
miRBase database version 21 hosts 1193 mouse miRNA
sequences. To examine the potential genomic distribution of
the miRNAs in the mouse genome, we utilized the web tool
in miRBase (http://www.mirbase.org/) database to search
the miRNAs by genomic location and the miRNA clusters
based on base pair distance between neighboring miRNAs.
As shown in Table 1, 1193 miRNAs were distributed across
the mouse chromosomes, with chromosome 2 hosting the
highest number of miRNAs. When using 10Kb as a default
distance for clustering neighboring miRNAs, 94 miRNA
clusters (containing 372miRNAs) were found, which account
for 31% of the total miRNAs (Table 1). To get an in-depth view
of the relationship between miRNA cluster distribution and
the distance of neighboring miRNAs, we also used distances
of 5 Kb, 3 Kb, 2 Kb, and 1 Kb to explore the miRNA clusters.
As shown in Table 1 and Figure 1, more than 300 miRNAs
(approximately 1/4 of mouse miRNAs) were distributed in
clusters within a 2Kb distance. Compared to the previous
miRBase version 20, the current version 21 had a 39% increase
of miRNAs in the mouse genome (Table 2).

3.2. The Genomic Loci of miR-17-92 and Its Paralogs andTheir
Gene Families. In our previous study, we observed that 11
miRNA clusters were significantly impacted in the cardiac
aging process; among them were three clusters that belong to
miR-17-92 cluster and its paralogs. They are miR-17-92, miR-
106a-363, and miR-106b-25 clusters [22]. These data indicate
that miR-17-92 and its paralogs may play an important role
in the regulation of physiological and structural changes in
the adult heart during aging. Due to the similarity of gene
sequences of these miRNA clusters, it is speculated that the
paralogs, clusters miR-106b-25 and miR-106a-363, are likely
to have been derived from the gene duplication of the miR-
17-92 cluster [31].

In the mouse genome, the miR-17-92 cluster is located on
chromosome 14, the miR-106a-363 cluster is on chromosome
X, and miR-106b-25 cluster is on chromosome 5 (Figure 2).
The gene loci of all 3 clusters span less than 1 Kb, indicating
that the miRNAs in each cluster are likely to be transcribed
within one transcript.

The entire mouse miR-17-92 cluster is transcribed within
a RNA transcript of 2339 bp in length, termed “Mir17 host
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Table 1: The number of mouse miRNAs and miRNA clusters distributed on each chromosome. A total of 1193 miRNAs were observed in
the mouse miRBase database release version 21. Six miRNAs were not assigned to any of the chromosomes. Various inter-miRNA distances
(1 Kb, 2 Kb, 3 Kb, 5 Kb, and 10Kb) were used in an effort to define the potential miRNA clusters. Approximately 25% of the miRNA clusters
are located within a 2Kb distance.

Chromosome Total miRs Cluster number
<10 Kb <5Kb <3Kb <2Kb <1 Kb

1 61 12 8 6 6 6
2 147 90 88 88 86 83
3 46 9 9 9 9 9
4 56 8 8 8 7 7
5 54 5 5 5 3 3
6 43 11 11 10 10 10
7 85 19 16 15 11 11
8 57 12 8 8 8 8
9 50 8 6 6 6 4
10 52 6 4 4 2 2
11 86 18 16 16 16 14
12 94 60 56 55 55 47
13 33 10 10 10 10 8
14 42 10 10 10 10 10
15 48 6 6 4 4 4
16 34 8 8 6 6 6
17 40 15 9 7 5 5
18 32 7 7 5 4 2
19 36 2 2 2 2 2
𝑋 91 56 56 47 42 34
Other∗ 6
Cluster number 94 87 84 81 93
Total miRs 1193 372 343 321 302 275
Cluster % 31% 29% 27% 25% 23%
∗Six miRNAs have not been localized into any of the above chromosome.
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Figure 1: The distribution of mouse microRNAs (miRNAs) and miRNA clusters in each chromosome (chr), based on miRBase version 21.
The distribution of miRNA clusters was compared at various inter-miRNA distances (1 Kb, 2 Kb, 3 Kb, 5 Kb, and 10Kb).Three chromosomes,
chr 2, chr 12, and chr X, host most (2/3) of the miRNA clusters, indicating that miRNA clusters are not randomly distributed but rather are
enriched at certain genomic locations.
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miR-106a-363 cluster Chromosome X
106a 18b 20b 19b-2 92a-2 363

miR-17-92 cluster Chromosome 14
17 18a 19a 20a 19b-1 92a-1

miR-106b-25 cluster Chromosome 5
106b 93 25

835bp

736 bp

333bp

Figure 2: Genomic loci ofmiR-17-92,miR-106a, andmiR-106b-25 clusters.ThemiR-17-92 cluster spans approximately 825 bp on chromosome
14. The miR-106a-363 cluster spans approximately 736 bp on chromosome X. The miR-106b-25 cluster spans 333 bp on chromosome 5.

Table 2: The increased identification of miRNAs and miRNA
clusters in the mouse genome, according to miRBase database
version 20 versus version 21.

miRBase Release 20 Release 21 Increase
Total miRs 855 1193 39%
Total clusters 71 94 32%
Seq. in clusters 318 372 17%

gene 1” (GenBank accession number NR 029382), which is
the only documented transcript variant/isoform. In contrast,
the human miR-17-92 cluster has two reported host gene
variants/isoforms: (1) the “miR-17 host gene 1,” which is
5018 bp in length (NR 027350) and contains all 6 miRNAs
of the miR-17-92 cluster, and (2) the “miR-17-92 cluster host
gene variant 2,” which is 927 bp in length (NR 027349) and
apparently does not have perfect sequence alignment with
any of the miRNAs in the cluster.

The three miR-17-92-related clusters hosted 15 miRNA
genes (Figure 2) and produced 15 mature miRNAs (guide
strand) and 15 passenger strands (Table 3). These miRNAs
were categorized into four miRNA families in the miRBase
database, based on their sequence similarity of the “seed”
sequence. As shown in Table 4, eight miRNAs were observed
to belong to themiR-17 family; three miRNAs were identified
to belong to themiR-19 family and threemiRNAs to themiR-
25 family; the miR-363-5p was found to belong to the miR-
363 family, but its sequence was similar in part to that of miR-
25 family members (Table 3).

3.3. The Expression of miR-17-92 and Its Paralogs in the Old
Heart. The miR-17-92 cluster and its paralogs are usually
first transcribed as primary transcripts (pri-miRNA) which
contain the miRNA genes. The pri-miRNAs are cleaved by
the microprocessor complex into pre-miRNA, which is a
short stem loop ∼70 nucleotides in length. The pre-miRNA
is then cleaved by the RNase III enzyme Dicer and becomes

mature miRNAs as a guide strand (miR) and a passenger
strand (miR∗) [32]. During typical miRNA biogenesis, the
miR strand is preferentially selected for entry into a RISC
complex, whereas the miR∗ strand has been thought to be
degraded [33–35]. However, growing evidence now indicates
that the miRNA passenger strand may also have impor-
tant biological functions [36]. Therefore, the expression of
both the guide and passenger strands was examined in the
hearts of old versus young adult mice. Exiqon miRNA chip
covered all the 15 guide strands from the three miRNA
gene clusters (Figure 3(a)) and covered more than half of
the passenger strands (Figure 3(b)). Most of the 15 guide
strands were upregulated in the aging heart, where 11 guide
strands were expressed in the same direction, but four guide
strands (miR-18a-5p,miR-18b-5p,miR-20b-5p, andmiR-363-
5p) were increased in some oldmice while decreased in other
old mice (Figure 3(a)). The expression of the eight passenger
strands was more complex, where only one, miR-106a-3p,
was increased in all three old versus young adult mice, while
seven passenger strands were increased in some oldmice and
decreased in other old mice (Figure 3(b)).

3.4. miRNA Expression in Response to Stress. The metabolic
response to stress tends to change during adult aging. To
examine whether nutrient stress could have an effect on
miRNA expression, miRNA expression was measured in
cultured cells in response to high and low glucose versus
normal glucose (control) treatment. The expression of two
or three microRNAs was measured in each of the miR-17-92-
related clusters. As shown in Figure 4, after six hours of high
glucose (400mg/dL) and low glucose (30mg/dL) treatment,
the miR-17, miR-20a, and miR-92a-1 from miR-17-92 cluster
were decreased in response to high glucose but increased in
response to low glucose. The miR-106a and miR-363 from
miR-106a-363 cluster were increased in response to both high
and low glucose stresses. The miR-106b, miR-93, and miR-25
frommiR-106b-25 cluster were decreased in response to high
glucose while increased in response to low glucose treatment.



6 BioMed Research International

Table 3:The “seed” sequence similarity andmiRNA families of miR-17-92 and paralogs.The “seed” sequences of the 15 miRNAs (underlined)
are derived from miR-17-92, miR-106a-363, and miR-106b-25 clusters. The mature miRNAs are grouped into four miRNA families, based on
their “seed” sequence similarity (miRBase version 21).

ID 5 arm strand ID 3 arm strand

miR-17 family

mmu-miR-17-5p CAAAGUGCUUACAGUGCAGGUAG mmu-miR-17-3p ACUGCACUGCAGUGAGGGCACUUGUAG

mmu-miR-20a-5p UAAAGUGCUUAUAGUGCAGGUAG mmu-miR-20a-3p ACUGCAUUACGAGCACUUAAAG

mmu-miR-93-5p CAAGUGCUGUUCGUGCAGGUAG mmu-miR-93-3p ACUGCUGAGCUAGCACUUCCCG

mmu-miR-106b-5p UAAGUGCUGACAGUGCAGAU mmu-miR-106b-3p CCGCACGUGGGUACUUGCUGC

mmu-miR-20b-5p CAAGUGCUCAUAGUGCAGGUAG mmu-miR-20b-3p ACUGCAGUGUGAGCACUUCUAG

mmu-miR-106a-5p CAAGUGCUAACAGUGCAGGUAG mmu-miR-106a-3p ACUGCAGUGCCAGCACUUCUUAC

mmu-miR-18a-5p UAAGGUGCAUCUAGUGCAGAUAG mmu-miR-18a-3p ACUGCCCUAAGUGCUCCUUCUG

mmu-miR-18b-5p UAGGUGCAUCUAGUGCUGUUAG mmu-miR-18b-3p UACUGCCCUAAAUGCCCCUUCU

miR-19 family

mmu-miR-19a-5p UAGUUUUGCAUAGUUGCACUAC mmu-miR-19a-3p UGUGCAAAUCUAUGCAAAACUGA

mmu-miR-19b-1-5p AUUUUGCAGGUUUGCAUCCAGC mmu-miR-19b-3p UGUGCAAAUCCAUGCAAAACUGA

mmu-miR-19b-2-5p AUUUUGCAGAUUUGCAGUUCAGC mmu-miR-19b-3p UGUGCAAAUCCAUGCAAAACUGA

miR-25 family

mmu-miR-25-5p AGGCGGAGACUUGGGCAAUUGC mmu-miR-25-3p CAUUGCACUUGUCUCGGUCUGA

mmu-miR-92a-1-5p AGUUGGUGGGAUUUGUCGCAAUGCU mmu-miR-92a-3p UAUUGCACUUGUCCCGGCCUG

mmu-miR-92a-2-5p AGGUGGUGGGGAUUGGUGGCAUUAC mmu-miR-92a-3p UAUUGCACUUGUCCCGGCCUG

mir-363 family

mmu-miR-363-5p CAGGUGGAACACGAUGCAAUUU mmu-miR-363-3p AAUUGCACGGUAUCCAUCUGUA

Table 4: The miRNA families and locations of the miR-17-92 cluster and paralogs. The miRNA families of the miR-17-92 cluster and its
paralogs. The miRNAs in the miR-17-92 cluster and its paralogs are grouped into four families based on the data in the miRBase database.
The mouse miR-17 family has eight members, which are from three clusters. The mouse miR-19 family has three members, which are from
two clusters. Three members of the miR-17-92 cluster and its paralogs belong to the miR-25 family. The miR-363 family currently has only
one mouse miRNA member.

miR ID Cluster Chromosome Accession
mir-17 family

mmu-mir-17 miR-17-92 cluster chr14 MI0000687
mmu-mir-18a miR-17-92 cluster chr14 MI0000567
mmu-mir-18b miR-106a-363 cluster chrX MI0005483
mmu-mir-20a miR-17-92 cluster chr14 MI0000568
mmu-mir-20b miR-106a-363 cluster chrX MI0003536
mmu-mir-93 miR-106b-25 cluster chr5 MI0000581
mmu-mir-106a miR-106a-363 cluster chrX MI0000406
mmu-mir-106b miR-106b-25 cluster chr5 MI0000407

miR-19 family
mmu-mir-19a miR-17-92 cluster chr14 MI0000688
mmu-mir-19b-1 miR-17-92 cluster chr14 MI0000718
mmu-mir-19b-2 miR-106a-363 cluster chrX MI0000546

miR-25 family
mmu-mir-25 miR-106b-25 cluster chr5 MI0000689
mmu-mir-92a-1 miR-17-92 cluster chr14 MI0000719
mmu-mir-92a-2 miR-106a-363 cluster chrX MI0000580

mir-363 family
mmu-mir-363 miR-106a-363 cluster chrX MI0000765
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Figure 3: Expression of miR-17-92, miR-106a-363, and miR-106b-25 clusters in old versus young adult mouse hearts. (a) The expression of
miRNA guide strands with aging in the heart. Most of the 15 guide strands were upregulated with aging in the heart, where 11 guide strands
were expressed in the same direction, but four guide strands (miR-18a-5p, miR-18b-5p, miR-20b-5p, andmiR-363-5p) were increased in some
oldmice while decreased in other oldmice. (b)The expression ofmiRNApassenger strands with aging in the heart.The expression of the eight
passenger strands was complex, where only one, miR-106a-3p, was increased in all three old versus young adult mice, while seven passenger
strands were increased in some old mice and decreased in other old mice.

The miR-27, which does not belong to any of the miR-17-92-
related clusters, was increased in response to both high and
low glucose stresses.

3.5. Analysis of the miRNA Gene Promoter and miRNA Target
Genes. It has been reported that miRNA gene promoters are
frequent targets of DNA methylation under various physi-
ological and pathological conditions [37–39]. Since altered
DNA methylation has been reported in cardiac disease and
during the adult aging process, the GC-rich region in the
promoter of miR-17-92 cluster was further examined. As
shown in Figure 5, the miR-17-92 promoter has a high GC-
rich region, suggesting that the miR-17-92 cluster could quite
possibly also be regulated by DNA methylation.

The Cdc42-SRF signaling pathway is important for the
development and maintenance of the cardiovascular system.
Potential signaling proteins that are likely targeted by the
miR-17-92 cluster and its paralogs were analyzed using
TargetScan and http://www.microrna.org/ web tools. The
schematic diagram shown in Figure 6 is a simplified presen-
tation of the Cdc42-SRF pathway that has been reported to
be targeted by miRNAs based on the present study and other
published reports in the literature.

4. Discussion

In the present study, the miRNA clusters in the mouse
genomewere examined based on their chromosomal location

and various inter-miRNAdistances.Three importantmiRNA
clusters that were identified to be significantly impacted
during the cardiac aging process, the miR-17-92 cluster
and its paralogs, miR-106a-363 and miR-106b-25, were also
examined in terms of their genomic location, RNA transcript
character, sequence homology, and their relationshipwith the
corresponding miRNA families. The expression of both the
guide and passenger strands of the miRNAs was evaluated
in the old compared to that of young adult mouse hearts.
Since response to various stresses is implicated in the process
of aging and in the development of disease in the heart, the
effect of glucose stresses on the expression of miRNA clusters
was also evaluated. In addition, a high GC-rich region in the
promoter region of miR-17-92 cluster was identified, which
indicates that DNA methylation could also be a potential
mechanismof regulation ofmiRNAcluster expression during
aging in the heart. The data indicate that miR17-92 cluster
and its paralogs, miR-106a-363 and miR-106b-25, potentially
target the cd242-SRF signaling pathway, thereby regulat-
ing the cardiac response to pathophysiological conditions,
including hypertension, cardiac hypertrophy, heart failure,
and arrhythmias.

The number of miRNAs collected in miRNA databases
has been growing steadily over the past several years, with
both increased number of miRNA entries and increased cov-
erage of species. For instance, miRBase released its miRNA
database version 1.0 in December 2002, which had only 218
entries. However, the version 20 had 24,521 entries, while the
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Figure 4: The miRNA expression in response to glucose stress.
The C2C12 cells (ATCC CRL-1772) were cultured in normal glucose
(100mg/dL)medium to 80% confluence and then treatedwith either
high glucose (400mg/dL) or low glucose (30mg/dL) for six hours,
respectively. The miR-17-92 cluster is represented by three microR-
NAs; the miR-106a-363 cluster is represented by two microRNAs;
the miR-106b-25 cluster is represented by three microRNAs. The
mircroRNAs in each of the clusters either increased or decreased in
the same direction in response to the stresses. Please note that miR-
27a does not belong to any of the miR-17-92-related clusters but has
been included here for comparison only.

most recently released (June 2014) version 21 has increased
to up to 28,645 entries. Similar to many other species, the
miRNAs listed in themouse genome have also increased over
time. There were 855 mouse miRNAs reported in version 20,
but this number has significantly increased to 1193miRNAs in
version 21. Similarly, the number of miRNA clusters has also
increased over time (Table 2).

The inter-miRNA distance used for grouping miRNA
clusters has varied among different reports, with ranges from
1Kb to 50Kb [21, 22, 40]. However, most miRNA clusters
are located within 1–3Kb inter-miRNA distance [21, 41]. In
the present study, we observed that more than 20–25% of
the miRNAs were within 1-2 Kb distance from each other,
and more than 30% of the miRNAs were within a 10 Kb
distance from each other. Since the length of the RNA
transcript typically varies from 1Kb to over 10 Kb, many of
thesemiRNAclustersmay have one core promoter region and
the same transcriptional start site and are perhaps expressed
within a single RNA transcript [42]. We also observed that
the miRNAs and miRNA clusters are not evenly distributed
across the chromosomes. For instance, three chromosomes,
chromosome 2, chromosome 12, and chromosome X, hosted
over 2/3 of the miRNA clusters, suggesting that the distribu-
tion of miRNA clusters is not random but rather is enriched
at certain genomic locations.
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Figure 5: Analysis of the miR-17-92 cluster promoter region using
“cpgplot” web tool (http://www.ebi.ac.uk/Tools/emboss/cpgplot/)
to search the CpG island/GC-rich region, which revealed the GC-
rich region in the promoter region.

The miRNAs have been implicated in the processes of
cardiac hypertrophy and heart failure [43–48]. Left ventric-
ular hypertrophy and heart failure are known to increase
significantly in prevalence with advancing age. The older
heart is characterized by a progressive loss of myocytes with
subsequent hypertrophy of the remaining cells and increased
fibrosis with collagen deposition, as well as calcification
involving the conduction and valvular apparatus [1, 49, 50].
The old heart is more vulnerable to environmental changes,
including dynamic stress, hypoxia, ischemia-reperfusion,
hyperglycemia, and/or hypoglycemia.

Multiple signaling pathways are likely involved in the
lifelong process of cardiac aging, one of which is the Rho-
SRF signaling pathway [51–53]. Serum response factor (SRF)
has been shown to be a major transcription factor in the
regulation of the genes involved in themaintenance of cardiac
structure and function [54–57]. Cardiac-specific overexpres-
sion of SRF at amild level caused an accelerated cardiac aging
phenotype in mice [9]. A number of other mouse models
also highlight the importance of SRF and its related signaling
pathway in the regulation of cardiac structure and function
during embryogenesis, maturation, and aging [8, 9, 56–59].

SRF is a downstream effector of the Rho family GTPases
[60–62]. The Rho GTPases (Cdc42, Rac1, and RhoA) signal-
ing pathways regulate cytoskeletal genes that are important
in the development andmaintenance of cardiovascular struc-
ture and function as well as the processes of pathological
conditions [63, 64]. The miRNAs in the three miR-17-92-
related clusters apparently target multiple components of
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the Rho GTPase-related signaling pathways, including the
Cdc42-SRF signaling pathway (Figure 6) [65].

Cdc42 is an upstream regulator in the pathway, which
has been implicated in regulating myofibrillar architecture,
cell polarity, and morphology, as well as sarcomere assembly
in the cardiac myocyte [64, 66–68]. Cdc42 is a target of
miR-92a and miR-92b and miR-25 and miR-363. The p21
protein (Cdc42/Rac) activated kinases (PAKs) are targets of
Cdc42/Rac and play a critical role in proper morphogenesis,
including normal electrical conductance of the heart, car-
diac contractility, and development and maintaining of the
integrity of the vasculature [65]. PAK2 is a target of miR-
93 and miR-106a; PAK6 is a target of miR-19a and miR-
19b [69]. LIM-kinases (LIMKs) are serine/threonine-protein

kinases that play an essential role in the regulation of actin
filament dynamics by phosphorylating cofilins. Cofilins are
actin binding/depolymerizing factors which can polymerize
and depolymerize F-actin and G-actin [70, 71]. LIM-kinase 1
(LIMK1) is a target of miR-20a and other miRNAs including
miR-106a, miR-106b, miR-17, miR-20a, miR-20b, and miR-
93 [72]. Cofilin 2 is a target of miR-25, miR-363, miR-
92a, and miR-92b. The p49/STRAP (SRFBP1) gene is a
target of miR-106a, miR-106b, miR-17, miR-20a, miR-20b,
and miR-93. The SRF gene is a target of miR-18a and miR-
18b. Therefore, altered expression of the miR-17-92, miR-
106a-363, and miR-106b-25 clusters is likely to sufficiently
and significantly impact the Cdc42-SRF signaling pathway
and thereby affect cardiac structure and function during
pathological conditions and the aging process.

The heart comprises cardiomyocytes, fibroblasts, endo-
thelial cells, and vascular smoothmuscle cells.The cardiomy-
ocytes account for 30–35% of cell population, while noncar-
diomyocytes account for 65–70% of the cell population of the
heart in human and rat [73–75]. Due to the species difference,
however, the young adult murine myocardium is composed
of 56% myocytes, 27% fibroblasts, 7% endothelial cells, and
10% vascular smoothmuscle cells [76].The cardiac fibroblasts
tend to increase to cause cardiac fibrosis and induce collagen
deposition in the aging heart as well as in the hypertrophied
heart. Cardiac fibroblasts can also secrete miRNA-enriched
exosomes which contain a relatively high abundance of many
miRNA passenger strands, including miR-21∗. The miR-21∗
has been shown to induce cardiomyocyte hypertrophy [36].
Therefore, the microRNAs may serve as paracrine signaling
mediators of cellular responses, including cardiomyocyte
hypertrophy.The analysis of microRNAs from each of the cell
populations of the heart in response to cardiac stress would
be of interest, as would the consideration of promoter regions
of the microRNA cluster in terms of GC-rich regions. These
questions warrant future investigation.

5. Conclusions

It is becoming increasingly clear that the miRNAs and
miRNA clusters are important in regulating an animal’s
response to environmental stimuli, including nutrient stress,
the maintenance of normal function, and the development
of pathological conditions, as well as the process of aging.
Inasmuch as Cdc42-SRF signaling pathway, including serum
response factor (SRF) and its cofactors, has been observed
to mediate the cellular responses to a variety of external
and internal stimuli, those miRNAs that modulate and/or
are modulated by components of the Rho GTPase-related
signaling pathways are likely to be attractive targets for future
therapeutic considerations.
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Morphology and changes in gene expression of vascular endothelium are mainly due to shear stress and inflammation. Cell
phenotype modulation has been clearly demonstrated to be controlled by small noncoding micro-RNAs (miRNAs). This study
focused on the effect of laminar shear stress (LSS) on human endothelial cells (HUVECs), with an emphasis on the role of miRNA-
126 (miR-126). Exposure of HUVECs in vitro to LSS modified the shape of HUVECs and concomitantly regulated the expression
of miR-126, vascular cell adhesion molecule 1 (VCAM-1), and syndecan-4 (SDC-4). A significant upregulation of miR-126 during
long-term exposure to flowwas shown. Interestingly, LSS enhanced SDC-4 expression on theHUVECmembranes. Overexpression
of miR-126 in HUVECs decreased the levels of targets stromal cell-derived factor-1 SDF-1/CXCL12 and VCAM-1 but increased
the expression of RGS16, CXCR4, and SDC-4. No significant difference in terms of cell proliferation and apoptosis was observed
between scramble, anti-miR-126, and pre-miR-126 transfected HUVECs. In Apo-E KO/CKD mice aortas expressing a high level
of miR-126, SDC-4 was concomitantly increased. In conclusion, our results suggest that miR-126 (i) is overexpressed by long-term
LSS, (ii) has a role in up- and downregulation of genes involved in atherosclerosis, and (iii) affects SDC-4 expression.

1. Introduction

Morphologic changes are observed in large vessels during
the formation of atherosclerotic lesions, inducing substantial
alterations in the phenotype of vascular wall cells, including
endothelial and smooth muscle cells [1]. These changes
recruit leukocytes that roll along the endothelial monolayer,
thereby increasing the production of chemokines and cyto-
kines. Chemokines are chemoattractant cytokines for leuko-
cytes, including monocytes/macrophages, lymphocytes, and
dendritic cells [2]. A chemokine such as SDF-1/CXCL12 is a
CXCchemokinewhich binds to a family of specificGprotein-
coupled receptors (GPCRs) CXCR4 and plays an important

role in hematopoiesis, development, and organization of the
immune system [3]. SDF-1/CXCL12 induces the expression of
adhesionmolecules between endothelial cells and leukocytes,
which transmigrate to the site of injury across the endothelial
monolayer and initiate the inflammatory atherosclerotic
process [4].

Vascular endothelial cells are submitted to various types
of blood flow exerting tangential and perpendicular forces,
the intensity of which plays an important role in endothelial
cell homeostasis [5]. Straight parts of arteries are subjected to
a unidirectional laminar shear stress (LSS). Atherosclerosis
preferentially develops in arterial branches and curvatures,
where the endothelial cell matrix layer comprising the cell
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surface heparan sulfates (HSs) is scarcely expressed. Synde-
can (SDC) represents a large family of proteoglycans on the
cell membrane and is the major source of heparan sulfate
chains (HS). SDC use their HS chains to bind a variety of
soluble and insoluble ligands, such as extracellular matrix
components, growth factors, cytokines, and proteinases, all
interacting with endothelial-specific receptors [6–8]. This
interaction occurs either via direct binding of biomolecules
to increase their local concentration or by blocking other
biomolecules to prevent them from reaching the endothelial
surface [9].

Modulation of cellular phenotypes is known to be con-
trolled by a regulatory system of small noncoding micro-
RNAs (miRNAs) with an approximate length of 22 nucleo-
tides [10]. Mature miRNA binds by partial complementary
base-pairing to mRNA and is therefore theoretically able to
target a large number of mRNA, conferring a great versatility
in themodulation of gene expression. Conversely, onemRNA
can also be regulated by several miRNAs [11].

miR-126 is a strongly expressed microRNA specific to
endothelial cells which fine-tunes their phenotype [12]. miR-
126 expression is also affected in the course of several phys-
iological and pathological processes, such as angiogenesis,
atherosclerosis, and the proinflammatory process [13, 14].
Deletion of miR-126 causes loss of vascular integrity and
produces defects in endothelial cell proliferation, migration,
and angiogenesis [15].

We recently studied the expression of several miRNAs,
including miR-126, in large vessels during various stages of
chronic kidney disease (CKD) and atherosclerosis [16] and
showed that miR-126 is increased in the aorta in murine
models of these diseases. This miRNA is of special interest
in the study of the endothelial phenotype, as it has been
recently described that miR-126 directly targets both SDF-
1/CXCL12 [14] and vascular cell adhesionmolecule 1 (VCAM-
1) [12]. On the other hand, Zernecke et al. [17] showed
that the atheroprotective effects of human endothelial cell
apoptotic bodies are mediated by miR-126, which inhibits
the negative regulator RGS16, thereby enabling CXCR4 to
stimulate enhanced expression of SDF-1/CXCL12 via ERK1/2.

The aim of the present study was (1) to observe the impact
of laminar flow on human endothelial cell morphology and
cytoskeleton distribution, (2) to analyze its effect on miR-
126, adhesion molecule (VCAM-1), and syndecans (SDC-1,
SDC-4), and (3) to study the miR-126 and SDC-4 levels in
mice model of atherosclerosis with CKD. These pieces of
information are important to determine the altered interac-
tions betweenmonocytes in the blood and endothelial cells of
the blood-vessels in early phase of atherosclerosis. We show
that morphologic and genetic changes due to LSS induce the
production of endogenous miR-126, which in turn affects the
regulation of chemokines and proteoglycans.

2. Materials and Methods

2.1. Cell Culture. Human umbilical vein endothelial cells
(HUVEC, CRL-1730, ATCC) were grown in ECBM culture

medium (Endothelial Cell Basal Medium, PromoCell) sup-
plemented with 12% fetal bovine serum (FBS), 5 ng/mL
EGF (Epidermal Growth Factor), 0.2mg/mL hydrocortisone,
0.5 ng/mL Vascular Endothelial Growth Factor (VEGF),
10 ng/mL basic Fibroblast Growth Factor (bFGF), 20 ng/mL
R3 Insulin-like Growth Factor (IGF-1), 1 g/mL ascorbic acid,
1% penicillin-streptomycin (Invitrogen), and 1% L-glutamine
(Invitrogen). The medium was changed twice a week. For
the various experiments, the cells were maintained in either
plastic T25-plates (25 cm2, 1.2 × 106 cells/plate), 6-well glass
plates (Labtek) (5 × 103/well), 96-well plastic plates (5 × 103
cells/well), 6-well plastic plates (2 × 105 cells/well), or Ibidi
𝜇-Slides (I 0.4 Luer, ibiTreat) (3 × 105 cells/slide) under
controlled humid atmosphere at 37∘C with 5% CO

2
.

2.2. Laminar Shear Stress. To analyze the influence of shear
stress on cell shape, LSS studies were performed onHUVECs.
Cells were seeded in Ibidi slides (𝜇-Slide I 0.4 Luer, Ibidi, Bio-
valley, France). After 16 h of treatment, cells were submitted
to flow conditions in complete culture medium with a shear
stress at 0.8 dyne/cm2 (speed 0.6mL/min) and two different
flow times, 10min and 24 h. For the 10min flow time, the
Ibidi slides were connected to the syringe pump system. For
the long flow time (24 h), the Ibidi slides were connected to
a closed-loop perfusion system with a peristaltic pump and
maintained at 37∘C with 5% CO

2
.

2.3. Immunolabeling. To identify the presence of SDC-1 and
SDC-4 proteoglycans on the surface of human endothe-
lial cells at the end of LSS, cells were fixed with 1%
paraformaldehyde (PFA) for 30min at 4∘C. Cells were incu-
bated for 1 h at 4∘C with primary antibodies directed against
SDC-1 (10 𝜇g/mL, monoclonal mouse IgG1, DL-101 Santa
Cruz, TEBU, Biotechnology, Inc.), SDC-4 (10 𝜇g/mL, poly-
clonal rabbit IgG H-140, Santa Cruz, TEBU, Biotechnology,
Inc.), and VCAM-1 (10 𝜇g/mL, Rat monoclonal IgG1M/K-
2, Santa Cruz,) or their isotypes. Anti-SDC-1 and anti-SDC-
4 immunolabeling were revealed by Alexa Fluor 555 goat
anti-mouse (IgG (𝛾2b)) or Alexa Fluor 555 goat anti-rabbit
(IgG (H+L)) and Alexa Fluor 488 goat anti-rat (IgG (H+L)),
respectively (both 1/100, Molecular Probes, Invitrogen,
Cergy-Pontoise, France). All samples were also incubated
with 1mg/mL 4,6-diamidino-2-phenylindole hydrochloride
(DAPI) solution (Sigma-Aldrich). Representative immuno-
histochemistry photomicrographs were taken using a Zeiss
Axiophot microscope (Zeiss, AXIOPHOT, MicMac, Le Pecq,
France) and fluorescence intensity was analyzedwith IMAGE
J software.

2.4. qRT-PCR. Some HUVECs were submitted to LSS for
10min and 24 h. RNAs were then isolated with the mirVana
miRNA Isolation Kit (Applied Biosystems) according to the
manufacturer’s instruction. DNAse was used to digest DNA,
and reverse transcription was performed using High Capac-
ity cDNA Synthesis Kit (Applied Biosystems). PCR reactions
were performedwithTaqManUniversalMasterMix (Applied
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Biosystems) and the following target probes (Applied Bio-
systems): hsa-miR-126 (UCGUACCGUGAGUAAUAA-
UGCG). Hs.00896423 ml (SDC-1), Hs.01120909 ml (SDC-
4), Hs.00607978 s1 (CXCR4), and Hs.413297 (RGS16),
hs.00171022 ml (SDF-1/CXCL12), Hs.107740 (Krüppel-like
Factor, KLF-2), and Hs.109225 (VCAM-1) were measured
using Power SYBR Green Mix (Bio-Rad) according to the
manufacturer’s instruction. The U6 small nuclear RNA (for
miRNAs) and GAPDH (for mRNA targets) were used as
endogenous controls.

2.5. miR-126 Transfection. HUVECs were detached, quan-
tified, and transfected in suspension with anti-miR-126 or
pre-miR-126 or control scramble in the presence of siPort
NeoFX Transfection agent according to the manufacturer’s
instruction (Ambion). Transfected cells were seeded in 6-well
plastic plates (2 × 105/well) and cultured for 48 h at 37∘C with
5%CO

2
. Cells then were trypsinized, and RNAswere isolated

and stored at −80∘C for further analysis by qRT-PCR.

2.6. MTT Assay. HUVECs cell metabolic activity was mea-
sured by reduction of MTT (Sigma-Aldrich). Cells (5 ×
103/well) were transfected with anti-miR-126 or pre-miR-126
or control scramble for 48 h, as previously described [18].
Cells were then incubated with 0.5mg/mL MTT for 1 h at
37∘C. After MTT withdrawal, the resulting blue formazan
crystals were solubilized in DMSO (Merck, Fontenay-sous-
Bois, France) and absorbance was determined at 595 nm.

2.7. Flow Cytometry Analysis. The Annexin V-FITC Apop-
tosisDetection Kit(BD Biosciences, USA) was used to ver-
ify the apoptosis level of HUVECs transfected by pre-
miRNA.HUVECs were transfected with anti-miR-126 or pre-
miR-126 or control scramble for 48 h, as previously described.
Cells were then incubated with Annexin V-FITC for 30min
according to the manufacturer’s instruction and flow cytom-
etry was performed with a Becton-Dickinson FACS Calibur
flow cytometer.

2.8. Animals: Diet and Surgical Procedures. All animal studies
complied with the principles of Directive 2010/63/EU of the
European Parliament and all protocols were approved by
our Institution’s Animal Care and Use Committee (Comité
Régional d’Ethique en Matière d’Expérimentation Animale de
Picardie, CREMEAP). The experiments were performed in
female C57/BL6 mice purchased from Charles Rivers (Lyon,
France). Animals were housed in polycarbonate cages in
temperature- and humidity-controlled rooms with a 12:12-
hour light-dark cycle and were given standard chow (Har-
lan Teklad Global Diet 2016, Harlan, Oxon, UK) and tap
water ad libitum. Chow composition was 4.2% (wt/wt) fat,
16.7% protein, 60.89% carbohydrates, 0.98% calcium, 0.25%
sodium, and 0.65% phosphorus. Mice were anesthetized with
ketamine and xylazine (80mg/kg and 8mg/kg, resp.), and
every effort was made to minimize suffering. At 8 weeks
of age, mice were assigned to the following groups: wild-
type (WT) mice which were submitted to sham operations

(WT SHAM); WT mice with chronic kidney disease (WT
CKD); Apolipoprotein-E knockout (Apo-E KO) mice which
were submitted to sham operations (Apo-E KO SHAM);
and Apolipoprotein-E knockout mice with CKD (Apo-E KO
CKD). CKD was induced by applying cortical electrocautery
to the right kidney and left total nephrectomy was then
performed 2 weeks after the first operation [16]. After 10
weeks of uremia, animals were sacrificed and the whole aorta
was removed surgically and stored at −80∘C until further use.

2.9. Statistical Analysis. Data are expressed as mean ± S.D.
Statistical comparisons were performed globally by one-way
ANOVA and between two groups with a two-tailed Student’s
𝑡-test. A 𝑃 value <0.05 was considered significant (∗𝑃 < 0.05,
∗∗
𝑃 < 0.01, and ∗∗∗𝑃 < 0.0001).

3. Results

3.1. LSS Modified Morphology and F-Actin Distribution in
HUVECs. LSS has been described to be a factor that does
not cause damage to the vessel wall. However, altered mor-
phology of endothelial cells exposed to LSS has only been
described after long-term exposure [19]. In order to validate
LSS in this endothelial cell model, HUVECs were exposed to
three different durations of laminar flow culturein the Ibidi
flow chamber: 10min and 24 h with the same physiological
wall shear stress at 0.8 dyne/cm2 [20]. The first step of our
experiment was to optimize the cell quantity at day 1 of cell
culture in IBIDI chamber to obtain a homogeneous endo-
thelial cell monolayer without excessive cell condensation.
The second step was to optimize the shear stress (dyne/cm2)
which has been applied during all time of experiment, in our
study for 10min and 24 h, without any degradation of cell
monolayer (data not shown). We decided to use IBIDI
chambers without any additional layer on it (fibronectin, or
collagen), and the highest shear stress (flowvelocity) obtained
without any cell detachment for 24 hours was 0.8 dyne/cm2
which was used throughout the paper. Before LSS, (under
static-control conditions), HUVECs presented physiologi-
cal morphology with a homogenous F-actin distribution
throughout the cytoplasm.No changes in F-actin distribution
and cell shape were observed after 10min of LSS. Interest-
ingly, after 24 h of LSS, the cells presented a cobblestone
appearance with F-actin distribution confined to the mem-
brane (Figure 1).

3.2. Long-Term LSS Increased Syndecan-1 and Syndecan-4 but
Not VCAM-1 Expression in HUVECs. Syndecan-1, syndecan-
4 (SDC-1 and SDC-4), and VCAM-1 expressions were ana-
lyzed at the beginning of the experience, under static con-
dition, and after 10min and 24 h of LSS (Figures 2(a) and
2(b)). Then, HUVECs were incubated with anti-SDC-1, anti-
SDC-4, and anti-VCAM-1 antibodies to study its mem-
brane expression by fluorescentmicroscopy.The total fluores-
cence intensity was normalized by cell number in each field.
The results are presented in arbitrary units (AU)/nuclei and
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Figure 1: LSS alters the morphology of HUVEC cells. Representative phase contrast (A–C) or fluorescence (A1–C2) photographs of
endothelial cells. HUVECs were grown under static conditions (A–A2) or LSS conditions for 10min (B–B2) or 24 h (C–C2). Cells were
then stained with Phalloidin (F-actin: red) and DAPI (Nucleus: blue). Global distribution of F-actin and cellular shape was analyzed for static
conditions (A1), 10min of LSS (B1) or 24 h of LSS (C1). High resolution zoom images of F-actin distribution in endothelial cells (A2-C2).
Direction of flow is indicated by white arrows. For A–C scale bar = 40 𝜇m, for A1–C1 scale bar = 20 𝜇m, and for A2–C2 scale bar = 5𝜇m.

shown in Figure 2(b)There was a significant increase of SDC-
1 (0.03 ± 0.005 versus 0.06 ± 0.007), SDC-4 (0.05 ± 0.005
versus 0.09 ± 0.006), and VCAM-1 (0.04± 0.003 versus 0.08 ±
0.009) expression observed after 10min of LSS, as compared
to static condition (Figure 2(b)). In addition, a significant
increase of SDC-1 (0.03 ± 0.005 versus 0.12 ± 0.018), SDC-
4 (0.05 ± 0.005 versus 0.096 ± 0.01), and VCAM-1 (0.04 ±
0.003 versus 0.049 ± 0.004) expression was observed after
24 h of LSS, as compared to static conditions (Figure 2(b),
𝑃 < 0.05). Interestingly, only SDC-1 level was significantly
increased by 1.8-fold (0.06±0.007 versus 0.12±0.018) between
10min and 24 h of LSS. There were no changes of SDC-4
level (0.09 ± 0.006 versus 0.096 ± 0.001) and there was a 1.5-
fold decrease of VCAM-1 level (0.08 ± 0.009 versus 0.049 ±
0.004) between 10min and 24 h of LSS (Figure 2(b)). For these
analyses we used the ANOVA statistic tests using Stat View
software (∗𝑃 < 0.05, ∗∗𝑃 < 0.001). Interestingly, only SDC-
1 level was significantly increased by 1.8-fold (0.06 versus
0.12) between 10min and 24 h of LSS. There were no changes

of SDC-4 level (0.09 versus 0.096) and there was a 1.5-fold
decrease of VCAM-1 level (0.08 versus 0.049) between 10min
and 24 h of LSS (Figure 2(b)). For these analyses we used
theANOVA/ANCOVA statistic tests using Stat View software
(∗𝑃 < 0.05, ∗∗𝑃 < 0.001).

3.3. LSS Modulated KLF-2 Level in HUVECs. Krüppel-like
factor-2 (KLF-2) expression was studied, as KLF-2 is a
transcriptional factor known to be induced by LSS [21, 22].
Interestingly, a significant decrease of KLF-2 mRNA expres-
sionwas observed after 24 h of LSS, (0.37±0.21) (Figure 3(a)).
A significant increase of KLF-2 mRNA expression was also
observed at 10min (1 versus 16.78 ± 0.84) but not at 24 h.
A significant decrease of KLF-2 mRNA expression was also
observed after 24 h of LSS, compared to 10min of LSS (16.8 ±
0.84 versus 1.64 ± 0.07) (Figure 3(a)).

3.4. Regulation of miR-126 Levels in Endothelial Cells under
Static and LSS Conditions. To assess miR-126 changes after
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Figure 2: LSS induces SDC-1, SDC-4, andVCAM-1 expression inHUVECs. (a) Representative immunofluorescence staining of SDC-1, SDC-
4, and VCAM-1 protein on endothelial cells cultured under static or LSS conditions for 10min and 24 h. HUVEC cells were immunolabeled
with anti-SDC-1 (A1–3), anti-SDC-4 (B1–3), and anti-VCAM-1 (C1–3) antibodies (green) or with their respective control isotypes. The nuclei
were stained with DAPI (blue). High resolution zoom images of cells were added to each figure. Scale bar = 20 𝜇m. (b) Immunofluorescence
quantification of proteins normalizedwith the nuclei number (𝑛 = 3) was done and 5 different fields inHUVECs submitted to static conditions
and LSS (10min and 24 h) were counted and presented as fluorescence intensity/nuclei (AU: arbitrary units). A progressive increase of SDC-
1 and SDC-4 expression up to 24 h and an increase at 10min and then a decrease of VCAM-1 expression were observed. One-way Global
ANOVA and Student’s 𝑡-test, for SDC-1: ∗𝑃 < 0.05 (10min of LSS versus static), ∗∗𝑃 < 0.001 (24 h of LSS versus static); for SDC-4: ∗𝑃 < 0.05
(10min of LSS versus static), ∗𝑃 < 0.05 (24 h of LSS versus static); for VCAM-1: ∗∗𝑃 < 0.001 (10min of LSS versus static), ∗𝑃 < 0.05 (24 h of
LSS versus static).
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Figure 3: LSS increases KLF-2 mRNA expression and regulates miRNA expression in HUVECs. HUVECs cells were exposed to various
durations of laminar shear stress (10min and 24 h). (a) LSS increased KLF-2 mRNA expression. Values are expressed as mean ± SD of 3
experiments. (b) 24 h of LSS increased miR-126 levels in HUVECs. Values are expressed as mean ± SD of 3 independent experiments (AU:
arbitrary units). Student’s 𝑡-test, for KLF-2: ∗∗𝑃 < 0.001 (10min of LSS versus static), ∗𝑃 < 0.05 (24 h of LSS versus static); for miR-126:
∗
𝑃 < 0.05 (10min of LSS versus static), ∗𝑃 < 0.05 (24 h of LSS versus static).

LSS treatment, miRNAs were quantified by qRT-PCR (Fig-
ure 3(b)). A significant decrease of miR-126 expression in
HUVECs was demonstrated after 10min of LSS, compared to
control static conditions (1 versus 0.58 ± 0.13). A significant
increase of miR-126 expression was also observed after 24 h
of LSS, compared to 10min of LSS (0.58 ± 0.13 versus 1.88 ±
0.29). Our data also demonstrated that 24 h of LSS signif-
icantly decreased SDF-1/CXCL12 by 98% (1 versus 0.12 ±
0.06). In order to assess the specificity of miR-126 response
to LSS, we studied another miR from endothelial cells, miR-
222 (data not shown) and found that it was unaffected by a
24 h flow.

3.5. Upregulation or Downregulation of miR-126 Does Not
Affect HUVEC Proliferation or Apoptosis. Pre-miR-126
and anti-miR-126 sequences were initially transfected into
HUVECs and compared to the scramble control (Fig-
ure 4(a)). A marked decrease of miR-126 expression
was observed after anti-miR-126 transfection (1 versus
0.23 ± 0.034) and a marked increase of miR-126 expression
was observed after pre-miR-126 transfection (1 versus
7000 ± 1168), compared to controls (Figure 4(a)).

Secondly, the effect of anti-miR-126 or pre-miR-126 or
scramble transfection on cell proliferation was analyzed by
means of the MTT assay and apoptosis was studied by flow
cytometry-Annexin V assays. No significant difference in
terms of cell proliferation was observed between scramble,
anti-miR-126, and pre-miR-126 transfected cells, compared
to nontransfected control cells (Figure 4(b), left panel). No
significant changes in HUVEC apoptosis measured by flow
cytometry were observed after anti-miR-126 or pre-miR-126
or scramble transfection (Figure 4(b), right panels).

3.6. miR-126 Is a Negative Regulator for VCAM-1 and SDF-
1/CXCL12 and a Positive Regulator for RGS16, CXCR4, and
SDC-4 in HUVECs. Upregulation of miR-126 (transfection

with pre-miR-126) increased RGS16 (1 versus 3.23 ± 1.48),
SDC-4 (1 versus 6.39±0.64), and CXCR4 expression (1 versus
6.39 ± 0.91) and decreased SDF-1/CXCL12 (1 versus 0.19 ±
0.03) and VCAM-1 expression (1 versus 0.65 ± 0.14) in
HUVECs. However, no significant difference was observed
for SDC-1 expression (1 versus 1.43 ± 0.61) after pre-miR-126
transfection (1 versus 0.87 ± 0.79) (Figure 4(c)).

In addition, miR-126 knockdown (transfection with anti-
miR-126) decreased RGS16 (1 versus 0.74 ± 0.20), SDC-4
(1 versus 0.48 ± 0.08), and CXCR4 expressions (1 versus
0.56±0.23). A significant increase of SDF-1/CXCL12 (1 versus
4.8 ± 0.38) and VCAM-1 (1 versus 28.05 ± 3.7) expression
was observed under the same conditions. No significant
difference was observed for SDC-1 expression after anti-miR-
126 transfection (Figure 4(c)).

3.7. miR-126 and SDC-4 Expression Increased in Apo-E KO/
CKD Mice. To confirm our findings in an in vivo model,
we decided to analyze SDC-4 expression in vessels from a
rodent model where miR-126 was shown to be increased
[16]. We thus measured concomitantly miR-126 and SDC-
4 in aortas from mice models with CKD, atherosclerosis,
and vascular calcification [16]. Wild-type (WT) C57/BL6 as
well as Apo-E KO mice were submitted to partial nephrec-
tomy to induce CKD. Apo-E KO mice characteristically
develop large atheromatous plaques and low-grade vascular
calcification and the combination of Apo-E KO/CKD leads
to atherosclerosis and aortic calcification [16]. Experiments
were performed 10 weeks after induction of uremia, when
CKD mice presented severe uremia and Apo-E KO mice
presented marked atherosclerosis (data not shown). Under
these conditions, miR-126 and SDC-4 expression were also
correlated in vivo, as miR-126 expression was increased in the
aorta ofApo-EKO/CKDmice (1 versus 3.77±1.29), compared
to WT SHAM mice (Figure 5). A significant increase of
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Figure 4: Study of HUVEC transfection after 48 h with scramble, anti-miR-126, and pre-miR-126 under static conditions. (a) Confirmation
ofmiR-126 overexpression and knockdown under the respective conditions. Values are expressed asmean± SD of 3 independent experiments
(AU: arbitrary units). Student’s 𝑡-test, for miR-126: ∗∗∗𝑃 < 0.0001 (scramble versus anti-miR-126), ∗∗∗𝑃 < 0.0001 (scramble versus pre-miR-
126). (b)HUVECmetabolic activity wasmeasured usingMTT test afterHUVEC transfection. Representative flow cytometry histogram study
of apoptosis from HUVECs. (c) Expression of various mRNA targets in HUVECs after 48 h of transfection with anti-miR-126 and pre-miR-
126. Values are expressed as mean ± SD of 3 independent experiments (AU: arbitrary units). Student’s 𝑡-test, for VCAM-1: ∗∗∗𝑃 < 0.0001
(scramble versus anti-miR-126), ∗𝑃 < 0.05 (scramble versus pre-miR-126); for RGS-16, SDC-4, CXCR4: ∗𝑃 < 0.05 (scramble versus anti-
miR-126), ∗𝑃 < 0.05 (scramble versus pre-miR-126); for CXCL12: ∗𝑃 < 0.05 (scramble versus anti-miR-126), ∗∗𝑃 < 0.001 (scramble versus
pre-miR-126).
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Figure 5: miR-126, miR-126, and SDC-4 expression in control and atherosclerotic mice. Twenty-week-old mice aortas were isolated from
wild-type (WT) and Apo-E KOmice for miRNA and mRNA studies at the indicated times. CKDmice were subjected to 10 weeks of uremia.
(a) miR-126 expression expressed as RQ normalized to U6. (b) SDC-4 expression normalized to GAPDH. Values are expressed as mean ±
SD of 3 independent experiments (AU: arbitrary units). Student’s 𝑡-test, for miR-126: ∗𝑃 < 0.05 (WT sham versus Apo-E CKD); for SDC-4:
∗
𝑃 < 0.05 (WT sham versus WT CKD), ∗𝑃 < 0.05 (WT sham versus Apo-E CKD).

SDC-4 expression was also observed in WT CKD (1 versus
2.63 ± 1.67) and Apo-E KO/CKD mice (1 versus 3.95 ± 1.3),
compared to WT SHAMmice (Figure 5).

4. Discussion

LSS has been associated with a vasoprotective endothelial
phenotype [5]. The present study demonstrates that LSS is
associated with human endothelial cell (HUVEC) elongation
after an intermediate exposure time to flow, but when
submitted to longer exposure times to LSS,HUVECs changed
their phenotype to a cobblestone shape with rearrangement
of the cytoskeleton distribution in the cell, especially near to
membrane, and increased proteoglycan expression. Increased
shear stress induces tension which is accommodated by
the endothelial cytoskeleton via rearrangement of actin and
intermediate filament proteins at sites of cell-matrix con-
tact [23]. When HUVECs were submitted to prolonged
LSS, downregulation of adhesion molecule VCAM-1 was
observed concomitantly with mechanical reorganization of
the cytoskeleton. These changes were reflected by signifi-
cant upregulation of miR-126 during long-term exposure to
flow. These changes suggest that flow could confer an anti-
inflammatory and atheroprotective phenotype to vascular
endothelial cells.

It has been previously reported that mechanical and
haemodynamic phenomena applied the forces to arterial
walls and especially shear stresses to the vascular endothe-
lium [24]. There are many values of shear in various ves-
sels, <10 dyne/cm2 (for vena cava, large veins, descending
aorta), <20 dyne/cm2 (for venules and ascending aorta), and

<60 dyne/cm2 (for capillaries and arterioles) [25]. In our
study, we used shear stress at 0.8 dyne/cm2, since this con-
dition is optimal to study the mechanical properties of shear
flow on adhesion molecule VCAM-1 and syndecans expres-
sion and to understand their role in blood-cell adhesion on
endothelium [20].

VCAM-1 is expressed by vascular endothelial cells and
plays an important role in monocyte or lymphocyte rolling
and adhesion in early-onset atherosclerosis [26] and in the
inflammatory process [27]. The decreased VCAM-1 expres-
sion observed in this study suggests that long-term LSS
confers anti-inflammatory properties to endothelial cells, as
already reported [22].

We therefore decided to analyze genes critical in confer-
ring atheroprotective properties to the endothelial cell surface
and investigated the expression of transcription factor KLF-2.

KLF-2is a zinc-finger transcription factor that is exclu-
sively present in the adult vasculature and has distinct
functions in vasomotor regulation, inflammation, homeosta-
sis, and angiogenesis. In cardiovascular biology, KLF-2 is
described to be an important molecular transducer that
converts hemodynamic forces into the regulation of gene
expression [28, 29]. Some studies have already reported
results in favour of increased KLF-2 transcription when
cells were subjected to laminar flow [28, 30, 31]. Shear
stress induces KLF-2 by raising mRNA and protein levels
by transcriptional activation at the KLF-2 promoter via
theMEK5/ERK5Mitogen-activated protein kinases (MAPK)
cascade which leads to activation of myocyte enhancer
binding factor 2 (MEF2) at the KLF2 promoter [21, 32]. In
addition, van Thienen et al. [29] showed that shear stress
induces KLF-2 mRNA stabilization.
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In the present study, we observed an acute increase of
KLF-2 mRNA after 10min of exposure to LSS, followed by
a decrease after 24 h. We therefore conclude that in our
experimental condition LSS does not continuously sustain
KLF-2 mRNA transcription and/or stabilization.

miRNAs have been described as importantmodulators of
angiogenesis and atherosclerosis [33]. We measured miR-126
expression, as it is the most abundant miRNA found during
endothelial cell (EC) differentiation and in adult ECs [12]
and it is deregulated in various cardiovascular disorders [14].
miR-126 was diversely regulated when exposed to LSS. After
a brief exposure to LSS (10min), a slight decrease of miR-
126 expression was observed concomitant with an increase of
KLF-2 mRNA and, after a long exposure time to LSS (24 h),
a marked increase of miR-126 expression was observed. This
increase could possibly be induced by the increased KLF-2
expression observed after 10min of exposure, as KLF-2 has
been shown to increase miR-126 expression in zebrafish [31].
But Harris et al. [34] found a potential binding site for KLF-
2 in the Egfl7/miR-126 5 flanking region. In comparison,
Hergenreider et al. used on HUVECs a higher shear at
20 dyne/cm2 for a longer time (3 days) and found no effect
on miR-126 expression level and no significant regulation of
miR-126 by KLF-2 overexpression [30]. On the other hand,
Schober et al., 2014, showed that shear stress on HUVECs
induces KLF-2-dependent expression of pri-miR-126 but not
miR-126-3p [35].

miR-126 is known to regulate many targets either directly
(SDF-1/CXCL12, CXCR-4, VCAM-1 and RGS16) and/or indi-
rectly (SDF-1/CXCL12, CXCR-4) [12, 13, 17, 36]. We did not
find any evidence that SDC-4 is a direct target of miR-126 by
looking at all known dedicated databases. Our results show
that the increase inmiR-126 after 24 h of LSSwas concomitant
with downregulation of its well-known target VCAM-1 at
the protein level compared to 10min LSS and miR-126
overexpression experiments resulted also in a decrease of
VCAM-1 mRNA. In the same way, Harris et al. [12] observed
that overexpression of miR-126 decreases VCAM-1 protein
expression and consequently reduces leukocyte adhesion to
endothelial cells. The changes we observed after 10 minutes
of flux are probably not consequent to a change in gene
expression but are likely due to other mechanisms such as
the last steps of protein biosynthesis or phosphorylation of
kinases.

As expected, overexpression of miR-126 under our exper-
imental conditions provided results comparable to those
published by van Solingen et al. [14], that is, a decrease of
SDF-1/CXCL12 and VCAM-1, which are described targets of
miR-126 [12].This effect occurred in the absence of apoptosis.
In contrast, Zernecke et al. showed that the increase in miR-
126 expression was concomitant with enhancement of SDF-
1/CXCL12 in an indirect pathway mediated by apoptosis
[17]. Knowing that miR-126 decreases SDF-1/CXCL12 and
VCAM-1 expression, we can hypothesize that overexpression
of miR-126 is atheroprotective and may lead to a decrease
of leukocyte homing from the blood circulation through

the endothelium in vivo [29, 37]. On the other hand, miR-
126 modulation (under- or overexpression) did not change
in our hands cell proliferation or apoptosis. Van Solingen
et al. showed in a mouse hindlimb ischemia model that
modulating miR-126 does not affect shear-stress-induced
arteriogenesis [38]. The same authors found also that short-
term antagomir-126 treatment did not alter HUVEC cell
migration or proliferation which is concordant with our
present results.

It has been clearly documented that the remodelling of
endothelial cells due to LSS is associated with an increase of
proteoglycan distribution and marked modification of gene
expression, resulting in protection of the endothelial layer
from atherosclerosis [8, 9]. We therefore decided to inves-
tigate the link between the SDF-1/CXCL12/SDC-4 complex
and miR-126, as SDF-1/CXCL12, another target of miR-126, is
known to form a stable complex by binding SDC-4, which in
turn binds CXCR4 [14, 17, 39].We have previously shown that
SDC-4 behaves like a SDF-1/CXCL12 coreceptor. In this study
we explored the effect of upregulation of miR-126 on SDF-
1/CXCL12, CXCR4, and SDC-4 expression and their impact
on actin cytoskeleton remodeling. Interestingly, a newfinding
of our study is that miR-126 is a positive regulator of SDC-
4, as miR-126 overexpression increased the level of SDC-4
mRNA. miR-126 overexpression was a positive regulator of
CXCR4 in our model. This result is discordant with those of
a study in colon cancer cells, which demonstrated that miR-
126 is a negative regulator of CXCR4 expression [40]. We
suggest that our model comprises a more complex system
because transfection of miR-126 significantly decreased the
SDF-1/CXCL12 level and increased its receptor CXCR4.

We decided to study whether our in vitro findings were
mirrored in an in vivo model where miR-126 is increased.
As expected, we confirm here that miR-126 expression is
significantly increased in aorta from Apo-E KO mice with
CKD as previously described [16]. We show here that, in
mice expressing a high level of miR-126 in their aortas
(Apo-E KO/CKD mice), the SDC-4 was also significantly
increased. Apo-E KO/CKD mice present higher calcification
and atherosclerosis levels than WT CKD mice; this could
explain why we did not find an increase in WT CKD mice
for miR-126 expression. Taken together, our in vivo findings
therefore mirror our in vitro results, suggesting that miR-126
and SDC-4 levels are concomitantly upregulated in vivo in
ApoE/CKD mice aortas and in vitro in endothelial cells [16].

In summary, our data demonstrate that LSS has an impor-
tant impact on miR-126 expression in HUVECs (Figure 6),
and its protein targets SDF-1/CXCL12. The results of our in
vitromodel confirm the previously described impacts ofmiR-
126 on normal and inflammatory events.This study also high-
lights the potential role ofmiR-126 on regulation of syndecan-
4 expression. Our finding emphasizes the importance of
identifying different mechanisms to explain this regulation.
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An aortic aneurysm (AA) is a common disease with potentially life-threatening complications. Despite significant improvements
in the diagnosis and treatment of AA, the associated morbidity and mortality remain high. MicroRNAs (miRNAs, miR) are small
noncoding ribonucleic acids that negatively regulate gene expression at the posttranscriptional level by inhibitingmRNA translation
or promoting mRNA degradation. miRNAs are recently reported to be critical modulators for vascular cell functions such as cell
migration, contraction, differentiation, proliferation, and apoptosis. Increasing evidences suggest crucial roles of miRNAs in the
pathogenesis and progression of cardiovascular diseases such as coronary artery disease, heart failure, arterial hypertension, and
cardiac arrhythmias. Recently, some miRNAs, such as miR-24, miR-155, miR-205, miR-712, miR-21, miR-26a, miR-143/145, miR-
29, and miR-195, have been demonstrated to be differentially expressed in the diseased aortic tissues and strongly associated with
the development of AA. In the present paper, we reviewed the recent available literature regarding the role of miRNAs in the
pathogenesis of AA. Moreover, we discuss the potential use of miRNAs as diagnostic and prognostic biomarkers and novel targets
for development of effective therapeutic strategies for AA.

1. Introduction

An aortic aneurysm (AA) is defined as a localized or diffuse
dilation of aorta with a diameter at least 1.5 times greater than
the expected normal size [1]. Risk factors for AA develop-
ment include aging, cigarette smoking, hypertension, family
history, male gender, aging, and atherosclerosis (AS) [2, 3].
Despite improvements over the years in the diagnostic and
therapeutic techniques for AA, the associated morbidity and
mortality remain high.Themost fatal clinical consequence of
AA is acute rupture, which leads to amortality as high as 90%
in 2009 [4]. Current available treatments, such as prosthetic
replacement (open surgery) or strengthening (endoprosthe-
sis) of the aorta, are associated with a high mortality rate and
limited durability, respectively [5]. Until now, no nonsurgical
(medical) treatments have been approved for prevention or
limitation of AA in humans. Not only is a better understand-
ing of the molecular mechanisms of AA formation essential
for understanding the physiological processes of this disease,
but it is also important for identifying new biomarkers and
therapeutic targets.

The mechanisms underlying AA are incompletely under-
stood. AA formation is thought to be amultifactorial and pre-
dominantly degenerative process that results from a complex
interplay between biological processes in the arterial wall and
the hemodynamic stimuli on the wall [5–9]. The pathology
of AA is characterized by endothelial dysfunction, chronic
inflammation, vascular smooth muscle cell (VSMC) pheno-
type switch (earlier) and apoptosis (later), and extracellular
matrix (ECM) degradation. Some unknown inciting events
result in aortic wall injury, whereby inflammatory cells are
recruited into the aortic wall. The infiltrated inflammatory
cells such as macrophages and lymphocytes secrete various
inflammatory cytokines and chemokines such as interleukin-
(IL-) 1𝛽, IL-6, tumor necrosis factor- (TNF-)𝛼, andmonocyte
chemoattractant protein-1 (MCP-1). These cytokines and
chemokines induce activation of matrix metalloproteinases
(MMPs), particularly MMP-2 and MMP-9, and apoptosis of
VSMC, which contribute prominently to AAs development
[5]. Moreover, the catalytic activities of MMPs are partly
controlled by specific inhibitors named tissue inhibitors of
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Table 1: MicroRNAs involved in vascular remodeling and aortic aneurysm (AA).

miRNA(s) Cellular origin Targets Effects References

miR-21 VSMC and EC PTEN, SPRY1, PDCD4,
and BCL2

Induces proliferation and
decreases apoptosis of VSMC in
AAA

[47, 49]

miR-24 VSMC and
macrophage CHI3L1 Inhibits vascular inflammation [15]

miR-26a VSMC SMAD-1, SMAD-4
Promotes proliferation and
inhibits differentiation,
apoptosis of VSMC in AAA

[50]

miR-29 Fibroblast

COL1A1, COL1A2,
COL3A1,
FBN1,
ELN

Downregulates ECM in AAA [56–58, 69]

miR-126 EC EGFL7 Inhibits vascular inflammation [16, 18, 19]

miR-143/145 VSMC Klf4, myocardin, Elk-1,
and SRF

Promotes differentiation and
represses proliferation of VSMC
in AS and TAD

[41, 51, 52, 70]

miR-155
EC, BLC, TLC,
macrophage, and
DC

MAP3K10
CTLA4, SMAD2

Inhibits vascular inflammation in
AS [22, 23, 63]

miR-181b EC IPOA3 Inhibits vascular inflammation in
AS [24–26]

miR-195 VSMC

COL1A1, COL1A2,
COL3A1,
FBN1,
ELN

Regulates MMPs in AAA [59]

miR-223 Myeloid cell CXCL2, CCL3, IL-6 Inhibits vascular inflammation in
AAA [21, 27–30]

miR-663 EC, VSMC JunB, MLC9
Promotes differentiation and
inhibits proliferation and
migration of VSMC

[53, 71]

miR-712/miR-205 EC TIMP3, RECK Induces inflammation in AS and
AAA [31, 32, 72]

VSMC: vascular smooth muscle cell, EC: endothelial cell, BC: B lymphocytes, TC: T lymphocytes, DC: dendritic cells, AAA: abdominal aortic aneurysm, AS:
atherosclerosis, TAD: thoracic aortic dissection, and ECM: extracellular matrix.

matrix metalloproteinases (TIMPs). TIMP1 binds to pro-
MMP-9 forming a complex, while TIMP2 binds to pro-
MMP-2. TIMPs were also found to play important roles in
AA development [7].

MicroRNAs (miRNAs, miRs) are one class of small, con-
served, single-stranded, noncoding RNA. They are approxi-
mately 18∼25 nucleotides in length and can bind to comple-
mentary target sites in mRNAmolecules, causing translation
repression or the cleavage of the targets [10]. miRNAs have
been reported to play important roles in a variety of patho-
physiological processes [11–13]. Some recent studies have
revealed that several miRNAs may be involved in vascular
remodeling and pathogenesis of AA formation (Table 1).
These findings clearly demonstrate the roles ofmiRNAs in the
development of AA.

In the present paper, we reviewed the recent published lit-
erature about the role of miRNAs in the pathogenesis of AA.
Moreover, we discussed their potential use as diagnostic and
prognostic biomarkers and as novel targets for development
of effective therapeutic strategies.

2. miRNAs in the Pathogenesis of AAs

2.1. miRNAs andVascular Inflammation. Vascular inflamma-
tion contributes to the formation and development of AA
[9]. Inflammatory reaction is characterized by infiltration of
neutrophils, macrophages, T cells, and dendritic cells into
the pathological aortic wall. Infiltrated inflammatory cells,
particularlymacrophages and lymphocytes, not only destruct
directly ECM by releasing MMPs but also mediate activation
of mesenchymal cells and apoptosis of VSMC, thus leading to
progressive and pathological remodeling of aorta [14]. Recent
studies have shown that miRNAs are involved in regulation
of vascular inflammation and play crucial roles in AA
development.

2.1.1. miR-24. The highly conserved miR-23b-24-27b cluster
is involved in postinfarct cardiac angiogenesis, cardiomy-
ocyte survival, and cancer. AA progression is associated with
downregulation of the miR-23b-24-27b cluster in murine
abdominal AA models, with miR-24 displaying the most
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significant inverse regulation of its predicted targets in array
profiling studies. Human abdominal AA also displays miR-
24 downregulation, correlating inversely with aneurysm size.
Maegdefessel group proved the function of miR-24 as a
key regulator of vascular inflammation and abdominal AA
pathology [15].They revealed that chitinase 3-like 1 (CHI3L1)
was a major target effector under the control of miR-24,
regulating cytokine synthesis in macrophages as well as their
survival, promoting aortic smooth muscle cell migration
and cytokine production and stimulating adhesion molecule
expression in vascular endothelial cells. Further, they showed
that modulation of miR-24 alters abdominal AA progression
in animal models and that miR-24 and CHI3L1 represent
novel plasma biomarkers of abdominal AA disease progres-
sion in human.

2.1.2. miR-126. miR-126 is a human microRNA that is highly
expressed in endothelial cells (ECs) [16]. It is located within
the 7th intron of the EGF-like domain 7 (EGFL7) gene,
involved in cell migration and blood vessel formation. miR-
126 is regulated by the binding of two transcription factors:
ETS-1 and ETS-2 [17]. Recent studies showed that miR-
126 is involved in the vascular integrity and angiogenesis.
Knockout of miR-126 in mice and zebrafish has decreased
vascular integrity and impaired proliferation, migration, and
angiogenic activity of ECs [18]. It also has been reported to
be involved in vascular inflammation by modulating vascu-
lar cell adhesion molecule- (VCAM-) 1 expression, which
hence inhibits leukocyte adhesion and inflammation [19].
Additionally, miR-126 in ECs regulates vascular remodeling
by modulating the expression of stromal cell-derived factor-
1 (SDF-1) [20]. Furthermore, downregulation of miR-126 in
plasma and upregulation in abdominal aortic aneurysmal
tissues have been observed and indicate the potential role of
miR-126 in AA formation [21]. These evidences showed that
miR-126 regulates vascular inflammation and is involved in
vascular remodeling and aortic diseases.

2.1.3. miR-155. miR-155 is a typical multifunctional miRNA.
It is expressed in a number of tissues and cell types and
has been found to play a critical role in a wide variety of
pathophysiological processes, including vascular inflamma-
tion. Chen and colleagues have reported that miR-155 was
upregulated in primary murine macrophages and oxidized
low density lipoprotein- (oxLDL-) stimulated monocytes,
thus being involved in vascular inflammation [22]. In another
study, Zhu and coworkers investigated the role of miR-155 in
AS and found that miR-155 has increased in the aortic tissues
of ASmice and in the plasma from patients with the coronary
artery diseases [23]. They further showed that the miR-155
mimics have decreased secretion of IL-6 and TNF-𝛼 from
oxLDL induced macrophages. On the contrary, the miR-155
inhibitor has promoted their secretions. Moreover, miR-155
has been shown to inhibit vascular inflammation and AS
development by targeting mitogen-activated protein kinase
10 (MAP3K10). Taken together, all these evidences suggested
that miR-155 represents an important modulator of vascular
inflammation andmay show important roles in inflammation
associated vascular diseases, such as AS and AA.

2.1.4. miR-181b. miR-181b is one member of the miR-181
family and has recently been shown to play an important role
in vascular inflammation. It modulates vascular inflamma-
tion by targeting importin-𝛼3 (IPOA3), a protein required
for nuclear translocation of NF-𝜅B [24]. Sun and cowork-
ers have showed that overexpression of miR-181b inhibited
IPOA3 expression and downregulated NF-𝜅B-responsive
gene (VCAM-1 and E-selectin) expression in ECs [25]. In
an endotoxemic mice model, miR-181b expression decreased
with proinflammatory stimuli, while it was rescuedwithmiR-
181bmimics administration.Moreover, decreased lung injury
and mortality of mice were observed with miR-181b mimics
treatment, which has been reported to be associated with
reduced NF-𝜅B signaling and leukocyte influx in vascular
endothelium. Furthermore, miR-181b expression in plasma
was reduced in critically ill patients with sepsis. These
findings indicated that miR-181b inhibits NF-𝜅B mediated
inflammation through reducing the expression of IPOA3. In
a sequent study [26], the same research group further inves-
tigated the role of miR-181b in the development of AS. miR-
181b expression was reduced in the aortic intima and plasma
from ApoE−/− mice, as well as in the plasma from patients
with coronary artery diseases. Systemic delivery of miR-181b
resulted in overexpression of miR-181b and suppressed NF-
𝜅B signaling and AS lesion formation. Collectively, these
results demonstrated that miR-181b could inhibit vascular
inflammation and AS development through suppressing NF-
𝜅B activation. To date, there is no direct evidence about a
role of miR-181b in the pathogenesis of AA; we believe that
it may play a critical role because vascular inflammation is
the central step of AA development.

2.1.5. miR-223. Hemodynamic stress triggers vascular
remodeling and infiltration of inflammatory cells, especially
macrophages, into the intracranial aneurysmal walls. miR-
223 is a hematopoietic specific microRNA with crucial
functions in myeloid lineage development. It has also
been reported to be a novel regulator of inflammation
[27–29], which suppresses proinflammatory pathways and
enhances the anti-inflammatory response. Overexpression
of miR-223 shows a protective role for vascular homeostasis
and inflammation [30]. Moreover, miR-223 was shown to
be unregulated in abdominal AA tissues and negatively
correlated with MCP-1, TNF-𝛼, and TGF-𝛽 expression in
diseased aortic tissues [21].

2.1.6. miR-712 and miR-205. miR-712 is a murine specific
atypical miRNA which derived from preribosomal RNA.
miR-205 is thought to be potential human homolog of miR-
712, which shares the same “seed sequence” and is highly
conserved inmost mammalian species includingmurine and
human [31]. Recent studies have reported that microRNA-
712 not only induces endothelial inflammation and AS but is
also involved inAA formation. Son and colleagues have firstly
identified that, by targeting 2MMP inhibitors, tissue inhibitor
of metalloproteinase 3 (TIMP3) and reversion-inducing
cysteine-rich protein with Kazal motifs (RECK), miR-712 is
an atypicalmechanosensitivemiRNAupregulated in ECs and
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suppresses endothelial inflammation and AS [31]. Further-
more, treatment with specific antagonist of miR-712 inhibited
endothelial inflammation and AS in a TIMP3-dependent
manner. They also found that human miR-205, homolog
of miR-712, targets TIMP3 in a flow-dependent manner. In
a sequent study from the same institute, they investigated
the role of miR-712 and miR-205 in AA development [32].
miR-712 and miR-205 were shown to be underregulated
in the abdominal aortic endothelium during angiotensionII
(AngII) -induced AA in ApoE−/− mice, associated with ECM
degradation and AA development. Silencing of miR-712 and
miR-205 by using anti-miR-712 and anti-miR-205 prevented
AAdevelopment. Reduced aorticMMPs activity and vascular
inflammationwere observed.Moreover, upregulation ofmiR-
205 expression was also identified in the human abdominal
AA samples compared with the control. In summary, these
results show that miR-712 and miR-205 stimulate MMPs
activity and promote vascular inflammation by inhibiting
TIMP3 and RECK, resulting in AA development. miR-712
and miR-205 may be potential modulators of AA.

2.2. miRNAs and VSMC Homeostasis. VSMC are the pre-
dominant cells in the media of aorta and essential in
maintaining its structure and function through controlling
proliferation and secretion and turnover of ECM. VSMC
are plastic and can undergo reversible changes in their
phenotypes in response to changing environmental cues. Two
common phenotypic states of VSMC have been described:
differentiated (also termed contractile) state and dedifferen-
tiated (also termed synthetic) state. Differentiated phenotype
is characterized by high levels of contractile gene expression
and low rates of proliferation, migration, and ECM synthesis.
Conversely, dedifferentiated phenotype has increased rates of
proliferation, migration, and production of ECM, as well as
reduced expression of contractile genes. In healthy vessels,
VSMCcan switch between states, but regulation of this switch
is disrupted in vascular diseases and thought to contribute
to the progression of diseases [33, 34]. Deregulation of
phenotype switching and apoptosis of VSMC contribute to
the development and progression of vascular pathologies like
AA [35–38], and miRNAs are found to be critical modulators
of VSMC function (phenotype) such as cell differentiation,
contraction, migration, proliferation, calcification, and apop-
tosis [39–43]. Therefore, miRNAs are thought to be involved
in AA formation. In several independent studies, miRNAs
including miR-21, miR-26a, miR-126, miR-143/145, and miR-
663 have been found to play crucial roles in AA development.

2.2.1. miR-21. miR-21 is the first miRNA demonstrated to
be involved in regulation of VSMC phenotype. It is highly
expressed in VSMC and ECs and targets phosphatase and
tensin homolog (PTEN) [44, 45], programmed cell death 4
(PDCD4) [46], sprouty-1 (SPRY1) [47], and B cell lymphoma
2 (BCL2) [45]. Ji group [45] found that miR-21 promotes
VSMC proliferation and inhibits apoptosis by downregulat-
ing PTEN and upregulating BCL2. Davis group [48] has
showed thatmiR-21 also promotes differentiation of VSMC in
response to transforming growth factor-𝛽 (TGF-𝛽) and bone

morphogenetic protein (BMP) stimulation via a decrease in
PDCD4 expression. These studies indicate that miR-21 is
important in the maintenance of VSMC phenotype. More
recently, Maegdefessel and colleagues have investigated the
role of miR-21 in AA development [49]. They identified that
miR-21 expression increased during AA formation. Overex-
pression of miR-21 inhibited AA expansion, which is associ-
ated with decreased apoptosis and downregulation of PTEN
in the aortic wall. In contrast, systemic injection of a locked
nucleic acid- (LNA-) modified antagomir targeting miR-21
led to a marked increase in the size of AA. Similar results
were found in mice with AA augmented by nicotine and
in patients with AA. Taken together, these data suggest that
miR-21 is a key regulator ofVSMCproliferation and apoptosis
during AA development, and modulation of miR-21 expres-
sion may be a potential strategy to prevent AA formation.

2.2.2. miR-26a. miR-26a is an important regulator of VSMC
phenotype. miR-26a has been proved to inhibit VSMC differ-
entiation and apoptosis and promote proliferation andmigra-
tion through a mechanism that targets the TGF𝛽/BMP path-
way. Leeper and colleagues have performed a microarray-
based study during the process of human aortic VSMC dif-
ferentiation in vitro [50]. They identified that miR-26a is the
highest-ranked significant differential expression of miRNA.
VSMC differentiation was promoted by underexpression of
miR-26a and inhibited by overexpression of miR-26a. In
order to elucidate the mechanism that miR-26a modulates
VSMC phenotype, the effects of miR-26a on the expression of
the prodifferentiation TGF-𝛽/BMP cascade molecules were
assessed. Inhibition increased TGF-𝛽 superfamily signaling
cascade gene expression including SMAD-1 and SMAD-
4, while overexpression of miRNA-26a inhibited SMAD-1
expression. Furthermore, the expression of miR-26a in two
murine AA models was evaluated and was found progres-
sively downregulated during AA development. These results
suggest that miR-26a may serve as an important regulator of
VSMC biology and a potential therapeutic target in AA.

2.2.3. miR-143/145. miR-143/145 cluster which is highly
expressed in VSMC is the most studied miRNA cluster. miR-
143 and miR-145 encoding genes are highly conserved and lie
in close proximity with each other on murine chromosome
18 and human chromosome 5 [41, 42]. They have been
shown to play crucial roles in regulating VSMC phenotypic
switching and pathogenesis of vascular diseases. They mod-
ulate VSMC function through targeting several transcription
factors, including Klf4, myocardin, and Elk-1. Two pioneer-
ing studies by Cheng group and Cordes group, respectively,
investigated the role of miR-143/145 in determining VSMC
phenotype in vitro. Cheng and colleagues have reported that
overexpression of miR-145 promotes VSMC differentiation
whilemiR-145 inhibitor represses differentiation [51]. In addi-
tion to regulating VSMC differentiation, miR-145 alone was
reported to be able to maintain the differentiated spindle-like
shape of VSMC and inhibit proliferation. The Cordes group
[41] have further verified the regulatory effects of miR-145
on VSMC phenotype. The roles of miR-143/145 on VSMC
phenotype have also been verified and validated in vivo.
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Recent studies have revealed the transition of VSMC from
contractile phenotype to synthetic one in the media of
thoracic aortic dissection (TAD) aorta [35]. Liao group [52]
have reported thatmiR-143/145 were underexpressed in TAD,
which may account for VSMC underdifferentiated in TAD
and contributes to the aortic remodeling. In addition, a
negative correlation between the expression of miR-143/145
and the dedifferentiation of VSMC has been observed. These
results indicate that miR-143 and miR-145 are critical modu-
lators of VSMC function andmay play important roles in AA
development.

2.2.4. miR-663. miR-663 is highly expressed in ECs and
VSMC. It is recently recognized as an important regulator
of VSMC function. Li group have investigated the role of
miR-663 in human VSMC phenotypic switch and the devel-
opment of neointima formation [53]. They found that the
expression ofmiR-663 decreased in human aorticVSMCwith
platelet-derived growth factor treatment but increased during
VSMC differentiation. Furthermore, overexpression of miR-
663 promotes VSMC differentiation and potently inhibits
VSMCproliferation andmigration, which are associatedwith
downregulation of JunB and its downstream molecules, such
as myosin light chain 9 (MLC9) and MMP-9. In addition,
adeno-miR-663 suppressed the neointimal lesion formation
after vascular injury via decreased JunB expression. Collec-
tively, miR-663 is an important modulator of human VSMC
phenotypic switch by targeting JunB/MLC9 expression and
may represent an attractive approach for the treatment of AA.

2.3. miRNAs and Extracellular Matrix Remodeling. Aortic
wall is comprised of layers of VSMC and an arrangement of
ECM structural proteins, primarily collagen and elastin. AA
is characterized by degradation of ECM, but the mechanisms
underlying this process are incompletely understood. It has
been established that TGF-𝛽 signaling plays key role in
ECM remodeling and is involved in AA formation. TGF-𝛽1
regulates the expression of certain miRNAs. In particularly,
miR-29 and miR15 family have been increasingly noted to be
associated with TGF-𝛽 signaling and ECM remodeling and
AA development.

2.3.1. miR-29. The miR-29 family including miR-29a, miR-
29b, and miR-29c are enriched in fibroblasts and encoded
by two separate loci. miR-29 family directly target at least
16 ECM genes such as collagen isoforms (COL1A1, COL1A2,
and COL3A1), fibrillin-1 (FBN1), and elastin (ELN) and are
involved in ECM remodeling in several organs [54, 55].
Moreover, it was recently indicated thatmiR-29 plays a pivotal
role in the formation of aneurysm. Boon and colleagues
[56] firstly discovered that the expression of miR-29 family
increased in the aortic tissues of aged mice (18 months
old) compared with young mice (6 weeks old), which is
associated with a significant downregulation of ECM in aged
mouse aortas. Furthermore, they found that systemic LNA-
modified anti-miR-29 treatment decreased aortic dilatation
in agedAngII treatedmice, and this process is associatedwith
increased expression of COL1A1, COL3A1, and ELN proteins.
They also investigated miR-29 expression in human tissues

from TAA patients and found that only miR-29b was upreg-
ulated among miR-29 family. In two murine AAA models
(PPE and AngII infusion), Maegdefessel and colleagues [57]
reported thatmiR-29bwas the onlymember ofmiR-29 family
decreased in aortic tissues during murine AAAs develop-
ment. Anti-miR-29b treatment not only increased the expres-
sion of genes including Col1a1, Col2a1, Col3a1, Col5a1, and
Eln, which encode type I, III, and V collagen and elastin, but
also downregulatedMMP-2 andMMP-9 expression. Accord-
ingly, limited aneurysm expansion was observed with anti-
miR-29b treatment. In contrast, overexpression of miR-29b
led to rapidAAAexpansion and increased aortic rupture rate.
Merk and colleagues [58] further elucidated the role of miR-
29b in early AAs development in murine model of Marfan
syndrome (MFS).They found that the expression of miR-29b
increased in ascending TAA of MFSmice, accompanied with
increased apoptosis and MMP-2 activity as well as decreased
expression of antiapoptotic proteins (Mcl-1 and Bcl-2) and
elastin. Furthermore, an LNA-anti-miR-29b treatment lim-
ited AA development, aortic wall apoptosis, and ECM
degradation. Taken together, these results provide important
new insights into the mechanisms of AA formation and
potentially allow for the development of new therapies.

2.3.2. miR-195. Besides miR-29, Zampetaki group reported
the miR-15 family to be the regulator of the collagen remod-
eling and the characteristic postnatal silencing of elastin
[59]. Among the miR-15 family, miR-195 was proved to be
differentially expressed in aortas ofApoE−/−mice uponAngII
infusion. Furthermore, the expression of miR-195 was altered
in human aortic specimen with evidence of dissection. Direct
binding of miR-195 to several ECM transcripts was detected
in H4 cancer cells. Proteomic analysis of the secretome of
murine aortic VSMC revealed that miR-195 targets a group
of ECM proteins, including collagens, proteoglycans, elastin,
and proteins associated with elastic microfibrils. In mice
treated with antagomiR-195, higher aortic elastin expression
was associated with an increase of MMP-2 and MMP-9.
In human plasma, an inverse correlation of miR-195 was
observed with the presence of abdominal AA and aortic
diameter. Based on the evidences mentioned above, the miR-
195 functioning as a potent regulator of the aortic ECM may
contribute to the pathogenesis of AA disease. In addition,
the plasma levels of miR-195 reduced in patients with AA
suggested that it may serve as a noninvasive biomarker of AA.

3. Clinical Applications of MicroRNA in AA

3.1. The Role of miRNAs in the Diagnosis and Prognosis of
AA. Not only are miRNAs tissue- and cell-specific but they
also show different expression patterns. One miRNA may
be highly expressed in one kind of cell or one tissue but
has no or low expression in another kind of cells or tissues.
Moreover, miRNAs are remarkably stable in the extracellular
milieu, and they are detectable in blood and other body
fluids. Circulating miRNAs have been demonstrated to share
many of the essential characteristics of a good biomarker
such as high degree of sensitivity and specificity, allowing
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Table 2: Use of some miRNAs in the treatment of aortic aneurysm (AA).

miRNA Model Target Anti-miR/mimics Effects Year/author

miR-21
Mice
AngII-AAA
PPE-AAA

PTEN Mimics

Induces VSMC proliferation,
decreases apoptosis via
PTEN/PI3K/AKT, and prevents
AA

2012 Maegdefessel
et al. [49]

miR-24
Mice
AngII-AAA
PPE-AAA

CHI3L1 Mimics Limits aortic vascular
inflammation and AA formation

2014 Maegdefessel
et al. [15]

miR-29 Aged mice
AngII-AAA

Col1A1, Col3A1,
elastin,
Mcl-1

Antagomir,
LNA-anti-miR

Induces ECM expression and
inhibits AA formation

2011 Boon et al.
[56]

miR-29b
Mice
AngII-AAA
PPE-AAA

Col1A1, Col3A1,
elastin,
Mcl-1

Antagomir,
LNA-anti-miR

Increases collagen expression,
leading to an early fibrotic
response in the abdominal aortic
wall, and prevents AAA
progression

2012 Maegdefessel
et al. [57]

miR-29b
Marfan mice
Fbn1C1039G/+
AA

Col1A1, Col3A1,
elastin,
Mcl-1

Antagomir,
LNA-anti-miR

Reduces ECM deposition and
VSMC apoptosis and prevents
AA formation

2012 Merk et al.
[58]

miR-195 Mice
AngII-AAA

Col1A1, Col3A1,
elastin,
Mcl-1

Antagomir,
LNA-anti-miR

Reduces ECM deposition and
VSMC apoptosis and prevents
AA formation

2014 Zampetaki et
al. [59]

miR-712/miR-205 Mice
AngII-AAA TIMP3, RECK Antagomir,

LNA-anti-miR

Inhibits both endothelial and
circulating leukocyte
inflammation
Decreases MMPs activity and
inflammation
Prevents AAA formation

2014 Kim et al. [32]

AngII: angiotensin II, PPE: porcine pancreatic elastase, AAA: abdominal aortic aneurysm, LNA: alpha-linolenic acid, VSMC: vascular smooth muscle cell,
ECM: extracellular matrix, and MMPs: matrix metalloproteinases.

early detection of pathological states; time-related changes
during the course of disease; and a long half-life within
the sample, as well as rapid and cost-effective laboratory
detection. Accordingly, they have been shown to have roles
in the diagnosis and prognosis of cardiovascular disease as
biomarker. For example,miR-1,miR-133a,miR-499, andmiR-
208a have been reported to be upregulated in plasma of
patients with acute MI, as a result of cardiomyocyte necrosis
and massive release into the bloodstream [60]. The time
dependent release of acute MI-related miRNAs has also
been investigated: miR-1, miR-133a, and miR-208a increased
continuously during the first 4 hours after the induction of
MI, before conventional biomarkers of acute MI could be
detected [61]. Furthermore, an inverse correlation of miR-
195 in human plasma was observed with the presence of
abdominal AA and aortic diameter. The plasma levels of
miR-195 reduced in patients with abdominal AA suggested
that it may serve as a noninvasive biomarker of abdominal
AA [59]. These results indicate that circulating miRNAs
could be used as biomarkers for diagnosis of MI in humans.
More recently, the prognostic value of circulating miRNAs
has been evaluated. miR-223 and miR-197 have been shown
to have negative association, while miR-126 has a positive
association with subsequent acute MI in a prospective study
on a total of 19 miRNAs [62]. However, the potential role
of miRNAs as biomarkers for the diagnosis and prognosis

of aortic diseases has not yet been thoroughly evaluated.
Several recent studies have identified differentially expressed
miRNAs in aortic tissues as well as in plasma in aortic
diseases [21, 63–65]. These miRNAs may not only contribute
to the pathogenesis of aortic aneurysm or dissection but also
provide biomarker potential. Further studies are necessary
to explore the diagnostic and prognostic value of miRs as
biomarkers in AA disease.

3.2. The Role of miRNAs in the Treatment of AA. As men-
tioned above, tissue- and cell-specific expression is one
important characteristic of miRNA expression. Recent works
have identified that changes in miRNA expression may
contribute to the pathogenesis of AA. It is well established
that multiple miRNAs are aberrantly expressed in diseased
tissues. Several miRNAs-based treatments for AA have been
proposed and reported in animal experiments according
to the miRNA-based therapeutic strategies: restoring the
expression of miRNAs reduced in diseases by miR-mimics
or inhibiting overexpressedmiRNAs by antagomirs (Table 2).
The antagomirs (or anti-miRs) are small single-stranded
antagonistic nucleotide sequences artificially synthesized to
be perfectly complementary to a specific mature miRNA.
When injected systemically or locally, antagomirs interact
withmiRNAs in the cytoplasmandhybridize specificallywith
the mature miRNA target hindering the binding of miRNA
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with their corresponding mRNA. Thus, antagomirs act as
competitive inhibitors of miRNA and lead to a decrease in
the effect caused by the excessive increase in the expression of
certainmiRNAs [66]. On the other hand, themiR-mimics are
artificial small nucleotide sequences, double-stranded, sim-
ilar to miRNA precursors (pre-miRNA). When introduced
into the cells, the miR-mimics are recognized by the miRNA
biogenesismachinery and processed by the enzyme dicer and
subsequently incorporated into the RISC enzyme complex.
Thus, the miR-mimics will function as a replacement of
some miRNAs downregulated by setting the mRNA-target
as endogenous miRNAs [67]. Additionally, there exist some
other methods which can also inhibit miRNA expression
and consequentially therapeutically interfere with the disease
process such as masking, sponges, and erasers [68]. It should
be noted that there are some challenges and risks for miRNA-
based therapy like safety, delivery, and selectivity [68].

4. Summary

Our understanding of the molecular pathophysiology of
AA is improving very rapidly but is still limited. miRNAs
in AA have emerged as a new research area. The initial
exciting results have demonstrated that multiple miRNAs are
involved in the development of both human and animal AA
diseases via regulating vascular cells differentiation, contrac-
tion, migration, proliferation, and apoptosis through their
target genes. Additional studies with more patients and more
animal models will be needed to determine the precise roles
of miRNAs in AA. We believe that, on the basis of thorough
understanding, miRNAs may represent novel promising
biomarkers and new therapeutic targets for AA diseases.
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Platelets are anuclear cells and are devoid of genomic DNA, but they are capable of de novo protein synthesis from mRNA derived
from their progenitor cells, megakaryocytes. There is mounting evidence that microRNA (miRNA) plays an important role in
regulating gene expression in platelets. miR-223 is the most abundant miRNAs in megakaryocytes and platelets. One of the miR-
223-regulated genes is ADP P2Y12, a key target for current antiplatelet drug therapy. Recent studies showed that a blunted response
to P2Y12 antagonist, that is, high on-treatment platelet reactivity (HTPR), is a strong predictor of major cardiovascular events
(MACEs) in coronary heart disease (CHD) patients receiving antiplatelet treatment. Recent clinical cohort study showed that the
level of circulating miR-223 is inversely associated withMACE in CHD patients. In addition, our recent data demonstrated that the
level of both intraplatelet and circulating miR-223 is an independent predictor for HTPR, thus providing a link between miR-223
andMACE.These lines of evidence indicate thatmiR-223may serve as a potential regulatory target forHTPR, as well as a diagnostic
tool for identification of HTPR in clinical settings.

1. Introduction

MicroRNAs were first identified in C. elegans in 1993 by the
laboratories of Victor Ambros and Gary Ruvkin [1]. They are
small noncoding RNAs that regulate gene expression from
viruses to humans [2]. Approximately 30% of miRNAs genes
are located in intergenic regions, and approximately 70% are
located within introns or exons of protein coding genes [3, 4].
It has been estimated that miRNAs regulate between one-
third and two-thirds of the human genome and are involved
in most of the cellular functions [5, 6]. So far, more than
500 human miRNAs have been identified, and roughly 1000
are estimated to exist [7, 8]. Some miRNAs are expressed
ubiquitously, but many are tissue and/or developmental stage
specific [9]. Many studies have demonstrated that miRNAs
expression is associated with disease (for different types of
cancer, inflammatory disease, autoimmune disease, and car-
diovascular disease) [10–14]. miR-223 has a key role mainly
in the development and homeostasis of the immune system
and hematological system [3]. In this review, we will discuss

current knowledge of miR-223, with focus on its emerging
role in the platelet function regulation.

2. miRNA Biogenesis and Function

miRNA genes are transcribed from the genomes of nucle-
ated cells into primary miRNAs (pri-miRNAs), which are
trimmed into miRNA precursors (pre-miRNAs) by the
nuclear RNase III Drosha [15, 16], acting together with
the DiGeorge syndrome critical region 8 (DGCR8) protein
within the microprocessor complex [17]. The pre-miRNAs
are transported out of the nucleus via exportin 5. In the
cytoplasm, the 3 overhang of the pre-miRNA is recognized
by the Dicer-TAR RNA-binding protein (TRBP) complex
[18]. Assisted by TARRNA-binding protein 2 (TRBP2), Dicer
cleaves the stem of pre-miRNA substrates at the base of the
loop to generate miRNA-miRNA∗ duplexes. Dicer is another
RNase type III endonuclease, which generates the miRNA
duplex for many miRNAs. The strands separate and the
mature miRNA associates with a macromolecular complex
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called the RNA-induced silencing complex (RISC), which
guides the miRNA to its mRNA target. The mature miRNAs
are subsequently incorporated into effector ribonucleopro-
tein (RNP) complexes containing Argonaute 2 (Ago2) and
fragile X mental retardation protein (FMRP), guiding the
miRNPs for the regulation of specific mRNAs [19, 20]. The
process of miRNA generation is regulated at both transcrip-
tional and posttranscriptional levels, occasionally composed
of positive feedforward or negative feedback loop, in which
the miRNA targets a transcriptional activator or repressor of
itself [21].

A fundamental aspect of miRNA function relates to
mRNA targeting: most miRNAs are predicted to target
multiple mRNAs, and most mRNAs have predicted tar-
gets for many miRNAs [22]. Up to now, many algorithms
are publicly available for predicting miRNA-binding sites,
including miRanda, TargetScan, PicTar, and miRBase [23,
24].miRNAs regulatemRNA translation through recognition
of binding sites of imperfect complementarity, in which
pairing of miRNA nucleotides 2 to 8, or the seed region, is
crucial. The seed region of nucleotides 2 to 8 at the 5 end of
the miRNA has perfect complementarity, and this sequence
defines families of miRNAs. The miRNA sequence 3 to the
seed sequence has variable degrees of complementarity with
themRNA.miRNAs have been aptly referred to as “rheostats”
because their regulatory impact is generally to fine-tune but
not abolish protein expression [25].

3. MiR-223 Biogenesis and Function

The gene encoding miR-223 is located within the q12 locus of
the X chromosome [26, 27], and its expression is regulated by
several transcription factors, including transcription factor
PU.1, CCAAT-enhancer-binding proteins- (C/EBP-) 𝛼 and
𝛽, and nuclear factor I-A (NFI-A) [28–31]. Within the body,
miR-223 appears to be most highly expressed in the bone
marrow [28, 32], where its expression was shown to be
restricted to the myeloid compartment [28]. The fact that the
sequence of miR-223 has been remarkably conserved during
evolution suggests that this miRNA has an important role in
physiological processes. To date, miR-223’s involvement has
been demonstrated in many types of cancer, inflammatory
disease, autoimmune disease, and other pathological pro-
cesses [3].

The most important role of miR-223 was discovered in
the field of hematology, since it was shown to modulate the
differentiation of hematopoietic lineages [27]. This function
takes place in the hematopoietic bone marrow and affects
hematopoietic stem cells and myeloid, erythroid, and lym-
phoid cells at different stages during their development [27].
In bone marrow, miR-223 expression is mainly confined to
myeloid cells and is induced during the lineage differentiation
of myeloid progenitor cells. These myeloid cells will give
rise to monocyte/macrophage and granulocyte cells. The
level of miR-223 is reduced when granulocyte-monocyte
progenitors start to differentiate intomonocytes [31], whereas
its level is increased when granulocyte-monocyte progenitors
enter the granulocyte differentiation phase [27, 31], indicating
a lineage-specific pattern. By contrast, using miR-223−/−

mice, the same group showed that miR-223 is not strictly
essential for granulocyte differentiation but was required
for normal maturation of granulocytes and regulation of
the granulocyte compartment size [27]. In addition, miR-
223 was shown to play a role in monocyte/macrophage
differentiation, by targeting I𝜅B kinase subunit alpha (IKK-
𝛼), a component of nuclear factor-kappa B (NF-𝜅B) path-
way. During macrophage differentiation, a fall in miR-
223 expression induces an increase of IKK-𝛼 expression
which induces the expression of p52 followed by the repres-
sion of NF-𝜅B pathways [33, 34]. Moreover, miR-223-rich
microvesicles were suggested to induce the differentiation of
recipient monocytes, activate hematopoietic cell production
in the bone marrow, and then induce the release of more
microvesicles [35]. Recently, miR-223 was demonstrated to
regulate human embryonic stem cell (hESC) differentiation
by targeting the IGF-1R/Akt signaling pathway [36]. The
inhibition of miR-223 expression maintained hESCs in the
undifferentiated state, while addition of exogenous miR-223
induced their differentiation. These effects were dependent
on the IGF-1R/Akt pathway, due to the fact that IGF-
1R mRNA was demonstrated to be a target of miR-223
[36].

The second field that miR-223 is actively involved in
is angiogenesis and vascular remodeling, which may have
therapeutic potential for certain cancer and cardiovascular
disease. miR-223 is typically associated with myeloid cells,
but recent investigation revealed that miR-223 is expressed
in native endothelial cells and is rapidly downregulated after
isolation and culture of the endothelial cells [37]. Addition-
ally, miR-223 could attenuate endothelial cell proliferation
by targeting the expression of 𝛽1 integrin and reducing the
vascular endothelial cell growth factor- (VEGF-) induced and
basic fibroblast growth factor- (bFGF-) induced phosphory-
lation of their receptors, as well as downstream Akt phos-
phorylation [37]. Accordingly, downregulation or deletion of
miR-223 markedly increased 𝛽1 integrin expression, as well
as angiogenesis and vascular repair. Therefore, it seems that
miR-223 may be required for the maintenance of endothe-
lial cell quiescence. It is interesting to determine whether
the endothelial dysfunction associated with cardiovascular
disease is also associated with altered endothelial miR-223
levels. Another intriguing, yet unproved, regulatory pathway
of miR-223 in angiogenesis might be derived from recent
evidence that hypoxia could downregulate the transcription
factor CCAAT/enhancer binding protein-𝛼 (C/EBP-𝛼) [38],
which is also an upstream regulator for miR-223 expression
[39]. A variety of cellular stresses, including replication stress
and oxidative stress, play an important role in angiogenesis
and vascular remodeling, which lead to the activation of
DNA damage signaling [40]. Mounting evidence suggests
that miRNA expression is regulated in response to DNA
damage, and vice versa [41]. A recent work reported that
an increased sensitivity to chemotherapy was observed in
cancer cells with enforced miR-223 expression and reduced
poly(ADP-ribose) polymerase-1 (PARP-1) [42], an enzyme
which catalyzes theNAD+-dependent polymerization of long
chains of poly-ADP ribose (PAR) onto itself in response to
DNA damage, leading to DNA repair. Thus, miR-223 may
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serve as an endogenous PARP-1 inhibitor for cancer treat-
ment. As DNA damage/repair response has been implicated
in the pathogenesis of vascular remodeling [43, 44], future
work is warranted to determine whether miR-223 may also
participate in this process by targeting PARP-1.

The third field in which miR-223 was intensively inves-
tigated is osteoclast formation and bone remodeling [45].
Indeed, this miRNA is expressed in osteoclast precursors
(RAW 264.7 cells); both under- and overexpression of miR-
223 diminish the osteoclast-like cell formation induced by
RANKL [29]. This indicates that the expression of miR-223
must be fine-tuned for normal osteoclastogenesis [29, 30,
45]. The third important role of miR-223 was in regulation
of carcinogenesis [13, 46]. For example, miR-223 is poorly
expressed in acute myeloid leukemia (AML), as well as in
gastric [47] and ovarian cancer [48]. Depending on the
context, miR-223 acts as either an oncogene or a tumor
suppressor gene [49].

In addition to its role in hematopoietic differentiation,
osteoclastogenesis, and embryonic stem cells differentiation,
as well as in carcinogenesis, miR-223 also has an instrumental
role in inflammatory diseases, such as adipocyte inflam-
mation associated with morbid obesity, insulin resistance,
rheumatoid arthritis, vascular damage, and atherosclerosis [3,
32, 49–52]. In brief, many studies show a clear trend towards
a regulatory role of miR-223 in various clinical disorders.
Further work will be warranted to determine the molecular
mechanisms of miR-223 implicated in the physiopathology
of these disorders.

4. Intraplatelet miR-223 and
Platelet Reactivity

Platelet adhesion and aggregation play a pivotal role in the
maintenance of hemostasis, as well as in thrombosis and
vessel occlusion, which underlies the pathogenesis of stroke
and acute coronary syndrome (ACS) [53]. Dual antiplatelet
therapy with clopidogrel (a P2Y12 receptor antagonist) and
aspirin is currently the cornerstone of pharmacological pre-
vention of ischemic events in patients with atherosclerosis
[54]. But epidemiological and clinical studies have identi-
fied a fraction of patients with increased risk of ischemic
cardiovascular events despite receiving a standard regimen
of antiplatelet therapy, which is termed “high on-treatment
platelet reactivity” (HTPR) [55, 56]. Recent studies showed
that HTPR is a strong predictor of myocardial infarction
(MI) and cardiovascular death in patients after percutaneous
coronary intervention (PCI) [57, 58]. Although heritability
strongly influences the interindividual variation in platelet
reactivity [59], the precious molecular mechanisms of this
phenomenon remain to be poorly understood.

Platelets are devoid of a nucleus and genomic DNA, but
they were shown to contain subcellular organelles, such as
rough endoplasmic reticulum and ribosomes [60], as well as
a small amount of poly(A) + RNA from their megakaryocyte
progenitor cells [61], sufficient to support de novo protein
synthesis. In fact, between 15% and 32% of protein coding
genes are represented in the form of mRNAs in platelets [62–
64]. In addition, the functionality of these platelet transcripts

was supported by a strong correlation between transcript
abundance and protein expression [63, 64]. These evidences
prompted basic researchers to speculate whether circulating
platelets harbor a gene-regulatory pathway based on miR-
NAs.This hypothesis was first confirmed by a landmark study
by Landry and coworkers in 2009, which demonstrated that
human platelets harbor an abundant and diverse array of
miRNAs, and the three most abundant miRNAs are miR-
223, let-7c, and miR-19a [65]. Further analyses revealed
that platelets contain the Dicer and Ago2 complexes, which
function in the processing of exogenous miRNA precursors
and in the control of specific reporter transcripts, respectively.
Accordingly, the authors could not detect the nuclear micro-
processor components Drosha and DGCR8 in platelets, con-
sistent with the anucleate nature of human platelets.They also
found that miRNA-associated Ago2 proteins, in a complex
reminiscent of recombinant RISC, may form the endogenous
miRNA effector complex in platelets. Moreover, the presence
of P2Y12 mRNA in Ago2 immunoprecipitates was detected,
suggesting a potential regulation of P2Y12 expression by
miRNAs in human platelets. Serving as a receptor for ADP,
P2Y12 is a seven-transmembrane domain receptor coupled to
Gi2 protein that mediates a number of biological processes,
such as platelet aggregation, granule secretion, and thrombus
growth and stability [66]. The experimental validation of
the predicted binding site for miR-223 in its natural 3UTR
context in P2Y12 mRNA supports the concept that P2Y12
expression could be regulated by miR-223 in human platelets
[65].

Another study by Nagalla and coworkers focused on the
potential role of platelet miRNAs as both a biomarker of
platelet reactivity and a regulator of platelet mRNA variation
[67]. Using a genome-wide profiling strategy in 19 healthy
donors, they demonstrated the expression of 284 miRNAs
in platelets, among which miR-223 is present in greatest
abundance. They then showed that miRNA profiles are
associated with and may predict the response of platelet
aggregation to epinephrine. In addition, the authors used
computational approach to theoretically generate a high-
priority list of miRNA-mRNA pair candidates, among which
the functionality of three pairs (miR-200b:PRKAR2B (encod-
ing the regulatory chain of cAMP-dependent protein kinase
type II); miR-495:KLHL5 (encoding a Kelch-like protein that
binds to actin); and miR-107:CLOCK (encoding a major
regulator of the cell circadian rhythm)) was further verified in
cell lines [67]. Interestingly, a prior study by the same group
showed that platelet vesicle-associated membrane protein 8
(VAMP8) expression (a protein involved in platelet granule
secretion) is associated with differential platelet aggregation
response to epinephrine in healthy donors, which is regulated
by miR-96 [68]. These lines of evidence support a regulatory
role of platelet miRNAs in protein expression that associated
with variation in platelet reactivity.

Enlightened by the above studies, we hypothesized that
the expression of miR-223 and miR-96, which are associated
with platelet aggregation and secretion properties in healthy
subjects, may influence the responsiveness to clopidogrel in
patientswith coronary heart disease (CHD).We thus enrolled
33 nondiabetic CHD patients with non-ST elevation acute
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coronary syndrome (NSTE-ACS) confirmed by diagnostic
coronary angiography (CAG) [69]. All patients received a
loading dose of 300mg aspirin plus 300mg clopidogrel for
at least 24 h before CAG or 100mg aspirin plus 75mg clopi-
dogrel for at least 5 days prior to CAG. Platelet responsiveness
after antiplatelet therapy was determined by two methods
(platelet reactivity index (PRI), measured by vasodilator-
stimulated phosphoprotein (VASP) phosphorylation flow
cytometry and ADP-induced platelet aggregation (PAG),
measured by light transmission aggregometry). All patients
were dichotomized according to the medians of their PRI
and PAG values. We determined the expression of miR-223
and miR-96 in purified platelets from each patient and found
that only miR-223 expression was statistically downregulated
in PRI-determined low responders. In addition, neither
miR-223 nor miR-96 was found to be significantly differ-
ent between PAG-determined normal and low responders.
Accordingly, miR-223 expression, but not miR-96, was statis-
tically correlated with PRI. Using a binary logistic regression
model, we showed that decreased miR-223 expression was
the only variable that was associated with PRI-determined
low responders, even after being adjusted for known risk
factors for HTPR (CYP2C19∗2 genetic polymorphisms [59,
70], calcium channel blockers [71], proton-pump inhibitors
[72], age, obesity, and smoking [73–75]). To our knowledge,
this work provides the first evidence that platelet miR-223
may serve as a potential marker in evaluating the degree of
P2Y12 receptor inhibition in CHD patients.

5. Circulating miR-223 and Platelet Reactivity

Despite the above evidence that platelet specific miRNAs are
associated with varied response to antiplatelet therapy, the
detection of intraplatelet miRNAs requires a large amount
of blood (15–20mL), as well as a white blood cell depletion
protocol usingmagnetic beads, whichmay substantially limit
its clinical application. Circulating miRNAs are stable in
serum and plasma and were shown to have prognostic values
for cardiovascular disease [76]. Currently, three pools of
plasma circulating miRNAs have been identified, that is,
microparticle- (MP-) associated, high density lipoprotein-
(HDL-) associated, and exosome-associated miRNAs [77].
Among these three pools, it has been reported that a promi-
nent amount of plasma miRNAs is associated to MPs [78].

The prognostic value of circulating miRNAs for major
cardiovascular events (MACEs) was first confirmed by Zam-
petaki and coworkers [79]. In a cohort study consisting of
820 participants, this group found that baseline levels of
three circulating miRNAs, that is, miR-126 (hazard ratio
(HR) 2.69, 95% CI: 1.45–5.01), miR-223 (HR 0.47, 95% CI:
0.29–0.75), and miR-197 (HR 0.56, 95% CI: 0.32–0.96), were
independently correlated with incident MI during a 10-
year follow-up [79]. Notably, the authors showed that these
miRNAs are highly expressed in platelets and platelet-derived
MPs [79].This finding is consistent with a recent study which
showed that activated platelet-derivedMP is themajor source
of plasma circulating miR-223, whereas HDL- and exosome-
derived miR-223 is almost negligible compared with MPs
[80]. Based on these findings,Willeit and colleagues extended

their findings by profiling 377 miRNAs in human platelets,
platelet MPs, and platelet rich and poor plasma and found
that miR-223 is the most differentially expressed miRNAs
[81]. Interestingly, the authors reported that the level of circu-
lating miR-223 tended to be decreased after 10mg prasugrel
plus 75/300mg aspirin in healthy volunteers (𝑛 = 3) and in
patients (𝑛 = 15) with symptomatic carotid atherosclerosis
after 300mg clopidogrel plus 75mg aspirin [81]. Thus far,
the VASP index measured by flow cytometry is the most
specific assay to evaluate P2Y12 receptor blockade and is
not influenced by other antiplatelet agents or anticoagulants
[82]. As the authors did not perform platelet VASP analysis,
the relationship between platelet responsiveness after P2Y12
inhibition and the magnitude of miR-223 change remains
unclear. In addition, as pointed out by the accompanying
editorial [83], if miR-223 is suppressed by P2Y12 inhibition,
its inverse relationship to incident MI seems obscure.

We recently extended our prior work by focusing on
the prognostic value of circulating miR-223 for diminished
response to clopidogrel in NSTE-ACS CHD patients [84].
In multivariate analysis, the level of circulating miR-223
independently predicted the differential response to clopi-
dogrel after adjustment of known clinical factors associated
with HTPR [84]. Admittedly, our study was not designed to
investigate the influence of P2Y12 inhibition on circulating
miR-223 level. However, the results from Zampetaki and
colleagues [79, 81], as well as our independent work, indicate
that circulating miR-223, presumably derived from platelets,
may serve as a novel marker for platelet reactivity.

6. Controversy and Perspective

Based on multiple profiling studies providing evidence that
miR-223 is one of the most abundant miRNAs in megakary-
ocytes and platelets [85–89], a recent work evaluated the
platelet functions in miR-223 deficient mice [90]. Surpris-
ingly, this study reported that, in miR-223-deficient mice,
platelet number, volume, and lifespan, as well as platelet
surface receptors, were expressed at the same level compared
with those from wild type mice [90]. Moreover, loss of miR-
223 did not affect the platelet properties for ADP-induced
aggregation. In view of this evidence, the authors concluded
that miR-223 plays a remarkably modest role in throm-
bopoiesis and that platelet function does not depend upon
miR-223. This study seems contradictory to previous pub-
lished human studies. However, an important issue should
be noted.The central hypothesis that miR-223 is a biomarker
for platelet reactivity is based on the evidence that there is a
putative binding site formiR-223 in the 3untranslated region
(3UTR) of the mRNA encoding P2Y12 [65], which is the
molecular basis for miR-223 regulation of P2Y12 expression,
whereas, as addressed in Leierseder and collaborators’ recent
work [90], the bioinformatics analysis revealed that, in
contrast to the situation in humans, the mouse P2Y12 UTR
does not contain a binding site formiR-223. Accordingly, they
found that platelet P2Y12 mRNA expression was unchanged
in miR-223 deficient mice compared with wide type mice.
This finding pointed out a puzzling issue that the role of miR-
233 may have substantial species difference and provided an
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explanation to the inconsistent results derived from human
and mouse studies.

In addition to platelet’s contribution to peripheral blood
MPs, recent studies also demonstrated that mononuclear
phagocytes, especially macrophages, are the second most
abundant population contributing to MPs which lead to
phenotype switch in target cells via miRNAs transfer, includ-
ing miR-223 [35]. Moreover, miR-223 is highly expressed in
cells of the granulocytic lineage and plays an important role
in regulating granulopoiesis and neutrophil function [33].
Up to now, several miR-223 target genes that are closely
associated with inflammation have been identified, such
as NLRP3 [91], IKKa [34], Pknox1 [32], Pax6 [92], NFI-
A [30], and insulin-like growth factor-1 receptor (IGF-1R)
[93]. Therefore, it is possible that platelet-derived miR-223
may regulate other immune cells harboring miR-223 target
genes via MP transfer and in turn regulate platelet function
via platelet-leukocyte interaction (aggregate formation), a
process now called immunothrombosis [94].

Appropriate regulation of platelet function, which is the
basis to maintain the elegant balance between hemorrhage
and thrombosis, is of paramount importance in patients on
antiplatelet therapy. There is mounting evidence that platelet
miRNAs mediated regulatory network serves as basic mech-
anisms for megakaryocyte/platelet gene expression. Given its
abundance in platelet, miR-223 has begun to receive consid-
erable attention. Recent studies provide an emerging role of
miR-223 as both a regulator and biomarker for HTPR and
MACEs. Bearing in mind that miR-223 mediated regulatory
network may have species difference, future studies on miR-
223 in different models of cardiovascular disease, as well as
in clinical settings, will be warranted for developing new
diagnostic and therapeutic strategies.
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[57] D. Aradi, A. Komócsi, A. Vorobcsuk et al., “Prognostic sig-
nificance of high on-clopidogrel platelet reactivity after per-
cutaneous coronary intervention: systematic review and meta-
analysis,” American Heart Journal, vol. 160, no. 3, pp. 543–551,
2010.

[58] N. J. Breet, J. W. Van Werkum, H. J. Bouman et al., “High
on-treatment platelet reactivity to both aspirin and clopidogrel
is associated with the highest risk of adverse events following
percutaneous coronary intervention,” Heart, vol. 97, no. 12, pp.
983–990, 2011.

[59] J. Miao, R. Liu, and Z. Li, “Cytochrome P-450 polymorphisms
and response to clopidogrel,” The New England Journal of
Medicine, vol. 360, no. 21, pp. 2250–2251, 2009.

[60] C. H. Ts’ao, “Rough endoplasmic reticulum and ribosomes in
blood platelets,” Scandinavian Journal of Haematology, vol. 8,
no. 2, pp. 134–140, 1971.

[61] G. J. Roth, M. J. Hickey, D. W. Chung, and D. D. Hickstein,
“Circulating human blood platelets retain appreciable amounts
of poly (A)+ RNA,” Biochemical and Biophysical Research
Communications, vol. 160, no. 2, pp. 705–710, 1989.

[62] P. Bugert, A. Dugrillon, A. Günaydin, H. Eichler, and H. Klüter,
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MicroRNAs are noncoding RNAs of approximately 22–24 nucleotides which are capable of interacting with the 3 untranslated
region of coding RNAs (mRNAs), leading to mRNA degradation and/or protein translation blockage. In recent years, differential
microRNA expression in distinct cardiac development and disease contexts has been widely reported, yet the role of individual
microRNAs in these settings remains largely unknown. We provide herein evidence of the role of miR-27 and miR-125 regulating
distinct muscle-enriched transcription factors. Overexpression of miR-27 leads to impair expression of Mstn and Myocd in HL1
atrial cardiomyocytes but not in Sol8 skeletal muscle myoblasts, while overexpression of miR-125 resulted in selective upregulation
of Mef2d in HL1 atrial cardiomyocytes and downregulation in Sol8 cells. Taken together our data demonstrate that a single
microRNA, that is, miR-27 ormiR-125, can selectively upregulate and downregulate discrete number of target mRNAs in a cell-type
specific manner.

1. Introduction

MicroRNAs are noncoding RNAs of approximately 22–
24 nucleotides which are capable of interacting with the
3 untranslated region of coding RNAs (mRNAs), leading
to mRNA degradation and/or protein translation blockage
[1]. Understanding microRNA biogenesis has been greatly
achieved; however, knowledge about the tissue distribution
and functional consequences remains more elusive. In recent
years, an increasing body of evidence has demonstrated a
highly relevant role of microRNAs in multiple aspects of
cardiac development and diseases [2, 3].

Functional evidence of the role of microRNAs in devel-
oping heart was demonstrated by selective inhibition of
Dicer in tissue-restricted manner. Conditional ablation of
Dicer using Nkx2.5Cre driver mice resulted in embryonic
lethality with pericardial oedema and cardiac hypoplasia
[4, 5]. Furthermore, Dicer inhibition using alpha-MHC-Cre
mice also resulted in cardiac developmental impairment [6].
Thus, these studies highlight the importance of microRNA

biogenesis for heart development. In addition, diverse studies
have provided evidences of differential expression of microR-
NAs during heart development, both during embryogenesis
[7–9] and at postnatal stages [10, 11] supporting a pivotal
role of microRNAs during heart development. Moreover,
recent studies reportedmicroarray analyses which determine
whether miRNAs are deregulated in common cardiovascular
physiopathological conditions, such as hypertrophic and/or
dilated cardiomyopathy, heart failure, or atrial fibrillation
[12–17]. Taken together these data demonstrate a key role for
microRNAs in cardiac development and disease. However,
the role of individual microRNAs in these settings remains
largely unknown.

We have previously reported a discrete number of differ-
entially expressed microRNAs during cardiac development
and we further elaborated on the functional role of miR-27 as
regulator of the transcription factorMef2c [7]. Furthermore,
we recently reported that a large number of these microR-
NAs also display differential expression during iPS-derived
cardiomyogenesis [18]. Among those, miR-125 displayed
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Table 1: List of the oligonucleotides sequences used in the qPCR assays. Note that all primers were designed using the Primer3 (http://biotools
.umassmed.edu/bioapps/primer3 www.cgi) online tool, fixing the primer length to 100–200 nucleotides and an annealing temperature of
60∘C. MgCl2 concentration was always the same since SSOFast EvaGreen Master mix was used in all qPCR experiments.

Gapdh Fw: 5-TCTTGCTCAGTGTCCTTGCTGG-3 180 pb
Rv: 5-TCCTGGTATGACAATGAATACGC-3

𝛽-Actin Fw: 5-CCAGAGGCATACAGGGAC-3 144 pb
Rv: 5-TGAGGAGCACCCTGTGCT-3

Myocd Fw: 5-TTTTCAATTCCATCCCCAAC-3 210 pb
Rv: 5-CCCAGGGATCTTTGGAATTT-3

Mdfi Fw: 5-CAGGCTCTGAACAGCATTGA-3 125 pb
Rv: 5-GGTTCTGAGAGGTGGTCGTG-3

Mstn Fw: 5-GGCTCTTTGGAAGATGACGA-3 188 pb
Rv: 5-GGAGTCTTGACGGGTCTGAG-3

Runx1 Fw: 5-TACCTGGGATCCATCACCTC-3 164 pb
Rv: 5-GACGGCAGAGTAGGGAACTG-3

Mef2c Fw: 5-GGGGTGAGTGCATAAGAGGAC-3 288 pb
Rv: 5-AGAAGAAACACGGGGACTATGGG-3

Mef2d Fw: 5-TCTCCCAGTCTACCCACTCG-3 162 pb
Rv: 5-CAGGTGAACTGAAGGCTGGT-3

increased expression during both cardiac development and
iPS-derived cardiomyogenesis, suggesting that it might play
a pivotal role during muscle development. We therefore
went on into this study dissecting the discrete role of miR-
27 and miR-125, respectively, regulating muscle-enriched
transcription factors.

2. Material and Methods

2.1. Cell Culture andMicroRNATransfectionAssays. HL1 cells
(6 ∗ 105 cells per well) [19] and Sol8 (ATCC, USA) cells were
transfected with corresponding pre-miR (Ambion, USA),
respectively, at 50 nM using lipofectamine 2000 (Invitrogen,
USA) according to manufacturer’s guidelines. Negative con-
trols included nontransfected cells as well as FAM-labeled
pre-miRnegative control transfected cells, which also allowed
transfection efficiency evaluation. In all cases, transfection
efficiencies were greater than 50%, as revealed by observation
of FAM-labeled pre-miR transfection. After 4 hours after
transfection, HL1 cells were cultured in appropriate cell
culture media and collected after 48 hours as previously
reported [7, 20].

2.2. qRT-PCR Analyses. mRNA qRT-PCR was performed in
Mx3005Tm QPCR System with an MxPro QPCR Software
3.00 (Stratagene, USA) and SSOFast EvaGreen detection
system (BioRad, USA). Two internal controls, mouse 𝛽-
actin and Gapdh, were used in parallel for each run. Each
PCR reaction was performed at least three times to obtain
representative averages. Primers sequences are provided in
Table 1.

MicroRNA qRT-PCR was performed using Exiqon LNA
microRNA qRT-PCR primers and detection kit according to
manufacturer’s guidelines. All reactions were always run in
triplicate using 5S as normalizing control, as recommended
by the manufacturer. The Livak & Schmittgen method was

used to analyze the relative quantification RT-PCR data [21]
and normalized in all cases taking as 100% the wild-type
(control) value, as previously described [22].

3. Results

3.1. Search for Muscle-Enriched Transcription Factor Can-
didate Targets for miR-27 and miR-125. Using TargetScan
search engine, mouse miR-27 is predicted to target over a
thousand genes. Hand-curate literature search on PubMed
indicating previous involvement of these predicted targets
in the cardiovascular and/or skeletal muscle biology setting
suggests that approximately only a third of these genes
(324/1002; ∼32%) might be targeted in this context. A sub-
classification of these genes demonstrates that approximately
∼13% corresponded to transcription factors. Among them,
Runx1 andMef2chave been already validated as directmiR-27
targets [7, 23]. We focus our attention on those transcription
factors playing a role in either cardiac or skeletal muscle
development, such as myostatin (Mstn), myocardin (Myocd),
and MyoD family inhibitor (Mdfi). Using a similar approach,
we also search for putative muscle-related transcription
factors that might be putatively targeted by miR-125, which
resulted in the identification of myocyte enhancer factor 2D
(Mef2d).

3.2. Divergent Tissue-Specific miRNA Effects in Muscle Cells.
In order to dissect the functional role of miR-27 and miR-
125 in muscle cells, we overexpressed these microRNAs in
two distinct muscle cell types, Sol8 skeletal muscle myoblasts
and HL1 atrial cardiomyocytes, respectively. After 48 hours
of transfection, expression levels of these microRNAs and
distinct muscle-enriched transcription factors were mea-
sured by qPCR as compared to lipofectamine nontransfected
control cells. Figure 1 demonstrates that similar levels of
microRNA overexpression were achieved for miR-27 and
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Figure 1: qPCR analyses of miR-27 and miR-125 expression levels
in HL1 and Sol8 cells transfected with pre-miR-27 and pre-miR-125,
respectively, as compared to nontransfected (lipofectamine only)
control cells. Observe that a similar overexpression level is achieved
for both miR-27 and miR-125 in HL1 and Sol8 cells, respectively
(𝑛 = 3). ∗∗∗𝑃 < 0.001, ∗∗∗∗𝑃 < 0.0001.

miR-125, respectively, in HL1 and Sol8 cells. Furthermore,
functional assessment of microRNA overexpression was
assayed by measuring Mef2c and Runx1 expression levels,
since these transcription factors were previously reported
as direct targets of miR-27 [7, 23]. Figure 2 shows that
overexpression of miR-27 selectively results in downregu-
lation of both Mef2c and Runx1 in cardiomyocytes (HL1)
and skeletal myoblasts (Sol8), whereas no significant changes
were observed upon miR-125 overexpression. Interestingly,
selectively overexpression of miR-27 leads to downregulation
ofMstn in HL1 atrial cardiomyocytes but not in Sol8 skeletal
muscle myoblasts, as illustrated in Figure 3. On the other
hand, miR-27 overexpression leads to significant upregu-
lation of Myocd in HL1 atrial cardiomyocytes, whereas no
changes are observed in Sol8 cells (Figure 3). Surprisingly,
overexpression of miR-27 results in downregulation of Mdfi
in HL1 cardiomyocytes and Mdfi upregulation in Sol8 cells.
Importantly, expression ofMstn,Myocd, orMdfi is not altered
in Sol8 or HL1 cells after miR-125 expression, supporting the
miR-27 specificity of these effects (Figure 3).

In line with the data obtained for miR-27, overexpression
of miR-125 resulted in selective upregulation of Mef2d in
HL1 atrial cardiomyocytes and Mef2d downregulation in
Sol8 cells. Importantly, miR-27 overexpression led to no
significant changes of Mef2d expression neither in Sol8 nor
in HL1 cells.
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Figure 2: qPCR analyses of Runx1 and Mef2c expression levels
in HL1 and Sol8 cells transfected with pre-miR-27 and pre-miR-
125, respectively, as compared to nontransfected (lipofectamine
only) control cells. Note that Runx1 and Mef2c expression levels
are significantly downregulated in miR-27 but not in miR-125,
overexpressing cells (HL1 and Sol8) (𝑛 = 3). ∗∗𝑃 < 0.01, ∗∗∗𝑃 <
0.001.

4. Discussion

MicroRNAs have been demonstrated to play essential roles
in multiple biological processes, such as embryonic develop-
ment, cell tissue specification, and cell proliferation, as well
as in distinct pathological conditions, such as cancer and
cardiovascular diseases. miR-27 has been indeed implicated
in several of these contexts, such as embryonic develop-
ment [7], angiogenesis [24, 25], adipogenesis [26–28], and
atherosclerosis [29]. In particular, miR-27 has been reported
to selectively regulate Pax3 [20, 30], Runx1 [23], andMef2c
[7]. Similarly, miR-125 has been documented to play essential
roles in stem cell differentiation [31, 32] and distinct cancer
types [33–35], yet its role in muscle biology is more elusive
[36].

In this study, we report that miR-27 overexpression leads
to selective downregulation of Mstn and Mdfi in HL1 atrial
cardiomyocytes, suggesting a direct role of miR-27 regulating
these genes. Surprisingly, miR-27 overexpression leads to
upregulation of Myocd in HL1 atrial cardiomyocytes. Selec-
tive microRNA-mediated downregulation of target genes is
widely documented [37, 38], although some reports also
demonstrate upregulation of target genes [39, 40] such as
for miR-373 [Place et al., 2007]. Thus, our data suggest
that miR-27 can equally act upregulating or downregulating
genes in the cardiac muscle context. Intriguingly, in Sol8
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Figure 3: qPCR analyses of Mstn (a), Myocd (b), Mdfi (c), and Mef2d (d) expression in HL1 and Sol8 cells, respectively, transfected with
miR-27 and miR-125, as stated in the corresponding panel. Observe that overexpression of miR-27 leads to downregulation of Mstn and
upregulation ofMyocd in HL1 cells, but not in Sol8 cells, while miR-125 overexpression does not alter any of these genes. Importantly, miR-27
overexpression downregulatesMdfi in HL1 cells, while it is upregulated in Sol8 cells. In the case of miR-125 overexpression, a similar effect is
observed forMef2d but in reverse mode; that is, miR-125 upregulatesMef2d in HL1 cells and downregulates it in Sol8 cells (𝑛 = 3). ∗𝑃 < 0.05,
∗∗
𝑃 < 0.01, and ∗∗∗𝑃 < 0.001.

cells, miR-27 overexpression does not alter Mstn or Myocd,
yet it upregulates Mdfi. These data suggest that miR-27
does not regulate Mstn and Myocd in the skeletal muscle
context, while it upregulatesMdfi. Taken together these data
demonstrate a cell-type specific role of miR-27 for the same
target genes. A similar finding is also documented for miR-
125, since miR-125 overexpression in HL1 atrial cardiomy-
ocytes upregulates Mef2d, while it is downregulated in Sol8
cells.

To our knowledge this is the first report that demonstrates
distinct effects for a singlemicroRNA for the same target gene
in distinct cellular contexts. In amechanistic way, this implies
that miR-27 is capable of interacting with Mstn and Mdfi
3UTR in cardiomyocytes but not in skeletal myoblasts, while
miR-125 upregulates and downregulatesMef2d depending on
the cell context. Importantly, overexpression of miR-125 does
not modify expression of Mstn, Myocd, or Mdfi in any cell
context, while miR-27 overexpression does not alter Mef2d
expression in HL1 or Sol8 cells. These findings reinforce the

notion of a specific regulatory role of miR-27 inMstn,Myocd,
or Mdfi and of miR-125 in Mef2d, in line with TargetScan
predictions. Furthermore, they suggest that either a selective
blockingmechanism is operative in one cell type, for example,
skeletal myoblasts, or a coadjuvant facilitating interactive
factor is exclusively expressed in the other cell type, for
example, cardiomyocytes. Further research is required to sort
out these hypotheses. We are aware that our biological assay
does not provide direct biochemical evidence of microRNA-
mRNA interaction, yet it reveals the overall biological output
of miR-27/miR-125 overexpression, respectively. However, it
is important to realize that 3UTR luciferase report assays
in heterologous systems, such as 3T3 fibroblasts or HeLa
cells, will be rather inappropriate to give the cell-type specific
effects revealed in our assays.

In summary, we provide evidence that miR-27 and miR-
125, respectively, can selectively upregulate and downregulate
discrete number of target mRNAs in a cell-type specific
manner.
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miRNAs, a unique class of endogenous noncodingRNAs, are highly conserved across species, repress gene translation upon binding
to mRNA, and thereby influence many biological processes. As such, they have been recently recognized as regulators of virtually
all aspects of cardiac biology, from the development and cell lineage specification of different cell populations within the heart to
the survival of cardiomyocytes under stress conditions. Various miRNAs have been recently established as powerful mediators of
distinctive aspects inmany cardiac disorders. For instance, acutemyocardial infarction induces cardiac tissue necrosis and apoptosis
but also initiates a pathological remodelling response of the left ventricle that includes hypertrophic growth of cardiomyocytes and
fibrotic deposition of extracellular matrix components. In this regard, recent findings place various miRNAs as unquestionable
contributing factors in the pathogenesis of cardiac disorders, thus begging the question of whether miRNA modulation could
become a novel strategy for clinical intervention. In the present review, we aim to expose the latest mechanistic concepts regarding
miRNA function within the context of CVD and analyse the reported roles of specific miRNAs in the different stages of left
ventricular remodelling as well as their potential use as a new class of disease-modifying clinical options.

1. Introduction

Heart or cardiac disease is an overreaching term used to
describe a large family of conditions that affect themyocardial
muscle. Disorders that fall under this category include blood
vessel illnesses such as coronary artery disease, heart rhythm
conditions termed arrhythmias, and, in general, all types of
cardiomyopathies. The term cardiac disease is often incor-
rectly used interchangeably with the term cardiovascular
disease (CVD). However, CVDs comprise a broad class of
disorders that involve narrowed or blocked blood vessel(s)
that can lead to myocardial infarction (MI) and heart failure
(HF). In both China and the United States, CVDs were the
major cause of morbidity and mortality in 2012 according to
the World Health Organization [1]. Moreover, the patients
that survive heart injuries experience, at best, progressive

deterioration of their heart function unequivocally leading to
HF [2]. Altogether, this information underscores the need to
develop new therapeutic strategies potentially appointed to
regenerate the damaged cardiac tissue.

Notably, a MI episode can lead to the annihilation within
a few hours of about 25% of the 2–4 billion cardiomyocytes
present in the human left ventricle [3]. The response to MI
as well as to other forms of cardiac insults is described as
left ventricular remodeling which involves all the structural,
molecular, and functional adaptations of the heart in
response to injury [2]. It is usually associated with increased
volume and altered chamber configuration of the heart
driven by a combination of pathological changes that
comprise cardiomyocyte hypertrophy, myocyte apoptosis,
myofibroblast proliferation, and interstitial fibrosis [2].
In particular, a MI involves acute oxygen deprivation to
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a portion of the ventricle leading to a confined area of
ischemic cardiac cells, termed the infarct area. Given that
adult cardiomyocytes have a very low intrinsic proliferation
rate [4], vast replacement of damaged cardiomyocytes is
precluded and a collagen-rich scar is formed instead. Hence,
following an initial robust inflammatory responsewhere dead
cells are cleared by macrophage activity, cardiac fibroblasts
infiltrate the damaged area to increase myocardial flexibility
via deposition of extracellular matrix components [5], which
marks the onset of the interstitial fibrosis process. While
scarring culminates in a relatively quick preservation of
myocardial integrity, it compromises the contractile activity
of the heart permanently. Despite a wide range of available
therapeutic options, the prevalence, mortality, and costs
associated with CVDs continue to increase in the developed
world as well as in the developing countries [6]. Current
treatment options are limited to a surgical intervention to
either restore patency or bypass affected coronary arteries, the
application of passive cardiac support devices, and/or cardiac
transplantation [6]. Although the ideal approach for HF
patients would be to attempt myocyte replacement therapy
with the objective of restoring cardiac muscle mass and func-
tion, current treatments and prospective research advances
are geared towards the stimulation of the endogenous cardiac
repair mechanisms [7–9]. Given the lack of a therapeutic
approach to reverse the loss-of-functional myocardium, the
development of efficient regenerative procedures is an urgent
need in the field of modern cardiovascular research.

As an alternative, a promising cell-free strategy is based
on the use of smallmolecules or paracrine factors to stimulate
cardiomyocyte proliferation or differentiation of resident
cardiac cells [10–12]. Recently, a new class of small noncoding
RNAs or microRNAs (miRNAs) were identified as important
posttranscriptional inhibitors of gene expression through
their ability to block the translation of messenger RNA
(mRNA) [13]. Hence, depending upon the presence and
expression of a specific miRNA and/or its target as well as the
physiological state of a cell, a miRNA can act as a “fine tuner”
or even as an on/off switch of gene expression [13]. In this
context, changes inmiRNA levels as they relate tomurine and
human heart disorders and their implications in the devel-
opment of different CVDs have been recently recognized;
thus, certain miRNA expression signature patterns were
shown to correlate with HF and cardiac hypertrophy [14].
To date, various studies have illustrated changes in miRNAs
expression in a variety of human heart conditions such as
MI [15], cardiac hypertrophy and fibrosis [16], and develop-
mental heart disease [17]. They showed that the expression of
numerous miRNAs is altered in such pathological processes
and that different types of heart disease are associated with
distinct changes inmiRNA expression [18].Therefore, under-
standing the regulation of molecules of mRNA biogenesis
in both stem and cardiac progenitor cells will lead to a
better understanding of the pathophysiological development
of CVDs as well as contributing towards the development of
novel therapeutic targets that promote endogenous cardio-
vascular regeneration. Not surprisingly, research on miRNAs
in relation to the physiology and pathology of CVDs has
become a rapidly evolving field. Recently, several excellent

reviews have analyzed the progress made in understanding
the role of miRNA therapeutics within the CVDs field [19–
21] and circulating biomarkers within the blood stream for
early detection of specific CVDs pathologies [22]. In this
review, we examine the latest progress regarding the roles of
miRNAs in the left ventricle remodeling process, as well as
their potential for therapeutic intervention.Wewill focus our
attention on the mechanistic concepts of miRNA function
within the context of CVD progression and consider the
specific roles of representativemiRNAs in the different phases
of left ventricular remodeling.

2. The Biology of miRNA: Overview

miRNAs are 21- to 23-nucleotide- (nt-) long noncoding RNAs
able to modulate gene expression by targeting genes at the
posttranscriptional level in a tissue-specific fashion. Thus,
miRNAs bind mostly to the 3 untranslated region of target
genes and inhibit gene expression translationally and/or by
destabilizing the target mRNA [13]. miRNAs are transcribed
as regular genes from DNA by RNA polymerase II into
primary miRNAs, which are processed to pre-miRNAs (70-
nt stem loop oligonucleotides) in the nucleus by the Drosha
complex (a type III RNase complex), then exported to the
cytoplasm, and further cleaved by the DICER1 complex
into 22-nt double stranded fragments [23] (miRNA duplex,
Figure 1). At this point, miRNAs can be discharged to the
extracellular spacewithin vesicles (i.e., exosomes) responsible
for miRNA-mediated cell-to-cell communication. In vitro
experimentations proved that endothelial cell line culture
overexpressing the transcription factor Kruppel-like factor
2 (KLN2) was able to generate extracellular vesicles highly
enriched in miRNAs. KLN2 is an important transcription
factor involved in atheroprotective stimuli and able to
enhance the expression of a particular cluster of miRNAs
[24]. Similarly, the finding of circulating miRNAs in different
human fluids indicates a conceivable role of miRNAs as
paracrine signaling mediators in vivo, suggesting a crucial
role ofmiRNAs in cell-cell communication and paracrine sig-
naling during either physiological or pathological processes
[24, 25]. Of note, involvement of miRNAs/vesicle-mediated
communication has been discovered between different pop-
ulations of myocardial cells such as endothelial and smooth
muscle cells (SMC) [24] and also between fibroblasts and
cardiomyocytes as well [26]. This latter study demonstrated
a crosstalk between cardiac fibroblast and cardiomyocytes
through extracellular vesicles highly enriched in miR-21∗, a
documented inducer of cardiac hypertrophy [26]. Alterna-
tively, one of the strands of the miRNA can be selectively
loaded into the RISC complex, which is responsible for
binding to target mRNAs and repressing their expression
through degradation or translational inhibition (Figure 1). In
particular, a model for cytoplasmic mRNA repression/decay
regulation has been proposed [27], in which argonaute (an
essential protein of the RISC complex) directly interacts
with the P-bodies (cellular foci involved in mRNA turnover
containing most of the proteins related with miRNA gene
silencing) [28] (Figure 1). Additionally, some miRNAs are
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Figure 1: Representative scheme summarizing the biogenesis of the
miRNA. The cartoon depicts the four main pathways followed by
miRNA after extranuclear cleavage by DICER. The miRNA duplex
can be processed to singlematuremiRNA and loaded into exosomes
ormicrovesicles ready for extracellular release (1) or aggregates in P-
bodies (2), a newmodel of mRNA regulation involving miRNA and
other specific proteins [122]. However, miRNAs are preferentially
loaded into the RISC complex in the cytoplasm, inducing silencing
of target mRNA (3). Alternatively, miRNAs are able to enter back
into the nucleus and directly bind the promoter region of target
genes (4) and influence their expression. Argn = argonaute.

able to reenter the nucleus and directly bind to the promoter
region of target genes to regulate their expression [29]
(Figure 1).

Most miRNAs are predicted to target several mRNAs
and most mRNAs have predicted binding sites for multiple
miRNAs. In this manner, a single miRNA can affect an entire
signaling pathway, converting them into appealing tools for
cell-fate conversion approaches.Therefore, miRNAs perform
diverse roles in many different cellular, developmental, and
physiological processes [30, 31].The relevance of themiRNAs
as key players in phenotype specification mechanisms has
been extensively confirmed by studies showing that the
forced overexpression of miRNAs specifically upregulated
in neuronal cells, embryonic stem cells, osteoblasts, blood
progenitors, and cardiomyocyte stem cells, in specific cul-
ture conditions, was sufficient to induce the conversion
of somatic cells towards each of these cell types [32, 33].
Hence, exogenous expression or inhibition of cardiac related
miRNAs would presumably be a suitable tool for therapeutic
applications in the context of CVD.

Relating to genomic organization, miRNAs are often
clustered within miRNA families, comprising mature species
similar enough to have evolved from a common ancestor
and which are often regulated as a single cistron [34, 35].
This agrees with the notion that a family of miRNAs can
affect a specific set of mRNAs in a redundant fashion, thereby

significantly affecting their expression levels and hence the
dynamics of any biological pathway.

A special mention in regards to the nomenclature of miR-
NAs, that is, the number assigned to a given primarymiRNA,
may not necessarily correspond to the samemiRNA sequence
across species. Moreover, the same miRNA sequence given
or not the same nomenclature may not necessarily affect the
same set of mRNAs in different species [35]. Hence, this lack
of nomenclature consistency calls for caution when reading
reports from research using different species’ models.

3. miRNAs Implicated in Cardiac Development

The first evidence for an essential contribution of miRNAs
in heart development came from analysis of transgenic
animals with conditional knockout of the miRNA process-
ing enzyme DICER1 in cardiac progenitor cells (CPCs),
defined as cells expressing early cardiac-specific genes such as
Nkx2.5 [36]. Mouse embryos lacking DICER1 in CPCs died
before birth with severe cardiac defects such as pericardial
edema and a poorly developed ventricular myocardium [37].
Interestingly, conditional knockout DICER1 in the adult
mouse myocardium induced rapid biventricular enlarge-
ment, characterized by myocyte hypertrophy, sarcomeric
disarray, ventricular fibrosis, and strong induction of the
fetal gene program [38]. Moreover, miR-1 and miR-133,
two specific and widely conserved miRNAs derived from
the same precursor transcript, have been well established
as fundamental factors in cardiac development [39, 40].
However, while miR-1 and miR-133 cluster on the same
chromosomal locus and are transcribed together in a tissue-
specific manner, they have distinct roles in modulating skele-
tal muscle proliferation and differentiation [40]. For instance,
mice lacking the miR-1-2 genomic locus developed a range
of abnormalities such as ventricular septal defects, cardiac
arrhythmia, andmyocyte hyperplasia with nuclear division of
cardiomyocytes persisting postnatally [37]. It was shown that
miR-1 promoted myogenesis by targeting histone deacetylase
4 (HDAC4), a nuclear factor that represses the transcription
of muscle specification genes [40]. In addition, increasing
miR-1 levels in the developing heart lead to a decreased pool
of proliferating cardiomyocytes via the targeting of Hand2
and thereby controlling cardiomyocyte differentiation and
proliferation during cardiogenesis [39] (Figure 2). In regards
to miR-133, it was shown to promote mesoderm formation
in mouse embryonic stem cells [41]. However, mice lacking
either the mir-133a-1 or miR-133a-2 variants were normal,
while about half of double-mutant mice displayed lethal
ventricular-septal defects already at 1 day postnatally (p1) and
those that survived to adulthood developed signs of dilated
cardiomyopathy and heart failure at around 4 months of age.
These phenotypes were linked to deregulation of miR-133a-1
targets such as cyclin D2 and serum responsive factors (SRF)
[42] (Figure 2). Interestingly, targeting EGFR expression via
miR-133a-1 overexpression in humanmesenchymal stem cells
(MSCs) promoted cardiogenic differentiation [43]. Recently,
another muscle-specific miRNA was shown to favor cardiac
lineage differentiation of human CPC and rat MSCs. In
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and their downstream targets are shown during embryonic heart development. Of note, compelling evidence for a critical role of miRNAs
during AVC specification has been collected only in developing models such as zebrafish. It is however plausible that particular miRNAs also
play an important role in AVC specification in mammals but has not yet been elucidated.

fact, miR-499 translocated from differentiated myocytes to
CPCs via gap junctions promoting the differentiation of the
latter into functionally differentiated cardiomyocytes [44],
highlighting the role of miRNAs as paracrine factors that
can influence gene expression and consequently cell behav-
ior (Figure 2). This is of particular interest for the design
of therapeutic strategies involving miRNAs as modulating
agents considering that they are unusually stable in plasma
and resistant to harsh conditions such as pH variation and
high temperature [45]. Moreover, a 3mutation in the human
miR-499 sequence altered the expression of different cardiac-
specific mRNAs [46]. In a transgenic mouse model, it was
similarly shown that increasing miR-499 expression resulted
inmyocardial hypertrophy and severe cardiac dysfunction by
affecting the expression of early stress (i.e., Erg1, Erg2) and
structural (i.e., Myh7b, Acta1) genes thereby magnifying the
cardiac response to stress [47].

Finally, themiR-17∼92 family, a well-knownmRNAs clus-
ter involved in cancer biology named OncomiR-1, consists of
6 different miRNAs all being described in different embry-
onic stages of heart development [48]. Data analysis from
loss-of-function experimentations has suggested a specific
role of themiR-17∼92 cluster in ventricular septa specification
as well as lung hypoplasia [48]. More importantly, the
miR-17∼92 family has emerged as important regulator of
myocardial differentiation in particular in the specification
of CPC in the second heart field which is required for
normal outflow tract development [49] (Figure 2). Wang
et al. demonstrated that the bone morphogenetic protein
(BMP) signaling pathway triggers the transcription of several
members of the miR-17∼92 family which in turn repress the
expression of cardiac progenitors genes such as Isl-1 (ISL LIM
homeobox 1)and Tbx1 (T-box 1) [49].

At present, only scattered information is available on the
expression of miRNAs in CPCs. In particular, a member of
the miR-17∼92 cluster, miR-17, was identified as the most
differentially expressed miRNAs between neonatal and adult
murine heart [50]. Preliminary attempts at manipulating

CPCs behavior for stem cell therapy by altering miRNAs
expression have met with limited success [44, 51]. How-
ever, an important role of miRNAs to improve homing,
integration, and survival of CPCs engrafted in the infarcted
myocardium has been described, and a mixture of miR-21,
miR-24, and miR-221 is found to enhance the viability and
survival of Sca-1+ CPCs both in vitro and in vivo [52].

4. microRNAs and Myocardial Regeneration

Several reports support the notion that microRNAs play
an important role in myocardial regeneration. Hence, an
alternative option for restoring the number of loss myocytes
in CVD patients may be through activation of endoge-
nous mechanisms for cardiomyocyte proliferation, thereby
increasing myocardial muscle mass. In order to achieve
myocardial regeneration and push the development of effi-
cient therapeutic options, it is essential to uncover molecular
mechanisms that will support cardiac regeneration. By defi-
nition, regeneration is a complex biological process by which
animals can restore the shape, structure, and function of
body parts lost after injury or experimental amputation. For
instance, a number of lower vertebrates such as the newt and
axolotl are able to renew parts of their body and even entire
organs during their lifetime [53]. In particular, adult zebrafish
show a conspicuous capacity to regenerate large portions of
their heart after partial resection [54–56]. Notably, zebrafish
heart regeneration after partial amputation of the ventricular
apex proceeds by de novo formation of myocardial tissue that
is indistinguishable from the surrounding myocardium both
functionally and histologically [57]. Moreover, in this model,
cardiomyocytes produced during regeneration are unlikely
to be derived from undifferentiated stem or progenitor
cells. Rather, the source of regenerating tissue is preexisting
cardiomyocytes that after dedifferentiation reenter the cell
cycle in response to injury [58]. It was recently shown that
many miRNAs display compelling changes and are involved
in fundamental regenerative signaling during zebrafish fin
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or organ regeneration [59]. Interestingly, a recent study
purports that the neonatal mouse heart is also capable of
complete regeneration following amputation of the apex or
ischemic injury [60]. Hence, several groups have begun
to investigate the involvement of microRNAs within the
realms of the regeneration process using ventricular apex
resection of the neonatal mouse heart, hoping this should
be an ideal model to identify the miRNA profile regulating
dedifferentiation and proliferation in the mammalian heart
[61]. Although the mechanisms remain largely unknown,
in zebrafish it was shown that miRNAs play a critical
role in tissue regeneration [59]. For example, miR-133 was
shown to promote cardiac regeneration in zebrafish [62],
whereas miR-138 was associated with specification of the
atrioventricular canal (AVC) which eventually gives rise to
the cardiac valves indispensable for the unidirectional blood
flow within the heart [63]. These observations prompted
studies to ascertain whether similar mechanisms are present
in the mammalian heart and, if so, whether experimental
manipulation of miRNAs might trigger heart regeneration
in mammals. More recently, Porrello and coworkers have
established a model of ischemic MI in postnatal mice [64]
and demonstrated that the neonatal heart can mount a
regenerative response leading to cardiomyocyte proliferation
of preexisting cardiomyocytes and a functional recovery in
21 days [60]. Interestingly, these authors also demonstrated
that inhibition of the miR-15 family increased cardiomyocyte
proliferation and improved ventricular systolic function after
induction of MI in adult mice [64] (Figure 3). Members
of the miR-15 family, including miR-15a, miR-15b, miR-16-
1, miR-16-2, miR-195 and miR-497, have been implicated in
cell cycle arrest and cell survival in different cell lineages
via the regulation of many antiapoptotic genes and cell
cycle inhibiting factors [65]. Members of this family are
upregulated in the heart in response to stress conditions,
MI, and cardiomyocyte death [16].Themultiplicity of miR-15
family members exemplifies one of the challenges associated
with miRNA inhibition as a therapeutic strategy, as sequence
divergence among different members of miRNA families
prevents their collective inhibition by the delivery of a sin-
gle antisense oligonucleotide inhibitor (antagomiR). Recent
work performed using a model of ischemic and reperfusion
in mice showed that inhibition of the miR-15 family reduced
infarct size and improved cardiac function two weeks after
delivering the injury [66]. Moreover, forced expression of
miR-195 in heart was sufficient to cause cardiomyocyte loss
leading to HF, and precocious activation of miR-195 in the
heart suppressed the neonatal regeneration capacity of the
murine heart [64]. The inhibitory influence of miR-195 on
heart muscle regeneration appears to be attributable to the
inhibition of a cohort of proliferative proteins and cell cycle
inhibitors [64]. Hence, antagomiR-mediated inhibition of
miR-15 family members represents an intriguing strategy to
enhance cardiac repair following injury.

More recently, Senyo et al. found that a population
of mononucleated proliferating cardiomyocytes appeared in
the peri-infarct region in adult mice subjected to experi-
mental MI, raising the rate of proliferating cardiomyocytes
over the observed basal levels [67]. Interestingly, they also
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proliferation. Following myocardial infarction (MI), miRNAs that
have been implicated in these processes are shown.

identified hypertrophic cardiomyocytes undergoing rounds
of karyokinesis without mitosis through the measurement
of DNA content, suggesting that at least two independent
populations of cardiomyocytes with different proliferative
capacities exist [67]. Although the response observed is
insufficient to regenerate the damaged heart, the fact that the
adult mammalian heart showed a cardiomyocyte-mediated
regenerative response is a remarkable finding with exciting
implications such as those related to miRNA manipulation
to enhance this endogenous regenerative reaction. In fact,
a report by Eulalio and colleagues had suggested that it is
indeed possible to experimentally drive adult mammalian
cardiomyocytes toward a proliferative state by manipulat-
ing miRNA expression [68]. The study focused on find-
ing miRNAs that promoted the expression of proliferative
markers. Using a library of 875 human miRNA mimics in a
high-throughput screening approach, the authors found 204
miRNAs that induced greater than 2-fold induction of the
proliferation rate of both rat and mouse cardiomyocytes and
demonstrated that forced miR-199a and miR-590 expression
with adenoassociated viruses increased the number of pro-
liferating cardiomyocytes leading to a significant improve-
ment of cardiac function after MI [68] (Figure 3). Other
miRNAs that significantly increased postnatal cardiomyocyte
proliferation in 7-day old mice were miR-590-3p, miR-199-
3p, miR-33b, and miR-1825 [68]. miR-33b was previously
shown to play a role in regulating cell proliferation and fatty
acid metabolism [69, 70]. A recent study indicated that the
miR-199a-204 cluster was involved in HF by facilitating a
maladaptive metabolic shift to increased glucose metabolism
rather than fatty acid utilization, as it would be normally
found in the healthy myocardium [71]. Using a cardiac
disease mouse model with transverse aortic constriction
pressure overload, the authors found that mice treated with
antagomirs of miR-199a and miR-214 displayed improved
cardiac function as well as a normal arrangement of car-
diomyocytes, with fibrosis and hypertrophy being signifi-
cantly reduced compared to vehicle-treated control hearts
[71]. Mechanistically both miR-199a and miR-214 directly
repressed peroxisome proliferator-activated receptor delta
(PPAR-𝛿), a critical regulator of mitochondrial fatty acid
metabolism in the heart, but did not alter the expression
of genes involved in glucose metabolism [71]. Another
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group reported that loss of function of the miR-17∼92
cluster in mice resulted in abnormal myocardial differenti-
ation deriving from second heart field cardiac progenitors,
through repression of the lsl-1 gene during embryonic cardiac
development [49], suggesting a specific role of this miRNA
cluster in the differentiation towards cardiac lineages during
embryogenesis. The miR-17∼92 cluster encodes six poly-
cistronicmiRNAs such asmiR-17,miR-18a,miR-19a,miR-19b,
miR-20a, and miR-92b of which not all have the same seed
site. Amore recent study reported that themiR-17∼92 cluster,
particularly miR-19a and miR-19b, may induce proliferation
of cardiomyocytes and help protect the heart from ischemic
injury caused by MI [72]. Compared with controls, prolifer-
ation of cardiomyocytes was decreased in miR-17-92 loss-of-
function hearts and increased inmiR-17∼92 gain-of-function
hearts. Importantly, after MI, miR-17∼92 gain-of-function
hearts had improved cardiac function, reduced scar size, and
increased numbers of proliferating cardiomyocytes at the
injury border zone, suggesting a crucial role in cardiac regen-
eration. Further, in vitro studies indicated that the miR-17-92
cluster induced cardiomyocyte proliferation through direct
repression of PTEN by miR-19a and miR-19b, making this
cluster also an attractive therapeutic option [73] (Figure 2).

5. miRNAs and CVDs

In 2007, Ikeda and colleagues were among the first to
analyze microRNA expression by genome-wide profiling of
human hearts with several conditions. They measured the
expression of 428 miRNAs in 67 human left ventricular
postmortem samples belonging to ischemic cardiomyopathy,
dilated cardiomyopathy, and aortic stenosis cases (Table 1).
Recently, several studies have now compared genome-wide
miRNA expression profiles between normal cardiac tissue
and those derived frommice or human patients with an array
of different CVDs [16, 18, 74–76]. Table 1 summarizes the data
from these studies highlighting the miRNAs that were found
to be most deregulated in CVD tissue as compared to the
control samples tested. Interestingly, the 18 miRNAs listed in
bold, alone, account for almost 90% of all miRNAs expressed
within the heart [75]. It is also worth noting that the deregula-
tion of these miRNAs in CVD hearts did not seem to have an
effect on other tissues, despite being ubiquitously expressed
and playing important roles in various organ systems. For
instance, miR-125a and miR-125b, which typically display a
dramatic alteration in their expression after cardiac stresses
[14, 74], are also fundamental regulators of hematopoietic
stem cell differentiation and maintenance [77]. Therefore,
modulating the expression of thesemiRNAs could potentially
result in unwanted side effects in additional off-target organs,
which calls for extra caution when thinking about future
treatment strategies. Collectively, these expression-profiling
studies also revealed distinct miRNA signatures for heart
diseases of different etiologies, supporting the clinical appli-
cability of miRNAs not only as therapeutic targets but also as
disease biomarkers.

Myocardial Infarction (MI). The first consequence of an event
causing insufficient blood supply to the myocardium, that

is, MI, is cardiac tissue necrosis and myocardial inflamma-
tion which leads, inexorably, to left ventricular pathological
remodeling and dysfunction [78]. It has been well established
that acute MI is associated with the deregulation of multiple
genes and it is therefore reasonable for hypothesizing that
miRNAs may be modulated and play a crucial role during
an episode of MI. Many molecular targets investigated for
their ability to limit ischemic cell death have been particu-
larly focused on the mitochondrial permeability transition
pore (MPTP) and oxidative stress pathways. In fact, MPTP
opening is triggered by Ca2+ accumulation and also by
various other stress conditions and plays a central role during
myocardial necrosis [79]. A deeper understanding of miRNA
involvement in these defensivemechanismsmay provide new
therapeutic targets to reduce cell death following MI.

It is well known that the Ca2+ ion is central for the
cardiac contraction system and for the signaling networks
that regulate pathological cardiac growth and remodeling.
Intracellular Ca2+ overload can occur in cardiomyocytes as
a consequence of ischemic injury or other stresses, leading
to contractile dysfunction and ultimately cell death via
apoptosis or necrosis through activation of proapoptotic Bcl-
2 family members and opening of the MPTP [80]. Recently,
Aurora and colleagues elegantly demonstrated that miR-214
plays a protective role against I/R damage by attenuating Ca2+
overload-induced cardiomyocyte death [81]. Thus, miR-214
transgenic mice were sensitized to I/R injury as evidenced
by increased cardiac apoptosis following MI and I/R injury.
Fromamechanistic point of view,miR-214 deletion promoted
the transcription of Ncx1 protein immediately following the
ischemic events, the level of which continued rising 7 days
after the injury; conversely, miR-214 downregulation of Ncx1
was sufficient to reestablish Ca2+ homeostasis in cardiomy-
ocytes in vitro [81]. It has been proposed that the upregula-
tion of miR-214 expression, in response to ischemic injury,
protects myocytes from damage by attenuating Ncx1 levels in
order to prevent excessive Ca2+ influx into the cytoplasm [81].

Another miRNA that has been associated with different
types of CVDs and disease models generated from acute
cardiomyocyte death is miR-126. Levels of miR-126 were
increased in the noninfarcted zone at 6 h after coronary artery
occlusion and at 24 h following a 30-minute ischemic insult
[82]. miR-126 is encoded within one of the EGFR7 gene
introns and it was found to be highly expressed in both heart
and lung tissues. Moreover, it has been implicated in the
proangiogenic action of VEGF and FGF through the repres-
sion of Sprouty-related-protein-1 (Spred-1), an intracellular
inhibitor of VEGF [83]. Interestingly, the detection of miR-
126 within the apoptotic bodies of dying endothelial cells was
shown to be involved in the paracrine signaling that repressed
the function of regulator ofGprotein signaling 16 (RSG16), an
inhibitor ofG-proteins coupledwith receptor signaling impli-
cated in blocking apoptosis [84]. These studies suggest that
pharmacological intervention on miR-126 expression may be
a viable therapeutic strategy to enhance neoangiogenesis and
cardiac repair in the ischemic myocardium.

Modulation of miR-499 levels attenuated cardiomyocyte
death and the severity of MI induced by I/R [85]. This
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Figure 4: Schematic representation of the most relevant miRNAs reported during the different phases of left ventricular remodeling process.

protective mechanism was based upon the inhibition of
the acute apoptotic response of the cardiomyocyte. Thus,
Wang and colleagues showed that the 𝛼 and 𝛽 isoforms of
the calcineurin catalytic subunit, an important enzyme for
cardiomyocytemetabolism, are a specific target ofmiR-499 in
mice [85]. Calcineurin plays an important role in inhibiting
cardiomyocyte apoptosis through the dephosphorylation of
dynamin-related protein-1 (Drp1), an effector of the activated
apoptotic pathway; this decreases Drp1 accumulation on
the mitochondrial membrane preventing oxidative stress-
driven cell death. Furthermore, miR-24 expression was also
shown to be downregulated in the ischemic border but not
in the remote zone of the myocardium of the left ventricle
a few hours after induced-MI in rat myocytes [86]. It was
speculated that miR-24 suppressed cardiomyocyte apoptosis
partially by repressing the expression of the proapoptotic
protein Bim [86]. Accordingly, poor blood oxygenation
duringMI induced the expression of the HIF-1𝛼 protein that,
in turn, increased endogenous levels of miR-24, protecting
cardiomyocytes from oxygen deprivation in a rat MI model
[85]. Moreover, in vivo miR-24 overexpression in a mouse
MI model also inhibited cardiomyocyte apoptosis, decreased
infarct size, and improved cardiac function, rendering this
miRNA an excellent target to impede oxygen deprivation-
driven apoptosis [86] (Figure 4).

Hypertrophy and Fibrosis. The initial post-MI phase of left
ventricular remodeling involves fibrotic repair of the necrotic
area associatedwith scar formation and elongation of resident
cardiomyocytes associated thinning of the ventricular walls
[2]. Consequently, there is a left ventricular volume increase

related to stroke volume augmentation and maintenance of
normal cardiac output [2]. However, the remodeling process
is driven mainly by hypertrophic cardiomyocyte elongation
with the resulting wall mass increase and chamber enlarge-
ment, as well as a shift from an elliptical to a more spherical
ventricular chamber configuration [87].

By using experimental models of remodeling rather than
that of acute MI cell death, several groups demonstrated that
miR-21 is one of the most deregulated miRNAs following I/R
injuries (Table 1), despite the fact of being weakly expressed
in normal cardiac tissue. For instance, Roy and colleagues
reported an upregulation of miR-21 expression 2 and 7 days
after MI induction in mice. Moreover, miR-21 inhibition
increased the expression of the metalloproteinase-2 (MMP-
2) via suppression of the PTEN pathway in cardiac fibroblasts
[88]. This is particularly interesting, given that MMP-2 is an
enzyme involved in the breakdown of extracellular matrix
during tissue remodeling [89] with a potential therapeutic
use in controlling scar formation. However, the role of
this miRNA in CVDs is still controversial. For example,
in 2008 Thum and colleagues reported that altering miR-
21 expression in vivo increased cardiomyocyte hypertrophy
by indirectly affecting cardiac fibroblast behavior [90] and
this was subsequently confirmed by miR-21 overexpression
in various in vitro systems [74]. Conversely, other studies
reported miR-21 to have an antihypertrophic effect on iso-
lated cardiomyocytes in vitro [91], to reduce infarct size
following I/R injury, and to support cellular outgrowths
on cardiomyocytes [92] or even an antiapoptotic effect on
isolated cardiomyocytes from transgenic mice [93]. The
reasons for such inconsistencies among those studies are
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unclear. It is possible that the biological consequences of
miRNA-21 enrichment during CVDs are in part due to
an increase in cardiac fibroblast cell number rather than
from a direct effect of the injury itself, given that miR-
21 is abundantly expressed in cardiac fibroblasts but not
cardiomyocytes [17]. Moreover, miR-21 is expressed in many
other tissues, including vasculature, hence precluding the dis-
crimination between primary and secondary cardiac effects
inmodels that use ubiquitous downregulation ofmiR-21 such
as intravenous injections of antagomirs. This is supported
by the fact that cardiomyocyte-specific overexpression of
miR-21 in vivo does not induce a distinct cardiomyocyte
phenotype [90]. Given that the effects of miR-21 modu-
lation during MI in vivo and on isolated cardiomyocytes
in vitro are not well understood, it is currently unclear
whether miR-21 holds a value as a prospective therapeutic
tool.

Van Rooij and colleagues described a deregulation of
specific cardiacmiRNAs duringMI induced by amodel based
upon occlusion of the left coronary artery in mice. Among
the miRNAs modulated in this system, all three members of
the miR-29 family were downregulated. These results were
validated by real-time PCR analysis and confirmed using
human patient samples (Table 1) [16]. Interestingly, the miR-
29 family targets a pool of mRNAs that encode proteins
involved in fibrosis such as collagens, fibrillins, and elastin
[92]. Thus, downregulation of miR-29 would predictively
increase the expression of these mRNAs and enhance the
fibrotic response. Indeed, downregulation of miR-29 with
antagomirs induces the expression of collagens both in vitro
and in vivo, whereas overexpression of miR-29 in fibroblasts
reduces extra cellular matrix deposition [16]. These data
were confirmed in bleomycin-induced fibrosis in the lung
where the expression on miR-21 inversely correlated with the
expression levels of profibrotic target genes and the severity of
the fibrosis [94].Thus, themiR-29 family acts as a regulator of
cardiac fibrosis and represents a potential therapeutic target
to control tissue fibrosis in general.

Also worth noting is the activity of miR-208 during
heart fibrosis. This is a cardiac-specific miRNA encoded by
an intron of the MYH6 gene coding for 𝛼-myosin heavy
chain (𝛼-MHC), the major contractile protein expressed in
rodent adult hearts [95]. In contrast, both miR-208b and
miR-499 are encoded by introns of MYH7 that codes the
𝛽 isoform of myosin heavy chain (𝛽-MHC), the isoform
expressed during the fetal period. Thyroid hormone (T3)
stimulates the expression of 𝛼-MHC and consequently of
miR-208 after birth while repressing the expression of the
embryonic isoform of the gene (Figure 2). A hallmark of
pathologic hypertrophy subsequent to MI is the reactivation
of a set of fetal genes, including those encoding for atrial
natriuretic peptide (ANP), 𝛽-type natriuretic peptide (BNP),
𝛼-skeletal actin, and 𝛽-MHC [96]. Downregulation of 𝛼-
MHC and upregulation of 𝛽-MHC are common responses to
cardiac injury regardless of species; however, most relevant
to cardiac disease is the finding that miR-208a knockout
mice display reduced fibrosis and hypertrophy in response to
thoracic aortic banding, which induces cardiac hypertrophy
by increased afterload on the heart and is accompanied

by downregulation of 𝛼-MHC and upregulation of 𝛽-MHC
[95]. These transgenic animals fail to upregulate MYH7
expression, which is a common marker for pathological
cardiac remodeling. These findings support the notion that
therapeutic inhibition of miR-208a could induce benefits in
the setting of cardiac remodeling. Indeed, Montgomery et al.
showed that administration of the antagomirs against miR-
208a reduced fibrosis and inhibited the activation of MYH7
transcription in transgenic mice susceptible to hypertension
and heart failure [97]. These findings provided the first
proof of concept for the therapeutic use of antimir-208a
agents in a setting of CVDs. Unexpectedly, mice treated with
antimir-208a displayed resistance to obesity induced by a
high-fat diet [98] indicating multiple effects of miR-208 on
unknown targets that need to be accurately evaluated before
any treatment strategy is devised (Figure 4).

Cardiac Arrhythmia. Heart rhythm problems or cardiac
arrhythmias occur when the electrical impulses that coordi-
nate heart contraction malfunction cause the heart to beat
too fast or too slow. In fact, the terms arrhythmia refers to
any changes from the normal sequence of electrical impulses
of the heart. The electrical impulse of the heart is generated
by specialized cells in the sinoatrial node and propagates
to the atrial and ventricular myocardium through a special-
ized conduction system, whereas coordinated depolarization
of adjacent cells in the myocardium is accomplished via
gap junctions [99]. Membrane excitability depends on the
activity of ion channels and, in particular, those for Na+,
Ca2+, and K+, which together with gap junction proteins
such as connexin-43 are all critical regulators of cardiomy-
ocyte polarization and depolarization during contraction and
relaxation. It is important to note that fibrotic deposits and
more in general scar tissue within the myocardium alter the
normal electric conduction of the heart, generating profound
changes in the normal electrical impulse. Several miRNAs,
including miR-1 and miR-133, are predicted to target ion
channel proteins and therefore play important roles in cardiac
conduction and in the onset of arrhythmias during CVDs.
Recently, using a combination of luciferase reporter assays
and Western blotting, it was reported that gap junction
protein a1 (GJA1) and the potassium inwardly rectifying
channel member 2 (KCNJ2) are both specific targets of miR-1
in rats heart [100]. Moreover, miR-1 levels increased in indi-
viduals with coronary artery disease, and its overexpression
in normal hearts resulted in slowed conduction velocity of the
depolarization wave and prolonged repolarization, leading to
the development of arrhythmias. Conversely, blocking miR-
1 function with antisense oligo-miR-1 in rat infarcted hearts
normalized the expression of connexin 43, thus reducing
arrhythmias afterMI [100]. In support of these findings, Zhao
et al. described that mice knock-out for miR-1-2 has several
ECG alterations such as a lower heart rate, shortened PR
interval, and widened QRS and died as a result of cardiac
arrhythmias [37], confirming the implication of miR-1 within
the electric conduction system of the heart. Mechanistically,
it has been suggested that at least part of the electrical alter-
ations observed in knockout mice was due to the increased
expression of Irx5 and Irx4, two transcription factors that
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regulate endogenous levels of Kcnd2, a K+ channel protein
involved in cardiac repolarization [37] (Figure 4).

Nonischemic Cardiomyopathy. Literally, cardiomyopathy
means “heartmuscle disease” and it is defined as a progressive
disorder of the myocardium associated with abnormalities in
organ morphology and structure mainly due fromMI events
[101]. Cardiomyocyte death, cardiac fibrosis, and cardiomy-
ocytes hypertrophy are all features of cardiomyopathies gen-
erated, usually, by ischemic insults. Nonischemic cardiomy-
opathies, instead, originate from congenital malformations
of the heart’s structure, such as alteration of the sarcomere
complexes, cell-cell or cell-matrix junction dissolution,
or electrical conduction abnormalities, but can also arise
from various environmental factors such as hypertension,
diabetes, or life style factors [99]. Among nonischemic
cardiomyopathies, diabetes is an independent risk factor and
a major cause of chronic cardiovascular complications [102].
About 80% of deaths associated with diabetes are due to
heart complications in particular to diabetic cardiomyopathy
[102]. Several recently published reviews outline important
findings in the context of diabetic cardiomyopathy, regarding
the putative mechanism of the disease progression in relation
to the use of the miRNAs as potential diagnostic markers,
as well as therapeutic targets [103–105]. Notably, Jaguszewski
et al. identified four circulating miRNAs, namely, miR-1,
miR-16, miR-26a, and miR-133a, as putative biomarkers for
the differential diagnosis of two conditions that have until
now been clinically indistinguishable [106].

6. miRNAs and Therapeutic Options

miRNAs may be of clinical value in the context of CVDs,
both as therapeutic targets and as biomarkers to follow
disease diagnosis and prognosis. The therapeutic potential
of miRNAs in CVDs was first proposed in the light of
results from animal studies that unveiled important roles
of miRNAs in several contexts of cardiac development and
disease. Since mice knockout for DICER1 shows phenotype
in cardiomyocytes, smoothmuscle cells, and endothelial cells
leading to heart defects [107], it follows that reestablishing
miRNA to normal levels could have a therapeutic effect on the
context of cardiac disease. In principle, one of the advantages
of the miRNAs as therapeutic tools in CVDs is their ability
to target various factors in an established biological context.
Because of the intrinsic nature of miRNAs, several mRNA
targets may be downregulated by a single mature molecule,
increasing the likelihood of affecting multiple components
within a biological pathway. In addition, there are molecular
tools that can affect simultaneously several miRNAs, thus
further increasing the range of biological action. The design
of specific inhibitory molecules, called miRNA sponges, may
allow the inhibition of several miRNAs simultaneously, with
a very high efficacy and the ability to specifically modify the
dynamics of any pathway [108, 109]. In addition, inducing
gain- or loss-of-function is technically more feasible, both
in vivo and in vitro, using miRNAs rather than mRNA
or DNAs, and miRNAs show higher stability [110]. Using

a variety of animal models, it has been shown that inhibi-
tion of miRNAs upregulated upon cardiac malfunctioning
by pharmaceutical or chemical molecules has reestablished
normal cardiac function and, in some cases, even reduced
the infarct size [65, 95, 96]. Considering this, therapeutic
inhibition of miRNAs in CVDs is currently based on the fact
that specific microRNAs have been investigated and found
to be fundamental regulators in distinct phases of embryonic
heart development and they were also described in the patho-
genesis of different remodeling processes. Moreover, loss-
of-function approaches could be designed using inhibitory
tools such as miRNAs sponges to specifically block different
miRNAswhose expressionwas relatedwith different aspect of
different CVDs in order to attenuate the response to cardiac
injuries (Figure 5).

However, the therapeutic use of miRNAs faces a series of
obstacles that should be taken into account and that hamper
their current application on CVDs. The delivery of mature
species mimicking miRNAs to induce gain of function or
of chemically engineered molecules that specifically inhibit
miRNA function should be accompanied by adjuvant strate-
gies to address four outstanding issues: increasing tropism
for the heart; blocking degradation by RNAse; reducing
inflammatory response caused by naked nucleic acids; and
achieving cytosolic delivery once it reaches the target organ.
Delivery of small RNA molecules is often achieved by the
means of liposomal or polymeric vehicles. Overall, these
vehicles are able to protect the RNA species, increasing
its stability and cellular uptake and strongly reducing any
inflammatory response [111, 112]. However, delivery of these
miRNA-containing vehicles to the heart is a random event,
being the liver, spleen, and lungs the preferred organs that
they reach [113, 114].

To circumvent the problem of targeting the heart in
a specific-manner, different strategies have been devised
ranging from direct intramyocardial injection which has
been shown to reduce apoptosis and infarct size and to
increase cardiomyocyte proliferation in infarcted rats [115]
to the use of cardiac-specific antibodies that direct deliv-
ery vehicles to restricted cell populations. Nonetheless, in
the case of CVDs, this last approach is still under debate
because of the lack of reliable cardiac-specific antigens [116].
As an alternative, the use of delivery vectors tradition-
ally used for long-term transgene expression can also be
applied for miRNA gain or loss-of-function systems [68].
Primary miRNAs or sponge miRNAs can be engineered
into adenoassociated viruses (AAV) to be expressed under
strong promoters. The discovery of AAVs serotypes with
increased cardiac tropism (AAV9), although in a nonspecific
manner (it targets brain and liver as well), has created
a window of opportunity for design clinically compatible
strategies to inhibit or overexpress miRNAs in the future
[117].

Regardless of these arguments, anti-miRNA therapeutics
have recently turn into reality by the success of Phase I and
Phase II clinical trials of Santaris Pharma antimir against
miR-122, miravisen, which is currently in development as
a cure for hepatitis C virus [118]. It is hoped that these
promising findings will accelerate the development of
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miRNA-targeting therapeutics into additional disease areas
such as that of CVD.

Finally,miRNAs can be used aswell as disease biomarkers
for the diagnosis and/or prognosis of various types of CVDs.
The existence of circulating miRNAs in the blood stream of
CVDs patients can be harnessed in the clinical setting as
promising prognosis or diagnostic tools. We direct interested
readers to excellent review by Creemers and colleagues on
the different issue that need to be taken into account for the
use of miRNAs as diagnostic tool and a comprehensive list of
circulating miRNAs described in the context of CVDs [117].

7. Conclusion

In the present era of genomic discoveries, miRNAs represent
a unique class of endogenous noncodingRNAs that are highly
conserved across species and that repress gene translation
upon binding to mRNA, thereby having a versatile influence
on various biological processes [13]. This inhibition can have
profound effects on cardiac function, fueling the excitement
for future exploration of miRNAs as therapeutic tools. To
date, various studies have pointed to the importance and
authority of miRNAs in controlling different mechanisms
associated with the biogenesis and establishment of CVDs.
This important role makes them fascinating targets for thera-
peutic interventions. Nonetheless, it is important to note that

different genome-wide miRNAs expression analysis studies
have reported controversial results regarding the deregula-
tion of specific miRNA expression in the context of the same
CVDs (Table 1). Hence, numerous challenges and hurdles
remain in the path towards the development ofmiRNA-based
therapeutics. Firstly, in contrast to the situation described
for miRNAs in lower vertebrates, the effects of individual
miRNAs on mRNA and protein processing in mammals are
relatively modest, as judged by the results of various loss-
of-function studies [19]. Secondly, unlike conventional drug
molecules, miRNAs can target many mRNAs at the same
time and therefore influence the translation of multiple genes
that contribute to common cellular functionmechanisms and
the development of pathological conditions [19]. However,
a single miRNA will probably target unrelated genes and
possibly produce undesired changes in gene expression. For
example, antagomirs directed against the cardiac-specific
miR-208a were shown to prevent over-weight and metabolic
disorder in mice maintained on a high-fat diet [98], a side
effect not expected to be based on the restricted expression
pattern of miR-208a. Conversely, inhibitions of miR-29 were
proved to be effective against cardiac fibrosis in two different
organs such as heart and lung using a mouse model [94].
Most of the animal studies performed to date have focused
on the phenotypic effects of miRNA inhibition in target
organs and have largely overlooked off-targets effects that
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might be present in other tissues. Moreover, the doses used
in most laboratory studies are unlikely to be feasible in a
clinical setting. Follow-up preclinical studies will have to
monitor appropriate dosing regimens in order to establish
the lowest possible efficacious doses while attempting to
prevent unwanted offside effects.

As an alternative to microRNA-based therapies, some
investigators have turned their attention to direct lineage
reprogramming conversion strategies, which involve switch-
ing one somatic cell type into another. The direct repro-
gramming of fibroblasts within the heart into functional
cardiomyocytes using a combination of three or four fac-
tors (GATA4, Mef2C, Tbx5, and/or Hand2) is an exciting
new therapeutic approach to treat CVDs and replace the
damaged myocardium [119, 120]. Considering this, recent
investigations suggested that miRNAs in collaboration with
defined cardiac transcription factors might regulate directly
a reprogramming process of a somatic cell type into another,
adding a new exciting level for therapeutic intervention [121].
As biomarkers, instead, miRNAs have been convincingly
shown to be an important tool to aid in early diagnosis of
CVDs [117] and might have a brighter future as such clinical
tools.
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We previously reported that Runx2/miR-3960/miR-2861 regulatory feedback loop stimulates osteoblast differentiation. However,
the effect of this feedback loop on the osteogenic transdifferentiation of vascular smooth muscle cells (VSMCs) remains unclear.
Our recent study showed that miR-2861 and miR-3960 expression increases significantly during 𝛽-glycerophosphate-induced
osteogenic transdifferentiation of VSMCs. Overexpression of miR-2861 or miR-3960 in VSMCs enhances 𝛽-glycerophosphate-
induced osteoblastogenesis, whereas inhibition of miR-2861 or miR-3960 expression attenuates it. MiR-2861 or miR-3960 promotes
osteogenic transdifferentiation of VSMCs by targeting histone deacetylase 5 or Homeobox A2, respectively, resulting in increased
runt-related transcription factor 2 (Runx2) protein production. Furthermore, overexpression of Runx2 induces miR-2861 and
miR-3960 transcription, and knockdown of Runx2 attenuates 𝛽-glycerophosphate-induced miR-2861 and miR-3960 transcription
in VSMCs. Thus, our data show that Runx2/miR-3960/miR-2861 positive feedback loop plays an important role in osteogenic
transdifferentiation of VSMCs and contributes to vascular calcification.

1. Introduction

Medial artery calcification is a common and serious problem
with ageing of the population. It is a nonocclusive process
which leads to decreased vessel elasticity, increased blood
pressure, and higher risk of cardiovascular mortality [1–3].
Medial artery calcification is now recognized as a highly
regulated process which is similar in many ways to bone
mineralization. Osteoblast-like phenotypes transformation
of vascular smoothmuscular cells (VSMCs), the predominant
cells in the tunica media of arteries, is currently considered
responsible for the formation of medial artery calcification
[4–6]. However, the specific mechanism governing this pro-
cess is still elusive.

MicroRNAs (miRNAs) are endogenous, small (16∼25
nucleotides), single-stranded noncoding RNAs [7]. MicroR-
NAsmediate translational repression or degradation of target
transcript by binding to sites of complementarity in the 3-
UTRs of target mRNAs. During the past decade, they have
emerged as powerful posttranscriptional regulators of gene
expression [8]. To date, more than 3% of the genes in the
human genome have been found to encode for miRNAs, and
over 30% of genes in the human genome are estimated to
be regulated by miRNAs [9]. It has been documented that
miRNAs participate in cellular proliferation, differentiation,
migration, and apoptosis [10–12]. However, their roles in
osteogenic transdifferentiation or calcification of VSMC have
just begun to be understood.
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Recently, we reported that Runx2/miR-3960/miR-2861
positive feedback loop is responsible for osteoblast differ-
entiation [13]. Osteoblast differentiation signals lead to the
activation of Runx2 transcription factor in stromal cells.
In addition to induction of genes essential for osteoblast
differentiation, Runx2 transactivates miR-3960/miR-2861. In
turn, miR-3960 and miR-2861 maintain the levels of Runx2
mRNA and protein via repressing Homeobox A2 (Hoxa2)
and histone deacetylase 5 (HDAC5) and stabilizing the
osteoblast differentiation. The objective of this study was to
elucidate the effect of Runx2/miR-3960/miR-2861 feedback
loop on regulation of the osteogenic transdifferentiation of
VSMCs.

2. Materials and Methods

2.1. Cell Culture and Transfection. To isolate primary cells,
eight-week-old C57BL/6 male wild type mice received a
150mg/kg intraperitoneal dose of pentobarbital sodium prior
to euthanasia which was confirmed by the absence of a
heartbeat. Vascular smooth muscle cells (VSMCs) were iso-
lated from aorta as previously described [14]. VSMCs were
cultured in DMEM supplemented with 10% FBS. To induce
osteogenic transdifferentiation, VSMCs between passages 3
and 7 were cultured in DMEM supplemented with 10mM
𝛽-glycerophosphate. For transient transfection of miR-2861,
miR-3960, anti-miR-2861, anti-miR-3960, and Runx2 siRNA,
amixture of each of them or their control with Lipofectamine
2000 (Invitrogen) was added to cells in 24-well plates at a
density of 3 × 104 cells per well for 48 hours.

2.2. Northern Blot. Total RNA was extracted from cells by
Trizol reagent (Invitrogen). Northern blottingwas performed
as described previously [15]. 20𝜇g of RNA was separated
on a 15% urea polyacrylamide gel with 0.5x Tris borate-
EDTA and transferred to a Hybond-N+ nylon membrane
(Amersham Biosciences) using a semidry transfer cell (Bio-
Rad). Hybridization was performed according to a standard
protocol. 32P-labeled oligonucleotide probes complementary
to the mature miR-2861 and miR-3960 were used in the
hybridization. The probes for miR-2861, miR-3960, and U6
were 5-CCGCCCGCCGCCAGGCCCC-3, 5-GCCCCC-
GCCTCCGCCGCCGCC-3, and 5-ATATGGAACGCT-
TCACGAATT-3, respectively.

2.3. Western Blot. To detect Runx2, HDAC5, and Hoxa2
protein expression, Western blot analysis was performed
as previously described [16, 17]. Briefly, equal amounts
of protein (40 𝜇g/lane) were subjected to SDS gel elec-
trophoresis and transferred to a polyvinylidene difluoride
membrane (Amersham Pharmacia Biotech, GE Healthcare
Biosciences, Pittsburgh, PA, USA). The membranes were
incubated with primary antibodies against Runx2 (Santa
Cruz), HDAC5 (Santa Cruz), Hoxa2 (Santa Cruz), and 𝛽-
actin (Abcam) overnight at 4∘C and then incubated with
appropriate horseradish peroxidase-conjugated secondary
antibodies (SantaCruz) for 1 h at room temperature.Theblots
then were visualized with the chemiluminescent detection

method using the SuperSignal West Pico Substrate (Pierce
Biotechnology).

2.4. ALP Activity and Osteocalcin Secretion Assay. Cells were
grown to confluence in 24-well plates. The cells were then
washed with PBS and scraped into a solution containing
20mM Tris-HCl, pH 8.0, and 150mM NaCl and 1% Triton
X-100, 0.02% NaN

3
, and 1 𝜇g/mL aprotinin. The lysates

were homogenized; then alkaline phosphatase (ALP) activ-
ity was assayed by spectrophotometric measurement of p-
nitrophenol release at 37∘C. Osteocalcin released into the
culturemediawasmeasured using a specific radioimmunoas-
say kit (DiaSorin). To normalize protein expression to total
cellular protein, a fraction of the lysate solution was used in a
Bradford protein assay.

2.5. qRT-PCR Analysis. Total RNA was isolated using the
Trizol reagent (Invitrogen), and reverse transcription was
performed using 1.0mg of total RNA and the SuperScript
II Kit (Invitrogen). qRT-PCR was performed using a Roche
Molecular Light Cycler (Roche Molecular Biochemicals,
Indianapolis, IN, USA). Amplification reactions were set
up in 25 𝜇L reaction volumes containing SYBR Green PCR
Master Mix (PE Applied Biosystems, Waltham, MA, USA),
template cDNA, and amplification primers. The following
primers were used: 5-TGTCACCGCCAGATGTTTTG-3,
5-TGAGCAGAGCCGAGACACAG-3; Hoxa2 forward, 5-
GTCACTCTTTGAGCAAGCCC-3; reverse, 5-TAGGCC-
AGCTCCACAGTTCT-3; GAPDH sense, 5-CACCAT-
GGAGAAGGCCGGGG-3; and antisense, 5-GACGGA-
CACATTGGGGGTAG-3. PCR amplifications were per-
formed, and the amplification data were analyzed using the
sequence detector system software (PE Applied Biosystems).
Relative quantification was calculated by normalizing the test
crossing thresholds (Ct) with the GAPDH amplified control
Ct.

2.6. Statistical Analyses. Data were presented as mean ±
s.e.m. Comparisons were made using a one-way analysis of
variance. All experiments were repeated at least three times,
and representative experimentswere shown.Differenceswere
considered significant at 𝑃 < 0.05.

3. Results

3.1. Increased Expression of miR-2861 and miR-3960 during
the Osteogenic Transdifferentiation of VSMCs. We performed
Northern blot analysis to examine the expression of miR-
2861 and miR-3960 in VSMCs during 𝛽-glycerophosphate-
induced osteogenesis. BothmiR-2861 andmiR-3960 could be
detected after treatmentwith𝛽-glycerophosphate for 12 h and
increasedwith time throughout osteoblastic differentiation of
VSMCs (Figure 1).

3.2. miR-2861 or miR-3960 Promotes Osteoblast Differentia-
tion of Vascular Smooth Muscle Cells. We next determined
the role of miR-2861 or miR-3960 during osteogenic trans-
differentiation of VSMCs by changing the functional levels
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Figure 1: Increased expression of miR-2861 and miR-3960 dur-
ing 𝛽-glycerophosphate-induced osteogenic transdifferentiation of
VSMCs. Northern blot analysis of miR-2861 and miR-3960 expres-
sion in 10mM 𝛽-glycerophosphate-treated VSMCs for the indicated
times. U6 snRNA is used as a loading control.

of miR-2861 or miR-3960 in VSMCs. Northern blot data
confirmed overexpression of miR-2861 and miR-3960 in
VSMCs stably transfected with miR-2861 precursor andmiR-
3960 precursor, respectively (Figure 2(a)). The transfected
VSMCs were treated with 𝛽-glycerophosphate for 48 h for
inducing osteogenesis. Then, ALP activity, osteocalcin secre-
tion, and Runx2 protein expression, as markers of osteoblast
differentiation, were evaluated.The levels of ALP, osteocalcin,
and Runx2 were all elevated in cells with overexpression of
miR-2861 or miR-3960 (Figure 2(b)). These results indicated
that overexpression of miR-2861 or miR-3960 promoted
osteogenic transdifferentiation of VSMCs (Figures 2(b) and
2(c)). In contrast, knockdown of miR-2861 or miR-3960
reduced ALP, osteocalcin, and Runx2 levels induced by 𝛽-
glycerophosphate (Figures 3(a) and 3(b)). All of these results
suggest that both miR-2861 and miR-3960 act to promote
osteogenic transdifferentiation of VSMCs.

3.3. miR-2861 and miR-3960 Posttranscriptionally Repress
HDAC5 andHoxa2 Expression. Wepreviously identified that
HDAC5 and Hoxa2 are the direct targets of miR-2861 and
miR-3960, respectively, in a stromal cell line ST2 [13]. Here,
we overexpressed miR-2861 or miR-3960 to directly identify
their actions on HDAC5 or Hoxa2 in VSMCs. As expected,
overexpression of miR-2861 or miR-3960 resulted in a
decrease in the HDAC5 or Hoxa2 protein levels (Figures 4(a)
and 4(b)). However, the HDAC5 or Hoxa2mRNA levels were
not affected (Figures 4(a) and 4(b)). These results revealed
that miR-2861 and miR-3960 posttranscriptionally repressed
HDAC5 and Hoxa2 protein expression by inhibiting mRNA
translation in VSMCs.

3.4. Runx2 Stimulates miR-2861 and miR-3960 Expression in
Vascular Smooth Muscle. We previously demonstrated that
Runx2 directly induces the expression of the miR-3960/miR-
2861 cluster by binding to the putative binding site of its
promoter in ST2 cells [13]. Here, in order to identify the
direct impact of Runx2 on miR-2861 and miR-3960 gene

expression in VSMCs, we changed the functional levels of
Runx2. First, we used a pcDNA-driven expression vector to
overexpress Runx2 protein levels, as confirmed by Western
blot (Figure 5(a)). The results showed that Runx2 overex-
pression could induce miR-2861 and miR-3960 expression
in VSMCs (Figure 5(a)). Furthermore, we transfected siRNA
designed against Runx2 into 𝛽-glycerophosphate-induced
VSMCs to specifically silence Runx2 expression.Western blot
analysis revealed that si-Runx2 blocked Runx2 expression
compared with the control (Figure 5(b)). The expression of
miR-3960 and miR-2861 was inhibited by the knockdown
of Runx2 (Figure 5(b)). Thus, these results suggest a direct
stimulatory action of Runx2 on the expression of miR-2861
and miR-3960 in VSMCs.

4. Discussion

In our previous study, we cloned both miR-2861 and miR-
3960 and identified that miR-2861 induces osteoblast dif-
ferentiation by repressing HDAC5, an enhancer of Runx2
degradation, andmiR-3960 induces osteoblast differentiation
by repressing Hoxa2, a repressor of Runx2 expression [13, 15].
miR-2861 binds to the coding domain sequence (CDS) of
HDAC5 mRNA with complementarity to the miR-2861 seed
region and posttranscriptionally represses HDAC5 protein
expression by inhibiting mRNA translation and not by
mRNA degradation [15]. Similarly, miR-3960 directly targets
Hoxa2 by specifically binding with the target CDS of Hoxa2
and represses Hoxa2 expression at the posttranscriptional
level [13]. Thus, miR-3960 and miR-2861 can coregulate the
Runx2 during osteoblast differentiation. In turn, Runx2 binds
to the miR-2861/miR-3960 cluster promoter to transcription-
ally induce the expression of miR-2861 and miR-3960 [13].
Runx2/miR-3960/miR-2861 is a critical positive feedback
loop for osteoblast differentiation.

Recently, several miRNAs have been reported to be
involved in osteogenic transdifferentiation and calcifica-
tion of VSMCs [18–22]. It has been reported that miR-
221 and miR-222 increase runt-related transcription factor
2 (Runx2) expression and calcium deposition in VSMCs
[18]. On the contrary, miR-204, miR-133a, and miR-125b
suppress osteoblastic differentiation of VSMCs by inhibiting
Runx2 protein expression, whereas miR-204, miR-133a, and
miR-125b inhibition enhance osteoblastic differentiation of
VSMCs [19–22]. In this study, we show that Runx2/miR-
3960/miR-2861 is also responsible for stimulating osteogenic
transdifferentiation of VSMCs. At first, we demonstrated
that the expression of both miR-2861 and miR-3960 was
significantly increased during 𝛽-glycerophosphate-induced
osteogenic transdifferentiation of VSMCs, indicating that
miR-2861 and miR-3960 might play a role in vascular cal-
cification. To prove whether miR-2861 and miR-3960 are
directly associated with the osteogenic transdifferentiation of
VSMCs, we evaluated the effect of miR-2861 and miR-3960
in the process of 𝛽-glycerophosphate-induced osteogenic
transdifferentiation of VSMCs. Runx2 has been identified as
a “master transcription factor” simulating osteogenic trans-
differentiation of precursor cells [4, 23]. It plays an essential
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Figure 2: miR-2861 or miR-3960 promoted 𝛽-glycerophosphate-induced osteoblast differentiation of vascular smooth muscle cells. (a)
Northern blot analysis of miR-2861 expression in VSMCs transfected with miR-C (control) or miR-2861 precursor (pre-miR-3861), miR-C,
or pre-miR-3960. ((b) and (c)) ALP activity and osteocalcin secretion (b) andWestern blot analysis of Runx2 protein expression (c) in 10mM
𝛽-glycerophosphate- (𝛽-GP-) treated VSMCs stably transfected with miR-C or pre-miR-2861, miR-C, or pre-miR-3960. Data are shown as
mean ± s.e.m. ∗𝑃 < 0.05.

role in the osteogenic transdifferentiation of VSMCs [24, 25].
Knockdown of Runx2 significantly inhibits the ALP expres-
sion and the calcification in the senescent VSMCs [26]. ALP
is a prophase (proliferative phase)marker of osteoblast differ-
entiation. Osteocalcin is ametaphase (bonematrix formation
period) marker of osteoblast differentiation. Both miR-2861
and miR-3960 promoted osteogenic transdifferentiation of

VSMCs, as indicated by increased levels of ALP activity,
osteocalcin secretion, and Runx2 protein expression.

HDAC5 is an enhancer of Runx2 degradation. It deacety-
lates Runx2, allowing the protein to undergo Smurf-mediated
degradation, and inhibition of HDAC5 increases Runx2
acetylation [27, 28]. Hoxa2, a member of the Hox home-
odomain family of transcription factors that regulate skeletal
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Figure 3: Inhibition of miR-2861 or miR-3960 inhibited 𝛽-glycerophosphate-induced osteoblast differentiation of vascular smooth muscle
cells. ALP activity and osteocalcin secretion (a) and Western blot analysis of Runx2 protein expression (b) in 10mM 𝛽-glycerophosphate-
(𝛽-GP-) treated VSMCs transfected with anti-miR-C (control) or anti-miR-2861, anti-miR-C, or anti-miR-3960. Data are shown as mean ±
s.e.m. ∗𝑃 < 0.05.
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Figure 4: miR-2861 and miR-3960 posttranscriptionally repressed HDAC5 and Hoxa2 expression, respectively. ((a) and (b)) Quantitative
RT-PCR analysis of mRNA levels of HDAC5 and Hoxa2 (left) and Western blot analysis of protein levels of HDAC5 and Hoxa2 (right) in
VSMCs transfected with miR-C (control) or pre-miR-3960 (a), miR-C, or miR-3960 (b). For quantitative RT-PCR analysis, mRNA levels
normalized to GAPDH. Data are shown as means ± s.e.m. For Western blot analysis, 𝛽-actin acts as a loading control.
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Figure 5: Runx2 stimulates miR-2861 and miR-3960 expression in vascular smooth muscle cells. (a) Western blot analysis of Runx2 protein
levels (left) andNorthern blot analysis of miR-2861 andmiR-3960 levels (right) in VSMCs transfected with pcDNA3.1 vector control or Runx2
pcDNA3.1 vector (pcDNA3.1-Runx2) for 48 h. (b) Western blot analysis of Runx2 protein levels (left) and Northern blot analysis of miR-2861
andmiR-3960 levels (right) in VSMCs transfected with siRNA control (si-C) or si-Runx2 and then cultured with 𝛽-glycerophosphate for 48 h.
For Western blot analysis, 𝛽-actin acts as a loading control. For Northern blot analysis, U6 snRNA acts as a loading control.

patterning, is found to control Runx2 expression and is
required in skeletalmorphogenesis [29].Hoxa2−/−mice show
an upregulation of the Runx2 level, and Hoxa2 inhibits
bone formation by repressing Runx2 expression [29]. In our
previous study, ST2 cells transfected with a Hoxa2 expression
vector showed reduced Runx2 expression and ALP activity,
confirming that Hoxa2 can suppress Runx2 expression and
further inhibits osteoblast differentiation [13]. In this study,
we detected HDAC5 expression in VSMCs, inconsistent with
several previous papers [29–32]. Moreover, we identified
Hoxa2 expression in VSMCs. Thus, miR-2861 and miR-3960
directly target HDAC5 and Hoxa2, respectively, to increase
Runx2 levels in VSMCs.

Together, our study shows that Runx2/miR-3960/miR-
2861 positive feedback loop plays an important role in
osteogenic transdifferentiation of VSMCs and contributes to
vascular calcification.
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Spontaneous self-terminating atrial fibrillation (AF) is one of the most common heart rhythm disorders, yet the regulatory
molecular mechanisms underlying this syndrome are rather unclear. MicroRNA (miRNA) transcriptome and expression of
candidate transcription factors (TFs) with potential roles in arrhythmogenesis, such as Pitx2, Tbx5, and myocardin (Myocd), were
analyzed bymicroarray, qRT-PCR, andWestern blotting in left atrial (LA) samples from pigs with transitory AF established by right
atrial tachypacing. Induced ectopic tachyarrhythmia caused rapid and substantial miRNA remodeling associated with a marked
downregulation of Pitx2, Tbx5, and Myocd expression in atrial myocardium. The downregulation of Pitx2, Tbx5, and Myocd was
inversely correlated with upregulation of the corresponding targeting miRNAs (miR-21, miR-10a/10b, and miR-1, resp.) in the LA
of paced animals. Through in vitro transient transfections of HL-1 atrial myocytes, we further showed that upregulation of miR-21
did result in downregulation of Pitx2 in cardiomyocyte background. The results suggest that immediate-early miRNA remodeling
coupled with deregulation of TF expression underlies the onset of AF.

1. Introduction

Atrial fibrillation (AF), a heart rhythm disorder dubbed as
“the epidemic of the 21st century” [1], represents nowadays
a serious clinical problem making the development of novel
treatment approaches highly desirable (recently reviewed
in [2]). AF is generally considered to be a progressive
condition, occurring first in a paroxysmal form (short-lived
self-terminating episodes) and then in persistent and eventu-
ally long-lasting permanent forms. Recent growing evidence
indicates that the underlying molecular mechanisms are dis-
tinct in each form of AF [3, 4]. Proarrhythmogenicmolecular
remodeling, broadly defined as any change in atrial gene
regulation that promotes atrial conduction disturbances, is
potentially crucial for unraveling the onset mechanisms of
atrial tachyarrhythmias.

There is emerging evidence that microRNAs (miRNAs)
can modulate a diverse spectrum of cardiac functions
through their ability to remodel cardiac transcriptional cir-
cuits (reviewed in [5–7]). The tight regulation of the levels
of miRNAs is critical for maintaining normal physiological
conditions, and dysregulated miRNA levels contribute to
the development of heart diseases (reviewed in [8–10]). In
relevance to this study, miRNAs have been demonstrated
to be essential in regulating atrial excitability and can be
involved, directly or indirectly, in increased atrial arrhythmo-
genicity and AF (reviewed in [11–15]). In this context, there is
growing evidence regarding the aberrant miRNA expression
in chronic AF conditions in patients [16–22], while only a
few papers have focused on miRNA transcriptomic profiling
of atrial samples from patients with paroxysmal AF [23,
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24]. Specifically, these papers demonstrated that a miRNA-
mediated imbalance in the gonadotropin releasing hormone
receptor/p53 [23] and metalloproteinase/inhibitor [24] path-
ways may potentially be involved in atrial remodeling. As
it is mentioned in the reports, fibrillating atrial samples
were collected during cardiac surgery in hypertonic patients
[23] or in patients with long-lasting (years) paroxysmal
AF [24]. Each of these clinical conditions is known to be
associated with a chronic atrial stretch and consequent atrial
structural remodeling. In this sense, left atrial enlargement
was observed in patients in the study by [24].

Although these studies provide evidence in support of
the importance of miRNAs in long-lasting AF, the use of
miRNA expression profiling as a tool to assess the very-early
atrial remodeling in animal models of self-terminating atrial
tachyarrhythmias (resembling early-onset lone paroxysmal
AF in humans) is still missing. It is important to highlight
that the left (LA) and right (RA) atria have different suscep-
tibilities towards developing arrhythmias, given the fact that
the pulmonary veins and surrounding myocardial regions of
the LA constitute the most frequent foci of AF initiation.

In the current study, we report the changes in miRNA
expression in the LA in response to ectopic tachyarrhyth-
mia episodes induced by short-term atrial pacing in pigs.
38 microRNAs were differentially expressed, 18 of which
were upregulated in the LA of paced versus sham (control)
animals. In addition, we identified expression differences for
novel miRNAs that have not previously been annotated as
either cardiac- or AF-associated.

Alterations in atrial miRNAs can contribute to tran-
scription factor (TF) deregulations underlying early atrial
remodeling. Genome-wide association studies and other
approaches have identified the TFs, Pitx2 and Tbx5 as
candidate genes linked to susceptibility for early develop-
ment of AF (reviewed in [41, 42]) and myocardin (Myocd)
as a transcription cofactor linked with LA functional and
structural remodeling [43]. Interestingly, Pitx2, Tbx5, and
Myocd expression is markedly downregulated in the LA in
response to ectopic tachyarrhythmia. Particularly intriguing
is that the downregulation of these TFs inversely correlates
with upregulation of the corresponding targeting miRNAs in
the LA of paced animals.

2. Materials and Methods

2.1. Animals and Experimental Design. “Large white” 3-
month-old pigs were obtained from a local commercial
breeder (La Coruña, Spain) and randomly divided into two
groups: (1) sham (𝑛 = 5; mean body weight, 25.2±1.2 kg) and
(2) atrial tachypacing (𝑛 = 5;mean bodyweight, 25.7±0.8 kg).
A close-chest tachyarrhythmia model was established in ani-
mals via rapid atrial electrical stimulation with a controlled
ventricular response rate. To control anaesthesia, ventilation,
and oxygenation, ECG, heart rhythm, and blood pressure
were continuously monitored. The right femoral vein was
dissected and cannulated with a multielectrode catheter
(Medtronic, Minneapolis, USA) connected with an external
pulse stimulator (A-M Systems, UK) for programmed pacing

rates. Under fluoroscopic guidance, the catheter was passed
into the right atrium (Figure 1). To avoid tachycardia-induced
ventricular dysfunction (ventricular arrhythmias), esmolol
hydrochloride (a beta adrenergic receptor blocker) was given
before pacing. After a 5-minute stabilization of sinus rate, a
three-burst-pacing (at 800 bpm) protocol was performed in
each animal of the paced group. Occurrence and duration of
rhythm disturbances were characterized by ECG (Figure 1).
The duration of induced self-terminating paroxysms of AF
was measured from the end of the last stimulus of the burst
pacing to the first P-wave upon spontaneous reversion to
normal sinus rhythm. Burst pacing was not performed in
the sham-operated group. Animals were euthanized 20–24
hours after cessation of pacing to harvest cardiac tissues
for RNA and protein isolation and histology. Animals were
used in accordance with the EuropeanCommissionDirective
86/609/EEC and all protocols were approved by the Insti-
tutional Animal Care and Use Ethics Committee (permit
number: CE 012/2012; University of La Coruña, La Coruña,
Spain).

2.2. Cell Culture and Transfection In Vitro. The mouse atrial
cardiomyocyte cell line, HL-1 (provided by ProfessorWilliam
C. Claycomb), was cultured in Claycomb’s growth medium.
HL-1 cells (6 × 105 cells per well) were transfected with
pre-miR-21 (Ambion, USA) and anti-miR-21 (Eurogentec,
Belgium) at 10–50 nMusing Lipofectamine 2000 (Invitrogen,
Barcelona, Spain) according to manufacturer’s guidelines.
Negative controls included nontransfected (mock) cells as
well as 5 carboxyfluorescein- (FAM-) labeled pre-miR nega-
tive control transfected cells, which also allowed transfection
efficiency evaluation. In each assay, transfections were per-
formed in triplicate. The transfection efficiency was around
60% in all experiments. After 4 hours of posttransfection,HL-
1 cells were cultured in fresh medium for 48 hours and then
harvested and processed for RNA and protein extraction as
described [44].

2.3. Microarray. Purification of total RNA, including small
RNAs, from LA samples was performed using miRNeasy
Mini Kit (Qiagen, USA), including the on-column DNase
digestion with RNase-free DNase, as described in the Qiagen
Manual. Deep-frozen LA samples were directly homogenized
in QIAzol lysis reagent (Qiagen) using a high-speed rotor-
stator homogenizer (Ultra-Turrax T8, Germany). RNA was
quantified by spectrophotometry and quality was evaluated
by gel electrophoresis. Microarray analysis of RNAs isolated
from LA biopsies of three paced and three sham pigs was per-
formed by a service provider (LC Sciences, Houston, USA)
using Pig miRNA Array (MRA-1013, version miRPig 20),
which contains 322 unique probes (9 repeats each) of pig
mature miRNAs. The probe content comes from version 20
of the miRBase sequence database which was updated on
June 24, 2013. Briefly, the detection probes were made by
in situ synthesis using PGR (photogenerated reagent) chem-
istry. Hybridization was performed overnight on a 𝜇Paraflo
microfluidic chip using a microcirculation pump (Atactic
Technologies). Fluorescence images were collected using a
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Figure 1: An electrical pacing assay. (a) Anaesthetized piglet (with automatic artificial lung ventilation) in the animal operating room. (b)
Placing a pacing catheter in the right atrium (RA) using fluoroscopic guidance. (c) Representative telemetry ECG recordings monitored
before, during, and after RA burst pacing.

laser scanner (GenePix 4000B, Molecular Device) and digi-
tized using Array-Pro image analysis software (Media Cyber-
netics). 𝑡-test was performed between control and exper-
imental sample groups. 𝑇-values were calculated for each
miRNA, and 𝑝 values were computed from the theoretical 𝑡-
distribution. The clustering was done using the hierarchical
method and performed with average linkage and Euclidean
distance metric. The complete microarray data is available at
NCBI through GEO (Gene Expression Omnibus) accession
number GSE65330 (http://www.ncbi.nlm.nih.gov/geo).

2.4. Real-Time Quantitative PCR (qRT-PCR). qRT-PCR was
performed on Bio-Rad IQ5 instrument (Bio-Rad, Madrid,
Spain) and MxPro Mx3005p qPCR thermal cycler (Strata-
gene, Madrid, Spain) using, respectively, SYBR Green (Bio-
Rad, Madrid, Spain) and Dynamo SYBR Green (Finnzymes,
Finland) master mix as described previously [44, 45]. The
primer pairs were located in different exons to rule out
genomic DNA amplification. Each primer pair used yielded a
single peak of dissociation on the melting curve and a single
band with the expected size on PAGE gels. Identity of the
PCR products was confirmed by sequencing. NT and non-
RT RNA template reactions were used as negative controls.
All PCR setups were performed at least in triplicate. Relative
quantifications were calculated with the comparative ΔCt
cycle method with normalization to the expression of house-
keeping genes coding for ribosomal protein L19 (Rpl19), 𝛽-
actin, glyceraldehyde-3-phosphate dehydrogenase (Gapdh),
and 𝛽-D-glucuronidase (Gusb). The efficiency of target and
reference amplifications was tested to be approximately
equal. miRNA qRT-PCR was performed using Exiqon LNA
microRNA qRT-PCR primers and detection kit (Exiqon,
Madrid, Spain) according to manufacturer’s guidelines. All
reactions were run in triplicate using 5S as normalizing

control. Primer sequences and additional data are available
upon request.

2.5. Antibodies. The following primary antibodies were used:
(1) rabbit polyclonal antibodies to PITX2A,B,C (Capra Sci-
ence, Ängelholm, Sweden; at 1 : 2000 dilution): the specificity
of the anti-PITX2 antibodies was independently validated
by Western blot analysis of COS-7 cells expressing each
PITX2 isoform [46]; (2) rabbit polyclonal antibodies to
TBX5 (Abcam, Cambridge, UK; at 1 : 500 dilution); (3) rabbit
polyclonal antibodies to myocardin which were generated
by Davids Biotechnologie (Regensburg, Germany) using the
recombinant TAD-containing fragment of porcine MYOCD
as immunogen (at 1 : 500 dilution): these antibodies were
shown to be specific for both MYOCD-A (minor) and
MYOCD-B (major) variants expressed in pig cardiac tissues
[47]; (4) rabbit polyclonal antibodies to cardiac troponin I
(Abcam, Cambridge, UK; at 1 : 40000 dilution); (5) rabbit
polyclonal antibodies to cardiac calsequestrin-2 (Abcam,
Cambridge, UK; at 1 : 10000 dilution); (6) rabbit monoclonal
antibodies to sarcoplasmic reticulum ATPase (SERCA-2A;
Abcam, Cambridge, UK; at 1 : 10000 dilution); (7) rabbit
polyclonal antibodies to caspase-3 (Cell Signaling, Leiden,
Netherlands; at 1 : 1000); (8) rabbit monoclonal antibodies
to caspase-9 (Abcam, Cambridge, UK; at 1 : 1000 dilution);
and (9) mouse monoclonal anti-GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) antibody (Sigma, Madrid, Spain;
at 1 : 10000 dilution). Secondary peroxidase conjugated anti-
rabbit and anti-mouse IgG (Fab-specific) antibodies were
purchased from Sigma (Madrid, Spain).

2.6. SDS-PAGE and Western Blotting. Tissue samples were
homogenized in standard 2x Laemmli buffer (Invitrogen,
Barcelona, Spain) supplemented with complete protease
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inhibitor cocktail (Roche, Madrid, Spain) as previously
described [45, 46]. Following centrifugation at 20000 g
for 30 minutes, the concentration of supernatant proteins
was analyzed using the Bio-Rad DC Protein Assay Kit
(Bio-Rad, Hercules, USA) according to the manufacturer’s
protocol. The protein extracts were normalized to total
protein concentration; the results of normalization were
confirmed by SDS-PAGE and Coomassie staining before
Western blotting analysis [46]. Protein supernatants (loading
range of 5–15mg/run) were resolved on a 12% SDS-PAGE
(Mini-Protean-III, Bio-Rad, Hercules, USA) and blotted
onto PVDF-membranes (Hybond-P, Amersham Biosciences,
Barcelona, Spain). Molecular weight (MW) standards (Pre-
cision Plus Protein WesternC Standards from Bio-Rad and
SeeBlue Plus2 Pre-Stained Standard from Invitrogen) were
included on each gel. Blots were probed with the antibodies
indicated above and visualized by the Super-SignalWest Pico
chemiluminescent substrate (Pierce Biotechnology, Madrid,
Spain). Equivalence of protein loading was confirmed by
Amido Black 10B (Merck, Barcelona, Spain) staining of
blots after immunodetection. The blots were reprobed with
anti-GAPDH antibodies as additional control for loading.
Quantification of Western blot signals was obtained by using
a Bio-Rad GS800 calibrated densitometer with Quantity One
software.

2.7. Histochemical Staining. Fragments of LA samples were
fixed with 4% paraformaldehyde (in PBS, 1 hour at room
temperature), paraffin-embedded, 5𝜇m sectioned, stained
with Picrosirius Red (Sigma,Madrid, Spain) as described pre-
viously [48], and visualized with bright-field “Nikon Eclipse
600” microscopy by an experienced technician blinded to
the experimental design. The area of red-stained pixels was
quantified in three zones of LA free wall sections from three
paced versus three sham animals by ROI (Region of Interest)
analysis using ACT-2U Image software (version 1.4, Nikon,
Japan).

2.8. Statistical Analysis. Values are expressed as mean ±
S.E.M. All comparisons between groups were performed
using unpaired Student’s 𝑡-test. Differences were considered
statistically significant for 𝑝 value ≤ 0.05.

3. Results

3.1. Burst Tachypacing Results in Self-Terminating Paroxysms
of Atrial Fibrillation. Brief self-terminating episodes of AF
were induced in postnatal pigs by repetitive burst pacing of
the RA via an implanted catheter electrode (see Figure 1).
Hemodynamic parameters were comparable in the paced
versus sham animals throughout the experiment. Before and
after catheter insertion, the ventricular rate means were
similar at baseline in both sham and pacing groups but
increased in the pacing group compared with baseline upon
electrical stimulation (150 ± 6 bpm versus 130 ± 3 bpm).
Every burst was followed by consecutive (3–5) AF episodes,
each lasting 20–30 sec. On average, a total duration of AF
episodes (per animal) was 600 ± 120 sec. No AF episodes

were detected by ECG-tracing at least 1 hour after the tach-
yarrhythmia protocol was terminated. On the next day, the
ECG examination (prior to sacrifice of animals and excision
of the heart) showed normal heart rhythm (with normal
QRS duration) in both paced and sham pigs. Picrosirius red
staining revealed no signs of fibrosis in LA samples from
paced or sham animals (data not shown).

These results suggest that episodes of self-terminating
AF observed in our porcine model are reminiscent of those
which occur in patients with asymptomatic paroxysmal AF.

3.2. Paroxysmal Atrial Tachyarrhythmia Leads to a Rapid
Change in Atrial miRNA Transcriptome. Since the RA might
have been damaged by catheter insertion, we studied miRNA
expression changes associated with AF in the LA from paced
versus sham pigs 20–24 hours after pacing. Our initial goal
was to analyze AF-inducedmiRNA transcriptome changes by
microarray approach. The results of microarray experiments
demonstrated that transient episodes of AF alter the miRNA
expression profiles of the LA. Of 322 porcine mature miRNA
sequences analyzed by microarrays, the expression of 29
miRNAswas significantly up- (12miRNAs) or downregulated
(17 miRNAs) in the LA from paced versus sham animals
(Figure 2; Table 1). Seven miRNAs (i.e., miR-7140-3p, miR-
4335, miR-129b, miR-296-5p, miR-4334-5p, miR-4339, and
miR-182) showed 2-fold or greater increases after LA pacing.
The biggest difference was observed for miR-7140-3p, which
was expressed approximately 4-fold higher in paced than
in sham animals. The known cardiac-expressed miRNAs
(i.e., miR-24-2-5p, miR-542-5, miR-27b-5p, miR-7, and miR-
30c-3p; see Table 1) were prominent among the miRNAs
that showed a significant downregulated expression (∼2-fold
decrease) in the paced group compared with controls. Of
particular note, the microarray profiling unveiled a low-to-
moderate downregulation of threemiRNAs (i.e., miR-143-3p,
miR-363, and miR-18b) previously detected in patients with
chronic AF. Pacing-induced alterations in the expression of
other miRNAs with particular concern for their involvement
in AF could not be determined by microarray hybridizations
due to a high variability among replicates (miR-1, miR-21,
miR-23a/b,miR-29a, andmiR-133a) or very lowhybridization
signals (miR-10a, miR-10b; see the complete microarray data
at NCBI through GEO accession number GSE65330).

Consequently, our second goal was to study whether the
expression of these and other AF-associated miRNAs (not
revealed by microarray evaluation) could be altered in our
porcine model. To this end, the expression of 11 miRNAs,
selected on the basis of published reports [7–9, 13, 14, 21] (and
references wherein), was analyzed by qPCR in the LA from
paced versus sham pigs (Figure 3). Six miRNAs (miR-1, miR-
10a-5p, miR-10b, miR-21, miR-29a, and miR-208a) showed
a higher expression in paced as compared with nonpaced
animals. The expression of miR-23a, miR-23b, and miR-24
was significantly reduced following pacing, while that ofmiR-
133a, miR-125-3p, and miR-141 remained unchanged.

Taken together, the results indicate that short-term atrial
tachyarrhythmia episodes lead to a rapidmiRNA remodeling
of atrial myocardium.
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Table 1: The miRNAs significantly up- or downregulated in the paced LA, ordered by the fold change (FC).

miRNA FC Direction 𝑝 value Reported expression in∗ Reference
ssc-miR-7140-3p 3,92 Up 0,0199 Porcine lung [25]
ssc-miR-4335 3,22 Up 0,0540 Porcine intestine [26]
ssc-miR-129b 2,90 Up 0,0520 Catfish heart [27]
ssc-miR-296-5p 2,35 Up 0,0530 Human placenta [28]
ssc-miR-4334-5p 2,22 Up 0,0072 Porcine intestine [26]
ssc-miR-4339 2,16 Up 0,0499 Porcine intestine [26]
ssc-miR-182 2,13 Up 0,0021 Human skeletal muscles [29]
ssc-miR-4332 1,95 Up 0,0339 Porcine intestine [26]
ssc-miR-1249 1,90 Up 0,0550 Rat pancreas [30]
ssc-miR-1307 1,83 Up 0,0542 Human blood cells [31]
ssc-miR-671-3p 1,63 Up 0,0492 Human atria [23]
ssc-miR-423-3p 1,61 Up 0,0025 Rat hippocampus [32]
ssc-miR-23b −1,10 Down 0,0146 Human atria, AF [20]
ssc-miR-22-3p −1,19 Down 0,0181 Human atria, AF [20]
ssc-miR-143-3p −1,26 Down 0,0402 Human atria, AF [20]
ssc-miR-324 −1,30 Down 0,0050 Human blood cells [33]
ssc-miR-455-5p −1,42 Down 0,0551 Human meningeal arteries [34]
ssc-miR-326 −1,46 Down 0,0546 Human brain tissues [35]
ssc-miR-362 −1,57 Down 0,0069 Human skeletal muscles [36]
ssc-miR-363 −1,62 Down 0,0069 Human atria, AF [21]
ssc-miR-18b −1,67 Down 0,0550 Human atria, AF [21]
ssc-miR-17-3p −1,68 Down 0,0336 Mouse heart [37]
ssc-miR-24-2-5p −1,79 Down 0,0187 Human atria, AF [23]
ssc-miR-542-5p −1,85 Down 0,0318 Human atria, AF [23]
ssc-miR-486 −1,88 Down 0,0365 Mouse skeletal muscles [38]
ssc-miR-27b-5p −1,96 Down 0,0509 Human atria, AF [23]
ssc-miR-7 −2,37 Down 0,0211 Porcine heart [39]
ssc-miR-30c-3p −2,55 Down 0,0345 Porcine heart [39]
ssc-miR-381 −2,69 Down 0,0540 Human skeletal muscles [40]
∗Except the expression in malignant tumors and model cell lines. Bold, detected in AF patient samples.

3.3. Paroxysmal Atrial Tachyarrhythmia Leads to Downregu-
lation of Transcriptional Factors Related to Atrial Arrhythmia
Susceptibility. TFs, such as Pitx2 and Tbx5, are increas-
ingly recognized as potentially important contributors to
atrial arrhythmia susceptibility (recently reviewed in [42]).
Enlargement of the LA is widely regarded to be an epidemi-
ological risk indicator for AF, and a transcription cofactor,
myocardin (Myocd), has been identified as a possible suscep-
tibility gene affecting LA size and function [43]. Our objective
in this regard was to study whether these genes (with
potential roles in arrhythmogenesis) are involved in early
response of LA myocardium to induction of paroxysmal-like
AF.

We evaluated transcript levels of Pitx2, Tbx5, and Myocd
in the LA myocardium from paced versus nonpaced control
pigs by qRT-PCR (Figure 4(a)). While the level of Myocd
mRNA expression was reduced following pacing, Pitx2 and
Tbx5 remained statistically unchanged between control and
paced groups. At the protein level, however, a marked decline
in expression of not only Myocd but also Pitx2 and Tbx5

was revealed in the LA of paced animals by Western blot
(Figure 4(b)).

Signs of increased apoptosis were detected in atrial tissue
in the canine tachypacing model of AF [49]. In this sense,
the possibility that apoptosis might be responsible for the
observed Pitx2, Tbx5, and Myocd protein downregulation
could not be excluded. Western blot analysis did not reveal
differences in LA expression levels of pro-caspase-3 and pro-
caspase-9 between paced and control pigs, nor signs of acti-
vation of these key apoptotic enzymes in any of LA samples
studied. In addition, LA levels of cardiac calcium-handling
proteins (calsequestrin-2 and sarcoplasmic reticulum Ca2+
ATPase) and troponin I were not affected by pacing per se
(Figure 4(b)). Therefore, it is doubtful that apoptosis is the
principal factor responsible for the observed Pitx2, Tbx5, and
Myocd protein downregulation in the LA following pacing.

It then became our working hypothesis that inhibition
of translation by miRNAs can be responsible, at least in
part, for the decrease in protein expression of Pitx2, Tbx5,
and Myocd in paced pigs. There is growing evidence that
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Figure 2: MicroRNA microarray expression profiling of the left
atrium from paced versus nonpaced pigs. Heat map of the most
differentially expressed (statistically significant) miRNAs in the left
atrium of three paced (4–6) compared to three sham (1–3) animals.
Relative expression is log

2
.

miRNAs induce gene silencing with translational repression
occurring first and then followed by mRNA decay (reviewed
in [50, 51]). Our qPCR analysis showed that pacing resulted in
a significant upregulation of a set of AF-associated miRNAs
(i.e., miR-1, miR-10a, miR-10b, miR-21, miR-29a, and miR-
208a) in the LA compared with the control (see Figure 3).
Computational analysis (by miRanda and Targetscan) of
the 3 untranslated region of pig Pitx2, Tbx5, and Myocd
genes revealed consensus sites for binding of, respectively,
miR-21, miR-10a/miR-10b, and miR-1 (Figure 5(a)). Some of
these predictedmiRNA/mRNA pairings were in line with the

available experimental evidence. In transfection assays, miR-
1 inhibits mouseMyocd expression at the transcript [52] and
protein level [53], while bothmiR-10a andmiR-10b negatively
modulate human Tbx5 expression at the protein level [54].

In this study, we attempted to validate, for the first time,
whethermiR-21 can alter Pitx2 expression in a cardiomyocyte
background. To this end, miR-21 mimic and anti-miR-21
inhibitor were transfected into atrial HL-1 cardiomyocytes
and the expression of Pitx2c gene was detected by qRT-PCR
and Western blot (Figures 5(b), 5(c), and 5(d)). Transfection
of HL-1 cardiomyocytes with miR-21 mimic silenced Pitx2c
expression to a certain, but statistically significant, extent,
whereas anti-miR-21 induced a marked increase in the
Pitx2c transcript without affecting the expression of Mef2c
(myocyte enhancer factor 2c) TF. Of note, endogenous miR-
21, abundantly expressed inHL-1 cells [55],may interferewith
Pitx2-silencing by miR-21 mimic transfection. An efficient
Pitx2c activation by anti-miR-21, as observed in transfection
assays, is concordant with this suggestion. A complimentary
Western blot analysis (Figures 5(c) and 5(d)) revealed that
PITX2C protein levels were significantly decreased in miR-
21 transfected cells, being only slightly upregulated after
anti-miR-21 delivery. The latter could probably be the result
of additional mechanisms influencing the Pitx2c transcript
versus protein ratio in anti-miR-21 transfected cells.

Consistent with the results obtained and other reports
[53, 54], the histogram plot (Figure 5(e)) exhibits a clear
inverse correlation in the protein expression of Pitx2 versus
miR-21, Tbx5 versus miR-10b, andMyocd versus miR-1 in the
LA of paced animals, confirming thus our hypothesis.

Together these data show that sporadic AF paroxysms are
associatedwithmarkeddownregulation of theseTFs involved
in AF susceptibility of atrial myocardium.

4. Discussion

In this study we provide evidence for two major findings.
On the one hand, self-terminating paroxysms of AF caused
a rapid and substantial miRNA remodeling of the LA
myocardium in our animal model. On the other hand, this
miRNA remodeling is associated with amarked downregula-
tion of Pitx2, Tbx5, andMyocd TFs in paced atria.

The expression of 38 miRNAs was significantly altered
due to burst pacing-induced paroxysms of AF, as revealed by
microarray (29 miRNAs, see Table 1) and qPCR analysis (9
miRNAs, see Figure 3), and this number is obviously superior
to that found inmicroarray study of LA samples frompatients
with paroxysmal AF (10 miRNAs [24]). They can be divided,
in terms of expression patterns, into three categories as (1)
miRs that have not previously been reported as expressed in
the heart, (2) miRs with known expression in cardiac and
skeletal muscles but not yet associated with AF, and (3) miRs
with well-established AF-associated expression. Although
this is by no means an exclusive list, it certainly contains
some of the promising miRs to be further evaluated for their
potential in AF. Of particular note, in this context, are miR-
182 and miR-486, which were found to attenuate atrophy-
related gene expression in skeletal muscle [38, 56]. Albeit the
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Figure 3: Expression of AF-associated miRNAs in the left atrium from paced (EXP) versus nonpaced (CON) pigs as revealed by qRT-PCR
analysis. ∗𝑝 ≤ 0.05 (𝑛 = 5 for each group).

assayed tissue was skeletal muscle, both these miRs target
the FoxO1 TF which has an important function in mediating
apoptosis in the heart [57]. AF is strongly associated with
changes in the heart that occur with aging (reviewed in [58]).
In this respect, miR-17-3p (see Table 1), a negative modulator

of cardiac aging [37], would also be a good candidate to be
studied for a potential AF meaning.

The expression signature of known AF-associated miR-
NAs in our model of paroxysmal-like AF (bold-marked in
Table 1 and listed in Figure 3) appears to be different from that



8 BioMed Research International

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Pitx2c

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Tbx5 Myocd

Re
lat

iv
e m

RN
A

 le
ve

l
CON EXP CON EXP CON EXP

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

*

(a)

CON EXP

130

TBX5 MYOCDPITX2c

SERCA2

CASQ2 TNNI3 GAPDH

5238

(kDa) (kDa) (kDa)

(kDa) (kDa) (kDa)

(kDa) (kDa) (kDa)

CON EXP CON EXP
0.0
0.2
0.4
0.6
0.8
1.0
1.2

*

0.0
0.2
0.4
0.6
0.8
1.0
1.2

*

0.0
0.2
0.4
0.6
0.8
1.0
1.2

*

CASP3 CASP9

CON EXP
1 2 3 4

CON EXP
1 2 3 4

CON EXP
1 2 3 4

CON EXP
1 2 3 4

34 52

CON EXP
1 2 3 4

CON EXP
1 2 3 4

CON EXP
1 2 3 4

CON EXP
1 2 3 4

CON EXP
1 2 3 4

112

55 28 38

0.0
0.2
0.4
0.6
0.8
1.0
1.2

0.0
0.2
0.4
0.6
0.8
1.0
1.2

0.0
0.2
0.4
0.6
0.8
1.0
1.2

0.0
0.2
0.4
0.6
0.8
1.0
1.2

CON EXP

CON EXP

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

CON EXP CON EXP

CON EXPCON EXP

0.0
0.2
0.4
0.6
0.8
1.0
1.2

Pr
o-

CA
SP

3

Pr
o-

CA
SP

9

(b)

Figure 4: Altered expression of Pitx2, Tbx5, and Myocd in response to atrial short-term tachyarrhythmia. (a) Average relative values of
transcript levels of Pitx2c, Tbx5, and Myocd in the left atrium from paced (EXP) versus sham (CON) animals. ∗𝑝 ≤ 0.05 (𝑛 = 5 for each
group). (b) Representative Western blots of left atrium samples from sham-operated (CON, lines 1-2) and paced (EXP, lines 3 and 4) animals
and overall relative levels of the proteins as based on average values from each group. ∗𝑝 ≤ 0.05 (𝑛 = 5 for each group).Western blot replicates
were probed with antibodies against PITX2A,B,C, TBX5, MYOCD (myocardin), CASP3 (caspase-3), CASP9 (caspase-9), SERCA2 (cardiac
sarcoplasmic reticulum Ca(2+)-ATPase 2a), CASQ2 (cardiac calsequestrin), TNNI3 (cardiac troponin I), and GAPDH (glyceraldehyde-3-
phosphate dehydrogenase). MW values of the bands detected are shown.

found in chronic AF in patients and animal models. Down-
regulation of miR-1, miR-10a, miR-29a, and miR-208a has
been implicated in chronicAF [7, 13, 59], while thesemiRNAs
were highly upregulated in the porcine LA in response to

brief paroxysms of AF. In the same way, the levels of miR-
133 expression significantly downregulated in chronic AF
[13, 14] were unchanged in our model. Upregulation of miR-
18b and miR-363 was found to be associated with chronic AF
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in patients [21], albeit these miRNAs were downregulated in
paced pigs (see Table 1). Overall, it is tempting to speculate
that the expression of the same set of AF-associated miRNAs
can be up- or downregulated as a function of progression
fromparoxysmal to chronicAF.What is of note in this regard,
however, is that the expression of miR-22-3p, miR-23b, and
miR-143-3p was similarly downregulated in both patients
with chronic AF [20] and our paroxysmal-like AF model
(see Table 1). Likewise, expression of miR-21 was upregulated
in the LA of patients with long-term persistent AF [60], as
well as after short-term AF in pigs (this work). These results
suggest that the expression of a subgroup of AF-associated
microRNAs could be similarly altered in both paroxysmal
and chronic AF states, indicating that congruent miRNA
remodeling may occur within different AF contexts.

There are a few data [23, 24] which instead suggest that
microRNA remodeling is quite distinct in paroxysmal AF in
comparison with that in chronic AF. In one of these reports
[23], RA biopsies were obtained from hypertonic patients
with paroxysmal AF secondary to or associated with organic
heart diseases, suggesting that the observed alterations in
miRNA expression may have been attributable to the under-
lying heart disease rather than paroxysmal AF per se. In the
other study [24], patients with paroxysmalAF had no obvious
clinical signs of cardiovascular disease but LA biopsies
taken from them for miRNA microarray analysis showed
a markedly increased fibrosis as compared to those from
patients with sinus rhythm. Our study is advantageous to the
above-mentioned reports in the sense that we performed the
miRNA microarray analysis, using LA biopsies from paced
animals without pathological cardiovascular background. In
addition, biochemical and histochemical analyses did not
reveal signs of proapoptotic and profibrotic activation in
paced atrial samples.

An aspect of particular interest of our study was the
finding that the upregulation of miR-1, miR-10a, miR-10b,
and miR-21 is negatively correlated with downregulation
of, respectively, MYOCD, TBX5, and PITX2c in the paced
LA (see Figure 5(e)). The results of transient transfection
assays demonstrated that (1) miR-21 negatively regulates the
expression of Pitx2c (this work), (2) miR-1 suppressesMyocd
expression [53], and (3) miR-10a and miR-10b both inhibit
Tbx5 expression [54]. The functional relevance of these
miRNA/TF relations (established through our model) to AF
development remains elusive and thus future experimental
approaches using knockdown and overexpression strategies
are highly desirable.

There are lines of evidence that implicate downregulated
expression of Pitx2, Tbx5, and, probably, Myocd in a predis-
position toAF progression. In fact, several studies revealed an
association between LA Pitx2 downregulation and increased
atrial arrhythmogenicity (reviewed in [61]). More recent
research implicates Pitx2 and Pitx2-mediated signaling in
prevention of AF [62, 63]. In some patients with Holt-Oram
syndrome and AF, the disease is caused by Tbx5 mutations
that create a premature termination codon,which is predicted
to result in haploinsufficiency. It should be noted, however,
that increased Tbx5 dosage (gain-of-functionmutations) was
also associated with Holt-Oram syndrome and paroxysmal

AF (reviewed in [41, 42]).Myocd is regarded as themost likely
candidate among the genes affecting LA size [43], which is
a clinical marker for risk stratification of AF development
[64]. Cardiac-restricted inactivation of theMyocd gene in the
adult heart resulted in development of severe four-chambered
heart failure as a result of massive myocyte loss via apoptosis
and replacement fibrosis (reviewed in [65, 66]).

The proarrhythmogenicmechanisms leading to the spon-
taneously self-terminating AF episodes typical of patients
with paroxysmal AF remain elusive and not yet studied as
hoped. Our results provide suggestive evidence for a signif-
icant Pitx2, Tbx5, and Myocd downregulation in a specific
microRNA-upregulation context in response to tachycardia-
induced AF. From this perspective, our data would suggest
that higher levels of miR-21, miR-10b, and miR-1 in the
LA myocardium contribute to arrhythmogenesis via per-
turbation of Pitx2, Tbx5, and Myocd signaling pathways,
respectively.

5. Conclusions

In conclusion, we herein demonstrate that even short-lasting
atrial tachyarrhythmia is associated with significant miRNA
remodeling coupled with decreased expression of TFs with
potential roles in arrhythmogenesis. We propose that the
downregulation of Pitx2c, Tbx5, and Myocd may be permis-
sive for future AF development. This study provides, there-
fore, previously unknown insights into interrogatingmiRNA-
TF regulations underlying paroxysmal AF development in a
large animal model, with potentially important implications
from a biomedical perspective.
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Andalućıa (Grant no. CTS1416) and a CNIC-T transactional
grant (CNIC-T 2009/08). The funders had no role in study
design, data collection and analysis, decision to publish, or
preparation of the paper.



BioMed Research International 11

References

[1] S. S. Chugh, J. L. Blackshear, W.-K. Shen, S. C. Hammill, and
B. J. Gersh, “Epidemiology and natural history of atrial fibril-
lation: clinical implications,” Journal of the American College of
Cardiology, vol. 37, no. 2, pp. 371–378, 2001.

[2] K. Nishida and S. Nattel, “Atrial fibrillation compendium:
historical context and detailed translational perspective on an
important clinical problem,” Circulation Research, vol. 114, no.
9, pp. 1447–1452, 2014.

[3] A. Deshmukh, J. Barnard, H. Sun et al., “Left atrial transcrip-
tional changes associated with atrial fibrillation susceptibility
and persistence,”Circulation: Arrhythmia and Electrophysiology,
vol. 8, no. 1, pp. 32–41, 2015.

[4] N. Voigt, J. Heijman, Q. Wang et al., “Cellular and molecular
mechanisms of atrial arrhythmogenesis in patients with parox-
ysmal atrial fibrillation,” Circulation, vol. 129, no. 2, pp. 145–156,
2014.

[5] V. Divakaran and D. L. Mann, “The emerging role of micrornas
in cardiac remodeling and heart failure,” Circulation Research,
vol. 103, no. 10, pp. 1072–1083, 2008.

[6] S. V. N. Prasad and S. S. Karnik, “MicroRNAs-regulators
of signaling networks in dilated cardiomyopathy,” Journal of
Cardiovascular Translational Research, vol. 3, no. 3, pp. 225–234,
2010.

[7] D.-Z. Wang, “MicroRNAs in cardiac development and remod-
eling,” Pediatric Cardiology, vol. 31, no. 3, pp. 357–362, 2010.
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MicroRNAs (miRNAs) play an essential role in the onset and development of many cardiovascular diseases. Increasing evidence
shows that miRNAs can be used as potential diagnostic biomarkers for cardiovascular diseases, and miRNA-based therapy may
be a promising therapy for the treatment of cardiovascular diseases. The microRNA-143/-145 (miR-143/-145) cluster is essential
for differentiation of vascular smooth muscle cells (VSMCs) and determines VSMC phenotypic switching. In this review, we
summarize the recent progress in knowledge concerning the function of miR-143/-145 in the cardiovascular system and their role
in cardiovascular diseases. We discuss the potential role of miR-143/-145 as valuable biomarkers for cardiovascular diseases and
explore the potential strategy of targeting miR-143 and miR-145.

1. Introduction

MicroRNAs (miRNAs) are short 18–24 nucleotide, single-
stranded, noncoding RNAs that bind to the complementary
target sites in 3-untranslated regions (3-UTRs) of specific
mRNA targets to inhibit translation or to causemRNAdegra-
dation [1]. It is estimated that the human genome contains
more than 1,000 miRNAs, which regulate at least 30% of
protein-coding genes [2–4]. In addition, one single miRNA
can exert inhibitory effects on many mRNAs, whereas one
single mRNA can be modulated by many miRNAs. Thus,
the regulation of the expression of mRNAs by miRNAs is a
complex process that involves diverse cellular functions: cell
proliferation and differentiation, apoptosis, neuronal pattern-
ing, immunity, fat metabolism, and phenotypic switching of
vascular smooth muscle cells (VSMCs) [5, 6]. Dysregulation
of severalmiRNAs is associated withmany diseases including
cancer, cardiovascular diseases, and neurological disorders
[7–10]. MiRNA-based therapy has become a promising treat-
ment for many human diseases including cardiovascular
diseases and cancer [11–13].

Cardiovascular diseases are the leading cause of mor-
bidity and mortality worldwide. Although it has been well
established that genetic mutations and cellular mechanisms
contribute to the pathogenesis of several cardiovascular
diseases, recent studies have shown that miRNAs play key

roles in cardiovascular system development [4, 14–16]. It has
been determined thatmiRNAs contribute tomany cardiovas-
cular processes, such as embryonic stem cell differentiation,
cardiomyocyte proliferation, VSMC phenotypic switching,
endothelial responses to shear stress, and erythropoiesis
[4, 6, 17–21]. Dysregulation of miRNAs has been found
in many cardiovascular diseases including heart failure,
myocardial ischemia, congenital heart disease, atherosclero-
sis, and hypertension [22–27].

The microRNA-143/-145 (miR-143 and miR-145) encod-
ing genes are located in close proximity with each other on
human chromosome 5 and are believed to be cotranscribed
in the same bicistronic transcript [28]. The miR-143/-145
gene cluster is expressed in the heart and in VSMCs [29–
32]. MiR-143 is believed to play an essential role in the
function and formation of the cardiac chamber via regulation
of myocardial cell morphology [32]. MiR-143 and miR-145
are essential for VSMC differentiation [31] and are molecular
keys to determine VSMC phenotypic switching [6, 30]. It
is interesting that miR-143 and miR-145 can be upregulated
in endothelial cells in response to shear stress and subse-
quently are exported in exosome-like vesicles that regulate
VSMC phenotype [33]. In addition, it has been reported that
circulating miR-145 levels differ in patients with coronary
artery disease [34, 35]; in patients with acute myocardial
infarction (AMI), the level of miR-145 in total peripheral
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Table 1: Targets of miR-143/145 and associated function.

Target Function Reference
Ets-like gene 1 (for miR-143) Proliferation and differentiation [31]
KLF4 and myocardin (for miR-145) [30, 31, 34]
MRTF-𝛽

Actin modeling

[42]
Slingshot 2 [42]
KLF4 (for miR-145) [42]
KLF5 (for miR-145) [42]
Srgap1 [42]
Srgap2 [42]
ACE Contractility [29]

blood correlates with infarct size [36].This suggests thatmiR-
145 could be a valuable biomarker for cardiovascular diseases.
Furthermore, several clinical studies have shown that miR-
143/-145 dysregulation is associatedwithmany cardiovascular
diseases, including essential hypertension, atherosclerosis,
pulmonary arterial hypertension, and coronary artery disease
[35, 37–40]. Therefore, targeting miR-143/-145 may be a
promising therapeutic strategy for the treatment of these
cardiovascular diseases [41].

In this review, we describe the function of miR-143 and
miR-145 in the cardiovascular system and discuss their roles
in cardiovascular diseases. In addition, we explore whether
miR-143 andmiR-145 may be valuable biomarkers for cardio-
vascular diseases and whether targeting miR-143/-145 could
be a potential strategy for the treatment of cardiovascular
diseases.

2. The Functions of MiR-143 and MiR-145 in
the Cardiovascular System

2.1. VSMCs. MiR-143 and miR-145 are abundantly expressed
in VSMCs [29–31, 43, 44]. Both miR-143 and miR-145 play
crucial roles in VSMC differentiation [29, 31, 43]. Overex-
pression of miR-145 upregulates the expression of VSMC
differentiation marker genes, such as smooth muscle alpha-
actin, calponin, and smooth muscle-myosin heavy chain
(SM-MHC), thus promoting differentiation of VSMCs into
the contractile phenotype [30]. The effect of miR-145 on
VSMC phenotypic modulation is through the suppression
of Kruppel-like factor 5 (KLF5) and Kruppel-like factor 4
(KLF4) and subsequent stimulation of their downstream sig-
naling molecule myocardin [30, 45] (Figure 1). Furthermore,
miR-145 has been found to be sufficient to induce differenti-
ation of multipotent neural crest stem cells into VSMCs [31].
Similarly, miR-143 can regulate VSMC phenotype similar to
miR-145, but to a lesser extent [31]. In addition toKLF5,KLF4,
andmyocardin,many other targets ofmiR-143/-145 have been
identified, including Slit-Robo GTPase-activating protein 1
(Srgap1), Srgap2, Adducin-3, Slingshot 2 (Ssh2), angiotensin
converting enzyme (ACE), calmodulin kinase II 𝛿, fascin, and
myocardin-related transcription factor-𝛽 (MRTF-𝛽) [29–31,
42, 46] (Table 1). Moreover, the expression of miR-143/-145 is
induced by the serum response factor (SRF) and its coacti-
vator myocardin and regulated by cytoskeletal dynamics and

miR-145
miR-143

CArG

CArG

SRF SRF

SRF SRF
SRF

Myocd Myocd Myocd

KLF4

KLF4
Elk-1 Elk-1

TCE

↑ Smooth muscle cell proliferation
↓ Smooth muscle cell differentiation

↑ Smooth muscle cell differentiation

Figure 1: Roles ofmiR-143/-145 in the regulation of vascular smooth
muscle cell differentiation and proliferation (adapted from Cordes
et al. [31]). Expressions of miR-143/-145 are positively regulated by
SRF with the functions to repress several factors, including KLF4
and Elk-1, which are reported to be involved in the regulation of
smooth muscle cell proliferation, leading to promotion of smooth
muscle cell differentiation and inhibition of proliferation. SRF:
serum response factor; Myocd: myocardin; KLF4: Kruppel-like
factor 4; Elk-1: Ets-like gene 1.

responses of VSMCs to injury. This suggests that they are an
integral component of a complex regulatory network of SRF
in the control of VSMC phenotypic switching [42].

The role of miR-143/-145 in VSMC was further investi-
gated by studies in knockout mice. MiR-143/-145 knockout
mice exhibit many abnormalities in VSMCs, including a
reduction in marker expression, decreased contractile func-
tion, increased and dilated rough endoplasmic reticulum,
thin smooth muscle layer, and decreased actin-based stress
fibers [29, 42, 43]. These structural functional findings
indicate that miR-143/-145 knockout results in a shift from
a contractile to synthetic phenotype of VSMCs, suggesting
that miR-143 and miR-145 are required for maintaining the
contractile phenotype and function of VSMCs. Although
miR-143/-145 play an important role in determining VSMC
phenotype and function, it appears that they are not essential
for cardiovascular development in vivo, since miR-143/-145
knockout mice are viable and do not have gross macroscopic
alterations [29, 42, 43]. This is consistent with the finding
that miR-143 is only active during the early stages of heart
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Table 2: Aberrant expression of miR-143/145-associated diseases.

Disease miR-143/145 expression Source of miRNAs Reference
Essential hypertension Down Peripheral blood mononuclear cells [15]
Coronary artery disease Down Plasma [35]
Unstable angina Up Plasma [34]
Acute myocardial infarction Up Peripheral total blood [36]
pulmonary arterial hypertension Up Lung tissues [37]

development and disappears from cardiomyocytes at later
stages [29]. In contrast, the Dicer-knockout mice are lethal
by extensive internal hemorrhage at the later embryonic
stage [47]. These findings suggest that other miRNAs, but
not miRNA-143 and miRNA-145, are essential for VSMC
development in vivo.

2.2. Endothelium. MiR-143 and miR-145 have been shown
to be upregulated in endothelial cells in response to shear
stress [33, 48]. In human aortic arterial endothelial cells,
shear stress-induced upregulation of miR-145 decreases the
expression of its target gene junctional adhesion molecule-
A (JAM-A), a molecule that induces inflammatory cell entry
into the atherosclerotic site [48]. MiR-143 and miR-145 have
been known to control the expression of various proteins that
are involved in the regulation of actin cytoskeleton [33, 42,
49]. Although it remains unclear whether miR-143 and miR-
145 contribute to actin cytoskeleton rearrangement induced
by shear stress in endothelial cells [50], miR-143 and miR-
145 have been found to be upregulated in endothelial cells
in response to KLF2 and shear stress [33]. MiR-143/-145 are
released from endothelial cells in exosome-like vesicles and
subsequently regulate target gene expression in VSMCs [33].
It appears that miR-143/-145 may function as a signaling
molecule that communicates between endothelial cells and
VSMCs.

2.3. Heart. MiR-143/-145 have been found to be expressed
in the heart [31, 32, 51]. MiR-143 controls F-actin dynamics
and cell morphology and is essential for cardiac chamber
function and morphogenesis [32]. MiR-143 expression is
found to be regulated by heart beat [52]. In addition, the
expression of miR-143/-145 is restricted to an early stage
of heart development and disappears from cardiomyocytes
at E16.5 [29, 42]. MiR-145 has been found upregulated in
the heart of mice after transverse aortic constriction and
inhibits isoproterenol-induced cardiomyocyte hypertrophy
[51]. The expression of miR-143/-145 in cardiomyocytes can
be induced by activinA via the p38mitogen-activated protein
kinase (MAPK) signaling pathway, resulting in inhibition
on insulin-mediated biological action [53]. Furthermore, the
expression level of miR-145 exhibited a tendency toward a
higher expression in patients with end-stage dilated car-
diomyopathy compared with healthy controls, though no
significant difference was found [54].

2.4. MiR-143 and MiR-145 in the Plasma. MiRNAs are
present in the peripheral blood cells such as erythrocytes
and mononuclear cells [19, 55]. The miR-143/-145 complex
has been found to be downregulated in M1 microphages
compared with M2 macrophages, suggesting that miR-143/-
145 may play an important role in macrophage differenti-
ation and polarized activation processes [56]. In addition,
microRNAs can be stably present in the serum, and thus
circulating miRNAs can be used for potential biomarkers for
many diseases (Table 2). MiR-143/-145 in human peripheral
blood mononuclear cells have been found to be upregulated
in patients with essential hypertension [38]. Changes in
circulating miR-145 levels were found in patients with stable
coronary artery disease [35], stable or unstable angina [34],
and acute myocardial infarction [36]. Therefore, miR-143
and miR-145 can be used for potential biomarkers for these
cardiovascular diseases.

3. Role of MiR-143/-145 in Atherosclerosis
and Hypertension

3.1. Atherosclerosis. Atherosclerosis is a chronic disease of the
vascular wall involving multiple pathological processes, such
as lipid retention and inflammations in many different types
of cells such as various inflammatory cells, endothelial cells,
and VSMCs [57]. Since miR-143 and miR-145 are expressed
in endothelial cells, VSMCs, and inflammatory cells, it is
not surprising that several clinical and animal studies have
shown that miR-143 and miR-145 contribute to pathogenesis
of atherosclerosis [33, 39, 58–60]. The role of miR-143/-
145 in atherosclerosis may result from their regulation of
endothelial cells, VSMCs, and circulating blood cells.

VSMCs play a role in the pathogenesis of atherosclerosis
[61].ThemiR-145 cluster has been found to be downregulated
in the proliferative VSMCs of atherosclerotic arteries in
ApoE-knockoutmice [58].This suggests that downregulation
of miR-145 may contribute to atherogenesis. Consistent with
this idea, miR-143/-145 knockout mice with normal serum
concentration of triglycerides and lipoproteins exhibited
spontaneous atherosclerotic lesion in the femoral artery [29].
Furthermore, overexpression of miR-145 in VSMCs reduced
plague size in aortic sinuses, ascending aortas, and brachio-
cephalic arteries in ApoE-knockout mice [59]; this further
confirms the atheroprotective role of miR-145. However, the
atheroprotective mechanisms of miR-143/-145 have not been
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well elucidated, even though many potential targets of miR-
143/-145, such asACE [29], are involved in the pathogenesis of
atherosclerosis [62].The atheroprotective role ofmiR-143 and
miR-145 may be attributed to their ability to promote con-
tractile VSMC phenotype and to inhibit the synthetic VSMC
phenotype that is associated with atherosclerosis [29, 57]. In
agreement with this hypothesis is that miRNAs, including
miR-145 that are associated with the contractile VSMC phe-
notype, are downregulated and some miRNAs, such as miR-
21, 146a and 221 that are connected to the synthetic VSMC
phenotype, are upregulated in atherosclerotic plaques [63].

Endothelial cells are subject to different regimes of shear
stress in distinct areas of blood vessels. Atherosclerotic lesions
are susceptible to occurring in areas of disturbed flow and low
shear stress, whereas unbranched portions of arteries with
uniform laminar flow are protected from atherogenesis. It has
been reported that miR-143/-145 are upregulated in human
aortic arterial endothelial cells and human umbilical vein
endothelial cells in response to atheroprotective laminar flow
[33, 48]. The exact mechanisms underlying atheroprotective
effect of miR-143/-145 remains unclear. Hergenreider et al.
reported that KLF2 transduction and shear stress induced
upregulation of miR-143/-145 in endothelial cells, which were
released in exosome-like vesicles and inhibited the target
gene expression in VSMCs [33]. Furthermore, extracellu-
lar vesicles derived from KLF2-expression endothelial cells
reduced aortic atherosclerosis in ApoE-knockout mice [33],
suggesting that miR-143/-145 may exert atheroprotective role
via a route of communication between endothelial cells and
VSMCs. In addition, Schmitt et al. found that upregulation of
miR-145 repressed junctional adhesionmolecule-A- (JAM-A-)
induced entry of monocytes into the sites of atherosclerotic
lesions, suggesting that miR-145 may inhibit atherosclerotic
formation via downregulation of JAM-A in endothelial cells
[48].

In clinical studies, miR-145 has been found to be over-
expressed in carotid atherosclerotic plaques in patients with
symptomatic stroke compared with plaques in patients
with nonsymptomatic stoke [64]. Recently, Santovito et al.
reported that miR-145 was upregulated in atherosclerotic
plaques of hypertensive patients compared with control
plaques of nonhypertensive patients [39], suggesting that
hypertension may upregulate miR-145 expression in human
atherosclerotic plaque. These clinical findings that miR-145
is upregulated in atherosclerotic plaques are apparently in
contrast with the animal studies showing that upregulation
of miR-145 is atheroprotective [59]. This discrepancy may
be explained by compensatory upregulation of miR-145 in
response to chronic stress in patients with chronic diseases.

3.2. Hypertension. VSMCs determine vascular tone and reg-
ulate vascular resistances and thus play a fundament role
in the development of hypertension [65]. The transition of
VSMCs from a state of differentiation to a state of prolifer-
ation contributes to the pathogenesis of hypertension [66].
MiR-143/-145 knockout mice have a reduced blood pressure
due to reduced vascular tone [29, 42, 67], suggesting that
miR-143/-145 are required for controlling blood pressure.

MiR-143 and miR-145 have been found to be downreg-
ulated in VSMCs in response to acute and chronic vascu-
lar stress [30, 43]. In hypertension, VSMCs are constantly
exposed to excessive stretch due to persisting high blood
pressure. It has been reported that miR-145 is important
for the expression of the VSMC contractile phenotype,
[29, 31, 43] as it mediates stretch-induced differentiation
of VSMCs [68, 69]. Recently, Hu et al. found that stretch-
induced activation of extracellular signal-regulated kinase 1/2
(ERK1/2) and upregulation of ACE contribute to reduced
expression of miR-145 because of a reduction in mechanical
stretch [68]. Stretch-induced downregulation of miR-145
resulted in reduced expression ofVSMCs contractilemarkers,
including KLR4 and myocardin [68]. Therefore, modulation
of the VSMC phenotype by miR-145 in response to persistent
hypertensive stretch may contribute to the pathogenesis of
hypertension.

Many of potential targets of miR-143/-145, such as
CAMK-II and ACE, are involved in blood pressure regu-
lation [29, 69]. MiR-145 can increase the expression of L-
type calcium channel via suppression of CAMK-II [69]. L-
type calcium channels that couple blood pressure-induced
membrane potential change to the myogenic response in
VSMCs has been known to contribute to the pathogenesis
of hypertension [70]. In addition, ACE, a regulator of blood
pressure, is upregulated inVSMCs ofmiR-145 knockoutmice,
resulting in an increased generation of angiotensin II in
blood vessel walls [29]. ACE in VSMCs is known to play
an important role in vascular remodeling in hypertension
[71]. Therefore, many signaling pathways that are targeted by
miR-145 may underlie the miR-145-mediated pathogenesis of
hypertension.

Recently, Kontaraki et al. found that the expression levels
of miR-143/-145 in human peripheral blood mononuclear
cells were lower in hypertensive patients than in healthy
controls and the expression levels negatively correlated with
24 hr diastolic and mean blood pressure [38]. This clinical
finding that miR-143/-145 is downregulated in hypertensive
patients is consistent with animal studies showing that the
expression ofmiR-143/-145 is decreased in vascular walls after
balloon carotid artery injury and in ApoE-knockout mice
[30, 43, 58]. It is possible that a fraction of the miR-145
levels in human peripheral blood mononuclear cells may be
transferred from the vascular wall.

ManymicroRNAs, includingmiR-145, have an important
role in pathogenesis of pulmonary arterial hypertension
(PAH) [41, 72]. MiR-145 has been shown to be activated by
transforming growth factor-𝛽 (TGF-𝛽) signaling pathway in
VSMCs [73, 74] and upregulation of miR-145 by TGF-𝛽 to
promote differentiation in lung myofibroblasts [75]. Caruso
et al. reported that miR-145 is upregulated in PAH patients
and in a mouse model of hypoxia-induced PAH, as well as in
the lungs of mice with mutant bone morphogenetic protein
(BMP) receptor type-2 (BMPR2), a receptor for the TGF-
𝛽 superfamily [37]. Furthermore, miR-145 knockout results
in a significant protection from the development of PAH
[37], suggesting that miR-145 plays an important role in the
development of PAH.
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4. MiR-143/-145 as Potential Diagnostic
Markers for Cardiovascular Diseases

In addition to control cellular processes,miRNAs are released
into the circulation and can be stably present in the plasma
[76]. Since miRNAs can be detected in the plasma under
diseased conditions, circulating miRNAs may function as
potential diagnostic markers for cardiovascular diseases [55,
76, 77]. Increasing evidence has shown that circulating
miRNAs may function as diagnostic markers for coronary
artery disease (CAD), diabetic heart diseases, myocardial
infarction, hypertension, and heart failure [34, 55, 76, 78, 79].

Considering the specificity of microRNAs, which are
short, single-strand, and noncoded, their measurement
would be different from other coded genes. Currently there
are three primary methods for detection and quantification
of microRNAs, Northern blot, PCR, and microarray. Among
them, PCR is the mostly used approach for microRNAs
studies especially in clinical studies, due to high sensitivity
and specificity as well as the ability to quantify the number
of microRNAs present in each sample. Through using quan-
titative PCR approach, several studies have investigated the
circulating miR-145 levels in patients with coronary artery
disease [34, 35]. Fichtlscherer et al. reported that circulating
miR-145 was downregulated in patients with stable coronary
artery disease compared with healthy controls [35]. How-
ever, D’Alessandra et al. found that circulating miR-145 was
upregulated in patients with unstable angina compared with
healthy controls [34]. This discrepancy may be associated
with different disease status (stable CAD by Fichtlscherer et
al. versus unstable angina by D’Alessandra et al.). More miR-
145 may be released from vascular walls due to more severe
injuries in patients with unstable angina compared with
patients with stable CAD. This hypothesis agrees with the
findings that plasma concentrations ofmiR-145 correlate with
muscle injury in rodents [44]. In addition, both studies used
a limited number of patients (19 patients with unstable angina
versus 20 controls in D’Alessandra’s study and 36 patients
with CAD versus 17 controls in Fichtlscherer’s study). Further
studies with a large sample size are required to demonstrate
the role of miR-145 as a potential diagnostic marker for CAD.

The miR-145 level in total peripheral blood has been
found to be elevated in patients with acute myocardial
infarction and correlate with the infarction size estimated
by troponin-T release [36]. Since miR-145 is enriched in
VSMCs, elevatedmiR-145 levels in AMImay reflect the vessel
injury that occurs during atherosclerotic plague rupture.
Consistent with this idea, upregulation ofmiR-145 expression
is found in atherosclerotic plaques in hypertensive patients
[39]. Although miR-145 levels correlated with infarction size,
Meder et al. did not identify miR-145 as a good predictor for
AMI using receiver operator characteristic curves [36].

Recently, Kontaraki et al. investigated the expression
levels of many VSMC-modulating miRNAs including miR-
143/-145 in human peripheral blood mononuclear cells in
patients with essential hypertension in comparison with
healthy controls. The expression levels of miR-143/-145 were
decreased in hypertensive patients compared with healthy
controls and the expression levels negatively correlated with

24 hr diastolic and mean blood pressure [38]. It remains to
be determined whether changes in miR-143/-145 levels in
human peripheral blood mononuclear cells are the results of
hypertension in peripheral blood mononuclear cells or sec-
ondary to the vascular wall injury induced by hypertension.
In addition, although Kontaraki et al. reported that diabetes
did not affect the expression of miR-143/-145 in hypertensive
patients [38], it has been reported that miR-145 was reduced
in AMI patients with diabetes compared with AMI patients
without diabetes [36]. Future studies with large cohorts of
patients are required to confirm the role of miR-143/-145 as
diagnostic markers for essential hypertension.

5. MiR-143/-145 as a Potential
Therapeutic Targets for the Treatment of
Cardiovascular Diseases

MiRNA dysregulation is linked to the development of car-
diovascular diseases; restoration of dysregulated miRNAs to
their normal levels can potentially reduce or even eliminate
diseases, at least in animal models [80, 81]. MiRNA-based
therapy has been regarded as a promising method for clinical
applications in the treatment of cardiovascular diseases [13,
80]. Compared with traditional molecular targets, miRNAs
have features that favor them as potential good therapeu-
tic targets. MiRNAs may target many mRNAs that share
common biological and cellular function and thus may
produce a strong effect on end-point functions. In this
way, targeting miRNAs may less likely cause desensitization,
which occurs commonly when only one therapeutic target is
aimed for in most classical drugs. In addition, targeting cell-
and disease-specific expression of miRNAs may reduce off-
target effects, which are severe problems for classical drugs.
Therefore, identification of cell- and disease-specificmiRNAs
is important for successful miRNA-based therapy.

MiR-143/-145 are predominantly expressed in VSMCs
and play a role in several cardiovascular diseases, such as
essential hypertension [38], atherosclerosis [40], pulmonary
arterial hypertension [37, 39], and coronary artery disease
[35]. Targeting miR-143/-145 may be a promising therapy for
these cardiovascular diseases. However, to date, no miRNA-
based therapy has been developed to treat cardiovascular
diseases in human clinical trials. Several animal studies
have demonstrated that targeting miR-143/-145 may be a
promising therapy for vascular diseases.

Given the association of aberrant expression of miR-143/-
145 with the pathogenesis of many cardiovascular diseases,
experimentally manipulating them to be either up or down
expressed might be beneficial in the prophylaxis or treatment
of these diseases. Currently, adenoviruses-mediated gene
transfer system is a commonly usedmethodwhich can exper-
imentally make some target genes up or down expression
in vivo. Through using the commercially available Adeno-
X Expression Systems 2 kit, Cheng’s group successfully
constructed the adenoviruses which are expressing miR-145.
Subsequent studies by implying this gene transfer system
into rat model with carotid artery balloon injury reported
that transient local adenoviral overexpression of miR-145
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inhibited neointimal lesion formation in rat carotid arteries
after vascular balloon injury [30], suggesting that restoration
of downregulated miR-145 may be effective for the treatment
of vascular diseases. Furthermore, adenoviral overexpression
of smart miR-145 in which the flank sequence of miR-145
was switched with that of miR-31 results in a more inhibition
on balloon injury-induced neointimal lesion formation in
rat carotid arteries, comparedwith adenoviral overexpression
of miR-145 [58], suggesting that modulation of the flank
sequence may be an effective way to improve therapeutic
efficacy of miRNAs. In addition, using a similar method, Elia
et al. found that overexpression of either miR-143 or miR-145
reduced balloon injury-induced neointimal lesion formation
in rat carotid arteries [43]. Furthermore, systemic injection of
lentiviral miR-145 markedly reduced atherosclerotic volumes
in aortic roots, ascending aortas, and brachiocephalic arteries
of ApoE-knockout mice [59].

To date, most investigators have used virus-mediated
gene transduction for overexpression of miRNAs in ani-
mals. Recently, Ohnaka et al. developed a nonviral method
for transduction of miR-145 into a bypass graft, using an
electroporator [82], involving the usage of an expression
vector for human miR-145 (pMIW-cGFP-miR-145) which is
commercially available. Their study demonstrated that MiR-
145-overexpressing vein grafts inhibited neointimal lesions
formation in the arterialized rabbit vein graft model [82].
This nonviral gene transfer method reduces the potential
ethical issues and cytotoxicity owing to difficulties in virus
handing and regulation and may be more appropriate for
clinical application.

6. Conclusions and Perspectives

Recently, increasing evidence has shown that plasmamiRNAs
can be used as a potential disease biomarker [55, 76, 77].
MiR-143 and miR-145, important molecules that determine
the phenotype of VSMCs, can be released into the plasma in
response to vascular injury and thus may be used as potential
diagnostic biomarkers for vascular diseases. Recent clinical
findings have demonstrated that miR-143 and miR-145 levels
in the plasma are associated with essential hypertension [38],
coronary artery disease [34, 35], and AMI [36]; these find-
ings highlight the importance of miR-143/-145 as potential
biomarkers for cardiovascular diseases. However, one should
keep in mind that the use of miR-143/-145 as biomarkers
for cardiovascular diseases should be further investigated
in comprehensive studies with a large sample size, since, to
date, clinical studies have only included a small sample size.
In addition, the expression levels of multiple miRNAs differ
based upon the specific cardiovascular disease [78], and thus
expression profiles of multiple miRNAs may be better used
for diagnosis. Furthermore, it would be interesting to identify
circulating miRNAs as biomarkers for predicting a response
to a specific treatment in cardiovascular diseases.

MiRNAs play an essential role in the development of
many cardiovascular diseases, and miRNA-based therapy
has been recognized to be a promising novel therapeu-
tic strategy for the treatment of cardiovascular diseases

[13, 16, 80]. MiR-143/-145 are relatively specific for VSMCs
and thus are attractive potential drug target for vascular
diseases such as atherosclerosis, hypertension, and CAD.
However, although the delivery of viral vectors expressing
miR-143/-145 effectively inhibits neointimal lesion formation
in the animal model, no clinical trials have demonstrated
an effective miRNA-based therapy for the treatment of
cardiovascular disease.The study withmiRNA-based therapy
for cardiovascular disease is just beginning. Future preclinical
and clinical studies are warranted to evaluate the efficacy
of miRNA-based therapy in patients with cardiovascular
diseases.
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