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Abstract

MicroRNAs (miRNAs) are members of a non-coding RNA family. They act as negative requlators of protein
translation by affecting messenger RNA (mRNA) stability; they modulate numerous signaling pathways
and cellular processes, and are involved in cell-to-cell communication. Thus, studies on miRNAs offer an
opportunity to improve our understanding of complex biological mechanisms. In the cardiovascular system,
miRNAs control functions of various cells, such as cardiomyocytes, endothelial cells, smooth muscle cells
and fibroblasts. The pivotal role of miRNAs in the cardiovascular system provides a new perspective on the
pathophysiology of disorders like myocardial infarction, hypertrophy, fibrosis, heart failure, arrhythmia, in-
flammation and atherosclerosis. MiRNAs are differentially expressed in diseased tissue and can be released
into circulation. Manipulation of miRNA activity may influence the course of a disease. Therefore, miRNAs
have become an active field of research for developing new diagnostic and therapeutic tools. This review
discusses emerging functions of miRNAs in cardiogenesis, heart regeneration and the pathophysiology of
cardiovascular diseases.
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MicroRNAs (miRNAs) are a class of single-stranded,
non-coding RNAs, about 22 nucleotides in length, which
negatively regulate gene expression at the post-transcrip-
tional level. They bind to messenger RNA (mRNA) in
a complementary way, and cause gene silencing through
the inhibition of translation and/or degradation of mRNA.!
MiRNAs play a role in regulating various biological pro-
cesses including embryogenesis, cell proliferation and dif-
ferentiation, apoptosis or tumorigenesis.? In the cardio-
vascular system, miRNAs control cardiomyocyte growth
and contractility, the development and maintenance of
cardiac rhythm, plaque formation, lipid metabolism and
angiogenesis.”"> Altered miRNA expression can be found
in the blood of patients with various cardiovascular dis-
eases, which makes them attractive candidates for nonin-
vasive biomarkers.®’ It has been estimated that miRNAs
control the activity of 30-50% of protein-coding genes.”
Unlike transcriptional regulators, which have a turn-on-
and-off function in controlling gene expression, the varied
profiles of miRNAs appear to fine-tune the level of pro-
tein expression to changes in environmental conditions.?
A single miRNA may influence the expression of hundreds
of genes in a cell, and each mRNA molecule may be regu-
lated by multiple miRNAs that interact or compete with
each other.® The first miRNA, /in-4, was discovered in the
nematode Caenorhabditis elegans in 1993.! To date, about
2500 miRNAs have been identified in the human genome.
All known sequences of miRNAs are available in the data-
base at the website www.mirbase.org.

MicroRNA biogenesis and
mechanisms of action

MiRNA genes are an evolutionarily conserved integral
part of the cell genome. They can be transcribed as in-
dependent transcription units in intergenic regions or in
the introns and exons of protein-coding genes. MiRNA
genes can exist individually or form polycistronic clusters
containing multiple miRNA components.! MiRNAs are
transcribed in the nucleus by RNA polymerase II (RNA
Pol II) to primary miRNAs (pri-miRNAs), which can be
a few kilobases long. Pri-miRNAs are cleaved by a protein
complex containing the RNase III endonuclease Drosha
into approximately 70-nucleotide precursor miRNAs (pre-
-miRNAs) with a hairpin structure.! Next, a GTP-depen-
dent protein, exportin-5, recognizes a short stem of 2-3
nucleotides overhanging at the end of the pre-miRNAs and
transports them from the nucleus to the cytoplasm.! Alter-
natively, pre-miRNAs can be processed independently of
the Drosha complex through the direct splicing of introns.®

In the cytoplasm, pre-miRNA is cleaved by the RNase
III endonuclease Dicer to approximately 22-nucleotide
double-stranded miRNAs. One strand, called a guide
strand, is loaded onto the RNA-induced silencing com-
plex (RISC) and becomes mature miRNA, while the other
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strand, called a passenger strand, is degraded or incorpo-
rated into microvesicles and released from the cell.’ Both
mature and pre-miRNAs can be found in microvesicles.’
The formation of the RISC effector, which contains Argo-
naute 2 (Ago2) protein, allows miRNAs to bind to target
mRNAs. M0

The RISC binding sites are complementary sequences
present mainly in the 3’-untranslated region (3-UTR)
of mRNAs. In cases of perfect complementarity of the
miRNA-mRNA sequences, Ago2 protein, which has en-
donuclease activity, cleaves the mRNA, leading to its deg-
radation. Mismatches in the sequence inhibit translation
(Fig. 1).t

Most miRNAs are localized intracellularly, but some of
them are released into the blood in association with pro-
teins (e.g. Ago2, nucleophosmin 1 and HDL) or as a com-
ponent of cell-derived microvesicles (e.g. exosomes or
apoptotic bodies). MiRNAs may be released in response
to cell activation stimuli, injury or after cell death.” In the
circulation, miRNAs are transported to distant sites and
interact with cells by fusing with the cell membrane or
through receptor-mediated binding, which suggests that
miRNAs play a role in cell-to-cell communication.>!°
For example, in response to tissue damage, miR-126 is
transported in endothelial cell-derived apoptotic bodies
to vascular smooth muscle cells (VSMCs), where it medi-
ates the synthesis of the CXCL12 chemokine to recruit
progenitor cells and provide vascular protection.”

The nomenclature of microRNAs

With the exception of a few miRNAs that were dis-
covered early (such as the let family), the nomenclature
of mature miRNAs consists of the prefix “miR” and the
identifying number, e.g. miR-499. Pre-miRNAs are indi-
cated by italics and the lower case prefix “mir”. Three- or
four-letter prefixes indicate the species, e.g. hsa-miR-101
in Homo sapiens. An additional lower case letter is ap-
pended to miRNAs with similar sequences, differing by
only one or two nucleotides, e.g. miR-123a or miR-123b.°
If two pre-miRNAs that are located at different sites in
the genome lead to an identical mature miRNA, the miR-
NA is annotated with an additional hyphen and number,
e.g. miR-194-1 or miR-194-2. Two different miRNAs that
originate from the same precursor are named according
to their location on the hairpin: miR-17-5p (5’ arm) or
miR-17-3p (3’ arm), or based on their level of expression:
miR-123 or miR-123* An asterisk indicates the miRNA
strand that is expressed at a lower level.®

Controlling microRNA activity

The activity of miRNAs can be modulated by two dif-
ferent approaches based on mimicking miRNA functions
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Fig. 1. A schematic representation of the biogenesis of miRNAs and their mechanism of action: a miRNA gene is transcribed by RNA polymerase Il (RNA
Pol Il) to stem-loop primary miRNAs (pri-miRNAs). Within the nucleus, pri-miRNA is processed by the RNase Il endonuclease Drosha into hairpin-like
precursor MiRNAs (pre-miRNAs). Alternatively, pre-miRNAs are processed independently of the Drosha complex, through direct splicing of introns, to form
pre-miRNAs called mirtrons. The pre-miRNAs/mirtrons are then transported to the cytoplasm by a GTP-dependent protein transporter, exportin-5. Within
the cytoplasm, pre-miRNAs are cleaved by the RNase Ill endonuclease Dicer to approximately 22-nucleotide double-stranded miRNAs. After unwinding,
both miRNA strands can be functional; however, usually one of them, termed the guide strand, is incorporated into the RNA-induced silencing complex

(RISC). MIRNA-RISC complexes containing Argonaute 2 (Ago2) protein bind to the 3-untranslated region (3-UTR) of target mRNAs and causes gene

silencing by inhibiting translation and/or through mRNA degradation
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Fig. 2. Different approaches to targeting miRNA activity. (1) Endogenous miRNA (blue) binds to a complementary sequence known as a seed sequence
(blue box) present in the 3-untranslated region (3-UTR) of mRNA. (2) A miRNA mimic (red) is a chemically synthesized double-stranded RNA molecule.
This structure imitates endogenous miRNA and targets complementary mRNA. (3) An antagomiR (black) is a synthetic oligonucleotide that is
complementary to a particular miRNA. This oligonucleotide binds to miRNA and inhibits its action. (4) MiRNA sponge (green) contains several seed
sequences for a particular miRNA. Delivery to the cell results in binding with the target miRNAs and reduces the number of free and active miRNAs
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or silencing its action (Fig. 2).> In cases of compromised
miRNA levels, exogenous miRNAs can be administrated
in vivo. MiRNA mimics are small, chemically synthesized
double-stranded RNAs that imitate endogenous miRNAs
and cause gene silencing. One strand of this molecule is
identical to the native form of miRNA, the other is com-
plementary. The double-stranded structure is required so
that the RISC can recognize miRNA mimics accurately.!!
AntagomiRs are synthetic RNA molecules used to si-
lence aberrantly expressed miRNAs. AntagomiRs func-
tion by binding to miRNAs and inhibiting their actions.
They are complementary to the sequence of a full-length

3. antagomiR 4. miRNA sponge
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sequence or a seed sequence (a 28-nucleotide-long mRNA
binding site) of a specific miRNA. They are chemically
modified to improve cellular uptake, in vivo stability and
affinity to miRNA.!! MiRNA sponges are another ap-
proach to reducing miRNA levels. MiRNA sponges are
transcripts that contain multiple complementary regions
for miRNAs that have the same target site. Delivering
miRNA sponges to a cell results in their binding with the
target miRNAs and reduces the number of free and active
miRNAs.!

The highly conserved miRNA sequence facilitates the
adaptation of results from studies in animal models to
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clinical settings. However, the use of miRNA-targeting
drugs still remains challenging. To enter the cell, oligonu-
cleotides must pass the lipid bilayer of the cell membrane.
They are therefore chemically modified to improve cel-
lular uptake and in vivo stability. Changes include modi-
fications in 2" sugar (e. g. 2-OMe, 2-MOE, 2’-F) or conju-
gation with cholesterol. Bicyclic nucleotides called locked
nucleic acid (LNA) have enhanced affinity to miRNAs
and stability.! Another method is delivering antisense
nucleotides by means of supramolecular nanoparticles,
such as liposomes or polymeric nanoparticles.!> Unlike
conventional drugs, which are specific for one cellular
target (e.g. an enzyme or a receptor), one miRNA can
modulate a number of target genes in different cells in
a pathway, which can provide greater therapeutic effects.
However, this feature could also be a disadvantage, be-
cause it can lead to undesired effects. Understanding this
effect is an important step in developing miRNA-based
therapies.'?

MicroRNAs in heart development

The importance of miRNAs in heart biology was re-
vealed by blocking the expression of all the miRNAs in
the cardiovascular system.? This effect was obtained
through tissue-specific deletion of genes essential to
miRNA biogenesis, such as Drosha, DGCRS (coding for
a protein which forms a complex with Drosha), Ago2 or
Dicer. Deletion of these critical genes in mice resulted in
death during early gestation due to severe developmental
defects of the heart and blood vessels. However, deleting
genes for individual miRNAs is not lethal.

Different types of cells are characterized by their spe-
cific profile of miRNA expression. Interestingly, only
18 miRNA families account for approximately 90% of
cardiac miRNAs."®> Among cardiomyocytes, miR-1 is the
most abundant one. MiR-1 and miR-133 arise from the
same bicistronic transcript, but miR-133 expression is
lower. MiR-1 and miR-133 cooperatively promote meso-
derm differentiation in embryonic stem cells (ESCs). Lat-
er in their development, they play opposite roles: miR-1
promotes and miR-133 inhibits differentiation of meso-
derm into cardiomyocytes.* MiR-1 influences cardio-
genesis by regulating the expression of transcription fac-
tors Irx5 and Hand2.> The Hand2 protein is involved in
the development of the outflow tract and right ventricle.!®
Targeted deletion of miR-1 results in ventricular septal
defects (VSDs).!> The Irx5 protein regulates the expres-
sion of potassium channel genes like potassium voltage-
gated channel subfamily D member 2 (Kcnd2) and deter-
mines the cardiac ventricular repolarization gradient.!®
MiR-133 influences the activity of serum response factor
(SRF) and cyclin D2, the transcription factors involved in
cell cycle progression. SRF regulates the genes responsi-
ble for cardiac muscle and smooth muscle differentiation
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and growth; it also activates transcription of miR-133/1.
Cyclin D2 controls cardiomyocyte proliferation by acting
on the phosphorylation of retinoblastoma protein in the
G1 phase of the cell cycle.t”

Contractile protein expression is strictly regulated dur-
ing heart development. Abnormal synthesis of myosin
genes underlies pathological cardiac remodeling. Myo-
sin genes remain under the control of miR-208a, miR-
208b and miR-499, which are encoded in the introns
of Myh6 (alpha-myosin heavy chain, a-MHC), Myh7
(beta-myosin heavy chain, f-MHC) and Myh7b, respec-
tively.!* In rodents, p-MHC (a slow ATPase) expression
occurs during embryonic development, a-MHC (a fast
ATP-ase) after birth, while Myh7b expression occurs at
both stages.!® The fact that miR-208a and miR-208b have
identical seed sequences suggests that they regulate com-
mon target genes at different stages of development. In
the adult heart, p-MHC synthesis is re-expressed in car-
diomyocytes under stress conditions such as hypoxia or
hypothyroidism.!* Deletion of miR-208a results in ecto-
pic expression of fast skeletal muscle genes and impaired
postnatal stress response.!®

The miR-15 family consists of miR-15a/b, miR-16-
1/2, miR-195 and miR-497, which have identical seed
sequences. MiR-195 is upregulated immediately after
birth and halts cardiomyocyte proliferation; it controls
numerous cell cycle genes, including checkpoint kinase 1
(CheklI). Overexpression of miR-195 results in VSDs and
ventricular hypoplasia.?? MiR-15b controls ATP level in
cardiomyocytes by targeting Arl2, a component of the
ADP/ATP exchanger in mitochondria.*!

The miR-17~92 cluster consists of miR-17, miR-18a,
miR-19a/b, miR-20a and miR-92. MiR-17~92 transcription
is activated by the bone morphogenetic protein (BMP) sig-
naling pathway. Through downregulation of Is/1 and Thx1,
miR-17~92 promotes the development of the cardiac out-
flow tract and the differentiation of the second heart field
(SHF) progenitors into right ventricle myocytes.?? Deletion
of miR17~92 leads to VSDs and lung hypoplasia, and con-
sequently to death. These effects are attributed in part to
the upregulation of pro-apoptotic proteins like Bim, which
is a target gene of this miRNA cluster.??

The role of miRNAs during various stages of heart de-
velopment is schematically represented in Fig. 3.

MicroRNAs in heart regeneration

Neonatal murine hearts have been demonstrated to
regenerate following infarction. Ligation of the left ante-
rior descending (LAD) artery in a one-day-old mouse re-
sults in necrosis of about 75% of the heart muscle. Within
several weeks, spontaneous regeneration of the anterior
wall leads to the recovery of the systolic function. Over-
expression of miR-195 has been shown to impair myo-
cardial regeneration and cause massive cardiac fibrosis.?*
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Fig. 3. A schematic representation of mouse cardiac morphogenesis and the role of miRNAs in this process. The colors represent the contribution of
different precursor pools to the forming chambers. The heart is of mesodermal origin. At embryonic day 7.5 (E7.5), 2 populations of cells, termed the first
heart field (FHS) and the second heart field (SHF), build up the cardiac crescent. Subsequently, the cells migrate and the linear heart tube is formed at E8.0.
Shortly thereafter, the heart tube starts spontaneous contractions and supports the blood supply of the developing embryo. Finally, the process of cardiac
looping and a series of morphological changes contribute to the formation of the four-chambered heart by E10.5. The progressive septation of the atria,

ventricles and the common outflow track then takes place
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Inhibition of the miR-15 family promotes myocyte pro-
liferation and ameliorates cardiac functions in adults af-
ter myocardial infarction.? MiR-133 is another molecule
regulating the cell cycle of cardiomyocytes. Following
resection of 20% of the zebrafish ventricular apex, pro-
liferation of the remaining cardiomyocytes occurs, which
leads to complete heart regeneration. Studies have noted
reduced expression of miR-133 in regenerating zebrafish
heart. Upregulation of miR-133 diminishes its regenera-
tive potential, whereas decreasing the level of miR-133
with specific miRNA sponges promotes regeneration.?*
To sum up, the miR-15 and miR-133 families attenuate
the regenerative capacity of the heart by inhibiting car-
diomyocyte proliferation.

MiR-199 and miR-590 have been found to induce cell
cycle re-entry in cardiomyocytes. Intracardiac adminis-
tration of these molecules into the infarct border zone
stimulates cardiomyocyte proliferation in adult mice.
MiR-199 and miR-590 have been shown to promote re-
generation of the myocardium and to improve cardiac
function.?”

Stem cell-based therapies represent an attractive ap-
proach for treating cardiovascular diseases. However, re-
generative therapy based on delivering stem cells into the
heart has not yet been successful in clinical trials. Nowa-
days, many studies aim to improve the effects of this
therapy by increasing the survival of cells transplanted
into the infarcted region and enhancing the differentia-
tion of stem cells into cardiomyocytes.?® MiR-1 and miR-
133 have been found to induce the differentiation of stem
cells and heart progenitor cells into cardiomyocytes.!*
Moreover, transplanting stem cells overexpressing miR-1
into the infarcted zone increases cardiomyocyte differ-
entiation, promotes regeneration and improves cardiac

- : - : ; : miR-15
| MiR-133 | miR-17~92 |miR-208 | | family |
b L. _‘ l
Cyclin D2 Thxl Contractile
SRF Isl1 proteins (MHC)
THRAPL

Mature heart

Fetal heart
E95 E10.5

Looped heart

function.?” Similar results are achieved by transplanting
c-kit+ cardiac progenitor cells overexpressing miR-499.28

Cardiac fibrosis following myocardial infarction, result-
ing from excessive fibroblast activation, reduces regen-
eration, leads to pathological remodeling, impairs systolic
function and increases susceptibility to arrhythmias. It has
been shown that the expression of a suitable combination
of transcription factor genes (Gata4, Mef2c, Thx5) could
convert resident cardiac non-myocyte fibroblasts into con-
tractile cells by direct reprogramming.?® A similar effect
can be obtained when miRNAs are used. Lentiviral-medi-
ated delivery of miR-1, miR-133, miR-208 and miR-499 into
the infarct border zone has been found to induce direct
fibroblast reprogramming into cardiomyocytes in situ.>
Reprogrammed cardiomyocytes express cardiac markers
and sarcomeric organization, and have electrophysiologi-
cal properties characteristic of mature ventricular cardiac
myocytes. Moreover, reprogramming is associated with
an improvement in fractional shortening, suggesting the
functional recovery of the damaged myocardium.

Fig. 4 summarizes the role of miRNAs in cardiac regen-
eration: regulation of cardiomyocyte proliferation, stem
or progenitor cell differentiation and direct reprogram-
ming of fibroblasts.

MicroRNAs in heart diseases

Myocardial infarction and cardiac
remodeling

Ischemia/reperfusion injury associated with myocar-
dial infraction leads to remodeling in the myocardium,
which is regulated by various miRNAs. Activation of
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Fig.4. MiRNA activity in the process of myocardial regeneration. Three
approaches to cardiac muscle regeneration are presented: regulation of
cardiomyocyte proliferation; stem or progenitor cell differentiation; and
direct reprogramming of fibroblasts
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stress signaling pathways triggers changes in miRNA
expression; miR-24, miR-320 and miR-29 are downregu-
lated in myocardial infarction. MiR-24 inhibits transla-
tion of Bim, a proapoptotic protein. Restoration of miR-
24 to physiological levels by specific miRNA mimics
attenuates apoptosis and decreases scar size.? Proapop-
totic properties are attributed to miR-320, which nega-
tively regulates heat shock protein 20 (HSP20), which
functions as a cell protector after an ischemic injury.?
MiR-29 controls genes encoding collagen (COLIAI,
COLI1A2, COL3AI) and extracellular matrix proteins,
including fibrillin (FBNI) and elastin (ELNI). Low ex-
pression of miR-29 after myocardial infarction results in
scar formation.3? In addition, miR-199 is downregulated
in cardiac myocytes during oxygen deprivation. This
induces its target genes: hypoxia-inducible factor-la
(HIF-1a) and sirtuin 1 (Sirt 1), and subsequent activa-
tion of hypoxia-triggered pathways. Restoration of phys-
iological miR-199 levels inhibits HIF-Ia expression and
its stabilization of p53, a tumor supressor responsible
for sustaining the genome integrity, which leads to a re-
duction in apoptosis.??

Expression of the miR-15/16 family and miR-499 in-
creases after myocardial infarction.*3* The miR-15/16
family regulates cardiomyocyte proliferation and sur-
vival in response to injury, and its inhibition protects
cardiomyocytes from apoptosis.’* MiR-499 influences
cardiomyocyte apoptosis by downregulating calcineurin
and dynamin-related protein 1 (Drpl), which are involved
in mitochondrial fission. According to the literature, the
upregulation of miR-499 reduces apoptosis and infarct
size, while miR-499 knockdown has the opposite effect.*
In contrast, another report showed that miR-499 overex-
pression in the heart can lead to cardiomyocyte hypertro-
phy and cardiomyopathy, suggesting discrepancies that
may be caused by acute or chronic modulation of miR-
NA.* MiR-214, which increases in mouse and human tis-
sue after myocardial infarction, exerts a protective effect
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during ischemia/reperfusion. It reduces calcium overload
and promotes cardiomyocyte survival through inhibition
of the sodium/calcium exchanger (NCX1) and Bim. Dele-
tion of miR-214 increases injury and mortality following
myocardial infarction.*

At the molecular level, cardiac remodeling is accompa-
nied by a gene expression switch from the adult a—-MHC
isoform to the fetal p-MHC. MiR-208a, which is encoded
in the intron of the a-MHC gene, has been shown to be
involved in this process, inducing cardiomyocyte hyper-
trophy, fibrosis and increasing B-MHC expression. De-
letion of miR-208a protects the heart from pathological
remodeling under stress conditions. Thyroid-hormone-
receptor-associated protein 1 (THRAPI) is considered
a target gene for miR-208a.%3*

MiR-21 promotes myocyte hypertrophy and fibrosis
by repressing the Sprouty2 transcription factor, which
controls the pro-fibrotic extracellular signal-regulated
kinase-mitogen-activated protein kinase (ERK-MAPK)
pathway. Specific antagomiR-mediated inhibition of miR-
21 blocks this cascade and results in a reduction in both
hypertrophy and fibrosis.!> However, genetic deletion of
miR-21 does not alter the pathological cardiac response
to pressure overload.>* This discrepancy indicates that
miR-21 plays a complex role in the pathophysiology of
heart diseases, which requires further investigation. An-
other possibility may be the existence of a compensatory
mechanism revealed under a permanent miR-21 knock-
down.3*

Heart failure

Impaired cardiac contractile function caused by dis-
rupted calcium handling is a hallmark of heart failure.
Recently, Cai et al. demonstrated that miR-765 is over-
expressed in failing hearts and is involved in contractile
regulation. MiR-765 contributes to increased protein
phosphatase 1 (PP-1) activity and the subsequent de-
phosphorylation of key calcium cycling proteins by si-
lencing its endogenous inhibitor-1.%> Likewise, miR-25
is upregulated in failing hearts and controls myocyte
contractile function by repressing the sarcoplasmic re-
ticulum calcium uptake pump, SERCA2a. Anti-miR-25
delivery restores cardiac function and improves surviv-
al.?¢ Also, miR-24 regulates calcium homeostasis through
Junctophilin-2 repression, which results in decreased ef-
ficiency of excitation-contraction (E-C) coupling in car-
diomyocytes.?”

In a recent paper, Melman et al. provided evidence
that increased cardiac miR-30d expression has a signifi-
cant impact on responses to cardiac resynchronization
therapy (CRT), and that plasma levels of miR-30d may
correlate with responsiveness to CRT in heart failure pa-
tients. MiR-30d is regulated by mechanical stretch, and is
released in exosomes by cardiomyocytes. It protects car-
diomyocytes from TNF-a-elicited inflammation and cell
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death by targeting the MAP4K4 protein or, possibly via
other indirect pathways, resulting in beneficial cardiac
remodeling.3®

Potous et al. revealed the role of miR-126 in right ventri-
cle (RV) failure associated with pulmonary arterial hyper-
tension (PAH). Due to the methylation process, miR-126
is downregulated in RV failure in PAH patients, causing
decreased capillary density. MiR-126 is expressed in endo-
thelial cells and directly targets Sprouty-related EVH1 do-
main-containing protein 1 (SPRED-1), a negative regulator
of the vascular endothelial growth factor (VEGF) signal-
ing pathway. Administration of miR-126 mimics amelio-
rates microvascular density, improves RV function and di-
minishes fibrosis, whereas antagomiR-mediated miR-126
downregulation exacerbates RV failure.*

Recent research by Halkein et al. proposed the 16-kDa
N-terminal fragment of the nursing hormone prolactin
(16K PRL) as a potential factor initiating and driving peri-
partum cardiomyopathy (PPCM). Expression of miR-146a
is induced in endothelial cells (ECs) by 16K PRL. By tar-
geting the NRAS gene, miR-146a reduces the proliferation
and viability of ECs and leads to the destruction of the
cardiac microvasculature. Moreover, 16K PRL promotes
the transfer of miR-146a-loaded exosomes from ECs to
cardiomyocytes, which results in diminished overall met-
abolic activity and increased vulnerability to apoptosis.
In cardiomyocytes, miR-146a also downregulates Erbb4,
Notchl and Irakl. Post-natal knockout of ErbB2 in mice
leads to dilated cardiomyopathy, which indicates that
ErbB signaling plays an essential role in the physiologi-
cal status of the adult heart. Pharmacological inhibition
of miR-146a or 16K PRL attenuates ErbB4 downregula-
tion and improves cardiac function. Increased miR-146a
and decreased ErbB4 expression has been reported in the
heart muscle of PPCM patients, suggesting that increased
miR-146a and decreased ErbB4 expression contributes to
the development of PPCM in humans.*°

Arrhythmias

MiR-1 and miR-133 play an important role in the patho-
physiology of arrhythmias. MiR-1 is upregulated in isch-
emic myocardium, and contributes to the slowdown of
cardiac conduction by and depolarization of the cytoplas-
mic membrane. The arrhythmogenic properties of miR-
1 include repression of GJA1 and KCNJ2, which encode
the connexin43 and Kir2.1 subunits of the I, channel,
respectively.*! Moreover, overexpression of HCN2 and
HCN4, which are regulated by miR-1 and miR-133, sup-
port arrhythmia-prone mechanisms. HCN2 and HCN4,
which belong to the hyperpolarization-activated cyclic
nucleotide-gated channel (HCN) gene family, are found
in pacemaker, atrial and ventricular cells. Age-associated
low levels of miR-1 and miR-133 contribute to the overex-
pression of HCN2 and HCN4, and this results in abnor-
mal cardiac electrical activity.*?

87

Hypertension

MiRNAs target genes in the renin-angiotensin-aldoste-
rone system (RAAS), which is crucial in blood pressure
regulation. MiR-155 has been found to regulate expres-
sion of the angiotensin I type 1 receptor, AGTR1. AGTR1
correlates negatively with miR-155 and positively with
blood pressure. Inhibition of miR-155 in Chinese ham-
ster ovary cells resulted in upregulation of AGTR1 and
ERK1/2 activation.*® Furthermore, the miR-155 gene is
located on chromosome 21, and trisomy 21 is associated
with decreased blood pressure. An analysis of monozy-
gotic twins revealed low AGTR1 protein expression and
upregulation of miR-155 in patients with trisomy 21. An
AGTRI allele with a single nucleotide polymorphism
(SNP) in the 3"-UTR region (+1166A/C) is not recognized
by miR-155. This SNP is associated with an increased risk
of essential hypertension.** Moreover, blood pressure al-
terations have been linked with SNPs located on the miR-
NA-binding site of other RAAS genes: the arginine va-
sopressin 1A receptor (AVPRI1A), bradykinin receptor 2
(BDKRB2) and thromboxane A2 receptor (TBXA2R).+44

Pressure overload induces overexpression of miR-23a
through activation of the nuclear factor of activated T
cells (NFAT) transcription factor NFATc3. This results in
inhibition of the anti-hypertrophic molecule-muscle spe-
cific ring finger protein 1 (MuRF1). MuRF1 in turn halts
NFATc3, establishing a positive feedback loop. Down-
regulation of miR-23a with a specific antagomiR prevents
cardiac hypertrophy. NFATc3 has also been shown to
induce miR-199 expression. MiR-199 targets the kinase
Dyrkla, which inhibits NFATc3. It is noteworthy that
miR-199 inhibition does not only prevent pathological
hypertrophy, but also reverses cardiac remodeling.3*

MicroRNAs in vascular
homeostasis and diseases

As components of vessel walls, ECs and smooth muscle
cells (SMCs) take part in maintaining vascular homeo-
stasis. MiR-10a controls a pro-inflammatory EC pheno-
type by regulating the expression of adhesion molecules,
and miR-10a expression is decreased in atherosusceptible
regions of the aorta.® MiR-10a knockdown enhances the
synthesis of such pro-inflammatory mediators as mono-
cyte chemotactic protein-1 (MCP-1), interleukin-6 (IL-6),
IL-8, vascular cell adhesion molecule-1 (VCAM-1) and
E-selectin. Other molecules involved in regulating in-
flammation include miR-17-3p, miR-31, miR-126 and
miR-181.3 Recent evidence suggests that miRNA Let-7g
has a pleiotropic effect on ECs. Let-7g targets genes in the
transforming growth factor (TGF-P) signaling pathway
and Sirt 1, a protein involved in cell senescence. Let-7g
has been demonstrated a key anti-inflammatory and an-
ti-aging molecule. Downregulation of Let-7g leads to en-
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dothelial activation and subsequent vessel injury. More-
over, low serum levels of Let-7g have been associated with
increased circulating plasminogen activator inhibitor-1
(PAIL-1).%

Vascular injury triggers phenotypic changes (de-dif-
ferentiation) in VSMCs. An altered phenotype is charac-
terized by improper contractility, increased proliferation
and migration, which result in restenosis.!® Upon arterial
injury, miR-143 and miR-145 are downregulated, whereas
miR-21 is upregulated. Restoration of physiological miR-
NA levels protects VSMCs from de-differentiation and re-
stenosis.!> MiR-145 controls neointimal lesion formation
by silencing Kruppel-like factor 5 (KLF5) and its down-
stream molecule, myocardin.®. MiR-21 function is medi-
ated by a tumor suppressor known to negatively regulate
Akt/PKB signaling pathway PTEN and anti-apoptotic
protein Bcl-2. MiR-221 promotes VSMC proliferation by
repressing the cyclin-dependent kinase inhibitor p27Xi!
and reduces expression of contractile genes a-smooth
muscle actin (SMA), smooth muscle calponin (CNN),
and SM22a (p27XPl-independent mechanism). Similar
effects are caused by miR-26, which downregulates extra-
cellular signal transducers Smad1l and Smad4 in the bone
morphogenetic protein (BMP) signaling pathway.?

Zhao et al. reported the miR-143/145 expression in
SMC:s is induced by ECs. MiR-145 targets TGF-f} recep-
tor II (TGFBR2) and regulates TGF-p signaling in a selec-
tive manner: MiR-145 diminishes expression of matrix
genes, while smooth muscle differentiation genes remain
unaffected.*® On the other hand, when stimulated by cell-
to-cell contact, EC-derived TGF-} mediates miR-143 and
miR-145 transfer from SMCs to ECs through membrane
protrusions known as tunneling nanotubes. This de-
creases the ability of ECs to form capillary-like structures
and lowers their proliferation index, which leads to vessel
stabilization. MiR-143 and miR-145 target hexokinase II
(HKII) and integrin p 8 (ITGB8) genes, respectively.”

MiR-145 has been also implicated in the pathophysi-
ology of atherosclerosis due to its effect on VSMC pro-
liferation and phenotypic changes. In endothelial cells
miR-143/145 expression is mediated by shear-responsive
transcription factor - Kruppel like factor 2 (KLF2). ECs
release extracellular vesicles (EVs) containing miR-
143/145, which are absorbed by SMCs to control target
genes and act as atheroprotective molecules. Admin-
istering EC-derived EVs enriched with miR-143/145
results in a reduction in atherosclerotic lesion forma-
tion in the aortas of apolipoprotein E-deficient mice.*
An increase in miR-145 expression reduces plaque size
in the aortic sinuses, diminishes the necrotic core and
promotes collagen synthesis; these phenomena lead to
plaque stabilization.? On the other hand, neoangiogen-
esis and atherosclerotic plaque hemorrhage increase the
subject’s susceptibility to plaque rupture and clot for-
mation, and miR-222/221, the miR-155 family and the
miR-17~92 family are involved in the process.> Macro-
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phages are the main effector cells in atherogenesis, as
they promote inflammatory response, degrade lipo-
proteins and phagocyte cell debris. Cholesterol-loaded
macrophages produce VEGF, a proangiogenic cytokine,
and the miR-155 family, the miR-17~92 family and
miR-222/221 regulate this process. Moreover, miR-342-
-5p activates macrophages by inhibiting Akt1 kinase.?

Considering the important role of cholesterol in the
pathophysiology of atherosclerosis, it is worth mention-
ing miR-122 and miR-33, which have been described as
regulators of lipid homeostasis.®> MiR-122 is highly ex-
pressed in the liver, where it is involved in fatty acid oxi-
dation and lipid synthesis. Downregulation of miR-122
results in decreased levels of both HDL and LDL choles-
terol.* MiR-33a and miR-33b are encoded in the introns
of the sterol regulatory element-binding protein genes
SREBPI and SREBP], respectively. MiR-33a targets ATP-
binding cassette transporter Al (ABCAI) and inhibits
cellular cholesterol export. Because 3'UTR mouse and
human ABCAI genes possess several miR-33a binding
sites, mRNA repression is strong. In addition, miR-33a/
miR-33b regulate NPC1 and ABCGI, which are also in-
volved in cholesterol trafficking®; as well as CROT, CP-
Tla, HADHB and AMPKa, which are engaged in fatty
acid oxidation.* Inhibition of miR-33a/b upregulates
ABCAL1 expression in hepatocytes and macrophages, and
leads to increased total cholesterol and HDL levels in se-
rum.? Interestingly, both strands of the miR-33 locus act
together in lipid metabolism regulation, since miR-33a*
and miR-33b* repress genes similar to those targeted by
miR-33a/b.%8

Conclusions

The discovery of miRNA has changed our understand-
ing of the regulation of gene expression. In the cardiovas-
cular system, miRNAs control the proliferation and dif-
ferentiation of stem and progenitor cells, and the function
of cardiac myocytes, pacemaker cells, endothelial cells
and smooth muscle cells. MiRNAs play a crucial role in
cardiac development and regeneration. They are involved
in cardiovascular pathophysiology and their expression
is altered in various cardiovascular diseases. Modulation
of miRNA expression may indeed change the course of
a disease. The encouraging results of miRNA applica-
tions in experimental settings and reports of negligible
toxicity to healthy tissues suggest that these molecules
have considerable therapeutic potential.?

Currently, only two chemically modified oligonucle-
otides have been used in clinical trials. An antagomiR di-
rected against miR-122 has completed the second phase
of clinical trials. This oligonucleotide is used to treat hep-
atitis C virus (HCV). MiR-122 is specific to liver cells and
is required for HCV replication. Delivering the antisense
inhibitor of miR-122 reduces the number of viral copies
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without evidence of treatment resistance.* Another mol-
ecule, MRX34, which mimics miR-34, has recently (at
the time of writing) entered phase I clinical trials for the
treatment of primary liver cancer. MiR-34 inhibits mul-
tiple oncogenic pathways and induces apoptosis in tumor
cells.®

MiRNA studies represent an attractive and promising
field of investigation. Identifying and understanding the
role of miRNAs is an important step in the development
of new therapeutic and diagnostic tools.
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