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MicroRNAs: a novel class of potential therapeutic
targets for cardiovascular diseases
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Currently, cardiovascular diseases remain one of the leading causes of morbidity and mortality in the world, indicating the need for
innovative therapies and diagnosis for heart disease. MicroRNAs (miRNAs) have recently emerged as one of the central players in reg-
ulating gene expression. Numerous studies have documented the implications of miRNAs in nearly every pathological process of the
cardiovascular system, including cardiac arrhythmia, cardiac hypertrophy, heart failure, cardiac fibrosis, cardiac ischemia and vascular
atherosclerosis. More surprisingly, forced expression or suppression of a single miRNA is enough to cause or alleviate the pathological
alteration, underscoring the therapeutic potential of miRNAs in cardiovascular diseases. In this review we summarize the key miRNAs
that can solely modulate the cardiovascular pathological process and discuss the mechanisms by which they exert their function and
the perspective of these miRNAs as novel therapeutic targets and/or diagnostic markers. In addition, current approaches for manipu-

lating the action of miRNAs will be introduced.
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Introduction
MicroRNAs (miRNAs) are endogenous, conserved ~22-nu-
cleotide non-coding RNAs that anneal to inexactly comple-
mentary sequences in the 3’-untranslated regions (3’"UTR)
of target mRNAs of protein-coding genes to cause mRNA
cleavage or repression of the translational machinery for
protein synthesis!"l. The first miRNA lin-4 was discovered
in 1993, which regulates C elegans development by inhibiting
the protein expression of lin-14 via binding to the 3'UTR of its
mRNAP. In 2000, the second miRNA let-7 was identified as a
21-nucleotide small RNA that has a complementary sequence
to the 3’UTR of lin-14 and participates in the regulation of
C elegans development?. After that, a large number of miR-
NAs have been found and a series of research uncovered
the functional role of miRNAs in diverse biological and
pathophysiological processes”*. Among them, the involve-
ment of miRNAs in the pathogenesis of cardiovascular dis-
eases has recently been intensively investigated®®.

MiRNAs are initially transcribed as long RNA precursors
called primary miRNAs that require the RNase III enzyme
Drosha in the nucleus to trim them into precursor miRNAs.
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The latter, characterized by a stem loop or hairpin structure of
70-100 nt, is exported by the nuclear export factor exportin-5
to the cytoplasm where they are subsequently cropped to
become mature miRNAs of 21-26 nt long by another RNase
11T enzyme Dicer®". Mature miRNAs can interact with Argo-
naute to form the RNA-induced silencing complex (RISC) and
then guide the RISC to their target mRNAs, most favorably to
the 3'UTR. In order for a miRNA to produce functional con-
sequences, its 5’-end 2 to 8 nts must have exact base pairing
to the target mRNA, the “seed” region, and partial comple-
mentarity with the rest of the sequence. An miRNA can either
inhibit translation or induce degradation of its target mRNA,
primarily depending upon the overall degree of complemen-
tarity of the binding site, number of binding sites, and the
accessibility of the bindings sites (determined by free energy
states). The greater the complementarity of the accessible
binding sites, the more likely an miRNA degrades its targeted
mRNA, and those miRNAs that display imperfect sequence
complementarities with target mRNAs primarily result in
translational inhibition!"". MiRNAs are an abundant RNA
species constituting >2% of the predicted human genes (>1000
genes), which regulates ~30% of protein-coding genes. Some
miRNAs are expressed at >1000 copies per cell!”).

With the recent surge of research into miRNAs, this cat-
egory of endogenous non-coding small ribonucleic acids
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has emerged as one of the central players of gene expression
regulation. The research on miRNAs in relation to cardiovas-
cular disease has become a most rapidly evolving field. The
dysregulation of many individual miRNAs has been linked to
the development and progression of cardiovascular disease.
Forced expression or suppression of a single miRNA is enough
to cause or alleviate the pathological change. The role of miR-
NAs in the pathogenesis of the heart and vessels points to a
possibility of miRNAs as targets for treatment of cardiovascu-
lar disease. In this review, the aberrantly expressed miRNAs
that underlie the development of cardiovascular diseases will
be discussed. The therapeutic potential of miRNAs as new
targets for cardiovascular diseases and strategies for manipu-
lating miRNAs by influencing their expression, stability, and
function will be introduced.

Therapeutic implications of miRNAs in cardiovascular
diseases
miRNA and cardiac hypertrophy and heart failure
In response to stress (such as hemodynamic alterations associ-
ated with myocardial infarction, hypertension, aortic stenosis,
valvular dysfunction, etc), the adult heart undergoes remod-
eling process and hypertrophic growth to adapt to altered
workloads and to compensate for the impaired cardiac func-
tion. ‘The remodeled heart frequently progresses into overt
heart failure. Hypertrophic growth manifests enlargement
of cardiomyocyte size and enhancement of protein synthesis
through the activation of intracellular signaling pathways and
transcriptional mediators in cardiac myocytes. The process is
characterized by a reprogramming of cardiac gene expression
and the activation of “fetal” cardiac genes™. In light of the
role of miRNA in gene regulation, miRNAs may be involved
in cardiac hypertrophy and heart failure. This concept was
confirmed by a number of reports which demonstrated that
dysregulation of a single miRNA is sufficient to induce this
pathological alteration, pointing to miRNAs as potential novel
therapeutic targets in cardiac hypertrophy and heart failure.
To date, 11 miRNAs have been experimentally estab-
lished to determine this pathological process. These include
miR-1, 133, 129, 18b, 195, 21, 23a, 23b, 24, 208, and 212. Of
them, miR-1 and miR-133 are anti-hypertrophic, and miR-
129, 18b, 195, 23a, 23b, 24, 208, and 212 are pro-hypertrophic.
However, the role of miR-21 in cardiac hypertrophy is still

controversiall*>-?!,

The first group of miRNAs regulating
cardiac hypertrophy were identified in Olson’s lab®’. They
described a typical signature pattern of miRNAs in cardiac
tissue from mice in response to transverse aortic constric-
tion (TAC) or expression of activated calcineurin, stimuli that
induce pathological cardiac remodeling hypertrophic. They
further showed that forced overexpression of individual
stress-inducible miRNAs eg. miR-195, 23a, 23b, 24, or miR-
195 alone induced hypertrophy in cultured cardiomyocytes.
More interestingly, transgenic overexpression of miR-195 in
mice was sufficient to induce pathological cardiac growth and
heart failure as indicated by thinning of the left ventricular
walls, increase in left ventricular diameter and deterioration
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in cardiac function. Olson’s group then investigated the effect
of miR-208"", a cardiac-specific miRNA that is encoded by
an intron of the a-MHC gene, on cardiac hypertrophy. They
found that miR-208 is required for cardiomyocyte hypertro-
phy, fibrosis, and expression of 3-MHC in response to stress
and hypothyroidism. Mice homozygous for miR-208 deletion
failed to undergo stress-induced cardiac remodeling, hyper-
trophic growth, and B-MHC upregulation, whereas transgenic
expression of miR-208 was sufficient to induce 3-MHC and
hypertrophy. The thyroid hormone receptor associated pro-
tein 1 (THRAP1), a cofactor of the thyroid hormone receptor,
was verified to be the target mRNA of miR-208. By repressing
THRAP1, miR-208 regulates the expression of p-MHC and,
thereby, the development of hypertrophy to stress. A recent
study by Wang DZ et al confirmed the action of miR-208 by
discovering that transgenic overexpression of miR-208a in the
heart induced hypertrophic growth in mice, which resulted in
pronounced repression of the miR-208 regulatory targets thy-
roid hormone-associated protein 1 and myostatin, 2 negative
regulators of muscle growth and hypertrophy'®,

Sayed et al™!
miRNA, in pressure-overload induced cardiac hypertrophy.

explored the role of miR-1, a muscle-specific

They found that miR-1 was singularly downregulated as early
as day 1, persisting through day 7, after TAC-induced hyper-
trophy in a mouse model. Moreover, the aberrant expressed
miR-1 is a causative factor of hypertrophy. Overexpression of
miR-1 carried by adenovirus vector prevented hypertrophic
growth of neonatal cardiac myocytes by inhibiting its growth-
related targets, including Ras guanosine-triphosphatase-
activating protein, cyclin-dependent kinase 9, fibronectin, and
Ras homolog enriched in brain. Consistently, Caré et al**lcon-
firmed the down-regulation of miR-1 in three different hyper-
trophic models, including transverse aortic arch-constricted
mice, transgenic mice with selective cardiac overexpression of
a constitutively active mutant of the Akt kinase, and exercised
rats, and the inhibitory role of miR-1 on cardiac hypertrophy
in vitro. miR-1 was also reported to negatively regulate the
expression of hypertrophy-associated genes, Mef2a and Gata4,
and attenuate cardiomyocyte hypertrophy in cultured neona-
tal rat cardiomyocytes and in the intact adult heart™!.

The antihypertrophic action of another muscle-specific
miRNA, miR-133, was described in two studies. Caré et al*
found that the expression of miR-133, which transcribed
together with miR-1 as a bicistronic cluster, was decreased in
the left ventricle of the above mentioned three hypertrophic
models. In vitro overexpression of miR-133 inhibited cardiac
hypertrophy. In contrast, suppression of miR-133 induced
hypertrophy, which was more pronounced than that after
stimulation with conventional inducers of hypertrophy. In
vivo inhibition of miR-133 by a single infusion of a chemically
modified antisense RNA oligonucleotide (termed ‘antagomiR")
targeted to miR-133 lead to one month miR-133 knockdown
and caused marked and sustained cardiac hypertrophy. To
elucidate the molecular mechanism underlying miR-133’s con-
trol on cardiac hypertrophy, they identified specific targets of
miR-133: RhoA, a guanosine diphosphate-guanosine triphos-



phate exchange protein regulating cardiac hypertrophy;
Cdc42, a signal transduction kinase implicated in hypertrophy;
and Nelf-A/WHSC2, a nuclear factor involved in cardiogen-
esis. Li PF’s group found that miR-23a is a pro-hypertrophic
miRNA, which is regulated by the transcription factor, nuclear
factor of activated T cells (NFATc3). Under hypertrophic
stimuli the expression of miR-23a was up-regulated, which
leads to cardiac hypertrophy via targeting the muscle specific
ring finger protein 1, an anti-hypertrophic protein. More excit-
ingly, they demonstrated that knockdown of miR-23a using
antagomir technique could significantly attenuate hypertro-
phy induced by isopropranolol, suggesting the potential of
miR-23a as an anti-hypertrophic target™. Sucharov et al dem-
onstrated that over-expression of miR-133b prevents changes
in gene expression patterns mediated by -adrenergic receptor
stimulation,

Simultaneous overexpression of three fetal miRNAs up-
regulated in the failing heart (miR-21, miR-129, and miR-
212) resulted in hypertrophic morphological changes of neo-
natal cardiomyocytes similar to that observed in the failing
heart. Meanwhile, a number of both established (ANP, BNP,
B-MHC, a-skeletal actin) and newly identified fetal genes (vil-
lin2, cspg?2, phldal, hsp90, RASA1, MEF2a, cradd, dtna) were
reactivated or silenced by this modulation of the miRNA envi-
ronment. Interestingly, overexpression of a single miRNA
(miR-21, miR-129, or miR-212) had only minor effects, indicat-
ing that certain pathological changes may require an alteration
of the miRNA environment”). Another study also confirmed
the upregulation of miR-21 in hypertrophic heart and in cul-
tured neonatal hypertrophic cardiomyocytes stimulated by
angiotensin II or phenylephrine, and the antihypertrophic
action of miR-21 was obtained by suppressing its aberrant
expression via antisense-mediated depletion™). However, a
contradictory result was also reported®, namely that miR-21
produced antihypertrophic rather than prohypertrophic
action.

miRNA and arrhythmia

Arrhythmias are electrical disturbances that can result in
irregular heart beating, which is the leading cause of sudden
cardiac death. Alterations of the three intrinsic properties of
the heart, including impaired excitation conduction/propaga-
tion, enhanced automaticity, or abnormal repolarization lead
to disturbed excitability, manifesting as arrhythmias. Cardiac
ion channels are fundamental determinants of cardiac intrinsic
properties. Malfunction of these ion channels either caused
by mutations in the genes encoding the channel proteins or
altered expression under proarrhythmic conditions, such as
cardiac remodeling, ischemia etc, can predispose to arrhyth-
mias. Conventional pharmacologic agents targeting ion chan-
nels remain the major therapeutic tools in treating cardiac
arrhythmias. However, the limited efficacy and proarrhythmic
potential of antiarrhythmic agents restricts their application.
Recent findings that miRNAs regulate expression of cardiac
ion channels strongly indicate a role of these miRNAs to influ-
ence arrhythmogenicity and a potential of these miRNAs being

www.chinaphar.com
Pan ZW et al

®

the new antiarrhythmic targets®. Life-threatening ischemic
arrhythmias are common clinical complications in ischemic
heart diseases. Our group found that the expression level of
miR-1 in the myocardium of coronary artery disease patients
was significantly increased. In vivo application of miR-1 into
the myocardium induces arrhythmias in both healthy normal
hearts and a rat model of myocardial infarction. Knock
down of miR-1 using its specific inhibitor antisense oligonucle-
otides (AMO) reversed these effects. GJA1/Cx43 and KCNJ2/
Kir2.1 are the two targets of miR-1, which explains the arrhyth-
mogenic action of miR-1, as decreased expression of Cx43 and
Kir2.1 during cardiac ischemia underlies the occurrence of
ischemic arrhythmia. These data indicated that myocardial
infarction upregulates miR-1 expression via some unknown
factors, which induces post-transcriptional repression of GJA1
and KCNJ2, resulting in conduction slowing that finally lead-
ing to ischemic arrhythmias®.

an exciting step in the dissection of new molecular signaling
132]

This work was regarded as
pathways for arrhythmias and sudden death™. Dmitry Ter-
entyev et al® further confirmed the arrhythmogenic action
of miR-1. They found that in the presence of isoproterenol,
rhythmically paced, miR-1-overexpressing myocytes exhibited
spontaneous arrhythmogenic oscillations of intracellular Ca*,
events that occurred rarely in control myocytes under the
same conditions. Protein phosphatase PP2A was validated as
a new target of miR-1. Suppression of PP2A by miR-1 selec-
tively leads to CaMKII-dependent hyperphosphorylation of
RyR2, enhances RyR2 activity, and promotes arrhythmogenic
SR Ca™ release.

Atrial fibrillation is another most commonly encountered
cardiac arrhythmia and is directly or indirectly responsible
for considerable mortality and morbidity in cardiovascular
disease patients. Elucidation of the molecular mechanisms
underlying the development of atrial fibrillation may provide
novel targets for future therapy. Our group found that miR-
133 and miR-590 are involved in atrial structural remodeling,
which is the major pathological basis for the development of
atrial fibrillation®. In the atrium of nicotine treated dogs,
TGF-p1 and TGF-p RII were upregulated at the protein level,
while miR-133 and miR-590 were downregulated. TGF-{31
and TGF-PBRII were verified as the targets of miR-133 and
miR-590, respectively, as transfection of miR-133 or miR-590
into cultured atrial fibroblasts decreased levels of TGF-p1
and TGF-BRII and collagen content, which were abolished
by the antisense oligonucleotides against miR-133 or miR-
59014,
using small silencing RNAs or antisense oligonucleotides has

This study indicates that interference with miRNAs

the potential to be developed as novel therapeutic approach to
AF®! Interestingly, the cardiac specific miRNA miR-208a was
demonstrated to participate in both cardiac conduction abnor-
mality and the occurance of AF, as miR-208a transgenic mice
manifested first-degree atrial-ventricular block, while miR-
208a knockout mice developed AF, which strongly indicates
the importance of maintaining the physiological balance of
miRNA levels™.

Pacemaker channels, which carry the nonselective cation
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currents, are critical in generating sinus rhythm and ectopic
heart beats under various pathological settings such as car-
diac hypertrophy. Luo et al showed that miR-1 and miR-133
also targeted pacemaker channels, HCN2 and HCN4, with
HCN2 modulated by miR-1 and miR-133 and HCN4 by miR-
1P¢ Forced expression of miR-1/miR-133 by transfection
prevented overexpression of HCN2/HCN4 in hypertrophic
cardiomyocytes, indicating its antiarrhythmic capability.
Rapid delayed rectifier K" current (Iy,), encoded by human
ether-d-go-go-related gene (HERG), and slow delayed rectifier
K" current (Iy,), encoded by KCNQ1 assembles with KCNE1,
are two potassium currents responsible for the repolarization
of cardiac myocytes and play a critical role in governing car-
diac APD. Impairment of these repolarization current chan-
nels can cause substantial prolongation of APD or QT interval
prolongation, which is associated with an increased risk of
sudden cardiac death consequent to lethal ventricular arrhyth-
mias. Xiao et al tested the involvement of miRNAs underlying
the discrepancy expression of ERG channels in a rabbit dia-
betic model. They found that repression of ERG by miR-133
in diabetic hearts likely underlies the differential changes of
ERG protein and transcript, thereby causing depression of Iy,
and repolarization slowing, resulting in QT prolongation and
arrhythmias™). In addition, they experimentally established
that KCNQ1 and KCNEL are targets of miR-133 and miR-1,
respectively®.
bution of miR-133 and miR-1 transcripts within the heart is

More importantly, they found that the distri-

also spatially heterogeneous with the patterns corresponding
to the spatial distribution of KCNQ1 and KCNEI1 proteins and
Ixs. Zhao et al® found that targeted deletion of the muscle-
specific miRNA, miR-1-2, lead to abnormal propagation of
cardiac electrical activity, manifested as slower heart rate, a
shortened PR interval, and a broadened QRS complex, indica-
tive of bundle branch block. They further validated the miR-
1-2 targets, including the cardiac transcription factor, Irx5,
which represses KCND?2, a potassium channel subunit (Kv4.2)
responsible for transient outward K* current (I,,). Clearly, the
multi-target effects of muscle-specific miR-1 and miR-133 on
ion channels supports a central role of miRNA for fine tuning
the regulation of cardiac electrophysiology and the potential
of them as novel therapeutic targets.

miRNA and cardiac fibrosis

Cardiac fibrosis, a process of excessive extracellular matrix
(ECM) protein accumulation, also called ECM remodeling, is
an important feature of cardiac adaptation to numerous patho-
logical stimuli, such as hypertension and cardiac infarction.
This process alters mechanical stiffness and electric properties
of the heart and contributes to diastolic dysfunction, cardio-
myocyte loss, arrhythmias, and the progression to heart fail-
ure. Alleviation of ECM remodeling was considered a reason-
able strategy to improve cardiac function and prevent heart
failure associated with cardiac infarction and hypertension.
Interestingly, several miRNAs including miR-133, miR-21,
miR-29 and miR-30 have been demonstrated to participate in
the regulation of ECM remodeling. Olson’s group™” found
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that the miR-29 family of miRNAs, which consists of three
members expressed from two bicistronic miRNA clusters
(miR-29b-1 is co-expressed with miR-29a, and miR-29b-2 is
co-expressed with miR-29¢), are downregulated in the region
of the heart adjacent to the infarct in chronic cardiac infarc-
tion rats. In vivo knockdown of cardiac miR-29b by tail vein
injection of cholesterol-modified oligonucleotides (antagomiR
miR-29b) modestly increased collagen expression in the heart,
whereas over-expression of miR-29 in fibroblasts reduced col-
lagen expression, indicating the potential role of miR-29 as a
negative regulator of collagen expression. A large number of
mRNAs that encode proteins involved in fibrosis, including
multiple collagens, fibrillins, and elastin were found to be tar-
gets of miR-29.

The role of miR-21 in the process of fibrosis has been investi-
gated in-depth®”*). miR-21 was reported to be progressively
upregulated in cardiac fibroblasts during cardiac ischemia/
2 4 Upregula-
tion of miR-21 in cardiac fibroblasts results in inhibition of

reperfusion'” or the later stages of heart failure
SPRY1 protein expression, augmentation of ERK-MAP kinase
activity, which in turn enhances cardiac fibroblast survival
and thereby the interstitial fibrosis and cardiac remodeling
that is characteristic of the failing heart*. More importantly,
blocking of endogenous miR-21 by antagomiR-21, which is
a chemically modified antisense oligonucleotide specific for
miR-21, in pressure overload mice reduced genes encoding
collagens and extracellular matrix molecules that are highly
upregulated during cardiac fibrosis, and significantly attenu-
ated the increased interstitial fibrosis, cardiomyocyte size and
heart weight. This finding may provide a new remedy for the
treatment of fibrosis.

Different from miR-29 and miR-21, another two miRNAs,
miR-133 and miR-30c, are down regulated during ventricular
hypertrophy!®. Overexpression of miR-133 or miR-30c in
cultured fibroblasts decreased the production of collagens by
suppressing connective tissue growth factor (CTGF), which is
a powerful inducer of ECM synthesis and contributes to myo-

cardial remodeling.

miRNA and cardiac ischemic disease

Ischemic/reperfusion injury is one of the most common car-
diovascular diseases that requires intensive research to fully
elucidate the underlying mechanisms and improve the thera-
peutic outcomes. Oxidative stress and apoptosis are the key
pathological processes that medicate ischemic/reperfusion
injury. Induction of neovascularization and ischemic precon-
ditioning has been established as effective cardioprotective
strategies. Increasing evidence indicates that miRNAs, such
as miR-1/106, miR-133, miR-21, miR-320, miR-199a and miR-
92a, are also implicated in ischemic cardiac disease. We have
recently shown that miR-1 level is markedly elevated in isch-
emic myocardium where apoptotic cell death plays an impor-
tant role in the detrimental changes of the diseased heart®".,
Coincidently, another study from our laboratories revealed
a novel aspect of cellular functions of the muscle-specific
miRNAs miR-1 and miR-133, ie regulation of apoptosis and
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survival in cardiomyocytes. A unique feature of this regula-
tion is the opposing actions with miR-1 being pro-apoptotic
and miR-133 being anti-apoptotic, suggesting a possible role
of relative miR-1 and miR-133 levels in regulating the cell fate.
Post-transcriptional repression of heat shock protein 60 and
heat shock protein 70 by miR-1 and of caspase 9 by miR-133 is
probably one of the mechanisms underlying their regulation
of apoptosis versus survival™!. Our results therefore suggest
that the ischemic elevation of miR-1 level may contribute to
the enhanced apoptotic cell death in myocardial infarction,
in addition to the enhanced arrhythmogenicity. This con-
ception was proven by two studies from other researchers.
Yu et al™ reported that miR-1 is a key mediator of glucose
induced apoptosis!*!
factor-1 expression represents a new mechanism underlying

and suppression of insulin-like growth

its proapoptotic action. Furthermore, we found that miR-1
also participates in the regulation of beta-blocker produced

cardioprotection”.,

Administration of propranolol reversed
the up-regulation of miR-1 nearly back to the control level
during ischemia, which then lead to relieving of myocardial
injury by restoring the membrane depolarization and cardiac
conduction slowing, and rescuing the expression of inward
rectifying K* channel subunit Kir2.1 and gap junction channel

connexin 43 (Figure 1).
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Figure 1. Summary of beta-adrenergic blocker produced protective
effects against ischemic arrhythmias and cardiac injury”. Beta-blockers
reduced miR-1 level via inhibiting beta-adrenoceptor-cAMP-PKA pathway
and a transcriptional factor-serum response factor (SRF), which led to up-
regulated expression of Cx43 formed gap junctions and inward rectifier
potassium channels (ly,).

Another miRNA, miR-21, was found to prevent cell dam-
age subjected to H,O,, which mimics the pathological condi-

tion of high levels of reactive oxygen species (ROS) that act as

an important inducer of cardiac cell injury™.

Consistently,
another study proved that miR-21 demonstrated a significant
increase in mice heart subjected to cytoprotective heat-shock
(HS). Moreover, overexpression of chemically synthesized
miR-21 reduced infarct size which was associated with the
inhibition of pro-apoptotic genes and increase in anti-apop-
totic genes, whereas a miR-21 inhibitor abolished this effect!*”).
In a mouse model of myocardial infarction, systemic adminis-
tration of an antagomiR designed to inhibit miR-92a resulted
in enhanced blood vessel growth and functional recovery of
damaged tissue®™. miR-92a appears to target mRNAs cor-
responding to several pro-angiogenic proteins, including the
integrin subunit alpha5””. Ren et al® demonstrated that miR-
320 is involved in the regulation of ischemia/reperfusion
(I/R)-induced cardiac injury and dysfunction via antithetical
regulation of Hsp20. Transgenic overexpression of miR-320
increased apoptosis and infarction size in the hearts on I/R,
whereas in vivo treatment with antagomir-320 reduced infarc-
tion size relative to the administration of mutant antagomir-
320 and saline controls. These studies not only elucidated the
complex molecular mechanisms of cardiac injury in a new
level, but also presented valuable therapeutic targets in the
setting of ischemic disease.

miRNA and vascular disease

Aberrant proliferation of vascular smooth muscle cells
(VSMCs) and the formation of neointimal lesion is a key
pathological process of a variety of proliferative vascular dis-
eases, such as atherosclerosis, coronary heart diseases, post-
angioplasty restenosis and transplantation arteriopathy'™.
Recently, Zhang’s group demonstrated the regulative role
of miRNAs including miR-21, miR-221, and miR-222 in the
(53341 They found
that miR-21, miR-221, and miR-222 were significantly upregu-

process of aberrant VSMCs proliferation

lated in carotid arteries after angioplasty. Depletion of the
aberrantly overexpressed miR-21, miR-221, or miR-222, via
antisense-mediated knockdown, has a significantly nega-
tive effect on neointimal lesion formation in rat artery after
angioplasty, while forced overexpression of these miRNAs
promotes VSMCs proliferation. They further confirmed that
PTEN and Bcl-2, two important signal molecules associated
with VSMC growth and apoptosis, are the targets of miR-21,
through which miR-21 exerts its function™. They then elu-
cidated that p27(Kip1) and p57(Kip2) are related to miR-221-
and miR-222-mediated effect on VSMC proliferation, as in the
VSMCs deficient of these genes the inhibitory effect of miR-
221 and miR-222 on VSMC proliferation is decreased". These
results indicate that miRNAs are important regulators in the
development of proliferative vascular diseases and the poten-
tial therapeutic targets in vascular diseases.

MiRNAs based therapeutic strategies

The recent studies on the role of miRNAs in cardiovascular
diseases imply: (1) miRNAs are key regulators of a variety of
cardiovascular diseases, including hypertrophy, heart failure,
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cardiac injury, arrhythmia and asthersclerosis etc; (2) Down-
or up-regulation of one particular miRNA is enough to cause
the pathogenesis of specific cardiovascular disease, which can
be reversed by correcting the aberrant expressed miRNA, indi-
cating the potential of miRNAs as pharmacological targets.
Therefore, approaches to manipulate either positively or nega-
tively the expression of miRNAs can be taken for therapeutic
purposes. For those miRNAs that are downregulated under
disease states, forced miRNA re-expression strategy is used
to recover miRNA expression, whereas for those miRNAs
upregulated, anti-miRNA strategy is employed to suppress
their expression.

miRNA re-expression strategy

To recover the decreased miRNA levels in cardiovascular
diseases and thus prevent the pathological process, the exog-
enous miRNAs either synthesized artificially or constructed
in virus vectors have been often used in previous studies to
achieve optimistic outcomes™ *I. Generally, these miRNAs
are double-stranded and have the same sequence as endog-
enous miRNAs.

However, as one miRNA can target hundreds of mRNAs,
the inhibitory action of a particular miRNA can be nonspecific
and the off-target effect by an exogenous miRNA seems inevi-
table. In order to circumvent the problem of non-gene speci-
ficity of miRNA actions, a technology named miRNA Mimic
technology was developed, which utilizes synthetic, non-
natural nucleic acids that can bind to the unique sequence of
target mRNAs in a gene-specific manner and elicits post-tran-
scriptional regulatory effects as a miRNA does®™. A miRNA
mimic must be complementary to, only to, the 3’UTR of the
target gene to elicit miRNA action, that is repressing the target
gene at the post-transcriptional level with minimal effects on
the mRNA level. Meanwhile, the 3'UTR of the target gene
must contain a unique sequence distinct from other genes to
elicit gene-specific action. This technique was successfully
verified by applying it to cardiac pacemaker genes HCN2 and
HCN4™!, After identifying a stretch of sequence in the 3'UTR
unique to the HCN2 (or HCN4) gene that is expectedly long
enough for miRNA action, a 22-nt miRNA mimic complemen-
tary to the HCN2 (or HCN4) sequence was designed, which
has eight nucleotides (nucleotides 2-8) at the 5" end, and seven
nucleotides at the 3’end. These miRNA mimics substantially
repressed HCN channel protein expression, with concomitant
depression of pacemaker activities and reduction of heart rate
but with minimal effects on their mRNA levels. The results
demonstrated a promise of utilizing the technology for gene-
specific repression of expression at the protein level based on
the principle of miRNA actions.

Anti-miRNA strategy

For those miRNAs that are aberrantly upregulated and play a
causal role in disease states, the anti-miRNA techniques that
suppress their expression should be employed. Inhibiting of
miRNAs expression can be achieved by using antisense inhibi-
tor oligonucleotides (AMO) technique. AMOs are artificially
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designed oligonucleotides fully complementary to their target
miRNAs, which act to breakdown the targeted miRNAs with
unknown mechanisms. AMOs are a necessary tool for study-
ing miRNAs and have also been proposed as potential thera-
peutic agents®™ >, The function of a series of AMOs has been
investigated in cardiovascular diseases, and demonstrated
favorable therapeutic results’® !, The application of AMOs,
to some extent, possesses similar characteristics to that of gene
therapy.

Delivery method is a key obstacle that must be overcome
before AMOs can be used clinically. To increase the tissue
uptake of AMOs, cholesterol moieties that facilitate cell pene-
tration can be attached to AMOs to form “antagomiRs”, which
can strongly inhibit the expression of target miRNAs after in
vivo application®. More strikingly, the studies have validated
the therapeutic effects of antagomiR in cardiac hypertrophy®
and infarction™®” *** by intravenous bolus injection, indicating
its promising clinical application perspective.

As one miRNA may act on multiple targets, its inhibitor
AMO can also influence the expression of a large number of
proteins leading to non-gene-specific action and “off-target”
effects. To tackle this problem, a technique termed miRNA-
masking antisense oligodeoxynucleotides (miR-Mask) was
developed™, which was validated by testing its application
to the cardiac pacemaker channel encoding genes HCN2 and
HCN4. One of the major advantages of this technology is that
it offers a gene-specific miRNA-interfering strategy. A miR-
Mask is designed to be exactly antisense to the binding site for
a given miRNA in the target mRNA, which can form duplex
with the target mRNA. In this way, the miR-Mask acts as a
target protector masking the binding site to stop the action
of that miRNA. A recent study™ confirmed the efficiency of
this technology in which the authors investigated the role of
zebrafish miR-430 in regulating expression of TGF-Nodal ago-
nist squint and antagonist lefty, the key regulators of mesend-
oderm induction and left-right axis formation. They designed
target protector morpholinos complementary to miRNA bind-
ing sites in target mRNAs in order to disrupt the interaction
of specific miRNA-mRNA pairs. Protection of squint or lefty
mRNAs from miR-430 resulted in enhanced or reduced Nodal
signaling, respectively™.

Another innovative approach termed “miRNA sponges”
was invented by Ebert et al®”). The idea behind it is to produce
a single piece of RNAs containing multiple, tandem-binding
sites for a miRNA seed family of interest, in order to target all
members of that miRNA seed family, taking advantage of the
fact that the interaction between miRNA and target is nucle-
ated by and largely dependent on base pairing in the seed
region (positions 2-8 of the miRNA). The authors constructed
sponges by inserting tandemly arrayed miRNA binding sites
into the 3'UTR of a reporter gene encoding destabilized green
fluorescent protein driven by the cytomegalovirus promoter,
which can yield abundant expression of the competitive inhib-
itor transcripts. Binding sites for a particular miRNA seed
family were perfectly complementary in the seed region with
a bulge at positions 9-12 to prevent RNA-interference-type



cleavage and degradation of the sponge RNA. When vectors
encoding these miRNA sponges are transiently transfected
into cultured cells, they depress miRNA targets as strongly
as the conventional AMOs. The major advancement of this
technique over the AMO technique is that it can better inhibit
functional classes of miRNAs than do AMOs that are designed
to block single miRNA sequences.

It has become clear that a particular condition may be asso-
ciated with multiple miRNAs, eg miR-29 and miR-21 in car-
diac fibrosis and a given gene may be regulated by multiple
miRNAs. Thus, simultaneously targeting multiple miRNAs
relevant to a particular condition may offer an improved
approach than targeting a single miRNA. To investigate
this possibility, we developed an innovative strategy, the
multiple-target AMO (MT-AMO) technology, which confers
a single AMO fragment the capability of targeting multiple
miRNAs®". We have validated the technique with two sepa-
rate MTg-AMOs: anti-miR-21/anti-miR-155/anti-miR-17-5p
and antimiR-1/anti-miR-133*Y. The MTg-AMO targeting
miR-21, miR-155 and miR-17-5p produced a greater inhibitory
effect on cancer cell growth, compared with the regular single-
target AMOs. Moreover, while using the regular single-target
AMOs excluded HCN2 as a target gene for either miR-1 or
miR-133, the MTg-AMO approach is able to reveal HCN2 as
the target for both miR-1 and miR-133".

Perspectives and limitations

miRNAs are a group of key regulators that modulate the
development of various diseases, including cardiovascular dis-
eases. Some individual miRNAs can dictate the pathogenesis
of a specific disease, such as cardiac hypertrophy, arrhythmias,
ischemia and atherosclerosis, etc. Moreover, manipulating the
expression of the disease-causing miRNAs can prevent the
disease progression, strongly indicating the therapeutic poten-
tial of miRNAs. Furthermore, several miRNA manipulation
techniques have been created to accomplish “gain-of-function”
or “loss-of-function” management on miRNA expression.
The constructs designed based on these techniques have all
demonstrated their efficacy in treating cardiovascular disease,
which makes miRNAs step closer to clinical therapeutic appli-
cation. Thus, it is not surprising that miRNAs have been con-
tinually attracting attention of researchers from nearly every
areas of life sciences, which will inevitably impel the progress
in miRNA biology and therapy. Additionally, miRNAs have
also demonstrated their potential as diagnostic and prognos-
tic markers®. Recent evidence supports the use of specific
miRNA signatures to predict clinical outcomes of relevant

[62]

conditions'™. Our pervious work has validated miR-1 as a

B n a recent

proarrhythmic miRNA in ischemic heart disease
study, we found that the serum miR-1 level is closely linked to
the severity of cardiac infarction and the occurrence of lethal
arrhythmias in coronary artery disease patients (unpublished
data), which represents a new diagnostic marker.

However, we have merely made a first step towards the
application of miRNA-interfering technologies. We still face

many unanswered questions and unsolved problems. First, as
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®

a particular disease condition may be associated with multiple
miRNAs, and a given gene may be regulated by multiple miR-
NAs. Thus, interactions between miRNAs may have impact
on the protein expression of the target genes and may compli-
cate the potential role of miRNA as therapeutic targets in car-
diovascular disease. We should further validate the specificity
of the established miRNA targets before application. Second,
the detailed molecular mechanism under which miRNAs
regulate cardiovascular diseases still requires further eludicita-
tion. Third, the biggest obstable on the way to miRNA-based
clinical therapy is how to efficiently deliver miRNA mimics
and inhibitors to the target organs. Not until we will have had
rational answers to these questions after rigorous fundamental
and clinical studies, will we have better ideas about miRNAs
as targets for the development of therapeutic agents for car-
diovascular disease.
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