
Therapeutic Potential of Modulating microRNAs in
Atherosclerotic Vascular Disease

Elisa Araldi#, Aranzazu Chamorro-Jorganes#, Coen van Solingen#, Carlos Fernández-
Hernando*, and Yajaira Suárez
Departments of Medicine and Cell Biology, Leon H. Charney Division of Cardiology and the Marc
and Ruti Bell Vascular Biology and Disease Program, New York University School of Medicine,
New York, NY 10016, USA

Abstract
Atherosclerosis (also known as arteriosclerotic vascular disease) is a chronic inflammatory disease
of the arterial wall, characterized by the formation of lipid-laden lesions. The activation of
endothelial cells at atherosclerotic lesion–prone sites in the arterial tree results in the up-regulation
of cell adhesion molecules and chemokines, which mediate the recruitment of circulating
monocytes. Accumulation of monocytes and monocyte-derived phagocytes in the wall of large
arteries leads to chronic inflammation and the development and progression of atherosclerosis.
The lesion experiences the following steps: foam cell formation, fatty streak accumulation,
migration and proliferation of vascular smooth muscle cells, and fibrous cap formation. Finally,
the rupture of the unstable fibrous cap causes thrombosis in complications of advanced lesions that
leads to unstable coronary syndromes, myocardial infarction and stroke. MicroRNAs have
recently emerged as a novel class of gene regulators at the post-transcriptional level. Several
functions of vascular cells, such as cell differentiation, contraction, migration, proliferation and
inflammation that are involved in angiogenesis, neointimal formation and lipid metabolism
underlying various vascular diseases, have been found to be regulated by microRNAs and are
described in the present review as well as their potential therapeutic application.
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MicroRNA BIOGENESIS AND FUNCTION
MicroRNA (miRNAs) are an established class of well-conserved, short non-coding RNAs
that have emerged as key post-transcriptional regulators of gene expression in animals and
plants. miRNAs have been described to play major roles in most, if not all, biological
processes by influencing stability and translation of mRNAs [1]. miRNA genes are
transcribed by RNA polymerase II as capped and polyadenylated primary miRNA
transcripts (pri-miRNA) [2, 3]. Pri-miRNA processing occurs in two steps, catalyzed by two
enzymes, Drosha and Dicer in cooperation with a dsRNA binding protein, DiGeorge
syndrome critical region gene 8 (DGCR8) [4]. In the first step, the Drosha–DGCR8 complex
processes pri-miRNA into a ~70-nucleotide precursor hairpin (pre-miRNA), which is
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exported to the cytoplasm. Some pre-miRNAs are produced from very short introns
(mirtrons) as a result of splicing and debranching, thereby bypassing the Drosha–DGCR8
step [5, 6]. The nuclear export of pre-miRNAs is mediated by the transport receptor exportin
5 (XPO5) [7]. In the cytoplasm Dicer maturates pre-miRNA into an imperfect RNA duplex
[8]. The strand of the duplex with the weakest base paring at the 5′ terminus is loaded into
the miRNA-induced silencing complex (miRISC) and therefore considered to be
biologically active [9]. Both strands of duplexes are produced in equal amounts by
transcription; surprisingly their accumulation into the miRISC is asymmetric [10]. Initially,
the other strand was assumed to be an inactive passenger strand called the miRNA*,
however systemic computational analysis has demonstrated that the sequences of miRNA*
strands contain, like regular miRNA, well-conserved target recognition sites indicating a
functional relevance of the miRNA* molecules [10–12]. Indeed, several publications have
reported the functional activity of passenger strands [13–15]. The possible impact of these
initially considered non-functional passenger strands has widened the regulatory potency of
miRNA-duplexes.

After the selected strand is loaded into the miRISC, the miRNA guides the miRISC to bind
to the 3′UTR of its target sequence. The seed sequence (the first 2 to 8 nucleotides) is
thereby the most important sequence for target recognition and the consequential silencing
of the mRNA [16, 17]. Translation of the mRNA is inhibited after association of the miRISC
with its target sequence in several successive steps. Efficient mRNA targeting requires
continuous base pairing of the seed region to the target mRNA. Furthermore, Ago-proteins
and the glycine-tryptophan protein of 182 kDa (GW182), core components of the miRISC,
are directly associated with miRNAs and needed for effective translational repression. The
exact mechanisms of translational arrest by the miRNA:mRNA complex are still a matter of
debate, however both initiation and elongation steps of translation are thought to be affected
[18–20].

ATHEROSCLEROSIS
Atherosclerosis is one of the leading causes of morbidity in Western countries. In its
extreme clinical manifestations, atherosclerosis induces narrowing of vessel lumen causing
ischemic symptoms, as well as plaque rupture or thrombosis that might lead to death by
myocardial infarction or stroke [21].

Atherosclerosis is a chronic inflammatory and progressive pathology characterized by the
accumulation of lipid and fibrous elements in the large arteries. It is caused by the
interaction of many key components, like lipoproteins, macrophages, T cells and arterial
wall components such as endothelial cells (ECs) and smooth muscle cells (SMCs). During
the progression of atherosclerosis, lipoproteins penetrate into the intima layer of arteries, are
then oxidized in the subendothelial space and together with inflammatory cytokines cause
the activation of ECs. Activated ECs with high expression levels of various leukocyte
adhesion molecules recruit monocytes and T cells to bind to the endothelium and migrate
into the subendothelial site. Monocytes differentiate into macrophages and up-regulate
pattern recognition receptors, including scavenger receptors and toll-like receptors.
Scavenger receptors mediate lipoprotein internalization, which leads to foam-cell formation.
Accumulation of inflammatory cells in the intima further promotes activation of ECs and in
advanced stages of plaque formation SMCs proliferate and migrate from the medial portion
of the arterial wall into the subintimal space where they also take up lipoproteins and
become foam cells. By secreting extracellular matrix proteins, SMCs promote the formation
of a fibrous cap. Apoptosis and necrosis of macrophages and SMCs in the lesion contribute
to the necrotic core formation, as well as extracellular cholesterol accumulation. Plaque
neovascularization in advanced lesions contributes to plaque rupture, which in turns recruits
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platelets and forms thrombi that lead to myocardial infarction or stroke. Numerous genetic
and environmental factors account for the etiology of the disease by dynamically affecting
the interplay between the involved cells. Recent body of evidence has shown that miRNAs
have a prominent role in the disease progression as we discuss in the present review.

ATHEROSCLEROSIS, ENDOTHELIAL CELLS AND microRNAs
ECs form the barrier between blood and all tissues. While small blood vessels consist of
ECs only, larger vessels include also pericytes and SMCs [22]. During adulthood, the
quiescent endothelium has a low turnover rate and proliferates only following angiogenic or
inflammatory activation. The loss of quiescence and barrier functions are common features
of atherosclerosis, tumor progression and restenosis. Especially in atherosclerosis,
inflammation and angiogenesis are eminently intertwined in activating the endothelium.
Chronic inflammatory activation of ECs of large blood vessels induces increased
proliferation of vasa vasorum, positively supporting lesion progression. Advanced human
atherosclerotic plaques are characterized by neovascularization. In the atherosclerotic intima
layer neovascularization proceeds with irregular but ubiquitous distribution of blood vessels,
which are immature and leaky thereby contributing to disease progression. As the intima
thickens, the hypoxic areas of the plaque further promote angiogenesis, newly formed blood
vessels deliver more inflammatory leukocytes to the plaque, which in turn produce
cytokines, chemokines and growth factors that mediate cytokine-induced angiogenic
programs in a positive feedback fashion.

The relevance of miRNAs in EC physiology was showed through the disruption of Dicer
and Drosha in vitro, which drastically reduce the expression of most miRNAs [23–25]. In
particular, ECs in which Dicer is silenced display affected tyrosine kinase endothelial
(TEK)-2, TEK-1, vascular endothelial growth factor receptor (VEGFR)-2, endothelial nitric
oxide synthase (eNOS) and Interleukin 8 (IL8) expression. In particular, cord formation in
matrigel was inhibited in the absence of Dicer because of increase in eNOS activation,
whose repression was released upon lowering the levels of miR-221/222 [23]. The capillary
ability of ECs was also affected by knocking down simultaneously Dicer and Drosha. In this
system decreased levels of let-7a and miR-27b were responsible for the antiangiogenic
effects in ECs. Interestingly, the generation of an EC-specific Dicer knockout mouse model
confirmed that miRNAs play a fundamental role in the vessel development in adulthood in
response to proangiogenic factors [26].

Multiple pathophysiological factors contribute the endothelial activation such as physical
damage, hypoxia, incipient neoplasia and altered shear stress. In response to inflammatory
stimuli, mainly mediated by nuclear factor of kappa light polypeptide gene enhancer in B-
cells (NF-κB) activation, the vascular endothelium expressed adhesion molecules including
vascular cell adhesion molecule 1 (VCAM-1), E-selectin (SELE), and intercellular adhesion
molecule 1 (ICAM-1) that mediate leukocyte recruitment from the blood into extravascular
tissues. MiR-181b and miR-10a affect EC activation by negatively modulating NF-κB
signaling, therefore promoting an anti-inflammatory phenotype both in vitro and in vivo. In
particular, the expression of miR-181b is regulated by tumor necrosis factor (TNF)α. This
miRNA controls EC activation by targeting importing 3α (KPNA4), a protein required for
nuclear translocation of NF-κB. By indirect targeting, miR-181b inhibits TNFα-induced
expression of adhesion molecules and antagonizes the binding of leukocytes to ECs [27].

On the other hand, miR-10a targets mitogen-activated kinase kinase kinase 7 (MAP3K7)
and β-transducin repeat containing gene (βTRC), both main regulators of nuclear factor of
kappa light polypeptide gene enhancer in B-cells inhibitor (IkB)α degradation. Interestingly,
the expression of miR-10a is decreased in athero-susceptible arterial regions and it inversely
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correlates with MAP3K7 and βTRC expression. In addition, the knockdown of miR-10a
decreased the expression of pro-inflammatory cytokines and adhesion molecules in ECs
[28].

A growing body of literature highlighted the role of endothelial miRNAs in the regulation of
various physiological and pathological processes linked to angiogenesis and inflammation.
For instance, previous reports show that miR-126, an EC-enriched miRNA, plays a role in
vascular inflammation through the negatively regulation of VCAM-1 in ECs [29, 30].

Inflammatory stimuli increase the expression of certain miRNAs in ECs. It has been shown
that TNFα stimulation up-regulates miR-17-3p and miR-31, which inhibit the expression of
ICAM-1 and E-selectin respectively, providing a negative feedback control of inflammation
[31]. Additionally, the TNF-induced miR-155 [31] negatively regulates the expression of
the transcription factor v-ets erythroblastosis virus E26 oncogene homolog 1 (Ets-1) [32],
which, in addition, has been shown to be regulated by miR-221/222. The over-expression of
both miRNAs results in a decrease of Ets-1 expression induced by angiotensin II (Ang II).
As a consequence, the reduced expression of Ets-1 affects the expression of downstream
targets such as VCAM-1, fms-related tyrosine kinase 1 (FLT1) and monocyte
chemoattractant protein 1 (MCP1) impairing lymphocyte adhesion on ECs [32].
Furthermore, miR-155 also targets angiotensin II type 1 receptor (AT1R), resulting in
decreases Ang II-induced migration in ECs [32].

Other cytokines regulate the expression of miRNA. For instance, IL-3 and bFGF down-
regulate the expression of miR-221/222. Interestingly, signal transducer and activator of
transcription 5A (STAT5A), a transcription factor that regulates the expression of genes
involved in proliferation and migration, was identified as a target of miR-222. The up-
regulation of STAT5A mediated by IL-3 and basic fibroblast growth factor (bFGF) is
induced by the down-regulation of miR-222. This controls proliferation and migration in
ECs and therefore facilitates intraplaque neovascularization during atherosclerosis.
Moreover, diminished expression of miR-222 in advanced lesions correlates with an
increased proliferation rate of ECs lining vessels [33]. In addition, the cluster miR-221/222
was previously shown to regulate EC migration and proliferation through the regulation of
c-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog (c-Kit) [34].

ECs can also be activated by oxidized lipoproteins. Lipid deposition in the subintimal layer
does not only affect foam cell formation in SMCs and macrophages, increasing
inflammation and increasing the fibrous cap, but it has been shown to induce pro-
inflammatory activation and apoptosis in ECs. The apoptotic phenotype in ECs is due to the
oxidized-low density lipoproteins (ox-LDL)-mediated decrease in the expression of anti-
apoptotic gene B-cell CLL-lymphoma 2 (Bcl-2) [35]. Interestingly, delivery of ox-LDL to
ECs increases the expression of several miRNAs, including miR-365 [36] which participate
in the apoptotic program induces by down-regulating Bcl-2.

Alterations associated with aging in blood vessels include a decrease in compliance and an
increase in vascular inflammatory response, both of which promote atherogenesis. Several
reports show the dysregulation of miRNAs during aging in ECs. In particular, miR-146
expression is decreased in senescent ECs. This miRNA is targeting the expression levels of
NADPH oxidase 4 (NOX4), therefore decreasing the reactive oxygen species (ROS)
production. These data suggest that the reduction of the expression of miR-146 may enhance
aging by NOX4-derived ROS production [37]. In contrast, miR-217 is progressively
expressed in ECs during aging [38]. MiR-217 is targeting silent information regulator 1
(SirT1), a main regulator of longevity and metabolic disorders that is reduced in different
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tissues during aging. Interestingly, miR-217 is negatively correlated with SirT1 expression
in human atherosclerotic plaques [38].

The endothelial progenitor cells (EPCs) can be mobilized from the bone marrow to enter the
peripheral circulation. EPCs are able to regenerate injured endothelium, accelerate re-
endothelization, and limit the formation of atherosclerotic lesions. Aging is associated with
reduced number and function of EPCs. Increasing evidence supports the role of miRNA in
regulating EPCs senescence. For instance, miR-34a is involved in senescence by targeting
SirT1 in EPCs [39]. On the other hand, miR-10a* and miR-21 are progressively expressed
EPCs and both miRNAs suppress high mobility group AT-hook 2 (Hmga2) expression, a
chromatin-associated protein that modulates transcription by altering chromatin structure.
Both, miR-10a* and miR-21 over-expression decrease proliferation and impair EPC
angiogenesis in vitro and in vivo [40].

Hypoxia is defined as the decrease of oxygen supply in tissues and cells and it is a potent
inducer of angiogenesis and modulator of inflammation. Inflammation aggravates hypoxia
by reducing oxygen availability. This effect is produced by an increase in the metabolic
demand as well as by the thickening in the intimal layer, reducing oxygen supply and
contributing synergistically to exacerbate hypoxia in atherosclerotic lesions [41]. Decreased
oxygen tension promotes the stabilization of hypoxia inducible factors (HIF), mainly
HIF-1α and HIF-2α, which act transcriptionally to induce expression of genes that promote
survival of cells, anaerobic metabolism switch and angiogenic programs [42, 43]. Hypoxia
also regulates miRNAs, which in turn modulate the angiogenic properties of ECs. The
classical hypoxia-miR miR-210 is induced in a HIF-1α dependent manner and is up-
regulated in atherosclerotic plaques [44]. Recent reports have shown that miR-210 targets
EphrinA3 (EFNA3) therefore stimulating tubulogenesis and chemotaxis in ECs [45].
Intriguingly, miR-424, which is also up-regulated in hypoxic ECs, down-regulates Cullin2
(CUL2), which is responsible for HIF-1α and HIF-2α destabilization resulting in an increase
proliferation and migratory capabilities in ECs [46]. Overall miRNAs that are induced in
hypoxia contribute to the activation of the angiogenic properties of ECs and promote
angiogenesis in atheromas.

The atherosclerotic lesions form preferentially where arteries form curves, branches or
bifurcations where the blood flow is disturbed. This notion is consistent with the observation
that ECs in the aortic arch, which subjected to turbulent flow and therefore is predisposed to
plaque formations, has a very distinct gene expression profile compared to ECs of the
descending thoracic aorta, which is a protected arterial tract where the flow is more laminar.
In areas of disturbed flow, proinflammatory and proangiogenic factors such as NF-κB, bone
morphogenetic protein (BMP)-4 as well as adhesion molecules are highly expressed, while
in laminar flow areas there is over-expression of atheroprotective genes such Krüppel-like
factor 2, Krüppel-like factor 4 (KLF2, KLF4) and eNOS. Interestingly, shear stress can
modulate the expression of some miRNAs in ECs. For instance, shear stress induces
miR-663 expression, which modulates the inflammatory phenotype by targeting Interleukin
6 (IL6), IL8, and E-Selectin [47]. MiR-663 is also responsible for increasing monocyte
binding to ECs during shear stress. Intriguingly, KLF4, an atheroprotective effector down-
regulated during oscillatory stress, is a putative target of miR-663 [47]. In addition, the
expression of miR-21 is also up-regulated in response to prolonged shear stress modulating
the activity of phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/v-akt murine
thymoma viral oncogene (Akt) pathway resulting in an increase of nitric oxide (NO)
production and reducing apoptosis in ECs [48]. Shear flow also induces the expression of
the miR-17~92 cluster. Interestingly miR-92a targets the atheroprotective factors KLF4
and KLF2 in shear stress. MiR-92a exerts its proatherogenic effect by suppressing KLF2-
mediated eNOS and trombomodulin expression, as well as KLF4-induced expression of
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MCP1, VCAM-1, E-selectin and eNOS [49]. Additionally, since KLF2 induces the
expression of the atheroprotective miR-126, over-expression of miR-92a might also control
the regulation of miR-126 during shear stress [49–51].

Role of Secreted Microvesicle-associated microRNAs in Atherosclerosis
A recent body of evidence suggests that cells can communicate with neighboring and distant
cells by means of secreted RNA-protein-lipid complexes or extracellular vesicles [52].
Interestingly, vesicle-mediated exchange of information is achieved by delivering proteins,
mRNAs and miRNA that may affect the phenotype of receiving cells [53]. Cells release
extracellular vesicles originating from different intracellular pathways that determine their
sizes and function. There are three main kinds of vesicles: exosomes, microvesicles and
apoptotic bodies. Exosomes are membrane-bound vesicles of 30–100nm in diameter
released by fusion of endocytic multivesicular bodies to the cellular surface [54].
Microvesicles are more heterogeneous and are produced by budding of plasma membrane
and range between 100 nm and 1 μm in diameter [55]. Apoptotic bodies are about 50–500
nm in size and contain also DNA and histones [55]. MiRNA enclosed in vesicles are
protected from RNases and can be delivered effectively to target cells in vivo [56]. It is not
clear whether vesicles released from a cell have affinity for specific target cells, but it is
possible that receptor-mediated mechanisms direct the uptake of vesicles and delivery of
their cargo to target cells [57].

Inflammatory stimuli in monocytes trigger miR-150 release in 20–400 nm vesicles.
Monocytes from atherosclerotic patients produce microvesicles enriched in miR-150
compared to microvesicles from healthy patients. Interestingly, by delivering monocytic
miR-150-enriched microvesicles in vivo, ECs show decreased migratory abilities and
proliferation because of decreased expression of v-myb myeloblastosis viral oncogene
homolog (c-myb) [58]. Also macrophages can secrete microvesicles containing miRNA that
affect recipient cells. A recent research has shown that miR-223-rich microvesicles
produced by human macrophages can be taken up by a variety of cells. Interestingly, human
miR-223-microvesicles can be functionally delivered to other macrophages and induce their
differentiation [59]. Furthermore, miR-143/145 is secreted in microvesicles derived from
ECs in which KLF2 is up-regulated to mimic shear stress. When KLF2-induced
miR-143/145 rich vesicles are delivered to SMCs they induce an atheroprotective phenotype
by down-regulating key target genes like member of ETS oncogene family (ELK1), KLF4,
calcium/calmodulin-dependent protein kinase II delta (CAMK2d), slingshot homolog 2
(SSH2), phosphatase and actin regulator 4 (PHACTR4) and cofilin 1 (CFL1). Similarly,
delivery of these KLF2 atheroprotective vesicles in an in vivo model of atherosclerosis
reduces lesion size and the effect is abrogated when vesicles are depleted of miR-143/145
[60].

Apoptotic bodies derived from ECs contain miRNAs. During atherosclerosis, vesicles
containing high levels of miR-126 are released into apoptotic bodies and their delivery to
ECs decreases the expression of G-protein signaling 16 (RGS16) that results in the up-
regulation of the chemokine (C-X-C motif) ligand 12 (CXCL12) receptor. By regulating the
chemokine CXCL12 signaling, miR-126 enriched apoptotic vesicles decrease apoptosis and
recruit progenitor cells at the site of lesion, therefore contributing to plaque stabilization and
reducing lesion size in vivo [61].
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ATHEROSCLEROSIS, VASCULAR SMOOTH MUSCLE CELLS AND
microRNAs

Vascular smooth muscle cells (VSMCs) are highly specialized cells that regulate arterial
tone and blood pressure [62]. During vascular development, VSMCs are required for the
investment of nascent blood vessels and appropriate vascular maturation and formation of
functioning vascular networks [63, 64]. In addition, they also play a critical role in secretion
of extracellular matrix components, including collagen and elastin, which determine the
mechanical properties of mature blood vessels [65, 66]. In adult blood vessels, differentiated
VSMCs proliferate at an extremely low rate, exhibiting low synthetic activity, and
expressing a unique repertoire of contractile proteins, ion channels, and signaling molecules
required to fulfill VSMC main function, contraction [67, 68]. However, it is well accepted
that VSMCs within adult retain a remarkable plasticity, which allows them to undergo
phenotypic modulation in response to physiological and pathological environmental cues.
This VSMC phenotypic modulation, referred to as phenotypic switching, is characterized by
significant changes in cellular gene expression pattern [69]. In general, VSMC phenotypic
switching is characterized by a marked reduced expression of VSMC-selective
differentiation marker genes and increased VSMC proliferation, migration, and synthesis of
extracellular matrix components required in most of cases for vascular repair in response to
injury [62, 67, 70–72]. It is well established that this phenotypic switching plays a critical
role in the pathogenesis of vascular proliferative syndromes including atherosclerosis,
restenosis following angioplasty, and transplant arteriopathy [62, 70–72]. The complex
lineage origins and lack of definitive VSMC markers have complicated the assessment of
the molecular mechanisms regulating modulation of VSMC phenotype in response to
arterial injury (reviewed in [73]). Recently, advances in studies of miRNA expression and
function in VSMCs illustrate important effects of this class of small non-coding RNAs on
cell proliferation, hypertrophy and differentiation of VSMCs and their implication to
different vascular pathological conditions.

Conditional deletion of Dicer allele using Cre recombinase under control of the SM22
promoter results in embryonic lethality at E16.5 associated with extensive hemorrhage in the
skin and abdomen [74]. Several vascular phenotypes were observed in SM22-Dicer KO
embryos including outward hypotrophic remodeling of the aorta, defective organization of
elastic lamina of the aorta, loss of contractile function in umbilical artery, as well as reduced
expression of SMC-specific genes and proteins. This indicates that Dicer-generated miRNAs
were essential for normal VSMC development, differentiation, and contractile function [74].
Interestingly, inducible deletion of Dicer in VSMCs produces a dramatic reduction in blood
pressure [75], decreased contractile function in the bladder in response to depolarization,
associated with reduced expression of contractile marker proteins and L-type Ca2+ channels
[76]. Altogether, suggesting that Dicer-miRNAs were also critical for the postnatal
regulation of VSMC functions [75, 76].

In addition to the global role of VSMC miRNAs, specific miRNAs have been shown to play
important roles in the regulation of VSMC development, differentiation and different
vascular pathological conditions, which makes these molecules interesting as potential new
therapeutic targets [77–81]. MiR-21 was the first miRNA shown to regulate growth and
survival by diminishing the expression of phosphatase and tensin homolog (PTEN) and
increasing expression of Bcl-2 [82]. The pro-proliferative and antiapoptotic effects of
miR-21 were established in a carotid injury model in rats [82]. MiR-21 was then described
to promote differentiation of VSMCs in response to transforming growth factor (TGF)-β1
and BMP-4 [83]. Specifically, these factors stimulated the processing of miR-21 in human
pulmonary artery smooth muscle cells from the primary transcript to the mature miRNA via
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Smads proteins. Interestingly, miR-21 stimulation induced the up-regulation of smooth-
muscle restricted contractile proteins through the silencing of programmed cell death protein
(PDCD)-4 expression, a known tumor suppressor protein. These data indicate that miR-21
regulates contractile function [83] in addition to proliferation [82]. In the context of BMP-4
regulated expression, miR-21 have been reported to target multiple members of the
dedicator of cytokinesis (DOCK) superfamily and modulates the activity of ras-related C3
botulinum toxin substrate 1 (Rac1) small GTPase to regulate VSMC phenotype [77].
Additionally, miR-21 have been show to regulate hypoxia-induced pulmonary vascular
smooth muscle cell proliferation and migration by regulating PDCD4, Sprouty 2 (SPRY2),
and peroxisome proliferator-activated receptor-α (PPARα), known for their antiproliferative
and antimigratory effects in VSMCs [84]. Interestingly, a recent report indicates that miR-21
is induced in tissue of arteriosclerosis obliterans of the lower extremities with <10% stenosis
and induced in VSMCs in response to platelet-derived growth factor (PDGF)-BB or
hypoxia. In this report tropomyosin 1 (TPM1) was identified as a target gene for miR-21.
TPM1 reduction leads to a reduction in cytoskeletal stability, leading to vascular smooth
muscle cell proliferation and migration [85]. Finally, cyclic stretch has been shown to
modulate miR-21 expression at the transcription level via FBJ murine osteosarcoma viral
oncogene homolog (c-fos/AP-1) in cultured human aortic SMCs [86]. Moderate stretch
seems essential for maintaining vessel wall structure and vascular homeostasis [87];
however, exacerbated stretch, as in hypertension, could promote pathological vascular
remodeling by stimulating VSMC proliferation, apoptosis, migration and abnormal
extracellular matrix deposition [88, 89]. Although miR-21 is considered an onco-miRNA, its
expression was found increased in many solid tumors with characteristics of promoting cell
proliferation, migration and anti-apoptosis [90], data indicates that miR-21 is also highly
expressed in VSMC vascular cells and therefore implicated in the regulation of important
phenotypes of these cells and vascular disorders [91] such as vascular neointimal lesions
[92]. Of note, miR-21 expression is increased during abdominal aortic aneurysm (AAA)
development (AAAs induced by either porcine pancreatic elastase or infusion of angiotensin
II) [93]. Interestingly, lentiviral over-expression of miR-21 induced cell proliferation and
decreased apoptosis in the aortic wall, with protective effects on aneurysm expansion.
Conversely, systemic injection of a locked nucleic acid–modified antagomir targeting
miR-21 diminished the pro-proliferative impact of down-regulated PTEN, leading to a
marked increase in the size of AAA. The data presented elegantly by Maegdefessel et al.
suggests that the up-regulation of miR-21 is a physiological response to aortic expansion and
that the modulation of miR-21 expression is a promising new therapeutic option to limit
AAA expansion and vascular disease progression [93].

Several studies from different groups have shown that miR-143/145 play a key role in SMC
phenotypic switching in response to vascular injury and that these miRNAs affect the
canonical balance between the synthetic/proliferative and the contractile/differentiated states
in VSMCs [94–98]. These effects are likely to be mediated, at least in part, through the
targeting of multiple transcription factors, including KLF4, KLF5, and ELK-1, that are
linked to the repression of SMC differentiation [95, 96, 98]. MiR-145 is the most abundant
miRNA in normal differentiated blood vessels and in freshly isolated VSMC [95]. The
earliest observation of changes in miRNA expression in blood vessels show that miR-145
was down-regulated in neointimal lesions following vascular injury [95]. In this report,
adenovirus-mediated over-expression of miR-145 could partially restore the down-
regulation of SMC marker genes and neointima formation following balloon injury of the rat
carotid artery. In cultured VSMCs, miR-145 was required for PDGF-BB–induced
phenotypic switching of these cells by targeting KLF5. The mechanism of miR-145 in
regulating smooth muscle phenotype was subsequently more deeply defined with the
phenotypic characterization in a murine model of targeted deletion of the miR-143/145
bicistronic gene cluster [96]. These miRNAs target the degradation of KLF4 and ELK-1,
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transcription factors known to suppress SMC differentiation and produce an indirect up-
regulation of myocardin expression. MiR-143/145 were in turn shown to be activated, in
differentiated SMCs, by cardiac-specific homeo box (Nkx)-2.5, serum response factor (SRF)
and myocardin -now considered to be the master gene regulating VSMC differentiation
[99]- thus providing a potential positive-feedback mechanism to stabilize the SMC
differentiated state [96, 98]. In contrast, these miRNAs were down-regulated in injured or
atherosclerotic vessels [96, 98]. In addition to the miR-143/145 cluster, miR-146a can
modulate KLF4 expression in VSMC [100]. MiR-146a and KLF4 form a feedback loop to
regulate each other’s expression and VSMC proliferation. Specifically, it is proposed that
miR-146a regulates KLF4 and that KLF4 competes with KLF5 within the miR-146a
promoter to reduce the transcription of the miR-146a gene [100]. The initial signal that
activates the miR-146a-KLF4/KLF5 pathway is not established, but it would be an obvious
target for reducing vascular remodeling during restenosis after angioplasty [78].

Unlike SM22-Dicer KO [74], loss of miR-143/145 either singly or in combination is not
embryonic lethal [94, 97, 98] suggesting that other miRNAs are also involved in VSMC
development and that miR-143/145 are not essential for VSMC differentiation in vivo.
However, several abnormalities were found in miR-143/145 KO mice including a reduction
in SMC marker expression and contractile function [94, 97], reduced medial thickness [94,
97, 98], increased rough endoplasmic reticulum [97, 98], and loss of actin stress fibers and
dense bodies [94, 98]. Blood pressure in miR-143/145 KO mice was also reduced due to the
vascular abnormalities [94, 97, 98] and consistent with the phenotype observed after the
inducible deletion of Dicer in VSMCs in adult mice [75]. In miR-143/145 KO mice, some of
these defects were associated with impaired contractility of femoral artery rings in response
to high K+, angiotensin II, and phenylephrine [94]. Additionally, neointima formation in
response to vascular injury was profoundly inhibited due at least in part to the disarray of
actin stress fibers and diminished SMC migratory activity [98]. Interestingly, VSMCs
isolated from SM22-Dicer KO mice, showed a remarkable loss of actin filament structures
[74], an effect that was rescued by over-expression of miR-145. Importantly, over-
expression of miR-145 also rescued the reduced SMC marker expression pattern observed in
VSMC with deleted Dicer [74]. Despite the lack of evidence for a developmental phenotype
in miR-143/145 KO mice, there is clear evidence that the up-regulation of these miRNAs is
required for embryonic stem cell (ESC) differentiation at least in part by their targeting
degradation of Oct4, Sox2, and KLF4, resulting in a loss of pluripotency [101]. Additional
studies are needed to clarify the role of these miRNAs in SMC development from
multipotent embryonic cells. In addition to regulate contractile function in VSMCs,
miR-143/145 may also participate in podosome formation [102]. In fact, down-regulation of
miR-143/-145 was sufficient to up-regulate PDGF receptor (PDGF-R), protein kinase C
(PKC) epsilon and fascin, an actin bundling protein of podosomes which are local sites of
matrix remodeling thought to be necessary for vascular wall remodeling [102]. Recently it
has been shown that long-term SMC-specific up-regulation of miR-145 favorably alters
plaque morphology and cellular composition in ApoE−/− mice, shifting the balance toward
plaque stability versus plaque rupture. These benefits appear to be mediated through an
effect of miR-145 to promote VSMC differentiation toward the contractile phenotype via a
mechanism that involves reciprocal regulation of KLF4 and myocardin [103].

The relevance of miR-143/145 in human vessel pathology was suggested by down-
regulation of the miR-143/145 cluster in human aortic aneurysms by comparison with
normal aortic tissue [97], suggesting a role for these miRNAs in maintaining vessel
homeostasis. Interestingly, extracellular miRNAs have diagnostic and prognostic potential
have been used as biomarkers to classify diseases and progression of diseases [104, 105].
Remarkably, circulating levels of inflammation-associated and vascular miRNAs, including
miR-145, were significantly decreased in patients with coronary artery disease [106]. As
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introduced in the section above, recent studies have revealed that miRNAs also serve as
messengers between cells [58, 60]. To this regard, it has been proposed that shear stress-
induced KLF-2 stimulates the expression of miR-143/145 in ECs [60], that do not usually
express these miRNAs in resting conditions [95]. These miRNAs are then released in
microvesicles (MVs), which are transferred into VSMCs that per se express high levels of
miR-143/145 [95]. When ECs derived MVs, containing miR-143/145, were injected into
Apolipoprotein E (ApoE) knockout the formation of atherosclerotic lesion was reduced [60].

In addition to miR-21 and miR-143/145, miR-221 and miR-222 have also been implicated in
VSMC function and phenotypic plasticity [82, 83, 95–97, 107]. MiR-221 and miR-222, like
miR-21, are up-regulated in neointimal lesions [108]. Knockdown of miR-221 and miR-222
in rat carotid arteries suppress SMC proliferation and neointimal lesion formation after
angioplasty. MiR-221 and miR-222 appear to be essential for PDGF-mediated cell
proliferation, by repressing c-Kit, the cyclin dependent kinase inhibitors p57Kip2 and
p27Kip1 [108, 109]. Interestingly, another study also documents the presence of miR-133 in
VSMCs and reveals essential roles of this miRNA in the control of VSMC phenotypic
switch both in vitro and in vivo. Indeed, miR-133 is robustly expressed in VSMCs to levels
similar to other previously characterized vascular miRNAs, whereas the expression of its
cognate bicistronic gene, miR-1, is negligible. In this regard miR-133, but not miR-1,
regulates VSMC growth state by inhibiting VSMC proliferation and migration in vitro via
the repression of the transcription factor Sp-1, which mediates miR-133 inhibition of SMC
gene down-regulation and thus VSMC proliferation. Of interest, miR-133 is down-regulated
in proliferating VSMCs of carotid arteries in response to balloon injury in rats. Its adenoviral
over-expression in the vascular wall reduces VSMC hyperplasia after experimental balloon
injury, whereas anti-miR-133 systemic treatment exacerbates it. Altogether, pointing to a
crucial role of miR-133 in regulating pathological vascular remodeling in vivo [110].

ATHEROSCLEROSIS, EXTRACELLULAR MATRIX AND microRNAs
Plaque stability can be achieved not only by increasing the extracellular matrix (ECM)
production but also by decreasing the ECM degradation. ECM synthesis is tightly regulated
by various factors in the cellular environment, such as growth factors, cytokines, nitric oxide
and surrounding the ECM. MiR-29 is found to be up-regulated in aged arteries and its
expression inversely correlates with the expression of its downstream target genes [111–
115]. These include collagen, type I, α 1 (COL1A1), COL3A1, and COL5A1, matrix
metalloproteinases such as, MMP2 and MMP9, as well as other key components of the
aortic wall, such as fibrillin-1 (FBN1) and elastin (ELN), many of which are expressed in
the abdominal aorta and have been linked to AAA formation and progression [111–115].
The miR-29 family comprises 3 members (29a, 29b, and 29c) encoded by two distinct loci
that give rise to a bicistronic precursor, which includes miR-29a/b1 and miR-29b2/c.
Interestingly, in 2 murine models of experimental AAA (the porcine pancreatic elastase
(PPE) infusion model in C57BL/6 mice and the AngII infusion model in Apoe−/− mice).
AAA development was accompanied by decreased aortic expression of miR-29b, along with
increased expression of known miR-29b targets, Col1a1, Col3a1, Col5a1, and Eln, in both
models [114]. In vivo administration of locked nucleic acid (LNA) anti-miR-29b greatly
increased collagen expression, leading to an early fibrotic response in the abdominal aortic
wall and resulting in a significant reduction in AAA progression over time in both models
[114]. Similarly, miR-29 is also up-regulated in aneurysms of fibulin-4 knockout and
fibrillin transgenic (Fbn1C1039G/+) mice and in angiotensin-treated mice, suggesting an
important role for this miRNA family in regulating vascular integrity [111, 115]. In addition,
it has recently been shown that inhibition of miR-29a can dramatically increase ELN
expression in human cells and its inhibition up-regulates ELN levels in cells from patients
with ELN haploinsufficiencies, including the Williams-Beuren syndrome (WBS) [113].
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Importantly, atherogenic lipoproteins, such as ox-LDL, up-regulate miR-29b expression in
VSMCs through the interaction with the lectin-like oxidized lipoprotein receptor-1 (LOX-1)
and the activation of the mitogen-activated protein kinases (MAPK) including JNK, p38 and
ERK and the subsequent activation of the miR-29 promoter by directly binding of c-Fos to
an AP-1 site [116]. Furthermore, ox-LDL causes a reduction of histone deacetylases
(HDAC)-1, -2, -3 and -7 expression. Moreover, HDAC-1 over-expression significantly
abolishes the effect on miR-29 expression suggesting that this HDAC is likely involved in
regulating miR-29 expression [116]. Altogether these results suggest that miR-29 expression
is regulated by ox-LDL at different levels by a complex mechanism that includes
transcription factors and epigenetic modifications [117]. Of interest is that miR-29
expression is increased in the aorta of mice fed a high fat diet, which may have potential
implications for atherosclerosis. In addition, miR-29 enhances the expression of matrix
metallopeptidase 9 (MMP-9) which is involved in regulating transmedial elastin degradation
and ectasia in the atherosclerotic media, suggesting that anti-miR-29 therapy may be useful
for treating media destruction observed in atherosclerotic plaques as well as abdominal
aortic aneurysms [118].

Medial artery calcification decreases vessel elasticity, augments blood pressure, and is
associated with increased incidence of many cardiovascular diseases, such as myocardial
infarction and hypertension. This is becoming an increasingly common and a serious
problem with population ageing and it increases plaque rupture during angioplasty
procedures [119, 120]. The main feature of this process is characterized by apatite
deposition on collagen fibrils and the presence of matrix vesicles [121]. In this process
VSMCs acquire an osteogenic phenotype as indicated by increased expression of core-
binding factor a1 (Cbfa1, Runx2), osteopontin, osteocalcin, and alkaline phosphatase (ALP)
[121, 122]. MiR-204 is encoded within the transient receptor potential cation channel,
subfamily M, member 3 (TRPM3) gene and is expressed in arterial smooth muscle cells and
cardiomyocytes in the cardiovascular system [123]. MiR-204 inhibits osteoblastic
differentiation through the down-regulat on of Runx2 [124]. Recently, it has been shown
that miR-204 down-regulation may contribute to β-glycerophosphate-induced VSMC
calcification through regulating Runx2. Indeed, in vivo over-expression of miR-204 by
injection of miR-204 agomirs in mice attenuated vitamin D3-induced medial artery
calcification [125]. MiR-204 may represent an important new regulator of VSMC
calcification and a potential therapeutic target in medial artery calcification.

ATHEROSCLEROSIS, MONOCYTE/MACROPHAGE AND microRNAs
Foam cell formation due to excessive accumulation of cholesterol by macrophages is a
pathological hallmark of atherosclerosis [21]. To avoid the massive accumulation of
cholesterol, macrophages express adenosine tri-phosphate binding cassette (ABC)
transporters including ABCA1 and ABCG1, which facilitate the cholesterol efflux to poor-
lipidated apoA1 and mature high density lipoprotein (HDL) respectively [126]. In addition
to the regulation of cellular cholesterol efflux, ABCA1 plays a key role in the biogenesis of
HDL and its deficiency leads to a dramatic reduction of circulating HDL [127].

Different groups have recently identified miR-33a and miR-33b, intronic miRNAs located
within the sterol regulatory element binding transcription factors (Srebp2 and Srebp1) genes,
as important regulators of ABCA1 expression [128–132]. Both miRNAs directly target the
3′UTR of Abca1 and Abcg1, thereby inhibiting cholesterol efflux from macrophages. Most
importantly, in vivo inhibition of miR-33, using a variety of strategies ranging from
lentiviral-mediated antisense oligonucleotides, 2′fluoro/methoxyethyl-modified (2′F/MOE-
modified) phosphorothioate backbone antisense oligonucleotides and locked nucleic acid
(LNA) oligonucleotides, results in a significant increase of hepatic ABCA1 expression and
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circulating HDL-Cholesterol (HDL-C) [128–132]. These results were later confirmed in
miR-33-deficient mice and non-human primates treated with 2′F/MOE anti-miR-33
oligonucleotides [133]. Altogether, these observations suggest that miR-33 may be an
attractive target for the treatment of cardiovascular diseases.

To asses the efficacy of anti-miR-33 therapy, Rayner and colleagues studied the impact of
miR-33 inhibition during atherosclerosis regression using LDLr deficient mice fed with
Western diet (WD) for three months and then treated weekly for four weeks with 2′F/MOE
anti-miR-33 oligonucleotides [134]. The study showed that the inhibition of miR-33 raises
plasma HDL-C levels and decreases atherosclerotic plaque size [134]. Interestingly, plaques
from mice treated with anti-miR-33 oligonucleotides showed increased markers of plaque
stability, including more collagen content and reduced lipid accumulation and necrotic core
areas. Another interesting aspect of this study is the identification of 2′F/MOE anti-miR-33
oligonucleotides located in the artery wall. MiR-33 antisense oligonucleotides co-localize
with macrophages in atherosclerotic plaques and regulates the post-transcriptionally
expression of ABCA1. Moreover, macrophages isolated from atherosclerotic plaques of
mice treated with anti-miR-33 oligonucleotides using laser capture microdissection (LCM)
showed a decrease expression of pro-inflammatory genes including inducible NOS (iNOS)
and TNFα [134]. These results suggest that anti-miR-33 therapy is able to increase the
expression of ABCA1, thereby enhancing cholesterol efflux and reducing inflammation by
an unknown mechanism. Previous studies have shown that HDL regulates the inflammatory
state of macrophages by switching them from a pro-inflammatory state characterized by
iNOS and TNFα expression to the more reparative M2 phenotype characterized by Arginase
1 (Arg1) and IL-10 expression [135]. Therefore, it is possible to speculate that the anti-
inflammatory effect mediated by the anti-miR-33 therapy is mostly due to an increase in the
cholesterol efflux capacity rather than a direct targeting of miR-33 on the Arg1 and IL-10
3′UTR. Nevertheless, the role of miR-33 in regulating macrophage activation is somehow
controversial. At this regard, a recent study has reported that miR-33 reduces the expression
of the receptor interacting protein (RIP140), a co-activator of NF-κB, thereby reducing
inflammation [136]. Over-expression of miR-33 in Raw264.7 murine macrophages
suppresses IL-1β and TNFα secretion after lipopolysacaride (LPS) treatment [136].
Similarly, macrophages isolated form miR-33 deficient mice show an increase expression of
TNFα and IL-6. Therefore, the contribution of miR-33 in regulating macrophage activation
remains unclear and requires further investigation.

In addition with the regression studies, Horie and colleagues recently studied the role of
miR-33 in regulating the progression of atherosclerosis using miR-33 deficient mice.
Complete absence of miR-33 increases circulating HDL-C and reduces atherosclerosis in
ApoE null mice. Atherosclerotic plaques isolated from miR-33−/−/ApoE−/− mice showed
reduced accumulation of macrophages as well as neutral lipids. The anti-atherosclerotic
effect observed in this model is likely due to an increase in circulating HDL-C rather than
enhanced macrophage cholesterol efflux capacity as demonstrated by bone marrow
transplantation experiments. Even though these results argue against the atheroprotective
role of the absence of miR-33 in macrophages, these studies should be repeated in LDL
receptor deficient mice since the absence of ApoE compromise the cholesterol efflux
capacity of monocyte/macrophages [137]. MiR-33 also regulates the expression of genes
involved in fatty acid oxidation including carnitine palmitoyltransferase 1A (Cpt1A),
carnitine O-octanyl transferase (Crot), and hydroxyacyl-CoA dehydro-genase-3-ketoacyl-
CoA thiolase-enoyl-CoA hydratase (tri-functional protein) β-subunit (Hadhb) [131, 138]. As
expected, over-expression of miR-33 in human hepatic cell lines reduces the expression of
CPT1A, CROT and HADHB and inhibits fatty acid β-oxidation leading to the accumulation
of neutral lipids [138]. Based on these findings, Rayner and colleagues treated non-human
primates with miR-33 antisense oligonucleotides and observed a significant reduction of
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circulating very low-density lipoproteins [133]. This observation could be easily explained
by the increased lipidation of ApoB-100 and lipoprotein output from the liver. However, the
effect of miR-33 silencing on fatty acid β-oxidation in vivo remains to be studied. Finally,
miR-33 also regulates insulin signaling by targeting insulin receptor substrate (IRS) 2 [138].
Taken together, these studies suggest that miR-33 regulates pathways controlling three
major risk factors of the metabolic syndrome, namely levels of HDL, triglycerides, and
insulin signaling, and suggest that inhibitors of miR-33 may be useful in the treatment of
this global health concern.

In addition to miR-33, there are a growing number of studies regarding the role of miRNAs
in the biology of the human atherosclerotic plaque. Several reports have described the
involvement of circulating miRNAs in vascular diseases [106]. Nonetheless whether they
should be considered a diagnostic or prognostic marker, a consequence or a cause is still a
matter of debate [139]. MiRNA expression profiles comparing atherosclerotic plaques
versus healthy arteries [44, 140] or plaques from symptomatic and asymptomatic subjects
have also been performed [141]. Even though these studies provide useful information about
the homeostasis of human atherosclerotic plaques, they usually fail to decipher the specific
source (cellular and/or area of the plaque) and the molecular mechanisms underlying the role
of these miRNAs. New techniques such as LCM could help to elucidate the specific
commitment of a single miRNA inside the cells and/or in the particular communication
established by the cellular milieu in the human plaque [142]. Following this procedure
Nazari-Jahantigh et al. validated miR-155 in macrophages as a key player in atherosclerosis
development. MiR-155 promoted the expression of CCL2 and the direct suppression of
Bcl-6, a transcription factor that inhibits NF-κB [143]. However, data regarding miR-155
are ambiguous, since it has been also described that hematopoietic deficiency of this miRNA
increases atherosclerotic plaque size and instability [144], possibly by inhibition of lipid
uptake and the inflammatory responses in monocytes. Thus, more studies should be
performed to address this question. Another miRNA, miR-125a-5p, inhibits lipid uptake
and the inflammatory responses in ox-LDLs-stimulated monocytes/macrophages through
modulation of oxysterol binding protein-like 9 (OSBPL9) expression [145]. Moreover,
miR-146a drives peripheral blood mononuclear cells towards Th1 polarization and the
levels of this particular miRNA are increased in patients with acute coronary syndrome
(ACS) [146]. Altogether these studies highlight the importance of miRNAs in regulating
lipid metabolism and inflammation in macrophages and suggest that anti-miR therapies
would be a promising therapy for treating atherosclerotic vascular disease.

MicroRNA THERAPEUTIC POTENTIAL IN ATHE-ROSCLEROTIC VASCULAR
DISEASE

During development many miRNAs are expressed in a tissue specific manner indicating that
miRNAs may be involved in specifying and maintaining tissue identity [147]. For instance,
miR-1, miR-133 and miR-206 are enriched in muscle tissue [148], miR-122 is well
conserved between species in the liver [147, 149, 150] and the expression of miR-126 is
enriched in the endothelium of human, mice and zebrafish [147, 151]. The conservation
between species suggests that the biological pathways where miRNAs play a role also may
have been conserved, making them research targets of high interest with possible potency to
be applied therapeutically. The therapeutic application of miRNA can be carried out by two
approaches, either by inhibition of miRNAs using a variety of chemically modified
oligonucleotides complementary with the sequence of the miRNA [152] or by mimicking
the functional activity of miRNAs by the use of so-called miRNA mimics [153]. To date,
several different methods to silence miRNAs in vitro and in vivo have been established.
First, 2′-O-methyl stabilized oligonucleotides (anti-miRs) were used in D. melanogaster and
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C. elegans to successful inhibit the function of let-7 [152]. Although the mechanisms behind
anti-miR:miRNA biology is not well studied, it has been suggested that the duplex, formed
after the binding of an anti-miR to a target miRNA, is a configuration that cannot be
processed by the miRISC [153, 154]. To increase cellular uptake in larger animals, these 2′-
O-methyl antimiRs were conjugated with cholesterol. To prove functionality these, so-
called, antagomirs were direct against miR-16 and miR-122 and subsequently systemically
delivered to mice by tail vein injection. Indeed, antagomirs were shown to be powerful tools
that are able to knock down miRNA function for up to 23 days in virtually all tissues [155],
including the central nervous system when applied locally [156]. The use of the antagomirs
and anti-miRs has been extensively studied and widely used in vitro and in vivo studies
elucidating functional roles for miRNAs in a variety of biological pathways. Also,
oligonucleotides containing locked nucleic acid (LNA)–modified phosphorothioate
oligonucleotide DNA directed against miRNAs have been demonstrated to be effective
down regulators of miRNA function in vitro as well as in vivo [157, 158].

Another approach to knock down the functional activity of miRNA is by ‘sponging’ away
endogenous miRNAs by delivery of a high number of miRNA binding sites to a cell. The
over-expressed sites act as decoy binding sites for target miRNA thereby reducing its
function on its native targets [159]. Decoy or sponge technology was first used to knock
down miR-133 in murine cardiomyocytes showing effective knock down and upregulation
of three target genes: Acta1, Myh7 and Nppa [160]. Effectiveness of using sponge methods
was also demonstrated in vivo, murine bone marrow cells were transduced with a sponge for
miR-223 which were then subsequently used to successfully reconstitute the hematopoietic
system of these mice. Mice transplanted with the lentviral vector expressing the sponge for
miR-223 demonstrated clearly comprised function of this miRNA [161]. The sponge
technology may have advantages in biological experiments, however using oligonucleotide-
based methods to silence miRNAs is therapeutically more promising. Nevertheless, this
promise depends on the continuous development of new oligonucleotide chemistries and
new delivery methods of these anti-miR oligonucleotides[162]. Next to the more generally
used approach to inhibit the functions of miRNAs, the alternative possibility, mimic the
repressing action of miRNAs, has been studied. Since several miRNAs, miR-15a, miR-16
[163], miR-34a [164] and the let7 family [165], are demonstrated to be anti-oncogenic and
anti-angiogenic [33, 166–168] restoring miRNA function in tumors might be a relevant
approach to stop tumor progression but also angiogenesis. Indeed, miRNA mimics for
miR-16 [169], miR-26a [170], let7a [171], and miRNA-34a [172] have been shown to
suppress the development of a variety of tumors in mice. MiRNA-replacement therapy will
be of high interest to be used to stop the progression of human tumors; a single miRNA can
regulate multiple targets and pathways involved in tumor development. In this strength, also
lies the weakness of using miRNA mimics as clinical candidates. The widespread of
possible targets raises concerns about potentially toxic off-target effects, especially when
miRNA mimics are delivered to natural cells and these cells are overloaded with the
exogenous miRNA, leading to possible down regulation of other (vital) cellular pathways.
Furthermore, excess of miRNA levels in the cell might block the endogenous miRISC
leading to even more side effects. However, so far mouse studies have not reported any
adverse effects after therapeutic delivery to tumor suppressing miRNA mimics [169–172],
making miRNA mimics interesting targets for further development of anti-tumor
medications.

Silencing or mimicking of miRNA function has been used to unravel the functional roles of
miRNA in a wide variety of pathways and diseases, however these studies were mainly
carried out in vitro and subsequently in vivo relevance was confirmed in mice. To ensure
safety and therapeutic applicability of adjusting miRNA levels in humans, silencing and
mimicking miRNA function in animals more complex then rodents has to be explored. To
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date, only a few studies have taken this next step and covered these aspects. One of these
studies revealed the role of miR-33a and miRNA-33b in the cholesterol homeostasis of
African green monkeys [133]. Previously the key role of miR-33 in cholesterol metabolism
has been shown in hepatocytes as well as macrophages [128, 138]. As described before,
inhibition of miR-33 in vivo showed increase levels of plasma HDL in mice, while over-
expression of miR-33 showed an inverse results on HDL levels in the circulation [128].
When anti-miR-33 was used in non-human primates a significant increase of hepatic
ABCA1 expression was found together with a profound increase in plasma HDL cholesterol.
A highly efficient, long-lasting knock down of miR-122, a liver-specific miRNA involved in
cholesterol metabolism [173], in mice and non-human primates was obtained using LNA-
antimiRs. Consecutive, intravenous injections with LNA directed against miR-122 led to
steep de-repression of the direct miR-122 targets Aldoa and Bckdk in the liver and
subsequently reduced levels of total plasma cholesterol in green African monkeys without
acute or subchronic side effects [157]. This study was followed-up by using LNA-antimiR
against miR-122 in chimpanzees infected with hepatitis C virus (HCV). Down-regulation of
miR-122 in vitro causes loss of viral HCV RNA, most likely due to a direct HCV RNA and
miR-122 interaction, indicating that miR-122 is vital for the replication of HCV [150]. The
study in chimpanzees not only copied the results on plasma cholesterol shown in the
previous study with African green monkeys, but also demonstrated a prolonged suppression
of viral HCV present in the circulation. During the 26-week treatment the chimpanzees were
intensively monitored for a wide variety of safety parameters, and no abnormalities were
recorded that could relate to the treatment with LNA-antimiR [174]. The studies described
above have led to the first clinical trials using LNA-antimiRs in humans. A clinical trial with
chronic hepatitis C patients with hard-to-treat HCV genotype I is momentarily being
evaluated. The patients were subjected to subcutaneous injections of different doses of
miravirsen, a LNA designed to inhibit the function of miR-122. Preclinical studies with
miravirsen have shown a highly effective activity against the replication of all HCV
genotype. Additionally, the first results of a Phase IIa study demonstrate that injection of
miravirsen was linked to a dose-dependent decline of HCV RNA levels, without adverse
effects in any of used doses [175]. The previously discussed studies in non-human primates
and humans highlight the therapeutic promise of using the inhibition (or over-expression) of
miRNAs and support the development of miRNA antagonists or agonists as potential
therapeutics for human (cardiovascular) disease.
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Fig. 1. MicroRNAs in atherosclerotic vascular disease
A. Blood vessels are composed of three layers: the tunica adventitia, the tunica media and
the tunica intima. During atherosclerotic progression, low-density lipoprotein (LDL)
particles penetrate into the intimal layer of the arteries and they are oxidized in the
subintimal space into oxidized-LDL (ox-LDL). Ox-LDL particles together with cytokines
activating endothelial cells, which in turn attract monocytes and inflammatory cells into the
site of lesion. Monocytes infiltrated into the subintimal space differentiate into macrophages,
which internalize lipoproteins and become foam cells. In advanced stages of plaque
formation, smooth muscle cells migrate and surround the lesion forming a fibrous cap
around the necrotic core composed of apoptotic and necrotic macrophages and smooth
muscle cells.
B. Table of the most relevant cell types involved in atherosclerosis, as well as microRNAs
that modulate their phenotype in disease progression.
C. Endothelial cells, smooth muscle cells and monocytes/macrophages are engaged in cell-
to-cell communication involving microRNAs transported by microvesicles, exosomes or
apoptotic bodies.
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