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Abstract

The vascular endothelium, a thin layer of endothelial cells (ECs) that line the inner surface of
blood vessels, is a critical interface between blood and all tissues. EC activation, dysfunction, and
vascular inflammation occur when the endothelium is exposed to various insults such as
proinflammatory cytokines, oxidative stress, hypertension, hyperglycemia, aging, and shear stress.
These insults lead to the pathogenesis of a range of disease states, including atherosclerosis.
Several signaling pathways, especially nuclear factor «B mediated signaling, play crucial roles in
these pathophysiological processes. Recently, microRNAs (miRNASs) have emerged as important
regulators of EC function by fine-tuning gene expression. In this review, we discuss how miRNAs
regulate EC function and vascular inflammation in response to a variety of pathophysiologic
stimuli. An understanding of the role of miRNAs in EC activation and dysfunction may provide
novel targets and therapeutic opportunities for controlling atherosclerosis and other chronic
inflammatory disease states.
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Introduction

Atherosclerosis is a chronic disease of the arterial wall characterized by lipid accumulation
and low-grade inflammation [1, 2]. The pathogenesis of atherosclerosis can be divided into
three phases: initiation, lesion progression, and thrombotic complication [1]. Both animal
evidence and human evidence suggest that the initial step in the development of
atherosclerotic plaques is mediated, in part, by the monolayer of endothelial cells (ECs)
lining the inner wall of the arterial vessel. When subjected to various noxious stimuli, focal
areas of the endothelial monolayer are activated to express adhesion molecules and capture
leukocytes. After adhering to activated ECs, leukocytes—mainly monocytes and T
lymphocytes—are recruited to enter the intima by chemoattractant signals. In parallel,
cholesterol-containing low-density lipoprotein (LDL) particles accumulate in the artery wall
because of increased endothelial permeability and changes in the composition of
extracellular matrix beneath the endothelium [3]. Monocyte-derived foam cells accumulate
in lesions, and other leukocyte subsets, such as proinflammatory M1 macrophages, elaborate

“Correspondence to: Mark W. Feinberg, MD, Department of Medicine, Cardiovascular Division, Brigham and Women’s Hospital,
Harvard Medical School, 77 Avenue Louis Pasteur, NRB-742F, Boston, MA 02115, USA. mfeinberg@partners.org, Tel.:
+1-617-5254381, Fax: +1-617-5254380.

Conflict of Interest

Xinghui Sun, Nathan Belkin, and Mark W. Feinberg declare that they have no conflict of interest.

Human and Animal Rightsand I nformed Consent
This article does not contain any studies with human or animal subjects performed by any of the authors.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sunetal.

Page 2

cytokines and growth factors. Lesion progression involves the migration and proliferation of
resident smooth muscle cells (SMCs), extracellular matrix deposition, and lipid or necrotic
core formation. The subsequently formed advanced plaques may cause clinical
manifestations, such as angina, resulting from flow-limiting stenosis. Thrombotic
complications such as myocardial infarction and stroke may be due to plaque rupture or
erosion from either immature or advanced lesions associated with thin, collagen-poor
fibrous caps [1].

MicroRNAs (miRNAs) are a class of single-stranded, small noncoding RNAs. They
function by directly binding to the 3’ untranslated region (3" UTR) of specific target
messenger TNA (mRNA) sequences, leading to the reduction of protein expression by
inhibiting mRNA translation and/or promoting target mRNA degradation. Recently,
miRNAs have emerged as new regulators of atherosclerosis [4-8]. MiRNA expression is
modulated by different stimuli in various cell types involved in every stage of
atherosclerosis [5]. The role of miRNAs in cholesterol metabolism and atherosclerosis has
been reviewed elsewhere [9, 10]. Flow-regulated miRNAs and their roles in vascular
remodeling were also reviewed recently [11, 12]. Increasing evidence suggests that miRNAs
are involved in the regulation of EC function, cytokine responsiveness, and vascular
inflammation [13]. This review summarizes our current understanding of endothelial
miRNAs as critical regulators of EC activation, vascular inflammation, and the initiation of
atherosclerosis.

EC Activation and Dysfunction, and Nuclear Factor kB in Atherosclerosis

Nuclear factor kB (NF-kB) activation contributes to EC activation and dysfunction, which
play critical roles during the development of atherosclerosis [1, 14, 15]. In the arterial
endothelium, NF-xB signaling is activated by many risk factors for atherosclerosis,
including inflammatory cytokines, diabetes, oxidized LDL, angiotensin Il, and
hemodynamic forces. The resulting NF-«xB signaling leads to the expression of
proinflammatory genes, including cytokines, adhesion molecules, and chemokines [16-21].
The mammalian NF-xB family consists of five members—p65 (RelA), RelB, c-Rel, p50
(NF-xB1), and p52 (NF-xB2). These transcription factors form different heterodimers and
homodimers, which are retained in the cytosol by a family of inhibitory proteins known as
inhibitors of NF-«xB (IxB) [22, 23]. In the canonical NF-xB signaling pathway, the 1xB
kinase (IKK) complex is activated in response to a variety of stimuli. The activated IKK
complex rapidly phosphorylates IxBa at two N-terminal serines, resulting in its ubiquitin-
induced degradation by the 26S proteasome [24]. This leads to the release of NF-xB
heterodimers that translocate to the nucleus, where they bind to kB elements that drive a
wide range of gene expression. NF-«xB signaling is tightly and precisely regulated by
different mechanisms at multiple levels [25-29], and failure to control this pathway
contributes to the development of many chronic diseases, such as atherosclerosis [15, 30].
Activation of NF-xB has been detected in human SMCs, macrophages, and ECs in the
fibrotic-thickened intima/media and atheromatous areas of the atherosclerotic lesion, but not
in vessels lacking atherosclerosis [31]. Activated NF-xB was also detected in arterial intimal
cells or ECs in animals with an cholesterol-enriched diet [19, 32]. Numerous studies
convincingly demonstrate that inhibition of the endothelial NF-xB signaling pathway or its
target gene expression ameliorates atherosclerosis [33—-36], whereas the role for myeloid
NF-xB in the pathogenesis of atherosclerosis remains controversial [37-39].
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A role for miRNAs in EC activation and dysfunction was first provided by Harris et al. [40],
who detected that miR-126 reduced vascular cell adhesion molecule 1 (VCAM-1)
expression in ECs by binding to its 3’ UTR, an effect that reduced leukocyte-EC
interactions in response to TNF-a. Subsequent studies have shown that miR-126 inhibits
VCAM-1 induced by additional stimuli such as triglyceride-rich lipoproteins isolated from
subjects after consumption of a high-fat meal [41]. Control of miR-126 expression may be
mediated, in part, by the E26 transformation-specific sequence (Ets) factors Ets-1 and Ets-2,
which are known to regulate EC differentiation and vascular inflammation [42—-44]. Ets-1
expression was induced in response to proinflammatory stimuli and, in turn, activated
expression of inflammatory genes such as monocyte chemoattractant protein 1 (MCP-1) and
VCAM-1 [45]. These data suggest that the induction of miR-126 could be a critical part of a
negative-feedback loop to dampen Ets-1-induced inflammatory responses. MiR-126 was the
most abundant miRNA in apoptotic bodies derived from ECs [46]. MiR-126 expression has
also been identified in EC-derived apoptotic bodies, where it induced CXCL12 expression
by targeting RGS16, a negative regulator of CXCRA4. Intravenous injection of endothelial
apoptotic bodies mobilized progenitor cells to peripheral blood, increased the incorporation
of progenitor cells into aortic root plaques, and protected mice from atherosclerosis in an
miR-126-dependent manner [46]. Clinically, the level of circulating miR-126 was reduced in
young patients with stroke and patients with coronary artery disease [47, 48], suggesting that
miR-126 may be an important regulator of vascular function in human disease.

We recently identified miR-181b as a critical regulator of NF-xB-mediated vascular
inflammation by virtue of miR-181b’s ability to directly target importin-a3, a protein critical
for NF-xB translocation from the cytoplasm to the nucleus [49]. With use of a microarray
profiling approach, miR-181b expression was rapidly reduced in response to the
proinflammatory stimulus TNF-a. Both TNF-a and lipopolysaccharide reduced miR-181b
expression in ECs in vitro and in the aortic intima in vivo [49]. Gain-of-function and loss-of-
function studies revealed that miR-181b regulated the NF-xB signaling pathway and NF-
KkB-responsive gene expression in the activated vascular endothelium. Consistent with its
inhibitory effect on NF-xB activation, systemic delivery of miR-181b mimics reduced EC
activation, leukocyte accumulation, and lung inflammation and improved survival by
approximately 50%. In contrast, miR-181b inhibition exacerbated inflammation and
increased NF-xB-responsive gene expression. Microarray gene chip analysis and
bioinformatic approaches validated six biological processes related to the NF-xB signaling
pathway and identified an enriched set of NF-«xB target genes whose expression was reduced
by miR-181b in response to TNF-a. Surprisingly, there was no effect of miR-181b on
upstream NF-xB mediators, including the IKK complex, 1xBa, or IkBa phosphorylation,
raising the possibility that miR-181b inhibited downstream NF-xB signaling by targeting the
NF-kB translocation step. Emerging studies demonstrate that NF-xB translocation from the
cytoplasm to the nucleus is an active process that requires a family of proteins termed
importins [50-53]. Several importin-a members (e.g., importin-a3, importin-a4, and
importin-a5) heterodimerize to NF-xB family members such as p65 and p50 [52, 53].
Indeed, using in silico prediction algorithms, we identified several potential importin-a
members as targets; however, only importin-a3 expression and its 3’ UTR were uniquely
inhibited by miR-181b in ECs [49].

Mechanistically, several pieces of experimental data confirmed that importin-a3 is a bona

fide target of miR-181b in ECs in vitro and in vivo. First, miR-181b suppressed p65 nuclear
translocation and activation of the NF-xB pathway by binding to two consensus sites of the
importin-a3 3’ UTR and reducing its expression. Second, argonaute 2 immunoprecipitation
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studies verified that miR-181b associated directly with importin-a3 mRNA, which was
enriched fivefold compared with a nonspecific control miRNA mimic. Third,
overexpression of importin-a3 lacking its 3" UTR could effectively rescue the miR-181b-
mediated inhibition of NF-xB activity and target genes (e.g., VCAM-1, E-selectin) in vitro
and in lung ECs in vivo. Fourth, small interfering RNA (siRNA)-mediated “knockdown” of
importin-a3 expression “phenocopied” the inhibitory effects of miR-181b on NF-xB in ECs
in vitro and in vivo. Finally, miR-181b’s inhibitory effects on NF-xB was significantly
blocked in the presence of siRNA-mediated knockdown of importin-a3 in vivo [49].
Importantly, in TNF-a-treated ECs, the inhibitory effect of miR-181b was specific for the
NF-kB signaling pathway as miR-181b had no effect on major mitogen-activated protein
kinase (MAPK) downstream signaling pathways, including extracellular-signal regulated
kinase (ERK) 1/2, p38, or c-Jun N-terminal kinase. The inhibitory effect of miR-181b was
specific to ECs as no inhibition of NF-xB activity could be detected in peripheral blood
mononuclear cells of endotoxemic mice. Collectively, these findings implicate miR-181b as
a novel regulator of NF-kB-mediated EC activation and vascular inflammation in response
to acute proinflammatory stimuli, and provide new opportunities for anti-inflammatory
therapy (Fig. 1).

We have recently uncovered a protective role for miR-181b in chronic inflammation in the
context of atherosclerosis [54]. MiR-181b expression was reduced in the vascular
endothelium and plasma of ApoE~'~ mice fed a high-fat diet. Consistent with these
observations, circulating miR-181b expression in the plasma was markedly reduced in
patients with coronary artery disease. Systemic delivery of liposomally encapsulated
miR-181b mimics resulted in a 2.3-fold overexpression of miR-181b in the aortic intima of
ApoE~~ mice and inhibited NF-«xB signaling revealed by bioluminescence imaging and
reduced NF-xB-responsive gene expression in the aortic arch in ApoE~~/NF-kB-luciferase
transgenic mice. Importantly, weekly intravenous injections of miR-181b significantly
inhibited atherosclerotic lesion formation, proinflammatory gene expression, and the
accumulation of lesional macrophages and CD4* T cells in the vessel wall. Remarkably,
miR-181b inhibited the expression of the target gene importin-a3, an effect that reduced
NF-kB nuclear translocation specifically in the vascular endothelium of lesions; in contrast,
leukocyte NF-xB signaling was surprisingly unaffected despite a sevenfold overexpression
of miR-181b. The basis for the cell-specific inhibition by miR-181b raised the possibility
that importin-a3 may not be the dominant importin-a family member in leukocytes to
mediate NF-xB activation. Indeed, our studies revealed that NF-xB nuclear translocation in
leukocytes is mediated by importin-a5, which miR-181b does not target, and that the ratio
of importin-a5 to importin-a3 expression is significantly higher in leukocytes, whereas it is
the opposite in ECs. Finally, these studies highlighted that inhibition of NF-«xB signaling
specifically in the vascular endothelium is sufficient to mediate miR-181b’s protective
effects in atherosclerotic lesion formation. These findings are consistent with prior studies
showing that inhibition of NF-«xB signaling specifically in ECs (by ablating IKKy/NF-xB
essential modulator or expression of a dominant-negative IxBa) confers an atheroprotective
effect in ApoE~~ mice [33]. These findings support the rationale that delivery of miR-181b
may provide a novel therapeutic approach to treat chronic inflammatory diseases such as
atherosclerosis.

Delivery of miR-181b mimics to inhibit downstream NF-xB signaling in the vascular
endothelium may offer several advantages: (1) previous targeting of upstream NF-xB
signaling effectors including IKKs or IxBa may lead to off-target effects owing to the vast
number of interdependent signaling pathways that they regulate (e.g., MAPK signaling,
insulin signaling, and p53) [55-58]; (2) miR-181b-mediated inhibition of importin-a3
expression offers targeting of a focused downstream event by suppressing NF-xB nuclear
translocation; (3) miR-181-mediated targeting of importin-a3 only inhibits NF-xB
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activation in the vascular endothelium, and not leukocytes, of lesions because of the
differential expression of importin-a3 and importin-a5 (which miR-181b does not target) in
ECs and leukocytes, respectively; and (4) the cell-specific miR-181b effects on NF-xB in
response to inflammatory stimuli may be advantageous, for example, to avoid inhibition of
myeloid NF-xB in order to maintain optimal protection in response to various infectious
pathogens.

Other regulators of cytokine-induced EC activation include miR-31 and miR-17-3p, which
target the 3’ UTRs of E-selectin and intercellular adhesion molecule 1 (ICAM-1)
respectively, to reduce their expression in TNF-a-stimulated ECs, an effect that inhibited
adhesion of leukocytes to activated EC monolayers [59]. The expression of miR-31 and
miR-17-3p is induced by TNF-a, suggesting that these miRNAS constitute a negative-
feedback loop to regulate the inflammatory response by directly targeting the 3’ UTRs of
inflammatory genes. Whether miR-31 and miR-17-3p regulate E-selectin and ICAM-1
expression, respectively, or impact EC function in vivo remains unknown. More recently,
elegant studies by Cheng et al. [60] revealed that proinflammatory cytokines induced
expression of miR-146a and miR-146b in ECs in a delayed kinetic fashion that coincided
with the reduction of inflammatory gene expression. Overexpression of miR-146a
ameliorated endothelial activation, and genetic or locked nucleic acid—anti-microRNA-
mediated inhibition of miR-146a had the opposite effect. MiR-146 inhibited both the NF-xB
pathway and the MAPK pathway by directly targeting HUR, an RNA-binding protein which
exerts inhibitory effects on endothelial nitric oxide synthase (eNOS), thereby promoting
endothelial activation. Thus, miR-146 is another critical component of a negative-feedback
loop that controls endothelial activation and dysfunction [60].

Endothelial miRNAs in Hyperglycemia and Diabetes-Induced EC Activation
and Dysfunction and Atherosclerosis

Patients with type 2 diabetes are associated with increased cardiovascular disease [21, 61,
62]. EC dysfunction and vascular inflammation are closely linked with the pathogenesis of
type 2 diabetes [63]. For example, blockade of the intracellular NF-xB pathway specifically
in the vascular endothelium prevents obesity and age-related insulin resistance, and
extended longevity; furthermore, these effects were associated with reduced macrophage
accumulation in tissues and enhanced blood flow and mitochondrial function [64]. Several
miRNASs have emerged as potential regulators of EC function under diabetic conditions.
Wang et al. [65] identified that high glucose concentration induced miR-320 expression in
myocardial microvascular ECs. Inhibition of miR-320 improved proliferation and migration
myocardial microvascular ECs, which has implications for diabetic-impaired angiogenesis.
More recently, expression of miR-503 was found to be increased in cultured conditions
mimicking high glucose concentration [66]. Consistently, miR-503 expression also
increased in ECs enriched from ischemic limb muscles of streptozotocin-induced diabetic
mice [66]. Moreover, miR-503 expression was remarkably higher in muscles and plasma
from diabetic patients and inversely correlated with expression of cell division cycle 25A, a
known target gene that controls cell cycle function [66]. Local inhibition of miR-503
promoted vascular wound healing and blood-flow recovery in a diabetic mouse model of
limb ischemia [66]. Expression of another miRNA, miR-29c, was increased in
microvascular ECs exposed to hyperglycemic conditions and in the kidney from diabetic
mice [67]. Overexpression of miR-29c decreased the levels of Spry1 protein and promoted
activation of Rho kinase, which suggests that miR-29¢ may be a key miRNA governing
kidney remodeling during diabetic nephropathy [67]. Finally, miR-221 expression increased
in ECs in response to advanced glycation end products or glucose, and its overexpression
reduces c-kit expression [68]. In contrast, a more recent study showed that high
concentrations of glucose or advanced glycation end products decreased miR-221/miR-222
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expression in ECs [69]. Moreover, reduced miR-221/miR-222 expression induced cell cycle
arrest owing to the upregulation of p27KIP1 and p57KIP2 (cyclin-dependent kinase
inhibitors), which are known miR-221/miR-222 direct targets [69]. Whether these miRNAs
discussed above are involved in the pathogenesis of diabetic-associated atherosclerosis
remains unknown.

MiRNAs in Aging-Induced EC Senescence and Atherosclerosis

Aging is a major risk factor for cardiovascular diseases, including atherosclerosis. Several
miRNAs, including miR-146a, miR-181a, miR-26a, and miR-221, have been found to be
modulated by EC senescence as measured at early and late human umbilical vascular EC
(HUVEC) cell passage [70]. MiR-146a expression was reduced in response to late EC
passage, and overexpression of miR-146a improved EC senescence by reducing the
predominant NADPH oxidase protein isoform NADPH oxidase 4 and p-galactosidase
expression [70]. Endothelial senescence is also controlled by miR-217 and miR-34a [71-
73]. SIRT1, a major regulator of longevity and metabolic disorders, is a class Il histone
deacetylase involved in deacetylation of many proteins, including NF-xB and peroxisome-
proliferator-activated receptor v [74], and its expression is progressively reduced in multiple
tissues during aging. MiR-217 expression increased in later-passaged ECs and targeted
SIRT1 3’ UTR to reduce its expression. Furthermore, in human atherosclerotic lesions,
miR-217 expression inversely correlated with SIRT1 expression [73]. MiR-34a also targeted
SIRT1 expression in ECs to trigger EC senescence [71]. MiR-34a expression is increased in
senescent ECs and in the heart and spleen of older mice [71]. MiR-34a expression was also
upregulated in atherosclerotic arteries [75]. An age-related increase in miR-34a expression
also promoted cardiac senescence by reducing the expression of phosphatase 1 nuclear
targeting subunit, a novel miR-34a target [76]. Whether the miR-34a/phosphatase 1 nuclear
targeting subunit axis is functionally active in cardiac ECs remains unknown. Taken
together, emerging studies implicate functional roles for several miRNAs, such as
miR-146a, miR-217, and miR-34a, in EC senescence. Further studies will be required to
determine if these mMiRNAs dynamically regulate atherosclerosis and its attendant
consequences in the elderly.

MiRNAs in Hypertension, EC Activation, and Atherosclerosis

Hypertension also affects endothelial function and is a significant contributor to
atherosclerosis and cardiovascular disease. In spontaneously hypertensive rats, expression of
miR-125a-5p and miR-125b-5p decreased and, as a consequence, resulted in increased
expression of endothelin 1, a potent vasoconstrictive peptide that promotes endothelial
inflammation and atherosclerosis [77]. In miR-21 endothelial-specific knockout mice,
diastolic blood pressure was reduced and acetylcholine-induced endothelium-dependent
relaxation of the aorta was impaired [78]. In addition, miR-21 deficiency decreased the
aortic elastin content and increased the wall thickness of the thoracic aorta media layer and
aortic stiffness. At the molecular level, deletion of miR-21 increased the expression of
Smad7, connective tissue growth factor, matrix metalloproteinase 2, and matrix
metalloproteinase 10, while decreasing the expression of Smad2, Smad5, and tissue inhibitor
of metalloproteinase 4. These data suggest that endothelial miR-21 may play a critical role
in vascular remodeling through regulating transforming growth factor (TGF) B signaling
[78].

Angiotensin Il regulates multiple aspects of EC function. In response to angiotensin I, the
expression of Ets-1, a transcription factor that plays a pivotal role in the vascular
inflammatory response, and its target genes VCAM-1, MCP-1, and Fms-like tyrosine kinase
1 (FLT-1), is increased, which can contribute to atherosclerotic lesion formation. Several
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studies have implicated an important role for miR-155 in regulating angiotensin Il and Ets-1
signaling in ECs. For example, in response to angiotensin Il, miR-155 (and miR-221)
directly targeted Ets-1, an effect that reduced VCAM-1, MCP-1, and FLT-1 expression with
a concordant reduction in leukocyte—EC interactions and EC migration [79]. In addition,
miR-155 also reduced ERK1/2 activation in aortic adventitial fibroblasts [80] and ECs [81],
and attenuated apoptotic factors by targeting the angiotensin 11 type 1 receptor [82].
MiR-155 was also found to increase expression of heme oxygenase 1 (HO-1), a stress-
inducible enzyme that exerts anti-inflammatory effects in the endothelium, and plays a
protective role in cardiovascular diseases, including atherosclerosis. The induction of HO-1
expression was due to the ability of miR-155 to inhibit the expression of BACH1, a
transcriptional repressor of the HO-1 gene [83]. Although these studies suggest a protective
role for miR-155 in EC function, other reports suggest that it may promote EC dysfunction.
In HUVECs, miR-155 targeted the 3’ UTR of eNOS. MiR-155 overexpression decreased
whereas miR-155 inhibition increased eNOS expression and NO production in ECs and
acetylcholine-induced endothelium-dependent vasorelaxation in human internal mammary
arteries [84]. Expression of miR-155 was also induced by TNF-a and decreased by
simvastatin [84]. Finally, miR-155 expression was elevated in the atherosclerotic thoracic
aorta from ApoE ™~ mice, and in plasma samples from patients with coronary artery disease
[85].

The role of miR-155 in atherosclerosis remains controversial. Although endothelial-specific
overexpression or deletion of miR-155 has not been reported, hematopoietic deficiency of
miR-155 led to more advanced and inflammatory atherosclerotic lesions in LDLR™~ mice
harboring miR-155-deficient bone marrow cells [85]. In contrast, leukocyte-specific
miR-155 deficiency reduced plaque size and the number of lesional macrophages after
partial carotid artery ligation in ApoE ™~ mice receiving miR-155-deficient bone marrow
cells [86]. BCL®6, a negative regulator of NF-«xB signaling, was identified as a direct target
of miR-155 that may underlie these effects [86]. In contrast, systemic intravenous delivery
of miR-155 *agomiRs” to overexpress miR-155 reduced atherosclerotic lesion formation in
ApoE~~ mice and inhibited inflammatory cytokine production as part of a negative-
feedback loop by targeting MAPK kinase kinase 10 [87]. Taken together, the disparate
effects of miR-155 on atherosclerosis may be due to the role of miR-155 in specific cell
types or stage-dependent effects. Indeed, the opposing effects of miR-155 on
proinflammatory gene expression (protective) and eNOS (inhibitory) may suggest distinct
roles for miR-155 in EC adhesion and vasoreactivity, respectively. Further studies will be
required to interrogate the functional role of miR-155 in different cell types, tissues, and
stages of atherosclerotic lesion severity to assess whether miR-155 could serve as a target
for therapy.

MicroRNAs in Shear-Stress-Induced EC Activation and Atherogenesis

Both human and animal atherosclerotic lesions preferentially develop at arterial branch
points, bifurcations, and the lesser curvature of the aorta [20, 88, 89]. The phenomenon is
explained, in part, by the presence of disturbed wall shear stress that results from flow
separation and reattachment, reciprocating flow, low shear stress, and flow reversal during
the cardiac cycle [89]. The ECs at atherosclerosis-prone regions exhibit increased
permeability and a highly proliferative state. Disturbed flow enhances endothelial
permeability by modulating the expression and distribution of intracellular junctional
proteins, including connexins and vascular endothelial cadherin [90-94]. In particular, these
ECs are proinflammatory, with increased signaling (e.g., NF-xB activation), gene expression
(e.g., increased VCAM-1 and ICAM-1 expression), and function (e.g., leukocyte adhesion)
[95, 96].
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MiRNAs are differentially expressed in response to different flow patterns both in vitro and
in vivo. In HUVECs following 12 h of high laminar shear stress at 12 dyn/cm?
(approximating the hemodynamic force in the straight part of arteries), 35 miRs including
miR-19a, miR-181b, miR-10a, and miR-29c were upregulated and 26 miRs were
downregulated compared with the static control cells. Among these regulated miRNAs,
miR-19a expression increased after laminar shear stress and miR-19a reduced cyclin D1
expression by binding to its 3’ UTR [97], thereby suggesting a new mechanism by which
high laminar shear stress keeps ECs in a low proliferative state. Given the role of miR-181b
in suppressing NF-xB in ECs [49], it will be interesting to assess if it also contributes to EC
quiescence under laminar flow. In a similar study, miRNA profiling identified eight
upregulated and 13 downregulated miRNAS in response to 24 h of pulsatile shear flow (12 £
4 dyn/cm?), with a significant forwarding direction in comparison with the static condition
[98]. MiR-23b was one of the upregulated miRNAs, and it suppressed endothelial
proliferation by reducing E2F1 expression and Rb phosphorylation [98]. In fibroblast-like
synoviocytes, miR-23b inhibited NF-«xB activation by targeting TGF-p-activated kinase 1/
MAPK kinase kinase 7 binding protein 2, TGF-p-activated kinase 1/MAPK kinase kinase 7
binding protein 3, and IKK-a [99]. However, it is unknown if miR-23b regulates NF-xB
signaling in ECs. Laminar shear stress also increased miR-27a/b expression in ECs;
overexpression of miR-27a/b promoted EC sprouting, whereas inhibition of miR-27a/b
impaired sprouting and induced EC repulsion, an effect mediated by targeting semaphorin
6A [100]. Laminar shear stress (12 dyn/cm?; 12 h) also induced the expression of miR-101,
which reduced the expression of the mammalian target of rapamycin gene by targeting its 3’
UTR, and inhibited EC proliferation [101].

By comparative miRNA microarray profiling of ECs from the atherosusceptible region of
the inner aortic arch and the atheroprotected region of the descending thoracic aorta in
swine, Fang et al. [102] found that the expression of miR-10a was lower in the
atherosusceptible region. MiR-10a bound to the 3’ UTRs of MAPK kinase kinase 7 and the
B-transducin repeat-containing gene, two key regulators of 1xBa degradation, and reduced
their expression [102]. Subsequently miR-10a suppressed proteasomal degradation of IxBa
and inhibited the canonical NF-kB signaling pathway in ECs in vitro [102]. A functional
role for miR-10a in regulating atherosclerosis will require further investigation. Another
miRNA, miR-21, was induced in response to oscillatory shear stress (0.5 + 4 dyn/cm?) in
comparison with laminar shear stress (12 + 4 dyn/cm?) [103]. Induced miR-21 enhanced the
expression of proinflammatory genes, including VCAM-1 and MCP-1 and, consequently,
enhanced leukocyte—EC interactions [103]. This proinflammatory effect of miR-21 resulted
from targeting the 3" UTR of peroxisome-proliferator-activated receptor a expression and
activation of the AP-1 signaling pathway [103]. Oscillatory shear stress induced miR-21
expression through AP-1 activation and c-Jun-mediated transcription, thereby suggesting
that sustained induction of miR-21 contributes to the proinflammatory response in ECs
through a positive-feedback loop. A recent study demonstrated that miR-663 was the most
significantly induced miRNA in response to oscillatory shear stress (5 dyn/cm? at 1 Hz) for
24 h compared with unidirectional laminar shear stress at 15 dyn/cm? [104]. Overexpression
of miR-663 increased monocyte—EC adhesion likely by altering the expression of an array of
transcriptional regulators [104]. Finally, miR-92a expression was reduced by pulsatile
laminar shear stress and increased by oscillatory shear stress [105]. Overexpression of
miR-92a inhibited NO production in ECs by targeting the transcription factor KLF2, a
positive regulator of eNOS expression. Indeed, flow-mediated vasodilation was suppressed
in a mouse carotid artery transfected with miR-92a [105]. Inhibition of miR-92a also
dampened TNF-stimulated EC activation and leukocyte—endothelial interactions, effects that
were attributable to enhanced KLF4 expression [106]. MiR-92a can reduce both KLF2
expression and KLF4 expression by directly targeting their 3’ UTRs [106]. Consistent with
this inverse relationship, miR-92a expression was elevated and both KLF2 expression and
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KLF4 expression were decreased at atherosusceptible sites in swine aortic arch relative to
the protected thoracic aorta. In further studies it will be interesting to assess whether in vivo
administration of any of these shear-stress miRNAs will alter the pathogenesis of
atherosclerosis.

An emerging paradigm in cardiovascular biology is the ability of miRNAs to exhibit
paracrine effects through either direct or indirect communication from one cell to another
within tissues. For example, atheroprotective laminar shear stress induces the release from
ECs of miR-126, which acts as a key intercellular mediator to increase SMC turnover [107].
Similarly, in response to overexpression of KLF2 or shear-stress-stimulated ECs,
extracellular vesicles were released containing miR-143 and miR-145, which induced an
atheroprotective SMC phenotype [108]. Systemic delivery of these extracellular vesicles
also inhibited atherosclerotic lesion formation in an miR-143/145 dependent manner [108].
Taken together, these studies suggest that miRNAs are important regulators of EC function
and signaling pathways in response to shear stress and may control cell phenotypes in the
vessel wall through extracellular communication.

MicroRNAs in Pluripotency, Endothelial Differentiation, and
Transdifferentiation

A primary event in atherosclerotic lesion progression is damage to the endothelium resulting
in endothelial activation, dysfunction, and senescence [109]. MiRNAs may provide a
therapeutic tool in preventing atherosclerotic lesion progression through their role in
inducing differentiation, reprogramming, and transdifferentiation of cells toward a healthy
endothelial phenotype.

MiRNAs are known to play a role in both maintaining the pluripotency and guiding the
differentiation of embryonic stem cells (ESCs). Dicer knockout mice die early in
development owing to lack of proper ESC proliferation and differentiation [110].
Pluripotency factors such as Oct4, Sox2, and Nanog bind miRNA promoters, inducing the
expression of many miRNA families [111]. The miR-290 cluster is the most highly
expressed miRNA in ESCs, representing more than 70% of total expression [111]. MiRNAs
from that cluster (miR-291, miR-294, and miR-295) along with the miR-302 cluster are
known to repress cell cycle inhibitors of the cyclin E-cyclin-dependent kinase 2 pathway,
promoting a pluripotent state [112, 113]. In addition to their role in maintaining
pluripotency, miRNAS reprogram cells by inducing dedifferentiation to an induced
pluripotent stem (iPS) cell state. For example, members of the miR-290 cluster when
expressed with the pluripotency transcription factors Oct4, Sox2, and KLF4 enhanced the
reprogramming of mouse embryonic fibroblasts to an iPS cell state [114]. Inhibition of the
let-7 family of miRNAs enhanced reprogramming of somatic cells [115]. Overexpression of
the miR-302 cluster and miR-367 has been shown to reprogram mouse and human somatic
cells even in the absence of the pluripotency factors Oct4, Sox2, and KLF4 [116].

In addition to inducing the reprogramming of cells to an iPS cell state, miRNAs also guide
the differentiation of pluripotent cells. MiRNASs are implicated in regulating endothelial
differentiation. Dicer-knockout mice die between days 12.5 and 14.5 of gestation, display
altered vascular endothelial growth factor (VEGF), FLT-1, kinase insert domain receptor,
and Tie2 expression, and fail to properly develop blood vessels in the embryo and yolk sac
[117]. Endothelial-specific Dicer-knockout mice, although not displaying embryonic
lethality, also possess impaired angiogenic properties after ischemic injury or in response to
VEGF signaling [118]. In vitro, siRNA-induced Dicer “knockdown™ in ECs reduced
endothelial functional properties [119]. During directed endothelial differentiation from
human ESCs, expression of a number of proangiogenic miRNAs (miR-296, miR-210,
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miR-133b, miR-133a, miR-139a, miR-126, let-7a, let-7b) is increased and expression of a
number of antiangiogenic miRNAs (miR-222, miR-221, miR-20a, miR-20b) is decreased
[120]. Although these angiogenic miRNAs are correlated with endothelial differentiation, no
studies have demonstrated a causal link between the two. One study investigated whether
the miR-17-92 cluster, a group of miRNASs known to play a role in neovascularization, was
required for endothelial differentiation [121]. This cluster was found to be induced on
endothelial differentiation. However, cholesterol-modified antagomiR “knockdown” of the
miR-17-92 cluster did not impair endothelial differentiation. Further studies will need to
determine which of these miRNAs who expression is increased with endothelial
differentiation from ESCs are causally linked to the differentiation process. Another recent
study has linked miR-99b, miR-181a, and miR-181b in inducing the differentiation of
human ESCs to vascular ECs [122]. MiRNA microarray analysis of human ESCs in
different stages of differentiation toward an endothelial phenotype demonstrated that
miR-99b expression, miR-181a expression, and miR-181b expression were all increased in a
coordinated fashion with endothelial differentiation [122]. Furthermore, overexpression of
these miRNAs using a lentiviral-expression method in human ESCs enhanced endothelial
differentiation by increasing mRNA and protein expression of endothelial markers (platelet
endothelial cell adhesion molecule 1, vascular endothelial cadherin, and eNOS) and by
improving neovascularization in vivo [122]. MiR-181a has been shown to repress Prox1, a
protein characteristic of the lymphatic endothelial phenotype [123]. Thus, miR-181a may be
necessary for vascular-specific endothelial differentiation. Furthermore, miR-99b, miR-20b,
and let-7b have also been shown to be differentially expressed in different EC types
throughout the body and may provide a clue to endothelial-specific vascular differentiation
[124]. Finally, miR-126 is involved in the differentiation of mesenchymal stem cells to an
endothelial phenotype through activation of the phosphatidylinositol 3-kinase/Akt and
MAPK/ERK signaling pathways [125].

Another manner in which miRNAs may be used to enhance re-endothelialization and the
maintenance of a healthy endothelium is through the process of transdifferentiation.
Transdifferentiation is defined as the changing of phenotypes of a differentiated cell into a
different phenotype without entering a dedifferentiated, iPS-cell-like transition state as
characterized in reprogrammed cells [126]. Margariti et al. [127] first demonstrated that
transdifferentiation to an endothelial phenotype was possible by treating human fibroblasts
with Oct4, Sox2, KLF4, and c-Myc for 4 days. After 4 days, a partial iPS (PiPS) cell was
created. The PiPS cell, although not identical to the iPS cell phenotype, was still able to
differentiate to an endothelial phenotype (PiPS-EC) when placed in endothelial
differentiation medium. The PiPS-EC cells enhanced neovascularization and blood flow in
response to hindlimb ischemia. Li et al. [128] used a more directed transdifferentiation
approach to an endothelial phenotype using a lentiviral technique to overexpress Oct4 and
KLF4 in human neonatal fibroblasts in a combined endothelial and fibroblast growth
medium containing differing concentrations of a number of soluble factors, including
VEGF, bone morphogenic protein 4, and basic fibroblast growth factor. After 28 days in this
differentiation condition, patches of ECs emerged at a low frequency (3.85%). When
isolated and expanded, these cells demonstrated endothelial phenotypic mRNA and protein
expression patterns and displayed endothelial functional properties. Finally, mature c-Kit™
amniotic cells have also been transdifferentiated to an endothelial phenotype when grown
with the Ets transcription factors ETV2, FLI1, and ERG1, along with TGF-f inhibition
[129].

The role of miRNAs in transdifferentiation to an endothelial phenotype has not been
investigated sufficiently. Nevertheless, an emerging role for miRNAs in transdifferentiation
of other relevant cardiovascular cell types has been reported, for example, in
transdifferentiating fibroblasts to cardiomyocytes [23, 130]. Jayawardena et al. [23]
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identified six candidate miRNAs known to play a role in cardiac muscle development and
differentiation and transfected human cardiac fibroblasts with these miRNAs in various
combinations of three and found that miR-1, miR-133, and miR-208 were most efficient in
converting the fibroblasts to a cardiac myocyte phenotype which demonstrated mature
cardiomyocyte marker expression, sarcomeric organization, and calcium flux signaling
sensitivity. Nam et al. [130] also transdifferentiated cardiac fibroblasts to cardiomyocytes
using miR-1 and miR-133 in combination with the four human cardiac transcription factors
GATAA4, Hand2, T-box5, and myocardin. Although the role of miRNA in
transdifferentiating cells to an endothelial phenotype has not yet been investigated, there is
likely a role for miRNAs in this process. Studies incorporating endothelial growth and
transcription factors with miRNAs that are known to play a role in endothelial
differentiation may provide potent transdifferentiation conditions and provide the foundation
for therapies to repair the damaged endothelium in the course of atherosclerosis.

Concluding Remarks

Great progress has been achieved to treat atherosclerosis in the last several decades. Statins,
a group of pharmacologic inhibitors of 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase,
have been widely used to treat patients in the primary or secondary prevention of coronary
artery disease. Although statins effectively reduce LDL levels and cardiovascular risk, a
considerable residual burden of coronary artery disease remains even in patients treated with
statins. Novel complementary therapeutic approaches will likely be helpful for treating
disease states such as atherosclerosis involving complex signaling networks. In this regard,
because miRNAs can target multiple genes often in the same regulatory network, miRNAs
can have tremendous effects on biological pathways, cell function, and homeostasis in the
vessel wall. To develop miRNA-based therapeutics, the following are needed: (1) better
understanding of the pharmacokinetics and pharmacodynamics of miRNA inhibitors or
mimics in vivo; (2) identification of miRNA-specific targets, (3) better understanding of
miRNA cell-type specific functions under pathophysiological stimuli, and (4) the
development of various technologies to facilitate tissue-specific delivery. Indeed, miRNA
therapeutics has inched toward the clinic, with miR-122 inhibitors demonstrating strong
efficacy and reasonable safety for patients infected with chronic hepatitis C in a phase lla
trial [131]. Accumulating studies suggest that miRNA mimics may also be as efficacious
using novel delivery strategies including liposomal, nanoparticle, or microvesicle
formulations that can accumulate in the vessel wall, including the vascular endothelium [49,
54, 108]. Delivery of a cassette of mMiRNA mimics or inhibitors may facilitate “fine-tuning”
of the vascular endothelium as an attractive therapeutic approach to prevent atherosclerosis
and ischemic cardiovascular disease.
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Fig. 1.

Endothelial microRNAs and vascular inflammation. MiR-17-3p, miR-31, and miR-126
target the 3’ untranslated regions (UTRs) of intercellular adhesion molecule 1 (ICAM-1), E-
selectin, and vascular cell adhesion molecule 1 (VCAM-1), respectively. MiR-181b targets
the 3’ UTR of importin-a3 to suppress downstream nuclear factor kB (NF-xB) signaling by
inhibiting NF-xB nuclear translocation. MiR-146 targets the 3’ UTR of TNF-receptor-
associated factor 6 (TRAF6) and HuR, respectively, to regulate NF-xB activation and
endothelial nitric oxide synthase (eNOS) expression. The expression of miR-10a and
miR-92a is regulated by shear stress. MiR-10a reduces NF-kB activation by targeting the 3’
UTR of mitogen-activated protein kinase kinase kinase 7 and the -transducin-repeat-
containing gene (4 TRC). MiR-92a is involved in the regulation of endothelial activation by
targeting the transcription factors KLF2 and KLF4
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Table 1

MiRNAs involved in endothelial cell activation, dysfunction, and vascular inflammation

miRNAs Targets Functions References
miR-10a MAP3K7, BTRC  Inhibits upstream canonical NF-xB signaling pathway [102]
miR-17-3p  ICAM-1 Decreases leukocytes adhesion to activated ECs [59]
miR-19a Cyclin D1 Mediates laminar flow induced cell growth arrest [97]
miR-21 PPARa Promotes flow induced vascular inflammation [103]
unknown Modulate vascular remodeling by regulating TGF-$1 signaling [78]
miR-23b E2F1 (indirect) Leads to cell growth arrest in response to laminar flow [98]
miR-27a/b  Semaphorin 6A Inhibition of miR-27 impaired sprouting and induced EC repulsion [100]
miR-29c Spryl Induces cell apoptosis, increases ECM protein [67]
miR-31 E-selectin Decreases leukocytes adhesion to activated ECs [59]
miR-34a SirT1 Induces EC senescence, suppresses cell proliferation [71]
PNUTs Promotes cardiac senscence [76]
miR-92a KLF2 Regulates flow-meidated EC activation [105]
KLF4, KLF2 Conbributes to flow-mediacted EC activation [106]
miR-101 mTOR Inhibits EC proliferation [101]
miR-125 Endothelin-1 Reduces endothelial inflammation and atherosclerosis [77]
miR-126 VCAM-1 Inhibits leukocyte adherence to ECs [40]
RGS16 Induction of CXCL-12, atheroprotective [46]
miR-146 Nox-4 Reduction of miR-146a associated with EC senescence [70]
HuR, TRAF6 Increases eNOS expression [60]
Inhibits NF-kB and MAPK signaling and their target gene expression
miR-155 ATIR, Ets-1 Inhibits Angll-induced EC migration and leukocyte adhesion [79] - [82]
eNOS Regulates NO production and endothelium-dependent vasorelaxation [84]
BACH1 Increases Heme oxygenase 1 expression, reduces inflammation [83]
BCL6 Promotes NF-kB signaling and partial ligation induced vascular injury  [86]
MAP3K10 Inhibits cytokine production and atherosclerotic lesion formation [87]
miR-181a  Prox1 Modulate vascular specific endothelial differentiation [123]
miR-181b  Importin-a3 Inhibits downstream canonical NF-kB signaling pathway [51]
Reduces vascular inflammation in vivo
Decreases lung inflammation in endotoxemia mice
Reduces atherosclerosis [54]
miR-217 SirT1 Promoters EC senescence [73]
miR-221 c-Kit Impairs EC migration [68]
Ets-1 Inhibits Angll-induced EC activation and leukocyte adhesion [79]
p27kipl, p57kip2  Reduction of miR-221 inhibit cell cycle progression [69]
miR-222 p27kipl, p57kip2  Reduction of miR-222 inhibits cell cycle progression [69]
miR-320 unknown Inhibits myocardial microvascular EC proliferation and migration [65]
miR-503 CCNEL1, cdc25A  Inhibits EC proliferation, migration, tube formation [66]
Inhibits vascular wound healing and blood flow recovery
miR-663 KLF4 (direct?) Regulates oscillatory shear stress induced EC activation [104]
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