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A B S T R A C T

Atherosclerosis is the primary underlying cause of myocardial infarction, ischemic stroke, and peripheral artery
disease. The disease preferentially occurs in arterial regions exposed to disturbed blood flow, in part, by altering
expression of flow-sensitive coding- and non-coding genes. In this review, we summarize the role of noncoding
RNAs, [microRNAs (miRNAs) and long noncoding RNAs(lncRNAs)], as regulators of gene expression and outline
their relationship to the pathogenesis of atherosclerosis. While miRNAs are small noncoding genes that post-
transcriptionally regulate gene expression by targeting mRNA transcripts, the lncRNAs regulate gene expression
by diverse mechanisms, which are still emerging and incompletely understood. We focused on multiple flow-
sensitive miRNAs such as, miR-10a, -19a, -23b, -17~92, -21, -663, -92a, -143/145, -101, -126, -712, -205, and
-155 that play a critical role in endothelial function and atherosclerosis by targeting inflammation, cell cycle,
proliferation, migration, apoptosis, and nitric oxide signaling. Flow-dependent regulation of lncRNAs is just
emerging, and their role in vascular dysfunction and atherosclerosis is unknown. Here, we discuss the flow-
sensitive lncRNA STEEL along with other lncRNAs studied in the context of vascular pathophysiology and
atherosclerosis such as MALAT1, MIAT1, ANRIL, MYOSLID, MEG3, SENCR, SMILR, LISPR1, and H19. Also
discussed is the use of these noncoding RNAs as potential biomarkers and therapeutics to reduce and regress
atherosclerosis.

1. Introduction

Atherosclerosis is a chronic inflammatory disease of the arterial
vessel which underlies the occurrence of myocardial infarction, is-
chemic stroke, and peripheral arterial disease [1]. The disease is
characterized by the initial development of a lesion in the arterial wall
called a “fatty streak,” which contains lipid-rich macrophages [2,3].
Sustained chronic exposure to pro-inflammatory molecules from leu-
kocytes and lipids increases vascular dysfunction and the narrowing of
the arterial lumen, leading to the development of an atheromatous
plaque [4]. Interestingly, it has been observed that atherosclerotic
plaques develop preferentially in regions of the vasculature exposed to
disturbed blood flow (d-flow), typically at the branched and curved
arterial regions. D-flow is characterized by flow patterns with low-
magnitude and oscillatory shear stress (OS), whereas stable blood flow
(s-flow) is characterized by high-magnitude, unidirectional laminar
shear stress (LS) usually observed in the straight sections of the artery
[5–8].

Endothelial cells (ECs) respond to shear stress primarily through
numerous mechanosensors present on the cell surface, cell-cell junc-
tion, cell-matrix adhesion sites, and actin cytoskeletal structure, which
transduce the mechanical cues into cell signaling events and ultimately
changes in gene expression [5,9,10]. A large number of endothelial
genes that change in response to flow are referred to as flow-sensitive
genes, also known as mechanosensitive genes [11–18]. The majority of
these flow-sensitive genes are protein-coding genes, such as the ather-
oprotective Klf2 [19], Klf4 [20], Timp3, and eNOS [18], which are
upregulated by the stable flow. D-flow also upregulates a number of pro-
atherogenic genes, including vascular cell adhesion molecule-1 (VCAM-
1) [17,21], matrix metalloproteinases (MMPs) [22], and bone mor-
phogenic protein-4 (BMP4), which mediate inflammatory, proliferative,
and apoptotic responses in vascular endothelium [5,23,24].

While the role of flow-sensitive coding genes and proteins have been
extensively studied for their role in atherosclerosis [5,11,12,15,25–32],
the role of flow-sensitive non-coding genes is still emerging [33]. Non-
coding genes are transcribed into functional RNAs; however, these
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RNAs do not code for proteins, i.e., non-coding RNAs (ncRNAs). Non-
coding RNAs regulate a myriad of physiological process by acting as
regulators of gene expression at the transcriptional, post-transcrip-
tional, and epigenetic level [34–40]. In this review, we will discuss two
main categories of ncRNAs; the short ncRNAs (< 30 nucleotides) and
the long noncoding RNAs (> 200 nucleotides) or lncRNAs. Short
ncRNAs consist of microRNAs (miRNAs), siRNAs, piRNAs, and other
subgroups. Due to the limited information on other subgroups of the
short ncRNAs, we will focus our discussion on the most well-studied
group: miRNAs. Here, we review and update the current knowledge of
flow-sensitive miRNAs and functionally essential lncRNAs for their role
in vascular biology and atherosclerosis.

2. Biogenesis, transcription, and processing of miRNAs

miRNAs are short noncoding RNAs that regulate gene expression at
the post-transcriptional level [41,42]. Typical miRNAs are transcribed
by RNA polymerase II (RNA pol II) in the nucleus as pri-miRNAs, which
are trimmed into 70–100 nucleotides (nt) hairpin-shaped pre-
cursor—pre-miRNA by the Drosha–DGCR8 complex [43–46]. Pre-
miRNA is exported into the cytoplasm with the assistance of Ran-GTP
and Exportin-5 complex [47,48]. After that, the pre-miRNA is cleaved
by Dicer in association with its partners argonaute (AGO) and Trans-
Activation Responsive RNA-Binding protein (TRBP) to produce a
double-stranded 20–25 nt miRNA [49]. The fully processed miRNA
duplex is then incorporated into a multicomponent protein complex
known as an RNA-induced silencing complex (RISC). During this pro-
cess, one strand of the miRNA duplex is selected as the mature miRNA
(or miRNA-5p) while the other strand, known as miRNA* (passenger
strand or miRNA-3p) which is typically rapidly degraded [50]. Mature
miRNA-5p then further facilitates the cleavage of target mRNA and/or
its translational repression via precise mechanisms [51–53]. The seed
sequence (the nucleotides in position 2–8 of miRNA) binds to regions at
the 3′UTR of its target mRNAs via complementary pairing [54]. In silico
analyses have revealed that ~60% of protein-coding genes harbor
miRNA target sites in their 3′UTR and that a single miRNA can typically
modulate the expression of hundreds of genes. Not only are specific
miRNA genes highly conserved in animals, but their target sites in the
3′UTR of genes are also under positive evolutionary selection. MiRNAs
play an essential role in development and organogenesis and more
importantly in vascular functions [55–59].

3. Role of miRNAs in vascular dysfunction and atherosclerosis

MiRNAs are frequently dysregulated in vascular pathologies such as
atherosclerosis [60–64], and tremendous effort exists that aim to de-
velop novel diagnostic markers and therapeutics for the treatment of
atherosclerosis. Changes in miRNA expression levels due to blood flow
have the potential to affect networks of genes regulating endothelial
and vascular smooth muscle cell function, inflammation, and athero-
sclerosis.

The flow-sensitive microRNAs play essential roles in the regulation
of vascular dysfunction and atherosclerosis. Here, we broadly cate-
gorize these miRNAs based on their response to flow: (1) miRNAs up-
regulated by s-flow or downregulated by d-flow and (2) miRNAs
downregulated by s-flow or upregulated by d-flow (Table 1). MicroRNAs
such as miR-10a, 23b, and 101 are either upregulated by s-flow/LS or
downregulated by d-flow/OS, while microRNAs such as miR-17~92
cluster, 92a, 663, 712, and 205 are either upregulated by d-flow/OS or
downregulated by s-flow/LS. Other microRNAs for which the informa-
tion on flow-sensitivity is not explicit include miR-21, 155, 126, 143,
and 145. Table 1 shows the flow sensitivity of the miRNA, its validated
target genes, and its role in vascular dysfunction and atherosclerosis.

4. miRNAs upregulated by s-flow or LS

These miRNAs are either increased by s-flow/LS (atheroprotective
flow) or decreased by d-flow/OS (pro-atherogenic flow) in endothelial
cells and are shown to reduce vascular inflammation and athero-
sclerosis (Table 1 and Figure 1).

4.1. miR-10a

Stable blood flow upregulates the expression of miR-10a in the
endothelium. Loss of miR-10a results in activation of NFκB via MAP3K7
and βTRC, both of which promote IκB degradation and p65 transloca-
tion, resulting in endothelial inflammation in a porcine model of
atherosclerosis, suggesting that differential expression of miR-10a reg-
ulates a pro-inflammatory endothelial phenotype [65]. Expression of
miR-10a in the athero-susceptible aorta has recently been shown to be
rescued by retinoic acid receptor-α (RARα) and retinoid X receptor-α
(RXRα) agonists, leading to inhibition of GATA6/VCAM-1 signaling and
inflammatory cell infiltration [66]. Recently, it was shown that induc-
tion of miR-10a by administration of RARα/RXRα-specific agonists
prevents inflammation and atherosclerosis in ApoE-/- mice, providing
further support for the role of flow-sensitive miR-10a as an athero-
protective miRNA and potential therapeutic target [67].

4.2. miR-23b

Pulsatile LS or s-flow upregulates the expression of miR-23b in the
endothelium. Increased levels of miR-23b suppressed endothelial pro-
liferation by reducing E2F transcription factor 1 (E2F1) expression and
Rb phosphorylation [68]. Also, miR-23b was shown to inhibit cyclin-
dependent kinase-activating kinase (CAK) complex thereby suppressing
cell cycle progression and reducing the basal transcription of RNA Pol II
[69]. Furthermore, miR-23b was recently implicated as a novel reg-
ulator of vascular smooth muscle cell (VSMC) phenotype switching
following vascular injury [70]. Here, miR-23b inhibited VSMC pro-
liferation and migration while promoting expression of VSMC markers
genes such as smooth muscle alpha (α)-2 actin (ACTA2) and smooth
muscle myosin heavy chain 11 (MYH11). Transcription factor forkhead
box O4 (FOXO4) was also identified as a direct target of miR-23b in
VSMCs [70]. Together, these studies suggest miR-23b is a flow-sensitive
miRNA involved in maintaining cellular quiescence, regulating cell
identity and cell cycle in a flow-dependent context.

4.3. miR-101

LS increases the expression of miR-101, which then targets the
mTOR gene, leading to cell cycle arrest in vascular endothelial cells
[71]. Overexpression of miR-101 reduced the G1/S transition of the cell
cycle in ECs subjected to LS [71]. However, expression of miR-101 is
also regulated in other cell types and by various stress stimuli. For
example, miR-101 is also upregulated in response to hypoxia, where it
targets Cul3, a scaffold protein in the E3 ligase complex. Without Cul3,
the transcription factor Nrf2 enters the nucleus and promote expression
of angiogenesis-related genes [72]. In addition, in THP-1 monocytes
and hepatocytes, miR-101 has also been reported to suppress ATP-
binding cassette transporter A1 (ABCA1) expression under normal and
inflammatory conditions [73]. Together, these findings suggest that
miR-101 might regulate cellular functions in endothelium in a flow-
dependent manner and may also play a context-specific role in other
cell types.

4.4. miR-27b

miR-27b is upregulated by LS and plays a critical role in controlling
angiogenesis by controlling the activators and suppressors of en-
dothelial proliferation, migration, and differentiation [74]. Also, LS
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increased miR-27a and miR-27b expression in vitro and in ex vivo in
mouse femoral artery explants and induced interaction of pericyte-en-
dothelial cell interaction by repressing Semaphorin 6A (SEMA6A) and
Semaphorin 6A (SEMA6D), resulting in vessel stability [75]. Under an
antiangiogenic stimulus, down-regulation of miR-27b expression in-
duces Spry2 and Dll4 expression, which prevents vessel branching and
regulates endothelial cell fate, respectively [76]. In microvascular en-
dothelial cells and fibroblasts, miR-27b regulates transforming growth
factor-β (TGF-β) induced endothelial-mesenchymal transition (En-
doMT) [77,78]. Taken together, miR-27b is a flow-sensitive miRNA that
plays a critical role in the development and maintenance of blood
vessels in healthy as well as pathophysiological conditions.

4.5. miR-126

The flow regulation and atherogenic effect of miR-126 are not en-
tirely settled. However, the evidence favors that OS downregulates
miR-126-5p expression and that it plays a role as an anti-atherogenic
microRNA. MiR-126 (also referred to as miR-126-3p, miR-126*, and
miR-126-5p) is highly abundant in ECs and regulates vascular integrity,
angiogenesis [79], and inflammation [80]. The secretion of miR-126-3p
into the conditioned media, but not its intracellular expression per se,
was decreased by LS and increased by OS, respectively, in HUVECs
[81]. Endothelial-derived miR-126-3p regulated SMC turnover in an
EC-SMC co-culture system. Furthermore, genetic knockout of miR-126
inhibited neointimal formation in a complete carotid ligation model,
while local reintroduction of miR-126 in the knockout mice enhanced
neointimal formation [81], suggesting its role as a shear-sensitive pro-
atherogenic miRNA. However, subsequent studies have since found
miR-126 to have an anti-atherogenic effect mainly. First, Schober et al.
demonstrated that d-flow decreased expression of both miR-126-5p and
126-3p. Further, they showed that treatment with miR-126-5p, but not
miR-126-3p, reduced atherosclerotic lesion formation. The anti-
atherogenic effect of miR-126-5p was mediated by targeting the Notch1

ligand, Delta-like 1 homolog (Dlk1), which promoted the proliferative
potential of ECs [82]. Other studies showed that miR-126 protects ECs
from inflammation and apoptosis. MiR-126 protected ECs from in-
flammation induced by oxidized LDL and hyperglycemic conditions
[83,84]. These studies showed that miR-126 restored autophagy flux
via repressing the PI3K/Akt/mTOR pathway [83] and targeted HMGB1
[84], respectively. Also, Cerutti et al. showed miR-126 targeted en-
dothelial adhesion molecules, E-selectin and VCAM1 [85]. MiR-126 was
also able to prevent palmitate-induced apoptosis by targeting TRAF7, a
signal transducer for members of the tumor necrosis factor (TNF) re-
ceptor superfamily [86]. Interestingly, Jansen et al. showed that miR-
126 transferred from ECs to VSMCs through microparticles reduces
VSMC proliferation, migration, and subsequent neointima formation by
inhibiting LDL Receptor-Related Protein 6 (LRP6) [86]. One significant
potential source of conflicting results in many studies over the years on
miR-126 appears to be the functional differences between miR-126,
miR-126-3p, and miR-126-5p. Another possibility is due to differential
expression of gene targets in the specific cells and tissues used. Taken
together, mainly based on recent evidence, miR-126-5p appears to be
an LS-inducible and OS-repressive anti-atherogenic miRNA.

4.6. miR-143/145 cluster

The miR-143/145 cluster expression is upregulated by stable flow
and most, but not all, studies support their role as anti-atherogenic
miRNAs. Cordes et al. first reported that expression of miR-143/145 is
reduced in injured or atherosclerotic vessels [87,88]. The same study
showed that these miRs promote SMC contractile phenotype while re-
pressing proliferative response. In ECs, multiple studies showed that LS
increases miR-143/145 expression by the mechanisms involving KLF2-
dependent [87] and KLF2-independent mechanisms [89]. Hergenreider
et al. demonstrated that LS increased expression of miR-143/145 by the
KLF2-dependent manner. They further showed that these miRs were
secreted as exosomes, which in turn could be transferred to VSMCs.

Fig. 1. Flow-sensitive miRNAs and lncRNAs in vascular dysfunction and atherosclerosis: The microRNAs and long non-coding RNAs that are regulated by flow and
are implicated in vascular dysfunction and atherosclerosis through regulating gene targets in endothelial cells, smooth muscle cells, and monocytes/macrophages are
shown.
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Injection of these exosomes containing miR-143/145 inhibited ather-
ogenesis by promoting VSMC differentiation and preventing prolifera-
tion in ApoE-/- mice [87,88]. Kohlstedt et al. also showed that LS in-
creases miR-143/145 levels, but in a KLF2-independent mechanism by
activating AMPKα2 [89]. Activated AMPKα2 then phosphorylated p53
tumor suppressor, which is known to regulate the miRNA processor
drosha, thereby increasing mature miR-143/145 levels. They further
demonstrated that LS inhibits expression of angiotensin-converting
enzyme by the AMPKα2-dependent miR143/145 pathway [89]. In
contrast to the above studies, Sala et al. found that miR-143/145 de-
ficiency in LDLR-/- significantly reduced atherosclerosis in mice [90],
suggesting their role as pro-atherogenic miRNAs. Interestingly, these
miR-143/145 deficient LDLR-/- mice showed a reduction in plasma
cholesterol levels. The authors attributed this result to the effect of miR-
145 silencing the ABCA1, which plays an essential role in HDL bio-
genesis and cholesterol efflux in hepatocytes and macrophages, re-
spectively. They also showed that miR-143/145 levels were increased
in human carotid atherosclerotic plaques from symptomatic patients
[90], suggesting the role of miR-143/145 as pro-atherogenic miRs. A
more recent study showed that VSMCs could secrete miR-143/145,
which were taken up by ECs and modulated angiogenic and vessel
stability by regulating endothelial hexokinase II and integrin β8-2 [91].
Together, these results show that the role of miR-143/145 in athero-
sclerosis is not straightforward and may change depending on cell
types, animal models, and pathobiological context.

5. miRNAs upregulated by d-flow or OS

These miRNAs are either increased by d-flow/OS or decreased by s-
flow/LS in endothelial cells and associated with vascular dysfunction
and pro-atherogenic responses.

5.1. miR-17∼92

The miR-17∼92a cluster comprises several miRs, including miR-17,
18a, 19a 19b, 20a, and 92a. These miRs have been studied extensively
for flow-dependent regulation and their role in atherosclerosis. The
miR-17∼92 cluster is regulated by shear stress in that some members
(miR-17, miR-19b, miR-20a, miR-92a) were downregulated by pulsatile
LS [74]. Interestingly, s-flow increased the expression of miR-19a, and
its transient overexpression leads to a significant decrease in the cy-
clinD1 mRNA and protein levels, leading to cell cycle arrest at the G1/S
stage [68]. However, a recent study showed that miR-19a also has a
pro-inflammatory phenotype by targeting the gene high mobility group
box transcription protein 1 (HMGB1) in vitro and in vivo [92]. HMGB1 is
a repressor of macrophage migration inhibiting factor (MIF), and in-
creased expression of miR-19a under OS conditions. This leads to
higher levels of MIF resulting in the release of pro-inflammatory cyto-
kines TNFα and Interleukin-6 (IL-6) [92]. Furthermore, miR-19a is
upregulated in CD19+ B-cells from patients with atherosclerosis,
where it has been shown to suppress the anti-inflammatory cytokine
interleukin-10 (IL-10) [93]. Interestingly, miR-19a was also shown to
be regulated by hypoxic conditions. Hypoxia-inducible factor (HIF)-1α
is increased in atherosclerotic lesions and is associated with athero-
sclerotic plaque inflammation. In vivo, endothelial HIF-1α promoted
atherosclerosis by upregulating miR-19a, which indirectly caused an
increase in expression of Chemokine Ligand 1 (CXCL1) [93,94]. To-
gether, current evidence suggests that miR-19a regulates aspects of
chemokine and cytokine expression under inflammatory and hypoxic
conditions in both ECs and CD19+ B cells. Subsequent studies showed
that miR-92a was downregulated by LS and was upregulated by OS
[95]. These in vitro findings are consistent with in vivo studies showing
that ECs in the athero-prone porcine aortic arch area have increased
miR-92a levels as compared to those of the athero-resistant thoracic
aorta [95]. Regarding its function, overexpression of miR-92a pre-
vented angiogenesis in a mouse model of limb ischemia by targeting the

integrin subunit alpha 5 [96]. Further studies demonstrate that miR-
92a exerts its proatherogenic effect by inhibiting KLF2-mediated
thromboembolic and eNOS expression, as well as KLF4-induced ex-
pression of E-selectin, eNOS, VCAM-1, and MCP1 [97]. Recently, miR-
92a was shown to silence the integral membrane protein Phosphatidic
Acid Phosphatase type 2B (PPAP2B) under OS conditions in vivo, re-
sulting in an increased inflammatory response to circulating lipids [98].
Moreover, SOCS5 has been identified as a miR-92a target that is in-
volved in the regulation of endothelial inflammation via activation of
the JAK-STAT pathway [99]. Thus, miR-92a appears to target genes
corresponding to several pro-angiogenic proteins [96] and inhibition of
miR-92a in a preclinical study of porcine limb ischemia and myocardial
infarction enhanced blood vessel growth and functional recovery of
damaged tissue [100]. Taken together, inhibiting selected members of
the miR-17~92 cluster can be an effective anti-atherogenic strategy.

5.2. miR-663

MiR-663 was identified as one of the most upregulated miRNAs
from a microarray study using HUVECs exposed to OS conditions
compared to the LS [101]. Overexpression of miR-663 induced EC in-
flammation, suggesting its potential pro-atherogenic role [101]. This
study further identified several transcription factors including KLF4,
CEBPB, and ATF3 as potential targets of miR-663 under the OS condi-
tion. These transcription factors regulate multiple genes involved in the
inflammatory responses in endothelium. Furthermore, inhibiting miR-
663 with miR-663-LNA restores KLF4 expression in ECs under OS
condition, suggesting that d-flow induced miR-663 is critically involved
in the tweaking of the KLF4 expression in endothelium [101]. Fur-
thermore, miR-663 was upregulated in HUVECs exposed to pro-
atherogenic oxidized phospholipids and was found to play a permissive
role in the induction of VEGF and activation of ATF4 branch of un-
folded protein response in ECs [102,103]. Interestingly, however, miR-
663 regulates VSMC phenotypic switching by targeting the transcrip-
tion factors JunB/Myosin Light chain 9 [104–106]. These results sug-
gest that miR-663 has a context-dependent and cell type-specific role in
the pathophysiological process, as overexpression of this human-spe-
cific microRNA using an adenoviral construct reduced neointimal for-
mation in a mouse model of neointimal hyperplasia [107]. In order to
be developed as a potential therapeutic candidate for atherosclerosis,
future work is needed to delineate the cell-specific effects of miR-663.

5.3. miR-712 and miR-205 family

MiR-712 and miR-205 were identified as pro-atherogenic miRNAs
induced by disturbed flow. MiR-712 was first reported from a miRNA
array study using endothelial-enriched RNAs obtained from the mouse
model of flow-induced atherosclerosis, known as the partial carotid li-
gation model [21]. Interestingly, miR-712 is murine-specific, and miR-
205 was identified as its homolog in humans and other vertebrates from
a seed-sequence matching study [108]. miR-205 shares the same “seed
sequence” with miR-712 and both have increased expression under d-
flow. The miR-712/205 family activates endothelial inflammation and
permeability changes in a flow-dependent manner. The pro-in-
flammatory and pro-atherogenic effects of miR-712/miR-205 were
mediated in large part by tissue inhibitor of metalloproteinase-3
(TIMP3) [108]. Loss of TIMP3 by miR-712 resulted in activation of
matrix metalloproteinases (MMPs) and a disintegrin and metallopro-
teinases (ADAMs), ultimately leading to endothelial inflammation, hy-
perpermeability, and atherosclerosis [82] as well as in abdominal aortic
aneurysm [109]. We also showed that targeting this miRNA using anti-
miR-712 injected either systemically as the naked form was able to
prevent atherosclerosis in a mouse model of atherosclerosis [108].
Furthermore, we demonstrated that anti-miR-712 could be delivered
specifically to the inflamed artery endothelial cells in mice by en-
capsulating anti-miR-712 inside the cationic lipid nanoparticles
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decorated with the VCAM1-targeting peptide [110]. The VCAM1-tar-
geting lipid nanoparticles containing anti-miR-712 was able to inhibit
atherosclerosis in the partial ligation model of mouse atherosclerosis,
compared to the control group demonstrating the specific effect of the
nanoparticle approach as a targeted therapeutic method.

Interestingly, the mechanism of biogenesis for miR-712 (murine-
specific miRNA) and miR-663 (primate-specific miRNAs) also share a
familiar yet unexpected source, the internal transcribed spacer region of
pre-ribosomal RNA (RN45s) gene [108], suggesting that mechanism of
generation of flow-sensitive microRNAs is conserved in multiple spe-
cies. It is interesting to note that two of the most disturbed flow/OS-
induced miRNAs (miR-712 in mice and miR-663 in human ECs) are
generated from this unusual, atypical source, especially what is con-
sidered to be a rubbish portion of RN45s region [108]. The pathobio-
logical implication of this unusual biogenesis of this flow-sensitive miR-
712 and miR-663 from the interspace translational regions of the ri-
bosomal RNA gene is unknown at present. These miRNAs may be used
as biomarkers and therapeutic candidates for atherosclerosis.

6. Other flow-sensitive microRNAs

Some flow-sensitive microRNAs, such as miR-21, and 155, have
been implicated in both anti- and pro-atherogenic responses. This may
reflect the fact that a single miRNA can target numerous target mRNAs,
some of which mediate pro-atherogenic responses in one cell type or
organ, while others act oppositely in different cell types, tissues or in
various context-dependent manner. Therefore, the overall response of
miRs in the whole body in vivo is likely to depend on cellular context,
cell type, and environment [87].

6.1. miR-21

MiR-21, a flow-sensitive miRNA, has been extensively studied for its
role in atherosclerosis. MiR-21 was initially shown to be upregulated by
LS in HUVECs [111]. However, other study showed that the pro-
atherogenic OS upregulated miR-21, which targeted peroxisome-pro-
liferator-activated receptor α (PPARα) leading to the enhanced ex-
pression of the pro-inflammatory VCAM-1 [112]. Consistent with its
role as a pro-atherogenic miRNA, miR-21 is up-regulated in human
atherosclerotic plaques [113], arterial endothelium exposed to d-flow in
the mouse PCL model [21,114], and in peripheral blood mononuclear
cells from patients with coronary heart disease [115]. In coronary heart
disease patients, miR-21 level negatively correlated with the number of
circulating regulatory T (Treg) cells [115], which is known to play a
protective role against atherosclerosis. Interestingly, miR-21 is induced
by high glucose in macrophages and targets programmed cell death 4
(PDCD4), reducing macrophage apoptosis. Also, miR-21 is upregulated
in tissues from patients with abdominal aortic aneurysm [116], serum
from patients with cerebrovascular disease [117], and may also serve as
a marker of plaque stability [63].

MiR-21 was the first miRNA shown to regulate VSMC growth and
survival by silencing expression of phosphatase and tensin homolog
(PTEN) and increased expression of B-cell leukemia/lymphoma 2
(BCL2), ultimately promoting cell survival and proliferation [118–120].
Further, it was shown that inhibition of PTEN by miR-21 upregulates
AKT signaling and protects against ischemia-reperfusion and hypoxia-
reperfusion-induced cardiomyocyte apoptosis, giving its clinical re-
levance [121]. Also, trimetazidine, an anti-ischemic and antioxidant
agent, was shown to prevent the ischemia/reperfusion-induced cardi-
omyocyte apoptosis by up-regulating miR-21 [122]. Together, this
evidence suggests that miR-21 seems to be upregulated by disturbed
flow/OS and mostly plays a pro-atherogenic role in ECs. However, it
also appears to serve a protective role for injured or diseased VSMCs
and cardiomyocytes, highlighting the complex roles of miR-21 in car-
diovascular pathobiology.

6.2. miR-155

MiR-155, a flow-sensitive miR, has been extensively studied in
atherosclerosis and coronary artery disease, but its role has been re-
ported as both pro- and anti-atherogenic. Initially, miR-155 expression
was found to be abundantly expressed in the intima of the thoracic
aorta, which is naturally exposed to s-flow in vivo [123]. It was also
found to be increased by LS in HUVECs; suggesting it may be an anti-
atherogenic flow-sensitive miRNA [123]. It was further shown to in-
hibit NF-kB signaling in HUVECs by targeting p65 under inflammatory
conditions [124]. Consistent with this idea, hematopoietic deficiency of
miR-155 induced atherosclerosis and decreased plaque stability by in-
creasing myeloid inflammatory cell recruitment to the plaque regions
[125]. Furthermore, miR-155 was shown to prevent pro-inflammatory
signaling in macrophages, and dendritic cells via inhibition of
MAPK310, a member of the pro-inflammatory Mitogen-Activated Pro-
tein-Kinase (MAPK) signaling pathway [126].

However, in contrast, other studies showed evidence suggesting that
miR-155 mediates pro-atherogenic responses [127,128]. MiR-155 was
shown to directly target eNOS mRNA in HUVECs and impair en-
dothelium-dependent vascular relaxation in human arteries [129].
Leukocyte-specific miR-155 directly repressed expression of negative
regulators of pro-inflammatory cytokine signaling such as B-cell Lym-
phoma 6 (BCL6), Suppressor of cytokine signaling (SOCS1) [86], and
Src homology 2 domain-containing inositol-5-phosphatase (SHIP-1)
[130,131]. Another study showed that genetic knockdown of miR-155
ameliorated atherogenesis in ApoE−/− mice by reducing inflammatory
responses of macrophages and increasing macrophage cholesterol efflux
[128]. Similar to miR-19a, miR-155 also promotes foam cell formation
by targeting HMGB1 in macrophages [132]. Also, tissue-specific genetic
knockdown of miR-155 in bone marrow-derived cells suppressed
atherogenesis in ApoE−/− mice [128].

MiR-155 appears to play the pro-inflammatory role in macrophages
but the anti-inflammatory role in ECs. It is interesting to note that miR-
155 is induced by pro-inflammatory stimuli, such as TNFα [133] and
oxidized LDL [132,134]. In these cases, it may function in a negative
feedback loop to mitigate inflammation from pro-inflammatory stimuli.
A recent study further showed that miR-155 targets calcium-regulated
heat stable protein 1 (CARHSP1), which regulates the stability of TNFα
[135], further reinforcing the role of miR-155 as a negative feedback
regulator. Together, these conflicting results suggest that miR-155 has
differential effects on atherosclerosis depending on the specific cell-
types and pathobiological contexts. Cell-type and context-specific
modulation of miR-155 by using appropriated targeted delivery
methods [110,136] may be useful to overcome this conundrum.

Figure 1 shows a summary of the role of miRNAs in atherosclerosis

7. Other microRNA categories relevant to vascular dysfunction

There are other categories of miRNAs that are crucial for vascular
dysfunction and atherosclerosis including but not limited to in-
flammation and NFκB regulators, lipid metabolism regulators, en-
dothelial-to-mesenchymal regulators, TGFβ signaling, VEGF signaling
and hypoxia- and ROS-related signaling. These miRNAs have been ex-
tensively reviewed elsewhere (for additional reviews on these and re-
lated subjects see references [124, 137–143].

8. Long non-coding RNAs (LncRNAs) in Atherosclerosis

The lncRNAs are a group of non-coding RNAs with a length of more
than 200 nucleotides that play a role in the regulation of gene ex-
pression at the post-transcriptional, transcriptional, and chromatin le-
vels [144,145]. Recently first flow-sensitive and endothelial-enriched
lncRNA, STEEL, was reported [35], opening the possibility that there
would be many other flow-sensitive lncRNAs that play essential roles in
vascular pathobiology to be discovered. Given its relative paucity of
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data on flow-sensitive lncRNAs, here we review the emerging roles of
other lncRNAs that have been studied in vascular dysfunction and
atherosclerosis [146,147]. We also noted that Chen et al. performed a
lncRNA and mRNA array study using HUVECs exposed to low shear
stress (2 dyn/cm2) for a short duration (2 hours) [148]. Although the
study reported 149 differentially expressed lncRNAs by the brief shear
exposure, the findings from the study needs to be further validated.

8.1. STEEL

The spliced-transcript endothelial-enriched lncRNA (STEEL) is the
first flow-sensitive lncRNA enriched in ECs. Recently, Man et al. showed
that expression of STEEL is decreased by atheroprotective flow (steady
LS) compared to the atheroprone flow (d-flow or OS) in a KLF2-de-
pendent mechanism [35]. Functionally, they showed that endothelial
expression of STEEL stimulated vessel network formation and matura-
tion. Knockdown of STEEL decreased many shear sensitive genes in-
cluding KLF2 and eNOS. Interestingly, however, overexpression of KLF2
downregulated STEEL expression, suggesting the feedback inhibition of
STEEL by KLF2. Additional studies using chromatin immunoprecipation
showed that STEEL is enriched in the nucleus where it binds to PARP1
at the KLF2 and eNOS genomic loci, suggesting its epigenetic regulatory
mechanism [35]. Although the role of STEEL in atherosclerosis is yet to
be studied, this finding opens the possibility that there may be many
other flow-dependent lncRNAs waiting to be discovered for their roles
in cardiovascular pathobiology.

8.2. LASSIE

A KLF2-dependent lncRNA Lassie (lncRNA activated by shear stress
in the endothelium) was reported to be increased by shear stress in
HUVECs [149]. This abstract reported that Lassie improved survival
and angiogenic potential of endothelial cells; however, further studies
are needed to validate the report and molecular mechanisms.

8.3. SENCR

SENCR was discovered as a new vascular cell-enriched lncRNA by
Miano and colleagues by an RNA-Seq study [150,151]. It is abundantly
expressed in both endothelial and smooth muscle cells, and no ortho-
logues have been identified outside of human/chimp lineages. Studies
using the SECNR knockdown approach in human coronary artery
smooth muscle cells (HCASMCs) showed that its target genes include
Myocardin, a critical contractile transcriptional factor, which in turn
stabilizes contractile phenotype while inhibiting motile responses
[150]. In embryonic stem cells, SENCR stimulates their commitment to
ECs during development [151]. In HUVECs, SENCR increases angio-
genic responses, which may be mediated by downregulating expression
of migratory and angiogenic genes such as CCL5, CEACAM1, and
CX3CL1, suggesting them as its target genes [151]. They further
showed that SENCR expression was significantly reduced in EC isolated
from patients with coronary artery disease compared to the healthy
subjects [151], indicating its implication in atherosclerosis.

8.4. LEENE

An enhancer-associated lncRNA enhances eNOS expression (LEENE)
has been shown to be co-regulated with eNOS. Mechanistically, LEENE
facilitates the recruitment of RNA Pol II to the eNOS promoter to en-
hance eNOS transcription and regulates eNOS expression and EC
function [152].

8.5. LOC100129973

This lncRNA has been shown to suppress apoptosis of vascular ECs.
It was discovered as the most significantly upregulated lncRNA in a

gene array study [153]. It is highly abundant in HUVECs, and its
knockdown inhibits apoptosis [153]. LOC100129973 acted as a sponge
for miRNA, thus suppressing the availability of target miRNAs. It has
binding sites for miR-4707-5p and miR-4767, resulting in a decrease in
these miR levels. MiR-4707-5p and miR-4767 promote apoptosis by
downregulating two apoptosis inhibitors API5 and BCL2L12, which
were inhibited by overexpression of LOC100129973 [153].

8.6. MEG3

EG3 was initially identified as a tumor suppressor gene in cancer
[154], but its role in angiogenesis and atherosclerosis needs further
clarification. Studies using human microvascular endothelial cells
(HMEC-1) showed that Meg3 silencing induces angiogenic responses.
Meg3 was shown to regulate vascular biology in part by targeting miR-
21 and Notch signaling pathway [155]. Overexpression of Meg3 re-
duced miR-21 and its known target genes RhoB and PTEN, which led to
the inhibition of endothelial cell migration and proliferation [155]. This
study also showed that Meg3 negatively regulated the notch signaling
pathway. Also, MEG3 was found to be downregulated in coronary ar-
tery disease tissues compared to healthy controls [155].

8.7. MALAT1

MALAT1 is a prominent lncRNA studied in the context of several
pathologies including atherosclerosis, cancer, diabetes, and stroke. It is
among the most abundant lncRNA transcripts in endothelial cells.
Silencing of MALAT1 using GapmeRs induced pro-migratory phenotype
in endothelium in vitro while decreasing endothelial cell proliferation
[156]. Also, MALAT1 suppression led to a decrease in angiogenesis and
capillary development (attributed to alteration of several cell cycle
regulators in endothelial cells) in a hind limb ischemia mouse model.
MALAT1 levels were reported to be lower in atherosclerotic plaques
than in healthy vasculature [157]. A proposed mechanism for the
protective mechanism of MALAT1 for the endothelium involves the
elevated expression of MALAT1 in response to ox-LDL. MALAT1 then
sponges miR-22-3p, which de-represses (upregulates) the expression of
its target genes CXCR2 and AKT. This higher level of CXCR2 was shown
to resist ox-LDL induced endothelial cell dysfunction via the AKT
pathway [158]. In contrast, however, overexpression of MALAT1 was
linked to increased inflammation and endothelial dysfunction in dia-
betic conditions [159], suggesting that inhibition of MALAT1 as a po-
tential therapy. Therefore, the role of MALAT1 in atherosclerosis re-
mains to be further determined.

8.8. LISPR1

A novel lncRNA LISPR1 has been recently reported to regulate S1P
signaling pathway [160]. Interestingly, this lncRNA has been shown to
be sensitive to shear stress in endothelium. The findings from the study
reveal that laminar flow upregulates the lncRNA LISPR1 which en-
hances S1PR1 expression suggesting a vital role for the flow-sensitive
lncRNA in endothelial biology and atherosclerosis [160].

8.9. H19

H19 is one of the first lncRNAs reported in smooth muscle cells and
is implicated in vascular biology and atherosclerosis. H19 is expressed
in embryonic vasculature stages and is subsequently suppressed in the
adult vasculature [161]. Under stress conditions, such as atherosclerosis
and vascular injury, expression of H19 is upregulated. A crucial de-
velopment into understanding its function was the discovery of H19
modulation of the let-7 family of miRNA. H19 regulates let-7 miRNA
expression by acting as a molecular sponge. Increased H19 decreases
let-7g expression, which in turn led to attenuation of autophagy,
apoptosis and reactive oxygen species [162]. Increased levels of H19
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was associated with coronary artery disease in human population stu-
dies [163]. Moreover, H19 inhibition decreased endothelial growth by
disrupting the cell cycle and also diminished angiogenic responses [34].
Similarly, ApoE-/- mice fed a Western diet express high levels of H19
[164]. Also, H19 was shown to promote atherosclerosis and in-
flammation via the MAPK and NF-kB signaling pathway [165].

8.10. LincRNA-p21

LincRNA-p21 is a VSMC-associated lncRNA that has also been im-
plicated in atherosclerosis. LincRNA-p21 is significantly reduced in
atherosclerotic plaques of ApoE-/- mice. Similarly, lincRNA-p21 levels
are lower in coronary artery disease patients compared to controls
[166,167]. In vivo lincRNA-p21 inhibition leads to neointimal hyper-
plasia in a carotid artery injury model. In VSMCs lincRNA-p21 was
found to reduce cell proliferation and induce apoptosis. A genome-wide
association study found this inhibition to correlate with the dysregu-
lation of several p53 targets. LincRNA-p21 is a transcriptional target of
p53, and also feeds forward and enhances p53 transcriptional activity
via binding mouse double minute 2 (MDM2), an E3 ubiquitin-protein
ligase. MDM2 reduces p53, so the ability of lincRNA-p21 to bind MDM2
allows for the release of additional p53 [166,167].

8.11. MIAT

MIAT is a conserved lncRNA implicated in several diseases in-
cluding diabetic retinopathy, paranoid schizophrenia, myocardial in-
farction, and atherosclerosis. MIAT is highly expressed in endothelial
and smooth muscle cells. MIAT regulates endothelial cell proliferation,
migration and tube formation in vitro in rat retinal endothelial cells
(RF/6A cells) [168,169]. In vivo MIAT knockdown improved diabetes-
induced microvascular pathology. Also MIAT has been found to be
highly upregulated in carotid atherosclerotic plaques compared to iliac
artery controls [168,169]. Knockdown of MIAT via GapmeRs found
decreased proliferation and migration of HCASMCs as well as increased
apoptosis. MIAT inhibition reduced oxLDL uptake of murine peritoneal
macrophages as well as human monocyte-differentiated macrophages in
vitro. In clinical samples, a negative correlation between MIAT and miR-
181b was found, MIAT expression was increased while miR-181b was
decreased in atherosclerosis patients’ serum as well as in human cor-
onary artery smooth muscle cells exposed to oxidized-LDL [168,169].
MIAT increased cell proliferation and cell cycle progression while in-
hibiting apoptosis in vitro. This effect was reduced by treatment with
miR-181b. MIAT increased STAT3 expression by acting as a sponge for
miR-181b. One mechanism of miR-181b’s reduction of cell growth via
cell cycle arrest and increased apoptosis is via targeting STAT3 [169].

8.12. ANRIL

ANRIL is a lncRNA that has been previously associated with acute
myocardial infarction and is an established vascular smooth muscle
lncRNA (also referred to as CDKN2B-AS1) [170–172]. ANRIL has been
linked to several cancers as well as coronary artery disease. This
lncRNA slows cell cycle gene expression via the polycomb repressor
complex. HCASMCs from patients with SNPs in the ANRIL locus have
increased cell proliferation [173]. Another study found when com-
paring diabetic patients with, and without CAD, patients with CAD had
significantly higher ANRIL expression in peripheral blood mononuclear
cell samples [174].

8.13. MYOSLID

MYOSLID is a novel lncRNA discovered in VSMCs, but its role in ECs
and atherosclerosis is unknown. The lncRNA was identified by using
RNAseq in MYOCD overexpressing HCASMCs to find lncRNAs regulated
by this group of proliferation genes [175]. MYOSLID was shown to be

VSMC selective and a direct transcriptional product of the TGFB/SMAD
and MYOCD/SRF pathways. In addition, MYOSLID activates the VSMC
contractile phenotype. MYOSLID was lower in failed human arter-
iovenous fistula samples from patients with the end-stage renal disease
compared to healthy control replacement veins, potentially promoting
VSMC de-differentiation due to lack of MYOSLID. Knockdown of
MYOSLID in HCASMCs resulted in significant decrease of VSMC con-
tractile gene expression even under TGFB-1 induced conditions. Re-
duction of MYOSLID also promoted migration of HCASMCs.

8.14. SMILR

SMILR is another novel lncRNA discovered in VSMCs [176]. SMILR
was discovered by RNAseq on human saphenous vein VSMCs post sti-
mulation by interleukin-1α and platelet-derived growth factor. SMILR
was increased by the stimulation in both the nucleus and cytoplasm and
was detected in the media. SMILR reduced HAS2 expression and SMILR
knockdown resulted in significantly reduced cell proliferation. In
human samples of atherosclerotic plaques and plasma, SMILR was
found to be increased in unstable atherosclerotic plaques and in the
plasma of patients with high plasma C-reactive protein [176,177].

8.15. RNCR3

The lncRNAs RNCR3 (retinal non-coding RNA 3) is differentially
expressed during atherosclerosis. It is upregulated in atherosclerotic
VSMCs and ECs compared with non-atherosclerotic tissue in mice as
well as humans [178]. Compared with control mice, downregulation of
RNCR3 with shRNA aggravated atherosclerosis in thoracic aorta tissue
and increased inflammatory factors in plasma, suggesting it serves an
atheroprotective role. These findings suggest that targeting RNCR3
might be an attractive therapeutic intervention for atherosclerosis.

Table 2 and Figure 1 show a summary of lncRNAs and its physio-
logical effects on the vessel wall.

9. Circulating miRNAs as Biomarkers for Atherosclerosis

A biomarker, or biological marker, typically refers to a quantifiable
indicator of a biological state or pathological condition [179]. Circu-
lating miRNAs have tremendous potential as a disease biomarkers as
differential plasma miRNA levels have been described for many pa-
thophysiological conditions, including atherosclerosis [180]. Here, we
will review those studies that have shown evidence suggesting diag-
nostic and prognostic potentials for one or a few circulating miRNAs as
specific biomarkers of atherosclerosis. Since multiple miRNAs are also
secreted into the circulation, these can be used as potential circulating
biomarkers. For example, miR-146a levels are increased in the serum of
patients with acute coronary syndrome [181]. The peripheral blood
levels of miR-92a, miR-126, and miR-222 in this study were markedly
decreased in both atherosclerotic and pre-atherosclerotic patients
compared to healthy controls, although the decease of miR-92a and
miR-222 in pre-atherosclerotic patients was not as significant as that in
atherosclerotic patients [181]. In patients with acute myocardial in-
farction (MI), circulating levels of muscle-enriched miRNAs (miR-1,
-133a, and 499) and the cardiac-specific miR-208a were significantly
increased in human patients [182]. This study especially suggested
miR-208a as an early detection marker of acute MI. MiR-221/22 levels
decrease while miR-21 and miR-130a increase in the plasma patients
with peripheral arterial disease [183]. The opposite effects of miR-221/
222 on the proliferation, migration, and apoptosis of endothelial cells
and vascular smooth muscle cells may have significant therapeutic
implications in many vascular diseases such as atherosclerosis and
restenosis following angioplasty [184]. Interestingly, the plasma level
of liver-specific miR-122 was increased significantly after acute MI or
cardiogenic shock [185,186], suggesting their potential as a biomarker.

Circulating extracellular miRNAs are carried in various ways
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including exosomes, microvesicles, and complexes bound to low and
high density lipoprotein particles as well as protein complexes such as
AGO2-miRNAs [178,187–189]. These circulating miRNAs are biologi-
cally active, altering gene expression in recipient cells [190]. Therefore,
miRNAs are considered as newly described forms of intercellular
communication. For example, as discussed above, extracellular vesicles
or exosomes enriched with miR-143/145, which are secreted from
HUVECs in response to shear stress, can be taken up by VSMCs where
the miRNAs regulate their target genes [191]. Conversely, ECs can be
targeted by exogenous miRNAs secreted by other cells such as blood
monocytes. For example, miR-150 containing microvesicles released
from monocytes from atherosclerotic patients was shown to increase
the proliferation of endothelial cells [192]. Similarly, apoptotic bodies
enriched in miR-126 can be taken by HUVECs and promote athero-
sclerosis regression by inducing CXCL12 expression through CXCR4
[193]. There is a tremendous interest to understand the mechanisms
underlying miRNA incorporation into exosomes, delivery, and targeting
and recognition machinery.

It is important to note that circulating miRNAs will typically have
systemic effects regulating many cells and tissues and are not likely to
be specific for atherosclerosis. For example, miR-92a, miR-126, and
miR-222 are not specific only for cardiovascular diseases. The levels of
miR-92 also increase in the context of other diseases such as hy-
pertension [194], colorectal cancer [195], and have been shown to play
an essential role in diagnosis and prognosis of other diseases [196].
Similarly, upregulated levels of miR-126 are also associated with an
immune imbalance in children with acute asthma [197], and exosomal
miR-126 can be used as a circulating biomarker in non-small-cell lung
cancer [198] and hepatocellular carcinoma [199]. Likewise, the po-
tential of miR-222 is currently being explored as a biomarker in various
diseases including cancer and inflammatory diseases [200–204]. Al-
though many studies have shown one or a few circulating miRNAs as
specific biomarkers of atherosclerosis, it is likely that a panel of circu-
lating miRNAs instead of one or a few miRNAs, combined with other
better-established biomarkers may be of better diagnostic and prog-
nostic value. Also, specific and systematic large-scale clinical studies

will be required to identify the real potential of these circulating
miRNAs as diagnostic and prognostic biomarkers

The role of lncRNAs as potential biomarkers in cardiovascular dis-
ease especially in atherosclerosis is still in its infancy, and much work
remains to be done. In diabetic patients, circulating levels of lncRNA
predicting cardiac remodeling (LIPCAR) were associated with diastolic
function [163]. Similarly, circulating levels of MIAT and SENCR were
directly associated with left ventricular mass to the left ventricular end-
diastolic volume ratio, a well-known cardiac remodeling marker sug-
gesting that lncRNAs are independent predictors of diastolic function
and cardiac remodeling [205]. Although a large number of studies
suggest that circulating ncRNAs promise to serve as a minimally in-
vasive diagnostic and prognostic biomarker for various types of cardi-
ovascular disease, the lack of consistency in these studies has been a
significant concern in this field [206–215]. Therefore, reliable, accu-
rate, and sensitive detection of circulating ncRNAs and validation is a
prerequisite for their use as a biomarker in clinical applications. Several
methodological factors including sample collection and processing, as
well as assay performance and ncRNA quantification, can influence the
quality of the resulting data and need critical considerations. It is im-
portant to note that platelets and platelet microvesicles contain sig-
nificant amounts of microRNAs and efficiently contribute to the pool of
circulating miRNAs. These platelet-related miRNAs such as miR-223,
miR-126, miR-197, miR-191, miR-21, miR-150, miR-155, miR-140,
miR-96, miR-98 are a potential source of confusion in biomarker assays
and need to be carefully excluded and analyzed [216,217]. Despite
these potential technical limitations, It is an exciting future direction to
determine the correlation between circulating levels of lncRNAs and
atherosclerosis as well as the underlying mechanisms by which they are
carried in circulation and delivered to target cells. These studies would
reveal the potential of the circulating lncRNAs as diagnostic biomarkers
and therapeutic targets.

10. MiRNAs and lncRNAs as therapeutic targets in atherosclerosis

Since multiple miRNAs and lncRNAs are involved in the regulation

Table 2
Role of lncRNAs in vascular dysfunction and atherosclerosis

LncRNA Major Targets Indirect targets & Signaling pathway Pathophysiological Effects Ref.

STEEL eNOS, KLF2 Regulates EC cell response to shear stress [35]
LASSIE unknown Angiogenesis, Cell survival [149]
SENCR MYOCD? CCL5, CEACAM1, and CX3CL1 (migratory and

angiogenic genes)
Promotes migration,
proliferation and tube formation of endothelial cells

[150,151]

LEENE eNOS Regulates eNOS expression and EC function [152]
LOC100129973 miR-4707-5p

mir-4767
API5 and BCL2L12 Suppress apoptosis of endothelial cells [153]

MEG3 miR-21 RhoB and PTEN Suppresses migration,
proliferation and tube formation of endothelial cells

[155,231,232]

MALAT1 miR-22-3p CXCR2 and AKT, AKT pathway Migratory behavior, increases AKT pathway behavior in
endothelial cells

[155,156,158,233–238]

LISPR1 S1PR1 S1P signaling pathway Angiogenesis, vascular stability and permeability [160]
H19 Let-7 miRNA family MAPK and NF-kβ pathways Reduces autophagy, apoptosis and reactive oxygen species

in endothelial cells
[162,163,165,239–241]

LincRNA-p21 MDM2 p53 feed forward loop Reduces cell proliferation and increases apoptosis [167]
MIAT miR-181b STAT3 Increases cell proliferation and cell cycle progression,

inhibits apoptosis
[168,169,242]

ANRIL Polycomb repressor
complex

Slows cell cycle gene expression [170,174,243–245]

MYOSLID unknown TGFβ/SMAD,
MYOCD/SRF pathways

Activates VSMC contractile phenotype [175]

SMILR unknown HAS2 VSMC proliferation [177]
RNCR3 unknown Reduces inflammation in plasma, atheroprotective [178]

lncRNAs, long non-coding RNAs; VSMC, vascular smooth muscle cell; API5, Apoptosis inhibitor 5; BCL2L12, Bcl-2-like protein 12; CCL5, C-C motif chemokine 5
ligand 5; CEACAM1, Carcinoembryonic antigen-related cell adhesion molecule 1; CX3CL1, chemokine (C-X3-C motif); PTEN, Phosphatase And Tensin Homolog;
MAPK, Mitogen-activated protein kinase; NF-kβ, Nuclear factor-κB; CXCR2, C-X-C chemokine receptor type 2; STAT3, Signal transducer and activator of transcription
3; TGFβ, Transforming growth factor β; MYOCD, Myocardin; SRF, Serum response factor; HAS2, Hyaluronan Synthase 2; MDM2, Mouse double minute 2 homolog;
AKT/PKB, Protein kinase B.
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of several vital processes in every stage of atherosclerosis initiation and
progression, and perhaps regression, modulation of miRNA expression
could have beneficial effects in prevention, reduction, and regression of
atherosclerosis. Both the gain-of-function and loss-of-function ap-
proaches are used to examine the role of miRNAs as anti-atherogenic
therapeutics. MicroRNA overexpression (gain-of-function) has been
used as an anti-atherogenic therapeutic strategy. MiR-145 over-
expression in VSMCs promotes a reduction in atherosclerotic plaque
size in the most common sites of plaque formation such as aortic si-
nuses, ascending aortas, and brachiocephalic arteries [218]. Further-
more, miR-145 enhances plaque stability through an increase in the
number of VSMCs, collagen content and fibrous cap area associated
with a decrease in the number of macrophages and necrotic area. In
contrast, suppression of pro-atherogenic miRNAs is also of potential
therapeutic strategy for atherosclerosis. Several studies used antag-
omiRs or anti-miRs (synthetic antisense oligonucleotides) to lower the
expression of proatherogenic miRNAs, such as miR-712, miR-205, miR-
92a, and miR-33 have demonstrated efficacy as anti-atherogenic
therapies [97,99,108,219,220]. With the advancements in the synthesis
of modified oligonucleotide technology, these miRNAs can be targeted
with either miRNA mimics to increase repression of target genes or
miRNA inhibitors (anti-miRs or antagomiRs) to prevent miRNA re-
pressing its target gene(s). These approaches have shown great promise
as potential therapies, and some of them are in clinical phase trial
stages of drug development [221–223].

Although a growing number of lncRNAs are implicated in vascular
function [33,140,176], it is unclear how they participate in the pa-
thophysiological processes. Their potential as therapeutic targets has
often been raised, and there are a few compelling examples of in vivo
modulation of lncRNAs. However, modulating lncRNAs has been a
challenging task to date. This is further complicated by the fact that
many of the lncRNAs are not conserved between mice and humans. The
widespread use of RNA-Sequencing methods reveals a rapidly ex-
panding a number of potential new candidates for therapy. LncRNAs
potentially represent a powerful tool for personalized medicine due to
their specific expression patterns associated with distinct pathologies.
There remain several limitations and challenges that need to be ad-
dressed before lncRNAs can genuinely reach the clinical application.
Foremost is target specificity, given the pleiotropic implications of a
single lncRNA in pathophysiological processes. Although lncRNAs may
show dysregulation specific to certain diseases, they exhibit various
functions in the organism and some lncRNAs may act through more
than one mechanism [224]. Second, the low conservation of lncRNAs
across evolution makes both the identification of human lncRNAs and
their clinical testing challenges, because rodents may not be an ade-
quate model for these studies.

A list of important datamining tools for miRNA and lncRNA

research has been provided in Table 3

11. Summary and perspectives

Here, we summarized the current knowledge of flow-sensitive
miRNAs and lncRNAs, as well as their essential roles in the regulation of
endothelial function and atherosclerosis. These studies demonstrate
that lncRNAs and flow-sensitive microRNAs are crucial mediators of
endothelial function and atherosclerosis. However, our knowledge of
these noncoding RNAs, especially lncRNAs, their regulation, and their
functions is still in its infancy and further investigation is warranted to
identify other RNAs and explore their biological roles, mechanisms, and
potential therapeutic applications. There have been some promising
results from recent Phase II clinical trials indicating the safety, feasi-
bility, and therapeutic potential of anti-miRs for the treatment of dis-
eases.

In animal studies, some anti-miRs targeting flow-sensitive
microRNAs such as miR-712, miR-205, or miR-155, have demonstrated
their potential as anti-atherogenic therapies. This encourages the de-
velopment of miRNA therapeutics for the treatment of atherosclerosis
in humans. Despite these encouraging results, the development of
miRNA therapeutics must overcome several significant challenges.
First, there is a significant need to identify more athero-miRs (miRNAs
with consistent pro- or anti-atherogenic effects) that could be used as
reliable and safe anti-atherogenic therapeutic targets. Second, there is
an urgent need to develop better and more specific miRNA modulators.
The current methods to inhibit miRNAs include anti-miR/antagomiR
and miR-sponge, both of which directly bind to miRNAs, thereby af-
fecting all of their target genes (~ hundreds of genes) indiscriminately,
potentially causing undesirable effects. Therefore, to minimize the po-
tentially undesirable effects of anti-miR, antago-miR, or miR-sponge
treatment, better strategies should be developed to deliver these in-
hibitors. These include targeted delivery of miRNA therapeutics speci-
fically to cells and tissues of interest with minimal delivery to non-
target cells to lower potential side effects. For example, we showed that
anti-miR-712 could be delivered to inflamed endothelial cells by tar-
geting VCAM1 on the endothelial cells by using nanoparticles coated
with the VCAM1-targeting peptide [110]. Also, designing more specific
inhibitors such as target site blockers that can specifically block a un-
ique and desired mRNA-miRNA interaction without affecting the ex-
pression of off-target genes [225].

In summary, ncRNAs robustly regulate vascular physiology and
pathophysiology. These non-coding RNAs also regulate several aspects
of atherosclerosis including vascular dysfunction and inflammation and
lipid metabolism. Although many lncRNAs have been identified til date,
only a few of them have been studied for their association with ather-
osclerosis. Further advancements in the field of lncRNAs research will

Table 3
Important Data mining tools for miRNA/lncRNA research

miRNA datamining tools/web servers

Name Description References

miRBase A searchable database of published miRNA sequences and annotation. [246–249]
miRTarBase A searchable database of experimentally validated microRNA-target interactions [250,251]
StarScan StarScan is developed for scanning small RNA (miRNA, piRNA, siRNA) mediated RNA cleavage events in lncRNA, circRNA, mRNA and pseudo genes

from degradome sequencing data.
[252]

TargetScan Prediction program webserver that enlists biological targets of miRNAs by searching for the presence of binding sites that match the seed region of
each miRNA.

[253]

TarBase A comprehensive database of experimentally supported animal microRNA targets [254]
Diana-microT An algorithm based on several parameters provides conserved and non-conserved microRNA targets [255–257]
miRwalk Aggregates and compare results from other miRNA-to-mRNA databases [258,259]

LncRNA data mining tools/web servers
deepBase Identification, expression, evolution and function of lncRNAs from deep RNA sequencing data [260–262]
LNCipedia A compendium of human long non-coding RNAs [263,264]
lncRNAdb The reference database for functional lncRNAs [265,266]

S. Kumar et al. Vascular Pharmacology 114 (2019) 76–92

86



not only lead to identification of newer molecular pathways leading to
disease process but also provide improved therapeutic candidates for
targeting atherosclerosis.
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