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A B S T R A C T

Vascular smooth muscle cells (VSMCs) and endothelial cells (ECs) are crucial in vascular remodeling. They exert
pivotal roles in the development and progression of atherosclerosis, vascular response to injury, and restenosis
after transcatheter angioplasty.

As a witness of their importance in the cardiovascular system, a large body of evidence has accumulated
about the role played by micro RNAs (miRNA) in modulating both VSMCs and ECs. More recently, a growing
number of long noncoding RNA (lncRNAs) came beneath the spotlights in this research field. Several mechan-
isms have been revealed by which lncRNAs are able to exert a relevant biological impact on vascular remodeling.

The aim of this review is to provide an integrated summary of ncRNAs that exert a relevant biological
function in VSMCs and ECs of the vascular wall, with emphasis on the available clinical evidence of the potential
usefulness of these molecules as circulating biomarkers of in-stent restenosis.

1. Introduction

Over the last four decades, percutaneous coronary intervention
(PCI) has revolutionized the field of coronary artery disease (CAD) [1].
Initially, high re-intervention rates were registered after PCI by means
of sole balloon angioplasty, which were mostly related to early arterial
recoil, the tendency of the vessel to revert to its original shape once
deformed [2]. Coronary stents were introduced to overcome these
limitations. Nevertheless, the use of stents brought about a new chal-
lenge, namely the ominous neointimal hyperplasia due to aberrant
vascular smooth muscle cell (VSMCs) proliferation and migration after
stent implantation [3,4]. The resulting luminal encroachment is re-
sponsible for in-stent restenosis (ISR), recurrent ischemia, and the need
to repeat revascularization in up to 20% of patients treated with bare-
metal stents (BMS) at 1 year [5,6]. Drug-eluting stents (DES) have been
developed to prevent restenosis. In fact, DES are able to release an

antiproliferative drug, which prevents cell proliferation and neointima
formation. Several clinical trials confirmed a dramatic reduction in the
rate of target lesion revascularization after PCI [7,8]. However, DES
brought about a new threat: late stent thrombosis (ST) [9]. The in-
creased risk for ST after DES implantation is related to the non-selective
effect exerted by the antiproliferative drugs eluted. These are very ef-
fective in inhibiting VSMCs proliferation and migration, but are also
responsible for a relevant side effect: inhibition of re-endothelialization,
leading to a prolonged exposition of pro-thrombotic surfaces to the
bloodstream [10].

Altogether, these biological processes, mostly involving VSMCs and
ECs, but also lymphocytes, monocytes, macrophages and platelets
constitute vascular remodeling and represent the common biological
and pathophysiological ground for the progression of atherosclerosis, of
vascular response to chronic injury as happens with diabetes or hy-
pertension, up to the genesis of ISR [11].
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2. The role of noncoding RNAs

Recently, it became evident that only around 2% of the entire
human genome is responsible for protein production. Non-coding RNA
(ncRNA) is transcribed from the remaining so-called “noncoding”
genome regions. ncRNA is a heterogeneous class of molecules. Among
these, miRNAs - short nucleotides that are able to modulate the ex-
pression of a large number of genes, including those involved in vas-
cular remodeling - have been extensively studied [5,12–16]. miRNAs
have also been proposed as biomarkers for different cardiovascular
diseases [17–20]. More recently, long noncoding RNAs (lncRNAs) have
raised interest for their biological functions. LncRNAs are a large and
heterogeneous class of different RNA molecules. They are transcribed
by the RNA polymerase II (RNA Pol II) and are usually longer than 200
nucleotides. Given their complexity and heterogeneity in structure and
function, many different classifications of lncRNAs have been proposed.
For example, lncRNAs could be classified in the following four subtypes
according to their molecular mechanism: decoy, signal, guide, and
scaffold lncRNAs [21]. On the basis of their genomic location, lncRNAs
can be classified into: i) intergenic (transcribed from the genomic se-
quences located between genes); ii) intronic (transcribed from intronic
regions); iii) sense (transcribed from sense strand of protein-coding
genes); iv) antisense (transcribed from the antisense strand of protein-
coding genes); and v) bidirectional (transcribed in the opposite direc-
tion to protein-coding genes) [13]. In addition, lncRNAs can be classi-
fied into different subtypes based on cellular localization and/or their
functionality as cis and/or trans acting regulators [22]. Although the
function of most lncRNAs remains unknown, evidence is emerging that
these molecules play critical roles in several biological processes. In-
deed, lncRNAs contribute to various aspects of gene regulation, such as
chromatin remodeling and interactions, RNA transcription, alternative
splicing, and RNA processing [12,23,24]. Given their established ability
to interact with DNA, RNAs and proteins targets, it has become evident
that lncRNAs might function as decoys [25], scaffolds [26], signals
[27], sponges [28], and enhancer RNAs [29]. LncRNAs play a key role
in various cellular events including proliferation, migration, apoptosis,
differentiation and development [30–32]. The function of lncRNAs is
determined by their structure, expression and subcellular distribution
[33]. In the cytoplasm, these transcripts interact with RNA and protein
influencing miRNA function [34], mRNA stability and their translation
[35]. In the nucleus, lncRNAs can influence epigenetic control of
transcription by interactions with chromatin-modifying proteins [36].
Nuclear lncRNAs can also regulate transcription by enhancer-like ac-
tivity or by influencing alternative splicing of pre-mRNAs [37]. Despite
their functional complexity and relatively poor conservation, lncRNAs
have attracted large interest because of their therapeutic potential. To
date, several studies have shown that alterations of lncRNAs function
and expression can lead to a variety of pathological human processes,
including cardiovascular diseases. These molecules have been studied
also as potential biomarkers and therapeutic targets in human disorders
such as atherosclerosis [38–40], heart failure [41–43] and CAD
[44,45]. Here, we overview the role of miRNAs and lncRNAs in the
molecular mechanisms underlying vascular remodeling with a focus on
their function in cells of the vascular wall. Despite the exact mechan-
isms have not been fully elucidated for all molecules yet, an increasing
number of studies conducted to identify these lncRNAs and their role is
coming up. Details on known biological mechanisms and/or specific
targets are in Tables 1 and 2.

3. NcRNAs in restenosis

In recent years, dysregulation of ncRNAs has been found in a variety
of vascular obstructive diseases, including restenosis after stent im-
plantation. In particular, several ncRNAs were shown to modulate the
phenotypic switch of VSMCs. VSMCs are highly specialized cells char-
acterized by an extraordinary plasticity in adult animals in response to

a wide range of stimuli [46]. During vascular remodeling, VSMCs un-
dergo a phenotype switch from a contractile to a proliferative status
[47,48]. This results in the accumulation of dedifferentiated VSMCs in
the intima and is central to a number of vascular pathologies such as
arteriosclerosis, restenosis, or diabetes mellitus [20,49,50]. For this
reason, it is important to understand the mechanisms that govern
VSMCs phenotype.

In this context, several miRNAs have been recognized as modulators
of the phenotype switch of VSMCs. In addition, more recently lncRNAs
have emerged as important regulators for VSMC phenotype. The next
paragraph describes the biological functions of miRNAs and lncRNAs
and discusses their involvement in vascular response to injury.
Representative examples of ncRNAs involved in VSMC phenotypic
switch are shown in Fig. 1.

4. miRNA in VSMC phenotypic change related to vascular
proliferative diseases

4.1. miR-143/145 cluster

A large number of miRNAs have been identified as important post-
transcriptional regulators of gene expression in several diseases. Among
them, miR-143 and miR-145 have been identified as master regulators
of VSMC phenotypic switch during vascular development [51] and in
vascular diseases [5,52]. Elia L. et al. showed that the genomic ablation
of miR-145 and miR-143 results in an incomplete differentiation of
VSMC in mice [52]. In line with these results, miR-143 and miR-145
were downregulated in proliferating VSMCs in vitro and in experimental
mice model. In fact, overexpression of miR-145 affected VSMC pro-
liferation and the formation of neointimal lesions in injured rat carotid
arteries [53]. The involvement of miR-143 and miR-145 in the mole-
cular mechanisms underlying neointimal hyperplasia was also con-
firmed in a mouse model of vascular injury [52]. Altogether, multiple
studies revealed that the regulation of multiple target genes by miR-
145/miR-143 is essential for maintenance of the contractile phenotype
in VSMCs. For example, miR-145 positively regulates VSMC differ-
entiation markers by suppressing the Kruppel-like factor 5 (KLF-5) [53],
resulting in a significant reduction of cell proliferation and migration.
Quintavalle and colleagues demonstrated the role of miR-145 and miR-
143 in the control of VSMC podosome formation [54]. In their study,
PKC-ε, the PDGF receptor α (PDGF-Rα) and an actin-bundling protein
(Fascin) were found to be direct targets of miR-145 and miR-143.
Furthermore, Cordes et al. reported KLF4 (Kruppel-like factor 4) and
ELK-1 (ELK1, member of ETS oncogene family) as target genes of miR-
145 and miR-143, respectively [51]. Finally, the modulation of these
transcription factors contributes to the fate of VSMCs. The strong in-
volvement of miR-143/miR-145 in the molecular mechanisms under-
lying neointima formation is further emphasized by the clinical evi-
dence that circulating levels of miR-143 are able to predict in-stent
restenosis in patients with peripheral arterial occlusive disease [55] or
CAD [56].

4.2. miR-22

In addition to miR-145 and miR-143, miR-22 is known to play a key
role in VSMC differentiation [57]. In a recent study Yang F. et al.
showed that miR-22 is downregulated in injured femoral arteries,
where it targets the 3′UTR of methylCpG binding protein 2 (MECP2),
histone deacetylase 4 (HDAC4) and ecotropic virus integration site 1
Protein Homolog (EVI1). Using in vivo gain- or loss-of-function experi-
ments, the authors demonstrated that over-expression of miR-22 de-
creases VSMC proliferation, and inhibits neointima formation in wire-
injured femoral arteries, whereas the opposite effect was obtained with
the inhibition of miR-22 [58].
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4.3. miR-133

Using a rat model, we observed a reduction in miR-133 levels in
balloon-injured carotid artery compared to the control [46]. On the
basis of both in vitro and in vivo data, our group found that miR-133 is
implicated in the control of vascular cell proliferation and migration. In
addition, adenovirus-mediated overexpression of miR-133 attenuates
neointimal formation following balloon injury whereas repression of its
endogenous levels induces the opposite effects. Of note, miR-133 re-
duced the proliferation and migration of VSMCs by targeting the tran-
scription factor Sp-1 and Moesin. In line with these experimental
findings, an increased transcoronary concentration gradient of miR-
133a predicts a higher rate of target lesion revascularization because of
in-stent restenosis [59].

4.4. miR-23b

Similarly, we showed that miR-23b modulates the VSMCs pheno-
typic switch [60]. Indeed, miR-23b inhibits the proliferation and mi-
gration of VSMCs through the direct regulation of uPA (urokinase-type
plasminogen activator), SMAD3 (SMAD family member 3), and FoxO4
(forkhead box O4). According to these data, we found that injury-in-
duced neointimal formation is significantly reduced by miR-23b over-
expression (Fig. 2).

4.5. miR-125a-5p

Our group also investigated the function of miR-125a-5p, demon-
strating that it is down-regulated in proliferating VSMCs. Finally and
foremost, miR-125a-5p negatively regulates cell migration and growth
in response to platelet-derived growth factor-BB (PDGF-BB) [61].

4.6. miR-195

Other important miRNAs regulating VSMCs biology and vascular
restenosis include miR-195 and miR-663 [62,63]. miR-195 was shown
to be reduced by oxidized low-density lipoprotein (oxLDL) and to limit
VSMCs proliferation, migration and the expression of pro-inflammatory
biomarkers, through targeting of Cdc42, cyclin D1, and FGF1 (fibro-
blast growth factor 1). In addition, miR-195 overexpression was able to
inhibit intimal thickening in rat carotid artery after vascular injury
[62]. Of note, circulating levels of miR-195 have been found to be in-
dependent predictors of target vessel revascularization 2 years after
stenting in patients with peripheral artery disease [64].

4.7. miR-663

miR-663 was reported to negatively regulate VSMCs migration and
the expression of differentiation marker genes in humans by targeting

Table 1
Noncoding RNAs in vascular smooth muscle cells.

lncRNA Mechanisms/target Biological significance Ref.

miR-145/143 KLF4, KLF5, Elk-1 Proliferation; Differentiation markers [51–56]
miR-22 MECP2, HDAC4, EVI1 Proliferation [57,58]
miR-133 Sp1 and Moesin Proliferation; Migration, Differentiation markers [46,59]
miR-23b FOXO4, Smad3, uPA Proliferation; Migration [60]
miR-125a-5p ETS-1, PDGF-BB signaling Proliferation; Migration [61]
miR-26a Smad1, PDGF-BB signaling Proliferation [77]
miR-612 Akt2, PDGF-BB signaling Proliferation; Migration [78]
miR-195 Cdc42, cyclin D1, FGF1 Proliferation; Migration; Inflammation [62]
miR-663 JUNB; MLC9 Migration, Differentiation markers [63]
miR-9 PDGFR Proliferation [65]
miR-599 TGF- β2 Proliferation, Migration [66]
miR-21 PTEN Proliferation [67–69]
miR-221/miR222 p27(Kip1); p57(Kip2) Proliferation [71]
miR-146 KLF4 Proliferation [72]
miR-206 ZFP580 Proliferation, Differentiation markers [73]
miR-181b Activation of MAPK and PI3K signaling Proliferation, Migration [74]
miR-31 LATS2, CREG Proliferation [76]
Lnc-Ang362 (I) Host transcript for miR-221 and miR-222 Proliferation [81]
H19 (I) RNA sponge for Let-7 family Unknown [85,87,88]
ANRIL (O; D; F) Regulatory role of CDKN2A/B expression Proliferation [84,89]
lincRNA-p21 (I) Component of the p53 pathway Proliferation, apoptosis [39]
HAS2-AS1 (O, C) HAS2 transcription regulation Unknown [90]
SMILR (I) Response to PDGF and IL-1α Proliferation [93]
SENCR (O, B) Negative regulation of MDK and PTN Migration, contrattily [90,94,95]
HIF1α-AS1 (O) Regulatory role of apoptosis pathway Apoptosis [199]
GAS5 (I) Direct interaction with ANXA2 Proliferation, migration [97]
MEG3 (C) Role in p53 and MMP-2 expression Proliferation, migration, apoptosis [99–101]
MYOSLID (Q) Role in nuclear translocation of MKL Proliferation, contractile phenotype [102]
RNCR3 (I, F) Response to ox-LDL Proliferation, migration, apoptosis, atheroprotective [40]
MALAT1 (B, I) Unknown Proliferation, migration [104]
AK098656 (D). Unknown. Proliferation, migration, differentiation markers. [105]

Classification of lncRNAs by Mechanism of Action: Signal lncRNAs (A); decoy lncRNAs (B); guide lncRNAs (C); scaffold lncRNAs (D); enhancer lncRNAs (E);
sponge lncRNAs (F).
Classification of lncRNAs based on their effects on DNA sequences: Cis-regulatory lncRNAs (G); trans-regulatory lncRNAs (H).
Classification of lncRNAs based on their genomic location: Intergenic lncRNAs (I); intronic lncRNAs (L); bidirectional lncRNAs (M); sense lncRNAs (N);
antisense lncRNAs (O).
Classification according to lncRNA subcellular localization: Nuclear lncRNAs (P); cytosolic lncRNAs (Q).
Abbreviations: KLF4: Kruppel-like factor 4; KLF5: Kruppel-like factor 5; Elk-1: ETS domain-containing protein; HDAC4: Histone Deacetylase 4; FOXO4: Forkhead box
protein O4; uPA: urokinase-type plasminogen activator; PDGF: Platelet-derived growth factor; FGF: fibroblast growth factor; TGF: Transforming growth factor; PTEN:
Phosphatase and tensin homolog; ZFP5: Zinc finger protein 5; MAPK: mitogen-activated protein kinase; PI3K: Phosphoinositide 3-kinase; LTSK2: Large Tumor
Suppressor Kinase 2; CREG: cellular repressor of E1A-stimulated genes; CDKN2: cyclin-dependent kinase Inhibitor 2; HAS2: Hyaluronan synthase 2; MDK: Midkine;
PTN: Pleiotrophin; ANXA2: Annexin A2; MMP-2: Matrix metalloproteinases 2; MKL: megakaryoblastic leukemia 1.

C. Indolfi et al. Vascular Pharmacology 114 (2019) 49–63

51



JUNB and myosin light chain 9 (MLC9). Furthermore, the over-
expression of miR-663 in vivo reduced neointimal lesion formation after
vascular injury induced by carotid artery ligation in mice [63]. Further
examples of miRNA-mediated repression of vascular proliferative dis-
eases include miR-9 [65] and miR-599 [66].

4.8. miR-21

Intriguing experiments by Ji R. et al. showed that miR-21 promotes
VSMCs proliferation by directly targeting Phosphatase and Tensin
Homolog (PTEN), a critical regulator of VSMCs function both in vivo
and in vitro [67]. In line with this hypothesis, the delivery of antisense
oligonucleotides against miR-21 to the injured artery inhibited neoin-
tima formation in rats [67]. The importance of miR-21 in modulating
the vascular response to injury is further supported by studies in animal
models of in-stent restenosis. In particular, McDonald RA. et al. showed
that the genomic ablation of miR-21 reduced vascular inflammation
and remodeling after vascular stenting in mice [68]. Wang et al. also
tested the effects of local delivery of miR-21 inhibitors on injured ar-
tery, using anti-miR-21–coated stents, they demonstrated that this ap-
proach is able to significantly attenuate in-stent restenosis without af-
fecting re-endothelialization [69]. He et al. reported significantly
higher circulating levels of miR-21 in patients with angiographic evi-
dence of in-stent restenosis compared to controls [56], supporting the
concept that the modulation of miR-21 is also clinically relevant in

humans.

4.9. miR-221/222

Other examples of up-regulated miRNAs in vascular restenosis in-
clude miR-221 and miR-222 [70]. Both miRNAs are able to promote
VSMCs proliferation. This is accomplished, at least in part, by sup-
pressing the target genes p27 (Kip1) and p57 (Kip2). The knockdown of
miR-221 and miR-222 attenuated the neointimal hyperplasia in rat
carotid artery after angioplasty [70]. A recent report also reported in-
creased miR-221 and miR-222 levels in VSMCs and arteries of diabetic
mice. Interestingly, the inhibition of these two miRNAs prevented the
abnormal VSMCs proliferation in response to arterial injury in diabetes
mellitus [71].

4.10. miR-146a

miR-146a is a positive regulator of the synthetic phenotype of
VSMCs in vitro and in vivo by targeting KLF4 [72]. MiR-146a over-
expression has been shown to increase VSMCs proliferation, whereas its
inhibition in injured rat carotid arteries decreased neointimal hyper-
plasia.

Table 2
Noncoding RNAs in endothelial cells.

lncRNA Mechanisms/target Biological significance Ref.

miR-126 SPRED-1, PIK3R, VCAM-1, Dlk1, ALCAM, setD5, NF-kB, VEGF and TNF-
α signaling

Angiogenesis, Inflammation [108–115]

miR-17/92a KLF-2, KLF-4, ITGA5, eNOS modulation Angiogenesis, Atherosclerosis [116–120,122]
miR-221/222 eNOS modulation, c-kit, ICAM-1, ETS-1, STAT5A Proliferation, Migration, Angiogenesis, Atherosclerosis [125–128,133–135]
miR-21 PTEN, SMAD7, type I and type V collagen, proteoglycan, eNOS

modulation, PPAR-α, NOX4
Angiogenesis, Inflammation, shear stress response,
hypertension

[137–142]

miR-16 RhoGDIα, VEGF, VEGFR2, FGFR1 Proliferation, Migration, Atherosclerosis [143–146]
NOS3AS/ATG9B (O) eNOS modulation Unknown [147,149]
HIF-1AS (O) eNOS modulation Proliferation, Apoptosis Atherosclerosis [151,152]
LEENE (C) Recruitment of RNA pol II, eNOS modulation Unknown [154]
MANTIS (H, D) Scaffold Chromatin-Remodeling Complex, Transcription, Angiogenesis [155]
HOTAIR (O, A, B, C, H) Scaffold for protein complex, VEGF signling thorugh PI3K/AKT-IRF1 Histone modification, protein ubiquitination,

Angiogenesis
[157–162]

CZNF292 (Q) circRNA, splicing modulation Angiogenesis, Sprouting [164]
MALAT1 (B, I) ceRNA Angiogenesis [163–170]
MEG3 (C) Notch signaling, p53/NOX4 Angiogenesis [99,163,173,174]
MIAT (B, I) ceRNA (miR-150-5p) Angiogenesis [175–177]
MKI67IP-3 (F) ceRNA (let-7e) Inflammation [178]
RNA-RNCR3 (I, F) ceRNA (miR-185-5p) Atheroprotective [40,180]
TIE1-AS (O) Negative regulation of Tie1 Angiogenesis [181]
TERMINATOR (I) Unknown Endothelial cells differentiation [182]
ALIEN (I) Unknown Vascular development [182]
PUNISHER (O) Unknown Proliferation, adhesion [182]
DLL4-AS (O) Unknown Proliferation, Migration [184]
SENCR (O, B) CCL5, CEACAM1, CX3CL1 Angiogenesis [87,184]
ANRIL (O, D, F) Unknown Inflammation, cell cycle [38,84,185–189]
GAS5 (I) β-catenin signaling pathway Apoptosis [190–194]

Classification of lncRNAs by Mechanism of Action: Signal lncRNAs (A); decoy lncRNAs (B); guide lncRNAs (C); scaffold lncRNAs (D); enhancer lncRNAs (E);
sponge lncRNAs (F).
Classification of lncRNAs based on their effects on DNA sequences: Cis-regulatory lncRNAs (G); trans-regulatory lncRNAs (H).
Classification of lncRNAs based on their genomic location: Intergenic lncRNAs (I); intronic lncRNAs (L); bidirectional lncRNAs (M); sense lncRNAs (N);
antisense lncRNAs (O).
Classification according to lncRNA subcellular localization: Nuclear lncRNAs (P); cytosolic lncRNAs (Q).
Abbreviations: SPRED-1: Sprouty-related, EVH1 domain-containing protein 1; PIK3R: Phosphoinositide 3-kinase receptor; VCAM-1: Vascular cell adhesion protein 1;
Dlk1: Delta Like Non-Canonical Notch Ligand 1; ALCAM: activated leukocyte cell adhesion molecule; NF-kB: nuclear factor kappa-light-chain-enhancer of activated B
cells; VEGF: Vascular endothelial growth factor; TNF-α: Tumor necrosis factor; KLF-2: Kruppel-like factor 2; KLF-4: Kruppel-like factor 4; ITGA5: Integrin Subunit
Alpha 5; ICAM-1: Intercellular Adhesion Molecule 1; STAT5A: Signal Transducer And Activator Of Transcription 5A; PTEN: Phosphatase and tensin homolog; PPAR-
α: Peroxisome proliferator-activated receptor alpha; NOX4: NADPH oxidase 4; RhoGDIα: Rho GDP-dissociation inhibitor 1; VEGFR2: Vascular endothelial growth
factor receptor 2; FGFR1: fibroblast growth factor receptor 1; eNOS: nitric oxide synthase 3; PRC2: polycomb repressive complex 2; LSD1: Lysine-specific histone
demethylase 1A; ceRNA: competing endogenous RNAs; CCL5: Chemokine (CeC motif) ligand 5; CEACAM1: Carcinoembryonic Antigen Related Cell Adhesion
Molecule 1; CX3CL1: C-X3-C Motif Chemokine Ligand 1.
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Fig. 1. Involvement of miRNAs and lncRNAs in the modulation of VSMCs phenotypic switch. Graphical representation of VSMC phenotypic switching in
vascular proliferative disease. Examples of miRNAs and lncRNA reported to regulate the VSMC phenotype are shown. SENCR indicates Smooth muscle and
Endothelial cell-enriched migration/differentiation-associated long NonCoding RNA; lncRNA-GAS5, growth arrest specific transcript 5; MYOSLID, myocardin-
induced Smooth muscle LncRNA, Inducer of Differentiation; lincRNA-p21, long intergenic non-coding RNA p21; ANRIL, anti-sense RNA in the INK4 locus; HIF1α-
AS1, long non-coding RNA hypoxia-inducible factor 1α-antisense 1;lncRNA -MEG3, long non-coding RNA maternally expressed gene 3.
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4.11. miR-206

Sun H et al. evaluated the role of miR-206 in the phenotypic switch
of VSMCs, and showed that its expression was significantly increased in
proliferating VSMCs of injured vascular walls. On the contrary, lenti-
virus-mediated inhibition of miR-206 reduced neointimal formation
following balloon injury [73].

4.12. miR-181b

miR-181b promotes the proliferation and migration of VSMCs
through the activation of PI3K and MAPK signaling pathways. In line
with this hypothesis, the inhibition of endogenous miR-181b decreased
neointima hyperplasia in rat carotid arteries after angioplasty [74].

4.13. miR-31

According to a recent report, the expression levels of miR-31 are
significantly increased in injured rat carotid arteries [75]. miR-31
promotes VSMCs proliferation through the downregulation of large
tumor suppressor homolog 2 (LATS2), which is known to inhibit cell
growth by several mechanisms. Additionally, miR-31 downregulates

the cellular repressor of E1A-stimulated genes (CREG) level to promote
synthetic phenotype of human VSMCs [76].

4.14. Other upcoming miRs

Recent studies indicated that additional miRNAs are involved in the
PDGF signaling. For example, Yang et al. identified miR-26a as a po-
sitive regulator of PDGF-BB-mediated VSMCs phenotypic transition by
targeting Smad1 [77], while Chen C. et al. showed that miR-612 sup-
pressed the PDGF-BB-induced proliferation and migration of VSMCs
[78]. Mechanistically, the authors demonstrated that miR-612 directly
targets AKT2 to block cell cycle progression from G1 to the S phase.
Although these results reveal a potential role for miR-125a-5p, miR-612
and miR-26a in the phenotypic switch of VSMCs in response to the
PDGF signaling, the effects of the these miRNAs in vascular restenosis
remain to be confirmed in the clinical setting and further studies in
animal models of vascular injury assessing the impact of their mod-
ulation are still needed. Moreover, miR-15b and miR-16 were shown to
promote the VSMC contractile phenotype in vitro and in vivo [79]. Both
miRNAs influence VSMC proliferation and migration by directly tar-
geting Yes-Associated Protein (YAP), a known positive modulator of cell
cycle progression [80]. Adenovirus-mediated concomitant

Fig. 2. Involvement of miRNAs and lncRNAs in vascular biology. Graphical representation of illustrative examples of miRNA and lncRNA involved in angio-
genesis, inflammatory response and endothelial recovery (see text and Table 2 for details on specific mechanism of all displayed ncRNAs). MANTIS indicates lncRNA
n342419; HOTAIR, HOX transcript antisense RNA; MALAT1, metastasis-associated lung adenocarcinoma transcript-1; MEG3, maternally expressed 3; Tie1-AS,
tyrosine kinase containing immunoglobulin and epidermal growth factor homology domain-1 antisense; MKI67IP-3, long intergenic non-protein coding RNA 1826;
TGFB2-OT1, TGFB2 overlapping transcript 1; ANRIL, antisense noncoding RNA in the INK4 locus.
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overexpression of miR-15b and miR-16 decreased neointima formation
in injured rat carotid arteries, suggesting that modulation of these
miRNAs may have therapeutic potential for the treatment of pro-
liferative vascular diseases.

MiRNA involved in the modulation of VSMC phenotype are listed in
Table 1.

5. LncRNAs in vascular smooth muscle cells

In recent years, a number of new classes of noncoding RNAs have
been studied (Table 1), although this field has been relatively under-
explored [12,13].

5.1. Lnc-Ang362

One of the first studies described the involvement of lncRNA in
mediating Ang II signaling in rat VSMCs [81]. The authors found that
the treatment with Angiotensin II is responsible for significant expres-
sion change of 29 lncRNAs. They focused on the role of Lnc-Ang362,
which is located in proximity to miR-221 and miR-222, which are in-
volved in VSMCs proliferation and the development of neointimal le-
sions [82]. They hypothesized that Lnc-Ang362 is upregulated in re-
sponse to angiotensin II (AngII), in line with what observed with the
two co-localized miRNAs. Indeed, lnc-Ang362 acts as host transcript for
miR-221 and miR-222, and its dowregulation causes a reduced
miR221/222 expression, and subsequently affects VSMC phenotype.

Since then, several studies have been performed to investigate the
role of lncRNAs in human VSMCs. Early works focused on the role of
previously identified lncRNAs H19 [83] and ANRIL [84], on human
VSMCs function.

5.2. H19

The H19 gene is a well-known gene involved in cell differentiation
and growth processes. Its RNA transcript is also the precursor of miR-
675. Independent studies indicated that H19 controls the expression of
miR-675 to regulate placenta growth [85]. The precise function of H19
in pathological VSMCs is still partly known, but recent studies sug-
gested that H19 lncRNA functions as a sponge of the let-7 family, that is
known to protect VSMCs from oxidative stress [86,87]. More recently,
Lv et al. demonstrated that the co-transcribed miR-675 aggravates
restenosis in rat carotid artery balloon injury model by targeting PTEN
[88].

5.3. ANRIL

The lncRNA ANRIL is located in the 9p21.3 region. This locus has
been associated with genetic susceptibility for intracranial aneurysms,
coronary diseases, and type II diabetes in many studies [89]. Further
studies showed that ANRIL regulated VSMCs proliferation through
CDKN2A/B. The knocking-down of ANRIL in VSMCs inhibited cell
proliferation and augmented the expression of CDKN2B [84], sug-
gesting a potential mechanism by which this genetic locus is related to
diseases characterized by alterations of vascular formation or re-
modeling [89].

5.4. lncRNA-p21

The lncRNA-p21 is downregulated in atherosclerotic lesions.
Experimental studies showed that this lncRNA represses VSMCs pro-
liferation while its downregulation exacerbates restenosis following
acute injury [39]. Indeed, knocking-down of lncRNA-p21 suppresses
p53 activity and changes the balance between MDM2/p53 and p300/
p53 complexes. Finally, clinical studies revealed that coronary tissues
from patients with CAD exhibit reduced levels of lncRNA-p21 compared
to aorta tissues from patients without CAD [39].

5.5. HAS1/2-AS1

Recently, Vigetti et al. observed that the expression of HAS2-AS1 in
human plaques correlates directly with lesion severity [90]. HAS2 is
fundamental for Hyaluronan (HA) synthesis, whereas previous studies
have demonstrated that HA vascular deposition is implicated in vessel
wall thickening, extracellular matrix remodeling, and neointima for-
mation [91,92]. Interestingly, Vigetti et al. demonstrated that HAS1-
AS1 enrichment was required for HAS2 upregulation in human aortic
VSMCs upon O-GlcNAcylation, but not through an increase of mRNA
stability as previously identified in other cell types.

5.6. SMILR

Using VSMCs isolated from saphenous veins of human donors and
stimulated in vitro with interleukin 1-alpha and PDGF, authors from the
Glasgow University recently identified a novel lncRNA, which they
named smooth muscle-induced lncRNA enhances replication (SMILR).
Increased SMILR levels were observed by the authors in human unstable
atherosclerotic plaques and in plasma from patients with athero-
sclerosis and ongoing inflammation, evaluated as increased hs-CRP le-
vels [93]. These findings are particularly relevant on the clinical level,
as SMILR plays a role in promoting VSMCs proliferation and restenosis.
In fact, the knockdown of SMILR resulted in a significant reduction of
cell proliferation [93].

5.7. SENCR

Lately, the Miano Lab reported a lncRNA expressed in both VSMCs
and ECs [94]. They screened human coronary artery SMCs and identi-
fied a novel lncRNA, which they called SENCR that is an antisense to
the EC-restricted Fli1 gene. SENCR knockdown in VSMCs led to a
downregulation of VSMC differentiation markers and an increase in two
pro-migratory genes, MDK and PTN. This study demonstrated that
SENCR is involved in maintaining a contractile phenotype, thereby
uncovering a novel lncRNA-mediated mechanism in regulating VSMC
phenotype. An animal study demonstrated that down-regulation of a
specific lncRNA within Fli1 gene that the authors suggest to be the
mouse orthologue of human SENCR promotes VSMCs proliferation and
migration in db/db mice [95]. According to the result of luciferase
assays, it was shown that Sencr knockdown enhanced the expression of
FoxO1 and TRPC6 in VSMCs [95]. However, direct proof of that the
lncRNA within Fli1 gene found in mouse is the ortholog of human
SENCR awaits further investiagtion.

5.8. HIF1α-AS1

In patients with aorta aneurysms, Zhao et al. found that knockdown
of HIF1α-AS1 in VSMCs, resulting in the inhibition of apoptosis and
lower levels of apoptosis-related proteins [96].

5.9. GAS5

Li et al. screened lncRNAs in varicose veins and found that lncRNA-
GAS5 (growth-arrest specific transcript 5) inhibited the proliferation
and migration of VSMCs. Mechanistically, they found that GAS5 in-
teracts with ANXA2. Indeed, they observed that the inhibition of
ANXA2 through GAS5 rescued the proliferative phenotype, suggesting
that ANXA2 is a key target of GAS5 in the modulation of VSMCs [97].
Moreover, Tang et al. [98] demonstrated that Gas5 suppresses TGF-β/
Smad3 signaling during VSMC differentiation. They found that forced
expression of Gas5 or its knowkdown, respectively blocked inhibited or
increased the expression of VSMC contractile proteins.
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5.10. MEG3

The lncRNA MEG3 was recently annotated and found to be im-
plicated in vascular diseases. Indeed, a recent study showed that MEG3
regulates endothelial aging while mediating angiogenesis [99].MEG3 is
under the control of IFN-γ, affecting VSMCs survival and migration
during uterovascular transformation [100]. More recently, Sun Z et al.
demonstrated that MEG3 knockdown affects the proliferation and mi-
gration of VSMCs of pulmonary arteries, regulating cell cycle progres-
sion [101].

5.11. MYOSLID

The lncRNA MYOSLID has been shown to promote VSMC pheno-
typic switching while reducing VSMCs proliferation [102]. It is a direct
target of MYOCD/SRF and TGFβ/SMAD pathways. Inhibition of MYO-
SLID in VSMCs blocks the nuclear translocation of MKL, disrupting actin
stress fiber formation. On the other hand, the loss of MYOSLID abro-
gates TGFβ1-induced SMAD2 phosphorylation [102]. Consistent with
this latter finding, MYOSLID levels were found to be significantly lower
in failed arteriovenous fistulas (AVF) [102]. Interestingly, along with
reduced MYOSLID levels, also MYOCD but not SRF mRNA levels were
downregulated, which fits previous evidence of reduced MYOCD levels
in vascular disease [103].

5.12. RNCR3

Recently, Shan K et al. [40] showed that lncRNA-RNCR3 retinal non-
coding RNA 3 (RNA-RNCR3) is upregulated in mouse and human aortic
atherosclerotic lesions, and cultured ECs and VSMCs upon ox-LDL
treatment in vitro. RNCR3 knockdown decreases EC and VSMC pro-
liferation in vivo, and reduces proliferation, migration, and accelerates
apoptosis development of EC and VSMC in vitro. This study reveals that
RNCR3 has an atheroprotective role, and could be useful for the
treatment of atherosclerosis-related vascular diseases.

5.13. MALAT1

Yu CK et al. [104] studied the role of MALAT1 (metastasis-asso-
ciated lung adenocarcinoma transcript 1) in stiffness-sensitive (SS)
transcriptome of human aortic and coronary VSMCs. They found that
MALAT1 regulates stiffness-dependent VSMC proliferation and migra-
tion both in vitro and in vivo. These data suggest that SS lncRNAs can act
as regulators of stiffness-related phenotypes.

5.14. AK098656

A recent study by Jin L et al. [105] demonstrated that AK098656, a
novel vascular smooth muscle cell-dominant lncRNA, promotes hy-
pertension. LncRNA-AK098656 is strongly upregulated in the plasma of
hypertensive patients, and predominantly expressed in VSMCs.
AK098656 promoted the synthetic phenotype of VSMCs, increasing
VSMC proliferation and migration, upregulating extracellular matrix
proteins, and lowering contractile protein levels. In vivo, AK098656
transgenic rats showed spontaneous development of hypertension, with
elevated VSMCs synthetic phenotype, narrowed resistant arteries and
hypertrophy.

Altogether, a growing body of evidence demonstrates that lncRNAs
play a key role in the regulation of proliferation, migration and matrix
synthesis capability of VSMCs, key biological mechanisms underlying
vascular remodeling and its clinical effects, such as formation and
progression of atherosclerotic lesions or restenosis after PCI. These re-
sults highlight new promising therapeutic targets that could be
exploited to interfere with adverse vascular remodeling processes.

6. ncRNAs in endothelial pathophysiology

Endothelial function is crucial for the maintenance of vascular
physiology and to promote long-term success of stent implantation. ECs
modulate the vessel response to variations in shear stress, and a quick
regeneration of the luminal ECs monolayer after stenting is pivotal to
prevent side effects such as restenosis and intra-stent thrombosis
[5,12,106]. On the contrary, ECs injury is a strong stimulus for the
development of atherosclerotic lesions [107]. Hence, it is not surprising
that ECs pathophysiology is precisely regulated by different mechan-
isms. Among these, ncRNA are recently arousing large interest. Both
miRNAs and long noncoding RNAs are expressed in ECs and their ex-
pression has been found to be modulated in different conditions, sug-
gesting a potential role of these molecules as modulators.

7. Endothelial miRNAs

7.1. miR-126

The most highly expressed miRNA in ECs is miR-126. It is involved
in inflammatory response and endothelial dysfunction [108,109]. Its
deletion impairs ECs regeneration in injured arteries [110] and turns
out into a loss of vascular integrity and diminished angiogenesis in a
murine model [108,109]. miR-126 is able to modulate the action of
VEGF and TNF- α, two of the main signaling pathways in ECs, by the
inhibition of the sprout-related protein SPRED-1 and the PIK3R kinase,
as well as the vascular cell adhesion protein 1 (VCAM-1) [109,111], an
inflammatory cytokine that is highly expressed in the early phase of
atherosclerosis. miR-126 also modulates ECs response to lipids, and
exerts a protective role by modulating ECs turnover [112]. Indeed, miR-
126 overexpression promotes ECs proliferation while preventing
atherosclerosis through the inhibition of the Notch1 pathway acting on
Delta-like 1 homolog (Dlk1) [110]. Moreover, it inhibits leucocytes
adhesion through the repression of activated leucocyte cell adhesion
molecule (ALCAM) and SetD5 [113], and monocytes recruitment to ox-
LDL-injured ECs, preventing the activation of PI3K/Akt/NF-κB pathway
[114]. Despite its biological function has not been completely eluci-
dated yet, low levels of this miRNA have been associated to multiple
cardiovascular diseases, including acute myocardial infarction, heart
failure and CAD [115].

7.2. miR-17/92a cluster

Another key regulator in CAD, also proposed as potential biomarker,
is the cluster miR-17/92a. Its levels are upregulated during exercise
training in patients undergoing coronary bypass surgery [116], in both
rat and mouse models of ischemia and vascular injury [117–119]. This
cluster, and miR-92a in particular, negatively regulates vessel growth;
its functional inhibition causes an increase in ECs proliferation and
migration, and promotes angiogenesis [118,120]. Its action is at least in
part mediated by integrin-α5 (ITGA5), and it is sufficient to reduce the
restenosis in a rat model of angioplasty [117]. This effect has been
further confirmed in the mouse femoral artery injury model. In fact, in
this latter model miR-92a inhibition was associated with an accelera-
tion of re-endothelialization and the prevention of neointima formation
[121]. These effects were mediated by an increase in the expression
levels of ITGA5 and SIRT1 [121].

Interestingly, it has been shown that miR-92a expression is higher in
ECs isolated from areas susceptible to atherosclerosis compared to
athero-resistant regions [119]. In fact, miR-92a exerts part of its pro-
atherosclerotic effect through a fine-tuning regulation of KLF-2 and
KLF-4 [119,122]. At the same time, it also regulates the endothelial
nitric oxide synthase (eNOS) modulation. The latter is responsible for
the production of nitric oxide (NO), which has anti-atherosclerotic
properties [123,124], confirming a key role for miR-92a in this process.
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7.3. miR-221/222

Of the miRNAs involved in the regulation of NO production in ECs,
miR-221/222 are among the 15 most expressed [125] [126]. miR-221/
222 inhibit ECs proliferation and migration in vitro, as well as new
vessel formation, mainly targeting the stem cell marker c-kit [125]. A
similar effect has been observed in other cell lines, such as VSMCs and
hematopoietic progenitor cells [126,127]. MiR-221/222 exert a cell-
specific regulation with apparently opposite effects in ECs and VSMCs,
playing a critical role in vascular biology [70]. It was recently de-
monstrated that miR-222 is involved in cell-to-cell communication.
Indeed, it is transferred through endothelial-derived microparticles to
remotely modulate intracellular adhesion molecule 1 (ICAM-1) ex-
pression [128]. The transfer of functionally active miRNAs though
microparticles is also common to other important miRNAs, which
modulate the crosstalk between ECs and VSMCs, such as miR126 and
miR143/145 [129–131]. Interestingly, it was observed that adminis-
tration of atorvastatin, a drug used to lower the cholesterol blood levels,
downregulates miR-221/222 expression in ECs progenitor obtained
from patients with CAD, and is positively correlated to LDL levels,
suggesting a contribution of this miRNAs to the effect mediated by
statins [132]. In addition, these miRNAs modulate the apoptotic re-
sponse of ECs to ox-LDL, contributing to atherosclerosis by regulating
ETS-1 and the related inflammatory processes [133,134], and partici-
pate to inflammation-mediated angiogenesis by targeting the signal
transducer and activator of transcription 5A (STAT5A) [135].

7.4. miR-21

Among the miRNAs proposed as biomarkers for CAD, there is miR-
21 [136]. This miRNA plays a crucial role in several processes, in-
cluding development, inflammation and cardiovascular diseases [137].
In ECs, miR-21 mediates angiogenesis through different targets, such as
PTEN, SMAD7, type I and type V collagen, and proteoglycan expression
in vitro [138,139], and it is though to be a mediator of the anti-angio-
genetic effect of metformin, a commonly used anti-diabetic drug [138].
Moreover, miR-21 expression is strongly modulated by both unidirec-
tional and oscillatory shear stress, and depending on the specific sti-
mulus it can increase eNOS phosphorylation and NO production or
inhibit PPAR-α [140,141]. Finally, it has been observed how miR-21
administration is sufficient to diminish blood pressure in mouse models
of hypertension by targeting NOX4 [142].

7.5. miR-16

Peripheral ischemia leads to an increased risk of thrombosis [143].
Recently, our group demonstrated how high levels of miR-16 inhibit
RhoGDIα and reduce NO bioavailability exerting a negative effect on
endothelial repair and worsening the response to vascular injury in a
mouse model of hindlimb ischemia [144]. It is known that miR-16 in-
hibits ECs proliferation and migration in vitro through the vascular
endothelial growth factor (VEGF), VEGF receptor-2 (VEGFR2), and the
fibroblast growth factor receptor-1 (FGFR1) [145], while it impairs the
function of circulating proangiogenic cells in vivo. High levels of miR-16
are associated with a higher risk of limb amputation and restenosis in
patients with severe limb ischemia, making this miRNA a good candi-
date as prognostic biomarker in this specific clinical setting [146].
Endothelium-enriched miRNAs involved in biological mechanisms un-
derlying vascular remodeling and restenosis are listed in Table 2.

8. LncRNAs in endothelial cells

8.1. NOS3AS/ATG9B

One of the first ECs-enriched lncRNA to be investigated was an
antisense transcript, known as NOS3AS or ATG9B, that is able to down-

regulate eNOS expression [147]. This finding is very interesting, given
the key role played by this enzyme in ECs and in vascular remodeling in
general. Indeed, as mentioned before, eNOS is responsible for the
production of nitric oxide (NO), which has anti-atherosclerotic and
antithrombotic properties, promoting a cardio-protective effect
[117,123,124,148]. ATG9B is an antisense lncRNA that partially
overlaps the NOS3 gene (coding for eNOS). Its expression is low in
human ECs in normal conditions, while it is up-regulated following
hypoxia [149].

8.2. HIF-1AS

Hypoxic conditions also modulate eNOS indirectly through the up-
regulation of the hypoxia-inducible factor 1 (HIF-1), a protein that
regulates cell responses to low concentration of oxygen and is con-
sidered a potential target in atherosclerosis [150]. In this respect, an-
other antisense lncRNA, HIF-1AS, has been found to be expressed in
different human tissues [151], and it is up-regulated in patients with
acute myocardial infarction [152]. HIF1A-AS1 has an anti-proliferative
and pro-apoptotic effect on ECs. Interestingly, it seems to be regulated
by clopidogrel, a commonly used antiplatelet drug that is able to pro-
mote proliferation and reduce apoptosis through the down-regulation
of HIF1A-AS1 [153].

8.3. LEENE

Recently, the lncRNA enhancing eNOS expression (LEENE) has been
identified in human ECs. It increases the transcription of the eNOS
mRNA by facilitating the recruitment of RNA pol II to the enhancer
region [154].

8.4. Mantis

A similar mechanism is used by another lncRNA involved in an-
giogenesis, MANTIS. Indeed, this transcript interacts with different
proteins including the Subunit BRG1 of SWI/SNF Chromatin-
Remodeling Complex, acting as a scaffold to promote endothelial gene
transcription, such as SOX18, SMAD6, and COUP-TFII [155]. MANTIS
down-regulation reduces tube formation and sprouting of ECs in vitro
and its levels are downregulated in patients with pulmonary arterial
hypertension [156].

8.5. HOTAIR

The HOX Antisense Intergenic RNA (HOTAIR) that acts as scaffold
for PolycombRepressive Complex 2 and LSD1/CoREST/REST complex
gives a further example of lncRNA using this mechanism [157,158].
This lncRNA regulates chromatin by means of histone modifications,
but it also acts as a scaffold for proteins ubiquitination [159], being
involved in several cancer types [160]. In ECs, HOTAIR promotes an-
giogenesis through the VEGFA signaling [161] and enhances cells
proliferation and migration during atherosclerosis through PI3K/AKT-
IRF1 [162].

8.6. cZNF292

In human ECs, hypoxia also induces the transcription of different
other lncRNAs, such as cZNF292, linc00657, linc00493, MEG3, TUG1
and MALAT1 [163]. Among these, cZNF292 differs from the others
because of its conformation; it belongs to the circularRNA (circRNA)
family. In ECs it is up-regulated in response to hypoxic stimuli, possibly
through a modulation of the splicing of its original transcript, and
promotes angiogenesis and sprouting [164].
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8.7. MALAT1

MALAT1 has been initially identified in human cancer cells [165],
where it is known also for promoting tumor-induced angiogenesis
[166], but then it has also been very well characterized in ECs [163]. In
these cells, Malat1 down-regulation impairs cell proliferation. In line
with this observation, it promotes the pro-migratory phenotype in vitro
and reduces capillary density, blood flow recovery and neonatal vas-
cularization in a mouse model of retinal angiogenesis [163], suggesting
a protective role of this lncRNA in ECs. Within this context, high levels
of Malat1 have been found related to diabetes-induced micro-vascular
dysfunction in both rats and mice [167], as well as to hyperglycaemia
induced inflammatory processes in humans [168]. MALAT1 also acts
through different signaling pathways [168–170], interacting with dif-
ferent miRNAs [153,169,171,172]. Interestingly, MALAT1 plays a
protective role against ox-LDL-induced endothelial dysfunction mod-
ulating AKT in patients with unstable angina [170].

8.8. MEG3

Another conserved lncRNA, Meg3, has been found to affect en-
dothelial function contrasting angiogenesis through the Notch signaling
and the p53/NOX4 axis in rats [173,174]. It is also up-regulated in
human senescent ECs and its inhibition reduced aging-related blocking
of vessel sprouting [99].

8.9. MIAT

The interaction between lncRNAs and miRNAs is a very common
feature among ncRNAs. For example, myocardial infarction associated
transcript (MIAT) acts as competing endogenous RNA (ceRNA) in sev-
eral contexts [175–177]. In particular, it modulates miR-150-5p activity
and subsequently affects the activation of VEGF, a critical modulator of
endothelial function [175]; but it aslo modulates miR-155-5p and miR-
22-3p expression, in both mouse and rat models in vivo, as well as in
human cells in vitro [176,177].

8.10. MKI67IP-3

Another example of ceRNA is given by MKI67IP-3 that counteracts
the pro-inflammatory effect induced by the miRNA let-7e in ECs
through NF-kB signaling. Let-7e is indeed highly expressed in human
ECs in response to ox-LDL and in atherosclerotic plaques, and it induces
apoptosis in activated ECs. Interestingly, its effect is inhibited by
MKI67IP-3, which in turn is down-regulated by let-7e in a positive
feedback loop which is critical for modulation of inflammation, vas-
cular remodeling and atherosclerosis [178].

8.11. TGFB2-OT1

Another lncRNA involved in the regulation of inflammatory status is
TGFB2-OT1. Despite the underlying mechanism is still unclear, this
lncRNA has been found involved in both inflammation and autophagy
in human vascular ECs. It exerts is effect through the interaction with
miR-3960, miR-4488, miR-4459 and the subsequent up-regulation of
the inflammatory proteins CERS1, NAT8L and LARP1 [179].

8.12. RNA-RNCR3

Known for being modulated during mouse retina development
[180], the RNA-Rncr3 has been recently found to be up-regulated in
atherosclerotic tissues and in vitro after the treatment with ox-LDL. It
exerts a protective effect promoting apoptosis and inhibiting pro-
liferation, acting as a ceRNA for miR-185-5p and creating a feedback
loop with KLF2 [40].

8.13. Tie1-AS

Another transcript playing a critical role in ECs is Tie1-AS, an an-
tisense RNA that partially overlaps the 3′UTR of Tie1 and is conserved
in human, mouse and zebrafish [181]. This lncRNA modulates angio-
genesis. Its overexpression induces a reduction in Tie1 expression levels
with a subsequent impairment in vascular development both in vitro
and in vivo, affecting the tube formation ability of ECs, as well as
causing defects in cell-cell junctions in zebrafish [181].

8.14. LncRNA known as “TERMINATOR”

Using a cell differentiation model, other lncRNAs implicated in
vascular development have been identified, and given the following
names by the authors: TERMINATOR, ALIEN (Linc00261) and PUNIS-
HER (AGAP2-AS1). The first one is an intergenic transcript, which
controls the pluripotency of stem cells, and its knockdown causes de-
velopment arrest and lethality [182].

8.15. Linc00261

Long intergenic non-protein coding RNA 261 (Linc00261, also
known as DEANR1 or ALIEN) correlates with cardiovascular commit-
ment and its knockdown shows a defective vascular patterns and heart
chambers defects [182].

8.16. AGAP2-AS1

Finally, the most important lncRNA for the ECs among these is
AGAP2 antisense RNA1 (AGAP2-AS1, also known as PUNISHER), an
antisense lncRNA which is highly expressed in mature ECSs and reg-
ulates their function [182].

8.17. Dll4

Another gene involved in ECs development is Delta-like 4 ligand
(Dll4), indeed, its modulation affects ECs proliferation and migration.
Three different isoforms of antisense RNAs for this gene have been
found in both murine and human cells, and despite their precise role is
not defined yet, they might act as control mechanism on the hap-
loinsufficiency for this gene, which would cause embryonic lethality
[183].

8.18. SENCR

SENCR is highly expressed in both VSMCs and ECs in humans. It is
known to stabilize the VSMCs contractile phenotype [94]. However, in
ECs SENCR promotes proliferation, migration, and angiogenesis in vitro,
contributing to the differentiation and commitment of ECs [184]. No-
tably, its expression is altered in patients affected by coronary artery
disease or hindlimb ischemia [184], suggesting that this lncRNA plays a
different role in vascular cells.

8.19. ANRIL

ANRIL is transcribed from the INK/ARF locus, and is expressed in
human VSMCs, ECs and inflammatory cells. Several isoforms have been
identified [185], some of which are associated with cell cycle mod-
ulation [84,186,187], as well as with the response of ECs fo in-
flammation [187]. ANRIL has been found to be associated with several
vascular diseases, including coronary artery disease, myocardial in-
farction and atherosclerosis [38,84,188,189]. Interestingly, ANRIL ex-
pression shows a direct correlation with the severity of atherosclerosis
[38].
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8.20. GAS5

Recently, in vivo studies showed elevated levels of the lncRNA GAS5
in atherosclerotic plaques, implying that this lncRNA is involved in
atherosclerosis [190]. Furthermore, gain- and loss- of function studies
showed how GAS5 modulates macrophages and ECs apoptosis in vitro,
and even more interestingly, how it can be carried by extracellular
particles, such as exosomes, to other cells of the atherosclerotic plaque
[191]. GAS5 was originally isolated from mice embryonic fibroblasts,
but it is widely expressed in adult tissues [192], and it is able to reg-
ulate vascular cell function through the β-catenin signaling pathway
[193]. Interestingly, GAS5 is strongly reduced during vascular re-
modeling in spontaneously hypertensive rats (SHR), a genetic model of
hypertension [193]. Nevertheless, its levels are reduced only in patients
with coronary artery disease, suggesting a potential role as a biomarker
[194].

Representative examples of ncRNAs involved in VSMC phenotypic
switch are shown in Fig. 1, while the main lncRNAs known to affect EC
function and their mechanisms are listed in Table 2.

9. Clinical perspectives

Although experimental evidence on the role played by lncRNAs in
the mechanisms underlying vascular remodeling has been accumulating
only very recently, a growing number of promising therapeutic targets
are becoming progressively available. This opens up a novel encoura-
ging avenue in the treatment of cardiovascular diseases. In particular,
the complex tri-dimensional structure of several lncRNAs allows them
to mediate different biological effects, some of which are key biological
elements. These characteristics suggest that a large biological impact
can be foreseen in the next future through the therapeutic interference
with lncRNA.

However, the upcoming clinical application to be exploited in the
next years is the use of these regulatory molecules as smart disease
biomarkers. Indeed, noncoding RNAs can be released by cells and tis-
sues into the blood, and some of them have shown a high extracellular
stability and have been tested with very promising results as bio-
markers of in-stent restenosis, both in the coronary tree [56,59] and in
the peripheral vascular district [55,64].

Several miRs have already been proposed as disease biomarkers and
some are under evaluation in clinical research projects. Although
lncRNAs are newcomers in this field, they present some specific char-
acteristics that make them very attractive as potential biomarkers to be
exploited for clinical use. In fact, some classes of lncRNAs are poten-
tially more robust markers compared to miRs, which could represent
and advantage in terms of clinical exploitation. For example, some
lncRNAs “sponge” a substantial number of miRs. Consequently, several
miRs are modulated for a single lncRNA, making measurement of the
lncRNA more convenient. Furthermore, some lncRNAs have multiple
binding sites for different miRs. Hence, measuring one single lncRNAs
would allow to indirectly detect a quantum of a specific “pattern” of

miRs. As a matter of fact, the evidence that lncRNAs are also packed in
microvesicles or exosomes, as noticed earlier for miRs, increases their
interest as biomarkers and has a practical impact on their measurement,
which should be taken into account in the development of diagnostic
toolkits.

Moreover, ncRNAs offer a specific advantage as clinical biomarkers,
since they reflect the status of intracellular biological processes. This
can have a relevant impact on their capacity to follow up specific
biological processes underlying a certain disease or help the etiological
diagnosis of a specific disease or clinical syndrome, with obvious im-
pact on therapy and prognosis [20].

Potential clinical applications include both pre-implant prediction
of restenosis risk, and diagnosis of already established restenosis
[55,56,59,64]. This would potentially offer the chance to implement
the pre-procedural planning with a tool that would suggest which pa-
tients are at higher risk for in-stent restenosis and could therefore be
better candidate to surgical rather that transcatheter revascularization.
Although validation is needed in large clinical trials, results from
seminal studies using this approach were very promising [56,59,64].
Also, the resulting information could help in selection of the better
transcatheter revascularization strategy, including the selection of the
most appropriate stent and antiproliferative drug.

Another attracting clinical application would be the noninvasive
diagnosis of restenosis once it has already occurred. This latter use
would be particularly relevant for the management of patients after
percutaneous transcatheter revascularization. In fact, noninvasive tests
are not always easy to interpret and they are not able to differentiate de
novo stenoses or progression of non-target lesions from re-stenotic le-
sions. In addition, the time window within the risk for restenosis falls
can be very variable, depending from individual patients' character-
istics, the type of stent used and the pharmacological treatment. This
makes the use of invasive tests or costly imaging examinations very
difficult to plan. Interestingly, some clinical studies already explored
this potentiality with promising results [56]. In fact, as it can be noticed
from Table 3, the diagnostic performance of single miRNAs was parti-
cularly high in some cases.

The continuous improvement of analytical methods to detect
miRNAs will probably give a further momentum to the clinical research
on the potential use of circulating miRNAs as diagnostic biomarkers.
Indeed, novel diagnostic method that are faster, more reliable and less
expensive than traditional quantitative polymerase chain reaction
(PCR) are under development. Among the others, faster PCR methods
using primers on multi-well plates or microfluidic cards should be
mentioned, while other groups are testing alternative methods based on
direct hybridization or enzyme-linked assays. Using a different ap-
proach, promising diagnostic test are under development using nano-
sensors coupled with microfluidic platforms, that could allow label-free,

reliable, cheap and fast detection methods in the near future
[195–198].

Table 3
Noncoding RNAs as potential biomarkers.

ncRNA Arterial district Study size Change in restenosis Clinical value Ref

miR-21 Coronary 181 Increased in ISR diagnostic of ISR (AUC=0.568 at ROC) [56]
miR-92a Peripheral 62 Increased above 2167 copies/μL Independent perdictor of TVR (2 years) [64]
miR-100 Coronary 181 Decreased in ISR diagnostic of ISR (AUC=0.608 at ROC) [56]
miR-133a Coronary 111 Increased transcoronary gradient predicts TLR for ISR [59]
miR-143 Coronary 181 Decreased in ISR diagnostic of ISR (AUC=0.818 at ROC) [56]
miR-143 Peripheral 165 Decreased in ISR Independent predictor of ISR [55]
miR-145 Coronary 181 Decreased in ISR diagnostic of ISR (AUC=0.880 at ROC) [56]
miR-195 Peripheral 62 Increased above 263.3 copies/μL Independent perdictor of TVR (2 years) [64]

AUC= area under the curve; ISR= In-Stent Restenosis; ROC= receiver operating characteristic curve; TLR= target lesion revascularization; TVR= target vessel
revascularization.
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