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Abstract Atherosclerosis underlies the predominant number of cardiovascular diseases and remains a leading cause of mor-
bidity and mortality worldwide. The development, progression and formation of clinically relevant atherosclerotic
plaques involves the interaction of distinct and over-lapping mechanisms which dictate the roles and actions of mul-
tiple resident and recruited cell types including endothelial cells, vascular smooth muscle cells, and monocyte/mac-
rophages. The discovery of non-coding RNAs (ncRNAs) including microRNAs, long non-coding RNAs, and circular
RNAs, and their identification as key mechanistic regulators of mRNA and protein expression has piqued interest
in their potential contribution to atherosclerosis. Accruing evidence has revealed ncRNAs regulate pivotal cellular
and molecular processes during all stages of atherosclerosis including cell invasion, growth, and survival; cellular up-
take and efflux of lipids, expression and release of pro- and anti-inflammatory intermediaries, and proteolytic bal-
ance. The expression profile of ncRNAs within atherosclerotic lesions and the circulation have been determined
with the aim of identifying individual or clusters of ncRNAs which may be viable therapeutic targets alongside de-
ployment as biomarkers of atherosclerotic plaque progression. Consequently, numerous in vivo studies have been
convened to determine the effects of moderating the function or expression of select ncRNAs in well-
characterized animal models of atherosclerosis. Together, clinicopathological findings and studies in animal models
have elucidated the multifaceted and frequently divergent effects ncRNAs impose both directly and indirectly on
the formation and progression of atherosclerosis. From these findings’ potential novel therapeutic targets and strat-
egies have been discovered which may pave the way for further translational studies and possibly taken forward for
clinical application.
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1. General introduction to
atherosclerosis

Atherogenesis is initially characterized by substantial alterations in the in-
ner arterial surface. A normal artery consists of three tissues layers: the
inner layer (endothelium), a middle layer (intima and media), and the
outer layer (adventitia). The permeation, trapping and physicochemical
modification of circulating lipoprotein particles in the sub-endothelial
space represents the earliest detectable change towards the formation
of an atherosclerotic lesion.1 However, although this may be the case in
animal models of atherosclerosis, in humans, the accumulation and

subsequent modification of lipoproteins is thought to occur where adap-
tive intimal thickenings have previously developed.2 Adaptive intimal
thickenings are primarily located at atheroprone areas in response to dis-
turbed blood flow (such as bifurcations and curved arterial regions) and
are distinguished by intimal accrual of vascular smooth muscle cells
(VSMCs) embedded within specific extracellular matrix (ECM) proteins
such as the proteoglycans decorin and biglycan, which contribute to the
accumulation, retention, and subsequent modification of lipoproteins.2

In both humans and animal models, intimal lipid accumulation is associ-
ated with changes in endothelial permeability in response to endothelial
cell (EC) activation.3 Activated ECs undergo phenotypic changes includ-
ing abnormal migration, proliferation, and altered expression of adhesion
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.
molecules and chemokines. These, in turn, stimulate the adhesion, trans-
migration, and accretion of inflammatory white blood cells such as
monocytes, within the subendothelial space and developing intima.
Once within the intima, monocytes differentiate into macrophages and
express an array of scavenger receptors and Toll-like receptors, which
have been proposed to contribute to the formation of foam cell macro-
phages.4 In particular, scavenger receptors facilitate the uptake of modi-
fied low-density lipoproteins (LDLs) by macrophages in the artery wall,
which triggers local inflammation and ultimately leads to the develop-
ment of the atherosclerotic lesion.4

As part of plaque development within animal models, stimuli released
from inflammatory cells induce VSMC translocation from the medial
layer of the arterial wall into the intima. Migrating VSMCs lose their char-
acteristic contractile phenotype, start to proliferate and synthesize ECM
proteins, thus actively contributing to plaque formation through estab-
lishment of a fibrous cap.5 While cellular proliferation is common during
the early stages of the atherosclerotic lesion formation, advanced pla-
ques are characterized by significant levels of VSMC and foam cell mac-
rophage apoptosis. Hence, dead cells and lipids build up within the
plaque resulting in the development of the lipid-rich necrotic core.6 In
the absence of expansive remodelling, plaques generally can cause
marked stenosis which limits blood flow and can ultimately result in tis-
sue ischaemia.7 Concurrently, VSMC death alongside focal accrual of
protease-rich foam cell macrophages, increases the risk of plaque rup-
ture as the ECM is essential for maintaining the integrity of the fibrous
cap and accompanying preservation of plaque stability. If the fibrous cap
of a plaque ruptures, blood coagulation components encounter the
thrombogenic plaque core resulting in thrombus formation, which if
large enough within a coronary plaque will induce a myocardial infarction
and possibly death.

2. General introduction to non-
coding RNAs

The development of full genome sequencing techniques has made it pos-
sible to survey the transcriptomes of multiple organisms to an unprece-
dented level. In this context, large genomic projects such as FANTOM8,9

and ENCODE10,11 have marked the beginning of the ‘post-genomic era’.
These extensive studies have provided the scientific community with the
knowledge that although the majority (70–80%) of the mammalian ge-
nome is transcribed, only a tiny part (1–2%) of the transcriptionally active
regions correspond to protein-coding genes. Pervasive transcription
produces a vast repertoire of non-coding RNAs (ncRNAs) of all sizes
and shapes, including short ncRNAs (such as microRNAs), long non-
coding RNAs (lncRNAs), and circular RNAs (cRNAs). Collectively,
ncRNAs have been proposed to play pivotal roles in modulating a previ-
ously underestimated complexity in gene regulatory networks.

3. An introduction to lncRNAs

Among ncRNAs, lncRNAs represent the widest and most heteroge-
neous class. These are transcripts exceeding 200 nucleotides (nt) in
length, with no significant protein coding capacity.12 The majority of
lncRNAs are transcribed by RNA polymerase II, they undergo splicing,
present 50 caps and are polyadenylated.13 Based on their genomic loca-
tion relative to their neighbouring protein-coding genes, lncRNAs can be
distinguished into intergenic (lincRNAs), exonic, intronic, or fully

overlapping. Antisense (AS) lncRNAs are transcribed from the opposite
DNA strand overlapping with exons of a protein-coding gene; these
have been often shown to contribute to canonical regulation of cognate
sense genes.14 LncRNAs contribute to gene expression regulation at dif-
ferent levels by cis or trans-acting. The extensive diversity in their mecha-
nisms of action and functional outputs is strictly linked to their
anatomical properties, subcellular localization and interactions with mo-
lecular partners. LncRNA may act as a ‘molecular sink’ sequestering dif-
ferent factors from their site of action; they can work as scaffolds
assembling molecular effectors; they can guide the localization of ribonu-
cleoprotein complexes to specific target genes and they can function as
molecular signals to indicate gene regulation in space and time.15

Examples of lncRNAs intervening in transcriptional and translational reg-
ulation, cellular trafficking, nuclear organization, and compartmentaliza-
tion have been shown.16 Other studies showed that the structure of
lncRNAs is more highly conserved across different species than their pri-
mary sequence, suggesting a strict link between structural and functional
features.17,18 Since their recognition, lncRNAs have been reported to be
involved in normal organism development and physiology, as well as in
the pathogenesis of multiple diseases.19–21 Additionally, recent years has
seen an abundance of studies examining lncRNA expression and modu-
lation in clinical samples, animal models and cell systems mimicking ath-
erosclerosis, and these are discussed below and summarized in Table 1.
Their proposed mechanisms of action are also summarized within
Figure 1.

3.1 LncRNAs in atherosclerosis
In the last decade, genome-wide association studies (GWAS) unveiled an
increasing number of genetic loci linked to coronary artery disease
(CAD) risk inheritance. Among these, the Chr9p21 locus has been exten-
sively studied, with a special focus on a cluster of five genes which include
the 3.8 kb long ANRIL ncRNA and the tumour suppressors cyclin depen-
dent kinase inhibitor CDKN2A/p16INK4A, CDKN2A/p14ARF,
CDKN2B/p15INK4B, and methylthioadenosine phosphorylase (MTAP).47

Interestingly, single-nucleotide polymorphisms (SNPs) conferring cardio-
vascular risk do not span the protein-coding regions of the locus (i.e.
CDKN2A/p16INK4A, CDKN2A/p14ARF, CDKN2B/p15INK4B and
MTAP), but rather fall within the lncRNA ANRIL introns.48

ANRIL overlaps in antisense orientation the entire CDKN2B/
p15INK4B gene and was therefore referred to as CDKN2B antisense
RNA (CDKN2B-AS1). More than 20 linear ANRIL isoforms, as well as
multiple circular isoforms have been reported (www.ensembl.org).
Interestingly, Jarinova et al.49 showed that ANRIL expression was in-
duced by the CAD risk SNP rs1333049 in peripheral blood monocytes
(PBMCs), with no significant effects on expression of CDKN2A or
CDKN2B. Transcriptional profiling of these genes was later carried out
in diverse tissues, primary cells and cell lines relevant to atherosclerosis.
Most of the studies investigating ANRIL expression found an association
with the Chr9p21 genotype (reviewed in ref.50). In particular, patients
carrying the CAD-risk allele were found to predominantly express linear
ANRIL isoforms containing the proximal and distal exons; moreover,
ANRIL expression in plaques, circulating PBMCs or whole blood corre-
lated with atherosclerosis severity.22–24 Conversely, circular ANRIL
(circANRIL) isoforms were down-regulated in patients with the
Chr9p21 risk haplotype and inversely correlated with atherosclerotic se-
verity.40 Interestingly, when the effects of Chr9p21 were simultaneously
investigated on both ANRIL and CDKN2B in large cohorts, a stronger
genotype/expression correlation was identified for ANRIL compared to
CDKN2B.22,40,51 Overall, the scenario sees a general trend towards an
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..inverse correlation between circANRIL or CDKN2B, which are down-
regulated in patients with the CAD-risk genotype, and linear ANRIL iso-
forms, which are on the contrary up-regulated. Recent data provided ev-
idence of ANRIL acting also in trans on non-overlapping genes.51 Holdt
et al. reported that the functional modules responsible for ANRIL trans-
regulation consists of Alu repeats contained in the transcript sequence.
These would facilitate recruitment of Polycomb group proteins to Alu-
containing promoters of target genes, most likely through RNA: DNA
interactions enabled by the presence of highly homologous Alu
elements.

ANRIL is expressed in ECs, VSMCs, inflammatory cells and tissues
that are affected by atherosclerosis.52 Silencing of ANRIL in human
aortic VSMCs by siRNA, alternatively targeting exon1 or exon19, has
been shown to differentially modulate the expression of genes con-
trolling apoptosis, proliferation, inflammation, and ECM remodelling;
namely BCL2-related protein A1 (BCL2A1), baculoviral IAP repeat
containing 3 (BIRC3), cadherin 5 (CDH5), and heparin-binding EGF-
like growth factor, thus suggesting isoform-specific regulatory prop-
erties.53 Recently Lo Sardo et al.54 generated induced pluripotent
stem cell-derived VSMCs from CAD risk and non-risk individuals and
deleted the region corresponding to the �60 kb risk haplotype
(which is depleted of coding genes) by taking advantage of TALEN
technology.54 Transcriptional profiling revealed that VSMCs from
CAD risk individuals displayed altered gene expression patterns, re-
sembling those previously identified in CAD risk individuals.
Furthermore, they exhibited aberrant adhesion, contraction, and
proliferation. Deletion of the risk haplotype rescued VSMC normal

phenotype and, conversely, forced expression of the lncRNA ANRIL
induced risk phenotypes in non-risk VSMCs.

3.1.1 Endothelial cells
It is acknowledged that atherosclerosis is a chronic inflammatory disease
which develops at specific regions within the arterial wall such as branch
points and prominent curvatures where disturbed blood flow prevails.55

The altered shear stress at such sites can exert profound effects on the
ECs including altered migratory and proliferative responses alongside
modulating their susceptibility to apoptosis and permeability,55 permit-
ting the insudation of lipoproteins within adaptive intimal thickenings
which form at such sites.2 Accordingly, EC-derived ncRNA expression
and their contributory roles on cell behaviour have been explored in
response to haemodynamic alterations and exposure to pro-
atherosclerosis risk factors. Deep sequencing of polyA-RNA from
human umbilical vein endothelial cells (HUVECs) showed that the ex-
pression levels of some lncRNAs, including the metastasis associated
lung adenocarcinoma transcript 1 (MALAT1), MEG3, TUG1, linc00493,
and linc00657, were comparable with the ones observed for endothelial
coding genes, such as vascular endothelial growth factor (VEGF) recep-
tor 2.25 Upon hypoxic stimuli MALAT1, MEG3, TUG1, and linc00657
were significantly up-regulated, suggesting a link between these lncRNAs
and endothelial dysfunction characterizing the initial process of
atherogenesis.

3.1.1.1 sONE. Nitric oxide (NO) plays a vital role in vascular homeosta-
sis and is involved in dysfunction and damage of the vasculature during

Figure 1 Overview of the cellular regulation of long non-coding RNAs (lncRNAs). LncRNA may act both within nuclear and cytoplasmic compartments.
Within the nucleus, they contribute to shaping chromatin structure and accessibility via recruitment of chromatin modifiers (A); they can regulate transcrip-
tion rate by modulating transcription factor availability at transcription start sites (B); they can control RNA splicing by directing the splicing machinery (C);
they can also work as scaffolding structures through provision of components to aid the formation of specific subnuclear bodies (D); they regulate the shut-
tling of proteins between cellular compartments (E). In the cytoplasm, lncRNAs can regulate mRNA turnover by guiding the degradation machinery to spe-
cific transcripts (F); they can also dictate translational regulation through actions such as blocking ribosome binding to RNA (G), or as ‘molecular sinks’ to
sequester different factors (microRNAs and proteins) from their site of action (H).

1734 F. Fasolo et al.
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atherosclerosis. NO is mainly synthesized by three NO synthase (NOS)
enzymes, with endothelial NOS (eNOS or NOS3) representing the vas-
cular EC-restricted isoform. Altered eNOS expression results in abnor-
malities of blood pressure, platelet function, and vessel wall remodelling.
In particular, advanced human atherosclerotic plaques are characterized
by decreased expression of steady-state eNOS mRNA due to exposure
of ECs to diverse injurious stimuli.56 Recently, sONE has been identified
as a tail-to-tail overlapping AS lncRNA transcribed from the opposite
strand of eNOS in VSMCs, but not within ECs. The knock-down of
sONE was associated with augmented levels of eNOS in VSMCs, while
sONE overexpression unusually reduced EC eNOS levels in a post-
transcriptional manner.26 The expression of sONE is induced by hyp-
oxia, resulting in negative regulation of eNOS expression in ECs.27

Together these experiments suggest that not only does sONE regulate
cell-specific eNOS expression but also its expression can be modulated
upon atherosclerotic stimuli such as hypoxia. Whether other stimuli in-
volved in the development of atherosclerotic lesions, such as oxidized
LDL or inflammation, can affect sONE or eNOS expression remains an
open question.

3.1.1.2 SENCR. Recently, the smooth muscle and EC-enriched migra-
tional differentiation-associated lncRNA (SENCR) was shown to be a
flow-responsive lncRNA favouring endothelial integrity, suggesting that

lncRNA deregulation may provide the interface between shear stress
and endothelial damage, ultimately leading to atherosclerosis.28 SENCR
levels were shown to be increased in several differentiated human EC
lineages exposed to laminar shear stress. This was confirmed also in vivo
by taking advantage of humanized SENCR expressing mice; furthermore,
this lncRNA was not induced in disturbed shear stress regions. SENCR
has a role in preserving EC membrane integrity, as shown by loss-of-
function experiments, which highlighted increased EC permeability upon
SENCR knock-down. Pull-down and mass spectrometry illustrated the
interaction with cytoskeletal-associated protein 4 (CKAP4) through a
non-canonical RNA-binding domain. SENCR silencing facilitated the in-
teraction between CKAP4 and cadherin 5 (CDH5 or VE-cadherin),
resulting in damaging the structure of adherens junctions through desta-
bilization of the CDH5/CTNND1 complex and augmenting CDH5
internalization.28

3.1.1.3 MALAT1. Recent investigations have demonstrated that
MALAT1 can control both epigenetic gene regulation and splicing, and
changes in its expression were shown to be associated with metastasis
of lung tumours.57 MALAT1 was shown to interact with polycomb 2
(CBX4) and thereby regulate histone modifications to control cellular
proliferation.58 The Dimmeler lab showed that MALAT1 expression
affects the balance between proliferative and migratory EC phenotype

..............................................................................................................................................................................................................................

Table 1 Long non-coding and circular RNAs in atherosclerosis-related research

Non-coding

RNA name

Model Atherogenic/

atheroprotective

Experimentally validated function References

ANRIL Human vascular tissue and pe-

ripheral blood

Atherogenic Associated to the cardiovascular disease locus 9p21.3 22–24

MALAT1 HUVECs Atherogenic Up-regulated upon endothelial dysfunction; induces

proliferation

25

MEG3 HUVECs Atherogenic Up-regulated upon endothelial dysfunction 25

sONE ECs Atherogenic Inhibits eNOS expression; up-regulated upon hypoxia 26,27

SENCR Human ECs and VSMCs;

HUVECs

Atheroprotective

(in early stages)

Flow-responsive, favours endothelial integrity; maintenance

of contractile phenotype; increases proliferation

28–30

MIAT ECs Not assessed Regulates ECs function via control of VEGF expression 31

Dll4-AS Human and mouse ECs Not assessed Knock-down decreases proliferation and migration and

enhances sprouts formation

32,33

MeXis Human and mouse macrophages Atheroprotective Controls cholesterol efflux via regulation of ABCA1

transcription

34

lnc-Ang362 Rat VSMCs Atherogenic Induced upon AngII stimulation; knock-down impairs

proliferation

35

lincRNA-p21 Human and mouse; ECs, VSMCs

and macrophages

Atheroprotective (in early

stages)/upon stenosis

Represses proliferation and induces apoptosis; down-regu-

lated in atherosclerosis models and patients

36,37

HIF-AS1 VSMCs and ECs Not assessed Represses proliferation and induces apoptosis 38,39

cANRIL Human vascular tissue and pe-

ripheral blood

Atheroprotective (in

early stages)

Inhibits proliferation via interference with ribosomal RNA

maturation

40

hsa_circ_0124644 Human peripheral blood Atherogenic Biomarker for CAD 41

hsa_circ_0003575 HUVECs Atherogenic Up-regulated upon oxLDL treatment 42

hsa_circ_000595 Human aortic VSMCs Atherogenic (in advanced

lesions)

Up-regulated upon hypoxia; induces apoptosis 43,44

Circ_Lrp6 Human and mouse VSMCs Not assessed Knock-down decreases VSMCs proliferation and migration

and reduces stented carotid intima hyperplasia in mouse

45

cZNF292 ECs Not assessed Up-regulated upon hypoxia; induces proliferation and

sprout formation

46

AngII, angiotensin II; CAD, coronary artery disease; ECs, endothelial cells; HUVECs, human umbilical vein endothelial cells; VSMCs, vascular smooth muscle cells.

Non-coding RNAs in atherosclerosis 1735
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in vitro, and its genetic deletion in vivo impairs vascular growth. Silencing
of MALAT1 inhibits proliferation in HUVECs by modulating the expres-
sion of cell cycle regulators, and promotes a switch towards a migratory
phenotype characterized by increased basal sprouting upon pro-
angiogenic conditions.25 MALAT1 expression in ECs is induced under
high-glucose conditions or oxidative stress, and its knock-down results
in decreased cell viability.59 According to a recent study, in high-glucose
cultured ECs, MALAT1 up-regulation initiates an inflammatory cascade
ultimately inducing the expression of inflammatory serum amyloid anti-
gen (SAA3).60

3.1.1.4 MIAT. Serum levels of the lncRNA myocardial infarction-
associated transcript (MIAT) are increased in patients with coronary ath-
erosclerotic disease compared with healthy subjects, and the increased
levels positively correlates with IL-6 and TNFa serum levels.61

Moreover, patients with symptomatic carotid atherosclerosis exhibit in-
creased intra-plaque MIAT expression than individuals with asymptom-
atic disease or healthy controls.62 A similar pattern was also reported
both within plaques and serum of mice with advanced atherosclerosis in
comparison to early disease.62 With regards to ECs, MIAT can regulate
their function by acting as a competing endogenous RNA, thus prevent-
ing miR-150-5p from reaching its target VEGF, an action commonly re-
ferred to as a microRNA sponge.31 MIAT knock-down in Apoe-deficient
mice achieved through systemic delivery of a MIAT shRNA adenoviral
vector decreased aortic atherosclerosis, supporting a pro-
atherosclerotic role for this lncRNA.62 Mechanistically, the beneficial
effects of MIAT knock-down were attributed to its role as a miR-149
sponge, preventing miR-149 from targeting CD47 within foam cell mac-
rophages and subsequent loss of efficient efferocytosis, a process in-
volved in plaque progression.62 Indeed, plaques from MIAT knock-down
mice were deemed more stable than those from control animals due to
observed increased collagen and VSMCs content against decreased ne-
crotic core size and macrophage positive area.62

3.1.1.5 Dll4-AS. An antisense lncRNA transcribed from the Delta-like 4
gene, named Dll4-AS, has been shown to affect proliferation, migration,
and sprouting in human and mouse ECs through modulating Dll4 expres-
sion, which is a specific ligand for the Notch1 receptor on arterial endo-
thelium. The expression of Dll4 and Dll4-AS is driven by the same
promoter and transcripts are co-regulated upon Notch-activating or
inhibiting stimuli. In particular, silencing of Dll4-AS led to decreased Dll4
mRNA level and resulted in enhanced sprout formation, impaired EC
proliferation and migration.32,33

3.1.1.6 ASncmtRNA-2. Vascular cell senescence has been ascribed a
role in age-associated cardiovascular diseases. Replicative senescence
(RS) and stress-induced premature senescence are provoked respec-
tively by endogenous (telomere erosion) and exogenous (H2O2, UV)
stimuli, resulting in cell cycle arrest in Gl and G2 phases. In both scenar-
ios, mitochondria-derived ROS are important players in senescence initi-
ation. In this context, ASncmtRNA-2 is a mitochondrial DNA-
transcribed lncRNA whose expression was found to be increased in
mouse aged aortas.63 According to in vitro experiments, ASncmtRNA-2
is induced in RS in ECs rather than in VSMCs. The authors proposed that
this lncRNA may exert its action through up-regulation of miR-1973 and
miR-4485, as both microRNAs were up-regulated by ASncmtRNA-2
over-expression and upon RS, eventually leading to cell cycle arrest.63

3.1.1.7 FLJ11812. Autophagy has been considered to play a protective
role in atherosclerosis mainly through degrading long-lived proteins and
dysfunctional organelles, as well as by facilitating removal of cholesterol

from foam cell macrophages. At the same time, EC autophagy may also
destroy the structural stability of the plaque and aggravate thrombosis,
potentially triggering acute clinical events.64 In this setting, Ge et al.65 in-
vestigated novel factors downstream of the mTOR signalling pathway
which would inhibit autophagy in HUVECs. After treatment with 3-ben-
zyl-5-((2-nitrophenoxy) methyl)-dihydrofuran-2(3H)-one (3BDO),
which stimulates mTOR, they found that a lncRNA transcribed from the
TGFB2 gene and named FLJ11812 was significantly down-regulated in
treated cells. This was accompanied by a strong decrease of autophagy-
related 13 (ATG13) protein levels. Although the mechanism through
which FLJ11812 exerts its regulatory action needs further investigation,
it has been proposed that it could be via sequestering of a specific
miRNA (miR-4459) targeting ATG13.65

3.1.2 Vascular smooth muscle cells
A main feature of VSMCs is their high level of plasticity which they retain
even after differentiation. In normal conditions, VSMCs reside within the
media, where they are primarily quiescent and typically contractile. In re-
sponse to a variety of stimuli (inflammation, cyclic strain, oxLDL, etc.),
VSMCs may undergo phenotypic modulation, permitting their prolifera-
tion and migration towards the intimal layer alongside taking on a syn-
thetic phenotype, thus actively contributing to the formation of the
atherosclerotic plaque.5 VSMC phenotypic modulation is a crucial pro-
cess for the formation of atherosclerotic lesions, vascular remodelling,
and injury repair/stabilization. As such, although VSMC phenotype
switching and associated behavioural changes may be deemed detrimen-
tal during atherogenesis (particularly in humans), this process is funda-
mentally beneficial in advanced plaques to ensure maintenance of the
protective fibrous cap.

3.1.2.1 SENCR. The aforementioned and proposed AS lncRNA SENCR
is expressed in both ECs and VSMCs29 and is transcribed from the up-
stream of the friend leukaemia virus integration 1 (FLI1) gene locus,
overlaps the FLI1 gene, presents transcriptional variants and is mainly lo-
calized within the cytosol. In particular, the transcriptional variant specific
to VSMCs is explicitly detected within cells displaying a contractile phe-
notype. Indeed, SENCR knock-down was associated with VSMC de-
differentiation and induction of migration through a yet unidentified
mechanism. A similar study in ECs showed that SENCR overexpression
promoted their proliferation, migration, and angiogenic function.30

Although AS lncRNAs often participate in regulation of sense neighbour-
ing transcripts, no regulatory action has been shown for SENCR on FLI1
to date.

3.1.2.2 HAS2-AS1. VSMCs are responsible for the majority of ECM
synthesis within the vessel wall. Hyaluronic acid (HA) is a multifunctional
matrix protein and its accumulation can result in vessel wall thickening,
thus contributing to vascular injury and atherogenesis.66 Furthermore,
HA can affect VSMC function through the accumulation of adhesion
molecules involved in the initiation of the immune cascade. Mammalian
HA is synthesized at the cell membrane by three HA synthases (HAS):
HAS1, HAS2, and HAS3. The expression of a natural antisense RNA to
the HAS2 isoform (HAS2-AS1), was detected in osteosarcoma cells67

and in renal proximal tubular epithelial cells.68 In the latter, HAS2-AS1
forms a duplex with HAS2 mRNA, resulting in sense transcript stabiliza-
tion and increased expression levels upon stimulation with IL-1b or
TGF-b1.68 AS-mediated regulation of HA synthesis in VSMCs remains
unexplored and it would be interesting to investigate whether a similar
mechanism is involved during atherogenesis.
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3.1.2.3 Lnc-Ang362. Dysregulated proliferation and hypertrophy of
VSMCs can be induced by angiotensin II (Ang II), which can also promote
inflammation, fibrosis, and cell growth. Moreover, increased endogenous
or exogenous levels of Ang II can promote atherosclerotic plaque forma-
tion and progression. Accordingly, Leung et al.35 conducted transcrip-
tome and epigenome profiling of rat VSMCs in response to Ang II
treatment. They discovered that an Ang II-regulated lncRNA (lnc-
Ang362) functions as the host transcript for miR-221 and miR-222,
which are proposed mediators of VSMC function. Indeed, lnc-Ang362
knock-down reduced miR-221 and miR-222 expression and suppressed
VSMC proliferation. Taken together the results argue for the possibility
of using Ang II-regulated ncRNAs as potential novel therapeutic targets
for Ang II-associated cardiovascular diseases such as atherosclerosis.

3.1.2.4 LincRNA-p21. Apoptosis of VSMCs can contribute to weaken-
ing of the plaque fibrous cap, and consequently impinge on the stability
of atherosclerosis plaque. Similarly, EC loss may promote plaque erosion
and encourage thrombus formation and subsequent myocardial infarc-
tion, particularly over highly stenotic plaques.69 LincRNA-p21 has been
recently shown to repress proliferation and induce apoptosis in VSMCs
and mouse macrophages in vitro, potentially through enhancement of
p53 transcriptional activity.36 LincRNA-p21 appears to function as a
component of the p53 pathway, at least in part, by physically interacting
with a p53 repressive complex to down-regulate many p53 target
genes.37 Interestingly, LincRNA-p21 was found to be down-regulated in
both the Apoe-deficient mouse model of atherosclerosis and patients
with CAD.36 Moreover, lincRNA-p21 lentiviral knock-down in the
mouse carotid artery injury model resulted in marked neointimal hyper-
plasia.36 These findings have relevance to the VSMC hyperproliferative
response observed during atherogenesis and after surgical interventions
of advanced plaques where (re)stenosis can result in further vessel oc-
clusion. In this context, the above experiments raise the possibility that
manipulation of lincRNA-p21 expression could be beneficial to treat re-
stenosis and prevent atherogenesis, but unwanted plaque destabilization
effects may be encountered in advanced plaques unless localized inter-
ventions were deployed.

3.1.2.5 HIF1a-AS1. The brahma-related gene 1 (BRG1) is highly
expressed by VSMCs during thoracic aortic aneurysms, where it has the
effect of triggering apoptosis and reducing cell proliferation. Similar
changes in expression level of the lncRNA HIF 1 alpha-antisense RNA 1
(HIF1a-AS1) were observed as those of BRG1.38 Furthermore, HIF1a-
AS1 knock-down markedly promoted VSMC proliferation and reduced
susceptibility to apoptosis through increasing Bcl2 expression and de-
creasing the expression of caspase3 and caspase8 in VSMCs and cas-
pase9 in ECs.39 As such, HIFa-AS1 may also contribute to the
development and progression of atherosclerosis through controlling
VSMC and EC apoptosis.

3.1.3 Inflammatory cells
The progression and destabilization of atherosclerotic plaques is largely
responsible for the majority of cardiovascular related deaths.70

Histopathological findings from human atherosclerotic plaques have illu-
minated our understanding of how atherosclerotic lesions progress and
revealed that increasing vulnerability to rupture is related to perpetual
recruitment and accumulation of monocyte/macrophages, their transfor-
mation into lipid-laden foam cells, expansion of the lipid/necrotic core,
loss of VSMC content alongside decreased collagen deposition.71

Therefore, many of the deleterious characteristics of plaque progression

are related to inflammation, particularly monocyte/macrophages, which
is supported by the recent results of the CANTOS trial which confirmed
a pivotal role for inflammation in the progression and clinical complica-
tions of atherosclerosis.72 With regards to the function and behaviour of
monocyte/macrophages, ncRNAs have been proposed as harnessing im-
portant modulatory roles, such as directing the adhesion, invasion and
proliferation of monocytes, affecting macrophage uptake and efflux of
modified lipoproteins, macrophage phenotypic polarization, alongside
the regulation and secretion of inflammatory mediators and proteases.
Collectively, such findings have elucidated the novel mechanistic func-
tions ncRNAs may exert on the inflammatory response during athero-
sclerosis and identified specific ncRNAs as latent therapeutic targets,
concurrent with their assessment within the circulation as prognostic
biomarkers of atherosclerotic disease progression.

3.1.3.1 MeXis. Based on mouse studies, MeXis is a lncRNA attributed a
crucial role in atherogenesis via regulation of cholesterol metabolism.34

Highly expressed in macrophages, MeXis is up-regulated in response to
cholesterol overload. MeXis and the neighbouring cholesterol-efflux
gene ABCA1 are co-regulated at the transcriptional level via liver X re-
ceptor (LXR)b, which belongs to the sterol-activated nuclear receptor
family controlling the expression of genes pivotal for cholesterol homeo-
stasis. Interestingly, MeXis potentiates LXR-dependent transcription of
ABCA1, which is defective in MeXis-deficient mice in a tissue-selective
manner.34 Mechanistic studies revealed that MeXis exerts its action
through mediating binding of the transcriptional co-activator DDX17 to
the ABCA1 promoter.34 Interestingly, the LXR-MeXis-ABCA1 axis is
conserved in humans, with the MeXis homologue referred to as
TCONS00016111. A GWAS from the CARDIoGRAMplus consor-
tium73 identified an association between a SNP overlapping the
TCONS00016111 transcript and human CAD, highlighting the potential
relevance of this lncRNA to human atherosclerosis.

4. An introduction to circular RNAs

Initially considered as aberrant splicing products, circRNAs are now
known to be essential players in the regulation of physiological and path-
ological processes.74 Most circRNAs derive from precursor mRNA
(pre-mRNA) back-splicing events, in which a downstream 50splice site
(ss) is joined and ligated with an upstream 30ss (reviewed by ref.33). At
the basis of RNA circularization, the formation of back-splicing junctions
is catalyzed by the canonical spliceosomal machinery and fine-tuned by
cis as well as trans elements. Cis-acting regulatory modules include
intronic complementary sequences flanking the back-splicing junction,
which often consist of repetitive elements, such as Alus in primates.75,76

RNA binding proteins may contribute to circRNA regulation in trans by
either facilitating or destabilizing intronic RNA pairing, thus promoting
or inhibiting circRNA biogenesis, respectively.77,78 cRNAs are modestly
expressed and in most cases less abundant than linear tran-
scripts.75,76,79,80 Interestingly, the expression of circRNAs is tightly regu-
lated both spatially and temporally. A given circular transcript may
display high tissue-specificity79 and expression patterns can be character-
istic of a certain biological process, developmental stage or disease con-
dition.80,81 CircRNAs are located within both the nuclear and
cytoplasmic compartments and can accordingly regulate gene expres-
sion through multiple mechanisms. Evidence suggests they can partici-
pate to splicing regulation, may act as miRNA or protein ‘sponges’ and
can interfere with pre-mRNA processing (reviewed in ref.82).

Non-coding RNAs in atherosclerosis 1737
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..Furthermore, there are novel indications that some endogenous
circRNAs are translatable.83 Finally, circRNAs can be secreted in exo-
somes and body fluids including saliva and serum.84,85 In this context,
their increased stability compared to linear transcripts make them po-
tentially ideal biomarkers in clinical practice. The role of circRNA in ath-
erosclerotic disease initiation and progression has been investigated in
the last few years. Moreover, clinical and experimental studies have
highlighted the potential diagnostic value of these particular transcripts in
atherosclerosis prevention and treatment (see Table 1). Their proposed
mechanisms of action are also summarized within Figure 2.

4.1 CircularRNAs in atherosclerosis
As atherosclerosis underlies the bulk of cardiovascular disorders,
new and highly sensitive/convenient diagnostic biomarkers pattern-
ing atherosclerosis development are required which may aid moni-
toring disease progression, and therefore be highly valuable in terms
of human health, as well as social economics. Their structural prop-
erties alongside identification of circRNA presence in body fluids
such as plasma and saliva, pave the way for their application as bio-
markers. In the field of cancer, hsa_circ_002059, whose expression
is significantly higher in gastric cancer tissue compared to healthy
adjacent tissue, has been proposed as a potential biomarker for diag-
nosis of gastric cancer.86 Further examples are provided by circ-
ITCH 2087 and hsa_circ_0005075 21,88 in oesophageal cancer and
hepatocellular carcinoma, respectively. In this context, by using mi-
croarray technology, Zhao et al.41 profiled peripheral blood
circRNA expression in CAD patients and matched healthy controls

and revealed hsa_circ_0124644 was a sensitive and specific disease
biomarker. Arrays examining circRNA expression have proved to
be valid tools for differential expression analysis in pathologies of in-
terest, with some advantages compared to RNA-sequencing.
Indeed, low count numbers associated to such transcripts often im-
pair accuracy in quantification, making analysis prone to an increased
rate of error,89 unless extremely high sequencing depth is adopted.
Furthermore, although computational approaches for circRNA de-
tection are seeing continual improvement, annotation and analysis
pipelines are rather complex and generally not widely available.90

Conversely, microarray technology is characterized by high sensitiv-
ity and is relatively unaffected by lowered transcript levels specific
to circRNAs.91

4.1.1 Circ-000595
In a study investigating differential expression of circRNAs in
abdominal aortic aneurysms, heightened expression of the circRNA
hsa_circ_000595 was associated with disease progression through regu-
lating VSMCs apoptosis under hypoxic conditions.43 Upon cobalt chlo-
ride (CoCl2)-induced hypoxia in vitro, circ_000595 was up-regulated and
subsequent siRNA-directed silencing decreased hypoxia-induced apo-
ptosis rates in VSMCs.43 Furthermore, circ_000595 knock-down was
shown to be associated with increased expression of miR-19a, which is
known to confer atheroprotection via flow-regulated control of endo-
thelial proliferation.44 As hypoxia is a characteristic feature of atheroscle-
rotic lesions,92 it would be interesting to further explore the role of
circ_000595 in the broader context of atherogenesis and disease
progression.

Figure 2 Overview of the cellular regulation of circular RNAs (circRNAs). CircRNAs may can exert actions within the nucleus, the cytoplasm, or as se-
creted molecules. Within the nucleus, they can contribute to transcriptional (A) and splicing (B) regulation. Within the cytoplasm, circRNAs can affect trans-
lational regulation through actions such as blocking ribosome binding to RNA or alternatively, they can be translated into small pepdtides (C); they can also
serve as ‘molecular sinks’ to sequester different factors (microRNAs and proteins) from their site of action (D). CircRNAs can be secreted within exosomes
and therefore participate in intercellular communication, while their presence within bodily fluids suggests they may be able to be potentially exploited as
biomarkers.

1738 F. Fasolo et al.
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4.1.2 cZNF292
RNA-seq analysis of ECs cultured in 0.2% O2 or normoxic conditions
revealed cZNF292 as another example of a hypoxia-induced circRNA.46

In vitro experiments revealed that cZNF292 could stimulate prolifera-
tion.46 Subsequent silencing of cZNF292 (and not its linear counterpart)
in HUVECs impaired sprouting and tube formation in matrigel assays
and reduced proliferation rates. Of notice, levels of the ZNF292 pre-
mRNA or mRNA host-gene remained unaltered.

4.1.3 Circ_Lrp6
A well-elucidated function of cRNAs is miRNA-sponging. Due to their
miRNA-complementary binding sites, circRNA can ‘capture’ these and
prevent them from reaching their sites of action. Recently Hall et al.45

discovered that a circRNA alternatively spliced from the lipoprotein re-
ceptor 6 (Lrp6) gene locus, serves as a natural miR-145 sponge.
Circ_Lrp6 modulates the action of miR-145 by sequestering the latter in
P-bodies, ultimately regulating VSMC migration, proliferation, and differ-
entiation. In this context, the ratio between circ_Lrp6-bound/unbound
miR-145 has been shown to be crucial in vascular disease pathology, in
both human and mouse.

4.1.4 circANRIL
Probably, the most exhaustively characterized circRNA in atherosclero-
sis is circANRIL, which represents an example of disease-linked circular-
ized transcript whose function and mechanism of action have been
recently partially unveiled. Burd et al.93 initially found that besides the
aforementioned linear ANRIL, a circRNA variant of the latter was tran-
scribed and back-spliced from the atherosclerotic vascular disease risk
region on chromoseome 9p21.3, in proximity to the INK4/ARF
(CDKN2a/b) locus. Interestingly, they proposed SNPs characterizing this
region would ultimately lead to vascular disease susceptibility by regulat-
ing ANRIL splicing and circANRIL production. A few years later, Holdt
et al.40 demonstrated that circANRIL was involved in ribosomal RNA
(rRNA) maturation in VSMCs and macrophages. In detail, pre-rRNA
processing and ribosome biogenesis is impaired by binding of circANRIL
to Pescadillo homologue 1 (PES1), an essential 60S-preribosomal assem-
bly factor, resulting in nucleolar stress, activation of p53, and a subse-
quent increased apoptosis and decreased proliferative rate. Accordingly,
the authors propose an atheroprotective role of circANRIL involving
suppression of cellular proliferating during the early stages of atheroscle-
rotic plaque development. In concert, linear ANRIL would promote
while circANRIL would protect from excessive proliferation, suggesting
that the genotype of Chr9p21 is crucial in regulating the balance of linear
and circANRIL levels in VSMCs and macrophages. As such, a shift in the
ratio towards the linear isoform of ANRIL would favour atherogenesis.40

Indeed, exogenous circANRIL expression was shown to be beneficial in
a rat model of coronary atherogenesis.94 In this study, the effects of low
or high exogenous circANRIL expression were evaluated by monitoring
circulating levels of total cholesterol, triglycerides, LDL, and matrix
metalloproteinase-9 (MMP-9), alongside pro-inflammatory and pro-
apoptotic markers in ECs. All were found to be decreased in the low-
expressed circANRIL group, while high-density lipoprotein (HDL) levels
alongside mRNA and protein expression levels of anti-apoptotic bcl-2
were increased.94 Curiously, opposing effects were observed in the
other group, that is upon elevated levels circANRIL. Taken together, the
results confirm the protective role of circANRIL in atherosclerosis but
adds an essential piece of information: protective effects are reverted
when doses are beyond a certain threshold.

A well-described function of circRNAs, especially if residing within the
cytosolic compartment, is microRNA-binding and trapping.79,95 Thus, a
crucial point is the investigation of the presence of miRNA binding sites
within circRNAs sequences. Although network analysis revealed the
presence of miRNA target sequences in many disease-relevant circular
transcripts detected in vascular cells,42,43 the molecular mechanisms and
the cellular pathways underlying circRNA contribution to atherosclero-
sis remain vastly unexplored. However, there are a large number of
circRNAs lacking sequences for interaction with miRNAs,46 thus raising
the point that circRNA modulation of miRNA activity may represent
only the tip of the iceberg of a wider array of modes of action. It is clear
molecular investigation and the discovery of novel circRNA ‘functional
prototypes’ is required to permit further research within this relatively
new area in the context of atherosclerosis.45

5. An introduction to microRNAs

MicroRNAs (miRNAs, miRs) are short ncRNAs usually between 18 and
22 nucleotides long which harbour the ability to post-transcriptionally con-
trol mRNA/protein expression through either inhibition of translation or
promotion of target messenger (m)RNA degradation. Within the nucleus,
polymerase II positively regulates production of primary microRNAs (pri-
miRs) which are then processed into smaller precursor forms (pre-miRs)
by the Class 3 Ribonucleasese III Drosha in order to permit their export
into the cytoplasm. Once within the cytoplasm, pre-miRs are further proc-
essed by a Class 4 ribonuclease III family member, Dicer, resulting in the
formation of a mature and biologically functional microRNA which can
bind the 30 untranslated regions (30-UTR) of target mRNA and therefore
control their expression. Due to their small size, microRNAs have been
predicted to yield the capacity to modulate approximately 90% of mam-
malian genes and hence proposed to exert an essential role in regulating
key cellular functions.96 Predictive algorithms have identified that individual
microRNAs can bind and regulate a large number of divergent mRNAs, ac-
counting for the discrepancy in the ratio of microRNAs and mRNAs, al-
though more recent evidence has shown that multiple mRNA targets of a
single microRNA may cluster within a given functional network.
Furthermore, due to the hairpin structure of precursor microRNA their
processing results in the generation of -3p and -5p strands, which can bind
complimentary and distinct mRNAs. Owing to these unique characteris-
tics, microRNAs have been put forward as pivotal regulators of mRNA
and protein expression throughout all stages of atherosclerosis supported
by human clinical and pathological studies which have analysed the expres-
sion of individual microRNAs alongside their predicted targets, in addition
to similar investigations in animal models of atherosclerosis. Built upon
such findings, over 45 studies have assessed the effects of modulating
microRNA expression and function on the pathogenesis of atherosclerosis
in multiple mouse models. Differing strategies have been deployed to
moderate individual microRNA function in vivo including the use of miR
mimics (also referred to as agomirs) or viral vectors (including adeno- or
lenti-viruses) to over-express/restore levels of specific microRNA.
Similarly, reduction or complete deficiency in expression of a select
microRNA can be achieved through deployment of microRNA inhibitors
(also referred to as antagomirs) or with genetically-modified mice.

5.1 MicroRNAs in atherosclerosis
5.1.1 Human studies
In humans, the pre-cursors of mature coronary and carotid atheroscle-
rotic plaques are adaptive and pathological intimal thickenings, which are
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characterized by intimal accumulation of VSMCs and distinct ECM pro-
teins at regions of disturbed shear stress (such as bifurcations and curved
arterial regions), and subsequent deposition and modification of lipopro-
teins alongside accrual of monocyte/macrophages.2 MicroRNA profiling
of non-disease coronary arteries and those with early plaques revealed
expression of miR-29, miR-100, miR-155, miR-199, miR-221, miR-363,
miR-497, and miR-508 were up-regulated in early lesions while miR-490,
miR-1273, and miR-1284 levels were down-regulated.97 A comparison
of healthy thoracic arteries and atherosclerotic lesions from aortic, ca-
rotid and femoral arteries demonstrated miR-21, miR-34, miR-146, and
miR-210 levels were increased in atherosclerotic arteries.98 Analysis of
carotid lesions and healthy mammary arteries revealed miR-520 and
miR-105 expression to be down-regulated and miR-15, miR-26, miR-30,
miR-98, miR-125, miR-152, miR-181, miR-185, and miR-422 levels
increased within atherosclerotic plaques.99 Furthermore, symptomatic
carotid plaques (deemed unstable) exhibited increased expression of
miR-100, miR-127, miR-133, and miR-145 when compared with symp-
tomatic lesions (classed as stable).100 Lastly, evaluation of coronary ath-
erosclerotic plaques demonstrated elevated miR-181 expression and
concomitant lowered miR-24 levels in plaques categorized as unstable
when matched to stable plaques.101,102

The expression of circulating microRNAs has also been assessed, par-
ticularly with the consideration that changes in blood levels of select
microRNAs could represent valid biomarkers of atherosclerosis and im-
portantly its stage of progress. Indeed, circulating levels of miR-29, miR-
126, miR-145, and miR-155 were increased in patients with optical co-
herence tomography-defined thin-capped fibroatheromas, inferring
these microRNAs as causal in plaque stability alongside their potential as
biomarkers of rupture-prone plaques.103 Comparison of patients with
stable CAD and healthy control subjects revealed decreased circulating
miR-155, miR-145, and let-7c levels in the patients with CAD.104

Likewise, blood levels of miR-17, miR-19, miR-29, miR-30, miR-92, miR-
126, miR-145, miR-150, miR-155, miR-181, miR-222, miR342, miR-378,
and miR-484 were diminished in patients with stable disease in compari-
son to non-diseased individuals.105,106 Comparing patients with stable
and unstable CAD, circulating miR-155 plasma levels were reduced in
patients presenting with clinical events such as unstable angina or myo-
cardial infarction.107 Similarly, circulating miR-1, miR-122, miR-126, miR-
133, miR-199, miR-433, and miR-485 levels were elevated in angina
patients, whilst increased miR-337 levels characterized stable angina
patients and increased miR-145 delineated unstable angina patients.108

Lastly, plasma levels of miR-132, miR-150, and miR-186 were collectively
predictive of unstable angina in comparison to healthy subjects.109

Additionally, microRNA levels within peripheral blood mononuclear
cells (PBMCs) have also been considered predictive for atherosclerosis-
related clinical events. Indeed, microRNA profiling within peripheral
blood cell samples from acute myocardial infarction patients revealed
121 significantly dysregulated microRNAs when compared with healthy
individuals, and identified miR-663 up-regulation as a strong indicator of
acute myocardial infarction—although the authors did not identify if the
dysregulated microRNAs are as a result of plaque rupture or the myo-
cardial infarction itself.110 Expression of miR-155 was lower in PBMCs
from patients with clinically-relevant coronary artery atherosclerosis and
inversely associated with the atherogenic risk factors age, hypertension,
LDL cholesterol level, and smoking.107 Two separate studies have shown
elevated PBMC expression of miR-146 is associated with CAD
risk,111,112 while the miR-135a/miR147 ratio within PBMCs has also
shown promise as an atherosclerotic disease risk predictor.113

Meanwhile, assessment of dysregulated microRNAs in obese and lean

individuals and restricted to CD14 positive monocytes demonstrated re-
duced levels of miR-181a, miR-181b, and miR-181d were related to obe-
sity, but only diminished miR-181a levels correlated with angiography-
defined CAD in obese individuals.114 Lastly, expression profiles within
lymphocytes have also been examined, revealing miR-122 expression is
increased within CD14-ve lymphocytes of unstable angina and acute MI
patients compared to stable angina and healthy control individuals.115

While miR-155 levels are elevated in CD4þ T lymphocytes of unstable
angina patients with marked coronary artery stenosis compared with
subjects with mild stenosis or no stenosis.116

Taken together, the assessment of microRNA expression with pla-
ques can assist in the identification of candidate causal microRNAs while
evaluation of circulating and blood cell-derived microRNAs may provide
the identification of potential predictive biomarkers of disease progres-
sion (see Figure 4). Although, the baseline characteristics of patients, their
existing medical therapies, and the manifestation of contraindicative dis-
eases need to be considered when drawing conclusions from microRNA
profiling studies, and such confounding issues may explain why there are
discrepancies in between clinical studies.

5.1.2 Animal studies
The differential expression of microRNAs has also been assessed in
hypercholesterolaemic mice using a carotid artery double ligation model
to generate lesions characterized as stable and unstable.117 Microarray
analysis demonstrated increased expression of miR-138, miR-142, miR-
322, miR-335, and miR-450 in plaques deemed unstable (due to the pres-
ence of intraplaque haemorrhage), compared to stable lesions, implying
a role for these microRNA in plaque progression.117 While there have
been scores of in vitro studies using vascular and inflammatory cells to de-
termine the expression and function of microRNAs, these are too nu-
merous to include within this review. Accordingly, only studies which
have directly ascertained the influential roles of select microRNA to the
development and progression of atherosclerosis are discussed in detail.
Most such studies rely on the use of genetically modified mouse models
of atherosclerosis (such as Apoe or LDL receptor (Ldlr)-deficient mice)
and two distinct pharmacological approaches to moderate the activity of
individual microRNA in vivo. Individual microRNAs can be over-
expressed or restored using either synthetic double-stranded RNA mol-
ecules (commonly termed mimics or agomirs), or with viral expression
constructs. Conversely, the action of microRNAs can be suppressed/
inhibited with chemically modified anti-miR oligonucleotides (commonly
termed antagomirs). Deploying such approaches, there has been a rapid
growth in the number of publications assessing microRNA modulation
in mouse models of atherosclerosis, and these are discussed below and
summarized in Table 2. In particular, the cellular origin of the modulated
microRNA and its potential target mRNA are highlighted, and therefore
the studies have been delineated by their proposed cellular source and
modulation by the assessed microRNA.

5.1.2.1 Endothelial cells. miR-10. An atheroprotective role has been
proposed for miR-10a as expression of this microRNA is reduced within
the athero-susceptible inner curvature of the aortic arch in healthy rats
and hypercholesterolaemic mice where disturbed flow is prevalent.120

Supporting findings have also been demonstrated within a swine model
and miR-10a suggested to retard a pro-inflammatory switch in ECs.167

Based upon previous cancer studies, it was shown that co-administration
of RARa/RXRa-selective agonists restored EC miR-10a expression and
was associated with inhibition of atherosclerosis development at the
aortic arch inner curvature, which could be prevented by systemic

1740 F. Fasolo et al.
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Table 2 MicroRNAs in atherosclerosis-related research

MicroRNA name Model Atherogenic/

Athero-protective

Main cellular origin &

function

Target mRNA References

miR-let-7g Apoe KO þ miR mimic Atherogenic VSMC; proliferation/

migration

LOX1 118

miR-10a Apoe KO Atheroprotective Mac; foam cell formation LCOR/NCOR2 119

Apoe KO Atheroprotective EC; inflammatory

activation

GATA6 120

miR-10b Apoe KO Atherogenic Mac; foam cell apoptosis ABCA1 121

miR-19 Apoe KO þ miR mimic or

antagomir

Atherogenic Mac; foam cell formation ABCA1 122

miR-19b Apoe KO collar model þ
mimic-rich microparticles

Atherogenic EC; inflammatory

activation

SOCS3 123

miR-21 Ldlr KO þ miR KO Atheroprotective Mac; foam cell apoptosis MAP2K3 124

Apoe KO þ miR KO or over-

expression

Atheroprotective VSMC; proliferation REST/PTEN 125

miR-23a Apoe KO þ antagomir Atherogenic Mac; foam cell formation ABCA1/ABCG1 126

miR-24 Apoe KO þ miR antagomir Atheroprotective Mac; proteolysis &

invasion

MMP14 101

Apoe KO þ miR mimic Atherogenic Mac/Hepat; lipid

metabolism

SCARB1 127

miR-30c Apoe KO þ miR lentiviral

over-expression or

inhibition

Atheroprotective Hepat; lipid metabolism MTTP 128

Apoe KO þ miR mimic Atheroprotective Hepat; lipid metabolism 129

miR-33 Reversa þ miR antagomir Atherogenic Mac; foam cell formation ABCA1/ABCG1 130

Apoe KO ± miR KO BMT Atherogenic/no effect Mac/Hepat; lipid

metabolism

131

Ldlr KO þ miR antagomir No effect 132

Ldlr KO þ miR antagomir Atherogenic 133

Ldlr KO þ miR antagomir Atherogenic 134,135

Ldlr KO ± miR KO BMT No effect/atherogenic 136

Ldlr KO þ miR antagomir Atherogenic 137

Ldlr KO þ miR antagomir Atherogenic 138

miR-33b Apoe KO þ miR-knockin

mouse

Atherogenic Mac; foam cell formation ABCA1/ABCG1 139

miR-34a Apoe KO þ miR agomir Atherogenic EC; apoptosis BCL2 140

miR-92a Ldlr KO þ miR antagomir Atherogenic EC; inflammatory

activation

SOCS5 141

miR-98 Apoe KO þ miR agomir or

antagomir

Atheroprotective Mac; foam cell formation LOX1 142

miR-100 Apoe KO þ miR mimic or

antagomir

Atheroprotective EC; anti-inflammatory MTOR 143

miR-124 Apoe KO þ miR mimic or

inhibitor

Atherogenic VSMC; collagen synthesis P4HA1 144

miR-126 Apoe KO þ miR KO or

mimic

Atheroprotective EC; proliferation DLK1 145

miR-134 Apoe KO þ miR agomir or

antagomir

Atherogenic Mac; foam cell formation ANGPTL4 146

miR-143/-145 Apoe KO þ microparticles Atheroprotective EC; microvesicle

production

147

Apoe KO miR lentiviral SMC-

specific over-expression

Atheroprotective

Atherogenic

VSMC; phenotypic

modulation

MYOCD/KLF4 148

Ldlr KO þ double miR KO Mac; foam cell formation ABCA1/SCARB1 149

Continued
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..delivery of a miR-10a antagomir.120 Moreover, the atheroprotective
effects seen with RARa/RXRa-selective agonists mirrored those
achieved through administration of a miR-10a mimic, and the beneficial
effects were attributed to repression of GATA6/VCAM1 signalling
within ECs.120

miR-19. Circulating levels of miR-19b are elevated within patients with
angiographically identified CAD when compared with those with nega-
tive identification, and the circulating miR-19b is predominantly located
within endothelial microparticles,168 although the mechanism for their
release is unclear. Nonetheless, administration of endothelial micropar-
ticles (derived from miR-19b mimic transfected HUVECs) accelerated
atherosclerosis development in the collar-induced Apoe-deficient
mouse model associated with increased macrophage and lipid content,

although VSMC content was also augmented.123 It was proposed that
miR-19b microparticles accumulate within the peri-vascular adipose tis-
sue around the arteries and target SOCS3 expression to subsequently
promote the expression of pro-inflammatory molecules such as TNF-a
and IL-6 thus encouraging atherosclerosis, as this effect was lost when
the peri-vascular adipose tissue was removed before delivery of miR-
19b containing microparticles.123

miR-34. In vitro studies revealed HUVEC miR-34a expression is down-
regulated in response to atheroprotective high shear stress and con-
versely up-regulated under atheroprone oscillatory shear stress when
compared with static conditions, promoting a pro-inflammatory EC phe-
notype potentially through targeting of SIRT1 although this was not di-
rectly confirmed.169 Moreover, miR-34a expression is increased within

..............................................................................................................................................................................................................................

Table 2 Continued

MicroRNA name Model Atherogenic/

Athero-protective

Main cellular origin &

function

Target mRNA References

miR-146a Ldlr KO ± miR KO BMT Atheroprotective/

genic

atheroprotective

Mac/Hepat; lipid metabo-

lism Mac; pro-

inflammatory

SORT 150

Apoe: Ldlr KO or Ldlr KO þ
miR mimic

No effect Mac; cholesterol

metabolism

IRAK1/TRAF6 151

Ldlr KO ± miR KO BMT Atheroprotective EC; inflammatory

activation

CCL2/CCL5 152

Apoe KO þ E-selectin target-

ing miRþve microparticles

153

miR-150 Apoe KO þ miR KO Atherogenic Mac; pro-inflammatory PDLIMI 154

miR-155 Ldlr KO mouse ± miR KO

BMT

Atheroprotective

Atherogenic

Mac; pro-inflammatory 155

Apoe KO mouse ± miR KO

BMT

Atherogenic Mac; foam cell formation BCL6 156

Apoe KO mouse ± miR KO

BMT

157

miR-181b Apoe KO or Ldlr KO mouse

þ miR antagomir

Atherogenic Mac/VSMC; proteolysis/

ECM

TIMP3/ELN 102

Apoe KO þ miR mimic Atheroprotective Mac; anti-inflammatory NOTCH1 158

Apoe KO þ miR mimic Atheroprotective EC; inhibits NFjB

activation

KPNA4 159

miR-182 Apoe KO þ miR mimic or

antagomir

Atherogenic Mac; pro-inflammatory HDAC9 160

miR-188 Apoe KO þ miR mimic or

inhibitor

Atheroprotective Mac; anti-inflammatory OLR1 161

miR-223 Apoe KO þ miR KO or

antagomir

Atheroprotective VSMC; growth &

apoptosis

IGF1R 162

miR-302 Ldlr KO þ miR antagomir Atherogenic Mac; foam cell formation ABCA1 163

Hepat; cholesterol

clearance

miR-320 Apoe KO þ miR mimic or

antagomir

Atherogenic EC; pro-inflammatory SRF 164

miR-590 Apoe KO þ miR mimic or

antagomir

Atheroprotective Mac; lipid metabolism LPL 165

miR-712 Apoe KO ± carotid ligation þ
miR mimic or antagomir

Atherogenic EC; pro-inflammatory TIMP3 166

Target mRNA which have not been validated are presented in italics.
Apoe KO, apolipoprotein E-deficient mice; BMT, bone-marrow transplantation; EC, endothelial cell; ECM, extracellular matrix; Hepat, hepatocytes; Ldlr KO, Ldlr-deficient mice;
Mac, macrophages; Mono, monocyte; VSMC, vascular smooth muscle cell.
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human carotid and femoral atherosclerotic plaques when compared
with non-diseased thoracic arteries,98 while plasma levels of miR-34a are
elevated in patients with CAD or hypercholesterolaemic Apoe-deficient
mice related to healthy controls and wild-type mice respectively.170

Further studies in Apoe-deficient mice demonstrated miR-34 inhibition
reduced aortic root atherosclerosis, in part through direct targeting of
BCL2 and associated suppression of EC apoptosis (induced by oxLDL
within in vitro experiments).140 However, it has also been shown that
miR-34 inhibition prevented oxLDL-induced EC apoptosis through di-
rectly targeting HDAC1, although elevated Bcl2 protein expression was
also reported in support of the above.171 Heightened miR-34a expres-
sion has also been recently associated with promoting VSMC senes-
cence and subsequent vascular calcification (a complication of
atherosclerosis) through targeting of SIRT1,172 as also proposed within
ECs,169 and may therefore represent an additional mechanism through
which miR-34 levels may affect atherosclerotic plaque development.

miR-92. Studies of human carotid plaques and the aortic arch of hyper-
cholesterolaemic Ldlr-deficient mice revealed miR-92a expression is up-
regulated in response to pro-atherogenic flow conditions alongside
raised plasma cholesterol levels, and specifically by ECs.141 As such, inhi-
bition of miR-92 through systemic administration of a specific antagomir
reduced atherosclerotic plaque size within the aortic root of Ldlr-
deficient mice which was associated with diminished macrophage num-
ber and increased collagen content.141 These beneficial effects were at-
tributed to re-established EC expression of the negative regulator of
cytokine signalling, SOCS5.141

miR-100. Evidence from a murine ischaemia–reperfusion model identified
miR-100 as an endothelial-enriched microRNA which exerts anti-
angiogenic properties through suppression of mTOR,173 suggesting pro-
tective role for this microRNA in cardiovascular diseases. Assessment
of human carotid plaques revealed that while miR-100 expression does
not differ between stable plaques and non-diseased mammary
arteries, levels were markedly decreased in unstable atherosclerotic
lesions.143 Concordantly, intravenous administration of a miR-100 antago-
mir accelerated atherogenesis in Ldlr-deficient mice, while over-
expression achieved through systemic delivery of a miR-100 mimic
protected from aortic plaque formation.143 Mechanistic studies revealed
miR-100 imparts an anti-inflammatory effect on the vasculature by damp-
ening leucocyte–endothelial interactions through direct targeting of
mTOR and Raptor, which permits EC autophagy and subsequent inhibi-
tion of NFjB activity.143

miR-126. Studies in humans and mice have shown that miR-126-3p and
miR-126-5p (miR-126*) are consistently the most abundant microRNAs
expressed in resting ECs and protect from vascular inflammation.174,175

Interestingly, depressed expression of miR-126-5p, but not miR-126-3p,
has been reported in ECs at sites of disturbed shear stress and therefore
considered atheroprone.145 Mechanistic studies revealed loss of miR-126-
5p suppresses EC proliferation through up-regulation of the Notch1 sig-
nalling pathway inhibitor DLK1.145 Further in vivo investigation demon-
strated that miR-126-deficeint mice exhibit exacerbated atherogenesis
within the aortic root and the carotid artery (ligation-induced) of Apoe-
deficient mice, which could be rescued through administration of a miR-
126 mimic and was associated with restored EC proliferative capacity.145

miR-143/145. miR-143 and miR-145 are closely related microRNAs
and commonly co-transcribed, and as such are regularly studied in

unison. Findings from studies appraising plasma and atherosclerotic pla-
que microRNA expression in patients with symptomatic atherosclerosis
have provided conflicting results on the association between expression
of miR-143/miR-145 and atherosclerosis. While circulating levels of miR-
145 are inversely related with the extent of coronary fibroatheroma and
macrophage plaque content in humans, trans-coronary plasma levels of
miR-145 were positively associated with the presence of thin-cap fibroa-
theromas, as identified through optimal coherence tomography
(OCT).103 In agreement, intra-plaque miR-145 levels were heightened in
patients with symptomatic carotid disease compared to asymptomatic
plaques.100,103 In line with these findings, Ldlr-deficient mice harbouring
miR-143 and miR-145 deletion exhibit reduced aortic atherosclerosis
compared to miR-143/145 expressing Ldlr-deficient mice.149 However,
a focussed array of human advanced coronary plaques alongside non-
atherosclerotic mammary arteries revealed that miR-143 levels were de-
creased in atherosclerotic lesions.176 Similarly, miR-145 expression was
attenuated within aortic plaques of Apoe-deficient mice when compared
with non-diseased animals, and in human carotid plaques in contrast to
plaque-free arteries.148 Additionally, plasma levels of miR-145 are re-
duced in patients with angiographically identified CAD compared to
healthy controls.105 Suggesting a beneficial role for miR-143 and miR-
145. In relation, it is now well-accepted that KLF2 plays a central role in
mediating the atheroprotective endothelial phenotype generated by
shear stress.177 Accordingly, profiling of microRNA changes in KLF2
overexpressing HUVECs in order to mimic levels observed in HUVECs
exposed to prolonged laminar flow, revealed miR-143 and miR-145 as
two of the most highly up-regulated microRNAs.147 Furthermore, athe-
roprotective shear stress and statin administration up-regulated EC miR-
143/145 expression in a KLF2-dependent manner.147 Additionally, KLF2
signalling encouraged the generation of EC-derived extracellular vesicles
enriched in miR-143/145 which can be transferred to VSMCs to maintain
an atheroprotective smooth muscle cell phenotype.147 Accordingly,
systemic delivery of extracellular vesicles derived from KLF2-
overexpressing ECs reduced aortic atherosclerotic lesion size in Apoe-
deficient mice.147 In agreement, lentiviral VSMC-restricted over-expres-
sion of miR-145 reduced atherosclerotic burden at multiple vascular
beds within Apoe-deficient mice which was associated with promoting a
contractile VSMC phenotype.148 Interestingly, it has also been suggested
that VSMC miR-145 can be transported to macrophages under athero-
genic stimuli, targeting ABCA1 and subsequently perturbing cholesterol
efflux and enhanced foam cell formation.149 The contradictory results
reported above reveal the need for future studies to clarify the therapeu-
tic and diagnostic potential of miR-143/145.

miR-320. Circulating levels of miR-320a are elevated in patients with
CAD compared to non-diseased individuals,164 suggesting a pro-
atherogenic role for this microRNA. Indeed, intravenous delivery of a
miR-320a over-expression plasmid induced aortic atherogenesis in
Apoe-deficient mice, which was related with promoting a pro-
inflammatory EC phenotype, characterized by reduced NO production
and increased expression of inflammatory cytokines (including IL-6 and
MCP-1) alongside a significant increase in plasma total cholesterol, tri-
glyceride, and LDL levels.164 Interestingly, miR-320a over-expression in
wild-type mice also induced aortic atherosclerotic plaque development.
Conversely, administration of miR-320 anti-sense retarded aortic ath-
erosclerosis.164 Mechanistic in vitro studies revealed miR-320 directly tar-
gets and decreases EC expression of SRF, retarding cellular proliferation
and promoting their susceptibility to apoptosis,164 characteristics associ-
ated with atherosclerotic plaque progression.

Non-coding RNAs in atherosclerosis 1743
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miR-377. A recent study in rats reported that hepatic miR-377 expres-
sion was modulated by the consumption of distinct dietary lipids,178 sug-
gesting that altered miR-377 levels may affect the development of
atherosclerosis. Supportingly, patients with aberrant elevated plasma lev-
els of triglyceride, a risk factor for atherosclerosis, concomitantly display
reduced circulating levels of miR-377.179 Studies in Apoe-deficient mice
demonstrated that exogenous addition of miR-377 suppressed plasma
triglyceride levels in response to high-fat feeding and reduced aortic root
atherogenesis, while conversely miR-377 antagomir administration ac-
celerated lesion development.179 Mechanistic insight gained from studies
in ECs proposed enhanced miR-377 levels suppress DNMT1 expression
which permits lipoprotein lipase (LPL) binding to ECs and subsequent
hydrolysis of triglycerides and a reduction in their circulating levels.179

miR-712. Analytical comparisons of microRNA expression in mouse
ECs subjected to atheroprone disturbed flow in vitro or in vivo alongside
cells under atheroprotective laminar shear stress identified miR-712 as a
flow-sensitive microRNA up-regulated under disturbed flow condi-
tions.166 Further in vitro studies established TIMP-3 within the endothe-
lium as a miR-712 target under disturbed flow, inducing endothelial
inflammation and increased permeability.166 Accordingly, in Apoe-
deficient mice with either spontaneous atherosclerosis or induced
through partial left carotid ligation, systemic delivery of a miR-712 anta-
gomir blunted atherogenesis and was linked with restored TIMP-3 ex-
pression and reduced proteolytic activity within the vessel wall,
mirroring findings achieved through adenoviral over-expression of
TIMP-3 in the partial carotid ligation model.166 Positive findings in human
ECs confirmed miR-205 as a potential homologue of murine miR-712
and demonstrated miR-205 down-regulated EC TIMP-3 expression, and
showed human EC miR-205 expression is flow sensitive.166

5.1.2.2 Vascular smooth muscle cells. miR-let-7g. Pertinent to ath-
erosclerosis, miR-let-7g has been shown to modulate oxLDL-induced
apoptosis and proliferation of VSMCs, associated with changes in the ex-
pression of LOX1.180 Confirmatory findings demonstrated over-
expression of LOX-1 induced VSMC proliferation and migration were
both attenuated by miR-let-7g over-expression, and confirmed LOX1 as
a direct target of miR-let-7g.118 In line with the effects observed in vitro,
systemic administration of a miR-let-7g specific mimic reduced athero-
sclerotic lesion size within the aortae of high-fat fed Apoe-deficient mice,
which was associated with reduced intra-plaque expression of LOX1 al-
though cellular differences were not examined.118

miR-21. Relevant to atherogenesis, miR-21 has been shown to promote
the growth of VSMCs and subsequent neointimal formation which
underlies restenosis after surgical interventions in patients with
CAD.181–183 Dysregulated VSMC growth and neointimal formation are
shared characteristics of adaptive intimal thickenings, the precursors of
atherosclerotic plaque sin humans.2 Accordingly, VSMC proliferation
and migration, and by analogy increased miR-21 levels, can be considered
detrimental during atherogenesis and conversely beneficial in advanced
lesions by maintaining plaque stability through preservation of the fibrous
cap. Indeed, mature carotid plaques deemed unstable in humans and
within Apoe-deficient mice express reduced miR-21 levels, predomi-
nantly lost from fibrous cap VSMCs.184 Using the carotid ligation/cast
model in Apoe-deficient mice to induce unstable plaques as evidence by
the presence of intra-plaque haemorrhage,125 Jin et al.184 demonstrated
that systemic loss of miR-21 resulted in the generation of plaques with
unstable characteristics, which was associated with miR-21-dependent

regulation of the VSMC anti-proliferative transcription factor REST.
Furthermore, using ultrasound-targeted microbubble destruction to
achieve local delivery and accumulation of a miR-21 mimic within estab-
lished unstable plaques (generated through carotid ligation/cast model)
improved plaque composition and stability as indicated by increased
VSMC proliferation and number, attributed to reduced expression of
the miR-21 targets PTEN and REST.184

Macrophages also express miR-21 levels where targeting of PTEN and
PDCD4 is proposed to modulate efferocytosis-induced macrophage po-
larization185 and foam cell formation,184 suggesting miR-21 may also reg-
ulate intra-plaque inflammation. Moreover, advanced human plaques
(which contain macrophages) exhibit increased miR-21 levels when
compared with non-diseased arteries (which contain limited numbers of
macrophages).98 However, bone-marrow transplantation of miR-21 de-
ficient cells aggravated aortic atherosclerosis in Ldlr-deficient mice,124

which was associated with increased foam cell formation and associated
apoptosis as a suggested result of restored MAP2K3 expression (a miR-
21 target) which can negatively regulate ABCA1 and therefore choles-
terol efflux capacity.124 Similarly, miR-21/Apoe double-deficient mice
exhibited accelerated atherogenesis associated with heightened macro-
phage accumulation and foam cell formation.184 Finally, it has been pos-
tulated that the dual effects of miR-21 on macrophages and VSMCs are
through cross-talk between these two cell types, as it has been shown
that macrophages from miR-21/Apoe double-deficient mice release fac-
tors which exert anti-proliferative effects on VSMCs.184

miR-124. The expression of miR-124 is up-regulated in the monocytes
of smokers compared to former and non-smokers and is elevated levels
of miR-124 in whole blood was associated with an increased risk of sub-
clinical atherosclerosis.186 Fluorescent in situ hybridization of Apoe-
deficient mouse aortic plaques revealed miR-124 was predominantly lo-
calized to VSMCs.144 Further in vitro studies have identified the miR-124
regulates VSMC fibrillar collagen metabolism through targeting
P4HA1.144 Although administration of a miR-124 mimic or inhibitor had
no effect on aortic plaque size or macrophage accumulation, in line with
the in vitro observations effects on VSMC and collagen content were
detected, with miR-124 mimic delivery exerting an adverse effect,
whereas miR-124 inhibition was beneficial.144

miR-223. Increased circulating levels of miR-223 have been reported
within acute myocardial infarction patients compared with healthy con-
trols.187 Furthermore, analysis of serum samples from patients with con-
firmed angiographically-defined coronary atherosclerosis demonstrated
elevated miRNA-223 levels served as a positive predictor of adverse car-
diovascular events including death.188 A further study confirmed serum
levels of miR-223 are elevated within patients or mice with atherosclero-
sis when compared with non-diseased controls, which was associated
with increased expression of miR-223 within atherosclerotic plaques of
both species.162 The primary cellular sources of miR-223 were identified
as leukocytes and platelets, and in vitro studies revealed miR-223 from
these cells could be transported via microparticles into the vessel wall
where they accumulate within VSMCs and down-regulate IGF-1R ex-
pression to suppress cell growth and promote apoptosis.162 In vivo stud-
ies established that systemic delivery of a miR-223 inhibitor to Apoe-
deficient mice limited atherogenesis as observed through a decrease in
plaque size at the aortic root.162 Yet subjection of miR-223 deficient
mice to carotid artery ligation injury resulted in accelerated neointimal
formation when compared with wild-type mice,162 which could translate

1744 F. Fasolo et al.
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to a deleterious effect on advanced atherosclerotic lesions as VSMC
growth and survival are essential for maintenance of the beneficial fi-
brous cap and subsequent protection from plaque destabilization.
Accordingly, although miR-223 inhibition may harbour therapeutic po-
tential for retarding atherogenesis and restenosis, it may exert adverse
effects on plaque stability and preclude its use in atherosclerotic patients.
Indeed, it is plausible the detected increases in circulating levels of miR-
223 after myocardial infarction187 may be due in part to plaque VSMCs
regenerating the fibrous cap after a rupture, a phenomenon known to
occur in human coronary events.189

5.1.2.3 Macrophages. miR-10. As mentioned earlier, miR-10a has
been proposed to exert an atheroprotective role through preventing
the transformation of ECs into a pro-inflammatory phenotype. Further
studies have also indicated miR-10a may also afford beneficial effects on
atherosclerosis through direct targeting of LCOR and NCOR2 within
macrophages, thus promoting fatty acid degradation subsequently limit-
ing foam cell formation.119 Supporting, miR-10a expression was inversely
associated with plaque progression in mice and humans, especially lipid/
necrotic core size.119 Furthermore, blocking the interaction between
miR-10a and LCOR through administration of target site blockers,
heightened atherosclerosis development in Apoe-deficient mice.119

Conversely, miR-10b appears to play a deleterious role in advanced ath-
erosclerosis as human atherosclerotic plaques express higher levels of
miR-10b compared with healthy arteries without atherosclerosis.99

Moreover, inhibition of miR-10b suppressed progression of established
aortic and brachiocephalic plaques in Apoe-deficient mice which was as-
sociated with increased intra-plaque macrophage ABCA1 expression
(and by inference improved cholesterol efflux) and diminished macro-
phage apoptosis, resulting in plaques with more stable characteristics,
however, no beneficial effects of miR-10b silencing were observed on
atherogenesis within the same model.121

miR-19. Similarly to miR-10b, miR-19b has been shown to specifically
target and down-regulate ABCA1 expression within macrophages and
therefore retard cholesterol efflux and drive foam cell formation.122

Consequently, systemic delivery of a miR-19b mimic to Apoe-deficient
mice lowered plasma HDL levels and alongside increased LDL levels,
and subsequently increased aortic plaque size and deleteriously altered
lesion composition and ABCA1 expression.122 Whereas administration
of miR-19b antisense oligonucleotides exerted opposite effects.122

Although not assessed, given that EC-derived microparticles rich in miR-
19b promote atherosclerosis and can be transferred to macrophages,123

it is plausible that this mechanism may be in part be responsible for the
above observed effects of miR-19b on atherogenesis.

miR-23. Circulating levels of miR-23a are elevated within the plasma of
atherosclerotic Apoe-deficient mice compared to wild-type con-
trols,126,170 and within patients with advanced coronary170 or carotid126

atherosclerosis related to non-diseased individuals. Silencing of miR-23a
in vivo through administration of a selective antagomir to Apoe-deficient
mice decreased aortic root atherosclerotic plaque size and was associ-
ated with increased intra-plaque macrophage expression of both
ABCA1 and ABCG1 alongside favourable effects on plaque composi-
tion.126 Mechanistic in vitro findings confirmed ABCA1 and ABCG1 as di-
rect targets of miR-23a and revealed that oxLDL increases macrophage
miR-23a expression while miR-23a inhibition increased macrophage
cholesterol efflux and suppressed foam cell formation, potentially under-
lying the favourable effects of miR-23a silencing in vivo.126

miR-24. Polarization of human macrophages with GM-CSF is associated
with down-regulation of miR-24 alongside a concomitant increase in
MMP-14 protein levels and subsequent heightened invasive capacity,
when compared with M-CSF matured macrophages.101 Increased mac-
rophage expression of MMP-14 in conjunction with reduced miR-24 lev-
els are also observed in unstable human coronary plaques whilst the
opposite pattern is observed in stable lesions.101 Accordingly, systemic
delivery of a miR-24 inhibitor to Apoe-deficient mice with established
brachiocephalic artery atherosclerosis enhanced lesion progression
which was associated with elevated intra-plaque macrophage MMP-14
expression and a deleterious shift in plaque composition.101 Despite the
previous study showing the favourable effects of miR-24 on plaque pro-
gression were independent of changes in plasma cholesterol levels, a
similar study in Apoe-deficient mice proposed miR-24 promotes athero-
genesis through direct targeting of SCARB1 (SRB1) within hepatocytes
which diminishes HDL-cholesterol ester clearance and subsequently
elevates plasma cholesterol levels.127 Such disparate effects of miR-24
modulation may therefore represent the opposing effects of miR-24 on
atherogenesis and the progression of established atherosclerotic lesions.

miR-98. LOX-1, a receptor for ox-LDL is a predicted target of miR-98
and divergent LOX1 mRNA and protein expression compared to mIR-
98 is observed in macrophages after exposure to oxLDL.142 Further find-
ings confirmed LOX1 as a direct target of miR-98 and exposure of
oxLDL-treated macrophage to a miR-98 mimic lowered LOX-1 levels
and retarded foam cell formation.142 Similarly, administration of a miR-
98 agomir retarded intimal LOX-1 expression and associated lipid accu-
mulation within the aortae of high-fat fed Apoe-deficient mice, while en-
hanced aortic LOX-1 expression alongside increased lipid content was
observed with miR-98 antagomir delivery.142 However, effects on plaque
size and composition were not reported, limiting the further extrapola-
tion of the above findings.

miR-134. PBMCs from patients with unstable CAD exhibited higher lev-
els of miR-134 when compared with those from patients with stable dis-
ease.113 Moreover, miR-134 has been shown to directly bind the 30 UTR
of ANGPTL4 and supress its expression within macrophages which inad-
vertently permits enhanced lipoprotein lipase activity and subsequent
foam cell formation alongside heightened pro-inflammatory cytokine re-
lease.190 Accordingly, systemic administration of a miR-134 agomir in-
creased aortic atherosclerotic plaque size in Apoe-deficient mice which
was associated with decreased ANGPTL4 levels and concomitant in-
creased expression and activity of lipoprotein lipase and lipid content
within plaques, whilst opposing effects were observed in mice which re-
ceived a miR-134 antagomir.146

miR-146. Elevated levels of miR-146 have been detected within human
aortic and femoral artery atherosclerotic plaques,98 and a SNP in the
miR146a gene which alters miR-146a expression has been proposed as
an indicator of CAD susceptibility.191 Whole body deficiency of miR-
146a in Ldlr-deficient mice resulted in decreased aortic arch plaque size
in conjunction with lowered plasma LDL cholesterol levels, which collec-
tively indicates a pro-atherosclerotic role for miR-146a.150 Furthermore,
through deployment of a bone-marrow transplantation approach,
monocyte/macrophage-derived miR-146a was proposed as the central
effector of atherogenesis within the Ldlr-deficient model, through target-
ing of SORT1 and subsequent modulation of plasma LDL levels.150

However, it should be noted that the pro-atherogenic effects of

Non-coding RNAs in atherosclerosis 1745



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
monocyte/macrophage-restricted miR-146a were only observed with
prolonged hypercholesterolaemia and within the aortic arch as opposed
to short-term feeding and other vascular beds including the aortic
root.150 A similar study also demonstrated miR-146a deficiency exclu-
sively in haematopoietic cells regulates circulating cholesterol levels in
Ldlr-deficient mice, but does not affect atherogenesis after either short-
or long-term high-fat feeding.152 Paradoxically, an atheroprotective ef-
fect for miR-146a has been proposed as systemic delivery of a miR-146
mimic to Apoe/Ldlr double-deficient mice or Ldlr-deficient suppressed
atherogenesis within the aortic root, which was associated with de-
creased intra-plaque macrophage content but without affecting plasma
cholesterol levels.151 Accompanying mechanistic studies revealed that
Apoe favourably regulated macrophage miR-146a levels through the
transcription factor PU.1, with heightened miR-146a levels retarding the
expression of IRAK1 and TRAF6 to subsequently diminish NFjb-driven
pro-inflammatory responses.151 Equally in ECs miR-146a has been
shown to down-regulate TRAF6 levels, thus suppressing NFjb activa-
tion and preventing pro-inflammatory stimulation of ECs,192 inferring en-
dothelial miR-146 expression may play a protective role against the
development of atherosclerosis. In accordance with these findings, im-
plied endothelium-directed delivery of miR-146a-loaded E-selectin-tar-
geting synthetic microparticles decreased aortic atherosclerosis in
Apoe-deficient mice which was associated with reduced intra-plaque
macrophage content.153 Collectively, these studies reveal that a more
nuanced approach is required if miR-146a is pursued as a therapeutic tar-
get for atherosclerosis prevention, exemplified by the fact that mice defi-
cient for miR-146a except in bone marrow-derived cells display
increased atherosclerosis compared to mice lacking miR-146a in all cells
(including ECs).150 To further complicate matters, neutrophil derived
miR-146a has been associated with the increased frequency of future ad-
verse cardiovascular events in patients with overt cardiovascular
disease.193

miR-150. Elevated circulating levels of miR-150 delineate patients with a
diagnosis of unstable angina compared to patients with non-coronary
chest pain (exclusion of coronary stenosis during angiogram) or healthy
subjects.109 Moreover, human coronary arteries harbouring advanced
plaques demonstrated increased miR-150 expression when related to
non-diseased vessels, with a similar pattern observed in high-fat fed
Apoe-deficient mice.154 In line with these observations, aortic root pla-
que size was reduced in Apoe-deficient mice also lacking miR-150 when
compared with Apoe-deficient mice alone.154 Additionally, plaques from
miR-150 deficient mice were deemed more stable due to increased con-
tent of collagen and smooth muscle cells alongside decreased lipid and
macrophage accumulation.154 A similar atheroprotective effect was
detected after bone-marrow transplantation from miR-150 deficient
mice into Apoe-deficient animals, implying macrophage-derived miR-150
drives atherosclerosis in this model.154 In vitro findings indicated miR-150
facilitates inflammation through targeting of PDLIM1 in macrophages,
resulting in heightened NFjb activation.154

miR-155. Multiple lines of evidence have demonstrated elevated expres-
sion of miR-155 within human plaques at various vascular beds,98,156,157

and in plaques from hypercholesteraemic mice,156,157 suggesting a dele-
terious role for miR-155 in atherosclerosis. Elevated circulating levels of
miR-155 have also been reported in patients with OCT-defined ad-
vanced coronary plaques.103 However, diminished circulating levels of
miR-155 were detected in patients with either a previous history of

CAD or angiogram-defined coronary stenosis when compared with
control subjects.104–106 Nonetheless, mechanistic in vitro studies revealed
macrophage miR-155 expression is associated with foam cell forma-
tion156 and pro-inflammatory macrophage polarization, effects regulated
by miR-155 targeting of BCL6 and subsequent NFjb-activation.157

Consequently, Apoe-deficient mice with either whole-body156 or hae-
matopoietic-restricted deletion156,157 of miR-155 exhibited reduced ath-
erosclerosis at the aortic root, which was reversed upon BCL6
silencing.157 Conversely, haematopoietic-restricted miR-155 loss in Ldlr-
deficient mice aggravated atherogenesis through proposed anti-
inflammatory effects on intra-plaque macrophages.155 Such opposing
effects on atherogenesis could be a result of the differing models
deployed to study atherosclerosis as the degree of hypercholesterolae-
mia is markedly diverse between high fat-fed Apoe- and Ldlr-deficient
mice, and ensuing macrophage foam cell formation is known to regulate
miR-155 expression.155

miR-181. Analysis of human circulating monocyte subsets identified
members of the miR-181 family were increased within non-classical
(CD14þCD16þþ) monocytes compared to their classical
(CD14þþCD16-) counterparts and elevated within atherosclerotic ca-
rotid arteries in comparison to healthy vessels.99 Specifically, human un-
stable coronary plaques exhibited increased miR-181b levels compared
to stable lesions, with expression largely restricted to pro-inflammatory
foam cell macrophages.102 Similar studies in Apoe-deficient mice and
Ldlr-deficient mice demonstrated systemic delivery of a miR-181b inhibi-
tor mutually diminished atherosclerotic plaque formation and progres-
sion of established atherosclerotic plaques.102 A dual beneficial effect of
miR-181b inhibition was identified and attributed to restoration of foam
cell macrophage TIMP-3 protein expression resulting in associated di-
minished intra-plaque proteolysis, alongside increased VSMC elastin pro-
duction, actions expected to favour plaque stability.102 On the contrary,
plasma miR-181b levels were shown to be lower in patients with
angiogram-defined obstructive CAD159 or after suffering from acute
stroke.158 Moreover, two independent in vivo studies demonstrated miR-
181b systemic over-expression through administration of specific mimics
reduced aortic plaque formation in Apoe-deficient mice.158,159 The
favourable actions of miR-181b elevation were ascribed in one study to
repressed EC KPNA4 (also known as IPOA3) expression and associated
dulling of NFjb-activity,159 whilst suppression of NOTCH1 levels/signal-
ling which permitted anti-inflammatory macrophage polarization was put
forward by An et al.158 The divergent reported effects of miR-181b mod-
ulation on atherosclerosis may highlight the differing effectiveness of ago-
mir/mimics and miR inhibitors deploying locked nucleic acid (LNA)-
modification to target and accumulate within atherosclerotic plaques, as
LNA-miR inhibitors display increased sensitivity and specificity alongside
superior stability, therefore facilitating their accrual within lesions and
ability to target intra-plaque cells.194

miR-182. Profiling of whole blood samples demonstrated elevated miR-
182 levels in patients undergoing elective coronary artery bypass grafting
compared with healthy controls, highlighting miR-182 as a likely bio-
marker and regulator of progressive atherosclerosis.195 Indeed, miR-182
agomir administration to Apoe-deficient mice induced the development
of larger aortic plaques against control mice whereas systemic delivery
of an antagomir blunted plaque formation.160 Further in vitro an in vivo
analysis confirmed miR-182 targets the histone deacetylase HDAC9,
which upon miR-182-dependent down-regulation within macrophages
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facilitates augmented LPL expression which sequentially permits
lipid accumulation and pro-inflammatory foam cell macrophage
formation.160

miR-188. In a mouse model of myocardial infarction, decreased levels of
miR-188 were reported and restoration of miR-188 expression attenu-
ated myocardial infarction size through targeting of ATG7 and associated
inhibition of autophagy and autophagic cell death within the heart.196

A similar experimental approach was deployed in atherosclerotic Apoe-
deficient mice and revealed systemic delivery of a miR-188 mimic sup-
pressed the development of aortic atherosclerosis while a miR-188 in-
hibitor increased the size of aortic plaques.161 Effects on ATG7
expression and autophagy were not examined in the atherosclerosis
study and the anti-atherosclerotic actions of elevated miR-188 were at-
tributed to reduced foam cell macrophage formation alongside related
decreased expression and release of pro-inflammatory-connected fac-
tors including IL-6, IL-1b, and TNFa, although no direct targets were
identified or validated.161

miR-302. A microarray study assessing the effect of modified LDL expo-
sure on macrophage microRNA expression demonstrated miR-302a
levels were down-regulated upon contact with either acetylated- or oxi-
dized-LDL and was associated with a concomitant increase in expression
of the cholesterol efflux genes ABCA1 and ABCG1.163 Validation studies
confirmed ABCA1 as a miR-302a target and supporting in vitro and in vivo
findings established miR-302 over-expression suppresses cholesterol ef-
flux and facilitates both foam cell macrophage formation and dysregu-
lated hepatic cholesterol clearance.163 Accordingly, administration of a
miR-302a inhibitor to Ldlr-deficient mice resulted in the formation of
smaller aortic atherosclerotic plaques with increased VSMC and macro-
phage content but reduced necrotic core size and was also associated
with increased circulating HDL levels,163 suggesting that targeting of
miR-302a may have therapeutic potential through dual anti-
atherosclerotic effects on foam cell formation and circulating lipoprotein
metabolism.

miR-590. While a previous study has shown that increased LPL expres-
sion in macrophages through a miR-182/HDAC9 axis promotes a pro-
inflammatory macrophage phenotype and is subsequently pro-athero-
sclerotic,160 miR-590 directly targets and supresses LPL levels and facili-
tates anti-inflammatory macrophage polarization,165,197 and would
therefore be expected to exert an anti-atherosclerotic role.
Accordingly, miR-590 agomir delivery to Apoe-deficient mice decreased
aortic atherosclerotic plaque formation, while miR-590 antagomir ad-
ministration accelerated atherogenesis.165 The effects on atherosclerosis
were associated with reciprocal changes in plaque macrophage LPL ex-
pression and circulating LDL-cholesterol levels.165

5.1.2.1 Hepatocytes and lipid metabolism. An important contribu-
tory role for microRNA regulation of lipid metabolism has been recently
highlighted,198 and due to the strong links between circulating lipopro-
tein profiles and CAD, have been associated to indirectly promote ath-
erosclerosis. Although the focus of this review is on microRNAs which
have been directly demonstrated to influence atherosclerosis, some
examples of microRNAs which modulate lipid metabolism and therefore
by association potentially atherosclerosis, include miR-21, miR-27a/b,
and miR-122. Indeed, miR-122 has been identified as a liver-enriched and
liver-specific microRNA which can regulate total serum cholesterol and
triglyceride levels,199 in part through modulation of PPAR signalling

family members such as PPARa and PPARb/d.200 Relatedly, miR-21 ex-
pression was attenuated within livers of high-fat fed mice compared to
chow fed mice and was therefore attributed a role in lipid metabolism,201

also associated with regulation of PPARa.202 Finally, miR-27a/b may regu-
late lipid metabolism through effects on lipid synthesis and secretion
from cells, again by targeting members of the PPAR family including
PPARa and PPARc, alongside other direct cholesterol efflux mRNAs
such as ABCA1.203,204 Additionally, a recent study performed in baboons
identified a novel molecular mechanism whereby LDL-C levels influence
monocyte microRNA expression and may therefore affect atherosclero-
sis initiation through an additional pathway.205 Nonetheless, some
microRNAs such as miR-30 and miR-33 have been shown to directly
modulate atherosclerosis.

miR-30. Marked expression of miR-30c is observed within the liver in
comparison to other tissues, where it is proposed to regulate lipoprotein
production (such as ApoB) through targeting of the microsomal triglyc-
eride transfer protein (MTTP) alongside decreasing lipid synthesis inde-
pendent of modulation of MTTP.128 In vivo, lentiviral hepatic-directed
over-expression of miR-30c suppressed plasma cholesterol levels in
high-fat fed C57Bl/6 mice which was associated with reduced hepatic ex-
pression of MTTP.128 Similar effects were observed in Apoe-deficient
mice alongside reduced atherogenesis within the aorta whereas liver-
directed delivery of a miR-30c inhibitor elevated circulating ApoB and
cholesterol levels alongside increasing aortic plaque size compared with
control animals.128 Further studies in Apoe-deficient mice deploying sys-
temic delivery of a miR-30c mimic showed similar beneficial effects on
lowering plasma cholesterol levels and mitigating aortic plaque develop-
ment, even in animals with pre-existing hypercholesterolaemia.129

Collectively, these studies support therapeutic strategies to increase
liver miR-30c expression to prevent atherosclerosis progression, espe-
cially in patients who respond poorly to other lipid-lowering treatments.
Moreover, the mouse studies demonstrated that hepatosteatosis (a
common side effect of conventional MTTP inhibitors) was avoided with
miR-30c over-expression presumably through reducing hepatic lipid syn-
thesis, further supporting elevation of hepatic miR-30c levels as a phar-
macological approach to mitigate hypercholesterolaemia and
atherosclerosis.128,129

miR-33. There has been intense interest in miR-33a and miR-33b with
regards to their possible deleterious role in atherosclerosis, driven by
their ability to target cholesterol efflux related mRNAs such as ABCA1,
and the identification of their intergenic location within SREBF2 and
SREBF1 respectively, transcription factors with prominent roles in lipid
metabolism regulation.206 However, analysis of human carotid endarter-
ectomy samples revealed miR-33a levels were decreased in plaques com-
pared with adjacent plaque edge regions deemed relatively healthy,
whereas miR-33b expression was not significantly altered,139 inferring a
more prominent role for miR-33a in atherosclerosis as opposed to miR-
33b. Though, findings utilizing a miR-33b transgenic ‘knock-in’ mouse
(deployed as mice express negligible miR-33b transcript levels), demon-
strated miR-33b and SREBF1 expression is elevated within the livers of
hypercholesterolaemic mice, while miR-33a and SREBF2 levels are de-
creased139 suggesting the actions of these two miR-33 members may be
tissue or cell specific. Direct assessment of miR-33 perturbation on ath-
erosclerosis have been predominantly carried out in the Ldlr-deficient
mouse model and support pro-atherosclerotic roles for miR-33a and
miR-33b associated with regulatory roles in lipid metabolism.133,137,139

Non-coding RNAs in atherosclerosis 1747
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Moreover, mice double deficient for Apoe and miR-33 (presumably both
isoforms) exhibit elevated HDL-cholesterol plasma levels and suppressed
aortic atherogenesis.131 Conversely, bone-marrow transplantation from
miR-33 donor mice into Apoe-deficient recipient had no effect on plaque
size or macrophage content, although lipid accumulation within lesions
was lowered despite no effect on circulating HDL-cholesterol levels.131 In
both experiments the authors proposed that loss of miR-33 reduced
intra-plaque lipid accumulation through restoration of macrophage
ABCA1 and ABCG1 expression subsequently enabling enhanced choles-
terol efflux from foam cell macrophages.131 Equally, global deficiency of
miR-33 in Ldlr-deficient raised cholesterol levels but did not affect aortic
atherosclerosis, while miR-33 haematopoietic-restricted deficiency did
not affect plasma cholesterol levels but retarded plaque development, an
effect which was lost when mice were reconstituted with bone-marrow
cells from miR-33b over-expressing mice.136 Of note, systemic miR-33
loss induced obesity and insulin resistance in Ldlr-deficient mice, which

was absent in mice reconstituted with miR-33-deficeint bone-marrow
cells.136 These findings imply the positive therapeutic effects of miR-33 in-
hibition would require targeting of intra-plaque macrophages (to enhance
reverse cholesterol transport) whilst averting deleterious systemic effects
related to heightened metabolic disease. However, numerous studies
have shown systemic miR-33 inhibition attenuates atherosclerosis in Ldlr-
deficient mice134,135,137,138 or the diabetic REVERSA mouse model,130

largely independent of effects on lipid metabolism. Although long-
term (14 weeks) miR-33 inhibition exerted no beneficial change on
aortic atherosclerosis in hypercholesteraemic Ldlr-deficient mice.132

Furthermore, although miR-33 antagonism appears anti-atherosclerotic
harmful elevations in circulating triglyceride levels alongside
development of hepatosteatosis have been reported.131,132

Accordingly, if miR-33 inhibition is to be pursued therapeutically,
macrophage-specific targeting approaches will be essential to limit
unwanted off-target effects.

Figure 3 Proposed roles of long non-coding and circular RNAs in atherosclerotic plaque development, progression and stability. The association of long
non-coding RNAs (lncRNAs) and circular RNAs (circRNAs) are shown during the different stages of atherosclerotic plaque development. Atherogenesis is
initially characterized by substantial alterations in the inner arterial surface: stress stimuli (nitric oxide, hypoxia, oxidative stress, shear stress. . .) trigger endo-
thelial cell (EC) activation. The activated endothelium express numerous adhesion molecules (such as VCAM-1 and depicted as green circles) promoting
the recruitment of monocytes (in green) from the blood stream and, at the same time, stimulating vascular smooth muscle cell (VSMC) migration and prolif-
eration. VSMCs acquire a synthetic phenotype and contribute to the formation of the protective fibrous cap (in pink) by secreting differing extracellular ma-
trix (ECM) proteins. However, perpetual monocyte recruitment, their differentiation into macrophages and their associated accrual of lipids (such as
modified LDL) results in macrophage foam cell formation. During atherosclerotic plaque progression, foam cell macrophages undergo apoptosis and drive
the formation of the necrotic/lipid-rich core (depicted in yellow), while VSMC apoptosis and dysregulated proteolysis drives thinning of the protective fi-
brous cap, both of which characterizes advanced unstable plaques.
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..6. Conclusions

The above findings demonstrate the wealth of studies investigating the
expression and roles of ncRNAs pertinent to atherosclerosis.
Mechanistic studies have revealed how ncRNAs can acutely function and
behaviour of vascular and inflammatory cells, such as ECs, VSMCs, and
macrophages. Clinico-pathological and animal studies (see Figures 3–5)
have further elucidated the contribution of ncRNAs to atherosclerotic
plaque formation and progression and highlighted processes which are
modulated, including lipid metabolism, EC activation, modulation of
VSMC phenotype, inflammatory cell recruitment, macrophage polariza-
tion and foam cell formation, and aberrant proteolysis. However, there
are incidence where the action of a ncRNA is beneficial during athero-
genesis but potentially detrimental in advanced plaques, hampering their
therapeutic potential. For instance, miR-21 and miR-145 are markedly
up-regulated in human plaques and within vessels displaying restenosis
(after stent deployment for example) implying a detrimental role for
these microRNAs in both pathologies. Yet modulating miR-21 or miR-
145 levels in animal models exerts divergent effects, as both are consid-
ered atheroprotective where VSMC growth is required for maintain fi-
brous cap integrity, but associated with restenosis where VSMC growth
is detrimental,181,183,207 resulting in intimal formation analogous to ath-
erogenesis in humans.

Members of all the ncRNA families can target multiple genes, path-
ways and processes alongside controlling other non-coding classes,
such as lncRNAs acting as microRNA sponges, adding further com-
plexity in attempt to elucidate the roles of ncRNAs in atherosclero-
sis. However, there is also devil in the details as microRNAs can
target mRNAs within common regulatory networks, suggesting that
modulating select microRNAs may be a means to effect specific bio-
logical mechanisms and signalling pathways within atherosclerotic ar-
teries alongside other organs associated with atherosclerotic risk
including the liver. Furthermore, there is an expanding armamentar-
ium of tools available for researchers and clinicians to modulate the
expression and function of ncRNAs which may offer attractive thera-
peutic strategies to manage all stages of atherosclerosis. Any such
therapeutics will have to take into consideration the wide-range of
potential substrates (and therefore possible off-target effects)
ncRNAs harbour, necessitating the need for sophisticated delivery
and targeting approaches. These will include cell type-specific deliv-
ery, as recently demonstrated using microRNA-containing micropar-
ticles enriched with miR-146a and miR-181b to selectively target
ECs.153 Similarly, deploying ultrasound-targeted microbubbles to
permit local delivery of miR-21 to carotid plaques184 represents an-
other novel stratagem. Such targeting strategies are essential to en-
sure the therapeutic potential of anti-atherosclerotic treatments to

Figure 4 MicroRNA expression in human atherosclerotic plaques and circulating blood. This diagram illustrates the dysregulated microRNAs identified
through profiling approaches within atherosclerotic plaques, circulating plasma samples, and peripheral blood mononuclear cells (PBMCs). Coloured boxes
indicate the patient cohorts from within which the dysregulated microRNAs were identified. MicroRNA depicted by yellow highlighting have been verified
in two independent studies, while microRNA with red highlighting have been independently reported to be up- and down-regulated.
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control select ncRNA are fully exploited; for example, achieving
macrophage-specific perturbation of miR-33 to spare detrimental
off-target effects on the liver. A precedent has been set for ncRNA
therapies as recently evidenced in clinical trials for several dis-
eases.208 Especially, anti-sense oligonucleotides have been deployed
to suppress miR-122 in hepatitis C patients, and chemically-modified
mimics to exogenously increase levels of miR-16, miR-29, or miR-155
as treatments for various forms of cancer are currently under assess-
ment.208 Such developments should foster new clinical studies
exploiting ncRNA therapeutics in atherosclerosis but will necessitate
robust identification and validation of significant candidate ncRNAs
for atherosclerotic plaque development, progression and rupture.
Moreover, nuanced and sophisticated delivery and targeting
approaches will be necessary to circumvent likely off-target effects
and toxicities, and to enable the deployment of ncRNA preventative
and treatment therapeutics in patients with all stages of
atherosclerosis.

Conflict of interest: none declared.

Funding
J.L.J. is the recipient and funded through a British Heart Foundation Senior
Basic Science Research Fellowship (FS/18/1/33234). Research in Lars
Maegdefessel’s labs is funded through the German Research Council (DFG
Heisenberg Professorship, Collaborative Research Center, CRC1123), the
German Center for Cardiovascular Research (DZHK, Junior Research
Group), the European Research Council (ERC Starting Grant NORVAS), the
Swedish Research Council (VR, 2015-03140), the Swedish Heart-Lung
Foundation (HLF, 20180680), and a Ragnar Söderberg Foundation
Fellowship (M14-55).

References
1. Skalen K, Gustafsson M, Rydberg EK, Hulten LM, Wiklund O, Innerarity TL, Boren J.

Subendothelial retention of atherogenic lipoproteins in early atherosclerosis. Nature
2002;417:750–754.

Figure 5 Proposed roles microRNAs in atherosclerotic plaque development, progression, and stability. The association of microRNAs are shown during
the different stages of atherosclerotic plaque development. Atherogenesis is initially characterized by substantial alterations in the inner arterial surface:
stress stimuli (nitric oxide, hypoxia, oxidative stress, shear stress. . .) trigger endothelial cell (EC) activation. The activated endothelium express numerous
adhesion molecules (such as VCAM-1 and depicted as green circles) promoting the recruitment of monocytes (in green) from the blood stream and, at the
same time, stimulating vascular smooth muscle cell (VSMC) migration and proliferation. VSMCs acquire a synthetic phenotype and contribute to the forma-
tion of the protective fibrous cap (in pink) by secreting differing extracellular matrix (ECM) proteins. However, perpetual monocyte recruitment, their differ-
entiation into macrophages and their associated accrual of lipids (such as modified LDL) results in macrophage foam cell formation. During atherosclerotic
plaque progression, foam cell macrophages undergo apoptosis and drive the formation of the necrotic/lipid-rich core (depicted in yellow), while VSMC apo-
ptosis and dysregulated proteolysis drives thinning of the protective fibrous cap, both of which characterizes advanced unstable plaques.

1750 F. Fasolo et al.



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
2. Kolodgie FD, Burke AP, Nakazawa G, Virmani R. Is pathologic intimal thickening the

key to understanding early plaque progression in human atherosclerotic disease?
Arterioscler Thromb Vasc Biol 2007;27:986–989.

3. Leitinger N. Oxidized phospholipids as modulators of inflammation in atherosclero-
sis. Curr Opin Lipidol 2003;14:421–430.

4. Hansson GK. Inflammation, atherosclerosis, and coronary artery disease—reply. N
Engl J Med 2005;353:429–430.

5. Allahverdian S, Chaabane C, Boukais K, Francis GA, Bochaton-Piallat ML. Smooth
muscle cell fate and plasticity in atherosclerosis. Cardiovasc Res 2018;114:540–550.

6. Tabas I. Macrophage death and defective inflammation resolution in atherosclerosis.
Nat Rev Immunol 2010;10:36–46.

7. Glagov S, Weisenberg E, Zarins CK, Stankunavicius R, Kolettis G. Compensatory
enlargement of human atherosclerotic coronary plaques. N Engl J Med 1987;316:
1371–1375.

8. Carninci P, Kasukawa T, Katayama S, Gough J, Frith MC, Maeda N, Oyama R, Ravasi
T, Lenhard B, Wells C, Kodzius R, Shimokawa K, Bajic VB, Brenner SE, Batalov S,
Forrest ARR, Zavolan M, Davis MJ, Wilming LG, Aidinis V, Allen JE, Ambesi-
Impiombato X, Apweiler R, Aturaliya RN, Bailey TL, Bansal M, Baxter L, Beisel KW,
Bersano T, Bono H, Chalk AM, Chiu KP, Choudhary V, Christoffels A, Clutterbuck
DR, Crowe ML, Dalla E, Dalrymple BP, de Bono B, Della Gatta G, di Bernardo D,
Down T, Engstrom P, Fagiolini M, Faulkner G, Fletcher CF, Fukushima T, Furuno M,
Futaki S, Gariboldi M, Georgii-Hemming P, Gingeras TR, Gojobori T, Green RE,
Gustincich S, Harbers M, Hayashi Y, Hensch TK, Hirokawa N, Hill D, Huminiecki L,
Iacono M, Ikeo K, Iwama A, Ishikawa T, Jakt M, Kanapin A, Katoh M, Kawasawa Y,
Kelso J, Kitamura H, Kitano H, Kollias G, Krishnan SPT, Kruger A, Kummerfeld SK,
Kurochkin IV, Lareau LF, Lazarevic D, Lipovich L, Liu J, Liuni S, McWilliam S, Babu
MM, Madera M, Marchionni L, Matsuda H, Matsuzawa S, Miki H, Mignone F, Miyake
S, Morris K, Mottagui-Tabar S, Mulder N, Nakano N, Nakauchi H, Ng P, Nilsson R,
Nishiguchi S, Nishikawa S, Nori F, Ohara O, Okazaki Y, Orlando V, Pang KC, Pavan
WJ, Pavesi G, Pesole G, Petrovsky N, Piazza S, Reed J, Reid JF, Ring BZ, Ringwald M,
Rost B, Ruan Y, Salzberg SL, Sandelin A, Schneider C, Schonbach C, Sekiguchi K,
Semple CAM, Seno S, Sessa L, Sheng Y, Shibata Y, Shimada H, Shimada K, Silva D,
Sinclair B, Sperling S, Stupka E, Sugiura K, Sultana R, Takenaka Y, Taki K, Tammoja
K, Tan SL, Tang S, Taylor MS, Tegner J, Teichmann SA, Ueda HR, van Nimwegen E,
Verardo R, Wei CL, Yagi K, Yamanishi H, Zabarovsky E, Zhu S, Zimmer A, Hide W,
Bult C, Grimmond SM, Teasdale RD, Liu ET, Brusic V, Quackenbush J, Wahlestedt
C, Mattick JS, Hume DA, Kai C, Sasaki D, Tomaru Y, Fukuda S, Kanamori-Katayama
M, Suzuki M, Aoki J, Arakawa T, Iida J, Imamura K, Itoh M, Kato T, Kawaji H,
Kawagashira N, Kawashima T, Kojima M, Kondo S, Konno H, Nakano K, Ninomiya
N, Nishio T, Okada M, Plessy C, Shibata K, Shiraki T, Suzuki S, Tagami M, Waki K,
Watahiki A, Okamura-Oho Y, Suzuki H, Kawai J, Hayashizaki Y; FANTOM
Consortium; RIKEN Genome Exploration Research Group and Genome Science
Group (Genome Network Project Core Group). The transcriptional landscape of
the mammalian genome. Science 2005;309:1559–1563.

9. FANTOM Consortium and the RIKEN PMI and CLST (DGT); Forrest ARR, Kawaji
H, Rehli M, Baillie JK, MJL de Hoon, Haberle V, Lassmann T, Kulakovskiy IV, Lizio M,
Itoh M, Andersson R, Mungall CJ, Meehan TF, Schmeier S, Bertin N, Jorgensen M,
Dimont E, Arner E, Schmidl C, Schaefer U, Medvedeva YA, Plessy C, Vitezic M,
Severin J, Semple CA, Ishizu Y, Young RS, Francescatto M, Alam I, Albanese D,
Altschuler GM, Arakawa T, Archer JAC, Arner P, Babina M, Rennie S, Balwierz PJ,
Beckhouse AG, Pradhan-Bhatt S, Blake JA, Blumenthal A, Bodega B, Bonetti A,
Briggs J, Brombacher F, Burroughs AM, Califano A, Cannistraci CV, Carbajo D,
Chen Y, Chierici M, Ciani Y, Clevers HC, Dalla E, Davis CA, Detmar M, Diehl AD,
Dohi T, Drablos F, Edge ASB, Edinger M, Ekwall K, Endoh M, Enomoto H, Fagiolini
M, Fairbairn L, Fang H, Farach-Carson MC, Faulkner GJ, Favorov AV, Fisher ME,
Frith MC, Fujita R, Fukuda S, Furlanello C, Furuno M, Furusawa J, Geijtenbeek TB,
Gibson AP, Gingeras T, Goldowitz D, Gough J, Guhl S, Guler R, Gustincich S, Ha
TJ, Hamaguchi M, Hara M, Harbers M, Harshbarger J, Hasegawa A, Hasegawa Y,
Hashimoto T, Herlyn M, Hitchens KJ, Sui SJH, Hofmann OM, Hoof I, Hori F,
Huminiecki L, Iida K, Ikawa T, Jankovic BR, Jia H, Joshi A, Jurman G, Kaczkowski B,
Kai C, Kaida K, Kaiho A, Kajiyama K, Kanamori-Katayama M, Kasianov A, Kasukawa
T, Katayama S, Kato S, Kawaguchi S, Kawamoto H, Kawamura YI, Kawashima T,
Kempfle JS, Kenna TJ, Kere J, Khachigian LM, Kitamura T, Klinken SP, Knox AJ,
Kojima M, Kojima S, Kondo N, Koseki H, Koyasu S, Krampitz S, Kubosaki A, Kwon
AT, Laros JFJ, Lee W, Lennartsson A, Li K, Lilje B, Lipovich L, Mackay-sim A,
Manabe R, Mar JC, Marchand B, Mathelier A, Mejhert N, Meynert A, Mizuno Y, de
Lima Morais DAMorikawa H, Morimoto M, Moro K, Motakis E, Motohashi H,
Mummery CL, Murata M, Nagao-Sato S, Nakachi Y, Nakahara F, Nakamura T,
Nakamura Y, Nakazato K, Van Nimwegen E, Ninomiya N, Nishiyori H, Noma S,
Nozaki T, Ogishima S, Ohkura N, Ohmiya H, Ohno H, Ohshima M, Okada-
Hatakeyama M, Okazaki Y, Orlando V, Ovchinnikov DA, Pain A, Passier R,
Patrikakis M, Persson H, Piazza S, Prendergast JGD, Rackham OJL, Ramilowski JA,
Rashid M, Ravasi T, Rizzu P, Roncador M, Roy S, Rye MB, Saijyo E, Sajantila A, Saka
A, Sakaguchi S, Sakai M, Sato H, Satoh H, Savvi S, Saxena A, Schneider C, Schultes
EA, Schulze-Tanzil GG, Schwegmann A, Sengstag T, Sheng GJ, Shimoji H, Shimoni Y,
Shin JW, Simon C, Sugiyama D, Sugiyama T, Suzuki M, Suzuki N, Swoboda RK, ’t
Hoen PAC, Tagami M, Takahashi N, Takai J, Tanaka H, Tatsukawa H, Tatum Z,
Thompson M, Toyoda H, Toyoda T, Valen E, van de Wetering M, van den Berg LM,
Verardo R, Vijayan D, Vorontsov IE, Wasserman WW, Watanabe S, Wells CA,

Winteringham LN, Wolvetang E, Wood EJ, Yamaguchi Y, Yamamoto M, Yoneda M,
Yonekura Y, Yoshida S, Zabierowski SE, Zhang PG, Zhao XB, Zucchelli S, Summers
KM, Suzuki H, Daub CO, Kawai J, Heutink P, Hide W, Freeman TC, Lenhard B,
Bajic VB, Taylor MS, Makeev VJ, Sandelin A, Hume DA, Carninci P, Hayashizaki Y.
A promoter-level mammalian expression atlas. Nature 2014;507:462–470.

10. Feingold EA, Good PJ, Guyer MS, Kamholz S, Liefer L, Wetterstrand K, Collins FS,
Gingeras TR, Kampa D, Sekinger EA, Cheng J, Hirsch H, Ghosh S, Zhu Z, Pate S,
Piccolboni A, Yang A, Tammana H, Bekiranov S, Kapranov P, Harrison R, Church G,
Struhl K, Ren B, Kim TH, Barrera LO, Qu C, Van Calcar S, Luna R, Glass CK,
Rosenfeld MG, Guigo R, Antonarakis SE, Birney E, Brent M, Pachter L, Reymond A,
Dermitzakis ET, Dewey C, Keefe D, Denoeud F, Lagarde J, Ashurst J, Hubbard T,
Wesselink JJ, Castelo R, Eyras E, Myers RM, Sidow A, Batzoglou S, Trinklein ND,
Hartman SJ, Aldred SF, Anton E, Schroeder DI, Marticke SS, Nguyen L, Schmutz J,
Grimwood J, Dickson M, Cooper GM, Stone EA, Asimenos G, Brudno M, Dutta A,
Karnani N, Taylor CM, Kim HK, Robins G, Stamatoyannopoulos G,
Stamatoyannopoulos JA, Dorschner M, Sabo P, Hawrytycz M, Humbert R, Wallace
J, Yu M, Navas PA, McArthur M, Noble WS, Dunham I, Koch CM, Andrews RM,
Clelland GK, Wilcox S, Fowler JC, James KD, Groth P, Dovey OM, Ellis PD,
Wraight VL, Mungall AJ, Dhami P, Fiegler H, Langford CF, Carter NP, Vetrie D,
Snyder M, Euskirchen G, Urban AE, Nagalakshmi U, Rinn J, Popescu G, Bertone P,
Hartman S, Rozowsky J, Emanuelsson O, Royce T, Chung S, Gerstein M, Lian Z,
Lian J, Nakayama Y, Weissman S, Stoic V, Tongprasit W, Sethi H, Jones S, Marra M,
Shin H, Schein J, Clamp M, Lindblad-Toh K, Chang J, Jaffe DB, Kamal ES, Lander ES,
Mikkelsen TS, Vinson J, Zody MC, de Jong PJ, Osoegawa K, Nefedov M, Zhu B,
Baxevanis AD, Wolfsberg TG, Collins FS, Crawford GE, Holt E, Vasicek TJ, Zhou
D, Luo S, Green ED, Bouffard GG, Margulies EH, Portnoy ME, Hansen NF, Thomas
PJ, Mcdowell JC, Maskeri B, Young AC, Idol JR, Blakesley RW, Schuler G, Miller W,
Hardison R, Elnitski L, Shah P, Salzberg SL, Pertea M, Majoros WH, Haussler D,
Thomas D, Rosenbloom KR, Clawson H, Siepe A, Kent WJ, Weng Z, Jin S, Halees
A, Burden H, Karaoz U, Fu Y, Yu Y, Ding C, Cantor CR, Kingston RE, Dennis J,
Green RD, Singer MA, Richmond TA, Norton JE, Farnham PJ, Oberley MJ, Inman
DR, McCormick MR, Kim H, Middle CL, Pirrung MC, Fu XD, Kwon YS, Ye Z,
Dekker J, Tabuchi TM, Gheldof N, Dostie J, Harvey SC; ENCODE Project
Consortium. The ENCODE (ENCyclopedia of DNA elements) project. Science
2004;306:636–640.

11. Derrien T, Johnson R, Bussotti G, Tanzer A, Djebali S, Tilgner H, Guernec G,
Martin D, Merkel A, Knowles DG, Lagarde J, Veeravalli L, Ruan XA, Ruan YJ,
Lassmann T, Carninci P, Brown JB, Lipovich L, Gonzalez JM, Thomas M, Davis
CA, Shiekhattar R, Gingeras TR, Hubbard TJ, Notredame C, Harrow J, Guigo
R. The GENCODE v7 catalog of human long noncoding RNAs: analysis of
their gene structure, evolution, and expression. Genome Res 2012;22:
1775–1789.

12. Rinn JL, Chang HY. Genome regulation by long noncoding RNAs. Annu Rev Biochem
2012;81:145–166.

13. Guttman M, Amit I, Garber M, French C, Lin MF, Feldser D, Huarte M, Zuk O,
Carey BW, Cassady JP, Cabili MN, Jaenisch R, Mikkelsen TS, Jacks T, Hacohen N,
Bernstein BE, Kellis M, Regev A, Rinn JL, Lander ES. Chromatin signature reveals
over a thousand highly conserved large non-coding RNAs in mammals. Nature
2009;458:223–227.

14. Pelechano V, Steinmetz LN, Coding RNA. Gene regulation by antisense transcrip-
tion. Nat Rev Genet 2013;14:880–893.

15. Wang KC, Chang HY. Molecular mechanisms of long noncoding RNAs. Mol Cell
2011;43:904–914.
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lipopolysaccharide-mediated peroxisome proliferator-activated receptor gamma
(PPARgamma) mRNA destabilization. J Biol Chem 2010;285:11846–11853.

204. Wang T, Li M, Guan J, Li P, Wang H, Guo Y, Shuai S, Li X. MicroRNAs miR-27a and
miR-143 regulate porcine adipocyte lipid metabolism. IJMS 2011;12:7950–7959.

205. Karere GM, Glenn JP, Birnbaum S, Garcia R, VandeBerg JL, Cox LA. Identification of
coordinately regulated microRNA-gene networks that differ in baboons discordant
for LDL-cholesterol. PLoS One 2019;14:e0213494.

206. Hussain MM, Goldberg IJ. Human MicroRNA-33b promotes atherosclerosis in
Apoe-/- mice. Arterioscler Thromb Vasc Biol 2018;38:2272–2275.

207. Cheng Y, Liu X, Yang J, Lin Y, Xu D-Z, Lu Q, Deitch EA, Huo Y, Delphin ES, Zhang C.
MicroRNA-145, a novel smooth muscle cell phenotypic marker and
modulator, controls vascular neointimal lesion formation. Circ Res 2009;105:158–166.

208. Rupaimoole R, Slack FJ. MicroRNA therapeutics: towards a new era
for the management of cancer and other diseases. Nat Rev Drug Discov 2017;16:203.

1756 F. Fasolo et al.


	cvz203-TF1
	cvz203-TF2
	cvz203-TF3

