
                          Fasolo, F., Gregoli, K. D., Maegdefessel, L., & Johnson, J. L. (2019).
Non-coding RNAs in cardiovascular cell biology and atherosclerosis.
Cardiovascular Research, 115(12), 1732-1756. [cvz203].
https://doi.org/10.1093/cvr/cvz203

Peer reviewed version

Link to published version (if available):
10.1093/cvr/cvz203

Link to publication record in Explore Bristol Research
PDF-document

This is the author accepted manuscript (AAM). The final published version (version of record) is available online
via Oxford University Press at https://academic.oup.com/cardiovascres/article/115/12/1732/5544725/ . Please
refer to any applicable terms of use of the publisher.

University of Bristol - Explore Bristol Research
General rights

This document is made available in accordance with publisher policies. Please cite only the
published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/

https://doi.org/10.1093/cvr/cvz203
https://doi.org/10.1093/cvr/cvz203
https://research-information.bris.ac.uk/en/publications/04095306-4949-4f3c-a3fe-0180e56bfc6d
https://research-information.bris.ac.uk/en/publications/04095306-4949-4f3c-a3fe-0180e56bfc6d


CVR-2019-0489R 

1 
 

Non-coding RNAs in cardiovascular cell biology and atherosclerosis 
 

Francesca Fasolo 1, Karina Di Gregoli 2, Lars Maegdefessel 1,3,4, Jason L Johnson 2 

 

 
1 Department of Vascular and Endovascular Surgery  2 Laboratory of Cardiovascular Pathology, 

Klinikum rechts der Isar - Technical University Munich  Bristol Medical School, 

Biedersteiner Strasse 29     University of Bristol, 

80802 Munich, Germany     Bristol, BS2 8HW, UK 

 
3 Molecular Vascular Medicine   

Karolinska Institute      

Center for Molecular Medicine L8:03    

17176 Stockholm, Sweden      

 
4 German Center for Cardiovascular Research (DZHK) 

Partner site Munich (Munich Heart Alliance) 

 

Corresponding author: 

Dr Jason Johnson 

Laboratory of Cardiovascular Pathology, 

Bristol Medical School, 

Faculty of Health Sciences, 

University of Bristol, 

Bristol, UK 

Research Floor Level Seven, 

Bristol Royal Infirmary, 

Bristol BS2 8HW  

Email: Jason.L.Johnson@bristol.ac.uk 

Phone: 0044(0)117 342 3583 

 

Keywords: atherosclerosis; non-coding RNA; microRNA; vascular smooth muscle cells; endothelial cells; 

macrophages. 

 

Word count: 21612 

  

Revised manuscript

mailto:Jason.L.Johnson@bristol.ac.uk


CVR-2019-0489R 

2 
 

Abstract 

Atherosclerosis underlies the predominant number of cardiovascular diseases and remains a leading cause of morbidity 

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 multiple 

resident and recruited cell types including endothelial cells, vascular smooth muscle cells, and 

monocyte/macrophages. The discovery of non-coding RNAs 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 non-coding RNAs finely 

tuneregulate pivotal cellular and molecular processes during all stages of atherosclerosis, including; cell invasion, 

growth, and survival; cellular uptake and efflux of lipids, expression and release of pro- and anti-inflammatory 

intermediaries, and proteolytic balance. The expression profile of non-coding RNAs within atherosclerotic lesions and 

the circulation have been determined with the aim of identifying individual or clusters of non-coding RNAs which 

may be viable therapeutic targets alongside deployment 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 non-coding RNAs in well-characterised animal models of atherosclerosis. Together, 

clinicopathological findings and studies in animal models have elucidated the multifaceted and frequently divergent 

effects non-coding RNAs impose both directly and indirectly on the formation and progression of atherosclerosis. 

From these findings’ potential novel therapeutic targets and strategies have been discovered which may pave the way 

for further translational studies and possibly taken forward for clinical application. 

 

General introduction to atherosclerosis 

Atherogenesis is initially characterized by substantial alterations in the inner 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 adaptive intimal thickenings have previously 

developed 2. Adaptive intimal thickenings are primarily located at athero-prone areas in response to disturbed 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 associated with changes in endothelial permeability 

in response to endothelial cell (EC) activation 3. Activated ECs undergo phenotypic changes including abnormal 

migration, proliferation and altered expression of adhesion molecules and chemokines. These, in turn, stimulate the 

adhesion, transmigration, 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 macrophages4. In particular, scavenger receptors facilitate the uptake of modified low-density 

lipoproteins (LDL) by macrophages in the artery wall, which triggers local inflammation and ultimately leads to the 

development 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 characteristic 

contractile phenotype, start to proliferate and synthesize ECM proteins, thus actively contributing to plaque formation 

through establishment of a fibrous cap 5. While cellular proliferation is common during the early stages of the 

atherosclerotic lesion formation, advanced plaques are characterized by significant levels of VSMC and foam cell 

macrophage 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 tissue ischemia 7. Concurrently, VSMC death alongside focal accrual 

of protease-rich foam cell macrophages, increases the risk of plaque rupture 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.  

 

General introduction to non-coding RNAs 

The development of full genome sequencing techniques has made it possible to survey the transcriptomes of multiple 

organisms to an unprecedented level. In this context, large genomic projects such as FANTOM 8, 9 and ENCODE 10, 
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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 genome 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 previously underestimated complexity in gene regulatory networks.  

 

An introduction to LncRNAs  

Among ncRNAs, lncRNAs represent the widest and most heterogeneous 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 5′ caps and are polyadenylated 13. Based on their genomic location 

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 different levels by cis or trans-acting. The 

extensive diversity in their mechanisms of action and functional outputs is strictly linked to their anatomical properties, 

subcellular localization and interactions with molecular partners. LncRNA may act as a ‘molecular sink’ sequestering 

different factors from their site of action; they can work as scaffolds assembling molecular effectors; they can guide 

the localization of ribonucleoprotein 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 

regulation, cellular trafficking, nuclear organization and compartmentalization have been shown (Huarte and Marín-

Béjar, 2015). Other studies showed that the structure of lncRNAs is more highly conserved across different species 

than their primary sequence, suggesting a strict link between structural and functional features 16, 17. 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 18 19 20. Additionally, recent years has seen an abundance of studies examining 

lncRNA expression and modulation in clinical samples, animal models and cell systems mimicking atherosclerosis, 

and these are discussed below and summarised in Table 1. Their proposed mechanisms of action are also summarised 

within Figure 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 extensively studied, with a 

special focus on a cluster of five genes which include the 3.8 kb long ANRIL ncRNA and the tumor suppressors cyclin 

dependent kinase inhibitor CDKN2A/p16INK4A, CDKN2A/p14ARF, CDKN2B/p15INK4B, and 

methylthioadenosine phosphorylase (MTAP) 21. Interestingly, single nucleotide polymorphisms (SNPs) conferring 

cardiovascular 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 Single nucleotide polymorphisms 

(SNPs) spanning the locus and conferring cardiovascular risk are not found in correspondence of protein coding genes. 

Interestingly, SNPs fall within the ANRIL gene, excluding exons and canonical splicing regions 22.  

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. showed that ANRIL expression was 

induced by the CAD risk SNP rs1333049 in peripheral blood monocytes (PBMCs), with no significant effects on 

expression of CDKN2A or CDKN2B 23. 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 24]. 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 correlated with atherosclerosis severity 25-27. 

Conversely, circular ANRIL (circANRIL) isoforms were down-regulated in patients with the Chr9p21 risk haplotype 

and inversely correlated with atherosclerotic severity 28. 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 25, 28, 29. Overall, the scenario sees a general trend towards 

an inverse correlation between circANRIL or CDKN2B, which are down-regulated in patients with the CAD-risk 

genotype, and linear ANRIL isoforms, which are on the contrary up-regulated. Recent data provided evidence of 

ANRIL acting also in trans on non-overlapping genes 29. Holdt and colleagues reported that the functional modules 

responsible for ANRIL trans-regulation consists of Alu repeats contained in the transcript sequence. These would 
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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, vascular smooth muscle cells, inflammatory cells and tissues that are affected by 

atherosclerosis 30. Silencing of ANRIL in human aortic VSMCs by siRNA, alternatively targeting exon1 or exon19, 

has been shown to differentially modulate the expression of genes controlling 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 (HBEGF), thus suggesting isoform-specific 

regulatory properties 31. Recently Lo Sardo and colleagues 32generated induced pluripotent stem cell (iPSC)-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 32. Transcriptional profiling revealed 

that VSMCs from CAD risk individuals displayed altered gene expression patterns, resembling 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. 

 

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 33. 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 33, permitting 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 expression 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) receptor 2 34. Upon hypoxic stimuli 

MALAT1, MEG3, TUG1, and linc00657 were significantly upregulated, suggesting a link between these lncRNAs 

and endothelial dysfunction characterizing the initial process of atherogenesis.  

sONE: Nitric oxide (NO) plays a vital role in vascular homeostasis and is involved in dysfunction and damage of the 

vasculature during atherosclerosis. NO is mainly synthesized by three NO synthase (NOS) enzymes, with endothelial 

NOS (eNOS or NOS3) representing the vascular EC-restricted isoform. Altered eNOS expression results in 

abnormalities 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 35. 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 36. The expression of sONE is induced by hypoxia, resulting in negative 

regulation of eNOS expression in ECs 37. 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 involved in the development of atherosclerotic lesions, such as oxidized LDL or inflammation, 

can affect sONE or eNOS expression remains an open question.  

SENCR: Recently, the smooth muscle and EC-enriched migrational differentiation-associated lncRNA (SENCR) was 

shown to be a flow-responsive lncRNA favoring endothelial integrity, suggesting that lncRNA deregulation may 

provide the interface between shear stress and endothelial damage, ultimately leading to atherosclerosis 38. 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 interaction between CKAP4 and cadherin 5 (CDH5 

or VE-cadherin), resulting in damaging the structure of adherens junctions through destabilization of the 

CDH5/CTNND1 complex and augmenting CDH5 internalization 38.  

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 tumors 39. MALAT1 was 

shown to interact with polycomb 2 (CBX4) and thereby regulate histone modifications to control cellular proliferation 
40. The Dimmeler lab showed that MALAT1 expression affects the balance between proliferative and migratory EC 
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phenotype in vitro, and its genetic deletion in vivo impairs vascular growth. Silencing of MALAT1 inhibits 

proliferation in HUVECs by modulating the expression of cell cycle regulators, and promotes a switch towards a 

migratory phenotype characterized by increased basal sprouting upon pro-angiogenic conditions 34. MALAT1 

expression in ECs is induced under high-glucose conditions or oxidative stress, and its knock-down results in 

decreased cell viability 41. 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 antigen (SAA3) 42. 

MIAT: Serum levels of the lncRNA myocardial infarction-associated transcript (MIAT) are increased in patients with 

coronary atherosclerotic disease compared to healthy subjects, and the increased levels positively correlates with IL-

6 and TNFα serum levels 43. Moreover, patients with symptomatic carotid atherosclerosis exhibit increased intra-

plaque MIAT expression than individuals with asymptomatic disease or healthy controls 44. A similar pattern was also 

reported both within plaques and serum of mice with advanced atherosclerosis in comparison to early disease 44. With 

regards to ECs, MIAT can regulate their function by acting as a competing endogenous RNA (ceRNA), thus 

preventing miR-150-5p from reaching its target VEGF, an action commonly referred to as a microRNA sponge 45. 

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 44. 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 macrophages and subsequent loss of efficient efferocytosis, a process involved in 

plaque progression 44. 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 necrotic core size and macrophage 

positive area 44.  

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 expression, which is a 

specific ligand for the Notch1 receptor on arterial endothelium. 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 46, 47. 

ASncmtRNA-2: Vascular cell senescence has been ascribed a role in age-associated cardiovascular diseases. 

Replicative senescence (RS) and stress-induced premature senescence (SIPS) are provoked respectively by 

endogenous (telomere erosion) and exogenous (H2O2, UV) stimuli, resulting in cell cycle arrest in Gl and G2 phases. 

In both scenarios, mitochondria-derived ROS are important players in senescence initiation. In this context, 

ASncmtRNA-2 is a mitochondrial DNA-transcribed lncRNA whose expression was found to be increased in mouse 

aged aortas 48. 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 
48.  

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 49. In this setting, Ge and co-authors investigated novel factors 

downstream of the mTOR signalling pathway which would inhibit autophagy in HUVECs. After treatment with 3-

benzyl-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 50. 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 50.  

 

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 response 

to a variety of stimuli (inflammation, cyclic strain, oxLDL, etc.), VSMCs may undergo phenotypic modulation, 

permitting their proliferation and migration towards the intimal layer alongside taking on a synthetic phenotype, thus 

actively contributing to the formation of the atherosclerotic plaque 5. VSMC phenotypic modulation is a crucial 

process 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 detrimental during 

atherogenesis (particularly in humans), this process is fundamentally beneficial in advanced plaques to ensure 

maintenance of the protective fibrous cap. 
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SENCR: The aforementioned and proposed anti-sense (AS) lncRNA SENCR is expressed in both ECs and VSMCs 51, 

and is transcribed from the upstream of the friend leukemia virus integration 1 (FLI1) gene locus, overlaps the FLI1 

gene, presents transcriptional variants, and is mainly localized within the cytosol. In particular, the transcriptional 

variant specific to VSMCs is explicitly detected within cells displaying a contractile phenotype. 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 52. Although AS lncRNAs often participate in regulation of sense neighbouring transcripts, no 

regulatory action has been shown for SENCR on FLI1 to date.  

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 53. 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 cells 54 and in renal proximal tubular epithelial cells 55. In 

the latter, HAS2-AS1 forms a duplex with HAS2 mRNA, resulting in sense transcript stabilization and increased 

expression levels upon stimulation with IL-1β or TGF-β1 55. 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. 

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 

angiotensin II (Ang II) can promote atherosclerotic plaque formation and progression. Accordingly, Leung and 

colleagues conducted transcriptome and epigenome profiling of rat VSMCs in response to Ang II treatment 56. 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. 

LincRNA-p21: Apoptosis of VSMCs can contribute to weakening 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 infarction, particularly over highly stenotic plaques 57. 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 58. 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 59. Interestingly, LincRNA-p21 was found to be down-regulated in both the Apoe-deficient mouse model of 

atherosclerosis and patients with CAD 58. Moreover, lincRNA-p21 lentiviral knock-down in the mouse carotid artery 

injury model resulted in marked neointimal hyperplasia 58. 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 occlusion. In this context, the above experiments raise the possibility that 

manipulation of lincRNA-p21 expression could be beneficial to treat restenosis and prevent atherogenesis, but 

unwanted plaque destabilisation effects may be encountered in advanced plaques unless localised interventions were 

deployed. 

HIF1a-AS1: The brahma-related gene 1 (BRG1) is highly expressed by VSMCs during thoracic aortic aneurysms 

(TAA), 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 60. Furthermore, 

HIF1a-AS1 knock-down markedly promoted VSMC proliferation and reduced susceptibility to apoptosis through 

increasing Bcl2 expression and decreasing the expression of caspase3 and caspase8 in VSMCs and caspase9 in ECs 
61. As such, HIFa-AS1 may also contribute to the development and progression of atherosclerosis through controlling 

VSMC and EC apoptosis. 

 

Inflammatory cells 

The progression and destabilisation of atherosclerotic plaques is largely responsible for the majority of cardiovascular 

related deaths 62. Histopathological findings from human atherosclerotic plaques have illuminated 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 transformation into lipid-laden foam cells, expansion 

of the lipid/necrotic core, loss of VSMC content alongside decreased collagen deposition 63. Therefore, many of the 

deleterious characteristics of plaque progression are related to inflammation, particularly monocyte/macrophages, 
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which is supported by the recent results of the CANTOS trial which confirmed a pivotal role for inflammation in the 

progression and clinical complications of atherosclerosis 64. With regards to the function and behaviour of 

monocyte/macrophages, ncRNAs have been proposed as harnessing important modulatory roles, such as directing the 

adhesion, invasion and proliferation of monocytes, affecting macrophage uptake and efflux of modified lipoproteins, 

macrophage phenotypic polarisation, alongside the regulation and secretion of inflammatory mediators and proteases. 

Collectively, such findings have elucidated the novel mechanistic functions ncRNAs may exert on the inflammatory 

response during atherosclerosis and identified specific ncRNAs as latent therapeutic targets, concurrent with their 

assessment within the circulation as prognostic biomarkers of atherosclerotic disease progression. 

MeXis: Based on mouse studies, MeXis is a lncRNA attributed a crucial role in atherogenesis via regulation of 

cholesterol metabolism 65. Highly expressed in macrophages, MeXis is upregulated in response to cholesterol 

overload. MeXis and the neighbouring cholesterol-efflux gene ABCA1 are co-regulated at the transcriptional level 

via liver X receptor (LXR)β, which belongs to the sterol-activated nuclear receptor family controlling the expression 

of genes pivotal for cholesterol homeostasis. Interestingly, MeXis potentiates LXR-dependent transcription of 

ABCA1, which is defective in MeXis-deficient mice in a tissue-selective manner 65. Mechanistic studies revealed that 

MeXis exerts its action through mediating binding of the transcriptional co-activator DDX17 to the ABCA1 promoter 
65. Interestingly, the LXR-MeXis-ABCA1 axis is conserved in humans, with the MeXis homologue referred to as 

TCONS00016111. A GWAS from the CARDIoGRAMplus consortium 66 identified an association between a SNP 

overlapping the TCONS00016111 transcript and human CAD, highlighting the potential relevance of this lncRNA to 

human atherosclerosis. 

 

An introduction to circular RNAs 

Initially considered as aberrant splicing products, circular RNAs (circRNAs) are now known to be essential players 

in the regulation of physiological and pathological processes 67. Most circular RNAs (circRNAs) derive from precursor 

mRNA (pre-mRNA) back-splicing events, in which a downstream 5´splice site (ss) is joined and ligated with an 

upstream 3´ss [reviewed by 47]. 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 (ICSs) flanking the back-splicing junction, which often 

consist of repetitive elements, such as Alus in primates 68, 69. RNA binding proteins (RBPs) may contribute to circRNA 

regulation in trans by either facilitating or destabilizing intronic RNA pairing, thus promoting or inhibiting circRNA 

biogenesis, respectively 70, 71. Circular RNAs are modestly expressed and in most cases less abundant than linear 

transcripts 68, 69, 72, 73. Interestingly, the expression of circRNAs is finely tunedtightly regulated both spatially and 

temporally. A given circular transcript may display high tissue-specificity 72 and expression patterns can be 

characteristic of a certain biological process, developmental stage or disease condition 73, 74. CircRNAs are located 

within both the nuclear and cytoplasmic compartments and can accordingly regulate gene expression through multiple 

mechanisms. Evidence suggests they can participate to splicing regulation, may act as miRNA or protein “sponges” 

and can interfere with pre-mRNA processing [reviewed in 75 ]. Furthermore, there are novel indications that some 

endogenous circRNAs are translatable 76. Finally, circRNAs can be secreted in exosomes and body fluids including 

saliva and serum 77, 78. In this context, their increased stability compared to linear transcripts make them potentially 

ideal biomarkers in clinical practice. The role of circularRNAs (circRNA) in atherosclerotic 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 summarised within Figure 2. 

 

CircularRNAs in atherosclerosis 

According the World Health organization, cardiovascular disease remains the major cause of mortality worldwide, 

accounting for approximately 31% of all deaths globally in 2016 (https://www.who.int). As atherosclerosis underlies 

the bulk of cardiovascular disorders, new and highly sensitive/convenient diagnostic biomarkers patterning 

atherosclerosis development are required which may aid monitoring disease progression, and therefore be highly 

valuable in terms of human health, as well as social economics. Their structural properties alongside identification of 

circRNA presence in body fluids such as plasma and saliva, pave the way for their application as biomarkers. Already 

iIn the field of cancer, hsa_circ_002059, whose expression is significantly higher in gastric cancer tissue compared to 

healthy adjacent tissueones, has been proposed as a potential biomarker for is used in the diagnosis of gastric cancer 
79. Further examples are provided by circ-ITCH 20 80 and hsa_circ_0005075 21 81, in as potential biomarkers of 

oesophageal cancer and hepatocellular carcinoma, respectively. In this context, by using microarray technology, Zhao 

and colleagues profiled peripheral blood circRNA expression in CAD patients and matched healthy controls and 

revealed hsa_circ_0124644 was a sensitive and specific disease biomarker82. Arrays examining circRNA expression 
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have proved to be valid tools for differential expression analysis in pathologies of interest, with some advantages 

compared to RNA-sequencing. Indeed, low count numbers associated to such transcripts often impair accuracy in 

quantification, making analysis prone to an increased rate of error 83, unless extremely high sequencing depth is 

adopted. Furthermore, although computational approaches for circRNA detection are seeing continual improvement, 

annotation and analysis pipelines are rather complex and generally not widely available 84. Conversely, microarray 

technology is characterized by high sensitivity and is relatively unaffected by lowered transcript levels specific to 

circRNAs 85. 

Circ-0003575: Within this background, Li and colleagues studied the differential expression of cRNA during oxLDL 

stimulation of HUVECs, in order to closely mimic the development of atherosclerosis 86. The cRNA 

Hsa_circ_0003575 was found to be significantly up-regulated in oxLDL-induced HUVECs and its silencing 

associated with augmented proliferation and angiogenesis, and reduced apoptosis in the same in vitro setting 86. 

Circ-000595: In a study investigating differential expression of circRNAs in abdominal aortic aneurysms (AAA), 

heightened expression of the circRNA hsa‑ circ‑ 000595 was associated with disease progression through regulating 

VSMCs apoptosis under hypoxic conditions 86. Upon cobalt chloride (CoCl2)-induced hypoxia in vitro, circ‑ 000595 

was up-regulated and subsequent siRNA-directed silencing decreased hypoxia-induced apoptosis rates in VSMCs 86. 

Furthermore, circ‑ 000595 knock-down was shown to be associated with increased expression of miR-19a, which is 

known to confer athero-protection via flow-regulated control of endothelial proliferation 87. As hypoxia is a 

characteristic feature of atherosclerotic lesions 88, it would be interesting to further explore the role of circ‑ 000595 in 

the broader context of atherogenesis and disease progression.  

cZNF292: RNA-seq analysis of ECs cultured in 0.2% O2 or normoxic conditions revealed cZNF292 as another 

example of a hypoxia-induced circRNA, 89. In vitro experiments revealed that cZNF292 could stimulate angiogenesis 

and proliferation 89. 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. 

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. discovered 

that a circRNA alternatively spliced from the lipoprotein receptor 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 differentiation. 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 90. 

circANRIL: Probably the most exhaustively characterized circRNA in atherosclerosis is circANRIL, which represents 

an example of disease-linked circularized transcript whose function and mechanism of action have been recently 

partially unveiled. Burd et al.. 91 initially found that besides the aforementioned linear ANRIL, a circRNA variant of 

the latter was transcribed 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 regulating ANRIL splicing and circANRIL 

production. A few years later, Holdt and colleagues 28 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 assembly factor, resulting 

in nucleolar stress, activation of p53 and a subsequent increased apoptosis and decreased proliferative rate. 

Accordingly, the authors propose an athero-protective role of circANRIL involving suppression of cellular 

proliferating during the early stages of atherosclerotic 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 circular ANRIL levels in VSMCs and macrophages. As such, a shift in the ratio 

towards the linear isoform of ANRIL would favor atherogenesis 28. Indeed, exogenous circANRIL expression was 

shown to be beneficial in a rat model of coronary atherogenesis 92. 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 92. 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 trappingOpposing effects were observed in the over-expressed cANRIL group. 

An increasing body of evidence suggests that cRNAs, especially if residing in the cytosolic compartment, may act by 
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binding and trapping microRNAs 72, 93. 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 86, 94, the molecular mechanisms and the cellular 

pathways underlying circRNA contribution to atherosclerosis remain vastly unexplored. However, there are a large 

number of circRNAs lacking sequences for interaction with miRNAs 89, 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.90As some of cRNAs lack sequences for 

interaction with miRNAs 90, which cRNA biological actions would be exerted through modulation of miRNA activity 

should be regarded as minimal. It is clear molecular investigation and the discovery of novel cRNA “functional 

prototypes” is required to permit further investigations within this novel research area in the context of 

atherosclerosis.91 
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An introduction to microRNAs 

MicroRNAs (miRNAs, miRs) are short ncRNAs usually between 18-22 nucleotides long which harbour the ability to 

post-transcriptionally control 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 processed by a Class 4 ribonuclease III family member, Dicer, resulting in the formation of a mature and 

biologically functional microRNA which can bind the 3′ untranslated regions (3′-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 mammalian genes and hence proposed to exert an essential role in regulating key cellular 

functions 95. Predictive algorithms have identified that individual microRNAs can bind and regulate a large number 

of divergent mRNAs, accounting for the discrepancy in the ratio of microRNAs and mRNAs, although 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 characteristics, microRNAs 

have been put forward as fine-tunerspivotal regulators of mRNA and protein expression throughout all stages of 

atherosclerosis supported by human clinical and pathological studies which have analysed the expression 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.  

 

MicroRNAs in atherosclerosis 

Human studies 

In humans, the pre-cursors of mature coronary and carotid atherosclerotic plaques are adaptive and pathological 

intimal thickenings, which are characterised by intimal accumulation of VSMCs and distinct ECM proteins at regions 

of disturbed shear stress (such as bifurcations and curved arterial regions), and subsequent deposition and modification 

of lipoproteins 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 96. A comparison of healthy thoracic arteries and atherosclerotic lesions from aortic, carotid and femoral 

arteries demonstrated miR-21, miR-34, miR-146 and miR-210 levels were increased in atherosclerotic arteries 97. 

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 98. Furthermore, symptomatic carotid plaques (deemed unstable) exhibited 

increased expression of miR-100, miR-127, miR-133 and miR-145 when compared to symptomatic lesions (classed 

as stable) 99. Lastly, evaluation of coronary atherosclerotic plaques demonstrated elevated miR-181 expression and 

concomitant lowered miR-24 levels in plaques categorised as unstable when matched to stable plaques 100, 101. 

The expression of circulating microRNAs has also been assessed, particularly with the consideration that changes in 

blood levels of select microRNAs could represent valid biomarkers of atherosclerosis and importantly its stage of 

progress. Indeed,  circulating levels of miR-29, miR-126, miR-145, and miR-155 were increased in patients with 

optical coherence tomography-defined thin-capped fibroatheromas (TCFA), inferring these microRNAs as causal in 

plaque stability alongside their potential as biomarkers of rupture-prone plaques 102. Comparison of patients with stable 

coronary artery disease and healthy control subjects revealed decreased circulating miR-155, miR-145 and let-7c 

levels in the patients with coronary artery disease 103. 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 comparison to non-diseased individuals 104, 105. Comparing patients with 

stable and unstable coronary artery disease, circulating miR-155 plasma levels were reduced in patients presenting 

with clinical events such as unstable angina or myocardial infarction 106. 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 characterised stable angina patients and increased miR-145 delineated unstable angina patients 107. Lastly, 

plasma levels of miR-132, miR-150, and miR-186 were collectively predictive of unstable angina in comparison to 

healthy subjects 108. 
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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 to 

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 myocardial 

infarction itself 109. 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 106. Two separate studies have shown elevated PBMC expression of miR-146 is associated with coronary 

artery disease risk 110 111, while the miR-135a/miR147 ratio within PBMCs has also shown promise as an 

atherosclerotic disease risk predictor 112. LastlyMeanwhile, assessment of dysregulated microRNAs in obese and lean 

individuals and restricted to CD14 positive monocytes demonstrated reduced levels of miR-181a, miR-181b, and miR-

181d were related to obesity, but only diminished miR-181a levels correlated with angiography-defined coronary 

artery disease in obese individuals 113. 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 114. While miR-155 levels are elevated in CD4+ T 

lymphocytes of unstable angina patients with marked coronary artery stenosis compared to subjects with mild stenosis 

or no stenosis 115.  

Taken together, the assessment of microRNA expression with plaques 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 progression (see Figure 42). Although, the baseline characteristics of 

patients, their existing medical therapies, and the manifestation of contraindicative diseases 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.  

 

Animal studies 

The differential expression of microRNAs has also been assessed in hypercholesterolaemic mice using a carotid artery 

double ligation model to generate lesions characterised as stable and unstable 116. Microarray analysis demonstrated 

increased expression of miR-138, miR-142, miR-322, miR-335, and miR-450 in plaques deemed unstable (due to the 

presence of intraplaque haemorrhage), compared to stable lesions, implying a role for these microRNA in plaque 

progression 116. While there have been scores of in vitro studies using vascular and inflammatory cells to determine 

the expression and function of microRNAs, these are too numerous 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 molecules (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 summarised 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. 

 

Endothelial cells 

miR-10: An athero-protective 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 hypercholesteroleamic mice where 

disturbed flow is prevalent 117. Supporting findings have also been demonstrated within a swine model and miR-10a 

suggested to retard a pro-inflammatory switch in ECs 118. Based upon previous cancer studies, it was shown that co-

administration of RARα/RXRα-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 delivery of a 

miR-10a antagomir 117. Moreover, the athero-protective effects seen with RARα/RXRα-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 117. 

miR-19: Circulating levels of miR-19b are elevated within patients with angiographically identified coronary artery 

disease when compared to those with negative identification, and the circulating miR-19b is predominantly located 

within endothelial microparticles 119, although the mechanism for their release is unclear. Nonetheless, administration 
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of endothelial microparticles (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 120. It was proposed that miR-19b microparticles accumulate 

within the peri-vascular adipose tissue around the arteries and target SOCS3 expression to subsequently promote the 

expression of pro-inflammatory molecules such as TNF-α 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 120. 

miR-34: In vitro studies revealed HUVEC miR-34a expression is down-regulated in response to athero-protective high 

shear stress and conversely up-regulated under athero-prone oscillatory shear stress when compared to static 

conditions, promoting a pro-inflammatory EC phenotype potentially through targeting of SIRT1 although this was not 

directly confirmed 121. Moreover, miR-34a expression is increased within human carotid and femoral atherosclerotic 

plaques when compared to non-diseased thoracic arteries 97 while plasma levels of miR-34a are elevated in patients 

with coronary artery disease or hypercholesteroleamic Apoe-deficient mice related to healthy controls and wild-type 

mice respectively 122. 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) 123. However, it has also been shown that miR-34 inhibition prevented oxLDL-

induced EC apoptosis through directly targeting HDAC1, although elevated Bcl2 protein expression was also reported 

in support of the above 124. Heightened miR-34a expression has also been recently associated with promoting VSMC 

senescence and subsequent vascular calcification (a complication of atherosclerosis) through targeting of SIRT1 125, 

as also proposed within ECs 121, 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 hypercholesterolaemic 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 126. As such, inhibition 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 number and increased collagen content 126. These beneficial effects were attributed to re-

established EC expression of the negative regulator of cytokine signalling, SOCS5 126. 

miR-100: Evidence from a murine ischemia-reperfusion model identified miR-100 as an endothelial-enriched 

microRNA which exerts anti-angiogenic properties through suppression of mTOR 127, suggesting protective 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 128. Concordantly, intravenous administration of a miR-100 antagomir 

accelerated atherogenesis in Ldlr-deficient mice, while over-expression achieved through systemic delivery of a miR-

100 mimic protected from aortic plaque formation 128. Mechanistic studies revealed miR-100 imparts an anti-

inflammatory effect on the vasculature by dampening leukocyte–endothelial interactions through direct targeting of 

mTOR and Raptor, which permits EC autophagy and subsequent inhibition of NFκB activity 128. 

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 129, 130. 

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 athero-prone 131. Mechanistic studies revealed loss of miR-126-5p suppresses 

EC proliferation through up-regulation of the Notch1 signalling pathway inhibitor DLK1 131. Further in vivo 

investigation demonstrated 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 131. 

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 plaque 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 fibroatheromas, as identified through optimal coherence tomography (OCT) 
102. In agreement, intra-plaque miR-145 levels were heightened in patients with symptomatic carotid disease compared 

to asymptomatic plaques 99, 102. 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 132. However, 

a focussed array of human advanced coronary plaques alongside non-atherosclerotic mammary arteries revealed that 

miR-143 levels were decreased in atherosclerotic lesions 133. Similarly, miR-145 expression was attenuated within 

aortic plaques of Apoe-deficient mice when compared to non-diseased animals, and in human carotid plaques in 
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contrast to plaque-free arteries 134. Additionally, plasma levels of miR-145 are reduced in patients with 

angiographically identified coronary artery disease compared to healthy controls 104. 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 athero-

protective endothelial phenotype generated by shear stress 135. 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 136. Furthermore, athero-protective shear 

stress and statin administration up-regulated EC miR-143/145 expression in a KLF2-dependent manner 136. 

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 athero-protective smooth muscle cell phenotype 136. 

Accordingly, systemic delivery of extracellular vesicles derived from KLF2-overexpressing ECs reduced aortic 

atherosclerotic lesion size in Apoe-deficient mice 136. In agreement, lentiviral VSMC-restricted over-expression of 

miR-145 reduced atherosclerotic burden at multiple vascular beds within Apoe-deficient mice which was associated 

with promoting a contractile VSMC phenotype 134. Interestingly, it has also been suggested that VSMC miR-145 can 

be transported to macrophages under atherogenic stimuli, targeting ABCA1 and subsequently perturbing cholesterol 

efflux and enhanced foam cell formation 132.The contradictory results reported above reveal the need for future studies 

to clarify the therapeutic and diagnostic potential of miR-143/145. 

miR-320: Circulating levels of miR-320a are elevated in patients with coronary artery disease compared to non-

diseased individuals 137, 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, characterised by reduced nitric oxide production and increased expression of 

inflammatory cytokines (including IL-6 and MCP-1) alongside a significant increase in plasma total cholesterol, 

triglyceride and LDL levels 137. Interestingly, miR-320a over-expression in wild-type mice also induced aortic 

atherosclerotic plaque development. Conversely, administration of miR-320 anti-sense retarded aortic atherosclerosis 
137. Mechanistic in vitro studies revealed miR-320 directly targets and decreases EC expression of SRF, retarding 

cellular proliferation and promoting their susceptibility to apoptosis 137, characteristics associated with atherosclerotic 

plaque progression.  

miR-377: A recent study in rats reported that hepatic miR-377 expression was modulated by the consumption of 

distinct dietary lipids 138, suggesting that altered miR-377 levels may affect the development of atherosclerosis. 

Supportingly, patients with aberrant elevated plasma levels of triglyceride, a risk factor for atherosclerosis, 

concomitantly display reduced circulating levels of miR-377 139. 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 accelerated lesion development 139. 

Mechanistic insight gained from studies in ECs proposed enhanced miR-377 levels suppress DNMT1 expression 

which permits LPL binding to ECs and subsequent hydrolysis of triglycerides and a reduction in their circulating 

levels 139. 

miR-712: Analytical comparisons of microRNA expression in mouse ECs subjected to athero-prone disturbed flow in 

vitro or in vivo alongside cells under athero-protective laminar shear stress identified miR-712 as a flow-sensitive 

microRNA up-regulated under disturbed flow conditions 140. Further in vitro studies established TIMP-3 within the 

endothelium as a miR-712 target under disturbed flow, inducing endothelial inflammation and increased permeability 
140. Accordingly, in Apoe-deficient mice with either spontaneous atherosclerosis or induced through partial left carotid 

ligation, systemic delivery of a miR-712 antagomir blunted atherogenesis and was linked with restored TIMP-3 

expression and reduced proteolytic activity within the vessel wall, mirroring findings achieved through adenoviral 

over-expression of TIMP-3 in the partial carotid ligation model 140. 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 140. 

 

Vascular smooth muscle cells 

miR-let-7g: Pertinent to atherosclerosis, miR-let-7g has been shown to modulate oxLDL-induced apoptosis and 

proliferation of VSMCs, associated with changes in the expression of LOX1 141. 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 142. In line with the effects observed in vitro, systemic 

administration of a miR-let-7g specific mimic reduced atherosclerotic lesion size within the aortae of high-fat fed 

Apoe-deficient mice, which was associated with reduced intra-plaque expression of LOX1 although cellular 

differences were not examined 142. 

miR-21 

Relevant to atherogenesis, miR-21 has been shown to promote the growth of VSMCs and subsequent neointimal 
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formation which underlies restenosis after surgical interventions in patients with coronary artery disease 143-145. 

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, predominantly lost from fibrous 

cap VSMCs 146. Using the carotid ligation/cast model in Apoe-deficient mice to induce unstable plaques as evidence 

by the presence of intra-plaque haemorrhage 147, Jin and colleagues 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 146. Furthermore, using ultrasound-targeted microbubble 

destruction to achieve local delivery and accumulation of a miR-21 mimic within established 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 146. 

Macrophages also express miR-21 levels where targeting of PTEN and PDCD4 is proposed to modulate efferocytosis-

induced macrophage polarisation 148 and foam cell formation 146, suggesting miR-21 may also regulate intra-plaque 

inflammation. Moreover, advanced human plaques (which contain macrophages) exhibit increased miR-21 levels 

when compared to non-diseased arteries (which contain limited numbers of macrophages) 97. However, bone-marrow 

transplantation of miR-21 deficient cells aggravated aortic atherosclerosis in Ldlr-deficient mice 149, 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 cholesterol efflux capacity 149. 

Similarly, miR-21/Apoe double-deficient mice exhibited accelerated atherogenesis associated with heightened 

macrophage accumulation and foam cell formation 146. Finally, it has been postulated 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 factors which exert anti-proliferative effects on 

VSMCs 146. 

miR-124: The expression of miR-124 is upregulated 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 150. Fluorescent in situ hybridisation (FISH) of Apoe-deficient mouse aortic plaques revealed miR-124 

was predominantly localised to VSMCs 151. Further in vitro studies have identified the miR-124 regulates VSMC 

fibrillar collagen metabolism through targeting P4HA1 151. 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 151. 

miR-223: Increased circulating levels of miR-223 have been reported within acute myocardial infarction patients 

compared to healthy controls 152. Furthermore, analysis of serum samples from patients with confirmed 

angiographically-defined coronary atherosclerosis demonstrated elevated miRNA-223 levels served as a positive 

predictor of adverse cardiovascular events including death 153. A further study confirmed serum levels of miR-223 are 

elevated within patients or mice with atherosclerosis when compared to non-diseased controls, which was associated 

with increased expression of miR-223 within atherosclerotic plaques of both species 154. 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 expression to suppress cell growth and promote apoptosis 154. In vivo studies 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 154. Yet subjection of miR-223 deficient mice to carotid artery ligation injury resulted in accelerated 

neointimal formation when compared to wild-type mice 154, which could translate to a deleterious effect on advanced 

atherosclerotic lesions as VSMC growth and survival are essential for maintenance of the beneficial fibrous cap and 

subsequent protection from plaque destabilisation. Accordingly, although miR-223 inhibition may harbour therapeutic 

potential 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 infarction 152 may be due in part to plaque VSMCs regenerating the fibrous cap after a rupture, a 

phenomenon known to occur in human coronary events 155.  

 

Macrophages 

miR-10: As mentioned earlier, miR-10a has been proposed to exert an athero-protective 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 
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promoting fatty acid degradation subsequently limiting foam cell formation 156. Supporting, miR-10a expression was 

inversely associated with plaque progression in mice and humans, especially lipid/necrotic core size 156. Furthermore, 

blocking the interaction between miR-10a and LCOR through administration of target site blockers, heightened 

atherosclerosis development in Apoe-deficient mice 156. Conversely, miR-10b appears to play a deleterious role in 

advanced atherosclerosis as human atherosclerotic plaques express higher levels of miR-10b compared to healthy 

arteries without atherosclerosis 98. Moreover, inhibition of miR-10b suppressed progression of established aortic and 

brachiocephalic plaques in Apoe-deficient mice which was associated with increased intra-plaque macrophage 

ABCA1 expression (and by inference improved cholesterol efflux) and diminished macrophage apoptosis, resulting 

in plaques with more stable characteristics, however no beneficial effects of miR-10b silencing were observed on 

atherogenesis within the same model 157.  

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 158. 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 
158. Whereas administration of miR-19b antisense oligonucleotides (ASO) exerted opposite effects 158. Although not 

assessed, given that EC-derived microparticles rich in miR-19b promote atherosclerosis and can be transferred to 

macrophages 120, 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 controls 122, 159, and within patients with advanced coronary 122 or carotid 159 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 associated with increased intra-plaque 

macrophage expression of both ABCA1 and ABCG1 alongside favourable effects on plaque composition 159. 

Mechanistic in vitro findings confirmed ABCA1 and ABCG1 as direct 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 underlying the favourable effects of miR-23a silencing in vivo 159. 

miR-24: Polarisation 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 to 

M-CSF matured macrophages 100. Increased macrophage expression of MMP-14 in conjunction with reduced miR-24 

levels are also observed in unstable human coronary plaques whilst the opposite pattern is observed in stable lesions 
100. 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 100. Despite the previous study showing the 

favourable effects of miR-24 on plaque progression were independent of changes in plasma cholesterol levels, a 

similar study in Apoe-deficient mice proposed miR-24 promotes atherogenesis through direct targeting of SCARB1 

(SRB1) within hepatocytes which diminishes HDL-cholesterol ester clearance and subsequently elevates plasma 

cholesterol levels 160. 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 161. Further findings 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 161. Similarly, administration of a miR-98 agomir retarded intimal LOX-1 

expression and associated lipid accumulation within the aortae of high-fat fed Apoe-deficient mice, while enhanced 

aortic LOX-1 expression alongside increased lipid content was observed with miR-98 antagomir delivery 161. 

However, effects on plaque size and composition were not reported, limiting the further extrapolation of the above 

findings.  

miR-134: PBMCs from patients with unstable coronary artery disease exhibited higher levels of miR-134 when 

compared to those from patients with stable disease 112. Moreover, miR-134 has been shown to directly bind the 3’ 

UTR of ANGPTL4 and supress its expression within macrophages which inadvertently permits enhanced lipoprotein 

lipase activity and subsequent foam cell formation alongside heightened pro-inflammatory cytokine release 162. 

Accordingly, systemic administration of a miR-134 agomir increased aortic atherosclerotic plaque size in Apoe-

deficient mice which was associated with decreased ANGPTL4 levels and concomitant increased expression and 

activity of lipoprotein lipase and lipid content within plaques, whilst opposing effects were observed in mice which 

received a miR-134 antagomir 163. 

miR-146: Elevated levels of miR-146 have been detected within human aortic and femoral artery atherosclerotic 

plaques 97,  and a single nucleotide polymorphism in the miR146a gene which alters miR-146a expression has been 
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proposed as an indicator of coronary artery disease susceptibility 164. 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 collectively indicates a pro-atherosclerotic role for miR-146a 165. 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 targeting of SORT1 and subsequent modulation of 

plasma LDL levels 165. However, it should be noted that the pro-atherogenic effects of monocyte/macrophage-

restricted miR-146a were only observed with prolonged hypercholesterolemia and within the aortic arch as opposed 

to short-term feeding and other vascular beds including the aortic root 165. A similar study also demonstrated miR-

146a deficiency exclusively in hematopoietic cells regulates circulating cholesterol levels in Ldlr-deficient mice, but 

does not affect atherogenesis after either short- or long-term high-fat feeding 166. Paradoxically, an athero-protective 

effect 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 decreased intra-plaque 

macrophage content but without affecting plasma cholesterol levels 167. 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 NFκβ-driven pro-

inflammatory responses 167. Equally in ECs miR-146a has been shown to down-regulate TRAF6 levels, thus 

suppressing NFκβ activation and preventing pro-inflammatory stimulation of ECs 168, inferring endothelial miR‐146 

expression may play a protective role against the development of atherosclerosis. In accordance with these findings, 

implied endothelium-directed delivery of miR-146a-loaded E-selectin-targeting synthetic microparticles decreased 

aortic atherosclerosis in Apoe-deficient mice which was associated with reduced intra-plaque macrophage content 169. 

Collectively, these studies reveal that a more nuanced approach is required if miR-146a is pursued as a therapeutic 

target for atherosclerosis prevention, exemplified by the fact that mice deficient for miR-146a except in bone marrow-

derived cells display increased atherosclerosis compared to mice lacking miR-146a in all cells (including ECs) 165. To 

further complicate matters, neutrophil derived miR-146a has been associated with the increased frequency of future 

adverse cardiovascular events in patients with overt cardiovascular disease 170. 

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 108. 

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 171. In line with 

these observations, aortic root plaque size was reduced in Apoe-deficient mice also lacking miR-150 when compared 

to Apoe-deficient mice alone 171. Additionally, plaques from miR-150 deficient mice were deemed more stable due to 

increased content of collagen and smooth muscle cells alongside decreased lipid and macrophage accumulation  171. 

A similar athero-protective 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 171. In vitro 

findings indicated miR-150 facilitates inflammation through targeting of PDLIM1 in macrophages, resulting in 

heightened NFκβ activation 171. 

miR-155: Multiple lines of evidence have demonstrated elevated expression of miR-155 within human plaques at 

various vascular beds 97 172, 173, and in plaques from hypercholesteraemic mice 172, 173, suggesting a deleterious role for 

miR-155 in atherosclerosis. Elevated circulating levels of miR-155 have also been reported in patients with OCT-

defined advanced coronary plaques 102. However, diminished circulating levels of miR-155 were detected in patients 

with either a previous history of coronary artery disease or angiogram-defined coronary stenosis when compared to 

control subjects 103 104, 105. Nonetheless, mechanistic in vitro studies revealed macrophage miR-155 expression is 

associated with foam cell formation 172 and pro-inflammatory macrophage polarisation, effects regulated by miR-155 

targeting of BCL6 and subsequent NFκβ-activation 173. Consequently, Apoe-deficient mice with either whole-body 
172 or hematopoietic-restricted deletion 172, 173 of miR-155 exhibited reduced atherosclerosis at the aortic root, which 

was reversed upon BCL6 silencing 173. Conversely, hematopoietic-restricted miR-155 loss in Ldlr-deficient mice 

aggravated atherogenesis through proposed anti-inflammatory effects on intra-plaque macrophages 174. Such opposing 

effects on atherogenesis could be a result of the differing models deployed to study atherosclerosis as the degree of 

hypercholesterolaemia 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 174.  

miR-181: Analysis of human circulating monocyte subsets identified members of the  miR-181 family were increased 

within non-classical (CD14+CD16++) monocytes compared to their classical (CD14++CD16-) counterparts and elevated 

within atherosclerotic carotid arteries in comparison to healthy vessels 98. Specifically, human unstable coronary 

plaques exhibited increased miR-181b levels compared to stable lesions, with expression largely restricted to pro-

inflammatory foam cell macrophages 101. Similar studies in Apoe-deficient mice and Ldlr-deficient mice demonstrated 

systemic delivery of a miR-181b inhibitor mutually diminished atherosclerotic plaque formation and progression of 
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established atherosclerotic plaques 101. 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 diminished intra-plaque 

proteolysis, alongside increased VSMC elastin production, actions expected to favour plaque stability 101. On the 

contrary, plasma miR-181b levels were shown to be lower in patients with angiogram-defined obstructive coronary 

artery disease 175 or after suffering from acute stroke 176. 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 175, 176. 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 NFκβ-activity 175, whilst suppression of 

NOTCH1 levels/signalling which permitted anti-inflammatory macrophage polarisation was put forward by An and 

colleagues 176. The divergent reported effects of miR-181b modulation on atherosclerosis may highlight the differing 

effectiveness of agomir/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 177. 

miR-182: Profiling of whole blood samples demonstrated elevated miR-182 levels in patients undergoing elective 

coronary artery bypass grafting compared to healthy controls, highlighting miR-182 as a likely biomarker and 

regulator of progressive atherosclerosis 178. 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 179. Further in vitro an in vivo analysis confirmed miR-182 targets the histone deacetylase HDAC9, 

which upon miR-182-dependent down-regulation within macrophages facilitates augmented lipoprotein lipase (LPL) 

expression which sequentially permits lipid accumulation and pro-inflammatory foam cell macrophage formation 179. 

miR-188: In a mouse model of myocardial infarction, decreased levels of miR-188 were reported and restoration of 

miR-188 expression attenuated myocardial infarction size through targeting of ATG7 and associated inhibition of 

autophagy and autophagic cell death within the heart 180. A similar experimental approach was deployed in 

atherosclerotic Apoe-deficient mice and revealed systemic delivery of a miR-188 mimic suppressed the development 

of aortic atherosclerosis while a miR-188 inhibitor increased the size of aortic plaques  181. Effects on ATG7 expression 

and autophagy were not examined in the atherosclerosis study and the anti-atherosclerotic actions of elevated miR-

188 were attributed to reduced foam cell macrophage formation alongside related decreased expression and release of 

pro-inflammatory-connected factors including IL-6, IL-1β and TNFα, although no direct targets were identified or 

validated  181. 

miR-302: A microarray study assessing the effect of modified LDL exposure on macrophage microRNA expression 

demonstrated miR-302a levels were down-regulated upon contact with either acetylated- or oxidised-LDL and was 

associated with a concomitant increase in expression of the cholesterol efflux genes ABCA1 and ABCG1 182. 

Validation studies confirmed ABCA1 as a miR-302a target and supporting in vitro and in vivo findings established 

miR-302 over-expression suppresses cholesterol efflux and facilitates both foam cell macrophage formation and 

dysregulated hepatic cholesterol clearance 182. Accordingly, administration of a miR-302a inhibitor to Ldlr-deficient 

mice resulted in the formation of smaller aortic atherosclerotic plaques with increased VSMC and macrophage content 

but reduced necrotic core size, and was also associated with increased circulating HDL levels 182, 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 expression in macrophages through a miR-

182/HDAC9 axis promotes a pro-inflammatory macrophage phenotype and is subsequently pro-atherosclerotic 179, 

miR-590 directly targets and supresses LPL levels and facilitates anti-inflammatory macrophage polarisation 183, 184, 

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 administration accelerated 

atherogenesis 184. The effects on atherosclerosis were associated with reciprocal changes in plaque macrophage LPL 

expression and circulating LDL-cholesterol levels 184. 

 

Hepatocytes and lipid metabolism 

An important contributory role for microRNA regulation of lipid metabolism has been recently highlighted 185, and 

due to the strong links between circulating lipoprotein profiles and coronary artery disease, have been associated to 

indirectly promote atherosclerosis. 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 186, in part through modulation of PPAR signalling family members such as PPARα and PPARβ/δ 
187. Relatedly, miR-21 expression was attenuated within livers of high-fat fed mice compared to chow fed mice and 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/microrna-122
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/triacylglycerol
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was therefore attributed a role in lipid metabolism 188, also associated with regulation of PPARα 189. Finally, miR-

27a/b may regulate lipid metabolism through effects on lipid synthesis and secretion from cells, again by targeting 

members of the PPAR family including PPARα and PPARγ, alongside other direct cholesterol efflux mRNAs such as 

ABCA1 190, 191. Additionally, a recent study performed in baboons identified a novel molecular mechanism 
whereby LDL-C levels influence monocyte microRNA expression and may therefore affect atherosclerosis 
initiation through an additional pathway 192. 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 triglyceride transfer protein 

(MTTP) alongside decreasing lipid synthesis independent of modulation of MTTP 193. 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 expression of MTTP 193. 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 to control animals 193. 

Further studies in Apoe-deficient mice deploying systemic delivery of a miR-30c mimic showed similar beneficial 

effects on lowering plasma cholesterol levels and mitigating aortic plaque development, even in animals with pre-

existing hypercholesterolemia 194. Collectively these studies support therapeutic strategies to increase liver miR-30c 

expression to prevent atherosclerosis progression, especially 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 synthesis, 

further supporting elevation of hepatic miR-30c levels as a pharmacological approach to mitigate 

hypercholesterolemia and atherosclerosis 193, 194. 

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 195. However, analysis of human carotid endarterectomy samples 

revealed miR-33a levels were decreased in plaques compared to adjacent plaque edge regions deemed relatively 

healthy, whereas miR-33b expression was not significantly altered 196, inferring a more prominent role for miR-33a 

in atherosclerosis as opposed to miR-33b. Though, findings utilising a miR-33b transgenic ‘knock-in’ mouse 

(deployed as mice express negligible miR-33b transcript levels), demonstrated miR-33b and SREBF1 expression is 

elevated within the livers of hypercholesterolemic mice while miR-33a and SREBF2 levels are decreased 196 

suggesting the actions of these two miR-33 members may be tissue or cell specific. Direct assessment of miR-33 

perturbation on atherosclerosis 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 196-198. 

Moreover, mice double deficient for Apoe and miR-33 (presumably both isoforms) exhibit elevated HDL-cholesterol 

plasma levels and suppressed aortic atherogenesis 199. 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 199. 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 cholesterol efflux from foam cell macrophages 199. 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 
200. 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 200. These findings imply the positive therapeutic effects 

of miR-33 inhibition 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 mice 198, 201-203 or the diabetic 

REVERSA mouse model 204, 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 205. 

Furthermore, although miR-33 antagonism appears anti-atherosclerotic harmful elevations in circulating triglyceride 

levels alongside development of hepatosteatosis have been reported 199, 205. Accordingly, if miR-33 inhibition is to be 

pursued therapeutically, macrophage-specific targeting approaches will be essential to limit unwanted off-target 
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effects.   

 

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 finely-tune theacutely function and behaviour of 

vascular and inflammatory cells, such as ECs, VSMCs and macrophages. Clinico-pathological and animal studies (see 

Figures 31-53) 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 polarisation and foam cell formation, and aberrant proteolysis. 

However, there are incidence where the action of a ncRNA is beneficial during atherogenesis 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 considered athero-protective where VSMC growth is required for 

maintain fibrous cap integrity, but associated with restenosis where VSMC growth is detrimental 143, 145, 206, resulting 

in intimal formation analogous to atherogenesis in humans.  

Members of all the ncRNA families can target multiple genes, pathways and processes alongside controlling other 

non-coding classes, such as lncRNAs acting as microRNA sponges, adding further complexity in attempt to elucidate 

the roles of ncRNAs in atherosclerosis. 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 

biological mechanisms and signalling pathways within atherosclerotic arteries alongside other organs associated with 

atherosclerotic risk including the liver. Furthermore, there is an expanding armamentarium of tools available for 

researchers and clinicians to modulate the expression and function of ncRNAs which may offer attractive therapeutic 

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 delivery, as recently 

demonstrated using microRNA-containing microparticles enriched with miR-146a and miR-181b to selectively target 

ECs 169. Similarly, deploying ultrasound-targeted microbubbles to permit local delivery of miR-21 to carotid plaques 
146 represents another novel stratagem. Such targeting strategies are essential to ensure the therapeutic potential of 

anti-atherosclerotic treatments to 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 diseases 207. 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 assessment 207. 

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. 
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Figure Legends 

 

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 transcription 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 shuttling of proteins between cellular 

compartments (E). In the cytoplasm, lncRNAs can regulate mRNA turnover by guiding the 

degradation machinery to specific 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). 

Figure 2: Overview of the cellular regulation of circular RNAs (circRNAs).  

CircRNAs may can exert actions within the nucleus, the cytoplasm or as secreted molecules. Within 

the nucleus, they can contribute to transcriptional (A) and splicing (B) regulation. Within the 

cytoplasm, circRNAs can affect translational 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. 

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 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 formation of the protective fibrous cap (in pink) by secreting 

differing extracellular matrix (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 fibrous 

cap, both of which characterizes advanced unstable plaques. 
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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. 

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 formation of the 

protective fibrous cap (in pink) by secreting differing extracellular matrix (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 fibrous cap, both of which characterizes advanced unstable plaques. 
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