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Abstract

The endothelial lining can be viewed as the first line of defense against risk factors of vascular 

disease. Endothelial dysfunction is regarded as an initial event for atherogenesis since defects in 

vascular integrity and homeostasis are responsible for lipid infiltration and recruitment of 

monocytes into the vessel wall. Monocytes-turned-macrophages, which possess astounding 

inflammatory plasticity, perpetuate chronic inflammation and growth of atherosclerotic plaques 

and, are therefore central for the pathogenesis of atherosclerosis. Because endothelial cells and 

macrophages are key players during atherogenesis, it is crucial to understand the regulation of 

their functions in order to develop strategies to intervene disease progression. Interestingly, non-

coding RNAs (ncRNAs), broad class of RNA molecules that do not code for proteins, are capable 

of reprogramming multiple cell functions and, thus, can be used as target agents. MicroRNAs are 

small ncRNAs whose roles in the regulation of vascular functions and development of 

atherosclerosis through post-transcriptional manipulation of gene expression have been widely 

explored. Recently, other ncRNAs including long noncoding RNAs (lncRNAs) have also emerged 

as potential regulators of these functions. However, given their poor-genetic conservation between 

species, much work will be needed to elucidate the specific role of lncRNAs in vascular biology. 

This review aims to provide a comprehensive perspective of ncRNA, mostly focusing in lncRNAs, 

mechanism of action and relevance in regulating lipid metabolism-independent endothelial and 

macrophages functions in the pathogenesis of atherosclerosis.
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Introduction

Atherosclerosis underlines the leading cause of death in industrialized societies [1]. 

Atherosclerosis is a chronic disease characterized by lipid retention, vascular inflammation 

and accumulation of fibrous elements in the artery wall [2, 3]. The pathogenesis of the 

disease is directly linked to hypercholesterolemia, indeed increased plasma levels of 

circulating low density lipoproteins (LDLs) favors their entry into focal areas of the artery 

wall, bends and branch points, characterized by disturbed laminar flow[4, 5]. The retention 

of these ApoB containing lipoproteins in the subendothelial proteoglycan-rich layer of the 

arterial wall intima[6] favors a series of modifications that mimic pathogen-and /or damage-

associated molecular patterns (DAMPs) that trigger a low-grade inflammatory response, this 

leads to the activation of the endothelial cells (ECs) which is mainly characterized by the 

induced expression of cell adhesion molecules and a number of chemokines that promote the 

recruitment of leukocytes into the vessel wall[3, 7, 8]. Influx of monocytes is usually 

considered an initial step in the development of the atherosclerotic plaque. At the lesion site, 

monocytes differentiate to macrophages where they encounter and internalize the retained 

and modified LDLs giving rise to macrophage foam cells and thus triggering the activation 

of chronic inflammatory pathway that is critical for the atherogenic process[9–11]. At this 

stage, macrophages contribute to the maintenance of the local inflammatory response by 

secreting proinflammatory cytokines and chemokines and producing reactive oxygen species 

(ROS). As such, these areas display an exacerbated endothelial dysfunction becoming more 

proinflammatory, prothrombotic and with impaired barrier function [12–14]. Additionally, 

macrophages populating the atherosclerotic plaques exhibit reduced ability to migrate and, 

to efferocytose dead cells and therefore to fail to resolve inflammation. Moreover, dying 

macrophages are responsible for necrotic core formation in progressing plaques[9, 15].
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The pathogenesis of atherosclerosis is a result of various changes and interactions in and 

between multiple cell types in the artery wall which mainly include lipid deposition, 

inflammation, endothelial dysfunction, macrophage activation and smooth muscle cell 

(SMC) alteration. Throughout the last three decades, the cardiovascular community has 

made great progress in understanding the process of atherosclerosis, identifying the risk 

factors for atherosclerotic vascular disease, and developing, testing, and implementing 

effective therapies such as statins[16, 17]. However, atherosclerosis remains as one of the 

largest deadly diseases, as such new cellular and molecular mechanisms are urgent to 

provide novel therapeutic targets. Relatively recent work has shown that microRNAs 

(miRNAs), a class of short non-coding RNAs (ncRNAs) play an important role in the 

pathogenesis of atherosclerosis [18–25]. Interestingly, recent advances in the high-

throughput RNA sequencing has greatly improved our knowledge of the mammalian 

transcriptome [26]. As such, novel classes of gene modulators known as long ncRNAs 

(lncRNAs) have been identified and only recently we have started to appreciate the diverse 

biological functions of these lncRNAs.

While several cell types are clearly involved in the pathogenesis of atherosclerotic plaques, 

endothelial cells and macrophages play a key role in the pathogenesis of atherosclerosis and 

makes them an attractive target for therapy development. As such, the major focus of this 

review will be to highlight the contribution of ncRNAs in the regulation of EC and 

macrophage functions during atherosclerosis. Nevertheless, ncRNAs are also critical in all 

other aspects of cardiovascular biology. For instance, the vascular cell–enriched cytoplasmic 

lncRNA, SENCR, has been described to stabilize the SMC contractile phenotype [27]. 

Another lncRNA human vascular SMC-selective and serum response factor/CArG-

dependent lncRNA, MYOSLID, has been described as a modulator of vascular SMC 

(VSMC) differentiation program, likely through feed-forward actions of both MKL1 and 

transforming growth factor-β/SMAD pathways [28]. Interestingly, lnc-Ang362, an 

Angiotensin II–regulated lncRNA, is responsible for the production of microRNAs miR-221 

and −222, which are implicated in the regulation of VSMC proliferation [29]. Additionally, 

lncRNAs have also been involved in regulating lipid metabolism. For example, DYNLRB-2 

and RP5–833A20.1 have been described to participate cholesterol homeostasis and vascular 

inflammation [30, 31]. Similarly, AT102202 is involved in the biosynthesis of cholesterol 

acting on hydroxy-methyl glutaryl CoA reductase (HMGCR) [32], Moreover, APOA1-AS 

regulates the formation of high density lipoproteins (HDL) through the inhibition of the 

expression of APOA1[33]. Recently identified lncRNA LeXis (liver-expressed LXR-induced 

sequence) that lies in close proximity to the canonical LXR target gene Abca1 in mice, is 

markedly induced in response to LXR agonists and high fat diet [34]. Hepatic LeXis 

overexpression inhibits the expression of cholesterol biosynthetic genes and reduces 

cholesterol biosynthesis and circulating cholesterol. Altogether, these reports demonstrate 

that lncRNAs are capable of regulating physiological processes including VSMC functions 

and cholesterol metabolism which are closely associated with the pathogenesis of 

cardiovascular diseases including atherosclerosis [35–39].

Since there is ample bibliography describing the role of miRNAs in atherosclerosis [18–23, 

40], in the present review, we summarize the role of ncRNAs, mostly focusing on the recent 

advances on lncRNAs while we will only highlight the action of most relevant miRNAs, in 
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regulating endothelial function and dysfunction as well as macrophage inflammatory 

responses linked to atherosclerosis and discuss their potential therapeutic applicability.

1. General overview to ncRNA biology.

ncRNAs are RNA molecules that are not translated into protein products. Only 2% of the 

entire human genome represents protein coding genes containing 20,000 genes and the vast 

portion of the genome is comprised of ncRNAs [41]. They accomplish a remarkable variety 

of biological functions [42]. Different classes of ncRNAs participate in different cellular 

processes; for example, gene expression regulation (miRNAs, piRNAs, lncRNAs), RNA 

maturation (snRNAs, snoRNAs) and protein synthesis (rRNAs, tRNAs)[42].

The rRNA, tRNA, snRNA, and snoRNA were among the first ncRNAs to be identified and 

characterized to have a role in mRNA translation and RNA processing events such as 

nucleotide modification and splicing[41, 42]. Later the discovery of the first two miRNAs -

lin-4 and let-7 [43, 44] opened up a new era of novel regulatory functions of ncRNAs thas 

was followed by identification of lncRNAs[45, 46]. Whereas it is well accepted that 

miRNAs participate in the regulation of gene expression post-transcriptionally, we are only 

beginning to understand how lncRNAs work, mainly because of their low sequence 

conservation, weak expression and variable functions. However, their most established 

functions include regulation of both post-transcriptional and transcriptional gene regulation, 

predominantly through RNA-guided (dependent) mechanisms[42, 45, 46].

The current classification of ncRNAs is based primarily on transcript size as small ncRNAs 

(<200 nucleotides) and lncRNAs (>200 nucleotides). A notable family in the class of 

ncRNAs is the evolutionary conserved family of miRNAs, which are 20–25 nucleotides in 

length that mediate post-transcriptional silencing of specific target genes[47, 48]. They 

generally repress target mRNAs through an antisense mechanism. In animals, miRNAs 

typically target sequences in the transcript 3′ untranslated regions (3′UTR) that are only 

partially complementary to the miRNA, causing a repression of the protein synthesis[49, 

50]. miRNAs are generally produced as RNA polymerase II–transcribed primary transcript, 

namely pri-miRNA. The biogenesis of primiRNA transcript occurs either through the 

canonical pathway involving Drosha and Dicer or through various non-canonical pathways 

that are Drosha and even Dicer-independent[51–54].

As introduced above, the emergence of high-throughput sequencing technologies coupled 

with mass spectrometry and bioinformatics techniques has led to the discovery of lncRNAs 

and hence expanded the field of ncRNAs dramatically. lncRNAs range in size from 200 bp 

to a hundred kb. To date, lncRNAs are broadly classified on the basis of their genomic 

localization, modes of action, and function[55]. Intronic lncRNAs originate from the introns 

of protein-coding genes; intergenic lncRNAs (lincRNA) originate from the region between 

two protein-coding genes; enhancer lncRNAs (elncRNA) originate from the promoter 

enhancer regions; bidirectional lncRNAs are localized within the vicinity of a coding 

transcript of the opposite strand; sense-overlapping lncRNAs overlap with one or more 

introns and exons of different protein-coding genes in the sense strand of the DNA; antisense 

transcripts originate from the anti- sense strands of the DNA, and they may or may not be 
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complementary to protein coding sequences in the sense-strand[42, 45, 46]. lncRNAs are 

transcribed by RNA polymerase II, and most of them undergo alternative splicing, 5′-

capping, and polyadenylation. They could also serve as a template for transcription of small 

ncRNAs [46, 55]. Most, transcribed mature lncRNAs are thought to have low protein coding 

potential, because they lack known protein coding domains or open reading frames, display 

random codon usage, and have no significant bias toward silent nucleotide substitutions[55]. 

However, some lncRNAs might indeed contain small open reading frames and encode 

functional peptides that have been shown to exhibit interesting biological functions [56, 57].

Overall, lncRNAs are under less selective pressure and, therefore, show less sequence 

conservation [55, 58], that precludes comprehensive homology-based surveys and makes 

them nearly impossible to align. The rapid development of sequencing technology has made 

it feasible to obtain high coverage transcriptome data sets for a wide variety of cell and 

tissue types. As a consequence, comparative transcriptomics approaches become feasible 

[59]. Indeed, a recent study demonstrated that 30%–40% of nearly 2000 human lncRNAs 

show conserved expression in rodents or ungulates[60], based on direct comparison of 

transcriptome sequencing data for six mammalian species. A maximum likelihood approach 

to estimate the number of lncRNAs from publicly available data resulted in an estimate of 

40,000–50,000 lncRNAs of which ~60%–70% are conserved between man and mouse [61]. 

It appears likely that thousands of transcriptome evolutionarily conserved functional roles of 

lincRNAs remain to be characterized.

lncRNAs might function either in cis or trans to modulate the expression of their target 

genes by using an array of different molecular mechanisms, such as serving as a scaffold for 

recruitment of chromatin modifiers or transcription factors, or as decoys for protein 

sequestration and miRNA sponges to activate or silence genes [45, 58, 62, 63]. The 

competing endogenous RNA hypothesis is controversial, due to the low level of expression 

of the lncRNA relative to the molecule to be sponged out. Thus, the physiological relevance 

in an in vivo setting may be difficult to be confirmed [64]. lncRNAs have also been reported 

to influence mRNA splicing, translation, and turnover[65–67].

Another class of lncRNAs that are emerging as a novel class of endogenous ncRNAs are 

circular RNAs (circRNA) that form covalently closed continuous loops instead of traditional 

linear forms[68]. CircRNAs are conserved across species and are found to be associated 

with a variety of important biological processes and human diseases. CircRNAs appear to 

function as miRNA sponges and are involved in the regulation of mRNA splicing, 

transcription, and gene expression [68, 69]. circRNAs are classified as exonic, intronic, and 

retained-intronic circRNAs. They may be derived from exons, introns, untranslated regions, 

antisense transcripts, and intergenic regions. CircRNA biogenesis is the result of back 

splicing [70]. Because of their unique structure, circRNAs are resistant to nucleases and are 

stable with a relatively long half-life [70, 71]. They may exist in tissues, serum, and urine, 

indicating their potential as novel biomarkers for human diseases including atherosclerosis.
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2. Endothelial ncRNAs and Atherosclerosis

The endothelial lining can be viewed as the first line of defense between risk factors and 

vascular disease [13]. Endothelial dysfunction is deemed of particular importance as it is a 

necessary and initiating occurrence for atherogenesis to proceed. The natural predisposition 

of the disease has its basis in the vulnerability of the endothelium in sites of turbulent arterial 

flow in bifurcated arteries [4, 5]. The damaged endothelial layer at arterial branches, 

characterized by decreased endothelial Nitric Oxide Synthase (eNOS) expression [72–74] 

and increased nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

activity is more prone to infiltration of low-density lipoproteins (LDLs), leukocyte adhesion 

and inflammation[8, 14, 75]. The infiltration of LDL causes the recruitment of immune 

cells, mostly monocytes, to the sites of the lesions and is accompanied by secretion of 

inflammatory cytokines and recruitment of other immune cells into the intima which further 

promotes activation of ECs[76].

2.1 Shear stress, disturbed flow and ncRNAs.

As discussed above, most atherosclerotic lesions occur at the site of arterial bifurcation, 

where the flow exhibits turbulent dynamics. A considerable amount of the genes regulated in 

physiological laminar shear stress are modulated by the transcription factor Krüppel-like 

factor 2 and 4 (KLF2 and KLF4), which are induced by the same stimuli (e.g., flow and 

statins) and that both regulate similar key endothelial targets (e.g., Nos3 and Thbd) to confer 

antiinflammatory and antithrombotic effects to the vessel wall [4, 77–79]. Additionally, 

hemodynamics itself has a profound effect on miRNA expression, and differentially 

regulated miRNAs contribute to the regulation of shear stress-mediated transcriptional 

programs[19]. These flow-sensitive microRNAs, known as “mechano-miRs”, modulate 

endothelial gene expression, and can regulate endothelial dysfunction and atherosclerosis. 

MiRNAs such as, miR-10a, −19a, −23b, −17~92, −21, −663, −92a, −143/145, −101, −126, 

−712, −205, and −155, have been identified as mechano-miRs[80]. Many of these miRNAs 

were initially identified as flow-sensitive in vitro and were later found to play a critical role 

in endothelial function and/or atherosclerosis in vivo through either gain-of-function or loss-

of-function approaches. The key signaling pathways that are targeted by these mechano-

miRs include the endothelial cell cycle, inflammation, apoptosis, and nitric oxide signaling 

[80]. miR-92a is upregulated in atherogenic sites in LDL receptor-deficient mice (Lldr−/−) 
fed a high fat diet and in swine inner aortic arch endothelium[81, 82]. miR-92a directly 

downregulates the anti-inflammatory gene suppressor of cytokine signaling 5 (SOCS5), and 

it also affects the expression of the transcription factors KLF2- and KLF4, thereby 

decreasing the activation of NF-kB and the expression of cell adhesion molecules, and 

stimulating the production of NO in arteries[81–83]. Interestingly, inhibition of miR-92a in a 

murine model of atherosclerosis blunts inflammatory cytokine secretion in aortas, decreases 

leukocyte recruitment and adhesion and prevents endothelial dysfunction, overall decreasing 

atherosclerotic lesions[82]. miR-712 is another miRNA stimulated in conditions of disturbed 

flow in vitro and in vivo in murine endothelium. This miRNA inhibits the expression of 

tissue inhibitor of metalloproteinase 3 (TIMP3), therefore activating matrix 

metalloproteinases (MMP2 and MMP9) and a disintegrin and metalloproteases (especially 

ADAM10/17) [84]. The overall effect of disturbed flow-induced expression miR-712 is pro-
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atherogenic, as it promotes endothelial inflammation and permeability. Consistently, in vivo 
silencing of miR-712 prevents atherosclerotic lesions in murine models of 

atherosclerosis[84].

2.2 Endothelial inflammatory activation and ncRNAs

Multiple pathophysiological factors contribute the endothelial activation such altered shear 

stress, as discussed above, physical damage, hypoxia and cytokine inflammatory 

stimulation. In response to inflammatory stimuli mainly mediated by NF-kB activation, the 

vascular endothelium expressed adhesion molecules including vascular cell adhesion 

molecule 1 (VCAM-1), E-selectin, and intercellular adhesion molecule 1 (ICAM-1) that 

mediate leukocyte recruitment from the blood into extravascular tissues [8, 76]. 

Additionally, low-density lipoproteins are oxidized (ox-LDL), contributing to sustain an 

inflammatory response and to induce apoptosis in ECs. Both inflammatory cytokines and 

ox-LDL contribute to the regulation of ncRNAs, which in turn regulate cellular responses to 

these insults. miR-126, an endothelial-specific miRNA, was the first miRNA described to 

play a role in vascular inflammation through the negatively regulation of VCAM-1 in 

ECs[85]. Later, miR-17–3p and miR-31 were described to provide a negative feedback 

control of inflammation in response to tumor necrosis α (TNFα) via the downregulation of 

ICAM-1 and E-selectin expression, respectively[86]. miR-181b and miR-10a affect EC 

activation by negatively modulating NF-kB signaling, therefore promoting an anti-

inflammatory phenotype both in vitro and in vivo. The expression of miR-181b has been 

shown to be regulated by is regulated by TNFα. This miRNA controls endothelial cell 

activation by targeting importing-α3, a protein required for nuclear translocation of NF-kB. 

By indirectly targeting, miR-181b inhibits TNFα-induced expression of adhesion molecules 

and antagonizes the binding of leukocytes to ECs[87]. On the other hand, miR-10a 

contributes to the regulation of proinflammatory endothelial phenotypes in athero-

susceptible regions in vivo by targeting mitogen-activated 3 kinase 7 (MAP3K7) and β-

transducin repeat containing gene (βTRC), which are main regulators of IkBα 
degradation[88].

Several studies in the past decade identified chromosome arm 9p21 locus as a strong genetic 

risk factor for coronary artery disease [89, 90]. This region contains antisense ncRNA in the 

INK4 locus (ANRIL, also known as CDKN2B antisense RNA 1) lncRNA which is 

transcribed in an antisense direction with respect to the primary INK4 and ARF transcripts. 

SNPs in 9pq21 locus risk increase the expression of ANRIL in both atherosclerotic plaques 

and circulating blood. Moreover, ANRIL expression is closely associated with severity of 

atherosclerosis. ANRIL binds to and recruits polycomb repression complexes PRC-1 and 

PRC-2 to the INK4 locus, leading to the transcriptional repression of p15 and p16, two of 

the genes encoded by the INK4 locus [91, 92]. In human ECs, ANRIL expression is induced 

by TNFα. In turn, ANRIL also mediates inflammatory responses by interacting with 

transcription factor Yin Yang1 (YY1) and regulating the expression of cytokines IL-6 and 

IL-8 suggesting its pro-inflammatory role [93]. In addition to its linear form, a recent report 

shows that circularization of ANRIL (circANRIL) confers atheroprotection by controlling 

ribosomal RNA (rRNA) maturation and modulating pathways of atherogenesis. CircANRIL 

impairs ribosomal biogenesis in VSMCs and macrophages resulting in proliferation 
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inhibition and apoptosis in these cells. In addition, cANRIL expression could prevent 

coronary AS by reducing vascular EC apoptosis and inflammatory factor expression [94].

In addition to TNFα, interleukin 1β (IL1 β) induce the expression of miR-146a and 

miR-146b in ECs[95]. miR-146a/b upregulation favors the downregulation of adhesion 

molecules and pro-inflammatory genes, by suppressing NF-κB and MAP kinase/early 

growth response (EGR) pathways by direct targeting of TNF receptor associated factor 6 

(TRAF6) and IRAK1[95]. In addition to its direct effect on inflammatory pathways, 

miR-146a targets human antigen R (HuR) and, loss of this protein decreases cell adhesion 

molecules and inhibits endothelial activation by releasing the suppression on eNOS, 

probably by stabilization of the transcription factor KLF2[95].

ECs can also be activated by oxidized lipoproteins. Lipid deposition in the sub-intimal layer 

does not only affect foam cell formation of macrophages and inflammation, but it has been 

shown to induce pro-inflammatory activation and apoptosis in ECs [96]. Ox-LDL induces 

the downregulation of let-7g in ECs through the binding of OCT-1 to the let-7g promoter 

[97]. Interestingly, let-7g, as well as let-7a and let-7b [98], target the lectin-like low-density 

lipoprotein receptor 1 (LOX-1), which is the receptor for ox-LDL in ECs. While 

overexpression of let-7a and let-7b decreases the production of ROS and reduce ox-LDL-

mediated EC apoptosis and NF-κB activation, let-7g indirectly decreases senescence by 

upregulating SIRT1 [99]. Administration of let-7g in ox-LDL treatment, results in a 

downregulation of LOX-1 and in decreased EC proliferation and increased migration [97]. 

These data suggest that the members of the let-7 family are protective against endothelial 

dysfunction. On the other hand, one of the most upregulated miRNAs in ECs treated with 

ox-LDL is miR-365[100]. It is well known that ox-LDL increases inflammation and 

apoptosis in ECs through the downregulation of the anti-apoptotic gene B-cell CLL-

lymphoma 2 (Bcl2). Interestingly, miR-365 targets Bcl2, and, consistently, delivery of anti-

miR-365 rescues the ox-LDL-mediated apoptosis.

Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) is an lncRNA highly 

expressed in different types of ECs and is further induced by stressful conditions such as 

hypoxia, hyperglycemia and oxidative stress [101]. MALAT1 was first described to be 

associated with metastasis of lung tumors and via interaction with polycomb 2 (CBX4) 

regulate histone modifications to control cellular proliferation [102]. MALAT1 depletion 

ameliorates diabetic retinopathy and endothelial dysfunction in rats and mice as shown by 

pericyte loss, microvascular leakage and retinal inflammation. Liu et al showed that 

silencing of MALAT1 in diabetic rats significantly reduces the levels of diabetic retinopathy 

induced ICAM-1, vascular endothelial growth factor (VEGF) and TNFα in retinal cells and 

promotes their viability [103]. Another study reported that MALAT1 regulates glucose-

induced upregulation of inflammatory mediators interleukin-6 (IL-6) and TNFα through 

activation of inflammatory ligand serum amyloid antigen 3 SAA3 in ECs [104]. Together, 

these studies indicate a pro-inflammatory function of MALAT1 and suggest that it might 

contribute to atherogenesis. In contrast, Tang et al reported an anti-inflammatory role for 

MALAT1 whereby it protects the endothelium against ox-LDL induced dysfunction by 

sponging miR-22–3p and derepressing target genes CCR2 and AKT [105].
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Unlike MALAT1, maternally expressed gene 3 (MEG3) is a lncRNA downregulated under 

diabetic stress. However, it is induced under hypoxia [106]. MEG3 is an important tumor 

suppressor in several types of human cancers that regulates gene expression through 

transcriptional regulation and microRNA sponging [107]. Depletion of MEG3 in diabetic 

mice results in increased vascular proliferation, vascular leakage and inflammation as 

assessed by levels of inflammation markers VEGF, TNFα, IL-1, IL-6 and CCL2. The EC 

dysfunction in the absence of MEG3 seems to be mediated through PI3K/Akt signaling 

[108]. Follow up studies show that suppression of EC proliferation and angiogenesis by 

MEG3 is mediated through sponging miR-9[109].

Interestingly, it has been recently shown that ECs secrete extracellular vesicles [110]. They 

may have potent anti-inflammatory activities that can be attributable in part to the transfer of 

miR-10a to monocytes/macrophages and suppression of several components of the NF-κB 

pathway, including Interleukin-1 Receptor-Associated Kinase 4 (IRAK4), β-TRC, and 

MAP3K7[111].

Apoptotic bodies produced by ECs during atherosclerosis contain miRNA-126. By targeting 

the regulator of G protein signaling 16 (Rgs16), an inhibitor of G protein-coupled receptor 

signaling (GPCR), miR-126 increases the expression of chemokine receptor type 4 

(CXCR4), which in turn increases chemokine receptor type 12 (CXCL12) that counteracts 

apoptosis and recruits progenitor cells in mice with atherosclerosis [112].

2.3 Vascular tone and ncRNAs

Hypercholesterolemia has been associated with an increase in vascular tone, mainly because 

of an impairment of endothelium-dependent relaxation. This endothelial dysfunction occurs 

before any definite atherosclerotic lesion is demonstrated. In both animal models and 

humans, the correction of hypercholesterolemia has been associated with hemodynamic 

improvement. ECs control the secretion of two potent short-lived mediators that influence 

vascular hemodynamincs in the physiological state and therefore contribute to the regulation 

of blood pressure and blood flow by releasing vasodilators, such as NO and prostacyclin or 

prostagladin I2 (PGI2), as well as vasoconstrictors, including endothelin1 (ET-1) and platelet 

activating factor (PAF)[113]. The specific blood-mediators released by ECs vary depending 

on the vascular bed, but the principal vasorelaxant is NO [114].

Regarding the role of miRNAs in the regulation of the vascular tone, initial studies 

demonstrated that knockdown of Dicer, the enzyme necessary for miRNA maturation, 

increases eNOS expression in ECs[115]. Several reports provide evidence that miR-155 

downregulate eNOS expression through decreasing eNOS mRNA stability by binding to its 

3-UTR[116]. Interestingly, TNF increases miR-155 expression in ECs[86] and knockdown 

of miR-155 prevents cytokine-induced downregulation of eNOS expression, increases NO 

production, and improves endothelium-dependent vascular relaxation[117]. These findings 

indicate that miR-155 is an essential regulator of eNOS expression and endothelium-

dependent vasorelaxation.

In addition to producing the potent vasodilator NO, ECs also synthesize ET-1, one of the 

most potent and long-lasting vasoconstrictive peptides[118]. In non-stimulated physiological 
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conditions ET-1 mRNA levels are very low, while its expression and secretion from ECs is 

stimulated by hypoxia and shear stress. Upon release, ET-1 binds to ET-A receptor on 

vascular SMCs, resulting in an increase in calcium concentration and vascular SMC tone. 

NO controls the duration of these effects by accelerating the restoration of intracellular basal 

calcium levels. Therefore, in states of EC dysfunction where NO levels are reduced, ET-1 

promotes vasoconstriction[119]. miR-125a/b is upregulated in response to ox-LDL[120] and 

its involved in the regulation ET-1 expression. However, it is not known whether this effect 

is indirect or through direct targeting of the ET-1 3’UTR. Interestingly, aortas in stroke-

prone spontaneously hypertensive rats compared to normotensive rats have an inverse 

correlation between the levels of miR-125a/b and the precursor protein ET-1 (preproET-1) 

[120].

In addition to miRNAs, handful of lncRNAs are associated with regulation of vascular tone. 

An antisense lncRNA sONE derived from a transcription unit on the opposite strand from 

which eNOS mRNA is transcribed is expressed reciprocally compared to eNOS. Unlike 

eNOS, sONE expression is low in ECs and high in VSMCs. While the depletion of sONE in 

VSMCs led to decrease in levels of eNOS, its overexpression in ECs blunted eNOS 

expression through post transcriptional regulation[121]. Interestingly, hypoxia induces the 

expression and enrichment of otherwise nucleus-localized sONE in cytoplasm of ECs 

through transcript stabilization and negatively regulates the expression of eNOS[122]. 

Whether the regulation of eNOS and NO levels by sONE in ECs contributes to atherogenesis 

has not been investigated. In addition to eNOS, NO is also generated by inducible nitric 

oxide synthase (iNOS) which is highly expressed in VSMCs and macrophages in 

atherosclerotic plaques[123]. Yang et al showed that notoginsenoside R1 stimulates 

phosphorylation of iNOS and NO production and reduces blood pressure in spontaneously 

hypertensive rat model through the induction of lncRNA AK094457 expression[124]. 

Through knockdown studies they found that depletion of lncRNA AK094457 results in 

increase of iNOS expression and NO production in rat vascular ECs. Altogether these 

studies suggest that lncRNA may partake in atherosclerosis process through influencing the 

expression of eNOS and iNOS as well as endothelial functions.

2.4 Control of barrier function by endothelial ncRNAs

ECs form a monolayer, within the blood vessel, through which the cells are linked to each 

other by different types of adhesive structures or cell-cell junctions (i.e. tight junctions, 

adherens junctions and gap junctions). The EC monolayer forms a selective barrier for the 

transport of molecules between blood and tissue[125, 126]. Changes in endothelial 

permeability are associated with redistribution of surface cadherins or occludins, 

stabilization of focal adhesion bonds and the progressive activation of matrix 

metalloproteases[127]. Loss of barrier function in pathophysiological situations can lead to 

extracellular edema. Different stimuli, such as histamine and thrombin, induce a rapid and 

short-lived increase in vascular permeability while others, like TNF or VEGF, induced a 

more sustained response. Of interest, most of these agonists are produced in situations of 

acute or chronic inflammation[128].
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MiR-125b expression has been shown to be transiently induced in ECs stimulated with 

VEGF. This miRNA inhibited the translation of vascular endothelial (VE)-cadherin 

mRNA[129]. Because miR-125b induction in ECs is transient after VEGF stimulation, 

prolonged overexpression of miR-125b could result in blood vessel regression due to loss of 

normal barrier function[129, 130]}. More recently, miR147b have been described to regulate 

endothelial barrier function by targeting ADAM15 expression[131]. Additionally, miR-155, 

miR-320, miR-126 and miR-222 have been shown to regulate adherens junction 

disassembly, cell migration, and cell morphology, which contribute to changes in vascular 

permeability[132, 133].

Tie-1AS lncRNA, a natural antisense transcript for tie-1 gene, has been described to bind 

tie-1 mRNA and regulate the expression of tie-1, leading to specific defects in contact 

junctions of endothelial cells[134]. Higher levels of tie-1AS lncRNA as well as imbalance 

between tie-1 and tie-1AS lncRNA are suggested to associate with vascular anomaly 

diseases. However, despite clear possibilities, role of tie-1AS in atherosclerosis has not been 

explored and needs to be further investigated.

Myocardial-infarction-associated transcript (MIAT) is one of the earliest lncRNAs identified 

as a risk factor for cardiovascular disease. Particularly, through a large-scale case–control 

association study, it was shown that altered expression of MIAT by one particular SNP 

confers susceptibility to myocardial infarction[135, 136]. Biao Yan et al demonstrated that 

MIAT knockdown ameliorates diabetes mellitus–induced retinal microvascular dysfunction 

in vivo, and inhibits endothelial cell proliferation, migration, and tube formation in 

vitro[137]. This study shows that depletion of MIAT reduces vascular leakage in diabetic 

rats and alleviates vascular inflammation. In particular, expression of ICAM-1, TNFα and 

VEGF were reduced in the retinal cells from diabetic rats injected with shRNA against 

MIAT. Mechanistically, MIAT acts as a competing endogenous RNA to sponge miR-150–5p 

and alleviate the expression of miR-150–5p targets, in particular, VEGF and exert its 

vascular effects[137].

A recent study has reported a role for lncRNA NEAT1 in permeability in glioma endothelial 

cells where it is highly expressed. NEAT1 binds to miR-181d-5p and inhibit its targeting 

activity. Specifically, depletion of NEAT1 in ECs results in downregulation of miR-181d-5p 

target SOX5 and its subsequent tight junction protein targets ZO-1, occludin and claudin-5 

and increase permeability[138]. This observation suggests the possibility that NEAT1 might 

regulate vascular permeability in the context of atherosclerosis. Altogether, ncRNAs are 

important regulators of vascular permeability. However, further investigation is necessary to 

determine the significance of ncRNAs, particularly lncRNAs, mediated regulation in 

vascular homeostasis in the progression of atherosclerosis.

2.4 Control of neovascularization during atherosclerosis by ncRNAs

During adulthood, the quiescent endothelium has a low turnover rate and proliferates only 

following angiogenic activation[139]. The loss of quiescence and barrier functions are 

common features of atherosclerosis[140]. As introduced above, one factor responsible for 

loss of quiescence in ECs is inflammation. In atherosclerosis, inflammation and 

angiogenesis are intertwined. Chronic inflammatory activation of ECs of large blood vessels 
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induces increased proliferation of vasa vasorum, positively supporting lesion 

progression[141]. Advanced human atherosclerotic plaques are characterized by 

neovascularization. In the atherosclerotic intima layer neovascularization proceeds with 

irregular but ubiquitous distribution of blood vessels, which are immature and leaky 

therefore contributing to disease progression. As the intima thickens, the hypoxic areas of 

the plaque further promote angiogenesis[142]. Newly formed blood vessels deliver more 

inflammatory leukocytes to the plaque, which in turn produce cytokines, chemokines and 

growth factors that positively support cytokine-induced angiogenesis programs in a positive 

feedback fashion[143]. MiRNAs do not only control the angiogenic response, but their 

expression may also be regulated by pro-angiogenic factors VEGF to promote the 

angiogenic response of ECs[144–147].

IL-3 and bFGF down-regulate the expression of miR-221–222. Interestingly, STAT5, 

transcription factor that regulate the expression of genes involved in proliferation and 

migration, was identified as a target of miR-222. The upregulation of STAT5A mediated by 

IL-3-bFGF-induces down-regulation of miR-222 controls proliferation and migration in ECs 

and therefore facilitates intraplaque neovascularization during atherosclerosis. Moreover, 

diminished expression of miR-222 in advanced lesions correlates with an increased 

proliferation rate of ECs lining vessels[148].

Hypoxia also regulates miRNAs[149], which in turn modulate the angiogenic properties of 

ECs. The classical hypoxamiR miR-210 is induced in a HIF-1a dependent manner is 

upregulated in atherosclerotic plaques[150]. Intriguingly, miR-424, which is also 

upregulated in hypoxic ECs, downregulates Cullin2, a protein responsible for HIF-1a and 

HIF-2a destabilization resulting in an increase proliferation and migratory capabilities in 

ECs[151]. Overall miRNAs that are induced in hypoxia contribute to the activation of 

angiogenic properties of ECs and promoting angiogenesis in atheromas[149].

As introduced before, MALAT1 is a LncRNA significantly increased by hypoxia and 

reported to control phenotypic switch in endothelial cells. Silencing of MALAT1 induces a 

promigratory response and increases basal sprouting and migration, whereas proliferation of 

endothelial cells is inhibited. In vivo studies show that genetic ablation of MALAT1 inhibit 

proliferation of endothelial cells and reduced neonatal retina vascularization. Gene 

expression profiling followed by confirmatory quantitative reverse transcriptase-polymerase 

chain reaction demonstrated that silencing of MALAT1 impaired the expression of various 

cell cycle regulators[101].

MANTIS is a recently described lncRNA which is highly expressed in the carotid arteries of 

monkeys subjected to atherosclerosis regression diet or humans with glioblastoma whereas 

downregulated in patients with idiopathic pulmonary hypertension. Deletion of MANTIS 

inhibited angiogenic sprouting and alignment of endothelial cells in response to shear stress. 

Mechanistically, MANTIS interacts with Brg1, the catalytic subunit of the SWItch/Sucrose 

Non-Fermentable (SWI/SNF) chromatin remodeling complex and regulates SOX18, 

SMAD6, and COUP-TFII, which are all implicated in angiogenesis modulation[152].
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3. ncRNAs in inflammatory activation of macrophages

The mechanisms and consequences of macrophage-mediated inflammation comprise a 

central topic in atherosclerosis research[10, 11, 153]. Macrophages in atherosclerotic lesions 

actively participate in modified lipoproteins ingestion and accumulation giving rise to lipid-

rich foam cell which is a hallmark feature of atherosclerosis and leads to lesion 

expansion[154]. Macrophage activation results in the excretion of proinflammatory and 

cytotoxic substances, including peroxynitrite, an early inducer of atherosclerosis through the 

endoplasmic reticulum (ER) stress pathway[155]. Dying macrophages are responsible for 

necrotic core formation in progressing plaques[156]. Cytokine release from macrophages 

augments the inflammatory response and increases lesion size. Cytotoxic substances, 

including proinflammatory cytokines, chemokines and ROS released by the macrophage 

results in cell death of lesion-resident endothelial and smooth muscle cells, thereby 

disrupting vessel structure. Macrophages populating the atherosclerotic plaque have a 

decreased ability to migrate, which leads to failure in inflammation resolution and to further 

progression of the lesion into complicated atherosclerotic plaque[157]. ncRNAs, and in 

particular miRNAs, can impact each of these key macrophage processes to influence the 

progression of atherosclerosis including regulating monocyte/macrophage recruitment to 

growing lesions, cholesterol efflux and lipid storage, as well as modulating macrophage 

plasticity and their ability to polarize towards pro- or anti-inflammatory phenotypes[10]. 

Here we summarize the involvement of ncRNAs in macrophage functions that do not 

involve the regulation of macrophage cholesterol homeostasis since it is the focus of another 

review in these series.

miR-33 has been reported to be involved in a number of biological processes and regulate 

inflammation and lipid accumulation in macrophages[158–166]. Ouimet et al. showed that 

miR-33 depletion from macrophages promoted induction of M2 polarization-associated gene 

profile. Moreover, miR-33 associated M2 polarization was required for miR-33 targeting of 

the energy sensor AMPK but not cholesterol efflux. Overall, miR33 antagonism was 

atheroprotective through the induction of M2 macrophages and Treg induction[167]. In 

contrast, a recent report by Price et al failed to see any real differences in macrophage 

polarization in miR-33 deficient macrophages. The differences in these studies might have 

resulted from different approaches used to deplete macrophages- the former used inhibitors 

of miR-33 while the latter used genetically depleted miR-33 deficient macrophages. 

Although the classical markers were not changed, RNA sequencing data showed that there 

was an overall decrease in inflammatory pathways including NFκB and TLR4 in in vivo 
foam cells (macrophages from mice fed a western diet) from miR-33 deficient mice, 

indicating a pro-inflammatory role of miR-33[168].

miR-155 is one of the most prominent genes that has been implicated in inflammatory 

activation of macrophages and atherosclerosis progression although there is no consensus on 

its actual role. It is induced by inflammatory stimuli, including mild-oxLDL, IFNγ or 

activation of toll-like receptor (TLR) signaling. In response, miR-155 represses suppressor 

of cytokine signaling 1 (SOCS-1) and B-cell lymphoma 6 (Bcl-6) and promotes pro-

inflammatory cytokines CCL2, IL-5, NOS2 and TNFα to mediate macrophage 

inflammation[169–173]. miR-155/SOCS1 axis mediated classical activation of macrophages 
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have been reported in the context of host defense against bacterial pathogens and adaptive 

immune responses in periphery during pulmonary infection and in the central nervous 

system during multiple sclerosis[174, 175]. In addition, miR-155 promotes macrophages 

activation by targeting Src homology-2 domain-containing inositol 5-phosphatase 1 

(SHIP1), a negative regulator of TLR pathways[176]. Conversely, miR-155 suppresses anti-

inflammatory alternative activation of macrophages by targeting CCAAT/enhancer-binding 

protein (C/EBP), a hallmark of alternative activation of macrophages, and by targeting 

IL-13Ra1 and resulting in diminished activation of STAT6 in human macrophages[177, 

178]. Importantly, miR-155 is highly expressed in atherosclerotic plaques in mouse and 

human indicating its promise as a therapeutic potential[179]. However, in contrast to 

aforementioned studies, miR-155 has been reported to reduce inflammation in macrophages 

and atherogenesis by targeting calcium-regulated heat stable protein 1 (CARHSP1), which 

regulates the stability of TNFα mRNA[180]. Supporting this anti-atherogenic role of 

miR-155, hematopoietic miR-155 deficiency enhanced atherosclerosis and decreases plaque 

stability in Ldlr−/− mice by increasing CD11b+Ly6Chi monocyte inflammatory subset[181]. 

On the contrary, whole body knockout of miR-155 and bone marrow transplantation of 

miR-155−/− cells into Apoe−/− decreased lesional macrophages and reduced atherosclerosis 

deficient indicating a pro-atherogenic role of miR-155[170, 171]. Importantly, the ability of 

macrophage miR-155 in atherosclerosis may greatly depend on the stage of atherosclerotic 

development (i.e. early versus advanced) when the expression of key target genes is stage-

specific[179].

Similar to miR-155, miR-342–5p is also highly expressed in lesional macrophages. 

Interestingly, miR-342–5p enhances the inflammatory stimulation of macrophages by 

suppressing the Akt-1 mediated expression of miR-155 and induction of inflammatory 

mediators such as nitric oxide synthase 2 (Nos2) and IL6[182]. Supporting these 

observations, systemic inhibition of miR-342–5p decreased atherosclerosis in the aorta of 

Apoe−/− mice.

miR-146a was first identified as a negative feedback regulator in macrophage activation by 

directly targeting the downstream signaling molecules of TLRs signaling, such as IRAK1 

and TRAF6[183]. It is highly upregulated in human atherosclerotic plaques[150]. Apoe 

induces miR-146 expression in monocytes and macrophages via increasing expression of 

transcription factor purine-rich PU-box-binding protein 1. In turn, miR-146 represses NF-kB 

signaling cascades by targeting IRAK1 and TRAF6, reduces inflammatory activation of 

macrophages and consequently reduces atherosclerosis[184]. Several other studies have 

shown that miR-146 inhibits inflammatory M1 polarization by targeting IRAK2, STAT1 and 

IRF5[185–187]. Interestingly, a recent study showed that despite an increase in circulating 

pro-inflammatory cytokines, mice deficient in miR-146a in the bone marrow have reduced 

atherosclerosis as a result of defect in hematopoietic stem cell function contributing to 

extramedullary hematopoiesis, decreased level of circulating pro-atherogenic cells and 

reduction in cholesterol levels[188]. Interestingly, during inflammation, macrophages secrete 

vesicles carrying RNA, protein, and lipids as a form of extracellular communication. In the 

vessel wall, extracellular vesicles have been shown to be transferred between vascular cells 

during atherosclerosis[110]. In response to an atherogenic stimulus (ox-LDL) mouse and 

human derived macrophages are enriched in miR-146a, miR-128, miR-185, miR-365, and 
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miR-503. In particular miR-146a, may accelerate the development of atherosclerosis by 

decreasing cell migration and promoting macrophage entrapment in the vessel wall[189]. 

MiR-150 is contained in monocyte-derived microvesicles, both from the monocytic cell line, 

THP1, and from human peripheral blood monocytes[190]. The miRNA can be transferred to 

ECs and induce downregulation of c-Myb, which is responsible for the increased migratory 

capabilities of ECs.

In addition to above mentioned microRNAs, several other microRNAs including miR-let7a, 

miR-21, miR-223 and miR-125a among others have been implicated in inflammatory 

activation of macrophages. miR-223, which regulates lipid metabolism-related genes in 

liver, can suppress M1 proinflammatory pathways and enhance alternative activation by 

targeting Pknox1[191]. In addition, miR-223 also controls the infiltration of myeloid cells in 

lesions through directly targeting chemoattractants, such as chemokine C-X-C motif ligand 2 

(CXCL2) and CCL3[192]. Similarly, miR-125a-5p, a microRNA induced by TLR2 and 

TLR4 in macrophages, suppresses classical activation while and promoting alternative 

activation of macrophage by targeting KLF13, a transcription factor important in T 

lymphocyte activation[193]. In contrast, miR-21, which is regulated by prostaglandin E2 

(PGE2) in macrophages suppresses alternative activation, in part, by targeting STAT3 and 

SOCS1[194]. Consistent with this, it has recently reported that in the absence of miR-21, 

macrophages exhibit a pro-inflammatory phenotype and promote atherogenesis[195]. In 

particular, bone marrow derived macrophages (BMDMs) from miR-21−/− mice express more 

inflammatory markers upon LPS treatment. Additionally, miR-21 deficient peritoneal 

macrophages have reduced phagocytic activity associated with reduced MERTK protein 

levels and are more susceptible to ER stress mediated apoptosis via enhanced MKK3/p38 

and JNK signaling pathways which are direct targets of miR-21[195].

Recently, lncRNAs have also emerged as important regulators of inflammatory activation of 

macrophages. However, the direct involvement of macrophage lncRNAs in the context of 

atherosclerosis has rarely been explored. LincRNA-Cox2 was identified in RNA-Seq studies 

as a differentially expressed lncRNA in mouse BMDMs treated with TLR2 ligand 

Pam3CSK4[196]. This study demonstrated that lincRNA-Cox2 interacts with heterogeneous 

ribonulcleoprotein A/B and A2/B1 and controls inflammatory response by regulating 

expression of various immune genes including Ccl5 and IL-6. Another study showed that 

lincRNA-Cox2 is induced by TNFα in NF-kB dependent manner and mediates immune 

response as its knockdown resulted in enhanced transcription of Il12b upon TNFα 
treatment[197]. A recent study reported that lincRNA-Cox2 acts as coactivator of NF-kB for 

the transcription of late inflammatory genes through modulating SWI/SNF-mediated 

chromatin remodeling in macrophages in response to LPS[198]. Despite numerous reports 

indicating direct involvement of lincRNA-Cox2 in macrophages activation, its role in 

atherosclerosis has not been investigated. Through a custom microarray to identify 

lincRNAs associated with activation of the innate immune response, THRIL (TNFα and 

hnRNPL related immunoregulatory LincRNA) was identified to be highly expressed in 

THP1 macrophages upon Pam3CSK4 treatment. THRIL bound with heterogeneous nuclear 

ribonucleoprotein L (hnRNPL) and regulated the expression of many immune-response 

genes including TNFα[199]. In another study characterizing the lncRNA transcriptome in 

human monocytes identified several lncRNAs, enhancer RNAs (eRNAs), and regions of 
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bidirectional transcriptions (TBT) that were differentially expressed upon treatment with 

LPS. In particular, knockdown of two thus identified lncRNAs IL1βeRNA and IL1β-RBT46 

attenuated LPS-induced mRNA transcription and release of inflammatory mediators IL1β 
and CXCL8 indicating that these lncRNAs might be involved in inflammatory activation of 

macrophages[200]. Hu et al identified the increased expression of lncRNA RP5–833A20.1 

in human foam cells which led to decrease in expression of nuclear factor IA (NFIA) by 

inducing miR-382–5p expression. lncRNA RP5–833A20.1/miR-382–5p/NFIA pathway was 

essential for the regulation cholesterol homeostasis and inflammatory response and 

atherosclerosis development[31]. Another lncRNA E330013P60 that was highly induced in 

macrophages of diabetic mice promoted the classical activation of macrophages and 

stimulated the expression of proinflammatory genes and foam cell formation[201]. As we 

discussed, despite the increasing number of studies implicating the quintessential role of 

lncRNAs in macrophages activation, the direct association of this role in the development of 

atherosclerosis is relatively unexplored. Further investigations are warranted to identify 

lncRNAs as novel class of molecules in the therapeutic intervention against cardiovascular 

disorders.

Concluding remarks

Overall, work over the last two decades has identified multiple new levels of regulatory 

networks, and the discovery of miRNAs and lncRNAs has entirely transformed the way we 

view the genetic code and the regulation of gene expression. Much work is still needed to 

properly understand the regulation, impact, and mechanistic functions of these new gene 

expression modulators ongoing work clearly indicates that including ncRNAs are potential 

therapeutic targets as they possess biological potential to be used as non-traditional 

regulatory molecules and strong biomarkers for the diagnosis of cardiovascular diseases 

including atherosclerosis. The elucidation of the mechanism of ncRNAs requires 

physiological and systematic study. However, the establishment of RNA profiling using 

bioinformatics tools and development databases is also very important. LncRNAs are major 

regulators of chromatin dynamics and gene regulation, associated with a variety of cell 

signaling pathways, and their expressions are influenced by a variety of factors including 

hormones, cytokines, nutrients, age, and sex. Aberrant expression, mutations and SNPs of 

miRNAs have been associated with atherosclerosis while that of lncRNAs still remains to be 

linked. The latter is likely due to their weak expression and the poor-genetic conservation 

between species. However, comparative transcriptomics approaches demonstrated that 30%–

40% of nearly 2000 human lncRNAs show conserved expression in rodents. It appears likely 

that thousands of transcriptome evolutionarily conserved functional roles of lincRNAs 

remain to be characterized and some that are already characterized need to be revisited. 

Thus, much work will be needed to elucidate the specific role of lncRNAs in controlling 

atherosclerosis.

Given their regulation of endothelial and macrophage functions, lncRNAs are likely 

associated with vascular diseases as well more than what is acknowledged. On the other 

hand, in addition to their established roles in vascular diseases, miRNAs have also been 

recently shown to be differentially present in biofluids of patients with different vascular 

disease and shown to participate in cell-cell communication during atherosclerosis 
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suggesting their wider functions in cardiovascular diseases. Future perspectives which are 

based upon lncRNA localization, their genetic profiles and their mechanism will 

undoubtedly help to elucidate their key roles in regulation of EC and macrophages functions 

relevant to atherosclerosis.

Acknowledgements

The authors apologize to the many scientists whose contributions to the field could not be acknowledged owing to 
space limitations. YS laboratory is supported by grants from the National Institutes of Health (R01HL105945 and 
R01HL135012) and the American Heart Association (16GRNT26420047).

Abbreviations

3’UTR 3’ untranslated region

AMPK AMP-activated protein kinase

ANRIL antisense ncRNA in the INK4 locus

circRNA circular RNA

EC endothelial cell

eNOS endothelial nitric oxide synthase

ET-1 endothelin 1

ICAM-1 intercellular adhesion molecule 1

iNOS inducible nitric oxide synthase

IRAK interleukin-1 receptor-associated kinase

KLF2 Krüppel-like factor 2

LDL low density lipoproteins

lincRNA long intergenic RNA

lncRNA long noncoding RNA

MALAT1 Metastasis-associated lung adenocarcinoma transcript

miRNA microRNA

MMP matrix metalloproteinase

ncRNA non-coding RNA

NF-kB nuclear factor kappa-light-chain-enhancer of activated B cells

NO nitric oxide

ox-LDL oxidized LDL

PAF platelet activating factor
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ROS reactive oxygen species

rRNA ribosomal RNA

SOCS suppressor of cytokine signaling

THRIL TNFα and hnRNPL related immunoregulatory LincRNA

TLR toll-like receptor

TNFα tumor necrosis factor alpha

TRAF6 TNF receptor associated factor 6

VCAM-1 vascular cell adhesion molecule 1

VEGF vascular endothelial growth factor THRIL (TNFα and hnRNPL 

related immunoregulatory LincRNA)
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Table 1.

Regulation of endothelial non-coding RNAs in atherosclerosis

ncRNA Target Function Atherosclerosis outcome References

miR-10a MAP3K7, βTRC ↓EC activation Anti [88]

miR-17–3p, miR-31 ICAM-1, SELE ↓EC activation Anti [86]

miR-126 RGS16, VCAM1 ↓Apoptosis, EC activation Anti [85, 202]

miR-143/145 eNOS, ETS-1 ↑EC activation Pro [80]

miR-146a TRAF6, IRAK1, HuR ↓EC activation Anti [95, 150]

miR-181b KPNA4 ↓EC activation Anti [87, 203]

miR-365 BCL2 ↓EC activation Anti [100]

ANRIL CDKN2A, CDKN2B ↑EC activation Pro [93]

circANRIL PES1 ↓EC activation/ apoptosis Anti [94]

let-7g LOX-1 ↓EC activation/ cell senescence Anti [97–99]

MALAT1 ICAM-1, VEGF, TNFα ↑Inflammatory activation Unknown [101, 104]

MALAT1 miR-22–3p, CCR2, AKT Anti-inflammatory Unknown [105]

MEG3 miR-9
Deficiency ↓EC leakage and 

inflammation Unknown [108, 109]

miR-92a SOCS5, KLF2/KLF4 ↑Inflammation and EC activation Pro [81, 82]

miR-712 TIMP3 Disturbed flow/ EC activation Pro [84, 204]

miR-221/222 STAT5A Neovascularization/ barrier function Anti [148]

MANTIS BRG1 Angiogenic modulaton Unknown [152]

miR-125a/b CDH5, ET-1 Barrier function, vascular tone Unknown [120, 129, 205]

miR-147b ADAM15 Improves barrier function Unknown [131]

miR-155 eNOS
↓Barrier function/ vascular tone/ 

adherens junction assembly Pro [116, 117]

TieAS Tie-1 Worsens barrier function Unknown [134]

MIAT miR150–5p, ICAM-1, VEGF
Improves barrier function and reduces 

inflammation Unknown [137]

NEAT1 miR-181d/ SOX5, ZO-1 Increases barrier function Unknown [138]

sONE eNOS Vascular tone Unknown [122]

AK094457 iNOS ↓NO production and vascular tone Unknown [124]
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Table 2.

Regulation of macrophage non-coding RNAs in atherosclerosis

ncRNA mRNA target Function Regulation Atherosclerosis outcome References

miR-21 STAT3, SOCS1, MKK3
↓Lipid uptake and 

inflammation Induced in plaques Anti [194, 195]

miR-33 AMPK, ↑Inflammation Pro [167, 168]

miR-125 KLF13 ↓TH1 response Induced by TLRs Anti [193]

miR-146 IRAK1, TRAF6 ↓Inflammation Up in athero plaques Anti [150, 184]

miR-150 c-Myb ↑EC migration
Secreted, ↑with 

inflammatory stimuli Pro [206]

miR-155
SOCS-1, BCL6, 

IL-13Ra1, CARHSP1

↑Inflammation through 
SOCS-1, BCL6 

↓Inflammation through 
CARHSP1

Induced by oxLDL, 
TLRs Pro and anti [176–179]

miR-223 PKNOX, CXCL2, CCL3 Suppress M1 activation Anti [191, 192]

miR-342–5p AKT-1 ↑Inflammation ↑in athero plaques Pro [182]

LncRNACox2 hnRNPAB, SWI/SNF Inflammatory activation

Induced by 
proinflammatory 

cytokines Unknown [196–198]

THRIL hnRNPL ↑TNFα induction Induced by Pam3CSK4 Unknown [199]

RP-833A20.1 miR-382–5p
Suppresses cholesterol 

and inflammation ↑ in human foam cells Unknown [31]

E330013 Unknown Promotes M1 activation
Up in macrophages of 

diabetic mice Unknown [201]
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