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Abstract

Regulatory RNAs like microRNAs (miRNAs) and long non-coding RNAs
(lncRNAs) control vascular and immune cells’ phenotype and thus play a crucial
role in atherosclerosis. Moreover, the mutual interactions between miRNAs and
lncRNAs link both types of regulatory RNAs in a functional network that affects
lesion formation. In this review, we deduce novel concepts of atherosclerosis
from the analysis of the current data on regulatory RNAs’ role in endothelial cells
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(ECs) and macrophages. In contrast to arterial ECs, which adopt a stable pheno-
type by adaptation to high shear stress, macrophages are highly plastic and
quickly change their activation status. At predilection sites of atherosclerosis,
such as arterial bifurcations, ECs are exposed to disturbed laminar flow, which
generates a dysadaptive stress response mediated by miRNAs. Whereas the
highly abundant miR-126-5p promotes regenerative proliferation of dysadapted
ECs, miR-103-3p stimulates inflammatory activation and impairs endothelial
regeneration by aberrant proliferation and micronuclei formation. In
macrophages, miRNAs are essential in regulating energy and lipid metabolism,
which affects inflammatory activation and foam cell formation.

Moreover, lipopolysaccharide-induced miR-155 and miR-146 shape inflam-
matory macrophage activation through their oppositional effects on NF-kB. Most
lncRNAs are not conserved between species, except a small group of very long
lncRNAs, such as MALAT1, which blocks numerous miRNAs by providing non-
functional binding sites. In summary, regulatory RNAs’ roles are highly context-
dependent, and therapeutic approaches that target specific functional interactions
of miRNAs appear promising against cardiovascular diseases.
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1 Introduction

RNA molecules have a great variety of functions in the cell, including the transfer of
protein-coding information in the primary nucleotide sequence of the mRNA,
reading the codons and matching them to amino acids by tRNA, catalysis of peptide
bond formation by rRNA, and splicing of pre-mRNA by small nuclear RNAs in the
spliceosome. Besides, regulatory non-coding RNAs, which have been grossly
grouped into microRNAs (miRNAs) and long, non-coding RNAs (lncRNAs), play
a critical role in the control of gene expression (Kopp and Mendell 2018). miRNAs
have a comparatively confined length of 20–24 nucleotides and are processed from a
primary transcript that contains a secondary hairpin structure with an imperfectly
paired stem by endonucleases, such as Drosha and Dicer. By contrast, lncRNAs,
linear and circular, are 200 to several thousand nucleotides long, which often adopt a
complex secondary structure, and are generated in many different ways, such as
RNaseP cleavage or back-splicing (Wu et al. 2017).

miRNAs play an essential role in nematodes, like miRNA let-7, the second
described miRNA, which is critical in the development of C. elegans (Roush and
Slack 2008). The nucleotides 2–7 at the 50 end of the miRNA, also known as the
“seed sequence,” bind via Watson-Crick-based complementary base pairing to the
recognition element mostly located in the 30-UTR of mRNAs (Bartel 2018). How-
ever, also non-canonical interactions, including, e.g., G:U wobbles or bulges, can
occur and mediate the effect of miRNAs (Chipman and Pasquinelli 2019). Thus, the

464 A. Schober et al.



seed sequence is essential for the function of miRNAs. Notably, some miRNAs
share the same seed sequence but differ in one or two nucleotides outside the seed
sequence, establishing a seed family of miRNAs. Moreover, multiple genomic loci
may exist for a specific miRNA. For example, the human let-7 seed family, e.g.,
comprises 12 miRNAs, such as let-7a, let-7b, let-7c, etc., which share the same seed
sequence (Lee et al. 2015). Moreover, three genomic loci encode the let-7a miRNA
(let-7a-1, let-7a-2, and let-7a-3). Because of the same seed sequence, miRNA
families may form a redundant system resistant to genetic losses and mutations.

Dicer cleaves the apical loop of the precursor hairpin and produces a miRNA
duplex that contains the 5p (miRNA from the 50 end of the precursor miRNA) and
the 3p strand of the mature miRNA. Following cleavage of the precursor miRNA
hairpin by Dicer in the cytoplasm, a miRNA duplex is loaded to Argonaute proteins
constituting the RNA-induced silencing complex (RISC). The two miRNA strands
are separated, and one of the two strands exits the RISC. Argonaute proteins present
the seed sequence of the retained miRNA strand in the mature RISC, and thus greatly
enhance the interaction with the mRNA target sequence. Following binding of the
target, miRNAs mediate either translational inhibition or degradation of the target
mRNA through GW182 proteins (Schober and Weber 2016). Many miRNAs target
hundreds of mRNAs in a cell, but the level of suppression rarely exceeds 50%. An
increase in miRNA genes parallels the development of vertebrates (Fromm et al.
2015). In humans, the number of miRNA genes expanded by 179 genes after the
split from mouse, peaking at 585 miRNA genes with even many more mature
miRNAs (Fromm et al. 2015). Therefore, miRNAs may play a role in the evolution
of morphological complexity, probably by shaping specific cell phenotypes through
buffering variations in gene expression due to environmental cues and internal noise
(Kosik 2010; Siciliano et al. 2013). Thus, regulation by miRNAs confers robustness
to differentiation processes during development (Ebert and Sharp 2012).

lncRNAs are not a homogenous class of molecules, but rather a mixture of
different functional types with distinct biological mechanisms (Chen et al. 2016a).
For example, a lncRNA can affect gene expression by the transcription of its
genomic locus, by regulating chromatin states, influencing nuclear structure and
organization, and interacting with and controlling proteins or other RNA molecules
(Kopp and Mendell 2018; Yao et al. 2019). Many lncRNAs are biochemically
identical to mRNAs, harboring a 50 cap and a 30 polyadenylated tail, and alternative
splicing can produce numerous lncRNA transcripts. Whereas many miRNAs are
highly conserved between species, most lncRNAs are evolutionary “novel” (<
50 Million years), and conservation even between humans and mice is rare (Ulitsky
2016). In humans, around 50–90,000 genomic lncRNA loci are annotated (Ulitsky
2016; Uszczynska-Ratajczak et al. 2018), the majority is expressed at a very low
level and may not play a functional role. However, a small group of very long, highly
expressed, and evolutionarily conserved lncRNAs exists, including, e.g., metastasis-
associated lung adenocarcinoma transcript (MALAT)1 and myocardial infarction
associated transcript (MIAT). Notably, these lncRNAs contain binding sites for a
large number of miRNAs and interact with those in the RISC, the so-called sponge
effect. Numerous reports have shown that the functional effect of sponging lncRNAs
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is due to the inhibition and suppression of the bound miRNAs. Thus, sponging
miRNAs appears to be an evolutionarily conserved function of this group of
lncRNAs, which closely links the miRNA and the lncRNA world in a complex
interaction network.

2 The Role of Non-coding RNAs in Arterial Endothelium

The arterial system is inherently vulnerable to chronic, low-grade endothelial injury
at branching sites and curvatures due to disturbed laminar blood flow (Chen et al.
1997). Considering the specifications of ECs in different vascular regions and
organs, the response of arterial ECs to non-laminar blood flow appears as if they
are maladapted to this physiologic condition at branching arteries. Whereas the low
shear stress generated by non-laminar blood flow is stable, the direction of the shear
stress and blood flow near the arterial wall in these regions changes randomly,
indicating complex vortices. Accordingly, ECs do not align to the direction of the
blood flow at branching sites like at arterial areas exposed to laminar blood flow
(Gau et al. 1980).

Interestingly, the multidirectionality of near-wall shear stress better predicts the
effect of non-laminar blood flow on the localization of atherosclerotic lesions than
low shear stress (Peiffer et al. 2013; Mohamied et al. 2015, 2017). Because cellular
adaptation to chaotic conditions is impossible, the unpredictable changes of the shear
stress direction prevent the adaptation of arterial ECs to non-laminar blood flow and
trigger a heterogeneous stress response (Fig. 1). Although at a low frequency, the
non-laminar blood flow induces apoptosis of ECs by activating the endoplasmatic
reticulum stress response and SUMOylation of p53 (Kim and Woo 2018; Bjorkerud
and Bondjers 1972; Zeng et al. 2009; Pan et al. 2017; Hansson et al. 1985; Heo et al.
2011, 2013). Apoptotic ECs are rapidly replaced by the migration and proliferation
of adjacent ECs. The endothelial dysadaptation to disturbed laminar blood flow also
triggers inflammatory activation and increased adhesiveness to leukocytes, which
may play a role in endothelial repair (Tsao et al. 1995). Stress-induced transcription
factors, such as NF-κb and hypoxia-inducible factor (HIF)-1α, shape the inflamma-
tory phenotype of dysadapted arterial ECs (Akhtar et al. 2015).

Moreover, chronic endothelial healing in arterial regions exposed to disturbed
laminar blood flow impairs endothelial barrier function and increases the permeabil-
ity to macromolecules, such as lipoproteins (Mundi et al. 2018). Low-density
lipoproteins (LDL) are trapped in the subendothelial space and become oxidized
by ECs (van Hinsbergh et al. 1986). Oxidized LDL constitutes the second cause of
endothelial death (Salvayre et al. 2002) and drives the accumulation of monocyte-
derived macrophages in the vessel wall. In arterial regions exposed to laminar blood
flow, which stimulates the expression of the transcription factors Krüppel-like factor
(KLF) 2 and KLF4, endothelial turnover and vascular permeability are low (Gerrity
et al. 1977). KLF2 and KLF4 contribute to a quiescent endothelial phenotype by
regulating up to 15% of the flow-regulated genes in a partially redundant manner
resulting in the reduction of vascular permeability, inflammatory gene expression,
and thrombogenicity (Schober et al. 2015). Moreover, high shear stress-exposed
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ECs can rapidly proliferate and regenerate the endothelium in response to acute
injury (Hansson et al. 1985).

2.1 miRNAs Drive Inflammatory Activation in Dysadapted
Arterial ECs

ECs express 164 to 315 miRNAs, and the miRNA expression profile differs signifi-
cantly between ECs from different vascular regions (McCall et al. 2011; Voellenkle

Cell death

shear stress

Lipoprotein stress

Adhesion to matrix

EndothelialStress response

DNA damage

Fig. 1 Dysadaptation of arterial ECs sensitizes to lipoprotein stress. The unpredictable changes in
the direction of near-wall shear stress and blood flow at arterial bifurcations make the adaptation of
arterial ECs impossible. The dysadaptation induces a stress response characterized by EC death and
a lack of endothelial differentiation. The damaged endothelium is regenerated by migrating and
proliferating ECs; however, the chronic endothelial wound healing poses a risk for aberrant
proliferation due to DNA damage of mitotic ECs by oxidative lipoprotein stress. Dashed lines
indicate hypothetical effects
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et al. 2012). miR-21-5p (32% of all endothelial miRNAs) is by far the most abundant
miRNA in human umbilical vein ECs, followed by miR-126-3p (7%) (Voellenkle
et al. 2012). Surprisingly, Mir21 knockout mice do not have any gross phenotypic
changes and develop normally (Patrick et al. 2010). By contrast, 50% of all Mir126
knockout mice die during development due to vascular leakage, but the surviving
mice develop normally (Kuhnert et al. 2008). Notably, specific miRNA families and
clusters are primarily expressed in ECs, such as the miR-221/222 cluster, the let-7
miRNA family, and the miR-17-92 cluster. Endothelial Dicer is not essential in
embryonic development, and, surprisingly, Dicer suppresses endothelial differentia-
tion in vitro by downregulating KLF2 and by upregulating inflammatory genes, such
as CXCL1 and IL-8 (Suarez et al. 2007, 2008; Wu et al. 2011). Accordingly,
knockout of endothelial Dicer in Apoe�/� mice limits endothelial inflammation
and atherosclerotic lesion formation (Hartmann et al. 2016; Natarelli et al. 2018),
indicating that the whole miRNA system counter regulates high shear stress-induced
endothelial differentiation. This effect was associated with the downregulation of a
relatively small subset of miRNAs, including miR-103-3p, miR-652-3p, and
miR-433-3p, whereas miR-126-3p was not reduced, indicating substantial
differences in the turnover rates of these miRNAs. In general, the stability of
miRNAs is more than ten times higher than that of mRNAs; however, turnover
rates significantly differ between individual miRNAs (Hartmann et al. 2016; Gantier
et al. 2011). Thus, the role of endothelial Dicer in atherosclerosis and endothelial
differentiation may depend on the generation of miRNAs with a short half-life.
Similar to the in vitro results, endothelial Dicer increases inflammatory gene expres-
sion, such as Cxcl1 and Ccl2, and reduces the expression of endothelial genes such
as cadherin 5 and SRY-box transcription factor (Sox) 17, in murine atherosclerotic
arteries. Also, Dicer significantly regulates KLF4, Notch, and β-catenin signaling
pathways in atherosclerotic ECs (Hartmann et al. 2016).

miR-103-3p mediates many of the inflammatory effects of Dicer in ECs
(Hartmann et al. 2016). The Mir103 gene is expressed from two different genomic
loci located in the intronic sequences of the pantothenate kinase (Pank) 2 and Pank3
genes. These genomic loci and the sequence of the mature miR-103-3p are highly
conserved within deuterostomes (Finnerty et al. 2010). Notably, miR-103-3p is
abundant in ECs at branching sites of arteries, probably due to disturbed flow-
induced NF-κB activation (Hartmann et al. 2016; Tzima et al. 2005). Hyperlipidemia
and mildly oxidized LDL also upregulate miR-103-3p expression in arterial ECs
(Hartmann et al. 2016). miR-103-3p promotes dedifferentiation by targeting KLF4
and increases Cxcl1-dependent monocyte recruitment to atherosclerotic arteries.
Accordingly, inhibiting the interaction between miR-103-3p and KLF4 with a
sequence-specific oligonucleotide ameliorates atherosclerosis (Hartmann et al.
2016). Moreover, inhibition of miR-103-3p also reduces atherosclerosis, endothelial
inflammation, and endoplasmic reticulum stress in Apoe�/� mice (Jiang et al. 2020).
In human aortic ECs, miR-103-3p targets phosphatase and tensin homolog (PTEN)
through a canonical binding site, which is not conserved in mouse (Jiang et al. 2020).

In addition to miR-103-3p, the expression of miR-652-3p in ECs promotes
atherosclerosis (Huang et al. 2019). The development of atherosclerosis is reduced
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in Mir652�/�/Apoe�/� mice, probably due to increased endothelial regeneration,
because miR-652-3p inhibits endothelial proliferation and repair following mechan-
ical injury (Huang et al. 2019). miR-652-3p suppresses endothelial proliferation by
targeting the G1 cyclin, cyclin D2 (Ccnd2) in human and mouse via different
non-canonical sites, indicating functional conservation of this interaction (Huang
et al. 2019). Ccnd2 is targeted by two other miRNAs, miR-494, and the let-7 family
member miR-98, in ECs, which thereby inhibit endothelial proliferation (Li et al.
2016; Wu et al. 2016). Besides, the expression of miR-652-3p inversely correlates
with the endothelial expression of CCND2 and EC proliferation in human athero-
sclerosis, suggesting that miR-652-3p plays a vital role in endothelial dysadaptation
(Huang et al. 2019).

miR-92a-3p is another important miRNA in endothelial dysadaptation and
inflammation, which is, like miR-103-3p, upregulated in ECs by low shear stress,
oxidized LDL, and oxidative stress (Chen et al. 2015; Fang and Davies 2012).
miR-92a-3p cooperates with miR-103-3p in suppressing KLF4 and enhancing
inflammatory gene expression through activation of NF-κB. Moreover, miR-92a-
3p targets several other transcripts in ECs, like KLF2, SOCS5, and SIRT1 (Chen
et al. 2015), which also contributes to the inflammatory phenotype of dysadapted
ECs. Accordingly, inhibition of miR-92a-3p by antisense oligonucleotides in Apoe�/

� and Ldlr�/� mice reduced atherosclerosis and endothelial inflammation (Chen
et al. 2015; Loyer et al. 2014). However, after subtotal nephrectomy in Apoe�/�mice
on a regular diet, as a model of atherosclerosis triggered by chronic renal failure,
locked nucleic acid-based inhibitors of miR-92a-3p applied together with HDL did
not reduce lesion formation, despite a strong decrease in endothelial miR-92a-3p
expression (Wiese et al. 2019). This result indicates that the role of endothelial
miR-92a-3p in atherosclerosis may be model dependent. ECs also release miR-92a-
3p in microvesicles, which increases the level of miR-92a-3p in the circulation of
patients with coronary atherosclerosis (Liu et al. 2019). miR-92a-3p is processed
from the 7-kb long lncRNA MIR17HG together with five other miRNAs, including
miR-17-5p, miR-18a-5p, miR-20a-5p, miR-19a-3p, and miR-19b-3p (Mogilyansky
and Rigoutsos 2013). Whereas miR-92a and miR-19b are additionally processed
from the miR-106a-363 cluster transcript, miR-19a is only expressed from the
miR-17-92a locus. Activation of HIF-1α in arterial ECs by turbulent flow and
lipoprotein-derived lysophosphatidic acid selectively upregulates miR-19a-3p
(Akhtar et al. 2015). Because HIF-1α-mediated miR-19a-3p expression in ECs
increases monocyte adhesion by activating NF-κB, this mechanism may mediate
the atherogenic effect of endothelial HIF-1α activation (Akhtar et al. 2015). Accord-
ingly, blocking miR-19a-3p by systemic injection of antisense oligonucleotides
decreases atherosclerosis in Apoe�/� mice (Chen et al. 2017).

The miR-106b-25 cluster contains three miRNAs, including miR-106b, miR-93,
and miR-25, and closely relates to the miRNAs of the miR-17-92a locus. Whereas
miR-106b and miR-25 belong to the miR-17 family of miRNAs, miR-25 shares the
same seed sequence with miR-92a (Mogilyansky and Rigoutsos 2013). Knockout of
the miR-106b-25 cluster in Apoe�/� mice decreases atherosclerosis, reduces the
cholesterol content in VLDL and LDL in the blood, and increases VLDL and LDL
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receptor expression in splenocytes (Semo et al. 2019). These findings indicate that
the miRNAs of the miR-106b-25 cluster elevate plasma lipid levels by suppressing
lipoprotein clearance by the spleen (Semo et al. 2019).

2.2 The miR-126 Strands in Apoptosis and Regeneration
of Dysadapted ECs

MiR-126-3p is one of the most highly expressed miRNAs in ECs. Apoptosis triggers
the packaging of miR-126-3p into apoptotic bodies, which are released to the
extracellular space, and adjacent ECs take up the apoptotic vesicles. The paracrine
transfer of miR-126-3p from apoptotic ECs upregulates the chemokine CXCL12 in
the recipient ECs and reduces atherosclerosis (Zernecke et al. 2009). However, the
role of CXCL12 and its receptor CXCR4 in atherosclerosis is ambiguous. Whereas
endothelial knockout of CXCL12 decreases lesion formation, deletion of its receptor
CXCR4 in ECs promotes atherosclerosis (Döring et al. 2017, 2019). These findings
suggest that the absence of endothelial CXCL12 expression, which reduces
circulating CXCL12 levels, limits lipid deposition in the arterial wall, probably
due to its inhibitory effect on cholesterol efflux from macrophages (Gao et al.
2019a). By contrast, local delivery of miR-126-3p in apoptotic vesicles to ECs
may support endothelial function by CXCR4-mediated activation of the AKT
pathway (Döring et al. 2017). Interestingly, miR-126-3p increases AKT signaling
in ECs (Chen et al. 2016b; Fish et al. 2008), reduces endothelial apoptosis, and
supports endothelial barrier function (Döring et al. 2017; Cheng et al. 2017a).
Several miR-126-3p targets, such as RGS16, phosphatidylinositol 3-kinase regu-
latory subunit beta, and transforming growth factor-β may play a role in the
protection of ECs from apoptosis.

Processing of the precursor miR-126 by Dicer also produces a mature miRNA
from its 5p end. Although the miR-126-5p expression level is lower than that of
miR-126-3p, it is still one of the most highly expressed miRNAs in ECs. Disturbed
laminar flow suppresses miR-126-5p expression in dysadapted ECs and limits,
thereby their capacity to compensate additional hyperlipidemia-induced injury by
increased proliferation (Schober and Weber 2016). Conversely, higher miR-126-5p
levels in ECs exposed to laminar flow increase their proliferative reserve compared
with dysadapted ECs (Schober et al. 2014). miR-126-5p generates an endothelial
proliferative reserve by suppressing delta like non-canonical notch ligand (DLK)
1, an inhibitor of the Notch1 signaling pathway (Schober et al. 2014). Derepression
of DLK1 in dysadapted ECs limits endothelial regeneration in response to
hyperlipidemic stress (Fig. 2). Thus, inhibition of miR-126-5p expression in ECs
by disturbed flow promotes atherosclerosis (Schober et al. 2014). The inhibition of
Notch1 may at least partially mediate the effects of DLK1. Accordingly, disturbed
flow reduces endothelial Notch1 activation, and knockout of Notch1 in ECs
increases lesion formation (Mack et al. 2017). Moreover, high shear stress reduces
endothelial apoptosis by miR-126-5p-mediated inhibition of caspase 3 in the nucleus
(Santovito et al. 2020). These results indicate a dual role of miR-126-5p in ECs; in
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the cytoplasm, it facilitates Notch1 signaling and thus promotes endothelial regener-
ation; in the nucleus, it limits apoptosis through a non-canonical mechanism.

2.3 ThemiR-103–lncWDR59 Axis Limits Endothelial Regeneration
and Promotes Aberrant Proliferation

In arteries, endothelial repair by proliferation is a delicate process because blood
flow can detach mitotic ECs and increase vascular permeability (Wechezak et al.
1994). Moreover, mitotic cells are incredibly vulnerable to DNA damage because
double-strand breaks cannot be repaired and may lead to errors in chromosomal
segregation and the formation of micronuclei consisting of chromatin surrounded by
its nuclear membrane (Blackford and Stucki 2020). Chromosomes in micronuclei
accumulate DNA damage and replicate imperfectly, leading to genomic instability,

Dicer

DNA damage

Micronuclei

Numb

lncWDR59

DLK1

NOTCH1 β-catenin

miR-103-3pmiR-126-5p KLF4

 shear stress
Lipoprotein stress

Senescence

Cell death

SOX17

Caspase 3

Apoptosis

Fig. 2 miRNAs modulate endothelial dysadaptation. The protective miR-126-5p is downregulated
in dysadapted ECs, which limits NOTCH1-mediated endothelial regeneration and increases EC
apoptosis through a non-canonical mechanism. By contrast, Dicer produces increased levels of
miR-103 in dysadapted ECs, which promotes inflammation by targeting KLF4. Moreover, miR-103
inhibits EC proliferation and promotes DNA damage, thus impairing the chronic wound healing
response of dysadapted ECs
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which can induce growth arrest, senescence, apoptosis, and inflammation (Blackford
and Stucki 2020; Zhang et al. 2015; Shah and Bennett 2017). Atherogenic LDL
triggers DNA damage in aortic ECs in a LOX-1-dependent manner, probably by
increasing mitochondrial ROS production (Wang et al. 2018). Moreover, chronic
inflammation may enhance DNA damage due to environmental exposures in tissues
that are continuously regenerating (Kiraly et al. 2015). Thus, aberrant proliferation
characterized by DNA damage and micronuclei formation may impair chronic
regeneration of dysadapted arterial ECs and promote atherosclerosis. Accordingly,
high-fat diet (HFD) feeding enhances micronuclei formation and DNA damage in
ECs, primarily at predilection sites of atherosclerosis (Natarelli et al. 2018; Thum
and Borlak 2008). This finding indicates that disturbed laminar blood flow and
oxidized LDL synergistically promote genomic instability (Fig. 1).

In addition to inflammation, Dicer increases DNA damage and micronuclei
formation in ECs and inhibits endothelial proliferation at predilection sites of
atherosclerosis (Natarelli et al. 2018). These effects are due to the suppression of
the lncRNA lncWDR59 by miR-103-3p. lncWDR59 promotes Notch1 activation
and endothelial proliferation by competitive binding to the Notch1 inhibitor Numb
(Natarelli et al. 2018). Moreover, Notch1 induces SOX17 expression and thus
increases β-catenin activity, which inhibits oxLDL-mediated DNA damage and
micronuclei formation in ECs. Therefore, the interaction between miR-103-3p and
lncWDR59 promotes aberrant EC proliferation by abolishing β-catenin-mediated
protection against DNA damage. Accordingly, blocking the targeting of lncWDR59
by miR-103-3p in Apoe�/� mice reduces atherosclerosis and endothelial DNA
damage and increases endothelial proliferation (Fig. 2). Notably, a human
lncWDR59 homolog with a conserved genomic location exists. In human lesions,
ECs express lncWDR59, and its expression level correlates with endothelial prolif-
eration, indicating that the targeting of lncWDR59 by miR-103-3p also plays a role
in humans (Natarelli et al. 2018).

3 Non-coding RNAs in Macrophage Function

Macrophages drive the progression of atherosclerosis from a clinically silent condi-
tion to advanced lesions with a thrombogenic core. Uncontrolled uptake of modified
lipoproteins from the extracellular space by macrophages promotes their transfor-
mation into foam cells characterized by the accumulation of cholesterol esters and
triglycerides in lipid droplets, similar as in adipocytes. Whereas cholesterol is
removed from foam cells by ATP binding cassette subfamily A member (ABCA)
1 and ATP binding cassette subfamily G member (ABCG) 1 transporters,
triglycerides and fatty acids can be degraded by foam cells and fuel mitochondrial
energy production. However, the ongoing influx of lipoproteins exceeds the capacity
of macrophages to store cholesterol intracellularly or transfer it to HDL, which
causes cell death and the formation of cholesterol crystals. Accordingly,
macrophages death by apoptosis or necroptosis increases during the progression of
atherosclerosis (Lin et al. 2013). Besides, the phagocytic removal of dying foam
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cells is impaired or insufficient in advanced atherosclerosis resulting in the formation
of a lipid-rich, necrotic core with cholesterol crystals encapsulated by macrophages.

In contrast to arterial ECs, which have a more stable phenotype, macrophages
undergo considerable phenotypic changes during inflammatory activation. Bacterial
products such as lipopolysaccharide (LPS) and the Th1 cell cytokine IFNγ activate
the NF-κB and HIF-1α pathway and thus shift mitochondrial function from energy
production to the generation of reactive oxygen species (ROS) and reactive nitrogen
species (RNS) to combat microbes (Cameron et al. 2019). In turn, energy production
is shifted to aerobic glycolysis, which reduces ATP supply. By contrast, stimulation
with IL-4 evokes a different response characterized by signal transducer and activa-
tor of transcription (STAT) 6 and peroxisome proliferator-activated receptor (PPAR)
activation, which reduces nitric oxide (NO) and promotes mitochondrial ATP
production by oxidative phosphorylation (OXPHOS) of fatty acids. The latter effect
may support phagocytosing macrophages, which need more energy and are
challenged by the influx of lipids.

3.1 Regulatory RNAs in Macrophage Energy and Lipid
Metabolism

miR-10a-5p, miR-146a-5p, and let-7 family members, and miR-21a-5p are among
the most abundant miRNAs in murine macrophages (Canfran-Duque et al. 2017).
Dicer knockout reduces the expression of a great majority of miRNAs in
macrophages, including miR-21a-5p, miR-342-5p, miR-10a-5p, and miR-503-5p
(Wei et al. 2018). In contrast to ECs, knockout of Dicer in macrophages increases the
development of atherosclerosis, macrophage apoptosis, and the expression of NOS2
and inflammatory cytokines, such as IL-1β (Wei et al. 2018). Moreover, Dicer
knockout impairs OXPHOS in IL-4 stimulated but not in unstimulated or LPS/IFN-
γ-stimulated macrophages, suggesting a central role of miRNAs in the energy
metabolism of IL-4-stimulated, anti-inflammatory macrophages (Wei et al. 2018).
Notably, Dicer also increases oxygen consumption and mitochondrial oxidation in
macrophage-derived foam cells, and thus limits the accumulation of lipids probably
by the oxidation of fatty acids (Wei et al. 2018). Ligand-dependent corepressor
(LCOR) is a crucial target of miRNAs in macrophages and contains numerous
highly conserved miRNA-binding sites in its 30-UTR. LCOR inhibits retinoid X
receptor alpha (RXRA), which promotes the expression of OXPHOS-related genes
and increases mitochondrial function through interaction with peroxisome
proliferator-activated receptor-gamma coactivator (PGC)-1 (Chae et al. 2013).
Among the miRNAs predicted to target LCOR, miR-10a-5p most strongly promoted
OXPHOS in IL-4-stimulated macrophages and foam cells through targeting LCOR
(Wei et al. 2018). Moreover, miR-10a-5p increases OXPHOS also by interacting
with another corepressor of nuclear receptors, nuclear receptor corepressor
2 (NCOR2), which inhibits the activity of the PPARα (Wei et al. 2018). Blocking
the interaction between miR-10a-5p and LCOR in macrophages by target site-
specific antisense oligonucleotides increases atherosclerosis in mice, suggesting
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that miRNA-mediated OXPHOS in macrophages protects from atherosclerosis (Wei
et al. 2018). Notably, RXRα agonists upregulate miR-10a-5p in ECs, indicating a
positive forward loop in which RXRα increases its activity by miR-10a-5p-
meditated suppression of LCOR (Lee et al. 2018). Moreover, treatment of Apoe�/

� mice with miR-10a-5p mimics reduces atherosclerosis (Lee et al. 2018). Besides
let-7b-5p, but not other members of the let-7 family increases mitochondrial func-
tion, indicating that the functional role between the members of a miRNA family can
differ despite having the same seed sequence (Fig. 3).

Hypoxia-inducible factor 1α (HIF-1α) is an essential transcription factor in the
regulation of mitochondrial energy metabolism in inflammatory macrophages. Stim-
ulation of macrophages with LPS and IFNγ activates HIF-1α, which generates a
pseudo-hypoxic state by shutting down OXPHOS and increasing ROS and RNS
production. Although this metabolic switch aids to fight off infections, the concomi-
tantly reduced energy supply and enhanced exposure to oxidizing agents can lead to
macrophage necroptosis (Pajuelo et al. 2018; He et al. 2011). In atherosclerotic
lesions, HIF-1α activation increases receptor-interacting serine/threonine kinase
3 (RIP3)-mediated macrophage necroptosis and necrotic core formation (Lin et al.
2013; Karshovska et al. 2020). This effect is probably mediated by HIF-1α-induced
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Fig. 3 Effects of miRNAs in macrophages on energy metabolism and cell death. (a) In anti-
inflammatory macrophages, Dicer promotes mitochondrial energy production by generating
miR-10a, which targets the corepressors of nuclear receptors, such as LCOR and NCOR2.
miR-10a improves fatty acid oxidation (FAO) and reduces foam cell formation, thus enhancing
cell survival. (b) In inflammatory macrophages, HIF-1α activation switches the mitochondrial
metabolism from ATP to ROS production, thus generating a pseudo-hypoxic state. This effect of
HIF-1α is mediated by the suppression of Decr1 by miR-210, which reduces ATP synthesis and
necroptotic cell death. Moreover, HIF-1α activation lowers cellular ATP levels by hyper activating
PARP-1 due to the derepression of the miR-383 target PARG. ETC, electron transport chain; TCA,
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upregulation of miR-210, which lowers ATP levels by suppressing OXPHOS and
increasing ROS through targeting 2,4-dienoyl-CoA reductase1 (Decr1) (Karshovska
et al. 2020). Decr1 is an essential enzyme in the β-oxidation of unsaturated fatty
acids and in the adaptation to metabolic stress during fasting (Miinalainen et al.
2009). Thus, β-oxidation of unsaturated fatty acids may be critical for the survival of
energy-depleted inflammatory macrophages by maintaining a basal level of oxida-
tive ATP production. miR-210 is highly abundant in human atherosclerosis,
and HIF-1α activation in macrophages increases lesional miR-210 expression in
Apoe�/� mice (Karshovska et al. 2020; Raitoharju et al. 2011). However, the
functional role of miR-210 in atherosclerosis has not yet been studied.

Similar to LCOR, the 30-UTR of the ABCA1 transcript contains numerous
conserved binding sites for miRNAs, indicating a significant role of miRNAs in
foam cell formation, efferocytosis, and inflammatory activation by regulating
ABCA1 expression (Zannis et al. 2006; Wei and Schober 2016). In addition to the
transcriptional regulation by the nuclear sterol-activated liver-X-receptors (LXRs),
post-transcriptional targeting of the ABCA1 transcript by at least 15 miRNAs, such
as miR-33-5p, miR-302a-3p, and miR-23a-3p, has been experimentally confirmed
(Yang et al. 2018; Rayner et al. 2010; Meiler et al. 2015).

miR-33a-5p (only miR-33-5p in mice) is co-transcribed from an intronic region
of the transcription factor sterol regulatory element-binding protein-2, and both
synergistically promote cellular cholesterol accumulation in macrophages (Schober
and Weber 2016). miR-33-5p is one of the most extensively studied miRNA in
atherosclerosis, initially because blocking miR-33-5p raised HDL levels, an effect
that is likely due to the targeting of ABCA1 in the liver. The role of miR-33-5p in
atherosclerosis has been controversially discussed. Studies in genetically modified
mice show conflicting results. In Apoe�/� mice, the whole-body knockout of the
Mir33 gene reduces atherosclerosis, whereas the absence of miR-33-5p expression
in bone marrow cells does not alter lesion formation (Horie et al. 2012). However, in
Ldlr�/� mice, only deletion of Mir33 in bone marrow cells slightly reduces lesion
formation, whereas the whole-body knockout of Mir33 surprisingly does not affect
atherosclerosis (Price et al. 2017). These results indicate that the expression of
miR-33-5p in bone marrow cells promotes atherosclerosis in Ldlr�/� mice, whereas
its expression in non-bone-marrow cells is athero-protective. Interestingly, Ldlr�/�

mice with bone marrow cells that harbor a mutation of the miR-33-5p binding site in
the ABCA1 30-UTR develop less atherosclerosis, similar to the effect of the Mir33
knockout in bone marrow cells (Price et al. 2019). Although this mechanism can
explain not all impacts of miR-33-5p, targeting of ABCA1 in macrophages appears
to play a crucial role in atherogenesis in Ldlr�/� mice.

miR-34a-5p is highly abundant in atherosclerotic lesions and targets ABCA1 and
ABCG1 in macrophages (Xu et al. 2020). Interestingly, the ABCA1 and ABCG1
binding sites of miR-34a-5p are not conserved between human and mouse, and only
the site in the human ABCA1 30-UTR is canonical (Xu et al. 2020). This finding
suggests that non-canonical sites are functional and that miRNA sites can have the
same effect in mouse and human despite the lack of a conserved binding site.
Consistently, the conditional knockout of Mir34a in myeloid cells and the knockout
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of Mir34a in bone marrow cells reduces atherosclerosis in Apoe�/� and Ldlr�/�

mice, respectively (Xu et al. 2020). This effect has been attributed to improved
cholesterol efflux from macrophages due to increased expression of ABCA1,
ABCG1, and LXRα.

Notably, several ABCA1-targeting miRNAs promote lesion formation in athero-
sclerotic mouse models, such as miR-302a-3p (Meiler et al. 2015), miR-23a-5p
(Yang et al. 2018), miR-17-5p (Tan et al. 2019), miR-20a/b-5p (Liang et al. 2017),
and miR-19b-5p (Lv et al. 2014). However, it is unclear whether the effects of these
miRNAs on lesion formation are due to ABCA1 suppression.

LXR activation induces not only ABCA1 expression but also upregulates several
lncRNAs, which further increase ABCA1 levels. For example, the primate-specific
lncRNA cholesterol homeostasis regulator of miRNA expression (CHROME) is
upregulated in atherosclerotic lesions and derepresses ABCA1 expression by
inactivating several ABCA1-targeting miRNAs, such as miR-27b, miR-33a/b, and
miR-128 (Hennessy et al. 2019). Another LXR-induced lncRNA is macrophage-
expressed LXR-induced sequence (MeXis), which is transcribed from a gene located
near the ABCA1 gene (Sallam et al. 2018). MeXis acts as a nuclear RNA that
influences chromatin architecture and facilitates the accessibility of the nuclear
receptor coactivator DDX17 at the ABCA1 locus, thus enhancing LXR-mediated
ABCA1 expression in response to cholesterol loading in macrophages (Sallam et al.
2018). Knockout of MeXis in bone marrow cells reduces atherosclerosis and
increases ABCA1 expression in Ldlr�/� mice (Sallam et al. 2018). Notably, a
genomic region surrounding the MeXis/ABCA1 locus revealed some degree of
conservation between species. In humans, a non-coding RNA transcript in this
region was identified as TCONS00016111 with some sequence conservation with
MeXis (Sallam et al. 2018). However, its role in lipid metabolism in human lesional
macrophages is not fully understood.

3.2 miR-155-5p and miR-146a/b: The LPS Mediators
in Atherosclerosis

miR-155-5p is a highly conserved miRNA and predominantly expressed in
hematopoietic cells, such as lymphocytes and macrophages. The precursor
miR-155 hairpin is encoded in the third exon of a lncRNA called MIR155HG.
The expression of MIR155HG is driven by a promoter that is strongly activated
by NF-κB (Schober and Weber 2016; Thompson et al. 2013). Thereby, LPS
selectively induces miR-155-5p in macrophages together with a small number of
other miRNAs, such as miR-147-5p and miR-210-5p (Androulidaki et al. 2009;
Nazari-Jahantigh et al. 2012; Dueck et al. 2014), and miR-155-5p mediates many
pro-inflammatory effects of LPS by targeting inhibitors of NF-κB signaling, such as
suppressor of cytokine signaling 1 and brain and muscle ARNTL-like 1 (Curtis et al.
2015; Wang et al. 2016). Interestingly, low amounts of LPS continuously leak from
the intestine to the blood, enhanced by an HFD, where LPS is inactivated by binding
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to lipoproteins, such as LDL and VLDL. However, chemical modification of LDL
leads to reactivation of LPS (Zhu et al. 2017) and upregulation of miR-155-5p in
macrophages via toll-like receptor 4 (TLR4) (Du et al. 2014). Accordingly, LPS is
detectable in human atherosclerotic lesions, and patients with carotid stenosis have
higher blood levels of LPS (Carnevale et al. 2018). Moreover, miR-342-5p, which is
abundantly expressed in atherosclerotic lesions, promotes LPS-induced inflamma-
tory macrophage activation by targeting Akt1 and thus upregulates miR-155-5p
expression (Wei et al. 2013) (Fig. 4). Blocking miR-342-5p in Apoe�/�mice reduces
atherosclerosis and miR-155-5p expression in atherosclerotic vessels (Wei et al.
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Fig. 4 The complex roles of the LPS mediators miR-155 and miR-146a in atherosclerosis. The
stimulation of macrophages with LPS upregulates miR-155 and miR-146a via NF-κB activation.
Whereas miR-155 promotes the NF-κB-mediated inflammatory response in macrophages by
targeting Bcl6, miR-146a suppresses mediators of LPS signaling and NF-κB activation. MiR-155
increases advanced atherosclerosis by targeting Bcl6, which drives inflammation and inhibits
efferocytosis, thus resulting in necrotic core formation in Apoe�/� mice (green). In early athero-
sclerosis, however, miR-155 decreases lesion growth by blocking macrophage proliferation (pink).
Moreover, miR-155 improves glucose homeostasis and reduces atherosclerosis in obese Ldlr�/�

mice by targeting Mafb in pancreatic β-cells (violet). The effect of miR-146a in macrophages on
atherosclerosis is less clear. Although treatment with miR-146a mimics reduces atherosclerosis and
macrophage activation, the anti-inflammatory role of miR-146a in ECs may also protect from lesion
formation
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2013). The expression level of miR-342-5p and inflammatory cytokines is increased
in peripheral leukocytes from patients with coronary artery disease (Ahmadi et al.
2018). However, the effect of miR-155-5p on macrophages during lesion formations
differs considerably between early and advanced lesions (Nazari-Jahantigh et al.
2012; Wei et al. 2015). Whereas miR-155-5p expression in early atherosclerosis
limits lesion formation by reducing macrophage proliferation, the formation of
advanced lesions is promoted by miR-155-5p through inflammation-induced
impairment of efferocytosis (Wei et al. 2015). The latter effect is mediated by the
targeting of B cell leukemia/lymphoma 6(BCL6), a transcriptional repressor of
NF-κB-induced genes, which improves efferocytosis through inhibition of Ras
homolog family member A (RhoA) (Fig. 4) (Wei et al. 2015).

In contrast to its role in Apoe�/� mice, miR-155-5p limits advanced atheroscle-
rosis in Ldlr�/� mice (Zhu et al. 2017). This effect is due to the upregulation of
miR-155-5p in pancreatic β-cells, which promotes insulin secretion by targeting
v-maf musculoaponeurotic fibrosarcoma oncogene family, protein B (MafB). The
suppression of MafB by miR-155-5p increases IL-6 secretion from β-cells, which
stimulates glucagon-like peptide (GLP)-1 expression in α-cells (Fig. 4). In
hyperlipidemic Ldlr�/� mice, Mir155 knockout increases obesity, adipose tissue
inflammation, blood lipid levels, and blood glucose levels (Zhu et al. 2017). GLP-1
inhibits glucagon production and increases insulin secretion, which may explain
how miR-155-5p in β-cells improves the metabolic status of obese and
hyperlipidemic mice. Moreover, miR-155-5p expression increases GLP-1 plasma
levels, which may limit vascular inflammation and atherosclerosis (Zhu et al. 2017;
Rakipovski et al. 2018). Hyperlipidemia stimulates miR-155-5p expression in
β-cells probably due to HFD-induced endotoxemia because LPS bound to oxidized
LDL is deposited in pancreatic islets and oxidation of LDL reactivates LPS (Zhu
et al. 2017). Apoe�/� mice are more sensitive to the pro-inflammatory effects of LPS
than Ldlr�/� mice (Ali et al. 2005). Thus, the pro-atherogenic role of miR-155-5p in
macrophages may predominate in Apoe�/� mice (Schreyer et al. 2002, 2003),
whereas metabolic effects of miR-155-5p related to glucose hemostasis, obesity,
and adipose tissue inflammation are more critical for the development of atheroscle-
rosis in Ldlr�/� mice. Thus, hyperlipidemia improves glucose metabolism and
adipose tissue inflammation by LPS-mediated upregulation of miR-155-5p in
β-cells. This mechanism may explain why patients with familial hypercholesterol-
emia have a reduced risk for type 2 diabetes (Besseling et al. 2015).

Besides, exosomes transfer miR-155-5p from hematopoietic cells, such as den-
dritic cells and neutrophils, and smooth muscle cells to other cell types like ECs
(Gomez et al. 2020; Zheng et al. 2017). The uptake of exosomal miR-155-5p
sensitizes the recipient cells to LPS-induced inflammatory activation by suppressing
its target genes (Alexander et al. 2015). In neutrophils, HFD increases the packaging
of miR-155-5p into microvesicles and stimulates their release into the circulation,
where they are preferentially taken up by ECs exposed to disturbed blood flow
(Gomez et al. 2020). The uptake of the neutrophil-derived microvesicles by ECs
promotes their inflammatory activation by miR-155-5p-mediated suppression of
BCL6 and increases atherosclerosis (Gomez et al. 2020). Thus, the exosomal
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transfer of miR-155-5p from neutrophils is essential for the pro-atherogenic role of
this miRNA in ECs (Gomez et al. 2020) because the endogenous level of miR-155-
5p in ECs is not high enough to drive lesion formation in Apoe�/� mice (Wei et al.
2015).

In macrophages, NF-κB activation by LPS also induces the expression of
miR-146a-5p, which antagonizes the pro-inflammatory effects of miR-155-5p by
targeting components of the TLR4 signaling pathway, such as interleukin 1 recep-
tor-associated kinase (IRAK) and TNF receptor-associated factor 6 (TRAF6)
(Fig. 4) (Mann et al. 2017; Su et al. 2020). Moreover, constitutive NF-κB activation
in Mir146a knockout mice drives the development of myeloid malignancies (Zhao
et al. 2011). Notably, increased levels of miR-155-5p in macrophages mediate the
chronic inflammatory response in Mir146a�/� mice by hyper activating NF-κB
(Mann et al. 2017). Treatment of Ldlr�/� mice with miR-146a mimics reduces
atherosclerosis and inflammatory macrophage accumulation (Li et al. 2015). Nota-
bly, the anti-inflammatory effects of ApoE are partially mediated by the upregulation
of miR-146a (Li et al. 2015). However, the atherosclerosis phenotype of HFD-fed
Mir146a�/�/Ldlr�/�mice, which develop bone marrow failure and splenomegaly, is
unexpected. Although Mir146a knockout increases inflammatory cytokine levels in
the blood, it decreases lipid levels and the progression of advanced atherosclerosis
(Cheng et al. 2017b). This effect was due to the lack of miR-146a expression in bone
marrow cells, probably because it leads to bone marrow failure and reduced produc-
tion of pro-atherogenic hematopoietic cells (Cheng et al. 2017b). By contrast,
Mir146a knockout in Ldlr�/� mice harboring Mir146a wildtype bone marrow
cells develop increased atherosclerotic lesions. These mice are also more sensitive
to arterial inflammation, which may be due to increased NF-κB activation in ECs
(Cheng et al. 2013, 2017b). Although another study using the same mouse model
also found lower blood lipid levels, it did not detect an effect ofMir146a knockout in
bone marrow cells on the development of atherosclerosis (Del Monte et al. 2018).

miR-146b is the second member of the miR-146 seed family and differs from
miR-146a in two nucleotides at the 30 end. Similar to miR-146a, miR-146b inhibits
NF-κB activation and the TLR4 pathway (Taganov et al. 2006). Mir146b�/�

knockout mice also develop hematologic malignancies and splenomegaly, although
less frequently than Mir146a�/� mice (Mitsumura et al. 2018). It remains unclear
whether miR-146b expression, which is not affected by Mir146a knockout because
it is transcribed from a different genomic locus, can compensate for the lack of
miR-146a expression. Notably, murine macrophages stimulated with IL-4 release
exosomes that contain preferentially miR-146b together with miR-99a and
miR-378a (Bouchareychas et al. 2020). The transfer of each of these miRNAs to
LPS-stimulated macrophages reduces NF-κB activation. Moreover, treatment with
exosomes from IL-4-treated macrophages reduces inflammation in atherosclerotic
lesions but not lesion size (Bouchareychas et al. 2020).
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3.3 Regulatory RNAs Control Macrophage Death
and Efferocytosis in Necrotic Core Formation

Necrotic core formation results from the disbalance between cell death and
efferocytosis. As reported in the previous chapter, miR-155-5p establishes an essen-
tial link between inflammatory activation and impaired efferocytosis during the
progression of atherosclerosis, which promotes the formation of a necrotic core
(Wei et al. 2015). Besides miR-155-5p, miR-21a-5p, one of the most abundant
miRNAs in atherosclerotic lesions, has been implicated in necrotic core formation.
miR-21 is an oncomiR that inhibits apoptosis by targeting, e.g., programmed cell
death protein 4 (Krichevsky and Gabriely 2009; Hatley et al. 2010). Accordingly,
knockout ofMir21a in bone marrow cells promotes lesional apoptosis, necrotic core
formation, and atherosclerosis in HFD-fed Ldlr�/� mice, but it reduces lesions in the
aortic sinus in Apoe�/� mice fed a regular diet (Canfran-Duque et al. 2017; Chipont
et al. 2019). Whole-body Mir21a knockout also reduces atherosclerotic lesions,
although not in every arterial region studied, in Apoe�/� mice fed an HFD and in
aged Apoe�/� mice fed a regular diet (Chipont et al. 2019; Gao et al. 2019b).
Chipont et al. reported the conflicting finding that the inhibition of lesion formation
byMir21a knockout is associated with increased apoptosis of lesional macrophages
and impaired efferocytosis in the peritoneum (Chipont et al. 2019). Another puzzling
finding in this regard is that Jin et al. described increased lesion size by Mir21a
knockout in Apoe�/� mice fed a regular diet (Jin et al. 2018). Unfortunately, the
mechanisms of these Mir21a effects are incompletely understood.

As discussed in the section “Regulatory RNAs in macrophage energy and lipid
metabolism,” HIF-1α activation in macrophages drives necrotic core formation in
part by inducing miR-210, which inhibits OXPHOS and promotes necroptosis.
Besides, HIF-1α activation lowers ATP levels in macrophages by suppressing
miR-383-5p expression (Karshovska et al. 2020). miR-383-5p limits ATP consump-
tion by targeting poly(ADP-ribose) glycohydrolase (PARG) (Karshovska et al.
2020), which removes poly(ADP-)ribose polymers from DNA strand breaks and
thus antagonizes the ATP-dependent role of poly(ADP-ribose) polymerase (PARP)-
1 in response to RNS-induced DNA damage (Ying et al. 2001). The increased
activity of PARG following HIF-1α-mediated suppression of miR-383-5p leads to
hyperactivation of PARP-1, and thus to ATP depletion and RIP3-mediated
necroptosis (Karshovska et al. 2020). Blocking the interaction between miR-383-
5p and PARG in mice reversed the protective effect of Hif1a knockout in myeloid
cells on the lesion and necrotic core formation, demonstrating the critical role of
miR-383-5p in HIF-1α-mediated lesional macrophage necroptosis (Karshovska
et al. 2020).

A genome-wide screen for SNPs associated with myocardial infarction discov-
ered the lncRNA MIAT. Six SNPs in the MIAT gene are strongly associated with
myocardial infarction, indicating that they contribute to the genetic risk of cardio-
vascular disease (Ishii et al. 2006). MIAT expression is upregulated in atheroscle-
rotic lesions, and adenoviral knockdown of MIAT in Apoe�/� mice reduced
advanced atherosclerosis, necrotic core formation, and efferocytosis (Ye et al.
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2019). Notably, MIAT impairs the phagocytic activity of macrophages by binding to
miR-149-5p in the RISC, thus upregulating the anti-phagocytic receptor CD47, a
target of miR-149-5p (Ye et al. 2019; Kojima et al. 2016).

4 MALAT1: The Master miRNA Sponge

The evolutionary conserved lncRNAMALAT1 (Johnsson et al. 2014) is transcribed
from a single exon into a 7-kb long RNA molecule, which adopts a complex
secondary structure, including a triple helix and a t-RNA-like cloverleaf at the 30

end (McCown et al. 2019). The triple helix structure is conserved and increases the
stability of the poly(A) tail-lacking MALAT1 lncRNA. Cleavage by RNase P
releases the cloverleaf structure from the 30 end, which is called Malat1-associated
small cytoplasmic RNA (mascRNA). In contrast to the processed MALAT1, which is
predominantly retained in the nuclear speckles, mascRNA is transferred into the
cytoplasm.

The term “miRNA sponge” fits no other lncRNA better than to MALAT1, which
contains an extensively high number of canonical miRNA binding sites (Plotnikova
et al. 2019). Several studies have shown that MALAT1 is associated with Ago2 in
the RISC, where miRNAs, such as miR-22-3p and miR-155-5p, target MALAT1
(Cao et al. 2016; Tang et al. 2015). Surprisingly, the interaction with MALAT1 also
reduces the expression of the targeting miRNA (Tang et al. 2015). The functional
interaction with more than 50 miRNAs has been established experimentally in
various cell types. In ECs, several MALAT1-binding miRNAs have been described,
such as miR-19b-3p, miR-216-5p, miR-181b, and miR-155 (Liu et al. 2020; Wang
et al. 2019a; Li et al. 2018).

In macrophages, LPS stimulation increases MALAT1 expression in an NF-κB-
dependent manner, whereas IL-4 downregulates MALAT1 (Cui et al. 2019; Zhao
et al. 2016). In mice, MALAT1 promotes LPS-induced inflammatory activation of
macrophages by upregulating C-type lectin domain family 16, member A, indicating
a pro-inflammatory role of MALAT1 (Cui et al. 2019). Moreover, MALAT1 inhibits
IL-4-induced anti-inflammatory and pro-fibrotic macrophage polarization by
glucose-dependent OXPHOS (Cui et al. 2019). LPS also induces MALAT1 via
activating NF-κB in human THP-1 macrophages. However, in contrast to murine
macrophages, MALAT1 reduces inflammatory cytokine expression in THP-1 cells
by binding NF-κB in the nucleus (Zhao et al. 2016).

In patients with atherosclerosis, MALAT1 expression is reduced in lesions
(Cremer et al. 2019; Arslan et al. 2017) and increased in the circulation (Wang
et al. 2019a; Zhu et al. 2019). By contrast, lesionalMalat1 expression is upregulated
in Apoe�/� mice (Li et al. 2019). Treatment with an antagomir against Malat1 for
4 weeks reduces lesion size by almost 50% in Apoe�/� mice fed an HFD for
12 weeks (Zhu et al. 2019). This study indicates that Malat1 promotes atherosclero-
sis in mice. However, the effect of Malat1 knockout on atherosclerosis is quite
different. Notably, none of the three existing strains of Malat1�/� mice has an
obvious phenotype (Eissmann et al. 2012; Nakagawa et al. 2012; Zhang et al.
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2012). Unexpectedly, crossing Malat1(LacZ)�/� mice, generated by insertion of the
LacZ gene into the promoter region of Malat1, with Apoe�/� mice resulted in
intrauterine death, whereas Apoe�/� mice heterozygous for Malat1(LacZ) develop
normally (Gast et al. 2019). Interestingly, severe atherosclerosis develops in 8-week-
old Malat1(LacZ)+/�/Apoe�/� mice even without feeding them an HFD (Gast et al.
2019), which is probably related to the hyperinflammatory state of these mice (Gast
et al. 2019). Whether this effect is due to lower mascRNA levels, which promotes
inflammatory cytokine expression in THP-1 cells (Gast et al. 2019), remains unclear.
By contrast, Malat1�/� mice produced by Cre-mediated excision of the whole
Malat1 gene could be crossed with Apoe�/� mice without having a spontaneous
phenotype (Cremer et al. 2019). Moreover, feeding these mice an HFD with only a
comparably small amount of cholesterol for 12 weeks did not change lesion size, but
slightly increased lesional leukocyte accumulation (Cremer et al. 2019). Besides,
Malat1 knockout in bone marrow cells slightly increased lesion size, and the
production of inflammatory leukocytes in Apoe�/� after 16 weeks of HFD feeding,
probably due to the loss of miR-503-5p sponging by Malat1 in macrophages
(Cremer et al. 2019; Yan et al. 2017). Unfortunately, it is not clear whether also
non-irradiatedMalat1�/�/Apoe�/� mice show the same changes in the production of
inflammatory leukocytes as irradiated mice. The expression of numerous miRNAs is
increased inMalat1(LacZ)+/�/Apoe�/�mice; however, not that of miR-503-5p (Gast
et al. 2019). Taken together, studies in mice with a deletion of the Malat1 gene
indicate a protective role of Malat1 in macrophages, although the extent of its effect
differs considerably between the models. A significant difference between the two
Malat1�/�mouse strains consists in the regulation of NEAT1, a lncRNA transcribed
from a neighboring gene of MALAT1. In Malat1�/�/Apoe�/� mice, NEAT1 is
upregulated in lung tissue (Cremer et al. 2019), whereas Malat1(LacZ)+/�/Apoe�/�

mice express lower levels of NEAT1 in splenocytes than Malat1 wildtype mice
(Gast et al. 2019). NEAT1 enhances oxidized LDL-induced inflammatory activation
and foam cell formation in human and mouse macrophage cell lines by the sponging
of miRNAs, such as miR-342-3p and miR-128, and by the formation of paraspeckles
(Chen et al. 2018; Huang-Fu et al. 2018; Wang et al. 2019b).

5 The Simian lncRNA ANRIL and the Risk Locus
for Atherosclerosis

The chromosome 9p21.3 in humans represents a risk locus for many different
diseases, including atherosclerosis and coronary artery disease (CAD) (Chen et al.
2014). The 58 kb-long CAD risk region includes 59 single nucleotide
polymorphisms and is devoid of protein-coding genes, but encodes the 30 end of
the lncRNA ANRIL. Therefore, changes in one of the various ANRIL transcripts by
the risk haplotype have been linked to atherosclerosis (Lo Sardo et al. 2018). During
rodent evolution, ANRIL was gradually lost and is absent in mouse and rat (He et al.
2013). However, mice have a syntenic region on chromosome 4 ortholog to the
9p21.3 locus, which encodes a lncRNA that is different from ANRIL (Visel et al.
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2010). Knockout of the murine 9p21.3 ortholog in Apoe�/� mice increases athero-
sclerosis and lesion calcification but not lesion vulnerability (Kojima et al. 2020).
Remarkably, the histological changes in mice were matched with those determined
in human lesions from patients carrying the 9p21 risk allele, indicating that it
promotes atherosclerosis by lesion calcification independent of ANRIL (Kojima
et al. 2020).

6 Conclusions and Therapeutic Perspectives

The world of regulatory RNAs in atherosclerosis has expanded considerably by the
combined effects of miRNAs and lncRNAs. Especially the small number of
conserved lncRNAs plays an essential role in regulating miRNA activities in
atherosclerosis. However, more details about the mechanisms of miRNA sponging
and the mutual regulation of miRNAs and lncRNAs are needed. Besides, the fact
that the great majority of lncRNAs is species-specific raises the possibility that the
often-claimed lack of transferability of mouse data into humans is, at least partly,
related to lncRNAs. Whether the conservation of lncRNAs goes beyond pure
sequence similarities and could be related to structural conservation or conservation
of the genomic locus is unclear. Besides, we think it is also essential to reconsider
the conservation of miRNA functions against this background because it might not
always be possible to predict that a miRNA in mice and humans only from the
sequence conservation of its binding site.

Beyond the species-specific differences of regulatory RNA functions, the chronic
course of atherosclerosis passing through various, considerably different stages,
which may all be present in one patient simultaneously, is a significant obstacle
for any kind of drug therapy of this disease. Therefore, it is essential to identify the
stage(s) of atherosclerosis that is/are most suitable for therapeutic interventions and
ideally develop a transient treatment with long-term beneficial effects avoiding
continuous drug application. According to the regulatory RNA functions described
in this article, miRNAs tightly control two critical processes in the pathogenesis of
atherosclerosis, which can be targeted by miRNA-based therapies: endothelial
dysadaptation and necrotic core formation. In a preventive approach, miRNA-
based drugs could reprogram dysadapted ECs to develop an arterial endothelial
phenotype without the correct hemodynamic stimulus. By contrast, limiting necrotic
core formation and plaque rupture by miRNA-based drugs would make it necessary
to define and identify lesions where cell apoptosis begins to exceed the lesional
efferocytosis capacity. Although different strategies of miRNA-based therapies are
currently tested (Roberts et al. 2020; Herrera et al. 2018), it remains unclear how
promising the application of drugs comprising miRNA duplexes and
oligonucleotide-based competitive miRNA inhibitors is. One miRNA, such as
miR-155, may have opposing effects in different atherosclerosis stages through
distinct targets. Thus, tailored miRNA inhibitors, such as target site blockers,
which specifically block the interaction of a miRNA with only one of its targets,
maybe an alternative approach to reduce unwanted effects. Moreover, more specific
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targeting of individual miRNA interactions may enhance efficacy and require lower
doses of therapeutic oligonucleotides, thus improving safety.
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