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ABSTRACT

The advent of deep sequencing technologies recently unraveled the complexity of the human genome: Although
almost entirely transcribed, only a very minor part of our genome actually accounts for protein coding exons and
most is considered non-coding. Among the non-coding transcripts, long non-coding RNAs (IncRNAs) constitute a
rather heterogeneous group of linear as well as circular RNAs (circRNAs). LncRNAs act via multiple mechanisms
and several IncRNAs were shown to be involved in vascular development, growth and remodeling. For example,
the IncRNAs PUNISHER, MALAT1, MEG3, and GATAG6-AS regulate vessel formation in vivo, whereas lincRNA-
p21 controls smooth muscle cell function and neointima formation. For several other IncRNAs (e.g. SENCR,
SMILR, and HypERInc) functional roles in smooth muscle cells/pericytes have been described in vitro. Less
information is available with respect to the function of circRNAs. Here most studies report on expression profiles
but some circRNAs (e.g. cANRIL or ¢ZNF292) may also play critical roles in smooth muscle or endothelial cells in
vitro. This review summarizes the current knowledge of IncRNA and circRNA functions in vascular biology and
disease and discusses their potential use as biomarkers.

1. Introduction

In the early days of molecular biology it was recognized that
genome sizes of different organisms and their presumed number of
genes, reflected by species complexity, do not necessarily correlate, an
observation described as c-value paradox [1]. Consequentially, it was
deduced that genomes harbor huge amounts of so-called “junk DNA”, a
term implying total non-functionality. However, this assumption was
challenged by early RNA-DNA hybridization reactions, which revealed
that so-called heterogeneous nuclear RNAs cover a larger genomic
portion than messenger RNAs (mRNA) [2]. This obvious imbalance was
to some extent solved by the stepwise discovery of intronic sequences
and distinct functional non-coding RNAs (ncRNAs). An anticipated
milestone in this regard, the completion of the human genome project,
still held a big surprise: Although the number of human genes has been
constantly corrected downwards, the first draft of the human genome in
2001 still estimated 30,000 to 40,000 genes to be protein-coding. This
count, however, was subsequently reduced to only ~20,000 protein-
coding genes [3], lagging far behind initial estimates. To put this an-
other way: Only about 2% of the human genome is actually transcribed
into mRNA [4,5]; a number surprisingly small. However, with the de-
velopment of high-throughput sequencing technologies it became evi-
dent that the vast majority of the human genome is actively transcribed

[6]. These observations unveiled that our transcriptome is pre-
dominantly non-coding, and at the same time brought up the question
for the biological implications of the tens of thousands of newly iden-
tified ncRNAs, initiating a new era in RNA biology. The steadily
growing importance of this research field is also reflected by our view
on the RNA landscape. Whereas for a long time the main RNA parti-
cipants in gene expression, mRNAs, ribosomal RNAs (rRNAs) and
transfer RNAs were at the center of RNA research, this role was gra-
dually taken over by novel classes of functional RNAs (Fig. 1). This
process was initiated by the identification of small nuclear RNAs as
central building blocks of the spliceosome and heavily attracted at-
tention with the discovery of gene regulatory microRNAs (miRNAs) in
2001 [7]. Today, this spectrum is complemented by IncRNAs and de-
rivatives, as well as by circRNAs. Importantly, our current knowledge of
linear and circular IncRNAs is primarily descriptive, based on massive
data generation by RNA deep sequencing and complicated by the
analysis of distinct disease states, cell lines, tissues and the observation
that some putative ncRNAs can encode micropeptides [8,9]. Never-
theless, first studies have begun to decipher the molecular functions of
IncRNAs and circRNAs (Fig. 2). This review aims to summarize the
current scientific knowledge of these transcripts in vascular biology
(Table 1).
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Fig. 1. Number of PubMed-listed publications from 1980/1990 to 2015, using messenger RNA (blue) or noncoding RNA (orange) and noncoding RNA and cancer
(green), or noncoding RNA and vascular (grey) as keywords. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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2. Long non-coding RNAs

LncRNAs comprise a very heterogeneous group of non-protein-
coding RNAs, lacking a clear classification and nomenclature. However,
in order to distinguish them from small ncRNAs, a commonly accepted
feature is a length > 200 nucleotides. Frequently, IncRNAs share sev-
eral aspects with protein-coding mRNAs. In this regard, the majority of
them seem to be 5’ capped, spliced, and 3’ polyadenylated, but inter-
estingly, some of the most abundant IncRNAs seem to lack processing or
are processed in non-canonical ways [10]. Based on their origin of
transcription, with respect to their neighboring genes and genomic
elements, IncRNAs can be sub-categorized into sense, natural antisense,
intronic, intergenic, bidirectional promoter IncRNAs, and enhancer
IncRNAs [11,12] (Fig. 3). Different studies have shown that IncRNAs
display spatiotemporal expression patterns [13,14] and their aberrant
expression and dysfunction is linked to several pathologies [15,16]. The
molecular functions of IncRNAs are very diverse; the primary sequence
of IncRNAs is only poorly conserved, however, some transcripts show
positional conservation [17] and functionality is often maintained by a
higher degree of structural conservation [18,19]. Of note, the molecular
mechanisms of IncRNAs are closely linked to their cellular function.
Many chromatin states modifying IncRNAs act in cis and recruit chro-
matin modifying enzymes to their site of transcription, thus regulating
the expression of neighboring genes. In contrast, trans-regulatory
IncRNAs recruit their binding partners to distal chromosomal sites. As a
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Fig. 2. Molecular functions of long noncoding RNAs
(IncRNAs) and circular RNAs (circRNAs). Left:
IncRNAs and circRNAs can compete with other RNA
species for the interaction with RNA binding pro-
teins (RBPs) or miRNA-loaded RISC complexes
(AGO), thereby interfering with normal protein
targeting. Right: IncRNAs and circRNAs can act as
scaffolds or guides, enabling various interactions
between proteins and nucleic acids. Bottom: Under
pathological conditions, changed IncRNA and
circRNA expression levels (e.g. reduced levels as
shown) can have a negative impact on the above
mentioned functions.
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third possibility, IncRNAs can be tethered to their site of transcription,
however, act on distal genomic sites, based on the three-dimensionality
of the chromatin [20]. Besides their well-known role in epigenetic gene
regulation, other nuclear IncRNAs were described to influence gene
expression by acting as guides, scaffolds, or decoys for transcription
factors, whereas a different subset focuses on the regulation of pre-
mRNA splicing via association with RNA binding proteins. In contrast to
nuclear IncRNAs, cytoplasmic IncRNAs were shown to post-tran-
scriptionally regulate gene expression by acting as an endogenous
sponge for miRNAs, thereby fine tuning the availability of these small
ncRNAs at their site of action, or through modulating translation and
mRNA stability [21,22].

2.1. LncRNAs in endothelial cells

Increasing evidence suggests that IncRNAs play crucial roles during
vascular development and angiogenesis, two processes relying on
carefully regulated gene expression. However, our insight into the
contribution of IncRNAs is still at early stages. The first IncRNA, which
was found to play a regulatory role in vascular development, is tie-1AS
[23]. This IncRNA was identified in zebrafish and is expressed tempo-
rally and spatially with its native target, the tie-1 coding transcript,
which plays a critical role in angiogenesis and blood vessel stability.
Mechanistically, tie-1AS regulates tie-1 expression levels by binding to
the 3’ region of the tie-1 mRNA [23].
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Table 1

Selected IncRNAs with proposed in vivo functions.

Reference

Mechanism of action

Subcellular

Model

Function

localization

LncRNA
ANRIL

[54,60]

Induces cell adhesion/proliferation and suppresses apoptosis. Regulates gene

Nuclear

Human

Possesses atherogenic functions and harbors atherosclerosis-associated

SNPs

expression through recruiting polycomb repressive complexes 1 and 2 via Alu-repeats
Interacts with LOXL2 to modulate H3K4me3 levels at promoters of angiogenesis-

associated genes

[45]

Nuclear

In vivo and xenograft

model
Human

Hypoxia-induced IncRNA that controls angiogenic functions of

GATAG6-AS

endothelial cells as well as endothelial-to-mesenchymal transition

Re-expressed in atherosclerotic plaques to recapitulate earlier

developmental stages

[61,66]

Sponges members of the let-7 microRNA family to regulate endothelial and smooth

muscle cell functions

Nuclear, cytoplasmic

H19

[68]

Enhances p53 transcriptional activity via binding to E3 ubiquitin-protein ligase

Nuclear

Regulates vascular smooth muscle cell proliferation and apoptosis Mice

lincRNA-p21
MALAT1

[27,30]

Regulates endothelial proliferation and apoptosis under stress or pro-inflammatory

Nuclear
conditions

Mice

Controls hind limb ischemia-induced angiogenesis and vascularization of

the neonatal retina

[36,37]

Sponges endogenous miR-150-5p to regulate VEGF expression

Nuclear

Rat

Induced in diabetic retinas and under high-glucose stressed cells.

Modulates angiogenic functions of endothelial cells

MIAT

[38,50]

Regulates angiogenesis probably through modulating VEGF expression.

Not determined

Mice, human

Attenuates angiogenesis during aging and impairs perfusion following

hind limb ischemia.

MEG3

Pro-proliferative and pro-migratory function in smooth muscle cells is presumably

accomplished through p53 pathway regulation

MEG3 downregulation was observed in patients with pulmonary arterial

hypertension

[24]

Regulates histone H3 phosphorylation and acetyl-low-density lipoprotein uptake

Nuclear

Zebrafish, mice

Involved in endothelial cell function as well as vascular and cardiac

development

PUNISHER

[23]

Targets the 3’-UTR of tie-1 to regulate its expression

Cytoplasmic

Zebrafish, mice

Regulates endothelial cell junctions and vascular integrity

Tie-1 AS

circRNA

[112]

Impairs rRNA maturation by interaction with the pre-ribosomal factor PES1 leading to

an increase in nucleolar stress and p53 stabilization.

Not determined

Human

Regulates apoptosis and cell proliferation in vitro. Associated with
atheroprotective functions.

circANRIL
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The effect of IncRNAs on endothelial differentiation and vascular
development was further investigated by Kurian and co-workers. Their
study investigated the role of differentially regulated IncRNAs during
endothelial differentiation of human stem cells, leading to the identi-
fication of three novel IncRNAs which are regulated during the process
of endothelial commitment [24]. A stage specific analysis revealed that
these uncharacterized IncRNAs, named TERMINATOR, ALIEN, and
PUNISHER, were specifically expressed in undifferentiated pluripotent
stem cells, cardiovascular progenitors, and differentiated endothelial
cells, respectively. The characterization of these IncRNAs confirmed a
specific function of each transcript for a developmental stage [24]. In
this context, PUNISHER was explicitly expressed in terminally differ-
entiated endothelial cells and its expression positively correlated with
transcripts participating in vascular development, and inversely with
cell cycle, DNA damage response genes, and chromatin modifiers. In-
terestingly, silencing of PUNISHER in vivo resulted in severe vascular
defects and compromised endothelial cell function [24]. SENCR is an-
other IncRNA that was reported to be regulated upon differentiation of
pluripotent cells to the endothelial lineage [25]. Although initially
described to primarily function as a smooth muscle IncRNA (see Section
2.2.), SENCR also affects endothelial cell differentiation and function
[25]. Forced expression of SENCR drove mesodermal and endothelial
commitment by inhibiting the expression of pluripotency markers as
well as ectodermal and endodermal genes. In addition, loss and gain-of-
function assays suggested that SENCR acts as a pro-angiogenic and pro-
migratory IncRNA, which regulates the expression of genes involved in
both angiogenesis and migration of endothelial cells [25].

The IncRNA MALAT1 was first identified as highly abundant lung
cancer metastasis biomarker and its aberrant expression was found to
be associated with several cancers [26]. Its distinct role in endothelial
biology was later on defined by Michalik et al. [27]: In endothelial cells,
MALAT1 expression was induced by hypoxia, and siRNA-mediated si-
lencing of MALAT1 reduced functional sprouting angiogenesis and
endothelial cell proliferation. Transcriptome profiling upon MALAT1
depletion demonstrated that S-phase cyclins (CCNA2, CCNB1, and
CCNB2), as well as cell cycle inhibitors were among the significantly
regulated genes. Whereas mechanistic studies showed that MALAT1
controls epigenetic mechanisms and RNA splicing in cancer cells [28]
[29], the precise molecular targets in endothelial cells are still unclear.
In vivo, Malatl —/— mice showed a significant reduction in vascular-
ization of the neonatal retina caused by impaired endothelial cell pro-
liferation. Furthermore, Malatl targeting using LNA GapmeRs in vivo
impaired hind limb ischemia-induced angiogenesis [27]. The pro-pro-
liferative and pro-angiogenic function of MALATI was supported by
additional studies showing that silencing of Malatl may ameliorate
diabetic retinopathy [30,31]. Furthermore, high glucose levels were
found to induce Malatl expression and to induce an inflammatory re-
sponse in endothelial cells [31]. In 2017, Zhang et al. extended the
functional spectrum of Malatl by analyzing its role in cerebrovascular
pathogenesis of ischemic stroke [32]. Malatl was regulated by oxygen
and glucose deprivation-induced cell death and was identified to play
anti-apoptotic and anti-inflammatory roles in vitro and in vivo, most
likely by direct interaction with the pro-apoptotic factor Bim and the
pro-inflammatory E-selectin. Of note, it is unclear whether the profound
effects of MALAT1 in the different models are solely due to an effect on
vascular cells. MALAT1 is highly expressed in hematopoietic cells and
the regulation of inflammation may well contribute to some of the ef-
fects described above. For example, knockdown of MALAT1 increased
LPS-induced expression of inflammatory cytokines in macrophages
[33]. Interestingly, the functions of MALAT1 on the immune system
may be mediated via the tRNA-like processed mascRNA, which is part
of the primary RNA transcript of MALAT1 [34]. Moreover, immune
regulatory functions of MALAT1 were particularly observed under
stress conditions [34]. This is consistent with the findings that Malat1-
deficiency does not affect vascular homeostasis (Malatl deficient mice
have no vascular dysfunction under baseline [27]) and suggests that
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this IncRNA may have a critical role in adaptation under stress or pro-
inflammatory conditions.

MIAT (also known as RNCR2, AK028326, or GOMAFU) was first de-
scribed to harbor a single nucleotide polymorphism (SNP) (rs2301523)
that is significantly enriched in myocardial infarction patients [35]. Yan
and co-authors investigated the role of this well-conserved IncRNA in
diabetes mellitus-induced microvascular dysfunction [36]. In their study,
they demonstrated that the nuclear IncRNA MIAT is expressed in several
retinal layers in humans and rats. Moreover, MIAT expression was upre-
gulated in diabetic retinas and endothelial cells exposed to high glucose
stress [36]. Depletion of MIAT enhanced visual function and improved
diabetes mellitus-induced vascular leakage in diabetic rats. MIAT also
demonstrated a pro-angiogenic function in vitro, as siRNA-mediated si-
lencing in endothelial cells significantly decreased the number of mi-
grating cells as well as TNF-a- or VEGF-induced angiogenesis. Using in
silico predictions, Yan et al. postulated that MIAT might be targeted by
several miRNAs, including miR-29 family members and miR-150-5p but
also showed that MIAT may act as sponge for miR-150-5p to regulate
VEGF and thereby angiogenesis [36]. How this complex interplay between
MIAT and the miRNAs is regulated (degradation versus sponging) remains
to be clarified [37].

The IncRNA MEG3 was initially demonstrated to act as a tumor
suppressor and was found to be downregulated in several cancers [26].
Further investigation revealed that MEG3 was significantly upregulated
during aging of endothelial cells. GapmeR-mediated silencing of this
IncRNA induced sprouting angiogenesis in vitro, augmented perfusion
after hind limb ischemia in old mice and, thus, rescued aging impaired
angiogenesis [38]. In addition, Meg3-deficient mice showed augmented
expression of angiogenic genes such as VEGF [39]. However, the Meg3
locus also includes the miRNAs from the 14q32 cluster, which are en-
coded by the same primary transcript, and several members of this
cluster have known angiogenic properties [40]. Thus, it remains to be
determined whether the effects observed in Meg3 —/— mice are indeed
mediated by the IncRNA or might be secondary to the deletion of the
microRNA cluster. Interestingly, Meg3 inhibition also affected fibro-
blast function in vitro and prevented cardiac fibrosis as well as diastolic
dysfunction in vivo [41]. It would be of interest to determine to what
extent the endothelial protective and neovascularization inducing ef-
fects of MEG3 inhibition might have contributed to these therapeutic
benefits.

Leisengang and co-authors identified an intronic IncRNA named
MANTIS, which is transcribed antisense of Annexin A. It was demon-
strated that MANTIS contributes to endothelial cell integrity through
association with the ATP-dependent helicase BRG1, a component of the
chromatin-remodeling complex SWI/SNF, in order to stabilize its in-
teraction with the ATPase function stimulator BAF155. Moreover, this
MANTIS-BRG1 association was found to regulate the expression of
angiogenic genes, such as SOX18, SMAD6, and COUP TFII, in trans by
facilitating chromatin remodeling into a more accessible structure for
RNA polymerase II binding. These results were in line with MANTIS
loss-of-function assays in endothelial cells, where MANTIS depletion
attenuated the angiogenic and migratory capacity of these cells [42].

Preliminary evidence for a regulatory function in the vascular

— m e

Bidirectional promoter INcRNA
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Fig. 3. Schematic representation of the various
types of IncRNAs. LncRNAs are categorized de-
pending on the genomic loci where they are tran-
scribed from with respect to coding genes and other
genomic elements. Exonic and intronic sequences of
protein-coding genes are represented by blue and
red boxes, and enhancer sequences and promoter
sequences by dark green and grey boxes, respec-
tively. IncRNAs are shown in light green and tran-
scription start sites are indicated by arrows. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

Intronic IncRNA

system was also provided for the IncRNAs HOTTIP [43] and LINC00341
[44]. HOTTIP levels were found to be elevated in coronary artery dis-
ease (CAD) samples and ectopic expression of HOTTIP increased en-
dothelial cell proliferation and migration. Albeit the underlying me-
chanism is not clarified, activation of the Wnt/[3-catenin pathway might
play a role [43]. For LINC00341, expression levels were found to be
elevated under atheroprotective flow and overexpression of this
IncRNA in endothelial cells resulted in an anti-inflammatory response,
which the authors ascribe to LINC00341-mediated recruitment of the
repressive PRC2 complex to the VCAM1 promoter [44].

Finally, a recent study by Neumann et al. defined the role of the long
non-coding antisense transcript of GATA6 (GATA6-AS) in endothelial
biology [45].This nuclear IncRNA was found to be hypoxia-induced and
a functional characterization in vitro revealed its implication in the
cardio-vascular disease-associated process of endothelial-to-mesench-
ymal transition, and to a lesser extent, in endothelial cell sprouting and
migration. GATA6-AS silencing further promoted vessel formation in a
human endothelial cell based xenograft model in vivo. Mechanistically,
the authors identified the histone H3 lysine 4 deaminase LOXL2 as a
GATAG6-AS-associated protein and uncovered a set of angiogenesis-re-
lated genes that are inversely regulated by LOXL2 and GATA6-AS si-
lencing. In particular, GATA6-AS silencing reduced H3K4me3 marks at
the promoters of periostin and cyclooxygenase-2, leading to the con-
clusion that GATA6-AS acts as negative regulator of nuclear LOXL2
function.

A role of a IncRNA as microRNA host gene was discovered by Leung
et al. who analyzed angiotensin II-regulated genes in rat vascular
smooth muscle cells [46]. By combining RNA sequencing and ChIP
sequencing analysis, the authors identified several IncRNAs to be
regulated, among them Lnc-Ang362, which was found to be induced by
angiotensin II. Interestingly, Lnc-Ang362 was identified as host tran-
script for two microRNAs, miR-221 and miR-222, and interference with
Lnc-Ang362 expression was accompanied by a reduced expression of
both microRNAs as well as by reduced cell proliferation.

2.2. LncRNAs in smooth muscle cells

SENCR was among the first IncRNAs identified to be enriched in
smooth muscle cells and was found to inhibit migration and expression
of contractile genes (e.g Myocardin) [47]. Cytoplasm-enriched SENCR
failed to exhibit cis-regulatory function and did not regulate the ex-
pression of its antisense coding transcript FLI1 in endothelial and
smooth muscle cells. The smooth muscle enriched IncRNA SMILR is
another regulator of smooth muscle cell function that drives smooth
muscle cell proliferation [48]. Of note, the expression of SMILR and
genes proximal to SMILR was also altered by interleukin-1a/platelet-
derived growth factor treatment. The authors further suggest that
SMILR controls the expression of nearby coding genes such as HAS2,
which encodes an enzyme that synthesizes hyaluronic acid, which ty-
pically accumulates in atherosclerotic lesions.

In line with its biological function in endothelial cells, MALAT1 was
also shown to promote smooth muscle cell proliferation and migration
by regulating cell cycle genes [49]. Of note, Brock et al. provided
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evidence that hypoxia is also up-regulating MALAT1 expression in
smooth muscle cells in a HIF1a dependent manner [49].

Recently, the role of MEG3 in patients with pulmonary arterial
hypertension was examined which revealed significantly reduced
MEG3 expression levels in patients compared to healthy controls [50].
In vitro, exposure of pulmonary artery smooth muscle cells to hypoxic
conditions mimicked the observed downregulation of MEG3. Moreover,
siRNA-mediated silencing of MEG3 promoted cell proliferation and
migration along with an increased expression of cell cycle regulating
proteins, effects the authors finally linked back to MEG3 regulating the
p53 pathway in pulmonary artery smooth muscle cells [50].

A recent study by Bischoff et al. addressed the role of the IncRNA
HypERInc in pericytes as well as its regulation in human heart failure
and idiopathic pulmonary arterial hypertension [51]. HypERInc was
identified to be hypoxia-induced in human primary pericytes and si-
lencing of HypERInc strongly reduced cell viability and proliferation
along with pericyte dedifferentiation, increased endothelial perme-
ability and reduced endothelial-pericyte recruitment in vitro. In turn,
forced expression of HypERInc was accompanied with the upregulation
of pericyte marker genes. By using transcription factor arrays, the au-
thors showed an activation of endoplasmic reticulum stress-related
transcription factors upon HypERInc knockdown and reported a coin-
ciding upregulation of the endoplasmic reticulum stress markers IREla,
ATF6, and soluble BiP. Gene ontology analysis of HypERInc-regulated
genes suggested a role of this IncRNA in cardiovascular disease states, a
notion which was supported by significantly reduced HypERInc levels
in human cardiac tissue from patients with heart failure and a sig-
nificant correlation of HypERInc expression with pericyte markers in
lungs from patients diagnosed with idiopathic pulmonary arterial hy-
pertension.

2.3. LncRNAs in atherosclerosis

Although several IncRNAs have been demonstrated to control en-
dothelial or smooth muscle cell functions, little is known with respect to the
in vivo roles of most IncRNAs and particularly regarding their role in
atherosclerosis. Atherosclerosis is one of the most prevalent chronic vascular
diseases, which develops predominantly at branch points or curvatures of
large arteries, where the flow is disturbed. Atherosclerosis is initiated by
endothelial activation and dysfunction, followed by inflammatory response
and subsequent accumulation of malfunctioning smooth muscle cell, ex-
tracellular lipid disposition, and fibrous tissue formation [52]. First insights
suggesting that IncRNAs may be important regulators of atherosclerosis
came from GWAS studies, showing a strong association of SNPs in non-
coding genes with atherosclerosis. The antisense ncRNA in the INK4 locus,
ANRIL, represents an example of a IncRNA gene harboring a hotspot of
atherosclerosis-associated SNPs [53]. These mutations were found to dis-
rupt ANRIL expression [54,55], splicing [56], as well as its molecular
function. ANRIL is transcribed antisense to the cyclin-dependent kinase
inhibitors CDKN2A/B. Initial studies focused on the cis-regulatory function
of ANRIL [57] and its association with cancer [58]. However, in 2010 Holdt
et al. assessed the correlation between ANRIL expression and atherosclerosis
in a cohort of patients with CAD. Four SNPs (rs10757274, rs2383206,
rs2383207, and rs10757278) in the Chr9p21 locus were found to correlate
with several atherosclerosis phenotypes. Moreover, two annotated isoforms
of ANRIL, EU741058 and NR_003529 were found to be upregulated in
atherosclerotic plaques [54]. In a later work, Holdt et al. investigated the
mechanism by which a subset of ANRIL isoforms carries out their athero-
genic function. Overexpression of the ANRIL isoforms 1-4 modulated gene
expression in trans and subsequently induced cell adhesion and proliferation
but reduced apoptosis. These dysregulated cellular functions represent
hallmarks of atherogenesis. In line with the reports on its cis-regulatory role
[59], it was demonstrated that ANRIL regulates gene expression epigen-
etically through recruiting repressive components of the polycomb com-
plexes 1 and 2 to ANRIL-target gene promoters via Alu-repeats [60].

Besides ANRIL, the IncRNA H19 was identified to be associated with
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atherosclerosis [61,62]. This developmentally regulated IncRNA be-
longs to an imprinted gene cluster, which was initially identified to play
an important role in development and growth control [63] as well as in
tumor biology [64,65]. Already in 1996, a first study suggested that
H19 is re-expressed in human atherosclerotic plaques [61]. It was de-
monstrated that H19 is regulated via the insulin growth factor family
and recapitulates earlier developmental states. Mechanistically, H19
harbors canonical and non-canonical binding sites for the let-7 mi-
croRNA family and therefore is considered to act as molecular mi-
croRNA sponge [66]. Let-7 family members are well-known to regulate
endothelial and smooth muscle cell functions [67]. Therefore, one may
speculate that sponging of let-7 family members may mediate the bio-
logical function of H19. However, the impact of this sponging function
on vascular biology is still not well understood and it needs to be taken
into consideration, how the lowly expressed IncRNA H19 can interfere
with the numerous members of the let-7 family, which are all highly
expressed in vascular cells.

One of the few IncRNAs with documented in vivo effects is lincRNA-
p21 [68]. The expression of lincRNA-p21 was downregulated in murine
atherosclerotic plaques and in patients with CAD and silencing of
lincRNA-p21 was shown to increase cell proliferation and to inhibit
apoptosis in vascular smooth muscle cells and macrophages in vitro
[68]. Moreover, inhibition of lincRNA-p21 in vivo resulted in neointimal
hyperplasia in a carotid artery injury model. Mechanistically, lincRNA-
p21 enhanced p53 transcriptional activity, at least in part, via binding
to the E3 ubiquitin-protein ligase MDM2.

Oxidized low-density lipoprotein cholesterol (oxLDL) is known to
promote atherosclerosis in multiple ways. In order to analyze the in-
volvement of IncRNAs in the pathogenesis of atherosclerosis, two stu-
dies evaluated the expression of mRNAs and IncRNAs in smooth muscle
and endothelial cells upon stimulation with oxLDL [69,70]. Singh et al.
identified CLDN10-AS1, which is found in antisense orientation to
CLDN10, and CTC-45916.1, which shares a small overlap with
RASGRF2, as top-regulated transcripts [69]. Even though this study
does not deal with the functional roles of the identified IncRNAs, it
provides a comprehensive summary of potential candidate genes in-
volved in atherogenesis. In the second study by Shan et al., oxLDL was
shown to induce the IncRNA RNCR3 in endothelial and smooth muscle
cells [70]. RNCR3 expression was also increased in atherosclerotic le-
sions and silencing of RNCR3 inhibited endothelial cell proliferation
next to regulating smooth muscle cell migration and proliferation in
vitro. Shan et al. claim that RNCR3 may act as sponge for miR-185-5p
[70]. TGFB2 overlapping transcript 1 (TGFB2-OT1) is another oxLDL-
induced IncRNA, which regulates vascular inflammation and autophagy
[71]. Although the study does not address the role in atherosclerosis, in
vitro studies suggest that TGFB2-OT1 may act as microRNA sponge to
control autophagy in endothelial cells.

2.4. LncRNAs as biomarkers

Finally, it has also been investigated whether IncRNAs detected in
plasma samples or whole blood in humans might be useful as disease
biomarkers. First studies suggest that extracellular circulating IncRNAs
are dysregulated in patients with cardiovascular diseases. For example,
H19 was shown to be increased in plasma or serum samples of humans
with atherosclerotic disease [62,72]. Also LIPCAR, a IncRNA previously
reported to correlate with mortality in patients with heart failure [73],
was significantly increased in patients with CAD [72]. The smooth
muscle regulatory IncRNA SMILR was also highly expressed in unstable
atherosclerotic plaques and was augmented in plasma from patients
with high levels of plasma C-reactive protein [48].

3. Circular RNAs

Circular RNAs are referred to as a novel type of non-coding RNA,
which differ from linear RNAs as they are covalently closed, do not



N. Jaé et al.

possess strand polarities and are generated in a process termed back-
splicing in which a downstream sequence is spliced to an upstream one
[74]. Given that back-splicing is less favorable compared to linear
splicing [75], most circRNAs are expressed at low rates, although nu-
merous exceptions have been identified [74]. Initially, RNA circles were
discovered in plant viroids [76] and the hepatitis delta virus [77]. In
eukaryotes, first evidence of a circular transcript has been shown by
electron microscopy as early as 1979 [78] and various individual cir-
cRNAs have been identified in the 1990s [79-86]. However, given the
rather low expression rates of circRNAs, their existence was mostly
attributed to mis-splicing events and they were therefore regarded as
non-functional [87]. However, in 2010 Burd et al. reported multiple
circRNAs generated from the IncRNA ANRIL gene locus and associated
them with an atherosclerotic vascular disease genotype [56]. In a first
RNA-sequencing data-based study in 2012, Salzmann et al. showed that
exon scrambling occurs for hundreds of human genes, and that tran-
scripts with such are most likely to be circular RNAs [74]. Subse-
quently, using improved computational approaches, Memzack and
Salzmann showed that circRNAs are expressed cell-type-specific in
humans and other animals [88,89]. Memzack et al. further presented
evidence for the circRNA CDRlas (also known as ciRS-7) to act as an
efficient miR-7 sponge, thereby influencing gene levels post-tran-
scriptionally [88]. Today, we know that circRNA expression occurs
among a variety of species such as rats [90-92], mice [89,90,93], flies
[89,94,95] and nematodes [88,96], and circRNAs are regulated during
development, aging [97,98] and in disease [99]. Although thousands of
circRNAs have meanwhile been identified, the overlap between the
identified circRNAs of different studies is relatively small. In this re-
gard, Hansen et al. reported that the overlap of commonly identified
circRNAs between five circRNA identification tools only attributes to
16.8% [100]. In principal, the identification of a circRNA is tied to a
sequencing read covering the back-spliced exons. During circRNA bio-
genesis, a downstream splice donor is reversely joined with an up-
stream splice acceptor, which is referred to as back-splicing and thus
generates a covalently closed RNA circle and the back-splice site se-
quence [74,89] (Fig. 4). There is strong evidence that back-splicing is
carried out by the canonical spliceosomal machinery [101] and cir-
cRNA biogenesis therefore frequently competes with linear splicing
[102]. Given that for most transcripts splicing occurs co-tran-
scriptionally, the rate of circRNA formation depends on either un-
favorable linear splicing [74,102,103] or is tied to exon-skipping events

Linear splicing
/—> 5
Exon 0/\ Exon f/\‘iExoni

5 /}’—;\i’—\j /L._/ 3’
S i pre-mRNA

3
Linear mRNA

N ——

Back-splicing

O

circRNA

Fig. 4. Schematic comparison of linear and circular splicing reactions. Top: For
linear splicing, an upstream splice donor site is joined with a downstream splice
acceptor site in a sequential order. Bottom: Incontrast, circularization is
achieved by linking a downstream splice donor site to an upstream splice ac-
ceptor site. Generated circRNAs may consist of exons only or retain intronic
sequences. Exons are depicted in yellow or blue and intronic sequences in black.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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and lariat formation [74,89,103]. This may be partly achieved as in-
trons adjacent to the back-spliced exons are longer and less often take
part in alternative splicing [74,103]. Furthermore, evidence has accu-
mulated that circularization is strongly enhanced when the respective
splice junctions are in close proximity to each other, which can be in-
fluenced by both, cis-elements [95,96,103-105] and trans-acting pro-
tein factors [95,102,106]. cis-Elements mainly refer to reverse com-
plementary sequences in the neighboring introns such as Alu repeats in
humans [103,105] or inverted repeats in mice and flies [95,104,1071],
which lead to the formation of hairpin-like structures. Ivanov et al.
further showed that the RNA editing factor ADAR edits Alu repeats and
thereby influences circRNA splicing by either disrupting or enhancing
hairpin formation [96]. Aside from nucleic acid interactions, proteins
have been shown to influence circRNA splicing as well. Conn et al.
showed that the RNA-binding protein Quaking (QKI) enhances circu-
larization by binding to the flanking regions of circRNAs during epi-
thelial-to-mesenchymal transition [106]. Moreover, the splicing factor
muscleblind (MBL) strongly regulates circRNA formation from its own
gene in humans and flies [102]. The group of Wilusz further reported
that multiple SR and hnRNP proteins support circRNA production in
flies [95]. These studies indicate that circRNA formation is a highly
regulated and dynamic process, arguing towards a biological function.
Ever since the first RNA-sequencing studies on circRNAs, the func-
tionality of circRNAs has been extensively discussed. Given their lack of
strand ends, circRNAs are not targeted by exonuclease-mediated decay
and therefore are more stable than most linear RNAs, which may partly
compensate for the low expression levels of circRNAs. To date, the
miRNA-sponge function is the best-studied mechanism by which cir-
cRNAs influence cellular homeostasis [88,108]. The most prominent
example is the circRNA ciRS-7 which harbors > 63 conserved miR-7
target sites and has been reported to regulate miR-7 and its downstream
targets in a wide range of cell types [108-110]. However, based on
bioinformatics analyses Guo et al. proposed that only a minority of
circRNAs contain multiple miRNA target sites, arguing against a general
function of circRNAs as competing endogenous RNAs [93]. Similar re-
sults were obtained when bioinformatically assessing microRNA
binding sites in endothelial circRNAs [111]. Other studies explored the
possibility of circRNAs interacting with proteins and showed evidence
that circRNAs can act as sponge or scaffold for RNA binding proteins
[102,112-114]. Although circRNAs mainly localize to the cytoplasm, a
nuclear subset mainly consisting of circRNAs including intronic se-
quences has been reported to influence the transcription and splicing of
their respective host genes [115]. Recently, cap-independent transla-
tion was observed to occur from circRNAs, although the generated
peptides are yet to be associated with distinct functions [116,117].

3.1. CircRNAs in endothelial cells

Although we are just beginning to unravel the molecular mechan-
isms of circRNAs, several studies have addressed the expression and
regulation of circRNAs in the circulatory system. In regard to the vas-
culature, Boeckel et al. identified > 7000 circRNAs in human umbilical
vein endothelial cells (HUVECs), and showed that circRNA levels are
altered under hypoxic conditions. Furthermore, they provide evidence
that the hypoxia regulated circRNA cZNF292 influences angiogenesis
and cell proliferation in endothelial cells by circRNA silencing experi-
ments [111]. This work is supported by Dang et al. who provide a
microarray-based analysis of hypoxia regulated circRNAs in HUVECs
[118]. In preliminary data, the authors identified the circRNA hsa_-
circ_0010729 as putative regulator of endothelial cell proliferation and
apoptosis based on loss-of-function experiments. They further link these
results to an interaction network between hsa_circ_ 0010729, miR-186
and HIF-1a. Similar results are provided by Zheng and colleagues who
reported the hypoxic regulation of the circRNA hsa_circ_000595 in
human aortic smooth muscle cells and a putative interaction between
this circRNA and miR-19 thereby regulating apoptosis [119].



N. Jaé et al.

3.2. CircRNA in atherosclerosis

Circular transcripts of the IncRNA gene locus ANRIL (circANRIL)
have been among the first identified circRNAs [56]. Interestingly, this
locus was previously already associated with atherosclerotic disease,
based on GWAS studies [120]. Burd et al.could correlate the expression
of the circular ANRIL transcripts with these SNPs [56]. Interestingly,
Holdt and colleagues further confirmed that linear ANRIL is positively
correlated with increasing atherosclerotic burden, but showed that
circANRIL has the opposite effect and high circANRIL levels were as-
sociated with atheroprotection [112]. Overexpression and silencing
experiments in HEK cells revealed that circANRIL controls apoptosis
and cell proliferation in vitro. Mechanistically, circANRIL was demon-
strated to interact with the pre-ribosomal assembly factor PES1 thereby
interfering with rRNA maturation. CircANRIL-mediated impaired rRNA
processing was further linked to induction of nucleolar stress and p53
stabilization thereby affecting cell proliferation and apoptosis. It is
worth mentioning, that a different study by Song et al. assessed the
influence of a circular ANRIL transcript (referred to as cANRIL) in a
high-fat diet and vitamin Ds-dependent atherosclerosis model in rats
[121]. However, the authors state that overexpression of human
cANRIL in rats leads to an increase in coronary endothelial apoptosis
and an increase in inflammatory molecules in rat blood sera, suggesting
an atherosclerosis promoting function instead.

One of the major risk factors in the onset of atherosclerosis is the
increase in overall low density lipoproteins (LDL). Therefore, Li and
colleagues investigated the expression profile of endothelial cells
treated with oxLDL [122]. Microarray results revealed that > 900 cir-
cRNAs were differentially expressed of which hsa_circ_0003575 was the
most strongly upregulated circRNA. The authors further showed that
hsa_circ_0003575 silencing resulted in enhanced cell migration and
angiogenic capacity in HUVECs. Mechanistically, Li et al. predicted
putative miRNA-binding sites within hsa_circ_ 0003575 and suggest that
hsa_circ_0003575 may influence cellular functions by acting as miRNA
sponge.

3.3. CircRNAs as biomarkers

Since circRNAs have moved into the focus of research, a putative
function of circRNAs as biomarker has been extensively discussed
[123]. This is primarily due to the high stability of circRNAs owing to
their resistance towards exonuclease degradation. Especially in the
blood, where the level of RNases is comparably high, circRNAs may be
more reliably measurable. Furthermore, other features such as their
principal abundance [88,89], and their cell-type specific and disease-
dependent regulation underline the capacity of circRNAs as putative
biomarkers. In principal, circRNAs are detectable in human whole
blood [124], plasma [125], saliva [126] and exosomes [127], all of
which are collectable using non-invasive methods. Many circRNAs have
been proposed as biomarkers in cancer [128], however, only few stu-
dies so far addressed circRNAs as putative biomarkers in cardiovascular
diseases. Salgado-Somoza and colleagues analyzed circRNA levels in
patients following acute myocardial infarction. They report a circRNA
referred to as MICRA to be associated with heart failure development in
a cohort of 472 patients. Furthermore, additionally including mea-
surements of MICRA levels in a multivariate analysis with known pre-
dictive markers significantly improved the prediction of heart failure
[129]. Zhao et al. addressed the circRNA expression pattern in per-
ipheral blood of healthy volunteers and such suffering from CAD [130].
Using microarrays, they identified 22 differentially expressed circRNAs.
Among these they identified the circRNA hsa_circ_ 0124644 as putative
diagnostic biomarker of CAD. Their results showed that including
hsa_circ_0124644 into an established set of CAD biomarkers increased
the diagnostic value in an independent cohort of 115 control and 137
CAD patient samples.
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4. Summary and outlook

Evidence is increasing that at least a part of the huge number of non-
coding transcripts and circRNAs affect vascular biology and disease.
However, the field is still in its infancies and most studies are still
preliminary and limited to in vitro studies. Although first genetic knock
out mouse models confirm the functional importance of both IncRNAs
and circRNAs, one has to consider that deleting a IncRNA locus may not
necessarily only affect the expression of a non-coding transcript, which
acts as regulatory RNA, but the transcription of the RNA itself may
establish a permissive chromatin environment [131]. Particularly for
circRNAs only one paper so far demonstrated the in vivo function of the
circRNA cdr1AS [132], but also in this case the entire locus was deleted.
Since the linear mRNA was admittedly little expressed, the authors
suggest that the impaired brain function is likely due to the loss of the
circRNA [132]. The functional validation of IncRNAs is even further
complicated by the poor conservation of the transcripts, which are often
only primate-specific. Thus, the use of conventional mouse models may
not necessarily decipher the full activity and the path to a potential
translation of the findings may require humanized or non-human pri-
mate models.

But before even considering the clinical translation of the studies, it
will also be essential to better understand the diverse mechanisms of
actions of these IncRNAs. Only very few studies so far systematically
addressed the interaction of IncRNAs or circRNAs with proteins, RNA or
DNA and most studies focus on anticipated functions, which are easily
measurable (e.g microRNA sponging, cis-regulatory effects). Overall,
there is ample room to identify so far uncharacterized IncRNAs with
important biological functions and potentially also novel mechanistic
circuits that control vascular homeostasis and disease.
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