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Abstract Present throughout the vasculature, endothelial cells (ECs) are essential for blood vessel function and play a central
role in the pathogenesis of diverse cardiovascular diseases. Understanding the intricate molecular determinants gov-
erning endothelial function and dysfunction is essential to develop novel clinical breakthroughs and improve knowl-
edge. An increasing body of evidence demonstrates that long non-coding RNAs (lncRNAs) are active regulators of
the endothelial transcriptome and function, providing emerging insights into core questions surrounding EC contri-
butions to pathology, and perhaps the emergence of novel therapeutic opportunities. In this review, we discuss this
class of non-coding transcripts and their role in endothelial biology during cardiovascular development, homeosta-
sis, and disease, highlighting challenges during discovery and characterization and how these have been overcome
to date. We further discuss the translational therapeutic implications and the challenges within the field, highlighting
lncRNA that support endothelial phenotypes prevalent in cardiovascular disease.
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1. Introduction

Lining the totality of the vascular system, the endothelium is a continuous
barrier, the surface of which directly interacts with nearly every system
in the body to regulate vascular development, homeostasis and patho-
genesis. The single layer of endothelial cells (ECs) that constitutes this
barrier is in itself uniquely versatile, showing remarkable physiological
and morphological heterogeneity across the vasculature.1 These differ-
ences reflect the variety of functions they perform and the shifts in the
priority of these roles across different anatomical locations in the cardio-
vascular system. For instance, the angiogenic capacity of ECs plays a vital
role during embryological growth, tissue development, and wound heal-
ing in damaged tissues.2 Maintenance of vessel function, and therefore
cardiovascular homeostasis, is highly dependent on the ability of the en-
dothelium to react to external stimuli, mediating not only vasodilation
and constriction but also thrombogenic, immune and inflammatory

responses.3,4 Dysregulated, these mechanisms can lead to, among
others, the unrestrained vessel formation often seen in cancerous
tumours5 and the pathological remodelling of mature vessels associated
with the development of pervasive conditions such as hypertension6 and
atherosclerosis.7 Unsurprisingly, endothelial dysfunction is often an early
pathophysiological feature in most forms of cardiovascular disease
(CVD) and an independent predictor of future cardiovascular out-
comes.8,9 Understanding the finer molecular determinants governing en-
dothelial function and dysfunction is therefore essential when addressing
vascular disease.

Apparent during both health and disease, the unique versatility of ECs
indicates complex control of the underlying transcriptional programmes
and this is becoming more apparent with advances in our understanding
of the human transcriptome. This is particularly true with the emergence
of non-coding RNAs (ncRNA) as regulators of gene expression both at
the transcriptional and post-transcriptional level. With only an estimated
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1–2% of the human genome encoding for proteins,10 there have been in-
creased efforts in recent years to uncover novel regulatory mechanisms
within the uncharacterized portion of the transcriptome. While the ex-
tent of their function is still debated11 ncRNA transcripts are believed to
comprise approximately 70–90% of our genome and encompass
thousands of operationally significant RNAs associated with all manner
of biological processes.12,13 Whilst examples of small non-coding RNA-
mediated regulation are now well-established, the concept of wide-
spread control of cell function by long non-coding RNA (lncRNA) has
only been advocated within the last decade.14 This class of genes, initially
thought to only contain non-functional transcriptional by-products, has
sparked great interest as some have been found to be critical in develop-
ment and dysregulated in disease.15

Widespread transcription of lncRNA across the genome became
more apparent with the increased use of RNAseq technologies revealing
previously undetected transcriptional activity. Defined simply as non-
coding transcripts longer than 200 bp in length, these genes are generally
less abundant and far less conserved compared with protein coding
genes. Indeed, in a survey of 17 species, over 70% of all lncRNA in each
species originated within the last 50 million years, indicating a high rate of
evolutionary turnover within the class.16 Recent estimates describe ap-
proximately 27 000 lncRNA transcripts produced in human, and �1000
lncRNA are conserved in other mammals.16,17

LncRNAs collectively evade exact definition, with a variety of inter-
secting subclasses described based on traits such as their genomic prox-
imity relative to surrounding genes (antisense, intergenic, bidirectional,
intron-contained), the chromatin signatures of their transcriptional start
sites (promoter, enhancer), and their mode of regulation (transcriptional
vs. post-transcriptional).18 Relatively few have been characterized com-
pared with the tens of thousands of genes annotated, but those that
have demonstrate a wide range of mechanisms with epigenetic, tran-
scriptional, and post-transcriptional effects, able to activate or suppress
gene expression and translation19,20 (Figure 1). Such diversity leads to
challenges during the study of lncRNA, but their prevalence in the tran-
scriptome provides an attractive opportunity for discovery of new
mechanisms that control cell behaviour and the possibility of developing
novel clinical targets.

Discovery of new clinical targets is a current priority for patholo-
gies where endothelial dysfunction plays a significant role and treat-
ment options are limited. Aside from providing an opportunity to
find novel regulatory mechanisms to manipulate therapeutically,
lncRNAs often show restricted expression patterns that could be
clinically advantageous.21 Using in situ hybridization data, leading stud-
ies by Mercer et al.22 found lncRNA to have expression patterns as-
sociated with particular anatomical regions, cell types, and subcellular
compartments. Tissue-specificity is high for lncRNAs, often surpassing
that of protein-coding genes.23 Additionally, they often have stage-
specific expression patterns during development and disease.24,25

Whether such tendencies for localized expression could potentially
explain some degree of endothelial heterogeneity through regulation
of transcriptional programmes in certain vessel types or tissues is
currently an open question.

Herein, we will discuss the role of lncRNA in endothelial biology dur-
ing cardiovascular development, homeostasis and disease and how this is
yet to be fully defined. We will highlight challenges during lncRNA dis-
covery and characterization and how these have been overcome so far,
using as examples those lncRNA that support endothelial phenotypes
prevalent in cardiovascular disease (CVD).

2. LncRNA discovery in endothelial
cells: current state of the art

As interest in lncRNA function grows, a wealth of established in vitro and
in vivo models are being used as a basis to study their expression patterns.
Such models are yet to be thoroughly examined from a lncRNA per-
spective and a full representation of endothelial lncRNA expression
throughout the cardiovascular system is yet to be realized, although
clearly a wealth of data will emerge in the next months and years. To
date, a number of studies on EC function have identified lncRNAs with
clear functional impact on the EC (Table 1). For instance, hypoxic condi-
tions are commonly observed in myocardial infarction, peripheral ischae-
mia, and stroke, these often trigger a variety of distinct endothelial
responses to prevent further tissue damage and restore blood supply.
Several hundred genes with hypoxia-sensitive expression have already
been identified and later validated in vitro using human umbilical vein en-
dothelial cells (HUVECs), including MALAT1, H19, MIR503HG, and
LINC00323. Many of these have been shown to regulate hypoxia-
induced EC functions such as proliferation, migration and angiogenesis
after further in vitro and in vivo characterization.28,30,31 Additionally,
lncRNAs previously characterized in other cell types, such as MEG3,
MIAT, and RNCR3, have been tied to EC-mediated angiogenesis via
hyperglycaemic induction in retinal EC and are now associated with mi-
crovascular visual impairment39–41 (Figure 2).

LncRNA involved in EC inflammatory responses have also been ex-
plored. Lipopolysaccharide-stimulation of ECs can cause apoptosis, en-
dothelial dysfunction and propagation of sepsis leading to elevated CVD
risk. Hundreds of so far uncharacterized lncRNA have been found to be
differentially expressed during the process, several with notably high fold
changes.42 A key feature of an innate EC response are the chemotactic
intermediaries produced from the CXCL locus involved in neutrophil
recruitment. These were recently found to be primed for activation in
TNFa-stimulated HUVECs by UMLILO, a proximal enhancer-transcribed
RNA.38 Such innate-responsive lncRNAs are likely to directly impact on
endothelial function through pro-apoptotic or pro-migratory effects on
ECs.

Models of endothelial development from human embryonic stem cells
(hESCs) have also been used to identify lncRNA expressed at specific
stages in cell fate determination. Such differentiation models have identi-
fied genes such as SENCR35 and PUNISHER (AGAP2-AS1),25 which are
both up-regulated during endothelial commitment. While differentiation
models allow for identification of genes involved in determining cell fate,
many may also be important in maintaining endothelial homeostasis.
SENCR expression, for example, was shown to be altered in the vascular
tissue of patients with critical limb ischaemia and premature coronary ar-
tery disease (CAD).35 Later studies have also found perturbations in ma-
ture EC membrane integrity induced upon SENCR knockdown.36

However, publications often do not acknowledge endothelial pheno-
type heterogeneity and several EC-dependent mechanisms have yet to
receive similar attention as those supporting angiogenesis and homeosta-
sis. For example, the well-established endothelial–mesenchymal transi-
tion has so far only been associated with a single lncRNA, GATA6-AS,26,43

with no published data of transcriptome-wide shifts in lncRNA expres-
sion during this transition.

A bias towards HUVEC-based models is also apparent with only a sin-
gle lncRNA-screening study including an EC subpopulation from outside
the umbilical vein published so far.27 This is of particular importance as
studies highlight distinct lncRNA functions across vessel types;
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Figure 1 LncRNA classification and function. LncRNAs can be categorized based on their transcription start site, surrounding coding genes and regulatory
function. Promoter-derived transcripts are more likely to be spliced, poly-adenylated, lengthy and stable when compared with enhancer-derived which,
though separately categorized as eRNAs, are often included in lncRNA studies if >200 bp. The position of a lncRNA relative to surrounding coding genes as
a categorization method provides indication of potential lncRNA function, e.g. bidirectional transcripts likely impact their partner gene. LncRNAs whose
function has been characterized fall into distinct groups based on the its molecular interactions and the mechanism of action used to impact gene transcrip-
tion or translation. As components of RNP complexes, lncRNAs can regulate the activity or localization of a particular protein, or play a structural role
within a larger protein complex. LncRNAs can also control gene transcription by modulating the activity of transcription factors, or through the recruitment
of chromatin modifying complexes. In addition to acting as miRNA host genes, lncRNAs can function as miRNA sponges, titrating specific miRNAs away
from their mRNA targets. Post-transcriptionally, lncRNAs have been shown to modulate both mRNA translation and degradation.
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knockdown of the lncRNA MIR503HG, for example, was shown to have
anti-proliferative and migratory effects on venous EC but not on arterial
EC.30 Further, given the wide variety of tissue microenvironments to
which EC are exposed is pivotal to guiding their fundamental function,44

it is important to acknowledge the extracellular cues that may dictate
some of these differences in phenotype. In vitro, the use of 3D multicellu-
lar co-culture models allow for a physiologically relevant cellular ar-
rangement and the exchange of intracellular components such as
protein, RNA and DNA.45 The release of extracellular vesicles (EVs) by
neighbouring cells is one such cellular exchange system shown to be a
key regulator of endothelial function and dysfunction.46 Some emerging
evidence now indicates that lncRNAs can be selectively packaged into
EVs to induce a variety of phenotypic changes under both physiological
and pathological conditions.47 For instance, exosomes released from tu-
mour cells containing high quantities of the lncRNA H19 promote EC
network formation, stimulating vascular endothelial growth factor
(VEGF) and VEGFR1 production.48 Exosomal release of the
atherosclerosis-associated lncRNA GAS5 by monocytes was also found
to regulate apoptosis of vascular ECs.49 Conversely, communication be-
tween ECs and vascular smooth muscle cell (VSMC) has been shown to
be facilitated by EVs carrying the lncRNA RNCR3, and that these EC-
derived exosomes can induce VSMC proliferation and migration.50

Ultimately, research addressing EC heterogeneity and the physiologi-
cal relevant cues that surround these subpopulations has the potential
to reveal an unexplored and therapeutically attractive subset of lncRNA.
As novel sequencing data and protocols become available to tackle these
cellular mechanisms and typically hard-to-culture cell populations, anno-
tation of EC functional diversity in the literature is likely to improve over
the next years. It is, therefore, important to acknowledge transcriptome-
wide discovery as a prerequisite for understanding EC function and to
consider the available emerging tools and techniques.

3. Strategies for detection and
selection of functional endothelial
lncRNA

In the last decade the advent of relatively affordable sequencing technol-
ogy has created a boom in transcriptomic techniques, resulting in sophis-
ticated RNAseq-based methods becoming available to scientists and
routinely utilized as a discovery tool.51 In tandem, the methodology to
quantify gene expression has been refined,52 providing an ever-more ac-
curate account of transcriptional fluctuations within models, including
for endothelial pathology and differentiation. This work has helped to ex-
pand and validate lncRNA annotations where sequencing depth is effec-
tive, as well as increase our understanding of their origins, structure and
expression. However, the specific spatiotemporal expression of
lncRNAs poses a challenge, and the annotation of the human transcrip-
tome is still incomplete and likely missing transcripts, including lncRNAs,
which are well-expressed in EC types and behaviours that have not been
profiled yet. Detecting novel endothelial lncRNA is therefore a high pri-
ority. This is in addition to evaluation of the thousands of already anno-
tated lncRNA for endothelial association. Here, we provide an overview
of the process of identifying lncRNA coupled to the subsequent selec-
tion of high priority candidates that might be functionally relevant in ECs
(Figure 3).

Microarrays, though now superseded in sensitivity and accuracy by
RNAseq, have provided the basis of several important screens for
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..endothelial lncRNAs.32,42,53 However, the necessity to decide on which
annotation set the probe population will be based on eliminates the
chance to find novel transcripts, even if using arrays specifically designed
for lncRNAs. This is coupled with increased background noise from
non-specific probe binding, which limits sensitivity particularly in regard
to those lncRNA that are expressed at low levels. However, arrays can
provide a relatively cheap alternative to deeper RNAseq methods in
studies with high sample number, such as those screening multiple vascu-
lar cell types,27 or where many replicates are required to obtain a signal
of co-expression with genes of interest.54

The gold standard technique for lncRNA identification is RNAseq. It is
sensitive, increasingly cost-effective and presents a largely unbiased,
whole-transcriptome view of shifts in gene expression. RNAseq of ECs
has been used to identify lncRNAs responding to hypoxia,26,28,30,31

pathological shear stress,29 and those expressed in developmental mod-
els.25 It has also allowed profiling of transcriptional activity at loci con-
taining notable endothelial-expressed genes such as eNOS29 or SR1P.55

However, only one of these studies capitalizes on the ability to detect
expression of completely novel transcripts outside of current annotation
sets and this led to identification of PUNISHER.25 Other such novel
lncRNA are rare in the literature at present though the previously unan-
notated SENCR, has been characterized with an endothelial function35

despite being initially identified in smooth muscle cells.37 Interestingly,
both these functional lncRNA are expressed in unstimulated HUVECs,
which have a high amount of sequencing data readily available, yet both
were found without the use of publicly available annotation sets. This
demonstrates that even well-studied cell types can yield previously un-
seen transcripts with high phenotypic impact.

Figure 2 Known function of endothelial lncRNAs. List of lncRNAs reported to have endothelial regulatory functions with impact on cell differentiation,
EndMT, angiogenesis, inflammation, EHT, and vessel homeostasis. EHT, endothelial-to-haematopoietic transition; EndMT, endothelial-to-mesenchymal
transition.
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A key caveat for use of RNAseq is that sufficient read depth must be

used to be able to reliably detect and annotate lowly expressed
lncRNAs. This problem is even more acute when considering use of sin-
gle cell RNA-seq to identify lncRNA expression on a cell-specific level.
An important recent study showed how lncRNA expressed at a low
level in a given tissue can actually be highly abundant within certain popu-
lations of the constituent cells.56 This study used 200 million reads per
sample—a prohibitively expensive amount of sequencing until recently,
but increasingly affordable with the introduction of NovaSeq machines.57

The use of single cell RNA-seq to examine lncRNAs directing endothe-
lial heterogeneity, transitions or development remains an area of high in-
terest and opportunity.

The use of RNAseq data for prediction of new lncRNAs is typically
based on algorithmic reconstruction of transcript models from short
RNAseq reads (these algorithms are usually ‘seeded’ with existing anno-
tations), followed by filtering to determine which transcripts are non-
coding with high confidence.58 Several computational pipelines address
these issues.16,59–61 Typical filtering steps include the use of several algo-
rithms to evaluate coding potential and combination of their scores, ex-
clusion of short or very lowly expressed transcripts, and exclusion of
transcripts found in close proximity to annotated genes, as these often
correspond to unannotated extensions of UTRs.

For example, transcripts containing long ORFs (i.e. possessing long
stretches of uninterrupted sequence between in-frame start and stop
codons) with characteristic codon frequencies and/or with high homol-
ogy to existing proteins can be identified with the widely-used coding
prediction calculator (CPC) scoring method.62 Others exclude candi-
dates with ORFs predicted to produce proteins with structural homol-
ogy to known Pfam protein domains (HMMR),63 the detection of
sequence composition characteristic of coding sequences,60,64 or candi-
dates containing ORFs with codons that are maintained (with the same
or similar codons and without frameshifting mutations) over large evolu-
tionary distances (RNAcode and PhyloCSF).59 The codon-conservation
tools are particularly powerful for detecting short conserved ORFs but
also can have some false positives in regions of extremely high conserva-
tion and limited variation between species. Concepts relevant to all
these tools are reviewed elsewhere,65 there remains an opportunity for
such approaches to expand the endothelial lncRNA repertoire and aid
our understanding of EC function.

Analysis of high-throughput data typically identifies tens to hundreds
of potentially relevant lncRNAs and selection of candidates for functional
follow-up can be challenging. There is no silver bullet available for hom-
ing in on a prospective lncRNA on which to focus wet-lab resources.
There are, however, general trends emerging from the accumulated

Figure 3 Considerations for lncRNA discovery. Common concepts to consider at the design stage for studies identifying lncRNA within sequencing data.
These are generally tailored depending on the aims of the study, for instance it is often not necessary to profile for previously unannotated lncRNAs across
the whole transcriptome to find candidates of interest though studies with such scope can have greater power.
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.
knowledge of lncRNA which provide good starting points.11 LncRNAs
with substantial transcript abundance and differential expression are
most likely to be associated with the phenotype in question. Expression
levels also correlate with evolutionary conservation,66 indicating that
more abundant genes are more likely to be maintained for functional im-
portance across species. On the other hand, lncRNAs that have cis-act-
ing scaffold functions do not necessarily need to be abundant for
carrying out their function(s), as exemplified by the involvement of
UMLILO in regulation of the CXCL locus in HUVECs.38

Sequence conservation also offers a route to prioritize functional
lncRNA.67 LncRNAs are in many cases poorly conserved, but �1000
lncRNA genes are conserved among mammals, and �100 between hu-
man and fish.16 The regions conserved in sequence in these lncRNAs are
typically short, in many cases restricted in just a single exon with some
bias towards the 50 of the RNA. These short patches of conservation
may correspond to functional domains with autonomous functions such
as a binding sites for other RNAs or proteins. BLAST or whole genome
alignments can be used to find regions of significant sequence similarity
between potentially orthologous transcripts. Some lncRNA are con-
served only through synteny, where only the relative position and the
orientation of the transcribed locus of transcription is constrained whilst
sequence diverges to a point where significant similarity is no longer
detectable.67 Such ‘positional’ orthologs are harder to call with confi-
dence, as multiple transcripts can be present in the same locus in dis-
tantly related species. Discovery of all such relationships can be
automated using a relatively easily implemented tool, slncky, which can
be used to annotate lncRNA in sparsely-annotated cardiovascular animal
models and then predict their orthologous relationships to human
transcripts.61

The presence of deeply conserved orthologs can imply a significant
contribution of a lncRNA to endothelial homeostasis or development.
Such genes are therefore strong candidates for targeting in functional
studies. Conversely, human- or mouse-specific transcripts may very well
also be functional, and many of these could also potentially add to our
understanding of differences between pre-clinical animal models and an
eventual clinical context. Prioritization of such transcripts is typically
based on their expression levels and/or proximity to functionally-
relevant genes.

The selection process will become better informed as the list of func-
tionally characterized lncRNA grows; a greater number of validated
genes will allow for clearer guidelines for effective selection to emerge.
Until then potential key drivers of endothelial heterogeneity or pathol-
ogy could be waiting to be unearthed.

4. Approaches for characterizing
the molecular interactions of
lncRNAs

Being highly diverse, lncRNAs carry out their functions through a wide
range of mechanisms. At the transcriptional level, they have been shown
to bind and guide chromatin-modifying complexes to specific DNA
sequences, either activating or repressing their target gene
expression.68,69 Additionally, they can also act as decoys for DNA-
binding proteins and prevent their association to a target gene.70 At the
post-transcriptional level, a growing number of studies have implicated
lncRNAs at various stages of control, regulating mRNA stability,71 en-
hancing mRNA translation,72 and even acting as miRNA sponges.73

Recent publications also point towards the existence of widespread
cross-regulatory interactions between non-coding RNAs classes, adding
a further functional role for lncRNAs.74 Some of these regulatory net-
works are represented in large-scale databases, such as StarBase v2.0, a
repository of thousands of experimentally validated RNA–RNA and
protein–RNA interactions that offer supporting information for mecha-
nistic studies.75 Nevertheless, the use of appropriate RNA-focused tools
to elucidate such complex interactions is essential given the variety of dif-
ferent interactions across not only between different tissues and cell
types but also within same-cell subpopulations.

4.1 Cellular localization
In line with their diverse functions, lncRNAs show a variety of subcellular
distributions: accumulating predominantly either in the cytoplasm, nu-
cleus, or distributed between both compartments.58 Our understanding
of how the localization is encoded in lncRNA sequences is still relatively
rudimentary, but several recent studies have identified specific sequence
elements76,77 other features that are associated with enrichment in the
nucleus in lncRNAs and mRNAs.78 Understanding the localization of a
transcript may thus give an initial insight into putative functions and serve
to guide future experiments

Isolation of nuclear and cytoplasmic extracts has proven to be a sim-
ple, yet effective strategy. For example, different subpopulations of EC
express high levels of the nuclear enriched lncRNAs TUG1, MEG3, and
MALAT1,31 whereas SENCR transcripts show both cytoplasmic and nu-
clear accumulation.37 Unsurprisingly, all of these have now been found
to regulate different aspects of EC function.31,36,79,80 Such fractionation
methods, however, give a crude resolution quantification of subcellular
localization that should be accompanied by more detailed localization
through the use of single-molecular FISH methodologies.81

4.2 RNA:protein interaction
The past decade has seen a growing appreciation for the role of
RNA:protein interactions in regulating gene expression. These interac-
tions can be studied either through protein-focused and RNA-focused
perspectives. Well-established immunoprecipitation assays include RNA
Immunoprecipitation (RIP), which purifies full RNA molecules associated
with the precipitated protein, and Cross-Linking Immunoprecipitation
(CLIP), which is typically used to identify higher-resolution footprints of
RNA binding proteins.82 Conversely, RNA-centric approaches such as
RNA chromatography will require the in vitro generation of a labelled
RNA of interest to identify binding partners,83 other hybridization-based
methods such as RNA antisense purification (RAP)84,85 will instead use
labelled antisense oligos to purify the endogenous RNA instead. While
these techniques have now expanded and become quite varied in their
methodology, in general they allow for the purification a specific RNA
complex to identify directly interacting proteins using quantitative mass
spectrometry or western blot (Figure 4). Nonetheless, while there has
been progress in understanding the interactomes of individual lncRNAs,
such as HOTAIR,86 MALAT-1,87 and Xist,88 the majority are still not well
understood, particularly within an endothelial-specific context.

In ECs, RNA chromatography-based approaches have been exten-
sively used. For example, in order to uncover the interacting partners of
the nuclear enriched endothelial lncRNA MANTIS Leisegang et al.32 ex-
posed 30end biotinylated transcripts to EC nuclear extracts, allowing for
RNA:protein complexes to be formed which were then be captured and
isolated. This study identified an interaction of MANTIS with Brahma-like
gene 1 (BRG1), a subunit for the chromatin-remodelling complex SWI/
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..SNF. This interaction was shown to regulate SMAD6, SOX18, and
COUP-TFII expression, leading to the increased angiogenic function as-
sociated with the lncRNA.32 A Similar in vitro strategy was used to iden-
tify a direct interaction between SENCR and the cytoskeletal-associated
protein 4 (CKAP4), via a non-canonical RNA-binding domain. This
CKAP4:SENCR association was found to indirectly stabilize CDH5 at the
adherens junction and thus maintain normal EC membrane homeo-
stasis.36 Nonetheless, despite its success, this system relies on the in vitro
transcription of the lncRNA rather than targeting endogenously
expressed transcripts present in the cell, which is prone to the formation
of non-physiological interactions.

More recently, biotin-labelled RNA antisense probes were used to in-
vestigate endogenous GATA6-AS:protein complexes in HUVEC. The
study demonstrated that this lncRNA exerted its effects on EC function

by binding the nuclear enzyme LOXL2 and impairing its deamination ac-
tivity on H3K4me3, which is accompanied by transcriptional silencing of
a variety of endothelial genes.26

4.3 RNA:RNA interaction
Much like miRNAs, snoRNAs, and tRNAs, lncRNAs can directly interact
with other RNA transcripts though direct base pairing. Several strategies
to uncover these RNA:RNA interactions have started to emerge, many
of which have successfully been used to understand the mechanistic ac-
tion of ribosomal RNA and small nuclear RNAs.

Similarly to RNA:protein detection approaches, modified versions of
RAP can be used to detect lncRNA:RNA interactions.89 These techni-
ques rely on RNA capture using one or several antisense

Figure 4 RNA-focused pulldown strategies. Workflow for the identification of lncRNA interactions using exogenous (left) or endogenous RNA pull-
down strategies.
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.
oligonucleotides followed by RNA sequencing. Various cross-linking
methods (i.e. 40-aminomethyltrioxalen, formaldehyde, disuccinimidyl glu-
tarate, or ultra-violet irradiation) can be used depending on the interac-
tions of interest, be it only direct RNA:RNA interaction or indirectly via
a protein intermediates.89 Techniques such as CLASH (cross-linking, liga-
tion and sequencing of hybrids), for example, take advantage of UV
cross-linking to induce the formation of covalent RNA bonds to identify
RNA–RNA interactions occurring in close physical proximity. This
method has led to the experimental identification of more than 18 000
miRNA:RNA interactions.90

Highly expressed lncRNAs can potentially act as competing endoge-
nous RNAs (ceRNAs) or sponges to regulate the expression of other
RNAs, be it non- or protein coding.91 Large bioinformatic databases can
assist in the discovery of such interactions. For example, based on
StarBase v2.0 predictions, Shan et al.41 found that the EC-associated
lncRNA RNCR3 could regulate the expression of the atheroprotective
Kruppel-like factor 2 (KLF2) by binding to miR-185-5p, a post-
transcriptional regulator of KLF2.

4.4 RNA:DNA interaction
LncRNAs are key regulators of chromatin states in a variety of biological
processes, both in cis, via the regulation of neighbouring genes, or in trans
to regulate distantly located genes. While lncRNA:DNA co-localization
can be validated using fluorescent probes, FISH-based strategies have
limited ability to identify DNA regions bound by lncRNAs and higher
resolution methods are needed. RNA-based methods for high-
throughput identification of chromatin regions bound by lncRNAs have
recently emerged. As with RNA:protein and RNA:RNA interactions,
RNA capturing techniques can be modified to target chromatin interac-
tions, these include chromatin isolation by RNA purification (ChIRP),
capture hybridization analysis of RNA targets (CHART) and RAP-DNA.

First introduced in 2011, ChIRP is now widely used to identify associa-
tions between a lncRNA of interest and chromatin. As with some of the
previous methodologies described, the samples are crosslinked and bio-
tin labelled oligonucleotides targeting a lncRNA of interest.92 The
lncRNA:DNA complexes can then be purified using biotin-binding, mag-
netic streptavidin beads and then sequenced to identify any associated
genomic regions.92 In its original study, ChIRP was used to isolate DNA
regions associated with the lncRNA HOTAIR, showing that the lncRNA
preferentially associates with GA-rich DNA motifs.93 A similar approach
was recently used to fine-map genome-wide MEG3 binding sites. Using
15 biotin-labelled antisense DNA oligonucleotides (oligos) spanning
across lncRNA, the pulldown found that the genomic regions of 5622
genes can be associated with MEG3, including several TGF-b pathway
genes.93 MEG3 expression has since been consistently linked to EC mi-
gration, proliferation and angiogenesis.81,94,95

5. LncRNA discovery, function and
translation: challenges and future
directions

Whilst the therapeutic potential of lncRNAs is mentioned in most stud-
ies, real-world examples of tissue-specific clinical applications based on
lncRNAs remain limited, with many emerging pre-clinical studies focus-
ing on their utility as markers of disease. This is particularly true in cancer
research, where MALAT1 overexpression has been linked to tumour de-
velopment and progression in a variety of tissues.96 A recent meta-

analysis of 14 independent studies comprising data from 1373 patients
found a significant association between MALAT1 expression and survival
rates, independent of cancer type or country of residence,97 making it a
powerful prognostic marker for cancer patients and an attractive target
for anti-metastatic therapy. Similarly, the lncRNA HOTAIR has also been
put forward by multiple studies as a potential biomarker for various can-
cers involving breast, liver, gastric, lung, and oesophagus.98

Throughout the various aetiologies of cardiovascular disease, some
lncRNAs markers, whilst not endothelial-specific, have been reported.
A study comparing the expression of lncRNAs in peripheral blood cells
of healthy volunteers and myocardial infarction patients, demonstrated
that the lncRNA HIF1aAS2, KCNQ1OT1, MALAT1 were significantly up-
regulated in myocardial infarction patients.99 In a recent clinical study of
CAD, the lncRNA CoroMarker was used to successfully identify 78% of
CAD patients out of 221 CAD patients and 187 control individuals.100

Importantly, CoroMarker is mainly present in circulating EVs, which are
stable in plasma and easy to use as a biomarkers.100 The lncRNA LIPCAR
is consistently upregulated in the plasma of ischaemic and non-ischaemic
heart failure patients and has been consistently reported to be an inde-
pendent predictor of cardiovascular-related death.101,102

Expressed in vascular ECs, macrophages, and coronary smooth mus-
cle cells, higher plasma levels of the lncRNA ANRIL have been found to
be associated with the incidence of in-stent restenosis (ISR).103

Considering the importance of inhibiting neointimal proliferation, while
promoting re-endothelialization after vascular stenting,104 along with the
lncRNAs reported regulation VEGF expression and function in primary
EC,105 ANRIL may ultimately be an optimal prognostic factor for ISR.
Additionally, a meta-analysis of 14 genome-wide association studies
highlighted ANRIL as a crucial locus of genetic sensitivity for CAD.
Several single-nucleotide polymorphisms in this locus, influencing ANRIL
function and levels of expression, have since been found to be associated
with increased susceptibility to CAD and diabetes.106,107 Lastly, ANRIL
has also been consistently found to be up-regulated in plaque and plasma
of atherosclerosis patients, making it a potential biomarker for
atherosclerosis.108,109

The introduction of lncRNA targeting strategies into the clinical set-
ting comes with many challenges. Due to the pleiotropic nature of some
lncRNAs, tissue-specific delivery is imperative to guarantee treatment ef-
ficiency and minimal off-target effects. While certain transcripts may be
involved in particular pathologies, their desired function may be tissue-
specific and even cell-type–specific. For example, while ANRIL expression
may be a prognostic factor for ISR and atherosclerosis, systemic modula-
tion of this lncRNA may prove to be harmful as it is one of the most
commonly altered lncRNAs during cancer development and progres-
sion, including ovarian cancer, breast cancer, and lymphoblastic
leukaemia.110 Additionally, with studies showing an average of’4 differ-
ent isoforms per lncRNA, the transcriptional complexity of a particular
lncRNA locus must be thoroughly characterized before treatment strat-
egies can translated into the clinical setting.111 As such, effective thera-
pies targeting or using lncRNAs in the clinical setting must take into
account not only possible off-target effects, the route of delivery used,
drug immunogenicity, treatment dosage, and duration but also sub-
cellular transcript location, transcript size and sequence.

Further, the lack of sequence conservation across different species
makes the translation of pre-clinical animal studies extremely challenging.
Take for example the lncRNAs myocardial infarction-associated tran-
script 1 (MIRT1) and 2 (MIRT2) which, while found to be associated with
left ventricular remodelling after myocardial infarction in mice, have no
corresponding human homologs.112 Conversely, smooth muscle
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..enriched lncRNA (SMILR) seems to be conserved only in humans, signifi-
cantly limiting future preclinical studies using animal models and possible
clinical translation.113 However, promoter regions of lncRNAs, have in
fact been shown to harbour substantial conservation throughout differ-
ent organisms, comparable to that of protein-coding genes.114 Further, it
is possible that in some cases, despite divergent sequences, lncRNA sub-
structures may be conserved between human and model
organisms115,116 and so small molecules targeting these structures might
have similar effects across species.

Finally, given their high spatiotemporal expression specificity, certain
lncRNA may allow to circumvent the need for endothelial-targeting
tools with minimal off target effects. Take for example the Wisp2 super-
enhancer-associated lncRNA (WISPER), whose expression and function
are highly specific to cardiac fibroblasts, making it an attractive candidate
for targeted antifibrotic therapies.117 With continued implementation,
novel RNA discovery and characterization techniques have the potential
to reveal previously unknown subsets of EC-specific lncRNAs.

6. Conclusions

An increasing body of evidence demonstrates that lncRNAs are active
regulators of endothelial function. It is necessary to further define both
the key lncRNA candidates and the molecular partners involved at a
mechanistic level. Greater variety in lncRNA profiling in diverse ECs is
clearly required. Increased lncRNA annotation in animal EC models is
possibly an even greater challenge and it is crucial to expand in vivo evi-
dence of causality. The continued emergence of high-throughput data-
sets has identified several attractive candidates, yet these are often far
from fully characterized mechanistically. Meeting these challenges is only
possible with continued screening efforts using cutting-edge RNAseq
techniques paired with robust RNA capturing tools, this is particularly
important with the emergence of single-cell RNA sequencing offering
further insights into cell transcriptome heterogeneity in ECs. As more in-
dividual lncRNA are characterized, and as the class as a whole is further
investigated, their general categorization, characteristics and quirks be-
come ever more clear. The field is now poised to answer whether
lncRNA are intrinsically linked to broad questions surrounding endothe-
lial heterogeneity and fate. For instance, the spatiotemporal expression
of lncRNA could fit well with fundamental differences between ECs de-
rived from various vessel types or other vascular cell types. With the po-
tential to contribute answers to such pertinent questions, alongside their
potential as precise modulators of ECs via gene therapy, it is only a mat-
ter of time until a more fully-fledged and representative landscape of EC
lncRNA emerges.
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55. Josipovic I, Pflüger B, Fork C, Vasconez AE, Oo JA, Hitzel J, Seredinski S, Gamen E,
Heringdorf DMZ, Chen W, Looso M, Pullamsetti SS, Brandes RP, Leisegang MS.
Long noncoding RNA LISPR1 is required for S1P signaling and endothelial cell func-
tion. J Mol Cell Cardiol 2018;116:57–68.

56. Liu SJ, Nowakowski TJ, Pollen AA, Lui JH, Horlbeck MA, Attenello FJ, He D,
Weissman JS, Kriegstein AR, Diaz AA, Lim DA. Single-cell analysis of long non-
coding RNAs in the developing human neocortex. Genome Biol 2016;17:67.

57. Mayday MY, Khan LM, Chow ED, Zinter MS, DeRisi JL. Miniaturization and optimi-
zation of 384-well compatible RNA sequencing library preparation. PLoS One 2019;
14:e0206194.

58. Ulitsky I, Bartel DP. lincRNAs: genomics, evolution, and mechanisms. Cell 2013;154:
26–46.

59. Washietl S, Findeiss S, Muller SA, Kalkhof S, Bergen M. V, Hofacker IL, Stadler PF,
Goldman N. RNAcode: robust discrimination of coding and noncoding regions in
comparative sequence data. Rna 2011;17:578–594.

60. Wang L, Park HJ, Dasari S, Wang SQ, Kocher JP, Li W. CPAT: coding-Potential
Assessment Tool using an alignment-free logistic regression model. Nucleic Acids Res
2013;41:e74.

61. Chen J, Shishkin AA, Zhu XP, Kadri S, Maza I, Guttman M, Hanna JH, Regev A,
Garber M. Evolutionary analysis across mammals reveals distinct classes of long
non-coding RNAs. Genome Biol 2016;17:19.

62. Kong L, Zhang Y, Ye ZQ, Liu XQ, Zhao SQ, Wei L, Gao G. CPC: assess the
protein-coding potential of transcripts using sequence features and support vector
machine. Nucleic Acids Res 2007;35:W345–W349.

63. Eddy SR. Profile hidden Markov models. Bioinformatics 1998;14:755–763.
64. Wucher V, Legeai F, Hedan B, Rizk G, Lagoutte L, Leeb T, Jagannathan V, Cadieu E,

David A, Lohi H, Cirera S, Fredholm M, Botherel N, Leegwater PAJ, C Le B, Fieten
H, Johnson J, Alfoldi J, Andre C, Lindblad-Toh K, Hitte C, Derrien T. FEELnc: a tool
for long non-coding RNA annotation and its application to the dog transcriptome.
Nucleic Acids Res 2017;45:e57.

65. Housman G, Ulitsky I. Methods for distinguishing between protein-coding and long
noncoding RNAs and the elusive biological purpose of translation of long noncoding
RNAs. Biochim Biophys Acta 2016;1859:31–40.

66. Managadze D, Rogozin IB, Chernikova D, Shabalina SA, Koonin EV. Negative corre-
lation between expression level and evolutionary rate of long intergenic noncoding
RNAs. Genome Biol Evol 2011;3:1390–1404.

67. Ulitsky I. Evolution to the rescue: using comparative genomics to understand long
non-coding RNAs. Nat Rev Genet 2016;17:601–614.

68. Khalil AM, Guttman M, Huarte M, Garber M, Raj A, Rivea Morales D, Thomas K,
Presser A, Bernstein BE, Oudenaarden A, Regev A, Lander ES, Rinn JL. Many human
large intergenic noncoding RNAs associate with chromatin-modifying complexes
and affect gene expression. Proc Natl Acad Sci USA 2009;106:11667–11672.

69. Geisler S, Coller J. RNA in unexpected places: long non-coding RNA functions in di-
verse cellular contexts. Nat Rev Mol Cell Biol 2013;14:699–712.

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

71. Gong C, Maquat LE. lncRNAs transactivate STAU1-mediated mRNA decay by
duplexing with 3’ UTRs via Alu elements. Nature 2011;470:284–288.

72. Nishizawa M, Komai T, Katou Y, Shirahige K, Ito T, Toh-e A. Nutrient-regulated an-
tisense and intragenic RNAs modulate a signal transduction pathway in yeast. PLos
Biol. 2008;6:2817–2830.

73. Hansen TB, Jensen TI, Clausen BH, Bramsen JB, Finsen B, Damgaard CK, Kjems J.
Natural RNA circles function as efficient microRNA sponges. Nature 2013;495:
384–388.

74. Smillie CL, Sirey T, Ponting CP. Complexities of post-transcriptional regulation and
the modeling of ceRNA crosstalk. Crit Rev Biochem Mol Biol 2018;53:231–245.

75. Li J-H, Liu S, Zhou H, Qu L-H, Yang J-H. starBase v2.0: decoding miRNA-ceRNA,
miRNA-ncRNA and protein-RNA interaction networks from large-scale CLIP-Seq
data. Nucl Acids Res 2014;42:D92–D97.

Endothelial function and dysfunction in the cardiovascular system 1703



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
76. Lubelsky Y, Ulitsky I. Sequences enriched in Alu repeats drive nuclear localization of

long RNAs in human cells. Nature 2018;555:107–111.
77. Carlevaro-Fita J, Polidori T, Das M, Navarro C, Zoller TI, Johnson R. Ancient

exapted transposable elements promote nuclear enrichment of human long non-
coding RNAs. Genome Res 2019;29:208–222.

78. Zuckerman B, Ulitsky I. Predictive models of subcellular localization of long RNAs.
RNA 2019;25:557–572.

79. Yan HY, Bu SZ, Zhou WB, Mai YF. TUG1 promotes diabetic atherosclerosis by reg-
ulating proliferation of endothelial cells via Wnt pathway. Eur Rev Med Pharmacol Sci
2018;22:6922–6929.

80. Ruan W, Zhao F, Zhao S, Zhang L, Shi L, Pang T. Knockdown of long noncoding
RNA MEG3 impairs VEGF-stimulated endothelial sprouting angiogenesis via modu-
lating VEGFR2 expression in human umbilical vein endothelial cells. Gene 2018;649:
32–39.

81. Soares RJ, Maglieri G, Gutschner T, Diederichs S, Lund AH, Nielsen BS, Holmstrom
K. Evaluation of fluorescence in situ hybridization techniques to study long non-
coding RNA expression in cultured cells. Nucleic Acids Res 2018;46:e4.

82. Lee FCY, Ule J. Advances in CLIP technologies for studies of protein-RNA interac-
tions. Mol Cell 2018;69:354–369.

83. Marin-Bejar O, Huarte M. RNA pulldown protocol for in vitro detection and identifi-
cation of RNA-associated proteins. Methods Mol Biol 2015;1206:87–95.

84. McHugh CA, Russell P, Guttman M. Methods for comprehensive experimental iden-
tification of RNA-protein interactions. Genome Biol 2014;15:203.

85. Simon MD. Insight into lncRNA biology using hybridization capture analyses.
Biochim Biophys Acta 2016;1859:121–127.

86. Tsai M-C, Manor O, Wan Y, Mosammaparast N, Wang JK, Lan F, Shi Y, Segal E,
Chang HY. Long noncoding RNA as modular scaffold of histone modification com-
plexes. Science 2010;329:689–693.

87. Tripathi V, Ellis JD, Shen Z, Song DY, Pan Q, Watt AT, Freier SM, Bennett CF,
Sharma A, Bubulya PA, Blencowe BJ, Prasanth SG, Prasanth KV. The nuclear-
retained noncoding RNA MALAT1 regulates alternative splicing by modulating SR
splicing factor phosphorylation. Mol Cell 2010;39:925–938.

88. Mira-Bontenbal H, Gribnau J. New Xist-interacting proteins in X-chromosome inac-
tivation. Curr Biol 2016;26:R338–R342.

89. Engreitz JM, Sirokman K, McDonel P, Shishkin AA, Surka C, Russell P, Grossman SR,
Chow AY, Guttman M, Lander ES. RNA-RNA interactions enable specific targeting
of noncoding RNAs to nascent Pre-mRNAs and chromatin sites. Cell 2014;159:
188–199.

90. Helwak A, Kudla G, Dudnakova T, Tollervey D. Mapping the human miRNA inter-
actome by CLASH reveals frequent noncanonical binding. Cell 2013;153:654–665.

91. Cesana M, Cacchiarelli D, Legnini I, Santini T, Sthandier O, Chinappi M,
Tramontano A, Bozzoni I. A long noncoding RNA controls muscle differentiation
by functioning as a competing endogenous RNA. Cell 2011;147:358–369.

92. Chu C, Qu K, Zhong FL, Artandi SE, Chang HY. Genomic maps of long noncoding
RNA occupancy reveal principles of RNA-chromatin interactions. Mol Cell 2011;44:
667–678.

93. Mondal T, Subhash S, Vaid R, Enroth S, Uday S, Reinius B, Mitra S, Mohammed A,
James AR, Hoberg E, Moustakas A, Gyllensten U, Jones SJM, Gustafsson CM, Sims
AH, Westerlund F, Gorab E, Kanduri C. MEG3 long noncoding RNA regulates the
TGF-beta pathway genes through formation of RNA-DNA triplex structures. Nat
Commun 2015;6:7743.

94. Liu J, Li Q, Zhang K, Hu B, Niu X, Zhou S, Li S, Luo Y, Wang Y, Deng Z.
Downregulation of the long non-coding RNA Meg3 promotes angiogenesis after is-
chemic brain injury by activating notch signaling. Mol Neurobiol 2017;54:8179–8190.

95. He C, Yang W, Yang J, Ding J, Li S, Wu H, Zhou F, Jiang Y, Teng L, Yang J. Long non-
coding RNA MEG3 negatively regulates proliferation and angiogenesis in vascular
endothelial cells. DNA Cell Biol 2017;36:475–481.

96. Gutschner T, Hämmerle M, Diederichs S. MALAT1—a paradigm for long noncoding
RNA function in cancer. J Mol Med 2013;91:791–801.

97. Tian X, Xu G. Clinical value of lncRNA MALAT1 as a prognostic marker in human
cancer: systematic review and meta-analysis. BMJ Open 2015;5:e008653.

98. Tang Q, Hann SS. HOTAIR: an oncogenic long non-coding RNA in human cancer.
Cell Physiol Biochem 2018;47:893–913.

99. Vausort M, Wagner DR, Devaux Y. Long noncoding RNAs in patients with acute
myocardial infarction. Circ Res 2014;115:668–677.

100. Yang Y, Cai Y, Wu G, Chen X, Liu Y, Wang X, Yu J, Li C, Chen X, Jose PA, Zhou L,
Zeng C. Plasma long non-coding RNA, CoroMarker, a novel biomarker for diagno-
sis of coronary artery disease. Clin Sci 2015;129:675–685.

101. Kumarswamy R, Bauters C, Volkmann I, Maury F, Fetisch J, Holzmann A, Lemesle G,
Groote P. D, Pinet F, Thum T. Circulating long noncoding RNA, LIPCAR, predicts
survival in patients with heart failure. Circ Res 2014;114:1569–1575.

102. Li M, Wang L-F, Yang X-C, Xu L, Li W-M, Xia K, Zhang D-P, Wu R-N, Gan T.
Circulating long noncoding RNA LIPCAR acts as a novel biomarker in patients
with ST-segment elevation myocardial infarction. Med Sci Monit 2018;24:
5064–5070.

103. Wang F, Su X, Liu C, Wu M, Li B. Prognostic value of plasma long noncoding RNA
ANRIL for in-stent restenosis. Med Sci Monit 2017;23:4733–4739.

104. Inoue T, Croce K, Morooka T, Sakuma M, Node K, Simon DI. Vascular inflammation
and repair implications for re-endothelialization, restenosis, and stent thrombosis.
JACC Cardiovasc Interv 2011;4:1057–1066.

105. Zhang B, Wang D, Ji T-F, Shi L, Yu J-L. Overexpression of lncRNA ANRIL up-
regulates VEGF expression and promotes angiogenesis of diabetes mellitus com-
bined with cerebral infarction by activating NF-kappa B signaling pathway in a rat
model. Oncotarget 2017;8:17347–17359.

106. Cheng J, Cai M-Y, Chen Y-N, Li Z-C, Tang S-S, Yang X-L, Chen C, Liu X, Xiong X.
Variants in ANRIL gene correlated with its expression contribute to myocardial in-
farction risk. Oncotarget 2017;8:12607–12619.

107. Xu B, Fang Z, He S, Wang J, Yang X. ANRIL polymorphism rs4977574 is associated
with increased risk of coronary artery disease in Asian A meta-analysis of 12,005
subjects. Medicine 2018;97:e12641.

108. Folkersen L, Kyriakou T, Goel A, Peden J, Malarstig A, Paulsson-Berne G,
Hamsten A, Franco-Cereceda A, Gabrielsen A, Eriksson P, Watkins H, Hugh
Watkins PC. Relationship between CAD risk genotype in the chromosome 9p21
locus and gene expression. Identification of eight new ANRIL splice variants. PLoS
One 2009;4:e7677.

109. Holdt LM, Beutner F, Scholz M, Gielen S, Gäbel G, Bergert H, Schuler G, Thiery J,
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