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Purpose of review

Here, we review recent findings on the role of long noncoding RNAs (lncRNAs) in cardiovascular disease
(CVD). In addition, we highlight some of the latest findings in lncRNA biology, providing an outlook for
future avenues of lncRNA research in CVD.

Recent findings

Recent publications provide translational evidence from patient studies and animal models for the role of
specific lncRNAs in CVD. The molecular effector mechanisms of these lncRNAs are diverse. Overall, cell-
type selective modulation of gene expression is the largest common denominator. New methods, such as
single-cell profiling and CRISPR/Cas9-screening, reveal additional novel mechanistic principles: For
example, many lncRNAs establish RNA-based spatial compartments that concentrate effector proteins. Also,
RNA modifications and splicing features can be determinants of lncRNA function.

Summary

lncRNA research is passing the stage of enumerating lncRNAs or recording simplified on-off expression
switches. Mechanistic analyses are starting to reveal overarching principles of how lncRNAs can function.
Exploring these principles with decisive genetic testing in vivo remains the ultimate test to discern how
lncRNA loci, by RNA motifs or DNA elements, affect CVD pathophysiology.
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Cardiovascular disease (CVD) is the leading cause of
death globally. The vast majority of CVD death is
due tomyocardial infarction and stroke [1]. Here, we
review recent studies from the last 1.5 years on long
noncoding RNAs (lncRNAs) in CVD that did not
stop with cellular in vitro analyses but stepped for-
ward to investigate the pathophysiological roles of
lncRNAs in vivo. As the lncRNA field is quickly
evolving, we also review novel conceptual
approaches for studying molecular effector mecha-
nisms of lncRNAs.

LncRNAs are a heterogeneous class of thousands
of RNAs (Fig. 1a). Defining them is not trivial. Most
commonly, lncRNAs refer to transcripts more than
200 nucleotides in length that do not appear to
contain a protein-coding sequence and do not
belong to ribosomal, transfer or small nuclear/
nucleolar/microRNA-like species [2

&&

]. LncRNAs
are predominantly transcribed at low levels by
RNA polymerase II from epigenetically sculptured
start sites. They are frequently encoded interleaved
relative to protein-coding genes (Fig. 1a). An emerg-
ing view is that protein-coding genes and lncRNAs
potentially represent a larger information continuum
because many lncRNAs can regulate protein-coding
genes [2

&&

]. For regulating genes, lncRNAs employ
many effector mechanisms. They can tether,
uthor(s). Published by Wolters Kluwe
plexes (Fig. 1b). Also the genomic orientation and
relation to neighbouring genes may give first hints
at the possible targets of a given lncRNA. On the
basis of this, the large group of lncRNAs can be
divided into subgroups, comprising lincRNAs (long
intergenic noncoding RNAs), as-lncRNAs (antisense
lncRNAs), eRNAs (enhancer RNAs), PROMPT (pro-
moter-upstream transcripts) and uaRNA (noncoding
RNA from 3’UTR of protein-coding genes) (Fig. 1a).
The picture gets even more complex because, apart
from linear lncRNAs, also circular forms of RNA
(circRNAs) may be produced. CircRNAs may also
be functional, as is reviewed separately in this issue.
r Health, Inc. www.co-cardiology.com
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KEY POINTS

� A large number of lncRNAs have been implicated
in CVD.

� The molecular effector mechanisms of lncRNAs in CVD
are diverse. Overall, cell-type selective modulation of
gene expression is the most common effector.

� Integrating single-cell transcriptomic with epigenomic
profiling is more potent than bulk tissue approaches
when exploring noncoding CVD-risk loci and their
cellular context.

� lncRNAs can turn functional by seeding 3D
compartments that concentrate protein regulators of
transcription, splicing and RNA stability.

� RNA structures, posttranscriptional RNA modifications
and micropeptides are understudied determinants for
lncRNA function.

Molecular genetics
Over the last years, several lncRNAs from these
diverse classes have been found to be functional in
physiology and disease [3

&&

]. In the cardiovascular
system, dozens of lncRNAs have become known to
affect heart and blood vessel development and path-
ophysiology, including ANRIL, MALAT, MIAT,
Braveheart, Upperhand, Myheart, H19, Meg3, HOTAIR,
Kcnq1ot1, Fendrr, Chaer, CARL, SENCR, SMILR or
CARMEN, to name a few [4].
FUNCTIONS OF RECENTLY STUDIED LONG
NONCODING RNAS IN CARDIOVASCULAR
DISEASE

Several new lncRNAshave recently been functionally
studied in a cardiovascular context in vivo (Table 1).
Someof these lncRNAs affect the embryonicdevelop-
ment of the heart and the vasculature. Others are
expressed in cardiomyocytes, vascular endothelial
cells or smooth muscle cells (VSMC) and modulate
cell contractility, cell differentiation status, cell
growth and cell survival (Table 1). Targeted gene
knockouts and more fine-grained genetic manipula-
tions were performed for most of the involved
lncRNA loci, and effects on CVD were studied in
animal CVDmodels (Table 1). Thereby, it was found
that some cardiovascular lncRNAs aggravated, and
others amelioratedCVDphenotypes, including athe-
rosclerosis, myocardial pressure overload, infarction
and congenital heart disease, as detailed in Table 1.

In the following, we describe the molecular
functions of these recently identified cardiovascular
lncRNAs. We group them by type of molecular
effector mechanism to give an appreciation of the
breadth and complexity of possible functions.
180 www.co-cardiology.com
lncRNAs regulate transcription of target
genes

The range of molecular effector mechanisms of
lncRNAs is broad and cardiovascular lncRNAs are
no exception. A recurrent theme is that lncRNAs
guide, scaffold and regulate transcription factors or
epigenetic regulatory complexes (Table 1, Fig. 1b).
For example, CARMN,which is known for recruiting
the PRC2 complex in cardiomyocytes, was recently
found to transactivate the myocardin/SRF master
regulator of vascular SMC differentiation. Thereby,
CARMN maintained the contractile SMC state, and
this function protected blood vessels from athero-
sclerotic neointima growth [5–7]. Another example
is the cardiac CPhar, which sequestered the tran-
scription regulator C/EBPb. By inhibiting C/EBPb
from repressing targets such as ATF7, CPhar stimu-
lated cardiomyocyte proliferation [8]. Conversely,
the lncRNA RP11–728F11.4 turned out to be pro-
atherosclerotic by preventing EWSR1 from repres-
sing transcription in macrophages [9]. In a different
study, the lncRNA Platr4 stimulated the Hippo path-
way output transcription factors Yap1 and Tead4
during cardiogenic differentiation. Interestingly,
Platr4-/- knockout mice developed myocardial and
valve degeneration and sudden heart failure [10].
Within the same pathway, lncExACT1 exhibited
enhancer activity towards its neighbouring gene,
the protocadherin DCHS2, a regulator of Hippo
signalling. Thereby, lncExACT1 protected against
cardiac fibrosis and dysfunction during pressure-
overload and dampened myocardial ischemia/
reperfusion injury [11

&

]. The last two reports merit
specific attention in light of a large body of earlier
work on the Hippo organ size control pathway in
cardiovascular function and response to injury [12].
lncRNAs regulate splicing and mRNA
stability

Apart from transcriptional regulation, lncRNAs also
often control splicing and target mRNA stability.
These processes are more complex to detect and
quantify. For example, Trdn-as, stemming from a
locus linked to heart arrhythmia, recruited the splic-
ing factors SRSF1/10 to Trdn. Thereby, Trdn-as con-
tributed to the efficient splicing of Triadin, and
Triadin promoted cardiac function and exercise
capacity [13

&

]. In a different study, another asRNA
exhibited a different function: ZNF593-AS scaf-
folded RYR2 mRNA and HNPNPC and increased
the translation to RYR2 protein. By increasing
RYR2 levels, ZNF593-AS beneficially influenced car-
diac excitation-contraction coupling in cardiomyo-
cytes in dilated cardiomyopathy [14].
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FIGURE 1. Classes and conceptual functions of lncRNAs. (a) Major classes of lncRNAs based on genomic orientation and
relation to neighbouring genes. lincRNA (long intergenic noncoding RNA), as-lncRNA (antisense lncRNA), eRNA (enhancer
RNA), PROMPT (promoter-upstream transcripts), uaRNA (noncoding RNA from 3’UTR of a protein-coding gene). (b--e) Major
functions of lncRNAs. (b) Stable lincRNAs or more transient enhancer-like eRNAs as transcription and epigenetic regulators
in cis and trans. Also, DNA elements or the processes of transcription and splicing can be functional determinants. (c) Role of
low-abundance lncRNAs in seeding and maintaining different types of 3D-compartments. Shown is a nuclear condensate
(nuclear body/ liquid-liquid phase separated structure) with IDRs/prion-like protein domains of an RBP and/or electrostatics
(-/þ) as building principles. (d) lncRNAs can affect protein activity. (e) A variety of other functions: lncRNAs may express
peptides from previously undetected small ORFs, recruit effectors via RNA modifications, or bind other nucleic acids like RNAs
(e.g. affecting stability, splicing or acting as competing endogenous RNA) or DNA (e.g. leading to R-loop formation and
influencing transcription, replication, chromosome topology, damage repair). Ac, acetylation, example of activating histone
tail posttranscriptional modification; IDR, intrinsically disordered domain; LLPS, liquid-liquid phase separated structure; P,
phosphorylation as an example of protein activity change; TF, transcription factor.
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Molecular genetics
lncRNAs regulate protein translation and
transport

lncRNAs function not only in the nucleus but can
also bind proteins in the cytoplasm: Cardiovascular
TPRG1-AS1 accelerated the turnover of the cytoske-
letal motor-protein MYH9 in VSMCs and curbed
atherosclerotic neointima growth [15]. In another
study, CIRKIL inhibited the nuclear import of Ku70,
with potential effects on double-strand break con-
trol and cell death pathways. In disease models,
CIRKIL worsened cardiomyocyte damage during
myocardial infarction [16]. Loss of another well
known lncRNA, H19, led to progressive heart fibro-
sis, heart failure and vascular abnormalities, as typ-
ically observed in patients with the Beckwith–
Wiedemann syndrome. The authors mechanisti-
cally implicated H19 in this disease because H19
silenced mesenchymal genes in the endothelium,
affected TGFb-signalling and antagonized Mirlet7
microRNAs [17

&

]. Finally, a circRNA, circ-INSR, was
cardioprotective by prosurvival signalling during
replicative stress in cells [18]. Whether other cyto-
solic or nuclear effector molecules exist for these
four lncRNAs remains an open question.
lncRNAs regulate signalling pathways

In other cases, the function of the lncRNA is so
pleiotropic that it is hard to pinpoint a single caus-
ative effector: For example, Caren knockout mice
suffered heart failure during pressure overload.
Mechanistically, Caren blocked the translation of
the pleiotropic tumour suppressor Hint1, and
engaged with other unknown factors to control
mitochondrial respiration in cardiomyocytes [19

&

].
A similarly complex lncRNA is MIAT. MIAT pro-
moted pathological VSMC proliferation and trans-
differentiation, which accelerated atherosclerotic
plaque growth and vulnerability. This effect might
involve NFKB pathway activation and KLF4 tran-
scriptional induction [20

&

]. As MIAT also promotes
tumorigenesis by binding AEG-1, a protein that
affects diverse pathways [21], it is possible that NFKB
signalling is a central lncRNA effector across diseases
and tissues. Finally, no clear effectormechanismwas
defined for OIP5-AS1 during its female-specific car-
dioprotective role [22].
lncRNAs can exhibit more than one role

lncRNA loci sometimes exhibit more than one role:
For example, HBL1 targets JARID2 to repress cardio-
genic gene promoters via PRC2. Independently,
HBL1 also restrains miR-1’s from targeting JARID
[19

&

]. Thus, HBL1 fine-tunes cardiogenesis twofold
in the nucleus and the cytoplasm.HBL1 target genes
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are, thereby, relevant as possible genetic causes of
congenital heart diseases [23]. A similarly complex
scenario happens at the Ckip-1 locus. There, the
3’UTR of Ckip-1 mRNA takes on a life of its own
as uaRNA (Fig. 1a) and sequesters Let-7f microRNAs.
By antagonizing Let-7f, the Ckip-1 3’UTR activates
cardioprotective metabolic remodelling [24]. These
scenarios highlight the complexity of lncRNAs and
show that care should be taken when attributing
phenotypes to a single molecular effector mecha-
nism (Table 1).
lncRNAs bind enzymes and regulate their
activity

lncRNAs may also serve as selective regulators of
protein enzyme activity, which speaks for specific
structural interactions with clients (Fig. 1c) and goes
far beyond simply tethering or scaffolding interact-
ing partners (Fig. 1b): An instructive example is
Veal2,which was found to be essential for the endo-
thelial barrier function and normal vasculogenesis.
This lncRNA inhibits the kinase activity of Prkcbb
[25

&&

]. Specifically, the authors established that
Veal2 inhibited lipid activators from access to an
allosteric stretch in Prkcbb protein. To make this
argument, the authors also provided corroborating
structural insights from molecular dynamic simula-
tions [25

&&

]. Astonishingly, this enzymatic regula-
tion was conserved in humans, despite the lack of
conservation in VEAL2 sequence. Finally, by rescu-
ing the vascular defects ofVeal2mutants with chem-
ical Prkcbb inhibitors, the study confirmed this
effector mechanism in vivo. Moreover, reintroduc-
ing the lncRNA in trans into a lncRNA mutant
provided formal evidence that the RNA was the
functional moiety in vivo. Thus, at several levels,
this work is a role model study. Importantly, from
a translational perspective, re-expressing VEAL2 is a
therapeutic avenue because VEAL2 strengthens cell-
cell junctions and endothelial permeability in dia-
betic retinopathy [25

&&

].
Across the reviewed studies (Table 1), cardio-

vascular lncRNAs can bind DNA, RNA or proteins
and affect many different molecular pathways.
This makes it difficult to derive unifying features
of lncRNA function. Also, given the paucity of
bioinformatic methods to systematically predict
effector mechanisms for lncRNAs, studying
lncRNA loci remains often more complex than
studying protein-coding genes. For this reason, it
is important to consider potentially overarching
concepts that can sharpen new experimental
hypotheses and streamline the functional analysis
of new lncRNAs, as discussed in the following
two chapters.
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NEW INSIGHTS FROM GENOME-WIDE
STUDIES OF LONG NONCODING RNAs

Important new conceptual insights in lncRNA
effector mechanisms have recently been obtained
from new single-cell technologies and from
CRISPR/Cas9-based genome-wide screens. They
provide novel perspectives on how noncoding
risk loci and lncRNAs expressed from these loci
may be prioritized and functionally studied in
CVD (Table 2).
Single-cell exploration of long noncoding
RNAs from enhancers and of noncoding risk
variants

The majority of genetic variation of disease risk
identified in genome-wide association studies lies
in the noncoding sequence space, most of which is
transcribed at some point. Moreover, in genome-
widemulti-tissue profiling, hundreds of lncRNA loci
were associated with diseases/traits with a higher
likelihood than the nearest protein-coding genes
[26

&

]. Nevertheless, it has been hard to predict or
systematically test the function of disease-associated
noncoding loci. Towards this goal, new approaches
based on integrative single-cell methods are taking
the lead in their systematic functional annotation:
First, they aim to prioritize potentially causal non-
coding disease risk SNPs by their regulatory poten-
tial. For example, many noncoding loci correspond
to cis-regulatory elements, including enhancers
expressing lncRNAs (eRNAs, Fig. 1b). Second, studies
attempt to identify which cell type is relevant for a
given risk SNP. Third, they try to unveil the target
promoters of risk SNPs. Relevant potent approaches
integrating single-cell transcriptomics and single-
cell epigenomics data have recently been published.
For example, studies have employed chromatin co-
accessibility mapping of enhancers and their puta-
tive target promoters with single-cell/single-nuclear
ATAC-seq to pinpoint CVD-relevant noncoding
RNAs and their cellular context [27

&&

,28,29]. Simi-
larly, allelic expression analysis in single cells is a
powerful technology [30]. Moreover, regulatory
gene network computation and machine learning
helped infer the biological context for novel candi-
date CVD-driving target genes. Further fruitful
approaches involved population-scale single-cell
profiling and Mendelian randomization [31].

In parallel to correlative approaches, the func-
tion of noncoding risk loci has been tested exper-
imentally with new systematic CRISPR/Cas9-based
screening technologies: For example, it was possible
to pinpoint regulatory DNA elements by tiled and
multiplexed CRISPRi screening over noncoding loci
that were hundreds of kilobases in size. The key to
0268-4705 Copyright © 2023 The Author(s). Published by Wolters Kluwe
success was to systematically assay enhancer activity
in these noncoding regions by molecular single-cell
readouts, which can involve FlowFISH [32

&

] or high-
throughput sequencing [33

&&

].
For the cardiovascular field, the studies

mentioned above revealed new cell-type–disease
phenotype relations (e.g. in fibromyocytes in athe-
rosclerosis), new lncRNAs with potential function-
ality in CVD and maps of epistatic interaction
networks among CVD-relevant enhancers. Not last,
millions of enhancer-gene interactions are now
becoming known, many of which would have been
invisible in bulk tissue analysis.
Unique features of long noncoding RNAs
compared with mRNAs

Many lncRNAs are expressed at lower levels than
mRNAs, show less well defined 3’-end processing
and can stem from bidirectional promoters (eRNAs,
PROMPTs/uaRNAs) (Fig. 1A). Recent single-cell
sequencing and allele-specific measurements carved
out further unique features that allowed new
mechanistic insights: although protein-coding tran-
scription occurs typically in periodic bursts (lasting
1–10min and yielding 1–100 mRNA molecules per
burst), lncRNAs have four-fold lower burst fre-
quency and two-fold smaller burst size. One-third
of lncRNAs burst less than once per day per allele.
This feature has been directly linked to the typically
higher cell-to-cell expression variability of lncRNAs
compared with level-matched mRNAs [34

&

]. This
finding is relevant in the biomedical context, for
example when using lncRNAs as biomarkers. These
new methods may also allow researchers to address
how the antisense orientation of an asRNA affects
transcription initiation or elongation on its sense
target gene. This task is relevant because several
cardiovascular lncRNAs are encoded in antisense
configuration to protein-coding genes, but there is
no robust framework yet for testing their role
(Table 1).
Conservation of long noncoding RNAs and
impact for functional testing

Genetic conservation between species is often an
indicator of biological function. However, lncRNAs
evolve fast, and recent evolutionary studies con-
firmed that, globally, there is close to zero purifying
selection against pointmutations in lncRNA loci [35].
Also, nonconserved lincRNAs have a similar trend of
association with cardiometabolic traits as conserved
lincRNAs [33

&&

]. These findings suggest that simpli-
fied homology-based prioritization of conserved
lncRNAs can skew which lncRNAs become the
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Table 2. Emerging concepts for long noncoding RNA functionality

Emerging concept for
lncRNA function Specific lncRNA function Ref.

New insights from genome-
wide studies of lncRNAs

Single-cell exploration of
lncRNAs from enhancers
and of noncoding risk
variants from GWAS

- Single cell sequencing captures rare cell
subtypes relevant to (CVD) pathophysiology.

- Single cell eQTL, chromatin-accessibility
caQTL mapping and allele-specific analysis
are becoming feasible on cohort/
population-scale.

- Single cell profiling allows better than bulk
analysis to pinpoint enhancer-target pairs
and causal noncoding risk SNPs (e.g. lying
in regulatory DNA elements), relevant cell
types and contexts, and likely effector
genes of noncoding risk SNPs.

- Tiled multiplexed/combinatorial CRISPRi
screening identifies regulatory regions in
noncoding DNA and crosstalk between
multiple enhancers.

[26&,27&&,28--31,
32&,33&&]

Unique features of lncRNAs
compared with mRNAs

- The transcription burst frequency of
lncRNAs is smaller than that of mRNAs,
which contributes to higher variability in
lncRNA abundance.

- Often lncRNAs are expressed with < 1
burst per day.

[34&]

Conservation and function
of lncRNAs are not so
directly related

- A similar association of conserved and
nonconserved lincRNAs with
cardiometabolic traits.

- On the genomic scale, close to zero strong
purifying selection in lncRNAs.

- LncRNA function often lies in short
conserved RNA features (possibly
structural).

[33&&,35--37]

New insight on lncRNA
numbers

- Discordance in lncRNAs numbers across
databases; eRNAs often not included in
databases.

- Expected number of lncRNA transcripts is
higher (400000) than number of lncRNA
genes.

- LncRNA exons amount to only 2.3% of the
genome (similar to exons of protein-coding
gene).

- Unexpectedly many proteins (20% genome-
wide) could be RNA-binding.

[2&&,38&&]

Expectations of lncRNA
functionality on a
genomic scale

- Minority (0.2%) of lncRNAs is essential for
core cell functions (e.g. cell cycle control).

- The hit rate for essential roles in genomic
screens is 16x lower than for protein-coding
genes.

- Modulatory pro-differentiative roles of
lncRNAs are often unique to a single/few
cell types.

[40&&,41]

new concepts of lncRNA
function with potential
relevance to the
experimental design in
studying CVD

lncRNA-dependent spatial
compartments and
nuclear scaffolding

- Nascent RNA (primarily noncoding)
bridges to an insoluble nuclear protein
scaffold to maintain active expression states
(by resisting inherent chromatin
condensation).

[42]

Molecular genetics
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Table 2 (Continued )

Emerging concept for
lncRNA function Specific lncRNA function Ref.

nonstoichiometric
amplification of lncRNA
function

- A major function of lncRNAs is to seed and
control RNA-based 3D compartments (also
called bodies/condensates/speckles/
paraspeckles/granules) in the nucleus and
cytoplasm (affecting chromatin looping,
transcription, splicing, polyadenylation).

- LncRNA-based nuclear infrastructures serve
to concentrate and spatially organize
diffusible effector protein show different
condensates and scaffolds relate to each
other is not understood.

[4,30]

- LncRNAs are multivalent (e.g. multiple RBP
binding motifs).

- RBP protein features drive macro-assemblies
(e.g. prion-like domains or IDRs), which can
result in liquid-liquid phase separation (LLPS)
and local reaction centres).

[44&&]

- Transcription initiation (low RNA
abundance) stimulates coactivator/RNAP II
condensates, while RNA bursts during
elongation (high RNA abundance) dissolve
condensates.

- Among others, this is a model of why
regulatory lncRNA can be functional while
low-abundant.

[45&]

lncRNA splicing can be the
determining effector
mechanism for lncRNA
loci

- Programmed intron-retention drives nuclear
retention of RNA.

- Programmed intron-retention can control
mRNA levels and indirectly impact
translation rate.

- 3‘UTR of mRNA acts as noncoding RNA
(uaRNA) independent of mRNA.

- Many more RNA isoforms of lncRNAs than
thought, also among circRNAs.

- RNA processing / RBP loading enhances
lncRNA function (e.g. higher eRNA
potency).

[46--48]

Functions of
posttranscriptional
modifications in RNA

- >100 RNA modifications known, a
majority of which are functionally not
understood.

- m6A is common and can affect the splicing
(and function) of lncRNAs.

[49--51]

Noncoding RNAs can
express micropeptides

- LncRNAs can produce small peptides.
- Around 7000 small ORFsare predicted

genome-wide, only 10% of which are
already quantifiable by peptidomics.

[52--54]

List of currently discussed mechanisms of how lncRNA can function, many of which still need to be specifically explored in the cardiovascular context.
eRNA, enhancer RNA; IDR, intrinsically disordered domain in a protein; PAS, promoter antisense RNA; RBP, RNA-binding protein.
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subject of study in disease modelling [36]. However,
it is also evident that the ‘grammar’ of predicting
lncRNA function from its sequence still needs
improvement. Specifically, negative evidence for
sequence conservation does not preclude the con-
servation of functionality in lncRNAs. Instead, one
emerging view is that lncRNAs do not have
0268-4705 Copyright © 2023 The Author(s). Published by Wolters Kluwe
recognizable orthologs across large species distan-
ces, partly because functionalitymay be due to short
and scattered sequence motifs or hard-to-identify
structural or topological features. Several technical
approaches are evolving to identify such RNAmotifs
[37], and these may change how future studies
evaluate lncRNA evolution and function.
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New insight on numbers of long noncoding
RNA genes and transcripts: is there an end
in sight?

RNA sequencing has shown that up to 93% of the
human genome is transcribed at some point, while
protein-coding sequences account for only 1.5%.
These numbers alone do, however, not mean that
RNAs are much more important regulators than
proteins [38

&&

]. Supporting this notion, the majority
(90%) of all cellular RNAPII-dependent transcrip-
tion stems from uncontrolled (spurious) starts at
nucleosome-free foci and not from lncRNA genes.
In contrast, lncRNA genes amount to only 2.3% of
the human genome, which is on par with protein-
coding genes [38

&&

].
Nevertheless, the number of lncRNA transcripts

may still be more extensive than expected: Current
databases list 107039 (https://lncipedia.org) or
173112 lncRNA transcripts (NONCODE). Moreover,
experts estimate that up to 400000 different lncRNA
transcripts could exist when including the class of
eRNAs [2

&&

] (Fig. 1a). Similarly, over the years, the
number of proteins annotated as RBP in our genome
increased to 4257 (amounting to �20% of the
human proteome, which is a surprisingly large frac-
tion) [39]. Although it is not predictable how many
of these would engage noncoding RNA, the large
numbers of RBPs and lncRNAs show the scale of
work ahead.
Expectations of long noncoding RNA
functionality on a genomic scale

Recent genome-scale functional screens give first
hints about how many lncRNAs might eventually
be functional, which is an important consideration
also in a translational dimension: Recent compara-
tive genome-wide CRISPR screening on lncRNAs
and mRNAs showed that surprisingly few lncRNAs
(0.2%) were essential for core cell functions such as
cell cycle, cell growth or apoptosis. This fraction is
16-fold smaller than the hit rate of protein-coding
genes [40

&&

]. Furthermore, not a single lncRNA was
essential for robust cell growth across more cell
types. This observation emphasizes the need to care
about context-specificity when assaying lncRNAs in
diseasemodels [41] (Table 1). About 3.8% (200) of all
lncRNAs scored as essential for differentiation in a
typical stem cell based culture system (which is still
two-fold less than protein-coding hits) [40

&&

].
Thereby, astonishingly, roles were rather pro-differ-
entiative (87%) than antidifferentiative [40

&&

]. These
findings and rates can guide how to test any new
candidate lncRNA in the cardiovascular context
most meaningfully. Hit rates might eventually be
higher when assaying molecular effects of lncRNAs
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with broad and agnostic omics technologies, which
was not achieved in the above genome-wide screens
that used simplified cellular readouts for practical
reasons.
NEW CONCEPTS OF LONG NONCODING
RNAs FUNCTION WITH POTENTIAL
RELEVANCE TO THE EXPERIMENTAL
DESIGN IN STUDYING CARDIOVASCULAR
DISEASE

Recent work suggests that there are some new over-
arching concepts for lncRNA function that have yet
to be applied to the cardiovascular field but could
simplify future research in CVD. In the following,
we describe important concepts and point out their
relevance for experimental design in studying CVD
(Table 2).
Long noncoding RNA-dependent spatial
compartments and nuclear scaffolding

Several insightful studies recently identified that
many lncRNAs acquire previously unknown func-
tionality by establishing three-dimensional (3D)
infrastructures: One report found that many intron
and repeat-containing RNAs and more than 80% of
robustly expressed lncRNAs bridge to an insoluble
proteinaceous material (e.g. SAF-A) in the nucleus.
Importantly, these RNA-protein contacts served as a
3D scaffold that maintained gene activity by coun-
teracting the inherent condensation properties of
chromatin on a cytological scale [42] (Fig. 1d). Inde-
pendent studies reported on similar but different
roles of lncRNAs in controlling 3D chromatin top-
ology: While physically attached to their DNA loci
during RNA transcription, lncRNAs (including the
cardiovascular Airn, Kcnq1ot1 or MALAT) seed and
regulate 3D chromatin looping over megabases.
These loops typically coalesce into reaction centres
that allow to concentrate diffusible activator or
repressor proteins [43

&

]. Thus, in the face of the
dazzling diversity of lncRNA functions in gene
expression control (Table 1), a substantial number
of these functions might be reducible to a few basic
properties related to 3D reaction compartmentali-
zation (Fig. 1d).
Nonstoichiometric amplification of long
noncoding RNA function

Another riddle is how lncRNAs that decay fast and
exist with less than 10 copies per cell could ever be
significant regulators of biochemical reactions.
Remarkably, some functional lncRNAs exist atmuch
lower levels than their targets. An insightful recent
Volume 38 � Number 3 � May 2023

https://lncipedia.org/


Long noncoding RNAs in cardiovascular disease Kohlmaier et al.
review discusses conceptual models that reconcile
this paradox [44

&&

]. First, lncRNAs such as cardio-
vascular NEAT1 contain multiple RNA-binding pro-
tein (RBP) binding sites, which helps to amplify
their impact. Second, even with few RNA copies,
lncRNAs use properties of the bound RBPs to amplify
their function at the protein level. To this end,
specific intrinsically disordered regions (IDRs) or
prion-like domains in the RBPs propel protein struc-
tural state-switches or oligomerization. Surprisingly,
it is these protein switches that drive liquid-liquid
phase separation and other types of 3D compart-
mentalization that functionally support effective
transcription and splicing and other RNA-based
processes [44

&&

] (Fig. 1d). A nonexclusive model
recently highlighted how noncoding RNAs could
also gain impact by the effect of electrostatic forces
from their backbones. In this model, the charge
balance from noncoding RNA appeared to be critical
to forming condensates of coactivators and RNA
Polymerase II (RNAPII) during transcription initia-
tion [45

&

]. Thinking about these nonlinear reaction
schemes is vital for future experimental design, for
exploiting the therapeutic potential of lncRNAs, and
not lastly, for reinterpreting published results that
drew conclusions from nonphysiological overex-
pression of lncRNAs.
Long noncoding RNA splicing can be the
determining effector mechanism

Although lncRNA sequence is generally not well
conserved, splice-control sequences in lncRNAs sur-
prisingly are. In addition, enhancers that produce
well spliced lncRNAs (eRNAs, Fig. 1a) are more
potent, and it was long unknown why. Recent stud-
ies show that splicing over a lncRNA locus has
consequences independent of the actual lncRNA
sequence content. Specifically, splicing the first
exon of a lncRNA stimulated RNAPII progression
along the noncoding locus. The transcription proc-
ess then remodels the local chromatin landscape.
For 50% of local eRNAs, this (and not the RNA
moiety itself) might be the actual determinant for
enhancer function [46]. This finding suggests that
lncRNA processing and/or RBP-loading onto
lncRNAs may be an underappreciated factor in
how lncRNA loci become functional. Such consid-
erations will undoubtedly impact the interpretation
of studies that deleted entire lncRNA loci to assess
the role of given lncRNAs for CVD (Table 1). Splicing
of lncRNAs can also have additional consequences:
For example, intron-retention in lncRNAs was iden-
tified as a physiological regulatory process to retain
lncRNAs in the nucleus [47]. Moreover, if occurring
in mRNAs, it can reduce the net translation of
0268-4705 Copyright © 2023 The Author(s). Published by Wolters Kluwe
protein-coding genes, as shown for MYH7b in the
heart [48]. New long-range RNA sequencing plat-
forms such as nanopore sequencing are getting a
much better grip on detecting lncRNA splice-iso-
forms and help to expand the number of noncoding
transcript isoforms to be studied.
Functions of lncRNA modifications

Epitranscriptomics is an emerging new field. More
than 150 posttranscriptional chemical RNA modifi-
cations are known to date, and these can affect the
processing, stability or sorting of lncRNAs, yet with
largely untapped therapeutic potential [49]. For
example, conceptually alike histone tail modifica-
tions and chromatin reader-writer systems, region-
selectively deposited m6A methylation in RNA not
only has steric effects on RNA [50] but can also
recruit readers such as the YTHDC1 protein
(Fig. 1e). Among others, YTHDC1 attracts the splic-
ing factor SRSF3 in the case of ANRIL, a major
lncRNA also in cardiovascular context. Thereby,
m6A implements a local splicing switch from the
short to the long isoform,which determinesANRIL’s
repressor function [51].
Noncoding RNAs can express micropeptides

Synthetic screening, better IRES prediction and
translational profiling revealed that microexons
and small open reading frames (sORFs) are more
common in lncRNAs than expected (Fig. 1e). Cur-
rent measurements may be undersampling true
micropeptides, as peptidomics is not sufficiently
sensitive for lncRNAs that are typically present at
low copy numbers. However, up to 0.3 micropep-
tides might exist per transcribed lncRNA, which is
significant for a molecular species characterized by
its noncoding character. Up to 7000 micropeptides
can be expected to be expressed in the human
genome [52]. Currently, only 10% of these are
already quantifiable, and most need to be function-
ally tested [53]. An example in the cardiovascular
system is lncRNA PSR, which produces a 117 amino
acid long peptide (Arteridin) required for SMC phe-
notypic-switching. Surprisingly, PSR additionally
functions as lncRNA because it binds Arteridin in
complex with the atherosclerosis-driving transcrip-
tion factor YBX-1 [54]. This scenario reveals yet
again the multiplicity and repurposing of function
among lncRNAs.

Gold standards for best practices in dissecting
lncRNA functions are currently being formulated
[3

&&

], and common pitfalls are highlighted [55],
which are particularly important for translational
attempts: First, special care is advised regarding
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RNAseq and PCR artefacts in CLIP experiments
[56,57

&&

] or poor stringency in pulldowns. The latter
is an issue even for well known and often reported
lncRNA-interactors like PRC2 [57

&&

], which has also
been implicated as an effector of many cardiovas-
cular lncRNAs. Second, frameworks are emerging for
describing best practice approaches in studying
lncRNAs [3

&&

]: Brute force deletion of a lncRNA locus
may still be a pragmatic entry point (as performed
formost studies in Table 1), especially when coupled
to deep in vivo phenotyping [3

&&

]. In many cases,
further clarifying steps are needed and have not yet
been reported for cardiovascular lncRNAs in typical
CVD disease models (Table 1). Specifically, more
fine-grained CRISPRi/a-based probing, deletions
scanning, insertions of polyA-terminators and res-
cue experimentation (with wildtype and mutant
RNA versions) can determine if a DNA region or
the RNA product in a locus is relevant. This distinc-
tion is essential for identifying the therapeutic target
in a lncRNA locus [3

&&

] (Fig. 1, Table 1). Such a
distinction is specifically relevant because lncRNA
loci can be active at the DNA level, while the lncRNA
molecule itself may be without function. Syntheti-
cally tethering lncRNAs to their proposed effector
molecule (client DNA, RNA or protein) can help to
formally document that RNA is the functional moi-
ety and that it engaged a specific effector [3

&&

,55].
Last, it is common sense that evidence formolecular
effector mechanisms of lncRNAs should not solely
involve phenocopying, especially not when making
unwarranted use of epistasis experiments with indi-
rect cellular readouts or when involving overexpres-
sion at nonphysiological levels [3

&&

,38
&&

,55].
CONCLUSION

Some lncRNAs play important roles in the patho-
physiology of CVD. The functions of these lncRNAs
are diverse, and new concepts still emerge. These are
driven by advances in sequencing and genome engi-
neering, interaction profiling and quantitativemod-
elling of RNA-dependent gene regulatory networks.
Some lncRNAs also show therapeutic potential for
ameliorating the functions of cardiomyocytes,
endothelial cells or VSMCs in the heart and vascu-
lature (Table 1). However, the way to lncRNA-based
therapies is still far. On this road, it is reasonable to
expect that lncRNAs exhibit moderate, cell-type
specific, modulatory or combinatorial effects.
Therefore, interrogating lncRNA function in vivo,
either during development or in animal disease
models and in organoids, remains a central avenue
toward unveiling lncRNA functions. Current fron-
tiers for therapeutic exploitation are also related to
remaining technical challenges. One is to pinpoint
190 www.co-cardiology.com
the role of lncRNAs from single cells in their spatial
tissue context. Another is the systematic prediction,
imaging and testing of RNA structural motifs as
functional determinants and as therapeutic drug
targets in vivo. Together, as the decades-long fruitful
research onmodel lncRNAs likeXIST can tell, study-
ing lncRNAs is a challenging multistep and multi-
disciplinary endeavour that bears ever-new surprises
and where decisive mechanistic work pays off.
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