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Abstract

Recent advances in high-throughput sequencing of nucleic acids have led to the
fascinating insight that the majority of the human genome is transcribed. This
includes tens of thousands of RNAs sized larger than 200 nucleotides that are not
translated into proteins and are referred to as long noncoding RNAs (IncRNAs).
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Until now, only a few of these IncRNAs have been functionally characterized. Here
we highlight IncRNAs related to cardiovascular physiology and disease (CVD).
We start with an overview of IncRNA classification schemes and of molecular
functions of IncRNAs, giving examples of IncRNAs with cardiovascular function
in each class. The main focus then is to systematically review 57 IncRNAs
implicated in atherosclerosis, myocardial infarction, aortic aneurysm, cardiomyop-
athy, angiogenesis, arrthythmia, and stroke. We discuss the evidence how these
IncRNAs partake in the regulation of cell lineage specification, differentiation
potential, cell proliferation, and cell survival in the cardiovascular cell lineages.
Specific emphasis is put on recently published IncRNA knockout approaches, and
on IncRNAs that have been implicated as important regulators in animal in vivo
models of cardiovascular diseases and/or identified in human patient cohorts.

7.1 Introduction

For a long time, proteins have been considered the main functionally active
molecules in mammalian cells. Yet, in a few selected cases, functionally important
non-protein-coding cellular RNAs had been identified. Most prominently, the long
noncoding RNA (IncRNA) XIST has been known for decades to be essential for
establishing X-chromosome inactivation in female mammals, and studies on XIST
have become blueprints for approaches in studying IncRNA function (see [1] for
review). Similarly, several noncoding RNAs have been identified early on in several
important imprinted gene clusters, among them RNAs with relevance for cardiovas-
cular disease, like H19, Meg3, or Kcnglotl. Their study has inspired more recent
investigations on how IncRNAs interact with chromatin regulators and affect tran-
scription. But only with the advent of high-throughput nucleic acid sequencing
analyses in the 2000s, and soon after the detection of the large class of regulatory
small interfering RNAs and microRNAs, IncRNAs have entered the focus of the
investigation on a genome-wide scale. It is becoming clear by work of the ENCODE
or FANTOM consortia that protein-coding genes account for only as little as 1.5% of
the genome. In recent years, thousands of IncRNAs have been identified. LncRNAs
are transcribed from thousands of previously unannotated non-protein-coding
genes in our genomes [2—5]. This raises the question if and to what extent the many
thousands of IncRNA transcripts are functional. Whether only few or many of these
IncRNA transcripts carry cellular functions is a matter of currently ongoing research.

Overall, on a molecular level, it seems that IncRNAs do not have catalytic
ribozyme functions. Only ribosomal RNAs (rRNA) and small nuclear RNAs
(snRNA) function as catalytic entities in ribosomes and the spliceosome, respec-
tively. Rather, IncRNAs serve as regulators of other molecules by binding to them.
In this function, and as will be reviewed in detail in this book chapter, IncRNAs
guide protein complexes to specific DNA sequences, or scaffold multiprotein
complexes, or increase or inhibit the activity of enzymes, or affect mRNA
stability and translation capacity. In functional terms, a growing number of
IncRNAs are being found to impact the development of cardiovascular cell types
and organs in the vertebrate embryo. To name a few, Braveheart [6] Fendrr [7],
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Upperhand [8], and HoxBlinc [9] are important recently identified IncRNAs in this
class. Other IncRNAs, in some cases first identified in independent systems like in
cancer models or in generic cellular screens, were then also found to be misexpressed
in diseases of the heart or vasculature and to causally contribute to cardiovascular
disease. ANRIL [10-12], MALATI [13, 14], Myheart [15], Chaer [16], lincRNA-p21
[17], CARL [18], CARMEN [19], Rffl-Incl [20], and ROR [21] are prominent
examples of this latter class. Extending the compendium of IncRNAs, recent
experiments have documented that besides the thousands of linear IncRNAs,
thousands of genes also express circular RNAs (circRNAs), most of which are
noncoding [22]. circRNAs emerge from unconventional backsplicing (tail-to-head
splicing) of a downstream exon to a more upstream-located exon, resulting in
covalent linkage of RNA in cis by a covalent 3'-5" phosphodiester bonding. Com-
pared to linear IncRNAs, an even smaller number of circRNAs has been functionally
studied. But from the little existing insight it has become clear that also some
circRNAs, though not encoding proteins, can carry regulatory functions and con-
tribute to cardiovascular disease when misregulated, such as circRNAs emerging
from the ANRIL locus on the well-known cardiovascular risk region on chromosome
9p21 [23, 24].

7.2 General Characteristics and Classification of IncRNAs

Here we describe the molecular characteristics of IncRNAs, linear and circular
(Sects. 7.2.1-7.2.2.8), and their well-known molecular functions (Sects. 7.3.1—
7.3.10), always by focusing on the description of those IncRNAs that have been
implicated in cardiovascular physiology and disease. Their specific roles in physiol-
ogy and cardiovascular disease are described later (Sects. 7.4.1-7.4.2.7) following
the introductory parts on classification and molecular function.

7.2.1 Characteristics of IncRNAs

IncRNAs have been defined rather arbitrarily by a length >200 nucleotides (nts), a
threshold rooting in cutoffs during biochemical separation from shorter RNAs like
microRNAs using a commercial DNA/RNA isolation kit [25, 26]. Earlier function-
ally annotated noncoding RNAs, such as ribosomal RNA, transfer RNAs, small
nuclear RNAs, small nucleolar RNAs, microRNAs, endogenous small interfering
RNAs, or Piwi-associated RNAs, even when >200 nts, are not classified as
IncRNAs [27] (see Box 7.1 for a list of general characteristics of IncRNAs). The
key criterion for being a IncRNA is that, firstly, IncRNAs do not carry prominent
open reading frames for protein translation. Secondly, IncRNAs are unlikely to be
translated into proteins even when carrying open reading frames. In fact, although a
significant number (50%) of IncRNAs do associate with ribosomes, this association
is not productive, and no translation ensues [28]. Over 27,000 IncRNA genes are
predicted to exist in humans, leading to over 100,000 different IncRNA transcripts
(https://Incipedia.org) [29]. This number rivals the number of protein-coding genes
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in our genomes (19,817; www.ensembl.org), feeding the hypothesis that much of
our organismic complexity as higher metazoans may be related to the function of
noncoding RNAs [30]. A common question is whether IncRNAs are more likely to
act in the nucleus or in the cytoplasm. When assessing the transcript abundance of
1339 robustly expressed IncRNAs and of 13,933 mRNAs on a genome-wide scale,
17% of the tested IncRNAs were found to be exclusively localized to the nucleus, a
ratio that is slightly but significantly larger than the ratio of exclusively nuclear
protein-coding mRNAs among all mRNAs (15%). In contrast, the frequency of
exclusively cytoplasmic IncRNAs is small (4%) compared to mRNAs (26%). Still a
majority of IncRNAs and mRNAs are present in both nucleus and cytoplasm [31-
34]. One exception is the class of circular IncRNAs (circRNAs, see below), which
are mainly cytoplasmatic [22, 35]. Overall, the cellular localization patterns do not
indicate a preferred subcellular compartment of function for the class of IncRNAs.
Instead IncRNA function appears to be highly diverse. Also, on average, IncRNAs
are similarly stable compared to coding mRNAs, and only specific classes of
IncRNAs, few in the overall IncRNA number, qualify as being specifically unstable,
as specified below [36].

Box 7.1 Characteristics of IncRNAs
* Up to 93% of the human genome is transcribed [2-5]
e >200 nucleotides in length [25, 26]
* LncRNAs are a heterogeneous class of tens of thousands of noncoding
transcripts [29, 37]
» Similarity to protein-coding mRNAs [37]:
— RNA polymerase II transcripts
— Expressed from genes and organized in exons that are defined by
chromatin states alike protein-coding mRNAs
— Carrying 5'cap (depending on class)
— Spliced and displaying 3’ polyA tails (depending on class)
* Unique features:
— Unlikely to carry open reading frames >300 nucleotides (see text for
details) [38, 39].
— Shorter than mRNAs on average, with fewer but longer exons [31].
— Expressed at lower levels [40].
— Faster primary sequence evolution than mRNAs, but still often with
orthologs in other species [41].
— Less efficient splicing compared to mRNAs [42].
— 95% of IncRNAs do not productively associate with translating
ribosomes [28].
— Prominent tissue-specificity [31] and potential to regulate gene expres-
sion in cis and in trans [37, 43—46].
— Sometimes specialized 3’ ends (polyA-independent; triple helices,
tRNA/snoRNA-like ends) [47].
— A large class of IncRNAs can be circular (5’ and 3’ ends are covalently
linked; circRNAs do not have 5’ cap or polyA tail) [22].
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7.2.2 C(Classification of IncRNAs

An important approach in trying to grasp the diversity of IncRNA function is to
classify IncRNAs according to the location of their gene bodies in the genome.
This relates to the observation that in many cases the relative positioning of IncRNA
genes to other functional elements nearby is important. For example, a common
function of IncRNAs is to affect the transcription of nearby genes, either directly or
indirectly, by influencing enhancers or the local chromatin state at promoters. How-
ever, there is more than one classification scheme, and IncRNAs may also be grouped
according to their molecular biogenesis, or their type of functionality, and the group
affiliation changes depending on the grouping principle (see Box 7.2 for different
classification schemes). In the following paragraphs we present the major classifica-
tion scheme for IncRNAs that roots in the genomic organization of genes encoding
these noncoding RNAs relative to neighboring protein-coding gene elements.

7.2.2.1 Large Intergenic Noncoding RNAs (lincRNAs)

The genetic loci of lincRNAs do not overlap with protein-coding genes. lincRNAs
are on average 1 kb long, contain exons, and are polyadenylated and spliced.
Compared to mRNAs, lincRNAs are not as efficiently co-transcriptionally spliced
and not so well polyadenylated [40, 48]. As a consequence, without efficient
end-processing and when still carrying introns, such types of lincRNAs can be
unstable and become subject to early degradation by the nuclear exosome, the
major RNA degradation complex [48]. The degradation process can become active
even before lincRNA transcription is terminated. However, a number of lincRNAs,
even when lacking a polyA tail can become stabilized by unconventional molecular
features, such as structured RNA folds at their 3’ ends. For example, backfolding into
RNA triple helices, tRNA-like or snoRNA-like folds, can stabilize certain lincRNAs
[47, 49-51]. Several noncoding RNAs have been identified as lincRNAs and have
later been implicated in cardiovascular disease, such as MALATI [13, 14, 47],
lincRNA-p21 [17], Chaer [16], ROR [21], HOTAIR [52], Rncr3 [53], Gas5 [54],
Mirtl [55], UCAI [55], linc00305 [56], and lincRNA-DYNLRB2-2 [57]. Among
these, MALATI is an especially well studied case where unconventional 3’ end
processing determines the 3’ end: MALAT] is not polyadenylated after endonucleo-
lytic cleavage as the vast majority of long RNA polymerase II transcripts, but it is
end-processed by RNase P, which cleaves off a tRNA-like RNA-fold from the 3’
end. After that cut, an A/U-rich sequence is exposed that stabilizes MALATI RNA
by folding into a triple helical RNA structure that stabilizes MALAT]I in the absence
of a polyA tail [47].

7.2.2.2 Natural Antisense Transcripts (NATs, asRNAs)

A large majority of transcripts in our genomes represent natural antisense transcripts
(NATs, asRNAs) relative to neighboring transcripts. NATs are encoded on the
strand opposite to the strand transcribed in the primary locus. Mostly on the
edges of the host gene, NATs can either overlap the promoter or the terminator of a
neighboring primary locus. NATS are less frequently spliced or polyadenylated than
mRNAs or lincRNAs [58-65]. Examples with relevance to cardiovascular
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physiology and disease are ANRIL [66], SENCR [67], MALATI [68] MANTIS [69],
Mpyheart [15], HOXC-AS1 [70], HIF1aAS1 [71], KCNQI1OTI [72], and FosDT [73].

7.2.2.3 Promoter Upstream Antisense Transcripts (PROMPTS, uaRNAs)
There is a rather diverse class of IncRNA emerging from regions 5’ to promoters of
established genes, and specifically in antisense orientation to these. These RNAs are
termed promoter upstream transcripts (PROMPTS), and are also known as upstream
antisense RNAs (uaRNAs) [74-76]. They are expressed in an antisense direction
because mammalian RNAP II transcription initiation sites, both at promoters and at
enhancers, typically contain oppositely oriented core promoter elements within a
single nucleosome-depleted region that defines these transcription start sites. These
transcripts are diverse in size and are 5’ capped. Transcription upstream of promoters
likely occurs because many gene promoters consist of two separate core promoter
elements, which drive divergent transcription events. Often, only the major direction
of transcription leads to productive elongation and to stable RNAs. PROMPTS/
uaRNAs are rather unstable due to the absence of transcription start site (TSS)-
proximal 5 splice sites in sequences upstream of promoters. They are also unstable
because of the premature occurrence of TSS-proximal polyA sites. As a conse-
quence, they are degraded rapidly by the nuclear exosome [74]. Before the class of
uaRNAs was identified and coined in vertebrate genomes, similar unstable upstream
RNAs had been found in yeast and named differently: Yeast has two major types of
these transcripts. First, there are cryptic unstable transcripts (CUTs). CUTs are
expressed in the opposite direction from nonoverlapping bidirectional promoters
and their ends can lie in the starts of other genes [61, 77]. The expression of CUTs is
limited by rapid degradation [78]. Secondly, hundreds of stable unannotated
transcripts (SUTs) exist in yeast [79]. As such, CUTs and SUTs also belong to the
previously mentioned class of antisense RNAs [44, 80]. PROMPTs and uaRNAs
occur in all gene classes, in principle, and thus have not been specifically studied in
the context of cardiovascular disease or cardiovascular genes or IncRNAs. An
exception is the IncRNA Upperhand, whose expression from a bidirectional pro-
moter, shared with the cardiac transcription factor Hand?2, is involved in its role in
cardiac development [8]. Also ANRIL shares a bidirectional promoter with p/4, but
no conclusive insight into the relevance of this positioning has yet been
published [66].

7.2.2.4 Enhancer RNAs (eRNA) and Activating Noncoding RNAs
with Enhancer Function (ncRNA-a)

As the fourth class of IncRNAs, enhancers of genes have been found to be transcribed.
As a consequence, enhancer elements in the genome express enhancer eRNAs in 5’
and 3’ direction [81-84]. eRNAs are 50-2000 nts long and do not carry 5’ cap or
polyA tail [85]. The classification of eRNAs is at the moment not satisfactorily
resolved, as many eRNAs do not appear in IncRNA databases like GENCODE
[31, 85]. This could be due to the fact that eRNAs are rather unstable and often present
at even lower levels than other IncRNAs [85]. In fact, eRNA analysis requires
different, more sensitive and specialized biochemical preparation methods (CAGE
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[86, 87], GRO-seq [82], or PRO-seq [88, 89]). Apart from true eRNAs, a number of
IncRNAs have been found, called ncRNA-a, that are not classified as eRNAs, but,
similar to enhancers, stimulate targets genes in their vicinity [89]. Up to 3000 bona fide
IncRNAs from ENCODE databases exist, whose initiation sites overlap predicted
enhancers, as determined by the H3K4mel and H3K27 acetylation during chromatin
profiling approaches [90]. With relevance to the cardiovascular system, Carmen [19],
Wisper [91], and Upperhand [8] have been proposed to function by enhancing
transcription as enhancer RNAs. Also, HOTTIP [92], linc-HOXAI [93], and SMILR
[94] activate genes in their immediate neighborhood, but it is not clear whether as
eRNA or ncRNA-a or by another mechanism.

7.2.2.5 Long Intronic ncRNAs

The fifth class of IncRNAs is encoded within introns of some multi-exon genes and
these are called long intronic ncRNAs [4, 95]. Overall, their expression is not a
passive bystander to the expression of their parental gene, but they display a
differential expression. A subclass of intronic ncRNAs is stable intronic sequences
(sisRNAs), which is a broad class of noncoding RNAs that comprises both linear as
well as circular RNAs [96, 97].

7.2.2.6 Transcribed Pseudogenes

The sixth class of IncRNAs can be defined as transcripts of a subset (2-20%) of
pseudogenes [4]. Pseudogenes have originated in evolutionary history through
tandem duplication of a parental gene or retrotransposition of an mRNA of a
protein-coding gene. Without the selective pressure of encoding a protein, the rate
by which mutations were retained in them increased. As a consequence, most
pseudogenes have been inactivated and are not expressed anymore. The best-studied
example is the Xist RNA, which also has a function in the cardiovascular system, and
has emerged through a complex process from a pseudogenized protein-coding gene
[98]. On the other hand, when expressed, transcribed pseudogenes can exert
regulatory functions as IncRNAs and possibly affect their coding host genes [99].

7.2.2.7 Circular RNAs

Based on advances in RNA/DNA sequencing and in bioinformatics tools to map
transcriptomes onto genomes, it has been revealed that thousands of genes express
circular circRNAs [22]. As much as 20% of all genes expressed at any point in cells
produced circRNAs [100-102]. These are produced by spliceosomal action from
multiexon host genes: Instead of conventional colinear splicing of exons in their
genomic 5 — 3’ order, where introns are excised and later degraded as intronic
lariats, an atypical form of splicing (backsplicing) occurs during the biogenesis of
circRNAs: A downstream exon is ligated to a more upstream exon, causing a
covalent 3' — 5’ linkage of exonic sequences (see [103] for review). circRNA
molecules are rather stable because they are not accessible anymore by cellular RNA
degradation machineries, which are primarily exonuclease based (see [104] for
review). circRNAs vary in size, but are >500 nucleotides on average [100], and
thus classify as IncRNAs, though not usually reviewed together. In contrast to linear
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IncRNAs, circRNAs are mostly cytoplasmic [22]. One important function of
circRNAs is to control transcriptional initiation and splicing in the nucleus, but
also cytoplasmic functions have been documented (see in detail below). So far, only
a few circRNAs have been part of studies that explored functions in the cardiovas-
cular system in vivo, and these include circANRIL [23, 24], HRCR [105], and
MFACR [106].

7.2.2.8 IncRNAs with Translated Small Open Reading Frames (sORFs)
Though generally not encoding classical protein-coding open reading frames (ORFs)
much longer than 300 nts, small ORFs do occur by chance in any sufficiently long
RNA transcript, and even in the most classical IncRNA, Xisz [39]. Only the develop-
ment of ribosome release profiling technology has since firmly documented that
IncRNAs may associate with ribosomes, but that 95% of IncRNAs are indeed not
functionally translated [28]. This means also, however, that hundreds of IncRNAs
are potentially protein-coding or at least encoding small peptides. Recent studies
revealed that several hundred micropeptide-encoding short sORFs are potentially
translated from our genomes. Functionally active regulatory and signaling molecules
encoded as true micropeptides have already been found in animals [107-112] and
plants [113]. Together, a continuum seems to exist between noncoding and coding
sequence content in RNA messages [114], but the number of functional translated
sORFs in bona fide IncRNAs is considered rather small overall [115]. Some of the best
understood micropeptide-generating IncRNAs have indeed a function in the cardio-
vascular system, namely, in regulating heart muscle contractility [110, 112, 116].

Since different IncRNA classification schemes are used in the literature, key
concepts in IncRNA classification are summarized in Box 7.2.

Box 7.2 Classification of IncRNAs
» Classification based on neighborhood to protein-coding genes:
— Linear intergenic IncRNAs originating from enhancers (bidirectionally
transcribed and unstable)
— Linear IncRNAs originating from host gene promoters (transcribed
opposite to host mRNAs, unstable)
— Linear IncRNAs as stand-alone genes (more stable, longer)
— Long intronic ncRNAs
— Circular IncRNAs (stable, produced from internal exonic and intronic
sequences of expressed multiexonic genes)
* C(lassification based on molecular biogenesis (see text for explanation of
acronyms):
— lincRNAs
— NATS, asRNAs
— PROMPTS, uaRNAs, CUTs, SUTs
— eRNAs, ncRNA-a

(continued)
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Box 7.2 (continued)
* C(lassification based on function (majority of IncRNAs are functional; see
Fig. 7.1):
— IncRNAs with functions as RNA molecules
— IncRNAs for which transcriptional act executes functionality
— Small minority of IncRNAs that are translated to polypeptides
— Transcription noise

7.3 Molecular Functions of IncRNAs

Here we review IncRNA functions that have been studied in the specific context of
cardiovascular disease (Fig. 7.1). We start with functions in the nucleus (Fig. 7.1a—e)
and then describe functions in the cytoplasm (Fig. 7.1f—j). A majority of IncRNAs
can also directly affect transcriptional initiation and elongation by RNA polymerase
II at promoters of protein-coding genes by scaffolding, tethering, and regulating the
activity of enzyme complexes that modify histone tails or reposition nucleosomes
(Fig. 7.1a). Related to this function, IncRNAs that interact with chromatin regulators
can regulate large-scale chromatin fiber folding and influence repositioning of fibers
relative to heterochromatic subnuclear domains (Fig. 7.1b). Another large fraction of
IncRNAs emerge from enhancer regions of protein-coding genes and determine
enhancer-dependent activation of the promoter of protein-coding genes (Fig. 7.1c¢).
Many other IncRNAs are positioned in the genome in antisense to protein-coding
genes and thereby affect their transcription (Fig. 7.1d). Yet other IncRNAs, but much
fewer in number, are known to participate in splicing regulation (Fig. 7.1e). In the
cytoplasm, some IncRNAs sequester and inactivate mRNA-regulating microRNAs
(Fig. 7.11). Likely for technical reasons in the experimental assessment, much fewer
IncRNAs are known to bind mRNAs and thereby affect mRNA stability (Fig. 7.1g)
or translation potential of mRNAs (Fig. 7.1h). IncRNAs can also bind protein
complexes in the cytoplasm and affect their function, as shown in the example of
circANRIL in inhibiting rRNA and ribosome maturation (Fig. 7.11). Finally, a small
minority of linear and circular IncRNAs actually encode small ORFs and are
translated to micropeptides or larger parts of proteins, depending on the size of the
ORF (Fig. 7.1j). Since no dedicated studies have been performed on the specific
cardiovascular role of IncRNAs functioning as regulators of centromeres or of
telomeres, or in DNA repair, even if important for general cell functionality, we
will not specifically review these latter IncRNAs. In Sects. 7.3.1-7.3.10, we review
each functional IncRNA class in detail. We list cardiovascular IncRNAs in each
functional class (Fig. 7.1), and refer to these classes also in the following paragraphs
on the roles of IncRNAs in cardiovascular physiology and diseases (Sects. 7.4.1—
7.4.2.7; Tables 7.1, 7.2, and 7.3).
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7.3.1 Tethering/Scaffolding/Regulating Chromatin Modifiers

One of the most intensively studied function of IncRNAs is their interaction with
chromatin regulatory proteins during the control of gene transcription (Fig. 7.1a).
This includes interactions with proteins involved in chromatin fiber regulation by
DNA methylation systems or histone tail-modifications, in nucleosome-remodeling,
and in chromatin fiber folding and long-range looping in the 3D architecture of the
nucleus.

The interaction with chromatin regulators is one of the best-understood function
of nuclear IncRNAs. Some of the best-known IncRNAs have been shown to tether
chromatin-regulating complexes to specific sites in the genome, and thereby to
promote or repress transcription of protein-coding genes at selected target genes
(Fig. 7.1a). Besides tethering, another central task in this interaction is the ability of
IncRNAs to scaffold (link together) chromatin-regulating factors, for example, to
link several different chromatin readers and writers to specific genomic loci
[221-226]. Recent experiments show, however, that the picture is more complex
than that: IncRNAs not only specifically activate chromatin regulators, but can also
inhibit them. The hypothesis has formed that at least some of the long noncoding
transcripts in our genome are used to inhibit the activity of chromatin regulators. The
aim is to inhibit aberrant, low-affinity misassociation of chromatin regulators on the
genome. With such a strategy, many nascent RNA transcripts from many types of
genes are employed as noncoding RNAs in making gene expression more
accurate [227].

Examples for IncRNAs that bind chromatin-regulating complexes at protein-
coding gene promoters, and where relevance to cardiovascular pathophysiology
has been established, are: Fendrr binding to both the repressive PRC2 and the
activating TrxG/MLL complexes [7]; Braveheart binding to the repressive PRC2
[6]; Malatl binding the activating MLL, LSDI1, BAF57, and unmethylated
Polycomb 2 proteins in their complexes [206] and indirectly binding to nascent
transcripts of active genes [228]; HoxBlinc binding to the activating Setdla/MLL1
[9]; Xist to at least 10 repressive chromatin-binding and chromatin-regulating protein
complexes including hnRNPK/U, noncanonical repressive PRC1, SHARP/Spen,
SAF-A, and LBR [229, 230]; HI9 binding the repressive MBD1 [200]; ANRIL
binding to activating as well as repressive PRC1 and PRCR2 complexes [191, 192];
lincRNA-p21 binding to repressive hnRNPK [17]; Meg3 binding to repressive
JARID2-PRC2 complexes [204]; Tugl binding to repressive PRC2, RIZI, Sin3A,
and JARIDIA [206]; Kcnglotl binding to repressive PRC2 [210]; MANTIS binding
an activating BRG1-containing SWI/SNF chromatin remodeling complex [69];
HOTTIP binding activating WDRS5/MLL complexes [92]; Carmen binding PRC2
complexes with unclear outcome [19]; Myheart binding and inhibiting the BRG1-
containing SWI/SNF chromatin remodeling complex [15]; Chaer binding and
inhibiting PRC2 [16]; and HOTAIR binding the repressive PRC2 [208]. By
interacting with these chromatin regulators, such IncRNAs can scaffold multiprotein
complexes, tether them to specific genomic sites, serve as decoys during target site
association, and change their activity. In the example of the study of HOTAIR it
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becomes obvious, however, that a careful follow-up analysis is required to confirm
the functional relevance of a previously observed physical interaction with a chro-
matin regulator: While the HOTAIR IncRNA does bind the repressive PRC2 com-
plex without doubt, and while there is a correlation between the presence of HOTAIR
at a genetic locus and the repression of this locus, later decisive experiments
challenged the simple picture that HOTAIR silenced target genes through PRC2.
In fact, it was revealed that PRC2 was not primarily required for HOTAIR-mediated
target gene repression and that PRC2:HOTAIR binding was likely a consequence of
later PRC2 recruitment to an already silenced locus [209]. Therefore, care is advised
in drawing conclusions on effector mechanisms from the many studies that report a
binding of a IncRNA to Polycomb or Trithorax complexes, which are often recruited
to loci to maintain but not to induce chromatin states.

What decides if a IncRNAs acts only in cis on few neighboring genes, and/or also
in trans (on loci on other chromosomes on many targets in the genome)? This
question has begun to be addressed also by studying IncRNAs with cardiovascular
relevance. For example, MALATI, representing one class of IncRNAs, binds with
high affinity to hundreds of target genes [228, 231], as opposed to a different class of
IncRNAs that bind only to a single locus in the genome [232]. It is thought that the
local concentration of a IncRNA on chromatin is decisive for this differential
behavior: Low-abundance IncRNAs interact rather with few genes in close proxim-
ity (like HOTTIP) (Fig. 7.1a), while XIST with 100 copies/cell can spread further
using low-affinity sites, and MALATI with thousands of stable RNA copies can
diffuse also in trans throughout the nucleus and gain access to hundreds of targets
[233]. The presented studies offer blueprints for thinking about how any novel
IncRNAs may dynamically interact with chromatin.

7.3.2 IncRNAs Regulate Long-Range Chromosomal Looping
in the Nuclear Space

How IncRNAs first bind to selected focal genomic points and then spread over larger
domains on the genome to impose long-range gene expression control is currently
being investigated (Fig. 7.1b). The Xist RNA has been instructive to understand
IncRNA spreading over large chromosomal domains, which coincides with
establishing a unique chromatin state over the domain, and with affecting the
three-dimensional folding of the chromosome fiber. Through these processes, the
IncRNA transduces a repressed or active chromatin state over large domains also by
repositioning the chromosomal domain to preexisting repressive or activating
nuclear subdomains. Intranuclear domains of relevance are different repressive
domains (Polycomb bodies, heterochromatic regions close to the nuclear membrane,
etc.) and active domains (interchromatin granules, transcription factories, etc.). How
IncRNAs mediate chromosome fiber folding is a matter of current research, and this
topic is probably best understood for Xist-dependent X-chromosome inactivation.
There, unexpectedly, a small number of only 50 Xist RNA/PRC2 complexes are at
work to compact the nucleosomes over the > 150 megabases long X-chromosome. It
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has been concluded that IncRNA-chromatin interaction is highly dynamic, and a
dynamic hit-and-run model has been invoked to explain spreading and coincident
compaction of long chromosomal domains [233-235]. For spreading over such long
distances, Xist RNA is initially locally stabilized by co-transcriptional binding to
proteins at a nucleation within its own gene body [236]. Only after that it can start
spreading on chromatin in cis. Xist uses the 3D architecture of the chromosome to
spread to noncontiguous loci [237]. In the course of spreading, Xist changes chro-
matin loop structures through evicting cohesin rings which entrap fibers [238]
(Fig. 7.1b).

Conceptually similarly, at least three other cardiovascular IncRNAs affect gene
activity of target genes by determining looping of chromosomal domains
encompassing the target genes. MALATI was found to reposition target genes in
the 3D nuclear space. In particular, MALATI associated with the Polycomb com-
plex member Pc2, inhibited its preferred binding of repressive chromatin marks
inside heterochromatic Polycomb bodies, and thereby led to looping of target genes
into more active interchromatin granules in the nucleus [206]. Kcnglotl is involved
in regulating chromatin loops, in particular by binding two distinct sequences that
are 200 kb apart from each in the Kcngl imprinting locus, an interaction that may
contribute to imprinted monoallelic repression of the Kcngl promoter
[211]. HOTTIP expression and long-range chromosomal looping between the
HOTTIP locus and the 5 HOXA sites correlate with the recruitment of the activating
WDRS5/MLL complexes and expression of the 5 HOXA cluster. Thus, IncRNA
function can involve aspects that apply to single loci as well as to large chromosomal
domains.

Paramount for interacting with chromatin regulatory proteins, for example, dur-
ing folding chromatin fibers, IncRNAs use short conserved and functional
subsegments or secondary RNA structure folds [41, 230, 239-241] (Fig. 7.1a).
As a second general feature, IncRNAs biophysically have more flexible joints than
proteins linkers [242, 243]. Thirdly, IncRNAs can often be highly modular,
exhibiting a number of RNA folds in order to scaffold multiple effectors at once.
The cardiovascular ANRIL IncRNA is such a case, and it can interact with different
repressive Polycomb complexes [192], while using other RNA domains to bind and
regulate other effector proteins [24], or to interact with specific genomic regions
[191]. In an exemplary case that may be generally instructive for the study of
IncRNAs, Xist has been found to be able to interact with an unexpectedly large
(80-250) number of proteins [238]. In these interactions, Xist uses a dozen different
RNA segments that separately recruit, for example, histone deacetylases [229],
methyltransferases [244], ubiquitin ligase complexes [245], and corepressors
[117, 230, 246] and tie the RNA to the nuclear lamina [247], all of which contributes
to the heterochromatinization of Xist RNA-painted chromosomal regions. In the near
future it can be anticipated that some of the recently identified cardiovascular
IncRNAs will be biochemically studied in more detail, and one can expect that the
number of interacting factors and possible effector mechanisms will significantly
increase for each noncoding RNA.
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7.3.3 Regulation of the RNAP Il Preinitiation Complex at Gene
Promoters

The regulation of transcriptional initiation is a multidimensional problem, and
involves DNA, RNA, and chromatin-dependent regulation, all of which are mutually
influencing each other [248, 249]. A major role of IncRNAs in this context is to
regulate the activation of the promoter-bound RNA polymerase II preinitiation
complex. In this context, IncRNAs can contribute to RNAP II regulation at several
levels (Fig. 7.1c): (1) eRNAs stimulate enhancer function, (2) cheRNAs and
ncRNA-a promote enhancer:promoter looping, (3) specialized circular RNAs
(EIciRNAs and ciRNAs) activate the RNAP II holocomplex at promoters, and
(4) other IncRNAs control transcription factor activity.

7.3.3.1 Activation of Promoters by Noncoding Transcription
of Enhancers

Enhancers are known to loop over large distances to allow contact with promoter
regions for specifying spatial and temporal or signal-dependent control of gene
activation [248]. IncRNAs have taken a central role in how enhancers become active
(Fig. 7.1b). The major finding in this respect was that enhancers are transcribed
and express specific enhancer RNAs (eRNAs) [46, 81-83, 250-255]. Functionally,
these eRNAs have been found to function, for example, as decoys for the NELF
complex, a known repressor of the core RNAP II complex, thus promoting tran-
scription [251]. Secondly, eRNAs bind and activate the Mediator complex, the
central protein connector between enhancers and promoters, which also results in
activating the RNAP II preinitiation complex at the promoter [256]. One has to be
cautious, however, because whether enhancer transcription is a cause or conse-
quence of promoter activation needs to be carefully tested in each case [257]. Finally,
it may be the transcriptional act over an enhancer that activates a nearby gene
[250, 258]. To understand this phenomenon, one must consider that during tran-
scription, DNA is partly unwrapped from nucleosomes [259] and such chromatin
opening can affect neighboring genes [43, 250]. As such, much remains to be
learned about how eRNA-like IncRNAs affect looping between enhancers and
promoters. Recent work has revealed how DNA-interacting proteins like CTCF
and cohesin contribute to organizing chromosomes into 1-5 megabase-sized
domains, so-called topologically associated domains (TAD), within which specific
enhancer-promoter interactions can occur. But details of how specificity in the
interaction between enhancer and promoter are constrained, and where IncRNAs
can become active, are not yet fully understood (see [260] for a recent review
on TADs).

7.3.3.2 cheRNAs and ncRNA-a Exert Enhancer-Like Functions

Surprisingly, also conventional genes, either coding or noncoding, can behave as
enhancers [89]. For example, a group of IncRNA genes have been identified by
virtue of the encoded IncRNA to reach out to about 3 kb to their neighborhood by
acting as eRNA-like molecule (called ncRNA-a). In a similar way, but identified in a
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separate study, a class of chromatin-enriched cheRNAs have been identified as
eRNA-like RNAs that associate with the chromatin fraction [261, 262] (Fig. 7.1c¢).
In fact, many well-known IncRNAs with cardiovascular relevance like HOTTIP
[92], Kcnglotl [263], or linc-HOXAI [93] activate genes in their immediate neigh-
borhood [92, 264, 265], and it is not always clear whether as classical eRNA or as
ncRNA-a or as cheRNA.

7.3.3.3 Circular EIciRNAs and ciRNAs Activate the RNAP Il Holoxomplex
IncRNAs can also rather directly stimulate the RNAP II complex at promoters,
and two classes of circular RNAs have been implicated: 3'-5-linked circular intronic
RNAs (ciRNAs) and Exon-Intron-containing circular RNAs (EIciRNAs)
[103, 104]. Both co-immunoprecipitate with RNAP II and stimulate its activity
[266, 267]. The molecular details of how RNAP II is activated in each case are
mostly unclear, but in the case of EIciRNAs the activation depends on the small
nuclear Ul snRNA and leads to the activation of TFIIH and P-TEFb within the
RNAP II preinitiation complex (Fig. 7.1c).

7.3.3.4 Transcriptional Regulation Through IncRNA:DNA R-Loop
Formation

Compared to proteins, RNAs exhibit efficient and easily evolvable modes to both
interact with other nucleic acids, as well as be a template for nucleic acid synthesis.
Single-stranded RNAs, including nascent IncRNAs and circRNAs, can hybridize
with base-complementary DNA sequences by threading in and partially opening
the DNA helix through complementary base pairing. This can form an R-loop in the
form of a rigid A-type-like RNA:DNA double helix [268]. Firstly, R-loops affect
transcription: they can decompact nucleosome arrays and stimulate the formation of
histone modifications conducive to transcription [268]. Secondly, R-loops cause
RNAP II stalling, and associated with this an enhancer looping, or they can affect
any type of chromatin-dependent process, such as splicing [269]. In fact, some
IncRNAs induce genes in trans by establishing R-loops by threading into actively
transcribed genes that already offer partially single-stranded DNA regions
[231, 270]. Conversely, also the opposite can happen: degradation of R-loop-
forming eRNAs on enhancer regions has been found to activate enhancers
[252]. The functions of R-loops are still intensively studied, and the role of R-loop
formation as a IncRNA effector mechanism is novel. No relevant studies have
explored this effector mechanism for cardiovascular IncRNAs yet.

7.3.3.5 Transcriptional Regulation Through Binding Transcription
Factors

Finally, different IncRNAs can also directly modulate transcription by binding to
certain transcription factors and thereby modulating their binding ability. For exam-
ple, IncRNA RMST was found to interact with the SOX2 transcription factor and to
be important for its binding to SOX2 target gene promoters [271]. Similar
interactions allow other IncRNAs to co-activate steroid hormone receptor targets
or SP1 targets. Not all IncRNAs stimulate transcription though. For example, GasJ,
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a IncRNA with cardiovascular relevance, was found to bind and inhibit SMAD3
during TGF signaling [272], and the cardiovascular Braveheart IncRNA bound and
inhibited the nucleic-acid-binding ZNF9, a factor previously implicated in dilated
cardiomyopathy [273].

7.3.4 Antisense Transcription

Genome sequencing of many eukaryotes has shown that as much as 30% of human
genes have antisense noncoding transcription partner genes that can overlap in part
with the sense gene (Fig. 7.1d). These NATSs or asRNAs are a rather diverse class of
IncRNAs that function through different effector mechanisms and affect partner
genes depending on the relative positioning of their gene bodies.

Transcriptomic analyses indicated that an antisense transcript is often orders of
magnitude less abundant than its partner and remains nuclear [274]. Historically,
after focusing on selected candidate NATs, a number of studies have begun to
address the function of asRNAs on a global scale. Initial studies indicated that
repression of the sense coding partner gene was a common function [80]
(Fig. 7.1d). Subsequent genome-wide tests suggested, however, that only a minor-
ity (one quarter) of stable asRNAs was functional in competitively silencing
their sense gene, and that many asRNAs may not be functional, at least under
standard conditions [44]. Mechanistically, silencing via asRNAs can occur through
two principal mechanisms: direct transcriptional interference modes and DNA
methylation, or chromatin compaction, or combinations thereof (see [80] for
review). Generally, the grade of asRNA-dependent silencing was found to be more
pronounced when asRNA transcription reached over the start of the sense gene
[61, 80, 208, 275-277]. Most recent experiments suggest that many IncRNAs only
weakly affect the magnitude of expression of their sense partners, but that they rather
reduce noisy spurious transcription events [44].

7.3.5 Regulation of mRNA Splicing

Several IncRNAs are known to be nuclear, and some of these have been shown to
play important regulatory roles in splicing regulation (Fig. 7.1e). As a best under-
stood example with cardiovascular relevance, MALATI was found to localize in
nuclear speckles, sites of coordinated transcription and splicing. This IncRNA binds
splicing regulators of the SR splicing factor family and is essential for their
localization in nuclear speckles and for alternative splicing of specific target genes
therein [126, 127, 217, 218]. The exact regulatory mechanism has recently been
investigated in detail: MALAT]I interacts with the 3’ ends of actively expressed and
alternatively spliced pre-mRNAs, likely the RNA-binding SR splicing factors. Other
cardiovascular IncRNAS implicated in regulating splicing are Miat [195] and,
possibly, Wisper [91]. By affection splicing indirectly by influencing chromatin
structure at gene loci, or as transcriptional regulators of splicing factors, many
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IncRNAs are expected to be involved in splicing regulation, but only a few mam-
malian IncRNAs have been identified as clear splicing regulators, and the details of
their effector mechanism are still investigated [278-280]. Also, circRNAs have been
implicated in regulating splicing. In fact, several independent studies suggest that
co-transcriptional generation of circRNAs by the spliceosome, termed backsplicing,
competes with linear splicing of mRNAs inside protein-coding genes. The picture
emerges that on a genome-wide level, the function of most circRNAs might be to
fine-tune the expression of their host mRNA. Underlying this mutual inhibition,
several scenarios have been suggested: First, co-transcriptional backsplicing is
thought to block the progression of the elongating RNAP II, which affects alternative
exon skipping in mRNAs. Secondly, co-transcriptional backsplicing causes an
intramolecular covalent linkage in the linear mRNA molecule, an internal junction
with a single-strand RNA overhang. This may be the entry site for RNA
exonucleases that degrade such mRNA molecules. For a detailed description of
the different models that try to explain how backsplicing negatively affects
coinciding linear splicing of mRNAs, see a recent review [104].

7.3.6 microRNA Sponging

An intensely studied and highly discussed function of IncRNAs is their capacity to
regulate the stability of coding mRNAs by sequestering microRNAs that would
usually target mRNAs for destruction (Fig. 7.1f). During sequestering, IncRNAs
bind microRNAs only over limited stretches of 6-8 nucleotides in length, and
therefore IncRNA sponges are spared from degradation [214, 215]. IncRNAs that
sponge microRNAs are also called competing endogenous RNAs (ceRNAs). Spong-
ing can occur in all classes of IncRNAs, in linear IncRNAs, in transcribed
pseudogenes, and in circRNAs [99, 281-283]. Regarding cardiovascular-relevant
IncRNAs, this relates to H19, LINC00305, Meg3, Tugl, CHRF, ROR, CARL, Rncr,
and TCONS_00075467 as well as to the circRNAs HRCR and CDRI-as. Since
microRNA-binding regions are short and abundant, theoretically many microRNA
sponging events may occur simultaneously on one IncRNA, and this greatly expands
gene regulatory complexity [281]. Yet, given the comparatively low abundance of a
given single IncRNA, and the relatively high abundances of miRNA and/or target
mRNA(s), there is still some controversy about details if and when sponging actually
occurs as a sufficiently potent gene-regulator mechanism in vivo [284-288]. A large
fraction of IncRNAs, and therefore also of IncRNAs with cardiovascular function,
have been implicated in microRNA sponging. We list sponging as a potential
effector mechanism in Tables 7.1 and 7.3, but note that experimental evidence on
sponging is not equally conclusive in each report. In particular, regarding circRNAs,
CDRI-as may be one of the very few circRNAs that are actually effective as
microRNA sponge in vivo [103].
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7.3.7 Regulating mRNA Stability or RNA/DNA Editing

Certain noncoding RNAs pair with target RNA molecules. Thereby, IncRNAs can
promote or impair the stability of mRNAs in the cytoplasm. This can be due to
direct IncRNA:mRNA binding or by influencing the stability of protein:mRNA
complexes (Fig. 7.1g). For example, the well-known Staufen 1 protein leads to
nonsense-mediated RNA decay when it binds to double-stranded RNA regions in the
3’ UTR of mRNAs [289]. IncRNAs were found to bind such stability-determining
sequences in a target mRNA and protect from decay [289, 290]. Currently, the first
mapping approaches by sequencing explore the entirety of all RNA:RNA duplex
interactions in the transcriptome, including IncRNA:mRNA interactions [228, 291,
292]. More than 8000 intermolecular RNA interactions have been described therein,
>3000 duplex structures are shared between human and mouse, and >100 IncRNA:
mRNA interaction exist in single-cell types, indicating a potentially huge regulatory
space [292]. As RNAs with cardiovascular relevance, H/9 has been described to
bind the RNA-binding protein KSRP, and thereby promote KSRP-dependent target
mRNA decay [201].

Secondly, IncRNAs bind to other mRNAs to promote posttranslational
modifications at double-strand RNA regions (Fig. 7.1g). For example, hydrolytic
deamination of adenosine leads to the production of the base inosine, referred to as
A-to-I editing. Causal for this editing, ADAR, the responsible enzyme, requires
double-stranded RNA folds as substrate. A-to-I editing has roles in many cellular
processes, and first insights also showed a role in vascular smooth muscle cells [293]
and misregulation in atherosclerosis [294]. Conceptually related, special noncoding
RNAs have been identified that serve as guides for posttranscriptional modification
of DNA bases by other enzymes in cells of the immune system [295].

7.3.8 Translational Regulation of mRNAs

In the cytoplasm, both linear and circular IncRNAs exhibit a number of regulatory
roles relating to the activity of protein complexes as well as to the translation
capacity of coding mRNAs (Fig. 7.1h).

A number of regulatory mechanisms have been identified for how IncRNAs
impact the protein translation machinery. For example, some IncRNA are thought
to positively stimulate the association of protein-coding mRNAs with translating
ribosomes under conditions of translation stress [296]. Regarding IncRNAs with
cardiovascular relevance, lincRNA-p21 has been found to bind specific mRNAs and
to impair their translation by interacting with the mRNAs and translation factors
inside polysomes [202].
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7.3.9 Protein Activity Control

Concerning circRNAs with cardiovascular relevance, two circRNAs have been
suggested to interact with proteins in the cytosol, and, thereby, to impact central
cellular functions (Fig. 7.11). First, circANRIL has been found to bind to the protein
PES1 and inhibit its function in a dominant-negative way [24]. PES1 is a member of
the evolutionarily conserved PeBoW complex, consisting of Pes1 (Pescadillo), Bop1
(block of proliferation) and WDR12 (WD-repeat protein). This complex is essential
from yeast to mammals to instruct the endonucleolytic excision of the internal and
external transcribed spacer elements from the pre-rRNA and the formation of
mature 28S and 5.8S rRNAs, failure of which denies the formation of a functional
60S large ribosomal subunit and, consequently, the proper translation of any kind of
protein. circANRIL stems from the ANRIL locus at chromosome 9p21, the most
prominent genetic factor of atherosclerotic cardiovascular disease identified by
genome-wide association studies [12, 23, 129, 191]. ANRIL is transcribed as a linear
and a circular IncRNA (linANRIL and circANRIL, respectively). While linANRIL is
thought to be a major effector of CVD risk, circ ANRIL appears to be protective. The
function of linANRIL will be described in detail separately below, but it is not
involved in translational regulation, as far as known. In contrast, circANRIL-depen-
dent PeBoW complex regulation impairs cellular protein translation capacity, and
this function has been suggested to underlie circANRIL’s protection from athero-
sclerosis [24] (Fig. 7.1i). In a different type of effector mechanism, a second
circRNA, circPABPNI, is thought to function as a decoy for the HuR protein. By
sequestering HuR, circPABPNI1 has been suggested to inhibit the translation of a
subset of mMRNAs that depended on this RNA-binding protein [297]. In fact, HuR is
known to promote the stability of many mRNAs and noncoding RNAs [298]. As a
direct or indirect consequence of sponging HuR, the protein translation from HuR
target mRNAs is affected.

7.3.10 Translation Potential of IncRNAs

Linear IncRNAs do not contain open reading frames (ORFs) that are longer than
300 nucleotides (encoding for more than 100 amino acids), which is the central
definition of their character [38, 299]. The distinction between noncoding and
coding is not so clear after all in RNAs, and this for several reasons: First, many
IncRNAs do contain small ORFs just by chance, and more sensitive mass-
spectroscopic analyses and genetic screens revealed that some of these are translated
to micropeptides that are as small as 24 amino acids in length on average (Fig. 7.1j).
A relatively well-studied class of micropeptides is the family of structurally
conserved sarcolamban peptides. These are 34—46 amino acids in length, and are
encoded on classically defined IncRNAs. They are functionally important because
they bind and regulate the activity of the sarcoplasmic Ca®* pump SERCA and
regulate its activity. SERCA is an ATPase important for contraction-relaxation
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coupling in myocytes by pumping Ca®* from the cytosol into the lumen of the
sarcoplamatic reticulum, which is important also in the heart muscle [112]).

On the other hand, circRNAs do stem from protein-coding genes, and thus
contain one or several exons. Consequently, circRNAs can contain longer open
reading frames. A number of independent ribosome profiling studies have concurred
that the large majority of the many thousands of circRNAs are not translated
[35, 100, 300]. From the thousands of circRNAs only a few dozen had the potential
to encode a polypeptide [301] (Fig. 7.1j), and so far, translation of only two circRNA
molecules, circMbl [301] and circZNF609, have been documented with confidence
[302]. Paramount for their translation was that RNA circularization led to the
inclusion of the endogenous start codon, as well as of 5’ untranslated regions
(UTRs) that folded into specific secondary RNA structures with internal ribosome
entry site (IRES)-like properties [301, 302]. Translation from circRNAs can usually
not happen, as the circularization that occurs in the internal regions of the gene is
likely a consequence of circularization from internal portions of genes and, conse-
quently, the absence of a 5’ Cap, of linear ends, and of the Kozak sequence for
ribosome entry and translation initiation in linear 5" capped mRNAs (see [303] for
review). In the rare case of translation from circRNAs, usually the protein produced
suffers from premature truncation compared to the native full-length protein of the
endogenous linear host mRNA. Whether truncated proteins translated from
circRNAs are functional is still unknown.

Summarizing, as heterogeneous as their biogenesis are the functions exerted by
IncRNAs. But a common overarching feature is that many IncRNAs participate in
the expression control of protein-coding genes. For this, IncRNAs can act in cis and
in trans and affect gene expression on multiple levels, such as by regulating
transcription, or affecting pre-mRNA splicing, mRNA stability, and mRNA transla-
tional control. As such, many IncRNAs function because of engaging in molecular
interactions of the IncRNA with proteins or mRNAs directly, but also the transcrip-
tional act over a IncRNA gene body can per se have functional consequences on
neighboring genes, while the IncRNA product formed in this case may be a side
product without any function [43, 52, 304]. Lastly, IncRNA genes may even be
functional because the length of their gene bodies determines the relative distance
between the left and right neighboring genes or regulatory DNA sequences, as
learned, for example, by multiple knockout experiments in the complex Hox gene
cluster [305]. Thus, functional studies of IncRNAs have to be carefully designed to
take account of all possible levels of functions of a IncRNA.

7.4 LncRNAs in Cardiovascular Health and Disease

Compared to protein-coding genes, the function of IncRNAs is less well studied.
This is especially true for IncRNAs implicated in cardiovascular diseases because
many disease-relevant IncRNAs have only been identified within the recent
1-5 years. Consequently, only a few knockout studies on IncRNAs have been
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reported, and most of these were performed on IncRNAs that had been studied
already before in more general cellular functions or in cancer biology.

In the following we first review developmental roles of IncRNAs at the organ
level in the context of the embryonic cardiovascular system. These studies used
classical knockouts and transgenic overexpression, and assessed the embryonic
development of the heart, angiogenesis, or more specifically, lineage specification
of the cardiovascular system, for example, from early mesoderm precursor cells.
Table 7.1 summarizes the 17 IncRNAs studied by knockout analysis, which were
found to have a function in cardiovascular physiology. We then continue by
highlighting IncRNAs that have been linked to cardiovascular disease in rodent
disease models in vivo (Table 7.2). For a good part of these IncRNAs, evidence
exists on differential gene expression of the orthologous human IncRNAs in patients.
For only a very few, additional genome-wide association studies (GWAS) in humans
have determined single nucleotide polymorphisms (SNPs) in the IncRNA genes,
which are associated with disease risk and with differential IncRNA expression
(Table 7.2). In Table 7.3, we summarize the evidence on cellular and molecular
functions of IncRNAs from Table 7.2.

7.4.1 IncRNAs Regulating Cardiovascular Development
in the Embryo

For the heart to form, and be induced by signaling cues, pluripotent embryonic stem
cells progressively differentiate into mesodermal and cardiac precursor cells that
subsequently terminally differentiate [306]. Transcriptional networks are directed
to control lineage commitment and cardiac cell specification [307]. By participating
in gene expression regulation, IncRNAs are an intricate part of heart development.
A large number of IncRNAs (>200) were found to be differentially expressed in
different steps of cardiac commitment during in vitro differentiation from embry-
onic stem cells [308]. Moreover, hundreds of IncRNAs are known to be differen-
tially abundant at different points in fetal heart development in vivo based on
whole-tissue profiling [309]. Also, about 300 IncRNAs are cardiac-specific in the
adult heart. Based on coexpression analysis and considering which known protein-
coding genes were the closest neighbors of the relevant IncRNAs, some IncRNAs
were prioritized as candidates in regulating key developmental determinants of
heart development [310].

As a first example of a IncRNA studied by knockout analysis, the mouse IncRNA
Fendrr has been found to be rather specifically enriched in the lateral plate mesoderm
during mid-gestation, and its deletion by insertion of polyA signals, known to cause a
transcriptional stop, disrupted the development of ventral structures, including the
heart and body wall [7]. As a consequence of myocardial dysfunction, the mutant
embryos died. A mere depletion down to 40% of IncRNA levels by RNA interference
caused no mutant phenotype in this case, which may be an important consideration
for similar developmental studies of other IncRNAs [7]. Mechanistically, Fendrr was
found to scaffold a repressive Polycomb group complex and, separately, also an
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activating Trithorax-MLL complex, and to tether it to gene promoters by triple helix
formation. This coincided with a long-term effect on target gene expression in the
descendants of cells of the cardiac mesoderm [7]. Likely in this function Fendrr
affected the transcriptional regulators of heart development, such as Gata6, and
lateral plate mesoderm control genes like Foxfl, Irx3, and Pitx2. Some of the many
target genes were regulated in cis, some in trans [7]. When studied in an independent
knockout where internal IncRNA sequence was replaced by a lacZ cassette, a slightly
delayed perinatal mutant phenotype was observed, and these Fendrr mutants showed
lung defects [311]. Together, the discrepancy in mutant phenotypes between different
knockouts is not without precedence and may even be expected given that both the
RNA transcript and transcription through the IncRNA locus may be relevant
[304, 312].

Similar to Fendrr, the mouse IncRNA Braveheart (Bvht) interacts with a chro-
matin regulator. Bvht binds and inhibits the repressive Polycomb complex [6]. Bvht
also binds and inhibits the transcription factor ZNF9 [273]. Thereby, Bvht regulates
an entire cardiac transcription factor network to promote early cardiac cell fate
[6]. This network is upstream of master cardiac transcription factors, like MesP1,
at least in an in vitro model of cardiomyocyte differentiation from embryonic stem
cells (ESCs) [6] [273]. MesP1 activity is known to be essential for the specification
of all different cardiac cell types, cardiomyocytes, vascular smooth muscle cells
(VSMC:s), and endothelial cells (ECs). Consistent with the proposed function in
cultured cells, in vivo, Bvht is essential for early heart development and for mainte-
nance of neonatal cardiac cell fate [6]. No clear Bvht ortholog was found in humans,
but the possibility exists that different IncRNAs have taken over a conserved role in
establishing a cardiogenic transcription factor network also in other vertebrate
species.

HoxBlinc is a lincRNA residing in the Hoxb gene locus and has been associated
with lineage commitment during cardiovascular development by knockout studies
[9]. HoxBlinc tethers the activating trithorax Setdla/MLLI1 histone methylating
complex to HoxB. Loss of function experiments showed that HoxBlinc is required
to activate HoxB during embryogenesis when precursor cells initiate mesoderm
formation in the primitive streak. In the mutant, cardiogenic and hemangiogenic
mesoderm cell fates are not specified.

Based on high-throughput RNA sequencing of cells differentiating from human
ESCs to cardiovascular progenitors and finally to terminally differentiated fetal-like
vascular endothelial cells in culture, two independent studies established that several
hundred IncRNAs were specific for each investigated stage [118, 119]. From each
stage-specific set, one IncRNA was randomly chosen to be functionally analyzed in
more detail. Corresponding to their expression during EC differentiation, in vivo
expression analysis in both mouse and zebrafish embryos confirmed that Terminator
was specifically expressed early after fertilization, DEANR1/Alien only later in the
lateral plate mesoderm and Pumisher only when the vasculature had formed
[118]. Injection of antisense morpholinos binding and degrading these IncRNAs in
zebrafish showed stage-specific requirements consistent with the roles inferred from
cell culture profiling: Terminator was important for gastrulation, with survivors
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showing defects in the vasculature. Alien was important for mesoderm specification,
including subsequent vascular patterning, dorsal and intersegmental blood vessel
and cardiac chamber formation. And Punisher was important for vascular vessel
formation, extension, and branching as well as for cardiac development [118]. The
molecular effector mechanisms of Terminator and Punisher remain unknown.
DEANRI/Alien was also the focus of another study that investigated stage-specific
IncRNA expression during definitive endoderm and pancreatic cell specification
from hESCs [119]. DEANRI1/Alien was shown to be encoded close to FOXA2, an
endoderm marker gene, and to stimulate FOXA2 expression. It was at the same time
also important for endoderm specification. The latter function was at least in part due
to FOXA2 regulation by DEANR1/Alien, as confirmed by genetic rescue experiments
in cells [119]. While the mechanism of regulation remains to be confirmed, the first
experiments suggested that in the forming endoderm, DEANR1/Alien may be impor-
tant to recruit or stabilize SMAD2/3 at the FOXA2 locus [119].

Tie-1AS is a NAT that binds and downregulates the sense mRNA of its host gene,
Tie-1. Based on overexpression of Tie-/AS and on inhibition of Tie-I in zebrafish,
the IncRNAs was suggested to have a mild impact on the proper organization of cell-
cell junction markers in vivo, including those between vascular endothelial cells
[121]. Corroborating these data, the human orthologous IncRNA inhibited human
Tie-1 and was important for tube formation of HUVECs in collagen gels in vitro
[121]. These observations are relevant because an earlier mouse knockout for Tie-1
had documented that this gene was required for vessel integrity [120]. Also,
mutations in the related T/E2/TEK are known in humans to lead to different defects
in venous morphogenesis based on a role of TIE2 in EC:VSMC (vascular smooth
muscle cell) interaction [122].

Upperhand (Uph) is a IncRNA gene that has been found to be important for heart
morphogenesis in a mouse knockout study. The mouse Uph has a human orthologue,
called HAND2-AS1, and both mouse and human Uph/UPH share a bidirectional
promoter with Hand2/HAND?2, a well-known and important transcription regulator
of heart development [8]. Experiments on the mouse Uph locus revealed that Uph
functioned as an enhancer for Hand2 in embryonic heart tissue and was essential for
Hand2 activation. TALEN-mediated insertion of premature polyA signals that
stopped Uph transcription led to the embryonic death of knockout mice. Uph KO
death was ascribed to a failure in forming a right ventricular chamber, a phenotype
identical to the Hand2 KO, and corroborating that Uph functioned through
activating Hand?2 in vivo [8]. For its enhancer activity towards Hand2, the IncRNA
transcribed from the Uph locus was not essential. Instead it was the transcriptional
act over the heart enhancers in the Uph locus that seemed to make these enhancer
elements active.

Xist is the central regulator of dosage compensation (X-inactivation), which is
inherently essential for female survival, and will not be discussed here (see [1] for a
review). A recent conditional Xist knockout using Sox2-Cre drivers allowed some
Xist mutant females to survive to adulthood. Surprisingly, the survivors showed
rather specific organ defects, and these included defects in heart and spleen matura-
tion [123]. Specifically, perinatal heart growth was delayed and mutants had smaller
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hearts, as cardiomyocytes did not sufficiently mature by cytoplasmic enlargement
[123]. Separately, another study had deleted Xist in the fetal hematopoietic lineage
and had also found a rather specific phenotype. Xist mutant hematopoietic stem cells
(HSCs) in females were impaired in differentiating to all lineages [124]. The latter
manifested in multilineage blood cell defects, and in adulthood, mutants eventually
died from aggressive blood cancers, especially in the myeloid lineage
[124]. Together, although the available evidence is skewed by which drivers have
been used for Xist deletion in the two knockout studies [123, 124], it is surprising
that such a general pathway like Xist-dependent X-inactivation is somewhat selec-
tive for regulating blood stem cells, cardiac, and spleen development. There is a
tangible explanation at least for why HSCs are affected: Hematopoietic precursor
cells are special among other cell types because they selectively regain the capacity
to initiate de novo X-inactivation, while other cell types at this advanced stage of
embryogenesis lack the silencing factors [125].

Bioinformatics screens had initially identified muscle-specific human LINC00948
and mouse AK009351. These were later found to encode small protein-coding ORFs
that were translated to myoregulin (MLN), a micropeptide that bound and activated
the sarcoplasmic Ca>* pump SERCA [112]). SERCA is an ATPase important for
contraction-relaxation coupling in myocytes by pumping Ca®* from the cytosol into
the lumen of the sarcoplamatic reticulum. These micropeptides belong to the larger
family of structurally conserved sarcolamban peptides. LncRNAs of this class have
been studied by knockout approaches in vivo. It has been found that micropeptides in
this family, like MLN, phospholamban (PLN), or sarcolipin (SLN), can repress the
activity of SERCA to terminate muscle contraction [110, 112]. In contrast, the related
micropeptide DWORF, which is encoded on human LOC100507537 and mouse
NONMMUGO026737 IncRNAs, displaces these SERCA repressors and thereby
enhances contraction [116]. SERCA regulation is of relevance also for heart muscle
function, due to its regulation of cardiomyocyte contractility.

The Metastasis-Associated Lung Adenocarcinoma Transcript 1 (MALATI) is
one of the molecularly best-studied IncRNAs. Based on assays in standard cell lines,
MALATI has been implicated in regulating alternative splicing [217] and in promot-
ing selective transcriptional activation of target genes. The latter involves binding of
MALATI to Pc2, a central member of the Polycomb group silencing complex. Upon
binding to MALATI, Pc2 loses its preference for reading heterochromatic histone
modifications and gains preference for binding to active chromatin, causing reacti-
vation of Pc2-marked cell-cycle stimulating genes [206]. Beyond that, MALATI
interacts with dozens of other proteins [313] and is even the origin of functional
small RNAs excised from its 3’ end during maturation (mascRNAs) [51], indicating
a possibly wide range of still elusive functions. In the face of all this knowledge, it
was surprising that three independent knockouts of the IncRNA MALATI in mouse
showed that MALATI was not essential for survival or for organ development and
function under normal growth conditions in embryos or adults [126—128]. Neither
was global transcription or splicing affected in these mice, which could be due to
redundancy with yet unknown different IncRNAs. Only a selective role in regulating
genes encoded close to the MALATI locus was found [126, 127]. In contrast to the
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lack of clear in vivo phenotypes, in vitro MALATI had some functions under stress
conditions: MALATI was upregulated under hypoxia, and exerted proangiogenic
effects, as will be described in detail in Sect. 7.4.2.3.

Human MIAT, also known as Gomafu/MIAT/Rncr2, has been linked to cardio-
vascular disease as will be summarized in the following section on IncRNAs in
disease [314]. Separate studies showed that it binds to several splicing regulators and
regulates a relatively small number of genes. MIAT was implicated before in stem
cell, neuronal, and retinal cell differentiation [195]. A recent mouse knockout was
established for Miat but did not reveal any obvious anatomical defects. Only
selective behavioral defects were observed, and only a small number of splicing
alterations were documented in primary neuron cultures from these mutant mice
[219]. How the IncRNA regulates selective neuronal functions in specific brain parts,
and by which molecular mechanisms, is still unknown.

Among 150 IncRNAs deregulated by pressure overload after transaortic constric-
tion in a mouse model, Chaer, cardiac hypertrophy associated epigenetic regulator,
is a mouse IncRNA conserved also in humans, which shows enriched expression in
the heart [16]. It will be described in detail in the context of IncRNAs with roles in
cardiovascular diseases in Sect. 7.4.2.1. In the course of studying Chaer, a genomic
deletion was inserted into the Chaer IncRNA locus. The mutant mice did not show
obvious morphological organ deficits or functional heart problems in normal
conditions. Only in experimental pressure-overload models in the mouse was a
function in cardiomyocyte growth control revealed [16].

Rncr3, retinal noncoding RNA 3, also known as LINC00599, is a IncRNA with
cardiovascular relevance as will be described in detail in the description of IncRNAs
involved in atherosclerosis in Sect. 7.4.2.1. A knockout of the Rncr3 locus exists, but
the mutants did not show any morphological or functional abnormalities of the heart
or of the vasculature, as far as reported [205]. Instead, the initially viable Rncr3-
deficient mice become debilitated and later die, likely because of defects observed in
multiple types of neurons in the central nervous system.

CDR1I-as, cerebellar degeneration-related protein 1 antisense RNA, is a circular
IncRNA. It was the first circRNA that was found to have a dedicated function in
eukaryotes [214, 215]. It will be described in detail in Sect. 7.4.2.1 because reports
exist that suggest this circRNA to be misregulated and misfunctioning in cardiovas-
cular disease. Inconsistent with these reports, loss-of-function studies have been
performed in mouse and in zebrafish in vivo, but CDRI-as showed no obvious
function in hearts of the vasculature. Instead, and consistent with the expression
pattern in vivo, a requirement for neuronal functions was revealed. Recently, the
CDRI-as circRNA was knocked out in mouse, which was technically possible,
because of the peculiarity of this locus to only express a circRNA but no linear
RNA. The CDRI-as circRNA knockout did not show anatomical alterations, and
also no heart defects, but defects in central nervous system function [213].

The H19 IncRNA is located in the H19/Igf2 imprinted locus, where H19 and Igf2
are reciprocally imprinted, such that the two genes are expressed from maternal and
paternal chromosomes, respectively, but not from both alleles in a cell. Relevant for
the cardiovascular system, H19 and Igf2 are known to be expressed in muscle and
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other mesodermal organs in the embryo. Igf2 has been studied in the context of
embryonic heart development, where it was found to be an epicardial mitogen that
was important for ventricular wall proliferation. Heart-specific functions of HI/9
remain unknown, but it is peculiar that H19 is downregulated in adult tissues except
in skeletal muscle and heart and that H79 is reactivated in the cardiovascular system
during stress signaling, as will be described in Sect. 7.4.2.1. H19’s major function
has been found to be limiting for the growth of the placenta and to inhibit cell
proliferation, for example, during tumorigenesis. One major effector mechanism is
the production of microRNAs from the H19 sequence. In this function, H19 was the
parent molecule for a microRNA that repressed an /GF receptor for maintaining
quiescence in long-term quiescent hematopoietic stem cells (HSCs) [198], and for
another microRNA that promoted muscle differentiation from myoblasts and muscle
regeneration.

7.4.2 Cardiovascular Disease-Associated IncRNAs

There are three principal approaches to how IncRNAs have been implicated in
cardiovascular disease. First, IncRNAs may reside in genomic regions, which have
been associated with cardiovascular disease (CVD) in genome-wide association
studies (GWAS). This approach has so far been reported in only a few cases because
genetic variants identified through GWAS are often found in regulatory sequences in
some distance to genes, and it is far from trivial to establish causal links in the
functionality (expression, splicing, and sequence) of a IncRNA. Secondly, and
following a different rationale, a number of IncRNAs have been linked to CVD
because they were found to be differentially regulated in disease conditions through
genome-wide RNA expression profiling. In a third strategy, IncRNAs were
investigated in candidate gene approaches because they regulated disease-relevant
processes or resided in or close to protein-coding genes with already established
disease relevance. Accordingly, here we will highlight IncRNAs implicated in vivo
as causal effectors of the following seven disease entities: atherosclerosis,
myocardial infarction, aortic aneurysm, cardiomyopathies and congenital
heart disease, vascularization and angiogenesis, arrhythmia, and stroke and
cerebrovascular aneurysms. Especially for the more established and better-studied
IncRNAs, in vivo functions in more than one disease entity have emerged, all of
which will be discussed in separate sections. Table 7.2 summarizes all IncRNAs,
their change in expression in disease (up/down), and whether their normal function is
to protect from disease (protective) or to exacerbate disease (detrimental), as far as
determined from genetic knockdown or overexpression in animal disease models.
Table 7.3 lists the cellular and molecular functions of all IncRNAs from Table 7.2, as
determined from accompanying experiments in relevant cell culture systems.

7.4.2.1 Atherosclerosis and Myocardial Infarction
Briefly, atherosclerosis is characterized by the formation of fibro-fatty lesions
(plaques) in arteries, whereby vascular wall cells (SMCs, fibroblasts, ECs) and
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diverse immune cells (neutrophils, macrophages, T cells, B cells) aberrantly prolif-
erate, undergo cell death, change cell fate, and trigger nonresolving immune
reactions. The lesions accumulate cells and lipoprotein material and are covered
by a fibrous cap. Upon necrosis in the lesions, and extracellular matrix (ECM)
remodeling, the cap thins, plaques can rupture, and plaque material ends up in the
bloodstream and trigger luminal thrombosis also at distant sites, leading to
myocardial infarction (MI, heart attack) or stroke in brain tissue. In this book chapter
we are reviewing IncRNAs that have been linked by functional analysis to the onset
and severity of atherosclerosis, and to myocardial infarction, which occurs as
acconsequence of atherosclerotic processes. Here we will not review IncRNAs
associated with CAD risk factors such as dyslipidemia, diabetes, obesity, metabolic
syndrome, or systemic blood pressure regulation. So far, 16 IncRNAs have been
implicated in the pathogenesis of atherosclerosis in animal disease models in vivo, of
which 3 were also found to play a role when tested in myocardial infarction models
in vivo. Among CAD-related IncRNAs, as of date, only five IncRNAs emerging
from GWAS have been functionally studied in the context of CAD. There are,
however, dozens of other known CAD risk loci from GWAS datasets, which contain
noncoding RNAs and have not yet been explored in the same way. How IncRNAs
determine risk at GWAS loci will be interesting to explore. In our review, nine
different IncRNAs have been associated only with myocardial infarction in relevant
models, without being implicated in atherosclerosis through in vivo evidence. We
start out with describing the CAD-related IncRNAs: First, a number of tightly
clustering SNPs have been found on the Chr9p21 locus in several independent
genome-wide association studies testing the susceptibility for coronary artery dis-
ease (CAD) [130, 131], peripheral artery disease [136], and myocardial infarction
(MI) [135]. A separate haplotype block associated with type II diabetes risk is
encoded nearby [315-317]. Regarding CAD/MI, the dosage of the risk SNPs was
found to be associated with atherosclerosis severity. Also, homozygosity for the risk
SNPs correlated with a twofold increased risk for CAD/MI, which was relevant for
approximately 20% of the population [131, 318]. As explained before, the major
effector of this locus is not a protein-coding gene but a long noncoding RNA, human
ANRIL. ANRIL expression levels are increased in more severe atherosclerosis
phenotypes [10, 12, 129, 131-134]. Its molecular effector mechanism is under
intensive investigation, not least because this IncRNA is tightly linked also to
different diseases, including cancer. Relevant for one proposed effector mechanism,
ANRIL is expressed adjacent to the human INK4-ARF tumor suppressor gene locus
on chromosome 9p21, which encompasses pl 6[NK4“, PI14°RF and PlSINK4b,
whereby transcription of ANRIL overlaps in antisense with transcription of
P15™K% ‘hence its name Antisense noncoding RNA in the INK4 locus.

ANRIL has become a paradigm for physiological control of cell proliferation and
survival by a IncRNA. For example, by binding to the PRC1 and PRC2 complex,
ANRIL has been suggested to impose selective repressive histone modifications at
the INK4-ARF locus, a central tumor suppressor locus whose repression is known to
result in a cell cycle GO-G1 entry in specific contexts [192, 319, 320]. Such a cell-
cycle stimulating role may hypothetically be relevant for ANRIL’s described roles in
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activating atherosclerosis [321]. Indeed overexpression of ANRIL in several cell
types, including PBMCs as well as cells of the vessel wall, was found to be
proproliferative [191]. On the other hand, ANRIL can also interact with transcrip-
tional coactivators to alter the transcription of target genes in trans and, thereby,
affect cell adhesion and apoptosis in ways that stimulate atherosclerotic plaque
formation [191, 322]. Although the ANRIL sequence is primate specific, the structure
of the 9p21 locus is conserved in mice, where this locus is also a gene desert with a
IncRNA. AK148321, the mouse IncRNA in this locus, has a conserved exon
structure. Corroborating the importance of the locus for disease, deletion of the
entire region led to cardiac-specific misregulation of the INK4-ARF orthologs
Cdkn2a/b, to the misregulated proliferation of mutant aortic VSMCs [323], and to
increased vascular aneurysm formation [324]. However, the knockout was not
associated with altered atherosclerosis plaque formation, thus raising the question
whether the mouse locus is a IncRNA-dependent atherosclerosis risk factor in vivo.
In any case, the noncoding region of human Chr9p21, and likely its transcription, is
important for CAD susceptibility in humans.

Making the regulation even more complex, the ANRIL locus also expresses
circular ANRIL (circANRIL) RNA isoforms [23, 24]. circANRIL abundance was
decreased, while linear ANRIL levels were increased, in carriers of CAD/MI risk
alleles in an association study of 1000-2000 patients with suspected coronary artery
disease in PBMCs and whole blood. These findings were recapitulated also in more
than 200 human carotid endarterectomy tissue specimens [24]. Moreover,
circANRIL was decreased in CAD patients also in blood T-lymphocytes [23]. The
notion emerged that circANRIL protects from CAD [24]. Specifically, circANRIL
impairs rRNA processing in cells by inhibiting the rRNA-processing PeBoW protein
complex [24]. This results in nucleolar stress, pS3 activation, and reduced translation
capacity, functions that are antiproliferative and, conceptually, would antagonize the
proproliferative functions of linear ANRIL. Indeed, in cultured cells circANRIL
functions independently of linear ANRIL and impairs proliferation and sensitizes
for apoptosis [24], functions that have been associated as to be anti-atherogenic
[24]. Together, the ANRIL locus highlights a situation, where both the linear and the
circular RNA products are functional, and where linear and circular RNA may have
antagonistic functional outputs (pro- and antiproliferative, respectively).

GASS5, growth arrest-specific 5, has been known as a noncoding transcript
before genome-wide detection of IncRNAs became routine. GAS5 is conserved in
mouse and human and was found to be upregulated during conditions of cell growth
arrest, and contribute to cell cycle arrest and apoptosis when induced in lymphocytes
and many other cell types. GAS5 also harbors 10 snRNAs in its introns, some of
which give further rise to small piRNAs that induce activating chromatin remodeling
at the locus encoding the proapototic TRAIL gene. Beyond GAS’s role as tumor
suppressor in cancers, GAS5 has also been studied in atherosclerosis. GASS was
found to be more abundant in atherosclerotic plaques in patients, and in a rat CAD
model [144]. Consistent with its role in other cell types, GASS5 contributed to
apoptosis in cultured macrophages and SMCs [325]. In which cells and at which



7 Long Noncoding RNAs in Cardiovascular Disease 241

stage of plaque development GAS5 contributes to atherosclerosis will be important
to test in the future.

Another IncRNA has been associated with cardiovascular disease in a GWAS
case-control study of over 3000 patients: six SNPs in a previously unknown IncRNA
on human Chr22q12.1were found to be associated with myocardial infarction, and
the IncRNA was, therefore, named Gomafu, MIAT, myocardial infarction
associated transcript, later also designated as Rncr2. Of these SNPs, one was linked
to increased MIAT transcription [314]. MIAT is also known to be upregulated in
atherosclerotic plaques [145]. The mouse MIAT orthologous IncRNA was found to
be aberrantly upregulated in the myocardium shortly after MI in a mouse model for
induced infarction [146]. MIAT knockdown reduced cardiac fibrosis and improved
cardiac function, which indicated that overactivation of MIAT was detrimental and
contributed to heart fibrosis [146]. The underlying molecular mechanisms remained
unknown in this study. Molecular effector functions of mouse Miat have, however,
been delineated in a number of unrelated mouse models, which give an idea of how
Miat might function in organs in general: For example, mouse Miat was found to be
one of the few highly conserved noncoding targets of Oct4, and it was required for
mouse embryonic stem cell maintenance. Conversely, increased levels promoted
mesodermal and ectodermal lineage specification [196]. This may be of relevance
also for the heart and progenitor cells therein. Also in other cell lineages, this
proposed role in switching from progenitor to differentiated cell state was
corroborated: It could be shown that Miat was involved in prosurvival signaling of
differentiated neuronal cell progeny in mouse [195]. Apart from binding and poten-
tially sponging microRNAs, in all these studies its only other described molecular
function was in splicing regulation, possibly in guiding splicing of cell fate
determinants [195]. How this function in progenitor cell differentiation relates to
the function of progenitor cells in damaged tissues and organs remains to be tested.

H19, an imprinted maternally expressed transcript, is a IncRNA known as a
model for studying the regulation of an imprinted locus, and for how imprinted
growth-regulating loci are implicated in tumorigenesis. Two SNPs in H/9 on human
Chrl1pl15.5 have been associated with CAD in a GWAS of 700 individuals
[149]. Increased H19 levels have been found in the plasma of atherosclerosis patients
[150, 151]. It is also known already for long that H19 is low expressed but that it can
be reinduced in the aorta or VSMCs upon stress signaling or in atherosclerotic
plaques. Also, when tested in cultured macrophages upon treatment with oxidized
LDL, H19 contributed to the inflammatory transcription response [151]. How H19
contributes to cardiovascular diseases on a molecular level is still to be determined.

HAS2-AS1, HAS2 antisense RNA 1, is located at the HAS2 gene locus
[155]. This locus is interesting, because it is neighboring another cardiovascular
IncRNA, SMILR (smooth muscle—induced IncRNA enhances replication, also
known as RP11-94a24.1). SMILR and HAS2 were transcribed from the same strand
and in the same direction, while HAS2-AS1 is transcribed as antisense RNA. HAS2-
AS1 expression has been found to be stimulated by inflammatory signaling and to
activate HAS2 expression. HAS2 shows increased levels in human plaque tissue as
compared to healthy controls. Thereby, HAS2, a hyaluronan synthetase, is thought to
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promote atherosclerotic neointima formation. On the other hand, also SMILR has
been found to be increased in human plaque tissue. Additionally, HAS2, but not
HAS2-AS1 levels dropped after SMILR siRNA-mediated knockdown. Together, by a
still elusive molecular mechanism, SMILR is thought to be required for the full
transcriptional stimulation of HAS2 by opening the chromatin compaction state of
the HAS2 locus [155]. Thus two IncRNAs may independently relay the detrimental
overactivation of HAS2.

Some members of the evolutionarily conserved HOX gene family have been
specifically associated with regulatory roles in the cardiovascular system. For
example, several selected HOX genes are involved in cardiac progenitor prolifera-
tion and differentiation; others must be repressed for angiogenesis to proceed. Two
human HOX gene-regulating IncRNAs have been studied: HOTTIP and HOXC-
AS1. HOTTIP, HOXA distal transcript antisense RNA, is a well-studied IncRNA
that had originally been found as a cis-regulator of the HOXA locus from where it is
transcribed, particularly as an activator that recruited stimulating histone-modifying
WDRS/MLL complexes for long-range chromatin activation. HOTTIP has recently
also been found to be increased in arterial tissues samples of CAD patients
[156]. Overexpression and knockdown experiments showed that HOTTIP levels
regulated EC proliferative activity. HOTTIP also affected migration capacity, as
determined by experiments in cell culture. Whether and how HOTTIP contributed to
atherosclerotic plaque formation, however, remained unclear. A more general role of
HOTTIP is likely, since overactivation of HOTTIP has also been found in cancers,
and was implicated in prostate cancer hormone-independent growth, likely in large
parts via HOX gene activation.

The second relevant IncRNA is HOXC-AS1, HOXC cluster antisense RNA.
Microarray RNA profiling of carotid atherosclerosis revealed an antisense IncRNA
in the human HOXC cluster, HOXC-ASI, HOXC cluster antisense RNA, as
downregulated compared to normal arterial intimal tissue [70]. Investigating how
this downregulation might occur, the authors turned to cultured monocytes and
found that administration of oxidized LDL to cultures decreased HOXC-ASI expres-
sion. In these conditions, overexpression of HOXC-ASI abolished the accumulation
of cholesterol in monocytes as well as the inhibitory effect of ox-LDL on the
expression of the nearby HOXC6 gene. The authors suggested that the HOXC-ASI
antisense IncRNA might somehow regulate cholesterol metabolism, and that the
possibility existed that this occurred via transcriptionally affecting HOX genes in the
HOXC cluster [70]. This finding is of particular importance because independent
work on HOXC9 has revealed that this HOX gene can promote EC quiescence and
vascular vessel morphogenesis [70]. Therefore, HOX-regulating IncRNAs have
been studied with a particular focus on angiogenesis, as described in Sect. 7.4.2.4.

By searching the GWASdb database for SNPs already previously linked to
atherosclerosis by GWAS but which are less significant (P < 1.0 x 107) and
were manually curated from the literature [326], one group focused on one such
SNP that resided in the intron of a IncRNA on Chr18q22.1: This IncRNA,
LINC00305, had so far not been characterized and its expression was found to be
enriched in atherosclerotic plaque samples as well as in blood monocytes of
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atherosclerosis patients, showing that the SNP associated with IncRNA expression
[56]. To study the function of LINC00305, gene expression profiling was performed
upon IncRNAs overexpression in THP-1 monocyte cell lines, as well as in human
aortic smooth muscle cells cocultured with these. LINC0O0305 promoted the expres-
sion of inflammatory genes by activating NF-kB signaling in monocytes, which
translated to shifting SMCs from a contractile to a pathological synthetic state
[56]. Using immunoprecipitation experiments and mass spectrometry to screen for
IncRNA-interacting proteins, the authors found that LINC00305 bound to
membrane-resident lipocalin-interacting membrane receptor and increased its inter-
action with the aryl hydrocarbon receptor repressor (AHRR). This interaction altered
downstream AHRR signaling, such that more nuclear AHRR and increased NF-kB
signaling were observed after LINC00305 overexpression. Whether and how AHRR
regulated NF-kB signaling components is not yet clear [56].

A recent RNA expression analysis of foam cell formation upon oxLDL adminis-
tration to cultured human macrophages revealed induction of lincRNA-DYNLRB2-
2 [157]. This IncRNA was further studied because it was found that it induced
expression of the evolutionarily conserved GPR119. This regulation potentially is of
relevance for CAD because GPR119 is a G protein-coupled receptor that is known
from earlier work to be involved in metabolic homeostasis by suppressing food
intake and reducing body weight gain in rat models [327]. In the study on lincRNA-
DYNLRB2-2, it was found that both lincRNA and GPR119 also promoted choles-
terol efflux from human foam cells. The efflux driven by lincRNA-DYNLRB2-
2 depended on GPR119 [157]. Conversely, lincRNA-DYNLRB2-2 repressed TLR2,
a well-known upstream Nf-kB signaling stimulator, and this repression was neces-
sary for cholesterol efflux [57]. These findings were substantiated by the finding that
GPR119 overexpression in apoEf/ ~ mice conferred antiatherosclerotic effects,
while TLR2 overexpression conferred proatherosclerotic effects [157]. lincRNA-
DYNLRB2-2 was not tested in this in vivo context.

Another IncRNA is lincRNA-p21, located on mouse Chrl7, 15 kb upstream of
the tumor suppressor p21 (cyclin-dependent kinase inhibitor 1A), but transcribed
from the opposite strand and in the opposite direction. lincRNA-p21 was not
primarily identified by GWAS studies in humans, but by a genomic study of
mouse lincRNAs that were direct transcriptional targets of p53 and that were induced
by p53 [17]. Only later studies focused on lincRNA-p21’s role in atherosclerosis.
Four SNPs were found in human lincRNA-21 on Chr9p21.2, locating in a single
haplotype block and correlating with reduced risk for CAD and MI in over
600 patients in a case-control study [158]. The effect of risk alleles on lincRNA-
p21 expression was not reported in this study, and the molecular function of
lincRNA-p21 not explored. In another study, lincRNA-p21 was also found to be
downregulated in atherosclerotic plaques in arteries in an apoE "~ mouse model for
CAD, as well as in arterial tissue and in PBMCs of human CAD patients
[159]. Knocking-down lincRNA-p21 locally in injured mouse carotid arteries with
siRNA technology caused hyperplasia of the neointima in the lesion, coinciding with
increased proliferation and reduced apoptosis levels in cells of the vessel [159]. How
does this relate to p5S3? Through decades of earlier research on p53, it has become
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clear that p53 affects many cellular facets, most notably the switch between cell
survival and apoptosis, cell proliferation, and DNA repair. The majority of studies
have focused on p53’s role in tumorigenesis, but some studies on its role in
atherosclerosis exist: In atherosclerotic tissue, p53 is not mutated, but in mouse
models of atherosclerosis, p53 knockouts showed increased disease severity, and
VSMCs and macrophages were thought to be affected [328]. This shows that
lincRNA-p2 1 phenocopies p53’s roles, consistent with the notion that this lincRNA
was a p53 effector also in the process of atherogenesis [17, 159]. In fact, earlier
functional tests had shown that mouse lincRNA-p21 served a function as a corepres-
sor for p53 in its second known function as a transcriptional repressor of a set of
target genes, including p2/ [17]. It could, thus, be that normally lincRNA-p21
repressed antiproliferation genes like p21 to induce apoptosis and reduce prolifera-
tion in an atheroprotective function.

Meg3, maternally expressed gene 3, has been well studied. It is known to inhibit
proliferation and migration, in part via inhibiting TGFp signaling, and promote
apoptosis in the context of cancer studies. In a cardiovascular context, a study
reported that human MEG3 was downregulated in tissues of CAD patients and
that overexpression of MEG3 in endothelial cells suppressed EC proliferation
in vitro [160]. It is important to mention in this context that MEG3 is expressed
from the conserved DLK-MEG3 imprinted domain. Studies of this imprinted locus
in mouse showed that Meg3 function as a repressor by tethering the Polycomb PRC2
complex at target genes in trans [204]. This is relevant as mouse DIkI has been
independently linked to atherosclerosis: The suppression of DIkl protected from
atherosclerosis through promoting regenerative EC division for EC turnover in
injured arteries, while disturbed blood flow inhibited this pathway [329]. Thus,
MEG3/Meg3 may have several cell-type-specific roles in the cardiovascular system,
and EC-related functions may be particularly interesting to study in the future.

RNCR3, retinal noncoding RNA 3, also known as LINC00599, is a lincRNA
that is a source of the microRNA miR-124a. RNCR3 was found to be induced in
mouse and human aorta atherosclerotic lesions, and specifically also by ox-LDL
treatment of ECs and VSMCs [53]. In a mouse model of atherosclerosis, systemic
injection of shRNA for RNCR3 increased lesion size. This proceeded with EC
apoptosis, reduced VSCM proliferation and migration, and with increased choles-
terol levels and higher levels of TNF-a and IL-6 in the circulation [53]. Though the
exact underlying mechanism is still unknown, these data suggest that RNCR3 is an
atheroprotective factor. Possibly RNCR3 exerts a role in protecting from apoptosis
because an earlier independent knockout of RNCR3 had shown a phenotype in the
central nervous system, with defects in brain development, axonal morphogenesis of
dentate gyrus granule cells, and retinal cone cell death.

SENCR, smooth muscle and endothelial cell-enriched migration/differentia-
tion-associated long noncoding RNA, is a IncRNA that is encoded as NAT of the
FLII gene. FLII is a transcription factor known to regulate EC and blood cell
formation. SENCR has described pleiotropic functions in ECs and VSMCs, making
it difficult to propose how it specifically functions in CAD [67]. Directed tests
revealed that SENCR was downregulated in ECs from vessels of patients with
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premature CAD, as well as in patients suffering from occlusive peripheral artery
disease [163]. Whether any of the cellular roles of SENCR contributed to disease was
not further functionally investigated. Although being a NAT, SENCR functions
independent of FLII regulation, at least while regulating VSMC contractility. How
SENCR functions is unclear, but it has been shown that SENCR is cytoplasmic [67].

SMILR, smooth muscle—induced IncRNA enhances replication, also known as
RP11-94a24.1, has already been mentioned above in the context of HAS2 locus
regulation. SMILR has, however, also been studied on its own: While profiling RNA
expression following stimulation of human VSMCs with the inflammatory interleu-
kin-1a and the mitogen and chemoattractant PDGF, 200-300 noncoding transcripts
were found to be differentially regulated [94]. SMILR was among the top differen-
tially abundant IncRNAs. SMILR also became the focus of interest for this study
because IL-1a and PDGF treatment did not change its abundance in other vascular
cell types such as ECs [94]. SMILR was shown to be more abundant in unstable
human atherosclerotic plaques, as compared to healthy adjacent vessel tissue and
prospectively defined by positron emission tomography imaging. SMILR knock-
down in cultured VSMCs reduced VSMC proliferation, while overexpression
enhanced it [94]. When investigating how SMILR functioned on a molecular level,
the authors found that genes in the genomic neighborhood of SMILR were coordi-
nately upregulated together with SMILR in their cell culture model.

Tugl, taurine upregulated gene 1, is another well-studied IncRNA. It had
originally been found in studies of the developing retina, but subsequent studies
revealed a multitude of functions in diverse cell types: Overarching some functions,
it has been proposed that Tug!l repressed growth control genes though scaffolding
and promoting their intranuclear association with repressive Polycomb group
complexes in heterochromatic Polycomb bodies in the nucleus [206]. Since Tugl
is also expressed in ECs, and the role of PcG members is of general importance for
many cell types, Tugl’s function also in the cardiovascular system was investigated.
Here, it was found in cell culture studies that Tug/ activated the enzymatic activity of
the PcG member Ezh? in methylating a-actin as a nonhistone target in the cytoplasm
of VSMC:s. This type of regulation has been found in earlier independent studies and
correlates with increased actin polymerization. Also, Tugl was shown to regulate EC
tight junctions. Lastly, Tugl was found to be upregulated in an ApoE~"~ mouse
model of atherosclerosis, and to be less upregulated when these mice were fed the
anti-atherosclerotic and antianginal compound Tanshinol, a carbocyclic catechol
compound in herbal extracts of sage in traditional Chinese medicine [165]. Whether
the human TUG/ orthologue was also differentially expressed in human atheroscle-
rotic lesions was not tested. Nevertheless, Tanshinol was found to repress the
induction of mouse Tugl/ and of human TUG! by ox-LDL in mouse and human
ECs, in cell culture, respectively. Conversely, TUGI overexpression inhibited the
antiapoptotic effect of Tanshinol in ox-LDL-treated human ECs [165]. This
suggested that human TUGI may be a therapeutically interesting IncRNA in
human CAD.

In the following section we highlight IncRNAs that have been implicated in
myocardial infarction through the analysis of relevant animal models of MI, but
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which have not been specifically studied in atherosclerosis models. Data mainly
derive from mouse MI models, in many cases experimentally triggered by transverse
aortic constriction (TAC). In some cases, differential IncRNA expression data have
been obtained from orthologous IncRNAs in humans myocardial infarction.

Among 150 IncRNAs deregulated by pressure overload after transaortic constric-
tion in a mouse model, Chaer, cardiac hypertrophy associated epigenetic regulator,
showed enriched expression in hearts and was studied carefully [16]. A human
CHAER ortholog exists that is also expressed in the human heart. There is at least
a trend for Chaer to be induced in hearts from patients with dilated cardiomyopathy.
The Chaer locus was inactivated by deleting exon 2, but the knockout mice did not
show obvious morphological organ deficits or heart problems. Yet, under pressure
overload, cardiac hypertrophy and pathological fibrosis were reduced in the absence
of Chaer [16]. The knockouts also showed overall increased heart function in this
model. Molecularly, Chaer was found to interact with Ezh2, the central histone
methyltransferase of the PRC2 polycomb complex. Further analyses suggested that
Chaer competed with other IncRNAs such as Hotair or Fendrr in binding to PRC2,
while leaving the enzymatic activity of Ezh2 intact. This interaction of Chaer and
the PRC2 complex seemed to negatively impact the association of PRC2 with
selected target genes and thus their repression [16]. The human CHAER ortholog
shows similar interactions with the human PRC2 complex and stimulated the
expression of hypertrophic genes in human cardiomyocytes. Why Chaer/CHAER
gained access to PRC2 over Hotair during a hypertrophic growth phase in
cardiomyocytes is not yet fully clear, but a modification of the PRC2 complex by
the growth-promoting mTOR complex was indicated in the first analysis. Targeting
this switch is of specific interest also from a therapeutic aspect.

While screening for IncRNAs differentially expressed in conditions of
cardiomyocyte hypertrophy upon transverse aortic constriction in mice, Chast,
cardiac hypertrophy-associated transcript, was identified [167]. This IncRNAs
was also upregulated in human hypertrophic hearts when analyzing heart tissue of
aortic stenosis patients. Systemic overexpression of Chast ameliorated heart pathol-
ogy in TAC-operated mice, indicating that it might be exploited as a protective factor
in the future.

CHRF, cardiac hypertrophy related factor, was identified in a study on the
microRNA-dependent regulation of cardiac hypertrophy. Among other microRNAs,
the conserved miR-489 was recently shown to be downregulated in pressure-
overload models following transverse aortic constriction (TAC) in mice, as well as
in human heart failure samples, and in cultured cardiomyocytes upon treatment with
angiotensin II [168]. Ang-II is a vasorestrictive peptide binding to its membrane
receptors, known for a long time to promote cardiomyocyte hypertrophy also
in vitro. Apart from many other important physiological functions in the kidney
and other organs, Ang-II is known to be released upon hemodynamic overload and
can stimulate cardiac hypertrophy. Ang-II treatment of cardiomyocytes is an in vitro
model to study aspects of the downstream effects. Interestingly, miR-489 depletion
by RNAi caused hypertrophy, and further promoted hypertrophy upon Ang-II
treatment in vitro [168]. Conversely, the cardiac-specific overexpression of miR-
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489 in conditional transgenic mice did not show anatomical aberrations, but
displayed a reduced hypertrophic response in the heart after in vivo Ang-II treat-
ment. This effect was ascribed, at least in part, to micro-RNA-dependent inhibition
of translation of Myd88, an adaptor protein for Nf-kB signaling that was already
previously involved in regulation of hypertrophy. CHRF, on the other hand, acted
upstream, was induced by Ang-II and in TAC mouse models, sequestered miR-489,
and when overexpressed impaired miR-489. Together, CHRF was suggested to
promote cardiac hypertrophy and caused apoptosis [168].

Hotair, Hox transcript antisense intergenic RNA, is another famous IncRNA
studied in the context of embryonic development as well as in cancer. In a recent
study, Hotair was found to be decreased after TAC surgery in mouse hearts
[169, 170]. There is also a human HOTAIR IncRNA, and it is known to be
downregulated in left heart ventricle biopsies as well as in PBMCS in dilated
ischemic cardiomyopathy patients [170]. Overexpression of mouse Hotair in
cultured cardiomyocytes reduced angiotensin Il-triggered hypertrophic growth
in vitro [169]. The authors suggested that for this function Hotair sequestered
miR-19 to derepress PTEN [169], a pair of factors implicated directly and indirectly
before in other cells in growth-dependent DNA replication control [330]. Whether
this is the effector mechanism in vivo is open, also because Hotair has been
previously implicated in Hox gene regulation. A number of studies put forward
evidence that Hotair repressed transcription of posterior Hox (Hoxd) genes in trans,
through tethering several independent repressive chromatin-modifying complexes.
Most recently, dedicated knockout analyses of the entire Hotair locus in vivo
challenged the trans-regulation model that based on near-complete or partial exonic
knockouts of Hotair. The knockouts showed that Hotair only had a very subtle role,
and this was in cis-regulation of nearby Hoxc genes [52].

KCNQ10T1, KCNQI opposite strand/antisense transcript 1, is known as a
classical example of a IncRNA expressed at an imprinted growth regulating locus.
In a recent study, human KCNQIOTI levels were also found to be increased in
neutrophils and monocytes in whole blood preparations in patients with myocardial
infarction (MI), where it was associated with hypertension, and not so much with
inflammation markers [171]. This study showed that KCNQIOTI together with
ANRIL might be useful in prediction of left ventricular dysfunction after
MI. Extending this study, a recent report tested the role of KCNQ1OT] in infarcted
tissue. Silencing of KCNQIOT! antagonized cell death in myocardial cells upon
oxygen/glucose deprivation in vitro [172]. Thus, KCNQIOT]I has heart-specific
functions, and may not only be a marker of MI, but also actively promote injury in
ischemic hearts when overacted [172]. The effector mechanisms of KCNQI1OT]I
during MI are still unknown. KCNQIOTI’s molecular roles are only known from
unrelated studies in other organ systems. Knockout analyses showed that
dysregulation of mouse Kcnglotl correlated with embryonic overgrowth
phenotypes and mental disabilities but also with some cancers. In these studies it
became clear that Kcnglotlis paternally expressed and recruits the repressive PRC2
and the G9a histone methyltransferase for silencing Kcngl and other protein-coding
genes in the locus in cis. In the heart, Kcnglotl represses Kcngl during cardiac
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development, but whether this is the causal determinant for becoming detrimental
during MI remains open.

Mirtl, myocardial infarction-associated transcript 1 or NR_028427,) and Mirt2
(ENSMUST00000100512) were identified in a group of 30 IncRNAs that were
differentially expressed in a mouse model of myocardial infarction based on coro-
nary ligation [55]. Within the 24 h after permanent occlusion of the anterior
interventricular artery, Mirtl and Mirt2 were upregulated 10-20-fold. Mirtl levels
then decreased to baseline levels by 48 h. Mirt] located in fibroblasts more than in
cardiomyocytes. When Mirt] was depleted by injecting shRNA-expressing
constructs into the myocardium before MI, cardiac functions were ameliorated
after MI and the infarction size slightly reduced, suggesting that Mirt] upregulation
contributed to pathological changes in the infarcted heart [173]. Similarly, in vitro,
hypoxia-induced Mirtl expressed in cultured mouse cardiac fibroblasts, and Mirt!
contributed to their apoptosis, to Nf-kB activation, and to the expression of inflam-
matory cytokines [173].

Myheart (Mhrt), is a NAT conserved in mouse and humans, and is expressed
antisense to the Myosin Heavy Chain 7 RNA transcript, a molecular motor protein
allowing heart muscles to contract. Mhrt is a myocardial-specific IncRNA and
expressed with several isoforms in nuclei of cardiomyocytes [15]. Mouse Mhrt
IncRNAs were found to be downregulated in a mouse TAC-induced heart pressure
overload model, which was used as a trigger for cardiac hypertrophy and fibrosis and
impairing hearts functionally. Likewise, human MHRT levels were downregulated in
heart tissue of patients suffering from left ventricular hypertrophy, or from ischemic
cardiomyopathy or from idiopathic dilated cardiomyopathy. Conditional forced
transgenic expression of mouse Mhrt in cardiomyocytes of adult mouse hearts
in vivo reduced stress-induced cardiac hypertrophy and fibrosis, as well as left
ventricular dilation and fractional shortening [15]. This offered evidence for the
notion that Mhrt is a IncRNA that protects from hypertrophy-induced heart injury.
Mechanistically, mouse Mhrt was shown to bind SWI/SNF chromatin remodeling
complex, which is well known to regulate a number of target genes by modulating
nucleosome positioning and occupancy at genetic loci. The binding of Mhrt to Brgl
was found to repress Brgl activity, since Mhrt was shown to compete with binding
of Brgl to chromatinized DNA. Since Brgl was additionally found to repress Mhrtl
IncRNA expression, a feedback loop was suggested that may fine-tune Mhrt RNA
levels and Brgl activity levels to protect hearts from hypertrophy of cardiomyocytes
[15]. Given its pronounced therapeutic effects in the mouse model, Myheart may
become one of the first IncRNAs that might be used for therapeutic purposes in
humans in the future.

ROR, regulator of reprogramming, or previously known as lincRNA-ST8SIA3,
has been identified in unrelated work as lincRNA that is upregulated during deriva-
tion of human-induced pluripotent stem cells from fibroblasts and contributed to
gaining an undifferentiated proliferative cellular phenotype in pluripotent cells
[21]. At least part of this role was ascribed to functioning as a sponge for miR-
145, miR-181, and miR-99 [212]. This allowed the core pluripotency transcription
factors OCT4, SOX2, and NANOG, which were otherwise targeted by these three
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microRNAs, to become more stably expressed, especially to withstand low-level
aberrant differentiation signals. Since these transcription factors also stimulated ROR
expression, a feed-forward regulatory loop had been proposed that stabilized stem
cell self-renewal, but also made differentiation progress more robust since ROR
levels decreased during programmed progenitor cell differentiation [212]. These
findings were noticeable because they placed, for the first time, a IncRNA in the
core pluripotency transcription factor network. ROR has more recently also been
found to be upregulated in a mouse heart injury model following transverse aortic
constriction, as well as in models of cardiomyocytes hypertrophy in cell culture
[174]. siRNA-mediated depletion of ROR impaired hypertrophic growth in vitro.
Since ROR could be depleted by miR-133, aknown antihypertrophic microRNA, the
authors suggested a pathological role of ROR in promoting hypertrophic growth
downstream of this microRNA [174]. How the stimulation of hypertrophy in
cardiomyocytes of the diseased heart relate to the hypothetical reactivation of
pluripotency-related genes, as suggested from the previous unrelated studies,
remains to be addressed.

The authors of a recent study focused on a set of IncRNAs that were heart-
enriched, conserved also in human and differentially induced after myocardial
infarction in mouse and human [331]. Five percent of these IncRNAs could be
mapped to heart-selective super-enhancers [91]. Super-enhancers, also known as
stretch-enhancers, represent a subgroup of enhancers that have been identified by a
body of recently published work, particularly influential enhancer elements in the
genome: Super-enhancers have a high multiplicity and density of enhancer elements,
and locate close to genes that encode for important cell-fate-determining factors,
master microRNAs, and for central signaling pathway components with relevance
for development and disease (see a recent publication for characteristics of super-
enhancers [332]). Among the top induced IncRNAs in the class of heart-enriched
IncRNAs, a recent study found the mouse Wisper IncRNA, named after the location
close to the protein-coding gene Wisp2, a nonstructural signaling protein in the ECM
[91]. Wisper was shown to be present in cardiac fibroblasts and to peak in expression
two weeks after MI in mice in an LAD mouse MI Model, as well as in the
proliferative fibrotic phase in hearts in a model of cardiac fibrosis induced by
hypertension due to left renal artery clipping. Depletion of Wisper upregulated
Wisp2, decreased proliferation and migration, impaired the transdifferentiation of
cardiac fibroblasts to myofibroblasts, at least based on marker gene expression
profiling in vitro, and induced proapoptotic genes. Since Wisp2 depletion alone
did not trigger all these effects, [91] must have additional effectors. Among many
possible mechanisms, the authors found four RNA-processing factors and splicing
regulators, TIAR, PTB3, DIS3L2, and CELF2, to specifically bind the IncRNA
Wisper [91]. The relevance of these interactions is not yet clear, but using GapmeRs
to deplete Wisper in vivo reduced the extent of cardiac fibrosis and the infarction
size. A human ortholog of Wisper exists, and shows fibrosis-associated induction in
AOS (Adams Oliver syndrome) patients, who characteristically show myocardial
fibrosis and LV dysfunction. These data suggest that Wisper/WISPER has a
conserved detrimental function in MI [91]. It is interesting to note that Wisper is
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not the only example of a IncRNA residing at a super-enhancer locus. Also Carmen
and Upperhand (see above) may be super-enhancer RNAs, and have been
investigated in relation to the cardiovascular system.

7.4.2.2 Aortic Aneurysms

Aortic aneurysms are focal asymmetrical dilations of the vessel. They occur most
commonly in the infrarenal abdominal aorta, but can also be found elsewhere, for
example in the chest. The biomechanical integrity of the vessel is in large parts
determined by fibers, such as collagen and elastin fibers, in the ECM, and the ECM
of the vessel depends in large parts on the VSMCs. An SNP in ANRIL has been
linked not only to abdominal aortic aneurysms, but also to sporadic and familial
intracranial aneurysm [136, 333, 334]. A nearby SNP in ANRIL that associated with
diabetes did not associate with aneurysms in this context. How ANRIL molecular
contributes to changes in the extracellular matrix or in the contractility of VSMCS
has not been tested in the context of aneurysm formation. Yet, in studies of
cancerous cells, ANRIL was implicated in promoting metastasis, which may point
to an underlying role in promoting ECM remodeling, a hypothesis that remains to be
tested in more detail [335-338].

Also HIF1aAS1, HIF 1A antisense RNA 1, became the focus of interest because
it was found to be differentially abundant in the serum of patients with
thoracoabdominal aortic aneurysms (TAA) [71]. HIF1aAS was more abundant in
TAA. The authors tested its role in affecting the survival of vascular cell types in
culture. Knockdown of HIF1aAS1 partially protected from experimentally induced
apoptosis in VSCMs and ECs in vitro. Whether and how this function in VSMCS
and ECs related to aneurysm formation was not further tested [71].

7.4.2.3 Cardiomyopathies and Congenital Heart Disease

So far, knockout analyses have shown that 10 IncRNAs have roles in embryonic
heart development, and that a further 6 IncRNAs do not show any obvious morpho-
logical or functional abnormalities in the embryo but develop dysfunction under
stress conditions in the adult (Table 7.1). These latter IncRNAs are part of the group
that will be described in the following: In this section we review 12 IncRNAs linked
to cardiomyopathies and heart diseases, some of which are genetically inherited
(congenital). LncRNAs in this group have often been experimentally studied in
rodent ischemia-reperfusion (I/R) heart injury models, and specifically in the context
of hypertrophic overgrow of cardiomyocytes, which is triggered thereby. When
cardiomyocyte hypertrophy is sustained it may eventually increase the risk of
heart failure. So, the functional separation of this class from the class of
Ml-related IncRNAs (see above) is not always clear-cut. Beyond the IncRNAs that
have been functionally studied and are reported here, many more IncRNAs have
been found to be differentially expressed in human heart diseases but have so far not
been functionally explored. For these we refer to the relevant studies that profiled
IncRNA expression in dilated cardiomyopathy [170, 339], ischemic heart failure,
inherited hypertrophic cardiomyopathy [340], and congenital heart defects that range
from ventricular septal defects over atrial septal defects to tetralogy of Fallot
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[341, 342]. The following IncRNAs have, however, been studied in functional terms
and we present them in alphabetical order:

Apf, the IncRNA autophagy promoting factor, was found to be induced in
infarcted hearts in ischemia-reperfusion (I/R)-mediated mouse models of heart injury
[175]. Apf was found to overactivate autophagy by sequestering miR-188-3p and,
thus, inhibiting miR-188-3p-dependent repression of ATG7 [175]. A balanced
repression of ATG7 seems, however, important, as ATG7 is one of the central
known components in forming the autophagosome vesicle. Consistent with this
idea, Apf RNAI resulted in a reduced size of infarcted heart tissue in the I/R model
and ATG7 overexpression rescued this effect. Therefore, the model was proposed
that Apfinduction led to a detrimental overactivation of autophagy that mediated cell
death in the infarcted heart, possibly in cardiomyocytes [175]. Autophagy is nor-
mally operating in physiology for the homeostasis of cells’ molecular building.
During metabolic stresses like starvation or hypoxia, autophagy is especially impor-
tant, also to remove dysfunctional molecules and organelles. Both overactivation
and blockage of autophagy have been linked by multiple earlier studies to many
diseases and contribute to cancer, aging, degenerative diseases, and cardiovascular
diseases (see [343] for review). Although Apf-dependent autophagy was detrimental
in the current study in the I/R model [175], the proposed mechanism should not be
generalized to other cardiovascular diseases, where autophagy also plays a role. For
example, autophagosome number was found to be increased in macrophages of
atherosclerotic plaques, but there autophagy is thought to curb plaque necrosis and to
stabilize plaques by reducing macrophage apoptosis [344].

Carl, cardiac apoptosis-related IncRNA, is a IncRNA that has come to attention
in the context of studying the regulation of mitochondrial energy production in
energetically active cardiomyocytes. Carl is a mouse IncRNA that is expressed in the
heart, and is repressed by hypoxia in cultured mouse cardiomyocytes. The authors
showed that Carl sequestered miR-539, while miR-539 was found to represses PHB2
[18]. PHB2 is a mitochondrial protein belonging to the class of prohibitins and its
function is to limit mitochondrial fission in anoxic conditions. Limiting fission is a
proproliferative adaptation necessary to survive anoxia. Since Carl expression is,
however, downregulated in hypoxia, and miR-539-dependent PHB2 inhibition
begins to prevail, the end result is myocardial death. In vivo, overexpressing
mouse Carl in the aortic root in a mouse ischemia/reperfusion model reduced
myocardial death and limited heart infarction size [18]. Carl, thus, seems to ensure
sufficiently high levels of PHB2, which has protective consequences in the post-
infarcted heart and is due to ensuring a correctly balanced level of mitochondrial
energy production [345]. How the situation is in the human heart is not known.
Conceptually, the regulation of the mitochondrial fission-fusion cycle for balancing
energy production is involved in a number of diseases, and in particular also in
cardiovascular diseases, since the heart is the most metabolically active organ,
carries the highest content of mitochondria, and since mitochondrial capacity is
impaired, for example, in heart failure (see [346] for review).

Carmen, cardiac mesoderm enhancer-associated noncoding RNA, is a IncRNA
that is required for the specification of the cardiac lineage [19]. It was found upon
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profiling IncRNAs that were induced upon differentiation of fetal human cardiac
precursor cells in culture. Carmen’s gene body overlapped with a previously
characterized fetal and adult human heart enhancer that had been determined by
chromatin-IP experiments. RNAi experiments showed a requirement for Carmen in
the specification to cardiac SMCs and differentiation to cardiomyocytes in a differ-
entiation model of mouse embryonic stem cells in culture [19]. The authors
suggested that Carmen functioned as an enhancer RNA to potentiate enhanced
expression of genes close to the IncRNA locus in cis. But genetic rescue experiments
showed that additional effectors had to exist elsewhere, and that Carmen, maybe,
also had a trans-acting role on still unknown target genes. Since Carmen bound the
PRC2 complex, its trans-repressive function may be tethering this repressive chro-
matin regulator to target loci, but whether this was indeed the case and how this
related to its eRNA function remains to be shown [19]. How Carmen impacts human
heart diseases is less clear. Specific isoforms of Carmen were found to be induced in
hearts after myocardial infarction, in human hearts of dilated cardiomyopathy
(DCM), and aortic stenosis patients [19]. Since RNAi-mediated depletion of Carmen
led to a reduction of structural heart proteins and of heart transcription factors Gata4
and Nkx2-5 in neonatal murine cardiomyocytes, a role in maintaining the
differentiated fate of cardiomyocytes has been proposed [19].

The evidence that misregulated levels of these two circRNAs contribute to heart
disease is rather solid, at least in the experimental mouse models. The effector
mechanism is, however, disputed. microRNA sponging by circRNA is not consid-
ered to be a physiological function for the vast majority of circRNAs. Only a few
circRNAs are expressed at such high levels and with such a large amount of
microRNA binding seed regions that microRNA binding could possibly occur at
relevant rates. CDR1-as, cerebellar degeneration-related protein 1 antisense RNA,
is a classic example of a microRNA-sponging circRNA, but likely also the excep-
tion. It contains 74 microRNA seed regions for the miR-7 microRNA. Since CDRI-
as lacks full sequence complementarity with this microRNA, CDRI-as degradation
is thought to be avoided [214, 215]. Indeed, CDRI-as does form stabilized
microRNA:AGO2 endonuclease complexes, as would be expected for a microRNA
sponge [215]. That sponging was indeed a biological function for CDRI-as was
concluded from genetic experiments [213, 214]. Due to its expression domain, and
as evidenced by the loss of function studies in mouse and zebrafish in vivo, CDRI-as
had a neuronal function in the CNS. A knockout exists in mouse, but it does not
show anatomical alterations, and also no heart defects [213]. Despite this evidence,
CDRI-as has also been studied in the cardiovascular context. CDRI-as circRNA
was found to be upregulated in infarcted heart tissue in a mouse model for
myocardial infarction. Following the previously proposed model that CDRI-as
served as a sponge for miR-7a, they suggested that in this function CDRI-as
inhibited the antiapoptotic effects of miR-7a in cardiomyocytes in vitro [176]. Further
experiments have to substantiate the proposed model in the disease model in vivo.

The well-known H19 IncRNA was found to be induced after chemical induction
of dilated cardiomyopathy in rats. Depletion of H/9 by intracoronary injection of
shRNA-expressing constructs improved heart function and reduced cardiomyocyte
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apoptosis [197]. Induction of HI19 seems to be also involved in calcific aortic valve
disease (CAVD) in humans [152]. This disease is characterized by the abnormal
mineralization of the aortic valve, which leads to its thickening, impaired leaflet
motion and stenosis. In this case, H/9 was pathologically upregulated and this
induction promoted cultured human valve interstitial cells to start expressing
genes, like osteocalcin, BGLAP, BMP2, or RUNX2, which are normally only
expressed during osteogenesis [152]. HI9-depended repression of NOTCH]I expres-
sion was implicated in the upstream regulation of these genes because H/9 was
found to inhibit NOTCHI, and NOTCHI was known from earlier studies to repress
the osteogenic genes. The authors offered further evidence for a SNP in the H/9
promoter of CAVD patients, which did not cause loss of imprinting as in other H19-
dependent diseases, but which correlated with reduced DNA methylation and, thus,
increased H19 expression [152].

The Heartbrake IncRNA 1 (HBLI) is a special case of a human-specific cardiac
regulator that is highly conserved in primates but not in other vertebrates. Human
HBLI became the focus of interest because if is a cardiovascular lineage-specific
IncRNA, as determined by expression profiling in differentiating human pluripotent
stem cells in culture [177]. HBLI was shown to become deactivated after cells exited
from pluripotency during the onset of cardiomyocyte differentiation. HBLI was
found to sequester miR-1, a microRNA known from before to be important for
cardiomyocyte development. The authors of the current study showed that HBLI
restrained miR-1’s ability in promoting ventricular cardiomyocyte expansion. This is
likely of relevance also for humans because one target of mouse miR-I is the
cardiogenic transcription factor Hand2 [347], and a heterozygous missense mutation
in human HAND?2 has been linked to tetralogy of Fallot syndrome, a disease showing
ventricular heart septal defects and ventricular heart hypertrophy [348]. This con-
nection indirectly implicates HBLI as a mediator of congenital heart defects in
humans, possibly in a function in undifferentiated cardiomyocyte progenitors and
at the onset of cardiomyocyte cell fate differentiation [177].

Also, some circRNAs have been implicated in hypertrophic growth control in the
heart. mm9-circ-012559 is a 5'-3'-linked circRNA in the mouse. Based on its role it
has later been renamed HRCR, heart-related circular RNA [105]. HRCR was
identified through a circRNA profiling upon TAC-induced cardiac hypertrophy
and heart failure, and in parallel also in a heart injury model based on the infusion
of isoproterenol. In these models HRCR abundance was reduced compared to
controls. Since seed regions for the microRNA miR-223 were found on HRCR,
experiments were performed to test HCRC’s role in sequestering this microRNA.
miR-223 is relevant for heart physiology because it serves a role as an inhibitor of the
known apoptosis repressor with Card domain (ARC), which is known to protect
from hypertrophic effects in injured hearts. Since overexpression of HRCR reduced
the degree of cardiac hypertrophy depending on ARC, the authors concluded that
reducing the levels of HRCR contributed to heart failure because miR-223 became
active to deplete ARC, and ARC could, thus, no longer protect against heart
hypertrophy [105].
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The function of Malatl, metastasis-associated lung adenocarcinoma transcript
1, in cardiomyopathy was recently tested in a rat model. Malatl was found to be
induced in cardiac tissue in diseased hearts of diabetic rats. Depleting Malatl by
intracoronary injected shRNA-expressing constructs improved heart function as
measured in left ventricular function [349].

Specific isoforms of the mouse Meg3 IncRNA were among the most abundant
IncRNAs specific to cardiac fibroblasts. Meg3 was further enriched after
TAC-induced heart injury. Silencing Meg3 systemically by injecting inhibiting
oligonucleotides in mice ameliorated cardiac fibrosis and diastolic dysfunction,
and reduced cardiomyocyte hypertrophy in the TAC-injury model [161]. Thus,
Meg3 is cardioprotective. There is a human MEG3 ortholog, and we have described
its functions in CAD. The role and regulation of human MEG3 in cardiomyopathies,
and independent of CAD, have so far not been studied.

MFACR, mitochondrial fission and apoptosis-related circRNA, is another 5'-3-
'-linked circRNA in the mouse. Its levels were found to be upregulated in a heart
ischemia/reperfusion injury model in mouse [106]. In this study it was suggested that
miR-652-3p was sequestered by MFACR. miR-652-3p had the deleterious capacity to
repress MTP18, a factor important for cellular viability by facilitating mitochondrial
fission. In the injury model in vivo, and following systemic manipulation of MFACR
levels, the authors showed that MFACR activation derepressed MTP18, mitochon-
drial fission, and that the unbalanced overshooting of mitochondrial apoptosis led to
heart dysfunction [106].

MIAT has been described in the sections on CAD-related IncRNAs and will be
described also for problems in angiogenesis. MIAT has also been linked to cardiac
hypertrophy, and the underlying roles are not necessarily the same. First, MIAT one
was found to be induced in heart ventricle samples of patients suffering from
noninflammatory dilated cardiomyopathy (DCM), and even more so in Chagas
disease patients [147]. This disease typically is triggered by infection with
Trypanosomes and develops a form of aggressive inflammatory (DCM) with myo-
carditis, hypertrophy, and fibrosis. MIAT upregulation was corroborated in a mouse
model of Chagas disease [147], as well as in Angiotensin II-triggered cardiac
hypertrophy models in mice [180] and in a rat diabetic cardiomyopathy model
[181]. In the latter model, depleting MIAT by shRNAs in vivo ameliorated heart
function in diabetic mouse cardiomyopathy and antagonized high glucose-mediated
apoptosis in cultured cardiomyocytes. How MIAT upregulation affected cardiac
hypertrophy in each case is unclear, and whether the different diseases share a
common function of MIAT has so far not been addressed.

UCALI, urothelial cancer associated 1, is a IncRNA that is the top induced
noncoding RNA in the heart in a rat model of partial cardiac ischemia/reperfusion.
Overexpression increased proliferation and depletion decreased viability in cultured
cardiomyocytes [179]. Thus, UCAI has antiapoptotic, proliferative functions. The
relevance for humans has not been tested.
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7.4.2.4 Vascularization and Angiogenesis

Also in this section on IncRNAs linked to vascularization and angiogenesis we will
only review IncRNAs that have been implicated through evidence from animal
models in vivo. Depending on IncRNA, additional evidence may exist that a
IncRNAs is differentially expressed in diseased human tissue under hypoxic
conditions or in animal cell culture models of vascularization. On a cellular level,
these IncRNAs are involved in aspects of endothelial cell biology, to vessel forma-
tion and branching in normal conditions, or in ischemic conditions such as during
atherosclerosis or heart infarction. LncRNAs implicated in cerebrovascular stroke,
where vasculariziation plays a role, will be presented in Sect. 7.4.2.6. Relevant
IncRNAs in section encompass HOTTIP, Malatl, MANTIS, and SENCR. Secondly,
and although we do not consider IncRNAs linked to CAD risk factors like diabetes
or high blood pressure per se, in this section we also consider reports on IncRNAs
related to studies of ECs during vascularization in diabetic retinopathy (Miat,
Malatl) or in end-stage renal disease (Myoslid). The IncRNAs are discussed in
alphabetical order.

Given the role of some HOX genes in EC biology, HOTTIP has been
investigated in the context of angiogenesis. Overexpression of HOTTIP was found
to promote EC proliferation and migration in vitro, while siRNA-mediated knock-
down had the opposite effects [156]. This proliferative and migrative function
resembled the role of HOTTIP in other previously tested cells. With relevance to
the cardiovascular system, so far it is also known that Hoxal3 is important for
endothelial cell specification in the vasculature connecting embryo and placenta.
Thus, whether HOTTIP would be also functioning in ECs in the adult vascular wall,
or be misregulated in disease, remains to be seen.

Malatl has a number of molecular functions as far as studied in cultured cells, but
no obvious anatomical defect when the gene was knocked out in mice in vivo (see
the previous section). Human MALATI was, however, found to be specifically
upregulated in stress conditions, such as in cultured human umbilical vein endothe-
lial cells (HUVECS) exposed to hypoxia, which is a pro-angiogenic condition.
Malatl, MEG3, TUGI, and SNHGS5 were among the top induced IncRNAs. In this
condition Malatl knockdown by siRNAs or GapmeRs decreased hypoxic EC
proliferation, and impaired EC migration and sprouting in spheroid and scratch
assay in vitro [13]. Based on these results, the mouse Malatl knockouts were
reinvestigated and a specific deficit in vascularization was found also in vivo, and
specifically in the neonatal retina [13]. Stress-specific roles may also underlie
Malatl’s roles in cancer cells, where Malatl is upregulated in tumors, while
knockout impaired cancer cell migration and metastasis, as well as alternative
splicing in mammary tumor models [216]. The relevance of MALATI/Malatl has
since been studied also in ischemic disease models in vivo. When GapmeRs directed
against Malatl were intraperitoneally injected into mice during experimentally
triggered hindlimb ischemia, blood flow recovery was found to be reduced
[13]. Thus, Malat]l was suggested to be required for vascular growth also in this
context, and its role in stimulating EC proliferation and sprouting, as determined in
cultured cells, may underlie vascularization. In contrast to its beneficial
proangiogenic role in CAD models, during diabetic retinopathy, retinal vessels
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growth instructed by Malatl can also be detrimental when uncontrolled: Malatl was
found to be induced in hypoxic and in diabetic conditions, as shown, for example, in
rat and mouse models. In the context of diabetic retinal pathology, Malatl
contributed to pathological vascular retinal pathology [14]. MALAT]I is also induced
in ischemic conditions in cerebrovascular stroke models and will be treated in Sect.
7.4.2.6 in more detail.

A IncRNA encoded in antisense within an intron of Annexin A4 was recently
investigated in some more detail and named MANTIS, n342419 [69]. So far,
MANTIS expression has been observed in endothelial cells, and was tested in several
cardiovascular diseases. MANTIS was found to be downregulated in lung tissue of
idiopathic pulmonary arterial hypertension in humans, a small-vessel disease
characterized by endothelial apoptosis and proliferation. Secondly, MANTIS was
found to be upregulated in vessel tissue in atherosclerosis regression in a monkey
CAD disease model, which could be due to a hypothetical role of MANTIS in
promoting vascular regeneration [69]. Though not specifically expressed only in
endothelial cells (ECs), a recent study focused on ECs and studied functions of
human MANTIS based on a CRISPR/Cas9-mediated knockout in human umbilical
vein endothelial cells (HUVECsS) or depletion by siRNA in other endothelial cell
lines [69]. Molecularly, MANTIS localized to the nucleus, where it bound BRGI,
known as the catalytic subunit of the SWI/SNF ATP-dependent chromatin
remodeling complex [69]. MANTIS was suggested to contribute to BRG1 helicase
activity and, thus, to the chromatin-remodeling activity of BRGI-containing
complexes. For this function it was suggested that MANTIS stabilized the interaction
of BRG1 with selected members of the SWI/SNF chromatin remodeling complex. In
this function, MANTIS might activate BRG1-dependent target genes, but this model
remains to be experimentally corroborated. In ECs, human MANTIS was shown to be
pleiotropically important for proper vascular tube formation in matrigel assays,
growth factor-dependent spheroid outgrowth, and cell migration of ECs in vitro
[69]. Together, MANTIS is a trans-acting IncRNA that activates angiogenic genes
like SOX18 or SMAD6 by nucleosome remodeling.

MIAT, myocardial infarction-associated transcript, is a IncRNA that is
involved in pathological angiogenesis. MIAT is upregulated in retinas and in the
diseased fibrovascular membranes of type 2 diabetes patients. This induction was
confirmed in cell culture in a number of different endothelial cell types, including in
HUVECs under glucose stress. In a hyperglycemic rat model in vivo, Miat knock-
down ameliorated retinal function in the disease state, for example, by reducing
apoptosis of retinal cells [148]. On a cellular level, Miat was implicated in promoting
cell death triggered by hyperglycemic stress and in stimulating proliferation and
migration of ECs, and on a tissue level in advancing vessel leakage. It is likely that
multiple molecular roles underlie these diverse functions. As tested in macaque
retinal endothelial cells, one attractive model is that Miat de-represses VEGF by
microRNA sponging, which may account for Miat’s role in ECs, and, therein, in
angiogenesis and neovascularization [148].

SENCR which has already been described during in vivo studies in the context of
CAD (see above) was also found to be relevant for angiogenesis. In limb muscle
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samples of human critical limb ischemia patients, and in vessel wall ECs of patients
with premature CAD, SENCR levels were shown to be reduced [164]. In this study it
was also found that human SENCR promoted endothelial commitment and differen-
tiation and angiogenesis-related cell functions, like proliferation migration and tube
formation, in a differentiation model of human embryonic stem cells in vitro. This
suggested that SENCR’s functions are more complex and potentially cell type
specific [164].

The differentiation of vascular smooth muscle cells is known to require the
transcription factor serum response factor (SRF) and its coactivator Myocardin. In
a sequencing approach, dozens of IncRNAs were found to be induced after
overexpression of Myocardin in MYOCD in human coronary artery SMCs
[184]. Among them, Myoslid, myocardin-induced smooth muscle IncRNA, was
identified, a cytoplasmically enriched IncRNA. Myoslid is VSMC-specific,
expressed in blood vessels and bladder, is encoded in overlapping patterns with
three other uncharacterized IncRNAs, and is a NAT of at least one of them.
Knockdown experiments suggested a role in promoting the contractile,
antiproliferative, and antimigrative phenotype of VSMCs, which is consistent with
arole in promoting Myocardin-dependent differentiation [184]. Myoslid was subse-
quently found to be downregulated in arteriovenous tissue samples from patients
with end-stage renal disease. Therein, a hyperplastic and stenotic response has been
associated with disease. This suggests that reduction of Myoslid in vascular disease
may contribute to the disease-promoting de-differentiation of VSMCs.

7.4.2.5 Arrhythmia

In the fifth functional class we summarize IncRNAs linked to heart electrophysiol-
ogy, heartbeat, and rhythm. Compared to other cardiovascular disease entities, few
IncRNAs have been associated with this disease type and the depth of functional
insight is limited. Cardiac arrhythmias can be, but do not need to be, associated with
structural heart diseases, with defects involving aspects of the conductions system.
Heart structures relevant for rhythm include the sinus node, the specialized atrial
tracts, the atrioventricular node, and the bundle of His. Characteristically shaped
electrical currents reach the myocytes of the heart via ion channels, specialized
proteins and gap junctions. Most SNPs associated with arrhythmias through
GWAS affect one of the multiple ion channel subunits. Also structural heart defects
can lead to heart arrhythmias. In this case it is most often cardiac fibrosis or
hypertrophy that impairs proper conduction in the heart. In the following paragraphs,
we only focus on those IncRNAs that have been functionally investigated in relation
to heart thythm by in vivo models.

One study investigated IncRNAs differentially expressed in patients with atrial
fibrillation when comparing two left atrial regions, one being the region of the
pulmonary vein and the surrounding left atrial area (LA-PV), and the other being
the area of the left atrial appendage (LAA) [185]. The reason for comparing these
two regions lies in the earlier observations that the LA-PV junction is implicated as
most important for arrhythmogenicity based on catheter ablation experiments, while
the LAA is involved in other functions, it is, for example, a site of thrombus



258 L. M. Holdt et al.

formation. Among more than 90 such IncRNAs, AK055347 was found to be
enriched in the LA-PV, and was the most significantly altered IncRNA there. In
cultured rat cardiomyocyte cell lines, AK055347 knockdown decreased viability
[185]. Whether and how the proproliferative function of AK055347 related to
arrhythmia remained, however, open.

A recent study performed quantitative trait locus (QTL) mapping in two rat
strains that differed in how their blood pressure was affected by salt levels with
the aim to identify genes regulating blood pressure. The researchers identified a QTL
responsible for high blood pressure, which was, coincidently, also responsible for
shortening the cardiac QT-interval [20]. It was mapped to the Rffl locus, and
specifically the noncoding RNA therein, Rffl-Incl. Interestingly, these two
phenotypes have also been co-associated within the synthetic genomic region in
humans, as shown by data from human GWAS studies [350]. A pathologically
shortened Q-wave/T-wave interval, as recorded in the electrocardiogram, often
associates with mutations in cardiac ion channels, and even without involving
structural changes in the heart tissue is known to correlate with an increased risk
for atrial and ventricular arrhythmia in humans. In the QTL study in the rat, the
researchers found that 19 bp indel in a previously undescribed IncRNA, Rffl-Inci,
was responsible for the mutant phenotype in the rat. Rffl-incl locates in the 5’ UTR
of the single protein-coding gene in this region, and Rffl is a ring finger and FYVE-
like domain containing E3 ubiquitin protein ligase [20]. Deletion of the Rffl-Incl
and, independently, CRISPR/Cas9-mediated reintroduction of the missing
19 nucleotides into the mutant rat strain showed that Rffl-Incl indeed was the
causative gene [20]. Together, how Rffl-Incl polymorphisms partake in the control
of cardiac features will be interesting to investigate. At the moment it is thought that
Rffl-Incl may either directly regulate the cardiac conduction system or the neural
autonomic pathways in the heart, or it may indirectly affect heart rhythm through the
regulation of cardiomyocyte hypertrophy in the context of increased blood
pressure [20].

Another study performed IncRNA expression profiling at sites of enervation on
the surface of the heart, where collections of autonomous nerves form ganglia
plexus, mainly in island-like fat pad structures or in the adipose tissue below the
epicardial membrane [186]. Autonomic nervous system remodeling (ANR) at such
sites is known to contribute to arrhythmia. Canine models have been traditionally
used to study this aspect. After receiving heart tachypacing via electrodes, dogs
developed ANR, and TCONS_00032546 and TCONS_00026102 were found to be
downregulated [186]. Injecting knockdown constructs for the two lincRNAs into the
relevant fat pads in dogs was sufficient to slightly shorten, or prolong, respectively,
the atrial effective refractory period and increase, or inhibit, respectively, the onset of
tachycardia and atrial fibrillation [186]. How these two IncRNAs differentially
impact neuronal remodeling in the onset of arrhythmia remained unknown, as well
as whether human orthologs existed that carried conserved functions.

In conceptually similar experiments in a rabbit model for studying conduction
remodeling in atrial fibrillation, IncRNA expression profiling was performed in right
atrial tissue samples [187]. The authors then used coexpression network analysis to



7 Long Noncoding RNAs in Cardiovascular Disease 259

focus on pathologically potentially interesting IncRNAs, such as the downregulated
TCONS_00075467. A human sequence with 70% conservation exists, opening the
possibility that the IncRNA was conserved. Depleting TCONS_00075467 in the
right atrium in the rabbit model shortened the atrial effective refractory period and
increased the frequency of fibrillation onset in the animal model [187]. The authors
suggested that this IncRNA functioned as a protector by inducing the expression of
the calcium voltage-gated CACNAIC ion channel as a microRNA sponge. Thereby,
this work related to earlier published insight on the role of CACNAIC
downregulation by microRNAs in human patients with fibrillation [351] and to the
earlier identification of a loss-of-function mutation in CACNAIC in Brugada syn-
drome patients, a disease with characteristic ST-segment elevation [352].

7.4.2.6 Stroke and Cerebrovascular Aneurysms

In the sixth functional class, IncRINAs related to brain stroke are reviewed. This class
is not treated separately to indicate a separation in terms of atherosclerosis pathways
leading to thrombus and ischemia formation, but because brain neurons are the cell
type hit most by ischemia, and because specialized pathogenic mechanisms occur in
the brain involving distinct sets of IncRNAs. The occlusion of the middle cerebral
artery is the most common route to cerebral stroke, and lack of oxygen and glucose
rapidly inflicts neurons during hypoxia-ischemia. Depolarization and impaired neu-
rotransmitter uptake subsequently cause toxic amounts of extracellular glutamate to
accumulate, which further contributes to mitochondrial dysfunction and oxidative
stress. Finally, ischemia also triggers inflammatory signaling, which can further
increase brain tissue damage. To date, nine IncRNAs have been associated with
stroke. For two of them there is some evidence that the relevant IncRNAs were also
important in human stroke patients. Of the nine IncRNAs, two had protective
functions in stroke-induced brain damage, while seven aggravated neuronal
problems after brain stroke.

Chr9p21 is well known as a major CAD risk locus. Different risk genotypes in the
human Chr9p21 locus have been found to associate with different cardiovascular
disease entities. Initial analyses offered conflicting evidence whether Chr9p21
genotypes were also associated with stroke, with some studies reporting an associa-
tion [137-139], and some studies showing no significant association [136, 353,
354]. A meta-analysis of relevant GWAS explored the association and did document
a robust but relatively weak association [140]. The investigation also suggested a
subtype-specific association of Chr9p21 with ischemic stroke, namely, with large
artery stroke [140]. Also, a more recent study corroborated this notion by showing
that specific SNPs in ANRIL IncRNA associated with susceptibility and recurrence
rate of atherothrombotic and hemorrhagic cerebrovascular stroke even in those
patients that did not have a history of heart disease [141]. Most recently, another
study performed an eQTL analysis of five previously identified risk SNPs in ANRIL
[12], and identified genes whose expressions associated with at least one of the five
risk SNPs. Among 87 of such potential eQTL hits, CARDS was selected as a
potential ANRIL effector, which was further substantiated as CARDS expression
also dropped when ANRIL was knocked down in cultured cells [142]. Since an
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inactivating mutation in CARDS was associated with ischemic stroke, and since
CARDS is known from before as negative regulator of NF-kB signaling, the possi-
bility exists that ANRIL impacts ischemic stroke also via CARDS8-dependent NF-kB
regulation [142]. While this hypothetical pathway remains to be rigorously tested, an
implication of ANRIL in stroke is rather well documented by multiple studies.
Studies investigating a direct role of ANRIL in stroke are so far limited: In a single
study, the role of ANRIL was studied in a model for type 2 diabetes in rats under a
high-fat diet and after middle cerebral artery occlusion to trigger stroke [143]. ANRIL
was found to be increased in brain tissue in this context. Overexpression and
knockdown of ANRIL systemically in the rat model showed that ANRIL augmented
endothelial microvessel density, which correlated with increased VEGF and NF-xB
expression levels. Since neuronal functionality post stroke was not tested after
ANRIL overexpression or knockdown, one can yet only speculate whether the
observed ANRIL-promoted angiogenesis aggravated complications of a stroke in
this disease model.

AK153573 is a predominantly nuclear IncRNA that partially overlaps in sense
the CaMKII5 gene. Renamed C2datl, CaMKIId-associated transcript I, this
IncRNA was found to be induced in neurons surrounding ischemic regions in a
stroke model of middle cerebral artery occlusion in mouse and rat in vivo [188].
C2datl was also upregulated after experimental oxygen-glucose-deprivation/reoxy-
genation (OGD/R) in neuronal cells in vitro. CaMKII$ levels did decrease in the
ischemic core, but were induced, similar to C2datl, in the periphery of the lesion.
Knocking down C2datl in cultured neurons reduced CaMKII6 expression and
stress-dependent induction of NF-kB signaling and, while neuronal survival was
increased. These findings are consistent with the large body of earlier evidence that
acute inhibition of CaMKII is neuroprotective [188]. C2dat! may, thus, likely
function via acute CaMKIIS locus stimulation after stroke, and this pathway may
exacerbate apoptosis during stroke.

FosDT, Fos downstream transcript, has been identified as IncRNA that was
induced in the rat cerebral cortex after transient middle cerebral artery occlusion
[73]. Further, FosDT bound Sin3 and coREST, which are members of the repressive
REST chromatin regulating complex, whereby REST is known from independent
work to become active and to be necessary for neuronal apoptosis during stroke. In
the present work, it was found that FosDT contributed to the repressive function of
REST, and that silencing FosDT reduced brain infarction size and ameliorated
neurological functions after infarction, as determined after intracerebral injection
of siRNAs [73]. One possibility, thus, is that FosDT scaffolds REST to repress
selected target genes that are otherwise necessary for their survival.

Beyond the involvement in CAD and in cardiomyopathies, HI19 also plays a role
in cerebral stroke. The first insight into this association was obtained in rodent
models. When focal cerebral ischemia was induced by middle cerebral artery
occlusion/reperfusion in mice or rats, H19 levels rose in blood plasma, and also in
infarcted brain tissue [153, 154]. Corroborating this finding, H/9 was also
upregulated in human patients within hours after a stroke [153]. Thereby, HI/9
expression was higher in plasma, neutrophils, and lymphocytes. Since an
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intraventricular injection of siRNAs targeting H79 reduced brain infarct volume and
ameliorated neurological functions in the mouse stroke model, it can be deduced that
H]I9 induction usually exerts a detrimental function during stroke. How HI9 is
detrimental is less clear. Current insights into this question base on work with
cultured cells: For example, H19 was found to promote neuroinflammatory TNFa
and interleukin expression. Secondly, H/9 was shown to impair the formation of
neuroprotective M2 microglia. Microglial cells are the major cell type in mounting
stroke-induced inflammation [153]. And third, albeit only tested in a human neuro-
blastoma cell line, and not necessarily related, H/9 contributed to apoptosis in an
OGD/reperfusion model in vitro [154]. H19 has not appeared in GWAS studies on
stroke, but selected SNPs in HI9 were still found associated to some degree with
stroke [154].

Consistent with its antiproliferative functions in many cell types, Meg3 was
recently found to be proapoptotic in the context of cerebral stroke in mouse
[162]. While mouse Meg3 is known to be downregulated in CAD-affected vessels,
it was, however, upregulated in ischemic brain tissue. Meg3 promoted neuronal cell
death, and the authors suggested that Meg3 bound to p53’s DNA binding domain.
Whether and how such an interaction would activate p53 in a proapoptotic pathway
is of interest not only for the cardiovascular field [162]. However, whether Meg3
indeed functioned in neurons in vivo, or also affected angiogenesis in the infarcted
brain, as shown in before in CAD model, or both, is still not clear.

NILR, also known as MRAKO051854, was identified by microarray-based tran-
scriptional profiling of ischemic brain tissue after intraluminal middle cerebral artery
occlusion to induce a stroke in the rat model system. Based on coexpression network
and pathway analysis, NILR became the focus of interest as a highly connected
upregulated IncRNA [189]. Also, this IncRNA was upregulated in a mouse stroke
model. Overexpressing NILR after injection into the mouse cortex reduced the
infarct volume and neuronal cell death, while siRNA against N/LR enhanced the
lesions, suggestive of protective functions of this IncRNA. The molecular effector
mechanism still remains to be interrogated.

In another approach, IncRNAs were bioinformatically screened for harboring
seeds for miR-145-5p, a microRNA whose induction had been previously associated
with ischemia in the heart. Specifically, SNHG14, also known as small nucleolar
RNA host gene 1 or UBE3A-ATS, was such a IncRNA. It is expressed in antisense
to the ubiquitin protein ligase E3A gene, and was found to be induced during the first
days after stroke in a middle cerebral artery occlusion model in mice, while miR-145-
5p levels correspondingly dropped [190]. In cultured microglial cell lines, SNHG 14
stimulated expression of inflammatory factors, while it reduced miR-145-5p levels.
The inflammatory phenotype was rescued by adding miR-145-5p mimics, consistent
with the interpretation that SNHG 14 impaired the protective function of miR-145-5p
by keeping its levels low [190].

A role in promoting neuronal cell death was ascribed to the IncRNA Tug! during
stroke [166]. Tug! levels increased in a middle cerebral artery occlusion model in the
rat in vivo, as well as in cultured neurons after oxygen/glucose deprivation. Tug/
knockdown reduced apoptosis under OGD conditions in vitro, and this effect
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correlated with upregulation of miR-9 levels, suggesting a detrimental role in stroke
[166]. Tugl has been linked to apoptosis, but also to other roles in other cellular
contexts before, particularly in tumorigenesis. Given the intense research on miR-9
in neurogenesis, it will be interesting to dissect how Tug! connects to the rather well-
understood functions of miR-9 in the CNS, and whether the regulation of apoptosis is
indeed the central function of interest. For example, miR-9 is known from earlier
work to be expressed in self-renewing neural progenitors and is required for
neurogenesis by promoting the timely cell cycle exit of differentiating neurons. At
the same time miR-9 has also previously been found to promote angiogenesis to
proceed in concordance with neurogenesis by curbing premature neuronal VEGF
expression [355]. Thus, the region- and time-specific coordination of neurogenesis
and angiogenesis may be how Tugl determines the manifestation of stroke.

Together, a number of studies have described RNA expression profiles in brain
tissue after stroke, and lists of relevant IncRNAs residing close to known stroke risk
loci have been compiled as well [356]. Compared to CAD and MI models, the level
of mechanistic in vivo insight is, however, still limited. Questions, like in which cell
types and via which effector mechanisms IncRNAs function during stroke are still
open. Nevertheless, there is a rich literature on transcriptional regulation of neuronal
cell types, and fast advances may be possible if relevant IncRNAs can be convinc-
ingly linked to already known and well-studied transcriptional effectors.

7.4.2.7 IncRNAs in Basic Cellular Processes that Overarch CVD Entities
Finally, an important set of IncRNAs has been implicated in the regulation of
inflammatory signaling, and derailing immune signaling is a central factor in all
entities of cardiovascular diseases. We are not reviewing this inflammation-related
set of IncRNAs in depth though, as we are not reviewing IncRNAs implicated in
generic proliferation control either. Excellent recent reviews have been published on
IncRNAs in immune control [357] and in cell cycle and growth control [358]. Also,
as of yet, most of the IncRNAs in these two broad classes have not been specifically
studied in the context of cardiovascular disease. This has, in part, also to do with the
fact that there is limited knowledge about the exact cell lineage transitions
contributing to cell fate changes that underlie atherosclerosis.

Box 7.3 Reading Highlights
1. Reports on linear cardiovascular IncRNAs:
(a) Klattenhoff, C. A. et al., (2013) Braveheart, a long noncoding RNA
required for cardiovascular lineage commitment, Cell. 152, 570-83.
(b) Han, P. et al., (2014) A long noncoding RNA protects the heart from
pathological hypertrophy, Nature. 514, 102-6.
(c) Anderson, K. M., et al., (2016) Transcription of the non-coding RNA
Upperhand controls Hand2 expression and heart development, Nature.
539, 433-436.

(continued)
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Box 7.3 (continued)

(d) Wang, Z et al., (2016) The long noncoding RNA Chaer defines an
epigenetic checkpoint in cardiac hypertrophy, Nat Med.
22, 1131-1139.

(e) Liu, J. et al., (2017) HBL1 Is a Human Long Noncoding RNA that
Modulates Cardiomyocyte Development from Pluripotent Stem Cells
by Counteracting MIR1, Dev Cell. 42, 333-348 e5.

(f) Hon, C. C. et al., (2017) CRISPRi-based genome-scale identification
of functional long noncoding RNA loci in human cells, Science. 355.

2. Reports on cardiovascular circRNAs:

(a) Holdt, L. M. et al.,, (2016) Circular non-coding RNA ANRIL
modulates ribosomal RNA maturation and atherosclerosis in humans,
Nat Commun. 7, 12,429.

(b) Wang et al., (2016) A circular RNA protects the heart from pathologi-
cal hypertrophy and heart failure by targeting miR-223, Eur Heart
J. 37, 2602-11.

(c) review: Barrett, S. P. & Salzman, J. (2016) Circular RNAs: analysis,
expression and potential functions, Development. 143, 1838—-47.

3. Reports addressing generally important concepts in IncRNA biology:

(a) Wide-spread role of IncRNAs as enhancers of transcription: Engreitz,
J. M. et al.,, (2016) Local regulation of gene expression by IncRNA
promoters, transcription and splicing, Nature. 539, 452—455.

(b) The relevance of RNA:PRC?2 interaction is under scrutiny: Kaneko, S
etal., (2014) Nascent RNA interaction keeps PRC2 activity poised and
in check, Genes Dev. 28, 1983-8.

(c) LncRNAs can be functional despite lack of sequence conservation
Ulitsky, I., Shkumatava, A., Jan, C. H., Sive, H. & Bartel, D. P.
(2011) Conserved function of lincRNAs in vertebrate embryonic
development despite rapid sequence evolution, Cell. 147, 1537-50.

(d) Widespread role antisense transcription of IncRNA genes: Huber,
F. et al., (2016) Protein Abundance Control by Non-coding Antisense
Transcription, Cell Rep. 15, 2625-36.

(e) Translation of micropeptides from IncRNAs: Micropeptides encoded
on IncRNAs: Anderson, D. M. et al., (2015) A micropeptide encoded
by a putative long noncoding RNA regulates muscle performance,
Cell. 160, 595-606.

(f) microRNA sponging may be less common than thought: Denzler, R.,
et al., (2016) Impact of MicroRNA Levels, Target-Site Complemen-
tarity, and Cooperativity on Competing Endogenous RNA-Regulated
Gene Expression, Mol Cell. 64, 565-579.
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7.5 Summary and Outlook

So far 57 IncRNAs have been functionally investigated in the context of cardiovas-
cular physiology and disease. Many more IncRNAs are differentially expressed, but
have not yet been functionally assessed. Therefore, and given the number of
different cell types and processes implicated in development, homeostasis and
regulation of the heart, vasculature, and vascularized tissue, it is expected that
many more IncRNAs will be linked to some aspect of coronary artery physiology
and disease in the future. As can be seen already from the work presented in this
book chapter, a single IncRNA can exhibit different functions in different contexts,
and in extreme cases, can engage with dozens of different binding partners through
specialized interaction domains. Therefore, although IncRNAs sometimes show low
copy numbers, a limited stability, and a low level of evolutionary selection in
sequence, thousands of IncRNAs are expressed with high confidence, with a high
degree of cell type specificity, and with functional consequences.

The question of how many of the thousands of IncRNAs are indeed functional
genetic elements has until recently not been possible to address. Yet, with the
emergence of CRISPR/Cas9-based genetic loss of function experiments, genome-
wide genetic screens have begun to explore this question experimentally. When
testing 16,000 IncRNAs for effects on cell proliferation capacity in cultured cells,
nearly 500 individual IncRNA transcripts (or 3% of all IncRNAs) were found to be
important for cell division [359]. This number is unexpectedly large when compared
to equivalent genetic tests on the overall functionality of protein-coding genes, of
which 10-12% are essential for optimal cell proliferation [360, 361]. Since only a
few types of cells and only a single functional readout were assayed in this screen,
one can project that a large percentage of IncRNAs will be annotated as functional,
when carefully tested [29, 362]. Since every single IncRNA may further produce
several spliced isoforms, and since ribonucleotides can additionally be modified
posttranscriptionally, for example, by methylation [363], there is a huge regulatory
space how IncRNAs can affect physiology and disease.

In a study with genome-wide relevance, the evolutionarily conserved
coexpression of IncRNAs was measured relative to other transcripts, and
colocalization with eQTL-associated SNPs was taken into consideration. Also, this
type of approach suggested that more IncRNAs than previously thought (up to 40%)
appear to be potentially functional because they associate with at least one known
trait [29]. Future experimental approaches will have to take into account IncRNAs
and their time- and location-specific transcription as an integral part of gene-
regulatory networks.

Based on the already known important roles of IncRNAs in the cardiovascular
system as well as in other physiological processes and diseases, linear and circular
noncoding RNAs become a medically interesting target molecule in different
respects: First, to IncRNAs and circRNAs as biomarkers for pathophysiological
states, both in tissue samples, as well in cell-free form in the circulating blood. In
the blood, cell-free noncoding RNAs are found inside exosomes or other membrane-
contained vesicles, or in association with proteins, and reporting on cellular states in
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remote internal organs. To date, most technologies to sequence cell-free nucleic
acids in preclinical settings focus on DNA and on finding mutations therein.
Combined DNA and RNA sequencing from blood may show increased power in
monitoring early disease onset, or therapy success and recurrence of disease after
therapy. Second, IncRNAs may be directly used to alter cell physiology in situ:
Delivering synthetically produced topically applied IncRNAs to diseased organs
may be just one option. Especially if technologies are advanced that stabilize
IncRNA half-lives, for example, exchanging the phosphodiester linkage by
phosphorothioate bonds in the RNA backbone, or that allow to more reliably target
diseased cells in a body, RNA therapeutic agents may become a reasonable option
for treatment of some conditions [364]. Editing IncRNA transcripts with modified
CRISPR-Cas variants directly, instead of editing the genomic template, is another
novel therapeutic approach that will gain importance [364, 365]. In an alternative
approach, although it is early days in our understanding of noncoding RNAs, the
elaborate secondary structures of a IncRNA may allow us to find or design specific
inhibitory drugs that enhance or inhibit the function of a specific IncRNA in its
interaction with a protein complex.

In any case, already today, the study of IncRNAs in CAD entities has proven
highly valuable, especially because it has yielded a major shift in our understanding
of genetic networks that regulate cell fate, and because it has helped to functionally
annotate disease-associated genetic loci from GWAS, which often reside in the
noncoding DNA sequence space. To conclude, the picture emerges that transcription
of noncoding RNAs, linear or circular, is in most cases not a failure in our gene
expression program, but an integrated regulatory feature that affects all levels of cell
function.
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