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Regulatory long noncoding RNAs in cardiovascular
development and congenital heart defects

Abstract

Long noncoding RNAs (IncRNAs) have emerged as potent regulators of cardiac
development and can drive transcriptome programming, affecting all aspects of gene
regulation. The functional properties of IncRNAs are notoriously diverse and have been
mechanistically challenging. Thus, focused an efforts for IncRNA annotation and functional
interrogation in these contexts is highly required. Herein, we discuss current approaches for
identifying putative regulatory IncRNAs for the mechanistic investigation of their function

in cardiovascular development and congenital heart defects (CHDs).
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Introduction

CHDs affect 1% of live births and are a major source of childhood
morbidity and mortality.! Heart development and function are
controlled by an intricate gene expression network that is precisely
regulated by genetic and epigenetic mechanisms, including
IncRNAs."7 The recent discoveries of regulatory IncRNAs have
led to increased interest in deciphering their functional roles in
heart development and CHDs.”'?> Growing resources of deep RNA-
sequencing datasets have uncovered thousands of IncRNAs enriched
in the cardiac transcriptome, dynamically transcribed during cardiac
development, and differentially regulated in cardiovascular diseases.®’
Eventually, cutting-edge mechanistic experiments have challenged the
functional mysteries of IncRNA, leading to highlighting novel roles
of IncRNAs in cardiac development and disease. Bvht (Braveheart)
was found to regulate the core cardiac transcription during cardio
genesis, acting in trans by binding with SUZ12, a core component
of the polycomb repressive complex 2(PRC2).° Fendrr (fetal-lethal
non-coding developmental regulatory RNA) was indispensable
for heart development.'” More recently, Ppplrlb-IncRNA was
identified as a critical, functionally conserved, epigenetic regulator
of myogenic differentiation by interacting with EZH2, the catalytic
subunit of PRC2!" several other IncRNAs have been implicated
in cardiovascular disease, including MIAT (myocardial infarction
associated transcript),'”>? ANRIL (CDKN2B antisense RNA 1),"* and
Chaer (cardiac hypertrophy associated epigenetic regulator 1).!4

The proven links between IncRNAs and heart development®'®
indicate that IncRNAs comprise core transcriptional regulatory
circuits with key cardiac transcription factors that are essential for
cardio genesis. Furthermore, IncRNAs can potentially mediate
pathological responses of the cardiovascular system to hemodynamic
and environmental stress factors. However, knowledge about their
contribution to the pathogenesis of CHDs remains limited. Therefore,
dissecting the functional roles of this emerging layer of transcriptome
regulation is a critical task that may lead to significant knowledge

of CHDs pathogenesis and important translational applications for
infants with CHDs.

Biochemical properties of the regulatory LncRNAs

LncRNAs are arbitrarily defined as RNA species of more than 200
nucleotides in length lacking a functional open reading frame (ORF).
Like messenger RNAs (mRNA), most IncRNAs are transcribed by
RNA polymerase II (RNAP 1), 5’ capped, poly a tailed, and subjected
to alternative splicing.!”! Compared to protein-coding genes,
IncRNAs are remarkably less conserved at the sequence level and
predominantly expressed at lower levels. LncRNAs are commonly
classified based on their genomic position and orientation compared
in reference to the closest protein-coding gene.!””!” Most IncRNAs
are intergenic, located between two protein-coding genes without
intersecting with the coding sequence. A subclass of intergenic
IncRNA are the enhancer- associated IncRNAs, of which many are
bidirectional, lacking a poly A tail, and transcribed at a low copy
number. The second class is intragenic IncRNAs, which can be
intronic, located within the intronic sequences of a protein- coding
gene, but more commonly, intergenic IncRNAs overlap with protein-
coding sequences, spanning one or more gene. Finally, bidirectional
IncRNAs are transcribed in the close vicinity of a protein-coding gene
on the opposite strand.?*?' In each class, IncRNAs can be transcribed
from the sense or the antisense strand. A subclass of intragenic
overlapping antisense IncRNAs is the natural antisense transcripts
(NATs), which complement and regulate their opposite coding genes
expression.

Biological diversity of regulatory LncRNAs

The IncRNAs have increasingly expanded the functional
complexity of transcriptome, affecting all aspects of gene regulation,
including mRNA expression, epigenetic modification, and postl’]
transcriptional processing (Figure 1).22 Compared to mRNAs, most
IncRNAs are expressed at relatively lower levels and are commonly
associated with chromatin-modifying complexes or splicing
machinery. In some instances, IncRNAs are expressed at levels
comparable to mRNAs and those are likely to function as structural
scaffolds for nuclear domains. Indeed, the subcellular localization of a
given IncRNA (cytoplasmic versus nucleus) may suggest distinct roles
in regulating specialized cellular functions in these compartments.?>>*
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Importantly, certain subclasses of IncRNA may serve functions. For
example, the natural antisense transcripts (NATs) are most likely to
repress the expression of their complementary counterpart,” which
in most cases lies directly in the opposite strand at the same genomic
locus. The other classes, however, have diverse functions derived from
their ability to fold into complex secondary and tertiary structures.
LncRNAs can partially hybridize with DNA leading to the formation
of scaffold structures for RNA processing, histone modification,
protein binding, and to a minimal extent, protein-coding. LncRNAs
may interact with proteins, modifying their structure, dictating their
localizations, and executing their functions. Unlike microRNAs,
which uniformly carry out repressive functions, IncRNAs may induce
or suppress the expression of their target genes by employing a wide
range of molecular mechanisms in cis or in trans.?>?*? LncRNAs can
be transcribed across the promoter region of a given protein-coding
gene and directly interfere with transcription factor binding, thereby
affecting cellular differentiation and developmental decisions as
exemplified by regulating homeotic HOX gene expression pattern
and special localization.”” However, direct interaction with promotor
may not be necessary for IncRNA function, as certain IncRNAs, such
as HOTAIR (HOX antisense intergenic RNA), can induce histone
modifications to repress transcriptional initiation of overlapping
protein-coding genes by recruiting the polycomb chromatin
repressive complex PRC2 leading to transcriptional repression.?®
Other examples, including the prototypical IncRNA XIST (X
inactiveIspecific transcript), can regulate gene silencing or activation
indirectly by guiding chromatin- modifying enzymes and associated
IncRNAs to their target genes.?**° Alternatively, IncRNA transcription
can be transcribed from multiple sites in a stepwise manner upstream
of a promoter, causing a chromatin- opening cascade, which proceeds
progressively toward the mRNA transcription start site acting leading
to transcription initiation.** Moreover, IncRNAs can influence RNA
processing by interacting with RNA-binding proteins®' at the post(]
transcriptional editing, including the splicing level.?* LncRNAs can
also serve as precursors to generate small interfering RNAs (siRNA)
or act as a sponge for clearing siRNAs and titrating their activity.*
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Figure | Functional diversity of long noncoding RNA (IncRNA).

Schematic illustration of the diverse functions of IncRNAs, including chromatin
interaction and histone modification that may lead to transcriptional inhibition
(A\), or transcriptional activation (B). Regulating mRNA processing via antisense
mediated decay (D) and inducing mRNA splicing machinery via recruiting
RNA binding proteins and other cofactors (E). LncRNAs can also lead to the
generation endogenous siRNA (F).LncRNA may bind certain proteins, altering
their structure, cellular localization, and modifying theiractivities.

Functional assertation of regulatory LncRNA

Due to the lack of clear annotation and sequence conservation,
functional characterization of IncRNA has been notoriously
challenging. Navigating the most difficult issue in IncRNA biology,
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which is to identify candidate IncRNAs with putative function, is a
very critical task to depict their biological function. Several criteria
can be used for identifying putative regulatory IncRNA candidates
and prioritizing them for functional studies (Table 1). As previously
stated, the subcellular localization of a given IncRNA may allow a
rough prediction of its potential functionality. Nuclear IncRNAs may
influence transcriptional outputs through epigenetic modifications,
interactions with transcription factors, and affecting nuclear export
of mRNA. In contrast, cytoplasmic IncRNAs may function by
influencing mRNA stability, splicing, and translation initiation, acting
as competing endogenous RNAs, or influencing post-translational
modification.® Tissue and cell specificity are other key features in
IncRNA expression. Most regulatory IncRNAs display tissue and cell
specificity that has surpassed that of protein-coding transcripts.’*3*
In the heart, IncRNA specificity has been shown most clearly during
cardiomyocyte progenitor differentiation and early cardiogenesis,®
suggesting that IncRNA transcription is more intimately linked with
primordial tissue and plastic cell phenotypes. Furthermore, evidence
of'a correlated expression with developmental or physiological indices
or cellular state may support functional IncRNAs. Indeed, during heart
development, the regulatory IncRNAs tend to be tightly regulated even
within a small interval, potentially indicating a driving role of IncRNA
in transcriptome programming at a higher order in a highly precise
manner in response to developmental cues. Remarkably, the dynamic
nature of IncRNA expression in parallel to protein-coding genes
may suggest functional relevance (guilt-by-association). Moreover,
the association with specific chromatin states, such as identifying
chromatin marks and interaction with histone modification enzymes
at gene promoters, may indicate epigenetic regulation by IncRNA in
response to developmental environmental stimuli. Most importantly,
the existence of a human ortholog or conserved function in more than
one species represents top indicators of IncRNA function.

Table | Prediction Criteria for functional regulatory IncRNAs

Subcellular localization

Exhibiting tissue specificity

Exhibiting cellular specificity

Exhibiting developmental regulation

Correlated expression with protein-coding genes in response to
developmental Cues or physiological stimuli

Association with chromatin modulation marks

Interaction with Histone modification enzymes at gene prompters

Identifying a human orthologues with conserved function in two or more
species

These criteria provide foundations to identify putative regulatory
IncRNAs and pave the way to investigate the underlying mechanisms.
At the mechanistic and technical levels, in addition to using RNA
interference and modified antisense oligonucleotide approaches, new
approaches for targeting IncRNAs are needed to overcome several
challenges. For example, a fraction of the newly discovered cardiac
IncRNAs act in cis as epigenetic regulators. Particularly the enhancer-
associated IncRNAs that function primarily at their endogenous
site of production, modulating the nascent transcript. Therefore,
identifying chromatin marks and histone modifications at gene
promoters and enhancers and dissecting the downstream molecular
mechanisms requires employing sophisticated molecular genetics
tools, such as chromatin isolation by RNA purification (ChIRP)!!4
and capture hybridization analysis of RNA targets (CHART)."
Furthermore, advanced genome-editing strategies can serve to
modify cardiovascular IncRNA expression in vivo. New techniques
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to generate targeted mutations in the genome, such as Cas9/CRISPR
systems will immensely benefit IncRNA research. Moreover, hiPSCs
(human induced pluripotent stem cells) can provide powerful
platforms for future studies designed to establish the mechanisms of
human cardiac IncRNA and their potential translational applications
as putative disease modifiers, diagnostic biomarkers, and therapeutic
targets in CHDs.

Conclusion

Human cardiac IncRNAs are key regulators of heart development
and potential contributors to CHDs. However, the mechanistic
functions of the vast majority of predicted regulatory IncRNA
candidates remain to be fully revealed. Rigorous investigation of
their regulatory function and potential applications as putative disease
modifiers, diagnostic biomarkers, and therapeutic targets may open new
paradigms and novel approaches to improve outcomes of infants with
CHDs. Complementary and multidisciplinary research forum, from
deep sequencing platforms and bioinformatics tools to comprehensive
functional interrogation methods in novel model systems of heart
development and CHDs, is necessary to circumvent these challenges
in IncRNA biology in general, and particularly to elucidate the roles
of IncRNAs in the context of complex developmental perturbations
such as CHDs.
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