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The exquisite transcriptional control of developmental gene programs is critical for hardwir-
ing the complex expression patterns that govern cell-fate determination and differentiation
during heart development. During the past several years, studies have illuminated our un-
derstanding of a complex noncoding transcriptional landscape, primarily associated with
long noncoding RNAs (lncRNAs), that is implicated in these developmental processes and
has begun to reveal key functions of these transcripts. In this review,we discuss the expanding
roles for lncRNAs in the earliest points of cardiac development and through differentiation
and maturation of multiple cell types within the adult heart. We go on to outline the diverse
mechanisms by which cardiovascular lncRNAs orchestrate these transcriptional programs,
explore the challenges linked to the study of lncRNAs in developmental phenotypes, and
summarize the implications for these molecules in human cardiovascular disorders.

The heart is the first organ to develop during
embryogenesis, with the survival of the

embryo and all subsequent developmental pro-
cesses dependent on its uninterrupted and con-
sistent function. The development of the heart is
an exquisite and incredibly complex process in-
volving the specification, determination, differ-
entiation, migration, and integration of multiple
cell lineages in the correct temporal and spatial
manner to form a three-dimensional organ fully
integrated with the vascular system (Evans et al.
2010; Günthel et al. 2018). Flaws in this process
underpin congenital heart disease, the most
common form of human birth defects, which
result in a number of structural and functional
abnormalities including cardiomyopathies and
arrhythmias that are often fatal (Zaidi and
Brueckner 2017; Moore-Morris et al. 2018).

The formation and function of the cardiovascu-
lar system is precisely dictated by highly com-
plex and integrated transcriptional programs
that link upstream signaling systems with pro-
tein coding genes (PCGs) required for cardiac
myogenesis, morphogenesis, and contractility
(Bruneau 2013).

The gene regulatory networks (GRNs) that
govern these developmental programs are under
the control of the integrated activity of core lin-
eage determining transcription factors (TFs),
including HAND2, TBX5, GATA4, MEF2C,
NKX2-5, andMESP1 (Bruneau 2013;Waarden-
berg et al. 2014). These factors combinatorially
interact in a self-reinforcing manner at target
cis-regulatory elements to direct specific spatial
and temporal gene expression programs. Co-
ordinated binding of these factors is tightly
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coupled with the dynamic remodeling of the
underlying chromatin landscape, leading to
global epigenomic reprogramming and reorga-
nization of the genome’s three-dimensional nu-
clear architecture (Kathiriya et al. 2015; Rizki
and Boyer 2015). These processes dictate PCG
expression patterns that are ultimately respon-
sible for cell-fate determination, differentiation,
identity, phenotype, and behavior. Importantly,
the developmental regulation of the transcript-
ome, the epigenome, the three-dimensional nu-
clear architecture, and the proteome are highly
integrated to coordinate in both time and space
the outputs of otherwise disparate molecular
and regulatory networks (Kathiriya et al. 2015).

Until recently, the full spectrum of molecu-
lar determinants that underpin and integrate
these regulatory processes was unknown. With-
in this context, it has emerged that our “protein-
centric” view of these networks was somewhat
premature (Morris and Mattick 2014). Indeed,
the noncoding portion of the genome, naively
called “junk DNA” and nowmore appropriately
called genomic “dark matter” (Yue et al. 2014),
encodes a vast unexplored repertoire of regula-
tory sequences and associated noncoding RNAs
(ncRNAs) with important regulatory functions
within the GRNs that dictate cardiovascular de-
velopment (Devaux et al. 2015; Ounzain and
Pedrazzini 2015; Frank et al. 2016). In particu-
lar, long noncoding RNAs (lncRNAs) emerged
as interesting regulatory molecules that are able
to integrate and couple disparate regulatory
processes fundamental for heart development.
Here, we focus on the surge of important recent
studies that have begun to illuminate our under-
standing of these lncRNAs and uncovered crit-
ical roles for them in many different aspects of
cardiovascular development and the myriad of
cell types involved in this process.

lncRNAs: MOLECULAR GENE REGULATORY
SWITCHES IN CELL STATE

Themammalian genome ispredominantly com-
posed of nonprotein coding sequences, raising
the possibility for diverse regulatory functions
encoded within these regions. Deep RNA-se-
quencing approaches have revealed that the

majority of the noncoding genome is actively
transcribed, generating thousands of ncRNAs
(Carninci et al. 2005; Guttman et al. 2009; Cabili
et al. 2011; Morris and Mattick 2014). Although
GRNs have long been known to be controlled by
TF proteins binding to their cognate DNA reg-
ulatory elements, emerging evidence strongly
supports a similarly critical role for networks
of ncRNAs (Mercer et al. 2009; Kaikkonen
et al. 2011). Deep genome-wide transcriptomic
profiling has identified diverse classes of ncRNA
with potentially important regulatory functions.
Although microRNAs (miRNAs) were the first
and most comprehensively characterized class
of ncRNAs, many studies in the last decade
have shown the importance of lncRNAs in a
variety of biological processes (Ransohoff et al.
2018). lncRNAs are operationally defined as
ncRNAs that are longer than 200 nucleotides
in lengthwithminimal protein coding potential.
To date, the best characterized lncRNAs are Pol
II transcribed,multiexonic, alternatively spliced,
and polyadenylated transcripts (Perry and Ulit-
sky 2016). In contrast to PCGs and miRNAs,
lncRNAs show less conservation and a rapid
transcriptional turnover (Johnsson et al. 2014;
Ransohoff et al. 2018). This does not imply a
lack of function, but instead might suggest a
role for these transcripts in both increasing
and scaling with the developmental complexity
of the species. lncRNAs are typically expressed
at a lower level than messenger RNAs (mRNAs)
and often feature greater tissue- and cell-type
specificity (Cabili et al. 2011; Alexanian et
al. 2017). Current studies have shown that
lncRNAs represent key modulators of cell state
and are dysregulated in various human diseases,
including cardiovascular disorders and patho-
logical remodeling of the heart in response to
stress (Han et al. 2014; Ounzain et al. 2015a;
Viereck et al. 2016; Wang et al. 2016; Micheletti
et al. 2017). Indeed, lncRNAs have emerged
as critical regulators of nearly every aspect of
GRN activity, in which they modulate gene
expression transcriptionally and posttranscrip-
tionally through a variety of mechanisms in-
cluding antisense RNA base pairing, guiding
chromatin and transcriptional regulators to
their required genomic destination, dueling po-
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lymerase activity, and affecting chromatin struc-
ture (Fig. 1; Mercer andMattick 2013; Marchese
et al. 2017). lncRNA loci are unique in their
ability to spatially amplify regulatory informa-
tion encoded by their underlying DNA and to
operate as a regulatory platform to fine-tune
gene programs controlled by TFs and enhanc-
ers. Enhancers, known as cis-acting DNA mod-
ules that activate and sustain transcription at
their target promoters, are the key informa-
tion-processing units within the genome that
govern cell-state-defining GRNs in specification
and differentiation (Wamstad et al. 2014; Long
et al. 2016). These regulatory elements are char-
acterized by enrichment of regulatory TF-bind-
ing sites, active chromatin marks (e.g., acetyla-
tion of histone H3 lysine 27 [H3K27ac]), and
binding of coactivator proteins (e.g., BRD4,
MED1) (Kellis et al. 2014; Li et al. 2016). Pro-
gress in sequencing technologies have revealed
that many if not all enhancers are transcribed
and generate ncRNAs (Marques et al. 2013;
Ounzain et al. 2014; Li et al. 2016). The majority
of the enhancers give rise to nonpolyadenylated
and unspliced transcripts (enhancer RNAs
[eRNAs]), although a very small subset are
associated with unidirectional, multiexonic,

spliced, polyadenylated processed transcripts
(enhancer-associated lncRNAs [elncRNAs]).
Regulatory elements associated with elncRNAs
show greater chromatin accessibility and in-
creased binding of lineage-specifying TFs, with
elncRNAs having recently emerged as potential
regulators of cell state in both disease and devel-
opment (Sigova et al. 2015;Melé and Rinn 2016;
Tan et al. 2017).

DEVELOPMENTAL COMPETENCE ENCODED
IN PLURIPOTENCY

A myriad of cell state transitions occur during
development from the totipotent zygote to the
billions of cells with highly specialized functions
that comprise our tissues and organs. How the
same genetic code, which is shared by all the
cells in our body, is temporally and spatially
regulated to ensure the generation of consistent
body plans by sequential differentiation of toti-
potential material remains among the most
fascinating questions in biology. Heart develop-
ment, or that of any organ, relies on the ability
of progenitor cells to appropriately respond to
instructive cues—a property known as develop-
mental competence. All heart cells share a com-
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Figure 1. Mechanisms of action of long noncoding RNAs (lncRNAs). lncRNAs modulate gene expression
through a variety of mechanisms that include regulation of messenger RNA (mRNA) splicing, recruitment of
chromatin modifiers and transcription factors (TFs) to specific genomic loci, formation of ribonucleoproteins,
regulation of chromosome looping, regulation of translation, and microRNA (miRNA) sequestration.
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mon origin during the early events of embryo-
genesis; they collectively derive from a transient
structure known as the primitive streak (PS)
(Abu-Issa and Kirby 2007; Tam and Loebel
2007). The specification of distinct PS popula-
tions is tightly regulated in a spatial and tempo-
ral manner to give rise to both endoderm and
mesoderm cells (Abu-Issa and Kirby 2007).
During their in vitro differentiation into meso-
derm and endoderm, embryonic stem cells
(ESCs) transition through an intermediate stage
called mesendoderm (ME), which is equivalent
to the PS. ESCs differentiate into ME progeni-
tors by using a defined set of regulatory elements
and TFs to trigger lineage determination in re-
sponse to defined instructive cues (Wang and
Chen 2016). Several lines of evidence show
that pluripotent stem cells possess large reper-
toires of regulatory elements that become heavi-
ly restricted over the course of development and
differentiation irrespective of lineage (Stergachis
et al. 2013). Interestingly, recent studies have
shown that enhancers destined to regulate cell
specification during differentiation are marked
by the binding of pluripotency TFs (Kim et al.
2018). This epigenetic priming at the pluripo-
tent stage is required for future cell-type-re-
stricted enhancer activity in the differentiated
cells. Other work has revealed establishment of
a poised enhancer landscape for endodermal
organ lineages in gut tube progenitor cells
(Wang et al. 2015). This collection of enhancers
is bound by pioneer lineage-specifying TFs such
as members of the FOXA family, and are re-
quired for subsequent differentiation into spe-
cialized pancreatic endoderm. These regulatory
elements confer developmental competence to
endodermal intermediates and are necessary to
respond appropriately to inductive signals and
transition to a mature cell state. Very recent
work has used a single-cell “triple-omics” ap-
proach to map chromatin accessibility, DNA
methylation, and RNA expression during the
exit from pluripotency and onset of gastrulation
in mouse embryos (Argelaguet et al. 2019). Reg-
ulatory elements associatedwith each germ layer
were shown to be either epigenetically primed
or remodeled prior to undergoing an overt cell-
fate decision during gastrulation. These data col-

lectively support the notion that developmental
competence may be defined by a subset of reg-
ulatory elements necessary for interpreting cell-
fate-determining inductive signals before overt
cell-fate specification.

To explore the importance of the enhancer
landscape and its associated transcripts in estab-
lishing developmental competence for early
cell-fate specification, we profiled the enhancer
and lncRNA transcriptional landscape that de-
fines the transition between pluripotency and
the ME stage, the earliest precursor population
representing the source of all endoderm and
mesoderm-derived tissues, including the heart
(Alexanian et al. 2017).We focused on the small
subset of regulatory elements associated with
the production of a fully processed elncRNA.
Interestingly, we discovered that genomic loci
of several ME lineage-specifying TFs such as
Eomes, Sox17, and Gsc, were characterized by
the close proximity of an actively transcribed
enhancer at the pluripotent stage, a time point
at which these TFs are either entirely absent or
expressed at very low levels. To investigate the
potential role of these regions in establishing
developmental competence for ME-derived
lineages in pluripotency, we focused on a tran-
scribed enhancer upstream of Eomes consider-
ing its pioneer role in dictatingME specification.
We named this enhancerMeteor and its associ-
ated transcriptMeteor lncRNA (Alexanian et al.
2017).Meteor enhancer is active in pluripotency
and repressed in EOMES-expressing cells, with
Meteor lncRNA expression following a similar
pattern. Deletion of the Meteor locus in ESCs
completely abolishes mesendodermal compe-
tence and renders these cells unable to respond
to the instructive cues for the ME fate. Instead,
Meteor-deleted cells show an apparent priming
for the neuroectoderm fate at the ESC stage,
suggesting that Meteor controls developmental
competence before the earliest commitment
into the three germ layers. Importantly, Mete-
or-knockout (KO) cells maintain stemness fea-
tures, suggesting that although this locus is spe-
cifically active in pluripotency, it is not required
for sustaining the pluripotency gene circuitry
linked to self-renewal. Mechanistically, the Me-
teor locus encodes both an enhancer and an
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lncRNA.Many lncRNA loci have been shown to
exert their functions via processes linked to their
transcription (e.g., recruitment of transcription-
al coactivators or splicing factors) rather than
the lncRNA transcripts themselves (Engreitz
et al. 2016). Using engineered ESCswith a polyA
element downstream from the Meteor lncRNA
transcriptional start site (TSS) (Engreitz et al.
2016), we found thatMeteor lncRNA transcrip-
tion is indispensable for theME and subsequent
cardiomyocyte (CM) fates. A CRISPR-based
transcriptional activation approach (CRISPR-
On) (Konermann et al. 2015) to boost Meteor
lncRNA transcription led to increased expres-
sion of ME-associated genes, showing that the
activation of a pluripotency-specific enhancer
was sufficient to drive downstream cellular fates.
These results support the idea that transcribed
enhancers distal to developmental genes can
play a fundamental role in governing develop-
mental competence of uncommitted cells
before cell-fate specification. Importantly, de-
pletion of the Meteor lncRNA transcript in
pluripotency did not affect mesendodermal
competence of ESCs, suggesting that the RNA
molecule itself is dispensable for this process.
Recently, the Meteor lncRNA transcript (also
known as linc1405) was shown to be indispens-
able for proper cardiac differentiation (Guo et al.
2018). In contrast to our study, Guo and col-
leagues showed thatMeteor/linc1405 expression
is up-regulated during cardiac differentiation,
with knockdown of linc1405 leading to impaired
cardiac differentiation in vitro. Using an RNA
immunoprecipitation (RIP) assay, these investi-
gators show a physical interaction between Me-
teor/linc1405 and EOMES. Interestingly, bind-
ing of EOMES to the Mesp1 enhancer region
(3.8 kb upstream of Mesp1 TSS) was disrupted
onMeteor/linc1405 knockdown. Additional RIP
experiments identified the histone acetyltrans-
ferase GCN5 and the trithorax group protein
WDR5 as Meteor/linc1405 interactors, suggest-
ing that Meteor/linc1405 may control cardiac
mesoderm specification through interactions
with known chromatin regulators. These data
collectively argue that theMeteor/linc1405 locus
represents an example of a transcribed regulato-
ry element with both RNA-dependent and

-independent mechanisms. Of note, a number
of transcribed regulatory elements in proximity
to the Haunt (Yin et al. 2015), Nanog (Blinka
et al. 2016), and Hand2 (Anderson et al. 2016)
loci have been shown to control cell fate via sim-
ilar mechanisms, again illustrating the impor-
tance of elucidating the multifunctional roles
for lncRNAs and their embedded DNA regula-
tory sequences in coordinating gene expression
during lineage specification.

lncRNAs IN CARDIAC MESODERM
SPECIFICATION

Many lncRNAs show coordinated expression
with their proximal PCGs. lncRNAs that are
transcribed in the opposite direction of their
associated PCGs (termed divergent lncRNAs)
have recently emerged as powerful regulators
of lineage-specifying TFs (Luo et al. 2016). In-
terestingly, a disproportionate number of PCGs
involved in regulating lineage specification
neighbor a divergent lncRNA, suggesting that
these noncoding transcripts may be important
in amplifying the regulatory information con-
tained within genomic loci critical for control-
ling specification and differentiation. One of the
first lncRNAs implicated in heart development
was Fendrr, which is transcribed divergently
from the TF FOXF1 (Grote et al. 2013). Fendrr
is specifically expressed in the lateral plate me-
soderm of the developing embryo and interacts
with both activating (TrxG/MLL) and repressive
(PCR2) chromatin-modifying complexes to
modulate expression of specific TFs implicated
in heart development. Fendrr KO resulted in
lethality at embryonic day 13.75 and affected
histone modifications linked to activation and
repression of transcription at key TFs regulating
cardiogenic cell fate. lncRNAs are known to reg-
ulate gene expression by forming complexes
with broadly expressed chromatin regulators
and target their localization to defined genomic
loci. Indeed, Fendrr was found to bind PRC2
and direct it to Foxf1 and Pitx2 promoters to
inhibit the expression of these genes. Important-
ly, epigenetic signatures like those established by
Fendrr persist through several stages of differen-
tiation, thereby impacting broadly the epigenet-
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ic landscape of early development. Another ex-
ample of a divergent lncRNA implicated in early
ME specification is Evx1as, transcribed on the
opposite strand of its nearby gene Evx1 (Luo
et al. 2016). Evx1 promotes ME specification
during ESC differentiation and its expression
is highly correlated with Evx1as. Evx1as geno-
mic deletion and posttranscriptional knock-
down both significantly down-regulate Evx1
expression. Consistent with a cis-regulatory
mechanism, increased transcription of Evx1as
via a CRISPR-On system is able to boost Evx1
expression. Interestingly, tethering the Evx1as
RNA to the shared promoter of Evx1as/Evx1
using a catalytically dead Cas9 (dCas9)-mediat-
ed approach showed a direct role for the Evx1as
transcript in controlling Evx1 transcription
through cis-regulation. Of note, down-regula-
tion of Evx1aswas associated with amore severe
decrease ofME genes as compared with its prox-
imal TF, suggesting that Evx1as may also act in
trans independently of Evx1. Another divergent
lncRNA transcribed in the Brachyury (T ) locus
was recently found to be essential for mesoderm
commitment of human ESCs (Frank et al. 2019).
yylncT binds the de novo DNA methyltransfer-
ase DNMT3B and is required for activation of
the T locus, with yylncT depletion abolishing
mesodermal commitment. Other studies have
characterized the role lncRNAs transcribed in
proximity of PCGs in the regulation of cardiac
mesoderm commitment. The lncRNAALIEN is
proximal to the FOXA2 TF and begins to be
expressed at the PS stage, showing maximal ex-
pression in the lateral plate mesoderm of E8.5
mouse embryos (Kurian et al. 2015). ALIEN
loss-of-function leads to disruptions in heart
and vascular formation. In another study, the
same lncRNA (this time named DEANR1) was
found to be a critical regulator of definitive en-
doderm specification through its interaction
with FOXA2 and SMAD2/3 (Jiang et al. 2015).
The HoxBlinc lncRNA, transcribed from the
Hoxb gene locus, was also found to be a regula-
tor of cardiac mesoderm specification through
the interaction with the positive epigenetic
regulators SETD1A and/or MLL1 complexes
(Deng et al. 2016). Using a combination of
approaches, including chromatin isolation by

RNA purification (ChIRP) and chromosome
conformation capture (3C), the investigators
showed that the HoxBlinc transcript regulates
chromatin loop at the Hoxb cluster, attracting
the SETD1A and/or MLL1 complexes to target
Hoxb gene promoters. Although key TFs regu-
lating cardiogenesis are known to be extremely
well conserved across species, many lncRNAs
show lower interspecies conservation suggesting
species-specific roles for lncRNAs. Along these
lines, the lncRNA HBL1 was recently described
as a human-specific regulator of CM differenti-
ation from human-induced pluripotent stem
cells (hiPSCs) (Liu et al. 2017). HBL1 is highly
expressed in pluripotency and in cardiac meso-
derm progenitors with its knockdown increas-
ing CM differentiation from hiPSCs. HBL1
regulates CM differentiation by counteracting
the activity of MIR1, an miRNA known to pro-
mote cardiogenic differentiation (Ivey et al.
2008; Lu et al. 2013). The HBL1 promoter is
bound by SOX2, and SOX2 depletion in hiPSCs
leads to decreased HBL1 expression and in-
creased CM differentiation. Thus, the HBL1 lo-
cus is highly regulated in pluripotencyand forms
a regulatory network with SOX2 and MIR1 to
control developmental competence of hiPSCs
for subsequent cardiogenic specification.

lncRNAs IN CARDIAC PROGENITOR CELLS
AND CARDIOMYOCYTES

As a first step toward identifying and character-
izing lncRNAs involved in cardiac development,
several genome-wide transcriptional profiling
studies provided early evidence that lncRNAs
are likely important components of these devel-
opment-specific transcriptional networks. In an
early and pioneering study investigating how
chromatin structure is coupled to gene expres-
sion patterns during cardiac commitment,
Wamstad et al. (2012) identified a significant
number of differentially and dynamically ex-
pressed lncRNAs. These investigators explored
this landscape in an in vitro model of cardio-
genesis at critical transition stages, namely,
ESCs, mesodermal cells, cardiac progenitor
cells, and CMs. More than 200 lncRNAs were
identified that were dynamically expressed in a
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stage-specific manner. Interestingly, many of
these lncRNA expression profiles were correlat-
ed with their neighboring PCGs, suggestive of
potential cis-regulatory functions during CM
differentiation. A similar study using the P19
embryonal carcinoma cell line identified 40 dy-
namically expressed lncRNAs during CM for-
mation (Zhu et al. 2014b).

Although these in vitro models are certainly
informative, in vivo profiling and functional as-
sessment is critical to understand the physiolog-
ical functions of these transcripts. To this end, a
number of studies have explored lncRNA pro-
files during in vivo development. For example,
the transcriptomes of whole hearts from E11.5,
E14.5, and E18.5 were profiled to identify dy-
namically expressed lncRNAs in the developing
fetal mouse heart (Zhu et al. 2014a). Hundreds
of lncRNAs were identified that displayed dis-
tinct and dynamic expression profiles between
these embryonic time points, which coincided
with key differentiation and maturation devel-
opmental steps. Supporting these observations,
Ounzain and colleagues directly assessed tran-
scripts from bona fide developmental cardiac
enhancers that had previously been identified
and validated in mouse embryos (Ounzain
et al. 2014). A number of these dynamically ac-
tive developmental enhancers were transcribed
to generate putative lncRNAs. Furthermore,
the expression of these lncRNAs correlated
both with the activity of their embedded en-
hancer and with expression of their neighboring
PCGs, consistent with cis-regulation. In vitro
knockdown of these bona fide in vivo elncRNAs
resulted in reduced expression of their putative
cis-target genes. For example, activity at the en-
hancer named mm85 produced an associated
lncRNA whose knockdown impacted the im-
portant proximal and developmental regulator
Myocardin. Myocardin is a fundamental cofac-
tor for serum response factor (SRF), a core
developmental TF involved in cardiac differen-
tiation. The investigators profiled this landscape
more systematically using very deep RNA-seq
on polyadenylated RNA derived from mouse
ESCs and cardiac progenitor cells. De novo tran-
script assembly and reconstruction identified
hundreds of novel, previously unannotated,

multiexonic lncRNAs derived from develop-
mental enhancers undergoing specific state
transitions during cardiac specification and dif-
ferentiation. Collectively, these studies estab-
lished a framework and provided a plethora of
uncharted lncRNAs with potential functions in
cardiac specification, differentiation, growth,
and homeostasis that served as an important
resource for subsequent downstream functional
studies.

Among the first identified and best charac-
terized lncRNAs in cardiovascular development
isBraveheart (Bhvt),whichwasdiscoveredbased
on its unique expression pattern during CM dif-
ferentiation in mouse ESCs (Klattenhoff et al.
2013). Bhvt loss-of-function in mouse ESCs re-
sulted in perturbed differentiation and dramati-
cally reduced the formation of CMs. Bhvt was
shown to be upstream of MESP1, an important
core TF that marks early cardiac precursor cells
during development. It was shown that Bhvt,
via its regulation of Mesp1, directed the correct
temporal and spatial expression of numerous
core cardiac TFs including Gata4, Gata6, Tbx2,
Hand2, Hand1, and Nkx2-5. Through this fun-
damental regulation of the core cardiac GRN,
Bhvt was necessary for the lineage transition
from nascent cardiac mesoderm to the subse-
quent differentiation into CMs. Functionally,
Bhvt acts in a trans-manner via interaction with
SUZ12, a core component of the PRC2 complex.
Bhvt functions as a decoy for PRC2, allowing the
derepression of PRC2 target core cardiac TFs,
facilitating the activation of the cardiogenic
gene program. Recently, the secondary structure
of Bhvt was determined using chemical probing
methods and was shown to have amodular fold-
ed structure (Xue et al. 2016). The deletion of
an 11-nt 50 asymmetric G-rich internal loop
(AGIL) dramatically impaired CM differentia-
tion. This AGIL mediated an interaction with
the TF CNBP/ZNF9, which subsequently drives
cardiovascular lineage commitment. This semi-
nal work, for thefirst time, showed that lncRNAs
represent powerful regulatorymolecules capable
of inducing cardiac specification and differenti-
ation.However, aBhvtorthologwasnot found in
humans, suggesting other important cardiac-
specifying lncRNAs are likely to exist. To this
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end, Ounzain et al. (2015b) investigated the or-
thologous and syntenic genomic locus in human
cardiac precursor cells. They identified on the
opposing strand a conserved lncRNA that was
named cardiac mesoderm enhancer-associated
ncRNA, or CARMEN (Ounzain et al. 2015b).
CARMEN was identified via a transcriptomic
screen for lncRNAs up-regulated during the car-
diac differentiation of primary human cardiac
precursor cells isolated from the fetal human
heart. CARMENwas derived from an active car-
diac superenhancer andwas proximal to the crit-
ical cardiovascular cell-identity miRNA-143/
145 cluster (Cordes et al. 2009). It was shown
that CARMEN displays an RNA-dependent ac-
tivity that inmouse is upstream of bothBhvt and
the core cardiac mesoderm-specifying GRN.
Indeed, both human and murine CARMEN
knockdown abolished the ability of cardiac pre-
cursors to differentiate into CMs supporting the
notion that CARMEN is an evolutionarily con-
served regulator of cardiovascular cell lineage
specification and differentiation. Furthermore,
the same group showed that CARMEN expres-
sion is dependent on NOTCH signaling in dif-
ferentiating cardiac precursor cells (Plaisance
et al. 2016). Interestingly, CARMEN isoforms
were identified that also dictate commitment to
the smoothmuscle cell (SMC) fate in aNOTCH-
dependent fashion. This study found that
NOTCH inhibition, via down-regulation of an
SMC-specific CARMEN isoform, repressed
miR-143/145 expression, thereby forcing cardiac
precursor cells to adopt a CM fate.

Another important example lies in the con-
text of Kcnq1, an important epigenetically
imprinted cardiac developmental gene whose
dysregulation is responsible for congenital long
QT syndrome, a serious disorder that results in
fatal cardiac arrhythmias (Crotti et al. 2008).
Korostowski et al. (2012) showed that maternal
expression of the antisense lncRNA Kcnq1ot1
has an important role in modulating Kcnq1 lev-
els during cardiac development. This lncRNA
modulates the three-dimensional chromatin
structure of the Kcnq1 locus, ensuring proper
cardiac-specific temporal and spatial expression
of Kcnq1. Developmental regulators of CM dif-
ferentiation and identity can also be identified in

the stressed adult heart, as the pathological re-
modeling that occurs is typically associated with
the reactivation of developmental and fetal gene
programs. To this end, Ounzain and colleagues
(2015a) comprehensively mapped the long
noncoding transcriptome after myocardial in-
farction (MI) in a mouse model using very
deep RNA sequencing followed by de novo re-
construction of the noncoding transcriptome.
They identified 1500 previously unknown heart
enriched lncRNAs that were primarily associat-
ed with heart-specific enhancers. Using a novel
computational approach, functions were in-
ferred for these novel lncRNAs based on chro-
matin dynamic state transitions associated with
their genomic loci during in vitro CM differen-
tiation. Importantly, based on this functional
inference approach, the majority of these novel
heart enriched lncRNAs were associated with
cardiac development or structural and function-
al cardiac gene programs. Interestingly, one nov-
el CM-specific lncRNA,Novlnc6, was associated
with key chromatin-state transitions linked to
CM differentiation and maturation gene pro-
grams. In support of this, CM loss-of-function
of Novlnc6 directly impacted the expression of
two fundamental CM genes, Bmp10 and the
core cardiac TF Nkx2-5.

Another key TF in embryonic heart devel-
opment is HAND2. The Hand2 locus encodes
multiple enhancer-associated lncRNAs that
have been the subject of intense scrutiny over
the last several years. The first to be identified
wasUpperhand (Uph), a divergently transcribed
elncRNA from Hand2 that shares its core pro-
moter sequence (Anderson et al. 2016). Hand2
and Uph are coexpressed during heart develop-
ment. Termination ofUph transcription in vivo,
via introduction of a polyA sequence into its
second exon, resulted in loss of Hand2 expres-
sion and lethal cardiac defects reminiscent of
Hand2 KO embryos. Importantly, the Uph ma-
ture RNA transcript is dispensable for heart
development, suggesting that the act of tran-
scription, rather the lncRNA transcript itself, is
required for proper Hand2 expression. Consis-
tent with this notion, Uph transcription was
shown to be required for proper deposition
and maintenance of an active enhancer mark
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across the Uph-Hand2 cardiac enhancer (An-
derson et al. 2016). Subsequent work confirmed
the importance of the Uph locus in heart mor-
phogenesis (Han et al. 2019). Rather surpris-
ingly, a 1-kb deletion of the first two exons of
Uph, encompassing the site of polyA knockin
used to terminate Uph expression in vivo (An-
derson et al. 2016), was not sufficient to produce
any discernable cardiac phenotype. The full de-
letion of Uph/Hand2os1, however, resulted in
heart defects and perinatal lethality. These data
collectively suggest that the cis-regulatory ele-
ments embedded in the Uph/Hand2os1 locus,
rather than its transcription, are the key regu-
lators necessary for Hand2 expression and ap-
propriate heart development. The discrepancy
between these studies is rather unexpected as
the polyA knockin approach is generally regard-
ed as being significantly less disruptive than
larger-scale promoter deletion. It is important
to note that the Hand2 locus harbors a second
enhancer with strong activity during cardiac de-
velopment that lies downstream from the TF. A
very recent publication has shown the impor-
tance of an lncRNA locus, Handsdown (Hdn),
which is transcribed from this downstream reg-
ulatory element (Ritter et al. 2019).Hdn encodes
multiple transcripts that are transcribed in the
same direction as Hand2. Removal of the entire
Hdn locus produces incomplete looping of the
heart tube ultimately resulting in embryonic le-
thality. Interestingly, Hdn KO and Hdn tran-
scriptional repression (by introduction of a tran-
scriptional stop signal) were both associated
with increased expression of Hand2 in an in
vitromodel of cardiogenic differentiation (Ritter
et al. 2019). These results support a role forHdn
transcription in the cis-regulation ofHand2 and
suggest that theHdn locus is a negative regulator
ofHand2. Collectively, these observations high-
light the fascinating nature of this locus in which
two separate regulatory elements appear to have
opposing roles have evolved to fine-tuneHand2
expression during cardiac development. Unex-
pectedly, George and colleagues reported that a
3-kb deletion around the TSS ofHdn yielded no
lethality, dramatic cardiac phenotype, or over-
expression of Hand2 (George et al. 2019). Al-
though the aforementioned studies have shown

some discrepancies, they uniformly support that
a functional lncRNA transcript is dispensable
for appropriate cardiac development.

Appropriate temporal and spatial control of
CM proliferation is fundamental during cardiac
developmental stages and requires precise regu-
latory control to ensure appropriate three-di-
mensional morphogenesis of the heart. Li and
colleagues (2018) recently found that silent in-
formation regulation factor 2–related enzyme
(Sirt1) antisense lncRNA expression was signifi-
cantly induced during heart development and
correlated with CM proliferation. Gain- and
loss-of-function approaches using adenovirus
and LNA-GapmeRs showed that this CM-en-
riched lncRNA promotes CM proliferation in
vitro and in vivo, whereas its suppression
impeded CM proliferation. Furthermore, over-
expression of Sirt1 antisense lncRNA in trans-
enhanced CM proliferation, attenuated CM
apoptosis, and decreased mortality in a mouse
model of MI. Mechanistically, this lncRNA was
found to bind the 30-UTR of Sirt1, enhancing its
stability and abundance at both the mRNA and
protein levels. These increased levels of Sirt1
drove the lncRNA-mediated induction of CM
proliferation.

CM maturation represents the key terminal
point of cardiac development with maturation
during the perinatal transition of the heart
being critical for functional adaptation to the
postnatal hemodynamic load and nutrient envi-
ronment. Furthermore, perturbations of the
maturation process are implicated in congenital
heart defects. lncRNAs are also emerging as po-
tentially important regulators of this maturation
process. Touma et al. (2016) comprehensively
mapped the transcriptome of the neonatal
mouse left and right ventricles. They identified
196 novel lncRNAs that showed significant
dynamic regulation coupled with the cardiac
maturation process. In particular, a number of
potential novel interactions were identified be-
tween lncRNAs and their cognate neighboring
PCGs in the neonatal heart. For example, Tcap
encodes a CM-specific protein involved in car-
diac myogenesis, whereas Trim72 is also en-
riched in the heart and regulates sarcolemma
responses to oxidative stress. Inverse relation-
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ships betweenPpp1r1b-lncRNA andTcap as well
as between Fus-lncRNA and Trim72 in the neo-
natal heart support a potential role of these
lncRNAs in CM maturation. Confirming this,
functional studies have shown a significant
impact of Ppp1r1b-lncRNA loss-of-function
on maturation and sarcomere assembly by
blocking myogenic differentiation. Importantly,
this lncRNA is conserved and the Ppp1rb-
lncRNA/Tcap expression ratio was found to be
a highly sensitive molecular signature that iden-
tifies tetralogy of Fallot (TOF) and ventricular
septal defect (VSD) in human infantile hearts
(Touma et al. 2016).

CM-enriched lncRNAs also play important
roles in the context of adult pathophysiology
(Han et al. 2014; Viereck et al. 2016; Wang
et al. 2016). Mhrt was the first lncRNA impli-
cated in pathological hypertrophy (Han et al.
2014). Located in the intergenic region between
murineMyh6 andMyh7,Mhrt is down-regulat-
ed in the setting of pressure overload. Transgen-
ic overexpression of Mhrt is sufficient to protect
the heart from heart failure progression in a
pressure-overload model of heart failure. Mech-
anistically, Mhrt acts as a molecular decoy,
antagonizing the activity of BRG1, a chromatin
remodeling factor previously implicated in the
control of pathological cardiovascular GRNs.
Importantly, the human MHRT ortholog is
depleted in failing human hearts, suggesting a
potential conserved regulatory role of potential
translational significance.

lncRNAs IN NONCARDIOMYOCYTE CELLS
IN HEART DEVELOPMENT

In addition to CMs, lncRNAs are emerging as
important regulators of other cell types within
the heart that are fundamental for proper car-
diac development, function, and homeostasis.
Particularly important cells include both endo-
thelial and SMCs. A number of lncRNAs have
now emerged as important regulators of these
cell types. Transcriptional profiling of human
coronary artery SMCs identified many novel
smooth muscle–specific lncRNAs, including a
vascular enriched lncRNA named smooth mus-
cle and endothelial cell–enriched migration/dif-

ferentiation-associated lncRNA, SENCR (Bell
et al. 2014). This lncRNA is transcribed on the
opposing strand within the first intron of the
FLI1 gene that encodes a core TF regulating
blood and endothelial cell formation. FLI1 and
SENCRhave correlated expression profiles; how-
ever, SENCR does not simply regulate FLI1 ex-
pression in cis. Rather, SENCR is enriched in the
cytoplasm and encodes primarily trans-regulato-
ry functions. SENCR loss-of-function results in
global dysregulation of the SMC contractile
gene program, in particular the master SMC reg-
ulator MYOCARDIN. Furthermore, SENCR ex-
pression was altered in vascular tissue and cells
derived from patients with critical limb ischemia
and premature coronary artery disease. Anoth-
er vascular lncRNA, smooth-muscle-induced
lncRNA (SMILR) was characterized in a similar
fashion (Ballantyne et al. 2016). However, in this
case, increased SMILR levels were associated
with vascular SMC proliferation. Mechanistical-
ly, SMILR functions via interactionwith the pro-
tein HAS2, which encodes for the enzyme that
catalyzes the synthesis of hyaluronic acid, a poly-
saccharide essential for SMC proliferation and
migration. HAS2 is reduced on SMILR knock-
down leading to impaired SMC proliferation. In
addition to SMC proliferation, lncRNAs have
also been identified that control SMC plasticity
and differentiation. For example, MYOcardin-
induced Smooth muscle lncRNA, Inducer of
Differentiation (MYOSLID), is transactivated
by Myocardin and is specifically expressed in
vascular SMCs (Zhao et al. 2016). MYOSLID
promotes SMC differentiation and inhibits pro-
liferation via disrupting actin stress fiber forma-
tion and blocking the nuclear translocation of
MYOCD-related TF-A (MKL1/MRTF-A). Fur-
thermore, MYOSLID loss-of-function abrogat-
ed TGFb1-induced SMAD2 phosphorylation,
leading to decreased SMC differentiation.

MALAT1 represents a highly and ubiqui-
tously expressed lncRNA that has broadly been
implicated in endothelial cell biology and behav-
ior in the heart and the cardiovascular system
(Michalik et al. 2014; Thum and Fiedler 2014).
Loss ofMALAT1 results in a switch from a pro-
liferative to amigratory state for endothelial cells
in vitro and significantly impairs the prolife-
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ration of endothelial cells, vessel growth, and vas-
cularization in vivo (Michalik et al. 2014). How-
ever, MALAT1 KO mice do not display a gross
developmental phenotype in vivo (Eißmann et al.
2012; Zhang et al. 2012). It is likely thatMALAT1
plays important roles during cardiovascular de-
velopment under stress conditions. In support of
this, recent studies have implicatedMALAT1 in
various aspects of cardiovascular development
and pathophysiology, with diverse roles in nu-
merous cardiovascular cell types (Thum and
Fiedler 2014; Huang et al. 2019). Cardiac fibro-
blasts represent an abundant cell population in
the mammalian heart, although they have his-
torically been overlooked in terms of functional
contributions to cardiac development and adult
pathophysiology. Over the past years, however,
they have been recognized as key protagonists
during cardiac development and disease, work-
ing together with CMs and the other cardiac cell
populations through structural, paracrine, and
electrical interactions (Furtado et al. 2016; Ivey
and Tallquist 2016; Alexanian and Haldar 2018;
Fu et al. 2018). In particular, they are sentinel
regulatory effector cells of CM proliferation and
growth during development, directly connected
to CMs via connexins, electrically isolate various
portions of the cardiac conduction system, and
secrete factors to regulate CM hypertrophy
(Weber et al. 2013; Prabhu and Frangogiannis
2016). Cardiac fibroblast-enriched and -specific
lncRNAs have recently been identified that are
fundamental for cardiac fibroblast identity, sur-
vival, and the subsequent pathological myofi-
broblast activation that occurs in the stressed
adult heart. Micheletti and colleagues filtered
for heart-enriched lncRNAs that were conserved
and transcribed from human left ventricle–
specific super enhancers, were induced in the
setting of MI (in which there is extensive re-
placement and reactivefibrosis), andwere highly
enriched in cardiac fibroblasts versus CMs (Mi-
cheletti et al. 2017). This process led to the iden-
tification of Wisper (Wisp2 Super-Enhancer-
associated RNA), which represents the first
example of a cardiac fibroblast–specific regula-
tory lncRNA critical for fibroblast identity, pro-
liferation, and survival. In vitro loss-of-function
experiments showed that Wisper positively

regulated myofibroblast gene expression and
function, including proliferation, migration,
survival, and extracellular matrix (ECM) depo-
sition. Importantly, antisense-mediated deple-
tion of Wisper in adult mice post-MI inhibited
cardiac fibrosis and significantly improved car-
diac structural and functional remodeling with
an associated increase in survival. Mechanisti-
cally, Wisper binds to a pleiotropically acting
regulator of fibrosis, TIA1 cytotoxic granule–as-
sociated RNA-binding protein-like 1 (TIAR),
stimulating its nuclear translocation and pro-
moting its processing of profibrotic target tran-
scripts. Importantly, Wisper expression is not
detected in lung or kidney fibroblasts at baseline
and is not transcriptionally induced in models
of kidney fibrosis, showing the tissue specificity
Wisper encodes for the control of cardiac fibro-
sis. Furthermore, expression levels of the human
Wisper ortholog correlate significantly with the
severity of cardiac fibrosis in heart tissue biop-
sies isolated from patients with aortic stenosis,
underscoring the translational relevance of these
findings. Because of its indispensable role in car-
diac fibroblasts identity and survival, it is also
likely to have important roles during cardiac
development although this awaits further explo-
ration.

Indeed, a number of lncRNAs have been
shown to play important roles in cardiovascular
cell specification and differentiation (Fig. 2).
Further investigation of the lncRNA transcrip-
tional landscape during heart development has
the potential to provide additional valuable in-
sights into the molecular mechanisms govern-
ing cardiovascular development and disease.

CONCLUSIONS, CHALLENGES, AND
PERSPECTIVES

The advent of novel sequencing technologies
has elucidated that much of the genome is tran-
scribed into ncRNA molecules including
lncRNAs. lncRNAs have been shown to fine-
tune GRNs controlling cell fate during lineage
specification. Conrad Waddington’s metaphor
of the “epigenetic landscape” is depicted with a
ball rolling down a hill of bifurcating ridges and
valleys symbolizing the possible trajectories of
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cell-fate specification (Waddington 2012). In
this process, lncRNAs can be envisaged as “mo-
lecular magnets” that direct cell specification to
a defined fate (Fig. 3).

To date, a paucity of lncRNAs have been
shown to play a causal role in cardiovascular
disease, with most of those that have been iden-
tified important only in adult pathophysiology.
This highlights the critical importance of ex-
panding our understanding of the functional
role of lncRNA transcripts as opposed to simply
the genomic loci that encode them. The study of
lncRNA function is wrought with technical
challenges, largely owing to the fact that these
molecules are generally transcribed from either
regulatory elements or promoter regions that are
shared with coding genes. Thus, classical loss-
of-function experiments involving targeted dis-
ruption of the appropriate locus in the murine
genome, as are regularly used for PCGs, cannot
be applied in the context of lncRNAs. Instead,
experimentalmanipulation of lncRNAs requires
specific targeting of the transcript itself. The
most commonly used tools for this purpose
are antisense oligonucleotides or RNA-interfer-

ence approaches, both of which are difficult to
implement in in vivo systems, particularly dur-
ing developmental transitions. This likely ac-
counts for the bias toward in vitro systems in
much of the published literature regarding
lncRNA function, the limitations of which are
well appreciated in the context of understanding
the complexity of in vivo developmental pro-
cesses. Recent evidence suggests that in vitro
phenotypes associated with lncRNA loss-of-
function may be less robust when evaluated in
an in vivo context. For example, Meteor KO in
vivo is associated with a milder phenotype than
observed in vitro (Guo et al. 2018).Whether this
discrepancy is disproportional for lncRNAs
when compared with PCGs or if this truly rep-
resents a phenomenon of lncRNA biology re-
mains to be addressed. Recent evaluation of
nine cardiac progenitor expressed lncRNAs
(George et al. 2019), all of which are strongly
expressed during cardiac in vitro differentiation
and in the developing heart, were not required
for proper heart development. Although this
cohort represents only a small fraction of the
entire repertoire of cardiac lncRNAs, these re-
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sults again highlight the importance of under-
standing how important or modest the role of
this class of molecules is in organogenesis. The
advent of novel tools that allow for efficient
lncRNA loss-of-function in vivo will be an im-
portant step to overcoming this hurdle. Despite
all these challenges, the degree of tissue- and
cell-type specificity of lncRNA expression
(more so than any other expressed nucleic acid
or protein) raises the profile of this class of mol-
ecules as a therapeutic target for disease (Alexa-
nian et al. 2019). Importantly, off-target toxicity
frequently limits pharmacologic therapies with
excellent on-target activity largely as a result of
broad expression of many disease-associated
pleiotropically acting proteins and pathways.
The exquisite specificity of their expression
when combined with their emerging role as
highly specialized nodal regulators of gene ex-
pression make lncRNAs an incredibly attractive
therapeutic target for human disease. Ongoing
efforts to uncover the biology of this fascinating
class of molecules has enormous potential to
modify disease pathogenesis and improve hu-
man health.
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