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The mature heart is composed primarily of four different
cell types: cardiac myocytes, endothelium, smooth mus-
cle, and fibroblasts. These cell types derive from pluripo-
tent progenitors that become progressively restricted
with regard to lineage potential, giving rise tomultipotent
cardiac progenitor cells and, ultimately, the differentiated
cell types of the heart. Recent studies have begun to shed
light on the defining characteristics of the intermediary
cell types that exist transiently during this developmental
process and the extrinsic and cell-autonomous factors
that influence cardiac lineage decisions and cellular com-
petence. This informationwill shape our understanding of
congenital and adult cardiac disease and guide regenera-
tive therapeutic approaches. In addition, cardiac progeni-
tor specification can serve as a model for understanding
basic mechanisms regulating the acquisition of cellular
identity. In this review, we present the concept of “chro-
matin competence” that describes the potential for
three-dimensional chromatin organization to function as
the molecular underpinning of the ability of a progenitor
cell to respond to inductive lineage cues and summarize
recent studies advancing our understanding of cardiac
cell specification, gene regulation, and chromatin organi-
zation and how they impact cardiac development.

Cardiac progenitors and progressive lineage restriction

During mammalian cardiac development, two distinct
mesodermal pools of cardiac progenitor cells—the first
and second heart field—give rise to the four major cell
types of the mature heart (Meilhac et al. 2004). First heart
field cells derive from anterior lateral platemesoderm and
initially form a crescent straddling themidline of the early
embryo. Second heart field cells are located medial to the
first heart field at the cardiac crescent stage. These cells
are excluded from the early linear heart tube but migrate
into the heart after looping of the heart tube has initiated,

invading both the inflow and outflow tracts, contributing
cells to the right ventricle and atria (Kelly et al. 2001;
Mjaatvedt et al. 2001; Waldo et al. 2001; Cai et al. 2003).
Expression of both Nkx2-5 (Lints et al. 1993) and Tbx5
(Bruneau et al. 1999) primarilymarks first heart field cells,
and Islet1 expression marks second heart field cells (Cai
et al. 2003), although none of these are restricted entirely
to one heart field or the other. The first and second heart
field pools of progenitors are thought to be multipotent,
although the molecular programs, timing, and position
of differentiation into various lineages are distinct.

The specification of cardiac myocytes, endothelium,
and smooth muscle from multipotent progenitors via
stages of progressive lineage restriction is analogous to
the process by which hematopoietic stem cells give rise
to the various lineages of blood. Clonal studies using mu-
rine and human embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs) in culture have demonstrat-
ed that cardiac progenitor cells are multipotent and can
give rise to the aforementioned derived cell types (Katt-
man et al. 2006, 2011; Moretti et al. 2006; Wu et al.
2006). It is likely that a more detailed understanding of
the extrinsic and intrinsic factors that regulate the process
of fate determination during cardiac development will
provide therapeutic insights for the treatment of cardiac
disease, just as our understanding of blood formation has
yielded potent medications such as erythropoietin, granu-
locyte–macrophage-stimulating factor, and other colony-
stimulating factors that are used clinically to treat human
disease. The ability to model cardiac differentiation in vi-
tro has led to the identification of factors that modulate
cardiac lineage determination. These studies have been
instrumental in defining the conditions and factors suffi-
cient for differentiating ESCs into multipotent cardiac
progenitor cells characterized by expression of Pdgfrα
and Flk1 (Kattman et al. 2006, 2011). A recurrent theme
of these studies is the critical roles for transient Wnt acti-
vation followed by Bmp signaling. It remains unclear
whether some or all Pdgfα+/Flk1+ cardiac progenitor cells
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are competent to adopt all cardiac cell fates, and the plas-
ticity, potential, and defining characteristics of the inter-
mediary progenitors have yet to be fully defined.
Recent studies undertaken by the Bruneau (Devine

et al. 2014) and Blainpain (Lescroart et al. 2014) laborato-
ries address the question of whether and to what extent
multipotent cardiac progenitors exist in vivo during
cardiac development. These groups independently used
complimentary genetic approaches to determine the fate
of early murine mesodermal progenitors that express
Mesp1. Thesemesodermal progenitors give rise to a broad
range of tissues, including the heart, and are present in the
embryo even before Pdgfrα+/Flk1+ cardiac progenitors are
evident. Surprisingly, these studies revealed that most
Mesp1+ cells are not tripotent or quadripotent but rather
bipotent and even more frequently unipotent (Devine
et al. 2014; Lescroart et al. 2014). Lineage tracing of an ear-
ly subset of Mesp1+ cells, corresponding to the first heart
field, suggests that these cells overwhelmingly give rise to
myocytes, although a smaller number of cloneswere com-
posed of endothelial cells (Lescroart et al. 2014). In both
studies, only a small number of clones were composed
of multiple cell types, suggesting that true multipotent
progenitors are likely to be rare and short-lived in vivo.
Single-cell data demonstrate heterogeneity of Mesp1+

cells, correlating with a large pool of unipotent lineage-re-
stricted progenitors (Lescroart et al. 2014). The Bruneau
laboratory (Devine et al. 2014) also demonstrated that a
subset of Mesp1 cells labeled by expression of a specific
enhancer of Smarcd3 (Baf60c) is lineage-restricted such
that these cells can give rise only to cardiac myocytes
even at very early time points before the delineation of
first and second heart fields is apparent. Complementary
studies focused on the first heart field found that a subset
of these progenitors expresses Hcn4 and gives rise primar-
ily to myocytes and the cardiac conduction system.Hcn4
is re-expressed in endotheliumat later stages of cardiac de-
velopment and is not expressed in second heart field pro-
genitors (Spater et al. 2013). Thus, it is possible that the
tripotent progenitor stage of cardiac lineage restriction is
short-lived in vivo, although additional genetic tools, in-
cluding additional inducible cre drivers specific for the
first and second heart field coupled with clonal analyses
in vivo, will be helpful for investigating this question in
more detail. One important conclusion in common to
these studies, however, is that some degree of lineage
commitment occurs very early during cardiac develop-
ment—earlier than previously appreciated.
Additional studies suggest that anatomical specifica-

tion (e.g., atrial vs. ventricular myocytes) also occurs ear-
lier than previously appreciated. The Dubois laboratory
(Bardot et al. 2017) recently identified a progenitor pool
marked by Foxa2 that contributes to ventricular myo-
cardium but not atrial myocardium. Foxa2 cells give rise
to cardiomyocytes, endothelium, smooth muscle, fibro-
blasts, and epicardium. Foxa2 progenitors are localized
to the apex of the cardiac crescent, indicating that this
region of the crescent is already specified to give rise to
ventricular muscle. Atrial cardiomyocyte identity is regu-
lated by Coup-TFII, which functions in part by repressing

ventricular gene expression (Wu et al. 2013). However, the
identity of a chamber-specific progenitor that gives rise to
atrial cardiacmyocytes remains elusive. In zebrafish, inju-
ry induces transdifferentiation of atrial to ventricular
myocytes, although it is unclear whether this occurs in
mammals or whether the transdifferentiation process in-
volves reversion to chamber-specific progenitors or a di-
rect conversion to a mature cell phenotype (Zhang et al.
2013). In addition, recent studies demonstrate that Six2
is dynamically expressed in a subset of second heart field
cells (Zhou et al. 2017). Lineage tracing of early (embryon-
ic day 6.0 [E6.0]) Six2+ cells indicates that this pool of pro-
genitors gives rise primarily to the right ventricle, while
cells expressing Six2 at E10.0 contribute primarily to the
pulmonary trunk and ductus arteriosus. Finally, studies
in the chick suggest that a specialized region ofmesoderm
termed the tertiary heart field contributes to pacemaker
cells of the sino–atrial node (Bressan et al. 2013). It is yet
to be determined whether specialized regions of meso-
derm, distinct from the first and second heart fields, pro-
vide contributions to portions of the conduction system
in mice or humans.
An active area of research in the cardiac development

and regeneration fields involves the characterization of
putative intermediate progenitor cell types that may be
bipotent and those that may be restricted and committed
to a specific lineage but are able to expand—analogous to
the erythroblast, for example, in the red blood cell lineage.
Recently, we identified the cardiomyoblast in the murine
embryo that is entirely committed to the cardiacmyocyte
lineage but is proliferative and able to undergo clonal ex-
pansion (Jain et al. 2015b). The cardiomyoblast is charac-
terized by expression of the atypical homeodomain-
encoding gene Hopx and derives from both first and sec-
ond heart field precursors. Lineage tracing using inducible
cre recombinase knocked into the endogenousHopx locus
indicates that Hopx-expressing cardiomyoblasts give rise
exclusively to cardiac myocytes and their derivatives, in-
cluding components of the mature conduction system
such as Purkinje cells and other specialized cells of the
conduction system. Interestingly, although nearly all
cardiac myocytes derive from Hopx-expressing cardio-
myoblasts, a localized population of cardiac muscle sur-
rounding the pulmonary veins does not derive from
Hopx-expressing precursors. The cell of origin for these
myocytes remains unknown.
In the first heart field, Hopx expression initiates very

shortly after that ofNkx2-5, and, in the second heart field,
Hopx expression follows that of Isl1 (Chen et al. 2002;
Shin et al. 2002; Jain et al. 2015b). Fate mapping of
Nkx2-5- or Isl1-expressing cells demonstrates that they
give rise to endothelium, smooth muscle, cardiac fibro-
blasts, and cardiac myocytes (Moses et al. 2001; Stanley
et al. 2002; Yang et al. 2006; Ma et al. 2008; Jain et al.
2015b). Thus, the onset of expression of Hopx correlates
with lineage restriction to the cardiac myocyte fate—a
fact that allows for the identification of the precise stage
and location during development when commitment
takes place. In the first heart field, this occurs at very early
time points, even before the linear heart tube has formed,
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in agreement with the Mesp1 studies described above. In
the second heart field, commitment takes place just as
progenitor cells are entering the heart via either the inflow
or the outflow tract, at approximately day 9.5 of murine
embryonic development (E9.5). As these cells enter the
heart, they are exposed to a localized domain of Bmp4 ex-
pression, andHopx is expressed (correlatingwith commit-
ment) just as activeWnt signaling is extinguished. Studies
in vitro and in vivo using Hopx-null cells indicate that
Hopx functions to integrate the local Bmp signals with re-
pression of Wnt signaling within the progenitor cells—a
cascade of events triggered by the presence of local envi-
ronmental Bmp cues that culminates in lineage commit-
ment and differentiation of the cardiomyoblast (Jain
et al. 2015b). Other progenitor pools likewise have been
shown to rely on a critical balance of Bmp andWnt signal-
ing tomaintain tissue homeostasis. It will be of interest to
determinewhetherHopx plays a similar role inmediating
cross-talk between niche signals in other stem cell and
progenitor populations where it is expressed, including
the brain, lung, hair follicle, hematopoietic system, and
intestine (Takeda et al. 2011, 2013; Jain et al. 2015a; Li
et al. 2015; Palpant et al. 2017).

Sophisticated lineage tracing approaches such as these
have advanced our understanding of cell fate choices dur-
ing cardiogenesis. Dual lineage tracing strategies have also
been used and have provided impressive data on the spa-
tio–temporal dynamics of different populations contribut-
ing to heart formation (Engleka et al. 2012; Devine et al.
2014). In addition, combining sophisticated multicolor
lineage reporters with cre drivers, informed by single-
cell and clonal data sets, will likely increase the resolution
of lineage restriction and the definition of distinct subpop-
ulations of progenitors. An emerging theme is that cellu-
lar competence and plasticity must be appropriately
constrained in order for faithful adoption of fate to occur.
Alternative fate pathways need to be effectively repressed
in order for lineage identity to be properly established and
maintained.

In a true “tour de force,” Loh and the Weissman group
(Loh et al. 2016) provided a road map to human mesoder-
mal lineage development using human ESC and murine
models. A prominent theme in their studies is that it is
necessary to block the ability of the cell to adopt a lineage
alternate to the ultimate fate of the cell atmultiple steps of
lineage specification. This work highlighted, as is widely
known in the field, the fact that a limited number of devel-
opmentalmorphogens is required reiteratively atmultiple
steps of cardiogenesis and mesoderm development in ge-
neral and that the effect of these morphogens on respond-
ing cells is dependent on the characteristics of those cells
and their competence to respond. Hence, outstanding
questions are as follows: How is specificity of the effector
molecules achieved? How are entire sets of lineage-specif-
ic gene programs activated or repressed to affect a lineage
decision? These questions have direct relevance to our
understanding of developmental “competence”; i.e., the
dynamic ability of a cell to respond to specific environ-
mental cues. We now focus on potential mechanisms
that regulate cellular competence and through which lin-

eage-specific programs of gene expression are established,
including combinatorial assembly of transcription factor
complexes, the role of noncoding RNAs (ncRNAs), and
the potential role of chromatin packaging within the
three-dimensional ecosystem of the nucleus.

‘Chromatin competence’: a nuclear architecture model
for cellular competence

Conrad Waddington (Waddington 1940), often considered
the “father of epigenetics,” wrote extensively about the
concept of cellular competence, which he recognized as
an intrinsic but transient property of a cell to respond to in-
ductive signals. It was in the section on competence in his
classic “Organisers and Genes” (Waddington 1940) that
he introduced his famous “epigenetic landscape” to depict
progressive lineage restriction and fate determination.
Waddington (1940) recognized that much of the conun-
drumconcerning the pleiotropic effects of common induc-
ing agents could be explained by the intrinsic capacity of a
receiving cell to respond to the inductive signal. Thus,
mesenchymal stem cells respond to Bmp by forming
bone, while cardiac progenitor cells respond to Bmp by
forming cardiac muscle. What is the mechanism within
the responding cell to account for such different outputs
in response to a common morphogen? Competence can
be partially explained by the expression—or lackof expres-
sion—of specific receptors for inducing factors or neces-
sary components of downstream signaling pathways,
including transcription factors capable of activating line-
age-specific genes, without which a cell is unable to fully
respond to an inductive signal. However, we propose that
cellular competencemay be largely explained and regulat-
ed by orchestrated and dynamic mechanisms for packag-
ing and organizing the genome within the nucleus; i.e.,
by regulation of nuclear architecture (Fig. 1).

This model, which we term “chromatin competence,”
posits that the availability of regions of the genome con-
taining critical lineage-specific regulators and gene pro-
grams is regulated through interactions of chromatin
domains with the inner nuclear lamina and perhaps by
other mechanisms as well. Regions of chromatin tightly
associated with the nuclear lamina are termed lamina-as-
sociateddomains (LADs) andaregenerallyheterochromat-
ic and tightly repressed (Guelen et al. 2008). We propose
that these regions are relatively inaccessible for activation
in response to inductive signals and that lineage programs
associated with LADs must be released from their associ-
ation with the nuclear periphery in order for the cell to
be competent to activate those lineage programs. Like-
wise, when a lineage choice ismade, such as when a cardi-
ac progenitor cell becomes acardiomyoblast, critical genes
for alternate lineage programswill be sequestered in LADs
and repressed for the duration of the lineage of that
cell. Using murine and ESC models, we demonstrated
that Hdac3 functions to tether chromatin to the nuclear
periphery in a fashion that does not require its enzymatic
deacetylase activity and that normal cardiac myocyte de-
velopment frommultipotent progenitor cells is associated
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with translocation of cardiacmyocyte-specific genes from
the nuclear periphery to the nucleoplasm, where they can
be actively expressed. Precocious removal of Hdac3 in
multipotent progenitors “releases” cardiac genes from
LADs and leads to acceleration of cardiogenic differentia-
tion (Poleshko et al. 2017). Thus, cellular identity and
competence to respond to inductive signalsmaybe at least
partially defined by the “LADmap” of the cell, and disrup-
tion of LADsmay enhance plasticity, restore competence,
and increase the efficiency of transdifferentiation, repro-
gramming, or malignant transformation. The tethering
ofLADsto and releaseof LADs fromthe innernuclear lam-
ina thus emerge as a new mechanism of controlling gene
expression and cellular competence that does not neces-
sarily equate to gene activation or repression but rather
to the availability of gene loci to be accessed by more tra-
ditional activation and repression complexes. The regula-
tion of LAD tethering and release is an exciting area of
active investigation.
The role of the nuclear lamina in the regulation of gene

expression via interactions with chromatin is relevant to
our understanding of a spectrum of human cardiac disor-
ders known as the laminopathies, which include several
types of muscular dystrophy often associated with cardio-
myopathy. It will be of interest to determine whether
manifestations of these human diseases are related to al-
tered fate specification, plasticity, and competence as op-
posed to other commonly ascribed structural roles of the
nuclear lamina not directly related to the regulation of
gene expression.

Nuclear pore proteins as regulators of gene expression

Like the nuclear lamina, the nuclear pore has been impli-
cated in the regulation of gene expression and interacts
with chromatin. The nuclear pore complex is composed
of ∼30 different nuclear pore proteins, and its primary as-
cribed function is nucleocytoplasmic transport. However,
nontransport functions have been ascribed recently to nu-
clear pore components, including regulation of spatial or-
ganization of the genome and gene expression. Nuclear
pore proteins can regulate transcription both “on pore”
and “off pore” (Raices and D’Angelo 2012; Beck and
Hurt 2017). Chromatin associates with the nuclear pore
complex at the nuclearmembrane (“on pore”), and this in-
teraction serves, in part, to stabilize enhancer–promoter
contacts (Pascual-Garcia et al. 2017). Unlike the repressed
heterochromatin that interacts with the inner nuclear
lamina, chromatin at the nuclear pore tends to be euchro-
matic and actively transcribed, consistent with the “gene
gating” hypothesis (Blobel 1985). However, some nuclear
pore proteins can also bind chromatin within the nucleo-
plasm (“off pore”), away from the nuclear membrane
(Capelson et al. 2010; Kalverda et al. 2010). It remains un-
clear whether these individual nuclear pore proteins shut-
tle back and forth between the nuclear pore and the
nucleoplasm or whether two different pools of these nu-
clear pore proteins exist. It is also unclear whether human
diseases and cancers associated withmutations and trans-
locations of nuclear pore components are caused by “on-
pore” or “off-pore” effects. Of particular interest to cardi-
ac biology aremissensemutations in the nuclear pore pro-
tein NUP155 that have been identified in patients with
atrial fibrillation. Global-null Nup155 mice die during
embryogenesis, but heterozygous mice are viable and ex-
hibit atrial fibrillation (Zhang et al. 2008). Studies from
the Molkentin laboratory (Kehat et al. 2011) have shown
a link between HDAC proteins andNup155. In an elegant
series of experiments, Kehat et al. (2011) demonstrated
that Hdac4 physically interacts with Nup155, and
Nup155 co-occupies a subset of Hdac4-bound regions of
chromatin. Furthermore, abrogation of the interaction of
Nup155 with Hdac4 results in relocalization of candidate
loci, includingNppb,Cacna1c,Acta1, and Pln, away from
the nuclear periphery, suggesting that the Nup155/Hdac4
complex normally tethers chromatin to the pore. This
protein complex also appears necessary for Hdac4-depen-
dent cardiac hypertrophy. Although the nuclear pore has
been viewed as a complex conduit allowing passive and
regulated movement across the nuclear membrane, it is
now evident that more complex involvement of nuclear
pore components in gene regulation exist, with implica-
tions for cardiac homeostasis and disease.

Higher-order genome organization

Genome compaction and organization are highly regulat-
ed processes, and causative links between high-order
chromatin structure and function are being established.
Chromosomes occupy specific locationswithin the nucle-
us and fold into defined territories. Territories are largely

Figure 1. Proposedmodel of “chromatin competence.”Weposit
that spatial organization of the genome in three dimensions ren-
ders parts of the genome available for transcriptional activation,
while other areas (e.g., those tethered to the nuclear lamina) are
relatively less available. Inductive cues or morphogens can ac-
tively regulate only available regions of the genome in any given
responding cell. Hence, high-order genome organizationmay reg-
ulate cellular competence; i.e., the ability of the cell to respond to
a specific inductive cue. The combination of inductive cues and
cellular competence shapes cellular identity.
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divided into two classes: the A compartment, which is fre-
quently euchromatic and competent for transcription
(Lieberman-Aiden et al. 2009), and the B compartment,
which is usually late replicating, heterochromatic, and
transcriptionally silent (Ryba et al. 2010). Chromatin con-
tacts and chromatin loops occur more frequently within
each compartment type than across compartments.

Smaller units of relatively conserved chromatin organi-
zation are termed topologically associated domains
(TADs) that have been mapped using various chromo-
some capture techniques. TADs are relatively insulated
from each other and largely invariant between cell types.
However, much greater heterogeneity has been observed
in sub-TAD architecture among different cell types. Chro-
matin looping—for example, between enhancers and pro-
moters—is thought to be largely constrained such that
they occur within individual TADs (Yu and Ren 2017).
Emerging studies suggest important changes in chromatin
interactions in the pathogenesis of congestive heart fail-
ure (Rosa-Garrido et al. 2017). The functional importance
of the establishment and maintenance of proper TAD
boundaries has also been highlighted by a series of recent
studies. It has been reported recently that disruption of
TADs contributes to aberrant gene expression during
the progression of various cancers.Mutations in isocitrate
dehydrogenase, which are associated with various brain
cancers such as glioblastoma, result in hypermethylation
of DNA at TAD boundaries, and reversal of this hyperme-
thylation normalizes gene expression (Flavahan et al.
2016). Microdeletions are a common feature of T-cell
acute lymphoblastic leukemia (T-ALL) and alter sub-
TAD boundaries. This disruption in boundary formation
results in precocious expression of proto-oncogenes,
which could drive T-ALL progression (Hnisz et al. 2016).
CCCTC-binding factor CTCF is a zinc finger nucleic
acid-binding protein that can demarcate TAD boundaries.
It has been demonstrated recently that the orientation of
CTCF-binding sites is critical to forming correct loops,
and incorrect orientation results in abnormal TAD forma-
tion and abnormal gene expression (Narendra et al. 2015).
Nora et al. (2017) used a clever inducible approach to re-
versibly degrade CTCF in murine ESCs to demonstrate
that CTCF insulates a subset of TADs. In addition, cohe-
sin and related proteins have been found to be critical in
chromatin loop formation and regulation of TAD stability
(Haarhuis et al. 2017; Hansen et al. 2017; Rao et al. 2017;
Schwarzer et al. 2017). Thus, there is a nascent but rapidly
growing appreciation of the regulation of chromatin topol-
ogy that is likely to impact gene expression, lineage stabil-
ity, cellular competence, and cell fate. Future studies will
undoubtedly leverage recent advances in sequencing and
genomic technologies to understand how chromatin to-
pology influences organogenesis in vivo.

ncRNAs

ncRNAs exist inmany sizes and have enormous influence
on a wide range of cellular functions, including gene ex-
pression. The important role of microRNAs in cardiac
biology has been reviewed (Mendell and Olson 2012),

and many exciting areas of ncRNA biology cannot be
highlighted here due to space considerations. Rather, we
focus on a few examples of the emerging role of long
ncRNAs (lncRNAs) in cardiac development and homeo-
stasis. lncRNAs have emerged as important regulators of
various facets of cardiac biology, including lineage identi-
ty and differentiation. In some cases, they are thought to
regulate nuclear architecture and can help to mediate
long-range chromatin interactions and looping. lncRNAs
(defined as noncoding transcripts >200 nucleotides in
length) can be 5′ capped, alternatively spliced, and
polyadenylated. The ever-increasing number of known
ncRNAs is well into the thousands and includes specific
examples of important regulators of cardiac development
and homeostasis in the adult, and it seems certain that ad-
ditional important roles will continue to emerge (Engreitz
et al. 2016).

Braveheart, identified in the Boyer laboratory (Klat-
tenhoff et al. 2013), is a cardiac lncRNA expressed from
early time points in embryogenesis. Loss of Braveheart
during mouse ESC differentiation results in a dramatic re-
duction in myogenesis. Transcriptome analysis suggests
that Braveheart is upstream ofMesp1 and controls expres-
sion of critical regulators of cardiomyogenesis, including
Hand1, Hand2, Nkx2-5, and Tbx20. Loss of Braveheart
does not alter expression of neuronal-specific genes
upon differentiation ofmutant cultures into neural lineag-
es, suggesting a specific function during cardiac develop-
ment. RNAi-mediated knockdown of Braveheart in
neonatal murine myocytes results in a loss of sarcomere
gene expression. At the structural level, the 5′ asymmetric
G-rich internal loop of Braveheart is necessary for proper
cardiomyogenesis. This structural motif mediates inter-
actions with transcription factors, including CCHC-type
zinc finger nucleic acid-binding protein, which has been
implicated in myotonic dystrophy (Xue et al. 2016). In
vivo studies, including the identification of the specific
cells that express Braveheart during embryogenesis, may
yield additional insights into how this lncRNAmodulates
cardiac development and homeostasis.

Fendrr is another lncRNA that regulates cardiogenesis
(Grote et al. 2013; Sauvageau et al. 2013). Fendrr contains
seven exons and is transcribed upstreamof the Foxf1 locus
in mice. Genetic knockout of Fendrr results in embryonic
lethality by E13.75, characterized by body wall defects,
myocardial dysfunction, and myocardial hypoplasia.
Fendrr is expressed by Eomes+ cardiac progenitor cells,
and those lacking Fendrr express unusually high levels
of Gata6 and Nkx2-5, transcription factors critical for
body wall morphogenesis and cardiac development.
Mechanistically, Fendrr binds PRC2 and TrxG/MLL com-
plexes and controls histone modifications at loci relevant
to body wall morphogenesis and cardiogenesis (Grote
et al. 2013). Abnormalities in some endoderm-derived tis-
sues, including the lung and gastrointestinal tract, have
also been reported (Sauvageau et al. 2013).

Two prominent examples of lncRNAs controlling myo-
cardial homeostasis in the adult have emerged. A cluster
of alternatively spliced transcripts is transcribed from
theMyh7 locus, antisense toMhy7. TheChang laboratory
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(Han et al. 2014) termed these transcripts myosin heavy
chain-associated RNA transcript (MyHEART and Mhrt).
Mhrt transcripts are down-regulated ∼50% in murine
models of pressure overload. Using a transgenic model,
the Chang laboratory (Han et al. 2014) maintained ex-
pression of Mhrt during transaortic constriction (a model
of pressure overload), and this intervention protected an-
imals from cardiomyopathy and fibrosis. Overexpression
of Mhrt 1–2 wk after transaortic constriction protected
against cardiomyopathy but not to the same degree as
overexpression starting prior to transaortic constriction.
Mhrt binds the helicase domain of Brg1 and inhibits
the ability of Brg1 to bind chromatinized targets in vitro.
In pressure overload and other states of stress, there is a
shift from Myh6 expression to Myh7 expression, which
is mediated by Brg1. Therefore, taken together, the in-
vestigators suggest that Mhrt acts as a buffer to tone lev-
els of Myh6 and Myh7 by acting as a “decoy” for Brg1.
In states of stress, a reduction in the expression of
Mhrt leads to an increased ability of Brg1 to drive expres-
sion of Myh6, potentially contributing to the deleterious
consequences associated with pressure overload and
cardiomyopathy.
More recently, a cardiac-enriched lncRNA called

cardiac hypertrophy-associated epigenetic regulator
(Chaer) was identified and characterized (Wang et al.
2016). Chaer is a two-exon lncRNA and lies upstream of
Hopx on chromosome 5 in the mouse genome. Loss of
Chaer in the adult attenuated cardiac hypertrophy in
response to transaortic constriction, but no discernable
phenotype was detected under basal conditions. Overex-
pression of Chaer also up-regulated genes typical of the
hypertrophic response. Loss of Chaer increased total lev-
els of H3K27me2 and H3K27me3, while overexpression
decreased H3K27me3 levels. Chaer was found to interact
with Suz12 and Ezh2, components of the PRC2 complex.
The investigators demonstrated that this interaction
was affected by mTOR signaling and responsible for
maintaining H3K27me3 at regulatory regions of select
cardiac genes.

Micropeptides

Assessment of some lncRNA function has been compli-
cated recently by the exciting observation that some
ncRNAs are actually coding micropeptides (e.g., small
ORF peptides/proteins) that can have important functions
in cardiac and skeletal muscle biology. For example,
Myoregulin is a skeletal muscle-specific 46-amino-acid
micropeptide discovered by the Olson laboratory (Ander-
son et al. 2015) when they were analyzing a presumed
skeletal muscle lncRNA. Myoregulin localizes to the sar-
coplasmic reticulum (SR) membrane in adult skeletal
muscle, where it plays a role in the regulation of calcium
uptake, affecting contractile function. Other micropepti-
des, including Dworf (Nelson et al. 2016) and Myomixer
(Bi et al. 2017), have also emerged as important regulators
of skeletal muscle function. Hence, at least some of the
functions attributed to ncRNAsmay in fact be due to sur-
reptitiously encoded micropeptides.

Transcription factor cooperativity

Another significant concept in the regulation of cardiac
gene expression relates to the combinatorial power of
transcription factor cooperativity, which contributes in
important ways to lineage-specific gene regulation. Pio-
neering studies demonstrated that transcription factors
bind cooperatively to activate gene programs during skel-
etal myogenesis, particularly interactions between Mef2
family members and members of the myogenic family of
basic helix–loop–helix (bHLH) proteins, including MyoD
(Kaushal et al. 1994; Molkentin et al. 1995, 1996; Black
and Olson 1998). Myogenic bHLH proteins can heterodi-
merize and bind to “E-boxes,” consensus CANNTG se-
quences. Mef2-binding sites are frequently positioned in
close proximity to E-boxes in skeletal muscle genes. An
elegant series of experiments demonstrated that a direct
interaction between the MADS box of Mef2 proteins
and the bHLH region of myogenic bHLH factors is re-
quired for activation of themyogeneic gene program (Mol-
kentin et al. 1995, 1996). Multiple modes of binding DNA
for these complexes have been described, including direct
binding of both bHLH heterodimers and Mef2 simultane-
ously and independent binding via the bHLH or MADS
domain alone (Molkentin and Olson 1996). Intriguingly,
a recent study demonstrated an induction of Nup210 dur-
ing skeletal myogenesis, which resulted in recruitment of
Mef2C to the nuclear pore. The complex of Nup210 and
Mef2C at the nuclear periphery regulates expression of
critical genes required for skeletalmyogenesis in zebrafish
(Raices et al. 2017). It remains unclear whether this inter-
action requires bHLH factors (such as MyoD), classic
transcriptional inducers of myogenesis, but it will be in-
teresting to fully dissect subnuclear transcription factor
localization in relation to spatial positioning of the ge-
nome. Nonetheless, the classic studies of transcriptional
cooperativity between MEF2 and MyoD family members
were seminal in understanding skeletal muscle differenti-
ation and paved the way for future studies determining
how cooperativity between core transcription factors reg-
ulates cardiogenesis.
Three cardiac transcription factors critical for cardiac

development that have been intensively studied with re-
gard to cooperative binding are Tbx5, Nkx2-5, and
Gata4. The importance of these factors to the core tran-
scriptional networks involved in cardiomyogenesis is
highlighted by the fact that many strategies for direct
transdifferentiation of fibroblasts into cardiac myocytes
use these factors (Addis and Epstein 2013). Studies inDro-
sophila point to a regulatory circuit involving Nkx, Gata,
T-box, Wnt, and Tgf-β family members (Bodmer and
Frasch 1999). In addition,mutations in the genes encoding
these factors have been implicated in the pathogenesis of
various congenital heart defects. Mutations in the home-
odomain of NKX2-5 were initially reported in patients
with atrial septal defects and conduction abnormalities
(Schott et al. 1998). More recently, mutations in NKX2-5
have been described in sequences encoding other domains
of the protein, including the NK2 and transcriptional re-
pression domains, and NKX2-5 mutations have been

Competent for commitment: you’ve got to have heart

GENES & DEVELOPMENT 9



found in patients with complex conotruncal abnormali-
ties, heterotaxy, and hypoplastic left heart syndrome
(McElhinney et al. 2003; Chung andRajakumar 2016). Au-
tosomal dominant mutations in TBX5 aremost common-
ly associated with Holt-Oram syndrome, which is
characterized by upper limb abnormalities and congenital
heart disease (Basson et al. 1997; Li et al. 1997). Mutations
in GATA4 have been associated with a wide spectrum of
congenital heart defects, including conotruncal abnor-
malities and septal defects (Pehlivan et al. 1999; Garg
et al. 2003).

The T-box transcription factor Tbx5 and homeodomain
transcription factor Nkx2-5 physically interact and syn-
ergistically activate transcription of cardiac genes in tran-
scription reporter assays (Bruneau et al. 2001; Hiroi et al.
2001). Consistent with this, mice that are heterozygous
null for both genes displaymore severe cardiac phenotypes
thanmice heterozygous for either gene alone, indicative of
a genetic interaction (Moskowitz et al. 2007). Recentwork
by the Bruneau andMüller laboratories (Luna-Zurita et al.
2016) shed additional light on this interaction and how it
regulates cardiogenesis. The group differentiated wild-
type, Nkx2-5-null, Tbx-5-null, and double-null cells into
cardiac myocytes andmapped DNA occupancy of the fac-
tors aswell asGata4 in eachof these cell lines. Theyused a
modification of chromatin immunoprecipitation (ChIP)
with DNA sequencing (ChIP-seq) that improves the reso-
lution of occupancy binding sites (a protocol called ChIP-
exo) to confirm that Nkx2-5 and Tbx5 cobind regulatory
regions and that transcription factor motifs for these fac-
tors in a given gene tend to occur on the sameDNA strand
in close proximity. They also confirmed that each factor
can bind independently and interdependently. Moreover,
they found that in the absence of each factor, the other fac-
tor bound DNA ectopically, perhaps because these pro-
teins in complex with each other prevent establishment
of less favored, weaker interactions when the proteins
are present without their usual partners. Their conclu-
sions were supported by the crystal structure of a fusion
protein of the Nkx2-5 homeodomain and Tbx5 T-box
domain bound to the Nppa promoter. This allowed the
group to identify the exact residues of the heterodimeric
complex that contact DNA and how the two proteins
may interface with each other.

Analysis of a mutant form of GATA4 (G296S) found in
human families with congenital heart disease revealed a
potential interaction between Gata4 and Tbx5 (Garg
et al. 2003). Echocardiograms from patients carrying this
mutation revealed signs of cardiac dysfunction and abnor-
mal morphogenesis of RV and LVmuscle. Molecular gene
reporter assays suggested that this mutant version of
Gata4 is not able to activate gene expression as well as
wild-type protein. Interestingly, patients with TBX5 mu-
tations can present with similar phenotypes, leading the
investigators to test the hypothesis that the two proteins
interact and that the G296S GATA4mutation diminishes
this interaction. Overexpression studies in vitro support-
ed this hypothesis (Garg et al. 2003). Later, murine studies
revealed a genetic interaction between Gata4 and Tbx5,
as compound heterozygous mice were found to display

more frequent and severe structural heart defects than ei-
ther heterozygote alone (Maitra et al. 2009). More recent
studies using a mouse model in which the human
GATA4 point mutation was knocked into the murine
Gata4 locus confirmed this mutation as a driver of con-
genital heart disease in mice (Misra et al. 2012). Further
studies have used human iPSCs from affected family
members harboring the G296S mutation (Ang et al.
2016). Myocytes derived from these cells have relatively
less “open” chromatin in the genomic regions containing
cardiac genes. Interestingly, genes relevant to endothelial
cell identity weremore “open”when compared with con-
trol cells in which the mutation had been corrected.
Genes relevant to endothelial cell identity were also ec-
topically expressed in these mutant myocytes. The group
also found that GATA4 and TBX5 bind superenhancers,
which are large highly conserved enhancerswith extreme-
ly high occupancy of transcription factors and the Media-
tor complex that are important to cellular identity. The
G296S GATA4 mutation renders the mutant form of
GATA4 unable to bind superenhancers appropriately.
TBX5 occupancy of superenhancers is reduced in the
GATA4 mutant myocytes, and it is intriguing to specu-
late that a change in enhancer occupancy, secondary to
a single point mutation, results in an “identity crisis.”

Additional studies have highlighted an interaction be-
tween Gata4, Tbx5, and Smardc3 in cardiac development
and transdifferentiation of fibroblasts into cardiac myo-
cytes. Inhibition of Nodal signaling in ESC differentiation
induces Smardc3, which complexes with Tbx5 and Gata4
to regulate expression of Nkx2-5 by remodeling a critical
enhancer (Cai et al. 2013). As mentioned above, cardiac
transdifferentiation studies have relied primarily on cardi-
ac transcription factors. Interestingly, in vivo reprogram-
ming of noncardiac mesoderm as early as E6.5 into
contracting myocytes required the addition of Smardc3
to a cocktail of Gata4 and Tbx5 (Takeuchi and Bruneau
2009). Smardc3-mediated remodeling of chromatin facili-
tatedGata4 occupancy. In addition, recent studies suggest
that chemical blockade of the histone methyltrasferase
G9a enhances transdifferentiation of human fibroblast
into cardiac myocytes (Cao et al. 2016). Taken together,
these studies highlight the critical interaction between ge-
nome accessibility and transcription factor occupancy in
regulating lineage plasticity and cellular competence to
adopt different fates.

Conclusions

The more we understand about how cardiac progenitor
cells adopt specific lineage fates in the mature heart, the
more we will be empowered to enhance and engineer re-
generation of damaged cardiac tissue. The accepted para-
digm of gene regulation that relies heavily on the potent
activity of lineage-specific activators and repressors acting
on enhancers tomodulate gene expression is being rapidly
updated by discoveries in the field. A critical role for the
regulated organization of chromatin in three dimensions
within the nucleus is becoming apparent, and a role for
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chromatin interactions with the nuclear periphery repre-
sents an exciting node for regulation of cellular compe-
tence and lineage stability. ncRNAs and complex
interactions between RNA and transcription factor regu-
lators of gene expression are demanding systems biology
genome-wide approaches for understanding relative con-
tributions to cellular phenotypes and identity. The pace
of discovery regarding the regulation of cardiac lineage de-
termination continues to accelerate, and the beat goes on.
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