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Cardiac muscle damage-induced loss of cardiomyocytes (CMs) and dysfunction of the re-
maining ones leads to heart failure, which nowadays is the number one killer worldwide.
Therapies fostering effective cardiac regeneration are the holy grail of cardiovascular re-
search to stop the heart failure epidemic. The main goal of most myocardial regeneration
protocols is the generation of new functional CMs through the differentiation of endogenous
or exogenous cardiomyogenic cells. Understanding the cellular and molecular basis of car-
diomyocyte commitment, specification, differentiation and maturation is needed to devise
innovative approaches to replace the CMs lost after injury in the adult heart. The transcrip-
tional regulation of CM differentiation is a highly conserved process that require sequential
activation and/or repression of different genetic programs. Therefore, CM differentiation and
specification have been depicted as a step-wise specific chemical and mechanical stimuli
inducing complete myogenic commitment and cell-cycle exit. Yet, the demonstration that
some microRNAs are sufficient to direct ESC differentiation into CMs and that four specific
miRNAs reprogram fibroblasts into CMs show that CM differentiation must also involve neg-
ative regulatory instructions. Here, we review the mechanisms of CM differentiation during
development and from regenerative stem cells with a focus on the involvement of microR-
NAs in the process, putting in perspective their negative gene regulation as a main modifier
of effective CM regeneration in the adult heart.

An introduction to cell differentiation: mesoderm
specification into cardiac mesoderm
Cell-based regenerative medicine aims at the development of therapeutical approaches with cells ca-
pable to efficiently differentiate into specialized cells. Directed differentiation of specific lineages of
stem/precursor cells, such as embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs) or mul-
tipotent adult stem/progenitor cells, including endogenous/resident cardiac stem/progenitor cells (CSCs),
is therefore the first critical step toward the development of cellular therapy. Thus, to define efficient
protocols of myocardial regeneration depends on our understanding of the gene regulatory networks re-
sponsible for the differentiation of cardiomyocytes (CMs) during embryonic development as well as in
adulthood and disease.

Cell differentiation is the process by which dividing cells change their functional or phenotypical type,
becoming specialized. All cells presumably derive from stem cells and obtain their functions as they ma-
ture. Organismal cellular diversity is often modeled as a hierarchical scheme with totipotent stem cells
at the top of the hierarchy. Totipotency means the potential to become any cell type and is a potential
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observed in the fertilized egg and the cells at the beginning of the differentiation process. This broad potential slowly
becomes restricted as the cell potential gains specificity limited to one of a group of related cell types. Stem cell
differentiation dramatically alters the cell shape, size, and energy requirements. This process is not irreversible until
terminal differentiation occurs. Differentiation requires sequentially selecting a subset of genetic information to be
expressed in a spatiotemporal fashion in response to different mechanical and chemical stimuli.

The sequential activation of transcription factors that determines the cell fate within the heart and drives its forma-
tion from the mesoderm is likely to be controlled in the same way in stem cells as it is in embryos. This is the reason
why many differentiation protocols of stem cells in vitro are often guided by our understanding of cardiac develop-
ment. To this aim, unravelling the essential signals for cardiac lineage decisions during embryonic development may
help to induce stem/progenitor cells differentiation into cardiac muscle fate, the main goal of regenerative cardiology.

The heart is the first mesoderm-derived functional embryonic organ developed after gastrulation. During em-
bryonic cardiogenesis, a hierarchy of growth/transcription factors, sequentially induced in cardiac progenitor cells
ultimately lead to the formation of CMs [1], the major cell types of the heart. We can recognize atrial and ventricular
CMs, and cardiac conduction cells such as those residing in the sinoatrial/atrioventricular nodes, in the HIS bundle
or in the and Purkinje fibers. CMs, together with cardiac fibroblasts, vascular smooth muscle cells and endothelial
cells, cooperate to produce a functional heart to pump oxygen- and nutrient-rich blood throughout the body.

Cardiac muscle embryogenesis requires extracellular instructive signals finally orchestrated by molecules that are
synergically regulated in time and space. These signals, coupled with intracellular genetic programs, produce their
specification/commitment and a progressive cell fate restriction. Thus, heart development is governed by a core set of
evolutionarily conserved transcription factors that regulate each other’s expression, serving to stabilize and reinforce
the cardiac gene program [2,3].

Mesoderm, one of the three germ layers, emerges from the primitive steak during gastrulation (Figure 1). In mouse,
around embryonic life 6.5 dpc (day post coitum), prospective myocardial cells migrate cephalad from the primitive
steak forming two groups of cells, one on each side of the midline of the epiblast (the cardiogenic areas) which will
give rise to cardiac progenitor cells specification [4,5]. These presumptive cardiac cells, which will contribute to the
myocardium and endocardium, appear fuse to form the so-called ‘cardiac crescent’, underlying the head folds, at em-
bryonic life 7.5 dpc. Soon after gastrulation, as the embryo grows, the cardiac crescent fuses ventrally at the midline
to form the beating primitive cardiac tube at embryonic life 8 dpc which subsequently growths and folds to the right
in a S-shaped structure. The primitive cardiac tube is the first identifiable functional organ. Its early function is es-
sential for the circulation of nutrients and waste removal in the embryo grown too large to be fed by diffusion [2,5,6].
The heart tube expands, essentially by two mechanisms: cell proliferation and recruitment of additional cells leading
to the formation of recognizable septated cardiac chambers (embryonic life 14.5 dpc) [5]. This primitive structure
further expands through significant increase in cell size [7,8]. Growth of the heart depends on the further addition
of progenitor cells that mainly occurs in a dorsal/medial position to contribute to the arterial and venous pole of
the cardiac tube. The cardiogenic mesoderm harbors two myocardial cell lineages that segregate early taking part in
heart formation: the first and second heart fields (FHF and SHF) progenitors [9]. The left ventricle mainly derives
from FHF progenitors [2,10–13] that are exclusively committed to a cardiomyogenic cell fate [14,15]. SHF progenitors
mainly contribute to the outflow tract (OFT), the right ventricle and a large portion of the inflow region (atria) and
provide a platform for subsequent heart growth. The proepicardial organ (PEO), a transitory mesenchymal structure
localized at the posterior end of the heart tube, grows over the myocardium of the heart to form the outer layer of the
epicardium. Some of these epicardial cells undergo an epithelial–mesenchymal transition (EMT) and then constitute
the smooth muscle of the coronary blood vessels and the population of cardiac fibroblasts/interstitial cells [16]. The
functional form of the heart also depends on the contribution of neural crest cells contributing to septum and valve
formation and septation of the outflow track into the pulmonary trunk and aorta [16] ensuring separation of the
venous and arterial circulation.

The molecular mechanisms involved in mesoderm specification into cardiac mesoderm and cardiac progenitor
cells, are controlled by three families of extracellular signaling molecules: Wnt (as above), FGF and many members of
the transforming growth factor β (TGFβ) family proteins. FHF formation, requires first the inhibitory Wnt signaling
from the ectoderm [17], such as Wnt3a, followed by BMP4, Nodal and activin A, which provide the initial signals for
heart creation (Figure 1).

Germline deletion of a particular gene and the consequent disruption of its downstream signaling, reveals the role
of that gene in cardiac development [18]. In the case of BMP, its deletion impairs gastrulation and the formation of
primitive mesoderm leading to death before embryonic 9.5 dpc [19,20]. Activin and Nodal, like BMPs, are members
of the TGFβ family, and may serve as a surrogate for an authentic Nodal signal which is essential for the establish-
ment of anterior-posterior and left-right axes, gastrulation, for the formation of the primitive streak, the creation of
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Figure 1. Overview of five major steps of the heart development

The schematic representation shows the stage specific main cardiac morphogens and molecular markers composing the regulatory

signaling pathways of cardiomyocyte formation (commitment, specification, differentiation) during heart development. From left,

cardiac crescent formation through mesoderm-derived cardiac progenitor activation, consisting of the first heart field (FHF) and

second heart field (SHF) cardiac progenitors. Following is the linear heart tube formation and cardiomyocyte progenitors appearance

and sequentially heart looping with initiation of chamber formation that ultimate with the formation of the septated heart. The last

stage of the adult heart coincides with cardiomyocyte terminal differentiation.

mesoderm and for the later cardiac myogenesis in mouse embryos [21,22]. BMP signaling usually promotes heart
formation and cardiogenesis in vertebrate embryos, whereas wingless in Drosophila and related Wnt proteins are in-
volved in cardiac specification. Mesodermal cells within the primitive streak express the T-box transcription factor
brachyury (Bry, also T), a direct target of the Wnt pathway [23] that comprise a complex set of events: it may inhibit or
promote differentiation depending on the spatiotemporal context and on the activation of the canonical Wnt pathway
(acting via β-catenin/GSK3 to repress cardiogenesis) or the non-canonical Wnt pathway (acting via protein kinase
C/c-Jun N-terminal kinase to promote cardiogenesis). β-Catenin has been shown to be essential for mesoderm for-
mation since no mesodermal or head structures are formed in β-catenin-null mice where TbxT is not expressed [24].
Canonical Wnt signaling and secreted IGF-1 from the epicardium, are involved in controlling the number and size of
CMs in the mouse embryo and in the postnatal heart [25–27]. They act via GSK3β to stabilizeβ-catenin and together
with the Hippo signaling pathway they mediate cardiac growth and size [28–30]. FGFs and BMPs, as well as Notch
signaling, also have a proliferative effect on CMs during development [31–33]. FGFs appear to provide positional
cues to cells for specification and together with BMP2 probably synergize to drive mesodermal cells into myocardial
differentiation. Distinct subsets of mesodermal progenitors are characterized by differential expression of Flk1 and
PDGFRα and concomitantly, in these cells the expression of Tbx decreases [34,35]. Studies in the chick and mouse
have shown that in addition to these pathways, retinoic acid (RA) signaling plays a crucial role in early cardiac devel-
opment of the atria. Indeed, inhibition of RA signaling resulted in atrial malformation, whereas excessive signaling
led to the development of enlarged atria at the expense of ventricular chamber formation (Figure 1) [36,37].

Thus, multiple complex interactions among these highly conserved regulatory networks of transcription factors
control CM differentiation, their proliferation, and maturation. These factors have also been used as markers of
emerging CMs in differentiating cultures of stem cells.
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Cardiomyocyte differentiation in vivo: cardiac progenitors
and cell fate determination
Once mesoderm cells have received the appropriate signals, they start to express a highly conserved heart-specific
combination of transcription factors that together establish the cardiac transcriptional program. Over the last few
years, the transcriptional regulators of the cardiac transcription program directing the morphogenesis of the cardiac
progenitors have been uncovered.

The mesoderm-derived of the FHF and SHF are the predominant sources of CMs in the heart. One of the first mark-
ers expressed by mesoderm cells within the FHF, is Mesp1 which is required for the formation of a crescent-shaped
structure that constitutes the first morphological sign of heart development (Figure 1) [5,38]. The primordial impor-
tance of Mesp1 in promoting cardiovascular cell fate in the presence of Dkk1 (Dickkopf, WNT Signaling Pathway
Inhibitor 1) has been demonstrated through the injection of Mesp1 RNA into Xenopus embryos where an endoder-
mal induction of cardiogenesis formation of an ectopic heart has been observed [39,40]. Mesp1 has been implicated
in the EMT required for the exit of cells from the streak to form the mesoderm layer, and it is thereafter rapidly
down-regulated [41]. Experiments conducted using ESCs have demonstrated the importance of this transcription
factor acting as a master regulator of cardiovascular cell fates [41], down-regulating pluripotency and early meso-
dermal genes. Subsequently, a subset of Mesp1 positive cells start to co-express the key cardiac transcription factors
Nkx2.5, Tbx5, Mixl, Isl1, and LIM, which are early markers of the cardiac lineage activated during the formation
of the two heart fields [41–45]. Cells expressing Mesp1 and Islet1 also contribute to smooth muscle at the arterial
pole of the heart and Tbx1 expression regulates this derivative, as well as myocardium [46–49]. Although Tbx5 has
been associated with FHF, specific markers are still lacking for this field, whereas Isl1 has been considered a specific
marker for SHF [2] and genetic tracing in the mouse embryo suggests that cells that had expressed Islet1, Nkx2.5 and
activated the Mef2c expression in the SHF, contribute to endocardium and myocardium (Figure 1). Tbx5, Hand1/2,
and Mef2c are implicated in the differentiation of cells in the cardiac crescent and in the heart. These transcriptional
regulators activate the expression of atrial natriuretic factor and connexin and, in association with members of the
GATA family, activate cardiac structural genes, such as actin, myosin light chain, myosin heavy chain, troponins and
desmin [50]. GATA-4 promotes the development of cardiac muscle and regulates the expression of genes such as
α-myosin heavy chain, cardiac troponin C and atrial natriuretic peptide [51]. It has been shown that disruption of
the GATA-4 gene in mice leads to early embryonic lethality because of specific defects in ventral heart tube forma-
tion [51]. In particular, GATA-4 and Tbx5 are master regulators in cardiogenesis: in the presence of the chromatin
remodeling component, Baf60c/Smarcd3, these factors induce beating myocardial tissue formation [52]. GATA-4 and
Baf60c induce Nkx2.5 expression which acts with GATA-4 to initiate the cardiac program; Tbx5 is instead required
for full differentiation [52]. The importance of Nkx-2.5 is demonstrated by the fact that mutations in its sequence are
involved in congenital human heart diseases and affect cardiac developmental pathways impairing normal heart ar-
chitecture in patients with heart diseases [53]. The transcription factors GATA-4 and Nkx-2.5 mediate the expression
of BMP-2, a cardiac-specific protein. Indeed, the application of BMP-2 in vivo induces ectopic expression of Nkx-2.5
and GATA as well as cardiac-specific proteins such as ventricular myosin heavy chain [54,55].

BMPs expression in the mouse appears to be more complex: deletion of BMPs seems to have a late effect on car-
diogenesis where mutants present cardiac defects and are embryonic lethal despite the fact that cardiac mesoderm
specification still occurs [56]. Furthermore, administration of BMP-2 or BMP-4 to explant cultures of stage 5-7 ante-
rior medial mesoderm, induces full cardiac differentiation of this tissue that normally is not cardiogenic [54].

The MEF2 family of transcription factors are expressed in many types of cells, including immune system cells,
neurons, and striated muscle. At E7.5 dpc, Mef2b and Mef2c are initially expressed in the cardiac mesoderm, followed
a day later by expression of Mef2a and Mef2d. Mef2c transcripts are detected in the somites at E8.5 dpc, concomitant
with the onset of myocyte differentiation in the myotome. Disruption of Mef2c produce death of the murine embryo
at E9.5 dpc due to arrested cardiac looping and right ventricular formation during embryogenesis [57]. Members of
the MEF2 family also play key roles in CM differentiation by regulating cardiac muscle structural genes.

Another level of factor interaction is illustrated by Tbx20 which synergizes with Islet1 and GATA-4 to activate the
Mef2c enhancer and an Nkx2.5 cardiac enhancer [58]. Moreover, Flk1 expressing progenitors contribute to both
tissues and Nfatc1 provides a marker for endocardium that distinguishes these cells from other endothelial cells
[48,59–63].

A number of signaling pathways that impact the formation of the two heart fields have been shown to promote
proliferation. This is the case for FGF signaling that seems to increase the extent of the SHF and the number of
CMs [64,65]. Wnt/β-Catenin signaling presents a biphasic function in cardiogenesis displaying an inhibitory effect
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in the FHF cell proliferation while it stimulates cell proliferation in the SHF. Indeed, Wnt signaling in cardiac pro-
genitors induces their proliferation and the maintenance of undifferentiated state prior to entering the heart tube,
while Wnt/β-catenin inhibition is required to instruct progenitors to leave the SHF proliferative state and to start
differentiating. Hedgehog (Hh) signaling is also often associated with proliferation; particularly in the chick embryo,
it is clearly important for maintaining progenitor cell proliferation in the critical time frame which precedes addition
of cells to the heart tube [66].

Overall, the heart development insights described above have been used in efforts to direct stem cell differentiation
in vitro, using exogenous growth factors, toward the cardiac muscle lineage. Many of the successful protocols devel-
oped to induce cardiomyogenesis in stem/progenitor cells are based on activating or inhibiting these known signaling
pathways. Although new layers of epigenetic control have come to be understood in cardiac biology, much remains to
be learned mechanistically about where and how the instructive cardiogenic pathways intersect with other essential
regulators networks and chromatin modification.

Cardiomyocyte differentiation from embryonic and cardiac
stem cells
At present, there is a growing consensus about the capacity of the adult mammalian heart to generate new CMs
[67–73] although their origin is still debated: some studies propose they originate from the proliferation of mature
CMs, whereas others, including us, suggest as the endogenous cardiac stem/progenitor cells (CSCs) as the source of
cells differentiating in fully mature CMs [70–74].

Comparative analyses of genes involved in cardiac development and their interconnected regulatory elements
have highlighted the conservation of genetic pathways that direct cardiogenesis during the embryo development
which requires extracellular instructive molecules known as morphogens or cardiopoietic growth factors. As above,
Wnt/β-catenin and TGF-β/SMAD signaling pathways have well-defined and distinct functions in mammalian car-
diogenesis. Progenitors with different potential are specified during gastrulation to give rise to different regions of
the heart. Therefore, the signaling pathways that regulate these early developmental decisions, including Nodal, Wnt,
BMPs, and FGFs, are likely to also play a role in establishing these cardiac fates from embryonic and/or cardiac stem
cells.

Activin A, together with BMPs, has been successfully used to induce cardiac myogenesis in several cell lines
including mouse ESCs (mESCs), human ESCs (hESCs), human iPSCs, and cardiac progenitor cell [71,75–78].
Homozygous-null ESCs for the Activin A/nodal pathway lack beating cardiomyocytes, cardiac proteins and cardiac
mRNAs. A recombinant Cripto rescued the defect in null ESCs, confirming an essential role of this pathway in the
myogenic specification [79]. Activin and FGF2 maintain pluripotency in hESCs and the combined use of Activin,
FGF2, BMP4, and vascular endothelial growth factor promotes the formation of multipotent progenitor cells, able to
generate all mesoderm cell types, including CMs, smooth muscle cells, and endothelial cells [80,81].

Another important driver of the cardiac differentiation process is the so-called ‘canonical Wnt pathway’ that in-
clude Wnt1, -2a, -3a, and -8, acting through β-catenin for signal transduction. Positive and negative modulators of
the Wnt/β-catenin axis act through respectively stabilizing or degrading β-catenin and its LEF/TCF-dependent tran-
scriptional activity. When Wnt binds the Frizzled receptors, it triggers a variety of intracellular responses leading to the
decreased phosphorylation ofβ-catenin, allowing its stabilization, cytoplasmic accumulation, and its eventual nuclear
translocation [82] producing the transcriptional activation of the Wnt target genes. Secreted Frizzled-related proteins
(sFRPs), FrzB, Crescent, and the Fz ectodomain are all broad-spectrum inhibitors of Wnt signaling. The extracellu-
lar protein Dkk and constitutively active GSK3 are both selective inhibitors for canonical Wnts [83]. Cre-dependent
expression of stable β-catenin in Isl1-determined cells produced hyperplasia of the right ventricle. On the other
hand, ablating β-catenin in this cell lineage causes failure of right ventricular development [84]. P19CL6 embryonic
cancer cells provided the first evidence that the canonical Wnt pathway is required for mammalian cardiomyocyte
differentiation from pluripotent cells [85]. The induction of myogenic transcription factors was blocked by the Wnt
inhibitor Frz8/Fc or constitutively active GSK3β [85]. Conversely, the expression of Nkx2-5, Gata4, Mef2c, Tbx5, and
Myh6 was enhanced by Wnt3A-conditioned medium or by lithium, a GSK3β inhibitor [86]. The chemical molecule
SU5402 inhibited FGF signaling and significantly increased BMP2-dependent cardiogenic commitment, as seen by
a 3- to 10-fold increase in mesodermal and cardiac markers [87].

hESCs, as well as mESCs, are isolated from blastocysts cultured from in vitro fertilization. They are capable of
unlimited self-renewal and can differentiate into derivatives of all three germ layers providing a source of cells for
research and clinical application [88]. Initial efforts to differentiate hESCs into CMs employed the embryoid body
(EB) technique, monolayer differentiation, and inductive differentiation [89]. Cells in EBs are able to differentiate
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into derivatives of the three primary germ layers [90]. Usually, EBs were highly variable in composition and struc-
ture; a fraction of them exhibited spontaneously contracting regions that contained CMs. This method proved to be
inefficient, only yielding a low percentage of CMs (∼1–5%). Differentiation protocols for EBs were developed using a
variety of methods including the use of serum-free media and a range of growth factors implicated in normal cardiac
development, including BMP4, Activin A, FGF2, Wnt agonists and antagonists, and vascular endothelial growth fac-
tor. An alternative method to differentiate ESCs starts with cells grown as monolayers. This method does not require
the replating steps typical of EB protocols and the use of tissue culture supplies but needs of cytokines in order to
induce cardiac mesoderm, specifically BMP4, Activin A, and WNT3A. This differentiation process, as the EB-based
methods, is again critically dependent on the ratio of BMP4 to activin A, the time of addition, and the time of removal
of growth factors [76].

The inductive differentiation approach was first described by Christine Mummery and colleagues [91] and consists
in derivation of CMs from hPSCs by co-culture with visceral endoderm-like cells. Visceral endoderm-like cells play
an important inductive role in the differentiation of cardiogenic precursor cells in developing embryos. This protocol
is particularly useful for testing the ability of hPSCs to form cardiac mesoderm cells and functional CMs. Co-culture
is convenient because it requires a few number of cells, it is simple and rapid to perform, and it yields CMs in sufficient
numbers and quality of differentiated CMs [92].

Further studies revealed that the timed addition of defined extracellular molecules, either inhibiting or activating
specific intracellular signaling pathways, improved the differentiation efficiency into CMs [83]. mESCs treated with
RA differentiate into neural progenitor cells and then treated with antagonist of the Shh pathway differentiate into
motor neurons [93]. Using the PI3-K inhibitor LY294002 it is possible to promote the differentiation of ESCs into
insulin-producing β cells, and these cells can improve insulin levels in vivo, prevent weight loss, and control blood
glucose concentration [94]. Ascorbic acid and many other small molecules have been found to effectively enhance
the differentiation of ESCs into CMs [95,96]. Multistage protocols entailing the sequential use of BMP4, Activin
A, and FGF followed by Dkk1 (to terminate the canonical Wnt pathway inhibition), or these factors plus VEGF
and FGF2 (as mitogens) [71,97] or the sequential administration of Activin A followed by BMP4 [76,87] have been
used. In pioneering studies, low concentrations of BMP4 and high concentrations of Activin A were found to induce
α-myosin heavy chain in mouse ESCs [98]. The temporary and dose-controlled addition of activin A and BMP4
efficiently induced cardiac mesoderm formation in mouse and human EBs characterized by co-expression of Flk1
and PDGFRα or by the generation of a cardiovascular progenitor characterized by co-expression of KDR and c-KIT
[97,99]. This series of steps efficiently induces ESCs to generate CMs, smooth muscle cells, and endothelial cells both
in vitro and in vivo [97]. Implementation of conditioned medium with defined factors, such as FGF2, VEGFA, and
DKK1, and inhibition of Nodal or TGFβ receptor 2 signaling, enhanced the efficiency of CM differentiation to greater
than 50% [62,76,97,99,100].

As the production of hESCs involves the destruction of human embryos, there are many ethical controversies about
their use [101]. Many other cell types have been explored too as source of CMs with the aim to overcome these ethical
concerns. Among them, human iPSCs (hiPSCs) and adult multipotent stem cells. iPSCs are reprogrammed somatic
cells with the capacity to differentiate into cells of all three embryonic germ layers. To develop iPSCs it’s necessary to
overexpress, in a somatic cell, genes that reprogram the cell to its pluripotent ESC-like state [95]. hiPSC differentiation
protocols yield CMs that display an immature phenotype representative of the fetal stage of development [102,103].
Several approaches have been explored to overcome this limitation in hPSC-derived CM production, as recapitulating
the metabolic changes that occur within the CMs at birth and the use of tissue engineering to expose the developing
CMs to electromechanical forces present in the heart. Currently, the purity of hPSC-derived CMs following differen-
tiation can reach over 90% [99,104] and the phenotype of hPSC-derived CMs resembles that of fetal CMs: they are
morphologically small, spontaneously beat, lack T-tubules, and have inefficient calcium handling [105]. However, to
achieve optimal results, the differentiation process needs to be monitored and optimization of protocols is required
for individual cell lines and for the timely addition of factors. In order to generate a relatively pure CM culture (up
to 98%), further enrichment steps included cell sorting with an antibody against signal-regulatory protein α (SIRPA)
[106], or cell purification based on biochemical differences in the metabolism of glucose and lactate between CMs
and non-CMs [107]. Other methods of cell purification are based on the relatively high content of mitochondria in
CMs using mitochondria-specific fluorescent dyes [108]. The main goal is to transplant enough hiPSC-derived CMs
in patients with a MI in order to muscularized the damaged region of the heart and to replace the fibrotic scar that
develops following a MI with new myocardium generated from the transplanted hPSC-derived CMs. The worka-
bility of this type of approach was documented by the transplantation of primary neonatal rat CMs in recipient rat
hearts where neonatal rat CMs survived and engrafted [109,110]. Since then, several investigators have shown that
mESC-derived CMs, as well as hPSC-derived CMs could engraft the hearts of mice or rats following transplantation
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[76,111,112]. Teratoma formation was not reported in these studies. Therefore, injected CMs contained few, if any, un-
differentiated hiPSCs. Although improvements in ventricular function were documented following transplantation,
the effects of hPSC-derived CMs, were likely due, at least in part, to paracrine mechanisms and not to the contractile
function of the graft because the transplanted cells were not electrically coupled with the host myocardium, probably
due to the difference in heart rate in rats, mice, and humans (400, 600, and 60–80 b.p.m., respectively). Transplanted
hPSC-derived CMs into guinea pigs that have a slower heart rate between 200 and 250 b.p.m. were able to electrically
integrate with the host myocardium, supporting the concept that the engrafted cells can function to provide new
contractile force. Nevertheless, transient arrhythmias developed in the larger animal recipients of the hPSC-derived
CMs has been documented [113–115]. Another major challenge is that of immune rejection of the graft. The use of
patient-specific iPSCs could circumvent this problem but this strategy has been largely abandoned due to the time
and cost of producing clinical grade cells specific for each patient [116]. An alternative approach is the use of allo-
geneic cells that allow for the development of a ‘off-the-shelf’ product for transplantation. To this end, hPSCs have
been engineered to remove human leukocyte antigens (HLAs), with the goal of generating a ‘universal donor cell’
[117–119].

To date, numerous different types of stem/progenitor cells expressing c-kit have been reported as a source of new
CMs in the adult heart: cardiac stem cells, epicardium-derived cells, endothelial progenitor cells, Isl1 positive cardiac
progenitor cell and CardioSphere-derived cells are examples of source of cells evaluated for their capacity to replace
lost CMs and recover the myocardial tissue by transplantation into the post-infarcted myocardium [70–73,120–124].
It has been extensively demonstrated that c-Kit is a relatively ubiquitous marker (monocytes within the tissue, en-
dothelial or hematopoietic cells express c-kit), and that its expression alone is insufficient to define a specific cardiac
progenitor c-Kit positive cell population [72]. Therefore, better cell surface marker signatures are still needed to re-
solve c-kit positive cardiac cell heterogeneity [71,72]. Adult endogenous cardiac stem/progenitor cells (CSCs) have
been shown to contribute to the cardiomyogenic cell lineage both in vitro and in vivo when delivered after injury;
they also can be reactivated in situ to induce cardiac regeneration following cardiac injury [70–72,123]. Through gain-
and loss-of-function experiments we have shown the involvement of Wnt/β-catenin and TGF-β/SMAD signaling in
growth promotion and cardiomyogenic specification of the CSCs [71,72]. We have also shown that CSCs respond in
vitro to these known cardiac morphogens: the inhibition of the Wnt canonical pathway and TGF-β family activa-
tion, each independently, promotes cardiomyogenic commitment. Wnts improve CSCs expansion and clonogenic-
ity while canonical Wnt pathway inhibition by Dkk1 or by constitutively active GSK3β signaling induces myogenic
commitment of CSCs by promoting differentiation with the inhibition of proliferation and clonogenicity potential
[71,125,126]. On the other hand, conditional expression of β-catenin, results in expansion of CSCs preventing their
myogenic commitment. In response to this combination of signaling factors and downstream transcriptional events,
it is possible to generate functional CMs able to contract synergically in vitro. Indeed, sequential, and step-by-step ad-
ministration of BMP-4, Activin A, β-FGF, and DKK-1 to clonal CSCs, increase the expression of myogenic genes and
the number of troponin or myosin positive cells [71,78,127]. We have recently shown that, when CSCs are induced
in vitro to differentiate using well-established protocols, CSCs are robustly cardiomyogenic through the activation of
the entire gene network characteristic of the cardiomyocyte phenotype. Nevertheless, like iPSCs-derived CMs, those
derived from CSCs, still have an immature cardiac muscle phenotype, closely resembling fetal/neonatal CMs, lacking
the levels of expression of the sarcomeric genes typical of the adult terminally differentiated phenotype, even though
spontaneously contracting [78]. To that, the whole transcriptome of CSCs, CSC-derived CMs and CMs isolated from
neonatal and adult mice hearts, has been analyzed showing changes in mRNA and miRNA underlying the transition
from replicating CSCs to terminally differentiated but still immature CMs [78].

microRNAs and cardiomyocyte differentiation in vivo
As summarized above, the transcriptional regulation of CM differentiation is an evolutionary highly conserved pro-
cess that requires sequential activation and/or repression of different genetic programs [3]. Very broadly, CM differ-
entiation follows progressive maturation steps that require the switch-on of the cardiac muscle gene network, and the
repression of the cell cycle gene machinery. Overall, CM differentiation and specification has been depicted for years
as a mainly positive process, where stepwise specific gene activation by chemical and mechanical stimuli induce com-
plete myogenic terminal differentiation during development into adulthood. Yet, the demonstration that microRNAs
are sufficient to direct ESC differentiation into CMs [89,91] and that four specific miRNAs can reprogram fibroblasts
into CMs [128] show that the CM specification and differentiation cascade can also be triggered by suppressing the
expression of gene cohorts by the negative instructions of specific miRNAs.
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Figure 2. Summary of miRNAs differentially expressed in five major steps of heart development

The schematic representation shows the most characterized miRNAs regulating cardiac development and cardiomyocyte

formation.

The switch from pluripotent to lineage-specified cells involves the downregulation of pluripotency markers with
decrease of the self-renewal capacity of cells together with the activation of lineage-specific genes. All these events
are orchestrated by the up and/or down-regulation of several conserved non-coding RNAs [129–131]. Endoge-
nous non-coding RNAs (ncRNAs) including microRNAs (miRNAs, miRs), long non-coding RNAs (lncRNAs), or
piwi-interacting protein RNAs (piRNAs) are regulatory elements consisting in RNA molecules without an open read-
ing frame that can control the expression of target genes at the post-transcriptional level [131] and have been reported
to engage in cardiac regeneration and repair. miRNAs exert crucial functions in development, differentiation, cell-fate
specification, and pathogenesis. Many miRNAs are expressed in a tissue-specific and developmentally specific manner
revealing a novel mechanism by which the proteome is regulated during the dynamic events of cell-lineage specifi-
cation and morphogenesis. Approximately 500 miRNAs are transcribed as longer precursors and subsequently pro-
cessed by the enzymes Drosha and Dicer to ultimately yield mature miRNAs of ∼20–22 nucleotides [132]. Mature
non-coding RNAs typically base pair to specific target messenger RNAs (mRNAs) by partial sequence matching after
becoming incorporated into the RNA-induced silencing complex (RISC). The result is the degradation of the mRNA
transcript and/or its translational inhibition [131]. Disruption of Dicer in mouse cardiac progenitor cells by knockout
of the miRNA-processing proteins Dicer1 or Dgcr8, results in embryonic lethality due to cardiac failure. Moreover,
Dicer-deficient ESC, which lack mature miRNAs, are defective in differentiation both in vitro and in vivo, and do
not form the three germ layers normally found in embryoid bodies derived from ESC. Thus, non-coding RNAs are
essential during early development [129,133–137].

Anyone miRNA may have numerous targets exerting robust control of complex cellular processes through mod-
ulation of multiple interrelated targets. On the other hand, a single mRNA can be commonly targeted by multiple
miRNAs, so the combinatorial miRNA:mRNA interactions can produce very complex and alternative regulatory net-
works in response to different endogenous and exogenous inputs [138,139].

During heart development miRNAs are also involved in regulation of CM proliferation (Figure 2). Several miR-
NAs endogenously expressed in CMs, have been shown to suppress their proliferation. Among miRNAs involved in
suppressing CM proliferation let-7, miR-1, miR-15 family, miR-29a/b, miR-34a, miR-128, miR-128 and miR-133 are
the most abundant and better studied in the heart [140]. Let-7 was one of the first isolated and characterized miR-
NAs. Its overexpression is sufficient to inhibit CM proliferation, whereas its suppression induces CM proliferation
improving cardiac function in response to myocardial infarction [141]. miR-1 and miR-133 are highly conserved and
are transcriptionally regulated by MyoD, Mef2, and SRF [142,143]. Overexpression of miR-1 in the developing heart
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leads to decreased CM proliferation where miR-1 deletion increases CM proliferation in the adult [142]. Similar to
miR-1, overexpression of miR-133a restricts CM proliferation in zebrafish [144], while miR-133a inhibition increases
CM proliferation in adult hearts [145].

miR-1 is the most abundantly expressed miRNA in the heart, and in the mouse heart it accounts for almost 40% of
all miRs. It is the first miRNA documented as essential for cardiac development with a pattern of expression specific to
cardiac and skeletal muscle [146]. During early stages of embryonic development, miR-1, together with miR-133, pro-
mote mesoderm induction and suppress its differentiation into the ectodermal or endodermal lineages [147]. These
two miRs cooperate to promote mesoderm formation from ESCs and to suppress non-muscle gene expression [148].
The miR-1/miR-133 clusters are regulated through feedback loops where repression of HDAC4 by miR-1 activates
MEF2 which in turn activates miR-1expression. SRF regulates the expression of miR-133, which in turn represses SRF
expression [145,148]. Furthermore, while miR-1-1 is initially expressed in the inner curvature of the heart loop and
in atria, two segments of the developing heart less proliferative, miR-1-2 is expressed mainly in the ventricles [149].
Gain- and loss-of function experiments revealed that miR-1/miR-133 play crucial roles in mouse hearts. miR-1 has
been shown to be involved in controlling cycling myocardial cells. Indeed, its overexpression under the control of the
βMHC cardiac-specific promoter in transgenic mice results in embryonic lethality at embryonic life 13.5dpc with a
phenotype characterized by thin-walled ventricles due to decreased ventricular proliferation and expansion caused
by the CMs premature differentiation and early withdrawal from the cell cycle [142]. In contrast, miR-1-2 null-mice
result in 50% embryonic lethality accompanied by thickened chamber walls from prolonged hyperplasia and ventricle
septal defects and increase CM proliferation resulting in severe heart defects [142]. Surviving miR-1-2 null mice often
die suddenly due to conduction system defects and the expression of Hand2, one of the validated targets of miR-1
in the heart. Hand2, involved in the expansion of ventricular CMs, is elevated in miR-1-2 null mice [142,146]. This
miRNA binds to the promoters of several essential cardiac transcription factors such as Nkx2.5, GATA4, and Mef2
as well as genes involved in cardiac development such as Hand2 and TMSB4X, GJA1, and KCNJ2 [146,150].Thus,
miR-1 is essential in the balance between CM proliferation and differentiation, repressing mouse cardiac progenitor
cell proliferation [142]. Deletion of miR-133a-1 or miR-133a-2 alone does not produce cardiac defect whereas dele-
tion of both may cause embryonic lethality due to ventricular septal defects (VSDs). However, surviving miR-133a
null mice display dilated cardiomyopathy and heart failure with excessive CM proliferation due to unregulated ex-
pression of cyclin D2, a direct target of miR-133a [145]. Consequently, overexpression of miR-133a driven by the
βMHC promoter inhibits CM proliferation and causes embryonic lethality characterized by a thinner ventricular
wall and VSDs [145]. Nonetheless, mice with simultaneous targeted inactivation of individual miR-1/133a clusters
are viable and fertile and show no gross morphological aberrations [151]. In addition to being expressed in cardiac
and skeletal muscle during development, miR-1 and miR-133 are expressed in CM derived from ESCs [148]. In vitro
overexpression of miR-1 and miR-133 in ESCs results in the suppression of their differentiation into endodermal
or ectodermal lineages and promotes CM differentiation [148]. These effects demonstrate the critical importance of
correct timing and dosage of miRNAs during heart development.

Like miR-1 and miR-133, the miR-15 family (including miR-15a and b, miR-16-1/2, miR-195, and miR-497), mod-
ulates neonatal heart growth and regeneration through inhibition of postnatal CM proliferation by repressing the cell
cycle genes, resulting in postnatal loss of cardiac regenerative capacity. Thus, the inhibition of miR-15 family from
the early postnatal period until adulthood promotes CM proliferation and enhances cardiac function in response
to MI [152,153]. Overexpression of miR-195 in the embryonic heart suppresses CM proliferation and impairs the
regeneration capability of neonatal heart after MI through the repression of cell cycle genes [153,154]. Inhibition of
miR-26a increased proliferation of mouse neonatal CM in vitro and in vivo via regulation of cell cycle inhibitors,
while overexpression of miR-29a suppresses CM proliferation and its inhibition enhances cell division [155,156].
Like miR-29a, inhibition of miR-29b promotes CM proliferation by inactivation of notch receptor in vitro and in
vivo [157]. miR-34a, a regulator of age-associated physiology, also suppresses CM proliferation and its inhibition
leads to enhanced CM proliferation and improves cardiac function in response to a MI by targeting specific factors
such as Sirt1, Bcl2, and Cyclin D1 [158]. Inhibition of miR-128 promotes CM proliferation by activating positive cell
cycle regulators and improves cardiac function in response to a MI [159].

Regulation of embryonic germ layer specification during gastrulation, involved other miRNAs clusters. The
miR-371-373 cluster it’s involved in the maintenance of pluripotency and in the ectoderm development, probably
by modulation of the Nodal/TGF-β signaling. Similar functions have been demonstrated for the miR-302-367 clus-
ter [130,160,161]. Daichi Ishikawa and colleagues [162] revealed different roles of miRNAs during mesoderm for-
mation where miR-199a-3p, miR-214-3p, and miR-483-3p influence mesoderm development and the mesodermal
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progenitor pool (Figure 2). These miRNAs are potentially regulated by Wnt/β-catenin signaling [163,164]. The in-
duction of mesodermal genes requires BMP4 signaling or Nodal/TGF-β antagonism, while the up-regulation of en-
dodermal genes depends on Nodal/TGF-β signaling [165]. This pathway seems to be regulated by several targets of
miR-199a-3p and miR-302 cluster, as these miRNAs lower Nodal/TGF-β signaling to permit mesoderm differentia-
tion [130,161,162]. miR-199a-3p, miR-214-3p, and miR-483-3p have been described as strongly induced exclusively
in mesodermal cells, indicating that they are responsible for the mesoderm differentiation of human ESCs [162]
These data demonstrate that non-coding RNAs affect development by interference with the pluripotent transcrip-
tional network. Using a lineage-tracking system to isolate Mesp1 positive cardiac progenitor cells, Islas JF’s lab and
others identified several miRNAs indispensable in the early regulators of cardiac fate. These miRNAs specify cardiac
mesoderm and cardiac development (let-7, miR-18, and miR-302; miR-17-miR-92 superfamily) cardiac mesoderm
formation and cardiac program initiation [166,167], and display a preeminent role during embryogenesis by regulat-
ing cardiac muscle and CM differentiation. They probably also contribute to gender-specific differences in cardiac
development and diseases [168].

miRNAs signaling is also involved in controlling muscle gene expression and performance of contractile proteins
such as myosin genes. Myosin heavy chain (MHC) is the major contractile protein of cardiac and skeletal muscle cells
and the primary regulator of muscle strength and contractility. Cardiac contractility depends on the expression of two
MHC genes,α- andβ-MHC (also known as Myh6 and Myh7, respectively). The ratio ofα- andβ-MHC expression is
species specific and varies in response to developmental, physiological, and pathological signaling. During develop-
ment in rodents, β-MHC, a slow ATPase, is highly expressed in the embryonic heart, whereasα-MHC, a fast ATPase,
is expressed at relatively low levels in the prenatal heart and then up-regulated during the early postnatal period [169].
In this regard, miR-208, is only expressed in the heart and it is required for the up-regulation of slow β-MHC in the
adult heart in response to stress and hypothyroidism [170]. miR-208a, -208b, and -499 are encoded by the Myh6,
Myh7, and Myh7b genes, respectively. Because their expression follows the expression of their respective host myosin
genes during development, they were named myo-miRs [171]. Indeed, the expression levels of miR-208 b/Myh7 are
relatively high in embryonic heart and decline rapidly after birth, whereas miR-208a/Myh6 are highly expressed in
adult heart and miR-499/Myh7b are constitutively expressed at a high level in the heart [172]. CM proliferation in
mammalian heart is robust during the fetal period but is switched off early after birth [173], and several miRNAs
have been identified as responsible of this process by inducing or inhibiting it in vitro and in vivo. High-throughput
screening approach to generate a whole-genome miRNA library identified miR-199a, miR-302b, miR-518, miR-590,
and miR-1825 as inducer of cell proliferation by EdU-incorporation, Ki-67, and phospho-histone H3 (pHH3) ex-
pression in mouse and rat CMs [174]. miR-199a and miR-590 were linked to cell cycle activation and progression
enhancing CM proliferation in vitro and in vivo leading to improved cardiac function and decrease cardiac fibrosis
in response to a myocardial infarction [174].

The miR-322/-503 cluster, have a strong inhibitory effect on neural differentiation. miR-322/-503 (miR-424 is the
human ortholog of miR-322) is implicated in angiogenesis [175,176], myotube formation [177], and regulating cardiac
muscle differentiation [168]. Null mutants of miR-322/-503 were not embryonically defective but had adult-onset
anomalies (white fat accumulation) [178]. Thus, the miR-322/-503 cluster specifically regulates the CM program
through the regulation of the most important targets of these miRNAs.

miR-322/-503, an X-chromosome miR cluster, was identified as the most enriched miRs in the earliest Msep1
positive cardiac progenitor cells [168]. Its ectopic expression specifically drives precocious CM formation suggesting
that miR-322/-503 acts as a potent inducer of CM specification [168].

Thus, miRNAs, together with their mRNA gene regulatory networks, regulate CM differentiation and maintain the
balance between CM proliferation and their differentiation. For this reason, they are the main RNA candidates tools
for producing mature fully functional CMs in vitro as well as in vivo to replace lost and damaged CMs.

microRNAs and stem cell cardiomyocyte differentiation
The data summarized above support the concept that heart development is a complex process requiring many tem-
porally and spatially controlled gene regulatory networks with many intersecting points among them. In vitro differ-
entiation of stem cells such as human/mouse ESCs, iPSCs and adult cardiac progenitor cells into functional CMs can
recapitulate different stages of heart development and may serve as an in vitro model for the study of cardiogenesis.
Dissecting the molecular players involved during embryonic CM differentiation and maturation might be the key for
better understanding the molecular mechanisms involved in cardiac development and disease. The identification of
miRNAs expressed in specific cardiac cell types has led to the discovery of their regulatory roles during CM differenti-
ation, cell cycle and hypertrophy in the adult heart, indicating that miRNAs are important in controlling cardiac gene
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expression. Cardiac signaling and transcriptional pathways involved in cardiac development, maturation, function,
and disease have been shown to be intimately regulated by miRNAs.

From embryonic to adult life, mammalian CMs derived from cardiac mesoderm stem/progenitors, undergo a repli-
cation, differentiation and maturation process characterized by their permanent exit from the cell cycle, binucleation,
increased metabolic demand, development of sarcomeric structures, changes in Ca2+ release and sequestration. Sev-
eral groups, including ours, have developed different protocols for differentiating stem cells into mature CMs. How-
ever, until now all the employed protocols have generated differentiated cells with an immature morphological and
functional phenotype. This is not surprising, given that in vivo neonatal human CMs require years of maturation
(till 10 years) before reaching the typical adult phenotype, whereas CMs derived from different stem cell sources are
differentiated for only few weeks. Indeed, a mature adult CM is significantly larger, rod-shaped, with highly organized
sarcomeres, polarized connexin-43 and a more negative resting potential (around −90 mV). Moreover, adult CMs
are also multinucleated [179] with regularly spaced T tubules, which are essential for proper excitation–contraction
coupling and action potential generation [180]. In contrast, immature PSC-derived CMs exhibits a round cell shape,
a disorganized contractile apparatus, a single nucleus, limited calcium-handling ability, and a resting membrane po-
tential of around −60 mV.

As mentioned above, all the main molecular pathways involved in CM differentiation are transcriptionally regu-
lated by specific myogenic mRNAs and have been used in vitro to differentiate ESCs, iPSCs as well as multipotent
adult stem cells such as CSCs into CMs [72,181,182].

Several miRs have been discovered and used for stem cell-derived CM differentiation and maturation, particularly
those miRs implicated in the maturation of the adult from fetal development. miR-125 b-5p, -199a-5p, -221, and
-222 release into human ESC-derived CMs, as prototypical example, resulted in enhanced sarcomere alignment and
Ca2+-handling, as well as higher expression of markers widely expressed in mature and terminally differentiated adult
CMs [183,184]. Human ESC-derived CMs, as well as human fetal and adult CMs, were found to have significant levels
of Let-7 expression [185]. Although Let-7 is not necessary for early CM commitment from human ESCs, it is essential
to improve a variety of functional features associated with CM maturity, such as the switch from glucose to fatty acid
metabolism [185]. However, despite these findings, in vitro-generated CMs from ESC- or iPSC still reveal immature
properties and do not fully recapitulate the adult phenotype [186]. Using an integrative computational approach to
assess the transcriptomic profiles of miRs and their regulatory networks, Poon and colleagues have recently identified
a miRNA involved in cardiomyogenesis of hESCs [187]. They tested the hypothesis that miRNAs expressed in hESCs,
and down-regulated during the differentiation process, could act through inhibition of pro-cardiomyogenic factors.
They identify miR-200c, its target genes and five transcriptional factors (GATA4, SRF, TBX5, HAND1-, and NKX2.5)
as molecules progressively down-regulated both during hESC differentiation into CMs and in heart development.
They postulated that miR-200c and its targets are implicated in the control of Ca2+ handling, contraction, and heart
development as repressor of cardiomyogenesis targeting in particular CACNA1C, a subunit of the L-type Ca2+ chan-
nel. In addition, overexpression of miR-200c increased beating frequency and abnormal Ca2+-handling, suggesting
that negative regulation of genes encoding ion channels and Ca2+-handling proteins by miR-200c may directly con-
tribute to the immature Ca2+-handling and electrophysiological properties in ESC-derived CMs. Thus, miR-200c is
a strong repressor of human ESC differentiation into CMs and their maturation.

Five let-7 family miRNAs (let−7f−5p, miR−98−5p, let−7b−5p, let−7d−5p, and let−7i−5p) are up-regulated
during the maturation of hESC-derived CMs [188,189]. miR-1 promotes CM differentiation from ESCs by the
down-regulation of Notch ligand Delta-like 1, and miR-133 inhibits differentiation of ESCs into CMs [148]. miR-1 and
miR-133 are differentially expressed in ESC-derived CMs compared with ESCs. Transduction of ESC-derived CMs
with miR-1 facilitates electrophysiological and Ca2+-handling maturation of CMs [183]. Overexpression of miR-145
inhibits hESC self-renewal and induces differentiation with an increased expression of mesodermal and ectodermal
genes [190]. Transduction of ESC-CMs with miR-499 significantly increase the yield of the ventricular lineage CMs
by upregulation of Myh6, Myh7, Mlc2, and TNNT2, suggesting its role in ventricular specification [183]. Given these
data, it is not surprising that a combination of miR-1, miR-133, miR-208, and miR-499 is able to directly induce the
cellular reprogramming of fibroblasts into CMs in vitro [191].

Several reports have shown that miR−455−5p under hypoxic conditions in vitro increased 4-fold suggesting a role
in CM differentiation [189,192,193]. The heart exclusively expresses miR−208b-3p, which regulates the myosin heavy
chain switch. This miRNA is up-regulated in hiPSC-generated CMs [189]. Taken together, all these data indicate that
in vitro CM specification of ESCs involves the same regulatory mechanism that govern in vivo embryo development
and lineage specification.

iPSCs are somatic cells reprogrammed to become pluripotent, self-renewal and totipotent that can differentiate
into all somatic cell types [95]. Several studies have shown that human ESCs and iPSCs are different because they
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display distinct gene expression profiles and regulatory mechanism [194,195]. miRNAs can directly reprogram so-
matic cells into iPSCs. For example, miR-302 promotes mesoendoderm at the expense of neuroectoderm in human
ESCs and the miR-302/-367 cluster, highly enriched in iPSCs, can reprogram human skin cancer cells into a pluripo-
tent state [196,197]. Also, direct transfection of the mature double-stranded miR-200c, miR-302, and miR-369 family
can reprogram mouse and human somatic cells into pluripotent states [198]. The miR-200 family (miR-200b and
miR-200c), the miR-106a-363, miR-302-367 cluster, and miR-93/106b (activated by Oct4, Sox2, Klf4 or Oct4, Sox2,
Klf4, c-myc) can promote the epithelial–mesenchymal transition process during iPSC initiation and could be used
in the activation and maintenance of pluripotency. Also, down-regulated miR-30/let-7 family, up-regulated miR-17,
miR-19, miR-290 and miR-8 family miRNAs play important roles in maintaining the pluripotent state [199,200]. Fur-
thermore, miRNAs participate in the reprogramming process by regulating cell cycle factors. For instance, the miR-25
and miR-130/301/721 families target p21, a cell cycle inhibitor, to promote reprogramming efficiency [201,202]. De-
pletion of miR-34a significantly promotes the somatic cell reprogramming process, while miR-34a and p21 together
regulate reprogramming efficiency by targeting p53 [203].

Using a cell lineage-tracking approach, Xiaopeng Shen and colleagues [168] isolated miRNAs from Mesp1 posi-
tive CPCs. Most of the identified miRNAs do not have established roles in cardiac development but those identified
in the early stage of cardiac fate specification were involved with cardiac mesoderm formation (let-7, miR-18, and
miR-302) and cardiac program initiation (the miR-17-miR-92 superfamily). This superfamily is essential for cardiac
development whereby its loss produces severe cardiac defects and embryonic death [204]. On the other hand, none
of the heart- and skeletal muscle-specific miRNAs such as miR-1, -133, -206, -208, and -499 were not expressed in
Mesp1 CPCs and were shown not to be a resource for dissecting early cell fate and CM differentiation (Figure 2)
[168]. Thus, it is still unknown which miRNAs act at the precursor steps and which are directly involved in cardiac
fate establishment.

The majority of predicted targets of the Mesp1 miRNAs are down-regulated in Mesp1 CPCs supporting the hypoth-
esis that Mesp1 miRNAs main function is to inhibit specification of other cell lineages in order to foster cardiac-lineage
specification.

We have intensively investigated the biology of multipotent CSC and their regenerative potential in vitro as well
as in animal models of myocardial injury [71,72,205–210]. CSCs robustly differentiate into functional beating CMs
with a transcriptome/miRnome which closely resembles that of adult CMs further supporting the true myogenic
stem/precursor nature of these cells [78]. In particular, we have demonstrated that a population of clonogenic cardiac
stem cells that is c-kit positive and negative for surface markers typically expressed by already committed cells [71],
when exogenously transplanted in an injured heart, efficiently differentiate [71,72] and progressively mature over
time acquiring a fully mature CM architecture and function [70]. We demonstrated that a protocol of sequential and
step-by-step administration of BMP-4, Activin A, β-FGF, and DKK-1 to clonal CSCs increase the expression of myo-
genic genes and the number of troponin and myosin positive cells, generating spontaneously beating cardiomyocytes
in vitro (Figure 3) [78]. We used a genome-wide small RNA sequencing approach to identify mRNA and miRNA
changes in CSC differentiation in vitro to identify specific miRNAs/mRNA network involved with CSC differenti-
ation into CMs. Comparison of the miRNome profiles of CSCs with those of CSC-derived CMs and CMs isolated
from adult hearts identified miRNAs that potentially play a role in the development of the CM phenotype. Interest-
ingly, CSC-derived CMs express a miRNA profile related to cell cycle progression, cardiac function and maturation
which is similar to the miRs set typical of adult CMs. Thus, whole gene expression profiling by mRNASeq analysis
of CSCs and CSC-derived CMs revealed that the CSC-derived CMs closely resemble adult terminally differentiated
CMs. Also, comparison of the miRNome profile of CSCs with those of CSC-derived CMs and CMs isolated from adult
hearts, identified miRNAs that potentially play a role in the development of the adult CM phenotype. CSCs differen-
tiation into CMs is characterized by miRNA/mRNA networks operative in the adult CMs and two miRs from these
miRNA/mRNA networks, miR-1 and miR-499, individually and together enhance myogenic commitment, increas-
ing the expression of sarcomere genes, inducing terminal differentiation of CSC-derived CMs as previously reported
for differentiation of ESCs and adult cardiac progenitors into CMs [211]. miR-1 and miR-499, independently and to-
gether, reduced the expression of positive cell cycle regulatory genes, such as CyclinA2 and Cyclin D, while increasing
the expression of negative cell cycle regulatory genes, such as Rb1, crucial for CM terminal differentiation [212,213].
Thus, the up-regulation of miR-1 and miR-499 can be used to enhance CM generation in vivo and in vitro.

Despite all the advances listed above, it remains to be demonstrated whether the differentiation of CSCs into
CMs undergoes the transcriptional switch typical of cell cycle exit during cardiac myocyte differentiation which
up-regulates the known myo-miRs and more generally the cohort of miRs which are more abundant in the adult
CMs.
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Figure 3. Cardiac stem/progenitor cell derived cardiomyocyte formation*

(A) Schematic representation shows the differentiation protocol to derive beating cardiomyocytes from cloned CSCs in vitro. (B)

Representative confocal image of mouse cloned CSCs-derived cardiospheres (CS) before myogenic differentiation induction (left),

showing no cTnI or MF20 expressing cells and of functional cardiomyocytes derived from CS differentiation, showing a homogenous

expression of cTnI (red) and MF20 (green). (C) Confocal microscopy examples of CSC-derived iCMs, neoCMs and adult CMs labeled

with cTnI (red). (D) Heatmap showing qPCR analysis of main contractile genes in cardiosphere-derived CSCs (Actc1, Tnnt2, Myh7,

Actc1, Myh6, Acta2, Cnn1) and cardiac transcription factors (Mef2c, Gata4, Nkx2.5, Hand 2 and Brachyury T) after myogenic

differentiation. *Adapted from reference [78].

microRNAs for myocardial regeneration
For a long time, the mammalian heart has been considered a post-mitotic organ for the lack of an efficient or at
least well-defined cardiac muscle regeneration potential in health and in response to injury [214,215]. It has been
repeatedly reported that the total number of CMs is permanently established shortly after birth and that the lifespan
of a CM is equal to the lifespan of the body because no CM are formed, the heart lacking an endogenous regenerative
potential [216,217].

Notwithstanding the latter, during the first postnatal week, the mouse heart still possesses the robust regenerative
capacity characteristic of the late fetal life [154,216,218]. It has been indeed shown that after partial cardiac exci-
sion, the hearts of 1-day-old neonatal mice can regenerate the lost CMs, but this potential is gone after 7 days from
birth [219]. Similarly, neonatal human hearts have the ability to repair myocardial damage and fully recover cardiac
function following a MI due to coronary anomaly [219].

During cardiogenesis, after the appearance of a beating cardiac tube at 9.5 dpc, these newly generated CMs, fol-
lowing cardiomyocyte lineage specification, undergo several rounds of proliferation before their post-natal terminal
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differentiation and exit from the cell cycle in order to produce sufficient numbers of mature CMs sufficient to main-
tain the cardiac output required for adult circulatory homeostasis. Paracrine signals from the epicardium and endo-
cardium play a crucial role in orchestrating this growth process. This fetal growth and regenerative capacity which
continues during the first postnatal week is rapidly lost and the CMs undergo terminal differentiation and perma-
nently exit the cell cycle [218,220,221]. Changes in hormone concentrations and availability of metabolites promote a
switch from glycolysis to fatty acid oxidation to meet the increased energy demands of the neonatal heart [222,223].
As consequence, CMs become acytokinetic a process that coincides with their polyploidization and multinucleation
[68,110,224–226]. However, an ever-increasing body of evidence suggests that continuous turnover of CMs occurs
in the adult mammalian heart. Bergmann et al. [67,227] revealed that the yearly turnover of terminally differentiated
CMs progressively diminishes from a 1% at 20 years old, to 0.3% at 75 years old, while other cardiac cells, such as
endothelial and mesenchymal cells, keep up with an yearly turnover pace of roughly 20%. If this was the case, it would
suggest an exceptionally restricted proliferative and regenerative limit of the CM pool in the adult heart that would be
totally useless to replace lost CMs in order to counteract not even partially for cardiac dysfunction after myocardial
injury [217].

Modulating the normal miRNA content, by either overexpression of synthetic miRNA, through the delivery of
miRNA mimics or viral vector-mediated miRNAs, or knocking them down with specific antagomirs to suppress
their function, could yield additional insight into the role miRNA plays in development and disease pathogenesis
[228]. The regulatory effects of miRNAs in myocardium development and homeostasis are involved in all aspects of
cardiac biology: myocyte proliferation, differentiation, myocyte survival, and their reprogramming. Among all the
described above, miR-222, miR-17-92, miR-590, miR-199a, and miR-302-367 have been reported to promote CM
proliferation while miR-1 and miR-133 suppress it [142,167]. A high-throughput screen of a human whole-genome
miRNA library identified miR-590 and miR-199a, as inducers of CM proliferation in the neonatal mouse and rat [174]
whereby, after myocardial infarction in mice, these two miRNAs stimulated robust cardiac regeneration, decreased
cardiac fibrosis and substantially improved cardiac function. These two miRNAs promoted CM proliferation both in
vitro and in vivo thought the activation of the cell cycle [174]. The miR-17-92 cluster is also a critical regulator of car-
diac proliferation. Indeed, its overexpression induces CM proliferation in embryonic, postnatal, and even adult hearts
and reverses cardiac dysfunction and cardiac fibrosis after myocardial infarction [167]. The miR302-367 cluster also
promotes CM proliferation during developmental and adult stages and its transient overexpression leads to increased
CM proliferation, decreased cardiac fibrosis and improved cardiac function after injury by targeting the Hippo sig-
naling pathway [229]. miR-222, up-regulated in several models of exercise, is necessary for exercise-induced cardiac
proliferation and overexpression of miR-222 in the heart confers resistance to cardiac remodeling and dysfunction af-
ter ischemia/reperfusion injury. The inhibition of miR-222 blocks cardiac growth in response to exercise [230]. There
are also miRNAs that suppress CM proliferation. In neonatal mice, the miR-15 family, together with the transcription
factor homeobox Meis 1 (MEIS1), suppresses numerous cell cycle genes and plays a role in the postnatal loss of CM
proliferation and cell cycle arrest [154]. MEIS1 was identified as a transcriptional activator of the cyclin-dependent ki-
nase (CDK) inhibitors p15, p16 and p21 that synergistically inhibit cell cycle progression [153,220]. Thus, the miR-15
family by repressing postnatal CM proliferation leads to the postnatal loss of cardiac regenerative capacity. Conversely,
its inhibition from the early postnatal to adult stages increases CM proliferation and improves left ventricular function
after myocardial infarction [153].

miR-499 and miR-1 are involved in promoting cardiac stem cell differentiation into CMs [183] while miR-133
inhibits it [148]. miR-1 inhibits CM proliferation when overexpressed during mouse development [142,146]. On
the other hand, deletion of miR-133a results in aberrant CM proliferation and its overexpression produces a dimin-
ishes CM proliferation, which is consistent with the conclusion that miR-133a represses CM proliferation [145]. Re-
cently, the involvement on an additional miRNA in cardiac repair/remodeling has been shown. Expression of human
microRNA-199a, delivered through an adeno-associated viral vector, stimulates cardiac repair one month after my-
ocardial infarction with an improvement in global and regional contractility, increased muscle mass and reduced scar
size [231].

Despite all the interesting results outlined here, reactivation of the CM cell cycle in the injured adult mammalian
heart through the use of miRNAs independently or together with manipulation of pathways involved in cell prolif-
eration has been insufficient and non-curative practice. The better explored option to replace the CMs lost by injury
has been the use of cells from different sources which are able to home to the injured myocardium and differentiate
into CMs or that through a paracrine effect foster the activation of resident cardiac stem cells.

Transplantation of mouse ESCs overexpressing miR-1 into the border zone of myocardial infarction protects against
ischemia-induced apoptosis and promotes reprogramming and CM differentiation of cardiac cells. miR-133 appears
to inhibit cardiac cell differentiation [145,232], and its overexpression suppresses cardiac markers in mouse and
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human ESCs. miR-499 is also strongly associated with cardiac differentiation. Similar to miR-1, overexpression of
miR-499 reduces cardiac stem/progenitor cell proliferation, promotes the formation of beating embryoid bodies of
mouse ESCs and improves in vitro CSCs differentiation [78,233]. Concomitantly, cardiomyocyte-specific genes such
as cardiac troponin T, Actinin and Mef2 are also up-regulated [78].

The development of strategies that boost cell survival is required to improve the survival of the transplanted cells
into injured myocardium.

miR-21 and miR-199a improve cardiac survival while miR-34a and miR-1 exhibit opposite effects. In vitro gain-
and loss-of-function studies of miR-21 confirm that it protects against ischemia-induced CM apoptosis and its over-
expression in rats decreases cardiac fibrosis by 29% at 24 h, reduces ventricular dimension at 2 weeks and decreases
cell apoptosis in the infarct or border area after MI [234]. miR-24 shares similar functions with miR-21, reducing car-
diac apoptosis and increasing cell number and its overexpression in MI models is protective against cardiac apoptosis
[235]. Moreover, cardiac stem/progenitor cells transfected with a cocktail of miR-21, miR-24 and miR-221 exhibit
higher viability in serum-free medium compared with untreated cells and in vivo the same cells transfected with the
same cocktail decreases cardiac dysfunction by up-regulating Bim [236]. Thus, this cocktail of microRNAs may also
improve the survival of transplanted cardiac stem/progenitor cells, improving cardiac function.

As mentioned above, the regulatory effects of ncRNAs in the myocardium are also involved in cardiac reprogram-
ming. Indeed, miR-1, miR-133, miR-208, and miR-499 are able of reprogramming fibroblasts to cardiomyocyte-like
cells and miR-284, miR-302, miR-93, and miR-106b are able to enhance cardiac reprogramming [128,191]. The
miR-290 family is highly expressed in ESCs and significantly increases the efficiency of reprogramming of mouse
embryonic fibroblasts (MEFs) [237,238]. Conversely, the inhibition of miR-290 preclude cell reprogramming.
miR-17-92, miR-106b-25, and the miR-106a-363 clusters are highly expressed when reprogramming fibroblasts into
CMs [201].

Several studies have observed the appearance of ventricular arrhythmia following transplantation of stem
cell-derive CMs, as in the case of iPSC-derived CMs. This untoward event represents a significant obstacle in the
application of a cell source to translational medicine [113,115]. This complication is often due to the immaturity of
the pluripotent stem cell derived CMs used. Several approaches have been used to enhance the maturation toward
the adult phenotype of these in vitro-generated CMs. It has been demonstrated that miR-1 can enhance the elec-
trophysiological maturation of CMs while let-7 enhances their metabolic maturation with an increase in fatty acid
metabolism, size and contraction force, while decreasing PI3/AKT/insulin [183,185].

Overall, these studies have convincingly showed that miRNA manipulation might improve the outcome of
cell-based therapies either directly or through the enhancement of the endogenous cardiac repair processes. There-
fore, exploring non-coding RNA-based methods to enhance cardiac regeneration remains instrumental for devising
new effective therapies against cardiovascular diseases.

Conclusions
microRNAs are post-transcriptional regulators of gene expression emerging as central players in the establishment
of cellular programs which modulate cell-type commitment, proliferation and differentiation during development as
well as in adult tissues. Because of their mode of action, degradation of their target mRNAs, they directly suppress
the expression of certain genes while enhance the expression of others by degrading their RNA inhibitors.

Heart muscle develops from two cohort of mesodermal cells organized into two heart fields which give raise to
the two poles of the heart. These progenitors proliferate and differentiate to establish a complex and interconnected
3D structure, through a specific gene expression program highly influenced by the interplay of transcription factors
and microRNAs. Although the mammalian heart has conventionally been viewed as a post-mitotic organ, it has been
shown recently that the adult myocardium has some regenerative potential based on the existence of a small popu-
lation of multipotent cardiac stem cells capable to differentiate into CMs, endothelial and smooth vascular cells and
connective tissue cells. Although proliferation of adult cardiac stem cells and the ability of mature cardiomyocytes to
re-enter the cell cycle have been proposed by some to be involved in the regenerative process, there is no available con-
clusive experimental evidence. The role of microRNAs in the control of the cardiac regeneration processes, and their
potential applications for the treatment of cardiac injury could become an additional tool to ameliorate the functional
cardiomyocyte deficit at the root of most heart diseases. Future analyses of gene expression profiles from different cell
types, developmental, physiological, and pathological states should further expand the list of ncRNAs and their role
(see Table 1 for an updated list) in the development of the myocardium, its homeostasis, and mechanisms to improve
its repair from wear and tear and after injury.
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Table 1 List of the miRNAs (involved with myogenesis) that are differently or are commonly expressed in cardiac
development and in adult myocardial regeneration

miRNA Cardiac linked biological process

Let-7 Cardiac development

miR-18 Cardiac development

miR-199a-3p Cardiac development and cardiac reprogramming/regeneration

miR-208 Cardiac development and cardiac reprogramming

miR-214-3p Cardiac development

miR-302 (cluster) Cardiac development and cardiac reprogramming

miR-483-3p Cardiac development

miR-1 Cardiac development and cardiac regeneration

miR-1-1 Cardiac development

miR-1-2 Cardiac development

miR-133 Cardiac development and cardiac regeneration

miR133a Cardiac development and cardiac regeneration

miR-17-92 (cluster) Cardiac development and cardiac reprogramming/regeneration

miR-208 Cardiac development and cardiac reprogramming/regeneration

miR-499 Cardiac development and cardiac regeneration

miR-15 Cardiac development and cardiac regeneration

miR-29a/b Cardiac development

miR-34a Cardiac development

miR-128 Cardiac development

Perspective
• Importance of the field: The discovery of microRNAs as main modulators of cardiac development and cardiomy-

ocyte differentiation has revolutionized developmental and adult cardiac biology
• Summary of the current thinking: CM differentiation and specification has been depicted for years as a mainly

positive process, where stepwise specific gene activation by chemical and mechanical stimuli induce complete
myogenic terminal differentiation during development into adulthood. Yet, the demonstration that microRNAs
are sufficient to direct stem cell differentiation into CMs and that specific miRNAs can reprogram fibroblasts
into CMs shows that the CM specification and differentiation cascade can also be triggered by solely suppressing
the expression of gene cohorts by the negative instructions of specific miRNAs.

• Future directions: Unraveling the precise role of the different miRNAs in the regulation of cardiomyocyte specifi-
cation, differentiation, maturation, and proliferation is set to provide a key approach for the field of regenerative
medicine in the treatment of cardiovascular disease. microRNA-induced CM differentiation and maturation
from different regenerative cells such as ESCs, iPSCs or multipotent adult stem cells as CSCs represents the way
forwards to obtain efficient cardiac remuscularization in the clinical scenario.
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