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Highlights

What are the main findings?

• Provides a comprehensive overview of the signaling pathways, transcription factors,
and epigenetic mechanisms that regulate in vivo cardiac development and in vitro
cardiomyocyte generation.

• Integrates insights from human embryonic heart development with in vitro cardiomy-
ocyte differentiation strategies, emphasizing the molecular mechanisms underlying
functional cardiomyocyte generation.

What are the implications of the main findings?

• Provides a framework for improving stem cell–based cardiomyocyte differentiation
protocols by leveraging key genetic and epigenetic regulatory mechanisms.

• Highlights the translational potential of these developmental insights for disease mod-
eling, drug discovery, and regenerative therapies targeting cardiovascular diseases.

Abstract

Cardiogenesis is an exquisitely complex developmental process that unfolds through a
series of tightly regulated and dynamic morphogenetic events. Proper heart development
demands meticulous coordination of multiple signaling pathways, transcription factors
and epigenetic mechanisms at every stage of cardiogenesis. Better understanding of the
molecular regulation of cardiac development and the advances in the field of stem cell tech-
nology have paved way to the development of robust differentiation strategies to generate
cardiomyocytes from pluripotent stem cells. This review provides a concise overview of
key processes underlying human cardiac development, with a focus on their genetic and
epigenetic regulation. It further discusses the generation of cardiomyocytes from human
pluripotent stem cells, highlighting state-of-the-art differentiation protocols and detailing
the genetic and epigenetic mechanisms that govern in vitro cardiomyocyte formation. By
integrating insights from both in vivo human cardiac development and in vitro pluripotent
stem cell-derived cardiomyocyte models, this article offers a comprehensive perspective
on how embryonic cardiogenesis can be recapitulated in vitro, deepening our understand-
ing of the molecular framework governing cardiomyocyte formation. Importantly, these
insights hold significant translational potential for advancing disease modeling, drug
discovery, and regenerative therapies for cardiovascular diseases.
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1. Introduction
The development of the heart and circulatory system results from a series of highly

complex processes involving combinatorial interactions among multiple signaling path-
ways, transcription factors, and their downstream target genes that co-ordinately regulate
cardiac cell fate, differentiation and morphogenesis. In addition to these signaling networks
and transcriptional regulators, epigenetic mechanisms including DNA modifications, hi-
stone modifications, chromatin remodeling and RNA-based regulation via non-coding
RNAs such as microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) play a critical
role in cardiac differentiation. Studies using in vitro cell culture systems and animal mod-
els have provided a wealth of information on the molecular and epigenetic mechanisms
underlying cardiac development, offering significant insights into the pathophysiology of
cardiac diseases and potential therapeutic strategies [1–5].

The integration of knowledge from embryonic heart development and stem cell biol-
ogy has enabled the development of strategies to generate cardiomyocytes from pluripotent
stem cells in vitro. It is generally accepted that the differentiation of pluripotent stem cells
into functional cardiomyocytes follows a developmental paradigm similar to that of em-
bryonic cardiogenesis [6]. Over the past two decades, numerous efficient protocols have
been established to derive cardiomyocytes from embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs) [7,8]. These pluripotent stem cell-derived cardiomyocytes
(PSC-CMs) have been extensively utilized for disease modeling of cardiomyopathies and
channelopathies, as well as for regenerative therapies, drug discovery and cardiotoxicity
screening. A deeper understanding of the molecular mechanisms underlying cardiomy-
ocyte generation serves as a valuable foundation for developing more robust and reliable
strategies to generate PSC-CMs for basic, clinical and translational research.

This review provides a concise overview of the stages of in vivo cardiac development
alongside current strategies for generating cardiomyocytes from human PSCs in vitro. In
particular, it emphasizes the genetic and epigenetic mechanisms that govern and coordinate
these processes. By bridging developmental biology with stem cell-based models, this
review article enhances our ability to translate fundamental insights into improved disease
modeling, targeted drug discovery, and the development of regenerative therapies for
cardiovascular diseases.

2. Human Cardiogenesis
2.1. Stages of Cardiogenesis

The heart is the first functional organ to form during development in all vertebrate
embryos. In humans, the heart begins to beat and pump blood at around day 21 or 22 after
fertilization, whereas in mice this occurs at approximately embryonic day 8 [6]. Cardiac
development begins during gastrulation, when epiblast cells migrate through the primitive
streak to generate mesodermal lineages, including the lateral plate mesoderm. Within the
splanchnic layer of the lateral plate mesoderm, cardiogenic mesoderm is specified, and
multipotent cardiac progenitor cells migrate to form the bilateral heart fields, which merge
to generate the cardiac crescent (approximately day 15 in humans and E7.5 in mice) [9].
The cardiac crescent consists of first heart field cells laterally and second heart field cells
medially, which proliferate and give rise to different cardiac structures [10].
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During the third week of development in humans (approximately between day 19–21,
corresponding to E8 in mouse), cardiogenic cords appear in the cardiogenic mesoderm and
canalize to form two endocardial heart tubes, which further coalesce into a single primitive
heart tube by lateral embryonic folding [11]. The primitive heart tube is made up of three
layers: the endocardium, forming the inner endothelial lining; the myocardium, forming
the mid muscular layer; and the visceral pericardium, forming the outer surface of the
embryonic heart tube [12]. The heart tube subsequently elongates through the progressive
addition of secondary heart field progenitor cells and develops into five distinct regions,
from cranial to caudal: truncus arteriosus, bulbus cordis, primitive ventricle, primitive
atrium, and the sinus venosus. The truncus arteriosus will give rise to the aorta and
pulmonary trunk; the bulbus cordis and the primitive ventricle form the ventricles; the
primitive atrium forms the atria; and the sinus venosus contributes to the sinus venarum,
coronary sinus, sinoatrial node and oblique vein of the left atrium. By day 22 of human
development (E8.5 in mouse), peristaltic contractions of the heart tube propel blood from
the sinus venosus towards the truncus arteriosus, a circulatory pattern markedly different
from that of the adult heart [13].

The primitive heart undergoes a cardiac looping process late in the fourth week to
early in the fifth week of development (approximately days 23–28 in humans; E8.5–E10.5
in mouse), during which it curves to form a C-shape with its convexity directed towards
the right side of the embryo and then an S-shape, forming a structure reminiscent of the
adult heart [14–16]. Cardiac looping makes distinguishable the four anatomical segments,
namely the atrium, atrioventricular canal (AVC), ventricle, and outflow tract (OFT), bring-
ing them into close proximity for the remainder of cardiac development [15]. Immediately
following looping, endocardial cushions develop in the atrioventricular canal and conotrun-
cal region of the bulbus cordis; these cushions serve as primordia for the membranous
septa and valves. Between days 29 and 37 (E11.0–E14.5 in mice), the heart segments
undergo septation, partitioning the heart into four chambers (right atria, right ventricle,
left atria, left ventricle) and dividing the OFT into aortic and pulmonary roots [14,17,18].
The formation of the atrioventricular (mitral and tricuspid) and semilunar valves (aortic
and pulmonic) occurs between fifth and ninth weeks of development (E12–E17 in mice),
facilitating the unidirectional blood flow through the heart [14]. In addition to mesoderm-
derived cardiac progenitors, cardiac neural crest cells (cNCCs) and epicardial progenitors
contribute significantly to cardiac development, with cNCCs involved in outflow tract
remodeling, septation, and valve formation, and epicardial progenitors contributing to
coronary vasculature, cardiac fibroblast, and vascular smooth muscle lineages [9,17].

Concurrent with the basic chamber formation, the coronary vasculature and cardiac
conduction system develop. The components of the cardiac conduction system include
the sinoatrial (SA) node, the atrioventricular (AV) node, bundle of His, bundle branches,
and Purkinje fibers. The conduction system functions to generate electrical pulses and
coordinate the contractions of cardiac chambers [19]. By approximately day 50 of human
development, the heart reaches its final anatomical configuration, although structural
refinement and functional maturation continue throughout gestation and after birth. The
transition from fetal to neonatal circulation is accompanied by intricate physiological and
anatomical changes in the cardiovascular system [20]. Cardiac embryological events have
been reviewed in detail elsewhere [15,21–23]. Key stages of cardiac development are
illustrated in Figure 1.
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Figure 1. Key Stages and Regulatory Networks in Cardiac Development. Schematic representation of
the sequential stages of cardiac development, beginning with gastrulation and progressing through
cardiac crescent formation, linear heart tube formation, heart looping, chamber specification, and
maturation of the functional heart. At each developmental stage, distinct but overlapping signal-
ing pathways—including Wnt, BMP, Nodal, FGF, Shh, Notch, VEGF, RA, calcineurin, and Hippo
signaling—coordinate cardiac lineage specification, morphogenesis, and chamber formation. These
signaling networks regulate the temporal activation of key cardiac transcription factors, including
Brachyury, EOMES, NKX2.5, GATA4/6, MESP1/2, ISL1, MEF2C, TBX5/20, HAND1/2, HEY1/2,
and PITX2, which collectively drive cardiac progenitor specification, differentiation, and matura-
tion. Throughout these developmental stages, epigenetic mechanisms, including DNA methylation,
histone modifications, chromatin remodeling, and miRNA-mediated gene regulation, dynamically
coordinate gene expression programs required for normal cardiogenesis and heart maturation.

2.2. Signaling Pathways and Transcriptional Networks in Cardiogenesis
2.2.1. Signaling Pathways

Early embryonic events of cardiogenesis are remarkably conserved from insects to
vertebrates, allowing observations made in invertebrate and vertebrate model organisms
to be extrapolated to humans. There has been an explosion of studies using embryo
models and stem cell systems to understand the signaling and transcriptional networks that
control cell lineage specification and heart morphogenesis [24–26]. Several morphogenic
pathways including Wnt, bone morphogenic proteins (BMPs), fibroblast growth factors
(FGFs), Notch, Nodal, Calcineurin/NFAT, Retinoic acid (RA), vascular endothelial growth
factor (VEGF), Sonic hedgehog (Shh) and Hippo-YAP have been implicated at various
stages of cardiogenesis. The major signaling pathways involved at various stages of cardiac
development are summarized below and depicted in Figure 1.

Wnt signaling is a key regulator of vertebrate heart development. Earlier studies have
reported apparently contradictory effects of Wnt signaling on cardiogenesis, depending on
the model system used. In chick and xenopus embryos, Wnt signaling inhibited cardiac
development line [27,28], whereas it promoted cardiogenesis in drosophila and P19CL6
mouse embryonal carcinoma cell line [29,30]. However, evidence from mouse embryonic
stem cells suggests that canonical Wnt signaling exhibits a stage-specific biphasic role in
cardiac development, promoting cardiac gene expression during early mesoderm formation
and inhibiting later cardiac differentiation [31]. Early activation of canonical Wnt/β-catenin
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is essential for primitive streak formation, epithelial to mesenchymal transition and meso-
derm induction [32]. Key Wnt ligands such as Wnt-3a and Wnt-8a regulate mesoderm
induction via canonical signaling [31]. Inhibition of endogenous Wnt activity results in abro-
gation of functional development of mature mesodermal lineages [33]. In contrast, Wnt 5a
and Wnt11 stimulates cardiomyocyte formation and differentiation by activating noncanon-
ical pathways and simultaneously inhibiting the canonical Wnt/β-catenin pathway [34,35].
Wnt signaling is also known to crosstalk with multiple other pathways—including BMP,
FGF, and Notch, during cardiac specification and differentiation [36].

Studies in vertebrate and invertebrate animal models have implicated a positive
regulatory role for BMP signaling, acting at multiple stages to control the differentiation,
proliferation, and morphogenesis of various cardiac tissues. Genetic studies in mice have
shown that Bmp 4 is required for mesoderm formation and Bmp4-deficient mice failed to
develop mesoderm [37]. Mice deficient for Bmp2 are embryonically lethal and showed
cardiac defects, while Bmp10 knockout mice show reduced cardiomyocyte proliferation [38].
Noggin-mediated antagonism of BMP signaling has been shown to completely block the
differentiation of precardiac mesoderm [39]. Evidence from genetically modified mouse
models indicates that BMP5, BMP6, and BMP7 play critical roles in later stages of cardiac
morphogenesis and chamber formation [40].

FGF signaling exhibits stage-dependent biphasic roles in cardiogenesis, promoting
mesoderm formation and cardiac lineage commitment at early stages while inhibiting
cardiac progenitor cell differentiation at later stages [41]. FGF signals, alone or in com-
bination with BMP, regulate cardiac gene expression and early cardiogenesis [42]. Early
activation of FGF and Nodal pathways has been reported to mediate cardiac specification
independently of Wnt/β-Catenin signaling [43]. Multiple FGF ligands, including FGF1,
FGF2, FGF3, FGF4, FGF7, FGF8, FGF9 and FGF10 have been reported to exert functional
and structural effects during heart development [44].

Notch signaling in the endocardium is known to regulate cardiac specification, pro-
genitor cell differentiation, and tissue patterning in the developing heart [45]. During the
early stages of heart development, Notch signaling contributes to determining the fate of
cardiac progenitor cells. In later stages of cardiac morphogenesis, the pathway regulates the
formation of multiple cardiac structures, including the atrioventricular canal, endocardial
cushions, and the cardiac conduction system, and also contributes to the development of
the sinoatrial node [46].

In addition to the pathways discussed above, other signaling cascades—including
Nodal, calcineurin/NFAT, RA, VEGF, Shh, and Hippo–YAP signaling—also contribute to
the complex regulatory network that regulates cardiogenesis. Nodal signaling, mediated
through its cofactor Cripto and the type I receptor Alk4, is critical for early cardiac spec-
ification in embryonic stem cells [47]. Activation of Nodal signaling engages the Smad2
pathway, and its inhibition by Nodal antagonists blocks cardiomyocyte induction, high-
lighting its essential role in early cardiogenesis. Calcineurin signaling and NFAT activation
regulate the adult cardiac hypertrophic response, as well as valvuloseptal and vascular
development [48]. Retinoic acid (RA) signaling plays an important role in regulating
anteroposterior patterning, the formation of inflow and outflow tract progenitors, and
the growth of the ventricular compact wall [49]. VEGF signaling plays a critical role in
multiple aspects of cardiovascular development, including endothelial cell differentiation,
migration and survival as well as heart formation and hematopoiesis [50]. Shh signaling
is a crucial player in early heart development by regulating the proliferation, migration,
and specification of cardiac progenitor cells, particularly in the second heart field [51]. Shh
is also essential for proper outflow tract formation, atrial and ventricular septation, and
overall cardiac morphogenesis. The Hippo–YAP pathway is yet another key regulator
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of heart development and cardiac homeostasis, controlling cardiomyocyte proliferation,
heart size, and chamber formation. It also orchestrates multiple processes during cardiac
regeneration, including cardiomyocyte proliferation and differentiation, stress responses,
mechanical signaling and injury resistance [52].

2.2.2. Transcriptional Networks

Downstream of signaling pathways, a diverse array of transcription factors regulates
cardiac cell fate and differentiation by orchestrating spatiotemporal gene expression pro-
grams. A comprehensive overview of key transcription factors with established roles in
cardiac development is outlined below and presented in Figure 1.

The formation of the primitive streak is defined by the expression of Brachyury and
EOMES, representing the earliest known lineage-specifying transcription factors. Brachyury
and EOMES promote the formation of early cardiac mesoderm by directly activating the
basic-helix-loop-helix transcription factor genes MESP1 and MESP2 [53,54]. MESP1 acts
as a master regulator of cardiovascular progenitor specification and activates numerous
genes within the core cardiac transcriptional machinery. Mutations in TBXT (encoding
Brachyury), EOMES, and MESP1 have been shown to impair the development of the
mesoderm and mesoderm-derived structures [55–57].

The mesodermal cells expressing cardiac-specific transcription factors undergo pro-
gressive specification into the cardiac lineage, giving rise to cardiac progenitor cells that
subsequently differentiate into multiple cell types within the heart. A subset of the MESP1+

mesodermal cells express the NK-2 homeobox transcription factor NKX2.5 and LIM home-
obox transcription factor ISL1, which are early markers for cardiac cell specification and
proliferation. Lineage tracing studies in mouse models indicate that Nkx2.5 and Isl1 express-
ing precursors contribute extensively to cardiomyocyte, smooth muscle and endothelial
lineages [58]. Another population, marked by Flk1/KDR and PDGFRα, represents an
early mesodermal subset enriched for cardiac mesoderm cells [59]. Upon activation by
MESP1, the expression of key cardiac transcription factors—including NKX2.5, GATA4,
GATA6, HAND2, MEF2C, TBX20, and Myocardin—is promoted. NKX2.5 appears to act
cooperatively with transcription factors such as GATA4, MEF2C, and TBX5 to drive car-
diomyocyte differentiation. In particular, NKX2.5 and GATA4 physically interact and
synergistically activate several cardiac genes, including α-cardiac actin and the cardiac-
restricted ankyrin repeat protein [60]. Functional and physical interactions among various
core cardiac transcription factors tightly regulate cardiac gene expression [61–63]. Muta-
tions in these transcription factor genes result in defects in cardiomyocyte differentiation
and proliferation [64,65].

An expanding network of transcription factors—including ISL1, MEF2C, HAND 2,
FOXH1, FOXC1/C2, TBX1 and HES1—has been identified as essential for the development
of the second heart field and its derivatives. At least six members of the T-box gene family,
namely TBX1-3, TBX5, TBX18 and TBX20, are expressed in distinct compartments of the
developing heart [66,67]. Additionally, numerous other transcription factors and regulatory
factors, including Myocardin, MEF2A/C, MSX2, SRF, HEY1/2, PITX2, PAX3, PBX1-3,
TWIST1, SOX4, SOX11 and IRX4, play specific roles in heart development. Mutations
of several cardiac-specific transcription factors in heart development cause a myriad of
congenital heart diseases [68–71].

2.3. Epigenetic Regulation in Cardiac Development

Epigenetics, defined as heritable modifications of gene expression independent of DNA
sequence changes, has emerged as a pivotal regulator of cardiovascular development and
function. This regulation involves DNA methylation and histone modifications, dynamic
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changes in chromatin structure through chromatin remodeling as well as the regulatory
functions of non-coding RNAs, particularly miRNAs. Dynamic epigenetic changes occur
throughout human cardiac development, and the key epigenetic mechanisms are discussed
below (Figure 1).

2.3.1. DNA Methylation

Epigenetic regulation through DNA methylation plays a central role in shaping car-
diac development and function. During the early stages of cardiac specification and
cardiogenesis, dynamic DNA methylation remodeling occurs at regulatory regions of key
developmental genes, contributing to the transition of pluripotent progenitor cells toward
cardiac lineages by modulating the accessibility and transcriptional activity of cardiac
fate determinants [72]. Studies in the mouse embryonic heart have shown that global
DNA methylation level remains stable between E11.5 and E14.5; however, differential
methylation occurs in a subset of genes, correlating with changes in the expression of key
cardiac genes, including Has2, a gene essential for epicardial cell differentiation, heart
valve development, and septation [73]. In addition, Dnmt3b is shown to regulate Has2
expression, potentially through enhancer methylation. Beyond early specification, DNA
methylation patterns continue to be remodeled during cardiomyocyte differentiation and
postnatal maturation [72,74]. Demethylated regions in neonatal and adult cardiomyocytes
are predominantly localized to cell type-specific enhancer elements and within the gene
bodies of cardiomyocyte-specific genes. DNA methylation plays a key role in regulat-
ing the expression of troponin I (TnI) isoforms, particularly slow skeletal TnI, which is
predominantly expressed in the fetal heart [75]. Loss of CIBZ, a methyl-CpG binding
protein, promotes mesodermal and cardiac differentiation in mouse ESCs by inducing the
expression of Brachyury and Mesp1 expression [76].

Several studies have investigated the roles of various epigenetic enzymes in regu-
lating cardiac development and function. Knockdown of Dnmt3a in embryonic mouse
hearts (E13.5) disrupted sarcomere assembly, and reduced contractility, beating frequency,
field action potential and intensity of calcium signaling [77]. Dnmt3a disruption also af-
fected multiple pathways related to cardiac function, including those regulating heart
rate, contraction, cardiogenesis, cardiac muscle function, morphology, and sarcomere or-
ganization. Knockdown of DNMT1 resulted in a reduction in global DNA methylation,
whereas knockdown of DNMT3a or DNMT3b did not significantly affect global methyla-
tion levels. However, depletion of DNMT3a or DNMT3b induced gene-specific methylation
changes in multiple cardiac genes, which correlated with altered gene expression. Cardiac-
specific deletion of Dnmt3b in adult mouse hearts correlated with alternative splicing of the
sarcomeric gene Myh7 [78].

Disruption of Dnmt1 in embryonic mouse cardiomyocytes reduced gene-specific DNA
methylation in several cardiac genes, including Myh6, Tnnc1, Tnni3, Tnnt2, Nppa and
Nppb [79]. A study in myocardial tissue-specific Dnmt1 knockout rats demonstrated that
Dnmt1 deficiency is associated with injury resistance and protection in the myocardium
under pathological conditions [80]. Dynamic modulation of DNA hydroxymethylation
is linked to transcriptional networks governing heart development, with the enzyme ten-
eleven translocation 2 (TET2) regulating key cardiac genes, such as MYH7, through 5-hmC
deposition on gene bodies and enhancers [81]. Studies in zebrafish larvae demonstrated that
Tet2/3-dependent demethylation is required for the expression of inhbaa and sox9b, genes
involved in atrioventricular canal extracellular matrix organization, thereby controlling
epicardial progenitor cell migration onto the developing heart tube [82].

https://doi.org/10.3390/cells15151316

https://doi.org/10.3390/cells15151316


Cells 2026, 15, 1316 8 of 28

2.3.2. Histone Modifications and Chromatin Remodeling

Several lines of evidence indicate that histone acetylation and deacetylation play a
critical role in cardiac development. The histone acetyltransferase (HAT) p300 regulates the
expression of numerous cardiac-specific transcription factors, including GATA4, GATA5,
MEF2C and NKX2.5 [83,84]. Deficiency or aberrant expression of p300 is associated with
defective heart development, leading to embryonic lethality during early gestation [85].
MOZ, another HAT, acts through H3K9 acetylation and regulates the transcriptional ac-
tivity of the Tbx1, Tbx2, and Tbx5 loci in vivo [86]. Cardiac-specific deletion of both Hdac1
and Hdac2 resulted in neonatal lethality, accompanied by upregulation of genes encod-
ing calcium channel and skeletal muscle contractile protein genes, suggesting redundant
roles of HDAC1 and HDAC2 in cardiac growth and development [87]. Similarly, mouse
embryos lacking Hdac3 in cardiac progenitor cells exhibit precocious cardiomyocyte dif-
ferentiation, severe cardiac developmental defects, upregulation of Tbx5 target genes and
embryonic lethality [88]. HDAC5 and HDAC9 also display functional redundancy; their
combined deletion leads to embryonic or early postnatal lethality due to cardiac abnormal-
ities including ventricular septal defects and thin-walled myocardium [89]. In contrast,
myocyte-specific overexpression of Hdac3 in mice promotes cardiomyocyte proliferation
through inhibition of cyclin-dependent kinase inhibitors [90]. Furthermore, knockout of
the class III HDAC-encoding gene Sirt1 results in perinatal or postnatal lethality, primarily
due to septal defects [91].

Histone methylation is another important post-translational modification that influ-
ences cardiac development. SMYD1, a histone methyltransferase (HMT), is essential for
the proper expression of the cardiac gene program in both early and late stages of heart
development. SMYD1-mediated histone methylation modulates the expression of key car-
diac transcription factors, including Hand2 and Irx4 [92], and also plays a role in myofibril
organization and muscle contraction in zebrafish embryos [93]. SETD2, an H3K36me3
methyltransferase, is essential for coronary vessel formation and the overall heart develop-
ment, as evidenced by mice that lack Setd2, which display defects in coronary vasculature
and ventricular non-compaction [94]. Whsc1, another HMT, negatively regulates NKX2.5
and its downstream target genes, possibly through histone H3 trimethylation at lysine 36
(H3K36me3) [95]. Deletion of Ptip, a key component of the H3K4me complex, in adult car-
diomyocytes results in defects in the cardiac conduction system and increased susceptibility
to Ca2+-mediated ventricular arrhythmias [96]. The Polycomb histone methyltransferase
EZH2 mediates repression of Six1 in differentiating cardiac progenitors, which is essential
for maintaining stable postnatal cardiac gene expression and homeostasis [97]. Histone
lysine methyltransferase G9a forms a repressive complex with MEF2C and HDAC5 to
regulate sarcomere organization [98]. Cardiac-specific knockout of Dot1L, leads to in-
creased mortality, accompanied by chamber dilation, elevated cardiomyocyte cell death,
systolic dysfunction, and conduction abnormalities, thereby establishing the importance
of Dot1L-mediated H3K79 methylation in cardiomyocyte function [99]. Mll2 regulates
cardiac lineage differentiation of mouse ESCs by promoting H3K4me3 deposition at core
cardiac-specific genes [100].

Several histone demethylases have been implicated in cardiac development. UTX,
a H3K27 demethylase, functions as a coactivator of core cardiac transcription factors,
including SRF, TBX5, NKX2.5 and GATA4, and acts as a critical switch to activate the cardiac
developmental program [101]. UTX-deficient ESCs fail to develop heart-like rhythmic
contractions during cardiac differentiation, and UTX-deficient mice exhibit severe defects
in heart development and embryonic lethality. Mice carrying a hypomorphic variant of
LSD1 display highly penetrant defects in the formation of the ventricular septum [102].
Members of the family of JmjC domain proteins are also linked to cardiac development.
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H3K27 demethylases Jmjd3, is required for mesoderm differentiation and cardiovascular
lineage commitment in mouse embryonic stem cells [103]. Ablation of Jmjd6 resulted in
ventricular septal defect and double outlet right ventricle in mice [104]. JARID2, a key
regulator of histone trimethylation, is expressed in both the developing and adult heart,
and Jarid2 knockout mice exhibit cardiac malformations [105]. Early deletion of Jarid2 in
cardiac progenitors prior to cardiomyocyte differentiation results in morphogenetic defects
manifested in later stages of development [106].

Investigations into the roles of SWI/SNF chromatin remodeling complexes, including
BAF and PBAF, indicate that ATP-dependent chromatin remodeling is critical for cardiac
differentiation. The dosage of Brg 1, an ATPase subunit of the BAF complex, is critical for
cardiogenesis in both mice and zebrafish [107]. Disruption of the balance between Brg1 and
cardiac transcription factors, including Tbx5, Tbx20, and Nkx2-5, leads to severe cardiac
anomalies [108]. Brg 1 interacts with HDAC and PARP to repress α-MHC and activate
β-MHC expression [109]. BAF60C, a subunit of the BAF complexes, is required for normal
heart morphogenesis and establishment of left–right asymmetry in mouse heart [110].
BAF180, a key component of the PBAF chromatin-remodeling complex, is essential for
mammalian cardiac chamber maturation, with its deficiency leading to severe ventricular
hypoplasia and embryonic lethality between E12.5 and E15.5 [111]. The essential roles of
other subunits of the BAF complex subunits, including BAF47, BAF155, and BAF250, have
also been documented in cardiac development [112,113].

2.3.3. MicroRNA Expression

MicroRNAs are critical regulators of cardiac growth and function. miR-1 is the most
abundant miRNA in CMs and adult heart tissue and it regulates a broad spectrum of
genes involved in cardiac development, including HAND2, HDAC4, IRX5, GJA1, and
KCNJ2 [114,115]. Moreover, it plays an essential role in sarcomere formation and suppresses
smooth muscle gene expression in the heart [116]. Double knockout mice for both mature
forms of miR-133a exhibit ectopic smooth muscle gene expression, aberrant cardiomyocyte
proliferation, ventricular septal defects, and cardiomyopathy, highlighting the essential
and redundant roles of miR-133a in cardiac development and function [117]. Additionally,
miR-133 and miR-30 jointly regulate myocardial structural remodeling by targeting CTGF,
a profibrotic factor, thereby modulating extracellular matrix dynamics [118]. miR-138 is
required for establishing appropriate chamber-specific gene expression patterns during
zebrafish heart development [119].

miR-145 and miR-143 cooperatively regulate multiple transcription factors, including
KLF4, myocardin, and ELK-1, thereby promoting differentiation and repressing prolifer-
ation of vascular smooth muscle cells [120]. The miR-17/92 cluster, which comprises six
members—miR-17, miR-18a, miR-19a, miR-19b-1, miR-20a, and miR-92a-1—is essential for
cardiac development, as global knockout of this cluster results in cardiac septal defects and
neonatal lethality [121]. The miR-322/503 cluster is enriched in the early cardiac progenitor
cells, is specifically expressed in the developing heart tube, and drives precocious cardiomy-
ocyte specification [122]. Reduced expression of miR-940 disrupts the proliferation and
migration of secondary heart field progenitor cells by targeting JARID2 [123]. miR-21 is
recognized for its involvement in vascular smooth muscle cell proliferation, cardiac cell
growth and apoptosis, and cardiac fibroblast functions [124], while miR-23 is required
to restrict endocardial cushion formation by inhibiting Has2 expression and extracellular
hyaluronic acid production [125].

Recently, muscle-specific miRNAs, known as MyomiRs, have emerged as critical
regulators of cardiovascular development. The canonical MyomiRs-miR-1, miR-133a/b,
and miR-206, along with miR-208a/b and miR-499, are abundantly expressed in the my-
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ocardium and regulate certain aspects of physiological and pathological processes in
myocardiocytes including cardiovascular development, myocardial remodeling, and car-
diovascular disease progression [126].

3. Differentiation of Human Pluripotent Stem Cells into Cardiomyocytes:
Methodologies and Underlying Molecular Mechanisms

Over the past two decades, numerous strategies have been developed to derive car-
diomyocytes from pluripotent stem cells, aiming to faithfully recapitulate early embryonic
developmental processes in vitro through the modulation of cardiac-specific signaling
pathways. In vitro cardiac differentiation proceeds through a series of sequential events,
beginning with mesoderm induction, followed by patterning into cardiac mesoderm,
differentiation into cardiac progenitors, and ultimately maturation into functional car-
diomyocytes. Conceptually, the same signaling pathways that regulate embryonic heart
development—such as Wnt, FGF, BMP, and Activin/Nodal—are utilized to direct PSC
differentiation into cardiomyocytes in vitro [6]. Stem cell-derived cardiomyocytes exhibit
key functional and molecular characteristics of native cardiomyocytes, including sponta-
neous contractile activity and the expression of cardiac-specific proteins, ion channels, and
signaling molecules.

3.1. Approaches for Cardiomyocyte Differentiation from PSCs

Three major approaches are commonly employed to derive cardiomyocytes from
human PSCs: (i) Inductive co-culture, (ii) Embryoid body-mediated differentiation, and
(iii) Monolayer culture systems (as illustrated in Figure 2).

Figure 2. Overview of differentiation strategies and advanced 3D cardiac culture systems for generat-
ing cardiomyocytes from hPSCs. hPSCs can be differentiated into cardiomyocytes using inductive
co-culture (pioneering approach), EB-mediated differentiation (early approach), or monolayer culture
methods (current standard approach). The resulting cardiomyocytes can subsequently be incor-
porated into advanced 3D cardiac culture systems, including engineered heart tissues, bioprinted
cardiac tissues, cardiac patches, cardiac spheroids, and cardiac organoids.

The inductive co-culture approach, initially established using mouse visceral endoderm-
like (END-2) cells, promotes cardiogenesis through paracrine signaling-mediated induction
of cardiac fate. Although this method was among the earliest approaches used to derive
cardiomyocytes from hESCs and mechanically passaged hiPSCs, its application has de-
clined due to limited differentiation efficiency, reliance on feeder-like cells, and challenges
in standardization and scalability [127–131].
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The embryoid body (EB)-mediated approach involves the differentiation of stem cells
through the formation of multicellular aggregates known as embryoid bodies, which are
an amalgam of all three embryonic germ layers. In conventional EB protocols, spontaneous
differentiation in suspension cultures or hanging-drop systems generates EBs that subse-
quently produce spontaneously contracting cardiomyocytes upon transfer to extracellular
matrix-coated substrates [132–138]. Subsequently, several strategies have been developed
to enhance the efficiency of EB differentiation, including controlled aggregation in V-bottom
plates, engineered microwells, and microfabrication approaches, as well as modulation of
biophysical cues, such as electrical stimulation and hypoxia [139–144]. Recent advances
incorporating stirred suspension bioreactors, three-dimensional culture systems, and en-
gineered aggregation platforms have enabled more uniform EB generation and scalable
cardiomyocyte production [145]. In addition, temporal regulation of developmental signal-
ing pathways using factors such as Activin A, BMP4, FGF2, VEGF, DKK-1, CHIR99021, and
Wnt inhibitors has enhanced cardiomyocyte yield and maturation [146–148]. Transcrip-
tomic studies suggest that three-dimensional EB-based differentiation promotes more devel-
opmentally relevant maturation trajectories compared with conventional two-dimensional
approaches [144]. Despite these improvements, challenges including batch variability,
process complexity, and scalability remain, driving the integration of EB platforms with
advanced engineering approaches and precise biochemical modulation.

In parallel with EB-based approaches, monolayer culture platforms have emerged as a
widely adopted directed differentiation strategy for cardiomyocyte generation, employ-
ing defined culture conditions and temporally controlled application of developmental
cues to guide PSCs toward the cardiac lineage [149]. These protocols have evolved from
growth factor-based approaches using defined, serum-free media to chemically defined
small molecule-based strategies that enable more efficient and reproducible cardiomyocyte
production from PSCs [150–154]. For example, modulation of developmental signaling
pathways using combinations of growth factors, including BMP4, Activin A, FGF2, and
VEGF, or small molecules targeting Wnt signaling, has significantly improved cardiac
differentiation efficiency. Several optimized protocols derived from this principle have
further improved cardiomyocyte yield, consistency, and scalability in hPSC differentiation
systems [148,155,156].

Although hPSC-CMs closely resemble their in vivo counterparts, they generally ex-
hibit an immature phenotype characterized by fetal-like structural, electrophysiological,
metabolic, and contractile properties. Consequently, considerable efforts have been directed
toward enhancing hPSC-CM maturation to increase their physiological relevance and trans-
lational applicability. These maturation strategies include prolonged culture duration,
genetic manipulation, and the supplementation of miRNAs (e.g., miR-1) and biochemical
factors such as triiodothyronine (T3), glucocorticoids (e.g., dexamethasone), phenylephrine,
and insulin-like growth factor I [157]. Additional strategies include co-culture with non-
cardiomyocytes (e.g., cardiac fibroblasts and endothelial cells), modulation of substrate
topography and viscoelasticity, three-dimensional cardiac tissue engineering, and electrical
and/or mechanical stimulation [158–160]. More recent studies have explored the integra-
tion of multiple maturation strategies to further enhance the functional and structural
maturity of iPSC-CM. Lyra-Leite et al. provided a comprehensive review of protocols
related to hPSC culture, cardiomyocyte differentiation, subtype specification, cardiomy-
ocyte maturation, and somatic cell direct reprogramming, detailing the methodologies and
critical considerations for generating functional cardiomyocytes from hPSCs [161].

To better recapitulate the native cardiac microenvironment and improve hiPSC-CM
maturation, recent advances have shifted from traditional two-dimensional cultures to
sophisticated three-dimensional cardiac constructs. These constructs encompass a range of
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platforms, including engineered heart tissues, cardiac spheroids, bioprinted cardiac tissues,
cardiac patches, and cardiac organoids, which differ in their degree of cellular organization
and complexity (Figure 2) [162–172]. By providing a physiologically relevant microenvi-
ronment that promotes cell–cell and cell–matrix interactions, three-dimensional cardiac
constructs enhance the structural, electrophysiological, contractile, and metabolic matura-
tion of hiPSC-CM compared with conventional two-dimensional cultures. Consequently,
these advanced platforms have emerged as valuable tools for studying cardiac develop-
ment, disease modeling, drug screening, and regenerative medicine applications [173–184].

A schematic representation of the sequential stages of cardiomyocyte differentiation
from hPSCs is presented in Figure 3.

Figure 3. Overview of Cardiomyocyte Differentiation from hPSCs: Stages, Molecular Pathways, Key
Transcription Factors, and Epigenetic Regulation. Schematic representation of the sequential progres-
sion from hPSC pluripotency to mature cardiomyocytes, highlighting distinct developmental stages
including pluripotency, mesoderm induction, cardiac mesoderm specification, cardiac progenitor
formation, early cardiomyocyte differentiation, and late cardiomyocyte maturation. Stage-specific
modulation of developmental signaling pathways—including Wnt, BMP, Activin/Nodal, FGF, Notch,
VEGF, RA, and T3—coordinates lineage commitment, cardiac specification, and structural and func-
tional maturation. Key transcription factors associated with each stage include OCT4, NANOG, and
SOX2 in pluripotent cells; Brachyury and MIXL1 during mesoderm induction; MESP1/2 and ISL1
during cardiac mesoderm formation; NKX2.5, GATA4, TBX5, MEF2C, HAND2, and ISL1 in cardiac
progenitors; NKX2.5 and MYH during early cardiomyocyte differentiation; and mature cardiomy-
ocyte markers, including cTnT, α-actinin, MLC2a, MLC2v, SCN5A, CACNA1C, and IRX4, during
terminal maturation. Throughout this process, epigenetic mechanisms—including DNA methyla-
tion, histone modifications, chromatin remodeling, and miRNA-mediated regulation—coordinate
dynamic gene expression programs that govern cardiac lineage commitment, differentiation, and
functional maturation.

3.2. Molecular Mechanisms Underlying Cardiac Differentiation from hPSCs

Regulation of multiple developmental signaling pathways, including Activin/Nodal,
Wnt, BMP, FGF, and VEGF, has been extensively investigated and incorporated into dif-
ferentiation methodologies to generate cardiomyocytes from hPSCs (Figure 3). Although
considerable progress has been made in elucidating the molecular mechanisms underlying
in vitro hPSC cardiac differentiation, the signaling networks and stage-specific markers
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governing these processes remain less comprehensively defined compared with those
established during in vivo cardiogenesis, reflecting the relatively recent and rapidly evolv-
ing nature of hPSC-based differentiation systems. Nevertheless, numerous studies have
identified key signaling pathways and temporal cues that regulate cardiac lineage specifi-
cation and cardiomyocyte differentiation. For example, combined treatment with Activin
A and BMP4 activates Activin/Nodal and BMP signaling pathways, respectively, to in-
duce mesoderm formation in hPSC lines [152,185]. Treatment with CHIR99021 activates
canonical Wnt/β-catenin signaling and promotes mesodermal differentiation [186,187]. As
mentioned earlier, Wnt signaling exhibits a biphasic effect on cardiomyocyte differentiation:
its activation promotes mesoderm formation, whereas its inhibition at later stages facilitates
cardiac lineage commitment from the mesoderm. Treatment with FGF2, DKK1, and VEGF
promotes the progression of mesodermal progenitors into cardiac mesoderm by modulating
complementary signaling networks that regulate progenitor proliferation and lineage spec-
ification [188]. Various Wnt inhibitors including IWP2, IWP4, etc., are known to effectively
lead to cardiac lineage commitment [186]. FGF10 promotes the proliferation and expansion
of cardiac progenitors and is proposed to act through BMP, TGF-β, Wnt/β-catenin, Notch,
and VEGF signaling pathways to induce cardiomyocyte differentiation [189].

Multiple signaling pathway-based strategies have been employed to direct the differ-
entiation of iPSC-derived cardiac progenitors into specific cardiomyocyte subtypes. For
instance, inhibition of neuregulin1β/ErbB signaling has been shown to increase the propor-
tion of nodal pacemaker cells, whereas retinoid signaling directs atrial versus ventricular
fate specification [190]. Additionally, inhibition of Nodal signaling at the cardiac mesoderm
stage has been reported to promote the differentiation of hiPSCs into pacemaker-like car-
diomyocytes. The cooperative action of BMP and retinoic acid, along with activation of
canonical Wnt signaling favors pacemaker lineage [191]. Similarly, the combined activity
of retinoic acid and Wnt signaling pathways regulates the differentiation of hiPSCs into
sinoatrial node-like cells [192]. Furthermore, thyroid hormone signaling, primarily medi-
ated by T3, plays a critical role in cardiomyocyte subtype specification and maturation of
iPSC-CMs [193].

Revolutionary advances in single-cell multi-omics technologies, including single-cell
RNA sequencing (scRNA-seq) and spatial transcriptomics, have significantly enhanced
the understanding of molecular mechanisms governing cardiac differentiation from hiP-
SCs [194,195]. Single-cell transcriptomic studies have delineated dynamic differentiation
trajectories of iPSC-derived cardiomyocytes and uncovered key regulatory networks driv-
ing lineage commitment. For example, scRNA-seq analyses have identified candidate genes
such as CREG and NR2F2 that play critical roles in cardiomyocyte specification and matura-
tion [196]. Furthermore, integrative multi-omic profiling combined with machine learning
approaches enables the prediction of early hPSC to CM differentiation efficiency and the
identification of key cell fate determinants [197]. Such integrated analyses of progenitor cell
states reveal molecular quality attributes that are predictive of downstream differentiation
outcomes, thereby facilitating refinement of differentiation protocols and improving process
robustness for efficient generation of functional cardiomyocytes [198,199]. Although the
application of single-cell multi-omics to hPSC-derived cardiomyocyte differentiation is still
an emerging field, rapid technological advances and the expanding body of literature are
expected to uncover additional molecular, and spatial regulatory mechanisms governing
cardiac lineage specification and maturation.

3.3. Epigenetic Mechanisms Regulating Cardiac Differentiation of hPSCs

Epigenetic mechanisms including DNA methylation, histone modifications and
miRNA expression play a crucial role in the differentiation of hPSCs into cardiomyocytes
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(Figure 3). They are critical for maintaining pluripotency in hPSCs, as they establish an
open chromatin state and demethylated promoters at key pluripotency genes like OCT4,
SOX2, and NANOG, enabling their active expression and self-renewal while repressing
differentiation-associated loci [200]. Differentiation of hPSCs to cardiomyocytes in vitro
is accompanied by many notable epigenetic changes. Genome-wide DNA methylation
analyses comparing hESCs and hESC-derived cardiomyocytes have revealed higher global
DNA methylation levels in hESC-derived cardiomyocytes [201]. Notably, a subset of
demethylated genes is upregulated during cardiomyocyte differentiation and is enriched
for cardiac structural functions, indicating tight epigenetic control of structural gene expres-
sion. In contrast, cardiac-specific transcription factor promoters remain hypomethylated in
both hESCs and hESC-derived cardiomyocytes, suggesting distinct epigenetic regulatory
mechanisms governing transcription factors and structural genes.

A recent study showed that during differentiation of hPSCs into cardiomyocytes,
exon-specific DNA methylation patterns are dynamically established in close associa-
tion with transcriptional activity and lineage commitment [202]. These differentiation-
associated methylation signatures are preferentially enriched within genes encoding de-
velopmental transcription factors, underscoring their regulatory significance. Importantly,
the authors show that exon methylation persists even after gene silencing, suggesting that
such marks serve as stable epigenetic “memories” of prior gene expression and cellular
differentiation history.

A study profiling three histone modifications, H3K4me3, H3K27me3, and H3K36me3
across five stages of hESC-derived cardiovascular differentiation, from pluripotent cells to
definitive cardiomyocytes, revealed that differentiation is accompanied by programmed
temporal alterations in chromatin architecture [203]. These changes selectively mark key
cardiac regulatory genes, including transcription factors and soluble signaling molecules,
from lineage-specific genes encoding proteins that regulate cardiac function and homeosta-
sis. Notably, many key transcription factors such as NKX2.5, GATA6, GATA4, HAND2
and TBX5, progressively lose the repressive mark H3K27me3, while gaining activating
marks, H3K4me3 and H3K36me3, accompanied by stage-specific increases in transcription
during differentiation. In contrast, structural genes such as MYH6 exhibit a pronounced
gain of H3K4me3 enrichment and increased RNA expression at later stages, without early
H3K27me3 repression. Furthermore, this study demonstrated that many of the members
of key cardiac signaling pathways including Wnt, Notch, Shh, FGF, PDGF, and VEGF
show stage-specific patterns of activation (H3K4me3, H3K36me3, RNA expression) and
repression (H3K27me3), reflecting tight epigenetic control over the pathways that govern
cell fate.

Emerging studies have demonstrated that dynamic miRNA expression patterns con-
tribute to cardiomyocyte lineage specification, maturation, and the acquisition of adult-like
functional properties during hPSC-to-cardiomyocyte differentiation. Members of the let-7
miRNA family have been identified as critical regulators of cardiomyocyte maturation,
promoting adult-like metabolic remodeling and functional maturation in stem cell-derived
cardiomyocytes [204]. Furthermore, comprehensive transcriptomic and miRNA profiling
studies of differentiating hiPSC-derived cardiomyocytes have revealed temporally regu-
lated miRNA signatures associated with cardiac lineage commitment, electrophysiological
maturation, and metabolic adaptation [205,206]. Scalise et al. demonstrated that differentia-
tion of adult cardiac stem/progenitor cells (CSCs) into contracting iCMs faithfully recapitu-
lated the known cardiomyo-miR-dependent developmental cardiomyocyte differentiation
trajectories, yielding a miRNome closely resembling that of adult cardiomyocytes [207].
Notably, several cardiomyocyte-enriched miRNAs (cardiomyomiRs), including miR-1a-
3p, miR-133a-1, miR-133a-2, miR-204, miR-335, miR-486, miR-490, and miR-499, were
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upregulated in CSC-derived iCMs, with miR-1 and miR-499 further promoting myogenic
commitment in vitro. Collectively, these findings highlight the role of temporally regulated
miRNA networks in guiding cardiomyocyte differentiation and maturation. Several miR-
NAs that regulate each stage of in vitro iPSC-to-cardiomyocyte differentiation, as well as
various cardiac transcription factors, have been reviewed elsewhere [208–210].

4. Comparative Overview of In Vivo Cardiogenesis and
hPSC-CM Differentiation

Although cardiac development in the embryo occurs within a highly complex three-
dimensional microenvironment, current hPSC differentiation protocols largely recapitulate
the sequential developmental events that govern cardiogenesis. Key signaling pathways,
including Wnt, BMP, Activin/Nodal, FGF, and VEGF, are temporally modulated in vitro to
mimic their stage-specific functions during embryonic development, driving the progres-
sion from pluripotency through mesoderm induction, cardiac progenitor specification, and
cardiomyocyte differentiation. Similarly, the activation of core cardiac transcription factors
such as MESP1, NKX2.5, GATA4, TBX5, and MEF2C, together with dynamic epigenetic
remodeling, reflects developmental programs observed during heart formation in vivo.
This developmental parallelism provides a mechanistic framework for understanding
how principles of embryonic cardiogenesis can be leveraged to generate cardiomyocytes
in vitro and highlights the broad utility of hPSC-based models in basic, translational, and
regenerative cardiovascular research.

Figure 4 provides a comparative overview of in vivo cardiogenesis and in vitro hPSC-
CM differentiation. It highlights the conserved signaling pathways, transcription factors,
and epigenetic mechanisms that regulate both embryonic cardiac development and hPSC-
CM differentiation, demonstrating how key developmental processes are recapitulated
in vitro to generate functional cardiomyocytes.

Figure 4. Comparative Overview of In Vivo Cardiogenesis and In Vitro hPSC-CM Differentiation.
The schematic highlights shared developmental stages, signaling pathways, transcriptional reg-
ulators, and epigenetic mechanisms involved in embryonic heart development and hPSC-based
cardiomyocyte generation, demonstrating the recapitulation of cardiac developmental programs
in vitro.
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5. Conclusions
Cardiac embryogenesis is a multistage, highly dynamic developmental process gov-

erned by tightly coordinated cellular and molecular events. From early mesoderm com-
mitment to the functional maturation of the human heart, precisely regulated signaling
pathways, transcriptional networks, and epigenetic mechanisms act in concert to orches-
trate cardiogenesis. Gaining a deeper insight into the molecular mechanisms governing
heart development offers substantial benefits for both basic science and clinical applications.
It enriches the broader field of developmental biology by shedding light on fundamental
processes such as cell fate specification, tissue patterning, and organogenesis. Moreover,
it enhances our understanding of the mechanisms underlying cardiac diseases and their
pathology. Importantly, this knowledge facilitates earlier detection, improved risk stratifi-
cation, and the development of targeted therapeutic strategies for both congenital heart
diseases and acquired cardiovascular conditions.

Deciphering the molecular mechanisms underlying cardiac development significantly
enhances the in vitro generation of cardiomyocytes from pluripotent stem cells by facil-
itating the recapitulation of key developmental signaling pathways and transcriptional
networks. This knowledge allows for the optimization of differentiation protocols to im-
prove efficiency, yield, and lineage specificity of cardiomyocyte subtypes. Furthermore,
insights into epigenetic regulation help refine strategies to produce more stable and func-
tionally relevant cardiomyocytes. Collectively, these advances strengthen the reliability
and translational potential of in vitro cardiac models for disease modeling, drug discovery,
and regenerative medicine applications.

Despite substantial advances in hPSC-CM platforms, several fundamental limita-
tions continue to influence their interpretability and translational relevance. As discussed
earlier, the relatively immature phenotype of hPSC-CMs remains a major challenge, as
these cells retain several fetal-like characteristics, including differences in structural or-
ganization, electrophysiological properties, and metabolic maturation compared with
adult human cardiomyocytes. This immaturity complicates disease modeling, particu-
larly for late-onset cardiac phenotypes and adult-onset electrophysiological or contractile
disorders. In addition, significant protocol-dependent variability remains a critical issue,
as differences in differentiation strategies, timing of signaling modulation, and culture
conditions can lead to substantial heterogeneity in yield, purity, and functional output
across studies. Inter-line variability further adds complexity, with genetic background-
dependent differences influencing differentiation efficiency and cardiomyocyte subtype
composition, even under standardized protocols. Relatedly, precise cardiac subtype spec-
ification remains incompletely controlled in many systems, limiting the ability to model
chamber-specific cardiac biology and disease. Reproducibility across laboratories is also
an ongoing concern, particularly given variability in reagents, extracellular matrices, and
signaling factor timing. Collectively, these limitations raise important questions regarding
the extent to which current in vitro hPSC-CM models faithfully recapitulate human cardiac
development and disease, underscoring the need for more standardized, developmentally
informed, and maturation-enhancing approaches to improve physiological fidelity and
cross-study comparability.

In this context, a deeper holistic integration of developmental biology principles with
stem cell biology, paired with improved standardization frameworks, is required. This
includes a more comprehensive elucidation of the molecular and epigenetic programs
governing cardiomyocyte maturation and subtype specification, as well as the translation
of this knowledge into the development of improved differentiation protocols. Rigorous
stem cell line quality control, well-standardized chemically defined protocols, optimized
and tightly regulated signaling conditions, systematic benchmarking, and standardized
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functional validation criteria are needed to reduce variability across stem cell lines and
differentiation methods. Furthermore, the use of physiologically relevant culture systems
including 3D engineered heart tissues and organ-on-chip platforms will be crucial to better
mimic the in vivo cardiac environment.

In conclusion, a comprehensive understanding of molecular mechanisms regulating
cardiomyocyte differentiation has revolutionized the development of hPSC-based cardiac
models, unlocking a wide range of promising applications. Moving forward, continued
exploration of the genetic and epigenetic architecture of cardiogenesis will be pivotal
in refining regenerative therapies, improving cardiac disease modeling, and advancing
precision medicine approaches for cardiovascular disorders.

Funding: This work received no specific funding or grant support.

Data Availability Statement: No new data were created or analyzed in this study.

Acknowledgments: The author sincerely thanks Mahendra Rao for his invaluable guidance, men-
torship, and continuous support during the author’s research training at inStem, which greatly
contributed to the development of this review. Figures were created using BioRender.com.

Conflicts of Interest: The author declares no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

α-MHC α-Myosin heavy chain
β-MHC β-Myosin heavy chain
Alk4 Activin receptor-like kinase 4
ATP Adenosine triphosphate
AVC Atrioventricular canal
BAF Barrier to autointegration factor
bHLH Basic-helix-loop-helix
BMP Bone morphogenic proteins
Brg1 Brahma-related gene 1
CACNA Calcium voltage-gated channel subunit alpha
cNCCs Cardiac neural crest cells
CIBZ CtBP-interacting BTB zinc finger protein
CM Cardiomyocyte
CREG Cellular Repressor of E1A-stimulated genes
CSC Cardiac stem cells
CTGF Connective tissue growth factor
cTnT Cardiac troponin T
DKK-1 Dickkopf WNT signaling pathway inhibitor 1
DNMT1 DNA methyltransferase 1
DNMT3b DNA methyltransferase 3b
Dot1L Disruptor of telomeric silencing 1-like
E Embryonic day
EB Embryoid body
ELK-1 ETS transcription factor
EMT Epithelial-to-mesenchymal transition
END-2 Endoderm-like
EOMES Eomesodermin
ESC Embryonic stem cell
ESC-CMs Embryonic stem cell-derived cardiomyocytes
FGF Fibroblast growth factors
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Flk1 Fetal liver kinase 1
FOX Forkhead box
GATA4 GATA binding protein 4
GATA6 GATA binding protein 6
GSK3 Glycogen synthase kinase 3
H3K4me3 Histone H3 tri-methylated at lysine 4
H3K27me3 Histone H3 tri-methylated at lysine 27
H3K36me3 Histone H3 tri-methylated at lysine 36
HAND2 Heart and neural crest derivatives expressed 2
Has2 Hyaluronan synthase 2
HAT Histone acetyltransferase
HDAC Histone deacetylase
HES1 Hairy and enhancer of split 1
hESC Human embryonic stem cell
HEY1/2 Hairy/enhancer-of-split related with YRPW motif 1 and 2
hiPSC Human induced pluripotent stem cell
hPSC Human pluripotent stem cell
hPSC-CM Human pluripotent stem cell-derived cardiomyocytes
iPSC Induced pluripotent stem cell
iPSC-CMs Induced pluripotent stem cell-derived cardiomyocytes
Inhbaa Inhibin subunit beta A
IRX4 Iroquois homeobox 4
IWP-1 Inhibitor of Wnt production 1
IWR-1 Inhibitor of the Wnt response
KDR Kinase insert domain receptor
KLF4 Krüppel-like factor 4
Jarid2 Jumonji And AT-Rich Interaction Domain Containing 2
JmjC Jumonji C domain
lncRNA Long non-coding RNA
LSD1 Lysine-specific demethylase 1
MEF2C Myocyte enhancer factor 2C
MESP1 Mesoderm posterior bHLH transcription factor 1
MiRNA MicroRNA
Mll2 Mixed-lineage leukemia 2
MLC2a Myosin regulatory light chain 2, atrial isoform
MLC2v Ventricular myosin light chain 2
MOZ Monocytic leukemia zinc finger
MSX2 Msh homeobox 2
MYH6 Myosin heavy chain 6
MYH7 Myosin heavy chain 7
NFAT Nuclear Factor of Activated T-cells
NKX2.5 NK-2 homeobox transcription factor
Nodal Nodal growth differentiation factor
Notch Neurogenic locus notch homolog protein
Nppa Natriuretic peptide
NR2F2 Nuclear Receptor Subfamily 2 Group F Member 2
OCT4 Octamer-binding transcription factor 4
OFT Outflow tract
PARP Poly (ADP-ribose) polymerase
PBAF Polybromo-associated BAF
PDGFRα Platelet-derived growth factor receptor alpha
PITX2 Paired-Like homeodomain transcription factor 2
PSCs Pluripotent stem cells
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PSC-CM Pluripotent stem cell-derived cardiomyocytes
PAX3 Paired Box 3
PBX Pre-B-cell leukemia homeobox transcription factor
Ptip PAX transactivation domain-interacting protein
RA Retinoic acid
SA Sinoatrial
SCN5A Sodium voltage-gated channel alpha subunit 5
scRNA-seq Single-cell RNA sequencing
SETD2 SET domain-containing protein 2
Shh Sonic hedgehog
Sirt1 Sirtuin 1
Smad2 SMAD family member 2
SMYD1 SET and MYND domain containing 1
SOX SRY-box transcription factor
SRF Serum response factor
SWI/SNF SWItch/Sucrose non-fermentable
T3 Triiodothyronine
TBX5 T-box transcription factor 5
TET2 Ten-eleven translocation 2
TnI Troponin I
Tnnc1 Troponin C1, slow skeletal and cardiac type
Tnni3 Troponin I3, cardiac type
Tnnt2 Troponin T2, cardiac type
TWIST1 Twist family bHLH transcription factor 1
UTX Ubiquitously Transcribed Tetratricopeptide Repeat, X Chromosome
VEGF Vascular Endothelial Growth Factor
Whsc1 Wolf–Hirschhorn syndrome candidate 1
Wnt Wingless-related integration site
YAP Yes-associated protein
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43. Samuel, L.J.; Latinkić, B.V. Early activation of FGF and nodal pathways mediates cardiac specification independently of Wnt/β-
catenin signaling. PLoS ONE 2009, 4, e7650. [CrossRef] [PubMed]

44. Khosravi, F.; Ahmadvand, N.; Bellusci, S.; Sauer, H. The multifunctional contribution of FGF signaling to cardiac development,
homeostasis, disease and repair. Front. Cell Dev. Biol. 2021, 9, 672935. [CrossRef] [PubMed]

45. MacGrogan, D.; Münch, J.; de la Pompa, J.L. Notch and interacting signalling pathways in cardiac development, disease, and
regeneration. Nat. Rev. Cardiol. 2018, 15, 685–704. [CrossRef] [PubMed]

46. Liu, Y.; Wang, X.; Tao, X.; Zhang, H.K.; Liu, B.; Li, Y.; Wang, H.; Luo, H.M.; Lv, H.L.; Li, P. Notch signaling pathway and heart
development, congenital heart disease, and myocardial regeneration. Front. Bioeng. Biotechnol. 2026, 13, 1731605. [CrossRef]
[PubMed]

47. Parisi, S.; D’Andrea, D.; Lago, C.T.; Adamson, E.D.; Persico, M.G.; Minchiotti, G. Nodal-dependent Cripto signaling promotes
cardiomyogenesis and redirects the neural fate of embryonic stem cells. J. Cell Biol. 2003, 163, 303–314. [CrossRef] [PubMed]

48. Schulz, R.A.; Yutzey, K.E. Calcineurin signaling and NFAT activation in cardiovascular and skeletal muscle development. Dev.
Biol. 2004, 266, 1–6. [CrossRef] [PubMed]

49. Wiesinger, A.; Boink, G.J.; Christoffels, V.M.; Devalla, H.D. Retinoic acid signaling in heart development: Application in the
differentiation of cardiovascular lineages from human pluripotent stem cells. Stem Cell Rep. 2021, 16, 2589–2606. [CrossRef]

50. Haigh, J.J. Role of VEGF in organogenesis. Organogenesis 2008, 4, 247–256. [CrossRef] [PubMed]
51. Inoue, S.; Nosetani, M.; Nakajima, Y.; Sakaki, S.; Kato, H.; Saba, R.; Takeshita, N.; Nishikawa, K.; Ueyama, A.; Matsuo, K.; et al.

Sonic Hedgehog signaling regulates the optimal differentiation pace from early-stage mesoderm to cardiogenic mesoderm in
mice. Dev. Growth Differ. 2025, 67, 75–84. [CrossRef] [PubMed]

52. Wang, J.; Liu, S.; Heallen, T.; Martin, J.F. The Hippo pathway in the heart: Pivotal roles in development, disease, and regeneration.
Nat. Rev. Cardiol. 2018, 15, 672–684. [CrossRef] [PubMed]

53. David, R.; Jarsch, V.B.; Schwarz, F.; Nathan, P.; Gegg, M.; Lickert, H.; Franz, W.M. Induction of MesP1 by Brachyury(T) generates
the common multipotent cardiovascular stem cell. Cardiovasc. Res. 2011, 92, 115–122. [CrossRef] [PubMed]

54. Costello, I.; Pimeisl, I.M.; Dräger, S.; Bikoff, E.K.; Robertson, E.J.; Arnold, S.J. The T-box transcription factor Eomesodermin acts
upstream of Mesp1 to specify cardiac mesoderm during mouse gastrulation. Nat. Cell Biol. 2011, 13, 1084–1091. [CrossRef]
[PubMed]

55. Wilkinson, D.G.; Bhatt, S.; Herrmann, B.G. Expression pattern of the mouse T gene and its role in mesoderm formation. Nature
1990, 343, 657–659. [CrossRef] [PubMed]

56. Kitajima, S.; Takagi, A.; Inoue, T.; Saga, Y. MesP1 and MesP2 are essential for the development of cardiac mesoderm. Development
2000, 127, 3215–3226. [CrossRef] [PubMed]

57. Russ, A.P.; Wattler, S.; Colledge, W.H.; Aparicio, S.A.; Carlton, M.B.; Pearce, J.J.; Barton, S.C.; Surani, M.A.; Ryan, K.; Nehls,
M.C.; et al. Eomesodermin is required for mouse trophoblast development and mesoderm formation. Nature 2000, 404, 95–99.
[CrossRef] [PubMed]

58. Zhou, B.; Von Gise, A.; Ma, Q.; Rivera-Feliciano, J.; Pu, W.T. Nkx2-5-and Isl1-expressing cardiac progenitors contribute to
proepicardium. Biochem. Biophys. Res. Commun. 2008, 375, 450–453. [CrossRef] [PubMed]

59. Liu, Y.; Chen, L.; Diaz, A.D.; Benham, A.; Xu, X.; Wijaya, C.S.; Fa’ak, F.; Luo, W.; Soibam, B.; Azares, A.; et al. Mesp1 marked
cardiac progenitor cells repair infarcted mouse hearts. Sci. Rep. 2016, 6, 31457. [CrossRef] [PubMed]

60. Lee, Y.; Shioi, T.; Kasahara, H.; Jobe, S.M.; Wiese, R.J.; Markham, B.E.; Izumo, S. The cardiac tissue-restricted homeobox protein
Csx/Nkx2. 5 physically associates with the zinc finger protein GATA4 and cooperatively activates atrial natriuretic factor gene
expression. Mol. Cell. Biol. 1998, 18, 3120–3129. [CrossRef] [PubMed]

61. Ghosh, T.K.; Song, F.F.; Packham, E.A.; Buxton, S.; Robinson, T.E.; Ronksley, J.; Self, T.; Bonser, A.J.; Brook, J.D. Physical interaction
between TBX5 and MEF2C is required for early heart development. Mol. Cell. Biol. 2009, 29, 2205–2218. [CrossRef] [PubMed]

62. Maitra, M.; Schluterman, M.K.; Nichols, H.A.; Richardson, J.A.; Lo, C.W.; Srivastava, D.; Garg, V. Interaction of Gata4 and Gata6
with Tbx5 is critical for normal cardiac development. Dev. Biol. 2009, 326, 368–377. [CrossRef] [PubMed]

63. Hiroi, Y.; Kudoh, S.; Monzen, K.; Ikeda, Y.; Yazaki, Y.; Nagai, R.; Komuro, I. Tbx5 associates with Nkx2-5 and synergistically
promotes cardiomyocyte differentiation. Nat. Genet. 2001, 28, 276–280. [CrossRef] [PubMed]

64. Misra, C.; Chang, S.W.; Basu, M.; Huang, N.; Garg, V. Disruption of myocardial Gata4 and Tbx5 results in defects in cardiomyocyte
proliferation and atrioventricular septation. Hum. Mol. Genet. 2014, 23, 5025–5035. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15151316

https://doi.org/10.1002/bdra.20785
https://doi.org/10.1161/circresaha.111.255950
https://www.ncbi.nlm.nih.gov/pubmed/22207710
https://doi.org/10.1242/dev.129.8.1935
https://www.ncbi.nlm.nih.gov/pubmed/11934859
https://doi.org/10.1371/journal.pone.0007650
https://www.ncbi.nlm.nih.gov/pubmed/19862329
https://doi.org/10.3389/fcell.2021.672935
https://www.ncbi.nlm.nih.gov/pubmed/34095143
https://doi.org/10.1038/s41569-018-0100-2
https://www.ncbi.nlm.nih.gov/pubmed/30287945
https://doi.org/10.3389/fbioe.2025.1731605
https://www.ncbi.nlm.nih.gov/pubmed/41859765
https://doi.org/10.1083/jcb.200303010
https://www.ncbi.nlm.nih.gov/pubmed/14581455
https://doi.org/10.1016/j.ydbio.2003.10.008
https://www.ncbi.nlm.nih.gov/pubmed/14729474
https://doi.org/10.1016/j.stemcr.2021.09.010
https://doi.org/10.4161/org.4.4.7415
https://www.ncbi.nlm.nih.gov/pubmed/19337405
https://doi.org/10.1111/dgd.12955
https://www.ncbi.nlm.nih.gov/pubmed/39783159
https://doi.org/10.1038/s41569-018-0063-3
https://www.ncbi.nlm.nih.gov/pubmed/30111784
https://doi.org/10.1093/cvr/cvr158
https://www.ncbi.nlm.nih.gov/pubmed/21632880
https://doi.org/10.1038/ncb2304
https://www.ncbi.nlm.nih.gov/pubmed/21822279
https://doi.org/10.1038/343657a0
https://www.ncbi.nlm.nih.gov/pubmed/1689462
https://doi.org/10.1242/dev.127.15.3215
https://www.ncbi.nlm.nih.gov/pubmed/10887078
https://doi.org/10.1038/35003601
https://www.ncbi.nlm.nih.gov/pubmed/10716450
https://doi.org/10.1016/j.bbrc.2008.08.044
https://www.ncbi.nlm.nih.gov/pubmed/18722343
https://doi.org/10.1038/srep31457
https://www.ncbi.nlm.nih.gov/pubmed/27538477
https://doi.org/10.1128/mcb.18.6.3120
https://www.ncbi.nlm.nih.gov/pubmed/9584153
https://doi.org/10.1128/mcb.01923-08
https://www.ncbi.nlm.nih.gov/pubmed/19204083
https://doi.org/10.1016/j.ydbio.2008.11.004
https://www.ncbi.nlm.nih.gov/pubmed/19084512
https://doi.org/10.1038/90123
https://www.ncbi.nlm.nih.gov/pubmed/11431700
https://doi.org/10.1093/hmg/ddu215
https://www.ncbi.nlm.nih.gov/pubmed/24858909
https://doi.org/10.3390/cells15151316


Cells 2026, 15, 1316 22 of 28

65. Vincentz, J.W.; Toolan, K.P.; Zhang, W.; Firulli, A.B. Hand factor ablation causes defective left ventricular chamber development
and compromised adult cardiac function. PLoS Genet. 2017, 13, e1006922. [CrossRef] [PubMed]

66. Plageman, T.F., Jr.; Yutzey, K.E. T-box genes and heart development: Putting the “T” in heart. Dev. Dyn. Off. Publ. Am. Assoc.
Anat. 2005, 232, 11–20.

67. Stennard, F.A.; Costa, M.W.; Lai, D.; Biben, C.; Furtado, M.B.; Solloway, M.J.; McCulley, D.J.; Leimena, C.; Preis, J.I.; Dunwoodie,
S.L.; et al. Murine T-box transcription factor Tbx20 acts as a repressor during heart development, and is essential for adult heart
integrity, function and adaptation. Development 2005, 132, 2451–2462. [CrossRef] [PubMed]

68. Yi Li, Q.; Newbury-Ecob, R.A.; Terrett, J.A.; Wilson, D.I.; Curtis, A.R.; Ho Yi, C.; Gebuhr, T.; Bullen, P.J.; Robson, S.C.; Strachan, T.;
et al. Holt-Oram syndrome is caused by mutations in TBX5, a member of the Brachyury(T) gene family. Nat. Genet. 1997, 15,
21–29. [CrossRef]

69. Kirk, E.P.; Sunde, M.; Costa, M.W.; Rankin, S.A.; Wolstein, O.; Castro, M.L.; Butler, T.L.; Hyun, C.; Guo, G.; Otway, R.; et al.
Mutations in cardiac T-box factor gene TBX20 are associated with diverse cardiac pathologies, including defects of septation and
valvulogenesis and cardiomyopathy. Am. J. Hum. Genet. 2007, 81, 280–291. [CrossRef] [PubMed]

70. Bruneau, B.G. The developmental genetics of congenital heart disease. Nature 2008, 451, 943–948. [CrossRef] [PubMed]
71. Kodo, K.; Nishizawa, T.; Furutani, M.; Arai, S.; Ishihara, K.; Oda, M.; Makino, S.; Fukuda, K.; Takahashi, T.; Matsuoka, R.; et al.

Genetic analysis of essential cardiac transcription factors in 256 patients with non-syndromic congenital heart defects. Circ. J.
2012, 76, 1703–1711. [CrossRef] [PubMed]

72. Gilsbach, R.; Preissl, S.; Grüning, B.A.; Schnick, T.; Burger, L.; Benes, V.; Würch, A.; Bönisch, U.; Günther, S.; Backofen, R.; et al.
Dynamic DNA methylation orchestrates cardiomyocyte development, maturation and disease. Nat. Commun. 2014, 5, 5288.
[CrossRef] [PubMed]

73. Chamberlain, A.A.; Lin, M.; Lister, R.L.; Maslov, A.A.; Wang, Y.; Suzuki, M.; Wu, B.; Greally, J.M.; Zheng, D.; Zhou, B. DNA
methylation is developmentally regulated for genes essential for cardiogenesis. J. Am. Heart Assoc. 2014, 3, e000976. [CrossRef]

74. Sim, C.B.; Ziemann, M.; Kaspi, A.; Harikrishnan, K.N.; Ooi, J.; Khurana, I.; Chang, L.; Hudson, J.E.; El-Osta, A.; Porrello, E.R.
Dynamic changes in the cardiac methylome during postnatal development. FASEB J. 2015, 29, 1329–1343. [PubMed]

75. Xu, Y.; Liu, L.; Pan, B.; Zhu, J.; Nan, C.; Huang, X.; Tian, J. DNA methylation regulates mouse cardiac myofibril gene expression
during heart development. J. Biomed. Sci. 2015, 22, 88. [CrossRef]

76. Kotoku, T.; Kosaka, K.; Nishio, M.; Ishida, Y.; Kawaichi, M.; Matsuda, E. CIBZ regulates mesodermal and cardiac differentiation
of by suppressing T and Mesp1 expression in mouse embryonic stem cells. Sci. Rep. 2016, 6, 34188. [CrossRef] [PubMed]

77. Fang, X.; Poulsen, R.R.; Wang-Hu, J.; Shi, O.; Calvo, N.S.; Simmons, C.S.; Rivkees, S.A.; Wendler, C.C. Knockdown of DNA
methyltransferase 3a alters gene expression and inhibits function of embryonic cardiomyocytes. FASEB J. 2016, 30, 3238. [CrossRef]
[PubMed]

78. Vujic, A.; Robinson, E.L.; Ito, M.; Haider, S.; Ackers-Johnson, M.; See, K.; Methner, C.; Figg, N.; Brien, P.; Roderick, H.L.; et al.
Experimental heart failure modelled by the cardiomyocyte-specific loss of an epigenome modifier, DNMT3B. J. Mol. Cell. Cardiol.
2015, 82, 174–183. [CrossRef]

79. Fang, X.; Poulsen, R.; Zhao, L.; Wang, J.; Rivkees, S.A.; Wendler, C.C. Knockdown of DNA methyltransferase 1 reduces DNA
methylation and alters expression patterns of cardiac genes in embryonic cardiomyocytes. FEBS Open Bio 2021, 11, 2364–2382.
[CrossRef] [PubMed]

80. Wu, T.T.; Ma, Y.W.; Zhang, X.; Dong, W.; Gao, S.; Wang, J.Z.; Zhang, L.F.; Lu, D. Myocardial tissue-specific Dnmt1 knockout in
rats protects against pathological injury induced by Adriamycin. Lab. Investig. 2020, 100, 974–985. [CrossRef]

81. Greco, C.M.; Kunderfranco, P.; Rubino, M.; Larcher, V.; Carullo, P.; Anselmo, A.; Kurz, K.; Carell, T.; Angius, A.; Latronico, M.V.;
et al. DNA hydroxymethylation controls cardiomyocyte gene expression in development and hypertrophy. Nat. Commun. 2016, 7,
12418. [CrossRef] [PubMed]

82. Lan, Y.; Pan, H.; Li, C.; Banks, K.M.; Sam, J.; Ding, B.; Elemento, O.; Goll, M.G.; Evans, T. TETs regulate proepicardial cell
migration through extracellular matrix organization during zebrafish cardiogenesis. Cell Rep. 2019, 26, 720–732. [CrossRef]
[PubMed]

83. Kakita, T.; Hasegawa, K.; Morimoto, T.; Kaburagi, S.; Wada, H.; Sasayama, S. p300 protein as a coactivator of GATA-5 in the
transcription of cardiac-restricted atrial natriuretic factor gene. J. Biol. Chem. 1999, 274, 34096–34102. [CrossRef]

84. Sun, H.; Yang, X.; Zhu, J.; Lv, T.; Chen, Y.; Chen, G.; Zhong, L.; Li, Y.; Huang, X.; Huang, G.; et al. Inhibition of p300-HAT results in
a reduced histone acetylation and down-regulation of gene expression in cardiac myocytes. Life Sci. 2010, 87, 707–714. [CrossRef]
[PubMed]

85. Ghosh, A.K. p300 in cardiac development and accelerated cardiac aging. Aging Dis. 2020, 11, 916. [CrossRef] [PubMed]
86. Voss, A.K.; Vanyai, H.K.; Collin, C.; Dixon, M.P.; McLennan, T.J.; Sheikh, B.N.; Scambler, P.; Thomas, T. MOZ regulates the Tbx1

locus, and Moz mutation partially phenocopies DiGeorge syndrome. Dev. Cell 2012, 23, 652–663. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15151316

https://doi.org/10.1371/journal.pgen.1006922
https://www.ncbi.nlm.nih.gov/pubmed/28732025
https://doi.org/10.1242/dev.01799
https://www.ncbi.nlm.nih.gov/pubmed/15843414
https://doi.org/10.1038/ng0197-21
https://doi.org/10.1086/519530
https://www.ncbi.nlm.nih.gov/pubmed/17668378
https://doi.org/10.1038/nature06801
https://www.ncbi.nlm.nih.gov/pubmed/18288184
https://doi.org/10.1253/circj.cj-11-1389
https://www.ncbi.nlm.nih.gov/pubmed/22498567
https://doi.org/10.1038/ncomms6288
https://www.ncbi.nlm.nih.gov/pubmed/25335909
https://doi.org/10.1161/jaha.114.000976
https://www.ncbi.nlm.nih.gov/pubmed/25491312
https://doi.org/10.1186/s12929-015-0203-6
https://doi.org/10.1038/srep34188
https://www.ncbi.nlm.nih.gov/pubmed/27659197
https://doi.org/10.1096/fj.201600346r
https://www.ncbi.nlm.nih.gov/pubmed/27306334
https://doi.org/10.1016/j.yjmcc.2015.03.007
https://doi.org/10.1002/2211-5463.13252
https://www.ncbi.nlm.nih.gov/pubmed/34235895
https://doi.org/10.1038/s41374-020-0402-y
https://doi.org/10.1038/ncomms12418
https://www.ncbi.nlm.nih.gov/pubmed/27489048
https://doi.org/10.1016/j.celrep.2018.12.076
https://www.ncbi.nlm.nih.gov/pubmed/30650362
https://doi.org/10.1074/jbc.274.48.34096
https://doi.org/10.1016/j.lfs.2010.10.009
https://www.ncbi.nlm.nih.gov/pubmed/21034749
https://doi.org/10.14336/ad.2020.0401
https://www.ncbi.nlm.nih.gov/pubmed/32765954
https://doi.org/10.1016/j.devcel.2012.07.010
https://www.ncbi.nlm.nih.gov/pubmed/22921202
https://doi.org/10.3390/cells15151316


Cells 2026, 15, 1316 23 of 28

87. Montgomery, R.L.; Davis, C.A.; Potthoff, M.J.; Haberland, M.; Fielitz, J.; Qi, X.; Hill, J.A.; Richardson, J.A.; Olson, E.N. Histone
deacetylases 1 and 2 redundantly regulate cardiac morphogenesis, growth, and contractility. Genes Dev. 2007, 21, 1790–1802.
[CrossRef] [PubMed]

88. Lewandowski, S.L.; Janardhan, H.P.; Smee, K.M.; Bachman, M.; Sun, Z.; Lazar, M.A.; Trivedi, C.M. Histone deacetylase 3
modulates Tbx5 activity to regulate early cardiogenesis. Hum. Mol. Genet. 2014, 23, 3801–3809. [CrossRef]

89. Chang, S.; McKinsey, T.A.; Zhang, C.L.; Richardson, J.A.; Hill, J.A.; Olson, E.N. Histone deacetylases 5 and 9 govern responsiveness
of the heart to a subset of stress signals and play redundant roles in heart development. Mol. Cell. Biol. 2004, 24, 8467–8476.
[CrossRef] [PubMed] [PubMed Central]

90. Trivedi, C.M.; Lu, M.M.; Wang, Q.; Epstein, J.A. Transgenic overexpression of Hdac3 in the heart produces increased postnatal
cardiac myocyte proliferation but does not induce hypertrophy. J. Biol. Chem. 2008, 283, 26484–26489. [CrossRef]

91. Cheng, H.L.; Mostoslavsky, R.; Saito, S.I.; Manis, J.P.; Gu, Y.; Patel, P.; Bronson, R.; Appella, E.; Alt, F.W.; Chua, K.F. Developmental
defects and p53 hyperacetylation in Sir2 homolog (SIRT1)-deficient mice. Proc. Natl. Acad. Sci. USA 2003, 100, 10794–10799.
[CrossRef] [PubMed]

92. Yang, Y.; Luan, Y.; Yuan, R.X.; Luan, Y. Histone methylation related therapeutic challenge in cardiovascular diseases. Front.
Cardiovasc. Med. 2021, 8, 710053. [CrossRef] [PubMed]

93. Gao, J.; Li, J.; Li, B.J.; Yagil, E.; Zhang, J.; Du, S.J. Expression and functional characterization of Smyd1a in myofibril organization
of skeletal muscles. PLoS ONE 2014, 9, e86808. [CrossRef] [PubMed]

94. Chen, F.; Chen, J.; Wang, H.; Tang, H.; Huang, L.; Wang, S.; Wang, X.; Fang, X.; Liu, J.; Li, L.; et al. Histone lysine methyltransferase
SETD2 regulates coronary vascular development in embryonic mouse hearts. Front. Cell Dev. Biol. 2021, 9, 651655. [CrossRef]
[PubMed]

95. Nimura, K.; Ura, K.; Shiratori, H.; Ikawa, M.; Okabe, M.; Schwartz, R.J.; Kaneda, Y. A histone H3 lysine 36 trimethyltransferase
links Nkx2-5 to Wolf–Hirschhorn syndrome. Nature 2009, 460, 287–291. [CrossRef] [PubMed]

96. Zhang, Q.J.; Liu, Z.P. Histone methylations in heart development, congenital and adult heart diseases. Epigenomics 2015, 7,
321–330. [CrossRef] [PubMed]

97. Delgado-Olguín, P.; Huang, Y.; Li, X.; Christodoulou, D.; Seidman, C.E.; Seidman, J.G.; Tarakhovsky, A.; Bruneau, B.G. Epigenetic
repression of cardiac progenitor gene expression by Ezh2 is required for postnatal cardiac homeostasis. Nat. Genet. 2012, 44,
343–347. [CrossRef] [PubMed]

98. Ow, J.R.; Palanichamy Kala, M.; Rao, V.K.; Choi, M.H.; Bharathy, N.; Taneja, R. G9a inhibits MEF2C activity to control sarcomere
assembly. Sci. Rep. 2016, 6, 34163. [CrossRef] [PubMed]

99. Nguyen, A.T.; Xiao, B.; Neppl, R.L.; Kallin, E.M.; Li, J.; Chen, T.; Wang, D.Z.; Xiao, X.; Zhang, Y. DOT1L regulates dystrophin
expression and is critical for cardiac function. Genes Dev. 2011, 25, 263–274. [CrossRef] [PubMed]

100. Wan, X.; Liu, L.; Ding, X.; Zhou, P.; Yuan, X.; Zhou, Z.; Hu, P.; Zhou, H.; Li, Q.; Zhang, S.; et al. Mll2 controls cardiac lineage
differentiation of mouse embryonic stem cells by promoting H3K4me3 deposition at cardiac-specific genes. Stem Cell Rev. Rep.
2014, 10, 643–652. [CrossRef] [PubMed]

101. Lee, S.; Lee, J.W.; Lee, S.K. UTX, a histone H3-lysine 27 demethylase, acts as a critical switch to activate the cardiac developmental
program. Dev. Cell 2012, 22, 25–37. [CrossRef] [PubMed]

102. Nicholson, T.B.; Singh, A.K.; Su, H.; Hevi, S.; Wang, J.; Bajko, J.; Li, M.; Valdez, R.; Goetschkes, M.; Capodieci, P.; et al. A
hypomorphic lsd1 allele results in heart development defects in mice. PLoS ONE 2013, 8, e60913. [CrossRef] [PubMed]

103. Ohtani, K.; Zhao, C.; Dobreva, G.; Manavski, Y.; Kluge, B.; Braun, T.; Rieger, M.A.; Zeiher, A.M.; Dimmeler, S. Jmjd3 controls
mesodermal and cardiovascular differentiation of embryonic stem cells. Circ. Res. 2013, 113, 856–862. [CrossRef] [PubMed]

104. Kwok, J.; O’Shea, M.; Hume, D.A.; Lengeling, A. Jmjd6, a JmjC dioxygenase with many interaction partners and pleiotropic
functions. Front. Genet. 2017, 8, 32. [CrossRef] [PubMed]

105. Mysliwiec, M.R.; Bresnick, E.H.; Lee, Y. Endothelial Jarid2/Jumonji is required for normal cardiac development and proper
Notch1 expression. J. Biol. Chem. 2011, 286, 17193–17204. [CrossRef] [PubMed]

106. Cho, E.; Mysliwiec, M.R.; Carlson, C.D.; Ansari, A.; Schwartz, R.J.; Lee, Y. Cardiac-specific developmental and epigenetic functions
of Jarid2 during embryonic development. J. Biol. Chem. 2018, 293, 11659–11673. [CrossRef] [PubMed]

107. Takeuchi, J.K.; Lou, X.; Alexander, J.M.; Sugizaki, H.; Delgado-Olguín, P.; Holloway, A.K.; Mori, A.D.; Wylie, J.N.; Munson,
C.; Zhu, Y.; et al. Chromatin remodelling complex dosage modulates transcription factor function in heart development. Nat.
Commun. 2011, 2, 187. [CrossRef] [PubMed]

108. Huang, W.B.; Liu, W.Y.; Xie, G.L. Role of Brahma-related gene 1 (Brg1) in heart disease. Chin. Med. J. 2021, 134, 1061–1063.
[CrossRef] [PubMed]

109. Hang, C.T.; Yang, J.; Han, P.; Cheng, H.L.; Shang, C.; Ashley, E.; Zhou, B.; Chang, C.P. Chromatin regulation by Brg1 underlies
heart muscle development and disease. Nature 2010, 466, 62–67. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15151316

https://doi.org/10.1101/gad.1563807
https://www.ncbi.nlm.nih.gov/pubmed/17639084
https://doi.org/10.1093/hmg/ddu093
https://doi.org/10.1128/MCB.24.19.8467-8476.2004
https://www.ncbi.nlm.nih.gov/pubmed/15367668
https://pmc.ncbi.nlm.nih.gov/articles/PMC516756
https://doi.org/10.1074/jbc.m803686200
https://doi.org/10.1073/pnas.1934713100
https://www.ncbi.nlm.nih.gov/pubmed/12960381
https://doi.org/10.3389/fcvm.2021.710053
https://www.ncbi.nlm.nih.gov/pubmed/35242817
https://doi.org/10.1371/journal.pone.0086808
https://www.ncbi.nlm.nih.gov/pubmed/25503413
https://doi.org/10.3389/fcell.2021.651655
https://www.ncbi.nlm.nih.gov/pubmed/35281715
https://doi.org/10.1038/nature08086
https://www.ncbi.nlm.nih.gov/pubmed/19483677
https://doi.org/10.2217/epi.14.60
https://www.ncbi.nlm.nih.gov/pubmed/25942538
https://doi.org/10.1038/ng.1068
https://www.ncbi.nlm.nih.gov/pubmed/22267199
https://doi.org/10.1038/srep34163
https://www.ncbi.nlm.nih.gov/pubmed/27667720
https://doi.org/10.1101/gad.2018511
https://www.ncbi.nlm.nih.gov/pubmed/21289070
https://doi.org/10.1007/s12015-014-9527-y
https://www.ncbi.nlm.nih.gov/pubmed/24913280
https://doi.org/10.1016/j.devcel.2011.11.009
https://www.ncbi.nlm.nih.gov/pubmed/22192413
https://doi.org/10.1371/journal.pone.0060913
https://www.ncbi.nlm.nih.gov/pubmed/23951352
https://doi.org/10.1161/circresaha.113.302035
https://www.ncbi.nlm.nih.gov/pubmed/23856522
https://doi.org/10.3389/fgene.2017.00032
https://www.ncbi.nlm.nih.gov/pubmed/28360925
https://doi.org/10.1074/jbc.m110.205146
https://www.ncbi.nlm.nih.gov/pubmed/21402699
https://doi.org/10.1074/jbc.ra118.002482
https://www.ncbi.nlm.nih.gov/pubmed/29891551
https://doi.org/10.1038/ncomms1187
https://www.ncbi.nlm.nih.gov/pubmed/21304516
https://doi.org/10.1097/cm9.0000000000001480
https://www.ncbi.nlm.nih.gov/pubmed/33883407
https://doi.org/10.1038/nature09130
https://www.ncbi.nlm.nih.gov/pubmed/20596014
https://doi.org/10.3390/cells15151316


Cells 2026, 15, 1316 24 of 28

110. Takeuchi, J.K.; Lickert, H.; Bisgrove, B.W.; Sun, X.; Yamamoto, M.; Chawengsaksophak, K.; Hamada, H.; Yost, H.J.; Rossant, J.;
Bruneau, B.G. Baf60c is a nuclear Notch signaling component required for the establishment of left–right asymmetry. Proc. Natl.
Acad. Sci. USA 2007, 104, 846–851. [CrossRef] [PubMed]

111. Wang, Z.; Zhai, W.; Richardson, J.A.; Olson, E.N.; Meneses, J.J.; Firpo, M.T.; Kang, C.; Skarnes, W.C.; Tjian, R. Polybromo protein
BAF180 functions in mammalian cardiac chamber maturation. Genes Dev. 2004, 18, 3106–3116. [CrossRef] [PubMed]

112. Lei, I.; Gao, X.; Sham, M.H.; Wang, Z. SWI/SNF protein component BAF250a regulates cardiac progenitor cell differentiation by
modulating chromatin accessibility during second heart field development. J. Biol. Chem. 2012, 287, 24255–24262. [CrossRef]
[PubMed]

113. Yan, L.; Xie, S.; Du, Y.; Qian, C. Structural insights into BAF47 and BAF155 complex formation. J. Mol. Biol. 2017, 429, 1650–1660.
[CrossRef] [PubMed]

114. Yang, B.; Lin, H.; Xiao, J.; Lu, Y.; Luo, X.; Li, B.; Zhang, Y.; Xu, C.; Bai, Y.; Wang, H.; et al. The muscle-specific microRNA miR-1
regulates cardiac arrhythmogenic potential by targeting GJA1 and KCNJ2. Nat. Med. 2007, 13, 486–491. [CrossRef] [PubMed]

115. Zhao, Y.; Ransom, J.F.; Li, A.; Vedantham, V.; von Drehle, M.; Muth, A.N.; Tsuchihashi, T.; McManus, M.T.; Schwartz, R.J.;
Srivastava, D. Dysregulation of cardiogenesis, cardiac conduction, and cell cycle in mice lacking miRNA-1-2. Cell 2007, 129,
303–317. [CrossRef] [PubMed]

116. Heidersbach, A.; Saxby, C.; Carver-Moore, K.; Huang, Y.; Ang, Y.S.; de Jong, P.J.; Ivey, K.N.; Srivastava, D. microRNA-1 regulates
sarcomere formation and suppresses smooth muscle gene expression in the mammalian heart. eLife 2013, 2, e01323. [CrossRef]
[PubMed]

117. Liu, N.; Bezprozvannaya, S.; Williams, A.H.; Qi, X.; Richardson, J.A.; Bassel-Duby, R.; Olson, E.N. microRNA-133a regulates
cardiomyocyte proliferation and suppresses smooth muscle gene expression in the heart. Genes Dev. 2008, 22, 3242–3254.
[CrossRef] [PubMed]

118. Duisters, R.F.; Tijsen, A.J.; Schroen, B.; Leenders, J.J.; Lentink, V.; van der Made, I.; Herias, V.; van Leeuwen, R.E.; Schellings,
M.W.; Barenbrug, P.; et al. miR-133 and miR-30 regulate connective tissue growth factor: Implications for a role of microRNAs in
myocardial matrix remodeling. Circ. Res. 2009, 104, 170–178. [CrossRef] [PubMed]

119. Morton, S.U.; Scherz, P.J.; Cordes, K.R.; Ivey, K.N.; Stainier, D.Y.; Srivastava, D. microRNA-138 modulates cardiac patterning
during embryonic development. Proc. Natl. Acad. Sci. USA 2008, 105, 17830–17835. [CrossRef] [PubMed]

120. Cordes, K.R.; Sheehy, N.T.; White, M.P.; Berry, E.C.; Morton, S.U.; Muth, A.N.; Lee, T.H.; Miano, J.M.; Ivey, K.N.; Srivastava, D.
miR-145 and miR-143 regulate smooth muscle cell fate and plasticity. Nature 2009, 460, 705–710. [CrossRef] [PubMed]

121. Cao, Y.; Zheng, M.; Sewani, M.A.; Wang, J. The miR-17-92 cluster in cardiac health and disease. Birth Defects Res. 2024, 116, e2273.
[PubMed]

122. Shen, X.; Soibam, B.; Benham, A.; Xu, X.; Chopra, M.; Peng, X.; Yu, W.; Bao, W.; Liang, R.; Azares, A.; et al. miR-322/-503 cluster is
expressed in the earliest cardiac progenitor cells and drives cardiomyocyte specification. Proc. Natl. Acad. Sci. USA 2016, 113,
9551–9556. [CrossRef] [PubMed]

123. Liang, D.; Xu, X.; Deng, F.; Feng, J.; Zhang, H.; Liu, Y.; Zhang, Y.; Pan, L.; Liu, Y.; Zhang, D.; et al. mi RNA-940 reduction
contributes to human Tetralogy of Fallot development. J. Cell. Mol. Med. 2014, 18, 1830–1839. [CrossRef] [PubMed]

124. Cheng, Y.; Zhang, C. MicroRNA-21 in cardiovascular disease. J. Cardiovasc. Transl. Res. 2010, 3, 251–255. [CrossRef] [PubMed]
125. Lagendijk, A.K.; Goumans, M.J.; Burkhard, S.B.; Bakkers, J. MicroRNA-23 restricts cardiac valve formation by inhibiting Has2

and extracellular hyaluronic acid production. Circ. Res. 2011, 109, 649–657. [CrossRef] [PubMed]
126. Abkhooie, L.; Sarabi, M.M.; Kahroba, H.; Eyvazi, S.; Montazersaheb, S.; Tarhriz, V.; Hejazi, M.S. Potential roles of MyomiRs in

cardiac development and related diseases. Curr. Cardiol. Rev. 2021, 17, 66–79. [CrossRef]
127. Mummery, C.; Ward-van Oostwaard, D.; Doevendans, P.; Spijker, R.; van den Brink, S.; Hassink, R.; Van der Heyden, M.; Opthof,

T.; Pera, M.; de la Riviere, A.B.; et al. Differentiation of human embryonic stem cells to cardiomyocytes: Role of coculture with
visceral endoderm-like cells. Circulation 2003, 107, 2733–2740. [CrossRef] [PubMed]

128. Passier, R.; Oostwaard, D.W.; Snapper, J.; Kloots, J.; Hassink, R.J.; Kuijk, E.; Roelen, B.; de la Riviere, A.B.; Mummery, C. Increased
cardiomyocyte differentiation from human embryonic stem cells in serum-free cultures. Stem Cells 2005, 23, 772–780. [CrossRef]
[PubMed]

129. Mummery, C.L.; Ward, D.; Passier, R. Differentiation of human embryonic stem cells to cardiomyocytes by coculture with
endoderm in serum-free medium. Curr. Protoc. Stem Cell Biol. 2007, 2, 1F.2.1–1F.2.14. [CrossRef]

130. Graichen, R.; Xu, X.; Braam, S.R.; Balakrishnan, T.; Norfiza, S.; Sieh, S.; Soo, S.Y.; Tham, S.C.; Mummery, C.; Colman, A.; et al.
Enhanced cardiomyogenesis of human embryonic stem cells by a small molecular inhibitor of p38 MAPK. Differentiation 2008, 76,
357–370. [CrossRef] [PubMed]

131. Freund, C.; Ward-van Oostwaard, D.; Monshouwer-Kloots, J.; van den Brink, S.; van Rooijen, M.; Xu, X.; Zweigerdt, R.; Mummery,
C.; Passier, R. Insulin redirects differentiation from cardiogenic mesoderm and endoderm to neuroectoderm in differentiating
human embryonic stem cells. Stem Cells 2008, 26, 724–733. [PubMed]

https://doi.org/10.3390/cells15151316

https://doi.org/10.1073/pnas.0608118104
https://www.ncbi.nlm.nih.gov/pubmed/17210915
https://doi.org/10.1101/gad.1238104
https://www.ncbi.nlm.nih.gov/pubmed/15601824
https://doi.org/10.1074/jbc.m112.365080
https://www.ncbi.nlm.nih.gov/pubmed/22621927
https://doi.org/10.1016/j.jmb.2017.04.008
https://www.ncbi.nlm.nih.gov/pubmed/28438634
https://doi.org/10.1038/nm1569
https://www.ncbi.nlm.nih.gov/pubmed/17401374
https://doi.org/10.1016/j.cell.2007.03.030
https://www.ncbi.nlm.nih.gov/pubmed/17397913
https://doi.org/10.7554/elife.01323
https://www.ncbi.nlm.nih.gov/pubmed/24252873
https://doi.org/10.1101/gad.1738708
https://www.ncbi.nlm.nih.gov/pubmed/19015276
https://doi.org/10.1161/circresaha.108.182535
https://www.ncbi.nlm.nih.gov/pubmed/19096030
https://doi.org/10.1073/pnas.0804673105
https://www.ncbi.nlm.nih.gov/pubmed/19004786
https://doi.org/10.1038/nature08195
https://www.ncbi.nlm.nih.gov/pubmed/19578358
https://www.ncbi.nlm.nih.gov/pubmed/37984445
https://doi.org/10.1073/pnas.1608256113
https://www.ncbi.nlm.nih.gov/pubmed/27512039
https://doi.org/10.1111/jcmm.12309
https://www.ncbi.nlm.nih.gov/pubmed/24889693
https://doi.org/10.1007/s12265-010-9169-7
https://www.ncbi.nlm.nih.gov/pubmed/20560046
https://doi.org/10.1161/circresaha.111.247635
https://www.ncbi.nlm.nih.gov/pubmed/21778427
https://doi.org/10.2174/1573403x16999201124201021
https://doi.org/10.1161/01.cir.0000068356.38592.68
https://www.ncbi.nlm.nih.gov/pubmed/12742992
https://doi.org/10.1634/stemcells.2004-0184
https://www.ncbi.nlm.nih.gov/pubmed/15917473
https://doi.org/10.1002/9780470151808.sc01f02s2
https://doi.org/10.1111/j.1432-0436.2007.00236.x
https://www.ncbi.nlm.nih.gov/pubmed/18021257
https://www.ncbi.nlm.nih.gov/pubmed/18096723
https://doi.org/10.3390/cells15151316


Cells 2026, 15, 1316 25 of 28

132. Itskovitz-Eldor, J.; Schuldiner, M.; Karsenti, D.; Eden, A.; Yanuka, O.; Amit, M.; Soreq, H.; Benvenisty, N. Differentiation of human
embryonic stem cells into embryoid bodies comprising the three embryonic germ layers. Mol. Med. 2000, 6, 88. [CrossRef]
[PubMed]

133. Kehat, I.; Kenyagin-Karsenti, D.; Snir, M.; Segev, H.; Amit, M.; Gepstein, A.; Livne, E.; Binah, O.; Itskovitz-Eldor, J.; Gepstein, L.
Human embryonic stem cells can differentiate into myocytes with structural and functional properties of cardiomyocytes. J. Clin.
Investig. 2001, 108, 407–414. [CrossRef] [PubMed]

134. Xu, C.; Police, S.; Rao, N.; Carpenter, M.K. Characterization and enrichment of cardiomyocytes derived from human embryonic
stem cells. Circ. Res. 2002, 91, 501–508. [CrossRef] [PubMed]

135. He, J.Q.; Ma, Y.; Lee, Y.; Thomson, J.A.; Kamp, T.J. Human embryonic stem cells develop into multiple types of cardiac myocytes:
Action potential characterization. Circ. Res. 2003, 93, 32–39. [CrossRef] [PubMed]

136. Segev, H.; Kenyagin-Karsenti, D.; Fishman, B.; Gerecht-Nir, S.; Ziskind, A.; Amit, M.; Coleman, R.; Itskovitz-Eldor, J. Molecular
analysis of cardiomyocytes derived from human embryonic stem cells. Dev. Growth Differ. 2005, 47, 295–306. [CrossRef] [PubMed]

137. Zhang, J.; Wilson, G.F.; Soerens, A.G.; Koonce, C.H.; Yu, J.; Palecek, S.P.; Thomson, J.A.; Kamp, T.J. Functional cardiomyocytes
derived from human induced pluripotent stem cells. Circ. Res. 2009, 104, e30–e41. [CrossRef] [PubMed]

138. Chen, M.; Lin, Y.Q.; Xie, S.L.; Wu, H.F.; Wang, J.F. Enrichment of cardiac differentiation of mouse embryonic stem cells by
optimizing the hanging drop method. Biotechnol. Lett. 2011, 33, 853–858. [PubMed]

139. Serena, E.; Figallo, E.; Tandon, N.; Cannizzaro, C.; Gerecht, S.; Elvassore, N.; Vunjak-Novakovic, G. Electrical stimulation of
human embryonic stem cells: Cardiac differentiation and the generation of reactive oxygen species. Exp. Cell Res. 2009, 315,
3611–3619. [CrossRef] [PubMed]

140. Jing, D.; Parikh, A.; Tzanakakis, E.S. Cardiac cell generation from encapsulated embryonic stem cells in static and scalable culture
systems. Cell Transplant. 2010, 19, 1397–1412. [CrossRef] [PubMed]

141. Correia, C.; Serra, M.; Espinha, N.; Sousa, M.; Brito, C.; Burkert, K.; Zheng, Y.; Hescheler, J.; Carrondo, M.J.; Šarić, T.; et al.
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