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Maturation of Stem Cell-Derived Cardiomyocytes:
Foe in Translation Medicine
Yingnan Liao, Liyuan Zhu, Yan Wang
Xiamen Key Laboratory of Cardiovascular Disease, Xiamen Cardiovascular Hospital, Xiamen University, Xiamen, China

With the in-depth study of heart development, many human cardiomyocytes (CMs) have been generated in a laboratory
environment. CMs derived from pluripotent stem cells (PSCs) have been widely used for a series of applications such
as laboratory studies, drug toxicology screening, cardiac disease models, and as an unlimited resource for cell-based
cardiac regeneration therapy. However, the low maturity of the induced CMs significantly impedes their applicability.
Scientists have been committed to improving the maturation of CMs to achieve the purpose of heart regeneration
in the past decades. In this review, we take CMs maturation as the main object of discussion, describe the characteristics
of CMs maturation, summarize the key regulatory mechanism of regulating maturation and address the approaches
to promote CMs maturation. The maturation of CM is gradually improving due to the incorporation of advanced technologies and is expected to continue.
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Introduction

migrate to the impaired area and remodel the myocardium through extracellular matrix deposition, resulting in
increased tissue stiffness and decreased contraction.
Excessive myocardial fibrosis is a vital driver in the course
of various heart diseases and heart failure.
The minimal regenerative capacity of the human heart
has extensively promoted new techniques for producing
CMs in vivo and in vitro. With the ground-breaking scientific discovery of human embryonic stem cells (hESCs)
(2) and human-induced pluripotent stem cells (hiPSC) (3,
4), researchers focus on developing reliable methods that
affect the induction of stem cells differentiation into the
cardiovascular lineage in recent decades. According to the
enormous data, the above two forms of human pluripotent
stem cells (hPSC) can produce numerous contractile CMs
(5-7).
So far, although the cardiomyocytes generated by the
hPSC (hPSC-CMs) display lots of resemblance with human primary CMs, hPSC-CMs have shown immature developmental status representing embryonic or fetal stages
CMs. These hPSC-CMs exhibit spontaneous contraction,
fetal ion channels, fetal electrophysiological properties (8),
and fetal type gene expression patterns. Many recent stud-

Cardiovascular diseases remain one of the significant
mortalities worldwide. Ischemic heart disease (IHD) is
still one of the five major factors leading to premature
death in China (1). Millions of patients suffer from heart
failure or new or recurrent myocardial infarction (MI) every year. IHD results in CMs’ gradual death through
apoptosis and/or necrosis and causes fibrotic replacement
of the dead CMs. Subsequently, fibroblasts proliferate and
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ies have sought approaches to overcome this developmental hindrance and further improve hPSC-CMs maturation
to closer to native adult cardiac tissue by long-term culture, electrical and biomechanical stimulation methods,
recently reviewed (9, 10). Furthermore, some investigators
also develop an advanced three-dimensional (3D) cell culture system (that is, co-culture of non-CMs and extra-

cellular matrix) to recapitulate in vivo environment (11,
12). Despite extensive efforts, we are still far from achieving PSC-derived CMs characteristics comparable to native
or mature CMs in vitro (Fig. 1).
Thus, an in-depth understanding and identification of
the molecular mechanism of cardiac maturation is necessary, which may help us better improve the maturation
of hPSC-CMs, thereby achieving translational medicine
applications.

Hallmarks of Cardiac Maturation
Major characteristics of CMs maturation are summarized in Table 1.

Sarcomere

Fig. 1. Major challenges and applications of pluripotent stem
cell-derived cardiomyocytes (hPSC-CMs).

The highly ordered tissue of striated muscle is the
premise of rapid and unidirectional development of force
and movement in the process of cardiac and skeletal muscle contraction (13-15). Myofibril is a 1-μm diameter,
long cylindrical structure in striated muscle. A bunch of
myofibrils provides the contractile function to skeletal
muscle cells. Myofibrils are comprised of thick filaments
and thin filaments. The components of thick filaments are
myosins, and the main components of thin filaments are
actins, supplemented by tropomyosins and troponins.
Under the electron microscope, the whole length of each

Table 1. Hallmarks of cardiac maturation
Characteristics
Structure

Metabolism

Calcium handling &
electrophysiology

Cardiomyocyte
proliferation

a

Myofibrils massive expansion
More clear banding
Improved sarcomere filament alignment
M-line more clear
Sarcomeric isoform switching
Increased number and size of mitochondria
Densely organized cristae
Mitochondrial membrane polarization
Glycolytic genes downregulation
More negative resting membrane potential
Longer plateau phase of action potential
Faster upstroke velocity
a
T-tubule formation
Low automaticity
Decreased proliferation rate
Repressed cell cycle regulators
Maturational hypertrophy
Polyploidization

Functional assessments

Key references

Sarcomere length
Fractional shortening
Contraction velocity

(14-17, 20, 23, 26)

Oxygen consumption rate
Mitochondrial membrane polarization

(47-50, 52, 53, 56)

Calcium transient
Peak height
Departure velocity
Action potential

(66-72, 76, 79)

b

Brdu
Ki67
c
pH3

T-tubule: transverse tubules, bBrdu: 5-bromodeoxyuridine, cpH3: phosphorylated histone H3.

(84-89, 91-95, 97)
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myofibril presents regular bright and dark bands. The
light and dark zones contain thinner and parallel filaments called myofilaments. The light band is isotropic, so
it is called band I. The myofilament is thinner with a diameter of about 5 nm, which is called the thin myofilament.
Part of the myofilament is located in the bright band, and
the other part is in the dark band, inserted between the
thick myofilaments. The dark band is also called band A.
The myofilaments in the dark zone are larger with a diameter of about 15 nm, so they are called thick myofilaments.
There is a bright narrow band in the center of the dark
band called the band H; there is a thin film in the middle
of the H band called the M membrane. There is also a
thin film in the center of the bright band, called Z-membrane, or Z-line; The area of myofibril between two adjacent Z lines is called sarcomere, which is the basic unit
of muscle contraction and relaxation.
In the process of myofilament gliding, when the intracellular Ca2＋ is increased due to the excitation of CMs,
Ca2＋ binds to troponin on the filaments, which changes
its configuration, thus pulling the troponin to roll and
shift, exposing its covered binding sites. Meanwhile,
Myosin ATPase on the cross-bridge can catalyze the decomposition of ATP, and the release of energy drives muscle contraction. When intracellular Ca2＋ concentration is
reduced, troponin dissociates from Ca2＋ and returns to its
resting position. The cross-bridge cannot contact the thin
muscle filament, which makes the muscle enter the relaxation process.
Research has shown hESC-CMs and hiPSC-CMs between 20 and 40 days manifest poorly arranged contractile
apparatus, exhibiting stunted myofibril density and orientation and fluctuating Z-disc alignment (15). However,
substantial improvements in the myofibrillar density,
alignment, and morphology are observed over prolonged
in vitro culture, as shown in late period hESC-CMs and
hiPSC-CMs (80∼120 days). An integral element of myofibril maturation is myofibrillar proteins isoform switching,
such as titin, myosin heavy chain, α-actin, and the troponin complex. Due to extensive alternative splicing, the
N2BA isoform of TTN is expressed in fetal CMs and
hPSC-CMs, whereas the stiffer N2B isoform becomes restricted to adult CMs (16).
Another well-known sarcomere component is the myosin heavy chain, and it is expressed under two distinct
isoforms in rodents, among which MYH7 is the predominant fetal isoform during fetal development, while MYH6
is the adult isoform in the adult hearts (17). On the contrary, fetal human CMs and hPSC-CMs initially express
MYH6, while in adult CMs, MYH7 replaces it (18, 19).

Likewise, slow skeletal muscle isoform (TNNI1) is predominantly expressed in fetal CMs, then switches to cardiac troponin I (TNNI3) as CMs mature (20-22). Studies
have shown MLC-2A transcript expression is observed in
both atria and ventricle during heart development in
humans. In contrast to the mouse, it does not become
chamber restricted; instead, it is widely expressed throughout heart development until adulthood. MLC-2V is identified as a maturation marker, which is not detected in the
aria and slow-conducting tissues (23, 24). It is also reported that hiPSC-CMs present either one of these myosin
light chain isoforms or both, to a distinct degree in the
cultures (25). The isoform of myomesin (EH-myomesin)
peaks in fetal CMs, but the isoform of myomesin lacking
the EH domain can be detected in mature CMs (26). SMA
is abundantly expressed in early embryonic phases in rodents and becomes undetectable in the adult heart (27,
28). hESC-CMs have been confirmed to express SMA in
vitro but less in human fetal CMs (28). Desmin protein
is the muscle-specific intermediate filament critical for
maintaining sarcomeres (29) and is observed only in a
fraction of hESC-CMs (25). By contrast, the typeⅢ intermediate filament protein vimentin is observed in fetal
CMs and all hESC-CMs in the culture but not in adult
rat CMs (25).
Contractile force, the critical feature of sarcomere contraction, results from fine regulatory interaction among
electrical activation, calcium treatment, and myofilament
activation. However, it is one of the least studied parameters, although the methods of contractile forces of CMs
have been greatly developed. To the best of our knowledge, contractile force assays include magnetic beads (30),
atomic force microscopy (AFM) (31, 32), micropost arrays
(MPAs) (33-36), traction force microscopy (TFM) (37), optical edge detection (38), flexible cantilevers (39, 40), and
strain gauges (41). Out of these techniques, MPAs and
cantilevers have been used successfully to measure forces
and assess cell maturation from CMs (33, 34, 36, 42). An
early study reported peak isometric twitch tension was
44.0±11.7 mN/mm2 in human myocardium, peak twitch
tension was 56.4＋4.4 mN/mm2 in rat myocardium, 46.1±
2.6 mN/mm2 for rabbit myocardium (43). hPSC-CMs in
a 3D collagen matrix with uniaxial mechanical load further increase the active force. However, this construct generates around 0.08 mN/mm2, about 550 times less than the
adult human myocardium (44). Similarly, engineered
heart tissue (EHT) consisting of neonatal rat CMs with
collagen I and matrix factors revealed a high ratio of
twitch (0.4 to 0.8 mN/mm2) to resting tension (0.1 to 0.3
mN/mm2) (45). Another group quantified the contraction
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force of hiPSC-CMs and hESC-CMs by using atomic force
microscopy (AFM); they observed these two different sources of CMs contract with the comparable mechanical
properties with contraction forces of 0.49±0.45 nN and
0.23±0.11 nN, respectively (32). In addition, individual
CMs (which were plated onto polyacrylamide gels with an
elastic modulus of 4 kPa and surfaces functionalized with
chemically cross-linked gelatin) were detected using a
method of dynamic traction force microscopy (46). Selected
hESC-derived CMs contracted with an average axial force
of 139±29 nN and a total force of 144±33 nN. Notably,
these values did not change obviously, even if the culture
time was prolonged to 90 days. In contrast, NRVCs contracted with an average axial force of 202±47 nN and a
total force of 222±54 nN by employing the same method
(46).

Metabolism
Fetal nutrition relies predominantly on the placenta’s

functional ability to intake glucose and lactic acid. During
postnatal development, the transition to maternal milk
nutrition raises the lipid diet content, and the increase of
oxygen concentrations in circulating blood leads to metabolic reprogramming (47). Subsequently, roughly 50% of
the total ATP is derived primarily from anaerobic glycolysis in the fetal heart. In contrast, by postnatal day (P)
7, β-oxidation of fatty acids is a major contributor to energy supply, facilitating more excellent ATP production
(48, 49).
During maturation, striking changes of shape, morphology, and the biochemical content of cardiac mitochondria
enable an amble and steady ATP production rate for
contraction. PSC-CMs have immature mitochondria localized in the perinuclear region, exhibiting disorganized
and fewer quantities and smaller sizes (Fig. 2). By contrast, mitochondria in adult CMs are well organized in a
highly mature network that is about 40% of the cell volume (50) and are arranged in a straight line in the orientation of the sarcomeres and attached to SR, leading to

Fig. 2. Major characteristics of cardiomyocyte maturation. Dynamic changes of structure and function of cardiomyocytes occur during maturation.
Major characteristics of human pluripotent stem cell-derived cardiomyocytes (representing immature cardiomyocyte) and adult-like cardiomyocytes (representing mature cardiomyocyte) as discussed in the text.
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efficient ATP transport (51, 52). Cristae, the inner membrane invaginations that offer a sufficient surface area for
efficient mitochondrial respiration, present few and poorly
aligned within PSC-CMs (53) while closely compacted and
organized within adult CMs (54, 55). Meanwhile, compared with late fetal stages, the copy number of mitochondrial DNA (mtDNA) raises three times in adult hearts.
Mitochondrial fusion and fission can direct mitochondrial morphology and size. For instance, disturbance of
mitochondrial fusion proteins mitofusin 1 (MFN1), mitofusin 2 (MFN2), or optic atrophy 1 (OPA1) in adult CMs
results in a plethora of small, round mitochondria (56).
Fission-promoting protein DRP1 overexpression in CMs
induces mitochondrial fragmentation (57), partially phenocopied by conditional interruption of MFN1/2.
Changes in metabolic maturation are directly involved
in transcriptional activation of genes engaged in fatty acid
metabolism and β-oxidation. A crucial part of the peroxisome proliferator-activated receptor (PPARs) in the synergistic cardiac metabolism regulation has been investigated.
In common with nuclear receptor gene family members,
the PPARs are ligand-dependent transcription factors. The
binding of agonist ligands to the receptor leads to PPARs
target genes expression level alteration (58). Proliferator–
activated receptor γ coactivator-1 (PGC-1) gene expression is initiated in the postnatal mouse heart, which is
identified as a crucial regulatory player by modulating the
cardiac mitochondrial number and function response to
heart energy demands (59).
Furthermore, inhibition of fatty acid β-oxidation by
ETO in the postnatal mouse heart from postnatal days 2
to 4 preserves endogenous CMs proliferation, whereas retards CMs hypertrophic growth and maturation at P5 and
P7. On the contrary, fatty acid β-oxidation activation in
the infant mouse heart leads to maturation enhancements
and gives rise to binucleated CMs at P5 (60). These findings reveal in different cellular-context, PPARs have a different impact on cellular function.
Likewise, another group in the nuclear receptors superfamily, the estrogen-related receptors (ERRs), have also
been shown a significant role in supporting the metabolic
transition of developing CMs. Supporting evidence shows
ERRs have three family members, ERRa (Esrra), ERRb
(Esrrb), and ERRg (Esrrg) (61, 62). ERRγ and PGC-1β
are vastly upregulated in tissues with high energy requirements such as the heart, kidneys, and brown adipose tissue (63, 64). A recent study shows knockdown of the expression of ERRα and γ in the heart after birth in mice
causes cardiomyopathy with an arrest in mitochondrial
maturation (65). Using RNA-seq and ChIP-seq, results re-

veal that ERRγ activates transcription of genes involved
in nearly all aspects of postnatal developmental maturation, including mitochondrial energy transduction, contractile function, and ion transport. In common with
PPARs, ERRγ expression is also augmented in patients
with hypertrophic cardiomyopathy (HCM) and cardiac hypertrophy animal models. Besides, overexpression of ERR
γ in the heart induces cardiac hypertrophy. Thus, the
promising results indicate functional collaboration between ligand-dependent and orphan nuclear receptors in
stimulating CMs maturation.

Calcium Handling and Electrophysiology
The sustained contraction and relaxation of the heart
are strictly controlled by electric pulses and the oscillation
of cytoplasmic Ca2＋ concentration. Inward and outward
channels of ions result in action potential, the form of the
electrical signal that occurs during each cardiac cycle.
When CMs are excited, depolarization and repolarization
occur, forming action potential (AP). During the change
of membrane potential, the ion channels undergo the transition of closing, opening, and deactivation. AP is traditionally characterized by five phases (0∼4) (66), and phase
0 is rapid depolarization, resulting from Na＋ rapid influx.
Phase 1 is the initial stage of rapid repolarization, which
is caused by the transient outflow of K＋. The plateau
stage of the two phases is slow repolarization, which is
caused by the influx of Ca2＋ and a small amount of Na＋
and the outflow of K＋. Phase 3 is the end of fast repolarization caused by the outflow of K＋. The AP duration from
phase 0 to phase 3 is called action potential duration
(APD). Phase 4 is the resting phase, and the membrane
potential of the nonautonomous cells is maintained at the
resting level. The intramembrane potential is negative to
the extracellular potential in the resting state, which is
about - 90 mV. It is in the polarized state caused by the
high concentration of K＋ efflux from CMs. A complete
discussion of AP phases in atrial and ventricular CMs can
be found in ref (67). In contrast, field potential (FP) is
used to describe the membrane potential of CMs measured by multi-electrode array system (MEA). The detected
FP signal comprises the spatiotemporal electrical activity
of a group of cells; therefore, it is the sum of all the channel currents. In this regard, the FP is similar to the ECG
signal that records the change of body surface voltage
caused by the current flowing throughout the heart. The
FP waveform reveals different characteristics magnified by
a pronounced transient spike during membrane depolarization (68), followed immediately by mild slope associated
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with calcium influx, terminated with repolarization based
on potassium efflux. FPD has been demonstrated to correlate with the APD90 of the APs (68). hPSC-CMs together
with the MEA system can be widely used to test cardiac
drugs effects and represent a promising in vitro model for
cardiac electrophysiologic studies (69-73).
Atrial (neonatal and adult), as well as ventricular
(embryonic, neonatal and adult) murine CMs, show substantial changes in AP morphology during development
(74-77). The inward rectifier potassium current IK1 I nsufficiency is widely acknowledged as the main limitation for
hiPSC-CMs. During murine fetal development, the total
amplitude of IK1 in ventricular CMs and the activation kinetics increase, and the IK1 inward rectifier property becomes stronger. IK1 plays a crucial role in the spontaneous
AP in fetal ventricular CMs (78). They block IK1, resulting
in significant depolarization.
Moreover, iPSC-CMs can reiterate the cellular electrophysiological phenotype caused by SCN5A mutations.
Remarkably, hiPSC-CMs reveal a relative increase in the
adult Nav1.5 over the fetal Nav1.5 after extended culture
(79). Some studies report that after＞60 days in culture,
L-type calcium channel in hPSC-CM is remarkably comparable to L-type calcium channel densities measured in
adult human ventricular (80). The action potential of immature hPSC-CMs does not display an exact plateau
phase (Fig. 2).
In contrast, mature ventricular CMs open the L-type
Calcium channels (Cav1.2) to permit high levels of calcium influx, which generates a plateau phase (80). The
slow recovery kinetics of transient outward potassium current (Ito) coupled with a depolarized MDP are responsible
for an AP notch deficiency in the majority of hiPSC-CMs.
Electrophysiological analysis has also recognized that Ito
is small or virtually nonexistent in neonatal CMs from
other mammalian species (81).
The action potential is transmitted to the trigeminal
structure of the transverse tube and the terminal cistern
of the bilateral muscle ganglia through the transverse tube
system. The signal is transmitted to the nearby sarcoplasmic reticulum through the transverse tube, which results
in the opening of calcium channels on the terminal cistern, where it triggers the cardiac ryanodine receptor 2
(RYR2) to liberate Ca2＋ from the sarcoplasmic reticulum
(SR); thus the calcium ions in sarcoplasmic reticulum follow the concentration gradient and enter the cytosol with
low calcium concentration at rest (82). When excitationcontraction coupling occurs, the concentration of calcium
ion in the cytosol can be increased by 100-fold.
Adult CMs are somewhat more giant cells, and Ca2＋

signals have a high homogeneity (82, 83). By contrast,
hiPSC-CMs express the same components for calcium
handling, and the spatial distribution of Ca2＋ signals is
highly heterogeneous. During in vitro maturation, calcium
store load steadily is increased. Notwithstanding, ＜40
days post beating, hESC-CMs still express functional intracellular calcium handling components, such as CaV1.2,
CaVβ2, RyR2, and IP3R, even if its level is significantly
lower than those of primary adult CMs.

Cardiomyocyte Proliferation
Due to its relationship with cardiomyocyte proliferation,
the study of cardiomyocyte maturation is also of great
significance. Studies in humans and rodents demonstrate
limited regeneration of CMs in adulthood, whereas CMs
present proliferative capacity in the fetus (84-86). Tri-iodo-L-thyronine (T3), which is believed as a major stimulant of CMs maturation, suppresses the proliferation of fetal CMs in vitro (87). The deactivation of thyroid hormone
signaling diminishes the polyploidization of mouse CMs,
postpones the exit of the cell cycle, and preserves the heart
regeneration potential of adult mice (88). Similarly, overexpression of YAP5SA, whose target genes encode cell cycle regulators, induces adult CMs reversion to a fetal-like
cell state (89). Although miR-199a promotes the dedifferentiation and proliferation of CMs, drops the infarct
range, and recovers the contractile function of CMs in infarcted pigs, the uncontrolled expression of this miRNA
ultimately causes abrupt death (90). Thus, we should pay
more attention to the experiment of promoting cardiac
proliferation in the clinic.
Cardiomyocyte cell cycle withdrawal is observed within
the first postnatal week of life in mice. Studies in humans
have demonstrated the number of CMs remains stable
over the human lifespan (91). During maturation, another
hallmark is cardiomyocyte polyploidization. In rodents, ＞75%
of CMs become polyploid and largely binucleated resulting from DNA synthesis and nuclear division without cytokinesis (92). By contrast, a similarly high percentage of
human and other primate CMs are polyploid containing
high DNA contents ranging from 4c to 16c due to DNA
synthesis without karyokinesis (93) (Fig. 2). Moreover, the
number of polyploid cells improves after myocardial infarction and other injuries. Cardiomyocyte polyploidization is likely negatively correlated with regenerative
capacity. Inactivation of tnni3k causes mononuclear diploid CMs to enhance cardiomyocyte proliferation. In turn,
overexpression of tnni3k in zebrafish promotes myocardial
polyploidy and impairs heart regeneration (94). Relevant
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evidence shows that ect2 induces zebrafish cardiac polyploidy, an obstacle to the proliferation of CMs (95).
However, though polyploidy is related to the terminal differentiation of CMs, polyploid hepatocytes devote robustly
to liver regeneration despite ploidy. Thus, it remains obscure about the regulation and unique function of polyploids and their impact on cell physiology.
The classic regulators of cell cycle progression, including cyclins and CDKs, are also engaged in the cardiac cell
cycle. These regulators are highly expressed during embryonic cardiac development and then decline at different
rates during cardiomyocyte maturation (96). Likewise, the
expression levels of cyclins and CDKs are diminished during hPSC-CM differentiation (97). A recent study has reported that overexpression of four cell cycle regulators, cyclin-dependent kinases 1 and 4 (CDK1 and CDK4), cyclin
B1, and cyclin D1, induces cell division explicitly in adult
mitotic mouse, rat, and human CMs. Once the cell-cycle
regulators are delivered after myocardial infarction, the
mice will reveal significant cardiac function (98). Overall,
such knowledge not only deepens our understanding of
cardiac maturation but may also shed light on the discoveries of therapeutic targets to induce host CMs division
under disease conditions or to expand transplanted cells
after transplantation into damaged hearts.

Cardiac Maturation Regulation
Cardiac maturation involves a variety of molecular
events coinciding. However, the functional implications of
these cellular changes and interactions have only begun
to be explored at the molecular level.

Transcriptional Regulation
Transcriptome
Microarray analysis demonstrates that the gene expression profile of hPSC-CMs resembles that of the fetal
heart in the first trimester. However, after inducing maturation under culture conditions containing the T3 hormone, its gene expression profile is analogous to that of
the fetal heart in the second trimester (99). A finding from
over 200 microarray data sets from different heart development stages indicates that PSC-CMs mature in the early
stage but stop maturing even after 20 days of culture in
the late embryonic stage. They found that transcriptional
regulators, including PPARs, are misregulated in PSC-CMs,
which is the leading cause of maturation stagnation (97).
Recently, improvements in single-cell RNA-sequencing
technology have profound insight into the regulatory net-

works in CMs maturation. Single-cell RNA sequencing is
performed on more than 1200 mouse cells at seven developmental time points ranging from embryonic day 9.5 to
postnatal day 21 (100). They subsequently observe the
hES-D20 cells equivalent to E14.5 ventricular CMs, while
hES-year1 cells equivalent to E18.5 ventricular CMs.
Moreover, they also observe maturity heterogeneity of individual CMs even at the same target time point. This
finding suggests that cardiomyocyte maturation state can
be observed and assessed at a single-cell level. By taking
advantage of extensive single-cell transcriptomic analyses
of in vitro cardiac differentiation, another group found
HOPX (101), as a critical regulator of heart development,
is not efficaciously triggered during monolayer-based cardiac differentiation. Overexpression of HOPX increases
cell size and a penal of known regulators of hypertrophy.
Loss of HOPX function attenuates hypertrophic growth
and maturation.

Master regulators
Currently, many studies have reported on factors that
regulate diverse respects of heart maturation. We have already discussed the structure, metabolism, and electrophysiological characteristics of cardiomyocyte maturation
in previous sections. However, a central open problem is
whether these mature steps are regulated separately,
whether they have a standard regulatory process or primary and secondary regulatory relationships. Although
some studies reveal sarcomere maturation is upstream of
most other cardiomyocyte maturation aspects, the relationships between the multiple aspects of CM maturation
remain mostly unresolved. Here, we highlight a few factors that are known for regulating nearly every aspect of
cardiomyocyte maturation. These factors are considered as
the critical node in the cardiac mature regulatory network
(Fig. 3).
SRF
SRF, a MADS-box-containing transcriptional factor, has
been characterized extensively recently (102). In early embryogenesis, SRF has an essential role in mesoderm formation during gastrulation (103). Also, the cardiac-specific absence of SRF in the embryo leads to severe cardiac
defects (104). Besides its impact on development, disruption of SRF in the adult heart induces progressive impairment of left ventricular function and progression to
dilated cardiomyopathy (105). Intriguingly, SRF is increasingly well implicated as crucial nodes in the regulatory network of cardiac transcription and regulated the
cardiac transcriptome (106). Guo and colleagues recently
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Fig. 3. The complicated regulatory
layers of cardiomyocyte maturation.
As illustrated, the complex regulatory events of cardiomyocyte maturation include transcriptional, posttranscriptional and epigentic regulation.

discovered that SRF could coordinate almost all aspects
of CM maturation. They first observe a significant reduction of mitochondria and metabolism genes after deleting
SRF by exploiting CASAVA. BioChIP-seq further validates SRF directly regulates genes that control sarcomere
expansion, mitochondrial biogenesis, transverse-tubule
formation (106). However, overexpressed SRF in neonatal
CMs also dramatically blocks T-tubule formation and
causes defects in morphological maturation. Thus, the
SRF dosage should be carefully balanced in promoting
CM maturation.

Nuclear receptors
Thyroid hormone T3 profoundly impacts cardiomyocyte
maturation, including regulating fetal-to-adult titin and
myosin heavy chain isoform transition (107), increasing
cardiomyocyte width polyploidization, augmenting expression of phospho-mTOR, ANP, and SERCA2a, reducing proliferation and cyclin D1 protein (88).
T3 functions via THRA and THRB nuclear receptors,
which are the central thyroid hormone receptors. Mutation
of THRA impairs cardiomyocyte maturation. Likewise,
glucocorticoids have a critical role in late gestational heart
maturation (108). Glucocorticoids bind to glucocorticoid

receptors (GRs), which belong to the nuclear receptors
superfamily. Mice deficient in glucocorticoid receptors in
CMs and vascular smooth muscle reveals aberrant cellular
behavior, including poorly aligned and disorganized myofibrils with only a few sarcomeres (109). Additional nuclear receptors (NRs) play a central role in regulating metabolic maturation. Such factors are PPARs (peroxisome
proliferator-activated receptors), which interact with the
retinoic acid X receptor and activate downstream targets
engaged in fatty acid and carbohydrate metabolism by
binding to the promoter region. It has been believed that
PPARα is activated by fatty acids and a primary cardiac
fatty acids metabolism regulator. PPARα-mediated activation of fatty acid β-oxidation promoted the proliferation of CMs at P4 in infant mice, while this phenomenon did not exist in P2 and P5. However, in P5, PPARα
-mediated activation of fatty acid β-oxidation enhances
the hypertrophic growth and maturation of CMs. These
facts highlight the role of PPARα in distinct cellular
functions during perinatal environmental changes (60).
PPARγ coactivator–1 (PGC-1) promotes transcription via
complex assembly that anchors active nuclear receptors
with chromatin remodeling complexes. Mice deficient in
both PGC-1α and PGC-1β demonstrated signatures of a
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maturational defect, including reduced growth, arrested
mitochondrial biogenesis, and persistence of a fetal pattern of gene expression (110). Of note, depletion of PGC-1
α and PGC-1β during postpartum heart development
leads to significant defects in mitochondrial maturation
and structure, related to decreased expression of genes involved in mitochondrial fusion-fission, such as Mfn1,
Opa1, and Fis1, resulting in progressive, lethal cardiomyopathy (111). More recently, a study shows PGC1 is essential for postnatal CM growth, calcium handling, and mitochondrial activity beyond metabolism, which suggests
that PGC1 has a multi-faceted role in coordinated cardiomyocyte maturation (112). Mechanistically, PGC1/PPAR
signaling can regulate Yap1 and SF3B2, which are upstream regulators of cellular hypertrophy and calcium
handling.
Apart from ligand-dependent nuclear receptors, ligand-independent (orphan) nuclear receptors such as the
ERRs (estrogen-related receptors α, β, and γ) might also be essential for the maturational transition of developing CMs by directly regulating genes vital for mitochondrial functions, CM contraction, calcium homeostasis, and
conduction (65, 113).
Therefore, NRs deserve more attention as potentially
promising candidates for metabolic variations and transcriptional regulation during cardiac maturation.

Posttranscriptional Regulation
miRNAs have been established as critical factors in coordinating the sophisticated regulatory network in cardiomyocyte maturation. For example, miR-1 is the most
abundantly occurring cardiac microRNA (miRNA) in mature CMs, verified to facilitate their electrophysiological
maturation (114). Moreover, Let-7 is the most upregulated
miRNA family member during the one-year culture of
hESC-CMs in vitro (115). Cell size, sarcomere organization, contraction force, and respiratory capacity enhancements are observed after let-7 family overexpression
in hESC-CMs. By contrast, miR-200c overexpressing
hESC-CM reveals Ca2＋ influx inhibition (116). It is reported that microRNA maturation cocktail (that is, overexpression of Let7i and miR-452 and knockdown of
miR-122 and miR-200a) while significantly enlarges
hiPSC-CMs cell area and creates a more mature transcription profile (117). Similar to the cocktail strategy, delivering four microRNAs, miR-125b-5p, miR-199a-5p,
miR-221, and miR-222 (termed as miR-combo), to m/hESCCMs also leads to improvement of sarcomere alignment
and calcium handling, mitochondrial cristae formation,

and enhance expression of cardiomyocyte maturation
markers (118).
Epigenetic regulation is central to establish and maintain vast various cellular functions. Epigenetic marks or
factors, such as DNA methylation and histone tail modifications, are dynamically changed during cardiac development and maturation. Emerging evidence indicates the
epigenetic alterations are closely associated with cardiomyocyte maturation. As expected, epigenetic changes
are relevant to transcriptional activity and silencing. In
postnatal CMs, fetal cardiac genes are decked with repressive chromatin configuration, characterized by hypermethylated and H3K27me3. Whereas actively expressed
genes in adult CMs are hypomethylated and maintain active histone modifications, such as H3K27ac, H3K9ac,
H3K4me1, and H3K4me3 (119, 120). Valproic acid, the
histone deacetylase inhibitor, increases active histone
modifications H3K4me3 on the whole genome level, induces hypertrophic growth, and augments cardiac gene expression hPSC-CMs (121), but it does not have an impact
on electrophysiological properties. DNMT3A/B-mediated
DNA methylation can inhibit the slow skeletal troponin
I subtype (Tnni1).
Similarly, genes involved in converting fetal into adult
energy metabolism are also methylated after birth.
H3K27me3 is particularly related to suppressed and demethylated genes in CMs (119). In another study, early cardiac progenitor cells stimulated with polyinosinic-polycytidylic acid (pIC) have been shown to augment the maturation of CMs (122). Mechanistically, pIC treatment regulates early Notch signaling and increases the epigenetic
activating modification H3K9ac in cardiac myofilament
genes promoter regions. In a recent study, in vivo CRISPR
screening identifies RNF20/40 (123), which monoubiquitinates H2B at lysine 120 by exerting E3 ligase activity.
RNF20/40 is essential for CMs maturation, which is proven to regulate metabolism during CM maturation directly.
Chromatin organization is believed as another fundamental regulatory layer of CM maturation. Chromatin-remodeling protein, BRG1, maintains cardiomyocyte in an
embryonic state. When encountering cardiac stress in
adulthood, BRG1 is reactivated and cooperates with histone deacetylase (HDAC) and poly ADP–ribose polymerase (PARP) to induce myosin heavy chain isoform conversion (124). CTCF (CCCTC-binding factor), one of the
best described architectural proteins, hearts of its mutant
reveal mitochondrial function and protein production
genes upregulation; however, mitochondrial do not mature
correctly (125).
In conclusion, these findings suggest that histone and
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DNA modification play a significant role in regulating
cardiomyocyte maturation. Nevertheless, we are still in the
early stages of understanding how epigenomes regulate
this sophisticated progress; the target and mechanism of
CM maturation need to be further explored.
Cardiac proteomics promotes our understanding of regulating CM maturation. As anticipated, the global proteome of hESC-CMs is fetal-like, and hESC-CMs have the
lowest level of sarcomeric protein, a protein engaged in
energy transfer. Pathway analysis highlighted the peroxisome proliferator-activated receptor α signaling (PPAR
α) as a key regulator for cardiac maturation. Activation
of PPARα with molecular agonist significantly increases
fatty oxidative enzyme activity, hyperpolarizes mitochondrial membrane potential, and induces a more organized
morphology (126). Using a mass spectrometric approach
to investigate protein expression in vitro over 30 days of
hiPSC-CM, the finding suggests proteins associated with
protein translation/synthesis and ubiquitination are reduced, followed by an increase in oxidative phosphorylation and a decrease in glycolytic proteins. Although
most proteins involved in excitation-contraction coupling
are increased, this is insufficient to cause functional en-

hancement because of no change in calcium transient amplitude (126). In a recent study, Cai et al. (127) develop
an unbiased proteomics strategy integrating high-throughput top-down targeted proteomics and bottom-up global
proteomics to appraise precisely hPSC-CM maturation.
This finding identifies several candidate maturation-related factors critical for sarcomere tissue, cardiac excitability, and calcium homeostasis.

Approaches to Acquire CM Maturation
The ability of hPSC-CM to mature into an adult-like
phenotype after transplantation denotes that the standard
cell culture conditions lack key elements in the in vivo environment (128). On the other hand, isolated adult CMs
are observed to either die or dedifferentiate after being
cultured in a cell medium for several days (129). The
above limitation has been recognized for many years.
Thus, many researchers are attempting to improve the in
vitro systems to promote mature CMs better (Fig. 4).

Fig. 4. Approaches to acquire CM
maturation. Representative strategies
that promote hPSC-CMs maturation.
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Biophysical Stimuli
Using matrigel-coated polyacrylamide substrates with a
physiologically relevant stiffness in rectangles [length：
width=1.5∼1.7：1], micropatterns make CMs more mature concerning electrophysiology, calcium flow direction,
mitochondria organization, and T-tubules formation.
hPSC- CMs growth on hydrogel also displays action potential propagation and myocardial contractility (130).
hPSC-CMs island geometry has a significant effect on action potential and calcium dynamics. hiPSC-CM in larger
islands demonstrate maturity enhancements, explained by
nearest-neighbor contact interactions (131). Similar findings were observed when GSK-3β inhibitor withdrawal
combined with high cell-cell contact (132).
The mechanical force also modulates maturation.
hPSC-CMs cultured on physiologically stiff 16 kPa show
sarcomeric alignment and SERCA2a spreading and relocalization (133). hiPSC-CMs seeded on Matrigel with ＞0.4
mm thickness exhibit enhanced sarcomere alignment,
rod-shaped and robust hiPSC-CM shortening (134). A recent study reports CMs derived from early-stage display
significant plasticity instantly after the occurrence of
spontaneous contractions, under the conditions of physical
conditioning with growing density for four weeks, while
cardiac tissue generated from human iPSCs display
adult-like characteristics, such as organized ultrastructure,
physiological sarcomere longitude and mitochondria density, the presence of transverse tubules and oxidative metabolism (135). However, electromechanical properties
have not reached the maturity degree recapitulating the
in vivo adult myocardium.
Applying electrical signals can also substantially enhance cell function. Suprathreshold electrical field stimulation and chronic pacing at a constant rate both ameliorate the neonatal rat ventricular myocytes’ functional phenotype (136, 137).
The above strategies have also been applied for
hPSC-derived cardiac tissues. Nunes and colleagues have
generated a platform termed biowire that combines 3D
and electrical stimulation with an increased frequency
ranging from 1 to 6 Hz to create a microenvironment favorable to cardiac maturation (138). Strikingly, these
stimulated conditions remarkably improved cell and myofilament structure enhanced electrophysiological and Ca2＋
handing and upregulated potassium inwardly-rectifying
channel gene. However, M-lines, T-tubules defects, and
downregulation of structural proteins mRNA are observed
in this system. The same group developed the second version, named Bioware II (139), which enables electro-

physiologically distinct atrial and ventricular tissues.
Electrical stimulation matures CMs via increasing connexin expression and adapting an autonomous beating
rate; this adaptive effect can maintain for up to 2 weeks.

Biochemical Stimuli
The hormone-insulin-like growth factor 1 (IGF-1) signaling has vital roles in regulating several cellular processes, including contractility, metabolism, hypertrophy,
autophagy, aging, and apoptosis in the heart (140). The
canonical IGF1 pathways involve MAPK(RAS/RAF/MEK)
and PI3K/AKT/Mtor pathways (141). IGF1 binds to the
IGF1 receptor (IGF1R), a cell surface tyrosine kinase receptor needed in physiological stresses-induced hypertrophy (142) to activate pathways. IGF1, in turn, activates
PI3K–AKT1 signaling to promote the proliferation of CMs
derived from hESCs (143). Cardiac hypertrophy with an
increase in myocyte size and enhanced systolic function
is observed in the heart of overexpressing IGF1R mice
(144). hESCs-CMs in engineered cardiac tissues (ECTs)
stimulated with IGF1 and neuregulin 1β (NRG1) exhibit
increased area and improved force-frequency relationship
(145).
A switch from glycolysis to fatty acid metabolism is the
hallmark of postnatal cardiomyocyte maturation, which is
exploited for developing methods to improve in vitro CM
maturation. Fatty acid supplementation can further advance hPSC-CM maturation, accompanied by enhanced
force generation and augmented mitochondrial respiratory
reserve capacity (146). In one study of a synergistic impact, galactose and fatty acid are added and vastly improved hPSC-CM maturation, characterized by a higher
oxidative metabolism, increased myofibril density, and
alignment enhanced AP durations, and higher upstroke
velocities (147). Glucose deprivation of hESC-CMs is more
elongated and displays functional maturation at the metabolic, electrophysiological, and biomechanical levels. In
terms of mechanism, nucleotide biosynthesis via the pentose phosphate pathway is the pivotal regulator of the
promitotic/anti-maturation effect of glucose (148). Meanwhile, glucose aberrantly induces hypoxia-inducible factor
1-alpha (HIF1α) and its downstream glycolysis-related
genes. HIF1α/LDHA inhibition results in oxidative phosphorylation improvement. Conversely, this promotes metabolic and functional maturation of hPSC-CMs (149).
As described above, the administration of T3 or glucocorticoid facilitates cardiomyocyte maturation (150, 151).
The synergetic effect of biochemical signals on cardiomyocyte maturation has also been investigated. During

Yingnan Liao, et al: Maturation of Stem Cell-Derived Cardiomyocytes: Foe in Translation Medicine 377

the cardiac differentiation, combined thyroid and glucocorticoid hormones motivate T-tubule development and
more ventricular-like EC coupling. Treatment CMs with
thyroid hormone, dexamethasone, and IGF1 in 3D cardiac
microtissues (CMTs) yields a more adult-like cardiac performance (152).

Co-Culture and 3D Culture
CMs account for about 25∼35% of all cells in the heart.
Conversely, non-CMs include endothelial cells, hematopoietic-derived cells, immune cells, and fibroblasts, which
make up the vast majority of the heart’s cell (153). Co-culture of non-CMs and CMs promotes the maturation of
hPSC-CM. For example, it is reported that non-CMs in
embryoid bodies (EBs) drive electrophysiological maturation of early-stage cultures of hESC-CMs (154). Co-culture
enables hiPSC-CM to be more mature partially through
paracrine factors secreted from non-CMs (155). Fibroblasts
have stage-specific roles in modulating cardiac function.
Embryonic cardiac fibroblasts induce the proliferation of
CMs, whereas adult cardiac fibroblasts promote myocyte
hypertrophy (156). Co-culture of hPSC-derived ECs with
hPSC-derived cardiac progenitor cells (CPCs) can increase
CM size, enhance sarcomere proteins and their organization (157).
The use of hiPSC-CM and other cardiac cell types for
3D culture is a promising approach to improve maturation.
Many research groups have demonstrated 3D culture systems (such as engineered tissues and organoids) can improve maturity (135, 158-160). For example, hESC-CMs
are mixed with human primary cardiac microvascular endothelial cells and cardiac fibroblasts in spheroid microtissue, which leads to greater Ca2＋ transient amplitudes
and enhances spontaneous contraction rate, and remarkably accelerates contractile function (161). Similar results
are obtained in another study. The tri-cellular cocultivation of hiPSC- CMs, cardiac fibroblasts (CFs), and cardiac
endothelial cells also enhances maturation in three-dimensional microtissues (MTs) (162). They found cyclic AMP
(cAMP) is responsible for connexin 43-mediated hiPSCCM maturation. As mentioned above, additional biochemical (T3, dexamethasone, IGF1, palmitate) and biophysical stimulation (electrical pacing; mechanical stress)
on these 3D contexts are essential to produce adult-like
CMs (152, 163).
In summary, these studies demonstrated that co-culturing hPSC-CMs with fibroblasts and endothelial cells mimics the intercellular crosstalk environment in vivo. 3D systems further boost maturation in vitro. These technologies

can significantly promote CMs maturation and are beneficial to discover novel cardiomyocyte maturation regulators.
Notably, tissue-engineering techniques are challenged to
widely spread because it is expensive, time-consuming,
and challenging to understand downstream mechanisms.
Therefore, we will need additional studies to develop a
more economical and convenient technique for clinical
application.

Transplantation
Neonatal and adult rat heart transplantation can promote the maturation of hiPSC-CMs. In both stage hearts,
engrafted cells develop partially mature myofibrils accompanied by cell enlargements, sarcomere lengthening, and
more cardiac troponin I expression (164). However, compared with the host cells, engrafted derivatives are still
much more minor. This phenomenon could be related to
species incompatibility. A landmark study from the same
group reported that after transplantation hESC-CMs into
the myocardial infarcted heart, cardiac function is recovered at unprecedented levels accompanied by forming
electromechanical junctions with the host heart (165).
Together, these studies demonstrate that hearts can provide the native environmental cues essential for guiding
PSC-CMs to mature toward a nearly adult-like state. The
cues might come from chemical signaling through gap
junctions, paracrine factors from neighboring cells, and
systemic circulation factors (such as metabolic or hormone-related). Further analysis will be needed to explore
the novel factors and investigate their impact on morphological and functional maturation.

Conclusions
In conclusion, we review the main features of cardiomyocyte maturation and the known regulators in this
sophisticated process. Although the significant differences
between immature CMs and mature CMs have been well
documented, the details of the molecular mechanisms involved in the transition from immature to mature states
remain ripe for discovery. Indeed, accumulated evidence
shows maturation can be a complex trait governed by multiple signaling networks in the cytoplasm and nucleus.
Therefore, the research in this field should focus on individual characteristics and how to synchronize the events.
On the other hand, although individualized intervention
has promoted the development of CMs to a more mature
phenotype in vitro, these methods are not enough. It seems
that combinatorial approaches might be necessary.
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With the development of the model system and the increasingly close cooperation between basic scientists and
tissue engineers, a more comprehensive map of cardiomyocyte maturation can be guaranteed in the foreseeable future. This work is essential for designing better
strategies to mature PSC-CM, stimulate cardiomyocyte regeneration, and treat diseases involving defects in cardiomyocyte maturation.

Acknowledgments
We would like to thank Professor Wang Li from Fuwai
Hospital for his training and support. The author’s work
is partly supported by the Xiamen Science and
Technology Plan Project Grant 3502Z20209138.

9.

10.

11.

12.

Potential Conflict of Interest
The authors have no conflicting financial interest.

13.

References

14.

1. Zhou M, Wang H, Zeng X, Yin P, Zhu J, Chen W, Li X,
Wang L, Wang L, Liu Y, Liu J, Zhang M, Qi J, Yu S,
Afshin A, Gakidou E, Glenn S, Krish VS, Miller-Petrie MK,
Mountjoy-Venning WC, Mullany EC, Redford SB, Liu H,
Naghavi M, Hay SI, Wang L, Murray CJL, Liang X.
Mortality, morbidity, and risk factors in China and its
provinces, 1990-2017: a systematic analysis for the Global
Burden of Disease Study 2017. Lancet 2019;394:1145-1158
2. Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA,
Swiergiel JJ, Marshall VS, Jones JM. Embryonic stem cell
lines derived from human blastocysts. Science 1998;282:
1145-1147
3. Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget
J, Frane JL, Tian S, Nie J, Jonsdottir GA, Ruotti V, Stewart
R, Slukvin II, Thomson JA. Induced pluripotent stem cell
lines derived from human somatic cells. Science 2007;318:
1917-1920
4. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T,
Tomoda K, Yamanaka S. Induction of pluripotent stem
cells from adult human fibroblasts by defined factors. Cell
2007;131:861-872
5. Zwi L, Caspi O, Arbel G, Huber I, Gepstein A, Park IH,
Gepstein L. Cardiomyocyte differentiation of human induced pluripotent stem cells. Circulation 2009;120:15131523
6. Li J, Hua Y, Miyagawa S, Zhang J, Li L, Liu L, Sawa Y.
hiPSC-derived cardiac tissue for disease modeling and drug
discovery. Int J Mol Sci 2020;21:8893
7. Lavon N, Benvenisty N. Differentiation and genetic manipulation of human embryonic stem cells and the analysis of
the cardiovascular system. Trends Cardiovasc Med 2003;13:
47-52
8. Davis RP, van den Berg CW, Casini S, Braam SR,

15.

16.

17.

18.

19.

20.

Mummery CL. Pluripotent stem cell models of cardiac disease and their implication for drug discovery and
development. Trends Mol Med 2011;17:475-484
Machiraju P, Greenway SC. Current methods for the maturation of induced pluripotent stem cell-derived cardiomyocytes. World J Stem Cells 2019;11:33-43
Wu P, Deng G, Sai X, Guo H, Huang H, Zhu P. Maturation
strategies and limitations of induced pluripotent stem
cell-derived cardiomyocytes. Biosci Rep 2021;41:BSR2020
0833
Ahmed RE, Anzai T, Chanthra N, Uosaki H. A brief review
of current maturation methods for human induced pluripotent stem cells-derived cardiomyocytes. Front Cell Dev
Biol 2020;8:178
Karbassi E, Fenix A, Marchiano S, Muraoka N, Nakamura
K, Yang X, Murry CE. Cardiomyocyte maturation: advances in knowledge and implications for regenerative
medicine. Nat Rev Cardiol 2020;17:341-359
Henderson CA, Gomez CG, Novak SM, Mi-Mi L, Gregorio
CC. Overview of the muscle cytoskeleton. Compr Physiol
2017;7:891-944
Gautel M, Djinović-Carugo K. The sarcomeric cytoskeleton: from molecules to motion. J Exp Biol 2016;219(Pt 2):
135-145
Lundy SD, Zhu WZ, Regnier M, Laflamme MA. Structural
and functional maturation of cardiomyocytes derived from
human pluripotent stem cells. Stem Cells Dev 2013;22:
1991-2002
Hinson JT, Chopra A, Nafissi N, Polacheck WJ, Benson
CC, Swist S, Gorham J, Yang L, Schafer S, Sheng CC,
Haghighi A, Homsy J, Hubner N, Church G, Cook SA,
Linke WA, Chen CS, Seidman JG, Seidman CE. HEART
DISEASE. Titin mutations in iPS cells define sarcomere
insufficiency as a cause of dilated cardiomyopathy. Science
2015;349:982-986
Mahdavi V, Lompre AM, Chambers AP, Nadal-Ginard B.
Cardiac myosin heavy chain isozymic transitions during
development and under pathological conditions are regulated at the level of mRNA availability. Eur Heart J 1984;5
Suppl F:181-191
Iorga B, Schwanke K, Weber N, Wendland M, Greten S,
Piep B, Dos Remedios CG, Martin U, Zweigerdt R, Kraft
T, Brenner B. Differences in contractile function of myofibrils within human embryonic stem cell-derived cardiomyocytes vs. adult ventricular myofibrils are related to distinct
sarcomeric protein isoforms. Front Physiol 2018;8:1111
Weber N, Schwanke K, Greten S, Wendland M, Iorga B,
Fischer M, Geers-Knörr C, Hegermann J, Wrede C, Fiedler
J, Kempf H, Franke A, Piep B, Pfanne A, Thum T, Martin
U, Brenner B, Zweigerdt R, Kraft T. Stiff matrix induces
switch to pure β-cardiac myosin heavy chain expression
in human ESC-derived cardiomyocytes. Basic Res Cardiol
2016;111:68
Gorza L, Ausoni S, Merciai N, Hastings KE, Schiaffino S.
Regional differences in troponin I isoform switching during
rat heart development. Dev Biol 1993;156:253-264

Yingnan Liao, et al: Maturation of Stem Cell-Derived Cardiomyocytes: Foe in Translation Medicine 379

21. Sasse S, Brand NJ, Kyprianou P, Dhoot GK, Wade R, Arai
M, Periasamy M, Yacoub MH, Barton PJ. Troponin I gene
expression during human cardiac development and in
end-stage heart failure. Circ Res 1993;72:932-938
22. Hunkeler NM, Kullman J, Murphy AM. Troponin I isoform expression in human heart. Circ Res 1991;69:14091414
23. Piccini I, Rao J, Seebohm G, Greber B. Human pluripotent
stem cell-derived cardiomyocytes: genome-wide expression
profiling of long-term in vitro maturation in comparison
to human heart tissue. Genom Data 2015;4:69-72
24. Chuva de Sousa Lopes SM, Hassink RJ, Feijen A, van
Rooijen MA, Doevendans PA, Tertoolen L, Brutel de la
Rivière A, Mummery CL. Patterning the heart, a template
for human cardiomyocyte development. Dev Dyn 2006;235:
1994-2002
25. Zuppinger C, Gibbons G, Dutta-Passecker P, Segiser A,
Most H, Suter TM. Characterization of cytoskeleton features and maturation status of cultured human iPSC-derived cardiomyocytes. Eur J Histochem 2017;61:2763
26. Agarkova I, Perriard JC. The M-band: an elastic web that
crosslinks thick filaments in the center of the sarcomere.
Trends Cell Biol 2005;15:477-485
27. Clément S, Stouffs M, Bettiol E, Kampf S, Krause KH,
Chaponnier C, Jaconi M. Expression and function of alpha-smooth muscle actin during embryonic-stem-cell-derived
cardiomyocyte differentiation. J Cell Sci 2007;120(Pt 2):
229-238
28. Suurmeijer AJ, Clément S, Francesconi A, Bocchi L,
Angelini A, Van Veldhuisen DJ, Spagnoli LG, Gabbiani G,
Orlandi A. Alpha-actin isoform distribution in normal and
failing human heart: a morphological, morphometric, and
biochemical study. J Pathol 2003;199:387-397
29. Kim HD. Expression of intermediate filament desmin and
vimentin in the human fetal heart. Anat Rec 1996;246:271278
30. Yin S, Zhang X, Zhan C, Wu J, Xu J, Cheung J. Measuring
single cardiac myocyte contractile force via moving a magnetic bead. Biophys J 2005;88:1489-1495
31. Jacot JG, Martin JC, Hunt DL. Mechanobiology of cardiomyocyte development. J Biomech 2010;43:93-98
32. Liu J, Sun N, Bruce MA, Wu JC, Butte MJ. Atomic force
mechanobiology of pluripotent stem cell-derived cardiomyocytes. PLoS One 2012;7:e37559
33. Ribeiro AJ, Zaleta-Rivera K, Ashley EA, Pruitt BL. Stable,
covalent attachment of laminin to microposts improves the
contractility of mouse neonatal cardiomyocytes. ACS Appl
Mater Interfaces 2014;6:15516-15526
34. Beussman KM, Rodriguez ML, Leonard A, Taparia N,
Thompson CR, Sniadecki NJ. Micropost arrays for measuring stem cell-derived cardiomyocyte contractility. Methods
2016;94:43-50
35. Oyunbaatar NE, Lee DH, Patil SJ, Kim ES, Lee DW.
Biomechanical characterization of cardiomyocyte using
PDMS pillar with microgrooves. Sensors (Basel) 2016;16:
1258

36. Oyunbaatar NE, Shanmugasundaram A, Lee DW. Contractile
behaviors of cardiac muscle cells on mushroom-shaped micropillar arrays. Colloids Surf B Biointerfaces 2019;174:103-109
37. Jacot JG, McCulloch AD, Omens JH. Substrate stiffness affects the functional maturation of neonatal rat ventricular
myocytes. Biophys J 2008;95:3479-3487
38. Edes IF, Czuriga D, Csányi G, Chlopicki S, Recchia FA,
Borbély A, Galajda Z, Edes I, van der Velden J, Stienen
GJ, Papp Z. Rate of tension redevelopment is not modulated by sarcomere length in permeabilized human, murine, and porcine cardiomyocytes. Am J Physiol Regul
Integr Comp Physiol 2007;293:R20-R29
39. You J, Moon H, Lee BY, Jin JY, Chang ZE, Kim SY, Park
J, Hwang YS, Kim J. Cardiomyocyte sensor responsive to
changes in physical and chemical environments. J Biomech
2014;47:400-409
40. Oyunbaatar NE, Shanmugasundaram A, Jeong YJ, Lee BK,
Kim ES, Lee DW. Micro-patterned SU-8 cantilever integrated with metal electrode for enhanced electromechanical stimulation of cardiac cells. Colloids Surf B
Biointerfaces 2020;186:110682
41. Vannier C, Chevassus H, Vassort G. Ca-dependence of isometric force kinetics in single skinned ventricular cardiomyocytes from rats. Cardiovasc Res 1996;32:580-586
42. Chan V, Jeong JH, Bajaj P, Collens M, Saif T, Kong H,
Bashir R. Multi-material bio-fabrication of hydrogel cantilevers and actuators with stereolithography. Lab Chip
2012;12:88-98
43. Hasenfuss G, Mulieri LA, Blanchard EM, Holubarsch C,
Leavitt BJ, Ittleman F, Alpert NR. Energetics of isometric
force development in control and volume-overload human
myocardium. Comparison with animal species. Circ Res
1991;68:836-846
44. Tulloch NL, Muskheli V, Razumova MV, Korte FS,
Regnier M, Hauch KD, Pabon L, Reinecke H, Murry CE.
Growth of engineered human myocardium with mechanical
loading and vascular coculture. Circ Res 2011;109:47-59
45. Zimmermann WH, Schneiderbanger K, Schubert P, Didié
M, Münzel F, Heubach JF, Kostin S, Neuhuber WL,
Eschenhagen T. Tissue engineering of a differentiated cardiac muscle construct. Circ Res 2002;90:223-230
46. Kita-Matsuo H, Barcova M, Prigozhina N, Salomonis N,
Wei K, Jacot JG, Nelson B, Spiering S, Haverslag R, Kim
C, Talantova M, Bajpai R, Calzolari D, Terskikh A,
McCulloch AD, Price JH, Conklin BR, Chen HS, Mercola
M. Lentiviral vectors and protocols for creation of stable
hESC lines for fluorescent tracking and drug resistance selection of cardiomyocytes. PLoS One 2009;4:e5046
47. Ulmer BM, Eschenhagen T. Human pluripotent stem
cell-derived cardiomyocytes for studying energy metabolism.
Biochim Biophys Acta Mol Cell Res 2020;1867:118471
48. Lopaschuk GD, Jaswal JS. Energy metabolic phenotype of
the cardiomyocyte during development, differentiation, and
postnatal maturation. J Cardiovasc Pharmacol 2010;56:130140
49. Kannan S, Kwon C. Regulation of cardiomyocyte matura-

380 International Journal of Stem Cells 2021;14:366-385

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

tion during critical perinatal window. J Physiol 2020;598:
2941-2956
Minai L, Martinovic J, Chretien D, Dumez F, Razavi F,
Munnich A, Rötig A. Mitochondrial respiratory chain complex assembly and function during human fetal development. Mol Genet Metab 2008;94:120-126
Palmer JW, Tandler B, Hoppel CL. Biochemical properties
of subsarcolemmal and interfibrillar mitochondria isolated
from rat cardiac muscle. J Biol Chem 1977;252:8731-8739
Saks V, Kuznetsov AV, Gonzalez-Granillo M, Tepp K,
Timohhina N, Karu-Varikmaa M, Kaambre T, Dos Santos
P, Boucher F, Guzun R. Intracellular energetic units regulate metabolism in cardiac cells. J Mol Cell Cardiol 2012;
52:419-436
Dai DF, Danoviz ME, Wiczer B, Laflamme MA, Tian R.
Mitochondrial maturation in human pluripotent stem cell
derived cardiomyocytes. Stem Cells Int 2017;2017:5153625
Feric NT, Radisic M. Maturing human pluripotent stem
cell-derived cardiomyocytes in human engineered cardiac
tissues. Adv Drug Deliv Rev 2016;96:110-134
Porter GA Jr, Hom J, Hoffman D, Quintanilla R, de Mesy
Bentley K, Sheu SS. Bioenergetics, mitochondria, and cardiac myocyte differentiation. Prog Pediatr Cardiol 2011;31:
75-81
Papanicolaou KN, Kikuchi R, Ngoh GA, Coughlan KA,
Dominguez I, Stanley WC, Walsh K. Mitofusins 1 and 2
are essential for postnatal metabolic remodeling in heart.
Circ Res 2012;111:1012-1026
Song M, Franco A, Fleischer JA, Zhang L, Dorn GW 2nd.
Abrogating mitochondrial dynamics in mouse hearts accelerates mitochondrial senescence. Cell Metab 2017;26:872883.e5
Willson TM, Brown PJ, Sternbach DD, Henke BR. The
PPARs: from orphan receptors to drug discovery. J Med
Chem 2000;43:527-550
Lehman JJ, Barger PM, Kovacs A, Saffitz JE, Medeiros
DM, Kelly DP. Peroxisome proliferator-activated receptor
gamma coactivator-1 promotes cardiac mitochondrial biogenesis. J Clin Invest 2000;106:847-856
Cao T, Liccardo D, LaCanna R, Zhang X, Lu R, Finck BN,
Leigh T, Chen X, Drosatos K, Tian Y. Fatty acid oxidation
promotes cardiomyocyte proliferation rate but does not
change cardiomyocyte number in infant mice. Front Cell
Dev Biol 2019;7:42
Giguère V. Orphan nuclear receptors: from gene to function.
Endocr Rev 1999;20:689-725
Giguère V, Yang N, Segui P, Evans RM. Identification of
a new class of steroid hormone receptors. Nature 1988;331:
91-94
Hong H, Yang L, Stallcup MR. Hormone-independent
transcriptional activation and coactivator binding by novel
orphan nuclear receptor ERR3. J Biol Chem 1999;274:
22618-22626
Lin J, Puigserver P, Donovan J, Tarr P, Spiegelman BM.
Peroxisome proliferator-activated receptor gamma coactivator 1beta (PGC-1beta), a novel PGC-1-related transcription

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

coactivator associated with host cell factor. J Biol Chem
2002;277:1645-1648
Sakamoto T, Matsuura TR, Wan S, Ryba DM, Kim JU,
Won KJ, Lai L, Petucci C, Petrenko N, Musunuru K, Vega
RB, Kelly DP. A critical role for estrogen-related receptor
signaling in cardiac maturation. Circ Res 2020;126:16851702
Yang X, Pabon L, Murry CE. Engineering adolescence: maturation of human pluripotent stem cell-derived cardiomyocytes. Circ Res 2014;114:511-523
Yi FF, Yang L, Li YH, Su PX, Cai J, Yang XC. Electrophysiological development of transplanted embryonic stem
cell-derived cardiomyocytes in the hearts of syngeneic mice.
Arch Med Res 2009;40:339-344
Halbach M, Egert U, Hescheler J, Banach K. Estimation
of action potential changes from field potential recordings
in multicellular mouse cardiac myocyte cultures. Cell Physiol
Biochem 2003;13:271-284
Harris K, Aylott M, Cui Y, Louttit JB, McMahon NC,
Sridhar A. Comparison of electrophysiological data from
human-induced pluripotent stem cell-derived cardiomyocytes to functional preclinical safety assays. Toxicol Sci
2013;134:412-426
Kitaguchi T, Moriyama Y, Taniguchi T, Ojima A, Ando H,
Uda T, Otabe K, Oguchi M, Shimizu S, Saito H, Morita
M, Toratani A, Asayama M, Yamamoto W, Matsumoto E,
Saji D, Ohnaka H, Tanaka K, Washio I, Miyamoto N.
CSAHi study: evaluation of multi-electrode array in combination with human iPS cell-derived cardiomyocytes to predict drug-induced QT prolongation and arrhythmia--effects
of 7 reference compounds at 10 facilities. J Pharmacol
Toxicol Methods 2016;78:93-102
Tanaka T, Tohyama S, Murata M, Nomura F, Kaneko T,
Chen H, Hattori F, Egashira T, Seki T, Ohno Y, Koshimizu
U, Yuasa S, Ogawa S, Yamanaka S, Yasuda K, Fukuda K.
In vitro pharmacologic testing using human induced pluripotent stem cell-derived cardiomyocytes. Biochem Biophys
Res Commun 2009;385:497-502
Gilchrist KH, Lewis GF, Gay EA, Sellgren KL, Grego S.
High-throughput cardiac safety evaluation and multi-parameter arrhythmia profiling of cardiomyocytes using microelectrode arrays. Toxicol Appl Pharmacol 2015;288:249257
Clements M, Thomas N. High-throughput multi-parameter
profiling of electrophysiological drug effects in human embryonic stem cell derived cardiomyocytes using multi-electrode arrays. Toxicol Sci 2014;140:445-461
Peinkofer G, Burkert K, Urban K, Krausgrill B, Hescheler
J, Saric T, Halbach M. From early embryonic to adult
stage: comparative study of action potentials of native and
pluripotent stem cell-derived cardiomyocytes. Stem Cells
Dev 2016;25:1397-1406.
Trépanier-Boulay V, Lupien MA, St-Michel C, Fiset C.
Postnatal development of atrial repolarization in the mouse.
Cardiovasc Res 2004;64:84-93
Wang L, Feng ZP, Kondo CS, Sheldon RS, Duff HJ.

Yingnan Liao, et al: Maturation of Stem Cell-Derived Cardiomyocytes: Foe in Translation Medicine 381

77.

78.

79.

80.

81.

82.
83.
84.

85.

86.

87.

88.

89.

Developmental changes in the delayed rectifier K＋ channels in mouse heart. Circ Res 1996;79:79-85
Grandy SA, Trépanier-Boulay V, Fiset C. Postnatal development has a marked effect on ventricular repolarization
in mice. Am J Physiol Heart Circ Physiol 2007;293:H2168H2177
Koivumäki JT, Naumenko N, Tuomainen T, Takalo J,
Oksanen M, Puttonen KA, Lehtonen Š, Kuusisto J, Laakso
M, Koistinaho J, Tavi P. Structural immaturity of human
iPSC-derived cardiomyocytes: In Silico investigation of effects on function and disease modeling. Front Physiol 2018;
9:80
Veerman CC, Mengarelli I, Lodder EM, Kosmidis G, Bellin
M, Zhang M, Dittmann S, Guan K, Wilde AAM, SchulzeBahr E, Greber B, Bezzina CR, Verkerk AO. Switch from
fetal to adult SCN5A isoform in human induced pluripotent stem cell-derived cardiomyocytes unmasks the cellular phenotype of a conduction disease-causing mutation.
J Am Heart Assoc 2017;6:e005135
Liu J, Laksman Z, Backx PH. The electrophysiological development of cardiomyocytes. Adv Drug Deliv Rev 2016;96:
253-273
Cordeiro JM, Nesterenko VV, Sicouri S, Goodrow RJ Jr,
Treat JA, Desai M, Wu Y, Doss MX, Antzelevitch C, Di
Diego JM. Identification and characterization of a transient
outward K＋ current in human induced pluripotent stem
cell-derived cardiomyocytes. J Mol Cell Cardiol 2013;60:3646
Bers DM. Cardiac excitation-contraction coupling. Nature
2002;415:198-205
Cannell MB, Cheng H, Lederer WJ. The control of calcium
release in heart muscle. Science 1995;268:1045-1049
Adler CP, Friedburg H. Myocardial DNA content, ploidy
level and cell number in geriatric hearts: post-mortem examinations of human myocardium in old age. J Mol Cell
Cardiol 1986;18:39-53
Brodsky WY, Arefyeva AM, Uryvaeva IV. Mitotic polyploidization of mouse heart myocytes during the first postnatal week. Cell Tissue Res 1980;210:133-144
Bergmann O, Bhardwaj RD, Bernard S, Zdunek S, BarnabéHeider F, Walsh S, Zupicich J, Alkass K, Buchholz BA,
Druid H, Jovinge S, Frisén J. Evidence for cardiomyocyte
renewal in humans. Science 2009;324:98-102
Chattergoon NN, Giraud GD, Louey S, Stork P, Fowden
AL, Thornburg KL. Thyroid hormone drives fetal cardiomyocyte maturation. FASEB J 2012;26:397-408
Hirose K, Payumo AY, Cutie S, Hoang A, Zhang H, Guyot
R, Lunn D, Bigley RB, Yu H, Wang J, Smith M, Gillett
E, Muroy SE, Schmid T, Wilson E, Field KA, Reeder DM,
Maden M, Yartsev MM, Wolfgang MJ, Grützner F, Scanlan
TS, Szweda LI, Buffenstein R, Hu G, Flamant F, Olgin JE,
Huang GN. Evidence for hormonal control of heart regenerative capacity during endothermy acquisition. Science
2019;364:184-188
Monroe TO, Hill MC, Morikawa Y, Leach JP, Heallen T,
Cao S, Krijger PHL, de Laat W, Wehrens XHT, Rodney

GG, Martin JF. YAP partially reprograms chromatin accessibility to directly induce adult cardiogenesis in vivo. Dev
Cell 2019;48:765-779.e7
90. Gabisonia K, Prosdocimo G, Aquaro GD, Carlucci L,
Zentilin L, Secco I, Ali H, Braga L, Gorgodze N, Bernini
F, Burchielli S, Collesi C, Zandonà L, Sinagra G, Piacenti
M, Zacchigna S, Bussani R, Recchia FA, Giacca M.
MicroRNA therapy stimulates uncontrolled cardiac repair
after myocardial infarction in pigs. Nature 2019;569:418422
91. Bergmann O, Zdunek S, Felker A, Salehpour M, Alkass K,
Bernard S, Sjostrom SL, Szewczykowska M, Jackowska T,
Dos Remedios C, Malm T, Andrä M, Jashari R, Nyengaard
JR, Possnert G, Jovinge S, Druid H, Frisén J. Dynamics
of cell generation and turnover in the human heart. Cell
2015;161:1566-1575
92. Brodsky VYa, Sarkisov DS, Arefyeva AM, Panova NW,
Gvasava IG. Polyploidy in cardiac myocytes of normal and
hypertrophic human hearts; range of values. Virchows Arch
1994;424:429-435
93. Laflamme MA, Murry CE. Heart regeneration. Nature
2011;473:326-335
94. Patterson M, Barske L, Van Handel B, Rau CD, Gan P,
Sharma A, Parikh S, Denholtz M, Huang Y, Yamaguchi Y,
Shen H, Allayee H, Crump JG, Force TI, Lien CL, Makita
T, Lusis AJ, Kumar SR, Sucov HM. Frequency of mononuclear diploid cardiomyocytes underlies natural variation
in heart regeneration. Nat Genet 2017;49:1346-1353
95. González-Rosa JM, Sharpe M, Field D, Soonpaa MH, Field
LJ, Burns CE, Burns CG. Myocardial polyploidization creates a barrier to heart regeneration in zebrafish. Dev Cell
2018;44:433-446.e7
96. Kang MJ, Kim JS, Chae SW, Koh KN, Koh GY. Cyclins
and cyclin dependent kinases during cardiac development.
Mol Cells 1997;7:360-366
97. Uosaki H, Cahan P, Lee DI, Wang S, Miyamoto M,
Fernandez L, Kass DA, Kwon C. Transcriptional landscape
of cardiomyocyte maturation. Cell Rep 2015;13:1705-1716
98. Mohamed TMA, Ang YS, Radzinsky E, Zhou P, Huang Y,
Elfenbein A, Foley A, Magnitsky S, Srivastava D.
Regulation of cell cycle to stimulate adult cardiomyocyte
proliferation and cardiac regeneration. Cell 2018;173:104116.e12
99. van den Berg CW, Okawa S, Chuva de Sousa Lopes SM,
van Iperen L, Passier R, Braam SR, Tertoolen LG, del Sol
A, Davis RP, Mummery CL. Transcriptome of human foetal heart compared with cardiomyocytes from pluripotent
stem cells. Development 2015;142:3231-3238
100. DeLaughter DM, Bick AG, Wakimoto H, McKean D,
Gorham JM, Kathiriya IS, Hinson JT, Homsy J, Gray J, Pu
W, Bruneau BG, Seidman JG, Seidman CE. Single-cell resolution of temporal gene expression during heart development. Dev Cell 2016;39:480-490
101. Friedman CE, Nguyen Q, Lukowski SW, Helfer A, Chiu
HS, Miklas J, Levy S, Suo S, Han JJ, Osteil P, Peng G,
Jing N, Baillie GJ, Senabouth A, Christ AN, Bruxner TJ,

382 International Journal of Stem Cells 2021;14:366-385

Murry CE, Wong ES, Ding J, Wang Y, Hudson J,
Ruohola-Baker H, Bar-Joseph Z, Tam PPL, Powell JE,
Palpant NJ. Single-cell transcriptomic analysis of cardiac
differentiation from human PSCs reveals HOPX-dependent
cardiomyocyte maturation. Cell Stem Cell 2018;23:586-598.
e8
102. Guo Y, Pu WT. Cardiomyocyte maturation: new phase in
development. Circ Res 2020;126:1086-1106
103. Arsenian S, Weinhold B, Oelgeschläger M, Rüther U,
Nordheim A. Serum response factor is essential for mesoderm formation during mouse embryogenesis. EMBO J
1998;17:6289-6299
104. Parlakian A, Tuil D, Hamard G, Tavernier G, Hentzen D,
Concordet JP, Paulin D, Li Z, Daegelen D. Targeted inactivation of serum response factor in the developing heart
results in myocardial defects and embryonic lethality. Mol
Cell Biol 2004;24:5281-5289
105. Parlakian A, Charvet C, Escoubet B, Mericskay M,
Molkentin JD, Gary-Bobo G, De Windt LJ, Ludosky MA,
Paulin D, Daegelen D, Tuil D, Li Z. Temporally controlled
onset of dilated cardiomyopathy through disruption of the
SRF gene in adult heart. Circulation 2005;112:2930-2939
106. Guo Y, Jardin BD, Zhou P, Sethi I, Akerberg BN, Toepfer
CN, Ai Y, Li Y, Ma Q, Guatimosim S, Hu Y, Varuzhanyan
G, VanDusen NJ, Zhang D, Chan DC, Yuan GC, Seidman
CE, Seidman JG, Pu WT. Hierarchical and stage-specific
regulation of murine cardiomyocyte maturation by serum
response factor. Nat Commun 2018;9:3837
107. Haddad F, Jiang W, Bodell PW, Qin AX, Baldwin KM.
Cardiac myosin heavy chain gene regulation by thyroid
hormone involves altered histone modifications. Am J
Physiol Heart Circ Physiol 2010;299:H1968-H1980
108. Rog-Zielinska EA, Richardson RV, Denvir MA, Chapman
KE. Glucocorticoids and foetal heart maturation; implications for prematurity and foetal programming. J Mol
Endocrinol 2014;52:R125-R135
109. Rog-Zielinska EA, Thomson A, Kenyon CJ, Brownstein
DG, Moran CM, Szumska D, Michailidou Z, Richardson
J, Owen E, Watt A, Morrison H, Forrester LM, Bhattacharya
S, Holmes MC, Chapman KE. Glucocorticoid receptor is
required for foetal heart maturation. Hum Mol Genet 2013;
22:3269-3282
110. Lai L, Leone TC, Zechner C, Schaeffer PJ, Kelly SM,
Flanagan DP, Medeiros DM, Kovacs A, Kelly DP.
Transcriptional coactivators PGC-1alpha and PGC-lbeta
control overlapping programs required for perinatal maturation of the heart. Genes Dev 2008;22:1948-1961
111. Martin OJ, Lai L, Soundarapandian MM, Leone TC,
Zorzano A, Keller MP, Attie AD, Muoio DM, Kelly DP.
A role for peroxisome proliferator-activated receptor γ coactivator-1 in the control of mitochondrial dynamics during
postnatal cardiac growth. Circ Res 2014;114:626-636
112. Murphy S, Miyamoto M, Kervadec A, Kannan S, Tampakakis
E, Kambhampati S, Lin BL, Paek S, Andersen P, Lee D,
Zhu R, An SS, Kass DA, Uosaki H, Colas AR, Kwon C.
PGC1/PPAR drive cardiomyocyte maturation through reg-

ulation of Yap1 and SF3B2. bioRxiv 2020 doi: 10.1101/
2020.02.06.937797 [Epub ahead of print]
113. Wang T, McDonald C, Petrenko NB, Leblanc M, Wang T,
Giguere V, Evans RM, Patel VV, Pei L. Estrogen-related
receptor α (ERRα) and ERRγ are essential coordinators
of cardiac metabolism and function. Mol Cell Biol 2015;35:
1281-1298
114. Fu JD, Rushing SN, Lieu DK, Chan CW, Kong CW, Geng
L, Wilson KD, Chiamvimonvat N, Boheler KR, Wu JC,
Keller G, Hajjar RJ, Li RA. Distinct roles of microRNA-1
and -499 in ventricular specification and functional maturation of human embryonic stem cell-derived cardiomyocytes. PLoS One 2011;6:e27417
115. Kuppusamy KT, Jones DC, Sperber H, Madan A, Fischer
KA, Rodriguez ML, Pabon L, Zhu WZ, Tulloch NL, Yang
X, Sniadecki NJ, Laflamme MA, Ruzzo WL, Murry CE,
Ruohola-Baker H. Let-7 family of microRNA is required
for maturation and adult-like metabolism in stem cell-derived cardiomyocytes. Proc Natl Acad Sci U S A 2015;112:
E2785-E2794
116. Poon EN, Hao B, Guan D, Jun Li M, Lu J, Yang Y, Wu
B, Wu SC, Webb SE, Liang Y, Miller AL, Yao X, Wang
J, Yan B, Boheler KR. Integrated transcriptomic and regulatory network analyses identify microRNA-200c as a novel
repressor of human pluripotent stem cell-derived cardiomyocyte differentiation and maturation. Cardiovasc Res
2018;114:894-906
117. Miklas JW, Clark E, Levy S, Detraux D, Leonard A,
Beussman K, Showalter MR, Smith AT, Hofsteen P, Yang
X, Macadangdang J, Manninen T, Raftery D, Madan A,
Suomalainen A, Kim DH, Murry CE, Fiehn O, Sniadecki
NJ, Wang Y, Ruohola-Baker H. TFPa/HADHA is required
for fatty acid beta-oxidation and cardiolipin re-modeling in
human cardiomyocytes. Nat Commun 2019;10:4671
118. Lee DS, Chen JH, Lundy DJ, Liu CH, Hwang SM, Pabon
L, Shieh RC, Chen CC, Wu SN, Yan YT, Lee ST, Chiang
PM, Chien S, Murry CE, Hsieh PC. Defined microRNAs
induce aspects of maturation in mouse and human embryonic-stem-cell-derived cardiomyocytes. Cell Rep 2015;12:
1960-1967
119. Gilsbach R, Preissl S, Grüning BA, Schnick T, Burger L,
Benes V, Würch A, Bönisch U, Günther S, Backofen R,
Fleischmann BK, Schübeler D, Hein L. Dynamic DNA
methylation orchestrates cardiomyocyte development, maturation and disease. Nat Commun 2014;5:5288
120. Ai S, Peng Y, Li C, Gu F, Yu X, Yue Y, Ma Q, Chen J,
Lin Z, Zhou P, Xie H, Prendiville TW, Zheng W, Liu Y,
Orkin SH, Wang DZ, Yu J, Pu WT, He A. EED orchestration of heart maturation through interaction with HDACs
is H3K27me3-independent. Elife 2017;6:e24570
121. Chow MZ, Geng L, Kong CW, Keung W, Fung JC, Boheler
KR, Li RA. Epigenetic regulation of the electrophysiological phenotype of human embryonic stem cell-derived ventricular cardiomyocytes: insights for driven maturation and
hypertrophic growth. Stem Cells Dev 2013;22:2678-2690
122. Biermann M, Cai W, Lang D, Hermsen J, Profio L, Zhou

Yingnan Liao, et al: Maturation of Stem Cell-Derived Cardiomyocytes: Foe in Translation Medicine 383

Y, Czirok A, Isai DG, Napiwocki BN, Rodriguez AM,
Brown ME, Woon MT, Shao A, Han T, Park D, Hacker
TA, Crone WC, Burlingham WJ, Glukhov AV, Ge Y, Kamp
TJ. Epigenetic priming of human pluripotent stem cell-derived cardiac progenitor cells accelerates cardiomyocyte
maturation. Stem Cells 2019;37:910-923
123. VanDusen NJ, Lee JY, Gu W, Sethi I, Zheng Y, King JS,
Zhou PZ, Suo S, Guo Y, Ma Q, Yuan GC, Pu WT. In vivo
CRISPR screening identifies RNF20/40 as epigenetic regulators of cardiomyocyte maturation. bioRxiv 2019 doi:
10.1101/808402 [Epub ahead of print]
124. Hang CT, Yang J, Han P, Cheng HL, Shang C, Ashley E,
Zhou B, Chang CP. Chromatin regulation by Brg1 underlies heart muscle development and disease. Nature 2010;
466:62-67
125. Gomez-Velazquez M, Badia-Careaga C, Lechuga-Vieco AV,
Nieto-Arellano R, Tena JJ, Rollan I, Alvarez A, Torroja C,
Caceres EF, Roy AR, Galjart N, Delgado-Olguin P,
Sanchez-Cabo F, Enriquez JA, Gomez-Skarmeta JL,
Manzanares M. CTCF counter-regulates cardiomyocyte development and maturation programs in the embryonic
heart. PLoS Genet 2017;13:e1006985
126. Poon E, Keung W, Liang Y, Ramalingam R, Yan B, Zhang
S, Chopra A, Moore J, Herren A, Lieu DK, Wong HS,
Weng Z, Wong OT, Lam YW, Tomaselli GF, Chen C,
Boheler KR, Li RA. Proteomic analysis of human pluripotent stem cell-derived, fetal, and adult ventricular cardiomyocytes reveals pathways crucial for cardiac metabolism and maturation. Circ Cardiovasc Genet 2015;8:427-436
127. Cai W, Zhang J, de Lange WJ, Gregorich ZR, Karp H,
Farrell ET, Mitchell SD, Tucholski T, Lin Z, Biermann M,
McIlwain SJ, Ralphe JC, Kamp TJ, Ge Y. An unbiased proteomics method to assess the maturation of human pluripotent stem cell-derived cardiomyocytes. Circ Res 2019;125:
936-953
128. Cho GS, Lee DI, Tampakakis E, Murphy S, Andersen P,
Uosaki H, Chelko S, Chakir K, Hong I, Seo K, Chen HV,
Chen X, Basso C, Houser SR, Tomaselli GF, O'Rourke B,
Judge DP, Kass DA, Kwon C. Neonatal transplantation
confers maturation of PSC-derived cardiomyocytes conducive to modeling cardiomyopathy. Cell Rep 2017;18:571582
129. Ellingsen O, Davidoff AJ, Prasad SK, Berger HJ,
Springhorn JP, Marsh JD, Kelly RA, Smith TW. Adult rat
ventricular myocytes cultured in defined medium: phenotype and electromechanical function. Am J Physiol 1993;
265(2 Pt 2):H747-H754
130. Ribeiro AJ, Ang YS, Fu JD, Rivas RN, Mohamed TM,
Higgs GC, Srivastava D, Pruitt BL. Contractility of single
cardiomyocytes differentiated from pluripotent stem cells
depends on physiological shape and substrate stiffness.
Proc Natl Acad Sci U S A 2015;112:12705-12710
131. Werley CA, Chien MP, Gaublomme J, Shekhar K, Butty
V, Yi BA, Kralj JM, Bloxham W, Boyer LA, Regev A,
Cohen AE. Geometry-dependent functional changes in
iPSC-derived cardiomyocytes probed by functional imaging

and RNA sequencing. PLoS One 2017;12:e0172671
132. Buikema JW, Lee S, Goodyer WR, Maas RG, Chirikian O,
Li G, Miao Y, Paige SL, Lee D, Wu H, Paik DT, Rhee
S, Tian L, Galdos FX, Puluca N, Beyersdorf B, Hu J, Beck
A, Venkamatran S, Swami S, Wijnker P, Schuldt M, Dorsch
LM, van Mil A, Red-Horse K, Wu JY, Geisen C, Hesse M,
Serpooshan V, Jovinge S, Fleischmann BK, Doevendans
PA, van der Velden J, Garcia KC, Wu JC, Sluijter JPG, Wu
SM. Wnt activation and reduced cell-cell contact synergistically induce massive expansion of functional human
iPSC-derived cardiomyocytes. Cell Stem Cell 2020;27:5063.e5
133. Martewicz S, Serena E, Zatti S, Keller G, Elvassore N.
Substrate and mechanotransduction influence SERCA2a localization in human pluripotent stem cell-derived cardiomyocytes affecting functional performance. Stem Cell
Res 2017;25:107-114
134. Feaster TK, Cadar AG, Wang L, Williams CH, Chun YW,
Hempel JE, Bloodworth N, Merryman WD, Lim CC, Wu
JC, Knollmann BC, Hong CC. Matrigel mattress: a method
for the generation of single contracting human-induced
pluripotent stem cell-derived cardiomyocytes. Circ Res
2015;117:995-1000
135. Ronaldson-Bouchard K, Ma SP, Yeager K, Chen T, Song
L, Sirabella D, Morikawa K, Teles D, Yazawa M, VunjakNovakovic G. Advanced maturation of human cardiac tissue grown from pluripotent stem cells. Nature 2018;556:
239-243
136. Radisic M, Park H, Shing H, Consi T, Schoen FJ, Langer
R, Freed LE, Vunjak-Novakovic G. Functional assembly of
engineered myocardium by electrical stimulation of cardiac
myocytes cultured on scaffolds. Proc Natl Acad Sci U S A
2004;101:18129-18134
137. Sathaye A, Bursac N, Sheehy S, Tung L. Electrical pacing
counteracts intrinsic shortening of action potential duration of neonatal rat ventricular cells in culture. J Mol Cell
Cardiol 2006;41:633-641
138. Nunes SS, Miklas JW, Liu J, Aschar-Sobbi R, Xiao Y,
Zhang B, Jiang J, Massé S, Gagliardi M, Hsieh A,
Thavandiran N, Laflamme MA, Nanthakumar K, Gross GJ,
Backx PH, Keller G, Radisic M. Biowire: a platform for
maturation of human pluripotent stem cell-derived cardiomyocytes. Nat Methods 2013;10:781-787
139. Sun X, Nunes SS. Biowire platform for maturation of human pluripotent stem cell-derived cardiomyocytes. Methods
2016;101:21-26
140. Troncoso R, Ibarra C, Vicencio JM, Jaimovich E, Lavandero
S. New insights into IGF-1 signaling in the heart. Trends
Endocrinol Metab 2014;25:128-137
141. Nakamura M, Sadoshima J. Mechanisms of physiological
and pathological cardiac hypertrophy. Nat Rev Cardiol
2018;15:387-407
142. Kim J, Wende AR, Sena S, Theobald HA, Soto J, Sloan C,
Wayment BE, Litwin SE, Holzenberger M, LeRoith D,
Abel ED. Insulin-like growth factor I receptor signaling is
required for exercise-induced cardiac hypertrophy. Mol

384 International Journal of Stem Cells 2021;14:366-385

Endocrinol 2008;22:2531-2543
143. McDevitt TC, Laflamme MA, Murry CE. Proliferation of
cardiomyocytes derived from human embryonic stem cells
is mediated via the IGF/PI 3-kinase/Akt signaling pathway.
J Mol Cell Cardiol 2005;39:865-873
144. McMullen JR, Shioi T, Huang WY, Zhang L, Tarnavski O,
Bisping E, Schinke M, Kong S, Sherwood MC, Brown J,
Riggi L, Kang PM, Izumo S. The insulin-like growth factor
1 receptor induces physiological heart growth via the phosphoinositide 3-kinase(p110alpha) pathway. J Biol Chem
2004;279:4782-4793
145. Rupert CE, Coulombe KLK. IGF1 and NRG1 enhance proliferation, metabolic maturity, and the force-frequency response in hESC-derived engineered cardiac tissues. Stem
Cells Int 2017;2017:7648409
146. Yang X, Rodriguez ML, Leonard A, Sun L, Fischer KA,
Wang Y, Ritterhoff J, Zhao L, Kolwicz SC Jr, Pabon L,
Reinecke H, Sniadecki NJ, Tian R, Ruohola-Baker H, Xu
H, Murry CE. Fatty acids enhance the maturation of cardiomyocytes derived from human pluripotent stem cells.
Stem Cell Reports 2019;13:657-668
147. Correia C, Koshkin A, Duarte P, Hu D, Teixeira A,
Domian I, Serra M, Alves PM. Distinct carbon sources affect structural and functional maturation of cardiomyocytes
derived from human pluripotent stem cells. Sci Rep 2017;
7:8590
148. Nakano H, Minami I, Braas D, Pappoe H, Wu X, Sagadevan
A, Vergnes L, Fu K, Morselli M, Dunham C, Ding X, Stieg
AZ, Gimzewski JK, Pellegrini M, Clark PM, Reue K, Lusis
AJ, Ribalet B, Kurdistani SK, Christofk H, Nakatsuji N,
Nakano A. Glucose inhibits cardiac muscle maturation
through nucleotide biosynthesis. Elife 2017;6:e29330
149. Hu D, Linders A, Yamak A, Correia C, Kijlstra JD,
Garakani A, Xiao L, Milan DJ, van der Meer P, Serra M,
Alves PM, Domian IJ. Metabolic maturation of human pluripotent stem cell-derived cardiomyocytes by inhibition of
HIF1α and LDHA. Circ Res 2018;123:1066-1079
150. Yang X, Rodriguez M, Pabon L, Fischer KA, Reinecke H,
Regnier M, Sniadecki NJ, Ruohola-Baker H, Murry CE.
Tri-iodo-l-thyronine promotes the maturation of human
cardiomyocytes-derived from induced pluripotent stem
cells. J Mol Cell Cardiol 2014;72:296-304
151. Rog-Zielinska EA, Craig MA, Manning JR, Richardson RV,
Gowans GJ, Dunbar DR, Gharbi K, Kenyon CJ, Holmes
MC, Hardie DG, Smith GL, Chapman KE. Glucocorticoids
promote structural and functional maturation of foetal cardiomyocytes: a role for PGC-1α. Cell Death Differ 2015;
22:1106-1116
152. Huang CY, Peres Moreno Maia-Joca R, Ong CS, Wilson I,
DiSilvestre D, Tomaselli GF, Reich DH. Enhancement of
human iPSC-derived cardiomyocyte maturation by chemical conditioning in a 3D environment. J Mol Cell Cardiol
2020;138:1-11
153. Pinto AR, Ilinykh A, Ivey MJ, Kuwabara JT, D'Antoni ML,
Debuque R, Chandran A, Wang L, Arora K, Rosenthal NA,
Tallquist MD. Revisiting cardiac cellular composition. Circ

Res 2016;118:400-409
154. Kim C, Majdi M, Xia P, Wei KA, Talantova M, Spiering
S, Nelson B, Mercola M, Chen HS. Non-cardiomyocytes influence the electrophysiological maturation of human embryonic stem cell-derived cardiomyocytes during differentiation. Stem Cells Dev 2010;19:783-795
155. Yoshida S, Miyagawa S, Fukushima S, Kawamura T,
Kashiyama N, Ohashi F, Toyofuku T, Toda K, Sawa Y.
Maturation of human induced pluripotent stem cell-derived cardiomyocytes by soluble factors from human mesenchymal stem cells. Mol Ther 2018;26:2681-2695
156. Ieda M, Tsuchihashi T, Ivey KN, Ross RS, Hong TT, Shaw
RM, Srivastava D. Cardiac fibroblasts regulate myocardial
proliferation through beta1 integrin signaling. Dev Cell
2009;16:233-244
157. Dunn KK, Reichardt IM, Simmons AD, Jin G, Floy ME,
Hoon KM, Palecek SP. Coculture of endothelial cells with
human pluripotent stem cell-derived cardiac progenitors
reveals a differentiation stage-specific enhancement of cardiomyocyte maturation. Biotechnol J 2019;14:e1800725
158. Ulmer BM, Stoehr A, Schulze ML, Patel S, Gucek M,
Mannhardt I, Funcke S, Murphy E, Eschenhagen T,
Hansen A. Contractile work contributes to maturation of
energy metabolism in hiPSC-derived cardiomyocytes. Stem
Cell Reports 2018;10:834-847
159. Lemoine MD, Mannhardt I, Breckwoldt K, Prondzynski M,
Flenner F, Ulmer B, Hirt MN, Neuber C, Horváth A, Kloth
B, Reichenspurner H, Willems S, Hansen A, Eschenhagen
T, Christ T. Human iPSC-derived cardiomyocytes cultured
in 3D engineered heart tissue show physiological upstroke
velocity and sodium current density. Sci Rep 2017;7:5464
160. Zhang D, Shadrin IY, Lam J, Xian HQ, Snodgrass HR,
Bursac N. Tissue-engineered cardiac patch for advanced
functional maturation of human ESC-derived cardiomyocytes. Biomaterials 2013;34:5813-5820
161. Ravenscroft SM, Pointon A, Williams AW, Cross MJ,
Sidaway JE. Cardiac Non-myocyte cells show enhanced
pharmacological function suggestive of contractile maturity
in stem cell derived cardiomyocyte microtissues. Toxicol
Sci 2016;152:99-112
162. Giacomelli E, Meraviglia V, Campostrini G, Cochrane A,
Cao X, van Helden RWJ, Krotenberg Garcia A, Mircea M,
Kostidis S, Davis RP, van Meer BJ, Jost CR, Koster AJ,
Mei H, Míguez DG, Mulder AA, Ledesma-Terrón M,
Pompilio G, Sala L, Salvatori DCF, Slieker RC, Sommariva
E, de Vries AAF, Giera M, Semrau S, Tertoolen LGJ,
Orlova VV, Bellin M, Mummery CL. Human-iPSC-derived
cardiac stromal cells enhance maturation in 3D cardiac microtissues and reveal non-cardiomyocyte contributions to
heart disease. Cell Stem Cell 2020;26:862-879.e11
163. Godier-Furnémont AF, Tiburcy M, Wagner E, Dewenter
M, Lämmle S, El-Armouche A, Lehnart SE, VunjakNovakovic G, Zimmermann WH. Physiologic force-frequency response in engineered heart muscle by electromechanical stimulation. Biomaterials 2015;60:82-91
164. Kadota S, Pabon L, Reinecke H, Murry CE. In vivo matu-

Yingnan Liao, et al: Maturation of Stem Cell-Derived Cardiomyocytes: Foe in Translation Medicine 385

ration of human induced pluripotent stem cell-derived cardiomyocytes in neonatal and adult rat hearts. Stem Cell
Reports 2017;8:278-289
165. Liu YW, Chen B, Yang X, Fugate JA, Kalucki FA,
Futakuchi-Tsuchida A, Couture L, Vogel KW, Astley CA,
Baldessari A, Ogle J, Don CW, Steinberg ZL, Seslar SP,

Tuck SA, Tsuchida H, Naumova AV, Dupras SK, Lyu MS,
Lee J, Hailey DW, Reinecke H, Pabon L, Fryer BH,
MacLellan WR, Thies RS, Murry CE. Human embryonic
stem cell-derived cardiomyocytes restore function in infarcted hearts of non-human primates. Nat Biotechnol
2018;36:597-605

