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Cardiomyocytes obtained from pluripotent stem cells (PSCs)differentiation culture are regarded as immature
structurally, electrophysiologically, metabolically, and functionally. Mitochondria are organelles responsible for
various cellular functions such as energy metabolism, different catabolic and anabolic processes, calcium fluxes,
and various signaling pathways. Cells can respond to cellular needs to increase the mitochondrial mass by
mitochondrial biogenesis. On the other hand, cells can also degrade mitochondria through mitophagy. Mitochondria

are also dynamic organelles that undergo continuous fusion and fission events.

cardiomyocytes maturation mitochondria mitochondrial biogenesis mitochondrial dynamics

mitophagy

| 1. Process of Cardiomyocyte Differentiation and Maturation

The mammalian heart is the first differentiated and functional organ in the developing embryo. The heart originates
from the cells of the early embryonic mesoderm, which emerges from the primitive streak during gastrulation. The
myocardial progenitor cells migrate from the primitive streak to the anterior of the embryo and form the cardiac
crescent. The early cardiac tube forms through the fusion of the cardiac crescent at the midline. The looping of the
cardiac tube and expansion of the myocardium further leads to the formation of recognizable cardiac chambers [
(2, The mammalian heart is composed of several major cell types: cardiomyocytes (CMs), smooth muscle cells,
endothelial cells, as well as fibroblasts B, During cardiac development, there are two sources of cardiac progenitor
cells (CPCs), namely the first heart field (FHF) and the second heart field (SHF) (42!, The CPCs of the FHF give
rise to the left ventricle, whereas the CPCs of the SHF develop into a large part of the definitive heart including

atria and inflow tract at the venous pole and right ventricle and outflow tract at the arterial pole LIBIZ,

The heart undergoes a complex differentiation and maturation process throughout embryonic and postnatal stages.
The growth of the embryonic heart is mainly due to CM proliferation, while postnatal CMs lose the ability to
proliferate soon after birth, and the continued increase in the heart mass is driven by the enlargement of existing
CMs BB The differentiation and morphogenesis of mammalian hearts have been focal points for
developmental cardiology. However, the maturation of the heart has been less studied until recently. Maturation is
the last phase of heart development, a process in which immature CMs transit to mature CMs in terms of cell

structure, gene expression, electrophysiological properties, and energy metabolism.
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The reason for the increased attention towards the maturation of CMs is the emerging pluripotent stem cell (PSC)-
based regenerative therapy. Since the loss of CMs after heart injury is irreversible, PSC-derived CMs (PSC-CMs)
have shown great promise in heart repair and functional improvement 11, Although methods to differentiate PSCs
into CMs have been well-established and those PSC-CMs show similar molecular, electrical, mechanical, and
ultrastructural features to CMs, their fetal-like phenotypes limit the successful application of these cells for research
and medicine 1223l |ndeed, the following changes occur as CMs mature ex vivo: (i) adult cardiac genes instead of
fetal cardiac genes are expressed; (ii) cell size increases and cell shape changes from circular to rod shape; (iii)
sarcomere length increases and t-tubules are formed; (iv) electrophysiologically, action potential (AP) upstroke
becomes faster, AP duration increases, maximum diastolic potential becomes more hyperpolarized, and diastolic
depolarization slope decreases until the cells become electrically quiescent yet excitable; (v) mitochondria shape
changes from small and round to firstly slender and long and subsequently ovular; (vi) metabolically, cells rely on
oxidative phosphorylation (OXPHOS) instead of glycolysis for ATP production; and (vii) metabolic substrate
changes from glucose to fatty acid 2415 (Figure 1). However, PSC-CMs cultured under the conventional protocol
are known to be largely immature with regard to the above features 141123l Although previous studies have tried to
enhance PSC-CM maturation using different strategies, PSC-CMs are still regarded as unlike adult CMs.
Specifically for mitochondria, mitochondria in PSC-CMs occupy a smaller cellular volume than that in adult CMs.
Moreover, PSC-CMs rely on glycolysis rather than fatty acid B-oxidation (FAO) for ATP generation 28171 Thus, the

challenge in front of us is to develop strategies to reach a higher degree of PSC-CM maturation in vitro.
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Figure 1. Schematic diagram showing major changes in characteristics of CMs during maturation. Matured CMs
have an increased cell size, and the cell shape changes from circular to rod-shaped. Matured CMs have an
improved alignment of sarcomeres, longer sarcomeres, and existence of t-tubules and become multi-nucleated.
They also have enhanced calcium handling, electrophysiology, and metabolism. APs, action potentials; CaTs,

calcium transients; OXPHOS, oxidative phosphorylation; 3-Ox, [3-oxidation.

| 2. Mitochondrial Biogenesis and Cardiac Maturation

As we mentioned before, generating more physiologically mature CMs is vital for drug screening, disease
modeling, and therapeutic purposes. As reported by many studies, structural and functional maturation of CMs is
always accompanied by more mature energy metabolism. During early cardiac development, glycolysis is a major
source of energy for CM proliferation. Perinatal mitochondrial biogenic surge in CMs is accompanied by a
metabolic shift from using glucose to fatty acids for ATP generation 18, As CMs mature and become terminally
differentiated, mitochondrial oxidative capacity increases, with FAO becoming the major source of energy 22, This

shift is important to fulfill the increased cardiac workload as FAO is much more efficient than glycolysis for ATP
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generation. As development proceeds, mitochondria occupy ~20-40% of adult CM volume 29, |t has been
documented that in PSC-CMs, the changes in energy metabolism have important impacts on the ability of CMs to
proliferate during early cardiac development, as well as when CMs terminally differentiate during later development
(211, A previous study reported that an appropriate metabolic shift from aerobic glycolysis to OXPHOS would in turn
improve metabolic and functional maturation of human PSC-CMs (hPSC-CMs) 22, Fatty acid supplementation
boosted hPSC-CM maturation with enhanced calcium transient peak height and kinetics and increased AP
upstroke velocity and membrane capacitance 23l Similarly, maturation media designed to provide oxidative
substrates adapted to the metabolic needs of human induced pluripotent stem cell (hiPSC)-derived CMs (hiPSC-
CMs) improved the physiological function of hiPSC-CMs [24],

As the key regulator of mitochondrial biogenesis and metabolism, PGC-1a is supposed to help promote cardiac
maturation. PGC-1a knockout (KO) mice were viable, but postnatal growth of the heart and slow-twitch skeletal
muscle, organs with high mitochondrial energy demands, is blunted 22, PGC-18 KO mice exhibit phenotypes that
are very similar to PGC-1a KO mice 28, However, PGC-1a/f double-knockout (DKO) mice died shortly after birth
with small hearts, bradycardia, intermittent heart block, and a markedly reduced cardiac output, suggesting the
possibility that PGC-1a and PGC-1[ control a subset of overlapping targets and are, therefore, capable of
compensating for the loss of the other factor 24, Cardiac-specific ablation of PGC-1a and PGC-1 caused a set of
maturational defects including reduced growth, a late fetal arrest in mitochondrial biogenesis, and persistence of a
fetal pattern of gene expression, indicating that PGC-1 is indispensable for perinatal maturation of the heart 27,
Recently, it has been demonstrated that PGC-1a can promote the maturation of CMs derived from hESCs 28, The
activator of PGC-1a, ZLNOO5, upregulated the expressions of PGC-1a and mitochondrial function-related genes in
hESC-CMs and induced more mature energy metabolism compared with the control group. In addition, ZLNOO5
treatment increased cell sarcomere length, improved cell calcium handling, and enhanced intercellular connectivity
(28] Single-cell gene network analysis showed that PGC-1 drives CM maturation via YAP1 and SF3B2 29, All these
data indicate that PGC-1 plays as a multifaceted regulator coordinating cellular hypertrophy, contractility, and

metabolism of CMs from immature to mature.

PGC-1a and PGC-13 serve to coactivate downstream transcriptional events by interacting with specific
transcription factors, including the ERRs. Conditional gene disruption strategies were used by Sakamoto et al. to
detect the role of ERRs in cardiac differentiation and maturation. They demonstrated that ERRa and ERRy are
necessary for normal postnatal cardiac developmental maturation. ERRy functions as a direct transcriptional
activator of metabolic and structural cardiac genes. Moreover, ERRaly suppress a subset of fetal and non-cardiac

myocyte genes, including the fibroblast lineage B9,

Apart from the predominant role of nuclear genes, mitochondrial genetic systems are also required for
mitochondrial biogenesis. Among them, TFAM and TFB2M are reported to be required for mitochondrial genome
replication and transcription B, A recent study showed that TFAM inactivation by the CRE-Lox system controlled
under cardiac-specific Nkx2.5 locus caused mitochondrial dysfunction and embryonic lethal myocardial hypoplasia.
Neonatal TFAM inactivation by AAV9-cTnT-Cre caused progressive, lethal dilated cardiomyopathy, while postnatal

TFAM inactivation and disruption of mitochondrial function did not impair CM maturation 221, The failure to observe
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CM maturation defects in postnatal TFAM inactivation is possible if TFAM functions only at an earlier stage before
birth. However, more detailed investigation is needed to elucidate the exact role of TFAM and TFB2M in CM

maturation.

Taken together, these results showed that mitochondrial biogenesis is essential for CM maturation (Figure 2) and
unveiled a new strategy to improve the maturation of PSC-CMs and therefore to generate more physiologically

mature CMs for drug screening, disease modeling, and therapeutic purposes.
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Figure 2. Schematic diagram showing how mitochondrial biogenesis, dynamics, and mitophagy participate in the
maturation of CMs. Multiple stimuli activate PGC-1, leading to the coactivation of key transcription factors involved
in several aspects of mitochondrial and cellular function. Mitochondria dynamically change their morphology
through the cycle of fusion and fission. The main fusion factors are OPA1, MFN1, and MFN2, which bind to the
IMM and OMM of mitochondria. Drpl is a major fission factor that binds to OMM and forms a ring-like structure
around mitochondria, leading to the separation of mitochondria into two. Mff and Fisl function as adaptors to
recruit Drpl to the OMM. Mitochondrial fission and mitophagy function as quality control to segregate and degrade
immature or damaged mitochondria and to provide materials for mitochondrial biogenesis. Healthy mitochondria
tend to fuse together and are believed to function well. The maturation of healthy mitochondria further promotes the
maturation of CMs at structural and functional levels. IGF-1, insulin-like growth factor 1; PGC-1, peroxisome
proliferator-activated receptor y coactivator 1; ERR, estrogen-related receptor; PPARS, peroxisome proliferator-
activated receptors; NRF, nuclear respiratory factor; TFAM, transcription factor A, mitochondrial; TFBMs,
mitochondrial transcription factor B; Fis1, fission protein-1; Mff, mitochondrial fission factor; OPAL, optic atrophy 1;
MFN1, mitofusin 1; MFN2, mitofusin 2; PINK1, PTEN-induced kinase 1; OPTN, optineurin; NDP52, calcium binding

and coiled-coil domain 2; LC3, microtubule-associated protein 1A/1B-light chain 3.
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| 3. Mitophagy and Cardiac Maturation

After birth, the immature heart of a mammal is exposed to a different environment with relatively higher oxygen
concentration and lower carbohydrate supplement 23184l Therefore, the metabolic transitions through which CMs
switch to rely on FAO as primary energy source are needed 3. This is not just an adaptative response; the
growing organism requires a powerful, energy consuming heart with efficient ATP synthesis 8. Immature fetal
mitochondria showing few and sparse cristae for ETC are incapable of efficient ATP production; therefore,
substitution or manipulation of mitochondria is needed. Although it has been conventionally believed that changes
in mitochondrial gene expression at transcriptional level cause this transition 7, Gong et al. suggested that
mitophagy-mediated replacement of fetal mitochondria is essential for this transition 8. They interrupted Parkin-
dependent mitophagy by generating transgenic mice with a mutant version of Mfn2 that can be temporally and
spatially expressed in CMs starting from birth 8. The mutant Mfn2 could inhibit mitochondrial translocation of
Parkin but could still promote mitochondrial fusion as wild-type Mfn2 does [28. Compared with mice expressing
wild-type Mfn2, mutant Mfn2 mice persisted fetal mitochondrial morphology and immature mitochondrial function
(381 perinatal mutant Mfn2 expression also failed the metabolic gene reprogramming and led to cardiomyopathy
(38l This study demonstrated the role of mitophagy during postnatal maturation of CMs. Since reliance on
glycolysis as the primary energy source is one of the features of PSC-CMs, it is reasonable to investigate the role
of mitophagy in the maturation of PSC-CMs 14, Zhao et al. reported the investigation on mitophagy during
maturation of ESC-CMs. They found that the promotional effect of glucocorticoids on the maturation of ESC-CMs
may be related to Parkin-dependent mitophagy 2. Interruption of mitophagy through both autophagy inhibition
and knocking down of Parkin expression could block the promotional effect of glucocorticoid on ESC-CM
maturation B2, PINK1-Parkin-dependent mitophagy targeting depolarized mitochondria is thought to carry out
quality control of mitochondria. The abovementioned evidence suggests that this pathway is not only a passive
response after the appearance of dysfunctional mitochondria but also an available tool for programmed
mitochondrial clearance. Thus, it might be reasonable to ask whether manipulating mitophagy could promote the
maturation of CMs (Figure 2).

| 4. Mitochondrial Dynamics and Cardiac Maturation

Mitochondrial fission and fusion events transmit signaling messengers into changes of mitochondrial function, such
as calcium buffering and metabolism within the cell. Mitochondrial dynamics have been implicated in a variety of
biological processes including embryonic development. It has been proven by several groups that the deletion of
proteins regulating mitochondrial dynamics, such as Mfnl, Mfn2, and Drp1, causes defects in cardiac development

[401[41]42][43]  5yggesting that mitochondrial dynamics play vital roles in cardiogenesis.

To reveal the function of mitochondrial dynamics in cardiac development and maturation, researchers
simultaneously ablated Mfn1 and Mfn2 in the embryonic or adult mice heart 29[44l45] The study of Chen et al.
showed that embryonic combined Mfn1l/Mfn2 ablation was lethal after E9.5. Conditional combined Mfn1/Mfn2
ablation in adult hearts induced mitochondrial fragmentation, respiratory dysfunction, and rapidly progressive and

lethal dilated cardiomyopathy 44, Kasahara et al. also found that embryo lethality occurred after E9.5 in Mfn1/Mfn2
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DKO mice; the DKO hearts were markedly hypoplastic, with biventricular wall thinning and poor trabeculation 22,
In addition, gene-trapping of Mfn2 or Opal in mouse ESCs impaired the differentiation of ESCs into CMs. The
following mechanistic study showed that increased Ca2*-dependent calcineurin activity and Notch1 signaling might
be responsible for the impaired ESC differentiation because fragmented mitochondria have decreased Ca?* buffer
ability, leading to increased cytosolic Ca?* 49, DKO mice with Mfn1 and Mfn2 being genetically inactivated in mid-
gestation using a loxP/Myh6-cre approach were reported to have normal cardiac morphology and function at birth
(45 The mitochondria increased in number and appeared to be spherical and heterogeneous but exhibited normal
electron density. By postnatal day 7, the mitochondrial number continued to increase, and many lost matrix
components and membrane organization. The DKO mice developed dilated cardiomyopathy, and all died before
postnatal day 16. Gene expression analysis showed that mitochondria biogenesis genes and mitophagy markers
are altered, resulting in decreased mitochondrial biogenesis and hampered mitochondrial elimination 431, All these
studies indicate that mitochondrial fusion is essential for embryonic cardiac differentiation and postnatal cardiac
development. In vitro study of hiPSC differentiation into CMs showed that enhanced mitochondrial fusion in hiPSCs
significantly increased the expression of cardiac-specific genes, making mitochondrial fusion promoters promising

molecular targets for generating lineages of the heart from hiPSCs for patient-specific regenerative medicine 4.

As the key factor of mitochondrial fission, the role of Drpl in CM development was also determined. Drpl was
deleted by using a Myh6-Cre transgenic line 44, Echocardiography at postnatal day 7 revealed that left ventricular
function was significantly compromised, with decreased contraction and heart rate. All Drp1l KO mice died between
postnatal day 9 and day 11. In addition, mitochondria interconnectivity increased, and respiration decreased in
Drpl KO CMs 48 Similarly, muscle-specific Drpl KO mice showed neonatal lethality due to dilated
cardiomyopathy. The Drpl ablation in heart and primary cultured CMs resulted in severe mtDNA nucleoid
clustering and led to compromised mitochondrial respiration, which further led to immature myofibril assembly and
defective CM hypertrophy 2. On the contrary, the study of Hoque et al. demonstrated that changes in
mitochondrial morphology from a small granular fragmented phenotype in PSCs to a filamentous reticular
elongated network in differentiated CMs were detected during cardiac mesodermal differentiation and maturation.
Interestingly, treatment of iIPSCs with Mdivi-1, a pharmacological inhibitor of mitochondrial fission protein Drpl,
during cardiac differentiation increased the percentage of beating embryoid bodies and expression of cardiac-
specific genes. In addition, Drpl gene silencing was accompanied by increased mitochondrial respiration and
decreased aerobic glycolysis BY. These results indicated that Drp1-mediated mitochondrial fission is indispensable
for cardiac development, but a moderate shifting of mitochondrial morphology toward fusion by inhibition of Drpl
may help to promote cardiac differentiation and maturation with a metabolic shift from glycolysis towards OXPHOS,
as fused and interconnected mitochondria are regarded to function well and exhibit enhanced metabolic capacity.
Taken together, mitochondrial dynamics play important roles in cardiac development. Manipulating mitochondrial

fission and fusion may be one of the possible ways to improve the maturation of CMs (Figure 2).

| 5. Future Direction
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Interestingly, mitochondrial metabolites from the TCA cycle (e.g., acetyl-Co A, citrate, aconitate, a-ketoglutarate,
succinate, fumarate, malate, oxaloacetate) are reported to control unique cellular function and cell fate (31521, The
fact that the metabolic process is regulated by mitochondrial metabolites, such as NADH/NAD+, ATP/ADP,
ATP/AMP, and succinate/a-ketoglutarate, indicated a non-negligible role of mitochondrial metabolites [BLI53]541[55],
For instance, recent studies showed that mitochondrial metabolites can regulate cell function through modulating
gene transcription and translation in cancer cells and immune effector cells B8IEZB8IEA |y gddition, several TCA
metabolites, such as acetyl-CoA and succinate, have been demonstrated to participate in cardiovascular diseases
including diabetes and ischemia-reperfusion injury Y6162 For their potential role in cell fate determination, it was
reported that in naive embryonic stem cells, glutamine-derived o-ketoglutarate helps maintain a high a-
ketoglutarate-to-succinate ratio, which is important for promoting histone/DNA demethylation and for maintaining

pluripotency [63l. In addition, a-ketoglutarate was found to promote early differentiation of PSCs 4165,

In addition, the physiological stimuli that could promote CM maturation through regulating mitochondrial biogenesis
are in need of further exploration. The transition of metabolic reliance towards FAO after birth and the surge of
various hormones in or after late gestation should be noticed. For instance, observation of dramatic rise in
glucocorticoid levels shortly before birth led to the discovery of PGC-1a’s role as a downstream target of the
glucocorticoid receptor in glucocorticoid-promoted maturation of the fetal heart B8l Further investigation along this

direction is needed.

Moreover, the interaction of cardiac transcription factors with PGC-1 may be tested. Similarly, increasing in
mitochondrial amount and mass might generate signals which regulate maturation of CMs. Some signals including
AMP-to-ATP ratio and NAD+-to-NADH ratio change simultaneously with the change in mitochondrial functions.
Signaling pathways including AMPK, STAT3, and SIRT3 have been shown to be related to the retrograde signaling
from mitochondria to nuclei. The positive involvement of cardiac transcription factors in these retrograde signaling

pathways requires more detailed studies.

The role of Parkin-mediated mitophagy in regulating metabolic maturation during postnatal development of mouse
heart has been revealed. However, this knowledge has not been sufficiently discussed or applied in the issue of
PSC-CM immaturity. More attention should be paid to identifying different pathways of mitophagy in CMs and their
potential contribution to promote maturation of PSC-CMs. In addition, a deeper investigation of upstream signaling,

which may regulate mitophagy, may lead to a method to enhance the maturation of PSC-CMs.
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