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INTRODUCTION

ABSTRACT Simultaneous myofibril and mitochondrial development is crucial for the
cardiac differentiation of pluripotent stem cells (PSCs). Specifically, mitochondrial en-
ergy metabolism (MEM) development in cardiomyocytes is essential for the beating
function. Although previous studies have reported that MEM is correlated with car-
diac differentiation, the process and timing of MEM regulation for cardiac differentia-
tion remain poorly understood. Here, we performed transcriptome analysis of cells at
specific stages of cardiac differentiation from mouse embryonic stem cells (mESCs)
and human induced PSCs (hiPSCs). We selected MEM genes strongly upregulated at
cardiac lineage commitment and in a time-dependent manner during cardiac matu-
ration and identified the protein-protein interaction networks. Notably, MEM pro-
teins were found to interact closely with cardiac maturation-related proteins rather
than with cardiac lineage commitment-related proteins. Furthermore, MEM proteins
were found to primarily interact with cardiac muscle contractile proteins rather than
with cardiac transcription factors. We identified several candidate MEM regulatory
genes involved in cardiac lineage commitment (Cck, Bdnf, Fabp4, Cebpo, and Cd-
kn2a in mESC-derived cells, and CCK and NOS3 in hiPSC-derived cells) and cardiac
maturation (Ppargcia, Pgam2, Cox6a2, and Fabp3 in mESC-derived cells, and PGAM2
and SLC25A4 in hiPSC-derived cells). Therefore, our findings show the importance of
MEM in cardiac maturation.

dria-nucleus interaction is necessary for determining the signals
that control cardiomyogenesis.

The concomitant development of myofibrils and mitochondria
is a major process in cardiac differentiation from pluripotent stem
cells (PSCs) [1]. In particular, the development of mitochondrial
energy metabolism (MEM) in cardiomyocytes is crucial for the
provision of energy necessary to support the beating function
[2]. Therefore, the connection between MEM and transcriptional
regulation is critical for cardiac differentiation, and the mitochon-

The process of cardiac differentiation of PSC-derived meso-
dermal cells generally involves cardiac lineage commitment and
maturation. Cardiomyocyte proliferation and maturation occur
simultaneously during the early stage of differentiation, including
cardiac lineage commitment, whereas it decreases and the matu-
ration process is dominant during the late stage of differentiation
[3,4]. We previously reported a unique population of PSC-derived
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platelet-derived growth factor receptor-alpha (PDGFRq.") cardiac
lineage-committed cells (CLCs), which are morphologically and
functionally immature but actively proliferating compared to
differentiated cardiomyocytes [5,6]. It has also been reported that
cells expressing both kinase insert domain receptor (KDR) and
PDGFRa. belong to a population of cardiac progenitor cells (CPCs)
with cardiomyogenic potential in human PSCs [7,8].

Although previous studies have reported that MEM is associ-
ated with cardiac differentiation, it is yet to be understood when
and how MEM is regulated for this process. Here, we performed
MEM transcriptome and protein-protein interaction (PPI)
network analyses of cardiac lineage commitment and cardiac
maturation using mouse embryonic stem cell (mESC)-derived
PDGFRa" CLCs and human induced PSC (hiPSC)-derived
KDR'PDGFRa" CPCs with those of mesodermal cells and differ-
entiated cardiomyocytes.

METHODS

Differentiation and sorting of mesodermal and
cardiac lineage cells

The detailed methods used for the induction of vascular endo-
thelial growth factor receptor 2 (FIk1')-expressing mesodermal
precursor cells (MPCs), PDGFRo.” CLCs, and alpha myosin heavy
chain-expressing (aMHC") cardiomyocytes from mESCs and
KDR'PDGFRa." cells and cardiomyocytes from hiPSCs have been
described previously [5,8].

Bioinformatics analysis

We obtained raw microarray data from the Gene Expres-
sion Omnibus database (accession numbers GSE65791 and
GSE90000) for comparative analysis, which were selected based
on the Gene Ontology (GO) database and Qiagen PCR-array gene
set. GO annotations were searched using QuickGO (https://www.
ebi.ac.uk/QuickGO/). The MEM gene category included the fol-
lowing GO annotations and PCR arrays: GO-0006119 (oxidative
phosphorylation), GO-0005739 (mitochondria), GO-0007005
(mitochondrial organization), GO-0031966 (mitochondrial mem-
brane), PAMM-006ZA (glucose metabolism), PAMM-007ZA
(fatty acid metabolism), and PAMM-008ZA (MEM). Differen-
tially expressed genes were analyzed using the Microsoft Excel-
based differentially expressed gene analysis (EXDEGA) software
(EBIOGEN, Seoul, Korea).

PPl analysis
PPI analysis was performed using Cytoscape v3.7.0 and

STRING software (https://string-db.org/). Significantly upregu-
lated genes were defined as those with a fold change > 2, normal-
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ized data (log 2) of 4, and p < 0.05. For mESC-derived cells, MEM
genes that were specifically upregulated in PDGFRa," CLCs at
cardiac lineage commitment compared to that in FIk1" MPCs
and aMHC' cardiomyocytes and were continuously upregulated
in a time-dependent manner during cardiac maturation were
selected for PPI analysis. In hiPSC-derived cells, the MEM genes
selected for PPI analysis were those that were specifically upregu-
lated in the KDR"PDGFRa." CPCs at cardiac lineage commitment
compared to that in KDR'PDGFRa." cells on day 4 and in cardio-
myocytes on day 19, and were continuously upregulated during
cardiac maturation. We applied the selected MEM genes to PPI
networks at cardiac lineage commitment and during cardiac
maturation from our previous study (Supplementary Figs. 1 and 2)
and to newly constructed MEM PPI networks [3].

Differentiation of cardiac lineage cells from human
embryonic stem cells

Human embryonic stem cell (hESC)-derived cardiac differenti-
ation was induced as previously described [9]. For cardiac lineage
induction, H9 hESCs (WiCell, Madison, W1, USA) were plated
onto Matrigel (Corning, New York, NY, USA)-coated 6 well
plate at a density of 0.5 x 10° cells/well and cultured in mTeSR1
(STEMCELL Technologies, Vancouver, BC, Canada) supplement-
ed with cGMP for 2-3 days. Three days before cardiomyocyte
differentiation, hESCs were plated on Matrigel-coated 6 well plate
at a density of 0.6 x 10° cells/well and cultured in mTeSR1 supple-
mented with 5 uM Y27632 (Sigma-Aldrich, St. Louis, MO, USA).
The culture medium was replaced with RPMI+B27 medium
(RPMI1640 with B27 supplement without insulin; Gibco, Grand
Island, NY, USA) supplemented with CHIR99021 (10 uM, S1263;
Selleckchem, Houston, TX, USA) for 3 days. The culture medium
was subsequently replaced with RPMI+B27 supplemented with
IWP2 (5 uM; Tocris, Bristol, UK), followed by culture for 5 days.
On day 8, the culture medium was replaced with RPMI+B27. The
medium was changed every 1-2 days. Beating cardiomyocytes
were observed on days 9-10. Cardiomyocytes were chemically
sorted by lactate (Wako, Richmond, VA, USA).

Quantitative real-time PCR

Total RNA was extracted using the TRIzol RNA extraction kit
(Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s
instructions. Total RNA was reverse transcribed into cDNA using
the SuperScript VILO ¢cDNA Synthesis Kit (Invitrogen). cDNA
was used for gPCR using TOPreal gPCR 2X Pre-MIX (Enzynom-
ics, Daejeon, Korea) and 7500 Real-Time PCR Systems (Applied
Biosystems, Foster City, CA, USA) with the indicated primers
(Supplementary Table 1). Primers were made by using Primer3
(https://bioinfo.ut.ee/primer3-0.4.0/). GAPDH was used as a ref-
erence gene, and the expression levels are presented as values rela-
tive to those in the control using the AACt method. Significant
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differences between means were determined by one-way analysis
of variance, followed by the Student-Newman-Keuls test. Statis-
tical significance was set at p < 0.05.

RESULTS

Significantly upregulated genes related to MEM at
cardiac lineage commitment and during cardiac
maturation

During cardiac differentiation from PSCs, we defined the
specific stages as mesodermal induction, cardiac lineage com-
mitment and maturation. At the stage of cardiac lineage commit-

out mESC-derived o MHC" cardiomyocytes and hiPSC-derived
cardiomyocytes, which have beating property. The specific time
points of cell sorting for microarray analysis during cardiac dif-
ferentiation are shown in Fig. 1A and 1B.

Among mESC-derived cells, 16 MEM genes were significantly
upregulated in PDGFRa" CLCs at cardiac lineage commitment
compared to that in Flk1" MPCs and aMHC" cardiomyocytes
(Fig. 1C). There were 23 continuously upregulated MEM genes
during cardiac maturation (Fig. 1D).

In the hiPSC-derived cells, 23 MEM genes in the KDRPDGFRa"
CPCs were significantly upregulated at cardiac lineage commit-
ment compared to that in KDR'PDGFRa." cells on day 4 and in
cardiomyocytes on day 19 (Fig. 1E). There were 28 MEM genes
that underwent continuous time-dependent upregulation during

ment, we sorted out mESC-derived PDGFRq" CLCs and hiPSC-
derived KDR'PDGFRa" CPCs, which are immature without
beating property but actively proliferating compared to matured
cardiomyocytes. At the stage of cardiac maturation, we sorted

cardiac maturation (Fig. 1F).
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Fig. 1. Significantly upregulated MEM-related genes at cardiac lineage commitment and during cardiac maturation. (A) Sampling time points
of mESC-derived cells: FIk1* MPCs on day 4.5, PDGFRa" CLCs on day 6, and aMHC" cardiomyocytes on day 10.5. (B) Sampling time points of hiPSC-
derived cells: KDR'PDGFRo." cells on days 4 and 5 and cardiomyocytes on day 19. (C) Significantly upregulated MEM genes in mESC-derived PDGFRa.*
CLCs at cardiac lineage commitment. (D) MEM genes with continuous time-dependent upregulation during cardiac maturation in mESC-derived cells.
(E) Significantly upregulated MEM genes in hiPSC-derived KDR'PDGFRa." CPCs at cardiac lineage commitment. (F) MEM genes undergoing continu-
ous time-dependent upregulation during cardiac maturation in hiPSC-derived cells. «MHC, alpha-myosin heavy chain; CLC, cardiac lineage-commit-
ted cell; CPC, cardiac progenitor cell; CM, cardiomyocyte; FIk1, vascular endothelial growth factor receptor 2; hiPSC, human induced pluripotent stem
cell; KDR, kinase insert domain receptor; MEM, mitochondrial energy metabolism; mESC, mouse embryonic stem cell; MPC, mesodermal precursor
cell; PDGFRo, platelet-derived growth factor receptor alpha.
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PPI networks of MEM and cardiac lineage
commitment and maturation

We conducted a PPI analysis to gain insights into the role of
MEM in cardiac lineage commitment and maturation. Addition-
ally, we identified novel candidate MEM regulatory genes for
cardiac cell differentiation from the PPI networks.

In mESC-derived cells, the MEM and cardiac lineage com-
mitment PPI networks had 50 PPIs, whereas the MEM and car-
diac maturation PPI networks had 97 PPIs (Fig. 2A). The genes
constituting the MEM PPI networks of the mESC-derived cells
are listed in Supplementary Table 2. During cardiac lineage com-
mitment, cholecystokinin (Cck) and brain-derived neurotrophic
factor (BDNF) are connected with Wnt family member 2, fatty
acid-binding protein 4 (Fabp4), and CCAAT/enhancer binding
protein alpha (Cebpa), which are connected to myocyte-specific

enhancer factor 2C (Fig. 2B). During cardiac maturation, peroxi-
some proliferator-activated receptor gamma coactivator 1 alpha
(Ppargclay), phosphoglycerate mutase 2 (Pgam2), cytochrome ¢
oxidase subunit 6A2 (Cox6a2), and fatty acid-binding protein 3
(Fabp3) are directly connected to cardiac muscle contractile pro-
teins (Fig. 2C).

In hiPSC-derived cells, the MEM metabolism and cardiac lin-
eage commitment PPI networks had ten PPIs, whereas the MEM
and cardiac maturation PPI networks had 43 PPIs (Fig. 3A).
Genes constituting the MEM PPI networks of hiPSC-derived cells
are listed in Supplementary Table 3. During cardiac lineage com-
mitment, CCK and nitric oxide synthase 3 (NOS3) are connected
to adrenoceptor alpha 1A (Fig. 3B). During cardiac maturation,
PGAM?2 and solute carrier family 25 member 4 (SLC25A4) are di-
rectly connected to cardiac muscle contractile proteins (Fig. 3C).

Collectively, the MEM PPI network showed greater develop-

A Mitochondria/Energy Metabolism
Bdh2 Bdnf Lpl Rab3a Oxct2b Epas1
Agl Enf:3 Camk2a Cptlb Dusp18 Acox3 6074 100
Fbp2 /Fabp4 ' Mef2a - Msrb3 = Tdrd7 — Hépd Maturation/Lineage Commitment (fold)
Stat3///Irgm2 'Slc25a34 Chéha 10 - Pnp cck O Li c 1t Related Genes
| & 2 N jd
Cok6a2 Cdkiiea Ppargeia MX#  Erbb4’” Fabp3 A Maturation Related Genes
I T S ey (e 07 ANSE <> Witochondria Related Genes
T ARE RO A TR Interactions Mito-Commit
Interactions Mito-Mature
97 PPI
50 PPI
o 4 Cardiac Maturation
Cardiac Lineage Commitment
- £ i /Akaps Hspb7 - Lrre39  Bves  Fbxo32 Upk3b Vmn2ri0 Obscn  Clip4 Hspb3 Cpne5 \
Nptx2  afigs  Kikibs Kik1b24 Nkx2-6/ K5~ Ephbl/ okely
Y/ ,"' Z Diras2. Mtus2  Tesc  Panx2 - Cited4 . Nexn Kbtbd12 Xirp1 Hopx Edn2  Atp2a2
Lrfn2 AW112010G|‘Q§841 Gprin1_/Slc22a8 | Fgf6 I_IB Gm{;QGE
Myoz1 Jph2 - Rgs7bp * Tnnct Ank3  Csrp3  Alpk2 Plcl1 Actc1 - Moy10l1  Tnhi3
Adora3 Dct Nell1  Defb48  Cnri Arts ~ “Adipog ~ Lrrc66
/ Hre Ttn Smpx Cacnaid Gmpr Myl2 Ldb3 Sin Ryr2 Enpep Frmpd1
KIf2  Sic14a2 Irx1 Irx2 I(rt13 Mgst1 Hear2  Ccdc62
Vmn1r197 -~ Svil Tbx5  Plekha7 Kcnk10 Myom1 Myh8 - Casz1 Sgca  Ppm1k Sh3bgr
Glt8d2 TcergH Gip Klk1 Gabrg1 Gm5416 Wnt2 Cdhé
= Rin Mybphl Wfdcéa Rrad  Myl3 Neurod2 Mybpc3 Cmya5 Cacnb2 Ypel2  Lbh
Mpped2 Olfr243 Gbp5  Gent7 .~ Aocd / Caspi Zari Elp
Fitm1 Gea Slc8atl Sv2a Myadml2 Txlnb Asb2  Gm4847 . Tecrl Slc2a13 Slc2ad
NK?(_?»-V Ear2 Cdhr3 Pyy Ifi2712b  Klk1b4 OIlfr1361 - Lrit1
g Mylk3 Cedc69  Hdac9 Vmn1r174 Popdc2 Kcnh2 Fgi2 Abegl  Gad2 Pcp4ll Kchg2
Plin1  KIk1b3" KIK1B26 Sfrp5 Ccdc88c Dsg4 Robo2  Stac
e, 3 Fsd2 Hen1 Cav3 Fras1 Slc24a2 Grin3a Atpib1 Sorbs2 -~ Tcap Myh8  Gm2a
NixIt Saa3 Smpd3 Cesba Mybpc1 Krtap17-1Ccdc160
Slc7a10 Myo18b - 'Ical Ramp1 Rcan2 Dusp27 Srpk3 Usp2  Faim3 _ Filip1  Trim55
Efr3b  Pxylp1 Myl1 Clic5 Wbscr17 Tbc1d8 Myh7b  Lpar3  Adcy! Nkx2-5 Lrre10
@ynpo2 Lhfpl5 Klhde8b  Myl7 /
Cardiac Lineage Commitment . . . CardiacMaturation Mif ia/Energy
- Mitochondria/Energy Metabolism (Criyas Nkx2-5  Hre  Myot8b Myhs  Ttn )
Klk1b4 Gip Gbp5 Saa:s . Cpt1b-—Camk2a -Cox6a2 Tdrd7
L = i Pgam2 “Cpt1b —Bdnf——Lpl Myhé Ryr2 Adcyt-——Cacnb2 —Cav3 Tani3 y
Rlint—=Caspt—Cnr—C@s S~ = Tbo1d8 Actct  AbBg1 Obscn  Smipx  Grihda Lrrk2 —Erbb4 gk~ Mef2a
i = = ——|Slc25a34-Ppargcta—Erbb4 — Cébpa Fabp4 O Stats —Fabp3
Mybpc1  Gabrg1 Rgfe=——KIfZ=— = == -k»z;_ : s' 73 C Sh3bgr Popdc2  Ldb3 Sgca Gad2 Myi3
o= — St rkZz—_Stats——G@k & 4 Cstp3  Ank3  Lpar3— Xirpt— Myom1 —Sic2a4 Mtm1—=Rab3a__Pgam2 _Prp
Ccdc62 Ryy Hi27126—Nptx2 e 2
oo e e —[-Cptla_Cdkn2a —Fdbp4  Irgm2 Myt Moy10l1 Asb2  Hén1 — Akapé  Txinb Agl_Cptfa C@bpa  Gpd1
Adipoq— Wnt2~  Ephb1 i
B R Myh7b  Fbxo32 Tceap ~ Myozi — Sv2a ~Cacnatd Ppaggeta—Lpl Eno3
Edn2 Myl2  Kbtbd12 Hspb3 Fras1 Tbx5
\HdacQ Hspb7

Fig. 2. Protein-protein interaction networks from mESC-derived cells. (A) PPl networks of MEM and cardiac lineage commitment and maturation
in mESC-derived cells. (B) PPI network connection of MEM regulatory genes and cardiac lineage commitment-related genes in mESC-derived cells.
(C) PPI network connection of MEM regulatory genes and cardiac maturation-related genes in mESC-derived cells. The red and blue colors mean the
gene expression changes at the stages of cardiac maturation and lineage commitment. The circle means cardiac lineage commitment related gene,
the triangle means cardiac maturation related gene, and the diamond is mitochondria related gene. The gray line is the interactions among the genes
except interactions of mitochondria-cardiac lineage commitment related genes (green line) or mitochondria-cardiac maturation related genes (red
line). mESC, mouse embryonic stem cell; PP, protein-protein interaction; MEM, mitochondrial energy metabolism.
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Fig. 3. Protein-protein interaction networks from hiPSC-derived cells. (A) PPl networks of MEM and cardiac lineage commitment and maturation
in hiPSC-derived cells. (B) PPI network connection of MEM regulatory genes and cardiac lineage commitment-related genes in hiPSC-derived cells.
(C) PPI network connection of MEM regulatory genes and cardiac maturation-related genes in hiPSC-derived cells. The red and blue colors mean the
gene expression changes at the stages of cardiac maturation and lineage commitment. The circle means cardiac lineage commitment related gene,
the triangle means cardiac maturation related gene, and the diamond is mitochondria related gene. The gray line is the interactions among the genes
except interactions of mitochondria-cardiac lineage commitment related genes (green line) or mitochondria-cardiac maturation related genes (red
line). hiPSC, human induced pluripotent stem cell; PPI, protein-protein interaction; MEM, mitochondrial energy metabolism.

ment during cardiac maturation than during cardiac lineage
commitment. Furthermore, MEM proteins primarily interact
with cardiac muscle contractile proteins rather than with car-
diac transcription factors such as TBX5, HAND2, MEF2C, and
NKX2-5. These data indicate that MEM is important for cardiac
maturation rather than for cardiac lineage commitment during
the cardiac differentiation of PSCs.

Confirmation of MEM regulatory gene candidates
during cardiac differentiation from hESCs

To confirm the expression of CCK, NOS3, PGAM?2, and SL-
C25A4, which were directly connected with cardiac lineage com-
mitment and maturation related genes from hiPSC-derived PPI
networks during cardiac differentiation, we induced cardiac dif-
ferentiation using hESCs. Undifferentiated hESCs were observed
on day -3 to 0, mesodermal cells on day 3, cardiac progenitor cells
on day 8, and cardiomyocytes on day 16 upon the differentia-

www.kjpp.net

tion of hESCs (Fig. 4A). Quantitative polymerase chain reaction
(qQPCR) was performed at each developmental stage. Consistent
with the findings of the transcriptome analysis, with the excep-
tion of CCK, the other genes showed changes in expression levels;
the mRNA expression level of NOS3 was specifically upregulated
in the CPCs, and those of PGAM2 and SLC25A4 were specifically
upregulated in the cardiomyocytes (Fig. 4B, C). We interpreted
that the several inconsistencies of gene expression at each devel-
opmental stage between microarray and qPCR data might be
caused by different cardiac differentiation protocols.

DISCUSSION

In the present study, we explored the landscape of MEM PPI
networks during cardiac lineage commitment and maturation.
PPT analysis revealed that MEM proteins interact more closely
with cardiac maturation-related proteins than with cardiac lin-

Korean J Physiol Pharmacol 2022;26(5):357-365
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Fig. 4. Confirmation of MEM regulatory gene candidates during cardiac differentiation from hESCs. (A) Schematic cardiomyocyte differentia-
tion protocol and sampling time points of the hESC-derived cells: mesodermal cells on day 3, cardiac progenitor cells on day 8, and cardiomyocytes
on day 16, formed from the differentiation of H9 hESCs (scale bars, 50 um). (B) The expression level of CCK, NOS3, PGAM2, and SLC25A4 at each de-
velopmental stage from microarray. (C) The expression level of CCK, NOS3, PGAM2, and SLC25A4 at each developmental stage from gPCR. *p-value <
0.005. RBIn, RPMI1640+B27 without Insulin; RB+, RPMI1640+B27 supplement. MEM, mitochondrial energy metabolism; hESC, human embryonic stem
cell; CCK, cholecystokinin; NOS3, nitric oxide synthase 3; SLC25A4, solute carrier family 25 member 4; gPCR, quantitative polymerase chain reaction.

Mitochondrial energy metabolism development

Cardiac maturation

Cardiac differentiation

Fig. 5. Schematic diagram of MEM regulation at at cardiac lineage commitment and cardiac maturation. MEM, mitochondrial energy metabo-
lism; MPC, mesodermal precursor cell; CLC, cardiac lineage-committed cell; CPC, cardiac progenitor cell; CM, cardiomyocyte.

eage commitment-related proteins (Fig. 5). In addition, MEM
proteins primarily interact with cardiac muscle contractile pro-
teins rather than with cardiac transcription factors. Therefore,
MEM is important for cardiac maturation rather than cardiac
lineage commitment. We also identified several candidate MEM

Korean J Physiol Pharmacol 2022;26(5):357-365

regulatory genes involved in cardiac lineage commitment (Cck,
Bdnf, Fabp4, Cebpa, and Cdkn2a in mESC-derived cells, and
CCK and NOS3 in hiPSC-derived cells) and cardiac maturation
(Ppargcla, Pgam2, Cox6a2, and Fabp3 in mESC-derived cells,
and PGAM2 and SLC25A4 in hiPSC-derived cells).
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Conventionally, cellular metabolism is considered a passenger
for PSCs and differentiated cells for proliferation, self-renewal,
and differentiation [2,10]. However, this notion is changing be-
cause cellular metabolism drives differentiation, including fate
determination and maturation [1,2]. During cardiac differentia-
tion from PSCs, the mitochondria develop, and the key process
in cellular metabolism changes from glycolysis and glutamine
oxidation to lactate and fatty acid oxidation [1]. Based on these
developmental metabolic profiles, a large-scale metabolic sort-
ing system was developed for hPSC-derived cardiomyocytes [11].
Furthermore, several studies have demonstrated that mitochon-
drial metabolic regulation affects cardiac differentiation from
PSCs [1,12]. We previously reported that the activation of mito-
chondrial oxidative metabolism via mitochondrial permeability
transition pore inhibition by cyclosporin A enhances cardiac
differentiation from PSCs [13]. However, the specific time point
and detailed mechanism underlying the regulation of cardiac dif-
ferentiation by MEM remain unknown.

In addition, we have previously shown the transcriptome pro-
files and the PPI networks at cardiac lineage commitment com-
paring with those of mesodermal cells and differentiated cardio-
myocytes [3]. Similarly, in the present study, we performed MEM
PPI analysis at cardiac lineage commitment and during cardiac
maturation. Consistent with previous findings, our findings indi-
cate that MEM possibly plays a greater role in cardiac maturation
than in fate determination [2]. Molecular mechanisms triggered
by metabolic stimuli may contribute to cardiomyocyte cell cycle
exit and maturation. Indeed, previous studies have shown that
metabolic stimuli, including molecules, such as fatty acids and
hormones, and processes, such as glucose removal, can improve
PSC-derived cardiomyocyte maturation [14-16]. The mitochon-
dria undergo maturation during the perinatal period, transition-
ing from small, fragmented organelles to large organelles with
developed cristae capable of producing sufficient ATP to support
the beating function of the postnatal heart [2]. Mitochondrial
maturation may not merely be a response to cardiac maturation;
rather, the mitochondria may facilitate molecular processes by re-
sponding to nutrient signals, dynamically altering the respiratory
capacity and ROS production, and initiating transcriptional and
epigenetic changes triggering cardiac maturation [2].

In the present study, we selected several candidate MEM
regulatory genes involved in cardiac lineage commitment and
during cardiac maturation. These genes have been associated
with cardiac development and differentiation in previous stud-
ies, which have reported that CCK is expressed in the embryonic
murine heart, whereas pro-CCK is expressed in the adult mam-
malian heart [17,18]. However, the exact function of CCK is yet
to be confirmed. Furthermore, the C/EBP family of transcrip-
tion factors is activated in the epicardium in response to both
developmental and injury signals to establish a transcriptional
code for embryonic gene expression [19]. Another study showed
that Betrofin3, an agonist of the BDNF peptide, exerted a robust
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pro-cardiomyogenic effect on embryonic stem cells via the TrkB
receptor [20]. Interestingly, NOS3 was also expressed in the em-
bryonic heart at E9.5, with the expression level remaining high till
E13.5 and decreasing from E14.5, in both the atria and ventricles
[21]. NOS3 deficiency results in congenital septal defects, cardiac
hypertrophy, and postnatal heart failure [21]. Additionally, NOS3
is important in the development of the major coronary artery,
myocardial capillaries, and aortic valve [21]. Previous studies have
reported that FABP3 is expressed at high levels in patients with
ventricular septal defects, and FABP3 knockdown impairs car-
diac development in zebrafish through the retinoic acid signaling
pathway [22]. In addition, PGC1/PPAR drives PSC-derived car-
diomyocyte maturation at the single-cell level via YAP1, SF3B2,
and the PPARGCla activator ZLN0O5 also promotes hESC-de-
rived cardiomyocyte maturation [23,24]. Another study reported
that the knockout of Slc25a4 mice with mitochondrial energy de-
ticiency led to the development of a distinctive concentric dilated
cardiomyopathy with cardiac dysfunction mediated via increased
cytoplasmic cytochrome c levels and caspase 3 activation [25].
However, these studies did not investigate the detailed molecular
and cellular mechanism of action of genes involved in MEM.
Further studies using iPSC-derived cardiomyocytes with genetic
knockdown are warranted to clarify the exact molecular and
cellular mechanisms underlying the action of MEM regulatory
genes involved in cardiac lineage commitment and maturation.
Furthermore, the molecular and cellular mechanisms of MEM
regulatory genes involved in cardiac lineage commitment and
maturation may help generate abundant mature cardiomyocytes
for cardiac regeneration.

In conclusion, we demonstrated that MEM is regulated differ-
ently in each stage of cardiac differentiation; in particular, PPI
increases rapidly during cardiac maturation rather than during
cardiac lineage commitment. These results support the theory
that MEM may exert a greater impact on the cardiac maturation
stage in creating cardiac functional integrity for beating. Our
findings provide valuable insights into how MEM can affect car-
diac lineage commitment and maturation. The findings may also
help develop alternative strategies for improving cardiac differen-
tiation and maturation for generating mature cardiomyocytes in
the field of regenerative medicine.
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