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Background and Objectives: Gene expression, morphology, and electrophysiological combination are essential for assessing the
dynamic development of human induced pluripotent stem cell-derived atrial- and ventricular-like cardiomyocytes (iPS-AM and iPS-
VM, respectively).

Methods: For iPS-AM/VM differentiation, we performed the small molecule-based temporal modulation of the retinoic acid and bone
morphogenetic protein signaling pathways. We investigated the gene expression and morphology using immunofluorescence, quanti-
tative real-time polymerase chain reaction, flow cytometry, and transmission electron microscopy as well as registered electrophysio-
logical functions using a whole-cell patch clamp on days 20, 30, and 60 post-differentiations.

Results: Pan-cardiomyocyte marker, including troponin T2 (TNNT2) and alpha-actinin-2 (ACTN2), expressions increased both in iPS-
AMs and iPS-VMs. Similarly, the mRNA expression of both iPS-AM-specific markers, ie, natriuretic peptide A (NPPA), myosin light
chain 7 (MYL7), and K+ channel Kir3.4 (KCNJ5), and iPS-VM-specific markers, ie, gap junction a-1 (GJAI), myosin light chain 2
(MYL2), and alpha-1-subunit of a voltage-dependent L-type calcium channel (CACNAIC), increased from 0 to 20 days, and then
decreased from 30 to 60 days. Concerning morphology, cardiac troponin-T (¢TnT) arrangement was progressively organized and
developed from a disorderly myofibrillar distribution to an organized sarcomere pattern both in iPS-AMs and iPS-VMs. Mitochondrial
numbers gradually increased and those of lipid droplets decreased during dynamic development. Regarding physiological function, the
resting and action potential amplitudes remained statistically indifferent in both cell types, and the action potential duration was
prolonged during the development.

Conclusion: IPS-AMs/VMs displayed dynamic development concerning their gene expression, morphology, and electrophysiological
function. The discoveries of this study could provide novel insights into heart development and encourage further research.
Keywords: cardiomyocytes, induced pluripotent stem cells, dynamic development, gene expression, morphology, action potential

Introduction

The advent of the induced pluripotent stem cell (iPSC) technology and accurate iPSC differentiation methods to produce
iPSC-derived cardiomyocytes (iPS-CMs), in vitro models for human development, significantly facilitated human heart
development research.” IPS-CMs carry personalized genetic information with intact physiological functions and are
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widely used in fundamental studies in various fields from cellular biochemistry to electrophysiology.” Importantly, iPS-
CMs display the capacity to mature upon integration into the host myocardium, as recently described in the case of
embryonic stem cell-derived cardiomyocytes,** thereby conferring advantages in therapeutic applications. However, iPS-
CMs are structurally and functionally immature, resembling neonatal cardiomyocytes,” limiting their application
potential.>” In regenerative medicine, the iPS-CM maturity degree is a major bottleneck. For example, excitation-
contraction coupling and efficient energy conversion (requiring transverse tubules (T-tubules) and oxidative metabolism,
respectively) are unavailable in immature iPS-CMs.”® Various artificial interventions, eg, electrical stimulation, fatty
acid addition,'®"'" and culture time prolongation,™'® have been established to promote iPS-CM maturity.

The phenotypic discrimination of the generated iPS-AMs and iPS-VMs could rely on various aspects, such as gene expression,
morphology, and electrophysiological function.'? The natriuretic peptide precursor A (NPPA) gene, encodes the atrial natriuretic
peptide (ANP) hormone. NPPA is primarily expressed in the atria of the heart and is released in response to increased blood
volume or pressure.'* The GJAI gene encodes connexin 43, which is involved in the development of ventricular structure and
organization as well as ventricular cardiomyocyte differentiation and ventricular myocardium formation.'* Characterizing the
dynamic changes of these regulators is pivotal for distinguishing cardiac subtype specifications.'® Various methods have been
established to guide iPSC differentiation toward the desired cardiomyocyte subtypes.'>'®

During cardiac maturation, iPS-AMs and iPS-VMs undergo development involving both mRNA transcriptional activation
and structural changes, such as more aligned sarcomere formation and mature electrophysiological function establishment.'” The
significant structural rearrangements during the dynamic differentiation stages could be visually classified using image-based
analysis.® IPS-CMs at approximately 14-20 days are reportedly small, round to slightly oblong, and are approximately 5—10 pm in
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diameter.”'® Beyond 35 days, iPS-CMs acquire a more oblong morphology (30 x 10 pm) with dimensions similar to those of
human embryonic CM, although they remain below the adult size.'® PSC differentiation toward the cardiomyocyte lineage could
be planned by the sequential expression of different genes (such as MYL2, MYL7, ACTIN, and TNNT?2) at specific stages, in
a pattern consistent with physiological cardiac development. These genes are crucial for cardiomyocyte structure and function.
The proteins they encode (eg, actin, myosin, and troponin) are crucial for cardiomyocyte contraction and relaxation.'® 2 The
GJAI gene, which encodes connexin 43, is important in the development of ventricular structure and organization, and it is
involved in ventricular cardiomyocyte differentiation and ventricular myocardium formation."* Ton channel isoform shifts were
measured using transcriptomics, and ion channel-coding gene transcriptional expression levels increased in iPS-CMs compared
with those in iPSCs.?' KCNJ5 (potassium inwardly-rectifying channel, subfamily J, member 5) is an important gene that encodes
the Kir3.4 subunit of the G protein-activated inward rectifier potassium channel, which is crucial for the regulation of
cardiomyocyte excitability and repolarization in atrial myocytes. The KCNJ5 gene is involved in various cardiac arrhythmia-
related pathogeneses, such as atrial fibrillation.” CACNAIC encodes the alpha-1C subunit of the voltage-dependent L-type
calcium channel, being central to the regulation of cardiomyocyte excitability, contraction, and intracellular calcium homeostasis,
particularly in ventricular myocytes. The CACNAC gene is involved in the pathogenesis of various cardiac arrhythmias, such as
that of Timothy syndrome.” Furthermore, mature cardiomyocytes harness elaborate mechanisms to achieve efficient coordinated
excitation-contraction coupling. The electrophysiological properties of iPS-CMs include action potential (AP)- and ion channel
current-related changes. These characteristics vary among various stages of iPS-CM development, such as changes in the resting
action potential (RMP) and action potential duration (APD).”*** However, the simultaneous application of these techniques
within the same study is rare as researchers often focus on a single aspect to assess iPS-CM development instead of combining
them with more holistic approaches.

To the best of our knowledge, neither a comprehensive characterization concerning the aforementioned dynamic
changes nor a direct comparison of iPS-AMs and iPS-VMs has been performed so far.** In this study, we thus aimed at
investigating the dynamic development of iPS-AMs and iPS-VMs. The combined application of impressive morphology,
gene expression transformation, and electrophysiological function could result in clearer and more meaningful descrip-
tions of cell development than the separate use of these approaches. Nevertheless, our study provides valuable
information for future cardiomyocyte maturation research.

Methods

iPSC Culture

In this study, we used LHpb-YaabC3 iPSCs (HNFP30-P11, OSINGLAY BIO, China, link of the webpage: https://www.
bio-equip.com/show 1 equip.asp?equipid=4276461). We coated the dishes with Matrigel™ (Cat#354,277, Corning, UK)
feeder-free plates in DMEM/F12 medium (Cat#11,320,082, Thermo Fisher Scientific, USA) at 1:50 dilution. We cultured
the iPSCs in fresh mTeSR™1 medium and its supplements (Cat#85,850, STEMCELL™ Technologies, USA) every day
and passaged them routinely using Accutase (Cat#7920, Gibco, USA) at 80% confluence with 5 mM ROCK inhibitor
Y27632 (Cat#1254, Tocris Bioscience, UK). We maintained the cell cultures in an incubator at 37°C under 5% CO,. This
study was approved by the Human Research Ethics Committee of Xi’an Jiaotong University (No.2019-599).

iPSC-Derived Cardiomyocyte Differentiation

Prior to differentiation, we seeded iPSCs onto Matrigel-coated plates and resuspended them at 80-90% of confluency in
mTeSRTM1 medium at 5x10* cells/mL. We seeded 1 mL of the cell suspension per well in a Matrigel-coated 12-well
plate, supplemented with 1 mL of iPSC medium on day 4.

We used the standard protocol for restricting retinoic acid (RA) signaling with small-molecule drugs for iPS-AM
differentiation.'”> Briefly, we treated the cells with 25 ng/mL bone morphogenetic protein-4 (BMP4, Cat#120-05ET,
PEPROTECH, USA) and 6 ng/mL b-fibroblast growth factor (Cat#SRP4037, SIGMA, USA) on day 1, 100 ng/mL activin
A on day 2, and 200 ng/mL dickkopf homolog 1 (DKK1, Cat#094907, Feiyue, China) between days 6—11. We changed the
medium every three days after day 11 with the addition of 1 pM RA, (Cat#302-79-4, Sigma, Japan). We typically observed
spontaneous contracting clusters on days 10 and 11. We selected iPS-AMs on days 20, 30, and 60 for analysis.
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Between days 0-2, we supplemented the medium with 6 pM CHIR99021 (Cat#2372S1263, Sigma, USA) in RPMI/B-27
(Cat#17,504-044, Thermo Fisher Scientific, USA). On day 3, we replaced the medium with RPMI/B-27 containing the 5 uM
IWP2 (Wnt processing inhibitor, Cat#3533, Tocris Bioscience, UK). Next, we replaced this medium with RPMI/B-27 without
insulin for days 5—7. We observed contracting cells on days 7-10'® and selected iPS-VMs for analysis on days 20, 30, and 60.

Flow Cytometry

At passage 40, we validated iPSC purity based on TRA-1-60 and NANOG protein expression. We submitted the iPSCs to
Accutase digestion in 6-cm plates for approximately 2.5 min at 37°C to obtain a single-cell suspension, which we washed
with PBS. Next, we fixed the cells with 4% formaldehyde for 15 min at room temperature and chilled them on ice for 1 min,
followed by permeabilization with 0.1% Triton X-100 for 30 min and resuspension in anti-TRA-1-60 (Cat#2372 54,746,
Cell Signaling Technology, USA) and anti-NANOG (Cat#3580, Cell Signaling Technology, USA) primary antibodies. We
then washed the cells with Dulbecco’s Phosphate-Buffered Saline (DPBS, Cat#21,600,010, Invitrogen, USA), followed by
incubation with the corresponding species-specific fluorescence-conjugated Alexa Fluor 488-labeled goat anti-mouse IgG
secondary antibody (Cat#2372A-11029, Invitrogen, USA). We performed each step at room temperature, followed by
washing with DPBS. We analyzed the positively stained cells using a flow cytometer (Cat#651,155, BD FACS Verse, BD
Bioscience, USA) according to the manufacturer’s protocol and performed the flow cytometry experiment and data analysis
using Attune CytPix (Invitrogen, USA) and FlowJo v10.9.0 (Flowserve, USA).

qRT-PCR

We extracted total RNA from 0.5-1 x 10° cells with TRIzol (Cat#15,596-026, ThermoFisher, USA) and used it for
cDNA reverse transcription using the commercial 5 x PrimeScript RT Master Mix (Cat#2372RR036A-1, Takara, Japan)
with cycling conditions as follows: 37°C for 15 min, 50°C for 5 min, and 98°C for 5 min. Subsequently, we qRT-PCR-
quantified the TNNT2, ACTN2, NPPA, MYL7, KCNJ5, GJAI, MYL2, and CACNAIC expression levels in iPS-Ams and
iPS-VMs using 2 x TB Green Faster gPCR Mix (Cat#2372RR430, TaKaRa, Japan) with cycling conditions as follows:
95°C for 10s, 52°C for 10s, and 72°C for 10s for 40 cycles. Table 1 summarizes the primer pairs we used in this study.

Table | Primer Sets for qRT-PCR Analysis

Gene Direction | Sequence (5’-3’)

TNNT2 Forward TTCACCAAAGATCTGCTCCTCGCT
Reverse TTATTACTGGTGTGGAGTGGGTGTGG
ACTN2 Forward GAAGCACAAGCCACCCAAGG
Reverse CACCAGCAATATCCGACACCA

MYL7 Forward AAGCCATCCTGAGTGCCTTC

Reverse AACATCTGCTCCACCTCAGC
NPPA Forward ACAAGTGCTCAGTGAGCCGAATGAA

Reverse CCCGCCCGAGGGCACCTCCATCTCTCTGGGC
KCNJ5 Forward CCCACAACAGGGAGAGGTTC

Reverse AGCCATAGCTGGGATGTTGTT
CACNAIC | Forward GACGTGCTGTACTGGGTCAA
Reverse AACTCTCCGCTAAGCACACC

MYL2 Forward TGAGAGACACCTTTGCTGCC
Reverse GGGTCCGCTCCCTTAAGTTT
GJAl Forward CCACGGAGAAAACCATCTT

Reverse ACAGTCTTTGGCAGGGCTCA
GAPDH Forward TCGGAGTCAACGGATTTGGT
Reverse TTCCCGTTCTCAGCCTTGAC

Note: gene.

Abbreviations: TNNT2, troponin T2; ACTN2, alpha-actinin-2; MYL7, myosin light chain 7; NPPA,
natriuretic peptide A; KCNJ5, K* channel Kir3.4; CACNAIC, alpha-1-subunit of a voltage-
dependent L-type calcium channel; MYL2, myosin light chain 2; GJAl, gap junction a-1.
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We normalized the mRNA expression levels to those of GAPDH, performed the calculations using the 274" formula,
and analyzed the data using GraphPad Prism (GraphPad Software, USA).

Immunostaining and Image Analysis

We washed iPSCs, iPS-AMs, and iPS-VMs thrice with precooled DPBS, then fixed, permeabilized, and blocked them with 4%
PFA for 15 min, 0.5% Triton X-100 (Cat#2372A600198-0500, BBI, China) for 15 min, and 2% BSA (Cat#2372A600332-
0025, BBI, China) in DPBS for 60 min, respectively, at room temperature. Next, we incubated the cells overnight at 4°C with
rabbit anti-cTnT (Cat#15,513-1-AP, Proteintech, USA) and mouse anti-NPPA (Cat#2372PP-H7147-00, R&D Systems, USA)
primary antibodies, diluted at 1:200 with 1% BSA. After washing thrice with DPBS, we incubated the cells for 1 h at room
temperature in the dark with Alexa Fluor 488-labeled goat anti-rabbit (Cat#2372A11070, Invitrogen, USA) and Alexa Fluor
555-conjugated goat anti-mouse (Cat#2372A21425, Invitrogen, USA) secondary antibodies, diluted at 1:500 in DPBS. After
counterstaining with DAPI (Cat#2372D1306, Thermo Fisher, USA) for 10 min, we acquired fluorescence images
(OLYMPUS FLUOVIEW, FV3000, Japan) and analyzed them using ImageJ (Rawak Software, Germany).

Transmission Electron Microscopy (TEM)

We fixed iPS-AMs and iPS-VMs with 3% glutaraldehyde (Cat#111-30-8, SIGMA, USA) followed by 2% osmium
tetroxide (Cat#20,816-12-0, SIGMA, USA), dehydrated the samples in graded ethanol series, and embedded them in
epoxy resin. We performed ultrathin sectioning, stained the sample sections with uranyl acetate and lead citrate, and
observed the samples under a transmission electron microscope (JEM-1400FLASH, Japan).

Patch-Clamp Experiments

We dispersed the iPS-AMs and iPS-VMs on days 30 and 60 using collagenase I for 35 min, washed them with DPBS, then
treated them with trypsin-EDTA (Cat#T4049, SIGMA, USA) for 3 min to dissociate the cells, which we then reseeded at
a density of 1:50 onto Matrigel-coated glass coverslips and cultured for 2-3 days. For AP recordings, we applied the whole-
cell patch-clamp technique using a Multiclamp 700 B amplifier (Axon Instruments, USA). The access resistance was
typically ~ 3—5 MQ after patch rupture. The APs were continuously elicited by square current pulses of 0.8—1-nA amplitude
and 1-5-ms duration at a frequency of 1 Hz. First, we dissociated the iPS-AMs and iPS-VMs into single-cell suspensions by
type I collagenase (2 mg/mL) (Cat#SCR103, SIGMA, USA) treatment for 30 min, followed by a 3-min treatment of trypsin
(0.25%) without EDTA (Cat#03-052-1A/B, Biological Industries, Israel). Next, we plated the cells onto 13-mm glass
coverslips and performed current recording 48—72 h later. For the AP recording, we used the bath solution as follows:140
mM NaCl, 1 mM MgCl,, 5 mM KCIl, 1.8 mM CaCl,, 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
and 10 mM glucose (pH 7.40). The pipette solution comprised 110 mM K-gluconate, 20 mM KCl, 1 mM CaCl,, 1 mM
MgCl,, 10 mM HEPES, 5mM ethylene glycol tetraacetic acid potassium chloride (EGTA-KOH), 5 mM ATP-Mg*", and 5
mM sodium phosphocreatine. We adjusted the pH to 7.2 using KOH. We performed all experiments at 34°C + 1°C and
assessed the action potential amplitude (APA), APD, and resetting potential (RP) in the different groups.

Statistical Analysis
The data are expressed as the mean + standard error of the mean (SEM). We used one-way ANOVA for comparisons
between multiple groups and considered P-values of P < 0.05 statistically significant.

Results

iPSC Pluripotency Markers Characterization

We validated the molecular iPSC pluripotency markers using flow cytometry and IF. At passage 45, our IF results
revealed that the iPSC clones positively expressed PAX6, BRA, and AFP proteins, displaying directed ectodermal,
mesodermal, and endodermal differentiation potential (Figure 1A). NANOG and OCT4 were localized in the nuclei and
TRA1-60 in the plasma membrane (Figure 1B and C). The TRA-1-60" and NANOG " cell percentages were 95.28% and
96.56%, respectively (Figure 1D).
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Figure | iPSC characterization. (A) (I) Representative image of iPSCs. Scale bar: 100 um; A(II-1V), immunofluorescence (IF) results of PAX6é (ectoderm marker), BRA
(mesoderm marker), and AFP (endoderm marker); Scale bar: 50 pm; (B). iPSC pluripotency markers (I, DAPI; Il, NANOG; lll, TRA-1-60; IV, merge of I-lll); (C). The iPSC
pluripotency markers (I, DAPI; Il, OCT4; Ill, TRA-1-60; IV, merge of I-Ill) were confirmed by the IF assay. Scale bars: 50 um; (D). Representative flow cytometry analysis of
iPSCs. (D) (1), isotype control of TRA-1-60; (Il), TRA-1-60-positive cells were 95.28%; (lll), isotype control of NANOG; (IV), NANOG-positive cells were 96.56%.

Dynamic Expression of Cardiomyocyte-Specific Genes

The iPS-AMs and iPS-VMs started to contract for approximately 7-10 days. By day 20, approximately 70-90% of the
cardiomyocytes were contracting. We used undifferentiated iPS cells as a control for our gPCR. The mRNA expressions
of cardiomyocyte-specific genes TNNT2 (encoding human muscle type-specific TnT protein) and ACTN2 (encoding
cmdlaa protein) significantly increased in iPS-AMs and iPS-VMs on day 20 post-differentiation compared with those in
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iPSCs (Figure 2A and B). The mRNA expression of atria-specific marker genes, including NPPA (encoding ANP
protein), MYL7 (encoding mylc2a protein), and KCNJ5 (encoding Kir3.4 protein), significantly increased from day 0
to 20, then decreased from day 30 to 60 in the iPS-AMs (Figure 2C-E). Finally, the mRNA expression of ventricular
cardiomyocyte marker genes, including GJAI, MYL2, and CACNAIC,""** markedly increased from day 0 to 20,
although we observed a reduction on days 30 and 60 (Figure 2F—H).

Dynamic Location and Arrangement Patterns of NPPA and cTnT

Cardiomyocyte morphology is functionally significant for cell structure and contraction. Our IF results demonstrated that
NPPA protein expression increased over time in atrial myocytes (Figure 3A—C (II) and I). In contrast, we could not detect
any NPPA protein expression in iPS-VMs (Figure 3D-F (II)).

Specific cardiac troponin-T protein (¢TnT) arrangement (ie, that of a representative pan-cardiomyocyte marker) is key
in promoting iPS-CM contraction and energy exchange as well as in providing a framework for crucial protein
distribution, such as that of voltage-gated L-type Ca”" channels (LTCC) and sodium-calcium exchangers.”> Next, we
thus analyzed the c¢TnT striated pattern distribution and number in iPS-AMs and iPS-VMs (Figure 3). We observed
a c¢TnT expression pattern organization, which indicated dynamic development (Figure 3A—C (III)). Our data demon-
strated that striated ¢cTnT pattern areas covered 2000, approximately 2000-4000, and 6000 pum? on days 20, 30, and 60,
respectively (Figure 3G). The number of striated structures increased over time (n = 12, 23, and 47 on days 20, 30, and
60, respectively). On day 20, the cTnT distribution arrangement was disordered and indistinct in the iPS-VMs (Figure 3D
(IIT)). The striated cTnT pattern areas covered 1500 um? approximately and the striated area number was 12. The culture
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Figure 2 Dynamic changes in cardiomyocyte-specific gene expression in iPS-AMs and iPS-VMs. (A and B). Relative TNNT 2 and ACTN2 mRNA expression in atrial- and ventricular-like
myocytes (iPS-AMs and iPS-VMs) compared with the control. *P < 0.05 and **P < 0.01, n=4. The data represent the mean fold change * SEM, One-way ANOVA. (C-E). Relative mRNA
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Figure 3 NPPA and cTnT protein location and arrangement in iPS-AMs and iPS-VMs. (A=F). Immunofluorescence results of NPPA, cTnT, and DAPI in iPS-AMs (A-C, I-1V)
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intensity 3D waterfall figure of NPPA in iPS-AMs from day 20 to 60. Scale bars: 100 um.

time extension to 30 and 60 days yielded 2000-4000-um? organized striated cTnT pattern areas (Figure 3E and F (III)).
The striated area numbers reached 36 and 43 on days 30 and 60, respectively.

Ultrastructural Development of iPS-AMs and iPS-VMs

To optimize the potential iPS-CM applications in cardiovascular research, the accurate replication of adult cardiomyocyte
ultrastructural characteristics is imperative. Early-stage iPS-CMs exhibit a diminutive morphology and an immature ultrastructure
closely resembling that of fetal CMs. However, prolonged culture yields significant enhancements in myofibril alignment, density,
and morphology with mature-like Z-disc, A-band, I-band, and H-zone appearance.'~ In addition, ultrastructural iPS-CM features
appeared approximately 30 days after cardiac differentiation in a previous study.”® We performed the TEM analysis of both iPS-
AMs and iPS-VMs on days 20, 30, and 60 and discovered a dynamic development over time. The endoplasmic reticulum (ER)
and mitochondria formed around the nucleus randomly and became denser with increasing culture time (Figure 4A and B, yellow
and red arrows, respectively). In iPS-AMs, the number of mitochondria was 13 on day 20 and it was visually similar on days 30
and 60 (both n = 37) with random and irregular mitochondrial sizes (Figure 4C and D). We observed multiple free ribosomes
throughout the cytoplasm on days 20 and 30, certain of which were arranged in a uniform spotty distribution on day 60, suggesting
active protein synthesis (Figure 4A and B, green arrows).

On day 20, a few delicate myofibrils exhibited aligned or organized sarcomere patterns in the cells. Moreover, the myofibrils
appeared disoriented throughout the cytoplasm (Figure 4A and B I, blue arrows). On day 30, the sarcomere number significantly
increased compared with that on days 20 (iPS-Ams and iPS-VMs, n = 16 and 15 vs none, respectively). The sarcomere-like
pattern number increased with time (Figure 4E and F). In iPS-AMs, we observed 16 and 28 sarcomere-like patterns, while in iPS-
VMs, we registered 15 and 25 on days 30 and 60, respectively. The sarcomere areas changed inconspicuously, although their
arrangement was regular on day 60 compared with those on day 30 in iPS-AMs and iPS-VMs (Figure 4A and B, blue arrows).

Autophagy appeared through dynamic development (Figure 4A and B, purple arrows), suggesting lysosomal activity
and participation in cell growth and development. Lipid droplets (LDs) are intracellular organelles that store energy in the
form of neutral lipids, growing through local synthesis upon formation during dynamic maturation.”” LDs are then
delivered for autophagy or used for mitochondrial energy production.”® LDs (orange arrows) displayed clear outlines and
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Orange arrows: lipid droplets, yellow arrows: endoplasmic reticulum, green arrows: glycogen, and purple arrows: autophagy. Scale bars, | ym. (C-D). Mitochondrial area
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extended areas in the iPS-AMs and iPS-VMs on day 20, illustrating the lack of their absorption or use (Figure 4A and
B I, G and H). LDs were absorbed by other organelles on days 30 and 60, and the LD number and area decreased
after day 20 (Figure 4A and B II and III, and G and H). Our results revealed that the assembly of highly dynamic

organelles characteristic of LDs involved multiple steps, occurring in several organelles (eg, the ER).?

Dynamic Electrophysiological Function of iPS-AMs and iPS-VMs

Electrophysiological function recording is essential for assessing cardiomyocyte development.”* A previous study
described that iPSC-derived cardiomyocytes were immature to exhibit classical electrophysiological characteristics on
days 18-20.>"*° We recorded the AP of iPS-AMs and iPS-VMs on days 30 and 60 using whole-cell patch clamp and
summarized the statistics in Table 2. The iPS-AM RP on days 30 and 60 were —68.7 + 4.43 mV and —77.31 + 2.37 mV,
respectively (n = 4). The APA on days 30 and 60 were 118.1 + 5.03 mV and 123.8 + 8.69 mV, respectively (n = 4), with
no statistically significant difference between the two groups (Figure SA—C). The AP duration at 90%, 70%, and 50%
repolarization (APDgy, APD5, and APDs, respectively) indicated that APD on day 60 was prolonged than that on day
30 (APDyy: 168.60 £ 20.75 ms on day 60 vs 73.84 = 12.19 ms on day 30; APD-,: 80.00 £ 17.12 ms on day 60 vs 32.97 £+
6.03 ms on day 30; APDs,: 44.25 £ 16.79 ms on day 60 vs 16.12 = 4.13 ms on day 30, n = 4 in all cases) (Figure 5SD-F).

Table 2 The Dynamic Electrophysiological Function of iPS-AMs and iPS-VMs

n=cells | group | RP (mV) APA (mV) APDy, (ms) APD,o (ms) | APDso (ms)
iPS- 4 Day 30 | —68.70 £4.43 | 118.10£5.03 | 73.84 + 12.19 32.97 £ 6.03 16.12 + 4.13
AMs 4 Day 60 | —77.31 £2.37 | 123.8 £8.69 | 168.60 +20.75%* | 80.00 £ 17.12 | 44.25 £ 16.79
iPS- 4 Day 30 | —78.48 £2.36 | 122.10 £8.06 | 128.30 + 18.02 7051 £ 10.51 | 42.21 £ 4.25
VMs 4 Day 60 | —70.51 £2.96 | 121.8 + 15.86 | 259.20 +27.28** | [53.70 + 15.55 | 120.40 + 15.33

Note: **P < 0.01, Day 60 vs Day 30.
Abbreviations: RP, resetting potential; APA, action potential amplitude; APD90, APD70, APD50, AP duration at 90%, 70% and 50%

repolarization.
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The RP of iPS-VMs were-78.48 + 2.36 mV and —70.51 £ 2.96 mV while their APA were 122.10 = 8.06 mV and 121.8
+ 15.86 mV on days 30 and 60, respectively (n = 4 for both groups). We observed no statistical difference between the
two time points for RP and APA in iPS-VMs (Figure 6A—C). APDgy, was significantly longer on day 60 than that on day
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Figure 6 Action potential of iPS-VMs. (A). The original curve of the iPS-VM action potentials recorded using whole-cell patch clamp with | Hz stimulation. B-F. RP (B), APA
(C), APDy, (D), APDy, (E), and APDs (F) of iPS-VMs on days 30 and 60. The data represent the mean fold change + SEM, n = 4-5 as indicated in the figures, ** P <
0.01, day 60 vs day 30, t-test.
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30 (259.2 £ 27.28 ms vs 128.3 £ 18.02 ms, **P < 0.01, n = 4), while APD, (153.70 + 15.55 ms vs 70.51 + 10.51 ms,
**P < 0.01, n=4) and APDs( (120.40 = 15.33 ms vs 42.21 £ 4.25 ms, **P < 0.01, n = 4) also prolonged from day 30 to
60 (Figure 6D-F).

Discussion

To date, the comprehensive characterization of iPS-AMs/VMs has revealed that their molecular, ultrastructural, and
electrophysiological properties align well with those of primary human cardiomyocytes. However, they also exhibit
a dynamic functional characteristic. In this study, we investigated iPS-CM development under monolayer culture
conditions using simplified and efficient molecular and functional approaches. Our data demonstrated that the gene
expression-, protein location-, ultrastructure development-, and electrophysiological function-related changes in iPS-CMs
were not synchronized but developed dynamically during the 60-day culture.

Despite their short half-life, mRNA transcripts dynamically direct cell shape-, cytoskeleton-, and ion channel-related
changes.**?! Previous studies described that cardiomyocyte-specific gene expression gradually increased from day 14 to 20 of
differentiation.'® Our study demonstrated that NPPA, KCNJ5, MYL7, MYL2, GJAI, and CACNAIC expression increased
considerably from day 0 to 20 and decreased from day 30 to 60, accompanied by protein maturation. Thyroid and glucocorticoid
hormones enhance such gene expressions during early cardiomyocyte development, although these effects decrease when
cardiomyocytes become terminally differentiated soon after maturation.**** Therefore, translation efficiency decreases to
a certain degree, and the differential protein expression levels of downstream targets could explain the RNA-to-protein
phenotypes.®* The GJA1 expression levels significantly decreased in 180-day and 360-day iPS-CMs compared to those in 30-
day iPS-CMs, suggesting that transcript abundance alone is insufficient for classifying cell development over time.

The longitudinally striated ¢TnT reportedly arranged in mature iPS-CMs and T-tubes are important elements for
calcium handling or ion channel formation.'” Therefore, iPS-CMs exhibit strong contractile function and other electro-
physiological properties. iPS-AMs and iPS-VMs underwent stereotypical structural changes during differentiation. We
focused our image-based analysis on cTnTs, a cardiomyocyte structure essential for cardiac contractile function. We
provided rigorous time-quality-controlled and image-based measurements of the structural organization based on manual
scoring.>* We manually scored the striated cTnT positive area and individual cell numbers to assess the cTnT amount and
arrangement during development from day 20 to 60. Therefore, the number of iPS-CMs with striated organization
increased significantly, demonstrating an enhanced extent of iPS-CMs maturation.

The significant structural rearrangements in the maturation stages of differentiation might be more readily classified using
morphological analysis.*** Gradual myofilament and sarcomere maturation involve multiple proteins that form highly regular
structures. Sarcomeres become increasingly organized over time during differentiation and maturation, both in vivo and in vitro.
Therefore, the number and extent of organelle maturation, such as those of mitochondria and lysosomes packed between
sarcomeres, progressively increased as well. With an increased workload, mature iPS-CMs are optimized for their ability to
perform oxidative metabolism using fatty acids. Therefore, LDs decrease in later developmental stages.'® Regardless of the
maturation stage, cells with different organizational patterns concurrently existed in the neighboring cells. However, notably, as
described in this study, the iPS-AMs and iPS-VMs developmental patterns did not achieve the level of maturity and function
typical of adult cardiomyocytes.®

A notable result of our study is that the dynamic development of molecular biology and structure is also correlated
with electrophysiological function. Ryanodine receptors release calcium ions from the sarcoplasmic reticulum, and the
T-tube provides fast delivery of the stored calcium ions to the contractile proteins.'” ATPase maturation promotes
sodium—potassium pump function. These factors promote ion channel formation that influences morphology, duration,
and propagation of AP.*°

Functionally responsible AP is required to maintain cardiomyocyte automaticity during differentiation and to generate
complete biological pacemakers. The functional assessment of individual differentiating iPS-AMs and iPS-VMs using our two-
dimensional differentiation system successfully reproduced the early differentiation and diversification of cardiomyocytes. Both
iPS-AMs and iPS-VMs typically display rapid AP upstrokes and repolarization durations. The APDgg of iPS-CMs on days 18-30
was approximately 5060 ms in a previous study,”” and our results demonstrated remarkably prolonged APDyy in iPS-AMs and
iPS-VMs when the cells were cultured for 60 days. IPS-VMs were distinguished from iPS-AMs by a relatively distinct plateau
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during repolarization and a longer APD. AP morphology and time points could be used as indicators for subtype differentiation
and developmental stage classification.

Our study suggests that defining iPS-AMs and iPS-VMs biological maturation requires multidimensional observations,
including gene expression as well as structural and electrophysiological functions. Furthermore, our study provides reference
values for cell development and maturation from time gradients. We demonstrated that mRNA expression increased, then
decreased from day 20 to 60, with large dynamic ranges. These morphological changes were consistent with electrophysiological
functional maturation, which increased over time in the culture. In our follow-up study, we would continue to study the
cardiomyocyte maturity-related changes over 60 days. Hopefully, this study could shed light on further studies of myocardial
cell development and provide novel insights into personalized cardiovascular disease diagnosis and treatment.

Conclusion

In summary, the gene expression-, protein location-, ultrastructure development-, and electrophysiological function-
related changes in iPS-AMs or iPS-VMs were not synchronized but dynamic with culture time. These results could serve
as a potential basis for in vitro research on human cardiac myocyte development. We are cautiously optimistic about this
new chapter in stem cell use for cardiac tissue and organ reconstruction.
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