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Zusammenfassung (Deutsch):

Hintergrund: Kardiomyozyten (Cardiomyocytes, CMs), die aus humanen induzierten
pluripotenten Stammzellen (human induced pluripotent stem cells, hiPSCs) nach
herkommlichen Methoden abgeleitet werden, bestehen aus einer Mischung von

Vorhofzellen, Kammerzellen und vielen anderen nicht-kardiomyozytéren Zellen.

Ziel: Modulation mit spezifischen Konzentrationen von Retinsdure (Retinoic acid, RA),
um die Differenzierung von hiPSC in Richtung links- und rechtsventrikuldrer CM-

Phénotypen zu fordern.

Methoden: hiPSCs wurden durch Reprogrammierung von Hautfibroblasten gewonnen.
Unterschiedliche Konzentrationen (Kontrollgruppe ohne RA, LRA-Gruppe mit 0,05 uM
und HRA-Gruppe mit 0,1 pM) von RA wurden wihrend des dritten bis sechsten Tages
des Differenzierungsprozesses verabreicht. Kiinstliche Herzgewebe (Engineered heart
tissues, EHTs) wurden durch die Zusammenstellung von aus hiPSC abgeleiteten CMs
(hiPSC-CM) in einer niedrigkollagenen Hydrogelmatrix erzeugt. Die Reifung und das
Wachstum der EHTs wurden in einem maligeschneiderten biomimetischen
Gewebekultursystem induziert, das kontinuierliche elektrische Stimulation, Medium-
Agitation und Dehnung bietet. Die Funktion der CMs und EHTs wurde unter
verschiedenen Bedingungen analysiert. Schlieflich wurden RNA-Extraktion und
Gewebe-Fixierung an CMs und EHTs fiir RT-qPCR und Immunfluoreszenz-
Féarbungsanalyse durchgefiihrt. Die RNA-Sequenzierung wurde an EHTs durchgefiihrt,
um zu untersuchen, wie RA die Expression von Genen moduliert, die an der

Herzstruktur und -funktion beteiligt sind.

Ergebnisse: In der HRA-Gruppe zeigten hiPSC-CMs erstmals eine schlagende
Aktivitdt und wiesen die hochste Expression von Reifegenen wie MYH7 und ¢TnT auf.
Die Expression von TBXS5, NKX2.5 und CORIN, die Marker-Gene fiir
linksventrikuldire CMs sind, war ebenfalls in der HRA-Gruppe am hochsten. Der
Transkriptionsfaktor MEF2C, der mit RA und ventrikuldren Entwicklungs-Genen in
Verbindung steht, NPPA und MYH6, wurde in der HRA-Gruppe stark exprimiert,
wihrend GATA4 in der HRA-Gruppe weniger exprimiert wurde. In Bezug auf EHT
zeigte die HRA-Gruppe die hochste Kontraktionskraft, die niedrigste Schlagfrequenz
und die hochste Empfindlichkeit gegeniiber Hypoxie und Isoprenalin, was bedeutet,
dass sie funktionell dem linken Ventrikel &hnlicher war. Die Expression von TBXS5 und
NKX2.5 war in der HRA-Gruppe von EHT am hochsten, wéihrend die Expression von
TBX20 und ISL1 in der Kontrollgruppe am hdchsten war. Wenn die elektrische
Stimulationsfrequenz von EHT in der HRA-Gruppe erhoht wurde, stieg entsprechend
die Kontraktionskraft. Die gesteigerte Kontraktilitdt von EHT in der HRA-Gruppe kann

auf die Forderung der extrazelluldren Matrixstirke durch RA zuriickgefiihrt werden.



Fazit: Durch Eingriffe in den Differenzierungsprozess von hiPSCs mit einer
spezifischen Konzentration von RA zu einem bestimmten Zeitpunkt konnten wir
erfolgreich CMs und EHTs mit einem Phinotyp erzeugen, der dem des linken oder
rechten Ventrikels dhnelt. Unsere Forschung ebnet den Weg fiir zukiinftige Studien zur
In-vitro-Funktion des linken oder rechten Ventrikels, zur personalisierten

Arzneimitteltestung und zur Prézisionsmedizin.

Schliisselworter: Retinsdure, hiPSC, Kardiomyozyt, Kiinstliches Herzzgewebe, Linker
Ventrikel.



Abstract (English):

Background: Cardiomyocytes (CMs) derived from human induced pluripotent stem
cells (hiPSCs) by traditional methods are a mix of atrial and ventricular CMs and many
other non-cardiomyocytes. Retinoic acid (RA) plays an important role in regulating the
spatiotemporal development of the embryonic heart and high concentrations of RA have
been shown to steer differentiation towards atrial CMs, whereas lower concentrations of

RA promote a more ventricular-like CM profile.

Aim: Create engineered heart tissue (EHT) with left and right ventricular phenotypes
from hiPSCs by intervening with specific concentrations of retinoic acid (RA) during

hiPSC differentiation towards CM.

Methods: hiPSC were derived by reprogramming skin fibroblasts and erythroid
progenitors. Different concentrations of RA (Control group without RA, LRA group
with 0.05 uM and HRA group with 0.1 uM) were administered during the third to sixth
days of the differentiation process. Engineered heart tissues (EHTs) were generated by
assembling CMs derived from hiPSC (hiPSC-CM) at high cell density in a low collagen
hydrogel. The maturation and growth of EHTs were induced in a customized
biomimetic tissue culture system, that provides continuous electrical stimulation,
medium agitation and stretch. The function of CMs and EHTs was analyzed under
different conditions. Finally, RNA extraction and tissue fixation were performed on
CMs and EHTs for RT-qPCR and immunofluorescence staining analysis. RNA
sequencing was conducted on EHTs to examine how RA affects signaling involved in

the function and structure of EHT

Results: In the HRA group, hiPSC-CMs exhibited the first onset of beating and showed
the highest expression of maturity genes MYH7 and c¢TnT. The expression of TBXS,
NKX2.5 and CORIN, which are the marker genes for left ventricular CMs, was also the
highest in the HRA group. The transcription factor MEF2C associated with RA, was
highly expressed in the HRA group, while GATA4 was less expressed in the HRA
group. In terms of EHT, the HRA group displayed the highest contraction force, the
lowest beating frequency, and the highest sensitivity to hypoxia and isoprenaline, which
means it was more functionally similar to the left ventricle. The expression of TBXS
and NKX2.5 was found to be the highest expression in the HRA group of EHT, while
expression of TBX20 and ISL1 was found to be the highest expression in control group.

When the electrical stimulation frequency of EHT in the HRA group was raised, it



correspondingly increased its contractile force. The heightened contractility of EHT
within the HRA group can be attributed to the promotion of augmented extracellular

matrix strength by RA.

Conclusion: By interfering with the differentiation process of hiPSC with a specific
concentration of RA at a specific time, we were able to successfully induce CMs and
EHT with a phenotype similar to that of the left ventricle or right ventricle. Our research
paves the way for future studies on in vitro left ventricular or right ventricular function,

personalized drug screening, and precision medicine.

Key words: Retinoic acid, hiPSC, Cardiomyocyte, Engineered heart tissue, Left

ventricle.
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1. Introduction

1.1  Human induced pluripotent stem cell

Human induced pluripotent stem cells (hiPSCs) represent a distinct category of stem
cells generated through the reprogramming of adult somatic cells, such as skin or blood
cells, into a pluripotent state(1). This reprogramming process involves the introduction
of specific genetic factors into adult cells, triggering their transformation into a state
akin to embryonic stem cells. The identification of hiPSCs marked a significant
milestone in the realm of regenerative medicine(2). Preceding this breakthrough, human
embryonic stem cells (hESCs), derived from early-stage embryos, served as the primary
reservoir of pluripotent stem cells for research and therapeutic applications(3). However,
the utilization of hESCs gave rise to ethical concerns and became subject to regulatory

restrictions in numerous nations.

The derivation of hiPSCs has effectively circumvented ethical and legal barriers by
directly originating from adult cells. This breakthrough has significantly broadened
horizons for investigating human development, disease modeling, drug screening, and
personalized medicine(4-6). Through the reprogramming of cells obtained from patients
with genetic disorders or diseases, scientists can establish hiPSC lines harboring
identical genetic mutations, enabling the exploration of the fundamental mechanisms
underlying these conditions and the development of tailored therapies(7). hiPSCs
exhibit several pivotal characteristics that render them invaluable for both research and
clinical applications(8). They possess self-renewal capabilities, enabling division and
the generation of additional hiPSCs. Moreover, their pluripotency allows differentiation
into cells representing all three germ layers: ectoderm, endoderm, and mesoderm.
Simultaneously, hiPSCs demonstrate adaptability in producing diverse cell types
applicable within the human body, including neurons, cardiomyocytes, and hepatocytes.
Cardiomyocytes (CMs) derived from human induced pluripotent stem cells (hiPSC-CM)
exhibit a differentiation principle akin to that of CMs derived from embryonic stem
cells. The ethical advantages and superior differentiation efficiency associated with

hiPSC-CM have fostered a wide array of promising applications.
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1.2 Differentiation processes in the embryonic heart and
hiPSC-CM

Biologists have been fascinated by the molecular regulation of heart development for
more than a century. Scientists in the field of cardiac developmental biology have
dedicated substantial research efforts to unraveling the intricate mechanisms governing
heart formation. They are driven by a desire to enhance our understanding of congenital
heart disease and explore regenerative medicine prospects. Researchers increasingly
focus on the interaction between signaling molecules and transcription factor networks
that guide the commitment of CM lineages and the specification of cardiac chambers.
The successful induction of hiPSCs through gene modification techniques has
positioned them as a viable alternative to embryonic stem cells. The process of
differentiating hiPSCs into various cardiac cells closely mirrors the molecular
regulatory mechanisms active during embryonic development leading to a mature heart.
The ability to precisely control the differentiation of hiPSCs into distinct subtypes of
cardiomyocytes is crucial for generating in vitro models for specific cardiovascular
diseases and advancing innovative treatments(9). Consequently, the investigation of
molecular mechanisms and regulatory factors during embryonic heart development
forms the foundation for the precise differentiation of hiPSC-derived cardiomyocytes

(hiPSC-CM).

Cardiac development originates from bilateral cardiac fields established during
gastrulation(10). The antero-lateral plate mesoderm is initially molded as cardiac field
precursors migrate anteriorly and laterally from the primitive streak, followed by rapid
convergence toward the midline(11). The linear heart tube forms through subsequent
fusion at the midline, facilitated by the closure of the foregut(12). In late gastrulation,
the cardiac crescent emerges, consisting of cardiac progenitors derived from both the
first heart field (FHF) and the second heart field (SHF) (Figure 1)(13). As cells mature
and develop, the FHF forms a linear heart tube, predominantly contributing to the left
ventricle (LV) and a portion of the atria. Conversely, posterior SHF cells give rise to the
atria and the inflow tract, whereas anterior SHF cells contribute to the right ventricle
(RV) and the outflow tract(13, 14). The linear heart tube undergoes extension and
rightward looping to position the atria cranially in relation to the ventricles. Several
remodeling events are necessary to facilitate septation, valve development, and the
formation of a four-chambered heart(15). The heart is now fully functional and

responsible for pumping blood from the venous pole to the arterial pole(16).
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In this stage, precise regulation of molecular signaling pathways during embryonic
development is essential for the heart's ability to generate blood flow(16, 17). Bone
morphogenetic proteins (BMPs) (18, 19), T-box transcription factors, and non-canonical
Wnt/JNK(20) are among the pro-cardiogenic factors expressed in FHF and SHF.
Precisely regulating the spatial and temporal distribution of transcription factors in this
intricate process is essential for ensuring the heart's correct morphological and

functional differentiation(14).

Cranial OFT

1 -

Caudal __,-\w A

[ First Heart Field

~ A
[l second Heart Field SV
, . : Chamber Specialization/
Stage Cardiac Crescent Linear Heart Tube Looping Heart Septation
Mouse Embryo
Stage E7.5 E8.0 E9-12 E10+
H”mfg‘tazf:b“’o Day 15 Day 20 Day 28-30 Day 32+
Key Regulators GATA4 GATA4 GATA4 GATA4
NKX2.5 NKX2.5 NKX2.5 NKX2.5
MESP1/2 TBX5 TBX5 TBX5
I1SL1 TBX20 MEF2C PITX2
BAF60C MEF2C HAND1/2 TBX1
MEF2C

Figure 1. Overview of heart development(14).

Transcriptional regulators for each stage of heart development are listed. The colour orange represents the

FHF and its derivatives, while blue represents the SHF and its derivatives.

1.3 The application of EHT

Engineered heart tissue (EHT) represents a laboratory-fabricated three-dimensional
arrangement of cardiac cells meticulously designed to closely imitate the structure and
functionality of native cardiac tissue(21). EHTs are typically produced through a
synergistic combination of various cardiac cell types, such as cardiomyocytes,
fibroblasts, or endothelial cells, along with biomaterials and advanced tissue
engineering methodologies(22). The development of EHTs is now widely
acknowledged as a promising approach in the fields of regenerative medicine and
cardiovascular research(22). These tissue constructs are intricately engineered to
faithfully replicate both the architectural complexities and physiological characteristics

of the heart. This enables scientists to explore the nuances of cardiac biology, simulate



16

heart diseases, and investigate potential therapeutic interventions for cardiac

conditions(23).

EHTs exhibit several vital characteristics. They display spontaneous contractility,
emulating the functional behavior of native cardiac tissue. EHTs demonstrate electrical
activity, responsiveness to external stimuli, and the presence of crucial molecular
markers and structural features similar to those found in native heart tissue. Therefore,
EHTs offer a wide array of applications in both research and clinical domains, serving
as invaluable models for investigating cardiac development, unraveling disease
mechanisms, facilitating drug screening, and conducting toxicology testing(24). EHTs
can also be utilized to evaluate the effectiveness and safety of potential cardiac therapies
or serve as a foundation for personalized medicine strategies(25), which could
potentially substitute or repair damaged or afflicted cardiac tissue, providing an
alternative to traditional transplantation methods. The use of a patient's own cells might

mitigate the risk of rejection, making EHTSs an attractive choice for cardiac regeneration.

However, despite significant progress in EHT research, substantial challenges
persist(26, 27). Ongoing areas of research and development include achieving complete
maturation of cardiac cells within the construct, ensuring scalability for clinical
applications, and integrating vascularization to supply essential nutrients and oxygen to
the tissue. In a broader context, EHTs represent a significant advancement in cardiac
research and regenerative medicine, offering a promising avenue for understanding
cardiac biology, innovating new therapies, and potentially addressing heart-related

diseases.

1.4 Disadvantages of EHT and CM derived from hiPSC

The primary challenge associated with CM and EHT derived from hiPSC is their
inability to fully replicate the heart's genetic, protein, and phenotypic complexity. The
existing differentiation scheme for hiPSCs yields cardiomyocytes displaying immature
phenotypes reminiscent of fetal developmental stages(28, 29). Consequently,
researchers have increasingly shifted their focus, seeking alternative perspectives to
enhance hiPSC-CM maturity. Notably, Liu et al. discovered that the PGC-1a activator
ZLNO005 promotes mitochondrial biology and energy metabolism maturation, augments
structural development, specifically sarcomere length, and elevates the expression of

CX43. This activation also enhances electrical activity, Ca?* handling, and
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electrophysiological features while fostering the maturation of hiPSC-CMs(30). In
parallel, Miki et al. demonstrated that ERRy agonists enhance hiPSC-CMs by increasing
cell volume, sarcomere length, transverse tubule presence, and metabolic function.
These enhancements correlate with the attributes of mature neonatal CMs and have
implications for disease modeling and regenerative medicine(31). The combination of
hiPSC-derived CMs, cardiac fibroblasts (CF), and cardiac endothelial cells fosters the
maturation of scaffold-free three-dimensional microstructures(32). Furthermore,
employing EHTs to subject developing cardiomyocytes to the electromechanical forces
inherent in the heart has demonstrated efficacy in surmounting developmental
impediments and promoting further maturation(33-35). These collective investigations
lay a solid foundation for the application of hiPSC-CM and EHT in research and

clinical contexts.

Another challenge is the current inability to precisely control the differentiation of
hiPSC into specific myocardial tissue phenotypes. EHT and CMs induced from hiPSCs
using traditional methods represent a heterogeneous population comprising both atrial
and ventricular cells (Figure 2)(36, 37). Although, earlier studies have effectively
accomplished the differentiation of hiPSC-CM into distinct atrial or ventricular
phenotypes(38, 39). Numerous studies have achieved successful differentiation of
hiPSCs into CMs exhibiting a sinoatrial phenotype(40, 41). The differentiation
technology for non-CMs, such as the epicardium, has reached a high level of
advantage(42, 43). Nevertheless, no prior research has achieved the successful
differentiation of hiPSC-CM into EHT with specific phenotypes corresponding to either
the left ventricle (LV) or the right ventricle (RV).
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Figure 2. Clinical significance of left ventricular or right ventricular CMs cultured
in vitro and schematic representation of our differentiation and maturation

protocol.

The upper panel shows the traditional method of inducing differentiation. The lower panel shows our

optimized method.

1.5 The effect of retinoic acid on hiPSC

Retinoic acid (RA) signaling plays a pivotal role in embryonic development, as it is
essential for organizing the trunk and facilitating organogenesis in diverse tissues
derived from all three germ layers(44, 45). In addition to being one of the ingredients
regulating embryonic development, RA also regulates cardiac development and affects
the differentiation of hiPSC-CM into different subtypes, with the direction of
differentiation being time- and concentration-dependent(46). Previous research has
demonstrated that RA concentrations ranging from 1 uM to 5 uM appear to promote
hiPSC-CM or heart embryonic differentiation toward atrial CMs(38, 39, 46), whereas a
concentration of 0.05 pM appears to promote differentiation towards left ventricular
CMs(47). Other studies found that RA mainly induces epicardial cells at 1 uM to 4
uM(42), while RA intervenes in the mesoderm between 0.5 and 1.0 mM to enhance the
fraction of atrial cardiomyocytes(39, 48) (Figure 3).
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Figure 3. Retinoic acid (RA) regulates the differentiation direction of CMs in a

concentration dependent manner.

Beyond the RA concentration, the timing of RA intervention is crucial. Recent in vivo
and in vitro findings show that applying RA intervention at different stages of
embryonic stem cell differentiation yields diverse functional traits and phenotypes in
resulting cardiomyocytes(49). Previous research has shown that applying RA
intervention during the later stages of mesoderm development (days 2-4) supports the
differentiation of embryonic stem cells into cardiomyocytes (CMs)(37, 50). Particularly,
treatment with RA between days 15 and 20 enhances cardiomyocyte area, sarcomere
length, multinucleation, and mitochondrial copy number(51). While the timing of RA
intervention differs across studies, there is a consensus indicating that the RA pathway
intervention significantly influences stem cell differentiation around the 4th day. In our
research, we relied on recent in vivo and in vitro findings(37, 49, 50, 52) to establish the
best timing and duration for RA intervention. Subsequently, we hypothesized that the
mesoderm induction stage (days 3-6) with a lower RA dosage is critical for ventricular

chamber specification.

Numerous studies have endeavoured to uncover the regulatory relationships among
transcription factors associated with heart development. RA has been shown to operate
upstream of the transcription factor TBXS, indirectly modulating its expression(53, 54).
During heart development, the transcription factors TBX5, NKX2.5, and GATA4
interact with each other to regulate signal transduction pathways(55-57). GATA4
activates the expression of NKX2.5, and both GATA4 and NKX2.5 activate the
expression of TBX5(58-60). Additionally, the proteins NKX2.5 and MEF2C have been

linked to ventricular CM differentiation(61-63). TBX5 alone or in combination with
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GATA4, NKX2.5 and MEF2C regulates the expression of multiple target genes that are
critical to the structure and function of the heart, including MYH6, MYH7 and
NPPA(64, 65). Hence, RA concentrations may govern gene and protein expression
crucially involved in heart morphogenesis (Figure 4) and modulating RA concentrations

may provide a tool to direct CM-differentiation towards LV and RV phenotypes.
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Figure 4. RA regulates hiPSC-CM differentiation direction through transcription

factors.

1.6 Research objective

Given the significant impact of RA on the differentiation of embryonic stem cells and
hiPSC into CMs, our research aims to explore a new method of left and right ventricular
CM and subsequent EHT generation while optimizing concentration and timing of RA
intervention during hiPSC differentiation. Specifically, the first aim of our study was to
investigate whether specific concentrations of RA can guide the hiPSCs differentiation
towards LV and RV phenotypes. To achieve the goal, we intervened in the
differentiation process of hiPSC-CM with different concentrations of RA during the 3rd
to 6th days, according to the previous study(39, 47). To verify whether the
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differentiated hiPSC-CM were LV and/or RV-like, we derived LV and RV specific
marker genes from single-cell RNA sequencing data available in literature, and
subsequently analyzed the function, maturity and specificity of ventricular marker genes
of CMs. The second aim of our study was to investigate whether the LV and RV
phenotypes of the iPSC-derived CMs were preserved in EHTs, which more closely
mimic functional myocardial tissue. Consequently, the contractile force of EHTs was
examined and compared, alongside its responses to hypoxia, B-receptor agonists, and

electrical stimulation (Figure 5).
Our research aims to investigate the following questions:

1. What is the optimal RA concentration for promoting hiPSC differentiation into

CMs with left or right ventricular phenotypes?

2. What are the effects of different concentrations of RA on EHT function and gene
phenotype?

3. What potential mechanisms underlie RA's influence on ventricular differentiation?
4. Does RA have an effect on the extracellular matrix of EHTs?

5. Whether high-frequency electrical stimulation impact the contractile function of

EHTs?

Different

concentration
Fetus and adult

Control Verify Different electrical stimulation
0.05um Maturation—TNN2, ACTN1, CX43 _‘ Lv-like CMs/EHTs
hiPsC —RA (LY RV---TBX20, I5L1, GATA4 —EHT function |
LV—TBX5, NKX2.5, CORIN, MEF2C [ RV-like CMs/EHTs
0.1uM
LiHRa) % Relatignlip Hypoxia and isoprenaline

RA signaling pathway

Figure 5. Schematic presentation of this study.

Gene names with a red colour represent marker genes or/and transcription factor (TF) genes. hiPSC:
human induced pluripotent stem cell. RA: Retinoic acid. LRA, low concentration RA-- 0.05 uM. HRA,
high concentration RA-- 0.1 uM. LV: Left ventricle. RV: Right ventricle. EHT: Engineered heart tissue.
CM: Cardiomyocyte.
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2. Material and Methods

2.1 Material

2.1.1 General Laboratory Devices and Equipments

Cell culture incubator

Centrifuge, Heraeus Megafuge 40R

Thermo Fisher Scientific, USA

Cell culture incubator, BINDER CB160

BINDER, Germany

Centrifuge, Rotina 35R

Hettich, Germany

Shaking water bath, SWB25

Thermo Haake, USA

Shaking air bath, UNIMAX 1010

Heidolph, Germany

Digital Vortex Mixer

VWR, USA

Countess Cell Counter

Life Technologies, USA

+4°C fridge LIEBHERR, Germany
-20°C fridge Privileg, Germany
-80°C fridge Heraeus Holding GmbH, Germany

Thermo-Shaker, PCMT

Grant Instruments, UK

Inverted microscope

Zeiss, Germany

StepOnePlus Real-Time PCR System

Applied Biosystems, USA

Simplinano Spectrophotometer

Biochrom, USA

TriM Scope I -Photon Microscope

LaVision Biotech, Germany
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Carl Zeiss, Axio Zoom.V16

Carl Zeiss, Germany

[Mlumina HighSeq-2000 platform

Illumina, USA

2.1.2 hiPSC cell line

Clone 1 Clone 2
Cell line name MRIi-004-A EMC238i
Parental cell type Skin Fibroblast Erythroid Progenitors

Species of origin

Homo sapiens

Homo sapiens

Category Induced pluripotent stem cell | Induced pluripotent stem cell
Diagnosis Health Health
Matrix Geltrex Geltrex

2.1.3 Cell culture medium and other supplements

IMDM Gibco, USA
DMEM Gibco, USA
DMEM X10 Gibco, USA
DMEM/F-12 Gibco, USA
Essential 8™ Medium Gibco, USA

EHT culture medium

Custom made

EB6 medium

Custom made

B27 minus Insulin

Gibco, US
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MEM non-essential amino acids

Gibco, US

Penicillin G sodium salt, P3032

Sigma Aldrich, USA

Streptomycin sulfate salt, S9137

Sigma Aldrich, USA

Penicillin-Streptomycin (10,000 U/mL)

Gibco, US

Dexamethasone

Sigma Aldrich, USA

FGF-2, fibroblast growth factor-2

PEPROTECH, USA

IGF-1, insulin-like growth factor 1

PEPROTECH, USA

TGF-B1, transforming growth factor-f1

PEPROTECH, USA

VEGF165, vascular endothelial growth

factor 165

PEPROTECH, USA

FBS Premium South America

PAN ™ Biotech, USA

beta-mercaptoethanol

Sigma-Aldrich, USA

3,3",5-triiodo-L-thyronine

Sigma-Aldrich, USA

2.1.4 Chemical reagents

EDTA Versene solution

Gibco, USA

TrypLE Select Enzyme

Gibco, USA

Collagenase 11 Sigma-Aldrich, USA
Bovine collagen I Gibco, USA
Geltrex®, LDEV-Free Gibco, USA
RevitaCell supplement Gibco, USA
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Retinoic acid

Sigma-Aldrich, USA

DPBS

Gibco, USA

4% paraformaldehyde

Sigma-Aldrich, USA

1% Triton X-100

Thermo Fisher Scientific, USA

Fetal bovine serum

Gibco,USA

Isoproterenol

Sigma-Aldrich, USA

HEPES-buffered Earle' s-salt solution

Sigma-Aldrich, USA

30% Sucrose solution

Sigma-Aldrich, USA

7.5% gelatin

Sigma-Aldrich, USA

Isopentane

Sigma-Aldrich, USA

Glycerol solution

Sigma-Aldrich, USA

Blocking solution (3% bovine serum

albumin in PBS)

Custom made

DAPI, 2 pmol/L

Invitrogen, USA

NaOH

Sigma-Aldrich, USA

MatriGel

Dow Corning, USA

2.1.5 Commercial kits

Essential 8™ Medium Kit

Gibco, USA

PSC Cardiomyocyte Differentiation Kit

Thermo Fisher Scientific, USA
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RNeasy Mini Kit

Qiagen, Netherlands

QuantiTect ReverseTranscription Kit

Qiagen, Netherlands

SENSE Total RNA-Seq Library Prep Kit

Lexogen, Austria

2.1.6 Antibodies

First Antibody

Monoclonal anti-a-actinin, sarcomeric,

Abcam, UK
1:100, GR3356520-3
Second Antibody
Alexa Fluor 594 anti-Rabbit IgG, 1:100,

Abcam, UK

GR3323881-1,

2.1.7 Software

GraphPad Prism 7

California, USA

StepOne Software

Applied Biosystems Corporation, USA

Imagel

National Institute of Health, USA

PowerLab 4/20; LabChart Reader

ADInstruments, Dunedin, New Zealand

Zeiss ZEN Imaging Software

Zeiss, Germany

Illumina software BaseCaller

Illumina, USA

R software version 4.3.1

University of Auckland, New Zealand




27

2.2 Methods

2.2.1 Analysis of the fetal heart single-cell RNA sequencing dataset

The single-cell RNA sequencing dataset (GSE106118) was acquired from Gene
Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/)(66). This dataset
included human fetal ventricular specimens obtained from aborted fetuses aged 5 to 24
weeks with appropriate informed consent and ethics approval. The study elucidated the
systematic mapping of the transcriptomic landscape of the human fetal heart. But the
authors didn't compare the transcriptomic specificity of LV and RV. We analyzed the
characteristics of the fetus's early development of the LV and RV in order to identify
marker genes for our research. Genes having an adjusted p-value < 0.05 and a |log> fold
change| > 2 were deemed to be differentially expressed gene (DEG) when utilizing the
FindMarkers tool in Seurat to analyze differential gene expression. The FindClusters
function of the "Seurat" package was used to undertake cell-clustering analyses at the
appropriate resolutions. The detected cell clusters were displayed using t-distributed
stochastic neighbor embedding (t-SNE). The data were automatically annotated through
HumanPrimaryCellAtlasData
(https://rdrr.io/github/LTLA/celldex/man/HumanPrimaryCellAtlasData.html). In order
to increase the accuracy of annotations, the annotation results were rechecked based on
highly expressed genes, uniquely expressed genes, and reported canonical cellular

markers.

2.2.2 Verify the marker gene

The marker genes for LV and RV were verified in human and swine heart tissue.
Human tissue:

Transmural slices of left and right ventricular myocardium measuring 2 x 2 cm? were
taken from failing hearts at the time of transplantation by the Clinic of Cardiac Surgery,
Ludwig-Maximilians-University (LMU) Hospital, Munich, Germany. The patients gave
informed consent for the scientific use of the explanted tissue, and the study was
approved by the institutional ethics boards of the clinical and experimental study
contributors, in accordance with the ethical standards of the 1964 Helsinki Declaration
and its subsequent amendments. Upon retrieval, myocardial specimens were
immediately placed in cold (4 °C) cardioplegic buffer (136 mM NaCl, 5.4 mM KClI,
I mM MgClh, 0.33mM NaH;PO4, 10mM glucose, 0.9 mM CaCl,, 30mM 2,3-
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butadione-2-monoxime, 5 mM HEPES, pH 7.4). Tissues were sectioned to 1 cmx2
cmx300 pm using a vibratome (Leica Biosystems). Slices were secured in biomimetic
cultivation chambers (BMCC) according to fibre direction with tissue adhesive
(histoacryl; B. Braun) and subjected to a physiological preload of 1 mN and stimulation
at 1 Hz, as previously described(67). In an incubator, the BMCCs were secured on a
rocker. Contractile force was measured continuously, and data were imported and

analyzed using LabChart Reader software (AD Instruments, V8.1.14).
Swine tissues:

The left and right ventricular myocardial samples were obtained from swine
undergoing experiments for various studies in our team(68). All animal experiments
were approved by the Regierung von Oberbayern (ROB-55.2-2532.Vet 02-19-163) at
the Institute of Surgical Research at the Walter-Brendel-Centre of Experimental
Medicine, Munich, Germany and performed in accordance with the guidelines from
Directive 2010/63/EU of the European Parliament on the protection of animals used for
scientific purposes. Briefly, swine were sedated using a cocktail of ketamine (20 mg/kg
Zoetis, Berlin, Germany) and azaperone (10 mg/kg, Elanco, Bad Homburg, Germany)
and atropine (0.05 mg/kg, Braun Melsungen, Germany) im. Once sedated, midazolam
(0.5 mg/kg), propofol (0.5 mg/kg/min) and sufentanil (10 pg kg™! h™") were infused i.v
to maintain anesthesia[30, 31]. Following intubation and hemodynamic measurements,
the thorax was opened with a median sternotomy and the heart excised. Left and right
ventricle were separated, weighed, cut into small pieces, immediately placed in liquid

nitrogen and stored at -80 °C.

2.2.3 Cell culture and differentiation of hiPSC-CMs

Pluripotent stem cells were obtained by reprogramming somatic cells from two
healthy human donors (induced two clones of hiPSC) according to the prescribed
methods(69). Clone 1 was originally derived from skin fibroblasts, while clone 2 was
derived from erythroid progenitors. The research project complied with the Declaration
of Helsinki's guiding principles, and the study subjects gave written, informed
permission. Our cultivation and differentiation process for hiPSC was mainly based on
the methods summarized by our team previously(35). The hiPSCs were grown in
matrix-coated dishes (Geltrex LDEV-Free, Gibco) with Essential 8 media (Gibco),
which underwent daily replacement for maintenance. At 85% confluence, cells were

divided and ethylenediaminetetraacetic acid (EDTA, Versene solution; Gibco) was used
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to dissociate them. Chen and colleagues adapted a cutting-edge differentiation method
for hiPSC-CMs that makes use of small molecules to promote differentiation(70). In
brief, cardiac differentiation was triggered when the cells reached around 85%
confluence by utilizing chemically defined elements for 24 hours (Cardiomyocyte
differentiation medium A) and subsequently Cardiomyocyte differentiation medium B
(PSC Cardiomyocyte Differentiation Kit; Gibco) for 48 hours. After 72 hours,
differentiation of hiPSC-CMs was sustained for 12 days using cardiomyocyte
maintenance medium (PSC Cardiomyocyte Differentiation Kit; Gibco), which was
refreshed every other day. The role of cardiomyocyte differentiation medium A is to
push hiPSCs toward mesodermal commitment via BMP/activin pathway activation and
glycogen kinase 3 inhibition, while cardiomyocyte differentiation medium B induces
cardiac mesoderm via Wnt inhibition. The function of cardiomyocyte medium
maintenance is to mature cardiomyocytes. During the 3rd to 6th days of differentiation,
different concentrations of RA (dissolved in DMSO) were introduced into
cardiomyocyte maintenance medium (Figure 6). RA was added in two concentrations:
0.05 uM (LRA, Low concentration retinoic acid) and 0.1 uM (HRA, High concentration
retinoic acid), while the control group received the same concentration of DMSO as the
other two groups, without RA. hiPSC-CMs began to beat spontaneously starting on the
7th or 8th day of the differentiation protocol. Hence, we recorded the beating frequency

of each well in each group from day 8 onwards.

On day 14, the contraction time and relaxation time of the hiPSC-CMs were
measured, by analysis of videos (frame rate: 10 frames per second (fps)) of hiPSC-CMs
beating under a microscope. The onset of contraction, the onset of relaxation, and the
conclusion of relaxation, were marked at their respective time points, and the time
difference between these points was calculated to ascertain the durations of contraction
and relaxation. To ensure accuracy, two people independently analyzed the same
sample at different times and the mean of the results was taken. On day 20, Isoprenaline
was added in incremental concentrations to the wells, and changes in beating frequency

as well as onset of contraction and relaxation were analyzed.
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Figure 6. Workflow of the hiPSC-CM differentiation process.

From the 3rd to 6th days of differentiation, vehicle or RA was added to the control group (DMSO vehicle
only), LRA (0.05 uM RA) and HRA (0.1 uM RA) group respectively.

2.2.4 Primary tissue assembly

Based on our team's prior methodology(35), collagenase II (1.5 mg/mL, Sigma-
Aldrich) and TrypLE Select Enzyme (Gibco) were used to dissociate differentiated
hiPSC-CMs for a total of 8 and 7 minutes, respectively. The cells were diluted with EB6
medium (Table 1), and then centrifuged at 390 g for 5 min. The cell pellet was
suspended in medium with 0.55 mg/mL bovine collagen I (Gibco), 0.08 mg/mL Geltrex
(LDEV-Free, Gibco), and 1% RevitaCell supplement, yielding a cell concentration of
1.1 x 10° cells/L (adapted from (71)). Following that, 55 pL of the cell-matrix
combination was pipetted onto a 30 mm organotypic filter (PIC-MORGS50, Merck
Millipore) to form a disc approximately 8 mm in diameter and 2 mm thick. Following
30 minutes of solidification at 37 °C, 1 mL of EB 6 medium was introduced beneath the

filter and refilled every other day for a total of 5 days in culture (Figure 7).
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Figure 7. The process of making EHT and functional measurements.

Red boxes represent hiPSC-CMs (left), primary tissue (middle) and EHT (right), respectively.

Table 1 50 ml EB6 medium composition

Reagents Stock Volume
MEM Non-Essential Amino Acids

100 X I ml
(Gibco, 11140050)
Penicillin/Streptomycin 100 X 5ml
Fetal Bovine Serum (PAN

- 3 mg
Biotech)
Beta-mercaptoethanol 20 mM 2.5 ml
DMEM/F-12 (Gibco, No. 11320033) - 38.5 ml

2.2.5 Biomimetic culture of EHT

Our team developed a biomimetic cultivation technique for the long-term storage of
adult human cardiac slices(67). We implemented the established parameters as the
foundational conditions for EHT maturation because all biomimetic components of the
cultivation device, such as precise preload, afterload, continuous bipolar stimulation,
and medium agitation, has been deemed critical for the sustained performance of
cultured human myocardium. According to Fischer et al. (67), biomimetic cultivation
chambers (BMCCs) provide elastic attachment, length modification, electrical

stimulation, and continuous force monitoring via magnetic position detection (Figure
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8A). We used this system and implemented the optimized protocol for EHT maturation

as detailed below(35).

The modified chambers used in this study were built with injection-molded
polystyrene blanks (Proto Labs Feldkirchen, Germany). The chambers used a 0.16 mm
diameter spring wire (stainless steel, grade 1.4401), which produced an elastic
compliance of 71 mm/N. The forces generated by the tissues were computed using the
spring constant and the movement of a tiny magnet positioned at the spring wire's free
end. An embedded 3D sensor (FXOS8700, NXP Semiconductors, USA) detected the
magnetic field generated by the magnet. The posts used for EHT mounting were
covered with polyethylene tubes (0.96 mm outside diameter, Portex, Smiths Medical,
Dublin, USA) with a flattened bottom end to guarantee solid tissue support. Bipolar,
current-controlled electrical pulses with a length of 2 X 1 ms, an amplitude of 50 mA,
and a frequency of 1 Hz (60 bpm) were used to stimulate the EHTs. The graphite
electrodes (6 x 8 mm?, CG1290, CGC Klein, Germany) were positioned on either side
of the EHTs to apply the electrical pulses (Figures 8A and 8C). An array of eight
BMCCs was mounted onto a gearless stepper motor-driven rocking platform and
operated using a specialized microcontroller (NXP K22F) for autonomous stimulation
and continuous force measurement (Figure 8B). The integrated rocker mechanism tilted
the BMCCs at a 12° angle and 60 rpm around their longitudinal axis, reducing heat
dissipation in the COs-incubator and promoting oxygen uptake. The medium's PO»
levels were maintained between 70-100 mmHg using this approach. The culture system
was maintained in a standard incubator (at 37 °C, 3% COz, and 80% humidity) and
connected to an external computer via USB, which ran custom software for stimulation
control and data acquisition (Figure 8C). The forces generated by the tissues were
measured at 2 ms intervals and stored for subsequent analysis. Further analysis of the

data was performed using LabChart Reader software (ADInstruments, Australia).

The primary EHTs were moved from organotypic filters to BMCCs that had been
pre-warmed to 37 °C with 2.4 mL of modified EHT culture media(72) (Table 2). The
EHTs were placed in the BMCCs by puncturing their centers with neighboring holding
posts, which were then adjusted to a 3 mm spacing to form a ring-shaped EHT that was
immediately subjected to electrical stimulation (I Hz, 50 mA current) and stretch
conditioning. To promote EHT maturation and minimize the risk of damage (as
demonstrated in our prior work(35)), the EHTs were distended once a day by manually

moving the sliding fixation hook (adjustable post) at a rate of 0.16 mm/day for three
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days. The medium was partially exchanged every other day (with 1.6 mL of fresh
medium), which included the addition of 0.1 nmol/L 3,3’,5-triiodo-L-thyronine (Sigma-
Aldrich).

Eight independent experiments from two clones were conducted, and EHTs were
cultured for 7 days. On the final day of cultivation, various parameters such as

contractility and spontaneous beating frequency of EHT under distinct conditions were

evaluated.

Table 2 50 ml EHT medium composition
Reagents Stock Volume
B27- Insulin (Gibco, A1895601) 100 X 1 ml
MEM Non-Essential Amino Acids Solution
(Gibco, 11140050) 100X 0.3 ml
Penicillin/Streptomycin 100 X 0.5 ml
Dexamethasone (Sigma Aldrich, D4902) - Sul
IGF-1 (PEPROTECH ,100-11) 0.5 pg/ul 10 pl
FGF-2 (PEPROTECH, 100-18B) 0.1 pg/ul Sul
VEGF165 (PEPROTECH, 100-20) 0.1 pg/ul 2.5 ul
TGF-B1 (PEPROTECH,100-21) 0.1 pg/ul 2.5 ul
IMDM (Gibco, No. 12440061) 1X 50ml

IMDM indicates Iscove's Modified Dulbecco's Medium; DMEM/F-12 indicates Dulbecco's Modified
Eagle Medium/Nutrient Mixture F-12; EHT, engineered heart tissue; FGF-2, fibroblast growth factor-2;
IGF-1, insulin-like growth factor 1; TGF-B1, transforming growth factor-B1; VEGF165, vascular
endothelial growth factor 165.

Response to increasing contraction frequency:

Contraction frequency was altered by modulation of the frequency of electrical
stimulation in EHTs. EHTs were electrically stimulated at 1.0 Hz under baseline
conditions. In the 1.5 Hz group, electrical stimulation frequency was gradually
increased from 1 Hz by 0.1 Hz per minute until the frequency of 1.5 Hz was reached. In
the 3.0 Hz group, electrical stimulation frequency was gradually increased from 1.0 Hz
by 0.2 Hz per minute until the frequency of 3.0 Hz was reached. After a lapse of 72

hours, the electrical stimulation frequency for all groups was readjusted to 1.0 Hz.

Hypoxia:
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For induction of tissue hypoxia, medium agitation was stopped for a 2-minute interval.

Electrical stimulation was maintained at 1.0 Hz and contraction force recording was

continued throughout.
Response to beta-adrenergic stimulation:

Incremental concentrations of the non-selective beta-adrenoceptor agonist
isoprenaline (10° to 10 M in Tyrode solution) were added into the BMCC in 2 hours
intervals. Contractile force was continuously recorded. Drug-induced changes in

generated force, beating frequency, relaxation duration, and contraction duration were

determined.
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Figure 8. Introduction of the biomimetic culture chamber (BMCC) system(35).

A. Schematic diagram of the mechanical principle of the BMCC. The red arrows indicate the stretching

direction.

B. The hardware system and BMCC connection. A micro-controller (Upper left red box) collects
contraction data, generates stimulation pulses, and controls the rocking of the BMCC (Lower yellow box)

platform by a stepper motor (Upper right green box).

C. The software system manages the system and collects data. A control panel (left) was used to
configure data storage and stimulation parameters. EHT contractile forces were shown (right), and each

peak represents one systolic-diastolic cycle.

Disconnect
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2.2.6 Quantitative real-time PCR analysis

RNA extraction was carried out with the RNeasy Mini Kit (Qiagen). RNA integrity
number (RIN) was determined using Simplinano Spectrophotometer (Biochrom).
Equivalent amounts of RNA were reversely transcribed using the QuantiTect Reverse
Transcription Kit (Qiagen), according to the manufacturer’s instructions. All qRT-PCR
analyses were conducted in duplicate on a StepOnePlus Real-Time PCR System
(Applied Biosystems), with the following cycling conditions: a holding stage at 95 °C
for 10 min, followed by 40 cycles at 95 °C for 15 s, 60 °C for 1 min, and 72 °C for 15 s.
The gene expression results were analyzed using the 2" 22T method, and

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an endogenous

control for mRNA expression. A primer list is available in Table 3 and Table 4.

Table 3 Primer list for RT-qPCR (Human)

Gene forward reverse

GAPDH GGTCTCCTCTGACTTCAACA AGCCAAATTCGTTGTCATAC
TBXS ACACATCGTGAAAGCAGACG TAACTCCAGGTCATCACTGC
NKX2.5 CCAAGGACCCTAGAGCCGAA ATAGGCGGGGTAGGCGTTAT
MEF2C CCAACTTCGAGATGCCAGTCT GTCGATGTGTTACACCAGGAG
MYH7 ACTGCCGAGACCGAGTATG GCGATCCTTGAGGTTGTAGAGC
HANDI1 GAGAGCATTAACAGCGCATTCG CGCAGAGTCTTGATCTTGGAGAG

Connexin-43

GGGACAGCGGTTGAGTCAG

TGTTACAACGAAAGGCAGACTG

ISL1 ATGGGAGACATGGGAGATCCA GCATTTGATCCCGTACAACCTGAT

TBX20 TCACTGTCCGTAGTTCCGC CCACAAATTGCTCCAGGGGT

CORIN GCCGGTCTTGAGAGCTGAT GTTCATACAGGCACCAACATAG

GATA4 GCCCAGCAGGACCCC CTATTGGGGGCAGAAGACGG

cTnT AGACAGAGCGGAAAAGTGGG TCCTTGGCCTTCTCCCTCAG
Table 4 Primer list for RT-qPCR (Swine)

Gene forward reverse

GAPDH ACACTCACTCTTCTACCTTTG CAAATTCATTGTCGTACCAG

TBXS AGGTGGGATTTTTGGAGAGCA TCGGGTTTTGAGTCACAGGG
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TBX20 CGTGGACAACAAGAGGCTGT CAGTGAGGCTGTGTGGTCTT

CORIN GAGCGAAAAGCAAGGCATCC CAGCTCCCAAGACCCGC

2.2.7 RNA Sequencing of EHTs

Messenger RNA was purified from total RNA of 3 EHTs per group using poly-T
oligo-attached magnetic beads. After fragmentation, the first strand cDNA was
synthesized using random hexamer primers, followed by the second strand cDNA
synthesis using either dUTP for directional library or dTTP for non-directional library.
The library was checked with Qubit and real-time PCR for quantification and
bioanalyzer for size distribution detection. Quantified libraries were pooled and
sequenced on Illumina platforms, according to effective library concentration and data
amount. Raw data (raw reads) of fastq format were first processed through in-house perl
scripts. FeatureCounts(73) v1.5.0-p3 was used to count the reads numbers mapped to
each gene. Then FPKM of each gene was calculated based on the length of the gene and
reads count mapped to this gene. Differential expression(74) analysis was performed
using the DESeq2Rpackage (1.20.0). Gene Ontology(75) (GO) enrichment analysis of
differentially expressed genes was implemented by the cluster Profiler R package. GO
terms with corrected P-value < 0.05 were considered significantly enriched by

differential expressed genes.

2.2.8 Immunofluorescent staining

Whole cells or tissues were fixed in 4% paraformaldehyde (PFA) for 2 hours after
being rinsed three times with phosphate buffer saline (PBS). Cells and EHTs were
immersed in 1 mL of a 30% sucrose solution in PBS overnight at 4°C. Subsequently,
cells and EHTs were washed for 30 minutes in PBS and permeabilized for 60 minutes in
PBS containing 1% Triton X-100. The cells were then treated in a blocking solution
(3% bovine serum albumin and 1% fetal calf serum in PBS) for 1 hour. The primary
monoclonal anti-a-actinin antibody (sarcomeric, 1:100, Sigma-Aldrich) was incubated
overnight at 4°C in antibody dilution buffer. The following day, samples were treated
for 2 hours in antibody dilution buffer with goat anti-mouse IgG (H+L) and a highly
cross-adsorbed secondary antibody, Alexa Fluor 546 (Invitrogen) at 1:100.
Subsequently, cells and tissues were washed with PBS three times for 10 minutes and

incubated overnight at 4°C with DAPI (2 umol/L, Invitrogen).
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2.2.9 Quantitation and statistical analysis

Data are shown as the mean +/- standard error of the mean (SEM). Comparative
analysis of single cell data from the GSE106118 dataset, represented by median and
interquartile range. To confirm the difference between groups, One-way ANOVA and
Student's t test were used to test for treatment effects, as appropriate. GraphPad Prism 9
was used for all statistical analyses. Statistical significance was recognized at a
threshold of error of P < 0.05. The number of independent experiments performed for

each data set was detailed in the figure legends.
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3. Results

3.1 RA signaling and determination of left and right
ventricular marker genes in fetal heart

3.1.1 RA signaling genes expression in fetal heart

In order to determine a potential role for RA signaling in LV/RV differentiation,
single cell RNA sequencing data from fetuses aged 5-7 weeks (start of cardiac
contraction) were extracted from the GSE106118 dataset (Figure 9A) and further
analyzed, separating the LV dataset and RV datasets. Principal component analysis
combined with t-distributed stochastic neighbor embedding (t-SNE) showed the
distribution of various cell types in the RV and LV being noticeably different (Figures
9B and 9C). Consistent with a role for RA signaling in differentiation into RV versus
LV, expression of genes involved in RA signaling (RARA, RARB and the polycomb
repressor 2 subunit SUZ12) was higher in fetal CMs of the LV as compared to the RV
(Figure 9D).
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Figure 9. RA signaling genes expression in fetal heart.

A. Introduction to the GSE106118 single cell dataset. Single cell isolation from fetal heart ranging from 5

to 7 weeks.

B. t-SNE map shows the spatial distribution of transcriptome in different cell types of RV.

C. t-SNE map shows the spatial distribution of transcriptome in different cell types of LV.

D. The genes involved in the RA signaling pathway shows high expression in left ventricular

cardiomyocytes. Unpaired t-test between LV and RV. *p < 0.05, **p < 0.01. Exclude the samples which

gene expression is 0 in the original data, and all values are converted by log10.
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3.1.2 Left and right ventricular marker genes expression in fetal heart

SUZI12 is known to regulate expression of transcription factors in embryonic
development(76, 77), hence, expression of transcription factors and enhancers (TBXS5,
TBX20, NKX2.5, MEF2C, GATAA4, ISL1) was determined within the CM populations
(Figure 10A). TBXS and NKX2.5 revealed a significantly higher expression in LV as
compared to RV CMs, with very limited expression in other cell types, whereas GATA4,
TBX20 and ISL1 were higher expressed in the RV CMs as compared to the LV CMs.
Expression of MEF2C and cardiospecific enzyme CORIN was higher in the LV
compare to the RV CMs (Figures 10B and 10C).
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Figure 10. Left and right ventricular marker genes expression in fetal heart.

A. Spatial distribution of marker genes in LV and RV. The blue circle represents the distribution area of
right ventricular cardiomyocytes. The red circle represents the distribution area of left ventricular

cardiomyocytes.
B. The marker genes of LV exhibited high expression in the left ventricular cardiomyocytes.
C. The marker genes of RV exhibited high expression in the right ventricular cardiomyocytes.

B and C: Unpaired t-test between LV and RV. *p < 0.05, **p < 0.01, ***p < 0.001. Exclude the samples

which gene expression is 0 in the original data, and all values are converted by log10.

3.1.3 Validation of marker genes in adult human hearts

Expression levels of the above-mentioned genes as marker genes for LV and RV was
further confirmed in adult human LV and RV. TBX5, NKX2.5 and CORIN showed a
higher expression in human LV as compared to RV, while GATA4 and TBX20 showed
a higher expression in RV as compared to LV (Figure 11). Surprisingly, MEF2C has a
higher expression in human adult RV, although this may be part of the RV hypertrophic
and/or stress response due to LV failure(78). ISL1, as a marker gene for right
ventricular progenitor cells, was not expressed in adult hearts. Together with previous
studies(36, 79), our data suggest that high expression of TBXS5, NKX2.5 and CORIN
can be used as marker of left ventricular CMs, whereas TBX20 ISL1 and GATA4 could

be used to delineate right ventricular CMs.
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Figure 11. Expression of marker genes in adult humans.

*p < 0.05. Unpaired t-test between RV and LV.

3.1.4 Validation of marker genes in swine

In the case of TBXS and CORIN, their expression was notably higher in the porcine
LV in comparison to the RV, whereas the marker gene TBX20 displayed higher
expression in the RV than in the LV (Figure 12). In adult porcine hearts, NKX2.5 and
GATAA4 exhibit negligible expression, leading us to speculate that these genes primarily
function in regulating early cardiac development. Interestingly, ISL1 exhibited no
differential expression between the left ventricle (LV) and right ventricle (RV) in either
adult human or adult swine, implying that it serves as a marker for right ventricular

progenitor cells.
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Figure 12. Expression of marker genes in swine.

*p <0.05, **p < 0.01. Unpaired t-test between RV and LV.
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3.2 Effect of RA on function of hiPSC-CMs

3.2.1 The function of hiPSC-CMs

The samples were categorized into three groups: the control group, the low RA (LRA)
group, and the high RA (HRA) group, based on varying concentrations of RA
intervention. A network of monolayers was established using standard stem cell culture
and CM differentiation protocols. The initiation of beating in hiPSC-CMs occurred
earlier in the HRA group (Figure 13A). Beginning on the 8th day of differentiation, the
beating frequency of the cardiomyocytes was monitored. It exhibited a gradual increase,
peaking on the 14th day of the differentiation process, followed by a gradual decline
(Figure 13B). Remarkably, the HRA group displayed the highest beating frequency,
achieving its peak ahead of the other groups (Figures 13B and 13C). Furthermore, the
HRA group exhibited shorter contraction and relaxation times in comparison to the

other two groups (Figure 13D).
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Figure 13. The basic function of hiPSC-CMs.
A. The onset of hiPSC-CMs beating time difference between groups.

B. The beating frequency of cardiomyocytes over time. The beating frequency was calculated every 48
hours from 8% day of differentiation, except for the samples that have the highest and lowest beating

frequencies. n = 20.

C. The beating frequency of hiPSC-CM between groups.

D. The contraction time and relaxation time of hiPSC-CM between groups.

C and D: The time point for analysis was the 12th day of the differentiation process.

A, C and D: One-way ANOVA analysis, Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p <
0.001.
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3.2.2 The hiPSC-CMs response to isoprenaline

The hiPSC-CMs response to isoprenaline was examined. We observed that
incremental concentrations of isoprenaline (Figure 14A) led to an increase in the
beating frequency of cardiomyocytes, accompanied by a decrease in both contraction
and relaxation times. As isoprenaline concentration increased, a reduction in the
proportion of contraction time relative to the cardiac cycle was observed in the control
group, along with a corresponding increase in the proportion of relaxation time (Figures
14B and 14C). There was little difference in the proportion of contraction and relaxation
times relative to the cardiac cycle between the LRA and HRA groups as isoprenaline

concentration increased.

Using basic functional analysis, we discovered that during the differentiation of

hiPSCs into CMs, RA can modulate the function of CMs and their response to

isoproterenol.
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Figure 14. The hiPSC-CMs response to isoprenaline between groups.
A. The beating frequency in different concentrations of isoprenaline (n = 4).

B. The proportion of contraction time relative to the cardiac cycle in different concentrations of

isoprenaline. (n = 4).
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C. The proportion of relaxation time relative to the cardiac cycle in different concentrations of

isoprenaline. (n = 4).

Isoprenaline was sequentially added to the well, starting with a low concentration and increasing to the

next higher concentration every two hours.

3.3 Effect of RA on hiPSC-CM maturation and differentiation

3.3.1 RA promotes the hiPSC differentiation toward LV or RV like
phenotype

Consistent with previous studies, iPSC culture and differentiation resulted in a
network of CM monolayers, that started to beat spontaneously at day 6-9 of
differentiation. On the 26th day of differentiation, hiPSC-CMs undergo maturation, and
RNA was extracted from the cells for intergroup comparative analysis. Expression of
transcription factors TBXS, NKX2.5, MEF2C and the enzyme CORIN was highest in
the HRA group (Figure 15A). Conversely, expression of TBX20 and GATA4 was
highest in the control group, whereas ISL1 showed the highest expression in LRA group
(Figure 15B). These data suggest that RA in a concentration of 0.1puM promoted
differentiation towards a LV phenotype via activation of TBX5, NKX2.5 and MEF2C,

whereas RA concentrations < 0.05 uM promote differentiation towards an RV like
phenotype via activation of TBX20 and GATAA4.
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Figure 15. RA promotes the hiPSC differentiation toward LV or RV like

phenotype.

A. Left ventricular marker genes expressed in hiPSC-CMs.
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B. Right ventricular marker genes expressed in hiPSC-CMs.

Bar plots represent mRNA genes relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in
control group, as determined by qPCR. One-way ANOVA, Tukey’s multiple comparison test. *p < 0.05,
**p <0.01, ***p <0.001, ****p <0.0001.

3.3.2 RA promotes maturation of the iPSC-derived CMs

RA also promoted maturation of the iPSC-derived CMs, with more organized a-
actinin expression in the HRA group (Figure 16A) and higher mRNA expression of
cTnT and MYH7 in the HRA group as compared to control, whereas expression of

connexin43 was not different (Figure 16B) at 26 days of differentiation and maturation.
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Figure 16. RA promotes maturation of the iPSC-derived CMs

A. o-actinin expression in hiPSC-CM. Left: control. Middle: LRA. Right: HRA. Immunofluorescent
images of hiPSC-CM cultured for 26 days. a-actinin (red) and DNA (blue). Scale bar: 200 pm.

B. Relative mRNA expression of marker genes of CM maturation.

Bar plots represent mRNA genes relative to GAPDH in control group, as determined by qPCR. One-way
ANOVA, Tukey’s multiple comparison test. **p <0.01, ****p < 0.0001.
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3.4 Effect of RA on early iPSC differentiation persists in EHTs

3.4.1 RA promotes maturation of sarcomere in iPSC-derived EHTs

1PSC-derived CMs were further matured into EHTs, to assess whether the differences
induced by RA persisted in this maturation step. Immunofluorescence staining revealed
a high expression and organization of o-actinin within the HRA-EHTs, leading to

enhanced sarcomere visibility (Figure 17).

Control LRA HRA

Figure 17. Immunofluorescence images of EHT across various experimental

groups are presented.

Upper Panel: The spatial distribution of a-actinin exhibits variability across distinct EHT groups. Lower
Panel: A localized magnification reveals variations in sarcomere quantity and quality within the different

experimental groups.

3.4.2 Effect of RA on the maturation and differentiation of EHT

Consistent with the gene-expression in the iPSC-derived CMs, expression of TBXS,
CORIN, MEF2C and NKX2.5 were highest (Figure 18A), while TBX20, GATA4 and
ISL1 expression was lower in HRA-EHTs, as compared to control-EHTs (Figure 18B),
after 7 days of maturation in the BMCC. Furthermore, markers of maturation and
contractile function, cTnT, MYH?7 and connexin 43 were highest in HRA-EHTs (Figure
18C).
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Figure 18. Effect of RA on the differentiation and maturation of EHT.
A. Marker genes of LV expressed in different groups of EHT.

B. Marker genes of RV expressed in different groups of EHT.

C. Marker genes of CM maturation expressed in different groups of EHT.

A-C: One-way ANOVA, Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001.
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3.5 RA improves EHT maturity through altered gene-
expression related to cell-cell and cell-matrix interaction

3.5.1 Comparison of mRNA sequencing results between the HRA group
and the control group

To further investigate molecular changes underlying the improved organisation of the
EHTs from CMs previously exposed to RA, RNA sequencing was performed. Data
analysis revealed differentially abundant genes in the HRA-EHT compared to the
control-EHT. We detected 110 and 690 genes upregulated and downregulated (p-value
< 0.05 and fold change > 1.3) in the HRA-EHTs respectively (Figure 19A). GO
enrichment pathway analysis showed upregulation of several genes coding for the
extracellular matrix (ECM) remodelling (SerpinB2, F3, TGFa), intermediate filaments
and cell-cell junctions (CLD7, OCLN, PPL) (Figure 19B, table 5). Volcano plot
analysis detected increased expression for several genes which play a vital role in
cardiogenesis (Wnt6, BMP2, HOXA1) (Figure 19A)(46). Furthermore, the significant
downregulated genes were primarily linked to the regulation of non-cardiomyocyte
differentiation (Figure 19C, table 6). This suggests that, when compared to the control
group, the HRA group demonstrates enhanced extracellular matrix and improved
intercellular connections. Additionally, it implies that the presence of RA supports the

differentiation of iPSCs into cardiomyocytes.
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Figure 19. The DEGs between the HRA group and the control group.

A. Volcano map displaying DEGs between the HRA group and the control group.

B. GO terms illustrating the functional enrichment of upregulated DEGs between the HRA and control

group.

C. GO terms illustrating the functional enrichment of downregulated DEGs between the HRA and control

groups.

Table 5. List of significant upregulated genes (included in GO analysis) in the HRA

compared to the control.

EPPK1 S100A6 GRHL3 ACI110619.1 | FHDC1 NTN4 SPP1 PRSS22
PXDNL KCNG1 KRT81 C6orf132 BTG1 B3GNT4 | TMEM191B | TMEM125
SEMA3D TSPAN7 AL022157.1 | SDC1 S100A11 TMEMS54 | ELF3 MAL2
SH3GLB2 KRT86 TMEM30B | SKAP2 SPTSSB RHPN2 SYTL1 MGST1
EMP1 ACO011365.1 | MGAT3 C4orf19 FAM129B | PERP ALX4 EPHAIL
RABY9A EPHB6 TNXB STARD10 OCLN WNT10A | NRADDP MAB21L4
AC124947.2 | OTUDI1 NDRG2 MUCI5 SYT4 CLDN4 KCNIJ3 AC133644.3
EPS8L2 PGLYRP4 ACO087071.1 | NKPD1 F3 ABRACL | TGFA PLEKHG6
WNT6 AC095055.1 | MYO6 PTPN3 ZNF385B | VAMP8 TMEMI184A | TACSTD2
WFDC21P RBM47 MAPK13 GABRB3 PRRX2 CDSI1 ENDOU ARTN
HOTAIRM1 | BMP2 PKP1 UPK1B C20rf88 L1TDI1 TNXA ESRPI
S100A9 SERPINB2 | HOXA1 KRT17 CGA RNF223 KLK6 FAM174B
MDFIC KLF4 TGM1 PKP3 INSL4 GPRC5A | LYPD3 AC005532.1
PPL VGLLI ATG9B CLDN7 CLIC3 SH2D4A

Table 6. List of significant downregulated genes (included in GO analysis) in the

HRA compared to the control

1D2 HNF1B PTF1A ISL2 POU3F2 GAD1 PVALB SIX3
HES3 HNF4G HOPX DBX1 NEUROG2 | SATB2 DLX2 VSX2
NEURODI | HNFI1A SOX14 LHX3 BARHL2 LHX6 NEUROD4 | POU4F2
BHLHE22 | ZNF503 SIM1 NKX6-2 ISL1 NEUROD6 | EMX1 SIX6
TCF4 MAFA RBPJL FABP7 NEUROG3 | TBR1 EMX2 LHX2
HES6 SSBP4 RFX4 LHX1 LHXS NR4A2 SP8 0TX2
TCF12 SSBP3 RFX6 GSX1 ONECUT2 | GSX2 FEZF2 POU4F1
VSX1 SSBP2 FEZF1 INSM1 LMO3 LMXI1A CALB2 PAX6
NHLH1 LHX4 MAFB FOXA2 OTP DLX1 FOXN4 NEUROG1
PRDMS LDBI PAX4 NKX2-2 NKX6-1 POU3F3 PITX3 SOX1
OTX1 LMO4 PDX1 ONECUT1 | OLIG3 MYTIL SOX11 LHX9
MSC ID3 ZBTB18 SP3 TMEM215
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3.5.2 Comparison of mRNA sequencing results between the HRA group
and the LRA group

We detected 37 and 1387 genes upregulated and downregulated (p-value < 0.05 and

fold change > 1.3) in the HRA-EHTs as compared to the LRA EHTs respectively

(Figure 20A). In the HRA-EHTs vs LRA-EHTs, upregulated genes were associated

with response to RA and intermediate filaments (Figure 20B, Table 7), which have a

close connection with myocardial tissue dilation, mitochondrial dysfunction, and

diminished contractile capabilities(80).
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Figure 20. The DEGs between the HRA group and the LRA group.

A. Volcano map displaying DEGs between the HRA group and the LRA group.
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B. GO terms illustrating the functional enrichment of upregulated DEGs between the HRA and the LRA
group.

Table 7. List of significant upregulated genes (included in GO analysis) in the HRA

compared to the LRA

KLK6 FSTL5 PTGES | AC011365.1 | AHNAK?2 | F3 SERPINB2
HISTIH2BD | ELF3 LYPD3 | MXII KLK]1 TCEAIP2 | S100A9
NFIL3 MPZL3 | LYN TMEM196 | PSCA TGFA NXPH4
Cé6orf132 KRT6B SLC39A2 | NDRG2 RHOD SGPP2 PKP1
ITSN2 GALNT3 | TNFSF9 | KLF4 TNXA PGLYRP4 | KRT17
PWWP2B | EMPI

3.5.3 Comparison of mRNA sequencing results between the LRA group
and the control group
311 and 43 genes were upregulated and downregulated (p-value < 0.05 and fold

change = 1.3) in the LRA-EHTs vs Control-EHTs respectively. The GO enrichment

pathway analysis did not reveal any significant pathway-changes between these two
groups. However, we did observe upregulation of transcription factors (FOSI1, FOSB,
HOXADS) using a volcano plot analysis (Figure 21). Thus, both the comparisons (HRA
vs Con and LRA vs Con) identified that RA treatment affected expression of HOX
genes. This is a significant finding as HOX genes play a critical role during heart
development(81) and

several of these Hox genes feature RA-response elements

(RARES) in their enhancers or proximal promoters(82).
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Figure 21. Volcano map displaying DEGs between the LRA group and the control

group.

3.54 PPARG as the central hub gene connecting RA and cell-matrix
interaction

In order to unravel the relationship between the RA pathway, transcription factors,
intermediate filaments, extracellular matrix genes, and HOX genes, we performed a
protein-protein interaction (PPI) network analysis. This analysis was aimed at
complementing our RNA sequencing data with published research. The network
highlights PPARG as the central hub gene (Figure 22). Numerous groups have
presented PPARG as a critical factor in cardiac development but its specific role in

inducing left versus right ventricle warrants further studies(83, 84).
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Figure 22. PPI network illustrating the relationship between RA signaling pathway,

transcription factors and the extracellular matrix.

The red circle represents protein relevant to the RA signaling pathway. The yellow circle represents
transcription factors relevant to ventricular differentiation. The blue circle represents proteins related to

the extracellular matrix.

3.6 Effect of RA on EHT function

3.6.1 The contractility of EHT over time

As EHT matured in BMCC under the condition of constant preload, contractile force
gradually increased over time in all groups, especially during the first three days when
the preload was gradually increased (Figures 23A and 23B), while the contraction time
and relaxation time showed no significant change (Figures 23C and 23D). In order to
eliminate the influence of preload on the contractility, the contractility index
(Contractile force/preload force) has been employed for comparing the strength of
contractility between groups, and it has been found that the contractility of HRA-EHT
was still the highest (Figure 23E).
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Figure 23. The contractility of EHT over time.

A. The contractile force of EHT over time. n=11.

B. The preload force of EHT over time. n=11.

C. The contraction time of EHT over time.n=11.
D. The relaxation time of EHT over time.n=11.

E. The contractile force/preload of EHT over time. n=11.
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3.6.2 The function of EHTs in different groups

On the fourth day in the BMCC, the supplemental preloading was discontinued, and
the evaluation of EHT functionality among various groups commenced. We found that
beating frequency was lower and contraction force was consistently higher in HRA-
EHTs as compared to the LRA-EHTs and control-EHTs (Figures 24A and 24B), even
after correction for a higher preload, using the contractility index (force/preload)
(Figures 24C and 24D). The differences in gene expression induced by RA during

hiPSC-CM differentiation translated into functional changes, that were persistently

present.
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Figure 24. The function of EHTSs after supplemental preloading was discontinued.

A. The beating frequency of EHTs between groups.
B. The contractile force of EHTs between groups.
C. The preload force between groups.

D. The contractile force/preload between groups.

All data analysis was conducted on the fourth day when supplemental preloading was discontinued. One-

way ANOVA, Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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3.7 EHT response to stress

3.7.1 Hypoxia

The response of the EHTs to hypoxia was assessed by stopping the rocking of the
BMCC system. The contractile force and beating frequency in HRA-EHTs were more
sensitive to hypoxia as compared to the control-EHTs, while the LRA-EHTs showed an
intermediate response (Figures 25A and 25B). These data are consistent with HRA-
EHTs showing a more LV-like phenotype, as the LV has a stronger contractile force
and higher oxygen consumption compared to RV(85, 86).
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Figure 25. The response of EHTSs to hypoxia.
A. The relative change of contractile force after hypoxia in different groups.
B. The relative change of beating frequency after hypoxia in different groups.

One-way ANOVA, Tukey’s multiple comparison test. *p < 0.05.

3.7.2 B-adrenergic stimulation

The effect isoprenaline reached its peak approximately 10 minutes after
administration and its effect lasted for up to 2 hours (Figures 26A and 26B). Therefore,
we increased the concentration of isoprenaline in EHT medium every 2 hours. We
found that the B-adrenoceptor agonist isoprenaline significantly increased the contractile
force (Figure 26C) and beating frequency (Figure 26D) of the EHTs. The effect of -
adrenergic stimulation was most pronounced in the HRA-EHTs, consistent with
observations that expression of f-adrenoceptors is highest in the LV(86). Altogether,
these data confirm a LV-like phenotype of HRA-EHTs and a RV-like phenotype of
EHTs from the LRA and control groups.
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Figure 26. The response of EHT's to hypoxia isoproterenol.

A. Comparison of the duration and peak contractile force of the effect of isoproterenol on EHTs. n=11.
B. Comparison of the duration and peak beating frequency of the effect of isoproterenol on EHTs. n=11.
C. The contractile force after treatment with different concentrations of isoproterenol. n=11.

D. The beating frequency after treatment with different concentrations of isoproterenol. n = 11.

3.7.3 High-frequency electrical stimulation

It has been proposed that increasing the intensity and frequency of electrical
stimulation of the EHTs may promote tissue maturation and increase contractile
force(87). The frequency of electrical stimulation of EHTs was therefore gradually
increased at day 7 after culture in BMCCs. For control-EHTs, stimulation at higher
frequencies damaged the EHTs to such extent that measurements were not possible. At
a stimulation frequency of 3.0 Hz, capture was lost in some beats, suggesting that the
refractory period was too long (Figure 27A), and that increasing the stimulation
frequency even further would not result in higher contraction frequencies. For HRA-
EHTs, contractile force after 72 hours of electrical stimulation at 1.5 and 3.0 Hz was
higher as compared to stimulation at 1.0 Hz, with 3.0 Hz yielding higher contractile
force as compared to 1.5 Hz (Figure 27B). Although there was a slight decrease in
contractile force after switching to 1.0 Hz electrical stimulation, contractile force was

still significantly higher than before applying electrical stimulation (Figure 27C).
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Figure 27. The response of EHTSs to electrical stimulation.

A. The contraction waveform of EHTs under high-frequency electrical stimulation. The red arrow

represents the refractory period of EHT.

B. The contractile force after different electrical stimulation frequencies. One-way ANOVA, Tukey’s

multiple comparison test. **p <0.01.

C. The contractile force in different electrical stimulation groups over time. n = 8.
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4. Discussion

In our study, reanalysis of existing single cell sequencing dataset of fetal hearts
yielded the characteristics of CMs in 5 — 7 weeks old fetuses and identified the marker
genes of LV and RV. As markers of LV and RV, TBXS5, CORIN, NKX2.5, TBX20, and
GATAA4, that were confirmed in porcine and human myocardium, and subsequently
used to classify hiPSC derived CMs as LV- or RV- like. We showed that addition of RA
in a concentration of 0.1 uM (HRA group) resulted in a LV-like phenotype whereas
absence of RA, or RA at a concentration of 0.05 pM (LRA group) resulted in a more
RV-like phenotype. iPSCs-derived CMs were subsequently used to generate EHTs.
HRA-EHTs showed higher expression of left ventricular marker genes, higher
contractile force and increased sensitivity to P-adrenergic stimulation and hypoxia,
whereas control- and LRA-EHTs showed higher expression of RV-marker genes. The

implication of our findings will be further discussed below.

4.1 Marker genes of the LV and RV

In order to identify whether the differentiated cardiomyocytes were mainly left or
right ventricular cardiomyocytes, we screened cardiomyocyte marker genes of the LV
and RV according to previous literature. In the process of heart development, the LV
develops from cardiac progenitor cells (CPCs) of the first FHF characterized by TBXS,
NKX2.5(79, 88, 89) (Figure 28), while the RV, outflow tract, and some of the atria
develop from the SHF's CPCs, which are identified by the gene ISL1(79, 90-92). With
the maturation of precursor cells, those genes become markers for the subtype of
cardiomyocytes with left or right ventricular phenotypes. Previous studies have shown
that hiPSC-CM with high expression of TBX5 and NKX2.5 appears to be more
genetically and functionally similar to CMs in the LV(36). At the same time, CORIN is
one of the cell-surface markers that can be used to identify the TBX5+ and NKX2.5+
subpopulations(36) (Figure 29). Other studies have also provided conclusions about the
marker genes of LV and RV. For instance, NKX2.5 designates the identity of the
ventricular chamber, while TBXS is one of the TFs involved in the development of the
LV(93, 94). Connexin-43, TBXS5 and IRX4 are the left ventricular specific proteins(95).
Progenitors for the human RV are classified as posterior SHF, and TBX1+, ISL1+

precursor cells give rise to the right ventricle and outflow tract(14), which means TBX1
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and ISL1 could be the marker genes of RV. For the studies in animals, Tbx5 expression
was lacking in the right ventricle of mice and chickens(96). Tbx20 expression, which
the left ventricle lacks, distinguishes the right ventricle in chicks(14, 93). In summary,
based on the embryonic development of cardiac cells and a comparison of left and right
ventricular marker genes, along with our comparative analysis in fetuses, adult humans,
and swine, we can designate TBXS5, NKX2.5, MEF2C, and CORIN as marker genes for
left ventricular cardiomyocytes, while TBX20, ISL1 and GATA4 serve as marker genes

for the right ventricle.
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Figure 28. The expression levels of TBXS and NKX2.5 are synchronized with the
expression levels of FHF marker genes(79).
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Figure 29. Schematic diagram of the expression of marker genes during the
differentiation process of hiPSC(36).

The red box indicates that TBXS5 and NKX2.5 can serve as marker genes for the first heart field (yellow
box) and ventricular subpopulations (yellow box) during differentiation. The red box represents the
marker genes of the left ventricle.

4.2 The relationship between RA signaling pathway and
ventricular differentiation transcription factors

Our study focused on the differentiation of hiPSCs into left and right ventricular
lineages, and we found that a precise concentration and timing of RA were necessary
for left ventricular specification. The RA intervention phase aligned with the
developmental stage of heart mesoderm cells and heart precursor cells in our study.
Notably, the left ventricular marker genes, TBXS5, NKX2.5, and CORIN, exhibited
significantly increased expression in the HRA group after 20 days of differentiation.
This discovery underscores the critical role of RA in driving hiPSC-CM differentiation
towards a left ventricle-like phenotype. However, the precise mechanism through which
RA signaling influences cardiac progenitor populations during hiPSC differentiation
remains incompletely understood(97). RA, derived from vitamin A, acts as a lipophilic
molecule and serves as a ligand for nuclear RA receptors (RARs)(98), converting them
from transcriptional repressors to activators. RA's impact on development and cellular
differentiation is mediated through retinoid receptors, which bind to specific DNA
sequences called retinoic acid response elements (RAREs), thereby influencing the

transcription of target genes(99).

Although the precise methodology through which RA guides hiPSC-CM
differentiation toward a right ventricle-like phenotype remains unclear. Our RNA
sequencing results identified that RA treatment affected expression of HOX genes in
EHTs, which is consistent with observations that HOX genes feature RA-response
elements (RARESs) in their enhancers or proximal promoters(82). As HOX genes have
been shown to play a critical role during heart development(81), modulation of HOX
may be a potential mechanism by which RA promotes hiPSC-CM differentiation.
Furthermore, RA treatment was shown to upregulate expression of the transcription
factors TBXS, NKX2.5 and MEF2C, while downregulating TBX20 and GATA4 in
iPSC-CM as well as EHTs. These findings are consistent with their expression pattern

in the LV and RV in the embryonic heart, and together with the specific ventricular



67

expression pattern of the RA receptors RARA and RARB, provide a mechanism
through which CMs are directed towards an LV lineage.

4.3 EHT from the HRA group is phenotypically similar to LV

The use of primary human CMs derived from patients in in vitro studies poses
challenges due to difficulties in their acquisition, preservation, and limited availability,
which constrains their broader applicability and development in experimental
research(100). EHT, a product of the marriage of biology and engineering, serves to
summarize the extremely complex human physiology. It combines different matrices or
scaffolds with different cell types to simulate multicellular heart tissue(101). The
BMCC system used in our study to cultivate EHT is one of the most advanced
myocardial biomimetic culture systems. It provided a stable growth environment,
nutrient supply, and allowed us to assess EHT functionality by manipulating
environmental parameters(102). The human LV and RV exhibit significant functional
and structural differences. The LV has greater contractility, higher oxygen consumption,
increased sensitivity to hypoxic environments and pressure loads, but weaker
automaticity compared to the RV(103). In our study, EHTs from the HRA group
displayed enhanced contractility, increased oxygen consumption. Without external
electrical stimulation, the spontaneous beating frequency of the EHTs in the HRA group
was comparatively lower, indicating a relatively weaker automaticity. Additionally,
when subjected to chemical stimulation with isoprenaline, the HRA group displayed
increased contractile force and beating frequency. These findings, coupled with the high
expression of left ventricular marker genes in the HRA group, collectively indicate that
the left ventricular characteristics of iPSC-CM persist during EHT development,
thereby providing an in vitro model for the future study of the LV, particularly in
disease modeling, drug screening, precision medicine, and potentially even regenerative

medicine(104).

4.4 Extracellular matrix affects the contractile force of EHT

Our study shows that RA treatment modulates the contractile force of EHT by
influencing the extracellular matrix, cell-cell junctions and intermediate filament
proteins. Our sequencing and functional data underscore the importance of cellular

structural components, cell-cell and cell-matrix connectivity for development of cardiac
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force. One significant distinction between EHTs and CMs lies in the presence of a
substantial cell population within EHT, complemented by the inclusion of an ECM that
facilitates robust cell adhesion. Throughout the entire developmental continuum,
spanning from the progenitor cell stage to ventricular differentiation and maturation, the
ECM serves as a pivotal conduit for multiple signaling pathways, exerting profound
influences on the standard progression of cardiac function and morphology(105, 106).
In the context of the adult heart, the ECM network assumes an essential role in
maintaining cardiac homeostasis, fulfilling its functions not only in structural
reinforcement but also in facilitating force transmission, as well as mediating the
transmission of critical signals to cardiomyocytes, vascular cells, and interstitial
cells(107, 108). Alterations in the structural and biochemical composition of the ECM
may exhibit a close association with the pathogenesis of heart failure characterized by
reduced ejection fraction as well as heart failure with preserved ejection fraction(109).
The nature of molecular and biochemical changes within the ECM during heart failure
is contingent upon the specific type of damage incurred. Pressure overload initiates the
early activation of the matrix synthesis program within cardiac fibroblasts, leading to
myofibroblast transformation and concurrent stimulation of structural and stromal ECM

protein synthesis(110).

Previous research has established that intermediate filament proteins can directly
influence transcription of transcription factors such as NKX2.5, MEF2C thereby
exerting an impact on myocardial regeneration and differentiation(111). Furthermore,
EHTs derived from patients suffering from dilated cardiomyopathy showed that the
absence of intermediate filament proteins resulted in myocardial tissue dilation,

mitochondrial dysfunction, and diminished contractile capabilities(80).

The mRNA sequencing results and PPI network analysis suggest that PPARG may
play a crucial role in regulating the extracellular matrix of EHT in the context of RA.
Indeed, it has been demonstrated that PPARG is important for myocardium

development and ventricular septation(84).

Our research results are in concordance with previous investigations(112, 113),
emphasizing that the generation of contractile force by EHTs is governed not only by
CMs contractile function, but also by CM-CM and CM- extracellular matrix-
connections that may subsequently impact the expression and function of transcription

factors. This viewpoint underscores the structural and functional resemblance between
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EHTs and myocardial tissue, thereby aiding the development of in vitro experimental

models and the progress of myocardial replacement therapy.

4.5 Electrical stimulation enhances EHT maturation

Electrical stimulation stands as a highly effective strategy for fostering the maturation
of EHT in in vitro cultures. Numerous studies have demonstrated that both short-term
and prolonged electrical stimulation can augment EHT's contractile force, enhance its
Ca?" handling capacity, and improve other electrophysiological attributes, with these
enhancements proving to be enduring and irreversible(114-116). Across previous
studies, the timing, frequency, and duration of electrical stimulation applications exhibit
variations. The application of electrical stimulation during the early stages of hiPSC-
CM differentiation can promote the emergence of more refined and mature CM
phenotypes(115). When correspondence with short-term stimulation, continuous 4-week
electrical stimulation also proves more efficacious in advancing the maturation of
hiPSC-CM(117). Variations in electrical stimulation frequencies exert discernible
impacts on the maturation of hiPSC-CM. The frequency of electrical stimulation can
influence hiPSC-CM maturation, with research indicating that frequencies below 6 Hz
are associated with stronger structures and more mature functions. Increasing the
frequency from 1 Hz to 6 Hz, rather than 3 Hz, has been found to induce optimal
maturation(118). However, research on frequencies above 6 Hz is limited, as they
significantly exceed the physiological range. Gradually increasing the electrical
stimulation frequency to attain the target frequency proves more conducive to EHT
maturation compared to direct frequency escalation to the desired level(119). While
certain studies have reached divergent conclusions(118), our research suggests that a
gradual increase in stimulation frequency appears more advantageous in safeguarding
EHT integrity and extending cultivation duration. Additionally, our investigations
revealed that 3 Hz represents the upper limit for electrical stimulation frequency in our
EHT, as frequencies exceeding this threshold result in a gradual extension of the
absolute refractory period, and therefore stimulating at higher frequencies fails to
effectively enhance EHT's contraction frequency. We endeavored to enhance EHT's
oxygen supply by elevating the shaking frequency of BMCC, aiming to boost the
contraction frequency at elevated stimulation frequencies; however, the outcomes
proved unsatisfactory. Augmenting EHT's oxygen supply failed to enhance its

contractile force, contractile frequency, and reduce the absolute refractory period.
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However, our study identified that, in comparison to electric stimulation frequencies of
1.5 Hz and 1 Hz, a frequency of 3 Hz consistently enhances EHT's contractile force,

which correspondence with previews study.

To summarize, electrical stimulation holds significant promise for generating
functionally and structurally mature CMs, with applications ranging from disease
modeling and drug screening to potential clinical use. Subsequent research endeavors
may uncover more precise mechanisms governing the EHT's response to electrical
stimulation. Concurrently, further investigations were warranted to determine the
optimal amplitude, frequency, timing, and duration of electrical stimulation. Ultimately,
despite electrical stimulation, a substantial disparity persists between adult heart tissue
and cultured EHTs. Bridging this gap necessitates the development of a system that

amalgamates diverse strategies for promoting maturation.

4.6 Clinicial implications

The continuous functioning of the heart, from early embryonic development to
adulthood, is essential for the survival of all animals. Congenital and acquired heart
diseases can have devastating effects, rendering to adult mortality(120). Most heart
diseases result from cardiomyocyte loss, including conditions such as ischemic coronary
artery disease and hypertension, which impair the heart's pumping capacity and
ultimately lead to death(121). Furthermore, the hearts of adult mammals lack the
capacity to efficiently generate new cardiomyocytes to repair damage. Although
specific drugs and mechanical devices can temporarily improve heart function, they
cannot replace the lost myocardial tissue and offer only temporary relief. This
emphasizes the necessity for innovative strategies focused on heart repair. Thus, by
reactivating embryonic pathways, it becomes conceivable to exploit the cellular
processes and regulatory mechanisms necessary for heart growth and development to
repair the injured adult heart(122). A complementary strategy for heart regeneration and
repair can be pursued by promoting cardiomyocyte dedifferentiation and proliferation
through the activation of mitotic signaling pathways associated with embryonic heart

differentiation.

Owing to the analogous differentiation and proliferation capabilities of stem cells
compared to embryonic cells, there has been a substantial surge of interest and

investment in the advancement of stem cell-based cardiac repair therapies(123-125).



71

Studies have suggested that the direct injection of stem cells and other cell types into the
damaged heart or coronary circulation results in modest enhancements in heart function
in both animal models and humans(126, 127). However, the notion that transplanted
cells survive within the damaged heart was inadequately supported by evidence, and the
precise mechanism behind the observed cardiac improvement following stem cell
delivery remained unclear. One possibility was that the paracrine signaling activity of
the transplanted cells was accountable for the transient improvement observed
following stem cell transplantation. To enhance heart regeneration and replace
cardiomyocytes after cardiac injury and illness, additional innovative treatments are still

needed(128).

While previous studies have achieved considerable success in cardiomyocyte
differentiation, they frequently yielded heterogeneous populations of cardiovascular
cells, encompassing ventricular-like, atrial, and pacemaker-like cells(39, 129, 130). Our
study specifically concentrates on hiPSC differentiation into left ventricular lineages,
and we have ascertained the requirement for a precise concentration of RA for left
ventricular specification. Through the analysis of distinct gene expression patterns in
the fetal LV and RV during development, supplemented by existing literature, we have
successfully identified the marker genes specific to the LV. By using a precise
concentration of RA as an intervention during a specific phase of the differentiation
process, we have proficiently generated cardiomyocytes that possess functional and
genetic traits akin to those of the fetal LV. Considering the timing of fetal heartbeats
and the onset of contractions in our differentiated cardiomyocytes, we hypothesize that

our hiPSC-CM aligns with the developmental stage of the fetus during 5 - 7 weeks.

While our differentiated hiPSC-CMs may still include non-LV-like CMs, it
undeniably establishes the groundwork for the subsequent purification of cardiomyocyte
subtypes. Consequently, the cardiomyocytes and engineered heart tissues (EHTS)
obtained in our study have the potential to address several of the aforementioned
challenges. Firstly, the cardiomyocyte seed cells we utilized were derived from adult
cells, alleviating ethical constraints. Secondly, we have improved the differentiation
process by leveraging established, mature differentiation technologies, leading to
increased maturity and purity in cardiomyocytes. Thirdly, we have effectively
integrated cell fusion into cardiomyoid tissue, laying the groundwork for potential tissue
transplantation in the future. Last but not least, our research offers a robust in vitro

model for studying left ventricular function and developing novel medications.
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4.7 Research limitations

Despite utilizing the proper concentration of RA to stimulate hiPSC differentiation
into CM and EHT with a left ventricle-like phenotype, our study has some limitations.
First, the exact mechanisms by which the RA guides hiPSC-CM differentiation towards
RV-like cardiomyocytes remain to be determined. Secondly, the regulatory mechanism
through which RA modulates the expression of genes and proteins associated with the
extracellular matrix in EHT remains incompletely understood. The mRNA sequencing
results and PPI network analysis suggest that the PPARG gene may play a crucial role
in regulating the extracellular matrix of EHT in the context of RA. Along with this it
has been demonstrated that PPARG is important for myocardium development and
ventricular septation(84). Further investigation and validation are warranted. Thirdly,
beside the TFs, microRNA (miR-1, miR-133, miR-208 and miR-499) have also been
shown to be involved in embryonic heart development and cardiomyocyte
identification(122). Further analysis of microRNA expression differences among
different groups may provide more solid evidence to support our conclusion. Moving
forward, our future investigations will aim to delve into the differentiation pathways
leading to left and right ventricular, as well as atrial, CMs, with a focus on
understanding the role of RA and potential interactions with other signaling pathways

influencing differentiation.
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5. Conclusion

The functional and genetic analysis of CM and EHT has provided valuable insights in
our study. Specifically, the HRA group exhibited significantly elevated expression
levels of CM maturation markers, as well as left ventricular markers, while the LRA
and control groups showed pronounced expression of right ventricular markers.
Moreover, the EHT derived from the HRA group demonstrated the highest contractility.
These compelling findings strongly suggest that a 0.1 mM concentration of RA can
effectively facilitate the differentiation of hiPSCs into CMs closely resembling the left
ventricular phenotype. The RA signaling pathway exerts intricate control over pivotal
transcription factors that play a fundamental role in CM development, likely serving as
the molecular mechanism behind RA's facilitation of hiPSC differentiation into left
ventricular CMs. Concurrently, our study substantiated the indispensable role of the
extracellular matrix in augmenting the contractile force of engineered heart tissue
(EHT). These collective findings not only deepen our comprehension of cardiac
differentiation but also establish a foundation for future investigations into in vitro left
ventricular function, personalized drug screening, and the advancement of precision

medicine.
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