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Abstract 
Introduction 

Pluripotent stem cell-derived cardiomyocytes (PSC-CMs) are promising cells 

for research and medical applications. Although PSC-CMs are efficiently obtained with 

a directed cardiac differentiation method, they solely display fetal-like phenotypes and 

arrest at embryonic state of maturation. A lack of applicable high-throughput method 

providing distinguished parameters for determining the maturity of cardiomyocytes 

(CMs) hampers the progress of understanding molecular mechanisms of CM 

maturation and producing adult-like mature CMs from PSC-CMs. Several studies have 

shown that extracellular matrices (ECMs) might play pivotal roles in CM maturation. 

However, it is largely unknown how ECMs regulate the maturation and which ECM is 

superior to others. Therefore, I aimed to develop assessment tools for CM maturation 

and to assess the effects of ECMs on CM maturation in this study. 

Results 
As a ton of study have shown that fluorescence reporter lines built a significant 

impact on the field of stem cell research, especially providing better insights in biology 

and function of PSC-CMs both in vitro and in vivo. Thus, I hoped that a fluorescence 

maturation reporter would use for the determination of CM maturation as well. 

Previously, our group has identified Myom2 as a candidate, because its expression 

gradually increases from late-embryonic to postnatal heart. Here, I first knocked a red 

fluorescence protein (RFP) reporter gene into 3’ end of Myom2 in mouse embryonic 

stem cells, namely Myom2-RFP. Then, I examined the expression profiles of Myom2-

RFP during cardiac differentiation. I found that RFP was not detected in PSC-CMs 

right after differentiation at day 10, while a prolonged culture of PSC-CMs, which 

enhanced maturation, significantly increased both RFP+ cells and RFP intensity from 

day 21 to 28 of cardiac differentiation. Furthermore, I intensively compared structure, 

function, and transcription between RFP+ and RFP- cells to validate the reporter. I 

found that RFP+ cells showed a longer length of sarcomere, increased cell size and 

aspect ratio, become more binuclear, as well as improved calcium handling property. 

Along with transcriptome analysis, cardiac genes and specific genes in biological 

processes of adult CMs were highly upregulated in RFP+ cells. These results 

suggested that the reporter line can be used as a reporter for CM maturation. 
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I identified that ECMs including laminin, collagen, and fibronectin, showed 

temporal upregulation during maturation of the hearts. To test if the ECMs had any 

impacts on CM maturation, I examined the dose-dependencies of the ECMs on 

Myom2-RFP. To this end, I plated Myom2-RFP PSC-CMs at day 10 of differentiation 

on different concentrations of ECMs ranging from 0.125 μg/cm2 - 1 μg/cm2, and 

cultured up to day 38 of cell culture. I found that high concentrations of the ECMs, 

especially laminin-511/521, significantly increased Myom2-RFP expression. In 

addition, morphological, physiological, and functional analysis demonstrated that 

laminin-511/521 promoted PSC-CMs towards adult-like mature CMs such as long 

sarcomere length, increase cell size, increase percent of binuclear cell, inducing 

connexin 43 to lateral cell-axis, improving mitochondrial function, as well as improving 

calcium handling and cell shortening properties. 

Next, I performed an RNA sequencing to assess the maturation statuses of 

PSC-CMs plated on laminin-511/521. The transcriptomes of the PSC-CMs were 

compared to mouse heart counterparts. The result demonstrated that PSC-CMs 

plated on laminin-511 at day 38 had the highest maturation score compared to gelatin 

and laminin-521. Nevertheless, specific genes related to CMs were slightly 

upregulated in laminin-511/521 such as cardiac marker (Tnnt2), sarcomere proteins 

(Actc1, Mybpc2, Mybpc3, Myh7, Myl2), transcriptional regulator (Ankrd23), and 

calcium handling (Casq2). 

Conclusion 
Laminin-511/521 promoted morphological, physiological, functional, and 

transcriptional changes of PSC-CMs, and also enhanced Myom2-RFP expression. 

Therefore, this study highlight laminin-511/521 as potent enhancers for CM maturation. 
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Chapter 1 
Aim overview 

Recent advances enable efficient differentiation of cardiomyocytes (CMs) from 

pluripotent stem cells (PSCs) for broad applications. However, pluripotent stem cell-

derived CMs (PSC-CMs) only display immature phenotypes. Although several studies 

have shown that extracellular matrices (ECMs) might play pivotal roles in CM 

maturation, the maturity of PSC-CMs with those ECMs compared to in vivo heart 

remain unknown as no assessment tool is available. Therefore, my ultimate goal is to 

generate fully mature CMs for the breakthrough applications of advanced medicine. 

To this end, I first attempted to develop novel assessment tools for CM maturation and 

determine the effects of ECMs on CM maturation. To achieve the goal, the aims of 

this study are divided into two parts. 

AIM 1: Development of assessment tools for CM maturation. 
A lack of assessment tools for CM maturation is a key road brick to obtain fully 

mature CMs. Thus, I have developed qualitative and quantitative methods to assess 

CM maturation as explained below. 

1.1) Generation of a qualitative method for CM maturation 

As a lack of assessment tools for CM maturation is a major obstacle to obtain 

mature PSC-CMs effectively, I first generated a fluorescent CM maturation reporter 

line. Our transcriptome data indicated that Myom2, encoding to M-protein, one of 

sarcomere protein, starts to express around late-embryonic stage and increases 

subsequently. Therefore, I decided to knock-in the red fluorescence protein (RFP) to 

3’ end of Myom2 genomic locus, hereafter called Myom2-RFP. To achieve knock-in 

efficiency, I used CRISPR/Cas9 system, a genome-editing tool, to generate double-

strand break at the target region. Myom2 is localized to the M-line of the sarcomere. 

Thus, I expected that RFP would be observed in the same region as Myom2 protein 

which located in vivo. 
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1.2) Development of a quantitative method for CM maturation 
Previously, our group has developed a microarray-based quantitative assay for 

CM maturation1. However, this method is expensive. Thus, I recently updated the 

method with Quant-seq, using poly T primer to synthesize cDNA and sequence 

predominantly 3’ end of mRNA. This approach requires less read depth and allows 

more multiplexing samples per run with affordable cost. With the update method, I 

have set a weight for each gene to calculate the maturation score. The maturation 

score is sum of the expression level of each gene (transcript per million reads, TPM) 

multiplied by the weight. With this method, I could determine the exact maturation 

status of PSC-CMs, and also examine specific gene expressions related to CMs. 

AIM 2: Evaluation of the effects of ECMs on CM maturation 
Mouse PSC-CMs exhibited more mature properties on native cardiac ECMs 

such as laminin, collagen, and fibronectin, which are secreted from cardiac fibroblasts. 

Here, I examined if ECMs promote CM maturation using qualitative and quantitative 

methods. And if so, what degree of maturation PSC-CMs achieved by the ECMs. To 

this end, PSC-CMs generated from the reporter line were plated on different types of 

ECMs at day 10 of cardiac differentiation. Then, morphological, physiological, and 

functional analysis, were conducted at day 38, to evaluate the effects of those ECMs 

on CM maturation. Moreover, I also corrected RNA from all of the conditions and 

performed RNA-sequencing to assess the maturation degree of PSC-CMs plated on 

ECMs. With these methods, I could identify potent ECMs which are able to enhance 

maturation of the PSC-CMs in vitro.  
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Chapter 2 
Introduction 

 Stem cell research has a long history since the 1960s. Date back to that time 

period, James E. Till, a biophysicist, and Ernest A. McCulloch, a hematologist, 

accidentally found that irradiated mice which conducted intravenous injection of bone 

marrow, formed the colonies of proliferating cells in their spleen. Those cells are blood-

forming progenitor cells that have the ability to repopulate blood cells, resulting in 

engagement towards using bone marrow transplantation for hematopoietic diseases2. 

Since the discovery, the regarding researches have been reported for isolation, 

identification, and characterization of different types of stem cells. To date, the major 

advances and discoveries in stem cell research have been generated by using PSCs. 

2.1) Pluripotent stem cells 

PSCs are the cells that have two important properties including self-renewal 

and potency (Fig. 1). The self-renewal is an ability of PSCs that can produce daughter 

cells indefinitely, and those cells still have similar properties of progenitor cells (Fig. 
1a). In specific conditions or under particular signals, PSCs are able to undergo any 

cell types which are derived from all three germ layers (ectoderm, mesoderm, and 

endoderm) of body, which is defined as “differentiation”3 (Fig. 1b). 

Figure 1. Properties of PSCs.  

PSCs are cells that have possess a nearly unlimited (a) self-renewal ability and (b) 

potentially differentiate into numerous cell types of an organism. 
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PSCs can be classified into two types including embryonic stem cells (ESCs) 

and induced pluripotent stem cells (iPSCs). ESCs are derived from the inner cell mass 

of embryo at the blastocyst stage4,5 (Fig. 1). In addition to ESCs, PSCs can be 

obtained by inducing different transcriptional factors (such as Oct3/4, Sox2, Klf4, and 

c-Myc) into adult somatic cells, or well known as “iPSCs”6,7. Both ESCs and iPSCs are 
able to maintain a pluripotent state and expand in a dish. 

2.2) Characteristics of PSC-CMs 

PSC-CMs have indisputable cardiomyogenic potential and therefore have been 

intensively investigated as a potential cardiac regenerative therapy8. With cardiac 

differentiation, CMs can be efficiently derived from PSCs in high yield9. Although PSC-

CMs hold a great promising for a wide range of medical applications, it is well known 

that PSC-CMs display morphological, physiological, and functional characteristics like 

fetal CMs rather than adult CMs under culturing-system currently. Different properties 
between immature and adult CMs are showed in Fig. 2 and summarized in Table 1. 

2.2.1) Morphology 

During heart development, cardiac muscle cells undergo sophisticated series 

of structural changes and eventually lead to adult phenotypes (Fig 2a and Table 1). 

Adult CMs exhibit a large number of length to width ratio (aspect ratio), binucleation, 

and form complex ultrastructure such as T-tubules and sarcoplasmic reticulum along 

Z-line of the sarcomere10. Adult CMs not only exhibit Z, I, H, A, and M bands, but also 

have long sarcomere length (2.2 μm) and highly organized10. Moreover, N-cadherin, 

Nav1.5, and connexin 43 (Cx43) are localized to the intercalated disk of CMs11 (Fig 

2c). In contrast, PSC-CMs tend to be round, mononucleated, and have shorter 

sarcomere length (1.6 μm) and disorganized10. These cells also do not show T-tubules 

formation, while simply exhibit Z and I-bands10. 

2.2.2) Contractile apparatus 

Sarcomere is a crucial unit for cardiac contraction. Thus, measuring sarcomere 

gene expressions such as cardiac troponin T (cTnT), α-actinin, myosin heavy chain 

(MHC: human, β isoform; mouse, α isoform), are highly expressed to the maturation 

of PSC-CMs12–14. The mentioned genes are not only expressed in adult CMs, but also 

relatively upregulated in immature CMs. Electron microscope has illustrated that PSC-

CMs have immature structural characteristics with various degrees of sarcomere 
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organization15,16. In addition, adult CMs are more quiescent in terms of beating, but 

stimulated adult CMs provide greater force of contraction, upstroke and conduction 

velocities10,17. Indeed, PSC-CMs generate lower conduction and upstroke velocities 

but remain beat spontaneously10,17 (Table 1). 

2.2.3) Metabolism 

Corresponding with the increasing of mitochondria in adult CMs, the oxidative 

capacity is increased, which represents to switch in metabolic substrates from glucose 

to fatty acid18. In early heart development, around 80% of energy is produced by 

glycolysis. When CMs become mature, fatty acid β-oxidation increases and becomes 

a major source for energy production. In contrast, PSC-CMs rely on glycolysis rather 

than fatty acid β-oxidation19 (Table 1). 

2.2.4) Calcium handling property 

Calcium handling property is one of the most common parameters that is 

characterized in PSC-CMs (Fig. 2b). Several studies have been reported that PSC-

CMs express important calcium handling proteins which impact calcium 

transients13,14,20–22. For instance, previous work showed that transduction of PSC-CMs 

with a regulatory protein for calcium handling, calsequestrin (encoded from Casq2 

gene), increased peak amplitude, upstroke velocity and time to decay, suggesting that 

calsequestrin is implicated to functional maturation of the PSC-CMs23. In addition to 

regulatory protein for calcium handling, the function of sarcoplasmic reticulum for 

calcium storage is also critical for calcium handling property. Previous studies found 

that PSC-CMs have dissimilar functional sarcoplasmic reticulum compared to adult 

CMs in several animal models such as mice24,25, rat26,27, and rabbit28. Moreover, 

characterizations of PSC-CMs have demonstrated that calsequestrin expression has 

also supported the presence of functional SR-dependent calcium handling13,14. 

Altogether, it is plausible that distingue calcium handling properties may be caused by 

a variety in maturation status of tested PSC-CMs. 
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Figure 2. Different characteristics between immature and mature CMs.  

(a) Immature CMs are round or polygonal in shape and have disorganized sarcomere 

pattern, whereas adult CMs are longer and show more organized sarcomere. Scale 

bar = 20	 µm. (b) Representative Ca2+ transients of embryonic day 12.5 (E12.5), 

neonatal, adult CMs, and PSC-CMs. PSC-CMs show dissimilarity of Ca2+ transient 

peaks compared to those of adult CMs. Fig. 1b was modified from Uosaki et al1. (c) 

Schematic summary of protein localizations during heart development ranging from 30 

weeks in utero (wks i.u.) to 7 years postnatal; N-cadherin (blue), Nav1.5 (red), and 

connexin 43 (Cx43, green). Fig. 2c was modified from Vreeker et al11.  
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Table 1. Summary of different properties between immature and mature CMs. 

Properties Parameters Fetal CMs PSC-CMs Adult CMs Ref. 

Morphology Shape Round or 
polygonal 

Round or 
polygonal 

Rod and 
elongated 

16,29,30 

 Nucleation Mononucleated Mononucleated Binucleated: 
Human ~25% 
Mouse ~ 91.5% 

31,32 

Sarcomere Appearance Disorganized Disorganized Organized 30 

 Length Shorter  
(~1.6 μm) 

Shorter  
(~1.6-1.8 μm) 

Longer  
(~2.2 μm) 

30,33 

Mitochondria Structure Round and 
small 

Slender and 
small 

Oval in 
shape 

15,34,35 

 Distribution Close to 
nucleus and 
circumference 

Close to 
nucleus and 
circumference 

Along the 
direction of 
sarcomere 

15 

Metabolic 
substrate 

Substrate Glucose Glucose Fatty acid 18,19 

Myofibrillar 
isoform switch 

Titin N2BA N2BA N2B 30,36 

Troponin I TNNI1 TNNI1 cTnI 30,36 

MHC: 
Human 
Mouse 

 
β > α 
 

 
β ≈ α 
 

 
β >> α 
α >> β  

 
30,36 
37 

T-tubules Present Absent Absent Present 33 

Gap junction Distribution Circumference Circumference Intercalated 
disc 

11 

Conduction 
velocity 

Velocity ~30 cm/s 10-20 cm/s 60 cm/s 38,39 

Electrophysiology 
properties 

Upstroke 
velocity 

~50 V/s ~50 V/s ~250 V/s 33,40 

Synchronous 
contraction 

No No Yes 41 

Resting 
membrane 
potential 

~-60 mv ~-60 mv ~-90 mv 12 
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2.3) Current maturation strategies 

Previous study demonstrated that maturation of PSC-CMs arrested at late-

embryonic cardiomyocytes after long-term culture in vitro1. In contrast, PSC-CMs 

underwent structural and functional maturation for one-two months when transplanted 

into a neonatal rat heart in vivo42. These results indicated that PSC-CMs could mature 

if appropriate environments are provided. Interestingly, even human PSC-CMs could 

mature with the in vivo maturation method for two months, although human CMs 

require more than five years of maturation in the human heart (Fig. 3). Subsequently, 

there are numerous efforts that mimicked microenvironment during heart development 

to enhance the maturation of PSC-CMs such as long-term culture, cultured on ECMs, 

postnatal hormone treatments, adjusting substrate stiffness, electrical stimulation, as 

well as co-culture with non-CMs (Fig. 4). These maturation strategies are described 
below. 

Figure 3. PSC-CMs can be matured in vivo but not in vitro.  

2.3.1) Long-term culture 

Fundamentally, CM maturation is a gradual process that requires long time. 

Indeed, human neonatal CMs develop their adult phenotype about 6-10 years in vivo43, 

while beating human and mouse PSC-CMs are generated within only 7 days of 

differentiation1,44. To imitate the maturation process, PSC-CMs are initially increased 

the time for culture in a dish (Fig. 4a). Lundy et al showed that culturing human PSC-

CMs up to 120 days resulted in morphological changes towards adult-like mature CMs 

including an increase in sarcomere length, cell size, elongated shape, as we as 

binucleation33. Moreover, sarcomere organization study demonstrated that Z and I 

in vit��

in viv�

Mature CM
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bands have appeared after culture the PSC-CMs for 30 days. Then, extended culture 

for 30-90 days resulted in A-bands development, followed by induction of M-bands 

formation after culture up to 360 days45. Along with the electrophysiological study, 

transient outward and inward rectifier potassium currents (Ito1 and Ik1) were increased 

through a prolonged culture46. Although long-term culture of PSC-CMs enhances 

several aspects of CM maturation as mentioned above, it is still a low-throughput and 

time-consuming method. To accelerate CM maturation, diverse maturation strategies 

have emerged. 

Figure 4. Current strategies for promoting cardiomyocyte maturation. 
To enhance CM maturation, several strategies have been developed such as (a) long-

term culture, (b) ECMs, (c) hormones, (d) substrate stiffness, (e) electrical stimulation, 

and (f) co-culture with non-CMs. 

2.3.2) Extracellular matrices 

ECMs do not only provide structural support during heart development, but also 

contain signaling molecules for transmitting signals between CMs and neighboring 

tissues47. Thus, ECM substrates are required for CM maturation (Fig. 4b). Previous 

study has shown that PSC-CMs cultured on cardiogel, containing cardiac fibroblast, 

laminin, fibronectin, collagen type I and III, and proteoglycans, exhibited more mature 

Maturation 	trat
�i
�
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phenotypes such as spontaneous contractility, hypertrophy and cytoskeleton 

differentiation faster than 2-dimensional culture system48. Consistently, culturing PSC-

CMs on overlaid matrigel consisted of laminin, collagen type IV, and proteoglycan 

improved electrophysiological properties of the treated PSC-CMs49. These results 

raise the important roles of ECMs on CM maturation. 

2.3.3) Hormones 

Postnatal hormones are considered as one of the enhancers for CM maturation 

(Fig. 4c). Specifically, treating PSC-CMs with triiodothyronine (T3) has been shown to 

increase cell size and elongation, contractility, and sarcomere length compared to 

non-treatment50. Furthermore, T3 treatment was also shown to be effect for several 

cardiac gene expressions such as α-MHC, titin, and SERCA2a50,51. T3 even showed 

a significant increase in mitochondrial activity both maximal respiratory capacity and 

respiratory reserve capacity50. In addition to T3 treatment, PSC-CMs treated with 

dexamethasone, a synthetic glucocorticoid, showed significantly faster calcium decay, 

increased forces of contraction, and sarcomere length52. A combination of T3 and 

dexamethasone applied to PSC-CMs also induced T-tubule formation and increased 

excitation-contraction coupling53. These results provide important evidence that 

hormones are essential for CM maturation. 

2.3.4) Substrate stiffness 

Spatial change of microenvironment generally occurs during heart development, 

for instance, a collagen accumulation in mice heart. This change combined with other 

dynamic changes results in a 3-fold increase of myocardium elasticity from embryo to 

neonatal stage54, and a 2-fold increase from neonatal to adult heart55 (Table 2). 

Coincidentally, this process appears postnatally with the elevation of blood pressure 

and the capability of pumping blood by the heart. Therefore, substrate stiffness is one 

of the microenvironments that has been widely investigated their effect on CM 

maturation (Fig. 4d). Previous study found that CMs are well developed on the optimal 

substrate of comparable stiffness to that of native tissue56 (Table 2). Consistently, 

Jacot et al also demonstrated that neonatal rat ventricular heart myocytes (NRVM) 

plated on collagen-coated polyacrylamide with substrate stiffness similar to native 

myocardium, 10 kPa, appeared aligned sarcomere better than stiffer or softer 

substrates. The treated-cells were generated greater mechanical force, had the 
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highest calcium transients, and increased SERCA2a expression, on 10 kPa gel57. 

Altogether, substrate stiffness effects to physical and functional maturation of CMs. 

Table 2. Elasticity of different types of myocardial tissue. 

Myocardium Type Elasticity Elasticity Change Ref. 
Neonatal rat 4.0-11.4 kPa 3-fold 54,58–60 

Adult rat 11.9-70 kPa 2-fold 55,58–61 

Adult human 0.02-0.5 MPa - 62 

2.3.5) Electrical stimulation 

CMs are constantly subjected to electrical impulses conferring spontaneous 

rhythmic contraction. Thus, electrical stimulation has been expected to promote CM 

maturation (Fig. 4e). Interestingly, a transcriptome analysis of rat CMs found that 

known cardiac-specific genes such as MYH6, Cx43, and L-type calcium channel 

(CACNA1C), were highly upregulated following electrical stimulation. Moreover, 

NRVM in collagen sponges were increased contraction amplitude and improved their 

alignment after applying electrical stimulation63. Stimulation of NRVM monolayer was 

also increased several maturation aspects of CMs including sodium-calcium 

exchanger, action potential duration, conduction velocity, and even mitochondrial 

activity64,65. Although electrical stimulation has impacted CM maturation, it has known 

a little and usually combined with other maturation strategies66. Thus, several 

confounding factors such as ECM interaction, may result in interference with the 

effects of electrical stimulation67. 

2.3.6) Co-culture with non-CMs 

Rat heart consists of 30% CMs, 6% endothelial cells (ECs), and 64% fibroblasts 

(FBs)68. During heart development, CMs interact closely with other cell types. Thus, 

non-CMs can contribute to CM maturation in vivo either cell-to-cell contact and 

paracrine effects30 (Fig. 4f). The imitation of the cardiac microenvironment is important 

for cardiac differentiation and also maturation. Previous study showed that non-CMs 

are necessary for the development of intracellular calcium handling proteins, ion 

channel development and electrophysiological maturation of human ESC-CMs69. 

Additionally, co-cultured immature CMs with ECs and/or FBs seems to exert an effect 

to CM maturation after engraftment to the animal models. Recent study by Gao et al, 
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who generated human cardiac muscle patches (hCMPs) consisting of CMs, smooth 

muscles, and ECs differentiated from human iPSCs, showed that hCMPs were 

improved electronic mechanical coupling, calcium handling, and force generation after 

7 days of dynamic culture in vitro70. Co-culture with other cell types not only effected 

functional improvement of CMs in vitro, but also achieved in clinical relevance when 

engrafted to animal myocardial infraction models (MI)70. 

Individual maturation strategies are able to improve many aspects of CM 

maturation. But it is insufficient to generate fully mature CMs. Recently, combinations 

of several available strategies have been incrementally used to generate more mature 

PSC-CMs. For example, the combination of electrical and mechanical stimulations 

showed an increase in 2-fold of contractile forced71. Moreover, 3-dimensional (3D) 

engineering of heart tissues with other cell types and combined with ECMs enhanced 

morphological and functional maturation. Previous studies also demonstrated that 3D 

cardiac patches using modified substrates and co-culture with non-CMs not only 

improved morphology and function of PSC-CMs, but also achieved in a clinical trial 

when engrafted the PSC-CMs to animal MI models70,72. Although combinations of 

maturation methods are documented, the maturity of PSC-CMs with those manners 

compared to in vivo CMs remains unknown and no assessment tool is available. 

2.4) Assessment methods for CM maturation 
Since maturation strategies have been developed and applied to PSC-CMs in 

order to enhance their maturity towards adults-like CMs, morphological and functional 

assays are extensively used as assessment tools for CM maturation. For instance, 

immunostaining is used to determine the ultrastructure of those CMs such as 

sarcomere structure and cell morphology73. Transcriptome analysis is conducted to 

examine entire gene expressions following tested condition1. Action potential and 

calcium transients are assays that used to determine physiological properties of CMs, 

due to adult CMs have orchestrated activity among several ionic channels, conferring 

particular patterns of action potential and calcium transients13,74. In addition, 

contractile forces are also one of the parameters that are used to compare maturity 

between immature and mature CMs75. Moreover, mitochondrial activity is also 

conducted to examine responsibility for the energy-generating process based on 

metabolic switches from glycolysis to fatty acid metabolism during heart 
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development76. Although these assays are able to determine how maturation 

strategies improve PSC-CMs maturation, the assays are varied from lab-to-lab, time 

consumptions, and unable to determine the exact maturation status of PSC-CMs 

under those maturation strategies. To date, there is no potential high-throughput 

method that is able to assess the exact maturation degree of PSC-CMs. Thus, my 

ultimate goals are to generate fully matured CMs through developing novel qualitative 

and quantitative methods for determining CM maturation on ECMs. 

For the qualitative method, fluorescent reporters have been widely used to 

understand and improve differentiation of a certain cell type or lineage in 

developmental biology and stem cell biology77. Thus, I hypothesized that a novel 

fluorescent reporter line would help me to determine the maturation state of PSC-CMs 

easily and rapidly. Here, I developed a novel fluorescent reporter line, using Myom2 

gene as a candidate maker of CM maturation. For the quantitative method, I collected 

a reference transcriptome dataset from embryos to adults with a cost-effective 

transcriptome method using Quant-seq, 3’mRNA sequencing. Next, I compared the 

transcriptome of the treated PSC-CMs to mouse heart counterparts and quantitatively 

assessed the maturation status according to the microarray-based method as shown 

in the previous paper1. I believe that the novel maturation reporter will unlock the 

promising benefits of using PSC-CMs in advanced medical applications. 
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Chapter 3 
Methods 

3.1) Mouse ESCs (mESCs) maintenance 
mESCs were used in this research including syNP478, and fluorescence 

maturation reporter lines (SMM18, and SMMB2). These cells were cultured in 0.1% 

(w/v) gelatin-coated tissue culture plates without feeders in 2i medium79 containing 

particular components as described in Table 3. These cell lines were cultured at 37 °C 

humidified air with 5% CO2, and passaged every 2-3 days.  

Table 3. 2i medium for moue ESCs maintenance. 

Component Company Amount/Concentration 
Glasgow minimum 
essential medium (GMEM) 

Sigma 450 ml 

Fetal bovine serum (FBS) Moregate 10% (50 ml) 

Leukemia inhibitory factor 
(LIF) 

ESGRO 1,000 U/ml 

2-mercaptoethanol Thermo Fisher Scientific 0.1 mM 

CHIR99021 Stemcell Technologies 3 μM 

PD0325901 Stemcell Technologies 1 μM 

Glutamax Thermo Fisher Scientific 2 mM 

Sodium pyruvate Thermo Fisher Scientific 1 mM 

MEM non-essential amino 
acids (100x) 

Thermo Fisher Scientific Diluted to 1x 

3.2) Cardiomyocyte differentiation 
Cardiac differentiation was performed in accordance with our previous report1. 

In brief, serum-free differentiated medium (SFD)80 was used as a basal medium. The 

specific ingredients for SFD medium are explained in Table 4. SMM18 or SMMB2 was 

suspended culture in SFD medium for 2 days, before mesodermal induction. Then, 

medium was changed with 5 ng/ml activin-A (R&D System), 1.9 ng/ml bone 

morphogenetic protein 4 (BMP4, R&D System), and 5 ng/ml vascular endothelial 

growth factor (VEGF, Wako) and cultured cells for more additional 2 days. At day 4, 

the cells were plated and induced to cardiac progenitors through the addition of 5 ng/ml 
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VEGF, 10 ng/ml basic fibroblast growth factor (bFGF, R&D System), and 25 ng/ml 

FGF10 (R&D System). Until day 7, fresh SFD medium containing puromycin was 

replaced to enrich CMs. To determine the purity of CMs, cells were immunolabeled 

with cardiac troponin T (cTnT, a cardiac marker), and then performed flow cytometry 

as depicted in Method 3.6. With the antibiotic selection, more than 90% of PSC-CMs 

were obtained. These high purity CMs were used to run all of the experiments. For 

long-term culture, I plated the cells at day 10 and cultured in SFD medium up to day 

38. For the remained PSC-CMs, I preserved the cells in liquid nitrogen using a freezing 

medium containing 70% IMDM, 20% FBS, and 10% Dimethyl sulfoxide. 

Table 4. SFD medium for cardiac differentiation and PSC-CMs maintenance. 

Component Company Amount/Concentration 
Iscove’s modified 
Dulbecco’s medium 
(IMDM) 

Thermo Fisher Scientific 375 ml 

Ham’s F12 medium Thermo Fisher Scientific 125 ml 

B27 without retinoic acid 
(50x) 

Thermo Fisher Scientific Diluted to 0.5x 

N2 supplement (100x) Thermo Fisher Scientific Diluted to 0.5x 

Bovine Serum albumin  Sigma 0.05% (w/v) 

Glutamax Thermo Fisher Scientific 2 mM 

Ascorbic acid Wako 0.05 mg/ml 

1-thioglycerol Sigma 450 μM 

3.3) Generation of Myom2-RFP reporter line 
Here, I designed a single-guide RNA (sgRNA), which targets to 3’ end of 

Myom2 gene, and cloned to px330 as explained in previous work81. The sgRNA 

sequence is showed in Table 5. The three nucleotides labeled with red color (TAA) 

are stop codon of Myom2 gene. TagRFP and blasticidin-resistance cassette were 

inserted to the stop codon of Myom2 and PAM sequence (Fig. 10a-i). TagRFP was 

designed to be in-frame to endogenous Myom2. px330 with Myom2 sgRNA and the 

targeting vector were co-transfected to syNP4 cells, parental mESCs (Fig. 10a-ii). 
Then, I screened blasticidin-resistant clones using PCR with the primer combinations 

including 5F2/TR and Blast/Downstream (Fig. 10-iii). Sequencing was used to confirm 
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site-specific integration. For the clones that achieved targeting integration, I called 

them as SMM clones (Fig. 10b). Then, I further examined cardiac differentiation 

efficiency and RFP expression in the prolonged culture of those SMM clones. The 

clone which could differentiate into CMs in high yield and express RFP, was then 

selected and remove the blasticidin-resistance cassette by transfecting with CAG-

Flpe-IRES-Puro (Fig. 10a-iv). Short-term treatment of puromycin (for one day) was 

conducted to enrich transfected cells. Removing the blasticidin-resistance cassette 

was confirmed by PCR with primer sets of 3F1/Downstream and Blast/Downstream. 

The clones that were depleted blasticidin-resistance cassette are called as SMMB 

clones (Fig. 10b). After that, I also confirmed blasticidin and puromycin sensitivities of 

the SMMB clones in undifferentiated stage. I again confirmed the clones that were 

able to differentiate well into puromycin-resistant CMs and RFP expression after 

prolonged culture. All of the primer sequences were used in fluorescence reporter 

generation are listed in Table 5. 

Table 5. sgRNA and primers for generation of Myom2-RFP reporter lines. 

Name Direction Sequence (5’ to 3’) 
sgRNA - GCTTCCACCTCATCTGATTA+AGG 

5F2 Forward GTCACAGGGACATAGGCACTT 

TR Reverse GATGTGCACTTGAAGTGGTG 

Blast Forward AAAAGCCTCCTCACTACTTCTGG 

Downstream Reverse GAAGGGTACTTAACCCAGGAACC 

3F1 Forward GAGGACTCGGGCAAGTACAG 

3.4) Flow cytometry 
For checking %cTnT of cardiac differentiation, SMM18 or SMMB2 was 

differentiated by following the differentiation protocol until day 10 (Method 3.2). Then, 

the cells were dissociated and fixed with 4% (w/v) paraformaldehyde (PFA, Wako). 

Cells were permeabilized and blocked with 0.2% Triton X-100 containing 5% FBS in 

phosphate-buffered saline (PBS). Following this step, anti-cTnT monoclonal antibody 

(13-11, 1:500, Thermo Fisher Scientific) was used to stained the cells for 30 minutes 

at room temperature. After that, cells were washed and stained with secondary 

antibody, anti-mouse IgG conjugated with Alexa Fluor 488 (1:500, Thermo Fisher 
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Scientific). DAPI solution (Dojindo Laboratories) was used for labeling DNA in the 

nucleus. Measurement of %cTnT was conducted by SH800 (SONY). 

For quantifications of Myom2-RFP+ cells and RFP intensity, cells were cultured 

until the desired time. After cell dissociation, the cells were washed with PBS and 

sequentially suspended with 2% FBS in PBS containing DAPI solution (1:2000) to 

discriminate death and live cell populations. Similar to %cTnT, measurements of the 

proportion of RFP+ cells and RFP intensity were performed using SH800 (SONY). 

3.5) RNA sequencing 
The PSC-CMs at different time points of cardiac differentiation and mouse 

hearts (E11 to 10 months postnatal, 10M) were collected and extracted RNA according 

to the manufacturer’s protocol for Direct-zol RNA extraction kit (Zymo Research. Qubit 

4 Fluorometer (Thermo Fisher Scientific) was used to quantify the amount of RNA 

from each sample. cDNA was prepared by Quant-seq 3’ mRNA-Seq library prep kit 

FWD for Illumina (Lexogen) according to the manufacturer’s protocol using 

approximately 500 ng of total RNA per sample. Library concentrations and size-

distribution were then confirmed by Qubit 4 Fluorometer and Agilent 2100 Bioanalyzer 

(Agilent Technologies), respectively. cDNA library was pooled from each cDNA 

sample and sequenced by the Illumina NextSeq (75 cycles, single-end). Adapter and 

quality trimming was performed with BBDuk, then the trimmed reads were mapped to 

the GRCm38 mouse genome using STAR RNA-seq aligner82. To count the mapped 

read, featureCounts was used83. The read counts were normalized to transcript per 

million to show gene expression levels and/or compare expression levels between 

genes. To compare expression levels between samples, the read counts were 

normalized to regularized log (rlog) using DEseq284. To perform GO analysis, 

enrichGO function in clusterProfiler was used85.  

Using the transcriptome data, I also performed a principal component analysis 

(PCA) and calculated the maturation score of each sample. To this end, I have set a 

weight for each gene in principle component 1 (PC1) axis. The maturation score is a 

summation of expression levels of each gene (transcript per million reads, TPM) 

multiplied by the weight for PC1 as shown in the formula below. 

 

 



	18	

Maturation Score = k(Σ 𝜺𝒊 𝝎𝒊 + Offset) 

𝜺𝒊 is expression of i gene 

𝝎𝒊 is weight of i gene 

k is a constant to make the maturation score ranging from 0-100 

Offset is a constant to make score > 0 

3.6) Immunostaining 
To conduct immunostaining for hearts, I collected the heart tissues from 

different stages of developing mouse including E16.5, postnatal day 4 (P4), and adult. 

The hearts were embedded in optimal cutting temperature (OCT) compound (Tissue-

Tek, Sakura) and directly frozen in liquid nitrogen. The heart tissues were cut into 

several thin layers around 4 μm using Leica Cryostat. Then, heart tissues were fixed 

in 4% (w/v) PFA, for 30 minutes at 4°C. The sections were washed and permeabilized 

using 0.1% Triton X-100 (Amersham Biosciences) in PBS for 15 minutes at room 

temperature. After permeabilization, non-specific binding sites were saturated by 

incubation with 3% bovine serum albumin. Primary antibodies were anti-Myom2 (LS-

B9842, 1:100, LifeSpan BioSciences) and anti-α-actinin (EA-53, 1:100, Sigma-Aldrich). 

Anti-rabbit IgG conjugated with Alexa Fluor Plus 555 (1:500, Thermo Fisher Scientific) 

and anti-mouse IgG conjugated with Alexa Fluor Plus 488 (1:500, Thermo Fisher 

Scientific) were used to reveal primary antibody signals. Nuclei were stained with DAPI 

(1:2000) and slides were mounted in VECTASHIELD Antifade Mounting Medium 

(Vector Laboratories). A confocal laser scanning microscope (Olympus FluoView 

FV1200) was used to obtained immunofluorescence images. 

To perform immunostaining for PSC-CMs, the monolayer cells cultured in 

CellCarrier 96-well black polystyrene microplate (PerkinElmer) were fixed with 4% 

(w/v) PFA for 30 minutes at room temperature. Then, the cells were washed with PBS 

and permeabilized using 0.2% Triton X-100 in PBS for 15 minutes at room temperature. 

After that, blocking was conducted using 2% FBS in PBS. To perform immunolabeling, 

cells were incubated with primary antibodies including anti-α-actinin antibody (1:500) 

or anti-cardiac troponin T antibody (1:500), and anti-tRFP (AB233, 1:500, Evrogen) for 

overnight. Following this step, the cells were washed with PBS to remove excess 

primary antibodies and incubated with secondary antibodies such as anti-mouse IgG 

conjugated with Alexa Fluor 488 (1:500, Thermo Fisher Scientific) and anti-rabbit IgG 
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conjugated with Alexa Fluor 555 (1:500, Thermo Fisher Scientific). Nuclei were stained 

with DAPI (1:2000). An inverted fluorescence microscope (Olympus IX83) was used 

to obtained immunofluorescence images. Cell morphological parameters including 

sarcomere length, cell size, circularity, perimeter, as well as cell geometry (length and 

width), were analyzed by ImageJ software. 

3.7) Calcium transients and sarcomere shortening assay 
Evaluation of intracellular calcium transients was carried out using live-cell 

imaging analysis. Briefly, cells were plated on glass bottom 24-well plates (MatTek 

Corporation) until the desired day to run the experiment. Then, cells on the glass 

bottom plates were washed with PBS and incubated with 5 μM Calbryte 520-AM (AAT 

Bioquest), intracellular calcium-sensitive dye, in freshly prepared Tyrode’s solution 

(Table 6), for 30 minutes at room temperature. Cells were evoked by electrical field 

stimulation at 1 Hz (C-Pace, IonOptics). Optical recordings of intracellular calcium 

transients were acquired using an inverted fluorescence microscope (Olympus IX83 

with ORCA-Flash4.0 V3) with a 40x objective lens, 10 msec exposure and 20 msec 

interval. The optical records were then analyzed by ImageJ software as described in 

previous report86. For sarcomere shortening, cell contraction was recorded 

continuously with time-lapse videos for live-cell imaging. The time-lapse recordings 

were then analyzed by SarcOptiM for ImageJ as explained in the previous study87. 

Table 6. Components of Tyrode’s solution. 

Component Company Concentration 
NaCl Wako 140 mM 

KCl Wako 5.4 mM 

MgCl2 Wako 0.5 mM 

NaH2PO4 Wako 0.33 mM 

CaCl2 Wako 2 mM 

HEPES Dojindo 5 mM 

D-Glucose Wako 11 mM 

pH adjusted to 7.4 with NaOH 
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3.8) Mitochondrial activity assay 
PSC-CMs were seeded on an ECM-coated XFe96 Cell Culture Microplate 

(Seahorse Bioscience) at 5x104 cells/well, and prolonged culture up to day 38. Oxygen 

consumption rate (OCR) was measured by an Agilent Seahorse XFe96 Extracellular 

Flux Analyzer (Seahorse Bioscience) in XF RPMI medium supplemented with 1 mM 

pyruvate, 2 mM glutamate and 25 mM glucose. OCR was measured before and after 

the sequential addition of 3 μM oligomycin, 0.5 μM carbonyl cyanide-4 

(trifluoromethoxy) phenylhydrazone (FCCP), and 3 μM rotenone/antimycin A. Basal 

respiration was represented by OCR rate before applying oligomycin. ATP-linked 

respiration was represented by the oligomycin-sensitivity respiration rate, while proton 

leak was calculated by the difference between oligomycin and rotenone/antimycin 

rates. Maximal mitochondrial respiration was the response to FCCP. 

3.9) Statistical analysis 
Data are presented as mean ± standard deviation (SD) for at least three 

replicate samples. Student’s t-test, Dennett’s test, chi-square test, or one-way ANOVA 

were used to determine whether any statistically significant difference exists among 

independent groups, as described in legends. All of the statistical analysis was 

performed using R statistical software. A p-value of less than 0.05 was considered to 

have statistical significance.  
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Chapter 4 
Results 

4.1) Cardiac differentiation 
CMs could be efficiently obtained from mESCs through cardiac differentiation 

in vitro9. The differentiation protocol was described in Method 3.2 and a schematic 

protocol was shown in Fig. 5a. Briefly, mESCs were cultured as a suspension in SFD 

medium for 2 days before mesodermal induction. Then, medium was changed with 

SFD supplemented with activin-A, BMP4, and VEGF for 2 more days. After day 2 to 

day 4, embryoid bodies were formed (Fig. 5b). Cells were then subjected to 

trypsinization and cultured with the sequential addition of bFGF, FGF10, and VEGF, 

to induce cells towards cardiac lineage. Until day 7 of differentiation, fresh SFD 

medium was replaced. At this time point, the cells started to beat, hereafter called 

“PSC-CMs”. To determine the amount of PSC-CMs, cells were immunolabeled with 

cTnT and performed flow cytometry at day 10 of differentiation (Fig. 5a-b). 

Figure 5. Differentiation protocol for obtaining CMs from mESCs 

(a) Timeline diagram demonstrating the cytokines that were used for mESCs 

differentiation. After 10 days of differentiation, flow cytometry for cardiac troponin T 

(cTnT, a marker for CMs) was performed to determine the purity of PSC-CMs. (b) Cell 

morphology of mESCs, embryoid bodies at day 2 and 4, as well as PSC-CMs at day 

10 of cardiac differentiation. Scale bar = 50 μm. 
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4.1.1) BMP4 induces cardiac marker protein expressions 

The concentration of BMP4 is known that critical for mesodermal induction in 

serum-free medium80,88,89. Therefore, I differentiated mESCs towards CMs by which 

titration BMP4 concentration ranging from 0.25 to 1.5 ng/ml, to determine the effect of 

BMP4 for cardiac differentiation (Fig. 6). After day 10, PSC-CMs were stained with α-

actinin and cTnT to examine the expressions of those cardiac makers. The result 

illustrated that BMP4 was promoted both α-actinin and cTnT expressions as dose-

dependent manners (Fig. 6a-b). Those marker proteins were initially expressed in the 

condition of 1 ng/ml BMP4. To determine the percent of cTnT+ cells, flow cytometry 

was performed. In agreement with immunostaining results, the percent of cTnT+ cells 

were gradually increased from low to high BMP4 concentration, suggesting the 

important role of BMP4 for cardiac differentiation (Fig. 6c). 

Figure 6. Important role of BMP4 for cardiac differentiation. 

Immunostaining for cardiac marker expressions including α-actinin (a) and cTnT (b), 

after varying BMP4 concentration. (c) Quantification of cTnT expression with indicated 

BMP4 concentration at day 10 of cardiac differentiation. 
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4.1.2) Optimization for cardiac differentiation and PSC-CMs enrichment  

Cardiac differentiation was optimized by varying the concentration of BMP4, 

ranging from 1.5 to 2.5 ng/ml. The mESCs were used to titrate BMP4 concentration 

including a parental cell line (syNP4) and Myom2-RFP reporter line (SMM18 and 

SMMB2). Cardiac differentiation efficiency was evaluated as the percentage of cTnT-

expressing cells at day 10 of differentiation. The result found that at 1.9 ng/ml BMP4 

showed the highest percent of cTnT+ cells approximately 60-70% in all of the tested 

mESCs (Fig. 7a). To further enrich PSC-CMs, I used syNP4 as a parental mESC line. 

This cell line has a puromycin resistance cassette driven by sodium-calcium 

exchanger 1 (NCX1) promoter which is only active in CMs, but not in non-CMs. 

Therefore, I could remove other cell types from the culturing system by puromycin 

selection (Fig. 7b). With optimal BMP4 and antibiotic selection, more than 90% of 

cTnT+ cells were obtained from this differentiation system (Fig. 7c). 

Figure 7. Optimization for cardiac differentiation and enrichment. 

(a) Optimization of BMP4 concentration (ranging from 1.5 to 2.5 ng/ml) for cardiac 

differentiation of mESCs including syNP4, SMM18, and SMMB2. Data were shown as 

scatterplots with smooth fitted lines (n = 3). (b) Schematic representation of cardiac 

differentiation from mESCs using the sequential addition of cytokines followed by 

enrichment with puromycin. (c) Validation of the optimal condition (1.9 ng/ml BMP4 

and puromycin selection) with mESCs. Data are presented as means ± SD (n > 4). 
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4.2) Generation of a fluorescent reporter line for CM maturation 

4.2.1) Myom2 is selected as a reporter 

To determine candidate genes for CM maturation, I examined gene expression 

profiles during heart development (E11 to P56). I identified 11 candidate genes 

including Atp1a2, Ckmt2, Cox7a1, Gsn, Hspb8, Myom2, Myoz2, Rpl3l, s100a1, Tcap, 

and Xirp2, using two criteria; (1) at least 2-log fold change at one point between E16-

P1, P1-P7, P7-P14 and neonate (P1-P7) to adult (P14-P56), and (2) at least 500 

transcripts per million reads (TPMs) at P56 to ensure that the expression levels would 

be much enough and able to detect for reporter signal (Fig. 8).  

Figure 8. Expression profiles of candidate genes for CM maturation. 
The candidate makers for CM maturation that were selected in this study consist of 11 

genes, including Atp1a2, Ckmt2, Cox7a1, Gsn, Hspb8, Myom2, Myoz2, Rpl3l, s100a1, 

Tcap, and Xirp2. TPM, transcriptome per million reads. 
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Among the candidate genes, Myom2 not only showed earlier expression than 

the others, but its expression also gradually increased up to adult stage (Fig. 8 and 

Fig. 9a). To generate a fluorescent reporter, the expression of the reporter gene 

conferring fluorescence signal to visible level, is required. Therefore, Myom2 was 

selected as a reporter gene in this study.  

Figure 9. Myom2 expression profile and its localization in the mouse heart. 

(a) Expression profile of Myom2 during heart development from mouse E11 to P56. 

RNA expression level was presented as transcriptome per million reads. Data were 

shown as a scatterplot with a smooth fitted line (blue line), called Locally Weighted 

Scatterplot Smoothing (LOWESS). (b) A schematic demonstrating localizations of 

Myom2 (red), α-actinin (green), and cTnT (blue), in sarcomeres. Myom2 is encoded 

to M-protein which locates in the M-line of the sarcomere structure, whereas α-actinin 

is in Z-line. Therefore, Myom2-RFP would be observed in between Z-lines of the 

sarcomeres. (c) Representative images for Myom2 expression and localization in 

developing mouse hearts. Scale bar = 20 μm. These images are modified from data 

submitted to Sci Rep. 

Myom2 is encoded to M-protein that localized to M-lines of the sarcomeres90–

92 (Fig. 9b, 9c). To generate a fluorescence maturation reporter, I inserted sequence 

encoding the RFP into the genomic locus of Myom2 in syNP4 cell line. For the reason 

to use syNP4 as a parental cell line is that Myom2 is not only expressed in cardiac 

muscle, but also found in skeletal muscle93. Thus, using syNP4 cells will allow us to 

select CMs by puromycin treatment as mentioned before (Result 4.1.2). To achieve 
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knock-in efficiency, I used CRISPR/Cas9 system to generate double strand break at 

the target region (Fig. 10a). syNP4 cells were co-transfected with a vector expressing 

Cas9 and single-guide RNA and a targeting construct. After blasticidin selection, the 

insertion of TagRFP into Myom2 genomic locus was confirmed using PCR screening 

(Method 3.3). Several subclones including SMM2, 18, 19, and 23, were identified as 

inserted TagRFP (Fig. 10b, top panel). After confirming that SMM18 differentiated to 

CMs similarly to the parental line (syNP4), the blasticidin-resistance cassette was 

removed from SMM18 using flippase site-specific recombination (Fig. 10a). Excision 

of the blasticidin-resistance cassette were confirmed in SMMB1, 2, 5, 6, and 7 (Fig. 

10b, bottom panel) by PCR screening (Method 3.3). Among these subclones, SMMB2 

and 5 were differentiated to PSC-CMs well. Therefore, SMM18 and SMMB2 were used 

to run all of the experiments in this study. 

Figure 10. Knocking-in RFP into 3’ endogenous of Myom2. 
(a) Schematic image for the generation of Myom2-RFP reporter; (i) stop codon of 

Myom2, (ii) Myom2-RFP/Blast targeting construct, and the resulting targeted (iii) with 

and (iv) without blasticidin resistance cassette. Forward and reverse primer binding 

regions for PCR screening are also shown in the image. (b) PCR screen to identify 

targeted clones. The upper panel shows 3’ end screen of integration of TagRFP in 

subclones SMM2, 18, 19, and 23. The lower panel presents confirmation of excision 

of the blasticidin-resistance cassette in subclones SMMB1, 2, 5, 6, and 7. These 

images are modified from data submitted to Sci Rep. 
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4.2.2) Myom2-RFP is exclusively localized to M-lines of the sarcomeres 

As Myom2 localizes to M-lines of the sarcomeres, Myom2-RFP was expected 

to appear in between Z-lines which are α-actinin regions. To this end, I next 

determined the localization of Myom2-RFP that appeared in PSC-CMs by 

immunostaining (Fig. 11). Consistent with this idea, the results demonstrated that 

Myom2-RFP expression showed an alter pattern with α-actinin (Fig. 11a-i and 11b-i). 
Furthermore, M-lines are also in the middle of A-bands. Thus, I analyzed the 

localization of Myom2-RFP relative to cTnT which appeared as two closely bands in 

the A-bands of sarcomeres (Fig. 11a-ii and 11b-ii), to investigate more detail. Indeed, 

double staining with cTnT and anti-RFP showed Myom2-RFP was flanked with cTnT 

(Fig. 11a-ii and 11b-ii). These results confirmed that Myom2-RFP was correctly 

localized to the M-lines of the sarcomeres. 

Figure 11. Localization of Myom2-RFP in the PSC-CMs. 

(a) Immunostaining of Myom2-RFP (red) relative to α-actinin (i) and cTnT (ii) in PSC-

CMs. Yellow box regions in each panel are elongated and shown in (b). Line scans 

through the middle of the selected region are presented below, α-actinin (i) and cTnT 

(ii). Red and green arrows indicate the positions of M- and Z-lines, respectively. Scale 

bar = 20 μm. 
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4.2.3) Prolonged culture increases Myom2-RFP expression and RFP intensity 

As mentioned in result 4.2.1, Myom2 expression was upregulated during the 

myocardial growth of developing mice from E11 to P56 (Fig. 9a). Thus, I examined 

Myom2-RFP profile of PSC-CMs generated form the reporter line, to confirm whether 

knocked-in Myom2 could express similar to that of mouse hearts. To this end, I plated 

PSC-CMs at day 10 of differentiation on 0.1% gelatin, and then cultured for 18 more 

days (Fig. 12a). PSC-CMs in different time points of extended culture (day10, 21, and 

28) were quantitatively analyzed both percent of Myom2-RFP+ cells and RFP intensity 

by fluorescence-activated cell sorting (FACS). Representative images of flow 

cytometry for Myom2-RFP+ cells are presented in Fig. 12b. The result showed that 

Myom2-RFP+ cells could not detect immediately after 10 day of cardiac differentiation 

(0.78%), whereas a prolonged culture which known to enhance CM maturation33, 

increased percent of Myom2-RFP+ cells and RFP intensity from day 21 to day 28 (Fig. 

12c). 

Figure 12. Expression profile of Myom2-RFP. 

(a) Schematic representation of cardiac differentiation from Myom2-RFP reporter line 

and extended culture up to day 28. (b) Representative images of flow cytometry for 

Myom2-RFP+ cells. (c) Numbers of Myom2-RFP+ cells were increased after the 

prolonged culture of PSC-CMs. Data are presented as means ± SD (n = 4). One-way 

ANOVA with posthoc Tukey HSD test; § P < 0.01, † P < 0.0001. Fluorescence intensity 

is presented as an arbitrary unit (a.u.). 
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4.2.4) RFP+ cells display morphologically more mature than RFP- cells 

In a neonatal heart, Myom2 expression was abundant approximately 500 TPMs 

which would allow us to observed fluorescence signal. Therefore, I hypothesized that 

RFP+ cells would mature than RFP- cells. To test this hypothesis, I compared the 

morphological difference between RFP+ and RFP- cells by immunostaining for α-

actinin, a sarcomere protein (Fig. 13a). The result showed that RFP+ cells had longer 

sarcomere length, increased cell size and perimeter, and showed higher aspect ratio 

(cell length and width ratio), especially at day 28 (Fig. 13b). Moreover, RFP+ cells also 

had higher percent of binuclear cells compared to RFP- cells (Fig. 13c). These results 

indicated that RFP+ cells possessed morphologically mature than RFP- cells. 

Figure 13. Morphological difference between RFP- and RFP+ cells. 
(a) Representative images of RFP- and RFP+ cells at day 28 of cell culture. Myom2-

RFP (red); α-actinin (green); Nuclei (blue). Scale bar = 20 μm. (b) Comparisons of 

structure and morphology between RFP- and RFP+ cells (n > 65). Several parameters 

were examined including sarcomere length, cell area, perimeter length, cell length, 

cell width, and aspect ratio. For violin plots, medians are indicated as black lines in the 

middle of white boxes; interquartile ranges are showed with the white box in the center 

of violin plot; the black lines stretched from the boxes indicate first quartile -1.5 

interquartile and third quartile +1.5 interquartile, respectively; polygons represent 

Myom2-RFP- Cell
Myom2-RFP α-Actinin DAPI

Myom2-RFP+ Cell

�
�
�

�

��

�

�

�

�
�

�
�

�

† †

1.2

1.6

2.0
�
�

�

�

�

��

�

�

�
��

�

�

�

�

�

�

�

�

†

0
50

00
10

00
0
15

00
0

C
el
lA

re
a
(µ
m

2 )

��

�

���

� ��

�

†

0

200

400

600

!00

Pe
rim

et
er

(µ
m
)

�

�

�

�

" †

0

100

�00

#00

RFP- RFP+ RFP- RFP+

$21 $2!
RFP- RFP+ RFP- RFP+

$21 $2!
RFP- RFP+ RFP- RFP+

$21 $2!

RFP- RFP+ RFP- RFP+

$21 $2!
RFP- RFP+ RFP- RFP+

$21 $2!
RFP- RFP+ RFP- RFP+

$21 $2!

C
el
l%
en

&t
'
(µ
m
)

��
���

�

��
�
�
�
�
�

(

0

50

100

150

C
el
l)

i$
t'

(µ
m
)

�
�

�

�

�

�
�

�

�

�

��

�

�

�
�
�

�
��

* †

0

5

10

A
+,
ec
tR

at
io

-
ar
co
m
er
e
%e

n&
t'

(µ
m
)

a

b

�

" †

0

25

50

.5

100

Pe
rc
en

t(
/
)

Monon0clear Cell+
1in0clear Cell+

RFP- RFP+ RFP- RFP+

$21 $2!



	30	

density estimates of data and extend to extreme values. Student’s t-test was used to 

calculate statistical difference; *P < 0.05, § P < 0.01, # P < 0.001, † P < 0.0001. (c) 

Percent of binuclear cells in RFP- and RFP+ cells (n > 65). Chi-square Test; # P < 

0.001, † P < 0.0001. These images are modified from data submitted to Sci Rep. 

4.2.5) RFP+ cells show physiologically more mature than RFP- cells 

In addition, RFP+ cells were expected to improve their physiology towards 

adult-like CMs such as calcium handling property and sarcomere shortening. To 

examine intracellular calcium transients in RFP- and RFP+ cells, time-lapse images 

were recorded at a stimulation frequency of 1 Hz (Fig. 14a). The corresponding 

amplitudes (ΔF/F0) of calcium transients were shown in Fig. 14b. As expected, RFP+ 

cells had higher peak calcium amplitude and time to decay faster than RFP- cells, 

while time to peak of the calcium transients was no significant difference (Fig. 14c). 

Figure 14. Comparison of calcium handling between RFP+ and RFP- cells.  

(a) Representative recording of calcium transients in RFP+ and RFP- cells, scale bar 

= 20 μm. (b) The corresponding amplitudes (ΔF/F0) of calcium transients by electrical 

field stimulation at 1 Hz, at day 28. ΔF/F0 value was calculated by fluorescence (F) 

minus with background followed by normalizing to baseline fluorescence (F0). (c) 
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Quantifications of time to peak, calcium transient amplitude, and time to decay. Data 

are shown as means ± SD (n > 30). Student’s t-test; # P < 0.001, † P < 0.0001. These 

images are modified from data submitted to Sci Rep. 

With the advantage of using knocked-in fluorescence into sarcomere protein, I 

could obtain sarcomere shortening, which is hardly observed in PSC-CMs. To 

determine sarcomere shortening, time-lapse images for detecting RFP signal were 

recorded during CM contraction (Fig. 15a). RFP+ cells exhibited contraction steadily, 

and sarcomere shortening was approximately 6.8% (from about 2.03 ± 0.19 μm down 

to 1.89 ± 0.20 μm) (Fig. 15b-c). Altogether, RFP+ cells were more mature than RFP- 

cells in terms of morphology, structure, and function. Thus, the Myom2-RFP reporter 

line can be used as a CM maturation reporter. 

 
Figure 15. Sarcomere shortening 

assay in RFP+ cells. 

(a) Representative images of cell 

shortening with typical line scan of 

sarcomere length obtained from 

yellow lines in the images on the 

left panel. (b) The corresponding 

sarcomere shortening profile of 

RFP+ cells. (c) sarcomere length in 

relaxed and contracted forms and 

percent of cell shortening of RFP+ 

cells (n = 38). Violin plots are 

described in Fig. 13. These images 

are modified from data submitted 

to Sci Rep. 
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4.3) Development of a quantitative method for CM maturation 
Previously, our group has developed a microarray-based quantitative assay for 

CM maturation1. I recently updated the method with Quant-seq, 3’ mRNA-sequencing, 

that requires less read depth and allows more multiplexing samples per a single run 

with affordable cost than standard RNA sequencing (Fig. 16a). Here, I collected hearts 

both atria and ventricles from E11 to 10 months postnatal of developing mouse. Then, 

transcriptomes were obtained by RNA sequencing. Principal component analysis 

(PCA) revealed that each stage of CMs was separated by the differential gene 

expressions along the PC1-axis, whereas PC2-axis obviously discriminated atria and 

ventricle from each other (Fig 16b). With the updated method, I have set a weight for 

each gene in PC1-axis of ventricles to the calculate maturation score. The maturation 

score is sum of the expression levels of each gene (transcript per million reads, TPM) 

multiplied by the weight (Method 3.5). The score increases linearly from embryo to 

adult heart, indicating the success of calculation of maturation score (Fig. 16c). 

Figure 16. Development of a quantitative method for CM maturation. 

(a) Schematic representation of the experimental workflow for Quant-seq. (b) PCA plot 

was performed on transcriptome data derived from mouse hearts at different ages 

ranging from E11 to 10 months postnatal. (c) Maturation score in mouse hearts. 
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4.3.1) RFP+ cells are more mature than RFP- cells 

To compare the maturity of RFP- and RFP+ cells, I next sorted the cells after 

prolonged culture for 17, 24, and 38 days, and assessed the maturation scores in 

accordance with the protocol mentioned in Method 3.5. Furthermore, I also assessed 

the maturity of PSC-CMs at day 10, to use as a baseline for maturation (Fig. 17, right 

panel). The result showed that the maturation scores of both RFP- and RFP+ cells 

were soon increased right after cardiac differentiation for 10 days. Although, the 

maturation scores of RFP- cells increased, but it still lower than those of RFP+ cells in 

any time points, suggesting RFP+ cells were more mature than RFP- cells, which 

consistence with morphological and physiological analysis. Notably, RFP+ cells at day 

38 showed the highest maturation score which was a similar degree of CMs in 

between P7 to P10 (Fig. 17, left panel). This result demonstrated that the PSC-CMs 

remained immature even though prolonged culture for a course of a month. Therefore, 

applying additional enhancers for CM maturation are required to obtain adult-like 

mature CMs. 

Figure 17. Maturation degree of RFP- and RFP+ cells. 

The maturation scores of RFP- and RFP+ cells at different time points including day 

17, 24 and 38 (right panel), and PSC-CMs at day 10, were compared to those of 

mouse heart counterparts (left panel). Black dots represent maturation scores of each 

sample. 
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4.3.2) RFP+ cells have transcriptionally more mature than RFP- cells 

In addition to morphology and physiology, I also confirmed if RFP+ cells are 

more mature than RFP- cells in terms of gene transcription. With analyzing the 

transcriptome data from result 4.3.1, I found that CM maturation-related genes were 

highly upregulated in RFP+ cells such as sarcomere genes (Myh7, Myl2, Myl3, Myoz2, 

and Mypn), calcium-handling gene (Casq2), and ion transporter at sarcolemma 

(Kcna4) (Fig. 18a). Furthermore, gene ontology (GO) analysis revealed that GO terms 

involved in structural construction and muscle development are enriched in RFP+ cells, 

while GO terms of ECM organization were highly enriched in RFP- cells (Fig. 18b).  

In early heart development, glycolysis is a primary source of energy production 

for proliferating CMs. As CMs reach to terminal stage of differentiation, mitochondrial 

oxidative capacity increase, and fatty acid β-oxidation become a major energy source 

for the heart. The switch from glycolysis to mitochondrial metabolism during heart 

development results from the alteration of gene transcription to control each metabolic 

pathway18. To explore the transcriptional changes, I examined overall gene expression 

levels in selected GO terms of biological processes (Fig. 18c). Surprisingly, genes 

related to glucose metabolism and cell cycle were downregulated after 10 days of 

cardiac differentiation, but these sets of genes were more gradually downregulated in 

RFP+ cells after prolonged culture for 24 and 38 days, respectively (Fig. 18c-i and v). 

Consistent with the metabolic switch during cardiac development, genes in lipid 

metabolic process, fatty acid β-oxidation, and mitochondrion were upregulated in 

RFP+ cells when compared to RFP- cells, implying that a metabolic switch was 

occurring in RFP+ cells (Fig. 18c-ii to iv). Moreover, Genes in myofibril assembly, 

cardiac muscle tissue development, and T-tubule organization were highly 

upregulated in RFP+ cells (Fig. 18c, vi to viii). These results supported that RFP+ cells 

were transcriptionally more mature than RFP- cells. 
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Figure 18. RNA-seq analysis of RFP- and RFP- cells. 

(a) Gene expression profile of RFP+ PSC-CMs at different time points of a prolonged 

culture compared to RFP- cells. Rlog values are coded on the red-to-blue scale (higher 

expression, red; lower expression, blue). (b) GO terms for molecular function identify 

for differentially enriched genes in RFP+
 and RFP- cells. The x-axis represents the 

logarithms of the adjusted p-value. (c) Averaged gene expression of 8 selected GO 

terms for biological processes including, (i) glucose metabolism, (ii) lipid metabolism, 

(iii) fatty acid β-oxidation, (iv) mitochondrion, (v) cell cycle, (vi) myofibril assembly, (vii) 

cardiac muscle development, and (viii) T-tubule organization. These images are 

modified from data submitted to Sci Rep. 
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4.4) Evaluation of the effects of ECMs on CM maturation 

4.4.1) Identifications of candidate ECMs for CM maturation 

Since developing CMs in the heart are exposed to several ECMs, it seems likely 

that ECMs will lead to better maturation of PSC-CMs. Therefore, I examined the 

effects of ECMs on PSC-CMs maturation. ECMs not only contain important signaling 

molecules, but also provide structural support for myocardium. There were plenty of 

ECMs expressed as dynamic changes during heart development. To identify 

candidate ECMs that would enhance CM maturation, I collected RNA from wild-type 

mouse ventricles ranging from E11 to P56, and performed RNA-sequencing. The 

hierarchical clustering showed the groups of gene expression patterns among early 

embryonic, neonatal, and adult ventricles (Fig. 19).  

Figure 19. Expression profiles of ECMs during heart development. 

A heatmap represents the expressions of various ECMs during heart development 

(E11 to P56). Colors are coded on the red-to-blue scale of normalized transcripts per 

million reads (TPM) divided by the highest expression level (TPM/max: high 

expression, red; low expression, blue). 
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Among of the ECM expressions, collagen type II (Col2a1) and type IV (Col4a6), 

and fibronectin (Fn1) were highly expressed in embryonic hearts, whereas collagen 

type I (Col1a1 and Col1a2) and III (Col3a1) were abundantly upregulated in neonatal 

hearts (Fig. 20). Moreover, various laminin subunits (such as α2, α5, and β2 chains), 

as well as one of collagen type IV members (Col4a4) were expressed later in adult 

hearts (Fig. 20). Altogether, I expected that laminin, collagen, and fibronectin, would 

affect PSC-CMs maturation in vitro. 

Figure 20. ECM expression profiles during heart development. 

Selected ECMs including laminin, collagen, and fibronectin, showed dynamic changes 

in their expressions from E11 to P56 of mouse hearts. These images are modified 

from data submitted to Sci Rep. 

4.4.2) ECMs enhance CM maturation rather than initiating the maturation 

To evaluate the effects of ECMs on CM maturation, I plated PSC-CMs 

generated for Myom2-RFP reporter line, on different concentrations of ECMs ranging 

from 0.125 to 1 μg/cm2 at day 10 of cardiac differentiation. The ECMs were tested in 

this study including various isoforms of laminin E8 fragments (LN-111, 121, 211, 221, 

311, 321, 332, 411, 421, 511, and 521), several members of collagen (type I, III, and 

IV), and fibronectin. To quantitatively determine the proportion of RFP+ cells and RFP 

intensity, flow cytometry was performed at day 17, 24, and 38, in accordance with the 

protocol mentioned before in Method 3.4 (Fig. 21a). Although the fractions of RFP+ 

cells were not changed when compared to gelatin (Fig. 21b), all of the tested ECMs 
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dose-dependently increased RFP intensity of PSC-CMs, indicating the impacts of 

ECMs on CM maturation (Fig. 21c). The results of 1 μg/cm2 of ECMs at day 38 of 

differentiation were summarized in Fig. 21d. PSC-CMs plated on laminin-511/521 had 

the highest RFP intensity than other ECMs. This result implied that ECMs likely 

promoted CM maturation rather than initiating the maturation. 

Figure 21. Effects of ECMs on CM maturation. 
(a) Schematic representation of experimental design for culturing PSC-CMs on ECMs 

after cardiac differentiation. (b) Percent of RFP+ cells and (c) RFP intensity at day 17, 

24, and 38. ECM concentrations are shown at 0.125, 0.5, and 1.0 μg/cm2. Data are 

presented as means ± SD (n = 3). Fluorescence intensity is presented as arbitrary 

units (a.u.). (d) Quantification of RFP+ cells (left panel) and RFP intensity (right panel) 

of 1 μg/cm2 of ECMs at day 38 of cell culture. Data are presented as means ± SD (n 

= 3). Dunnett's test was used to compare between ECMs versus control (gelatin); *P 

< 0.05, § P < 0.01, # P < 0.001, † P < 0.0001. These images are modified from data 

submitted to Sci Rep. 
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4.4.3) ECMs promote morphological and structural maturation of PSC-CMs, 

especially laminin-511/521 

To determine the morphology and structure of PSC-CMs plated on ECMs, 

immunostaining for α-actinin and TagRFP was conducted (Fig. 22a). Interestingly, 

only laminin-511/521 showed significant increases in the sarcomere length of PSC-

CMs. Moreover, PSC-CMs on gelatin were small in shape, whereas the cells on 

laminin-511/521 significantly increased cell area, cell length, and cell width (Fig. 22b). 

Besides, PSC-CMs plated on laminin-511/521 also showed the highest proportion of 

binuclear cells (Fig. 22c). These results implicated that laminin-511/521 enhanced CM 

maturation. 

Figure 22. Morphological and structural differences in the treated PSC-CMs. 

(a) Representative images for PSC-CMs plated on different ECMs at day 38. The cells 

were labeled of α-actinin (green), TagRFP (red), and DAPI for nuclei (blue). Scale bar 

= 20 μm. (b) Statistics of structural and morphological features. Sarcomere length, cell 

area, cell length, and cell width were examined. Violin plots are described in Fig. 13 

(n > 100 from three different cardiac differentiation runs). Dunnett's test was used to 
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compare between ECMs versus control (gelatin); *P < 0.05, § P < 0.01, # P < 0.001, † 

P < 0.0001. (c) Percent of binuclear cells of PSC-CMs cultured on different ECMs (n 

> 100). Chi-square Test; *P < 0.05, § P < 0.01, # P < 0.001, † P < 0.0001. These images 

are modified from data submitted to Sci Rep. 

4.4.4) Laminin-511/521 promote localization of Cx43 to lateral cell-axis 

The intercalated disk at the longitudinal cell-edges of CMs provides as a 

macromolecular infrastructure that integrates mechanical and electrical coupling 

within the heart. Previous study found that gap junction protein, Cx43, localized to 

intercalated disk when CM mature11. In PSC-CMs, the membrane localization of Cx43 

required dense culture conditions to allow the formation of cell-cell junction sites94. 

Thus, I hypothesized that if laminin-511/521 enhance CM maturation, they would 

affect the localization of Cx43. To prove this hypothesis, I performed immunostaining 

at day 38 of cell culture (Fig. 21a). I found that RFP+ cells were grown as a sparse 

pattern when plated PSC-CMs on gelatin, and only showed low expression of Cx43 

which appeared around perinuclear. Surprisingly, laminin-511/521 promoted the 

formation of RFP+ cell connections and the monolayer of rod-shape cells, resulting in 

localization of Cx43 to lateral cell-axis which better than gelatin (Fig. 23). 

Figure 23. Localization of Cx43 in PSC-CMs plated on laminin-511/521. 

Representative PSC-CMs plated on laminin-511/521 stained for TagRFP (red), Cx43 

(green), and DAPI for nuclei (blue). Laminin-511/521 induced localization of Cx43 to 

lateral cell-axis compared to gelatin (control). Scale bar = 20 μm. These images are 

modified from data submitted to Sci Rep. 
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4.4.5) Laminin-511/521 promote functional maturation of PSC-CMs 

The Seahorse XF96 extracellular flux analyzer was used to examine 

mitochondrial function as previously described in Method 3.8. In this assay, oxygen 

consumption rate (OCR) was measured in real-time in basal respiration and in 

response to ATP synthase inhibitor (oligomycin), mitochondrial uncoupler (FCCP), as 

well as the respiratory chain blockers (rotenone/antimycin A), respectively (Fig. 24a). 

Although ATP-linked respiration was no significant difference, base-line mitochondrial 

respiration and maximum respiration capacity were elevated in the laminin-511/521 

(Fig. 24b-i, ii, and iv). Proton leak was also exhibited substantially higher in laminin-

511 condition (Fig. 24b-iii). These results supported that laminin-511/521 enhanced 

functional maturation of PSC-CMs. 

Figure 24. The effects of laminin-511/521 on mitochondrial function. 

(a) Representative traces for control (gelatin) and laminin-511/521 responding to 

oligomycin (ATP synthase inhibitor), FCCP (the respiratory uncoupler), and 

rotenone/antimycin A (the respiratory chain blockers). Data are shown as means ± SD 

(n = 3 from three different cardiac differentiation runs). (b) Statistical analysis of 

mitochondrial respiration, ATP-linked respiration, the difference in proton leak, and 

maximum mitochondrial respiration capacity. Dunnett's test; *P < 0.05, § P < 0.01, # P 

< 0.001, † P < 0.0001. These images are modified from data submitted to Sci Rep. 

4.4.6) Laminin-511/521 improve physiological changes of PSC-CMs 

Furthermore, I also examined physiological changes of PSC-CMs which were 

cultured on laminin-511/521 compared to gelatin. Similar to the characterizations of 

RFP- and RFP+ cells, the physiological changes were tested including calcium 
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transients and sarcomere shortening. To investigate potential effects of laminin-

511/521 on calcium kinetics, I loaded Calbryte 520-AM to PSC-CMs and stimulated 

the cells under 1 Hz electrical pulse. Representative traces are shown in Fig. 25a. The 

result demonstrated that laminin-511 led to a significant increase in peak amplitude of 

calcium transients, whereas laminin-521 showed faster time to peak and time to decay 

compared to gelatin (Fig. 25b). For sarcomere shortening, the time-lapse images for 

RFP signal were recorded as the same stimulated condition with calcium transients. 

Representative traces for sarcomere shortening are shown in Fig. 25c. The result 

showed that laminin-511/521 increased percent of sarcomere shortening compared to 

gelatin (Fig. 25d). These results indicated that laminin-511/521 improved the 

physiological properties of PSC-CMs. 

Figure 25. Physiological changes of PSC-CMs plated on laminin-511/521. 

(a) Intracellular calcium transients of PSC-CMs plated on gelatin (gray), laminin-511 

(dark blue), and laminin-521 (light blue), under electric pacing at 1 Hz. (b) Statistical 

analysis of time to peak, peak amplitude, and time to decay. Dunnett's test; *P < 0.05, 
† P < 0.0001. (c) Representative recording traces of PSC-CMs cultured on gelatin 

(gray), laminin-511 (dark blue), and laminin-521 (light blue), under electric pacing at 

1 Hz. (d) Percent of sarcomere shortening of PSC-CMs plated on different ECMs. 

Dunnett's test; *P < 0.05, § P < 0.01. These images are modified from data submitted 

to Sci Rep. 
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4.4.7) Laminin-511/521 induce cardiac gene expressions 

To determine the maturity of PSC-CMs plated on laminin-511/521, I collected 

RNA from each condition at day 24 and 38, and performed RNA sequencing. The 

maturation scores were calculated as mentioned in Method 3.5. The result showed 

that prolonged culture of PSC-CMs from day 24 up to day 38, was slightly increased 

maturation scores, especially gelatin and laminin-511 (Fig. 26, right panel). Compared 

to mouse hearts, the PSC-CMs plated on laminin-511 at day 38 had maturation score 

in between P10 to P14, whereas laminin-521 was in between P7 to P10. Moreover, 

the maturation score of PSC-CMs plated on laminin-511 at day 38 was slightly 

increased compared to gelatin. 

Figure 26. Maturation scores of PSC-CMs plated on laminin-511/521. 

After cardiac differentiation for 10 days, PSC-CMs were plated on laminin-511/521 

and gelatin (control). Cells were then cultured for more 14 and 28 days. At each time 

point, RNA was collected, and subjected to RNA-sequencing to determine the 

maturation scores (right panel).  

Next, I analyzed the transcriptome data to examine if laminin-511/521 affect 

any set of gene expressions specific to biological processes (Fig. 27a). The result 

revealed that PSC-CMs cultured on laminin-511/521 had similar level of those 

processes compared to gelatin (Fig. 27a). However, when I focused on particular 

genes related to CM maturation, PSC-CMs cultured on laminin-511/521 resulted in 

upregulations of cardiac marker (Tnnt2), cardiac muscle (Actc1), transcriptional 

regulator (Ankrd23), calcium handling (Casq2), and sarcomere genes (Mybpc2, 
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Mybpc3, Myh7, Myl2) (Fig. 27b). These results indicated that laminin-511/521 induced 

expressions of gene related to CM maturation. 

Figure 27. Summaries of biological processes and cardiac gene expressions. 

(a) Averaged gene expression of 8 selected GO terms for biological processes 

including, glucose metabolism, lipid metabolism, fatty acid β-oxidation, mitochondrion, 

cell cycle, myofibril assembly, cardiac muscle development, and T-tubule organization. 

(b) Summary of cardiac gene expressions such as sarcomere genes, transcriptional 

regulators, gene correlated cardiac functions, and cardiac marker. TPM, transcripts 

per million reads.  
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Chapter 5 
Summary and Discussion 

Heart development is a complex process with temporal and spatial gradients of 

myriad molecules. Since the critical stages of cardiac specification have been 

recapitulated through the sequential addition of cytokines, PSCs efficiently give rise to 

CMs, PSC-CMs. However, as this is the very first phase to be fully functional matured 

CMs, the PSC-CMs simply display immature phenotypes and limit their use for clinical 

translations. Previous study has shown that ECMs could enhance CM maturation48. 

However, the maturation degrees of the PSC-CMs with those ECMs remain unknown 

and no appropriate assessment method to determine the effects of ECMs to CM 

maturation. Here, I successfully developed qualitative and quantitative methods to 

assess CM maturation. For qualitative method, I generated a novel Myom2-RFP 

reporter line, using CRISPR/Cas9 system. After cardiac differentiation, RFP+ cells 

were observed and increased throughout the experimental process, which is a 

corresponding increase in the maturity of PSC-CMs. RFP+ cells were improved their 

morphology and physiology towards adult-like mature CMs. Morphologically, RFP+ 

cells had long sarcomere length, increased cell area and aspect ratio, and showed 

higher proportion of binuclear cells compared to gelatin. For physiology, RFP+ cells 

had improved calcium handling property by which they had higher peak amplitude and 

reduced time to decay. In addition to calcium transients, these cells also displayed 

contraction steadily and sarcomere shortening ~6.8%. For quantitative method, 

transcriptome data from PSC-CMs were compared to mouse heart counterparts. The 

results revealed that RFP+ cells closely resemble relatively mature CMs. These RFP+ 

cells co-expressed sarcomere genes (Myh7, Myl2, Myl3, Myoz2, and Mypn), calcium-

handling gene (Casq2), and ion transporter at sarcolemma (Kcna4). RFP+ cells also 

expressed the cardiac muscle gene (ACTC1). However, it is well known from previous 

studies, PSC-CMs are immature compared to adult CMs1,30. Using qualitative and 

quantitative methods, I identified laminin-511/521 as enhancers for CM maturation. 

During heart development, it is well known that CMs undergo structural 

changes, leading to their adult phenotypes. The growth of the embryonic heart relies 

on CM proliferation95. Postnatally, the endogenous proliferative capacity diminishes, 

and physiological hypertrophic growth becomes dominant, leading to an increase in 
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cell size (around 30- to 40-fold in both rodents and human) and binuclear cells31,44. In 

mice, the proportion of binuclear cells increases after birth to adult hearts (1.5% to 

91.5%, respectively)32. Consistently, PSC-CMs plated on laminin-511/521 were 

increased cell size, and also showed higher proportions of binuclear cells than gelatin 

(gelatin, 7.77%; laminin-511, 38.68%; laminin-521, 54.72%). Moreover, PSC-CMs 

cultured on laminin-511/521 were also increased sarcomere length (gelatin, ~1.91 μm; 

laminin-511, ~1.99 μm; laminin-521, ~1.97 μm). In agreement with this result, the 

sarcomere length of CMs is increased from fetal to adult stage (fetal CMs, ~1.6 μm; 

adult CMs, ~2.2 μm)30. In addition, Cx43 localization also considered as a hallmark for 

CM maturation. In embryonic, Cx43 diffusely expresses in the cytoplasm, whereas it 

localizes to the lateral cell-axis in neonate stage. Since the CMs reach to mature stage, 

Cx43 mostly localizes to intercalated disk11. In this study, the result showed that PSC-

CMs plated on laminin-511/521 promoted localization of Cx43 to lateral cell-axis. 

Along with transcriptome analysis, the maturation scores of the PSC-CMs plated on 

laminin-511/521 were comparable to P7 and P14 heart. Altogether, laminin-511/521 

enhanced the maturity of PSC-CMs equivalent to postnatal heart. 

Laminins consist of three chains termed α, β, and γ. The laminin proteins are 

named in accordance with their chain compositions. For instance, laminin-511 

composes of α5, β1, and γ1 chains96. Laminin E8 fragments are minimal forms of 

intact laminins, which contain C-terminal regions of the α, β, and γ chains. These 

minimal fragments contain the active integrin-binding site, which consists of laminin 

globular 1-3 domains of α subunit and the glutamate residue at C-terminal tail of the γ 

chain97, but absent other parts such as heparin/heparan sulphate-binding region98. 

Thus, the laminin E8 fragments retain the full capacity of binding to integrins similar to 

intact laminins99. Integrins are transmembrane receptors, contributing to cell-ECM 

proteins and cell-cell adhesion. Integrin-binding ECMs are able to activate several 

intracellular signaling cascades, which relate to cell survival, proliferation, motility, and 

differentiation100–103. Previous study has shown that the interactions between laminin-

511/521 E8 fragments are primarily α6β1 integrin-dependent, by which blocking of 

α6β1 integrin suppressed adhesion of cells to those laminins104. Moreover, a mutant 

laminin-511 E8 fragment lost their binding affinity to α6β1 integrin, even though a 

single amino-acid substitution97. Thus, I believe that the interactions of laminin-
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511/521 with α6β1 integrin are the important route for cell-ECM binding and enhancing 

PSC-CMs maturation. 

Although PSC-CMs displayed more mature phenotypes on laminin-511/521, 

these cells were still immature compared to adult CMs. As developing CM are exposed 

to combinatorial effects of several environmental cues such as hormones, substrate 

stiffness, and electrical stimulation, combinations of these environmental cues would 

likely lead the PSC-CMs mature like adult CMs. 
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