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Mechanical contraction is an inherent function of cardiomyocytes but much of the 

effect of contraction on multiple cellular functions and therapeutic potential remains 

unknown. Due to the complete lethality of mechanical quiescence in cardiomyocytes, 

many researchers have used antagonists to mimic and study the effect of mechanical 

inactivity in vitro. However, this poses a great barrier as the antagonists are toxic and 

transient and cannot be used for long-term studies. With the emergence of human 

induced pluripotent stem cells (hiPSCs), we are now able to circumvent this shortcoming 

by creating in vitro models to induce stable and long-term mechanical quiescence in 

human cardiomyocytes. The following dissertation reports on the effects of mechanical 



 

contraction in human cardiomyocytes on regenerative stem cell therapeutics after 

myocardial infarction (MI), proliferation, and early development cardiac biology. To 

evaluate if mechanical contraction from the cardiac grafts after MI contribute to the overall 

functional improvement, we transplanted non-contractile and contractile hiPSC-

cardiomyocytes (hiPSC-CMs) into the infarcted rat hearts. At 3 months post 

transplantation, non-contractile cardiomyocytes were equipotent with contractile 

cardiomyocytes in preventing the decline of systolic function after MI. These results 

suggest that force production by cardiac grafts is not necessary to prevent decline in 

cardiac function post MI in rodents. However, during this study, we observed significantly 

larger graft sizes from non-contractile cardiomyocytes compared to contractile 

cardiomyocytes. To understand this difference in graft sizes, we investigated the effect of 

mechanical contraction on cardiomyocytes proliferation by studying the relationship 

between cyclin B1 and p53. We found that mechanical contraction, one of the most 

demanding metabolic activities, increases p53 activity that degrades cyclin B1 due to 

increased oxidative stress from contracting sarcomeres. This results in decreased 

cardiomyocyte proliferation that inhibits cardiac regeneration upon injury. Additionally, we 

further investigated if cardiomyocytes can form sarcomeres, the fundamental contractile 

units, in the absence of contraction to understand if mechanical activity is needed for 

structural development. By investigating the effect of contraction in areas ranging from 

therapeutic mechanism to developmental biology, these findings provide new 

understanding of how contraction affects cellular mechanisms and development. 
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Chapter 1. Motivation and Specific Aims 

1.1 Research Motivation 

Mechanical contraction in cardiomyocytes plays a number of roles in stem cell 

therapeutics, cellular processes, and cardiac developmental biology. For therapeutic 

applications, contractile human stem cell-derived cardiomyocytes have been transplanted 

in vivo to regenerate the heart after a myocardial infarction to improve cardiac function. 

In the field of cardiac development, mechanical contraction has been studied in cellular 

hypertrophy, disease progression, and cardiomyocyte maturation. The goal of this work 

is to study the role of mechanical contraction in cardiac regenerative cell therapy, 

proliferation, and myofibril development using genetically engineered non-contractile 

human stem cell-derived cardiomyocytes. This will be achieved through the following 

specific aims: 

 

1.2 Specific Aims 

1.2.1 Aim 1: Investigate the Mechanical Contributions of Transplanted Stem 

Cell-Derived Cardiomyocytes After Myocardial Infarction 

Rationale: Transplanting human stem cell-derived cardiomyocytes after 

myocardial infarction (MI) has shown beneficial effects ranging from preventing further 

decline in systolic function in rodent MI models to improving cardiac function in non-

human primate MI model. However, it is unknown whether force production from the 

cardiac grafts directly contributes to the improvement in cardiac function after MI or 

whether passive mechanisms such as secretion of paracrine factors, modulation of 
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inflammatory response, or reduction in wall stiffness are the primary underlying 

mechanisms behind functional improvement. 

Hypothesis: Mechanical contraction in transplanted cardiomyocytes is necessary 

to improve global cardiac function after MI. 

Approach: Human induced pluripotent stem cells (hiPSCs) without both slow 

skeletal and cardiac troponin I will be used as a model for non-contractile cardiomyocytes. 

Non-contractile or contractile hiPSC-CMs will be transplanted into an acute MI rat model 

to directly compare the functional differences. Cardiac function will be evaluated by 

echocardiography and cardiac MRI at three months after transplantation. 

 

1.2.2 Aim 2: Define the Relationship Between Sarcomere Assembly and Mitosis 

Through Cyclin B1 

Rationale: Adult human cardiomyocytes have minimal proliferation capacity but 

can replicate DNA resulting in progressive mononuclear polyploidization by unclear 

mechanism. Adult human heart is composed of predominantly polyploid cardiomyocytes 

and studies have shown polyploidization in cardiomyocytes leads to a decrease in cell 

division activity, limiting endogenous cardiac regeneration after an injury. Cyclin B1 plays 

an important role in cell division but the mechanism behind how cardiomyocytes regulate 

cyclin b1 during polyploidization remains unknown.  

Hypothesis: Increased oxidative stress from mechanical contraction in 

cardiomyocytes leads to polyploidization and decreased cell division through the inhibition 

of cyclin B1 expression. 
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Approach: hiPSC with eGFP fused to cyclin B1 will be used to perform genome-

wide CRISPR screen to identify modifier genes of the pre-mitotic checkpoint. Cardiac 

Troponin T knock-out and slow skeletal and cardiac troponin I knock out hiPSC-CMs will 

be used as models for sarcomere-deficient cardiomyocytes to investigate the dynamics 

between sarcomere assembly and polyploidization. Wildtype and Troponin I knock out 

hiPSC-CMs will be transplanted into a rat MI model to compare the proliferation and 

engraftment. 

 

1.2.3 Aim 3: Determine the Role of Mechanical Contraction During 

Development and Myofibril Formation 

Rationale: During cardiomyocyte development, mechanical contraction plays an 

essential role including cellular hypertrophy and force generation. However, it is unknown 

how mechanical contraction impacts myofibrillogenesis and the process of sarcomere 

protein isoform switches in developing cardiomyocytes. Studies have shown inhibition of 

contraction in both hiPSC-CMs and adult rat cardiomyocytes leads to complete 

abrogation of sarcomeres, suggesting sarcomere structures cannot be maintained in the 

absence of contraction. Other studies with sarcomere proteins partially or fully knocked 

out resulting in non-contractile cardiomyocytes have shown cardiomyocytes cannot 

assemble sarcomeres upon differentiation.  

Hypothesis: Mechanical contraction is required for myofibril formation and 

sarcomere isoform changes in early-stage human cardiomyocytes. 

Approach: Genetically engineered iPSCs with a point mutation – D65A – in 

cardiac troponin C (cTnC) to prevent calcium binding will be used as a model for non-
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contractile cardiomyocytes. We will transduce contractile and non-contractile 

cardiomyocytes with adenoviruses encoding either wildtype cTnC or the mutant cTnC to 

initiate or inhibit contraction to observe the structural changes myofibrils undergo with the 

change in mechanical activity. To observe myofibril formation, we will perform 

immunocytochemistry, imaging on both confocal microscopy and structured illumination 

microscopy. Myosin heavy chain isoforms will be compared from wildtype and non-

contractile cardiomyocytes at different time points to evaluate isoform switches.   
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Chapter 2. Introduction 

2.1 Human Induced Pluripotent Stem Cell Derived-Cardiomyocytes 

to Study Development and Myofibril Formation 

The discovery of reprograming factors that allow induction of pluripotent stem 

cells from differentiated cells has quickly expanded the fields of developmental biology 

and regenerative medicine.1 With the development of robust directed differentiation 

protocols for cardiomyocytes, human induced pluripotent stem cells (hiPSCs) are a 

valuable in vitro model to study cardiac developmental biology such as maturation and 

myofibrillogenesis and loss-of-function and gain-of-function mutations in cardiac genes.2-

4 Also, they can be used to model genetic diseases by generating hiPSCs from patients 

with inherited cardiomyopathies to study disease progression and underlying molecular 

mechanism of the pathogenesis.5-8 Despite the versatility of hiPSCs as a research tool, 

due to the 2D nature of in vitro culture, hiPSC-derived cardiomyocytes (hiPSC-CMs) are 

immature and do not exhibit the morphological and functional characteristics of adult 

cardiomyocytes.9  Although this shortcoming may limit research that studies late-onset 

cardiomyopathies, the immaturity of hiPSC-CMs is an advantage when studying 

developmental biology in cardiomyocytes.10 Upon differentiation, early-stage hiPSC-CMs 

have been used to study sarcomere assembly, electrophysiological phenotypes, changes 

in gene expression, and metabolic profile.11-13 Due to the ability of studying 

cardiomyocytes from the moment they are differentiated and assembling contractile 

apparatus, hiPSC-CMs are essential in studying human cardiac development and is the 

main approach used in this work. 
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2.2 Human Induced Pluripotent Stem Cell Derived-Cardiomyocytes 

as a Cell Therapy for Heart Regeneration 

Cardiovascular disease is the leading cause of death worldwide, responsible for 

more than 17.3 million every year and will increase to an astounding 23.6 million by 

2030.14 When a myocardial infarction (MI) occurs due to an occluded coronary artery, it 

is estimated up to a billion adult cardiomyocytes die.15 After an MI, the heart undergoes 

irreversible structural remodeling to compensate for the lost myocardium through 

pathological fibrosis response, which ultimately results in heart failure. Since the heart is 

one of the least regenerative organs, it remains a challenge to remuscularize the infarcted 

heart and to rescue the cardiac function.16 Currently, treatment for MI is palliative and is 

only used to slow down the progression of heart failure. Recently, stem cell-based 

regenerative therapies have emerged as a promising therapeutic approach to tackle the 

shortcomings of current treatments. To regenerate the heart after MI, many strategies 

have been explored, including intramyocardial injection of human embryonic stem cell-

derived cardiomyocytes (hESC-CMs), attachment of engineered cardiac tissue onto the 

epicardium, gene therapy to improve cardiomyocyte contractility, direct reprogramming 

of the fibrosis, and modulation of the innate repair response after injury.17-21 Of these 

approaches, transplantation of stem cell-derived cardiomyocytes via intramyocardial 

injection has been extensively investigated and shown improvements in cardiac function 

and remuscularization of the infarct in many acute MI models ranging from rodents to 

non-human primates.17, 22-25 Other studies have also injected other cell types from cardiac 

lineage differentiation such as smooth muscle cells, cardiac progenitor cells, and 

endothelial cells after MI and reported enhanced angiogenesis and global cardiac function 
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followed by engraftment.26-28 Despite this progress, the underlying mechanism of how the 

cardiac grafts is improving the cardiac function is unclear. Although the extent of graft’s 

paracrine-mediated cardiac repair remains unknown, secretion of key regulatory 

molecules such as VEGF, HGF, TGF-β, bFGF, TNF-α and MMPs have been investigated 

and shown to improve graft/host survival, contractility, and angiogenesis.29 Others have 

exploited the mechanical contraction of the cardiomyocytes to remuscularize the fibrotic 

scar tissue to contribute to the host cardiac function. However, these functional benefits 

were also observed when cells derived from cardiac mesoderm lineage other than 

cardiomyocytes were transplanted into acute MI animal models. Thus, further studies are 

necessary to determine the contribution of mechanical contraction in transplanted 

cardiomyocytes to improve cardiac function after MI. 

 

2.3 Various Approaches to Regenerate the Heart After an MI 

To regenerate the heart after an MI, many approaches have been explored 

ranging from cardiac tissue engineering to the use of synthetic biomaterials. Cell-based 

therapies for cardiac repair deliver various cell types to the infarcted region in different 

delivery routes. The cells that have been used for MI treatment include bone marrow-

derived cells, mesenchymal stem cells (MSCs), cardiac progenitor cells (CPCs), smooth 

muscle cells, and stem cell-derived cardiomyocytes.30 Different delivery routes such as 

intramyocardial injection, cardiac patch, and cardiac micro-tissue particles have been 

used to optimize cell survival and engraftment.31 Previous study by Gerbin et al. directly 

compared the engraftment efficiency of different routes of delivery for human embryonic 

stem cell-derived cardiomyocytes by intramyocardially injecting dispersed-cells and 
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micro-tissue particles and implanting cardiac patch on to the epicardium of an infarcted 

rat heart. They reported all three delivery methods resulted in engraftment with no 

difference in graft sizes.32 Different delivery routes also have different host-graft 

integration efficiency as direct injection in to the infarct tends to promote better integration 

with the patch implantation resulting in poor integration due to the fibrotic barrier between 

the patch and the epicardium.32 

Acellular approaches, such as the Injection and delivery of paracrine factors to 

the infarcted region, also have been used to promote cardiac regeneration.33 There are 

many forms of paracrine factors that can be used as a therapeutics such as growth 

factors, mRNAs, microRNAs, and exosomes.34 These can be delivered via direct 

myocardial injection in to the infarct or systemic delivery. However, despite promising in 

vivo results, some of the paracrine factors used in clinical trials to treat heart failures, such 

as vascular endothelial growth factor A (VEGFA) and fibroblast growth factor 2 (FGF2), 

did not show therapeutic efficacy in patients.35, 36 Many suspect this discrepancy in results 

is due to the low availability of the administered paracrine factors at the site of injury. To 

circumvent this shortcoming, efforts are being made to prolong the half-life and promote 

targeted and sustained delivery of the paracrine factors.37, 38 A use of biosynthetic 

materials to create scaffolds that can encapsulate a cocktail of paracrine factors for 

sustained release at the site of infarct has been emerging as a promising new delivery 

route.39 

Also, stimulating endogenous cardiac repair through viral transduction to control 

would healing response or promote cardiomyocyte proliferation to compensate for the 

loss of myocardium has been investigated for therapeutic potentials. Mohamed et al. has 
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reported injection of adenoviruses into the peri-infarct region to overexpress cyclin-

dependent kinase 1 (CDK1), CDK4, cyclin B1, and cyclin D1 led to improved cardiac 

function and increased cardiomyocyte proliferation after MI in mice.40 As cardiac 

fibroblasts play an essential role in would reparative process after the MI, other groups 

have investigated the feasibility of controlling the fibrotic response in vivo to attenuate 

pathological cardiac remodeling.41, 42 Molkentin et al. has proposed a future clinical use 

of p38 inhibitors to reduce cardiac fibroblast differentiation into myofibroblasts after the 

injury.41 Moon et al. reported the use of Wnt-974, an inhibitor of Wnt acyltransferase 

Porcupine (Porcn), after an MI led to a reduction in fibrosis formation and collagen 

production.42 Although excess fibrotic response leads to pathological cardiac remodeling 

that results in heart failure, reparative fibrosis is essential in preventing rupture of the 

ventricular wall.43 Therefore, further understanding of wound healing response is 

necessary to modulate the fibrotic response after MI to maintain the balance between 

reparative and pathological remodeling.  

 

2.4 Cell Cycle Activity in Human Cardiomyocytes 

During fetal cardiac development, the mammalian heart grows due to the rapid 

cell division of cardiomyocytes, leading to an increase in total number of cardiomyocytes. 

However, after birth, cell division dramatically decreases and cardiomyocytes undergo 

hypertrophy.44, 45 In human hearts, this decrease in cell division results in cardiomyocytes’ 

annual self-renewal rates of 0.5 to 2% and this lack of regeneration leads to irreversible 

damage upon cell loss in cardiac diseases.46 In postnatal cardiomyocytes, one of three 

cell cycle activities occurs: (1) nuclear polyploidization, (2) multinucleation, and (3) cell 
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division.47, 48 Nuclear polyploidization occurs via endocycling, a process in which a cell 

duplicates its DNA during S phase but does not undergo nuclear division. This results in 

a tetraploid (4n) nucleus. Multinucleation in cardiomyocytes often happens due to failed 

cytokinesis, in which a cell successfully completes nuclear division but does not spilt into 

two daughter cells, resulting in binucleated cells. Lastly, under normal cell division, 

cardiomyocytes undergo nuclear division and the 2 nuclei are separated into 2 daughter 

cells during cytokinesis.49 Various methodologies have been used to study cardiomyocyte 

polyploidization and multinucleation such as flow cytometry, imaging of tissue sections, 

and fluorescent in situ hybridization (FISH).  

Human ventricles are composed of 57.5% mononucleated polyploid, 25.5% 

multinucleated, and less than 10% diploid cardiomyocytes.45 Increased polyploid and 

multinucleated cardiomyocyte populations have been suggested to limit heart 

regeneration by their reduced proliferation capacity compared to mononucleated diploid 

cardiomyocytes.50-52 Interestingly, cardiomyocyte polyploidy varies widely among 

vertebrates with endotherm mammalian and bird species’ hearts predominantly 

composed of polyploid cardiomyocytes while ectotherm species such as zebrafish and 

newt have hearts predominantly composed of diploid cardiomyocytes.53 The capacity for 

cardiac regeneration decreases with the increase in polyploid cardiomyocyte population. 

In mice, cardiac regeneration depends on the proportion of mononucleated diploid 

cardiomyocytes, suggesting they are the primary cell reservoir for potential regeneration 

in human hearts.51  

To uncover the regulatory pathway of cardiomyocyte polyploidy, studies have 

investigated metabolic cues, oxidative stress, and molecular regulators as potential 
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mechanisms for polyploidization. Fetal heart primarily uses glucose as a source of energy 

in utero. After birth, the heart switches to using fatty acid β-oxidation to generate energy.54 

This metabolic transition leads to increased levels of oxidative stress in the heart after 

birth and it has been reported that this increased oxidative stress leads to DNA damage 

and ultimately results in cell cycle arrest.40 It has also been shown that reducing aerobic 

respiration after MI to decrease the production of reactive oxygen species leads to 

decreased myocardial fibrosis and improvement of systolic function in mice.55  

Cyclin-dependent kinases (CDKs) are activated by cyclins and they regulate 

mammalian cell cycle. Overexpression of cyclin D1 to upregulate CDK4 resulted in 

increased multinucleation in mouse cardiomyocytes.56 Cyclin G1 overexpression was 

reported to increase binucleation in neonatal rat cardiomyocytes.57 Hippo-YAP signaling 

pathway regulates cellular processes such as proliferation and apoptosis and cell cycle 

regulation of cardiomyocytes.58 In adult mice, activation of YAP led to an increase in the 

mononucleated cardiomyocyte population, suggesting YAP promotes cardiomyocyte 

proliferation.59 Though studies have reported the effect of cyclin and CDK levels on 

polyploidization, the mechanism of how cardiomyocytes regulate cyclin expression levels 

remains unclear.  

 

2.5 Formation of Myofibrils 

Myofibrils in cardiomyocytes are composed of basic contractile units, 

sarcomeres, and are responsible for the generation of coordinated contraction. The 

process of myofibrilogensis contains formation of premyofibrils, nascent myofibrils, and 

mature myofibrils.60 During premyofibril formation, Z-bodies containing α-actinin form 
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along the periphery of the cell with non-muscle myosin IIB (NMMIIB) assembling between 

the Z-bodies.61 These structures are commonly known as muscle stress fibers (MSFs).62 

MSFs serve as a template for the developing myofibrils. As premyofibrils develop into 

nascent myofibrils, muscle-specific myosin isoform replaces non-muscle myosin and gets 

incorporated into the filaments.63 Titin during this period gets inserted into the Z-discs and 

helps organizing the sarcomere structure and myosin incorporation.64 As nascent 

myofibrils fuse together to form mature myofibrils, A-bands and Z-discs become highly 

organized and striations appear. As myofibrils mature, sarcomere proteins such as 

troponin I and myosin heavy chain (MHC) undergo isoform changes from fetal to adult 

isoforms. In early-stage cardiomyocytes, α-MHC is the predominant isoform and it 

switches to β-MHC isoform in adult cardiomyocytes.65 Within the troponin complex, 

troponin I establishes myofibrillar calcium sensitivity. During embryonic development, 

cardiomyocytes express slow skeletal troponin I and switch to cardiac troponin I after 

birth.66 Although mechanical contraction is the inherent function of myofibrils, further 

studies are necessary to understand the effect of contraction on myofibril formation and 

myofilament protein isoform changes. 
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Chapter 3. Investigate the Mechanical Contributions of 

Transplanted Stem Cell-Derived Cardiomyocytes After 

Myocardial Infarction 

3.1 Abstract 

Transplantation of human stem cell-derived cardiomyocytes after myocardial 

infarction (MI) has become a promising therapeutic approach to regenerate the heart after 

ischemic injury. However, the underlying mechanism of cardiomyocyte transplantation 

remains unknown as it is unclear whether mechanical contraction from the transplanted 

cardiomyocytes is necessary to improve cardiac function after MI. In order to address this 

question, we conducted a comparative in vivo study to evaluate cardiac function after 

transplanting contractile and non-contractile cardiomyocytes into the infarcted rat hearts. 

As a non-contractile cardiomyocyte model, we generated hiPSCs with both slow skeletal 

and cardiac troponin I knocked-out (denoted TNNI DKO) using CRISPR/Cas9 system. 

Upon cardiac differentiation, we confirmed TNNI DKO-cardiomyocytes (TNNI DKO-CMs) 

do not contract spontaneously or under electrical stimulation. Immunostaining of TNNI 

DKO-CMs showed severe sarcomere defects as punctate Z-bodies were seen instead of 

sarcomere striations. Also, TNNI DKO-CMs did not express troponin complex as 

confirmed by both immunostaining and western blot. To test if non-contractile 

cardiomyocytes are able to engraft in the ischemia/reperfusion injured athymic rat hearts, 

TNNI DKO-CM and wildtype cardiomyocytes (WTC-CMs) were injected into the infarcts 

three days after the injury. Both cell types showed robust engraftment after 4 weeks with 

TNNI DKO-CMs showing no sarcomere structures in the graft. To assess whether 

contractile cardiomyocytes will further improve the cardiac function after MI by 
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contributing to the overall systolic function of the rat myocardium, we transplanted WTC-

CMs, TNNI DKO-CMs, and control (vehicle-only) to directly compare the cardiac function 

with echocardiography and cardiac MRI after 3 months. At 3 months, there was no 

difference in infarct size between the three groups but TNNI DKO-CM resulted in 

significantly bigger grafts compared to WTC-CM. WTC-CMs had clear sarcomere 

structures that were well aligned but TNNI DKO-CMs had no distinguishable sarcomere 

striation. Echocardiography analysis showed control continued to decline over the course 

of 3 months after MI while both WTC-CM and TNNI DKO-CM preserved fractional 

shortening and had improved systolic function compared to control at 3 months. Cardiac 

MRI results showed similar trend of improved left ventricular ejection fraction in both 

WTC-CM and TNNI DKO-CM compared to control at 3 months. From this study, we 

demonstrate for the first time mechanically quiescent cardiomyocytes preserve cardiac 

function after MI similar to the effect seen with contractile cardiomyocytes, suggesting 

mechanical contraction in transplanted cardiomyocytes is not needed for improvement in 

cardiac function after MI in rats. 

 

3.2 Introduction 

Ischemic heart disease is the leading cause of death worldwide.67 A myocardial 

infarction (MI), commonly known as a heart attack, occurs due to an occluded coronary 

artery resulting in the death of up to a billion adult cardiomyocytes.15 After an MI, the heart 

undergoes irreversible structural remodeling to compensate for the lost myocardium, 

which ultimately results in heart failure.68 Since the heart is one of the least regenerative 

organs, it remains a challenge to remuscularize the infarcted heart to not only prevent 
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heart failure, but also to improve cardiac function after the initial injury.69 Currently, 

treatment for MI is palliative and can only delay the progression of heart failure.70 To 

tackle the shortcomings of current treatments, stem cell-based regenerative therapeutics 

has emerged as a promising approach.71  

  Transplantation of human stem cell-derived cardiomyocytes (hPSCs) after MI 

into the infarcted region has been well-investigated in various animal models for their 

regenerative therapeutic benefits of cardiac repair and improvement in cardiac function.17, 

72, 73 Various transplantation methods have been studied such as injection of dispersed 

cells in the infarcted region, attachment of tissue engineered constructs to the epicardium, 

and use of biomaterials for a wide range of effects such as improvement of graft survival, 

degradation of fibrosis, and modulation of immune response.74-77 Many groups have 

reported the formation and maintenance of cardiac grafts after the delivery of stem cell-

derived cardiomyocytes that resulted in reduction of scar formation and improvement in 

systolic function.17, 25, 78 However, these functional benefits were also observed when cells 

other than cardiomyocytes that were derived from cardiac mesoderm lineage or 

mesenchymal stem cells were transplanted into acute MI animal models.79-81 Studies with 

intramyocardial injection of smooth muscle cells (SMCs) and cardiac progenitor cells 

(CPCs) have shown improvement in fractional shortening post MI compared to control.27, 

28, 82 Similar therapeutics results between the transplantation of cardiomyocytes and other 

cell types after MI have led to a long standing question in the field regarding the underlying 

mechanism behind reparative and regenerative benefits of the transplanted cells. 

It remains unknown whether transplanted cardiomyocytes directly contribute to 

the overall force production, or whether other mechanisms such as secretion of paracrine 
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factors, modulation of immune response, and improvement in myocardium compliance 

are the predominant mechanism.83-85 There has been an increase in evidence suggesting 

the paracrine factors are mostly responsible for the cardiac regenerative effect. Numerous 

studies have demonstrated that transplanted cells contribute to tissue repair and 

regeneration by releasing essential paracrine factors such as VEGF, HGF, FGF, PDGF, 

IFG-1, SDF1α, TGF-β, and TSG-6 that promote cell survival, angiogenesis, and 

inflammatory response.29, 86-89 Gnecchi et al. has reported intramyocardial injection of 

paracrine factors secreted by mesenchymal stem cells expressing Akt1 gene led to 

myocardial protection – reduction in infarct size and apoptotic cells – after MI.90 Secreted 

paracrine factors can affect multiple different pathways such as survival, 

immunomodulation, proliferation, structural remodeling, metabolism, contraction, 

angiogenesis, and endogenous CPC activation post-MI, which have been summarized in 

Table 1.91 

 

Paracrine 
factors Survival Proliferation 

Immune 
response Remodeling Angiogenesis Contraction 

CPC 
activation 

Angiopoietin ✓    ✓   

FGF  ✓   ✓   

HGF-1   ✓  ✓   

IGF-1 ✓ ✓    ✓  

NRG1  ✓   ✓   

PDGF ✓ ✓     ✓ 

Periostin  ✓      

PGE2  ✓ ✓    ✓ 

SDF1     ✓  ✓ 

TGFβ   ✓ ✓    

VEGF    ✓ ✓ ✓  

Table 1 The effects of paracrine factors after MI. Table adapted from Hodgkinson et al.91 
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Also, recent study has suggested the underlying biologic mechanism of action is 

the acute inflammatory response that triggers the cardiac wound healing process by 

macrophages from the injection of cells post MI.  Vagnozzi et al. has shown that the 

injection of zymosan, a non-cellular activator of immune response, resulted in improved 

systolic function after MI that was sustained for 2 months in mice, similar to the results 

seen with the injection of bone marrow mononuclear cells.21 Together, these demonstrate 

various pathways stem cell regenerative therapy can improve cardiac function and that it 

is unclear if mechanical contraction from the transplanted cardiomyocytes adds an 

additional benefit to remuscularize the infarct and improve cardiac function after MI.  

In this study, we addressed this question by directly comparing the cardiac 

function after MI from transplanting contractile human induced pluripotent stem cell-

derived cardiomyocytes (hiPSC-CMs) and non-contractile hiPSC-CMs. We developed a 

human cardiomyocyte that were unable to contract by knocking out essential components 

of troponin complex – slow skeletal troponin I (ssTnI) and cardiac troponin I (cTnI) 

(denoted TNNI DKO). Upon differentiation, TNNI DKO-derived cardiomyocytes (TNNI 

DKO-CMs) did not spontaneously contract yet displayed calcium transients, confirming 

the successful inhibition of excitation-contraction coupling. We then transplanted wildtype 

cardiomyocytes (WTC-CMs) and TNNI DK-CMs into the infarcted hearts of athymic rats 

and compared their cardiac function with echocardiography and cardiac MRI at 1 month 

and 3 month post injury. We hypothesized transplantation of contractile cardiomyocytes 

would lead to a greater improvement in systolic function from the graft 

electromechanically coupling with the host myocardium to contribute to the overall force 

production. However, after MI, the non-contractile cardiomyocytes were equipotent with 
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contractile cardiomyocytes in preventing the decline of systolic function in rats. This 

suggests contraction from the transplanted cardiomyocytes does not contribute to the 

overall force production after MI and the therapeutic benefits of transplanted 

cardiomyocytes are primarily through paracrine and other non-force production 

mechanisms in rats.  

 

3.3 Materials and Methods 

3.3.1 CRISPR/Cas9 Targeting of TNNI1 and TNNI3 in WTC-11 hiPSCs (TNNI 

DKO) 

Single guide RNAs (sgRNAs) targeting TNNI1 and TNNI3 were designed using 

the online CRISPR design tool (crispr.mit.edu). The gRNA sequence for TNNI1 is 

CTTACACTTCCGGCA, and gRNA sequence for TNNI3 is 

TGAGTCTCAGCATGGCGGAT; sgRNAs were ligated into vector PX459v2 (Cas9-2A-

Puro). First, 300,000 WTC-11 hiPSCs (Gladstone Institute of Cardiovascular Disease, 

UCSF) were transfected with 1μg plasmid using GeneJuice (EMD Millipore) during 

replating with PX459v2 having the TNNI1 gRNA, and selected with 0.5μg/mL puromycin 

(ThermoFisher) for 2 days beginning the day after transfection. After selection, cells were 

replated to grow as single-cell colonies. Genomic DNA was isolated from the cell colonies. 

Colonies were screened by amplifying the region around the targeted sgRNA site from 

100-300ng genomic DNA using GoTaq Flexi DNA polymerase (Promega) following 

manufacturer’s guidelines. Following visualization by electrophoresis on a 0.8% agarose 

gel stained with ethidium bromide, PCR products were sequenced (Eurofins genetics). 

After genotyping, the second run of similar procedure was performed to knock out TNNI3. 

http://crispr.mit.edu/
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For the cell line generated, colonies with homozygous mutations causing 

premature stop codons were also screened for mutations in the exon regions of the top 

10 genes predicted to be most susceptible to off-target effects. Mutant cell lines were 

cryopreserved and karyotyped (Diagnostic Cytogenetics Inc, Seattle, WA, Figure S19).  

 

3.3.2 HiPSC-Derived Cardiomyocyte Culture and Differentiation 

The WTC-11 and TNNI DKO hiPSC lines were maintained in mTeSR1 

(STEMCELL Technologies) on Matrigel-coated tissue culture plates (Corning).92 Media 

was changed daily and cells were passaged as single cells with Versene (ThermoFisher). 

Directed cardiomyocyte differentiation was induced via Wnt/β-catenin signaling with 

modifications from a published method.3, 4, 93 In summary, 1.5 x 105 cells were seeded 

per well of a Matrigel-coated 12-well plate in mTeSR and 10 µM ROCK inhibitor Y-27632 

(Tocris) for 24 hours, denoted day -2. Media was changed to 1 µM CHIR-99021 (Cayman) 

in mTeSR on day -1. On day 0, differentiation was induced after a PBS (Gibco) wash with 

5 µM CHIR-99021 in RPMI (Gibco) supplemented with 500 µg mL-1 bovine serum albumin 

(BSA; Sigma) and 213 µg mL-1 ascorbic acid (Sigma), denoted RBA media. On day 2, 

cells were washed with PBS and treated with 2 µM Wnt-C59 (Selleck) in RBA media. On 

day 4, media was changed to RBA only without small molecules. On day 6, media was 

changed to RPMI with 1X B27 supplement (Thermo Fisher), with further media changes 

every other day until cells were collected (Figure 1).  
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Figure 1 Outline of cardiac differentiation protocol and the timeline for hiPSC-CMs used in 

experiments.  

 

3.3.3 Flow Cytometry to Quantify Cardiac Purity 

Flow cytometry analysis was performed using a BD FACSCanto and data were 

acquired with the BD FACSDIVA software. Cells were washed with PBS, treated with 

0.05% Trypsin-EDTA (Gibco) for 5 minutes at 37°C, and collected in RPMI. Cells were 

spun down and fixed in 4% paraformaldehyde for 15 minutes at room temperature. Cells 

were spun down and resuspended in 5% FBS in PBS. To determine the cardiac purity, 

fixed cells were incubated for 1 hour in room temperature with mouse cardiac Troponin T 

(cTnT) antibody (ThermoFisher MA5-12960, 1:100) or mouse α-actinin antibody (Abcam 

9465, 1:100) or mouse immunoglobulin G1 isotype control (eBioscience 14-4714, 1:100) 

in PBS + 5% FBS + 0.75% saponin (Sigma). After primary antibody incubation, cells were 

spun down and washed with PBS + 5% FBS + 0.75% saponin. Cells were then incubated 

for 45 minutes in room temperature with goat anti-mouse PE secondary (Jackson 115-

116-072, 1:200) or goat anti-mouse 488 secondary (Invitrogen A11001, 1:200) 

resuspended in PBS + 5% FBS + 0.75% saponin. Analysis was performed using FloJo 

version 10 software. 
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3.3.4 Multielectrode Array (MEA) to Assess Electrophysiological Function of 

Cardiomyocytes 

48-well MEA plates (Axion Biosystems; 16 electrodes per well) were coated with 

20 µg mL-1 laminin (BioLamina) in 37°C for 2 hours, as previously described.94 Day 14-

16 post differentiation cardiomyocytes were plated onto the electrodes at the density of 

25,000 cells/well and 50,000 cells/well in total of 6 µL volume. Cells were incubated in 

37°C for 2 hours. To prevent cells from drying out, 300 μL media was added to each well 

and further media changes occurred every other day until data were collected. On the 

day of the data acquisition, 1.8 mM Ca2+ Tyrdoe’s buffer was added to each well 5 minutes 

before the recording. Data were acquired using the Maestro MEA system (Axion 

Biosystems) and the standard recording settings for spontaneous cardiac field potentials 

were used (Axis software, version 2.1).  

 

3.3.5 Cryopreservation and Cell Preparation for Transplantation 

Cardiomyocytes used in the in vivo study were cryopreserved on day 20-22 of 

differentiation and thawed immediately prior to cell injection, following our previously 

described protocol17, 32. One day prior to cryopreservation, cells were heat-shocked for 

30 minutes at 42°C. Cells were treated with 10 µM ROCK inhibitor Y-27632 for 1 hour 

and were dispersed by incubation with 0.25% trypsin in EDTA. Cells were spun down, 

resuspended in CryoStor (Sigma) at 10 x 106 cells/mL, and frozen in cryovials. To thaw 

cryopreserved cells, cryovials were thawed briefly at 37°C followed by addition of RPMI 

+ B27 + 200 U/mL DNAse. Cells were washed and resuspended in an RPMI-based pro-

survival cocktail containing 50% (vol/vol) growth factor-reduced Matrigel, 100 µM ZVAD 
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(benzyloxycarbonyl-Val-Ala-Asp(O-methyl)-fluoro-methyl ketone, Millipore), 50 nM Bcl-

XL BH4 (cell-permeant TAT peptide, Millipore), 200 nM cyclosporine A (Novartis), 100 

ng/mL IGF-1 (Peprotech), and 50 µM pinacidil (Sigma).   

 

3.3.6 Ischemia/Reperfusion Injury and Cell Transplantation 

All animal procedures were conducted in accordance with the US NIH Policy on 

Humane Care and Use of Laboratory Animals and the UW Institutional Animal Care and 

Use Committee (IACUC). There were two experimental groups (WTC-11 and TNNI DKO) 

and one control group (sham) for this study. Fourteen rats were enrolled per experimental 

group and twelve rats were enrolled in the sham group. The protocol for 

ischemia/reperfusion surgery has been previously published17, 32, 78. Briefly, male athymic 

Sprague-Dawley rats (Harlan/Envigo) were anesthetized with intraperitoneal injection of 

68.2 mg kg-1 ketamine and 4.4 mg kg-1 xylazine, and were intubated and mechanically 

ventilated. To maintain body temperature of 37°C, the animals were placed on a heating 

pad with a rectal probe. A thoracotomy was performed and the left anterior descending 

coronary artery (LAD) was ligated for 60 minutes, reperfused, and the chest was 

aseptically closed. Animals received subcutaneous injections of 5 mg kg-1 Cyclosporine 

A for seven consecutive days starting the day before cell transplantation. Animals 

underwent second thoracotomy 4 days after ischemia/reperfusion injury under 5% 

isoflurane supplemented with oxygen. Animals were randomly assigned to one of the 

three groups. Each animal in the treatment group received 10 x 106 cells resuspended in 

100 μL pro-survival cocktail. Cell suspension was injected into three different areas within 

the infarct – one into the center of the infarct and two in the lateral infarct border zone. 
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Sham control animals received intramyocardial injection of 100 μL pro-survival cocktail 

only. To assess proliferation in the grafts, all animals received intraperitoneal injection of 

50 mg kg-1 BrdU (Sigma) on days 1, 7, 30, 60, and 90 post cell transplantation. 

 

3.3.7 Echocardiography 

The cardiac function of all animals was evaluated with echocardiography at one 

day before cell transplantation (denoted Baseline), 28 days after cell transplantation, and 

84 days after cell transplantation. Briefly, animals were lightly anesthetized with 1-2.5% 

isoflurane (Novaplus) and scanned by transthoracic echocardiography (GE Vivid 7) using 

10 S pediatric probe. The parameters acquired included fractional shortening (%), left 

ventricular end diastolic dimension (LVEDd), and left ventricular end systolic dimension 

(LVESd).  

 

3.3.8 Magnetic Resonance Imaging (MRI) 

Three months after cell transplantation, the cardiac function of rats was also 

evaluated by high-resolution MRI as described previously.17 In summary, rats were lightly 

anesthetized with 1.2.5% isoflurane delivered through a nose cone and placed in a 1H 

transmit-receive volume coil. ECG was recorded with needle electrodes attached to the 

animals’ limbs. MRI acquisitions were triggered with ECG. Multislice short-axis images 

were collected to analyze left ventricle volumes at end systole and end diastole.  
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3.3.9 Histology and Immunohistochemistry 

Histological stains and subsequent analysis were conducted as described 

previously17, 23, 32. Briefly, hearts were perfused with PBS and 150 mM KCl solution after 

harvesting, fixed overnight in 4% paraformaldehyde, sliced into 1-2 mm thick sections, 

processed, sectioned, and stained with appropriate primary and secondary antibodies. 

To visualize grafts, sections were deparaffinized, incubated overnight with mouse MYH7 

antibody (Developmental Studies Hybridoma Bank A4.951, supernatant) followed by a 

one-hour incubation with biotin-SP goat anti-mouse antibody (Jackson ImmunoResearch 

115-065-003, 1:500) and developed with diaminobenzadene (DAB, Vector Labs) for 

brightfield images. To visualize sarcomere structures within cardiac grafts, sections were 

deparaffinized, boiled in Tris-EDTA buffer pH 9.0 for antigen retrieval, incubated overnight 

with mouse MYH7 and rabbit α-actinin antibody (Abcam ab68167; 1:100 dilution). The 

next day, sections were incubated at one hour at room temperature with Alexa Fluor 488 

goat anti-mouse (Invitrogen A11011; 1:100 dilution) and Alexa Fluor 594 goat anti rabbit 

(Invitrogen A11037; 1:100 dilution) and imaged with Nikon A1R Confocal.  

 

3.3.10 Statistical Measurements 

All histological measurements were performed using ImageJ and statistical 

analysis were done in either Excel or Prism Grahpad. Stained slides were scanned using 

a Hamamatsu Nanozoomer whole slide scanner and the images were exported from NDP 

software. Infarct size was quantified using picrosirius red staining and normalized to left 

ventricular area. Graft size was quantified using MYH7 DAB stained slides and 

normalized to both infarct area and left ventricular area. Data were presented as mean ± 
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standard error of the mean (SEM). Statistical analysis was conducted with Student’s t test 

and ANOVA. 

 

3.4 Results 

3.4.1 Cardiomyocytes Without Slow Skeletal Troponin I and Cardiac Troponin I 

(TNNI DKO-CM) Do Not Contract and Have Disrupted Sarcomeres 

Upon cardiac differentiation, we confirmed TNNI DKO-CMs do not contract 

spontaneously or under electrical pacing, demonstrating the absence of slow skeletal and 

cardiac Troponin I successfully inhibit excitation-contraction coupling. To determine if 

cardiomyocytes without slow skeletal and cardiac troponin I can form sarcomeres, we 

stained for α-actinin, β-myosin heavy chain (βMHC), and cardiac troponin T. In TNNI 

DKO-CMs, we found no clear sarcomeres and instead saw punctate α-actinin expression 

with no discernible structure (Figure 2A). Also, we did not see distinct thin filament 

striations from cTnT staining and the overall cTnT expression profile was punctate and 

sparse (Figure 2B). This punctate cTnT expression became a problem when we 

performed flow cytometry on TNNI DKO-CMs to determine the cardiac purity upon 

differentiation. When stained with cTnT, TNNI DKO-CMs did not distinguish between 

isotype control and cTnT+ populations. However, when we stained TNNI DKO-CMs with 

α-actinin, we were able to get distinct isotype control and α-actinin+ populations (Figure 

2C). α-actinin staining to quantify cardiac purity was confirmed with wildtype 

cardiomyocytes, WTC-CM, as both α-actinin and cTnT staining produced similar cardiac 

purities (Figure 2D). We hypothesized from the punctate cTnT expression that TNNI 

DKO-CMs may not have troponin complexes due to the absence of troponin I.  
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To investigate this hypothesis, we isolated myofibrils from TNNI DKO-CMs and 

performed western blots to specifically look at the myofibrillar troponins. The results 

showed TNNI DKO-CMs do not have myofibrillar cardiac troponin C (cTnC), indicating 

the knock-out of troponin I is disrupting the formation of troponin complex (Figure 2E).  

To understand how the absence of myofibrillar cTnC impacts the calcium 

handling and electrophysiological properties of TNNI DKO-CMs, we performed Fura-2 

calcium transient measurements on IonOptix and multielectrode array (MEA), 

respectively. Both wildtype and TNNI DKO-CMs were paced in Tyrode buffer with three 

different Ca2+ concentrations (0.6, 1.8, and 2.5 mM Ca2+) to evaluate the effect of various 

extracellular calcium concentration on these hiPSC-CMs as immature cardiomyocytes 

depend more heavily on extracellular calcium handling. Interestingly, TNNI DKO-CMs 

displayed higher peak amplitude compared to wildtype, while times to 50% and 90% 

decay were shortened (Figure S20). We suspect higher peak amplitude is due to the 

absence of myofibrillar cTnC, a major cardiomyocyte cytosolic calcium buffer. These 

results demonstrate TNNI DKO-CMs have calcium transients despite the mechanical 

quiescence but have altered calcium transients. 

Analysis of MEA showed TNNI DKO-CMs have faster beat period (Figure 2F). 

Also, we found that the field potential duration (FPD), which is the in vitro analog of the 

QT interval, is longer in TNNI DKO-CMs (Figure 1G). FPD is measured from the initial 

Na+ spike to the maxima of the K+ repolarization wave and has been shown to correlate 

with action potential duration measurements in in vitro patch-clamp studies.95 Conduction 

velocity was slower in TNNI DKO-CMs compared to WTC-CMs (Figure 2H). Conduction 

velocity is measured by calculating the time it takes for the depolarizing wave to reach 
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neighboring electrodes in a given distance away. Previous study has shown hiPSC-CMs 

have conduction velocity of 10-20 cm s-1 compared to 50 cm s-1 in human left ventricles.96 

 

 
Figure 2 Characterization of TNNI DKO-CM  

Representative confocal images of 30-day-old WTC-CM and TNNI DKO-CM stained for (A) α-actinin 

(green), β-myosin heavy chain (βMHC; red), and DAPI (blue). TNNI DKO-CMs are unable to form striated 

sarcomere structures. Scale bar = 10 µm. (B) cardiac troponin T (cTnT; red) and DAPI (blue). cTnT 

expression in TNNI DKO-CMs is disrupted and punctate. Scale bar = 10 µm. Representative cTnT and α-

actinin flow cytometry results of 14-day-old (C) TNNI DKO-CMs show cTnT cannot be used to quantify 

cardiac purity upon differentiation but α-actinin can and (D) both cTnT and α-actinin staining yield similar 

cardiac purities in 14-day-old WTC-CMs. (E) Representative myofibrillar immunoblots probed with 

antibodies to cardiac troponin C (cTnC), cardiac troponin I (cTnI), and slow skeletal troponin I (ssTnI). TNNI 

DKO-CMs do not have myofibrillar cTnC, ssTnI, and cTnI. Figure courtesy of Dr. Yuanhua Cheng. 

Electrophysiological assessment of 35-day-old TNNI DKO-CMs was measured with multielectrode array 

and the results showed (F) TNNI DKO-CMs have faster beat period, (G) longer field potential duration, and 

(H) slower conduction velocity in comparison to control. Data are n = 6 wells per condition and mean±SEM; 

significance assessed by Student’s t-test.p ≤ 0.05 (*) and p ≤ 0.0001 (****).  
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3.4.2 Contractile and Non-Contractile hiPSC-CMs are Differentiated to Generate 

High Purity Cardiomyocytes 

Differentiation protocols described above produced high purity cardiomyocytes 

for both WTC hiPSCs and TNNI DKO hiPSCs. Robust and spontaneous beating was 

observed around day 8-10 post differentiation for WTC hiPSCs. Flow cytometry analysis 

for cardiac troponin T (cTnT) expression was used to quantify cardiomyocyte purity for 

WTC-CMs. The average purities of WTC-CMs used for the pilot in vivo study was 92.3% 

cTnT+ and 90.4% cTnT+ for the 3 month study. The average purities of TNNI DKO-CMs 

used for the pilot in vivo study was 42.2% α-actinin+ and 95.4% α-actinin+ for the 3 month 

study. (The big difference in purities was due to optimization of differentiation protocol 

with concentration of CHIR99021 and plating density)  

 

3.4.3 Both Contractile and Non-Contractile hiPSC-CMs Engraft in Infarcted Rat 

Myocardium by 1 Month Post MI 

To assess the ability of non-contractile cardiomyocytes (TNNI DKO-CMs) to 

engraft in the injured rat heart, we conducted a pilot in vivo study and performed 

histological staining at 4 week after cell transplantation (Figure 3A). Three athymic nude 

rats were enrolled into each treatment group. Histological analysis for βMHC was used to 

detect cardiac engraftment of human cardiomyocytes and it showed both WTC-CM and 

TNNI DKO-CM engrafted in the rat myocardium (Figure 3B). WTC-CM graft showed 

striated sarcomeres with circumferential expression of connexin-43 (Cx43). TNNI DKO-

CM graft showed similar Cx43 expression pattern but showed no sarcomere striations 

(Figure 3C). Circumferential expression of Cx43 in both grafts was expected as Cx43 is 
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circumferentially expressed in immature hiPSC-CMs while it is polarized and localized at 

the intercalated disks in mature cardiomyocytes.97, 98 However, we expected to see more 

organization in sarcomere proteins in transplanted TNNI DKO-CMs than filamentous 

organizations observed in vitro, as previous studies have shown in vivo transplantation 

accelerates cardiomyocyte maturation, resulting in better striation in sarcomeres.99 We 

hypothesize there is even more lack of sarcomere structure present in the TNNI DKO-CM 

graft compared to in vitro due to the mechanical activity in the surrounding rat myocardium 

that causes disruption in the internal filamentous structures. There was no difference in 

graft size and apoptotic cells between WTC-CM and TNNI DKO-CM grafts (Figure 3 D-

E), suggesting there is little to no difference in the engraftment capability between the 

contractile and non-contractile cardiomyocytes. 
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Figure 3 Non-contractile cardiomyocytes engraft in infarcted rat myocardium.  

(A) Overview of experimental timeline for the pilot in vivo study to assess the engraftment of TNNI DKO-

CMs in I/R injured rat hearts. (B) Representative immunohistochemistry images of human cardiac 

engraftment indicated by β-MHC (brown) in rat myocardium. (C) Representative immunofluorescence 

images of the engraftment stained for (left) α-actinin (red) and βMHC (green) show sarcomere striations in 

WTC-CM but no defined sarcomere structures in TNNI DKO and (right) connexin-43 (Cx43; red) and βMHC 

(green) show circular expressions of the gap junctions. Quantification shows there is no difference in (D) 

graft sizes and (E) apoptotic cell identified with TUNEL+ nuclei between WTC and TNNI DKO at 1 month 

post MI. 
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3.4.4 Graft Size is Bigger in Non-Contractile Cardiomyocytes than Contractile 

Cardiomyocytes at a Longer Transplantation Time Point 

To investigate if mechanical contraction is needed to improve cardiac function 

after MI, athymic nude rats underwent ischemia/reperfusion injury to induce MI and 

received contractile cardiomyocytes (WTC-CM) or non-contractile cardiomyocytes (TNNI 

DKO-CM) or vehicle only (no cells) four days later. To compare the functional outcome 

from the three groups, we performed echocardiography one day before cell injection to 

establish the baseline and one month and three months after cell transplantation as well 

as cardiac magnetic resonance imaging (MRI) at three months post cell transplantation 

(Figure 4A). As observed previously, sarcomere structures were strikingly different 

between WTC-CM and TNNI DKO-CM at 3 months. WTC-CM showed sarcomere 

striations with better structural organization at 3 months than 4 weeks. However, TNNI 

DKO-CM still had no sarcomere structures at 3 months, consistent with the observations 

at 4 weeks (Figure 4B). Infarct size identified by picrosirius red staining was similar 

between the three groups at 3 months after either cell or vehicle injection with 26.1% 

infarct size for sham and 22.8% and 23.31% infarct sizes for WTC-CM and TNNI DKO-

CM, respectively. (Figure 4C). However, graft sizes were significantly bigger in rats that 

received TNNI DKO-CM compared to those that received WTC-CM when compared 

against the size of both left ventricle and infarct (Figure 4D-E). This was an interesting 

finding, which the molecular mechanism underlying this difference will be explained 

further in Chapter 4. 



 32 

 
Figure 4 Non-contractile cardiomyocytes result in bigger engraftment at 3 months.  

(A) Experimental timeline to evaluate cardiac function between rats that received contractile (WTC-CM) 

and non-contractile (TNNI DKO-CM) cardiomyocytes. (B) Representative immunofluorescence images of 

the engraftment stained for α-actinin (green) and βMHC (red) show WTC-CM forms striated sarcomeres 

but TNNI DKO-CMs do not form sarcomeres. (C) Infarct size shows no difference at 3 months between 

groups, normalized to LV area. Graft sizes normalized to (D) LV area and (E) infarct area both show bigger 

grafts in rats that received non-contractile cardiomyocytes. Data are mean±SEM. Significance assessed by 

one-way ANOVA for the infarct size and Student’s t-test.for graft sizes. p ≤ 0.05 (*), p ≤ 0.01 (**), and p ≤ 

0.001 (***). 
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3.4.5 Force Production from the Engrafted Cardiomyocytes is Not Necessary to 

Improve Cardiac Function After MI in Rodent Model 

To assess the functional effects of contractile and non-contractile cardiac grafts 

on global heart function after MI, echocardiography was performed at 4 weeks and 3 

months post transplantation as well as cardiac magnetic resonance imaging at 3 months. 

Three months after vehicle injection, left ventricular systolic function, measured by 

fractional shortening, was significantly declined in control hearts, decreasing from 

33.8±2.0% to 26.7±2.0%. However, there was no statistical difference in fractional 

shortening between baseline and 3 months for both cell-treatment groups (33.5±1.8% to 

33.2±2.0% for WTC-CM and 32.3±1.7% to 34.6±2.3% for TNNI DKO-CM) (Figure 5A). 

Although there was no improvement in cardiac function compared to baseline within each 

cell treatment group at 3 months post transplantation, rats that received cell injection had 

greater fractional shortening at 3 months when compared to control (p=0.040 for sham 

versus WTC-CM and p=0.009 for sham versus TNNI DKO-CM at 3 months). Therefore, 

both contractile and non-contractile cardiomyocyte grafts were able to prevent further 

decline in systolic function after MI over the course of 3 months (Figure 5B). Assessment 

of the left ventricular ejection fraction (LVEF) by cardiac MRI at 3 months also showed a 

similar positive trend in LVEF in both contractile and non-contractile cardiomyocyte 

treatment groups compared to control (Figure 5C). Ejection fraction was 41.9±3.3% for 

sham and 50.3±3.0% and 50.1±%3.3 for WTC-CM and TNNI DKO-CM, respectively 

(Figure 5D). Taken together, these data suggest mechanical contraction in transplanted 

cardiomyocytes is not needed to improve global cardiac function after MI in rats. 
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Figure 5 Both non-contractile and contractile cardiomyocytes grafts prevent further decline 

in global cardiac function after MI.  

(A,B) Echocardiographic results (n = 12 infarcted rats receiving pro-survival cocktail only (sham), n = 14 

infarcted rats receiving contractile cardiomyocytes (WTC-CM), and n=14 infarcted rats receiving non-

contractile cardiomyocytes (TNNI DKO-CM)) of fractional shortening. Fractional shortening is reported at 

72 hours post infarct (Baseline) and 4 weeks and 3 months post cell transplantation. Over the course of 3 

months, sham group exhibited a worsened fractional shortening compared with their paired, baseline value 

at 72 hour post infarct (##, p ≤ 0.01). At 3 months, fractional shortening was significantly greater in the 

hearts that received contractile or non-contractile cardiomyocytes compared with those that received 

vehicle only. (C) Representative short-axis MR images show hearts that received vehicle only (sham), 

contractile cardiomyocytes (WTC), or non-contractile cardiomyocytes (TNNI DKO). (D) Quantitative MRI 

evaluation of left-ventricular ejection fraction for infarcted rats receiving pro-survival cocktail only (n = 10), 

WTC-CM (n = 8), and TNNI DKO-CM (n = 9). Transplantation of both non-contractile and contractile hiPSC-

CMs showed a trend of higher ejection fraction at 3 months, although it does not show statistical 

significance. Data are mean±SEM. Significance assessed by ANOVA and Student’s t-test. p ≤ 0.05 (*), p ≤ 

0.01 (**), p ≤ 0.001 (***), p ≤ 0.05 (#) when compared with Baseline, and p ≤ 0.01 (##) when compared with 

Baseline. 
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3.5 Discussion 

This study was designed to investigate the mechanical contribution from the 

transplanted cardiomyocytes in the overall cardiac function improvement after MI in rats. 

Previous studies have demonstrated the cardiac regenerative potentials of transplanting 

human stem cell-derived cardiomyocytes in MI animal models. It has been shown that 

transplanted cardiomyocytes remuscularize the infarcted regions by engrafting in the host 

myocardium.17, 32 Formation of human myocardium has led to improvements in cardiac 

function in multiple acute MI models from rats to non-human primates.17, 23, 24 However, it 

remains unclear if force production from the engrafted cardiomyocytes contributes to the 

overall systolic function and ultimate rescue of cardiac function. To address this gap in 

knowledge, we conducted a comparative in vivo study to evaluate the cardiac function 

after transplantation of contractile cardiomyocytes and non-contractile cardiomyocytes in 

acute MI rat model. If the transplantation of contractile cardiomyocytes leads to improved 

cardiac function while cardiac function continues to decline in non-contractile 

cardiomyocytes treatment group, this suggests mechanical contraction in cardiac grafts 

is a crucial component in the improvement of host cardiac function. However, if we 

observe no difference in cardiac function between the two cell treatment groups, this 

suggests mechanical contraction in the cardiac graft is not necessary to improve cardiac 

function. 

To model non-contractile cardiomyocytes, we generated a hiPSC line without 

slow skeletal and cardiac troponin I (TNNI DKO). Upon differentiation, we confirmed 

mechanical quiescence in TNNI DKO-CMs and immunostaining showed TNNI DKO-CMs 

do not form sarcomeres with no troponin complex. Despite the absence of mechanical 
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activity and sarcomere formation, TNNI DKO-CMs had calcium transients with higher 

peak amplitudes and faster calcium reuptake mostly due to the absence of myofibrillar 

cTnC.  

Initial in vivo engraftment study demonstrated that mechanical contraction in 

transplanted cardiomyocytes does not affect engraftment as both contractile and non-

contractile cardiomyocytes resulted in robust cardiac grafts at 1 month post MI. Mature 

sarcomere structures were seen in wildtype grafts, indicating enhanced maturation 

process upon in vivo transplantation.99 However, TNNI DKO grafts did not have defined 

sarcomere structures, consistent with in vitro findings. For the functional study, contractile 

and non-contractile cardiomyocytes were injected into I/R injured rat hearts and cardiac 

function was assessed at 1 month and 3 months post transplantation with 

echocardiography and cardiac MRI. Both contractile and non-contractile hiPSC-CMs 

groups preserved cardiac function after MI as control continued to decline in function. 

Furthermore, both cell treatment groups showed improved systolic function compared to 

control at 3 months after cell injection. From these results, we conclude that mechanical 

contraction in the cardiac graft does contribute to the improvement of the host cardiac 

function after MI in rats. 

However, it is important to note that the species mismatch between the grafted 

cells and the host seems to have an impact on the magnitude of the improvement seen 

in cardiac function after cell injection. In rat MI models, injection of human cardiomyocytes 

leads to prevention of further decline in cardiac function and, at best, slight functional 

improvement.17, 100 However, when human cardiomyocytes are injected after MI in to the 

closest available animal model to humans, non-human primates, significant improvement 
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in cardiac function is reported, restoring function to similar levels pre-MI.24 This may be 

suggesting the differences in electrical properties between rodent and human could 

prevent electromechanical coupling from contributing to the additional improvement in 

cardiac function.101, 102 Also, the mismatch of endogenous beating frequencies between 

rodent and human could add another barrier to a successful long term graft-host 

integration.103 It is possible that the secreted paracrine factors, subsequent tissue 

remodeling, modulation of innate immunity, and increase in myocardium mass from 

cardiomyocyte transplantation are needed to prevent further decline in cardiac function 

while the addition of mechanical contraction is necessary to restore cardiac function to 

healthy levels. To investigate this, future studies should address this limitation of species 

mismatch by conducting a comparative in vivo study by injecting contractile and non-

contractile rat iPSC-CMs into rat MI models or human iPSC-CMs into non-human primate. 

For the first time, we have directly compared functional benefits of transplanting 

contractile and non-contractile hiPSC-CMs in rats after MI to uncover underlying 

mechanism for the improvement in cardiac function. In order to optimize the best 

therapeutic approach to repair the heart after MI, it will be important to directly compare 

cardiac function after transplantation of non-contractile cardiomyocytes, non-

cardiomyocytes from cardiac lineage, and an immune response activator to understand 

which method leads to the best regenerative outcome. 
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Chapter 4. Define the Relationship Between Sarcomere 

Assembly and Mitosis Through Cyclin B1 

This chapter has been published in Cell Reports: 

Anthony M. Pettinato*, Dasom Yoo*, et al. “Sarcomere Function Activates a p53-

dependent DNA damage response that promotes polyploidization and limits in vivo cell 

engraftment” Cell Reports, 2021, * equal contribution.104 

This work is a collaboration between Dasom Yoo, Dr. Xiulan Yang, Dr. Michael 

Regnier, and Dr. Charles Murry at the University of Washington and Dr. Travis Hinson’s 

group at The Jackson Laboratory and UConn Health. Of the following described 

experiments, iPSC-CM preparation, flow cytometry analysis for ploidy and CCNB1+ CMs, 

protein lysate preparation for western blot, in vivo engraftment study, histology, and 

quantification of histological analysis were completed by Dasom Yoo. The methods for in 

vivo study reported herein were described previously in Chapter 3. All other experiments 

were performed by the Hinson group. 

 

4.1 Abstract 

The adult cardiomyocyte has minimal regenerative capacity but can replicate 

DNA resulting in progressive mononuclear polyploidization by unclear mechanisms. We 

collaborated with Dr. Travis Hinson at The Jackson Laboratory and UConn Health to 

discover an unexpected signaling role contracting sarcomeres has in the regulation of 

cyclin B1 levels through p53 activation. A human cardiomyocyte model was developed to 

study polyploidization by fusing GFP to endogenous cyclin B1 (CCNB1) in pluripotent 
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stem cells with CRISPR technology. Then using an iPSC-based CRISPR genome-wide 

screen, we discovered p53 as an activator for cardiomyocyte polyploidization. Through 

single cell transcriptomics and epigenetic analyses, we discovered the contracting 

sarcomeres are the activator of p53 signaling, which results in cardiomyocyte 

polyploidization. To confirm the relationship between the sarcomeres and cardiomyocyte 

polyploidization experimentally, we used two independent iPSC models that cannot 

assemble sarcomeres – TNNT2 knock-out (cTnT-KO) and slow skeletal and cardiac 

troponin I knock-out (TnI DKO). Due to the absence of troponin T and Troponin I, cTnT 

KO-CMs and TnI DKO-CMs did not contract. Upon differentiation into cardiomyocytes, 

both cTnT KO-CMs and TnI DKO-CMs exhibited decreased polyploidization and 

expressed lower p21 levels, a direct p53-target, compared to WT-CMs.105 Also, TnI DKO-

CMs showed higher expression of CCNB1 at both Days 14 and 30 relative to WT-CMs. 

To test if disruption in sarcomere assembly in WT-CMs would lead to a decrease in p21, 

we treated WT-CMs with verapamil and saw decreased p21 and increased CCNB1 

expressions. Also, WT-CMs transduced with lentivirus to overexpress CCNB1 showed 

decreased polyploid population, confirming polyploidy can be reduced with either 

sarcomere disruption or overexpression of CCNB1. We then tested whether oxidative 

phosphorylation could be a causal link between sarcomere assembly and p53 activation. 

Flow cytometry analysis and seahorse assay of cTnT KO-CMs showed reduction in 

superoxide production and oxygen consumption rates, respectively. Next, we wanted to 

assess if these phenotypes of sarcomere-deficient cardiomyocytes could be exploited to 

improve cardiac engraftment upon in vivo transplantation after MI. To test this, rats 

underwent ischemia/reperfusion surgery to induce MI, followed by cell injection (WT or 
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TnI DKO-CMs) and periodic bromodeoxyuridine (BrdU) injections to evaluate graft 

proliferation rate. At three months post transplantation, TnI DKO-CMs showed 

significantly larger engraftment compared to WT-CMs. BrdU quantification revealed TnI 

DKO-CMs are more proliferative than WT-CMs even at 3 months post transplantation, 

which may explain the enhanced graft size. Thus, we demonstrate an unexpected 

signaling role for the sarcomere assembly in the regulation of CCNB1 levels through p53 

activation. 

 

4.2 Introduction 

The adult human heart is characterized by insufficient regenerative capacities 

due to low rates of existing cardiomyocyte renewal and the lack of cardiomyocyte 

progenitor pool.46, 106 The cardiac regeneration is known to be inversely correlated with 

cardiomyocyte polyploidization rates. In zebrafish, it has been shown that cardiac 

regeneration is completely suppressed by induction of polyploidization, identifying 

cardiomyocyte polyploidization as a barrier to heart regeneration.107 Polyploidization has 

also been demonstrated to regulate mammalian cardiac regeneration in mouse model.51 

However, it is still not fully understood how mammalian cardiomyocyte polyploidization is 

regulated, and discovering the mechanism could provide new insights into cardiac 

regeneration. Before the second decade of human life, the majority of cardiomyocytes 

become mononuclear polyploid. Although both the total number of cardiomyocytes and 

number of nuclei per cardiomyocyte do not significantly change during this process, the 

average DNA content per cardiomyocyte increases 1.7 fold.45 This transition of 

mononuclear polyploidy suggests that the human cardiomyocyte primarily lacks the 
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capacity to undergo mitosis. Due to the lack of model for human cardiomyocyte 

polyploidization and scarcity of human heart samples, there is a gap in our understanding 

about the molecular mechanisms underlying human cardiomyocyte polyploidization. To 

address this issue, we engineered a cellular model to study human cardiomyocyte 

polyploidization using induced pluripotent stem cell (iPSC) and CCNB1 as a reporter on 

Gap 2/mitosis (G2/M) cell cycle status. Using a CRISPR screen, we demonstrate that p53 

is a regulator of polyploidy through CCNB1 inhibition. We then identified a list of 

polyploidy-associated enhancers and enrichment motifs. Cardiomyocytes activate p53 

through a DNA damage response regulated by sarcomere assembly that ultimately 

results in cardiomyocyte endocycling. Finally, we demonstrate that polyploidization can 

be suppressed by sarcomere disassembly or CCNB1 overexpression. 

  

4.3 Materials and Methods 

4.3.1 IPSC-Cardiomyocyte Preparation 

Following the directed differentiation described previously, cells underwent 

metabolic selection on day 13 with glucose-free DMEM (Gibco) supplemented with 4 mM 

lactate (Sigma) for 48 hours. Following lactate treatment, cells were trypsinized and 

replated onto fibronectin-coated tissue culture plates (Fisher) in RPMI + B27 supplement 

+ 10 µM ROCK inhibitor Y-27632 + 5% FBS (BioWest).  
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4.3.2 Flow Cytometry Analysis 

Flow cytometry analysis was performed using a BD FACSCanto and data were 

acquired with the BD FACSDIVA software. Cells were fixed and prepared following the 

protocol described previously. For ploidy and CCNB1 expression analysis, fixed cells 

were incubated for 1 hour in room temperature with mouse cyclin B1 antibody 

(ThermoFisher MA5-14319, 1:100) or mouse immunoglobulin G1 isotype control in PBS 

+ 5% FBS + 0.75% saponin. After a spin down and wash, cells were incubated for 45 

minutes in room temperature with goat anti-mouse 488 secondary and 10 µM Hoechst 

33342 (ThermoFisher) in PBS + 5% FBS + 0.75% saponin. Analysis was performed using 

FloJo version 10 software. 

 

4.3.3 Western Blotting 

To obtain protein lysates, cells were washed once with PBS and then lysed in 

RIPA buffer (Cell Signaling) containing protease inhibitor cocktail (Roche), 1 mM PMSF, 

and phosphatase inhibitor (Pierce). Lysates were centrifuged to remove cell debris, 

quantified, and normalized via Pierce BCA (Thermo) and then reduced and denatured in 

sample buffer (Thermo). Protein lysates were separated on 4-20% Mini-PROTEAN TGX 

precast gels (Bio-Rad), transferred onto PVDF membranes (Bio-Rad), washed once in 

TBS-T (50 mM Tris-Cl, 150 mM NaCl, 0.1% TWEEN-20), blocked for 1 hour in TBS-T 

with 5% BSA (Fisher), and then probed overnight with primary antibody in TBS-T with 

BSA. The following day, blots were washed three times in TBS-T for 15 minutes, probed 

for 1 hour at room temperature with HRP-linked secondary antibody (Cell Signaling), and 

then washed three times in TBS-T for 15 minutes. Signal detection was performed using 
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ECL substrate (Thermo) and a Bio-Rad ChemiDoc MP imaging system. Blot images were 

digitally processed and analyzed in ImageJ. The primary antibodies used were: 1:500 

mouse anti-cardiac troponin T (Invitrogen), 1:1000 rabbit anti-p53 (Cell Signaling), 1:1000 

rabbit anti-p21 (Cell Signaling), 1:1000 rabbit anti-phospho-Histone H2A.X (Cell 

Signaling), 1:1000 rabbit anti-phospho-cyclin B1 (Cell Signaling), and 1:1000 rabbit anti-

GAPDH (Cell Signaling). 

 

4.3.4 In vitro Cardiomyocyte Proliferation Experiments 

HiPSC-CMs were replated onto fibronectin-coated glass cover slides as 

described above. The following day, hiPSC-CMs were treated with 10 µM EdU (Click-iT 

Plus EdU 488 imaging kit; Thermo C10637) in RPMI + B27 supplement for 4 hours. After 

EdU treatment, cells were washed with PBS and fixed in 4% paraformaldehyde. Fixed 

cells were incubated with mouse α-actinin (1:100) in PBS + 5% FBS + 0.75% saponin for 

1 hour in room temperature. Then the cells were incubated with goat anti-mouse 594 

(ThermoFisher A11005, 1:200) and Alexa Fluor 488 (provided in the Click-iT Plus EdU 

kit). 

 

4.3.5 Immunohistochemical Analysis 

To quantify cell proliferation in the grafts, sections were incubated overnight with 

MYH7 antibody followed by a one hour incubation with rabbit anti-mouse 488 

(ThermoFisher, 1:100). Subsequently, sections were incubated overnight with either 

peroxidase-conjugated anti-BrdU primary antibody (Roche, 1:40) followed by AF647 
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tyramide (ThermoFisher) to amplify BrdU and 10 µM Hoechst 33342 or Alexa Fluor 647 

Mouse anti-Ki67 antibody (BD Biosciences 558615, 1:20) overnight in the dark. 

Cardiomyocyte proliferation was quantified by counting BrdU+ and βMHC+ double-stained 

cells or Ki67+ and βMHC+ from images captured on a Nikon A1R confocal microscope.  

Apoptotic cells were identified with Click-iT Plus Terminal deoxynucleotidyl 

transferase dUTP nick end labeling (TUNEL) Assay with Alexa Fluor 594 dye 

(ThermoFisher C10618) using the manufacturer’s protocol. Briefly, paraffin-embedded 

tissues sections were deparaffinized initially in xylene followed rehydration in serial 

dilutions of EtOH. Slides were then fixed in 4% paraformaldehyde for 15 minutes at 37°C, 

washed twice in PBS, and permeabilized with Proteinase K at room temperature for 15 

minutes. After permeabilization, slides were fixed in 4% paraformaldehyde for 5 minutes 

at 37°C. Positive control slides were treated with DNAse I and incubated at room 

temperature for 30 minutes. Terminal deoxynucleotidyl transferase reaction and Click-iT 

Plus reaction were performed using the components in the kit. Slides were then incubated 

with 10 µM of 1X Hoechst 33342 for 30 minutes in the dark. To identify grafts, serial 

sections were deparaffinized and incubated with mouse MYH7 antibody (Developmental 

Studies Hybridoma Bank A4.951, supernatant) and rabbit α-actinin (Abcam ab68167, 

1:100) overnight, followed by a one hour incubation with goat anti-rabbit 568 (Invitrogen 

A11011, 1:100) and goat anti-mouse 488 (Invitroge A11001, 1:100) and 30 minutes 

incubation with 10 µM of 1X Hoechst 33342 in the dark. Apoptotic cells were quantified 

by counting TUNEL+ nuclei in the βMHC+ positive graft regions from images captured on 

a high-resolution widefield microscope. 
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4.3.6 Statistical Analysis 

All histological measurements were performed using ImageJ and statistical 

analysis were done in either Excel or Prism GraphPad. Data were presented as mean ± 

standard error of the mean (SEM). Statistical comparisons were conducted via Student’s 

t-test or one-way ANOVA.  

 

4.4 Results 

4.4.1 Sarcomere Function Inhibits CCNB1 Through p53 Activation 

We used an iPSC line with the endogenous CCNB1 fused to GFP to study 

polyploidization in human cardiomyocytes (Appendix B. Figure S21). Upon iPSC-based 

CRISPR genome-wide screening of polyploid (4n CCNB1+ for G2/M and 4n CCNB1- for 

arrested cell cycle) and diploid (2n) CMs, we discovered p53 as an activator for 

cardiomyocyte polyploidization by inhibiting CCNB1 expression (Appendix B. Figure 

S22). Through single cell transcriptomics and epigenetic analyses performed by the 

Hinson group, we discovered sarcomere assembly to be the p53 activator by identifying 

sarcomere transcripts like TNNT2 and MYH6 preceded the expression of p53 

downstream targets such as CDKN1A and GADD45A. To study the role of sarcomere 

function in CM replication and polyploidization, we engineered sarcomere assembly-

deficient CM models based on knowledge that the troponin (Tn) complex is necessary for 

sarcomere assembly and contractile function.108, 109 We used CRISPR/Cas9 to generate 

iPSC lines containing either a homozygous frameshift in TNNT2 (denoted cTnT-KO) and 

one harboring frameshift mutations in both TNNI1 and TNNI3 (encoding skeletal and 
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cardiac troponin I, respectively; denoted TnI-DKO). The engineered CMs showed the 

expected absence of their respective troponin isoforms (Figure 6E-G), and neither KO 

line visibly contracted, in contrast to wildtype (WT) CMs that spontaneously contract. 

Correspondingly, α-actinin immunofluorescence revealed that both KO lines had impaired 

sarcomere formation, lacking the well-formed Z-disks that result from myofibril bundling 

(Figure 6A). In support of our hypothesis, we observed decreased polyploidization in 

sarcomere-deficient CMs compared to controls (Figure 6B-C), increased CCNB1+ CMs 

at two different post differentiation time points (Figure 6D), and increased positivity of 

EdU, Ki67, Aurora, and p-H3, indicating higher proliferation in sarcomere-deficient CMs 

(Figure S23). We next tested whether CCNB1 overexpression could prevent the high 

polyploidization and low CCNB1 observed in sarcomere-containing CMs. We transduced 

lentivirus encoding CCNB1 fused to a nuclear localization signal (NLS-CCNB1), as we 

found that nuclear CCNB1 promoted mitosis, to provide overexpression co-incident with 

sarcomere assembly in WT CMs, which reduced CM polyploidization and increased the 

proportion of CCNB1+ CMs. Taken together, these results demonstrate that myofibrils 

promote polyploidization, and this can be antagonized by enhancing CCNB1 levels. 

With multiple datasets implicating a link between the sarcomere and p53 

activation in promoting polyploidization and CCNB1 inhibition, we analyzed WT, cTnT-

KO, and TnI-DKO lysates for relevant protein marks. We confirmed increased p-CCNB1 

and decreased p21 in both Tn-KO models (Figure 6E-H), similar to our p53 genetic KD 

studies. Unlike p53 KD, however, total p53 levels were not consistently different in Tn-KO 

CMs relative to WT. Additionally, treatment with verapamil, an L-type calcium channel 

blocker that inhibits sarcomere function, also demonstrated a similar molecular phenotype 
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including increased p-CCNB1, decreased p21, and no change in total p53 protein levels 

(Figure 6I-J).110, 111 As total p53 levels may not reflect p53 activity and p21 can be 

activated by other factors, we additionally studied WT and cTnT-KO CMs by p53 ChIP-

qPCR targeting known p53-enriched response elements on CDKN1A.112-114 Relative to 

WT, we found decreased enrichment of p53 at polyploidy-associated CDKN1A response 

elements in cTnT-KO CMs (Figure 6K), suggesting that inhibiting sarcomere assembly 

decreases p53 activity through a post-translational mechanism.  

 Direct molecular connections between sarcomere function and p53 activation have 

not been well established in human cardiomyocytes. We hypothesized that sarcomere 

function could regulate p53 through a DNA damage response, as sarcomere gene 

expression was related to activation of oxidative stress pathways by pseudotime, and 

polyploid CMs exhibited increased oxidative signaling pathway activation. To test this, we 

measured levels of both phospho-H2AX, an epigenetic marker of DNA damage, and 8-

oxo-2'-deoxyguanosine (8-OHdG), a DNA-level marker highly-specific for oxidative 

damage.115, 116 Both markers exhibited decreased levels in the absence of sarcomere 

assembly (Figure 6L-N). To assess potential sources of sarcomere-dependent oxidative 

damage, we quantified mitochondrial mass and superoxide production by flow cytometry 

analysis of MitoTracker- and MitoSOX-stained CMs, respectively (Figure 6O). We 

observed reductions in both parameters in the absence of sarcomere assembly, as well 

as reductions in oxygen consumption rates (Figure 6P-Q). To test whether inhibition of 

oxidative stress could rescue the reduced proportion of CCNB1+ CMs observed in 

sarcomere-containing CMs, we treated WT CMs with the antioxidant N-acetylcysteine 
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(NAC). NAC increased the proportion of CCNB1+ CMs and reduced polyploidization 

(Figure S24A).  

To identify potential molecular linkages between sarcomere function and 

oxidative metabolism, we hypothesized that sarcomere function-dependent changes in 

ATP hydrolysis could be sensed by AMP-activated protein kinase (AMPK), which is an 

activator of oxidative metabolism.117 To test this, we measured the levels of AMPK 

phosphorylation (p-AMPK) in cTnT-KO relative to WT CMs. We observed that cTnT-KO 

relative to WT CMs exhibited reduced p-AMPK levels (Figure 6R-S), which was similarly 

observed after acute inhibition of sarcomere function using verapamil (Figure 6T-U). 

While AMPK can also be activated by calcium, we found no differences in calcium 

transients between cTnT-KO relative to WT CMs (Figure S6D), and verapamil treatment 

had no effect on p-AMPK levels in cTnT-KO cells despite inhibition of calcium transients 

(Figure S24B-D).117 Taken together, these functional studies illuminate how the 

sarcomere promotes polyploidization through metabolic reprogramming in association 

with AMPK activation, oxidative stress, and ultimately p53 activation. 
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Figure 6 Cellular and molecular consequences of sarcomere assembly.  

(A) Representative confocal images of wildtype (WT) control and cardiac troponin T knockout (cTnT-KO) 

CMs stained for α-actinin (green; sarcomere Z-disk) and DAPI (blue; nuclei). KO of troponin, either cTnT-

KO or double KO of skeletal and cardiac troponin I (TnI-DKO), leads to lack of striated sarcomere Z-disks. 

Scale bar = 10 μm. (B) Flow cytometry of Hoechst-stained CMs demonstrates decreased polyploidy in 

cTnT-KO and (C) TnI-DKO CMs relative to WT. (D) Flow cytometry of CCNB1-stained WT and TnI-DKO 

CMs demonstrates increased relative CCNB1 expression in TnI-DKO CMs, which reduces with age. (E) 

Representative immunoblots with (F) quantification of protein lysates from WT and cTnT-KO CMs probed 

for cTnT, p53, p21, phospho-CCNB1, and GAPDH. (G) Representative immunoblots with (H) quantification 

of protein lysates from WT and TnI-DKO CMs probed for TnI (cardiac and skeletal), p53, p21, p-CCNB1, 

and GAPDH. (I) Representative immunoblots with (J) quantification of protein lysates from Day 20 WT CMs 

treated with verapamil from Day 9 and probed for p53, p21, p-CCNB1, and GAPDH. (K) Anti-p53 ChIP-
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qPCR of WT and cTnT-KO CMs targeting previously-reported p53-bound ChIP-seq peaks directly upstream 

of CDKN1A 114, which demonstrates decreased p53 binding of CDKN1A in cTnT-KO CMs at three separate 

genomic sites (see Figure 3D). (L) Representative immunoblots probed for phospho-H2AX and GAPDH 

with (M) quantification demonstrates sarcomere assembly activates a DNA damage response in WT CMs. 

(N) Quantification of genomic DNA lysates from WT and cTnT-KO CMs probed via ELISA for 8-OHdG, a 

marker of oxidative DNA damage. (O) Flow cytometry quantification of MitoTracker and MitoSOX dyes in 

WT and cTnT-KO CMs demonstrates reduced mitochondrial content and ROS in cTnT-KO CMs. (P) 

Seahorse Mito Stress oxygen consumption rates (OCR) with (Q) quantification shows a decrease in 

respiration across all parameters in cTnT-KO CMs compared to WT, demonstrating that sarcomere 

assembly promotes oxidative metabolism. (R) Representative immunoblots with (S) quantification of protein 

lysates from WT and cTnT-KO CMs probed for p-AMPK, AMPK, and GAPDH. (T) Representative 

immunoblots with (U) quantification of protein lysates from WT CMs treated with verapamil for 1 hr and 

probed for p-AMPK, AMPK, and GAPDH. Data are n≥3 and mean±SEM; significance assessed by t-test 

and defined by P > 0.05 (ns), P ≤ 0.05 (*), P ≤ 0.01 (**), and P ≤ 0.001 (***). 

 

4.4.2 Inhibiting Sarcomere Function Enhances CM Engraftment and 

Proliferation in a MI Model 

As sarcomere function decreased CM replication and increased polyploidization, 

we hypothesized that inhibiting sarcomere formation could improve CM engraftment in a 

myocardial infarction (MI) rat model, since improving engraftment rates has been a long-

standing obstacle for cell therapy strategies.118, 119 To test this, rats underwent 

ischemia/reperfusion (I/R) surgery to induce acute MI, followed by injection of 1x107 

human CMs (WT or TnI-DKO) four days later (Figure 7A), as we have previously 

described.120, 121 Bromodeoxyuridine (BrdU) was injected periodically to measure DNA 

synthesis, and rats were sacrificed 3 months post-transplantation for histological analysis. 

Sections of the left ventricle (LV) were immunohistochemically stained for β-myosin heavy 

chain (β-MHC), the predominant isoform expressed in human CMs, which was used to 

visualize the human-derived graft (Figure 7). WT CMs produced a mean graft size of 0.11 
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± 0.05% of the LV, while TnI-DKO CMs produced a size of 0.46 ± 0.10%, more than four-

fold larger (Figure 7C; P=0.0041), demonstrating improved in vivo cardiac engraftment 

when transplanting TnI-DKO CMs. Additionally, immunofluorescence was performed on 

LV sections to assess proliferation of human CMs following in vivo engraftment using 

cumulative BrdU incorporation and active Ki67 expression as markers. Sections were 

labeled for β-MHC (human CMs), Hoechst (nuclei), and either BrdU (Figure 7D) or Ki67 

(Figure 7F). BrdU staining demonstrated that WT CMs were 0.40 ± 0.22% BrdU+, while 

TnI-DKO CMs were 1.52 ± 0.30% BrdU+ (Figure 7E; P=0.012), and Ki67 staining 

demonstrated that WT CMs were 0.14 ± 0.08% Ki67+, whereas TnI-DKO CMs were 0.50 

± 0.10% Ki67+ (Figure 7G; P=0.021). To also assess the contribution of cellular apoptosis 

to the engraftment phenotypes, we performed terminal deoxynucleotidyl transferase 

dUTP nick end labeling (TUNEL) assays at 3 months post-engraftment, in which we 

observed no difference in apoptosis between WT and TnI-DKO CMs (Figure 8). We 

conclude that mechanical contraction from sarcomeres impairs CM engraftment and 

remuscularization after cell therapy, in part, through reduced replicative capacity. 
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Figure 7 Sarcomere-deficient CMs enhance in vivo cardiac engraftment.  

(A) Overview of experimental workflow used to study in vivo cardiac engraftment of human CMs using a rat 

model of myocardial infarction (MI). Four days prior to cell injection (Day -4), the 1st thoracotomy was 

performed to induce acute MI through ischemia/reperfusion (I/R) ligation of the left anterior descending 

(LAD) artery. One day prior to cell injection (Day -1), cyclosporine was injected and continued for seven 

consecutive days. The following day (Day 0), a 2nd thoracotomy was performed and WT or TnI-DKO CMs 

were injected. At Days 1, 7, 30, 60, and 90, BrdU was injected, and rats were sacrificed 3 months post-cell 

transplantation. (B) Representative immunohistochemistry images (scale bar = 250 um) and (C) 

quantification of 3,3'-diaminobenzidine (DAB) stained human β-myosin heavy chain (β-MHC) to asses 

human CM graft size in rat left ventricle (LV) sections, which demonstrated improved graft size when using 

TnI-DKO CMs relative to WT. (D) Representative immunofluorescence images (scale bar = 25 um) and (E) 

quantification of rat LV sections probed for β-MHC (green; stains human CMs), Hoechst (blue; stains 

nuclei), and BrdU (magenta; cumulative proliferation), which demonstrates increased %BrdU+ human CMs 

when using TnI-DKO CMs for engraftment relative to WT, suggesting enhanced proliferation capacity of 

these cells. (F) Representative immunofluorescence images (scale bar = 50 um) and (G) quantification of 

Ki67 (magenta; active proliferation) nuclei.  Data are n≥3 and mean±SEM; significance assessed by 

Student’s t-test and defined by p ≤ 0.05 (*) and p ≤ 0.01 (**). 

 

 

 

Figure 8 Apoptotic staining of human CMs following in vivo engraftment.  

(A) Representative immunofluorescence images of 3 month post transplantation human CM grafts and (B) 

quantification of rat LV sections probed for terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL; magenta) to quantify the apoptotic status of human WT and TnI-DKO CMs 3 months post-

engraftment. β-MHC (green; human CMs) and Hoechst (blue; nuclei) were used to stain the adjacent 

section to identify the human CM graft region. Scale bar = 25 μm. Data are n≥3 and mean±SEM; 

significance assessed by t-test and defined by P > 0.05 (ns). 
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4.5 Discussion 

The principal finding of this study is that human cardiomyocyte polyploidy and 

cell cycle arrest are driven by downregulation of cyclin B1 by the tumor suppressor p53. 

We provide evidence that p53 is activated through a DNA damage response that is 

promoted by reactive oxygen species, which appear to result from mitochondrial 

metabolism that is enhanced by sarcomere contraction, the principal ATP-consuming 

process of the cardiomyocyte. We show that this pathway can be exploited to enhance 

cardiac engraftment following cell transplantation in a rat model of myocardial infarction. 

MIs are common events secondary to acute coronary artery blockages that result 

in large-scale cardiomyocyte death and progressive heart failure due to inadequate 

mechanical function.122 Low adult cardiomyocyte replication rates exacerbate this 

condition as yearly turnover rates have been estimated to be <1%.45 Human 

cardiomyocytes remain diploid during the first year of life, but age-dependent 

polyploidization and replicative arrest occur over the first two decades of life by 

incompletely understood mechanisms.45 New knowledge of how to control endogenous 

human cardiomyocyte replication or to implant exogenous human cardiomyocytes as cell 

therapy could be transformative for these patients. To date, the majority of cardiomyocyte 

replication studies have focused on non-human model systems, but have revealed that 

low ambient oxygen, low-pressure circulation, glycolytic metabolism, and absence of 

polyploidy enhance cardiac regenerative capacity.123 The knowledge of the conservation 

of these replicative levers to human cardiomyocytes has lagged in part due to the lack of 

human model systems and the relative inaccessibility of viable human heart samples.  
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In this study, we utilized iPSC-derived cardiomyocytes modified to track CCNB1 

as a model system to study mechanisms of human cardiomyocyte replication and 

polyploidization. Resembling in vivo cardiomyocytes, we observe that iPSC-derived 

cardiomyocytes undergo a time-dependent, progressive replicative arrest and 

polyploidization. The ~25% polyploidy that we observe at differentiation day 40 in this 

study is similar to what has been documented in ~8-year-old human hearts.45 Using time-

lapse imaging of cardiomyocytes labeled with cTnT-mCherry and CCNB1-eGFP, we 

found that ~75% of CCNB1+ cardiomyocytes endocycle and become mononuclear 

polyploid in association with CCNB1 levels that are likely insufficient to reach the 

threshold required for nuclear entry and execution of mitosis, as recently described for 

other cell types in mouse embryos.124 This pattern of polyploidization is distinct from 

rodent cardiomyocytes, which are mostly multinuclear polyploid, and further illustrates the 

unique replicative characteristics of human cardiomyocytes and the rationale for the 

establishment of a human cardiomyocyte model system. 

 We also uncovered molecular signatures and pathways associated with 

polyploidization using chromatin state analysis and scRNA-seq. We found that while 

~96% of regulatory sequences were similarly activated between diploid and polyploid 

cardiomyocytes, polyploid samples exhibited increased activation of elements 

overlapping specific transcription factors including those involved in myofibrillogenesis 

such as MEF2 family members and oxidative stress such as NRF2 and TP53; polyploid 

cells also showed reduced levels of early developmental factors like brachyury. In addition 

to providing transcriptional signatures and pathways associated with replication and 

polyploidization, scRNA-seq analyzed by pseudotime analysis uncovered potentially 
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causal relationships between the function of the sarcomere in cell cycle regulation. While 

previous studies have implicated the sarcomere’s role in promoting oxidative metabolism 

and cell cycle arrest, our study utilized sarcomere-poor cardiomyocytes to directly link the 

sarcomere to metabolic reprogramming and polyploidization in human 

cardiomyocytes.125, 126 

During time-lapse imaging studies, while we confirmed that sarcomere 

disassembly is a universal feature of cardiomyocytes undergoing mitosis, as has been 

observed in other studies, we observe that human sarcomere-containing cardiomyocytes 

fail to initiate the earliest stages of mitosis, as CCNB1 is degraded prior to nuclear entry 

and chromatin condensation does not occur.127 Moreover, we find that CCNB1 

overexpression is sufficient to both reduce polyploidization and increase the proportion of 

G2/M cardiomyocytes, in accord with replication studies using non-human 

cardiomyocytes, though ploidy was not specifically addressed.40, 128 The reduction in 

polyploidization that we observed indicates that the presence of sarcomere-containing 

myofibrils is not a total block to cytokinesis in our model, in contrast to what has been 

proposed in rodent models that have high rates of multinuclear polyploidy. 129 Our study 

demonstrates that sarcomere-dependent CCNB1 inhibition appears to occur through 

transcriptional repression by p53 signaling, which, in turn, is activated by a DNA damage 

response as a consequence of increased oxidative metabolism. This is consistent with 

the previous finding that activation of p53 indirectly attenuates the CCNB1 promoter and 

induces G2/M arrest in other cell types through a p21-dependent mechanism, as well as 

other studies that have implicated p53 activity in regulating mouse cardiomyocyte cell 

cycling and polyploidy in mouse hepatocytes.130-133 While we could find no changes in 
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histone methylation or acetylation at the CCNB1 promoter in polyploid cardiomyocytes 

relative to diploid cardiomyocytes, our data support a model whereby p53 activation 

results in progressive, and ultimately irreversible inhibition of human cardiomyocyte 

mitosis through CCNB1 inhibition. 

To understand the functional relevance of sarcomere-dependent polyploidization 

and replicative arrest, we studied cardiomyocytes that were rendered non-contractile and 

sarcomere-poor by KO of both isoforms of troponin I in an in vivo cell therapy model of 

acute MI. We found that impaired sarcomere function enhanced cardiomyocyte 

engraftment in the heart by 4-fold and enhanced proliferation by >3-fold three months 

post transplantation. While we observed no change in apoptosis between WT and TnI-

DKO engrafted CMs, we cannot exclude that differential survival may occur at earlier 

timepoints nor that other factors additionally contribute to the enhanced engraftment rate 

of TnI-DKO CMs. As delivery of in vitro differentiated cardiomyocytes to the injured heart 

is an alternative to coaxing endogenous cardiomyocyte regeneration, our study 

demonstrates that improved replicative capacity and reduced polyploidization can 

enhance engraftment, though future studies will need to assess the functional outcomes 

of the enhanced graft size produced by TnI-DKO cardiomyocytes.23 Additionally, inhibition 

of sarcomere assembly did not completely abolish polyploidization nor the age-dependent 

reduction in CCNB1, indicating that other mechanisms contributing to cardiomyocyte 

polyploidization need to be investigated, potentially such that polyploidization can be 

minimized whilst maintaining sarcomere function through the discovery of additional 

levers that coax cardiomyocyte replication. In summary, our study provides a 

comprehensive assessment of human cardiomyocyte replication, refines new sarcomere 
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crosstalk with cell cycle regulation through engagement with p53 signaling, and provides 

a list of therapeutic targets that could be exploited to coax endogenous cardiomyocyte 

replication or enhance cardiac cell therapy for cardiac regenerative medicine applications. 
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Chapter 5. Determine the Role of Mechanical Contraction 

During Development and Myofibril Formation 

5.1 Abstract 

To understand the role of mechanical contraction during myofibril development 

and organization in human cardiomyocytes, we generated a non-contractile hiPSC-CM 

model with a D65A point mutation in cardiac troponin C – cTnC D65A. The D65A mutation 

prevents calcium from binding to cTnC, therefore, preventing cardiomyocytes from 

contracting. Based on complete sarcomere disassembly seen upon inhibition of 

contraction, we hypothesized that mechanical contraction is required to form myofibrils 

and for sarcomere proteins to undergo isoform switches. Once differentiated, cTnC D65A-

CMs were transduced with adenoviral vectors expressing wildtype cTnC to initiate 

contraction to observe the effects of mechanical activity on quiescent myofibrils. To 

observe the opposite effects of mechanical inactivity on active myofibril structure, wild 

type CMs (WTC-CMs) were transduced with adenoviral vectors expressing cTnC D65A. 

Immunofluorescent staining showed cTnC D65A-CMs are able to form and maintain 

myofibrils with all sarcomere proteins present, including troponin subunits. However, upon 

closer view of myofibril structures with high resolution structured illumination microscopy, 

we found cTnC D65A-CM myofibrils were not as well aligned compared to WTC-CM 

myofibrils. Also, cTnC D65A-CMs were able to undergo myosin isoform switch from fetal 

to adult, although the switch was delayed compared to WTC-CM, suggesting isoform 

switch can happen regardless of mechanical activity. Despite the mechanical quiescence, 

we found cTnC D65A-CMs still had calcium transients with delayed calcium release and 

uptake. Inhibition of contraction resulted in complete myofibrillar disarray with the 



 60 

emergence of muscle stress fibers in the cellular periphery. Replacement of nonfunctional 

cTnC with functional cTnC led to noticeable myofibrillar structural organization and 

assembly even before spontaneous contraction was observed. Upon spontaneous 

contraction, virally transduced cTnC D65A-CM had improved myofibrillar alignment, 

directionality, and bundling and elongated cellular morphology. To elucidate the potential 

mechanism for myofibril formation in the absence of mechanical contraction, cTnC D65A-

CMs were cultured on nanopatterns to see whether improved cell-matrix adhesion could 

lead to better myofibril formation. cTnC D65A-CMs were able to follow the topographical 

cues and elongate in the direction of the pattern and form comparable myofibrils to 

wildtype. Future studies will investigate the potential mechanisms of how cardiomyocytes 

are able to form myofibrils in the absence of mechanical activity by comparing global 

protein expressions between contractile and non-contractile cardiomyocytes with mass 

spectrometry. 

 

5.2 Introduction 

Mechanical contraction is indispensable for both cardiac development and 

function. During human fetal cardiac development, the first heart beat is initiated around 

gestation day 22 from the primitive heart tube, the primitive structure of the embryonic 

heart.134 After the initiation of contraction, the fetal heart undergoes complicated 

mechanical and molecular transitions in utero.135 Previous studies from our group with 

developing human fetal cardiac muscle from gestational age 59-134 days showed 

increase in force production, kinetics of activation and relaxation, and relative proportion 

of adult to fetal protein isoforms (troponin I and myosin heavy chain) relative to the age 
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of the fetal cardiac myofibrils. Also, electron microscopy of the left ventricle sections from 

fetal hearts at 52, 108, and 127 days of gestation showed poor z-disc alignment and low 

myofibrillar density at 52 days that significantly improved at a more mature state at 127 

days.136 However, due to the difficulty of separating mechanical activity from 

cardiomyocytes, it still remains unknown whether early developing cardiomyocytes before 

gestation day 22 have myofibrils and can undergo protein isoform switch from fetal to 

adult in the absence of contraction. 

To understand the impact of mechanical quiescence in cardiomyocytes, studies 

were performed both in vitro and in vivo to observe myofibril structures after inhibiting 

contraction. Transgenic mouse with homozygous knockout of cardiac troponin T was 

generated but it resulted in a complete embryonic lethality.108 cTnT-/--CMs never 

contracted and showed severe sarcomere disassembly, with punctate α-actinin 

expression, similar to the expression seen in TNNI DKO-CMs.104 Similar findings were 

reported in zebrafish with silent heart (sih) mutations that has a loss of cTnT and where 

sih mutant cardiomyocytes showed no contraction and defective sarcomere assembly.137 

In cell culture studies, inhibition of contraction in both hiPSC-CMs and adult rat 

cardiomyocytes with blebbistatin (myosin inhibitor) and verapamil (antagonists of L-type 

Ca2+ channels) led to complete abrogation of sarcomeres.104, 110, 138-140 Although in vitro 

studies show myofibril disarray upon mechanical quiescence, we cannot conclude 

sarcomeres are unable to form without contraction since these studies were performed 

by inhibiting mechanical activity after a period of mechanical contraction. Therefore, it is 

still unknown if early stage cardiomyocytes can form myofibrils in the absence of 

mechanical contraction.  
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This also raises the question of whether sarcomere protein isoform switches from 

fetal to adult can occur without the mechanical stimulus. During mammalian cardiac 

development, slow skeletal troponin I (ssTnI) is the predominant isoform of troponin I in 

the embryonic heart and it switches over to cardiac troponin I (cTnI) upon birth.109, 141-143 

Also, α-myosin heavy chain (αMHC) is expressed in the ventricles, with the ventricular 

expression decreasing and β-myosin heavy chain (βMHC) expression increasing as 

development progresses.144-146 Studies with human embryonic stem cell-derived 

cardiomyocytes (hESC-CMs) under external cyclical stretch showed more mature 

phenotype with increased β-myosin heavy chain expression compared to control.147, 148 

However, it is unclear whether this isoform switch can occur during mechanical 

quiescence, or whether mechanical contraction is needed to initiate the protein turnover. 

In this work, we used a new hiPSC line to investigate the effect of mechanical 

contraction on myofibril structures and cardiac protein isoform switch. We furthermore 

used an adenoviral transduction to initiate and inhibit contraction in hiPSC-CMs to 

observe the changes in myofibrils and calcium transients. Although the previous cell line 

we have used – slow skeletal and cardiac troponin I knock-out (TNNI DKO) – does not 

contract, due to its inability to assemble sarcomeres and form troponin complexes, we 

needed a different non-contractile cardiomyocyte model for this study as the absence of 

troponin complex would impact myofibril formation and development. Previous work from 

our group has shown a point mutation of D65A in calcium binding Site II of cardiac 

troponin C (cTnC D65A) eliminates calcium binding and contractions in adult cardiac 

muscle.149 By creating a genetically engineered hiPSC line with cTnC D65A mutation as 

a new model for non-contractile cardiomyocytes, we are able to use a cell line with 
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minimal genetic perturbation to minimize the effects of the mutation on the expression of 

sarcomere proteins. Our study is an important step towards understanding how the 

mechanical quiescence in cardiomyocytes affects myofibril assembly and cardiac 

maturation. 

 

5.3 Materials and Methods 

5.3.1 CRISPR/Cas9 Targeting of TNNC1 in hiPSCs 

Homozygous TNNC1 D65A (denoted cTnC D65A) was generated by the Tom & 

Sue Ellison Stem Cell Core at the Institute for Stem Cell & Regenerative Medicine. Briefly, 

the gRNA sequence used to target TNNIC1 is GATGATCGATGAGGTGGACG and single 

stranded DNA donor sequence is 

TGAGGATGCTGGGCCAGAACCCCACCCCTGAGGAGCTGCAGGAGATGATCGATG

AGGTGGCCGAAGACGGTGAGCCCCCTCCTCCCCAGGCTCCAGAAGAACCCCAGC

TGGCTGGGGGCTG. Forward PCR primer sequence is GCAGCCTTCGACATCTTCGT 

and reverse PCR primer sequence is CTTGTGTAGCCCTTATGCCCA . One million 

WTC-11 iPSCs were electroporated with 0.3 µM Cas9 (Sigma) and 1.5 µM gRNA 

(Synthego) as RNP complex along with 2µM single stranded DNA donor (IDT) using 

Amaxa nucleofector (Human Stem Cell Kit 2) in presence of ROCK inhibitor. Individual 

colonies were picked and plates into 96 well plates. DNA was extracted using Quick 

Extract DNA extraction solution (Epicentre) and PCR was performed to confirm the 

mutation. 
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Figure 9 CRISPR/Cas9 Targeting of TNNC1 in hiPSCs 

Schematic indicating the genome editing strategy used to introduce the D56A mutation in the TNNC1 locus 

of WTC hiPSCs. The gRNA is shown in red and the PAM sequence is shown in blue. The cutting site of 

Cas9 in the exon 6 of human TNNC1 is indicated by a red arrow. The base A (green square) was replaced 

with C, resulting in Asp65Ala (GAC>GCC). A silent mutation was introduced in the PAM region to avoid re-

cutting by Cas9 (G>A: Glu). The single stranded DNA donor has the desired mutations and homologous 

arms. Figure courtesy of Dr. Julie Mathieu. 

 

5.3.2 Viral Transduction 

HEK293 cells were used to generate adenoviral vectors expressing either cTnC 

D65A or cTnC under the CMV promoter using the AdEasy system. Both vectors contained 

a green fluorescent protein (GFP) reporter under a separate CMV promoter and FLAG 

epitope was added to the C terminal of both cTnC genes. Cardiomyocytes were 

differentiated as previously described. On day 14 post differentiation, cardiomyocytes 

were trypsinized and replated at 200,000 cells/cm2 onto fibronectin-coated tissue culture 

plates. 24 hours later, cells underwent lactate purification with glucose-free RPMI 

supplemented with 4 mM lactate for 4 days with feeding every other day. After the 

selection, cardiomyocytes were replated at 200,000 cells/cm2 onto fibronectin-coated 
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glass coverslips for imaging. Cardiomyocytes were transduced for 4 hours at 37°C with 

50 particles per cell in cardiomyocyte media (RPMI + 1X B27 plus insulin + 1X Pen/strep) 

and washed twice with PBS before being placed back in cardiomyocyte media. For 

imaging, cells were treated with 10 µM Blebbistatin (Toronto Research Chemicals) in 

cardiomyocytes media for 30 minutes in 37°C and then fixed for 15 minutes at room 

temperature in 4% paraformaldehyde. 

 

5.3.3 Calcium Transient Measurements 

Day 14 post differentiation cardiomyocytes were replated onto 25 mm diameter 

fibronectin-coated glass coverslips in cardiomyocyte replating media (RPMI + 5% FBS + 

10 uM Rock inhibitor + 1X B27 plus insulin + 1X Pen/Strep) at a density of 20,000 

cells/cm2. Media was changed every other day until Day 30 or 60 when calcium transient 

measurements were collected as previously described.150 Briefly, cells were incubated 

with 0.2 µM Fura-2-AM (Thermo Scientific) in 1.8 mM Ca2+ Tyrode’s buffer at 37°C for 15 

minutes, washed by incubating in RPMI (Gibco) for 15 minutes at 37°C, and then imaged 

during perfusion with 37°C heated 1.8 mM Ca2+ Tyrode’s buffer while paced at 1 Hz, 2Hz, 

or 3 Hz. Data were analyzed with IonWizard software. 

 

5.3.4 Western Blotting 

Whole cell protein lysates were collected by washing the cardiomyocytes once 

with PBS and then lysing them with NP-40 with protease inhibitor (Sigma). Lysates were 

centrifuged to collect cell debris. Supernatant was collected and the protein concentration 
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was measured using Bradford assay (Bio-Rad). Protein lysates were separated on 4-20% 

PROTEAN TGX precast gels (Bio-Rad), transferred onto PVDF membranes (Bio-Rad), 

and blocked for 1 hour in blocking buffer (Rockland MB-070-003; 1:1 dilution with TBS-T; 

TBS-T composed of 50 mM Tris-Cl, 150 mM NaCl, 0.1% TWEEN-20). Blocked 

membranes were then probed overnight in 4°C with primary antibody in blocking buffer. 

The next day, membranes were washed three times in TBS-T 5 for 5 minutes each, 

probed for 1 hour at room temperature with secondary antibodies in blocking buffer, and 

washed three times in TBS-T for 5 minutes each. The primary antibodies used were as 

follows: 1:400 mouse anti-MYH6 (R&D #940344), 1:500 mouse anti-MYH7 

(Developmental Studies Hybridoma Bank A4.951, supernatant), 1:400 rabbit anti-α 

actinin (Abcam 68167), 1:300 mouse anti-α actinin (Abcam 9465), 1:1000 rabbit anti-

phosphorylated ERK (Cell Signaling 4370S), 1:1000 rabbit anti-ERK (Cell Signaling 

4695S), and 1:2000 mouse GAPDH (Thermo Fisher AM4300). The secondary antibodies 

used were as follows: 1:2000 goat anti-mouse 488 (Invitrogen A11001), 1:2000 goat anti-

rabbit 488 (Invitrogen A27034), 1:2000 goat anti-mouse 647 (Invitrogen A28181), 1:2000 

goat anti-rabbit 647 (Invitrogen A27040). 

 

5.3.5 Cell Culture on Nanopattern Substrates 

Nanopatterned coverslips were generated as previously described (generously 

provided by the laboratory of Dr. Deok-Ho Kim at Johns Hopkins University) and coated 

with FBS in 37°C for 2 hours.151 Day 19 post differentiation cardiomyocytes after lactate 

selection were replated at a density of 20,000 cells/cm2 and cultured for 2 weeks. Before 
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fixation, cells were treated with 10 µM Blebbistatin for 30 minutes in 37°C and then fixed 

for 15 minutes at room temperature in 4% paraformaldehyde.  

 

5.3.6 Immunocytochemistry  

Following fixation in 4% paraformaldehyde, samples were washed three times 

with PBS and blocked in 3% bovine serum albumin (denoted blocking buffer) for 1 hour 

at room temperature. Samples were stained with the following in blocking buffer overnight 

in 4°C: α-actinin (mouse monoclonal antibody, Abcam 9465, 1:100 or rabbit polyclonal 

antibody, Abcam 137346, 1:100), cardiac troponin T (mouse monoclonal antibody, 

Thermo, 1:100), Phalloidin 488 (Thermo, 4.4 µM), FLAG (rabbit polyclonal, Sigma, 1:100), 

MYH7 (Developmental Studies Hybridoma Bank A4.951, supernatant), and α-Tubulin 

(mouse monoclonal antibody, Millipore, 1:100). The following day, samples were 

incubated in AlexaFluor-conjugated goat anti-mouse and goat anti-rabbit antibodies (Life 

Technologies, 1:100) for 1 hour at room temperature and then stained with 10 µM 

Hoechst 33342 (Thermo) for 30 minutes at room temperature. Samples were 

coverslipped using Vectashield without DAPI (Vector Laboratories) and imaged on Nikon 

A1R Confocal or Structured Illumination Microscopy.  
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5.3.7 Myofibril Organization Scoring Based on α-Actinin Staining 

In order to ensure blind, unbiased analysis of myofibril organization and 

structures, fluorescent images of cardiomyocytes with α-actinin staining were randomly 

assigned encrypted names using ImageJ Blind Analysis Tools. Based on the previously 

published method of myofibril organization scoring system, each cardiomyocyte image 

was given a score of 1 to 5 (Figure 10).152 Once the scoring was completed, the encrypted 

name was matched to the original name to visualize the histograms. 

 

 

Figure 10 Representative fluorescent images of cardiomyocytes with α-actinin expression for 

myofibril organization scoring system.  

Score of 1 represents the least organized myofibrils and score of 5 represents the most organized 

myofibrils. Figure adapted from Gerbin et al.152 
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5.4 Results 

5.4.1 Cardiomyocytes can Form and Maintain Myofibrils in the Absence of 

Contraction 

To determine if non-contractile cardiomyocytes can form myofibrils, we 

differentiated cTnC D65A into cardiomyocytes (denoted cTnC D65A-CM) and performed 

western blot to confirm they express all sarcomere proteins and immunocytochemistry to 

observe their myofibrils (Figure 11). Day 14 cTnC D65A-CM showed all sarcomere 

proteins are expressed, including cTnC (Figure 11A). Staining for α-actinin, β-myosin 

heavy chain, and cardiac troponin T revealed clear striations in Day 60 cTnC D65A-CM, 

similar to those seen in wildtype cardiomyocytes (WTC-CM), indicating cardiomyocytes 

can not only form organized thick and thin filaments, but also maintain the sarcomeres 

without contraction (Figure 11B). Phalloidin staining under structured illumination 

microscopy (SIM) showed clear myofibrils in cTnC D65A-CM. However, it also showed 

differences in myofibril bundling and defined z-lines. cTnC D65A-CM myofibrils are not 

bundling as compact as wildtype and the z-lines are less defined (Figure 11C).  
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Figure 11 Cardiomyocytes can form and maintain myofibrils without mechanical contraction.  

(A) Western blot of Day 14 WTC-CM and cTnC D65A-CM to confirm expression of sarcomere proteins. (B) 

Representative confocal images of Day 60 WTC-CM and cTnC D65A-CM stained for α-actinin and β-

MHC/cTnT. Even without mechanical contraction, cTnC D65A-CMs form and maintain myofibrils. Scale bar 

= 10 µm. (C) Representative structured illumination microscopy images of Day 30 post differentiation WTC-

CM and cTnC D65A-CM stained for F-actin. cTnC D65A-CM myofibrils are thinner and less organized with 

less defined Z-lines. Scale bar = 3 µm.  

 

5.4.2 Cardiac Maturation is Delayed Without Contraction 

To understand the effect of mechanical quiescence on cardiac maturation, we 

looked at the expression levels of αMHC (fetal isoform) and βMHC (adult isoform) in 

contractile and non-contractile cardiomyocytes at three different post differentiation time 

points. As cardiomyocytes mature, αMHC expression level goes down as βMHC goes 

up.65 Although we saw similar patterns of down regulation of αMHC and upregulation of 
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βMHC in both cardiomyocytes, cTnC D65A-CMs had delayed myosin heavy chain 

isoform switches compared to wildtype, demonstrating the importance of contraction in 

promoting cardiac maturation (Figure 12A-B). However, this finding signifies 

cardiomyocytes do not need mechanical activity to initiate sarcomere protein isoform 

switch to undergo maturation. 

We next investigated whether there is a decrease in myofibril production due to 

the mechanical inactivity in cTnC D65A-CMs. We have observed from our myofibrillar 

images that although Day 14 cTnC D65A-CMs have similar myofibrillar density as 

wildtype, Day 60 cTnC D65A-CMs have visibly lower myofibrillar density than wildtype. 

Other groups have previously reported a decline in myofibrillar volume density and a 

degradation of myofibrils once contractile cardiomyocytes became mechanically 

quiescent.138, 153 However, it is unknown whether the same phenomenon is seen when 

the cardiomyocytes are inherently mechanically quiescent. We looked at ERK activation, 

a hypertrophic growth signaling pathway, at different maturation time points to see 

whether ERK activation levels change throughout the long-term culture.154, 155 As wildtype 

cardiomyocytes maintained consistent levels of activated ERK throughout the culture, 

cTnC D65A-CMs showed a decrease in activated ERK as the cells matures (Figure 12C). 

This decrease in activated ERK supports the observation of decreased myofibrillar 

density as cTnC D65A-CMs mature. 
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Figure 12 Cardiac maturation is delayed without contraction.  

Western blot analysis of Day 14, 30, and 45 WTC-CM and cTnC D65A for (A) MYH6 shows a decrease in 

MYH6 expression over time, (B) MYH7 shows an increase in MYH7 expression as cardiomyocytes mature, 

and (C) phosphorylation of the hypertrophic signaling pathway proteins ERK shows steady expression of 

pERK/ERK in WTC-CM and a continuous decrease in cTnC D65A-CM over time. Data are n≥3 and 

mean±SEM; significance assessed by Student’s t-test and defined by p ≤ 0.05 (*), p ≤ 0.01 (**) and p ≤ 

0.001 (***) when compared with Day 14 WTC-CM. p ≤ 0.05 (#) and p ≤ 0.01 (##) when compared with Day 

14 cTnC D65A-CM. 
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5.4.3 cTnC D65A-CMs have Calcium Transients  

In order to study the differences in calcium handling that are caused by inhibiting 

contraction by mutating cTnC, we measured Ca2+ transients of single cells under three 

different pacing frequencies in 1.8 mM Ca2+ Tyrode’s buffer (Figure 13). We hypothesized 

cTnC D65A-CMs would have higher calcium transient peak amplitude since the cardiac 

troponin C, major buffer of cytosolic calcium in cardiomyocytes, is unable to bind to 

calcium. Despite the cTnC D65A-CM average overall calcium transient trace showing 

higher peak amplitude when paced at 1 Hz (Figure 13A), we found that the magnitudes 

of calcium transients were not statistically different from wild type controls at all three 

frequencies (Figure 13B), and in fact the calcium release was significantly slower than in 

the control group as indicated by slower peak time, time to 50% peak, and time to 90% 

peak (Figure 13C-E). Additionally, cTnC D65A-CMs produced significantly slower 

calcium reuptake at 1Hz and 3Hz as shown by time to 50% decay (Figure 13F). However, 

there was no difference in time to 90% decay (Figure 13G). An interesting observation to 

note is although there was no contraction, the endogenous frequency of cTnC D65A-CMs 

was higher than 1Hz, therefore, some cells could not be paced at 1Hz. Based on this 

data, we conclude that even in the absence of functional cardiac troponin C, there are no 

differences in peak amplitudes but the calcium release is slower than the control. 
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Figure 13 Cardiomyocytes with non-functioning cTnC show slower calcium release.  

(A) Representative traces of calcium transient measurement for Day 60 WTC-CM and cTnC D65A-CM 

paced at 1 Hz. Calcium transient measurements indicate (B) peak amplitudes are not significantly different 

between WTC-CM and cTnC D65A-CM at all three frequencies, (C) peak times are significantly longer in 

cTnC D65A-CMs, both (D) times to 50% peak and (E) times to 90% peak are significantly longer in cTnC 

D65A-CMs, (F) times to 50% decay are significantly longer in cTnC D65A-CMs paced at 1Hz and 3Hz, and 

(G) times to 90% decay are not significantly different. WTC-CM: n=14 for 1Hz, n=14 for 2Hz, n=14 for 3Hz; 

cTnC D65A-CM: n=19 for 1Hz, n=22 for 2Hz, n=10 for 3Hz; Data are mean±SEM; significance assessed 

by Student’s t-test and defined by *p<0.05, **p<0.01, ***p<0.001. 

 

5.4.4 Inhibition of Contraction Leads to Complete Myofibrillar Disarray 

To investigate the impact of inhibiting contraction on myofibril architecture in 

contractile cardiomyocytes, we transduced wild type cardiomyocytes with cTnC D65A 

adenoviruses (denoted AV-cTnC D65A). Three days after transduction, all spontaneous 

contraction was stopped. WT cardiomyocytes without virus treatment showed striated 

myofibrils with clear Z-lines and bare zone around the M-band. Although all 

cardiomyocytes were treated with 50 viral particles per cell, due to the heterogeneities in 

viral transduction and cTnC D65A expression, we saw varying degrees of myofibrillar 

disarray (Figure 14A). In minimally disarrayed myofibrils, Z-lines were still distinct but not 
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as well-aligned as the control and most of the FLAG expression was seen in the nucleus. 

For moderately disarrayed myofibrils, striation is hardly observed with the emergence of 

punctate Z-bodies with more disrupted Z-line structures. However, more FLAG 

expression can be seen in the filaments compared to the minimally disarrayed myofibrils. 

In severely disarrayed myofibrils, striated myofibril structures were completely abrogated 

and thin actin filaments emerged in the periphery of the cell. We next sought to test if 

these actin filaments are muscle stress fibers (MSFs), which would indicate the 

regression of myofibril assembly, as MSFs are precursors to sarcomere-containing 

myofibrils based on the Template Model and Pre-Myofibril Model.61, 62, 156 MSFs are 

primarily composed of non-muscle II (NMMII) motors with NMMIIA and NMMIIB as 

predominant isoforms.157 Upon probing for NMMIIB, we found the thin actin filaments in 

the periphery of the cell heavily express NMMIIB, indicating that inhibition of contraction 

gives rise to MSFs (Figure 14B). On the other hand, when non-contractile cTnC D65A-

CMs were transduced with AV-cTnC WT to replace the nonfunctional cTnC in hopes of 

inducing spontaneous contraction, we didn’t observe much MSF formation. 
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Figure 14 Inhibition of contraction leads to myofibrillar disarray.  

(A) Immunostaining for F-actin (cyan) and FLAG-tag (magenta) in AV-cTnC D65A transduced WTC-CM 

shows varying degrees of myofibrillar disarray. No virus treatment shows no expression of FLAG and F-

actin shows nicely formed myofibrils. As the myofibrillar disarray becomes more severe, FLAG expression 

is found along the filaments rather than in diffusive pattern and Z-lines become more disrupted and 

indistinguishable from muscle stress fibers. Scale bar = 10 µm. (B) Immunostaining for NMMIIB (cyan) and 

α-actinin (magenta) in AV-cTnC D65A transduced WTC-CM and AV-cTnC WT transduced cTnC D65A-

CM. Inhibition of contraction leads to emergence of muscle stress fibers (MSFs) in the periphery of the cell, 

as shown by NMMIIB expression. However, when nonfunctional cTnC is replaced with functional cTnC, 

due to assembly of myofibrils, little NMMIIB expression is seen. 
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5.4.5 Replacement of Nonfunctional cTnC With Functional cTnC Initiates 

Myofibrillar Alignment and Bundling Before Spontaneous Contraction 

Next, we further investigated the developmental role of mechanical contraction 

in myofibril assembly by replacing nonfunctional cTnC with functional cTnC via adenoviral 

transduction. This transition would mimic the structural changes fetal cardiomyocytes 

undergo when they start spontaneously contracting at gestation day 22. Although there 

was no visible spontaneous contraction by three day post transduction, transduced cTnC 

D65A-CMs showed varying degrees of myofibril assembly and bundling (Figure 15). In 

control cells without any virus treatment, poorly aligned myofibrils with crooked Z-lines 

were seen. It is interesting to note the difference in myofibril structures between the 

controls of WTC-CM and cTnC D65A-CM as they were imaged at the same time under 

same conditions. WTC-CM control show better sarcomere striations with defined Z lines 

and well-aligned thin filaments. On the other hand, cTnC D65A-CMs show under-

developed myofibrils that are not as striated and organized as the wildtype. This might 

indicate the myofibril development is delayed and slower in non-contractile 

cardiomyocytes. In minimally assembled myofibrils, transduced cTnC is mostly expressed 

in the periphery of the cell within premyofibrils. Although there are no clear sarcomere 

striations, Z-bodies can be seen with punctate expression of F-actin. For moderately 

assembled myofibrils, expression of transduced cTnC is incorporated into the thin 

filament with clear Z-lines. However, myofibrils are still not well-assembled. In myofibrils 

with maximal assembly, myofibrils are indistinguishable from the wildtype myofibrils with 

myofibril bundling. As myofibrils underwent structural reorganization, spontaneous 

contraction was observed between days 4 and 7 post transduction. 
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Figure 15 Myofibril assembly is initiated when nonfunctional cTnC is replaced with functional 

cTnC. 

Immunostaining for F-actin (cyan) and FLAG-tag (magenta) in AV-cTnC transduced cTnC D65A-CM shows 

varying degrees of myofibrillar assembly. No virus treatment shows no expression of FLAG and poorly 

aligned myofibrils with crooked Z-lines. As the myofibrillar assembly increases, FLAG expression is found 

in the thin filaments of the sarcomeres and striated myofibrils form with well-aligned Z-lines. Scale bar = 10 

µm.  

 

5.4.6 Overall Myofibrillar Structural Changes upon Adenoviral Transduction to 

Exchange cTnC  

Additionally, with the initiation of spontaneous contraction, the overall myofibril 

alignment and cellular morphology changed. Before the contraction, cTnC D65A-CMs 

had myofibrils that were curved and angled, almost circular at some parts. Also, we 

observed that fragments of myofibril went in and out of z-focal plane, indicating myofibrils 

lack directionality in not only x and y directions, but also, in z (Figure 16A). In terms of 

cell morphology, non-contractile cardiomyocytes had circular phenotype (Figure 16B). 

After 10 days of viral transduction to replace nonfunctional cTnC with functional cTnC, 

cTnC D65A-CMs were visibly beating. Upon staining for sarcomeres, we found that 
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myofibrils were better aligned and bundled unidirectionally (Figure 16A). Also, with 

spontaneous contraction, cardiomyocytes became elongated (Figure 16B).  

In order to assess the overall trend in myofibrillar structural changes upon 

exchanging cTnC in contractile and non-contractile cardiomyocytes, we scored myofibril 

organization in individual cells and categorized them into 5 classes ranging from the least 

organized (score of 1) to most organized (score of 5) as previously reported (Figure 

16C).152 WTC control had a median score of 4 and upon myofibrillar disarray due to 

expression of cTnC D65A from adenoviral transduction, the median score dropped to 2. 

This left-shift in median score represents overall trend of myofibrillar disarray and poor 

structural organization upon expression of cTnC D65A. On the other hand, cTnC D65A 

control had median score of 3, slightly lower than WTC control, and upon replacing cTnC 

D65A with WT cTnC, the median score increased to 4. This right-shift in median score 

represents the process of myofibrillar assembly and bundling even before spontaneous 

beating when we replace the nonfunctional cTnC. This demonstrates we can control not 

only the contraction, but also the myofibril architecture and organization with adenoviral 

transduction in vitro. 
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Figure 16 Contraction improves myofibril directionality and alignment and leads to 

cardiomyocyte elongation.  

Immunostaining for α-actinin (magenta) and cardiac troponin T (cyan) before and after the transduction. (A) 

In non-contractile cardiomyocytes, myofibrils are curved and angled instead of straight. Also, fragments of 

myofibrils come in and out of focal plane, indicating they lack directionality. However, with spontaneous 

contraction 10 days post transduction, myofibrils have better directionality and alignment. (B) Before 

contraction, cardiomyocytes have circular morphology. After contraction, cardiomyocytes elongate. Scale 

bar = 25 µm. (C) Histogram showing distribution of scored cells into 5 organization classes. Red border 

indicates median value for each histogram. n for WTC control = 17, n for WTC AV-D65A = 27, n for cTnC 

D65A control = 19, n for cTnC D65A AV-WT = 44. 

 

5.4.7 Exchange of Nonfunctional cTnC with Functional cTnC Corrects Calcium 

Transients 

To test if replacing nonfunctional cTnC with functional cTnC will correct the 

calcium transients to be more like wildtype (shorter peak amplitude, faster peak time, and 

faster calcium release), we measured Ca2+ transients of single cells after transducing 

cTnC D65A-CMs with AV-cTnC WT under two different pacing frequencies in 1.8 mM 

Ca2+ Tyrode’s buffer (Figure 17). We hypothesized transduced cTnC D65A-CMs that 

express functional cTnC would be able to handle calcium better and have more similar 



 81 

characteristics to wildtype cardiomyocytes. With functional cTnC that is able to buffer 

cytosolic calcium in cardiomyocytes, we expected transduced cTnC D65A-CMs to have 

shorter peak amplitude, faster peak time, and faster calcium release. For the analysis of 

calcium transients, we categorized the transduced cTnC D65A-CMs into two groups 

based on whether they were visibly contracting to see if there is any difference in calcium 

transients dependent on the extent of myofibril assembly and remodeling. To our surprise, 

there was no difference in calcium transient parameters between the transduced cTnC 

D65A-CMs that were beating and not beating. This indicates although the myofibrils of 

transduced cardiomyocytes that were not spontaneously beating have not completed 

myofibril reorganization, replacing the nonfunctional cTnC with functional cTnC is enough 

to provide cytosolic calcium buffer. We found that magnitudes of calcium transients were 

significantly lower in transduced cTnC D65A-CMs compared to control at both 

frequencies (Figure 17B). Additionally, calcium release was significantly faster in 

transduced cTnC D65A-CMs as shown with shorter peak time (Figure 17C). Both times 

to 50% peak and 90% peak were faster in transduced cTnC D65A-CMs at 1 Hz, however, 

this difference was not observed when paced at 2 Hz (Figure 17D-E). Of note, previously, 

we observed it was difficult to pace cTnC D65A-CMs at 1 Hz as their endogenous 

frequency was faster than 1 Hz. However, after the transduction, all transduced cells were 

able to be paced at 1 Hz to obtain calcium transient measurements and in fact, it was 

rather difficult to pace them at 2 Hz.  
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Figure 17 Replacing cTnC D65A with WT cTnC corrects calcium transients.  

(A) Representative traces of calcium transient measurements of single cells stained with Fura2-AM for Day 

30 cTnC D65A-CM for control and post-transduction with AV- WT cTnC paced at 1 and 2 Hz. Transduced 

cells were analyzed separately depending on whether they were visibly contracting upon pacing (denoted 

D30 c_AV_beat vs D30 c_AV_no beat). Calcium transient measurements indicate (B) peak amplitudes 

significantly decrease and (C) peak time significantly decrease after transduction to express WT cTnC at 

both frequencies regardless of their contraction state. Both times to 50% peak (D) and 90% peak (E) were 

significantly shorter for transduced cells paced at 1 Hz, however, there was no difference when paced at 2 

Hz. D30 c_no virus: n = 19 for 1 Hz and n = 25 for 2 Hz, D30 c_AV_beat: n = 12 for 1 Hz, n = 8 for 2 Hz, 
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D30 c_AV_no beat: n=16 for 1 Hz and n=9 for 2 Hz; mean±SEM; significance assessed by Student’s t-test 

and defined by p ≤ 0.05 (*) and p ≤ 0.001 (***) when compared with control at each frequency. 

 

5.4.8 When Given Topographical Cues, Non-Contractile Cardiomyocytes can 

Form and Align Myofibrils Comparable to Contractile Cardiomyocytes 

To elucidate the potential mechanism for myofibril formation without mechanical 

contraction, we investigated if non-contractile cardiomyocytes can follow topographical 

cues and elongate by culturing cTnC D65A-CMs on nanopatterns. cTnC D65A-CMs and 

WTC-CMs were fixed and stained after culture on nanopatterned substrates for 14 days 

(Figure 18). Both WTC-CMS AND cTnC D65A-CMs were able to follow the topographical 

cues and elongate to the direction of the pattern. Myofibrils in cTnC D65A-CMs were 

noticeably organized, aligned, and bundled, similar to those in wildtype. This indicates 

when non-contractile cardiomyocytes are given directional and topographical guidance, 

they are able to form and bundle myofibrils and elongate cellular morphology like wildtype.  

 
 

Figure 18 Non-contractile cardiomyocytes have comparable myofibril structures and cell 

morphology to contractile cardiomyocytes on nanopatterns.  

Representative image of WTC-CM and cTnC D65A-CM plated on nanopatterns for 14 days show 

comparable myofibril structures and bundling between the two cell types. Also, cTnC D65A-CMs elongate 

to the direction of the pattern. α-actinin (red) and β-MHC (green). Scale bar = 10 µm. 
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5.5 Discussion 

To understand the role of mechanical contraction during cardiac development 

and myofibrillogenesis, we generated a non-contractile hiPSC-CM line that harbors a 

point mutation, D65A, in Site II of cTnC to inhibit calcium binding. By inducing mechanical 

quiescence with a minimal genetic alteration, we did not need to truncate or knock out an 

entire sarcomere protein, which could have a devastating developmental effect that is 

apart from mechanical inactivity. We hypothesized that these non-contractile cTnC D65A-

CMs would not be able to form myofibrils. However, contrary to our hypothesis, we found 

well-organized myofibrils in the cTnC D65A-CMs, demonstrating that the absence of 

mechanical activity in cardiomyocytes does not impact myofibrillogenesis. However, upon 

closer examination of the myofibrils with structured illumination microscopy, structural 

differences were found between myofibrils in cTnC D56A-CM and wildtype (WTC-CM). 

Unlike the highly organized myofibril structures with defined Z-lines in wildtype, myofibrils 

in cTnC D65A-CMs had slanted Z-lines with less aligned sarcomeres. This finding is 

interesting as a previous study by Chopra et al. reported complete disassembly of 

sarcomeres upon blebbistatin treatment and that the transmission of myosin-generated 

contractility is required to initiate and maintain the process of sarcomere assembly.138 Our 

data suggest the sarcomere disassembly after blebbistatin treatment is the effect of 

preventing mechanical activity and does not infer cardiomyocytes’ inability to form 

sarcomeres in the absence of contraction. 

Our work also reports that cardiomyocytes are able to undergo sarcomere 

protein isoform switch from fetal to adult without mechanical contraction, suggesting 

cardiac maturation can initiate without the mechanical stimulus. Although cTnC D65A-
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CMs underwent myosin heavy chain isoform switch from fetal to adult, the switch 

happened at a slower rate compared to wildtype, indicating slower cardiac maturation in 

the absence of mechanical contraction. We further investigated a known cardiac 

hypertrophic growth signaling pathway, MAPK/ERK, to evaluate the effect of mechanical 

quiescence in cardiac hypertrophy as we observed lower myofibril density in cTnC D65A-

CMs.154 MEK1-ERK1/2 signaling is responsible for the eccentric and concentric growth 

of the cardiomyocytes and ERK is activated in response to contraction via membrane 

bound integrins and mechanotransduction from sarcomeres.158, 159,155, 160 Inhibition of 

ERK1/2 in transgenic mice led to lengthening of cardiomyocytes due to the addition of 

sarcomeres in series, as opposed to activation of ERK1/2 led to hypertrophic response in 

cardiomyocytes with the addition of sarcomeres in parallel. We found that the activated 

ERK level was consistently lower in cTnC D65A-CM across three time points compared 

to wildtype, supporting that without contraction cardiac hypertrophy is limited. Future 

studies could explore the feasibility of inducing cardiac hypertrophy in the absence of 

contraction by upregulating ERK in cTnC D65A-CMs. Also, deeper insight into cardiac 

maturation can be gained if cardiac maturation can be induced from external factors only 

without the internal contraction. In recent efforts to develop methods to mature hiPSC-

CMs, studies have shown passive stretching of engineering heart tissue and physically 

exercising cardiomyocytes through mechanical or electrical methods improves cardiac 

maturity.148, 161, 162 It would be interesting to see if these external stimuli – passive 

stretching and electrical stimulation – can induce maturation despite the mechanical 

quiescence in cTnC D65A-CMs. This would answer if internal contraction is required to 

undergo complete cardiac maturation.  
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We then investigated how the mechanical quiescence in cardiomyocytes impacts 

calcium transients. We hypothesized cTnC D65A-CMs would have higher peak amplitude 

and faster calcium release and reuptake compared to wildtype due to the absence of 

cardiomyocytes’ major cytosolic calcium buffer – site II of cTnC. Contrary to our 

hypothesis, cTnC D65A-CMs had slower release and reuptake and no difference in peak 

amplitudes relative to wildtype. One potential explanation for similar calcium transient 

peak amplitudes could be the Ca2+ binding to metal-binding sites III and IV of C lobe in 

cTnC that have a high Ca2+ affinity, while also binding Mg2+ with lower affinity.163 Although 

the primary Ca2+ binding site responsible for initiation of muscle contraction (site II) is 

nonfunctional in cTnC D65A,  sites III and IV are active, allowing Ca2+ to bind. In order to 

understand the fundamental differences in calcium transients such as slower calcium 

release and reuptake kinetics between wildtype and non-contractile cardiomyocytes, 

future studies will need to look at the expression levels of calcium handling proteins such 

as L-type calcium channels, sarco/endoplasmic reticulum Ca2±ATPase (SERCA), 

Na2+/Ca2+ exchanger (NCX), and ryanodine receptors (RyRs)  with RT-qPCR and western 

blot. Also, measuring calcium transients in various extracellular calcium concentrations 

(i.e. 0.6mM and 2.5 mM Ca2+ Tyrode’s buffer) could lend insight into cTnC D65A-CMs’ 

extracellular calcium handling as hiPSC-CMs’ calcium transients are largely affected by 

transmembranal Ca2+ influx due to their immaturity.164 

To confirm the feasibility of initiation and inhibition of contraction in hiPSC-CMs 

via adenoviral transduction, we transduced wildtype with AV-cTnC D65A and cTnC D65A-

CM with AV-cTnC. Three days after transduction, wildtype transduced with cTnC D65A 

stopped spontaneous contraction. However, it took four to seven days after transduction 
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for cTnC D65A-CMs to visibly beat, suggesting virally transduced functional cTnC has to 

outcompete endogenous nonfunctional cTnC to initiate contraction. Upon inhibiting 

contraction, varying levels of myofibrillar disassembly were observed, most likely due to 

the heterogeneity of the transduction and expression of the transduced gene. Overall, 

defective sarcomeres were seen with poorly aligned Z-discs and muscle stress fibers 

emerged in the periphery of the cell with little to no indication of Z-bodies. On the other 

hand, when cTnC D65A-CMs were transduced with AV-cTnC, even before spontaneous 

beating was observed, immunostaining indicated significant myofibrillar assembly was 

underway. Replacement of nonfunctional cTnC with functional cTnC led to myofibrillar 

alignment and bundling that improved with longer culture. Also, initiation of contraction 

resulted in elongated cellular morphology. This demonstrates a new system where we 

can control contraction in hiPSC-CMs without the use of antagonists and that myofibril 

assembly is initiated simply with troponin subunit replacement.  

To elucidate the potential mechanism for myofibril formation in the absence of 

mechanical contraction, we cultured cTnC D65A-CMs on nanopatterns to see whether 

improved cell-matrix adhesion could lead to better myofibril formation. cTnC D65A-CMs 

were able to follow the topographical cues and elongate in the direction of the pattern and 

form comparable myofibrils to wildtype. Future studies will look into the expressions of 

protocostameres by staining for paxillin to compare the expression of cell-matrix adhesion 

between wildtype and cTnC D65A-CMs on both nanopatterns and flat glass cover slips. 

Also, since the expression of full-length titin is critical in sarcomere formation, comparing 

titin expressions in cTnC D65A-CMs and wildtype will be important.138, 150  
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Another exciting area this finding leads us to is the difference in energetics and 

metabolism without contraction. 95% of ATP used by cardiomyocytes is produced by 

mitochondria as contraction demands high energetics.165 Since cTnC D65A-CMs are non-

contractile, comparing the differences in mitochondria and the energetics when 

contraction is removed from the equation using Seahorse assay could lend insight into 

basal level of mitochondrial function and energetic demands in cardiomyocytes.   

For the first time in cardiomyocytes, we have demonstrated myofibrils form 

without contraction by using a genetically engineered hiPSC-CMs. Also, this study 

introduces new tools – cTnC D65A cell line and adenoviral vectors for different cTnCs – 

to study contraction in early stage cardiomyocytes. 
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Chapter 6. Conclusions and Future Directions 

The research presented in this dissertation illustrate the different roles 

mechanical contraction play in cardiomyocytes for cell-based regenerative therapies and 

human cardiac development. 

In Chapter 3, we investigated the mechanical contributions of transplanted 

cardiomyocytes in acute MI rodent model by intramyocardially injecting contractile and 

non-contractile cardiomyocytes. We hypothesized contractile cardiomyocytes would 

result in greater improvement in cardiac function by contributing to the overall host heart’s 

force generation from electromechanically coupling with the host myocardium. As a model 

for non-contractile cardiomyocytes, we created hiPSC with both slow skeletal and cardiac 

troponin I knocked out (TNNI DKO). These hiPSC differentiated into cardiomyocytes and 

had calcium transients. However, due to their inability to form myofibrils, these cells did 

not spontaneously beat, confirming their mechanical quiescence. At 3 months post 

transplantation, echocardiography and cardiac MRI showed improvement in both 

fractional shortening and left ventricular ejection fraction in contractile and non-contractile 

cardiomyocyte treatment groups compared to control that received no cell injection. While 

the control group continued to decline in cardiac function, both contractile and non-

contractile cardiomyocytes were able to preserve cardiac function by preventing further 

decline of systolic function after MI. From these results, we conclude that force generation 

by grafted cardiomyocytes is not necessary to prevent decline in cardiac function post MI 

in rodents.  

Although these findings demonstrate that cardiac grafts improve cardiac function 

via passive mechanisms such as reducing the wall stiffness in the fibrotic region or 
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secreting paracrine factors in rodent MI model, further studies with non-human primates 

to match the species of the host myocardium and transplanted cardiomyocytes are 

needed to confirm the transplanted grafts’ mechanism of action. Human cardiomyocytes 

can be paced up to 3 Hz, however, when human cardiomyocytes are subjected to such 

high frequency for a long period of time, it subsequently causes apoptosis.166 Therefore, 

it is possible that the transplanted human cardiac grafts in rat myocardium that normally 

beats on average at 6Hz could not electromechanically couple, resulting in the absence 

of the beneficial effect of mechanical force production from the grafts.167 This hypothesis 

is strengthened with previous studies that showed transplanted human cardiac grafts in 

non-human primates post MI led to improved systolic function over the course of 3 months 

as control group continued to decline in function.24 Therefore, once these human 

cardiomyocytes are transplanted into an animal species with more comparable heart rate 

and mechanical properties to human heart, we could potentially observe the differences 

in therapeutic efficacies between the contractile and non-contractile cardiomyocyte grafts. 

If we see similar systolic improvements between the non-human primates that received 

contractile vs non-contractile cardiomyocytes, we can safely conclude the main 

therapeutic mechanism of action of transplanted grafts is through paracrine factors, 

immunomodulation, and decreased wall stiffness. However, if we see maintenance of 

systolic function in non-human primates with non-contractile graft but improved function 

in those with contractile grafts, we can conclude passive mechanisms of action (paracrine 

factors, immunomodulation, decreased wall stiffness, etc) are needed to prevent further 

decline in cardiac function after MI, however, direct force production from the graft is 

needed to improve the function over time (Figure S26). Understanding how the 
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transplanted cardiac grafts leads to functional improvement after MI would greatly help 

the stem cell therapeutic research with optimizing treatment efficacy.  

In Chapter 4, we explored the reason for significantly larger grafts sizes resulted 

by TNNI DKO cardiomyocytes by studying the link between contraction and proliferation 

in cardiomyocytes. We hypothesized sarcomere assembly decreases proliferation in 

cardiomyocyte through downregulation of cyclin b1. Using an iPSC-based CRISPR 

genome-wide screen, we identified p53 as an activator for cardiomyocyte polyploidization 

that gets activated by sarcomere formation and subsequent contraction. p53 activation 

leads to activation of p21, a direct p53-target, and downregulates cyclin b1, hindering 

cardiomyocytes from undergoing mitosis. Both models for sarcomere-deficient 

cardiomyocytes – cardiac troponin T knock-out and slow skeletal and cardiac troponin I 

knock-out – showed decreased p21 and increased cyclin b1 levels compared to wildtype. 

Comparing wildtype and sarcomere-deficient cardiomyocytes, we found cardiomyocytes 

without sarcomeres have decreased superoxide production and oxygen consumption 

rates, suggesting oxidative phosphorylation is the link between sarcomere assembly and 

p53 activation. Upon in vivo transplantation, sarcomere-deficient cardiomyocytes resulted 

in bigger engraftments and higher proliferation rates within the graft, alluding to improved 

engraftment from increased mitosis and cellular health (i.e. lower p53 level and DNA 

damage markers). From this we conclude sarcomere assembly, an essential process for 

mechanical contraction, leads to activation of p53 from increased oxidative 

phosphorylation, which downregulates cyclin b1 and results in decreased mitosis.  

These findings, combined with the findings from Chapter 3, give us an insight 

into an interesting new therapeutic alternative for MI that harnesses both 
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remuscularization and proliferation. One of the challenges the stem cell therapy for 

ischemic cardiomyopathy faces is the low retention and engraftment after cell delivery.168 

We have demonstrated that mechanical quiescence in cardiomyocytes leads to larger 

engraftment potentially due to higher proliferation after delivery. If we create an inducible 

cell line that goes from non-contractile to contractile, we can utilize the proliferative 

benefits of mechanical quiescence by transplanting these initially non-contractile 

cardiomyocytes to form bigger grafts after MI and then inducing a switch to make the 

engrafted cardiomyocytes to contract to lead to greater improvement in systolic function. 

To explore this idea, we can first start by inserting stop codons flanked by loxP sites 

upstream of both slow skeletal and cardiac troponin I. Then, after the transplantation of 

these cells and giving them sufficient time to engraft in the host myocardium, we can 

deliver Cre recombinase to excise the stop codons between the loxP sites, allowing both 

isoforms of troponin I to be expressed. This will result in spontaneous beating of the 

engrafted cardiomyocytes and we can evaluate if this combinatorial cell therapy with the 

inducible switch would result in even greater cardiac function improvement. By combining 

the proliferative nature of non-contractile cardiomyocytes with mechanical force 

production from contractile cardiomyocytes, we could overcome the low cell retention and 

engraftment challenges. 

In Chapter 5, we investigated the effect of mechanical contraction in formation of 

myofibrils in developing cardiomyocytes. We hypothesized contraction was necessary to 

form myofibrils in early-stage cardiomyocytes. By using non-contractile hiPSC-CMs with 

a point mutation in calcium binding site II of cardiac troponin C (D65A), we instead found 

that sarcomeres and myofibrils form in the absence of mechanical contraction. Upon 
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inhibition of contraction with adenoviral transduction, we saw varying degrees of 

myofibrillar disarray and emergence of muscle stress fibers in the periphery of the cell. 

When we exchanged nonfunctional cTnC with functional cTnC, even before the initiation 

of spontaneous contraction, we observed myofibril assembly and remodeling as 

myofibrils became highly organized and aligned. However, non-contractile 

cardiomyocytes showed delayed cardiac maturation as evident by the slower myosin 

heavy chain isoforms switch. Future studies to compare the global RNA and protein 

expressions between the wildtype and D65A cardiomyocytes will help us define which 

molecular mechanisms are responsible for formation of myofibrils and absence of cardiac 

maturation in the non-contractile cardiomyocytes. 

Overall, this dissertation demonstrates the wide variety of effects mechanical 

contraction play in stem cell therapy for heart regeneration, proliferation in 

cardiomyocytes, and myofibrillogenesis during early cardiac development. By creating 

two mechanically quiescent human cardiomyocyte lines that can and cannot form 

sarcomeres, we now have genetic tools to perform direct comparison studies on the 

impact of having myofibrils present in the cell when the contraction is removed. Together, 

these findings provide new insights into cardiac biology and provide new tools to expand 

our understanding in how mechanical activity impacts complex cellular processes in 

cardiomyocytes.  
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Appendix A. Supplemental Figure to Chapter 3 

 

 

Figure S19 Karyotype results of TNNI DKO and WTC iPSC lines.  

The iPSCs generated and used for this work indicate normal chromosome count and morphology. 

 

 

Figure S20 TNNI DKO-CMs have calcium transients.  

(A) Representative calcium transient trace from Fura-2 measurements for wildtype (denoted Native) and 

TNNI DKO-CMs in 1.8 mM Ca2+ Tyrode buffer, (B) peak amplitude, (C) time to 50% decay, and (D) time to 

90% decay in three different extracellular Ca2+ concentrations (0.6, 1.8, 2.5 mM Ca2+). Data courtesy of Dr. 

Yuanhua Cheng. 
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Appendix B. Supplemental Figures to Chapter 4 

 

The following figures are in the Cell Reports publication and have been performed by our 

collaborators in Dr. Travis Hinson’s lab.104 

 

 

 

Figure S21 Overview of CRISPR methods to generate CCNB1-eGFP, TNNT2-T2A-NeoR, and 

TNNT2-mCherry iPSC lines to study polyploidization in differentiated cardiomyocytes. 
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Figure S22 CRISPR screen identifies p53 as an activator or cardiomyocyte polyploidy and 

inhibitor of CCNB1.  

(A) Schematic used to conduct CRISPR screen in CMs differentiated from iPSCs transduced with SpCas9 

and sgRNA library, as well as CM collection strategy by FACS. (B) Simplified distribution of three theoretical 

sgRNAs, showing sgRNA B (red) enriched in 4n CCNB1+ CMs and depleted in 4n CCNB1- relative to 2n, 

as it targets a putative activator of polyploidization and inhibitor of CCNB1 expression. (C) All four sgRNAs 

targeting TP53 are enriched in 4n CCNB1+ CMs and depleted in 4n CCNB1- relative to 2n across three 

biological CRISPR sub-screen replicates, demonstrating TP53 is an activator of polyploidy and inhibitor of 

CCNB1 expression. 

 

 

Figure S23 Non-contractile cardiomyocytes are more proliferative in vitro.  

(A) Flow cytometry of immunostained WT and cTnT-KO CMs demonstrates increased positivity for EdU, 

Ki67, Aurora A, and p-H3 in cTnT-KO CMs. (B) In vitro TnI KO-CMs are more proliferative than wildtype 
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CMs at both 14 and 30 day post differentiation. Data are n≥3 and mean±SEM; significance assessed by 

Student’s t-test and defined by p ≤ 0.05 (*) and p ≤ 0.001 (***). 

 

 

 

 

Figure S24 Genetic and pharmacological methods for reduction of cardiomyocyte 

polyploidization.  

(A) Treatment of WT CMs with the antioxidant N-acetylcysteine (NAC) from Day 9 of differentiation reduces 

polyploidization and increases the proportion of CCNB1+ CMs as quantified by FACS analysis at Day 20. 

Despite sarcomere assembly, targeting oxidative stress is sufficient to reduce polyploidization in parallel 

with CCNB1 upregulation. (B) Quantification of ΔF/F maximal amplitude for the genetically-encoded 

calcium indicator RGECO produced by WT and cTnT-KO CMs ± verapamil treatment. Data are expressed 

relative to WT + DMSO control and demonstrate similar calcium transients between WT and cTnT-KO CMs 

at baseline, as well as similar responses to verapamil (n=18-26 CMs). (C) Representative immunoblots with 

(D) quantification of protein lysates from cTnT-KO CMs treated with verapamil for 1 hr and probed for p-

AMPK, AMPK, and GAPDH. Data are n≥3 and mean±SEM; significance assessed by t-test (A, C-D) or 

ANOVA with Holm-Sidak correction (B) and defined by P > 0.05 (ns), P ≤ 0.05 (*), P ≤ 0.01 (**), and P ≤ 

0.001 (***). 
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Appendix C. Supplemental Figures to Chapter 5 

 

 

Figure S25 Karyotype results of cTnC D65A and WTC iPSC lines.  

The iPSCs generated and used for this work indicate normal chromosome count and morphology. 
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Appendix D. Supplemental Figures to Chapter 6 

 

 

Figure S26 Hypothetical result from a non-human primate experiment to understand graft’s 

mechanism of action.  
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